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In large amounts, alcohol and its metabolites can overwhelm the gastrointestinal 
tract (GI) and liver and lead to damage both within the GI and in other organs. 
Specifically, alcohol and its metabolites promote intestinal inflammation through 
multiple pathways. That inflammatory response, in turn, exacerbates alcohol-induced 
organ damage, creating a vicious cycle and leading to additional deleterious effects 
of alcohol both locally and systemically. This review summarizes the mechanisms by 
which chronic alcohol intake leads to intestinal inflammation, including altering 
intestinal microbiota composition and function, increasing the permeability of the 
intestinal lining, and affecting the intestinal immune homeostasis. Understanding the 
mechanisms of alcohol-induced intestinal inflammation can aid in the discovery of 
therapeutic approaches to mitigate alcohol-induced organ dysfunctions. 

Key words: Alcohol consumption; alcohol use, abuse, and dependence; chronic 
alcohol use; organ damage; gastrointestinal (GI) tract; liver; metabolites;  
gut-derived inflammation; intestinal inflammation; intestinal microbiota

The gastrointestinal (GI) tract, as  
the first line of contact with anything 
ingested into the body, is at particular 
risk for damage by toxins. And mounting 
research suggests that poor gastrointes-
tinal health plays a significant role in 
the body’s overall health. Connecting 
the dots, anything that may cause GI 
damage, may have consequences far 
beyond the intestines. In fact, researchers 
have begun to discover that alcohol, 
particularly if consumed chronically 
and in larger amounts, induces a pro-
cess initiated in the gut that promotes 
inflammation throughout the body 
(Patel et al. 2015). This alcohol-induced 
intestinal inflammation may be at the 
root of multiple organ dysfunctions 
and chronic disorders associated with 
alcohol consumption, including chronic 
liver disease, neurological disease, GI 

cancers, and inflammatory bowel syn-
drome. This review summarizes the 
mechanisms by which chronic alcohol 
intake leads to intestinal inflammation. 
These mechanisms include alcohol’s 
influences on intestinal microbiota, on 
the integrity of the barrier between the 
intestine and the rest of the body, and 
on immune function within and outside 
the GI tract. The factors that can modify 
alcohol-induced gut inflammation  
and organ damage and the resulting 
pathologies that are a consequence of 
gut-derived inflammation are described. 
Although there may be large gender, 
racial, and interindividual variations  
in alcohol’s effect on the GI tract, 
depending on differences in alcohol 
absorption, distribution, and elimination, 
they are not the focus of the current review. 

Alcohol Metabolism and the Gut

Once consumed, alcohol is absorbed 
mainly in the upper intestinal tract by 
diffusion and then enters the liver via 
the portal vein. Therefore, the effect  
of alcohol on the distal small intestine 
and colon should largely come from its 
circulatory levels. That said, the luminal 
concentration of alcohol in the latter 
parts of the small intestine, close to the 
colon, reaches up to 200 mg/100 ml 
within an hour of drinking 2 to 2 1/2 
standard alcoholic drinks (0.8 g/kg) 
(Halsted et al. 1973). 

The majority of alcohol metabolism 
in humans occurs in the liver, in cells 
called hepatocytes. During social drink-
ing, defined here as an average of two 
standard drinks, the body typically 
processes the ingested alcohol with no 
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deleterious effects through a process 
called oxidative conversion, during 
which the enzyme alcohol dehydroge-
nase (ADH) converts alcohol into  
the toxin acetaldehyde. Acetaldehyde 
dehydrogenase (ALDH) then converts 
acetaldehyde into acetate. Another 
alcohol metabolism pathway, the  
microsomal ethanol–oxidizing system 
(MEOS), handles a small portion of 
alcohol metabolism in social drinkers 
but a significant portion of alcohol 
metabolism when the body needs  
to process larger amounts of alcohol. 
MEOS leads to the production of  
oxygen free radicals, which can cause 
cellular damage. Although the majority 
of alcohol metabolism occurs in 
hepatocytes, the enzymes involved in 
the oxidative metabolism of alcohol 
also are present in the intestinal mucosa 
(Cederbaum 2012) and intestinal bac-
teria also produce acetaldehyde in the 
GI tract. In addition, less commonly, 
nonoxidative alcohol metabolism 
occurs in the intestines via reactions 
with membrane phospholipids and/or 
free fatty acids. This alternative path-
way may become particularly relevant 
when intestinal injuries occur after 
chronic alcohol consumption (Elamin 
et al. 2013a).  

Therefore, both the small and large 
intestine can be affected by alcohol 
and its metabolites as the result of its 
oxidative and nonoxidative metabolism.  
Metabolism of alcohol in the GI tract 
can then lead to disruption of tissue 
homeostasis toward a chronic state  
of intestinal inflammation (Patel et  
al. 2015; Rao et al. 2004).  As will  
be discussed in this review, mounting 
evidence shows that alcohol induces 
intestinal inflammation through various 
pathways, including changes in intesti-
nal microbiota composition (Engen et 
al. 2015; Mutlu et al. 2012) and func-
tion (Couch et al. 2015), increased 
permeability of the intestinal mucosa 
(Tang et al. 2015), and disruptions of 
the immune system of the intestinal 
mucosa (Cook 1998). 

Underlying Mechanisms  
for Alcohol and Gut-Derived 
Inflammation 

Alcohol and Intestinal Microbiota 
The intestine houses more than 500 
bacterial species and achieves bacterial 
homeostasis when the ratio between 
“good” bacteria and pathogenic bacteria 
is appropriately balanced. “Dysbiosis” 
occurs when disease or environmental 
factors disrupt the bacterial balance 
(Belizário and Napolitano 2015). 
Disruption to the normal gut flora  
also occurs when there is an overall 
overgrowth of bacteria. Studies show 
that alcohol promotes both dysbiosis 
and bacterial overgrowth (Mutlu et al. 
2012; Schnabl and Brenner 2014), 
which in turn leads to an increase in 
the release of endotoxins, produced by 
gram-negative bacteria (Rao et al. 2004). 
Endotoxins activate proteins and 
immune cells that promote inflamma-
tion (Elamin et al. 2013a; Keshavarzian 
et al. 2009). This section discusses  
evidence supporting alcohol’s role  
in altering intestinal microbiota. 

Bacterial Overgrowth
Studies in animals and humans confirm 
that alcohol increases intestinal bacteria 
(Canesso et al. 2014). This overgrowth 
may be stimulated directly by alcohol, 
but some studies suggest that it also 
could be an indirect byproduct of poor 
digestive and intestinal function caused 
by alcohol consumption. For example, 
studies of patients with liver cirrhosis 
(both caused by alcohol and not) found 
an association between patients with 
abnormal intestinal motility—the 
intestine’s ability to move food along— 
and bacterial overgrowth (Chang et al. 
1998). Other studies found a connection 
between alcohol, bile acid, and bacterial 
overgrowth. Specifically, alcohol can 
alter bile-acid metabolism and, in 
turn, bile acids can affect intestinal 
bacteria (Schnabl and Brenner 2014). 
Studies in rats show that alcohol 

decreases certain bile acids (Xie et al. 
2013) and treating rats with bile acids 
reversed bacterial overgrowth (Lorenzo- 
Zúñiga et al. 2003). 

Bacterial Dysbiosis
More recent studies use DNA 
sequencing technology to assess intes-
tinal microbiota populations and indi-
cate a correlation between alcohol and 
changes in the ratio between beneficial 
or “good” bacteria, such as strains of 
Lactobacillus and Bifidobacterium, and 
pathogenic bacteria, such as proteo-
bacteria and bacilli (Canesso et al. 
2014). For example, mice chronically 
fed alcohol display a decrease in good  
bacteria and an increase in bacteria 
that boost endotoxin production (Bull- 
Otterson et al. 2013). In another 
study, researchers found a significant 
shift in intestinal microbiota composi-
tion in rats chronically fed alcohol, 
but they could prevent the shift by giv-
ing the rats Lactobacillus GG bacteria  
and a diet that included probiotic oats 
(Mutlu et al. 2009). Connecting dysbio-
sis to alcohol-induced health problems, 
several studies find that probiotic and 
synbiotic interventions, which stimulate 
the growth of beneficial bacteria, 
attenuate liver injury in rats (Forsyth 
et al. 2009) and liver dysfunction in 
cirrhotic patients (Liu et al. 2004). 
Alcohol-induced bacterial overgrowth 
also may increase the risk of inflamma-
tion because intestinal bacteria can 
independently metabolize alcohol, 
producing excess acetaldehyde in the 
colon, which increases production of 
proinflammatory alcohol metabolites 
(Zhong and Zhou 2014). 

Alcohol-Induced Intestinal 
Hyperpermeability 
The intestinal barrier regulates the pas-
sage of materials between the GI tract 
and the bloodstream, allowing for the 
absorption by the blood of key nutrients 
and preventing the absorption of nox-
ious substances. It is made up of a layer 
of water, mucous gel, and epithelial 
and connective tissue. The epithelial 
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layer can become leaky or “permeable,” 
allowing pathogens and other deleteri-
ous substances into the bloodstream. 

Studies in humans demonstrate that 
a subset of people with alcohol use dis-
order (AUD) in fact have increased 
intestinal permeability, measured using 
a method called Cr-EDTA, which 
examines excretion of orally adminis-
tered chromium (Leclercq et al. 2014). 
In addition, those people with AUD 
and with increased permeability are 
more likely to have liver disease 
(Keshavarzian et al. 1999), indicating 
that intestinal permeability may be a 

mediator of organ damage in some 
people with AUD. Another study 
showed that not only is gut permeability 
increased in people with AUD, it is 
increased enough to allow large macro-
molecules through the intestinal barrier 
(Parlesak et al. 2000). Endotoxins— 
also known as lipopolysaccharides 
(LPS)—are large macromolecules and, 
as expected, the same study found that 
plasma endotoxin levels increased in 
parallel with increases in gut permea-
bility (Parlesak et al. 2000). 

But exactly how does alcohol induce 
intestinal permeability? The short 

answer is by disrupting the epithelial 
cells themselves (transepithelial perme-
ability) and by disrupting the spaces 
between the epithelial cells (paracellular 
permeability), which consist of tight 
junctions, the cytoskeleton, and several 
associated proteins (see figure below). 
Trans-epithelial permeability is caused 
by direct cellular damage. For example: 

• Alcohol causes cell death (Pijls et al. 
2013), which leads to changes in 
the intestine that include mucosal 
ulcerations, erosions, and loss of 

Figure The intestinal barrier regulates the passage of materials, including microbial products, between the inside of the intestine (where food 
and drink go) and the cells and blood vessels on the other side of the epithelial cell layer lining the inside of the intestine. Alcohol disrupts 
the intestinal barrier, increasing its permeability, in two ways: via transepithelial mechanisms (cells on the left), which allow material to 
pass directly through the epithelial cells, and paracellular mechanisms (cells on the right), which allow material to pass through the junc-
tions between the epithelial cells. Alcohol and its metabolites trigger transepithelial mechanisms by damaging the cells directly and weak-
ening cell membranes via several mechanisms including oxidative stress caused by reactive oxygen species (ROS). Alcohol’s metabolites 
trigger paracellular mechanisms by disrupting the proteins that create the tight junctions linking cells and proteins that stabilize cells’ 
cytoskeletons. Increased permeability of the intestinal barrier allows bacteria and the toxins they create to leave the gut and infiltrate 
other organs through the bloodstream. 
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epithelium mainly at the villi tips 
(Rocco et al. 2014); 

• Acetaldehyde forms DNA adducts 
that cause direct cellular damage 
(Malaguarnera et al. 2014); and

• Reactive oxygen species (ROS) 
released during alcohol metabolism 
cause direct cellular damage via oxi-
dative stress (Forsyth et al. 2014).

Alcohol and its metabolites cause para-
cellular permeability by acting on the 
tight-junction complex, which melds 
two adjoining cells together. For exam-
ple, acetaldehyde destabilizes tight 
junctions by redistributing proteins 
(Dunagan et al. 2012); alcohol and  
its metabolites alter the expression  
of tight-junction proteins (Wang et  
al. 2014); and alcohol nonoxidative 
metabolites cause tight-junction redis-
tribution, disrupting its barrier func-
tion (Elamin et al. 2013b). In addition, 
studies show that alcohol destabilizes 
cells’ cytoskeletons, the cell borders 
that give them their structure (Elamin 
et al. 2014). There also is growing  
evidence that alcohol causes the over-
expression of microRNAs (miRNAs), 
which are small stretches of noncoding 
RNA that silence gene expression 
(Tang et al. 2014). Specifically, alcohol 
can lead to overexpression of miRNAs 
that influence genes associated with 
gut-barrier integrity (Lippai et al. 2014). 

Alcohol Modulation of  
Mucosal Immunity 
Gut inflammation results from an 
inflammatory response mounted by 
the immune system against alcohol 
and its metabolites. Alcohol affects 
intestinal mucosal immunity via several 
mechanisms (see sidebar). In particular, 
it may first decrease the innate immune 
response in the mucosa, resulting in 
increased susceptibility to intestinal 
pathogens (Zhou et al. 2013). Sub-
sequently, as found in studies in cell 
cultures, alcohol may trigger an immune 
system response and upregulation of 

molecules that promote the inflamma-
tory response, including a release of 
inflammatory immune cells, such as 
leukocytes and mast cells (Fleming et 
al. 2001).

As mentioned earlier, alcohol-related 
bacterial overgrowth and dysbiosis 
may lead to increased endotoxin pro-
duction in the gut, which can bind to 
cells on the intestinal mucosa, causing 
local inflammation, and translocate to 
extraintestinal sites, causing systemic 
inflammation (Leclercq et al. 2014). 
Studies also show that alcohol can 
directly modulate both innate and 
adaptive immunity, further contributing 
to gut and gut-derived inflammation. 
For example, a study in mice found 
that alcohol inhibits the intestine’s 
immune response for clearing hazardous 
bacteria (Sibley and Jerrells 2000), and 
other studies find that alcohol suppresses 
intestinal mucosal immune cell activity 
(Cook 1998). Additional studies find 
myriad ways that alcohol affects mucosal 
immunity, including the following:

• By reducing the amount of anti- 
microbial molecules intestinal cells 
secrete, which leads to bacterial 
overgrowth (Schnabl and Brenner 
2014); 

• By suppressing the signaling  
molecule, interleukin-22, which 
negatively affects antimicrobial  
peptides (e.g., Reg3β and Reg3γ)  
and intestinal mucosal integrity 
(Rendon et al. 2013); and

• By suppressing signal molecules 
and immune T cells and thereby 
suppressing the intestinal mucosal 
immune response and bacterial 
clearance (Trevejo-Nunez et al. 2015).

Modifying Factors for  
Alcohol-Induced Gut-Derived 
Inflammation

As described above, alcohol causes 
gut-derived inflammation, which is 
related to other alcohol-associated 

pathologies. However, not all people 
with AUD develop disease, and those 
who do have varying degrees of disease 
severity. Although the extent of disease 
depends in large part on the extent of 
alcohol use and likely involves inherent 
individual characteristics, including 
genetics, race, and age, there are some 
adjustable factors that affect alcohol- 
induced intestinal inflammation and, 
therefore, may prevent or slow the 
progression of alcohol-related disease. 
Here, we discuss the roles of two adjust-
able environmental factors: circadian 
rhythm and diet. 

Circadian Disruption 
Circadian rhythm, also known as the 
biological clock, refers to an internal 
cycling of various biological processes. 
Chronic alcohol use can lead to a dis-
rupted biological clock, which in turn 
can have a wide range of health-related 
consequences. 

In terms of gut-related inflammation, 
studies in cell cultures, mice, and 
humans suggest that a disrupted circa-
dian rhythm exacerbates alcohol-related 
gut leakiness. For example, one study 
(Summa et al. 2013) found that alcohol- 
fed CLOCK mutant mice—who have 
a disrupted circadian cycle—showed 
more evidence of gut leakiness than 
alcohol-fed wild-type mice. A study in 
humans (Swanson et al. 2015), includ-
ing a group of shift workers who often 
have disrupted circadian rhythm, came 
to a similar conclusion. The researchers 
assessed circadian rhythm by measuring 
participants’ blood melatonin levels, 
using low melatonin as a marker for 
disrupted circadian rhythm. They found 
that low melatonin correlated with gut 
leakiness in people with AUD. 

Although it is unclear how circadian 
disruption amplifies alcohol-induced 
gut permeability, there are some hints 
from recent studies. For example, gut 
microbes have circadian oscillations, 
and circadian disruption can lead to 
dysbiosis in mice fed a high-fat diet 
(Voigt et al. 2014), which in turn can 
induce intestinal inflammation and 
hyperpermeability. In addition, timing 
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of lipid metabolism and bile-acid syn-
thesis are regulated by the local hepatic 
circadian rhythm (Bailey et al. 2014). 
Together, the evidence on circadian 
rhythm suggests a looping cycle where 
circadian disruption promotes alcohol- 
induced intestinal inflammation and 
alcohol disturbs circadian rhythm, 
which may further propagate intestinal 
hyperpermeability and inflammation. 

Diet 
Various studies show that nutrition can 
modify alcohol-induced gut inflamma-
tion and, subsequently, extraintestinal 
organ damage. Because people with 
AUD typically have altered diet com-
position, a focus on changing dietary 
habits might attenuate alcohol-related 
diseases. The following section reviews 

a sampling of studies on different diets 
and alcohol use. 

Fat. Studies examining high-fat diets 
find conflicting results. Some find 
fats propagate alcohol’s effects on 
the intestine, and some find they 
attenuate alcohol’s harmful effects. 
The contrast likely reflects the variety 

Alcohol’s Effect on Immunity and Inflammation

Alcohol can induce intestinal 
inflammation through a cascade 
of mechanisms that subsequently 
lead to inflammation and organ 
dysfunction throughout the body, 
in particular in the liver and brain. 
One mechanism is by increasing 
bacterial loads and the permeability 
of the intestinal wall (see figure) 
allowing bacteria to leak through, 
leading to local and systemic effects 
by affecting mucosal immunity 
and via endotoxin release, respec-
tively. Alcohol also affects mucosal 
immunity by suppressing one of 
the intestine’s main lines of defense 
against bacteria, Paneth cells that 
secrete antibacterial compounds. 
Suppressed Paneth cells secrete 
fewer antibacterial compounds, 
which can allow additional intesti-
nal bacteria overgrowth and allow 
their byproducts (i.e., endotoxins) 
entrance through the intestinal bar-
rier. The bacteria, via endotoxins, 
trigger an inflammatory response 
by the intestine’s immune system, 
causing a release of proinflamma-
tory cytokines. The endotoxins and 
cytokines can then enter the liver, 
directly interacting with hepatocytes 
and with liver immune cells, caus-
ing local cytokine release that leads 
to fibrosis and causes additional 
inflammation. The gut inflamma-
tion can also spread endotoxins 

and cytokines into the bloodstream 
where they can enter the central  

nervous system (CNS), causing  
neuroinflammation.
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of fats found in high-fat foods. 
Generally, studies seem to support 
the idea that unsaturated fats increase 
gut permeability and some kinds of 
saturated fats are protective. 

Studies have examined the effects of 
several types of saturated fats given as 
supplements to alcohol-exposed mice. 
One (Cresci et al. 2014) found that 
tributyrin, a triglyceride fat found in 
butter and margarine, prevented alcohol- 
induced tight-junction disruption, 
which in turn protects against intestinal 
hyperpermeability. Another (Chen et 
al. 2015a) examined saturated long-
chain fatty acids (SLCFAs), which are 
found in coconut oil, peanut oil, and 
dairy products. The researchers observed 
that the intestinal bacteria in mice 
chronically fed ethanol produced far 
less SLCFAs than mice not fed ethanol, 
and they also had lower levels of tight- 
junction proteins. That changed after 
the researchers gave the ethanol-fed 
mice SLCFA supplementation. Indeed, 
the mice given supplementation had 
higher levels of tight-junction proteins 
than ethanol-fed mice without supple-
mentation. SLCFA supplements also 
prevented dysbiosis (Chen et al. 2015a). 

Unsaturated fats had less favorable 
effects. In one study (Kirpich et al. 
2012), mice fed alcohol and unsaturated 
fats had increased fatty liver changes 
and suppressed mRNA expression of 
tight-junction proteins compared with 
mice fed alcohol and saturated fat. These 
findings suggest that an unsaturated- 
fat diet in conjunction with chronic 
alcohol use increases intestinal 
permeability. 

Oats. Oats, which are rich in fat, 
fiber, protein, vitamins, and minerals, 
have long been associated with cardio-
vascular health and, more recently, 
examined for a possible role in gastro-
intestinal health. Several preclinical 
studies suggest that oats may attenuate 
alcohol’s deleterious effects on the 
digestive system. In one study 
(Keshavarzian et al. 2001), two groups 
of rats received increasing doses of 
alcohol and either oats or regular rat 

chow for a period of 10 weeks. The 
oats-fed rats had significantly lower 
endotoxin levels than the chow-fed 
animals. Another study (Tang et al. 
2009) found that alcohol-fed rats given 
oat supplementation showed fewer 
signs of gut inflammation and alcohol- 
induced hyperpermeability than rats 
fed alcohol and regular rat chow. 
More recently, researchers examined 
supplementation with glutamine, an 
amino acid found in oats. The study 
in mice found that glutamine supple-
ments ameliorated alcohol-induced 
intestinal leakiness and improved 
alcohol-induced liver injury (Chaudhry 
et al. 2016). 

Vitamins and Minerals. People with 
AUD often are deficient in certain 
vitamins and minerals, including zinc 
and vitamin D, either from direct 
effects of alcohol consumption or poor 
diet. Those deficiencies, in turn, may 
have deleterious effects on the diges-
tive system. A study in mice (Zhong 
et al. 2013) found a relationship 
between zinc deficiency and gut leaki-
ness. The study compared mice fed 
alcohol and a zinc-deficient diet with 
mice fed alcohol and a zinc-adequate 
diet. The zinc-deficient mice showed 
increased intestinal permeability and 
higher plasma endotoxin levels (for more 
on zinc, see the article by McClain). 

Another study, conducted in intestinal 
cell culture and mice, examined whether 
vitamin D might protect gut health 
from alcohol exposure. In the cells, 
treating with vitamin D protected the 
cells from ethanol damage. In the mice, 
higher vitamin D levels measured in 
blood correlated with increased resis-
tance to changes that lead to intestinal 
injury (Chen et al. 2015b). These find-
ings suggest that vitamin D deficiency 
may promote the deleterious effects of 
alcohol on the gut barrier and, perhaps, 
that vitamin D supplementation may 
attenuate those effects. 

The Clinical Relevance  
of the Alcohol-Induced  
Gut-Derived Inflammation

Alcohol-induced gut inflammation  
is believed to promote several disease 
states both within the GI tract, in the 
form of gastrointestinal cancers and 
inflammatory bowel disease, and outside 
the GI tract, in the form of, for example, 
liver disease and neuroinflammation 
(Rao et al. 2004). The following section 
briefly reviews a sample of the condi-
tions associated with alcohol-related 
gut inflammation. 

Alcohol and GI Cancers 
Chronic alcohol consumption is asso-
ciated with increased risk of major gas-
trointestinal cancers including cancer 
of the esophagus, stomach, and colon 
(colorectal cancer). The risk generally 
increases as alcohol consumption 
increases and in combination with other 
lifestyle-related factors, such as smoking 
tobacco or metabolic syndrome. And 
although alcohol was initially thought 
to act as a direct carcinogen, research 
instead suggests that alcohol-induced 
gut inflammation may be at fault 
(Thrift et al. 2011).

Systemic inflammation seen in met-
abolic syndrome and obesity increases 
risk of several types of epithelial cancers, 
including those in the gastrointestinal 
tract (Feakins 2016), suggesting that 
the systemic inflammatory state created 
by alcohol-induced gut inflammation 
also may contribute to alcohol-induced 
carcinogenesis in the GI tract and 
other organs. This process can snow-
ball because, as cells transition to a 
cancerous state, ADH activity increases 
while ALDH activity may decrease 
(Testino et al. 2011). This leads to an 
increased oxidation rate and a decreased 
ability to clear alcohol metabolites 
(Testino et al. 2011), which in turn 
can further promote carcinogenesis 
through direct effects on DNA, oxidative 
stress, and gut inflammation (Jelski 
and Szmitkowski 2008). 
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Alcohol and Inflammatory 
Bowel Disease (IBD) 

Several lifestyle factors such as smoking 
and diet affect the incidence and severity 
of IBD, most likely by modulating gut 
inflammation (Swanson et al. 2010). 
Alcohol consumption also may influ-
ence the course of IBD through associ-
ated gut inflammation (McGuckin et 
al. 2009); however, its effect in patients 
with IBD only has been studied in a 
few small studies. One study (Swanson 
et al. 2011), for example, examined 
the impact of 1 week of moderate (24 g 
to 36 g ethanol daily) red wine con-
sumption on clinical disease activity 
and other noninvasive markers associated 
with increased risk of future disease 
flare. The study found no significant 
changes in indices of clinical disease 
but did find subclinical increases in 
markers for disease activity, including 
intestinal permeability. Such findings 
suggest that chronic alcohol consump-
tion could increase the long-term risk 
for disease flare in IBD and supports 
the need for additional study. 

Gut–Liver Axis 

Approximately 20 to 30 percent of 
heavy drinkers (people who drink 
more than 30 grams/day for at least  
10 years) develop clinically significant 
alcoholic liver disease, including  
alcoholic steatohepatitis and cirrhosis 
(Gramenzi et al. 2006). Several factors, 
such as the amount and duration of 
alcohol consumption, obesity, and 
gender, seem to moderate a person’s 
risk and progression of alcoholic liver 
disease. In addition, studies find that 
alcohol-induced gut inflammation can 
contribute to liver injury by increasing 
intestinal permeability and the likeli-
hood that gut-derived endotoxins enter 
the liver. One study (Keshavarzian et al. 
1999) found that people with AUD 
who also have liver disease are much 
more likely to have intestinal permea-
bility: more than 40 times more likely 
than people without AUD and more 
than 20 times more likely than people 

with AUD who do not have liver dis-
ease. In alcohol-fed rats, gut leakiness 
is evident 2 weeks after alcohol initia-
tion; after another 2 weeks, endotox-
emia develops and then liver injury, 
suggesting an intermediary role for 
endotoxemia on liver injury 
(Keshavarzian et al. 2009). 

Once gut leakiness begins, endotoxins 
can enter the liver via the portal vein 
that drains from the gut. In the liver, 
gut-derived substances interact with 
the liver’s hepatocytes, parenchymal 
cells, and immune cells. Alcohol expo-
sure increases LPS levels in portal and 
systemic circulation (Wheeler et al. 
2001), and that can have a host of  
deleterious effects: 

• Initiating endotoxin-mediated 
hepatocellular damage by activating 
the innate immune system and 
leading to an increase in ROS and 
inflammatory cytokines, leuko- 
trienes, and chemokines (Purohit  
et al. 2008);

• Activating signaling pathways that 
lead to proinflammatory cytokine 
release associated with liver fibrosis 
(Seki and Schnabl 2012); and

• Activating immune cells that can 
lead to liver inflammation and 
eventual fibrosis (Szabo et al. 2012). 

Gut–Brain Axis 

It is well established that the brain 
helps control the gut, and recently 
research suggests the opposite also is 
true: the gut can influence brain func-
tion (Hsiao et al. 2013). In fact, some 
evidence suggests that alcohol-induced 
intestinal permeability and LPS can 
influence psychological and cognitive 
function. For example, among a group 
of alcohol-dependent, noncirrhotic 
patients hospitalized for detoxification, 
the subset that showed signs of intesti-
nal permeability and LPS also had 
higher scores on measures of depres-
sion, anxiety, and alcohol cravings and 

scored worse on measures of selective 
attention (Leclercq et al. 2012). These 
findings suggest that some of the bio-
logical and behavioral changes seen in 
people with AUD may extend from 
the systemic inflammatory response 
triggered by changes in the gut. 

Although the mechanisms by which 
the gut–brain axis conveys the effect(s) 
of alcohol on the central nervous system 
(CNS) are not well established, several 
studies suggest that systemic inflam-
mation, like that caused by alcohol- 
provoked leaky gut, can influence  
the nervous system in several ways.  
For example, alcohol-induced gut 
inflammation can result in a systemic 
inflammation that subsequently affects 
neuronal function and may drive  
some symptoms of alcohol withdrawal, 
including autonomic disturbances and 
anxiety (Retson et al. 2015). In addi-
tion, elevated cytokines caused by the 
inflammatory response may be able to 
enter the brain and disrupt the blood–
brain barrier, starting a vicious cycle 
that perpetuates alcohol’s effects on 
the CNS (Banks et al. 2015). Alcohol-
induced dysbiosis may have its own 
effect on the CNS via vagal afferent 
nerve fibers, which influence areas of 
the brain implicated in AUD, includ-
ing the thalamus, hippocampus, amyg-
dala, and prefrontal cortex. Specifically, 
accumulating evidence suggests that 
alcohol-induced dysbiosis and gut 
microbiome may contribute to modifi-
cations in the vagal response and neu-
roinflammation in the CNS linked 
with alcohol-associated behaviors 
(Gorky et al. 2016). Other studies link 
microbiota alterations and endotoxins 
with neuroinflammation (Szabo and 
Lippai 2014) and anxiety-like behavior 
(Bercik et al. 2011; Hsiao et al. 2013). 
Studies in mice and humans suggest 
that antimicrobials and probiotics can 
positively influence brain function in 
healthy people, holding out promise 
that targeting gut microbiota in people 
with AUD might help defray alcohol’s 
influence on brain function (Bercik et 
al. 2011; Tillisch et al. 2013). 
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Conclusions 

Through multiple pathways, alcohol 
induces gut inflammation, which in 
turn promotes broad-spectrum pathol-
ogies both inside and outside the GI 
tract. In fact, many alcohol-related dis-
orders, including cancers, liver disease, 
and neurological pathologies, may be 
exacerbated or directly affected by this 
alcohol-induced gut inflammation. 
The inflammation itself results from 
oxidative and nonoxidative pathways 
of alcohol metabolism that lead to a 
leaky gut, bacterial overgrowth, dys- 
biosis, and alterations in the mucosal 
immune system. As research uncovers 
the mechanisms by which alcohol affects 
gut inflammation and how that inflam-
mation influences disease, researchers 
may be able to develop better strategies 
to prevent, or treat, conditions associ-
ated with chronic alcoholism. Already, 
studies are suggesting ways to modify 
diet and intestinal flora that may help 
alleviate some of the risks associated 
with chronic heavy drinking. Controlled 
trials are needed to assess the use of 
dietary supplementation with micro-
nutrients in preventing or reversing 
alcohol effects. 
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Induction of neuroimmune genes by binge drinking increases neuronal excitability and 
oxidative stress, contributing to the neurobiology of alcohol dependence and causing 
neurodegeneration. Ethanol exposure activates signaling pathways featuring high- 
mobility group box 1 and Toll-like receptor 4 (TLR4), resulting in induction of the tran-
scription factor nuclear factor kappa-light-chain-enhancer of activated B cells, which 
regulates expression of several cytokine genes involved in innate immunity, and its 
target genes. This leads to persistent neuroimmune responses to ethanol that stimulate 
TLRs and/or certain glutamate receptors (i.e., N-methyl-d-aspartate receptors). Alcohol 
also alters stress responses, causing elevation of peripheral cytokines, which further 
sensitize neuroimmune responses to ethanol. Neuroimmune signaling and glutamate 
excitotoxicity are linked to alcoholic neurodegeneration. Models of alcohol abuse have 
identified significant frontal cortical degeneration and loss of hippocampal neurogenesis, 
consistent with neuroimmune activation pathology contributing to these alcohol- 
induced, long-lasting changes in the brain. These alcohol-induced long-lasting increases 
in brain neuroimmune-gene expression also may contribute to the neuro- 
biology of alcohol use disorder. 
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To a large extent, signaling processes 
between neurons in the brain are distinct 
from signaling mechanisms between 
cells in the immune system and use 
different signaling molecules. However, 
some proteins first discovered within 
the immune system act as both periph-
eral immune-signaling molecules and 
brain-signaling molecules. These 
neuroimmune factors include various 
cytokines, Toll-like receptors (TLRs), 
and high-mobility group protein box 1 
(HMGB1). In the brain, both neurons 
and supporting glial cells (both astro-
cytes and microglia) contribute to the 
release of and responses to these 
neuroimmune factors. Neuroimmune 
signaling in the brain not only is a part 
of the innate immune response, but its 

effects also persist for long periods and 
could contribute to long-lasting 
changes in neurobiology.

Studies found that brain neuroim-
mune signaling is activated in models 
of binge drinking and neurodegenera-
tion, suggesting another pathway 
through which alcohol may affect 
brain function. This review defines the 
roles of various cellular compartments 
and signaling molecules involved in 
neuroimmune activation, including 
the role of the stress axis in the 
communication between the central 
and peripheral immune systems and in 
sensitizing the neuroimmune response 
to alcohol. The article also will offer 
evidence from animal studies and 
postmortem human alcoholic brain 

studies that neuroimmune signaling 
may increase alcohol drinking and 
risky decision making and (in alcohol- 
treated animals) blunt the ability  
to change, decreasing behavioral 
flexibility. 

Neuroimmune Signaling  
in the Alcoholic Brain

Monocytes and Innate  
Immune Genes
Innate immune genes are associated 
with rapid first-line responses to infec-
tions that involve primarily immune 
cells called monocytes (e.g., the acute-
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phase response). These responses include 
increases in multiple cytokines as well 
as in their cellular receptors. Together, 
these changes amplify expression of a 
large number of genes through kinase 
signaling pathways that converge on 
two transcription factors called nuclear 
factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) and activa-

tor protein-1 (AP-1). NF-κB and 
AP-1 promote expression of innate 
immune cytokines, such as tumor 
necrosis factor alpha (TNF-α) and 
interleukin 1 beta (IL-1β), as well as 
of TLRs and cytokine receptors (see 
figure 1). In addition, innate immune 
responses include the activation of 
proteases and oxidases, particularly 

cyclooxygenase and nicotinamide 
adenine dinucleotide phosphate 
(NADPH) oxidase,1 as well as of 
major histocompatibility complex 
(MHC) signaling molecules, such as 
beta-2 microglobulin. 
1 NADPH oxidase is an enzyme that produces reactive oxygen 
species (ROS)—for example, during ethanol metabolism—thereby 
increasing oxidative stress and contributing to cell damage.

Figure 1   Simplified schematic of the Toll-like receptor (TLR) and the receptor for advanced glycation end products (RAGE) signaling cascades. 
Stimulation of TLRs with high-mobility group box 1 protein (HMGB1) and other inflammation-inducing agents leads to the generation of  
reactive oxygen species (ROS) and downstream activation of the transcription factor nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF)-κB. Similarly, HMGB1 activation of the RAGE receptor results in downstream activation of NF-κB and induction of ROS. Transfer of 
NF-κB to the nucleus induces proinflammatory gene expression, neuroimmune induction, and cell death. Expression of several TLRs (i.e., 
TLR2, TLR3, and TLR4) and HMGB1 is upregulated in the postmortem human alcoholic brain and mouse brain following exposure to ethanol 
(Crews et al. 2013); this is accompanied by an upregulation of NADPH oxidase expression (Qin et al. 2011). Interestingly, blockade of 
neuroimmune signaling, either genetically (Blanco 2005) or pharmacologically (Crews et al. 2006b; Qin et al. 2012; Zou and Crews 2006, 
2011), prevents ethanol-induced neuroimmune-gene induction and neurodegeneration. The neuroimmune system also contributes to alcohol- 
drinking behavior, because activation (Blednov et al. 2001) or blockade of this system (Blednov et al. 2011; Liu et al. 2011) increases and 
decreases self-administration, respectively. 

NOTE: AP-1: activator protein-1; CD14: cluster of differentiation 14; ERK: extracellular signal–regulated kinase; IKK: inhibitor of NF-κB; IRAK 1: interleukin-1 receptor–associated kinase 1; JNK: c-jun 
N-terminal kinases; LPS: lipopolysaccharide; MAPK: mitogen-activated protein kinase; MyD88: myeloid differentiation primary response gene 88; NADPH oxidase: nicotinamide adenine dinucleotide 
phosphate-oxidase; PI3K: phosphatidylinositol-4,5-bisphosphate 3-kinase; RIP: receptor interacting protein; TAK1: transforming growth factor beta–activated kinase 1; TRAF: tumor necrosis factor 
receptor–associated factor; TRAM: TRIF-related adaptor molecule; TRIF: TIR-domain-containing adaptor–inducing interferon-beta. 
SOURCE: Adapted from Crews et al. 2011, 2013.
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The NF-κB–mediated transcription 
of proinflammatory genes, in turn, is 
amplified within and across cells by 
induction of TLRs and cytokine 
receptors (e.g., those that belong to 
the IL-1β receptor family), which 
induce innate immune gene expres-
sion. Amplification of innate immune 
gene induction across cells and tissues 
can cause pathology, such as sepsis. 
Sepsis and systemic inflammatory- 
response syndrome involve a “cyto-
kine storm.” This potentially fatal 
innate immune reaction consists of 
positive feedback loops between cyto-
kines and immune and tissue cells, 
resulting in highly elevated levels of 
cytokines in the blood, multiorgan 
failure, and death (Osterholm 2005). 
Models of sepsis that involve activa-
tion of an acute phase-like response 
lead to increases in the levels of multi-
ple cytokines in the blood that occur 
in two distinct phases. First, both 
TNF-α and IL-1β levels increase 
during the first several hours after 
infection but then subside. Subsequently, 
levels of HMGB1, a ubiquitously 
expressed, cytokine-like protein that 
can activate TLR4 and potentiate 
cytokine responses, increase about  
16 hours after infection and remain 
elevated for several days (Wang et  
al. 2001). In mouse models, sepsis- 
induced death that occurs several  
days after infection is associated with 
HMGB1 and is prevented by treat-
ment with antibodies blocking 
HMGB1. Survivors of sepsis show 
prolonged increases in serum HMGB1 
and cognitive deficits that can be 
prevented with HMGB1-antibody 
treatment (Chavan et al. 2012). About 
half of the patients released from the 
hospital after surviving a cytokine 
storm–sepsis insult die within 5 years 
(Quartin et al. 1997). Thus, innate 
immune responses can be long lasting 
and can induce pathology long after 
they initially have been activated. 
However, although most studies support 
a central role for NF-κB–mediated 
transcription of proinflammatory 
cytokines, proteases, and oxidases in 
the innate immune response, both the 

precise mechanisms that regulate indi-
vidual cell or cytokine activation and 
the contributions of tissues and cells 
in vivo to amplification of specific 
innate immune genes are poorly 
understood. 

Monocytes are the primary cells 
mediating the innate immune response. 
They are found in all tissues, including 
the brain. Monocytes in the brain, 
which also are referred to as microglia, 
fall into two main categories: proin-
flammatory M1 monocytes/microglia 
and trophic M2 monocytes/microglia. 
M1 monocytes/microglia participate 
in the acute proinflammatory responses 
of the innate immune system; in addi-
tion, they also convey signals to the 
adaptive immune cells (i.e., T and B 
cells) through the MHC molecules 
they carry on their cell surface. These 
signals help create a persistent sensiti-
zation to pathogens (e.g., in the form 
of antibodies that mediate immuniza-
tion). These proinflammatory effects 
occur in response to pathogens as  
well as tissue damage, cell death, and 
degeneration. Thus, M1 microglia and 
other monocyte-like cells consistently 
express multiple cytokine receptors 
and TLRs that, when activated, induce 
innate immune genes, such as proin-
flammatory cytokines, proteases, and 
oxidases, which help to break down, 
process, and remove damaged cells 
and tissue. In contrast, the M2 mono-
cytes/microglia mediate a delayed 
response that initiates wound-healing 
trophic signaling and seem to be criti-
cal for healing. Both monocytes in 
general and brain microglia in particu-
lar can have both proinflammatory 
M1 and trophic M2 phenotypes 
(Colton 2009; Michelucci et al. 2009). 

Although the M1 and M2 pheno-
types are poorly understood, mono-
cyte proinflammatory activation 
clearly is linked to NF-κB–mediated 
transcription of multiple innate 
immune genes. Activation of mono-
cyte NF-κB by both pathogens and 
tissue damage involves TLR4 (see 
figure 1). This receptor responds to 
endotoxin released by certain bacteria 
(e.g., lipopolysaccharide [LPS]) as well 

as to HMGB1. Proinflammatory gene 
induction also is amplified by cytokine– 
receptor-activated release of HMGB1 
that further contributes to innate 
immune gene induction. 

The role of these innate immune- 
signaling molecules is well character-
ized within the immune system, but 
only recently these molecules have 
been discovered to also contribute  
to brain signaling. Thus, studies  
have indicated that MHC molecules 
contribute to brain development 
(Huh et al. 2000), to most neuro- 
degenerative diseases (Gage 2002; Glass 
et al. 2010), and to alcohol and other 
drug dependence (Crews 2012). 
Neuroimmune signaling in the brain 
has not been extensively studied, and 
most knowledge on this subject is 
based on the assumption that mono-
cyte responses elsewhere in the body 
reflect microglial and brain innate 
immune responses. 

The Immune Response in the Brain
The immune system is not normally 
active in the healthy brain. Thus, the 
healthy normal brain does not contain 
antibodies and has only one type of 
immune cell, the microglia. During 
fetal development, neurons, astrocytes, 
and all other brain cells are formed 
from one embryonic structure (i.e., 
the ectoderm), whereas microglia 
migrate from another embryonic 
structure (i.e., the mesoderm) to the 
brain at a specific time (Ginhoux et al. 
2010). In the healthy brain, the number 
of ramified or “resting” microglia 
equals that of neurons, and these  
cells contribute to the integration of 
sensory systems and overall survey  
of the brain milieu (Raivich 2005). 
Along with astrocytes, they modulate 
important metabolic, trophic, and 
synaptic functions in addition to 
responding to brain–damage-induced 
neuroimmune responses (Farina et al. 
2007; Streit et al. 2004). Microglia 
respond to endogenous or exogenous 
insults with distinct morphological 
changes in shape (i.e., they develop 
“bushy” or “amoeboid-like” pheno-



types) as well as with marked alterations 
in gene expression, including proin-
flammatory innate immune-response 
genes (Graeber 2010). However, it 
sometimes is unclear whether micro-
glia are responding to a brain insult  
or causing it through the release of 
proinflammatory cytokines. Microglia 
respond to and signal through both 
neuroimmune and neurotransmitter 
signals. For example, acetylcholine—
an important neurotransmitter 
involved in multiple brain functions, 
including cognition—inhibits proin-
flammatory activation in both periph-
eral monocytes and brain microglia 
and has anti-inflammatory effects.

Some studies found an increase in 
the expression of the microglial marker 
Iba-1 in the brains of alcoholic indi-
viduals (see figure 2) (He and Crews 
2008), suggesting that microglia 
contribute to the neurobiology of 
alcoholism. Microglia in postmortem 
human alcoholic brain and chronic 
alcohol-treated mouse and rat brain 
show increased MHC gene expression, 
but not the bushy or phagocytic acti-
vation profiles associated with marked 
brain damage. Chronic ethanol treat-
ment also increases microglial TLR4 
expression (Vetreno et al. 2013). 
Thus, microglia are the only immune 
cells in healthy brain and are integrated 
into the brain’s responses to both 
neurotransmitters and neuroimmune 
signals. They also seem to contribute to 
chronic alcohol-induced responses. 

Alcohol, Neuroimmune 
Signaling, and 
Neurodegeneration

Chronic binge-drinking models 
repeatedly found that ethanol expo-
sure increases the expression of a vari-
ety of neuroimmune genes in the 
brain and that these alterations may 
persist over long periods (see figure 1). 
For example, one study found that 
chronic ethanol exposure induced the 
neuroimmune gene cyclooxygenase 2 
(COX2) in multiple cortical and 
limbic brain regions long after physi-

cal signs of withdrawal had subsided 
(Knapp and Crews 1999). However, 
ethanol did not induce COX2 in 
transgenic mice lacking TLR4, 
suggesting that this process involves 
TLR4 (Alfonso-Loeches et al. 2010). 
Chronic alcohol exposure also altered 
the activity of NF-κB and another 
regulatory protein, cyclic AMP- 
responsive element binding protein 
(CREB). Specifically, ethanol treat-
ment of HEC brain slice cultures 
increased NF-κB binding to DNA 
probes modeling gene promoter 
regions and decreased CREB binding 
to DNA probes modeling CREB-
responsive gene promoter DNA (Zou 
and Crews 2006). 

The CREB family of transcription 
factors is activated by phosphoryla-
tion; they promote neuronal survival, 
protecting neurons from excitotoxicity 
and apoptosis by regulating the tran-
scription of pro-survival factors (Lonze 
and Ginty 2002; Mantamadiotis et al. 
2002). Conversely, NF-κB is known 
widely for its ubiquitous roles in 
inflammatory and immune responses 

(O’Neill and Kaltschmidt 1997). 
Accordingly, NF-κB and CREB have 
different target genes. For example, 
CREB targets the neuropeptide Y  
and brain-derived neurotrophic factor 
(BDNF) genes, both of which are 
involved in promoting neuronal 
growth and resilience to insults, 
including protection against excitotox-
icity and neuronal death (Lonze and 
Ginty 2002). Regular excitation of 
neurons increases synaptic plasticity 
related to CREB and induces synaptic 
proteins and BDNF. In contrast, 
excessive excitation triggers activation 
of certain extrasynaptic receptors for 
the neurotransmitter glutamate (i.e., 
N-methyl-d-aspartate [NMDA] recep-
tors) and excitotoxicity, resulting in 
either rapid or delayed neuronal  
death, which is associated with reduced 
CREB (Hardingham and Bading 
2010). Chronic ethanol exposure 
interferes with the normal functions  
of CREB. Thus, the levels of CREB 
phosphorylation and CREB–DNA 
binding as well as of the target gene 
BDNF all were decreased in the rat 

Iba-1–Positive Microglia 

Figure 2    Microglial activation, as indicated by expression of the microglial marker Iba-1, is 
increased in postmortem alcoholic brain. The photomicrographs depict microglia 
from postmortem brain samples of alcoholics and control subjects. The number of 
Iba-1–positive microglia (dark stains) is higher in the alcoholic than in the control samples. 

SOURCE: He and Crews 2008.
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frontal cortex following a 24-hour 
withdrawal from chronic ethanol 
exposure (Pandey et al. 1999, 2001). 
In addition, neuropeptide Y levels 
were reduced in the cortex following 
ethanol treatment, an effect that was 
accompanied by reduced levels of 
phosphorylated CREB (Bison and 
Crews 2003). 

The reciprocal relationship between 
NF-κB and CREB transcription sensi-
tizes neurons to excitotoxicity (Zou 
and Crews 2006). This reciprocal rela-
tionship appears to result from the 
actions of kinases, such as protein 
kinase A, which activate CREB tran-
scription but inhibit NF-κB activation. 
However, the reciprocal relationship 
also may represent differences between 
neuronal and glial signaling pathways, 
because regulation of CREB transcrip-
tion principally occurs in neurons 
whereas NF-κB activation of pro- 
inflammatory genes primarily occurs 
in microglia. 

In summary, ethanol can directly 
increase NF-κB–mediated transcription 
of proinflammatory genes in the brain 
as well as decrease trophic protective- 
factor transcription by reducing CREB 
transcription. Together, these effects 
decrease the brain’s resilience to insults. 

Roles of HMGB1 and TLR4
Ethanol induces neuroimmune genes 
through multiple mechanisms. One 
mechanism involves alcohol-induced 
release of HMGB1,2 which increases 
NF-κB–mediated transcription of 
proinflammatory cytokines (Crews  
et al. 2013; Zou and Crews 2014). 
Several transmitters and neuro- 
immune-signaling receptors as well as 
neuronal excitability increase the release 
of HMGB1 (Maroso et al. 2010). This 
protein is a TLR4 agonist that acts 
through multiple signaling mechanisms 
in the brain, thereby influencing astro-
cytes and microglia, as well as neuro-
genesis, neurite growth, and excitability 
in adjacent neurons. HMGB1 released 
by neuronal activity stimulates TLR4 
2 HMGB1 also is known as amphoterin (Huttunen and Rauvala 
2004). 

receptors, resulting in IL-1β release 
and increased phosphorylation of a 
subunit of the NMDA receptor (i.e., 
the NR2B subunit), which in turn 
increases susceptibility to seizures 
(Maroso et al. 2010; Vezzani et al. 
2011). Actively released HMGB1  
is acetylated, and ethanol increases 
HMGB1 acetylation in brain slice 
cultures. The acetyl-HMGB1 initially 
is found primarily in the cell’s cytosol, 
likely in vesicles, before its concentra-
tion in the surrounding fluid increases 
progressively, consistent with neuronal 
release (Zou and Crews 2014). The 
importance of ethanol-induced release 
of HMGB1 and resulting TLR4 acti-
vation to ethanol-induced neurode-
generation and behavioral pathology 
was demonstrated in studies using 
cells and animals that no longer 
produced TLR4 (i.e., TLR4 knockout 
cells and mice). The experiments 
showed that knockout of TLR4 mark-
edly blunted chronic–ethanol-induced 
neurodegeneration and induction of 
proinflammatory gene expression 
(Alfonso-Loeches et al. 2010; Blanco 
et al. 2005; Fernandez-Lizarbe et al. 
2009; Pascual et al. 2011; Valles et  
al. 2004). 

Additional studies found that etha-
nol treatment induced neuroimmune 
genes in microglia and astrocyte 
primary cultures as well as in mice and 
that this induction was dependent on 
the expression of TLR4. These recep-
tors are always present on microglia, 
making microglia a key component  
of drug-induced neuroimmune activa-
tion (Alfonso-Loeches and Guerri 
2011; Schwarz and Bilbo 2013). In 
addition, TLR4 is integral to ethanol- 
induced dopamine release (Alfonso-
Loeches and Guerri 2011), damage to 
white matter (Alfonso-Loeches et al. 
2012), and other pathologies associ-
ated with chronic–ethanol-induced 
changes in the brain (Pascual et al. 
2011). In cultured cells, ethanol treat-
ment increases innate immune gene 
expression in a time-dependent fash-
ion, mimicking responses to LPS or 
IL-1β administration, although etha-
nol induces a much smaller response 

(Crews et al. 2013). In vivo, ethanol 
induces neuroimmune genes in the 
brains of wild-type mice, but not 
TLR4 knockout mice (Alfonso-
Loeches et al. 2010). These studies 
support the hypothesis that TLR4 
signaling is critical to many of the 
effects of alcohol on the brain. 

It is not clear why signaling through 
TLR4 but not via other cytokine 
receptors seems to contribute signifi-
cantly to ethanol responses, because all 
of these receptors generally belong to 
the same receptor superfamily (i.e.,  
the TLR–IL1-R superfamily) (Wald  
et al. 2003) and share kinase cascades 
in monocytes and microglia that all 
converge upon NF-κB. The findings 
suggest that the TLR4s on neurons or 
other brain cells may have some unique 
properties that differ from NF-κB 
activation by receptors for TNF-α, 
IL-1β, and other cytokines (e.g., TNF 
receptor) which induce NF-κB tran-
scription of proinflammatory cyto-
kines. Further complicating the 
picture, the TLR4 signaling pathway 
is not the only one affected by ethanol 
exposure. Vetreno and colleagues 
(2013) found that chronic intermit-
tent treatment of adolescent rats also 
led to persistent increases in the 
expression of another receptor stimu-
lated by HMGB1, called receptor  
for advanced glycation end products 
(RAGE) (see figure 1). Although the 
mechanisms remain complicated, 
together these studies suggest that 
HMGB1–TLR4 and perhaps RAGE 
signaling (which are found on multiple 
brain cells types) as well as neuronal–
glial neuroimmune signaling and 
microglial–astrocyte activation all 
contribute to alcohol-induced brain 
damage. 

Effects of Acute vs.  
Chronic Ethanol Exposure
Although chronic alcohol treatment 
increases proinflammatory gene 
expression in the brain through activa-
tion of TLR4, this is confounded by 
acute alcohol inhibition of TLR4 
signaling in monocytes and possibly 
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other cells. Time-dependent acute and 
chronic opposing effects of ethanol 
confound many studies (Crews et al. 
2006a, 2011; Szabo and Mandrekar 
2009). Acute ethanol suppresses the 
innate immune response to LPS, a 
TLR4 agonist, in both in vivo and in 
vitro models. For example, LPS-induced 
TNF-α and IL-1β production is 
blunted in blood monocytes obtained 
from healthy human volunteers after 
acute alcohol exposure (Crews et al. 
2006a; Szabo et al. 1993, 1995, 
2001). In animal models, acute etha-
nol exposure attenuates the TNF-α, 
IL-1β, and IL-6 immune responses to 
LPS (Pruett et al. 2004). Similarly, in 
in vitro models, addition of ethanol 
(25 mM) just before LPS blunts 
induction of TNF-α (Szabo et al. 
1993, 1995, 2001). In contrast, chronic 
in vitro ethanol exposure of astrocytes, 
microglia, and brain slices induces 
NF-κB transduction of proinflamma-
tory genes through activation of TLR4 
signaling (Crews et al. 2013; Fernandez- 
Lizarbe et al. 2009; Zou and Crews 
2014). 

While it is unclear if the presence  
of acute ethanol exposure antagonizes 
TLR4 on all cell types, other TLRs are 
not acutely blocked by ethanol (Crews 
et al. 2006a). Upregulation of TLRs by 
chronic alcohol treatment can lead to 
sensitization. In mice, binge treatment 
with ethanol for 10 days (5 g/kg/day), 
followed by LPS 24 hours later when 
alcohol had cleared, resulted in a 
marked increase in proinflammatory 
gene induction (Qin and Crews 
2012b). Ethanol treatment increased 
the responses to LPS-induced proin-
flammatory cytokines in liver, blood, 
and brain. The responses were tran-
sient in blood and liver but were long 
lasting in brain. Similarly, chronic 
10-day alcohol treatment sensitized 
mice to the proinflammatory response 
to Poly:IC, a compound that activates 
TLR3 (Qin and Crews 2012a). Thus, 
the effects of ethanol on brain neuro-
immune signaling are in part related 
to increases in TLRs (see figure 1)  
that increase neuroimmune signaling 
and cytokines, such as IL-1β, during 

chronic ethanol treatment, although 
the presence of alcohol can blunt 
TLR4 responses during intoxication. 

Ethanol Induction of HMGB1–TLR 
Signaling in the Brain
As mentioned previously, studies 
investigating the mechanisms of etha-
nol induction of proinflammatory 
genes in the brain have shown that 
chronic ethanol increases expression  
of TLRs as well as the TLR4 receptor 
agonist HMGB1. Studies of chronic 
10-day ethanol treatment of mice 
(Crews et al. 2013), chronic in vitro 
treatment of rat brain-slice cultures 
(Zou and Crews 2014), and analyses 
of postmortem human alcoholic brain 
(Crews et al. 2013) all found increased 
expression of HMGB1, TLR4, TLR3, 
and TLR2 (see figure 3).3 Increases in 
receptors and agonists are common in 
innate immune signaling, and these 
findings suggest that chronic alcohol, 
through induction of HMGB1 and 
TLR4 as well as the less well character-
ized RAGE receptor, may contribute 
to increases in neuroimmune-gene 
expression. Brain-slice culture experi-
ments found that ethanol could 
induce HMGB1 release, which then 
increased proinflammatory gene 
expression. This process could be 
blocked by pharmacological antago-
nists or knockdown of TLR4 (Crews 
et al. 2013; Zou and Crews 2014). 
Studies in adolescent rats (Vetreno 
and Crews 2012), adolescent mice 
(Coleman et al. 2014), and adult  
mice (Qin et al. 2007, 2008, 2013) 
found long-lasting increases in neuro- 
immune-gene induction following  
alcohol treatment. 

In humans, levels of HMGB1  
and TLR expression in specific brain 
regions (e.g., the orbitofrontal cortex) 
have been shown to correlate with life-
time alcohol consumption (Crews et 
al. 2013) (see figure 4). Alcoholic 
subjects who vary greatly in the dura-
tion and amounts of active drinking 
3 Researchers have identified 13 TLRs (i.e., TLR 1-13) in mam-
mals (Medzhitov 2001; Takeda et al. 2003); however, only TLR2, 
TLR3, and TLR4 have been assessed in alcoholic brain. 

bouts exhibited a large variation in 
lifetime alcohol consumption that 
correlated with increased HMGB1–
TLR expression in the frontal cortex. 
In contrast, moderate-drinking 
humans consumed much less alcohol 
than alcoholics and exhibited much 
lower HMGB1–TLR expression. This 
interesting correlation only could 
occur if ethanol induction of HMGB1– 
TLR was persistent and cumulative 
with binge-drinking episodes (see 
figure 4). Together, these studies 
suggest that HMGB1–TLR4 signaling 
is increased by chronic binge drinking, 
contributing to the persistent and 
sustained induction of proinflamma-
tory signaling in brain. 

Mechanisms of 
Neurodegeneration Related  
to Alcohol’s Effects on 
Neuroimmune Signaling  
in the Brain

Role of NADPH Oxidase and 
Oxidative Stress 
One innate immune gene induced by 
ethanol and LPS is NADPH oxidase, 
a multi-subunit enzyme that catalyzes 
the formation of the reactive oxygen 
species (ROS), superoxide, and 
thereby increases oxidative stress. 
NADPH oxidase first was character-
ized as a phagocytic oxidase in mono-
cytes, where it was hypothesized to 
contribute to the oxidation of infec-
tious agents. The superoxide produced 
by NADPH oxidase can increase 
NF-κB transcription, thereby creating 
another amplifying loop of proinflam-
matory signaling (see figure 1). More 
recent studies have found that there 
are multiple genes and forms of 
NADPH oxidase. 

Qin and Crews (2012b) discovered 
that LPS and ethanol can increase 
expression of NADPH oxidase subunits, 
particularly the superoxide-forming 
gp91phox subunit, in the brain and  
that ethanol treatment of mice 
increased superoxide formation in  
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the brain as well as neuronal death. 
Inhibition of oxidases both reduced 
superoxide formation and protected 
against alcohol-induced neuronal 
death. Other studies in mice demon-
strated that LPS treatment induced 
neuroimmune-gene expression, 
NADPH-oxidase activity, and oxida-
tive stress that persisted for at least 20 
months and led to neurodegeneration 
(Qin et al. 2013). Prolonged induc-
tion of NADPH oxidase and oxidative 
stress in the brain could contribute to 
the persistent increase in NF-κB tran-
scription observed after alcohol expo-
sure, because ROS can activate 
NF-κB. These findings are consistent 
with the hypothesis that oxidative 
stress, by inducing innate immune 

genes, significantly contributes to 
alcoholic brain damage and alcoholic 
neurodegeneration. 

In addition to enhancing ROS 
levels, alcohol exposure decreases 
endogenous antioxidant levels, thereby 
reducing the body’s natural defense 
against ROS and again increasing 
oxidative stress (Henderson et al. 
1995). Specifically, ethanol decreases 
the levels of the antioxidant glutathi-
one and the cellular activity of antioxi-
dative enzymes, such as glutathione 
peroxidase, catalase, and superoxide 
dismutase. Furthermore, a synthetic 
superoxide dismutase/catalase mimetic 
(EUK-134) and a water-soluble analog 
of vitamin E (Trolox), both of which 
are well-known antioxidants, protected 

developing hypothalamic neurons from 
oxidative stress and cellular apoptosis 
caused by ethanol-treated microglia 
medium (Boyadjieva and Sarkar 2013). 

Role of Hyperexcitability  
and Excitotoxicty

Another mechanism contributing to 
alcoholic neurodegeneration and asso-
ciated with HMGB1–TLR4 signaling 
is the excessive stimulation of recep-
tors that results in neuron damage  
and cell death (i.e., excitotoxicity). 
Chronic ethanol treatment of neurons 
leads to increased sensitivity to excito-
toxicity (Chandler et al. 1994). This 
effect primarily involves the neuro- 
transmitter glutamate and its receptors. 

Figure 3   Alcohol increases high-mobility group box 1 (HMGB1) expression in mouse brain, and human brain and induces HMGB1 release  
from rat brain slices. (Left) Chronic ethanol treatment of mice for 10 days increases expression of HMGB1 mRNA and protein.  
(Middle) Postmortem human alcoholic orbitofrontal cortex (OFC) has significantly more HMGB1-immunoreactive cells than seen in  
age-matched moderately drinking control subjects. (Right) Ethanol causes the release of HMGB1 into the media from hippocampal- 
entorhinal cortex (HEC) slice culture.

NOTE: ** P < 0.01, relative to the corresponding control group. 
SOURCE: Adapted from Crews et al. 2013. 
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However, the relationship between 
ethanol and glutamate receptors is 
complex. Thus, although ethanol 
enhances overall glutamate excitotox-
icity, in neuronal primary cultures it 
blocks excitotoxicity associated with  
a specific type of glutamate receptor 
(i.e., the NMDA receptor). This is 
consistent with many studies finding 
that ethanol inhibits NMDA receptors 
(Chandler et al. 1998). Yet at the  
same time, HMGB1–TLR4 signaling 
(Balosso et al. 2014) and IL-1β recep-
tor signaling (Viviani et al. 2003)—
both of which, as described above, are 
induced by chronic ethanol—increase 
NMDA receptor-mediated calcium 
flux, neuronal excitability, and excito-
toxicity through activation of kinase 
signaling cascades, including activa-
tion of Src kinase and tyrosine-kinase 
(see figure 5). Furthermore, Suvarna 
and colleagues (2005) found that 
ethanol increases NMDA excitability 
in the hippocampus through kinase 
activation that alters receptor traffick-
ing, leading to increased numbers  
of NMDA receptors containing the 
NR2B subunit at the synapse.

Another mechanism through which 
chronic ethanol induces hyperexcit-
ability involves neuroimmune inhibi-
tion of glial glutamate transporters 
(Zou and Crews 2005). Thus, in 
brain-slice cultures, ethanol potenti-
ates excitotoxicity by causing blockade 
of the molecules that normally remove 
glutamate from the synapse into glial 
cells and may perhaps even induce 
glutamate release from those cells 
(Zou and Crews 2006, 2010). 

As indicated above, ethanol causes 
HMGB1 release, creating hyperexcit-
ability that disrupts synaptic plasticity 
and sensitizes to excitotoxicity. 
HMGB1 is massively released during 
brain damage, resulting in persistent 
neuroimmune-gene induction (Kim  
et al. 2006). Maroso and colleagues 
(2010) found that increased HMGB1 
release was associated with hippocam-
pal excitability that caused seizures, 
leading to persistent increases in 
HMGB1 and excitability. Ethanol  
has modest cumulative effects with 

repeated chronic exposure, further 
exacerbating excitability and excito-
toxicity resulting from increased 
neuroimmune signaling. Thus, the 
global neurodegeneration associated 
with alcoholism, with the most severe 
losses observed in the frontal cortex,  
is secondary to the persistent and 
progressive neuroimmune activation. 

Neuroimmune-Gene Expression 
in Postmortem Human 
Alcoholic Brain 

In addition to the HMGB1–TLR4 
signaling cascade, multiple other 
proinflammatory genes are increased 
and have been detected postmortem 
in the brains of alcoholics. Initial 
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NOTE: Correlations are as follows: TLR2: r = 0.66 (p < 0.01); TLR3: r = 0.83 (P < 0.001); TLR4: r  = 0.62 (P < 0.01);  
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SOURCE: Crews et al. 2013.
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human brain studies focused on 
microglia and the proinflammatory 
cytokine monocyte chemotactic  
protein-1 (MCP-1, also known as 
CCL2), which among the cytokines 
tested was induced most robustly by 
ethanol in brain-slice cultures (Zou 
and Crews 2012). Additional studies 
also showed increased levels of MCP-1 
protein in the ventral-tegmental area, 
amygdala, nucleus accumbens, and 
hippocampus (He and Crews 2008). 
In addition to MCP-1, expression of 
the microglial marker Iba-1 also was 
increased. These studies indicate that 
neuroimmune-gene expression is 
increased in the human alcoholic brain. 

Subsequent studies focusing on  
the prefrontal cortex, specifically the 

orbital frontal cortex (OFC), found 
increased levels of HMGB1 as well as 
TLRs (specifically TLR2, TLR3, and 
TLR4) in postmortem alcoholic brain 
(Crews et al. 2013). Furthermore, 
NADPH oxidase was increased in 
alcoholic OFC, consistent with 
increased oxidative stress as found in 
mice. The HMGB1 receptor RAGE 
also was increased in postmortem 
human alcoholic brain (Vetreno et  
al. 2013). Finally, studies detected 
increased IL-1β inflammasome mark-
ers in the hippocampus of postmortem 
alcoholic brains that could contribute 
to loss of neurogenesis. These observa-
tions indicate that multiple neuro- 
immune genes are increased in alcoholic 
brain and likely contribute to neuro-

degeneration and the neurobiology  
of alcoholism in humans. 

Researchers also investigated the 
relationship between alcohol drinking 
and neuroimmune-gene expression  
in alcoholics and control subjects. 
Interestingly, two forms of correla-
tions were found linking neuro- 
immune-gene expression to alcohol 
consumption and alcoholism. The  
first correlation involved the age at 
drinking onset (Vetreno et al. 2013). 
Adolescent drinking is known to 
increase risk of developing alcohol 
dependence, with the risk decreasing 
with every year of delaying alcohol-use 
initiation across adolescence (for more 
information, see the sidebar). Studies 
found that in the OFC, a negative 

Figure 5  Simplified schematic depicting how neuroimmune signaling leads to neuronal hyperexcitability and the neurobiology of addiction. 
Alcohol and stress activate neurons and glia in the central nervous system, resulting in the release of various neuroimmune signals (e.g., 
high-mobility group box 1 [HMGB1] and interleukin-1beta [IL-1β]) that activate neuroimmune receptors (e.g., Toll-like receptors [TLRs]). 
Neuroimmune receptor stimulation leads to phosphorylation, and thus activation, of glutamatergic N-methyl-d-aspartate (NMDA) receptors 
that are transported to the cell surface (Iori et al. 2013; Maroso et al. 2010). The increased number of NMDA receptors increases Ca2+ 
flux, triggering further induction of neuroimmune genes, and also promotes glutamate hyperexcitability and excitotoxicity.
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correlation existed between HMGB1–
TLR4 expression and age at drinking 
onset, with lower HMGB1–TLR4 
expression in individuals who initiated 
alcohol use later. The second correla-
tion involved the amount of alcohol 
consumed, with total lifetime alcohol 
consumption positively correlated 
with OFC expression of HMGB1, 
TLR4, TLR3, TLR2, and RAGE 
(Crews et al. 2013). These findings 
further support the role of neuro- 
immune signaling in alcoholic brain 
and alcoholic neurodegeneration.

Role of Microglia in Mediating 
Alcohol Actions in the Brain

Given their role in facilitating inflam-
mation, it is not surprising that  
alcohol-activated microglia have been 
implicated in alcohol-induced inflam-
matory pathways. In rats, intermittent 
and chronic alcohol exposure can acti-
vate microglia while concomitantly 
increasing expression of proinflamma-
tory cytokines and neuronal cell death, 
providing indirect evidence for the 
role of microglia in alcohol-induced 
neuroinflammation and neurotoxicity 
(Alfonso-Loeches and Guerri 2011; 
Chastain and Sarkar 2014; Zhao et al. 
2013). Alcohol can activate microglia 
directly, via stimulation of TLRs, or 
indirectly, via neuronal damage and 
subsequent release of damage-associated 
molecular patterns that include 
HMGB1, resulting in the accumulation 
of microglia in the brain (i.e., reactive 
microgliosis) (Alfonso-Loeches and 
Guerri 2011). Microglial TLR4 seems 
to be necessary in alcohol- induced 
activation of microglia and subsequent 
microglial production of inflammatory 
mediators and apoptosis of neighboring 
neurons (Fernandez-Lizarbe et al. 2009, 
2013). In an in vitro study (Boyadjieva 
and Sarkar 2010), microglia-conditioned 
media enhanced ethanol-induced 
apoptosis of cultured hypothalamic 
neurons. Interestingly, the neuronal cell 
death induced by microglia-conditioned 
media could be abolished if TNF-α 
was inactivated in the cultured cells, 

suggesting that microglial TNF-α 
production plays a key role in ethanol- 
induced neurotoxicity in developing 
neurons. The mechanism by which 
alcohol induces neuronal cell death 
may involve upregulation of NF-κB 
expression, which then stimulates 
release of TNF-α, resulting in neuronal 
apoptosis (Crews and Nixon 2009; 
Guadagno et al. 2013). Stimulation  
of the transcription factor AP-1 and 
release of IL-1β, IL-6, and transform-
ing growth factor β (TGF-β1) also 
may contribute to alcohol-induced 
neuronal apoptosis (Alfonso-Loeches 
and Guerri 2011; Chen et al. 2006).

In addition to releasing cytokines, 
stimulated microglia contribute to 
neurotoxicity by secreting ROS 
(Takeuchi 2010). ROS, such as super-
oxide, hydrogen peroxide, and nitric 
oxide, can break down cell membranes 
and induce cell death. After alcohol 
exposure, ROS levels increase both  
as a natural byproduct of alcohol 
metabolism and as a result of 
enhanced cellular respiration, thus 
creating oxidative stress and leading  
to neuronal cell death (Guerri et al. 
1994; Montoliu et al. 1995). Several 
studies have implicated microglia in 
the alcohol-induced production of 
ROS and resulting neurotoxicity.  
Qin and Crews (2012a) demonstrated 
that mice exposed to chronic alcohol 
showed increased levels of NADPH 
oxidase, superoxide, microglial activa-
tion, and cell death in cortical and 
hippocampal brain regions. Inhibition 
of NADPH oxidase during alcohol 
administration decreased superoxide, 
microglial activation, and cell death, 
directly linking ROS production to 
alcohol-induced microglial activation 
and neurotoxicity. In accord with 
these in vivo findings, in vitro studies 
showed that microglia-conditioned 
media enhanced ethanol-induced 
ROS production and oxidative stress 
in cultured hypothalamic neuronal 
cells and increased apoptotic cell  
death (Boyadjieva and Sarkar 2013a). 
Through these mechanisms, as well  
as the ethanol-related decreases in 
antioxidants discussed earlier, ethanol- 

activated microglia can induce apop-
totic cell death and cell death in 
cultured fetal hypothalamic neurons 
from rat, suggesting that microglia 
may help facilitate ethanol-induced 
neurotoxicity by ROS.

Another cellular signaling mecha-
nism by which alcohol induces neur-
onal apoptosis involves increased 
neuronal release of TGF-β1. Alcohol-
induced elevation of TGF-β1 levels  
in neuronal cells is accompanied by  
a host of molecular and chemical 
changes related to cell death, includ-
ing the following (Chen et al. 2006; 
Kuhn and Sarkar 2008):

• Increased expression of a protein 
called E2F1, whose overexpression 
sensitizes cells to apoptosis;

• Reduced expression of two key 
regulators of cell-cycle progression 
(i.e., cyclin D1 and cyclin-dependent 
kinase-4);

• Elevated levels of mitochondrial 
proapoptotic proteins bak, bad, 
and bcl-xs;

• Lowered levels of the antiapoptotic 
protein bcl-2; and

• Increased production of the apop-
totic enzyme caspase 3.

Interestingly, in transformed cells, 
inhibition of NF-κB or ROS abro-
gates TGF-β1 stimulation of cell 
functions (Tobar et al. 2010). Hence, 
the ROS–NF-κB–TGF-β1 signaling 
cascade is a possible mechanism by 
which alcohol induces the apoptotic 
process in neurons—a process that  
is modulated by microglia. Another 
mechanism might relate to the 
microglial ability to reduce production 
of BDNF and cyclic adenosine  
monophosphate (cAMP) in neurons 
following ethanol activation. Thus, 
hypothalamic neuronal cell cultures 
treated with ethanol-activated microglia- 
conditioned medium showed decreased 
levels of both of these compounds. 
Treatment with BDNF or dibutyryl 
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cAMP decreased the changes in the 
levels of intracellular free radicals, 
ROS, nitrite, glutathione, and catalase 
as well as neuronal apoptotic cell 
death that otherwise occurred when 
these cultures were treated with ethanol- 
activated microglia-conditioned 
medium. These findings suggest that 
ethanol increases the production of 
certain microglia-derived factors, 
thereby reducing cellular levels of 
cAMP and BDNF and increasing 
cellular oxidative stress and apoptosis 
in neuronal cells (Boyadjieva and 
Sarkar 2013b). However, further studies 
are needed to fully elucidate the mech-
anism(s) by which ethanol-activated 
signaling induces neuronal death. 

Microglia also may mediate the 
effects of alcohol administration  
on the development of new neurons 
(i.e., neurogenesis). Alcohol exposure 
can result in decreased hippocampal 
neurogenesis, an effect that may 
underlie alcohol-related neurodegen-
eration (Crews et al. 2006; Morris et 
al. 2010). However, alcohol exposure 
followed by a period of abstinence 
results in increased hippocampal 
neurogenesis, which may serve a 
regenerative purpose. Interestingly, 
this process is preceded by microglial 
proliferation, raising the possibility 
that microglia may facilitate some 
regenerative mechanisms in recovery 
from alcohol exposure (McClain et al. 
2011; Nixon et al. 2008).

In addition to being implicated  
in alcohol-induced neurotoxicity, 
microglia also might contribute to the 
processes that lead to the development 
of alcohol use disorder. Recent studies 
in rodents support a role for microglia 
in voluntary alcohol drinking and 
preference. In a quantitative-trait 
locus analysis of six strains of mice 
that differ in voluntary alcohol-  
drinking behavior, alcohol-preferring 
animals exhibited an increase in the 
expression of β-2-microglobulin,  
an NF-κB target gene involved in 
microglial MHC immune signaling 
(Mulligan et al. 2006). In addition, 
knockout of the β-2-microglobulin 
gene in mice decreased voluntary  

alcohol consumption and preference 
(Blednov et al. 2012). Finally, treat-
ment with minocycline, an antibiotic 
and selective inhibitor of microglia, 
reduced voluntary alcohol consump-
tion in adult mice (Agrawal et al. 
2014). These studies suggest microglia 
might mediate alcohol preference and 
might contribute to the development 
of alcohol use disorder.

Neuroimmune Signaling 
Integrates CNS Responses  
to Alcohol and Stress

The Stress Axis and the Peripheral 
Immune System 
Alcohol activation of immune signals 
and cytokine production in the brain 
affects not only cellular functions in 
the brain but also immune-system 
function in the periphery. The body’s 
main stress response systems—the 
hypothalamic–pituitary–adrenal 
(HPA) axis and the sympathetic 
nervous system (SNS)—are major 
pathways by which the brain and the 
immune system communicate. When 
the HPA axis is activated by a stressful 
situation, the hypothalamus releases 
corticotropin-releasing hormone 
(CRH), which acts on the pituitary to 
induce the release of adrenocortico-
tropic hormone. This hormone in 
turn acts on the adrenal glands to 
stimulate the release of stress hormones 
(i.e., glucocorticoids), including corti-
sol in humans and corticosterone in 
rodents. These hormones then help 
coordinate the body’s response to the 
stress. The SNS is part of the auto-
nomic nervous system that regulates 
the body’s unconscious activities to 
maintain its normal functions. One  
of the main processes coordinated by 
the SNS is the fight-or-flight response 
to stress.

Alcohol has a potent activating 
effect on the HPA axis as well as on 
neuroimmune signaling; therefore, 
these effects may integrate the 
responses of the central nervous 

system (CNS) to alcohol and stress 
(figure 6). For example, TNF-α, 
IL-1β, and IL-6 act upon the HPA 
axis and SNS, both directly via local 
effects and indirectly via the CNS 
(Besedovsky and del Rey 1996; 
Pickering et al. 2005; Wilder 1995). 
Furthermore, CRH has a variety of 
complex effects on immune cells 
(Elenkov et al. 1999) and modulates 
immune/inflammatory responses 
through receptor-mediated actions of 
glucocorticoids on anti-inflammatory 
target immune cells (Tsigos and 
Chrousos 2002). In contrast, elevated 
glucocorticoid levels in the prefrontal 
cortex are proinflammatory, potentiat-
ing LPS–TLR4 activation of NF-κB 
and other proinflammatory signals 
(Munhoz et al. 2010). The neuro- 
transmitter norepinephrine that is 
released by SNS activation also 
disturbs inflammatory cytokine 
networks and innate immune-cell 
function. Similarly, the hypothalamic 
peptide β-endorphin (BEP), whose 
release is stimulated by CRH during 
HPA activation, can inhibit stress- 
hormone production and activate 
peripheral immune functions (Sarkar 
and Zhang 2013). All of these findings 
suggest that the stress–HPA axis, 
commonly thought to involve anti- 
inflammatory glucocorticoid actions, 
also contributes to stress–alcohol 
responses in the brain that can increase 
proinflammatory HMGB1–TLR–
cytokine signaling. 

HPA hormones influence the 
immune system in multiple ways 
(figure 6). Glucocorticoids prevent  
the migration of leukocytes from the 
circulation into extravascular regions, 
reduce accumulation of various 
immune cells (i.e., monocytes and 
granulocytes), and suppress the 
production and/or action of many 
cytokines and inflammatory mediators 
(Hermann et al. 1995; Sheridan et al. 
1998; Zhang et al. 1998). They also 
inhibit a number of cytokines, including 
IL-1α, IL-1β, IL-6, IL-12, IFN-γ, 
TNF-α, granulocyte-macrophage 
colony-stimulating factor, and chemo-
kine (C-C motif) ligand 5 (RANTES) 



Adolescence and Persistent Neuroimmune Expression in the Brain

Adolescence is a developmental stage 
characterized by increased play 
behavior, thrill seeking, risk taking, 
puberty, and transition to indepen-
dence. During this stage, the brain 
continues to develop; in particular, 
the frontal cortex continues to exhibit 
structural changes that coincide with 
maturation of adult behaviors and 
executive functions (Ernst et al. 2009). 
The developing brain is uniquely 
sensitive to alcohol, making adoles-
cence a critical period of risk for 
developing alcohol use disorder (AUD) 
(Crews et al. 2007). Adolescence also 
is a period of experimentation, as 
exemplified by findings that alcohol- 
use initiation use typically begins 
during those years. The age of drink-
ing onset is associated with various 
alcohol-related characteristics, includ-
ing prevalence of lifetime AUD, as 
well as violence, fights, and injuries 
associated with alcohol use (Brown  
et al. 2008; Dawson et al. 2008; Sher 
and Gotham 1999). The younger the 
age of drinking onset, the more likely 
the person will develop AUD. In 
addition, binge drinking peaks 
during late adolescence.

The high prevalence of binge drink-
ing among adolescents increases the 
importance of understanding how 
binge drinking might affect the 
adolescent brain. Studies found that a 
younger age of drinking onset is asso-
ciated not only with an increased risk 
of lifetime AUD but also correlates 
with a smaller brain size and greater 
expression of high-mobility group 
box 1 (HMGB1) and Toll-like recep-
tor 4 (TLR4), as well as other neuro-
immune signaling receptors (Vetreno 
et al. 2013). These associations likely 
result both from pre-existing condi-
tions that mature into dysfunctional 
behavior and from alcohol-induced 
factors than change over the life 
course and increase dysfunctional 
behavior, perhaps by altering brain 

maturation. The contributions of 
these two factors can only be deter-
mined by controlled experiments in 
which adolescent alcohol exposure is 
the only variable and genetic and 
other factors play no role. Such stud-
ies cannot be done in humans but are 
being done in animals (primarily rats) 
whose genetic background and envi-
ronment can be controlled. The 
essential need to understand the 
neurobiology and impact of adoles-
cent drinking on adulthood resulted 
in the formation of a consortium 
called NADIA, funded by the 
National Institute on Alcohol Abuse 
and Alcoholism, which addresses the 
contribution of adolescent alcohol 
abuse to adult psychopathology.

Adolescents have an immature 
response to alcohol, characterized by 
unique factors that differ from the 
adult response to alcohol. For example, 
adolescent rats show greater ethanol- 
induced memory impairment in 
certain tasks (e.g., the Morris water 
maze and discrimination tasks) than 
do adults (Land and Spear 2004; 
Markwiese et al. 1998). Similarly, 
humans who initiate alcohol use in 
their early 20s are more sensitive to 
the effects of alcohol on multiple 
memory tasks compared with those 
who start drinking in their late 20s 
(Acheson et al. 1998). Also, compared 
with adults, adolescents exhibit more 
potent inhibition of NMDA receptor- 
mediated synaptic activity in the 
hippocampus (Swartzwelder et al. 
1995) as well as greater induction of 
long-term potentiation (LTP) (Martin 
et al. 1995). Adolescents, who already 
exhibit social behaviors, also are 
uniquely sensitive to the social facili-
tative effects of ethanol (Varlinskaya 
and Spear 2002). Consistent with 
findings in humans, adolescent rats 
are more sensitive to binge-drinking 
models of brain damage, particularly 
in the frontal cortex (Crews et al. 

2006). Interestingly, adolescent rats 
are less sensitive than adults to certain 
effects of alcohol, such as the sedative 
(Little et al. 1996; Silveri and Spear 
1998), motor impairing (Little et al. 
1996, White et al. 2002a,b), social 
inhibitory (Varlinskaya and Spear 
2002), and aversive (Anderson et al. 
2010) effects. Adolescent rats also 
show electrophysiological differences 
from adults in the hippocampus, 
particularly a reduced sensitivity to 
γ-aminobutyric acid (GABA) type A 
(GABAA) receptor-mediated inhibi-
tion (Carr et al. 2003; Sullivan et al. 
2006; Yan et al. 2009, 2010). The 
reduced sedative sensitivity to alcohol 
and increased alcohol-induced cogni-
tive disruption observed in adolescent 
animals is consistent with findings in 
humans that adolescents have high 
rates of binge drinking and are at 
particularly high risk of alcohol-related 
traffic crashes. The continuous increase 
in high binge-drinking levels in 
human adolescents over the past 
decade justifies the need to study the 
long-term consequences of adolescent 
alcohol abuse in more detail.

Like adult alcohol exposure, 
adolescent exposure induces neuro-
immune genes in the brain; further-
more, in humans, the effect on 
neuroimmune genes correlates  
with age of drinking onset. Indeed, 
Vetreno and Crews (2012) found 
that intermittent binge-ethanol treat-
ment in adolescent rats increased 
expression of multiple innate immune 
genes in the frontal cortex during 
adulthood. Interestingly, whereas 
expression of the critical neuroim-
mune signaling receptor TLR4 
decreased during adolescence in 
controls, expression of this receptor 
increased and remained elevated into 
adulthood in adolescents with binge 
ethanol exposure (Vetreno and Crews 
2012). In contrast, the expression  
of HMGB1 in the frontal cortex 
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Adolescence and Persistent Neuroimmune Expression in the Brain (continued)

increased during adolescence in 
control subjects, and this increase  
was exacerbated by adolescent binge 
ethanol exposure. Moreover, adoles-
cent alcohol exposure resulted in a 
persistent increase in adult HMGB1 
and TLR4 levels that may represent 
adolescent-like HMGB1–TLR4 
signaling in these adults.

As mentioned in the main article, 
HMGB1–TLR4 signaling induced 
by alcohol exposure can enhance 
sensitivity at the NMDA glutamate 
receptor, which can counteract etha-
nol’s direct inhibitory effects on this 
receptor. Accordingly, adults with 
persistent increases in HMGB1–
TLR4 signaling resulting from 
adolescent alcohol exposure might 
experience adolescent-like tolerance 
to alcohol’s sedative effects, and 
perhaps increased adolescent-like 
cognitive disruption as well. Although 
adolescent alcohol exposure does not 
markedly disrupt adult learning tasks, 
adolescent intermittent binge expo-
sure induces deficits in reversal learn-
ing in adult rats (Vetreno and Crews 
2012) and mice (Coleman et al. 
2011). These studies are consistent 
with the hypothesis that the adoles-
cent brain is vulnerable to long-lasting 
changes that persist through matura-
tion into adulthood. Persistent 
neuroimmune-gene induction likely 
contributes to continuous slow 
neurodegeneration as well as to more 
specific insults on key neurotransmit-
ters that mature during adolescence 
(Crews et al. 2007; Vetreno and 
Crews 2012) and may also be related 
to a persistent loss of behavioral flexi-
bility. Together, the persistent loss  
of ability to adapt to changes, low 
sedative response to alcohol, and 
increased sensitivity to cognitive 
disruption associated with adolescent 
alcohol exposure all are likely to 
promote and sustain high alcohol- 
drinking levels. These in turn will 

promote more alcohol consumption 
and the chances that AUD will 
develop in addition to alcoholic 
neurodegeneration.

—Fulton T. Crews, Ph.D.;  
Dipak K. Sarkar, Ph.D., D.Phil.; 

Liya Qin, Ph.D.; Jian Zou, Ph.D.; 
Nadka Boyadjieva, M.D., Ph.D., D.Sci.; 

and Ryan P. Vetreno, Ph.D.
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(Sapolsky et al. 2000; Wiegers et al. 
2005). At the same time, glucocorti-
coids increase the activity of TGF-β 
by activating a latent form of the  
cytokine (Oursler et al. 1993), which 
may indirectly affect the immune 
response, because TGF-β inhibits  
activation of T cells and macrophages. 
Glucocorticoids also increase produc-
tion of IL-10, an anti-inflammatory 
cytokine that blocks NF-κB transcrip-
tion and inhibits antigen presentation 
and T-cell activation (de Waal Malefyt  
et al. 1991). Finally, glucocorticoids 
suppress maturation, differentiation, 
and proliferation of immune cells, 
including innate immune cells,  
T cells, and B cells. 

Norepinephrine released after SNS 
activation also disturbs inflammatory 
cytokine networks by inhibiting 
production of immune-enhancing 
cytokines, such as IL-12 and TNF-α, 
and by upregulating production of 
inhibitory cytokines, such as IL-10 
and TGF-β (Webster et al. 2002). 
Additionally, norepinephrine affects 
peripheral natural killer (NK) cells, a 
subset of lymphocytes that are a first-
line defense against viral infections, 
tumor growth, and metastasis via their 
unique cytolytic action (Herberman 
and Ortaldo 1981). These cells carry 
receptors for norepinephrine (i.e., 
β-adrenergic receptors) on their surfaces 
(Madden et al. 1995). The cytolytic 
activity of NK cells involves the syner-
gistic actions of the pore-forming 
protein perforin and the serine prote-
ase granzyme B to cause apoptosis  
of target cells (Graubert et al. 1996). 
Among the HPA hormones, gluco- 
corticoids and CRH both are potent 
inhibitors of NK-cell activity in vitro 
and in vivo. Hypothalamic CRH 
inhibits NK activity and IFN-γ 
production through actiavation of the 
SNS, which causes release of catechol-
amines (e.g., norepinephrine) from  
the spleen and activation of β-adrenergic 
receptors on NK cells (Irwin et al. 1990). 
Thus, it appears that the hormones 
secreted during stress by the HPA axis 
and SNS have inhibitory effects on 

peripheral immune functions that 
contrast with their actions in the CNS.

During activation of the HPA axis, 
secretion of CRH and catecholamines 
also increases the secretion of BEP in 
the hypothalamus. In a feedback 
mechanism, BEP regulates the secre-
tion of CRH in a hypothalamic region 
called the paraventricular nucleus 
(PVN) (Plotsky 1986). In the PVN, 
the BEP-releasing neurons act on 
CRH-releasing neurons and inhibit 
CRH release, thus regulating the 
activity of the stress system (Plotsky  
et al. 1993). BEP acts by binding to  
δ- and μ-opioid receptors; accord-
ingly, treatment with a μ-opioid 
receptor antagonist results in increased 
CRH release (Boyadjieva et al. 2006). 
BEP affects immune-system function 
through a variety of mechanisms. By 
binding to δ- and μ-opioid receptors 
BEP modulates neurotransmission  
in sympathetic and parasympathetic 
neurons via neuronal circuitry within 
the PVN, ultimately resulting in acti-
vation of NK-cell cytolytic functions 
in the spleen (Boyadjieva et al. 2006, 
2009; Sarkar et al. 2011). If incubated 
with human bone marrow mononu-
clear cells  or NK-enriched cell popu-
lations, BEP enhances NK activity 
(Mathews et al. 1983). In animal 
models, chronic BEP infusion into  
the blood vessels in the brain enhances 
NK-cell activity in vivo, and this effect 
is eliminated by the opioid antagonist 
naloxone (Jonsdottir et al. 1996). BEP 
also can inhibit T-cell proliferation 
(van den Bergh et al. 1993) as well  
as antibody production (Morgan et  
al. 1990). 

Abnormalities in BEP neuronal 
function are correlated with a higher 
incidence of cancers and infections  
in patients with schizophrenia, depres-
sion, and fetal alcohol syndrome  
and in obese patients (Bernstein et  
al. 2002; Lissoni et al. 1987; Polanco  
et al. 2010; Zangen et al. 2002). 
Interestingly, BEP-cell transplantation 
in the hypothalamus suppresses vari-
ous cancers in rat models by activating 
innate immune-cell functions and 
altering inflammatory and anti- 

inflammatory cytokine milieus (Sarkar 
et al. 2008). In this setting, chronic 
alcohol use suppresses BEP neuronal 
activity and is connected with 
increased infection rates and higher 
incidence of cancer. Thus, alcohol  
and stress seem to paralyze adaptive 
innate immune functions by inducing 
complex changes in NK cells and 
other adaptive immune signaling that 
in the brain primarily involves micro-
glial–astrocyte–neuronal HMGB1–
TLR signaling.

Effects of Immune System 
Activation on Brain Function

The interaction between the brain  
and the immune system is not  
unidirectional—that is, immune- 
system responses also may influence 
responses in the brain. Recent studies 
indicate that ethanol causes HMGB1 
release in the gut, which activates 
TLR4. As a result, the gut leaks 
LPS-like bacterial products, thereby 
stimulating proinflammatory cytokine 
induction in the liver, which in turn 
leads to increased levels of TNF-α  
and other cytokines in the blood. Qin 
and Crews (2007, 2012b) discovered 
that LPS-induced increases in serum 
TNF-α as well as proinflammatory 
cytokines led to gene induction in the 
brain. The proinflammatory cytokines 
in the blood can be transported across 
the blood–brain barrier (BBB) by 
their receptors (e.g., TNFR) (Banks 
and Erickson 2010; Qin et al. 2007). 
Using intraperitoneal injections of 
LPS to stimulate proinflammatory 
responses in the liver and other tissues 
and induce proinflammatory cyto-
kines, researchers discovered parallel 
increases in TNF-α in the blood and 
brain (Qin et al. 2007). In transgenic 
mice lacking TNF receptors, however, 
LPS increased TNF-α only in the 
blood but not in the brain, suggesting 
that LPS–TLR4 induction of TNF-α 
in the blood leads to TNF transport 
by its receptors across the BBB and 
activation of proinflammatory 
responses in the brain. Transgenic 
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mice without the TNF-α receptor 
cannot transport the cytokine to the 
brain; consequently, the LPS–TLR4 
proinflammatory response is amplified 
across peripheral tissues but does not 
spread to the brain.

Ethanol can increase proinflamma-
tory cytokine levels in the blood by 
activating proinflammatory responses 
in the liver and other tissues. One 
mechanism seems to involve the ethanol- 
induced increase in gut permeability 

(or “leakiness”) mentioned above 
(Ferrier et al. 2006). At high doses (at 
least 2 to 3 g/kg ethanol administered 
into the stomach), ethanol potentiates 
innate immune signaling in the gut 
(Ferrier et al. 2006). This disrupts the 

Figure 6   Neuroimmune signaling integrates central nervous system (CNS) responses to alcohol and stress. (Left) Stressors activate the body’s 
stress response system, which is comprised of the hypothalamus, pituitary gland, and adrenal glands (i.e., HPA axis) as well as the stress  
hormones they produce (e.g., adrenocorticotropic hormone and glucocorticoids). Stress also activates the sympathetic nervous system, 
which secretes catecholamines. These hormones act on various organs and tissues that are part of the immune system. In response, 
immune cells secrete cytokines that via the blood are transported to the brain. There, these cytokines lead to brain neuroimmune-gene 
induction that sensitizes stress-response pathways. At the same time, the immune system communicates with the CNS through sensory 
(afferent) nerves that activate the brain in response to stressful stimuli. This communication pathway involves particularly the vagus nerve 
and the nucleus tractus solitarius in the brain stem. (Right) Alcohol influences neuroimmune signaling via its effects on the gastrointes-
tinal tract. Consumed ethanol enters the stomach and gut and makes them “leaky” by inducing the release of high-mobility group box 
1 (HMGB1), which in turn activates Toll-like receptor 4 (TLR4) in the gut. As a result, bacterial products such as lipopolysaccharide (LPS) 
can enter the blood and reach the liver. Both LPS and ethanol (which also reaches the liver via the circulation) contribute to inflammatory 
reactions in the liver, which lead to release of tumor necrosis factor-alpha (TNF-α) and other proinflammatory cytokines from the liver. 
These proinflammatory cytokines in the blood enter the brain and increase neuroimmune-gene expression. Chronic ethanol also increases 
expression of HMGB1–TLR4 signaling in the brain, leading to persistent and progressive increases in neuroimmune-gene expression in  
the brain. 



connections between the cells lining 
the gut (i.e., gut tight junctions) and 
opens sites that allow gut bacteria and 
their endotoxins to enter the blood 
vessels leading to the liver, where  
they can initiate a proinflammatory 
response (Sims et al. 2010). Thus, 
high doses of ethanol increase systemic 
proinflammatory responses, which  
can then spread to the brain through 
TNF-α and likely other cytokines (see 
figure 6). 

Although some in vitro studies have 
suggested that ethanol can interfere 
with the BBB, most in vivo studies  
do not show BBB damage following 
chronic ethanol treatment. Marshall 
and colleagues (2013) assessed BBB 

integrity by tracking a protein (i.e., 
albumin) that cannot cross an intact 
BBB in rats that were administered 
large amounts of alcohol for 4 days  
(a regimen that can induce alcoholic 
brain damage). The analyses found no 
evidence of albumin in the brain, indi-
cating that the BBB had remained 
intact following the ethanol treatment. 
Using the same model, Crews and 
colleagues (2006) found that inhibi-
tion of NF-κB protected against the 
brain damage and inhibition of neuro-
genesis normally induced by this regi-
men. These findings are consistent 
with the assumption that proinflam-
matory responses in the brain mediate 
brain damage without causing BBB 

damage. Instead, the brain damage 
may be induced through direct activa-
tion of proinflammatory responses in 
the brain and/or systemic proinflam-
matory signals that are transported 
across the BBB and contribute to 
brain proinflammatory responses. 

Although the levels of proinflamma-
tory gene expression in the blood and 
brain parallel each other at early time 
points after initiation of an immune 
response, the brain’s response to LPS 
is much smaller than that found in the 
liver and blood during the first few 
hours. Surprisingly, the blood and 
liver responses to LPS return to base-
line over about 8 to 12 hours, whereas 
the increase in proinflammatory gene 

Glossary 

Antibody: Immune molecule (protein) produced by B 
cells that recognizes foreign molecules that have entered 
the body (i.e., antigens), binds to these molecules, and 
marks them for destruction by the body’s immune system.
Astrocytes: Characteristic star-shaped non-neuronal cells 
in the brain and spinal cord that support the endothelial 
cells that form the blood–brain barrier and provide 
nutrients to the nervous tissue.
Cytokine: Any of a group of molecules, produced primarily 
by immune cells, that regulate cellular interactions and 
other functions; many cytokines play important roles in 
initiating and regulating inflammatory reactions.
Endotoxin: A highly toxic chemical component of 
the cell walls of certain bacteria that occur normally 
in the intestine. Endotoxin can be released into the 
bloodstream when bacteria die or there is an increase in 
gut permeability.
Excitotoxicity: Pathological process by which nerve cells 
are damaged or killed after being excessively stimulated 
by excitatory neurotransmitters (e.g., glutamate).
Kinase: An enzyme that transfers phosphate groups from 
one molecule (the donor) to a specific target molecule 
(the substrate).
Long-term potentiation (LTP): Process by which an 
episode of strong receptor activation at a synapse leads 
to a subsequent long-lasting strengthening of the signal 
transmission across that synapse (e.g., by inducing the 
accumulation of more receptor molecules at that synapse).

Macrophages: A type of immune cell that ingests 
foreign particles and microorganisms in a process called 
phagocytosis and which synthesizes cytokines and other 
molecules involved in inflammatory reactions.

Major histocompatibility complex (MHC): A highly diverse 
set of glycoproteins in the cell membranes of almost 
all cells that help to present foreign molecules (i.e., 
antigens) to other immune cells (i.e., T cells) to activate 
these cells and induce an immune response.

Microglia: Type of non-neuronal cell in the central 
nervous system (CNS) that acts as the first and main 
form of active immune defense in the CNS.

Monocytes: A type of white blood cell involved in the 
innate immune response; upon activation (e.g., in response 
to an infection) they move to the site of the infection, enter 
the tissues, and differentiate into macrophages, which then 
can engulf and destroy the pathogen.

Sepsis: The presence of pathogenic organisms or their 
toxic products in the blood or tissues.

Toll-like receptors (TLRs): A class of proteins that play 
a key role in innate immunity. They are located on 
macrophages as well as other brain cells (i.e., astrocytes 
and neurons) and are activated in response to various 
pathogens; this activation triggers additional innate 
immune responses and, eventually, adaptive immune 
responses.
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expression in the brain persists for 
months. This leads to degeneration of 
dopamine neurons in the substantia 
nigra, a region in the midbrain involved 
in reward and addiction (Qin et al. 
2007). Similarly, liver and blood 
responses to binge alcohol exposure 
appear to be small and transient, 
although they have not been exten-
sively investigated. In contrast, brain 
expression of the proinflammatory 
cytokine MCP-1 persists for at least 1 
week (Qin et al. 2008).

Exposure of C57BL/6 mice to 10 
daily doses of ethanol followed by LPS 
results in increased LPS induction of 
proinflammatory cytokines in the 
liver, blood, and brain compared  
with control animals treated only with 
LPS (Qin et al. 2008). However, this  
ethanol-induced sensitization to the 
LPS response resulted in sustained 
increases in multiple proinflammatory 
cytokines, including TNF-α, IL-1β, 
and MCP-1 only in the brain, but not 
in the liver. The mechanism underly-
ing the sustained brain response and 
transient liver response is not clear. 
The investigators noted that the anti- 
inflammatory cytokine IL-10, which 
inhibits NF-κB, was increased in the 
liver 1 week after alcohol treatment, 
but decreased in the brain (Qin et  
al. 2008). This suggests that anti- 
inflammatory mechanisms may 
contribute to the loss of the liver 
response. Further analyses found that 
mice pretreated with ethanol are sensi-
tized not only to the TLR4 receptor 
agonist LPS but also to the TLR3 
agonist Poly:IC (Qin and Crews 
2012a). Similar to LPS, Poly:IC 
induces proinflammatory genes in the 
brain at 24 hours after 10 days of daily 
alcohol administration (5 g/kg/day). 
These findings suggest that chronic 
ethanol sensitizes proinflammatory 
TLR responses that are easily observed 
after the clearance of alcohol. 

Taken together, the observations 
indicate that chronic ethanol sensitizes 
both systemic and brain responses to 
neuroimmune-gene activation through 
induction of HMGB1 and TLR 
proteins. Ethanol-induced leaky gut 

occurs after high binge-drinking 
doses, with gut ethanol exposure often 
being equivalent to the beverage 
content (i.e., 80 proof is 40 percent 
ethanol). As a result, bacterial products 
enter the circulation to the liver and 
activate liver monocytes (i.e., Kupffer 
cells), which then produce cytokines, 
including TNF-α. The TNF-α can  
be transported to the brain, activating 
brain neuroimmune signaling that 
persists for long periods (Qin et al. 
2007). Thus, at least two mechanisms 
of ethanol activation of neuroimmune 
signaling exist—a direct activation 
within the brain and the spread of a 
systemic innate immune activation  
to the brain (figure 6).

Summary

Binge drinking stimulates neuroimmune- 
gene induction, which increases 
neurodegeneration through increased 
oxidative stress, particularly NADPH 
oxidase-induced oxidative stress.  
In addition, HMGB1–TLR4 and 
NF-κB signaling are increased, leading 
to enhanced expression of NF-κB 
target genes and, ultimately, to 
persistent and sensitized neuroimmune 
responses to ethanol and other agents 
that release HMGB1 or directly stim-
ulate TLR receptors and/or NMDA 
receptors. Persistent neuroimmune- 
gene induction alters stress-coping 
mechanisms and the sympathetic 
nervous system, resulting in the HPA- 
mediated enhancement of peripheral 
cytokines, which further exacerbates 
the neuroimmune response. In addition 
to neuroimmune signaling, glutamate 
excitotoxicity also is linked to alcoholic 
neurodegeneration. 

It has been proposed that, instead  
of simply being a side effect of exces-
sive alcohol consumption, neuronal 
damage associated with drinking  
actually may underlie some of the 
mechanisms of developing alcohol use 
disorder (Crews and Boettiger 2009). 
The development of dependence is 
thought to result at least in part from 
a lack of inhibition of the subcortical 

mesolimbic reward system by the 
frontal cortex (Koob and Le Moal 
1997). Alcohol-induced cell death in 
regions such as the prefrontal cortex 
may lead to lack of inhibition in 
subcortical reward areas such as the 
striatum, which in turn may reduce 
behavioral inhibition and increase 
motivation to drink. Repeated stimu-
lation of the innate immune system 
during chronic or heavy alcohol 
consumption may facilitate this 
process, leading to decreased inhibi-
tion of the mesolimbic reward system 
and thus increased drinking (Crews et 
al. 2011). These processes may be 
particularly relevant in adolescence, 
when persistent and long-lasting 
increases in brain neuroimmune-gene 
expression and neurodegeneration 
may be associated with the develop-
ment of alcohol use disorder. 
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Effects of Alcohol on Tumor 
Growth, Metastasis, Immune 
Response, and Host Survival

Most research involving alcohol and cancer concerns the relationship between alcohol 
consumption and cancer risk and the mechanisms of carcinogenesis. This review 
relates the amount and duration of alcohol intake in humans and in animal models 
of cancer to tumor growth, angiogenesis, invasion, metastasis, immune response, 
and host survival in specific types and subtypes of cancer. Research on the influence 
of alcohol drinking on human cancer patients is limited. Although there is more infor-
mation in animal models of cancer, many aspects still are ill defined. More research 
is needed to define the mechanisms that underlie the role of alcohol on cancer 
progression in both animals and humans.  Activation of the immune system can play 
a positive role in keeping cancer under control, but this also can facilitate cancer 
progression. Additionally, a functional immune system is required for cancer patients 
to achieve an optimal response to conventional chemotherapy. Insight into the  
underlying mechanisms of these interactions could lead to effective immunotherapeutic 
approaches to treat alcoholics with cancer. Defining the epigenetic mechanisms that 
modulate cancer progression also has great potential for the development of new 
treatment options not only for treating alcoholics with cancer but also for treating 
other alcohol-induced diseases. 

Key words: Alcohol consumption; alcoholism; alcohol use duration; alcohol- 
induced disease; risk factors; cancer; cancer progression; tumor; metastasis; 
immune response; immune system; chemotherapy; host survival; angiogenesis; 
epigenetic mechanisms; treatment; animal models; human studies
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Alcohol use and abuse have been 
implicated as etiological factors in the 
genesis of an increasing number of 
cancer types in both men and women. 
In 2012, the International Agency for 
Research on Cancer (IARC) listed 
both beverage alcohol (i.e., ethanol) 
and its major metabolite, acetaldehyde, 
as tumor-inducing substances (i.e., 
carcinogens) in humans. The most 
recent worldwide statistic from 2002 
estimated that about 3.6 percent of all 
cancers, or 389,100 cases, are associated 
with alcohol consumption (Seitz and 
Stickel 2007). Cancers for which strong 
epidemiological evidence indicates that 
alcohol consumption is associated with 
an increased risk include, but are not 

limited to, esophageal, laryngeal, 
pharyngeal, stomach, colorectal, liver, 
pancreas, lung, prostate, breast, central 
nervous system, and skin cancers (Berstad 
et al. 2008; Boffetta and Hashibe 
2006; Brooks and Zakhari 2013; de 
Menezes et al. 2013; Haas et al. 2012; 
Kumagai et al. 2013; Longnecker et al. 
1995; Nelson et al. 2013; Rota et al. 
2014a; Watters et al. 2010). The risk 
of developing a second aerodigestive- 
tract cancer also is higher in alcohol 
drinkers (Day et al. 1994; Lin et al. 
2005; Saito et al. 2014).   

Increased risk of cancer often is asso-
ciated with high alcohol consumption; 
however, the specific dose–response 
relationship varies according to the site 

of cancer. A recent meta-analysis of 16 
articles involving 19 cohorts of subjects 
with liver cancer (i.e., hepatocellular 
carcinoma) found a linear relationship 
between the amount of alcohol 
consumed and the risk of liver cancer 
compared with nondrinkers (Turati et 
al. 2014). Thus, consumption of three 
alcoholic drinks per day was associated 
with a moderate increase in risk, 
whereas consumption of about seven 
drinks per day was associated with an 
increase in risk of up to 66 percent.  
A similar linear relationship has been 
described for breast cancer risk 
(Scoccianti et al. 2014).

However, alcohol consumption  
does not increase the risk of all types  



of cancer and may even be associated 
with a lower risk in some cases. For 
example, although alcohol consump-
tion overall is associated with a higher 
risk of breast cancer in women, this 
association does not apply to all types 
of breast cancer. Thus, among women 
enrolled in the Women’s Health 
Initiative the risk of estrogen-positive 
breast cancer was increased in those 
who drank alcohol, whereas the risk  
of triple-negative breast cancer1 was 
reduced among drinkers compared 
with women who had never consumed 
alcohol (Kabat et al. 2011). 

Interestingly, alcohol consumption 
also is associated with a lower incidence 
of several types of blood cancer, 
including non-Hodgkin’s lymphoma 
(NHL) (Gapstur et al. 2012; Ji et al. 
2014; Morton et al. 2005; Tramacere 
et al. 2012) and multiple myeloma 
(Andreotti et al. 2013). An analysis  
of 420,489 individuals diagnosed with 
alcohol use disorder (AUD) who were 
linked to the Swedish Cancer Registry 
also found a low risk of developing 
leukemia, multiple myeloma, and 
Hodgkin’s disease (Ji et al. 2014). 
Another recent study also showed that 
alcohol drinking was not associated 
with increased risk of leukemia and 
that, in fact, light drinking (less than 
or equal to one drink per day) was 
associated with a modest 10 percent 
reduction in leukemia incidence (Rota 
et al. 2014b). In addition to blood 
cancers, alcohol consumption also is 
associated with a lower risk of thyroid 
cancer (de Menezes et al. 2013) and 
renal cell carcinoma (Song et al. 2012). 
In the case of renal cell carcinoma,  
a lower risk was noted even with 
consumption as low as one drink per 
day in both men and women, and 
higher alcohol intake conferred no 
further benefit. Finally, a retrospective, 
observational study of colon and 
rectum adenocarcinoma indicated that 
moderate alcohol consumption (less 
than 14 grams per day) was inversely 
1 In estrogen-positive breast cancer, the cancer cells carry 
the estrogen receptor and depend on estrogen for growth. In 
contrast, in triple-negative breast cancer, the cancer cells carry 
neither estrogen nor progesterone or HER2 receptors.

associated with the incidence of rectal 
cancer. The investigators also found 
that moderate intake of beer and espe-
cially wine was inversely associated 
with distal colorectal cancer (Crockett 
et al. 2011).  

In summary, it is well established 
that alcohol use and abuse is associated 
with a wide variety of cancers, and the 
number of these associations continues 
to grow. At the same time, it now is 
becoming clear that alcohol can have a 
preventative effect for certain cancers. 
Whereas the role of alcohol as a carcin-
ogen is well established, the mecha-
nism(s) by which it prevents cancer 
are largely unknown and an area for 
further research. Also, despite the 
potential beneficial effects of alcohol 
in the prevention of some cancers, it  
is important to remember that the 
detrimental effect of chronic alcohol 
abuse cannot be disregarded.

Although extensive epidemiologic 
evidence links the etiology of cancer to 
alcohol, very little information addresses 
the critical question of whether and 
how alcohol modulates tumor metas-
tasis, survival, and the response to 
cancer therapy. One of the components 
in these processes is the immune system. 
Much research regarding the role of 
the immune response in oncogenesis 
has centered on hepatocellular cancer 
(for excellent recent reviews, see 
Aravalli 2013; Stauffer et al. 2012; 
Wang 2011). However, less is known 
regarding the role and interaction 
among alcohol consumption, immune 
modulation of tumor growth, blood 
vessel formation (i.e., angiogenesis), 
metastasis, and survival. These issues 
form the major emphasis of this review. 
It is well established that immunosur-
veillance by the innate and adaptive 
immune systems plays important roles 
in the prevention of cancer and in 
controlling cancer survival (Fridmann 
et al. 2012; Rocken 2010). However, 
direct or indirect interactions of the 
tumors with their microenvironment 
can facilitate immune evasion so that 
the tumor is not detected by the immune 
system and thus can spread uncon-
trolled. Tumors also release factors 

that can directly or indirectly suppress 
antitumor immune responses, thus 
facilitating angiogenesis, invasion of 
surrounding tissues, and metastasis to 
distant sites in the body (for a general 
review, see Jung 2011). (For more 
information on the processes involved 
in tumor metastasis, see the sidebar.) 
The following sections will review the 
role of alcohol in cancer growth and 
progression, both in humans and in 
animal models.  

Alcohol, Tumor Growth,  
and Survival in Humans 

Survival and Mortality
Statistics from 2002 indicate that 
approximately 3.5 percent of all cancer 
deaths are associated with alcohol 
(Seitz and Stickel 2007). A study of 
167,343 adult subjects in rural south-
ern India found that daily drinking  
for 30 or more years increased overall 
cancer-related mortality (Ramadas et 
al. 2010). Similarly, a study involving 
380,395 men and women who were 
followed for 12.6 years as part of the 
European Prospective Investigation 
into Cancer and nutrition (EPIC) 
study indicated that compared with 
no or light-to-moderate consumption 
(i.e., 0.1 to 4.9 g alcohol/day), heavy 
(30 or more g/day) drinking in women 
and heavy to extreme (60 or more  
g/day) drinking in men was strongly 
associated with increased total mortality 
as well as deaths from alcohol-related 
cancers (Ferrari et al. 2014). However, 
the effect of alcohol on cancer-specific 
mortality is variable and depends on 
factors such as the amount of alcohol 
consumed, health status of the patient, 
and the type of cancer. 

Survival of patients with oral cavity, 
pharyngeal, laryngeal, and esophageal 
cancer is generally reduced by drinking 
(Jerjes et al. 2012; Mayne et al. 2009; 
Thrift et al. 2012; Wang et al. 2012a; 
Wu et al. 2012; Zaridze et al. 2009). 
In Korean patients with head and 
neck and hepatocellular carcinoma the 
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death rate exhibited a dose-dependent 
relationship with consumption, with 
patients who drank between 124 and 
289 g of alcohol per day showing the 
highest death rate (Park et al. 2006). 
Lower survival of patients with hepa-
tocellular cancer also has been 
reported in Scotland (Dunbar et al. 
2013), Russia (Zarizde et al. 2009), 
and Spain (Fenoglio et al. 2013). 
Shortened survival in drinkers as 
compared with nondrinkers with oral 
squamous cell carcinoma has been 
linked to the expression of hypoxia- 
inducible factor-1-alpha (HIF-1α),  
a biomarker associated with tumor 
invasion, metastasis, and progression 
of a variety of human cancers that also 
plays a central role in angiogenesis. 
Drinkers showed higher HIF-1α 
expression in the nucleus of their cancer 
cells than nondrinkers (Lin et al. 2008). 
Finally, although alcohol consumption 
lowers the incidence of NHL, it 
decreases patient survival of those  
with the disease (Battaglioli et al. 
2006; Geyer et al. 2010; Talamini et 
al. 2008).   

The effect of alcohol consumption 
on mortality of women with breast 
cancer is varied and difficult to interpret. 
In general, long-term low and moderate 
alcohol consumption does not seem  
to affect the survival of breast cancer 
patients (Flatt et al. 2010; Harris et al. 
2012; Kwan et al. 2012; Newcomb et 
al. 2013). In fact, moderate drinking 
actually may benefit survival of young 
women with breast cancer (Barnett et 
al. 2008; Newcomb et al. 2013). On 
the other hand, several studies indicated 
that postmenopausal women with 
breast cancer who are high-intensity 
drinkers have lower survival than those 
with no or lower consumption (Holm 
et al. 2013; McDonald et al. 2002; 
Weaver et al. 2013).2 In addition to 
patient age, the specific type of breast 
cancer may influence the effects of 
alcohol on survival. Thus, for women 
with estrogen receptor–positive breast 
cancer neither pre- nor postdiagnosis 

2  The exception to this is a study in Russia indicating an inverse 
association between alcohol consumption and mortality (Zaridze 
et al. 2009). 

alcohol consumption was associated 
with breast cancer mortality (Ali et  
al. 2014). In women with estrogen 
receptor–negative disease, however, 
mortality was slightly reduced. Another 
study investigated the effect of pre- 
and postoperative alcohol consumption 
over a 3-year period in 934 Swedish 
primary breast cancer patients who 
had breast cancer surgery (Simonsson 
et al. 2014). The study found that 
both pre- and postoperative consump-
tion of any amount of alcohol was 
weakly associated with a lower risk of 
early distant metastases and death. The 
associations were found in patients with 
axillary lymph node involvement but 
not in patients without lymph node 
involvement.    

The effect of alcohol consumption 
on the incidence as well as the mortality 
of patients with prostate cancer was 
evaluated in a prospective cohort study 
of 194,797 men from the United 
States aged 50–71 years in 1995–1996 
(Watters et al. 2010). The incidence of 
nonadvanced prostate cancer increased 
with increasing number of drinks per 
day, with a 25 percent increase in risk 
observed after high alcohol consumption 
(six or more drinks per day). However, 
an inverse correlation existed between 
alcohol consumption and deaths from 
prostate cancer, suggesting that alcohol 
consumption likely does not affect 
advanced or fatal prostate cancer.

In summary, several reports indicate 
that alcohol consumption decreases 
survival of patients with cancer, whereas 
other studies did not observe this asso-
ciation. The effect of alcohol consump-
tion on mortality of women with breast 
cancer is particularly complex and 
seems to differ according to age, estrogen 
receptor status, and extent of alcohol 
drinking. Clearly, more breast cancer–
specific studies are needed that correlate 
mortality with the properties of the 
cancer and the level of alcohol 
consumption. 

Tumor Growth and Metastasis
The actual influence of alcohol 
consumption on tumor growth and 

metastasis is largely unknown in human 
cancer patients. Discriminant function 
analysis of 39 asymptomatic Italian 
patients with a total of 59 small hepa-
tocellular carcinomas arising from 
cirrhosis revealed that, among other 
variables, alcohol intake was a good 
predictor of tumor doubling time and 
2-year survival (Barbara et al. 1992). 
Another study of 35 Japanese patients 
with hepatocellular carcinoma and 
type C cirrhosis found that habitual 
drinkers consuming 80 g of ethanol 
per day for 5 years had a statistically 
significant (P < 0.01) shorter tumor- 
volume doubling time than did non- 
alcoholic patients (78 ± 47 days vs. 
142 ± 60 days) (Matsuhashi et al. 1996).  

Basal cell carcinoma—a type of skin 
cancer—is the most common cancer 
in humans and continues to increase 
in incidence. Although the cure rate is 
high and mortality and morbidity 
rates are low, aggressive basal cell 
carcinomas are not rare. In a Spanish 
study, a significant positive association 
existed between moderate (5 to 10 
drinks per week) and high (more than 
10 drinks per week) alcohol consump-
tion and the presence of aggressive 
basal cell carcinomas (Husein-Elahmed 
et al. 2012).  

Alcohol, Tumor Growth, 
Invasion, and Metastasis  
in Animal Models 

Several studies using animal cancer 
models indicate tumor specific differ-
ences in the effect of alcohol on tumor 
growth and metastasis. These models 
included various types of breast cancer, 
melanoma, lung cancer, colon cancer, 
and hepatocellular carcinoma (For 
more information, see the sidebar 
“Effects of Alcohol on Tumor Growth, 
Invasion, Metastasis, and Survival in 
Animal Models”). Taken together, 
these studies and animal models did 
not allow for general conclusions 
regarding the impact of alcohol on 
tumor growth, metastasis formation, 
and disease progression, as findings 
differed significantly depending on 



tumor type. The alcohol model used 
as well as the duration of alcohol 
administration also are important vari-
ables and can affect the overall outcome 
(D’Souza El-Guindy et al. 2010), as is 
the amount of alcohol administered. 
For example, in studies assessing alco-
hol’s effects on metastasis formation, 
acute administration of high doses of 
alcohol, which mimics binge drinking, 
generally increased metastasis, whereas 
longer-term alcohol administration 
either had no effect or decreased metas-
tasis formation, depending on the 
amount of alcohol consumed by the 
animal. Several mechanisms have been 
suggested as to how acute alcohol may 
enhance metastasis formation, includ-
ing alcohol-induced formation of as 

well as inhibition of various signaling 
molecules (i.e., cytokines and chemo-
kines). However, although both of 
these mechanisms seem to contribute 
to the increase of metastases after acute 
administration, they do not account 
for the entirety of alcohol’s effects. 
Another mechanism whereby alcohol 
could facilitate metastasis of certain 
cancers may involve disruption of the 
integrity of the cells lining the blood 
vessels (i.e., vascular endothelium). 
Thus, studies found that exposure to 
0.2 percent (weight per volume [w/v]) 
ethanol in vitro, which promotes angio- 
genesis and invasion, interferes with 
the integrity of the vascular endothe-
lium by inducing endocytosis of 
VE-cadherin (Xu et al. 2012). This 

molecule is an important component 
of certain junctions between cells (i.e., 
cellular adherens junctions). These 
changes in the vascular endothelium 
have been shown to allow for increased 
migration of human A549 lung 
adenocarcinoma cells, MDA-MB-231 
breast cancer cells, and HCT116 colon 
cancer cells through single-cell layers of 
endothelial cells (Xu et al. 2012).

Researchers also examined the effects 
of alcohol administration on tumor 
growth. These studies found that high 
alcohol intake had no consistent effect 
on tumor growth across different tumors 
or within a specific tumor type. Low 
intake of alcohol generally has been 
associated with enhanced angiogenesis 

Tumor Metastasis

Tumor metastasis is the ability of 
tumor cells to spread from their 
original site to other sites in the 
body and to re-establish growth,  
a new blood supply, and tumor 
colonies at the new location.  
(1) Cells that escape from a primary 
solid tumor invade into the sur-
rounding normal tissue by passing 
through the basement membrane 
and extracellular matrix (ECM). 
Several factors are involved in the 
invasion process, including the 
ability to activate enzymes called 
matrix metalloproteinases (MMP), 
which are important for the tumor 
cells to degrade basement mem-
branes and underlying stroma.  
(2) The escaped cells reach the 
blood either directly by actively 
passing through endothelial cells 
that line the blood vessels or pas-
sively through the lymphatic system, 
which ultimately carries the tumor 
cells to the blood. (3) Once in the 
blood, the tumor cells exit into tissues 
at the secondary site from small  
capillaries by passing through endo-

thelial cells and then invading the 
basement membrane of the ECM. 
(4) Once at the secondary site,  
the tumor cells can lay dormant for 
extended periods of time, or (5) they 
re-establish growth to form metastatic 
tumor colonies (by proliferation of 
cells from a single tumor cell), and 
finally form a new blood supply  

(by stimulating the angiogenesis 
process) to nourish the metastatic 
tumor. Dormant cells also can  
proliferate at a future date and  
ultimately establish a new metastatic 
tumor. Factors that control the 
breaking of dormancy are largely 
unknown, and this is an active area 
of research.
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(which promotes tumor growth), 
whereas high intake may have no effect. 

As mentioned earlier, studies in 
humans found that alcohol’s effects  
on breast cancer, its progression, and 
the associated mortality are influenced 
at least in part by the type of breast 
cancer involved, specifically its estrogen 
receptor status. However, animal models 
involving different breast cancer cell 
lines detected no consistent trend 
regarding the effect of alcohol consump- 
tion on tumor growth and progression 
associated with estrogen receptor 
expression. Estrogen generally suppresses 
breast cancer growth in vivo but increases 
in vitro migration of cells away from 
the original tumor. However, the  
relationship between estrogen supple-
mentation, diet, caloric intake, and 
alcohol and their effects on subcutane-
ous breast cancer growth seem to be 
highly complex. 

The effects of alcohol on in vitro 
invasion of surrounding tissue primarily 
have been studied in breast cancer and 
melanoma cells, with a variety of results. 
The evidence in melanoma suggests 
that ethanol can positively impact the 
extracellular membrane and augment 
expression of genes that suppress 
tumor metastasis, resulting in inhibi-
tion of metastasis. In addition, certain 
immune cells called natural killer (NK) 
cells seem to have some role in regu-
lating the metastasis of breast cancers 
and melanomas. Clearly, more mecha-
nistic research is needed in murine 
models to serve as a template for further 
examination of the complex interactions 
connecting alcohol to tumor growth, 
metastasis, and survival in humans. 

Alcohol-Induced Immune 
Modulation and Tumor 
Progression 

Although many factors influence tumor 
growth, metastasis, and survival in 
cancer patients, it is apparent that a 
functioning immune system plays an 
important role, not only because it 
helps control cancer progression but 
also because it is required for the 

effectiveness of common cytotoxic 
chemotherapeutic drugs (Bracci et al. 
2014). Evidence that directly impli-
cates immune cells from both the 
innate and adaptive immune systems in 
control of cancer growth and progres-
sion continues to accumulate. This has 
stimulated research directed toward 
developing effective immunotherapeutic 
approaches to treat cancer (for a review 
of the tumor immune response as well 
as approaches being taken to develop 
immunotherapeutics for cancer, see 
Harris and Drake 2013). 

The innate immune response reacts 
rapidly to recognize and destroy cancer 
cells. This response is characterized by 
inflammatory reactions involving vari-
ous mediators, including chemokines 
and cytokines that are produced by a 
variety of immune cells, such as macro- 
phages, neutrophils, NK cells, and 
dendritic cells. Macrophages and 
neutrophils can exhibit antitumor 
activity as well as suppress immune 
response against tumor cells (i.e., have 
immunosuppressive activity). NK cells 
can destroy tumors on contact, and 
their antitumor function can be further 
stimulated by cytokines. Dendritic 
cells are important in presenting mole-
cules that identify a cell as harmful or 
foreign (i.e., antigens) to other immune 
cells and are a bridge between the innate 
immune response and the B-cell and 
T-cell responses that characterize the 
adaptive immune system. 

B cells can recognize tumor-cell 
antigens to ultimately produce antitumor 
antibodies. They also can have immu-
nosuppressive activity. T cells can be 
classified according to certain molecules 
they exhibit on their surfaces, such as 
CD4, CD8, or CD25. They also can 
be classified according to their specific 
functions (e.g., as helper, cytotoxic, 
regulatory, or memory T cells). CD4+ 
helper T cells can further be divided 
into Th1, Th2, and Th17 subpopula-
tions based on the specific cytokines 
they produce and the reactions they 
induce in the body, which may  
either facilitate or suppress antitumor 
immune responses. Certain subsets  
of CD4+CD25+ T cells, known as 

regulatory T cells, generally are immu-
nosuppressive. Cytokines released by 
Th1 helper T cells, in turn, can acti-
vate CD8+ T cells, rendering them 
directly cytotoxic to tumor cells as 
well as enhance the activity of NK 
cells. Other populations of CD8+ cells 
(i.e., tumor-specific and memory CD8+ 
T cells) produce high levels of the 
cytokine interferon gamma (IFN-γ), 
which is important to the control of 
tumor metastasis and host survival. 
Finally, another population of T cells 
(i.e., NKT cells) that produce a wide 
variety of cytokines upon activation 
can function as immunoregulatory 
cells to either enhance or suppress 
antitumor immune responses, depend-
ing on the cytokine profile that they 
exhibit. Together, the cells of the 
immune response provide an intricate 
interactive control that governs tumor 
growth and progression. (For more 
information on the innate and adap-
tive immune systems and their 
responses, see the “Primer on the 
Immune Response,” by Spiering.)

A Role for the Immune System  
in Control of Cancer Progression
Numerous findings with a variety of 
tumor types suggest that the numerous 
types of immune cells, particularly 
various T-cell subpopulations, are 
involved in controlling tumor progres-
sion, including the following:

• CD8+ T cells, in particular a 
subtype expressing the memory 
phenotype (CD8+CD44hi) that 
produce high levels of IFN-γ, are 
key to controlling metastasis and 
host survival of different tumors 
(Erdag et al. 2012; Eyles et al. 
2010; Fridman et al. 2012; 
Rosenberg and Dudley 2009). 

• Increased tumor progression in 
patients with gastric cancer has 
been tied to increased peripheral 
blood levels of certain CD4+ T-cell 
subpopulations, including Th22 
(CD4+IL-22+IL-17-IFN-γ-) and 



Th17 (CD4+IL-17+IFN-γ-) cells 
(Liu et al. 2012). 

• A multivariate analysis in metastatic 
breast cancer patients indicated 
that prolonged progression-free 
survival was correlated with increased 
CD3+CD4+ or CD8+CD28+ T 
cells. Conversely, elevated CD8+ 

CD28- T cells were associated with 
shortened progression-free survival 
(Song et al. 2013). These effects 
seem to be related to the cytokines 
produced by these cells, because 
patients with elevated CD8+CD28- 
and CD4+CD25+ T cells had 
elevated levels of IL-6, and the 
patients that expressed elevated 
CD8+CD28- T cells also exhibited 
decreased IFN-γ. 

These data underscore the importance 
of immune cells in the progression  
of cancer.

Alcohol can modulate the body’s 
immune responses, and it is possible 
that these alterations affect disease 
progression in cancer patients. For 
example, in a Chinese study of newly 
diagnosed NHL patients (Lin et al. 
2009), alcohol addiction was associated 
with increased peripheral blood CD4+ 
CD25hiCD127(IL-7)lo regulatory  
T cells, and these increases were 
higher in male than in female patients. 
However, the increased levels of these 
cells did not relate to the clinical features 
(e.g., age, tumor staging, cancer symp-
toms, pathological subtype, and short-
term treatment efficacy). Therefore, 
the importance and significance of the 
elevated regulatory T cells is uncertain 
in NHL. 

Another study of 25 patients with 
hepatocellular carcinoma in Japan 
(Yang et al. 2006) found an increase 
in CD4+CD25+ T cells in the tissue 
regions surrounding the tumor (i.e., 
the peritumoral region) compared 
with similar tissues in patients who 
had chronic hepatitis or liver cirrhosis 
but no hepatocellular carcinoma. The 
values were not correlated with the 

stage of the tumor.3 These peritumoral 
CD4+CD25+ T cells had a regulatory 
phenotype, as indicated by an increased 
expression of several molecules (e.g., 
cytotoxic T lymphocyte antigen 4 
[CTLA-4, CD152] and glucocorticoid- 
induced TNF receptor superfamily 
member 18 [GITR, CD357]), expres-
sion of a biomarker for regulatory T 
cells (i.e., FOXP3), and decreased 
expression of CD45RA. The numbers 
of these cells were inversely associated 
with the numbers of CD8+ T cells. 
Additional observations suggest that 
these regulatory T cells may contribute 
to the progression of hepatocellular 
carcinoma by interfering with normal 
immune responses. Thus, isolated 
peritumor CD4+CD25+ T cells that 
were incubated with peripheral blood 
T cells from the same person and 
stimulated with certain antibodies, 
suppressed T-cell proliferation and 
activation of CD8+ T cells (Yang et  
al. 2006). 

The functionality of the innate 
immune system also can be correlated 
with tumor progression. A recent study 
compared innate immune-system 
functionality with the number of 
circulating tumor cells in patients with 
a variety of cancers. In patients with 
metastatic disease, these circulating 
tumor cells are promising as biomarkers 
for tumor progression and overall 
cancer survival, with relatively high 
circulating cell numbers correlated 
with a poor prognosis. The study, which 
included patients with metastatic 
breast, colorectal, and prostate cancer 
found decreased NK cell cytolytic 
activity and decreased expression of 
certain proteins (i.e., toll-like receptors 
2 and 4) in patients with high circulating 
tumor cells compared with patients 
with relatively low numbers (Santos  
et al. 2014). Decreased NK cytolytic 
activity also has been linked with other 
types of cancer, including colorectal 
cancer (Kim et al. 2013), metastatic 
melanoma (Konjevic et al. 2007),  
and head and neck cancer (Baskic et 
al. 2013). 

3 Interestingly, the same cell type was decreased in the peripheral 
blood in the cancer patients compared with control patients. 

In addition to the effects of specific 
types of lymphocytes on cancer growth 
and metastasis, chemokines also have 
important roles in cancer progression, 
terminal growth arrest of tumor cells 
(i.e., tumor growth senescence), 
angiogenesis, epithelial mesenchymal 
transition,4 metastasis, and evasion of 
the immune system. Chemokines and 
their receptors often are altered in 
cancer patients, and their importance 
in cancer progression has been the 
subject of several recent reviews 
(Aldinucci and Colombatti 2014; de 
Oliveira et al. 2014; Sarvaiya et al. 2013).

Alcohol and Immune Effects in 
Patients with Cancer
A large body of literature indicates 
that alcohol consumption modulates 
many aspects of the innate and adaptive 
immune systems. Alcohol originally 
was described as immunosuppressive, 
and numerous studies support the 
immunosuppressive aspects of alcohol 
consumption on the innate and adap-
tive immune systems. However, it  
also is well documented that chronic 
alcohol administration can activate the 
immune system—especially dendritic 
cells, T cells, and NKT cells—in experi- 
mental animals as well as humans 
(Cook et al. 1991; Laso et al. 2007; 
Song et al. 2002; Zhang and Meadows 
2005). This adds to the complexity of 
interpreting alcohol’s effect on cancer 
progression and survival. 

Few studies have specifically exam-
ined the interaction between alcohol 
and the immune response in cancer 
patients or in experimental animals 
implanted with cancer cells. Although 
human cancer patients often have 
immune deficits, few data are available 
that specifically address the effects of 
alcohol on immune parameters. The 
studies that are available examined the 
immune responses in patients with 
head and neck cancer. These patients 
often are immunodeficient because of 

4 Epithelial mesenchymal transition is a process whereby epithe-
lial cells lose their innate cellular polarity and cell–cell adhesive 
properties to become mesenchymal cells, which lack polarity  
and have the ability to migrate and to invade through tissues.
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their alcohol abuse and heavy tobacco 
use; however, the contribution of 
continued alcohol abuse to altered 
immune parameters in these patients 
has largely not been assessed.

An early study of patients with head 
and neck squamous cell carcinoma 
and a history of smoking and significant 
alcohol use found a deficiency in the 
percentage of certain T cells (i.e.,  
Th5.2+ IL-2–producing T cells) in 
peripheral blood compared with control 
patients who were hospitalized for 
elective surgical procedures (Dawson 
et al. 1985). The overall percentage of 
all T cells, as well as of CD4+ T-, CD8+ 
T-, B-, and NK cells, in contrast, did 
not differ between cancer and control 
patients. However, this effect cannot 
be clearly attributed to alcohol because 
the patients also were heavy tobacco 
users. Another study compared a 
different indicator of immune-system 
function (i.e., production of antigen- 
specific antibodies) using blood 
samples obtained from patients with 
squamous cell carcinoma of the oro- 
pharynx or larynx and healthy controls, 
some of whom had high alcohol 
consumption (i.e., 100 g/day) and/or 
excessive smoking (20 cigarettes per 
day for more than 5 years) (Wustrow 
1991). The study found that among 
healthy participants, those with high 
alcohol consumption or smoking had 
a pronounced decrease of antigen- 
specific antibody production in vitro. 
The effect was more pronounced in 
heavy drinkers than in excessive ciga-
rette smokers. Cancer patients who 
were heavy drinkers, in contrast, did 
not show any antigen-specific anti-
body production in vitro. However, 
after removal of a subset of white 
blood cells (i.e., mononuclear cells) 
from the peripheral blood, samples 
from two-thirds of the patients began 
to produce such antibodies, and anti-
body production reached the same 
level as that measured in the healthy 
subjects with high alcohol abuse and 
cigarette consumption. The author 
suggested that the decreased antigen- 
specific antibody production in the 
cancer patients could be related to 

upregulation of suppressive cells in 
these patients (Wustrow 1991). 

More recent studies have evaluated 
the role of a protein called macrophage 
migration inhibitory factor (MIF), 
which is an important regulator of the 
innate immune response. This factor 
has been studied in patients with lip 
or intra-oral squamous carcinoma as 
well as in patients who consumed 
alcohol regularly (Franca et al. 2013). 
The analyses found a significant rela-
tionship between the incidence of 
intra-oral cancer, alcohol use, and the 
number of MIF-positive cells in the 
stroma. Thus, MIF in the stroma of 
intra-oral tumors (i.e., tongue, floor  
of mouth, and alveolar ridge) was 
decreased in patients who consumed 
alcohol. The importance of these find-
ings is unknown, although patients 
with tumors that did not express MIF 
had a worse prognosis than patients 
that did.  

Alcohol and Immune Interactions 
in Animal Models of Cancer
If human tumor cells are introduced 
(i.e., inoculated) into animals with 
functioning immune systems, they  
do not form tumors because they are 
recognized as foreign by the animal’s 
immune system. However, human 
tumors often grow in animals with 
compromised immune systems, and 
such animals can be used as models 
for a variety of research questions, 
including studies regarding the roles 
of various immune cells in controlling 
cancer and the impact of alcohol on 
this process. One such study specifi-
cally examined the role of CD4+ T 
cells in regulating tumor growth by 
implanting cells from a human lung 
cancer (i.e., the 201T human lung 
adenocarcinoma cell line) into the 
lungs of a strain of mice called BALB/c 
(Hunt et al. 2000). In this study,  
the mice were administered alcohol 
chronically for 8 weeks and then were 
injected with an anti-CD4 monoclo-
nal antibody to deplete CD4+ T cells. 
Initial experiments confirmed that 
normal, immunocompetent BALB/c 

mice did not form lung tumors. To 
examine the effect of alcohol, the mice 
were administered ethanol in their 
food5 as well as 10 percent in their 
drinking water throughout the experi-
mental period. After 8 weeks of ethanol 
administration or regular food, the 
mice were implanted with the tumor 
cells and also received one injection of 
the anti-CD4 antibody. Separate groups 
of mice were evaluated at 6 weeks and 
13 weeks. Mice in the non–ethanol- 
fed control group injected with one 
dose of anti-CD4 antibody initially 
developed large tumors at 6 weeks, 
which significantly regressed thereafter. 
Compared with these control animals, 
the ethanol-fed mice exhibited signifi-
cantly larger tumors at 6 weeks as well 
as a diminished ability to decrease 
their tumor size at 13 weeks. The find-
ings suggest that this difference in the 
ability of the ethanol-fed mice to reduce 
their tumor burden results from an 
impaired immune system caused by 
chronic alcohol intake.  

Another series of studies analyzed 
the interaction between chronic alcohol 
consumption and immune-system 
functioning in female C57BL/6 mice 
implanted with B16BL6 melanoma 
cells under the skin (i.e., subcutane-
ously). In these studies, the animals 
continuously received 20 percent w/v 
ethanol in the drinking water and 
generally were inoculated with B16BL6 
melanoma after 12 weeks or longer of 
this treatment. The analyses found 
that in the alcohol-exposed, melanoma- 
bearing animals the overall numbers  
of peripheral blood lymphocytes (which 
include various types of immune cells) 
were lower than in water-drinking 
controls when determined 11, 14, and 
17 days after tumor inoculation (Zhang 
et al. 2012). This was in contrast to 
normal mice not injected with mela-
noma cells, in which the number of 
lymphocytes was not altered by alcohol. 
The decrease in cells was not caused by 
cell death (i.e., apoptosis). Additional 
analyses demonstrated that the lowered 
lymphocyte numbers (i.e., lymphopenia) 

5 The food included blocks of a jelly-like material (i.e., agar-agar) 
containing 40 percent alcohol and 0.5 g/kg peanut butter.



were associated with a two- to fourfold 
decrease in mature B cells as well as in 
CD4+ and CD8+ T cells. Further 
examination demonstrated that the 
decrease in mature B cells in the blood 
was associated with impaired B-cell 
circulation resulting from a down 
regulation in the formation of 
compound called sphingosine-1- 
phosphate and its receptors. Formation 
of sphingosine-1-phosphate is medi-
ated (i.e., catalyzed) by an enzyme 
called sphingosine kinase 1, which  
is an important regulator of tumor 
progression in melanoma and several 
other cancers (Meng et al. 2014).  
This enzyme and other components  
of the sphingosine-1-phosphate path-
way currently are being examined  
as potential targets for cancer drug 
development (Pyne and Pyne 2013; 
Tabasinezhad et al. 2013). Zhang and 
colleagues (2012) concluded that the 
severe decrease in mature B cells in  

the blood of the alcohol-exposed and 
tumor-inoculated animals could result 
from inhibition of B-cell migration 
from the spleen to the blood resulting 
from impairment of the sphingosine- 
1-phosphate signaling pathway. The 
importance and role of mature B cells 
in antitumor immune responses is still 
unclear. They play a dual role by both 
inhibiting (Inoue et al. 2006) and 
facilitating antitumor immune response 
through production of cytokines and 
enhancement of T-cell activation 
(DiLillo et al. 2010). Thus, impaired 
circulation of B cells attributed to alcohol 
consumption (Zhang et al. 2012) could 
negatively affect T-cell function.

The investigators also analyzed the 
levels of the various types of blood 
cells in the spleen (Zhang et al. 2012). 
The spleen contains proportionally 
more B cells and fewer T cells than the 
peripheral blood; among the T cells, 
the spleen normally contains a higher 

proportion of CD8+ T cells than the 
peripheral blood. The analyses found 
that alcohol consumption also led to a 
decrease in CD8+ T cells in the spleen; 
however, this reduction was less 
remarkable than in peripheral blood. 
No changes in these cells were observed 
in the bone marrow. Furthermore, 
alcohol consumption reduced the 
overall numbers of B cells in the 
spleen, although it did not affect all 
types of B cells equally. Thus, there 
was no effect on splenic follicular B 
cells, whereas the number of immature 
T1 B (CD19+CD93+CD23-) cells 
increased and the number of marginal 
zone B cells (CD19+CD1dhiCD21hi) 
decreased. 

Other analyses (Zhang and Meadows 
2010) investigated the effects of chronic 
alcohol consumption on various types 
of CD8+ T cells in mice with or with-
out inoculation of B16BL6 melanoma 

Glossary 

Antibody: Immune molecule (protein) produced by B 
cells that recognizes foreign molecules that have entered 
the body (i.e., antigens), binds to these molecules, and 
marks them for destruction by the body’s immune system.
Antigen: Any molecule that can bind specifically to an 
antibody and can induce an immune response.
B cells: One of the two main types of lymphocytes 
involved in the adaptive immune response; when activated 
by interacting with a specific antigen, they differentiate 
into specific subtypes and begin to produce antibodies 
that recognize the specific antigen. 
Chemokines: Small proteins that serve as chemoattrac-
tants, stimulating the migration and activation of cells, 
particularly phagocytic cells and lymphocytes; they have 
a central role in inflammatory responses. 
Cytokine: Any of a group of molecules, produced primarily 
by immune cells, that regulate cellular interactions and 
other functions; many cytokines play important roles  
in initiating and regulating inflammatory reactions.
Dendritic cell: A type of immune cell involved in the 
innate immune response that is characterized by a 
branched morphology; dendritic cells can bind to  

antigens and present these antigens to T cells, thereby  
initiating an adaptive immune response.

Macrophage: A type of immune cell that ingests foreign 
particles and micro-organisms in a process called phago-
cytosis and which synthesizes cytokines and other molecules 
involved in inflammatory reactions.

Natural killer (NK) cell: A type of immune cell involved 
in the innate immune response that can kill certain 
harmful cells, particularly tumor cells, and contributes  
to the innate immune response to cells infected with 
viruses or other intracellular pathogens.

Neutrophil: A type of immune cell involved in the innate 
immune response that engulfs and kills extracellular 
pathogens in a process called phagocytosis.

T cells: One of the two main types of lymphocytes 
involved in the adaptive immune response after activa-
tion through the interaction with a specific antigen.  
T cells can be divided into several subgroups that support 
other immune cells (helper T cells), kill invading 
pathogens or infected cells (cytotoxic T cells), or help 
turn off the adaptive immune response (regulatory  
T cells). 
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cells. These analyses yielded the 
following results:

• CD8+CD44hi T memory cells 
produced high levels of IFN-γ and 
were important in the antitumor 
response to B16BL6 melanoma. 
Mice not inoculated with melanoma 
that chronically consumed alcohol 
had higher levels of these memory 
cells than mice that drank water.  

• After melanoma inoculation, these 
CD8+CD44hi T memory cells 
increased over a 2-week period in 
water-drinking animals. However,  
in mice that chronically consumed 
alcohol, these memory cells failed 
to expand in response to melanoma 
inoculation. 

• The lack of expansion of the memory 
T cells in response to melanoma 
inoculation in the alcohol-consuming 
mice resulted from a reduced abil-
ity of these cells to proliferate in 
response to melanoma. Additional 
experiments examined the ability  
of CD8+ T cells obtained from 
2-week melanoma-bearing mice  
to proliferate in vitro in response  
to specific T cell stimulation (i.e., 
anti-CD3 and anti-CD28 anti- 
bodies). The analyses showed that 
proliferation of CD8+ T cells was 
reduced by more than one-half in 
alcohol-consuming mice compared 
with cells from water-drinking 
mice. 

• The number of CD8+ T cells that 
specifically recognize a melanoma- 
specific antigen (i.e., gp100) was 
2.5-fold lower in the spleen of the 
alcohol-consuming mice than in 
water-drinking control mice at 
three weeks after tumor inoculation, 
suggesting an impaired immune 
response. 

• The percentage of IFN-γ–producing 
CD8+ T cells, which have tumor- 
suppressive effects, initially displayed 
a robust increase until day 11 after 
melanoma inoculation, but exhibited 

an accelerated decay thereafter, 
suggesting enhanced inhibition of 
these cells related to an alcohol–
melanoma interaction. 

The investigators also analyzed the 
numbers of several types of cells whose 
production is induced by tumors and 
which produce factors that inhibit the 
antitumor functions of  T cells, includ-
ing myeloid-derived suppressor cells 
(MDSCs), tumor-associated macro-
phages, T regulatory cells (CD4+CD 
25+FOXP3+), regulatory B cells 
(CD1dhiCD5+), and NKT cells 
(Zhang and Meadows 2010; Zhang et 
al. 2012). Of these, the percentage of 
CD11b+Gr-1int MDSCs, as well as the 
percentage of the CD124+ subpopula-
tion within the CD11b+Gr-1int cells, 
was increased in the peripheral blood 
of alcohol-consuming mice as deter-
mined one week after tumor inocula-
tion. These cells are known to suppress 
antitumor T-cell immune responses 
(Sinha et al. 2005; Terabe et al. 2005; 
Zhu et al. 2007). The percentages of  
T regulatory cells and tumor-associated 
macrophages did not differ between  
alcohol-consuming and water-drinking 
mice with melanoma tumors (Zhang 
and Meadows 2010). 

The percentage and number of 
CD3+NK1.1+ invariant NKT cells  
was elevated in the blood of alcohol- 
consuming, B16BL6 melanoma- 
bearing mice especially at day 14 after 
tumor inoculation (Zhang et al. 2012). 
These cells have important regulatory 
functions and can either promote 
antitumor immune responses or 
inhibit them. Initially, these cells 
express a cytokine profile that favors 
antitumor immune responses (i.e., a 
high ratio of IFN-γ to IL-4). After 
repeated activation, however, these 
cells become anergic and switch to a 
cytokine profile that inhibits anti- 
tumor immune responses and favors 
tumor progression (i.e., a high ratio  
of IL-4 to IFN-γ) (Parekh et al. 2005). 
The invariant NKT cells from the 
alcohol-consuming, melanoma-bearing 
mice exhibit a high IL4/IFN-γ ratio, 
indicating that they express a cytokine 

profile favoring immune inhibition and 
tumor progression (Zhang et al. 2015). 

Overall, very few studies have 
addressed the role of and interaction 
among alcohol, cancer, and the immune 
system once the cancer is established. 
It is important to understand these 
interactions, however, because many 
alcoholics have immune deficiencies 
and because a competent immune 
system is important to the success  
of many conventional drug therapies 
for cancer. In addition, new immune- 
enhancing approaches to cancer therapy 
are being developed. Finally, evidence 
from animal models and human studies 
suggests that appropriately combined 
chemotherapy and immunotherapy 
may be more beneficial than either 
therapeutic approach alone (Ardiani  
et al. 2013; Shi et al. 2014; van Meir 
et al. 2014; Wang et al. 2014). 

Additional Avenues for  
Future Research

The interactions between alcohol use/
abuse, the antitumor immune response, 
tumor growth, and spread of cancer 
are complex. A negative impact of 
alcohol on the immune system can 
lead to increased cancer mortality; 
however, studies also indicate that 
alcohol, generally in low doses, can 
have beneficial effects on mortality, 
depending on the cancer. Clearly, 
more mechanistic research is needed 
to define the complex interactions 
between cancer and alcohol. Additional 
research is likely to uncover targets to 
mitigate the detrimental effects of 
alcohol on mortality and to identify 
specific biochemical and molecular 
mechanisms involved in the beneficial 
effects of alcohol related to enhancing 
survival of cancer patients. This research 
could translate into the development 
of more effective and specific targeted 
approaches to treat cancer patients  
in general and especially those who 
abuse alcohol. 

Because cancer is a collection of 
different diseases with diverse underly-
ing causes, it is important that research 



take into account the diversity in gene 
mutations and alterations involved in 
uncontrolled growth. In addition, 
future analyses must address the genetic 
instability that fosters metastasis, the 
major cause of death from cancer. It is 
becoming increasingly clear that genes 
which suppress metastasis (Meadows 
2012) as well as signaling pathways 
that inhibit metastasis (Singh et al. 2014) 
can be regulated through epigenetic 
mechanisms6 induced by the diet and 
dietary constituents, including alcohol. 
Alcohol-related epigenetic mecha-
nisms include modulation of DNA 
methylation, histone acetylation/
deacetylation, and expression of micro 
RNA (French 2013). These epigenetic 
mechanisms associated with alcohol 
also are known to affect the gastroin-
testinal-hepatic system (Shukla and 
Lim 2013) and may promote, for 
example, the progression of hepatic 
carcinoma. For the most part, alcohol- 
related epigenetic changes have not yet 
been associated with tumor growth, 
metastasis, and survival; however, 
alcohol-induced aberrant DNA meth-
ylation of certain genes plays a role in 
the control of breast cancer (Tao et al. 
2011). Moreover, alcohol also can 
dysregulate the immune system through 
epigenetic mechanisms (Curtis et al. 
2013), and this aspect of the associa-
tion between alcohol, the immune 
system, and cancer progression needs 
to be explored further.

Another potential target for future 
research is a molecule called toll-like 
receptor 4, which is known to help 
regulate host innate immunity. This 
receptor recognizes the lipopolysac-
charide (LPS) endotoxin, a molecule 
found on by certain bacteria that are 
part of the intestinal microflora. In the 
blood, LPS can induce strong immune 
reactions. Alcohol is known to facili-
tate the release of LPS from the gut 
into the systemic circulation, and this 
is a key factor in the pathogenesis of 

6 Epigenetic mechanisms are processes that alter the expression 
of certain genes without permanently altering the DNA building 
blocks (i.e., nucleotides) making up the genes; examples of 
epigenetic mechanisms include the temporary chemical modification 
(e.g., methylation or acetylation) of nucleotides or of the proteins 
(i.e., histones) around which the DNA is wrapped in the cell nucleus.

alcoholic liver disease (Petrasek et al. 
2010). In addition to its response to 
LPS, toll-like receptor 4 can facilitate 
antitumor immune responses; however, 
emerging evidence also suggests that 
overactivation of this receptor is asso-
ciated with tumor progression as well 
as tumor development (Mai et al. 
2013). Although these observations 
need to be explored further, they 
suggest that this receptor could be a 
target for future agonist or antagonist 
targeted treatment for cancer, particu-
larly for patients that abuse alcohol. 

Continued research into the detri-
mental and beneficial effects of alcohol 
in human cancer patients and animal 
models of cancer is a key factor to 
understanding the complex interactions 
that affect tumor progression and 
survival, particularly in the context of 
alcohol use. This research has a strong 
potential to discover new immuno-
therapy and epigenetic approaches to 
cancer treatment as well as treatment 
of other alcohol-induced diseases. 
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Effects of Alcohol on Tumor Growth, Invasion,  
Metastasis, and Survival in Animal Models 

Several studies using animal cancer 
models indicate tumor-specific 
differences in the effect of alcohol 
on tumor growth and metastasis. 
These models included various  
types of breast cancer, melanoma, 
lung cancer, colon cancer, and  
liver cancer (i.e., hepatocellular 
carcinoma). 

Lung Cancer

One early study (Capel et al. 1978) 
investigated the effect of alcohol 
exposure on the growth and metas-
tasis of Lewis lung carcinoma. Male 
animals from a type of mouse strain 
called C57BL/6 were exposed to 10 
percent ethanol in their drinking 
water for 2, 4, 5, or 8 weeks before 
tumor cells were implanted into 
their thighs. Ethanol administration 
then was continued for 2 more 
weeks. The study found that ethanol 
exposure before tumor injection did 
not affect tumor growth. Further-
more, metastases were significantly 
reduced in the 2-week and 8-week 
ethanol groups but not in the 
4-week and 5-week groups. Adminis- 
tration of ethanol for 2 weeks after 
tumor inoculation affected neither 
tumor growth nor metastasis. These 
investigators also evaluated the effect 
of 2-week pre- and postimplantation 
ethanol exposure (10 percent in 
drinking water) on the growth  
of another type of tumor called 
Ehrlich ascites carcinoma, which  
is a spontaneous murine mammary 
adenocarcinoma adapted to grow  
in fluid in the abdominal cavity  
(i.e., ascites). Exposure to ethanol 
before but not after tumor injection 
significantly decreased the tumor 
cell number.

Colon Cancer

Gu and colleagues (2005) assessed 
the effects of alcohol on human 
HT1080 colon cancer cells in a 
chick embryo model, focusing on 
variables related to the blood supply 
of the tumor. One of the variables 
analyzed was the expression of 
vascular endothelial growth factor 
(VEGF)—a growth factor that 
promotes blood vessel formation 
(i.e., is proangiogenic) and enhances 
tumor vascularization. The study 
found that exposure to 0.25 g/kg 
ethanol per day for 9 days resulted 
in a 2.2-fold increase in tumor 
volume as well as a 3.9-fold increase 
in the expression of VEGF mRNA 
in the tumor cells and a 2.1-fold 
increase in the amount of the blood 
vessels in the tumor (i.e., intratu-
moral vascular volume) compared 
with control embryos. Exposure of 
isolated tumor cells to 10 mM and 
20 mM ethanol for 19 hours also 
increased VEGF mRNA and protein 
expression. The increased intratu-
moral vascular volume strongly 
correlated with the increase in tumor 
volume as well as with intratumoral 
connective tissue volume density. 
Finally, invasion of HT1080 cells 
from the tumor into blood vessels 
(i.e., intravasation), which occurs 
during metastasis, increased more 
than eightfold in response to ethanol. 
Ethanol did not have a direct effect 
on cell proliferation. 

Hepatocellular Carcinoma

Because excessive alcohol consump-
tion often is associated with liver 
disease, investigators also have exam-
ined the effects of alcohol on hepa-
tocellular carcinoma. One study 
(Thompson et al. 2013) evaluated 

the effects of alcohol as well as a 
high-fat diet on hepatocellular carci-
noma progression in male C57BL/6 
mice with diet-induced obesity as 
well as in nonobese control mice. Both 
groups were injected with Hepa1-6 
tumor cells. Ethanol was administered 
in drinking water at daily alternating 
concentrations of 10 percent and  
20 percent for 6 weeks before the 
animals were injected with the 
tumor cells. The alcohol and dietary 
regimens then were continued for an 
additional 8 weeks. Gross numbers 
of tumors as well as tumor burden 
were lower in mice fed the high-fat 
diet with and without ethanol or the 
control diet with ethanol than in 
control animals receiving neither 
ethanol nor high-fat diet, with ethanol 
exerting a greater protective effect 
than the high-fat diet. However,  
the high-fat diet both alone and in 
conjunction with ethanol enhanced 
mortality in the tumor-bearing 
mice. Further analyses found that  
all tumor-bearing mice exhibited 
increased numbers of inflammatory 
white blood cells in their livers, 
regardless of whether they had 
received ethanol. The expression of 
some cytokines and their receptors 
also was altered in the tumor-bear-
ing mice, and these changes in some 
cases depended on the animals’ diet. 
Thus, tumor necrosis factor (TNF)-α 
and interleukin (IL)-6 receptor alpha 
mRNA expression were increased 
and transforming growth factor 
(TGF)-b mRNA expression was 
decreased in tumor-bearing mice 
receiving the high-fat diet compared 
with mice not injected with tumor. 
An analysis of seven cytokines 
(IL-1b, IL-6, IL-10, IL-12, IL-13, 
interferon gamma [IFN-γ], and 
TNF-α) in the pooled plasmas from 
each experimental group indicated 
no changes across the groups except 



Effects of Alcohol on Tumor Growth, Invasion,  
Metastasis, and Survival in Animal Models (continued) 

in the water-drinking, high-fat diet 
group, which exhibited depressed 
cytokine levels. There was no 
correlation with ethanol consump-
tion compared with mice not 
injected with tumor cells. 

Breast Cancer

The effect of ethanol on mammary 
cancer growth has been studied in a 
number of animal models, using both 
rodent and human tumor cell lines. 

Studies Using Rodent Tumor  
Cell Lines
Wang and colleagues (2012) exam-
ined the effect of ethanol on the 
growth of the aggressive estrogen 
receptor–positive E0771 mouse 
mammary cancer in female C57BL/6 
mice. The mice were given 2 percent 
ethanol in drinking water for half a 
day on each of 3 consecutive days 
before the E0771 tumor cells were 
inoculated into breast tissue (i.e., 
secondary mammary fat pad), and 
the ethanol feeding regimen then 
was continued for 24 days. The study 
found that the ethanol group exhib-
ited higher primary tumor growth 
rates, increased final tumor weights, 
and a twofold increase in lung metasta-
ses compared with the water-drink-
ing control group. Immunohisto-
chemical analyses of the mammary 
tumor tissues also showed a higher 
density of tiny blood vessels in the 
ethanol group, indicating that etha-
nol promoted tumor angiogenesis. 
Finally, the investigators found 
increased expression of a chemokine 
called monocyte chemoattractant 
protein-1, or MCP-1 (also known as 
CCL2), which has been implicated 
in tumor development and angio-
genesis, in tumor tissues from the 

ethanol group and in E0771 cells 
exposed to 0.2 percent ethanol. 
MCP-1 plays an important role in 
suppressing antitumor immune 
functions and facilitating tumor 
metastasis (Kudo-Saito et al. 2013), 
indicating another mechanism 
through which alcohol could pro-
mote breast cancer progression.

A related study using the same 
alcohol-feeding regimen confirmed 
alcohol’s effects on growth and 
angiogenesis of E0771 inoculated 
into other female C57BL/6 mice 
(Lu et al. 2014). In that study, a 
molecule that can inhibit VEGF 
receptor 2 blocked alcohol’s stimula-
tory effect on tumor growth, indi-
cating that alcohol acts via a VEGF 
pathway.

Holcomb and colleagues (2012) 
examined the effects of various diets 
and supplements on the growth of 
estrogen receptor–positive mammary 
tumor cells (derived from mammary 
tumor virus-Wnt-1 transgenic mice) 
inoculated subcutaneously into 
female C57BL/6J mice that had 
their ovaries removed. Conditions 
tested included (1) 20 percent 
weight per volume (w/v) alcohol in 
drinking water; (2) a calorie-restricted 
diet with 30 percent fewer calories 
than normal; (3) a high-fat diet 
where 60 percent of calories were 
derived from fat; (4) a low-fat diet 
where 10 percent of calories were 
derived from fat; and (5) estrogen 
supplementation. The diets and 
alcohol were started when the animals 
were 8 weeks old and continued for 
27 weeks. Estrogen pellets were 
implanted after 19 weeks of alcohol 
consumption, and tumors were 
implanted after 22 weeks. The results 
on tumor growth were similar to those 
obtained by Hong and colleagues 
(2011), with the high-fat diet and 
alcohol promoting tumor growth 

and estrogen suppressing it. Tumor 
growth was greatly inhibited in the 
mice receiving a high-fat diet as well 
as estrogen supplements. The calorie- 
restricted diet also inhibited tumor 
growth independent of the effects of 
alcohol and estrogen supplementa-
tion. Neither the diets nor alcohol 
affected VEGF. 

Researchers also studied the effects 
of alcohol on estrogen receptor–
negative mouse mammary tumors. 
One study involving estrogen receptor– 
negative Met-1 cancer cells used 
female FVB/N mice that consumed 
20 percent w/v ethanol in drinking 
water for 18 weeks before they were 
injected subcutaneously with the 
cancer cells (Hong et al. 2010). 
Compared with water-drinking 
control mice, the ethanol-drinking 
animals developed palpable tumors 
earlier and also developed larger 
tumors. Several other parameters (i.e., 
insulin sensitivity, leptin levels in the 
blood, and estrogen levels) were 
elevated in the alcohol-consuming 
mice. These researchers also exam-
ined the effect of ethanol in vitro on 
the migration of the estrogen recep-
tor–positive T47D breast cancer cell 
line. The results showed that cells 
exposed to different concentrations 
of ethanol from 0.1 percent to 0.5 
percent exhibited increased migration, 
as did cells exposed to estrogen (20 
nM). The combination of estrogen 
and 0.5 percent resulted in higher 
migration than either treatment alone.

In another study (Hong et al. 
2011), the researchers examined the 
effects of alcohol on Met-1 tumor 
growth as a function of a diet (i.e., 
low fat vs. high fat) and estrogen 
supplementation (low dose vs. high 
dose). Mice consuming the high-fat 
diet developed larger tumors than 
did mice fed the low-fat diet; more-
over, alcohol ingestion increased the 
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final tumor volume in both dietary 
groups. Estrogen treatment suppressed 
tumor growth regardless of diet and 
alcohol consumption; however, 
mice treated with high-dose estrogen 
had slightly larger tumors than did 
mice treated with the low dose. 
Tumor tissues also were analyzed  
for the levels of various regulatory 
molecules hypothesized to poten-
tially influence tumor progression, 
including phosphoinositide 3 kinase 
(PI3K/p85α); a protein kinase 
called Akt; the phosphorylated form 
of Akt (p-AktSer473), a signaling 
molecule associated with cell prolif-
eration, survival, and invasion; 
proliferating cell nuclear antigen 
(PCNA); and cleaved caspase-3, a 
molecule involved in programmed 
cell death (i.e., apoptosis), with the 
following results:

• PI3K (p85α) was not affected by 
alcohol, high-fat diet, or estrogen 
treatment.

• Alcohol and the high-fat diet 
increased expression of p-AktSer473. 
In contrast, estrogen supplemen-
tation reduced phosphorylation 
of Akt in both the alcohol and 
high-fat diet groups.

• The high-fat diet and alcohol 
decreased the level of cleaved 
caspase-3, suggesting decreased 
apoptosis in the tumor tissue. 
Interestingly, estrogen reduced 
this signaling molecule in tumors 
from mice fed alcohol and high-
fat diets.

• PCNA was not altered by any of 
the variables, indicating that cell 
proliferation was not affected. 

Other researchers investigated the 
effects of alcohol on metastasis of 

the estrogen receptor–negative and 
natural killer (NK) cell-sensitive rat 
MADB106 mammary adenocarci-
noma (Yirmiya et al. 1992). In this 
study, male Fischer 344 rats were 
administered only one alcohol dose 
(1.5 to 3.5 g ethanol/kg body weight 
into the peritoneal cavity) 1 hour 
before intravenous tumor inocula-
tion. The higher ethanol doses (i.e., 
2.5 g/kg and 3.5 g/kg) significantly 
increased the number of lung metas-
tases, whereas the lowest dose (1.5  
g/kg) did not. Administration of 
naltrexone, an opioid receptor 
antagonist used to treat alcohol 
dependence, did not modify the 
alcohol-related increase in metastasis. 
Ethanol’s effects on lung metastasis 
seem to depend on the exact admin-
istration schedule. Thus, in a related 
study these researchers found that 
administration of 2.5 g/kg ethanol 
24 hours before or after tumor inoc-
ulation did not affect lung metastasis 
(Ben-Eliyahu et al. 1996). Yirmiya 
and colleagues (1992) also adminis-
tered ethanol in a liquid diet for 2 
weeks before and 3 weeks after 
tumor inoculation and found that 
lung metastases were increased. 

Alcohol’s effects also seem to 
depend on the tumor type studied. 
When rats were injected intrave-
nously with rat CRNK-16 leukemia 
cells instead of MADB106 cells, 
acute administration of 1.5 to 3.5 g 
of ethanol/kg/body weight reduced 
survival in a dose-related fashion, 
whereas maintenance on a liquid 
diet containing 5 percent w/v etha-
nol did not (Ben-Eliyahu et al. 1996; 
Yirmiya et al. 1992). 

One of the ways in which the 
body defends itself against tumor 
cells involves their destruction by 
NK cells. The investigators also 
analyzed alcohol’s effects on NK-cell 
activity, finding that neither acute 

injection nor dietary administration 
of ethanol in these experiments 
affected NK-cell activity against 
MADB106 cells when determined 
in an in vitro assay (Yirmiya et al. 
1992). When MADB106 and 
CRNK-16 cells were incubated with 
ethanol in vitro, the numbers of 
these cells were reduced after 5 days. 
These effects were significant for 
MADB106 cells at ethanol concen-
trations of 0.2 percent, 0.5 percent, 
and 1.0 percent ethanol and for 
CRNK-16 cells at 0.5 percent and 
1.0 percent ethanol. Ethanol had no 
effect in rats that were depleted of 
NK cells, and metastasis was not 
affected after injection of the NK- 
insensitive C4047 rat colon cancer 
cell line (Ben-Eliyahu et al. 1996).

Tumor growth and metastasis also 
were studied in the highly metastatic 
estrogen receptor–negative 4T1.2 
cells implanted into the mammary 
fat pad of female Balb/c that had 
consumed alcohol in drinking water 
for 4 weeks (Vorderstrasse et al. 
2012). The analyses indicated that 
continuous availability of 1 percent, 
5 percent, and 18 percent ethanol 
w/v did not affect either the estab-
lishment of tumors or the final 
mammary tumor weight, indicating 
a lack of effect on tumor growth. 
However, the animals receiving 18 
percent ethanol exhibited a marked 
reduction in metastasis to secondary 
mammary glands and to the lung. 
Tumor-associated increases in spleen 
size (i.e., splenomegaly) also were 
significantly reduced in the 18-percent 
ethanol group. Lung metastasis 
tended to be lower in mice consum-
ing 5 percent ethanol, but there was 
no effect among those consuming  
1 percent ethanol. Although the 
animals receiving 18 percent ethanol 
showed suppressed metastasis, they 
were less healthy compared with the 
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other treatment and control groups 
as indicated by appearance, body 
condition, natural behavior, and 
provoked behavior. In vitro studies 
indicated that exposure of cells to 
0.3 percent w/v ethanol did not 
affect 4T1.2 cell proliferation, 
colony formation, or invasion but 
did reduce cell migration twofold. 
Reduced cell migration may be 
related to changes in expression  
of CXCR4, a chemokine receptor 
that is important to migration and 
metastasis of breast and other cancers 
(Sarvaiya et al. 2013). Vorderstrasse 
and colleagues (2012) showed that 
expression of CXCR4 was suppressed 
60 to 80 percent in tumors of mice 
consuming 18 percent ethanol; 
however, a correlation analysis indi-
cated a lack of relationship between 
CXCR4 expression and metastasis. 
When the 4T1.2 cells were grown  
in 0.3 percent ethanol, however, 
CXCR4 expression was not altered, 
suggesting that expression was indi-
rectly modulated by alcohol 
consumption in vivo. 

Studies Using Human Tumor  
Cell Lines 
Several studies examined the specific 
effects of ethanol on various aspects 
of disease progression in human 
breast cancer cell lines, including 
proliferation of cells. Singletary and 
colleagues (2001) found that incu-
bation in 0.4 percent w/v ethanol 
increased cell proliferation in the 
estrogen receptor–positive MCF-7 
and ZR75.1 breast cancer cells but not 
in the estrogen receptor–negative 
BT-20 and MDA-MB-231 cells. 
The effect of ethanol on MCF-7 cells 
also was correlated with increases in 
estrogen receptor alpha content. 
However, alcohol’s effects are complex. 
When the MCF-7 cells were cultured 

together with human skin fibroblasts 
in 0.4 percent ethanol for 72 hours, 
ethanol suppressed estrogen receptor 
alpha expression compared with 
untreated cells (Sanchez-Alvarez  
et al. 2013). Thus, the tumor 
micro-environment is important in 
determining estrogen-receptor status 
and the effects of alcohol on breast 
cancer. Whether this study is relevant 
to patients with breast cancer is not 
known. However, additional studies 
are warranted, because estrogen 
receptor–negative breast cancer  
generally is more aggressive, and 
patients have a worse prognosis than 
patients with estrogen receptor– 
positive breast cancer. Moreover, 
conversion from estrogen receptor 
alpha positive to estrogen receptor 
alpha negative can occur (Hoefnagel 
et al. 2010).

Other studies focused more on 
the invasion and migration in vitro 
of estrogen receptor–positive and 
estrogen receptor–negative human 
breast cancer cells. One study (Ma 
et al. 2003) compared the effects of 
incubation in 0.4 percent w/v ethanol 
for 48 hours on various breast cancer 
cell lines. This treatment increased 
invasion of the estrogen receptor–
positive MCF-7 and T47D breast 
cancer cells as well as the estrogen 
receptor–negative HS578T, MDA- 
MB231, and MDA-MB435 cells. 
Similarly, incubation for 48 hours  
in 0.1 percent and 0.2 percent w/v 
ethanol stimulated invasion of estro-
gen receptor–negative SKBR3 and 
estrogen receptor–positive BT474 
breast cancer cells. In contrast, etha-
nol exposure did not affect invasion 
of HB2, an immortalized normal 
human breast tissue cell line, or 
estrogen receptor–negative BT20 
breast cancer cells. The effects of 
ethanol may depend not only on the 
specific cell line examined but also 

on the ethanol concentration used. 
Thus, studies from another labora-
tory demonstrated that exposure to 
0.1 percent, 0.2 percent, and 0.5 
percent w/v ethanol enhanced inva-
sion of T47D, MCF-7, and 
MDA-MB231 cells in a dose- 
dependent manner (Wong et al. 
2011). Similarly, Aye and colleagues 
(2004) examined the effects of expo-
sure for 48 hours to different ethanol 
concentrations on estrogen receptor– 
negative SKBR3 and estrogen  
receptor–positive BT474 breast 
cancer cells. For both SKBR3 and 
BT474 cells exposure to 0.1 percent 
and 0.2 percent w/v ethanol stimu-
lated invasion. A higher dose of  
0.4 percent w/v ethanol, however, 
inhibited invasion of SKBR3 cells 
and created mixed results for 
BT474, with one study (Aye et al. 
2004) detecting no effect on invasion 
and another study (Xu et al. 2010) 
detecting increased invasion.

Invasive ability generally was 
related to the expression of ErbB2/
neu, an epidermal growth factor 
(EGF) receptor that is amplified in 
20 to 30 percent of breast cancer 
patients, with higher ErbB2/neu 
levels indicating higher risk of lymph 
node metastasis and poor prognosis. 
More detailed studies of the rela-
tionship between alcohol, ErbB2/
neu, and invasion in the human 
breast cancer cell line T47D found 
that activation of the EGF receptor 
by addition of EGF did not signifi-
cantly affect ethanol’s ability to 
enhance invasiveness (Luo and Miller 
2000). Conversely, prevention of 
ErbB2/neu production inhibited the 
ability of ethanol to increase migra-
tion (Luo and Miller 2000). 

Numerous studies have sought  
to identify the mechanisms through 
which ethanol affects growth and 
migration of breast cancer cells or 

326| Vol. 37, No. 2 Alcohol Research: C u r r e n t  R e v i e w s



Alcohol’s Effects on Tumor Growth, Metastasis, and the Immune Response| 327

Effects of Alcohol on Tumor Growth, Invasion,  
Metastasis, and Survival in Animal Models (continued) 

the molecules that mediate these 
effects. The results of such investiga-
tions include the following:

• Studies in MDA-MD231 and 
T47D cells determined that eth-
anol induced altered adhesion to 
fibronectin, increased develop-
ment of lamellipodia,1 increased 
phosphorylation of a protein 
called focal adhesion kinase, and 
increased production of several 
proteins (e.g., ribosomal protein 
L7a, smooth muscle myosin 
alkali light chain), all of which 
can promote cell migration (Xu 
et al. 2010; Zhu et al. 2001). 

• Exposure of T47D cells to 0.5 
percent w/v ethanol decreased 
mRNA expression of NM23, a 
known metastasis suppressor gene 
(Wong et al. 2011). However, 
gene expression levels of two 
other metastasis suppressors, 
KISS1 and MKK4, were increased 
by ethanol. Ethanol treatment 
also modulated the expression of 
more than 80 other genes associ-
ated with regulation of the extra-
cellular matrix and cell adhesion. 
For example, ethanol induced 
expression of the gene encoding 
fibronectin receptor subunit  
integrin alpha 5 (ITGA5). This 
receptor activates signaling path-
ways supporting invasion, and 
reduced expression of ITGA5 
significantly inhibits invasion. 
The ethanol-induced expression 
of this gene was blocked by over-
expression of the NM23 gene, 
indicating an important relation-
ship between these two genes in 
controlling invasion of T47D 
breast cancer cells.

1  Lamellipodia are projections on the mobile edge of a cell 
that allow the cell to move across a substrate.

• Studies also assessed alcohol’s 
interactions with enzymes called 
matrix metalloproteinases (MMPs) 
such as MMP-2 and MMP-9 
that are involved in the break-
down of the extracellular matrix 
in normal physiological processes 
as well as in disease processes, 
such as metastasis. Studies to date 
indicate no interactions between 
alcohol and MMPs (Aye et al. 
2004; Ranuncolo et al. 2002).

Melanoma

In one of the first experiments 
conducted in melanoma, 6- to 
8-week-old female CDBA/2F1 mice 
consumed water or 20 percent alcohol 
for 52 weeks before being inoculated 
in a leg with the Cloudman 8-91 
melanoma tumor (Ketcham et al. 
1963). When the tumors reached a 
size of 1.5 to 2.0 cm (about 28 days 
after tumor inoculation), the groups 
were divided in half, and half of 
each group had the primary tumor- 
bearing leg amputated. At 56 days 
after tumor implantation, the number 
and size of pulmonary metastases 
were recorded for all animals. The 
study detected no substantial or 
consistent effect of alcohol on the 
size or incidence of pulmonary 
metastases. However, surgical removal 
of the tumor-bearing leg decreased 
pulmonary metastasis in both ethanol- 
drinking and water-drinking groups.

Other studies in mice assessed the 
effects of acute and chronic alcohol 
consumption on tumor growth and 
metastasis using B16 melanoma and 
its more metastatic variants, B16F10 
and B16BL6. An early study (Capel 
et al. 1978) found that mice given 
10 percent ethanol in drinking water 
for 2 weeks before inoculation with 
B16 melanoma into the thigh showed 

no altered tumor growth or metasta-
sis compared with water-drinking 
controls. In another study (Tan et 
al. 2007), tumor growth and angio-
genesis were examined in C57BL/6 
mice implanted subcutaneously with 
B16F10 melanoma cells. The mice 
had access to regular drinking water 
and to 1 percent ethanol in their 
drinking water for 12 hours each per 
day for 4 weeks, with tumor cells 
being implanted during the second 
week of ethanol administration. 
Compared with animals who only 
drank water, those who had access 
to ethanol developed palpable 
tumors sooner and had 2.2 times 
greater tumor weights at the end of 
the study. Analysis of the tumors 
indicated an increase in VEGF 
mRNA and VEGF protein, as well 
as increased tumor angiogenesis. 
Moreover, another marker of angio-
genesis, VEGF-R1 (Flt-1), also was 
found in a greater number of tumor 
cells and endothelial cells in the 
surrounding tissue from the ethanol 
group compared with the control 
group.

Wu and Pruett (1999) deter-
mined the effects of acute ethanol 
administration (5 or 6 g/kg body 
weight) given through a tube inserted 
into the mouth (i.e., by oral gavage) 
on melanoma metastasis. Ethanol 
administered to female B6C3F1 
mice 1 hour before intravenous 
inoculation of B16F10 melanoma 
cells greatly increased lung metastasis. 
The number of metastases also was 
increased when administration of 
6 g/kg ethanol occurred 4 or 10 
hours after tumor inoculation but 
not when it occurred 6 hours before 
tumor inoculation. About half of  
the increase in lung tumor nodules 
seemed to be related to ethanol- 
induced corticosterone production 
in the adrenal glands. Experiments 
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analyzing whether ethanol-related 
inhibition of some aspect of NK-cell 
function also might contribute to 
the increased metastasis produced 
found no indication of significantly 
reduced NK-cell numbers or activity. 
However, further studies directed at 
determining the role of NK cells in 
the acute ethanol-induced increase 
in melanoma lung metastasis showed 
that ethanol inhibited experimental 
induction of NK-cell activity (in 
response to poly I:C), resulting in 
approximately a twofold increase in 
lung tumor nodules compared with 
control mice (Wu and Pruett 1999). 
Additional mechanistic studies indi-
cated that a single dose of ethanol 
increased corticosterone levels (Collier 
et al. 2000) and also suppressed 
experimental induction of mRNA 
for a variety of cytokines (i.e., inter-
feron alpha [IFN-α], interferon beta 
[IFN-b], IFN-γ, IL-6, IL-12, and 
IL-15) (Pruett et al. 2003). As a 
result, concentrations of IFN-α and 
IL-12 in the blood were decreased. 
Conversely, ethanol greatly enhanced 
the levels of IL-10 in the blood. 
However, these changes in serum 
cytokines were not mediated by cor-
ticosterone. Overall, these studies 
suggest that the increase in melanoma 
lung nodule formation after acute 
ethanol administration is complex 
and related to effects associated with 
some aspect of NK-cell inhibition, 
increased suppression of NK-cell 
activity by corticosterone, and  
corticosterone-independent effects 
on cytokines favoring tumor 
immune escape.

The effects of chronic alcohol 
consumption on tumor growth and 
metastasis of the highly invasive and 
spontaneously metastatic B16BL6 
melanoma inoculated subcutane-
ously were studied in female 
C57BL/6 mice administered ethanol 

in drinking water. In an initial 
study, consumption of 2.5 percent, 
10 percent, or 20 percent w/v etha-
nol in drinking water for 6 to 8 
weeks before tumor inoculation and 
continuing thereafter did not affect 
primary tumor growth (Blank and 
Meadows 1996). However, the 
animals receiving 20 percent ethanol 
in their drinking water exhibited 
consistently reduced survival, lower 
tumor weight, and lower final body 
weight compared with the other 
groups. Alcohol exposure also affected 
metastasis. All three ethanol-exposed 
groups had reduced metastasis to  
the axillary lymph nodes, with the 
10-percent and 20-percent ethanol 
groups showing reduced lung metas-
tasis, and the 20-percent ethanol 
group showing reduced superficial 
metastasis to the kidneys. Metastasis 
did occur, however, in the draining 
inguinal lymph nodes in mice 
consuming 20 percent weight per 
volume ethanol for 12 weeks (Zhang 
et al. 2011b).

More specific experiments sought 
to determine the effect in mice on 
metastasis of B16BL6 melanoma of 
short-term and long-term exposure 
to 10 percent and 20 percent w/v 
ethanol before and after intravenous 
inoculation into a tail vein or inocu-
lation into the skin of the pinna of 
the ear2 (Meadows et al. 1993a,b; 
Spitzer et al. 2000; Zhang et al. 
2011a). These experiments showed 
that 10 percent w/v ethanol did not 
affect metastasis after intravenous 
tumor inoculation in female C57BL/6 
mice consuming alcohol for 2 weeks 
or spontaneous metastasis in mice 
injected 1 week after initiating ethanol 
feeding. However, lung metastasis 
was inhibited if intravenous injec-
tion of tumor cells occurred at 4, 

2 This method of tumor placement facilitates spontaneous 
metastasis.

6.5, 7, and 12 weeks after initiation 
of 20 percent w/v ethanol. Similarly, 
spontaneous metastasis to the lung 
was significantly inhibited in mice 
injected with melanoma at 1, 4, 6.5, 
and 10 weeks of consuming 20 
percent ethanol. Ethanol did not 
prevent spontaneous metastasis to 
the draining cervical lymph nodes. 

The antimetastatic effect of ethanol 
on the B16BL6 melanoma tumor 
was confirmed after injection of 
tumor cells in male C57BL/6J mice 
that carry a gene for obesity and 
which had consumed 20 percent 
ethanol in drinking water for 10 
weeks (Kushiro and Nunez 2012). 
Different groups were analyzed for 
lung tumor metastasis over a period 
of 16 to 21 days. All of the water- 
drinking animals had developed visible 
lung metastases at 16 days after tumor 
injection, whereas some of the ethanol- 
drinking mice did not develop lung 
metastases until 21 days. More-over, 
the numbers of lung metastases in 
the ethanol-drinking mice were 
significantly lower at 21 days.

 The contribution of NK cells to 
the inhibition of metastasis was eval-
uated in mice consuming 10 percent 
or 20 percent w/v ethanol for 4 weeks 
(Meadows et al. 1993a). Whereas 
consumption of 10 percent ethanol 
did not alter the NK cells’ ability to 
destroy other cells (i.e., decrease 
cytolytic activity), animals consuming 
20 percent ethanol showed decreased 
NK cytolytic activity. And although 
experimental stimulation of NK 
cells could enhance their cytolytic 
activity 4.3-fold in the ethanol- 
drinking animals, compared with 
2.6-fold in the control animals, 
overall cytolytic activity still was 
lower in the ethanol group than in 
the control group. Treatment of 
mice with an antibody against NK 
cells (i.e., anti-NK1.1 antibody) 
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markedly decreased NK-cell cytolytic 
activity in both water- and ethanol- 
drinking animals. These same treat-
ments were evaluated in mice 
injected with B16BL6 melanoma. 
Experimental stimulation of NK 
cells decreased the number of lung 
metastases in the water-drinking and 
10-percent ethanol groups, but not 
in the 20-percent ethanol group. 
Inactivation of NK cells by adminis-
tration of anti-NK1.1 antibody 
significantly increased lung metastases 
in the water-drinking and 10-percent 
ethanol groups, but not in the 
20-percent ethanol group.

The data suggest that inhibition  
of NK-cell cytolytic activity in mice 
consuming 20 percent ethanol does 
not lead to enhanced metastasis 
following inoculation of B16BL6 
melanoma. This lack of interaction 
between alcohol consumption and 
NK-cell cytolytic activity in B16BL6 
melanoma lung metastasis was further 
confirmed in another strain of mice 
(i.e., beige mice) that naturally have 
low NK cytolytic activity (Spitzer et 
al. 2000). In other experiments to 
determine how ethanol decreases 
metastasis of B16BL6 melanoma, 
either isolated tumor cells grown in 
the presence of 0.3 percent ethanol 
or tumor cells from alcohol-consuming 
mice were inoculated into water- 
drinking mice (Blank and Meadows 
1996). Mice that had received either 
tumor cells cultured in the presence 
of ethanol or derived from mice 
drinking 20 percent alcohol showed 
increased lung metastasis compared 
with control mice or those receiving 
tumor cells derived from mice drink-
ing 10 percent ethanol. Thus, ethanol 
seems to increase the actual meta-
static potential of melanoma cells. 
However, because alcohol drinking 
inhibits metastasis, there seem to be 

other factors induced by ethanol that 
counter this metastatic potential. 

Further research was directed at 
identifying factors involved in expres-
sion of the antimetastatic effect asso-
ciated with chronic (12 weeks) 
consumption of 20 percent w/v 
alcohol consumption. Zhang and 
colleagues (2011a) found that chronic 
alcohol consumption increased the 
numbers of immune cells (e.g., NK, 
NKT, CD4+ T and CD8+ T cells) 
that produce IFN-γ. IFN-γ is an 
essential factor in the control of 
melanoma metastasis (Blankenstein 
and Qin 2003; Ikeda et al. 2002). 
IFN-γ also mediates the antimeta-
static effects of chronic alcohol 
consumption, because mice that 
could not produce IFN-γ did not 
show this effect (Zhang et al. 2011a). 
The investigators attempted to deter-
mine whether one immune cell popula-
tion was more important than another 
in producing the antimetastatic IFN-γ. 
However, through a series of specific 
cell depletion experiments, they found 
that it did not matter which cell type 
produced the IFN-γ. 

Other investigators (Kushiro and 
Nunez 2012) found that B16BL6 
melanoma cells grown in 0.1 percent, 
0.2 percent, or 0.5 percent ethanol 
showed considerably reduced cell 
invasion and, at the highest ethanol 
concentration, reduced cell motility 
and anchorage-dependent growth. 
Ethanol did not affect cell proliferation, 
apoptosis, or necrosis of the mela-
noma cells. In addition, the highest 
ethanol dose altered the expression 
of several genes that play prominent 
roles in regulating melanoma metas-
tasis (i.e., the IL6, Nfkb, snail1, 
E-cadherin, Kiss1, Nm23-m1, and 
Nm23-m2 genes). These changes 
also could contribute to the antimet-
astatic effect of alcohol on melanoma.

Summary

Animal models have yielded some 
insights into the effects of alcohol on 
tumor growth, survival, and metas-
tasis of different cancers, including 
breast cancer, lung cancer, liver 
cancer, and melanoma. However, 
because cancer is a collection of 
many different diseases and 
subtypes, each cancer or cancer 
subtype might not respond similarly 
to alcohol, as is evident from the 
research discussed here.

The relationship between alcohol 
and tumor progression is complex. 
Tumor metastasis involves many 
steps and also is controlled by many 
different signaling pathways. Because 
each cancer is unique, the specific 
connections between alcohol and 
the steps involved in cancer progres-
sion also by nature are complex. 
Thus, it is important to relate exper-
imental results to specific types/
subtypes of cancer as well as the 
amount of alcohol consumed, the 
route of alcohol administration, and 
the duration of alcohol administra-
tion. Clearly, more studies are 
needed to define the effect of alcohol 
on tumor progression and to deter-
mine the mechanisms associated with 
individual cancers and subtypes. 
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1 in 3 children starts drinking by the  
end of the 8th grade 

Alcohol Screening and Brief Intervention  
for Youth:  A Practitioner’s Guide 

Alcohol and Viral 
Hepatitis

Role of Lipid Rafts

Angela Dolganiuc, M.D., Ph.D. 

Both alcohol abuse and infection with hepatitis viruses can 
lead to liver disease, including chronic hepatitis. Alcohol and 
hepatitis viruses have synergistic effects in the development of 
liver disease. Some of these involve the cellular membranes 
and particularly their functionally active domains, termed lipid 
rafts, which contain many proteins with essential roles in 
signaling and other processes. These lipid rafts play a central 
role in the lifecycles of hepatitis viruses.  Alcohol’s actions at 
the lipid rafts may contribute to the synergistic harmful effects 
of alcohol and hepatitis viruses on the liver and the pathogenesis 
of liver disease. 

Key words: Alcohol abuse; alcohol use and misuse; alcohol 
disorder; liver; liver disease; hepatitis; hepatitis B virus; 
hepatitis C virus; lipid rafts

Alcohol is the most used and abused psychoactive drug 
worldwide. Alcohol use and misuse, including alcohol use 
disorder, can have devastating effects and account for 5.9 
percent of deaths and 5.1 percent of the global burden of 
disease and injury, thereby also imposing a significant social 
and economic burden on society (World Health Organization 
2015). Moreover, treatments for alcohol abuse have shown 
limited effectiveness (Grant et al. 1988; National Institute 
on Alcohol Abuse and Alcoholism 1998). Alcohol use 
disorder is a systemic disease that affects all organs and 
systems. Evidence suggests that risk of alcohol-related  
organ damage occurs with excessive alcohol intake, which  
is defined as binge drinking or heavy drinking. According 
to the National Institute on Alcohol Abuse and Alcoholism, 
binge drinking is defined as a pattern of alcohol consump-
tion that brings the blood alcohol concentration (BAC) 
level to 0.08 percent or more. This pattern of drinking 
usually corresponds to consumption of 5 or more drinks on 
a single occasion for men and 4 or more drinks on a single 
occasion for women, generally within about 2 hours. Heavy 
drinking typically is defined as consuming 15 drinks or 
more per week for men and 8 drinks or more per week  
for women (Centers for Disease Control and Prevention 
[CDC] 2014). The liver is particularly susceptible to alcohol- 
induced damage. However, although many chronic heavy 
drinkers develop alcoholic liver disease (ALD), no consump-

tion levels have been identified that predictably result in 
ALD. Factors that influence the susceptibility to ALD 
include gender, co-exposure to other drugs, genetic factors 
that either favor the development of addiction or affect 
alcohol-metabolizing enzymes, immunological factors, 
nutritional status, and infection with viruses targeting the 
liver (i.e., hepatotropic viruses).

Hepatitis viruses, and particularly hepatitis B virus 
(HBV) and hepatitis C virus (HCV), are responsible for 
most cases of chronic hepatitis in the United States. In 
2013, almost 20,000 new cases of HBV infection and 
almost 30,000 new cases of HCV infection were estimated 
to occur in the United States (CDC 2015a). Worldwide, 
approximately 350 to 400 million people, or about 5 
percent of the population, are chronically infected with 
HBV and about 180 million people, or 2 percent of the 
population, with HCV (El-Serag 2012). In chronic alcoholics, 
the prevalence of HCV infection as indicated by the presence 
of anti-HCV antibodies is higher than in the general popu-
lation (Takase et al. 1993). Co-occurring viral hepatitis and 
alcohol use disorder adversely affect disease course and are 
associated with increased mortality and death at an earlier 
age (Kim et al. 2001; Sagnelli et al. 2012; Tsui et al. 2006; 
Wiley et al. 1998). The most serious complication of ALD 
is liver cirrhosis, which often progresses to hepatocellular 
carcinoma (HCC); indeed, about 20 percent of heavy drinkers 
develop cirrhosis during their lifetime, and this risk is much 
increased in the presence of co-occurring viral hepatitis 
(El-Serag 2012; Ishak et al. 1991). End-stage liver disease 
from viral hepatitis, together with ALD, is the main reason 
for liver transplantation in the United States (El-Serag 2012).  

The mechanisms how alcohol and viral hepatitis together 
accelerate liver disease have been researched extensively over 
the last several decades. It is becoming clear that alcohol 
exposure, infection with hepatitis viruses, and the host’s 
defense mechanisms against these offenders combine to 
contribute to the pathogenesis of liver disease and thus 
could be targets of therapeutic interventions. New antiviral 
drugs against HCV have been developed in recent years, 
and reasonably effective HBV treatments also are available 
(American Association for the Study of Liver Diseases 
2015; Lok and McMahon 2009). Yet many patients either 
do not qualify for or cannot afford newer antiviral treatments. 
Further, exposure to alcohol, whether acute or chronic, 
light or heavy, may preclude eligibility for treatment of viral 
hepatitis. Additionally, many patients cannot achieve absti-
nence from alcohol or experience recurrent relapse (Becker 
2008). Therefore, novel approaches are needed for the 
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diagnosis and treatment of patients with coexisting alcohol 
use and viral hepatitis. 

This article reviews some of the mechanisms underlying 
alcohol-induced liver injury and also explains the contribu-
tions of hepatitis viruses to liver disease, as well as the syner-
gistic effects of alcohol and hepatitis virus infections on the 
liver. This discussion particularly focuses on the roles that 
the cellular membranes, and especially membrane domains 
called lipid rafts, play in these processes. Both alcohol and 
viral infections influence the functions of lipid rafts and  
the functional proteins they contain, which may exacerbate 
disease progression. The specific mechanisms underlying  
the effects of alcohol and hepatitis viruses on the cellular 
membranes and their contribution to liver disease patho-
genesis, however, still remain to be fully elucidated.

Alcohol-Induced Liver Injury

Liver injury in ALD occurs as a result of multiple synergistic 
mechanisms, including impaired function of the main 
parenchymal liver cells (i.e., hepatocytes), imbalanced local 
(i.e., nonparenchymal) and systemic immune responses, 
and altered cross-talk between parenchymal and nonparen-
chymal cells in the liver. 

Alcohol has diverse effects on the hepatocytes that result 
in significant disturbances of the cells’ abilities to synthesize 
needed molecules and detoxify harmful products (Van 
Horn et al. 2001; Videla et al. 1973), pronounced deficits 
in antioxidant levels (Fernandez-Checa et al. 2002; 
Lauterburg and Velez 1988), and marked oxidative cellular 
stress (Tsukamoto 1993). These effects, together with addi-
tional changes in hepatocyte metabolism, lead to the accu-
mulation of lipids in the alcohol-exposed hepatocytes (i.e., 
hepatic steatosis). The affected cells consume oxygen ineffi-
ciently, have reduced detoxifying ability, fail to synthesize 
needed compounds, and are more likely to undergo apoptosis 
(Nanji and Hiller-Sturmhoefel 1997). As a result of all of 
these changes, the cells also become more susceptible to other 
harmful influences, such as infections with hepatotropic viruses 
and dietary insufficiencies. Finally, alcohol exposure greatly 
enhances tumorigenesis in hepatocytes (Morgan et al. 2004). 

Alcohol exposure also affects local immune responses by 
both hepatocytes and resident and nonresident immune 
cells. Hepatocytes are the first cells to encounter hepatotropic 
viruses, and activation of their cytokine signaling systems—
including proinflammatory cytokines such as tumor necro-
sis factor alpha (TNF-α), interleukin (IL)-1 and IL-6, and 
interferons (IFNs)—is key to the initiation of immune 
responses. Alcohol exposure has diverse effects on these 
immune responses. On the one hand, alcohol suppresses 
intracellular expression of type I IFNs (IFN-α/β) in human 
hepatocytes by reducing the expression of key positive regu-
lators of type I IFN signaling pathways and inducing the 
expression of key negative regulators of IFN-α/β signaling 
(Plumlee et al. 2005; Ye et al. 2010). On the other hand, 
alcohol-exposed hepatocytes increase the expression of 

proinflammatory TNF-α (Mandrekar 2007; Plumlee et al. 
2005). In addition, alcohol exposure results in differential 
activation of IL-1 pathways in hepatocytes versus other 
nonparenchymal cells (e.g., Kupffer cells). Thus, certain 
active molecules (i.e., the active fragment of caspase-1 and 
IL-1β) are elevated only in liver immune cells but not in 
alcohol-exposed hepatocytes. Innate immune pathways in 
hepatocytes also may regulate hepatocyte steatosis and 
hepatocellular injury. A signaling molecule called IRF3, 
which is an essential component of innate immunity and  
is required for hepatocyte apoptosis, may play a unique role 
in the processes leading to hepatocyte apoptosis in ALD 
and tying together alcohol-induced liver inflammation, 
metabolic disturbances, and cell death (Petrasek et al. 2013). 

Alcohol-induced cross-talk between parenchymal and 
nonparenchymal liver cells (e.g., Kupffer cells) is another 
key component of liver disease (Cohen and Nagy 2011). 
The activation of Kupffer cell-specific signaling pathways 
involving innate immune molecules called toll-like recep-
tors (TLRs), and in particular TLR4, is emerging as a 
required step in the progression of liver disease from steatosis 
to steatohepatitis in ALD. In addition, TLR4-mediated 
activation of Kupffer cells seems to be important for the 
formation of scar tissue (i.e., fibrogenesis) in the liver after 
chronic alcohol treatment (Adachi et al. 1994; Inokuchi et 
al. 2011). Other TLRs also influence the development of 
ALD. Thus, alcohol exposure augments signaling via TLR8 
and TLR7, thereby inducing both IL-10 and TNF-α and 
downgrading IFN expression in myeloid cells (Pang et al. 
2011). These effects may contribute to the persistent 
inflammation and impaired antiviral responses in ALD. 
Kupffer cells seem to govern the course of ALD, especially 
in the early stages of the disease, because deletion of these 
cells protects against alcohol-induced liver injury. The 
mechanisms underlying these effects are not fully under-
stood but likely are multifactorial and include cell cross-
talking between innate immune cells and other liver cells, 
such as stellate cells (Adachi et al. 1994). Stellate cells, in 
turn, can develop into myofibroblasts that play a central 
role in alcohol-induced fibrogenesis. Alcohol exposure trig-
gers stress signals from hepatocytes that can activate myofi-
broblasts, which favor excess type 1 collagen synthesis and 
lead to progression of fibrosis (Siegmund and Brenner 
2005). Additionally, TLR4 is a key molecule involved in 
signaling to, from, and inside of stellate cells, suggesting 
that innate immune pathways also contribute to this stage 
of ALD (Paik et al. 2003; Seki et al. 2007).

Hepatitis Viruses

Hepatitis viruses are a heterogeneous group of five unre-
lated hepatotropic viruses that cause inflammation of the 
liver. They include hepatitis viruses A, B, C, D, and E. Of 

300| Vol. 37, No. 2 Alcohol Research: C u r r e n t  R e v i e w s



C u r r e n t  R e v i e w sALCOHOL RESEARCH:

these, HBV and HCV are clinically most relevant in 
Western countries.1 

HBV
HBV reproduces exclusively in hepatocytes. Each HBV 
particle contains a 3.2-kb open circular DNA encapsulated 
in a protein shell made of three envelope proteins and  
the enzymes HBV polymerase and cellular protein kinase  
C alpha (PKCα) (Wittkop et al. 2010). This complex is 
called the core particle or nucleocapsid. The nucleocapsid is 
further surrounded by a membrane derived from the previ-
ous host cell. When infecting cells, the viral envelope inter-
acts with liver-specific receptors, leading to uptake into the 
cell (i.e., endocytosis) of the virus particle and release of the 
nucleocapsid (see figure 1). The nucleocapsid is transported 
to the nucleus, where the HBV genome is released and then 
transcribed into mRNAs that gives rise to three envelope 
proteins. In parallel, another viral mRNA is translated in 
the cytosol into the HBV core protein and viral polymerase. 
Then, the viral mRNA and the various viral proteins assem-
ble to immature core particles in a membrane-enclosed cell 
structure called the Golgi apparatus. The HBV genomes 
mature within these core particles via reverse transcription 
of the pre-genomic mRNA to DNA. As soon as the mature 
virus is assembled, the viral particle release begins. Each 
virus particle is packaged into a cellular membrane coat 
from the Golgi apparatus and then released from the host 
cell, taking a bit of the cell membrane with it as an envelope. 

Immune cells sense virus-infected cells, inducing a cyto-
toxic immune response. This response, combined with 
ongoing strong HBV DNA replication, often results in 
persistent, strong inflammatory disease (i.e., hepatitis), 
progressive fibrosis of the liver, and potentially in HCC 
(El-Serag 2012; Koziel 1998).

HCV
HCV is a positive-sense, single-stranded RNA virus that, 
like HBV, is thought to reproduce exclusively in hepato-
cytes (Paul and Bartenschlager 2014).2 HCV replicates in 
humans and high-level primates; it causes acute infections 
and has very high propensity to progress to chronic infec-
tion. The HCV viral particle includes the HCV RNA 
genome, the core, and an envelope made up of two glyco-
proteins (i.e., E1 and E2), which are key to the initial viral 
attachment to its cellular receptor/co-receptors (Flint and 
McKeating 2000; Rosa et al. 1996). Numerous molecules can 
serve as HCV receptors, such as scavenger receptor class B 

1  The hepatitis A virus usually only causes self-limiting infections. Hepatitis D virus requires the helper 
function of HBV to replicate and thus hepatitis D virus infections only occur in people infected with 
HBV. Hepatitis E virus primarily is found in Asia and Africa and is less common in Europe and the 
Americas. Chronic hepatitis E virus infection only has been observed in people receiving immunosup-
pressant treatment after an organ transplant. The effects of alcohol on hepatitis A, D, and E viruses 
are largely unknown.

2  Some reports suggest that viral replication outside the liver may also occur (Revie and Salahuddin 
2011).

type I, low-density lipoprotein receptors, CD81, claudin-1, 
occludin, epidermal growth factor receptor, and Niemann-
Pick C1-like 1 cholesterol absorption receptor (for a review, 
see Lindenbach and Rice 2013). Following attachment to 
the entry receptors, HCV is internalized into the host 
hepatocyte via endocytosis (Bartosch et al. 2003; Blanchard 
et al. 2006) and the RNA genome is released into the cyto-
plasm (see figure 2). The HCV RNA serves as template for 
the translation of a single large precursor protein that is 
processed further into 10 individual viral proteins. The 
translation, folding, processing, and function of these viral 
proteins depend on a specific intracellular structure in the 
hepatocytes called a membranous web, which also hosts 
viral RNA replication to generate new HCV genomes and 
assists in the assembly of new infectious viral particles 
(Chao et al. 2012). The assembly and release of these virus 
particles is closely linked to lipid metabolism (Paul et al. 
2014). Thus, the lipid composition of the viral envelope is 
dependent on cholesterol biosynthetic pathways and resem-
bles several types of cholesterol (i.e., low-density lipoprotein 
and very-low-density lipoprotein, with associated apolipo-
protein E and/or B). In fact, the virus particles share the 
outer lipid coat with certain structures (i.e., lipid rafts, which 
will be discussed below) in the cell membrane surrounding 
the host hepatocytes (Chang et al. 2007; Gastaminza et al. 
2008; Merz et al. 2011; Miyanari et al. 2007). 

HCV replication is kept in check by the combined efforts 
of innate and adaptive (i.e., cellular and humoral) immune 
responses. In some people, the acute infections are mild and 
with limited clinical manifestations. In about 70 percent of 
infected individuals, however, the HCV infection is not 
cleared and a chronic infection is established. Possible mecha-
nisms contributing to chronic HCV infection include fail-
ure of several types of immune cells, including natural killer 
cells, dendritic cells, and CD4 T cells (Dolganiuc et al. 2012; 
Koziel 2005; Szabo and Dolganiuc 2008). Persistently high 
viral replication that leads to steatotic transformation of 
hepatocytes and the subsequent death of some of the infected 
cells as well as an exaggerated inflammatory response to  
the infection can promote the development of fibrosis  
and induce disease progression from chronic hepatitis to 
end-stage liver disease and HCC.

Synergistic Effects of HBV/HCV Infection  
and Alcohol Abuse on Liver Disease 

HBV and Alcohol Abuse
The prevalence of drinking in the general population is 
high, with more than 70 percent of people over age 18 in 
the United States reporting that they drank alcohol in the 
past year (National Institute on Alcohol Abuse and Alcoholism 
2015). Accordingly, a significant portion of patients with 
chronic HBV infection are believed to have concomitant 
ALD. Alcohol use disorder is one of several conditions that 
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may co-occur with chronic HBV infection and contribute 
to rapid progression of liver disease, increased likelihood of 
tumorigenesis, and accelerated progression of HCC (Ribes 
et al. 2006; Sagnelli et al. 2012). Thus, heavy alcohol intake 
in chronic HBV-infected patients is associated with a higher 
risk for developing liver cirrhosis; the prevalence of cirrhosis 
is about 2.5 times higher in patients with co-occurring 
HBV infection and alcohol abuse than in patients with only 
one of these conditions (Sagnelli et al. 2012). The prevalence 
of HCC and liver-related mortality also is higher in people 
with chronic HBV infection and concurrent heavy alcohol 

consumption (Hughes et al. 2011; Niro et al. 2010). 
Other co-occurring conditions that increase morbidity and 
mortality associated with chronic HBV infection and accel-
erate disease progression include infection with HCV, hepatitis 
D virus, and HIV (Ribes et al. 2006; Sagnelli et al. 2012).

Other studies found that alcohol promotes the presence 
of HBV particles in the blood (i.e., HBV viremia). For 
example, ethanol-fed mice showed up to sevenfold increases 
in the levels of HBV surface antigens (i.e., HBsAg) and viral 
DNA in the blood compared with mice fed a control diet. 
In addition, the ethanol-fed mice had elevated levels of 
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Figure 1  The life cycle of hepatitis B virus (HBV) and the role of lipid rafts. The HBV particles consist of an inner core particle (i.e., the nucleocapsid) 
that is made up of several envelope proteins, core proteins, and viral DNA. It is surrounded by a membrane derived from the previous host 
cell. (1) The virus particle attaches, presumably via the Pre-S1 protein, to unknown HBV receptors in the membrane of the cell. These 
receptors are located in membrane regions with characteristic lipid composition (i.e., lipid rafts). (2) The virus particle is taken up into  
the cell via a process called endocytosis and the nucleocapsid is released. (3) The nucleocapsid is transported into the nucleus, where 
(4) the DNA is released and (5) transcribed into mRNAs. (6) Some of the mRNAs are translated into the envelope proteins in the endo-
plasmic reticulum (ER). (7) Other mRNAs are translated into core proteins in the host cell’s cytosol. (8) Envelope proteins, core proteins, 
and mRNA move to the Golgi apparatus and assemble into immature core particles. (9) The immature particles mature in the Golgi 
apparatus, including reverse transcription of viral mRNA into DNA. (10) The mature particles become surrounded by the Golgi apparatus 
membrane. (11) The mature particles are released from the host cell, taking a piece of cellular membrane with them as an envelope, 
including lipid raft pieces.
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Figure 2  The life cycle of hepatitis C virus (HCV) and the role of lipid rafts. HCV particles attach to receptors in lipid-raft regions of the hepatocyte 
membrane, and the virus particles are taken up into the cell via endocytosis. The viral RNA is released and serves as template for the 
production of viral proteins at a structure called the membranous web, which also includes the membranes surrounding the endoplasmic 
reticulum (ER) and Golgi apparatus. The membranous web also is the site of assembly of new virus particles. During assembly and  
subsequent release of the viral particles, the particles obtain pieces of the cellular membrane as an outer envelope that shares the lipid 
composition of the membrane, particularly of the lipid rafts.
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HBV RNA as well as increased expression of various viral 
proteins (i.e., surface and core proteins) and X antigens in 
the liver (Larkin et al. 2001).

HCV and Alcohol Abuse 
The prevalence of chronic HCV infection is significantly 
elevated among people with alcohol use disorder (Fong et al 
1994; Novo-Veleiro et al 2013) compared with the general 
population (prevalence of 1 to 2 percent) (CDC 2015b). 
Variables independently associated with HCV infection 
include female gender, injection drug use, and the presence 
of ALD (Novo-Voleiro et al. 2013). At the same time, 
patients with HCV infection have a higher prevalence of 
alcohol abuse and a longer duration of alcohol consumption 
compared with the general population (Degos 1999; Nevins 
et al. 1999; Pessione et al. 1998).

Chronic HCV infection results in the development of 
HCC in about 1 to 3 percent of patients after 30 years 
(Grebely and Dore 2011), contributing to the morbidity 
associated with HCV. The rate of HCC is substantially 
higher in people with HCV-related cirrhosis, reaching 2  
to 4 percent per year in the United States, and even higher 
rates of up to 7 percent have been reported in Japan. Risk 
factors for the development of HCV-related HCC include 
male gender, age older than 55 years, and high levels of 
alcohol consumption (Grebely and Dore 2011; Hajarizadeh 
et al. 2013; Kim and Han 2012). Alcohol intake of 40 
grams ethanol per day or more is associated with more rapid 
progression of liver disease associated with chronic HCV 
infection, including a more rapid increase in fibrosis and  
a doubled incidence of cirrhosis compared with patients 
with lower consumption levels (Wiley et al. 1998). Similarly, 
the risk of developing HCC is twice as high in patients with 
chronic HCV infection who drink heavily. Even small 
amounts of alcohol lead to an increased level of serum HCV 
RNA in patients with HCV infection (Cromie et al. 1996). 

Alcohol, Cellular Membranes, and Lipid Rafts

Biological membranes surround the cells and create 
compartments within the cells, such as the endoplasmic 
reticulum and Golgi apparatus. Current models view cellu-
lar membranes as tri-dimensional lipid–protein complexes 
that are easily disturbed. Thus, even small stimuli, such as 
changes in pH, ion environment, or binding of a molecule 
to a protein receptor, can lead to profound changes in the 
composition, function, and integrity of the cellular membrane. 
Not surprisingly, therefore, alcohol also can alter the state 
of the cellular membranes and may thereby affect cellular 
function. At the same time, proteins embedded in the cellu-
lar membranes may serve as receptors and points of entry 
for viruses, such as HBV and HCV. 

The specific structure and function of hepatocyte 
membranes contributes to the ability of hepatitis viruses to 
infect the cells. In contrast to nonparenchymal liver cells, 

hepatocytes are polarized cells—that is, they have two 
clearly defined ends (i.e., an apical and a basolateral side), 
which is reflected in the membrane structure. Thus, the 
apical and basolateral membranes each have characteristic 
components that cannot mix, partially because the two 
cellular domains are separated by structures called tight 
junctions that also ensure the connection between a hepato-
cyte and its neighboring cells. The composition of polarized 
membranes differs between both ends of the cell with 
respect to both protein composition and lipid repertoire. 
Additionally, the membranes of both polarized and nonpo-
larized cells can be divided into lipid rafts and non–lipid- 
raft domains. Lipid rafts are membrane sections ranging in 
size from 10 to 200 nm that are enriched in specific lipids 
(i.e., sterols, sphingolipids, or ceramide). The specific struc-
ture of these lipid rafts promotes protein–protein and 
protein–lipid interactions; in addition, many cellular 
processes occur in these membrane regions. In both hepato-
cytes and other cell types, the overall protein concentration 
in the lipid rafts is relatively low, although certain proteins 
are highly concentrated in these membrane sections 
(Prinetti et al. 2000). The association with a lipid raft can 
influence the function of a protein (Paik et al. 2003; Pike 
2006; Sonnino and Prinetti 2013). For example, proteins 
within lipid rafts are less able to move to other membrane 
areas, which favors more stable interactions with other 
proteins in the same domain. Thus, the activation of a cellu-
lar protein that serves as a receptor in a lipid raft facilitates 
clustering of the receptor with its co-receptors. Because the 
outer envelope of animal viruses such as HBV and HCV  
is derived from the host membranes, the lipid composition 
of the viral envelope resembles that of the membrane from 
which the virus buds (Laine et al. 1972). The cellular lipids 
and lipid rafts obtained from the host often modulate the 
membrane fusion between virus and host cell that is medi-
ated by viral proteins (Teissier and Pécheur 2007) and 
therefore could become important targets for efforts to disrupt 
the viral life cycle. In general, the viruses seem to attach primar-
ily to membrane areas containing lipid rafts; it remains to be 
determined whether viruses gain infectivity advantage if they 
attach to lipid rafts located in the apical or basolateral domain 
of the cell (Lindenbach and Rice 2013).

Influence of Alcohol on Cellular Membranes  
and Lipid Rafts
The effect of alcohol exposure on cellular membranes, and 
lipid rafts in particular, depends on the cell type and its 
activity state as well as on the alcohol concentration and 
duration of exposure. It is important to remember, however, 
that alcohol’s effects on the cellular membrane do not occur 
in isolation; rather, they are part of alcohol’s global effects 
on the cell and on the tissue as a whole. In addition, liver-
cell membranes may adapt to alcohol consumption (Rottenberg 
1991), although it is difficult to determine which of those 
changes represent an adaptation and which represent patho-
logical changes. Whether the adaptive changes of membrane 
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composition, structure, and function delay or accelerate  
the onset of the pathological changes in the liver of human 
alcoholics also still is unclear.

Alcohol’s effects on cellular membranes can be indirect  
or direct (see figure 3). Indirect effects include, for example, 
the binding of acetaldehyde—which is a major metabolic 
product of ethanol and is found in high concentrations in 
the serum during alcohol abuse—to hepatocyte membranes. 
The acetaldehyde affects the structure of the cellular membrane, 
which leads to disruption of tight junctions, increased 
immune recognition of certain antigens, cell damage, DNA 
damage, and mutagenesis (Setshedi et al. 2010; Thiele et al. 
2008). Alcohol’s direct effects on the cellular membrane can 
be subdivided further into effects on the lipids and effects 
on the protein components. Of these, alcohol’s effects on 
protein function probably have the greatest impact on both 

parenchymal and nonparenchymal liver cells. They occur 
during both the acute and the chronic phase of alcohol 
exposure and lead to significant functional impairment of 
the cells, which can cause cell death, tumorigenesis, altered 
intercellular communication, and increased susceptibility to 
additional insults, including viral infections. All of these can 
contribute to liver dysfunction. Studies have demonstrated 
that alcohol can impair the functions of proteins in cellular 
membranes and lipid rafts in liver cells in multiple ways, 
including actions on lipid-raft–associated signaling pathways 
(Dai and Pruett 2006; Dolganiuc et al. 2006). However, 
these studies have focused primarily on the outer cellular 
membrane and its lipid rafts; the effects of alcohol on intra-
cellular lipid rafts (Chao 2012) remain to be characterized. 
Nevertheless, it is clear that as a result of the complex 
actions of alcohol on lipid-raft–associated signaling, the 
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Figure 3  Alcohol’s effects on virus-infected hepatocytes. Alcohol may exert its effects both directly and indirectly. Indirect effects are, for example, 
related to the actions of the alcohol metabolite, acetaldehyde. Alcohol can directly affect both lipids and proteins in the cell. Through a 
variety of mechanisms, these effects may alter the infectivity of and the cell’s response to HBV and HCV, affecting both viral entry into the 
cells and release of viral particles from the cells.
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liver cells are more likely to create a proinflammatory milieu 
and downregulate their antiviral defense mechanisms. For 
example, studies have detected interference with signal 
transduction systems (Aliche-Djoudi et al. 2011; Dolganiuc 
et al. 2006; Nourissat et al. 2008) as well as enhancement  
of oxidative stress (Nourissat et al. 2008). Additionally,  
the cells spend excessive resources on efforts aimed at  
maintaining cellular homeostasis (e.g., remodeling the 
cellular membrane or re-ordering metabolic priorities) and 
on mechanisms to counteract cell death (Dolganiuc et al. 
2012; Donohue and Thomes 2014). More importantly, 
exposure to alcohol, especially prolonged exposure, increases 
the liver cells’ vulnerability to second hits, including hepati-
tis viruses.

Effects of Alcohol Abuse and Hepatitis Virus  
Infection on Cellular Membranes
As described above, the cellular membranes and lipid  
rafts are important targets of alcohol’s actions in the liver 
(Lieber 1980; Tsukamoto 1993) and are key in many 
aspects of alcohol-induced liver-cell dysfunction. Concurrent 
infection with HBV, HCV, and/or other viruses exacerbates 
alcohol’s detrimental effects on liver function and leads to 
an accelerated course of liver disease (Ribes et al. 2006; 
Tsui et al. 2006). The mechanism underlying the synergistic 
effects of hepatitis viruses and alcohol, and particularly  
the role of cellular membranes and lipid rafts, are not yet 
fully understood.

For HBV, alcohol’s effects on the membranes are relevant 
because the virus acquires its envelope from the membrane 
of the endoplasmic reticulum (Gerlich 2013). This envelope 
has a relatively high cholesterol content (Satoh et al. 2000), 
which is a key determinant of virus infectivity (Funk et al. 
2007, 2008; Stoeckl et al. 2006). Thus, interference with 
the cellular membrane and lipid rafts during the viral life 
cycle, whether it is at the level of the host hepatocyte or 
cholesterol depletion from the virus membrane, has detri-
mental effects on the virus. Specifically, cholesterol-poor 
HBV virions take longer time to attach to, enter, and 
migrate inside the hepatocytes and are more likely to be 
cleared from the cells once they do enter (Funk et al. 2008). 
Alcohol exposure can distinctly alter the lipid composition of 
cellular membranes in general and lipid rafts in particular 
(Dolganiuc et al. 2006) and may thereby influence HBV 
infectivity. However, the precise effect of alcohol on the 
various steps of the HBV lifecycle remains largely unknown.

In addition to directly affecting both the virus and  
host parenchymal liver cells, alcohol influences anti-HBV 
immunity—an effect that also involves the cellular 
membrane as well as lipid rafts. HBV is known to interfere 
with normal T-cell function, and specifically with the T-cell 
receptor (TCR) that is responsible for recognizing and 
interacting with foreign antigens, thereby initiating an 
immune response. Thus, during HBV infection, the virus 
can impair the translocation of various components of the 
TCR (e.g., CD3f, ZAP-70, and Grb2) to lipid rafts; this is 

a hallmark of defective adaptive immune responses during 
chronic HBV infection (Barboza 2013; Larkin et al. 2001). 
Similarly, lipid-raft–dependent TCR localization and func-
tion are altered when adaptive immune cells are exposed to 
alcohol (Ishikawa et al. 2011). In particular, ethanol inhib-
its lipid-raft–mediated TCR signaling in CD4 T cells, 
resulting in suppression of IL-2 production (Ghare et al. 
2011). Thus, alcohol acts synergistically with HBV to limit 
antiviral immunity. The consequences of alcohol’s effects on 
the TCR of HBV- and HCV-infected individuals are largely 
unknown but remain of high interest because adaptive 
immunity plays an important role in viral clearance (Barve 
et al. 2002; Heim and Thimme 2014; Loggi et al. 2014).

Compared with HBV, the life cycle of HCV depends on 
cellular membranes and lipid rafts to an even greater extent. 
HCV attaches to the cellular membrane and binds to a vari-
ety of cellular receptors that also serve as signaling molecules 
or receptors for other host proteins; most of these receptors 
reside in lipid rafts or are recruited there upon viral sensing 
and signaling. For example, one study found that compared 
with control cells, lipid rafts of cells expressing an HCV-1b 
genome showed altered levels of 39 proteins, including new 
or increased expression of 30 proteins and decreased expres-
sion of 9 proteins (Mannova and Beretta 2005). These 
alterations also affect a signaling pathway called the N-ras–
PI3K–Akt–mTOR pathway (Peres et al. 2003; Zhuang et 
al. 2002); modulation of this pathway is one of the strategies 
by which HCV inhibits apoptosis and prevents elimination 
of infected cells. Alcohol can target these signaling platforms 
and may exert detrimental effects on lipid rafts that contain 
several putative HCV receptors, which may affect HCV 
replication and survival of HCV-infected cells. Thus, alcohol 
has been shown to affect the PI3K–mTOR pathway in 
non-liver cells (Li and Ren 2007; Umoh et al. 2014). 
However, the effect of alcohol on the PI3K–mTOR pathway 
in parenchymal and nonparenchymal liver cells remains  
to be determined.

Alcohol also adversely affects many of the immune cells 
and pathways that are considered key to antiviral immunity 
to HCV. Thus, alcohol exposure enhances signaling via 
TLRs that mediate inflammation and impairs signaling  
via TLRs that mediate production of antiviral molecules, 
including interferons. Of note, some of the same pathways 
are targeted in similar ways by HCV, thus producing syner-
gistic effects that promote inflammatory reactions and 
support the viral lifecycle in both parenchymal and non- 
parenchymal liver cells (John and Gaudieri 2014; Koziel 
2005; Pang et al. 2011; Szabo et al. 2010).

Conclusions

Alcohol exposure and hepatitis viruses exploit common 
mechanisms to promote liver disease. Some of these mecha-
nisms focus on the cellular membrane and its most active 
domains, the lipid rafts, which play critical roles in sustaining 
the lifecycle of both HBV and HCV. For HBV, the cellular 
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membranes and lipid rafts are particularly involved in viral 
entry; for HCV, lipid rafts additionally are required for 
formation and/or maintenance of HCV viral replication, 
virion assembly, and virion release from the host cell. Lipid 
rafts additionally influence viral survival indirectly because 
they serve as signaling platforms for a proinflammatory 
signaling cascade as well as for antiviral pathways, and they 
help regulate intracellular lipid storage within the parenchy-
mal liver cells. Moreover, cellular membranes and lipid rafts 
play a crucial role in the immune-mediated cell defense in 
nonparenchymal liver cells. Alcohol affects membrane and 
lipid-raft function both directly and indirectly by modulating 
the proinflammatory cascade as well as antiviral pathways 
and intracellular lipid storage within the parenchymal liver 
cells and hampering the function of nonparenchymal liver 
cells through both lipid-raft–dependent and –independent 
mechanisms. The synergistic effects of hepatitis viruses and 
alcohol on the cellular membranes lead to impaired antiviral 
immunity and a proinflammatory milieu in the liver, 
thereby helping to sustain the viral lifecycle and promoting 
rapid progression and a more severe course of liver disease. 

A better understanding of lipid-raft function may 
contribute to new approaches to treatment of viral and 
alcohol-related hepatitis, but knowledge of the structure 
and function of these cell structures is only beginning to 
emerge. For example, lipid-raft formation still is an enigma, 
and researchers are only now starting to investigate and 
understand the processes underlying lipid-raft activation, 
protein–lipid interactions, lipid-raft–dependent signaling, 
and other mechanisms through which lipid rafts direct the 
bioactivity of the various membrane constituents. Eventually, 
however, better understanding of cellular membranes and 
lipid rafts and their involvement in health and disease may 
lead to novel treatment approaches, including cellular- and 
subcellular-based personalized medicine approaches that 
also may lead to improved outcomes for patients with viral 
and/or alcohol-related hepatitis.
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HIV disease and alcohol independently influence the human 
immune system, so it stands to reason that, together, their  
influence may be additive. Here, we review the evidence that 
alcohol can exacerbate HIV’s influence on the immune system, 
thereby affecting disease progression and transmission. We 
focus particularly on alcohol’s effect on the mucosal immune 
system in the tissues of the gastrointestinal tract, the genital 
tract and the lungs, all of which play a role in transmission and 
progression of HIV disease. 
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Alcohol use disorder (AUD) and HIV infection both  
affect the immune system and frequently coexist in the 
same person, potentially multiplying the risk of infectious 
disease. Infectious disease, in turn, continues to be a major 
health concern and leading cause of morbidity and mortality 
worldwide, despite major advances in our understanding of 
the immune system, improvements in sanitation practices, 
and use of antibiotics, vaccines, and antiviral drugs. 

Infection with HIV is particularly troublesome for the 
immune system because it infects and destroys immune  
system cells called T helper lymphocytes or CD4+ T cells. 
Untreated, the disease progresses over a few years to AIDS, 
leading to eventual death for most people. The disease is 
transmitted from infected to uninfected people through 
biological fluids containing the virus, most commonly through 
sexual contact but also through contaminated needles and 
other means. Since its discovery in the early 1980s, HIV 
infection has become a pandemic, causing an estimated 36 
million deaths. The World Health Organization estimates 
that in 2012, of the 35 million people living with HIV/
AIDS (PLWHA), 2.3 million were newly infected and  
1.6 million died of AIDS-related causes despite increased 
availability of effective antiretroviral therapy (ART) (Joint 
United Nations Programme on HIV/AIDS 2013).

AUD in the form of alcohol abuse and alcohol addiction 
are the most common and costly form of substance abuse  
in the United States and represent a global health problem. 

For PLWHA, rates of heavy drinking are even higher than 
those in the general population (Galvan et al. 2002). One 
study found that 82% of HIV-infected patients consumed 
alcohol, and half were classified as hazardous drinkers 
(Lefevre et al. 1995). Because AUD and HIV infection  
frequently coexist, studies have tried to understand the 
influence of alcohol consumption on the transmission  
and progression of HIV disease. For one, heavy alcohol 
consumption increases the risk of HIV transmission 
through its propensity to increase the likelihood of risky 
sexual behavior, including unprotected sex with multiple 
partners (Rehm et al. 2012; Shuper et al. 2009; Stall et al. 
1986). However, as detailed at length in this issue, AUD 
also may affect innate immune defenses and adaptive 
immune responses and thereby potentially increase the  
likelihood of HIV transmission over and above alcohol’s 
known behavioral associations with infection risk. Once 
infected, studies find that PLWHA with AUD perform 
poorly at multiple levels of the HIV treatment cascade, 
including adherence to ART, resulting in a higher likelihood 
of virologic nonsuppression (Azar et al. 2010; Chander et  
al. 2006; Palepu et al. 2003). Large observational studies 
show that hazardous alcohol consumption decreases overall 
survival in PLWHA in what seems to be a dose-dependent 
manner (Braithwaite et al. 2007). In 2010, this journal 
devoted an issue to the many consequences of alcohol 
consumption on HIV transmission with an emphasis on 
prevention, HIV disease pathogenesis, progression and 
treatment, and the impact of alcohol–HIV comorbidity  
on the lung, liver, heart, and brain (Bryant et al. 2010). 

Here, we focus on the impact of alcohol on the host 
defense response to HIV infection. In particular, we review 
the evidence that alcohol exacerbates HIV’s influence on 
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the immune system and affects disease progression and 
transmission. In particular, we discuss alcohol’s effect on 
the mucosal immune system in the tissues of the gastroin-
testinal tract, the genital tract, and the lungs, all of which 
play a role in transmission and progression of HIV disease.

Does Alcohol Interact With HIV?

Alcohol’s effect on the immune system already is complex, 
but it is made even more complex in the context of HIV 
disease. Alcohol either can be immunosuppressive or 
immune activating for the cells of the innate and adaptive 
immune systems (Molina et al. 2010; Szabo et al. 2009). 
Intoxicating doses of alcohol generally are immunosuppres-
sive, which can lead to an increase in the incidence and 
severity of infections, especially pneumonia (Szabo et al. 
2009; Zhang et al. 2008), and could result in increased 
secondary infections in HIV-positive patients. In contrast, 
chronic alcohol consumption can be immune activating, 
causing chronic inflammation and oxidative stress resulting 
in conditions such as alcoholic liver disease, acute respira-
tory distress syndrome, and muscle wasting.

Studies that directly examine the interaction between 
alcohol and HIV disease related to the immune system have 
found mixed results (Bagby et al. 1998; Hahn et al. 2010). 
Early studies by Basgasra and colleagues (1993) adminis-
tered alcohol to people uninfected with HIV then isolated 
peripheral blood mononuclear cells from their blood and 
infected the cells with HIV. The alcohol increased HIV 
replication. In similar experiments, Cook and colleagues 
(1997) also observed this response but only in lymphocytes 
from a subset of individuals. Other early studies suggested 
that AUD accelerated disease progression. For example, 
Fong and colleagues (1994) reported that a user who heavily 
abuses alcohol rapidly progressed to AIDS shortly after 
seroconversion. That said, evidence of alcohol’s influence  
on blood CD4+ T cell counts in HIV-positive patients is 
mixed. For example, Pol and colleagues (1996) observed 
improved CD4+ cell counts after HIV-positive alcoholic 
patients who were not receiving ART stopped drinking. 
However, a recent study did not see an association between 
alcohol consumption and a change in CD4+ cell counts 
over time in the absence or presence of ART (Conen et al. 
2013). And in a cross-sectional study of 325 participants, 
daily alcohol use did not statistically correlate with lower 
CD4+ cell counts among patients taking or not taking ART 
(Wu et al. 2011). In contrast, Baum and colleagues (2010) 
found that frequent alcohol users treated with ART were 
more likely to show a decline in CD4+ cell counts indepen-
dent of baseline CD4+ cell count or HIV load. Likewise, 
this study revealed an increased likelihood of declining CD4+ 
cell counts in patients not on ART. Samet and colleagues 
(2007) also observed lower CD4+ cell counts in HIV patients 
not on ART, but heavy alcohol consumption by subjects on 
ART was not associated with lower CD4+ cell counts. A 
French study (Carrieri et al. 2014) following HIV infected 

subjects with access to ART found that low alcohol 
consumption, defined as less than 10 grams per day, was 
associated with higher CD4+ cell counts when compared 
with abstainers. In addition, participants in this study who 
were categorized as moderate alcohol consumers had CD4+ 
cell counts similar to abstainers. These investigators suggested 
that low alcohol consumption might be a proxy to healthier 
behaviors encompassing things like diet and exercise.   

Reports on the effect of alcohol on viral load in patients 
on antiretroviral therapy also vary among studies. One 
study (Wu et al. 2011) found higher viral loads in HIV 
patients on ART who consume alcohol, whereas another 
study (Samet et al. 2007) did not. Patients who consume 
alcohol may have lower adherence to ART, resulting in 
higher levels of viremia (Baum et al. 2010). These higher 
viral loads, in turn, make patients more infectious during 
unprotected sex with uninfected partners, which becomes 
more likely when patients drink (Kalichman et al. 2013).

Epidemiological studies conducted prior to the use of 
ART failed to identify an effect of alcohol abuse on HIV 
disease progression (Coates et al. 1990; Kaslow et al. 1989). 
However, these studies faced many methodological obstacles, 
including difficulties obtaining accurate measures of alcohol 
use patterns and problems controlling for confounding 
factors such as variations in the HIV strain, patient age, 
demographics, ethnicity, time since infection, comorbidities, 
medication side effects, and a host of environmental influ-
ences. Researchers have gotten around these methodological 
issues by creating an animal model of HIV disease using 
simian immunodeficiency virus (SIV) in rhesus macaque 
monkeys (see textbox, “An Animal Model for Conducting 
Controlled Studies”).

Alcohol, HIV, and the Mucosal Immune System

Many of the SIV studies examining the connection between 
alcohol, HIV, and the immune system have focused on the 
mucosal immune system, consisting of cells that reside in 
the tissues lining various parts of the body, particularly the 
gastrointestinal tract, genital tissue, and the lung. These 
areas represent a critical if not primary site of HIV infection. 
Further, converging evidence suggests that AUD influences 
mucosal tissue in a way that potentially increases HIV 
disease transmission and adversely affects disease pathogenesis, 
resulting in accelerated disease progression.

The Gastrointestinal Mucosal Immune System

Pathogenesis of Alcohol and HIV Infection
Both alcohol and HIV infection have profound and often 
overlapping adverse effects on the integrity and immunology 
of the gastrointestinal tract. It is now known that the intes-
tinal tract plays a major role in the pathogenesis of HIV 
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An Animal Model for Conducting Controlled Studies

To conduct more controlled studies 
of alcohol’s biological effects on HIV 
disease, researchers have turned to 
studies in rhesus macaque monkeys 
infected with simian immunodefi-
ciency virus (SIV), a credible animal 
model of HIV disease (Bagby et al. 
1998). Discovered in the 1980s, SIV 
is structurally, biologically, and 
genetically related to HIV. Like HIV, 
it enters host cells through CD4+ 

surface proteins and causes CD4+  
T cell depletion, resulting in immu-
nodeficiency that progresses to an 
AIDS-like state with opportunistic 
infections, muscle wasting, and 
neurological problems. This model 
provides many experimental advan-
tages to studies in humans. It allows 
researchers to: 
• Control the timing of infection, 

the route of infection, the dose  
of SIV, and the strain of SIV;

• Control the dose and timing  
of alcohol delivery prior to and 
during infection; 

• Control the experimental vari-
ables such as nutrition, drug 
delivery, and behavior; 

• Perform longitudinal studies 
from the earliest events through 
end-stage disease as a result of 
shortened duration relative to the 
clinical course in people living 
with HIV/AIDS (PLWHA) (median 
survival is less than 1 year with 
pathogenic strains of SIV); and

• Perform studies in either the 
absence or presence of antiretro-
viral therapy (ART). 

With regard to alcohol delivery, in 
our alcohol–SIV model, we provide 
rhesus macaques (Macaca mulatta) 
with a nutritionally balanced primate 
chow supplemented with fruit and 
ad libitum water. Starting 3 months 
prior to inoculation with SIV and 
continuing for the duration of the 
study, the macaques receive either 

ethanol or sucrose via a gastric cathe-
ter (Bagby et al. 2003). This alcohol 
delivery approach is chosen to 
ensure each animal receives similar 
alcohol doses and achieves similar 
circulating alcohol concentrations. 
We use two alcohol delivery proto-
cols to simulate chronic binge alcohol 
(CBA) consumption: 5-hour infusion 
sessions 4 days per week, or half-
hour infusion sessions 7 days per 
week. Individual doses are adjusted 
to achieve an intoxicating plasma 
alcohol concentration of 0.23 to 
0.27 percent measured 2 hours after 
initiating alcohol delivery in the 
daily protocol and 5 hours after 
initiating alcohol delivery in the 
4-day-per-week protocol. These 
protocols model heavy chronic 
binge alcohol consumption, which 
is the most common pattern of 
excessive alcohol use in the United 
States (Centers for Disease Control 
and Prevention 2012). With both 
protocols, animals received 13 to  
14 g of alcohol per kilogram per 
week. Animals are inoculated with 
SIV either intravenously or intrarec-
tally. As a rule, SIV infection leads to 
a peak viral load after about 2 weeks, 
which then decreases over the next 
few weeks to a steady-state termed 
viral “set point.” A high viral set point 
indicates that an animal will progress 
more rapidly to end-stage disease 
compared with animals with low viral 
set points (Staprans et al. 1999).

Overall, studies of this kind find 
that CBA increases virus production 
in tissue and plasma of SIV-infected 
animals (Bagby et al. 2006; Kumar 
et al. 2005; Nelson et al. 2013; 
Poonia et al. 2005). In two separate 
studies (Bagby et al. 2006; Nelson et 
al. 2013), CBA/SIV infected rhesus 
macaques had higher viral set points 
than sucrose controls, and progressed 
faster to end-stage disease with a median 
survival time of 374 versus 900 days, 
respectively (Bagby et al. 2006). As 
expected, blood CD4+ lymphocyte 

numbers decreased during SIV 
infection but did not differ between 
CBA and sucrose-treated animals. 
Another study, however, found a 
positive correlation between plasma 
viral load and blood CD4+ lympho-
cytes (mostly naïve T cells) in CBA 
but not sucrose-treated animals 
(Pahar et al. 2013). 

These studies allow us to ask specific 
questions about the connection between 
alcohol, HIV disease, and the immune 
system and how those connections 
may influence the transmission and 
progression of HIV disease.

References 
Centers for Disease Control and Prevention (CDC). 
Vital signs: Binge drinking prevalence, frequency, and 
intensity among adults: United States, 2010. MMWR: 
Morbidity and Mortality Weekly Report 61:14–19, 2012.

Bagby, G.J.; Stoltz, D.A.; Zhang, P.; et al. SIV infec-
tion, alcohol and host defense. Alcoholism: Clinical 
and Experimental Research 22:193S–195S, 1998. 

Bagby, G.J.; Stoltz, D.A.; Zhang, P.; et al. The effect 
of chronic binge ethanol consumption on the primary 
stage of SIV infection in rhesus macaques. Alcoholism: 
Clinical and Experimental Research 27:495–502, 2003. 

Bagby, G.J.; Zhang, P.; Purcell, J.E.; et al. Chronic 
binge ethanol consumption accelerates progression 
of simian immunodeficiency virus disease. 
Alcoholism: Clinical and Experimental Research 
30:1781–1790, 2006. 

Kumar, R.; Perez-Casanova, A.E.; Tirado, G.; et al. 
Increased viral replication in simian immunodeficiency 
virus/simian-HIV-infected macaques with self- 
administering model of chronic alcohol consumption. 
Journal of Acquired Immune Deficiency Syndromes 
39:386–390, 2005. 

Nelson, S.; Happel, K.I.; Zhang, P.; et al. Effect of 
bacterial pneumonia on lung simian immunodefi-
ciency virus (SIV) replication in alcohol consuming 
SIV-infected rhesus macaques. Alcoholism: Clinical 
and Experimental Research 37:969–977, 2013. 

Pahar, B.; Amedee, A.M.; Thomas, J.; et al. Effects of 
alcohol consumption on antigen-specific cellular and 
humoral immune responses to SIV in rhesus macaques. 
Journal of Acquired Immune Deficiency Syndromes 
64:332–341, 2013. 

Poonia, B.; Nelson, S.; Bagby, G.J.; et al. Chronic 
alcohol consumption results in higher simian immu-
nodeficiency virus replication in mucosally inoculated 
rhesus macaques. AIDS Research and Human 
Retroviruses 21:863–868, 2005. 

Staprans, S.I.; Dailey, P.J.; Rosenthal, A.; et al. Simian 
immunodeficiency virus disease course is predicted by 
the extent of virus replication during primary infection. 
Journal of Virology 73:4829–4839, 1999. 



FOCUS ON

infection throughout all stages of infection, and increasing 
evidence suggests alcohol exacerbates many of these effects. 
Because examining intestinal immune responses in humans 
is difficult, determining the biologic effects of alcohol and 
HIV infection requires carefully controlled studies in rele-
vant animal models.  

Early studies in the SIV model demonstrated that, regardless 
of the route of infection, the intestinal tract is the primary 
target for SIV replication, amplification, and marked CD4+ 
T cell depletion in the earliest stages of infection (Veazey  
et al. 1998). These studies have been confirmed in HIV- 
infected humans (Brenchley et al. 2004; Mehandru et al. 
2004), and the role of the gastrointestinal tract has since 
been a major focus of HIV research (Sandler et al. 2012). 
Indeed, research shows that, within the first few days of 
HIV infection, the virus rapidly infects and eliminates most 
of the CD4+ T cells in the intestinal tract (Sandler et al. 
2012). Because the gastrointestinal tract contains most of 
the lymphocytes in the body, this represents a profound loss 
of total CD4+ T cells in the body (Douek 2007; Picker 
2006). To best understand the interaction of alcohol and 
HIV on the intestinal immune system, we must first briefly 
explain the structure and compartmentalization of immune 
tissues in the gut. A more in-depth description of the 
gastrointestinal tract and a review of its immune system, 
also known as the gut-associated lymphoid tissue (GALT), 
is described by Hammer and colleagues, in this issue. 

GALT comprises both specialized regions of lymphoid 
tissues, called Peyer’s patches, and more diffuse lymphoid 
tissues scattered throughout the layer of the intestinal wall 
called the lamina propria. The specialized regions provide 
immune surveillance for the intestines and tend to initiate 
the gastrointestinal immune response. There is an even 
larger pool of differentiated T cells, called CD4+CCR5+  
T cells, and plasma cells diffusely scattered throughout the 
intestine’s lamina propria that serve as the “effector” arm of 
the intestinal immune system, actively battling antigens first 
encountered by the Peyer’s patches (Mowat et al. 1997). 

HIV/SIV infection targets and eliminates these activated 
effector CD4+CCR5+ T cells, which are crucial for providing 
help for essentially all major innate and adaptive immune 
responses in the gut including cytotoxic functions, cytokine 
regulation, and controlling the production and secretion of 
immunoglobulins, particularly IgA (Xu et al. 2013). The 
viruses also selectively and rapidly infect and eliminate key 
subsets of CD4+ T cells that recent research shows are criti-
cal for the gastrointestinal immune response. Specifically, 
HIV and SIV target CD4+ T cells that produce interleukin 
(IL)-17 (Th17) or IL-22 (Th22) (Brenchley et al. 2008; 
Cecchinato et al. 2010), which seem to be crucial for regu-
lating innate immune responses, especially the development 
and maintenance of the GALT (Ouyang et al. 2008; 
Paiardini 2010). These findings suggest that selective  
targeting and elimination of key subsets of CD4+ T cells  
in the intestine by HIV/SIV can have a profound influence 
on intestinal barrier function and adverse effects on both  

T- and B-cell responses in the gut (Klatt et al. 2010). 
Because alcohol also disrupts intestinal barriers and reduces 
Th17 cells (Asquith et al. 2014), it is likely that alcohol use 
in HIV patients results in even greater levels of intestinal barrier 
damage, leading to the leakage of intestinal microbes outside 
of the intestines—what is called “microbial translocation”— 
which can lead to inflammation and infections.

Microbial Translocation in Alcohol and HIV
Both alcohol consumption and HIV/SIV infection seem to 
disrupt the intestinal lining, disrupt intestinal barrier function, 
and lead to microbial translocation. Indeed, both short- and 
long-term alcohol consumption can cause intestinal barrier 
permeability and movement of luminal bacterial antigens 
into systemic circulation through the blood, resulting in 
chronic inflammation and eventually liver damage (Elamin 
et al. 2013; Parlesak et al. 2000). Research also finds micro-
bial translocation in the blood of HIV patients and SIV- 
infected macaques in the absence of alcohol as evidenced  
by the presence of lipopolysaccharide (LPS) endotoxins 
(Brenchley et al. 2006b; Klatt et al. 2010; Sandler et al. 
2012). In fact, bacteria leaking through damaged intestinal 
barriers as a result of HIV-induced destruction of the key 
regulatory CD4+ T cells seems to be responsible for the 
systemic immune activation that is a hallmark of HIV 
infection (Brenchley et al. 2006b; Klatt et al. 2010; Sandler 
et al. 2012) and is a better predictor of HIV disease than 
plasma viral loads (Deeks et al. 2004). Indeed, levels of 
systemic activation appear to play a major role in the 
susceptibility to infection (Giorgi et al. 2002; Klatt et al. 
2010, 2013) and disease progression (Deeks et al. 2004; 
Klatt et al. 2010). 

Together, these findings suggest that the adverse effects of 
alcohol and HIV infection on microbial translocation may 
be additive. In addition, the inflammation and epithelial 
cell barrier damage that alcohol and its byproducts inflict 
on the intestinal mucosa (Elamin et al. 2013) may result in 
greater levels of mucosal and systemic immune activation, 
rendering patients more vulnerable to HIV transmission. 

Microbial Flora and Innate Mucosal Immunity  
in HIV and Alcohol Abuse
It is increasingly clear that the intestinal microflora play a 
role in the health of the gastrointestinal immune system. 
Research clearly shows that alcohol use alters the normal 
intestinal microflora, leading to intestinal damage and 
increased levels of LPS leaking into the blood where it 
circulates throughout the body (Elamin et al. 2013). 
Together, this suggests that alcohol use in HIV patients 
may influence the rate of intestinal T cell turnover and 
innate mucosal immune responses. 

As with microbial translocation, the combination of HIV 
and alcohol may have an additive effect on the intestinal 
microbiome. HIV infection alone is associated with changes 
in the intestinal microbiome of infected patients, and those 
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changes may be linked to HIV-induced alterations in the 
mucosal immune system (McHardy et al. 2013; Saxena et 
al. 2012). Although less studied, the combined effects of 
alcohol use and HIV infection are likely to induce marked 
changes in the intestinal microflora, and the innate immune 
responses in the gut, which should be a focus of future studies.  

Intestinal T Cell Turnover in HIV Infection
As suggested in the preceding sections, SIV and HIV infec-
tion lead to chronic immune activation, which creates a 
pro-inflammatory “cytokine storm.” This storm recruits  
and activates additional CD4+ T cells into mucosal tissues, 
providing the virus with a continuous supply of activated 
memory CD4+ T cells to infect (Mogensen et al. 2010; 
Wang et al. 2013). Continued activation, recruitment, and 
turnover of these viral target cells in damaged mucosal 
tissues may provide the “fuel” for continued viral replication 
and persistence in the gut. Indeed, it is increasingly clear 
that the intestinal tract is one of the major reservoirs for 
viral persistence of SIV in macaques (Ling et al. 2010) and 
of HIV in humans, even those on antiretroviral therapy 
(Avettand-Fenoel et al. 2011; Poles et al. 2006). One study 
found that alcohol increases the percentages of memory 
CD4+ T cells in the gut, suggesting that alcohol use may 
increase turnover of viral target cells in intestinal tissues 
(Poonia et al. 2006). Although the mechanisms behind this 
still are under investigation, it is possible that repetitive 
damage to the intestinal epithelium by alcohol may simply 
result in chronic inflammation, which recruits these T cells 
to the intestine through the above pathways. Thus, alcohol 
use in HIV infection may result in increased turnover of 
viral target cells in the intestine, which may partially explain 
why macaques infected with SIV have significantly higher 
levels of viremia in primary SIV infection (Bagby et al. 
2006; Poonia et al. 2005).   

 Although more studies are needed to define the mecha-
nisms involved, it is increasingly clear that HIV and alcohol 
use may have synergistic pathology, resulting in greater rates 
of disease progression in HIV patients, fueled by the loss of 
intestinal mucosal cells and chronic immune activation due 
to microbial translocation. Because many of these same 
processes may also occur in rectal and genital mucosal tissues, 
HIV and alcohol use may interact similarly to increase 
susceptibility to HIV infection and early replication follow-
ing sexual transmission, a proposition we examine below.

Alcohol and HIV Transmission via the Genital Tract 
While HIV can be transmitted several ways, the primary 
method of transmission is through sexual contact. As such, 
it is critical to understand how AUD affects virus levels in 
genital fluids and the mucosal environment of the genital 
tract and rectum and how that may alter innate and adap-
tive immune responses and facilitate HIV transmission as 
well as susceptibility to infection. HIV levels present in the 
inoculating fluid—typically seminal or vaginal fluids—is a 

key factor in transmission of the virus from an infected 
individual to a noninfected host and typically is associated 
with HIV levels in the blood (Cohen et al. 2011). Because 
chronic alcohol abuse has been associated with increased 
plasma viral loads and more rapid disease progression 
(Baum et al. 2010; Rompalo et al. 1999), this population 
presents an increased risk for transmission. In female subjects, 
studies also have linked recent alcohol use with higher levels 
of virus in genital fluids when controlling for plasma HIV 
loads (Homans et al. 2012; Theall et al. 2008). These obser-
vations suggest that higher levels of HIV replication may 
occur in genital tissues of women that use alcohol, further 
increasing the potential for transmission. Similar studies in 
men have not been done. 

Along with possibly promoting viral transmission, studies 
indicate that alcohol use by people who are uninfected may 
make them more susceptible to infection. In sexual trans-
mission, HIV is acquired across the penile, vaginal, cervical, 
or rectal mucosa, and the integrity of the epithelial barrier 
and the innate defenses within these microenvironments 
provide the critical first lines of defense against HIV. The 
risk of HIV infection increases with increased inflammation 
within these local mucosal environments, likely as a result 
of the influx of HIV-susceptible cells and a potential breach 
in the epithelial barrier (Cohen 2004). Although no studies 
have examined in humans whether alcohol abuse can increase 
biological susceptibility to HIV infection, we recently 
found that chronic binge alcohol exposure that included 
intoxication at the time of exposure increased susceptibility 
to SIV infection (Amedee et al. 2014). 

Studies have not directly evaluated the effects of chronic 
alcohol abuse on the genital mucosal environments. However, 
as detailed above, alcohol increases inflammation and the 
density of target CD4+ T cells in the upper gastrointestinal 
tract, making it feasible that it causes similar changes in 
barrier integrity and lymphoid cell levels in the lower areas 
of the gastrointestinal tract, which could facilitate HIV 
entry across the rectal mucosa. Chronic alcohol use may 
similarly affect the genital mucosa of the penis, vagina, and 
cervix through changes in target cell distribution and alter-
ations of the innate defenses within the microenvironment. 
The early virus–host interactions following sexual exposure 
to HIV have been characterized most extensively in models 
of the female genital tract, and these studies describe rapid 
diffusion and penetration of the virus through the vaginal 
epithelium, followed by the formation of an initial focus  
of infected cells in submucosal tissues (Carias et al. 2013). 
These virus-infected cells move to draining lymph nodes, 
allowing the virus to spread systemically through the body 
(Li et al. 2009). Research has identified several innate 
factors in the vaginal compartment as critical first lines of 
defense in limiting HIV infection, including epithelial barrier 
integrity and antiviral proteins in vaginal fluids (Anderson 
et al. 2014; Cole 2006). In addition, the microbial flora of 
the vagina can directly influence these innate defenses by 
altering the function and integrity of the epithelial barrier 
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and by influencing the inflammatory state of the compartment 
(Mirmonsef et al. 2012; Rose et al. 2012). Bacterial vaginosis, 
an infection characterized by an imbalance in the normal 
bacterial balance in the vagina and the absence of lactobacillus 
species in vaginal flora, has previously been associated with 
increased risk of HIV acquisition (Mirmonsef et al. 2012).  
In one study, women who reported alcohol use were less 
likely to have lactobacillus species present in their vaginal 
flora, leading to a flora consistent with that of bacterial  
vaginosis (Baeten et al. 2009).  

Clearly, researchers need to conduct more directed studies 
to further define the specific alcohol-induced changes that 
alter innate defenses of the mucosal environments and that 
lead to an increased risk for HIV infection.  As the numbers 
of HIV-infected persons continues to rise, it will become 
increasingly important to understand how chronic alcohol 
abuse affects genital virus expression and thus the risk of 

transmission. Additionally, the effects of alcohol on the genital 
microenvironment are important considerations in the devel-
opment of pre-exposure prophylactic approaches. Alcohol-
induced changes in microbial flora of the gut and vaginal 
compartments as well as changes to the epithelial barrier and 
innate defenses may alter the efficacy of antiviral approaches.

Alcohol, HIV, and the Lung

The overlap between HIV and alcohol continues in another 
mucosal tissue—the lung. Both HIV and alcohol increase 
susceptibility to opportunistic infections, in particular, 
infection with bacteria that cause pneumonia. It is well 
established in humans and animal models that the immu-
nosuppression caused by HIV infection frequently leads to 
pulmonary infections and that alcohol abuse impairs lung 
host defenses, resulting in a higher incidence and severity of 

Alcohol’s Influence on Wasting Disease

Loss of muscle mass and what is 
called “wasting disease” is one hall-
mark of HIV in humans and SIV  
in rhesus macaques. Several studies 
suggest that chronic binge alcohol 
consumption (CBA) exacerbates this 
connection between muscle mass and 
SIV in part by triggering immune- 
related molecules. Although CBA- 
and sucrose-treated animals continued 
to gain weight and had comparable 
body weights during the first 300 
days after SIV infection (Bagby et  
al. 2006), a closer evaluation of body 
composition revealed subtle but 
significant differences (Molina et al. 
2006). For one, weight loss was a 
more common reason for euthanasia 
in alcohol-treated compared with 
sucrose-administered animals (Bagby 
et al. 2006; Molina et al. 2008), and 
muscle wasting was more pronounced 
in alcohol-consuming animals 
(Molina et al. 2008). 

Chronic excessive alcohol 
consumption, even in the absence  
of SIV or HIV infection, alters the 
nutritional state, micronutrient avail-
ability, and tissue growth factor 
expression and activity (Molina et al. 
2014). Indeed, approximately 50 

percent of alcoholics show signs of 
alcoholic myopathy resulting from 
decreased muscle protein synthesis 
and accelerated breakdown of muscle 
proteins (Lang et al. 1999; Pacy et al. 
1991; Preedy et al. 1994; Reilly et al. 
1997; Teschner et al. 1988). Studies 
in SIV-infected rhesus macaques 
exposed to alcohol show that alcohol- 
mediated effects on muscle wasting 
are multifactorial, including decreased 
total caloric intake, altered nutrient 
selection, decreased nitrogen intake, 
and localized skeletal muscle inflam-
mation and oxidative stress, which 
lead to a greater decrease in lean body 
mass and increase the incidence of 
AIDS (Molina et al. 2006, 2008). 

Research in CBA/SIV macaques 
has begun to tease apart what is 
happening at the molecular and 
genetic level to breakdown the 
proteins that make up muscles and 
thereby decrease body mass. Simply 
put, within the skeletal muscle of 
CBA/SIV macaques there exists a 
molecular milieu that promotes the 
breakdown and inhibits the construc-
tion of new muscle. 

The promotion of muscle break-
down seems to be regulated by the 

“ubiquitin-proteasome system 
(UPS),” which turns on any time 
muscles begin breaking down proteins 
because of conditions such as infec-
tions, burn injuries, fasting, and 
cancer (Fang et al. 1995; Hasselgren 
1999; Llovera et al. 1994). The UPS 
is controlled by various molecules of 
the immune system, including gluco-
corticoids, catecholamines, and 
proinflammatory cytokines (Costelli 
et al. 1995; Price et al. 1994; Tiao et 
al. 1996). The genes encoding this 
system are stimulated in the skeletal 
muscle of emaciated AIDS patients 
(Llovera et al. 1998). In addition, 
studies in terminal stage SIV-infected 
rhesus macaques have shown a 
number of molecular markers related 
to muscle degradation, including 
significant increases in mRNA levels 
related to UPS, suppression of mole-
cules such as insulin that promote 
muscle growth and increases in 
immune system molecules that 
promote inflammation (Molina et al. 
2006, 2008). Similar imbalances in 
growth factors and pro-inflammatory 
molecules have been associated with 
wasting in AIDS patients (Franch et 
al. 2005; Nguyen et al. 1998). 
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pneumonia (Szabo et al. 2009; Young et al. 1989; Zhang et 
al. 2008), as detailed more specifically by Simet and Sisson, 
in this issue.

There are no reported clinical studies on the effect of AUD 
on the incidence and severity of opportunistic infections in 
PLWHA. And our longitudinal study of SIV infection to 
end-stage disease did not find more frequent secondary 
infections in alcohol-treated animals, nor were these infections, 
including pneumonias, a more likely underlying cause of 
end-stage disease in alcohol-treated animals (Bagby et al. 
2006). This lack of a connection between alcohol and increased 
rate of lung infection may be attributed to the highly 
controlled biosafety practices used for these studies. Therefore, 
we set out to more fully address the influence of lung infection 
on host defense and SIV infection by measuring plasma  
and lung viral load in animals infected with pneumococcal 
bacteria load (Nelson et al. 2013). We chose pneumococcal 

infection because bacterial pneumonias are the most prevalent 
pulmonary complication in PLWHA (Wallace et al. 1993), 
and alcohol consumption is a well-known risk factor for 
bacteremic pneumococcal pneumonia in non–HIV- and 
HIV-infected populations (Nuorti et al. 2000). 

We injected a sublethal dose of S. pneumoniae into a 
segment of the right lung of SIV-infected macaques. 
Twenty-four hours later, both alcohol-treated and sucrose 
control animals showed higher viral loads in bronchoalveolar 
lavage (BAL) fluid, which remained increased for at least  
14 days in chronic alcohol-treated macaques. That said,  
we did not see differences between the alcohol-treated  
and sucrose control animals in plasma viral load, disease 
progression, or cytokine and neutrophil recruitment 
response. However, the early increase in local (lung) viral 
replication coincided with the host proinflammatory 
response that included nuclear factor (NF)-kB activation  
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Alcohol’s Influence on Wasting Disease (continued)

Studies in CBA/SIV macaques 
further confirmed the involvement of 
the UPS in muscle wasting, demon-
strating that CBA increased mole-
cules that hinder muscle growth and 
increased UPS activity in skeletal 
muscle in SIV-infected animals in  
the late stages of the disease. 
Moreover, those studies provided 
evidence of significant localized 
inflammatory milieu reflected in 
increased tumor necrosis factor 
(TNF)-α, interleukin (IL)-6, and 
IL-1β (LeCapitaine et al. 2011). 
Together, these findings suggest that 
inside the skeletal muscles of CBA/
SIV macaques there exists a molecular 
milieu that favors the breakdown  
of muscle protein and suppresses its 
creation, while promoting a local 
proinflammatory state that compro-
mises muscle health, leading to wasting. 
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in recovered alveolar macrophages. The mechanism respon-
sible for sustained increase in BAL fluid SIV RNA remains 
to be elucidated. Because macrophage NF-kB activation 
was limited to 1 day postinfection, it is possible that tran-
sient activation in alveolar macrophages along with the 
continued alcohol delivery is sufficient to sustain viral repli-
cation by these long-lived viral reservoir cells (Blankson et 
al. 2002). Alternatively, it is plausible that increased viral 
replication in alcohol-treated macaques occurs in other 
CD4+ cells in the lung or that NF-kB–independent mecha-
nisms may be operant in pulmonary SIV replication during 
bacterial infection.

Alcohol/HIV Interactions on the  
Hematopoietic System 

Although most attention has been placed on HIV’s destruc-
tion of CD4+ T cells, AUD and HIV infection have been 
shown to independently cause defects in the normal forma-
tion of blood cells, a process known as hematopoiesis 
(Calenda et al. 1992; Yeung et al. 1988). Such changes 
potentially influence the replacement of cells that play a key 
role in innate and adaptive immunity. Prior to the develop-
ment and use of effective ART, HIV patients commonly 
developed bone marrow pathologies, including dysplasia, 
impaired erythropoiesis, plasmacytosis, and lymphocytic 
infiltration into the marrow compartment (Calenda et al. 
1992). Lymphocytic infiltration may represent cells recruited 
through inflammation, resulting in persistent local viral 
production in the bone marrow. In this regard, HIV has 
been shown to infect hematopoietic stem and progenitor 
cells (HSPCs) in a humanized mouse model (Nixon et al. 
2013). Thus, bone marrow HSPC-containing proviral 
DNA may serve as a viral reservoir that, upon activation, 
may lead to increased local virus-mediated inflammation, 
further driving recruitment of lymphocytes that support 
more viral replication. Many of the antiretroviral drugs, 
including nucleoside reverse transcriptase inhibitors 
(NRTIs), non-NRTIs (NNRTIs), and protease inhibitors 
(PIs), largely correct these HIV-induced hematopoietic 
defects. However, side effects of these drugs are implicated 
in additional bone marrow pathologies (Baillou et al. 2003; 
Hernandez-Vallejo et al. 2013). In particular, ART seems 
to disrupt cells that serve a crucial role in guiding hemato-
poiesis. For example, PIs have been shown to promote 
aging and inhibit osteoblastic differentiation of mesenchymal 
stem cells, which may be a mechanism for reduced bone 
mineral density observed in PLWHA on ART (Hernandez-
Vallejo et al. 2013; Yin et al. 2012). Binge alcohol adminis-
tration also impairs osteoblastic differentiation, possibly 
contributing to dysregulated niche architecture.  However, 
the combined effects of HIV, ART, and AUD on the bone 
marrow hematopoietic niche remain to be explored (Gong 
et al. 2004). 

Alcohol and Adaptive Immune Responses  
to HIV Infection  

As described above, AUD has a significant impact on  
HIV disease through their direct and indirect pro- and 
anti-inflammatory effects. However, less is known about the 
effect of chronic alcohol use on the body’s specific, adaptive 
immune response to the virus and virally infected cells seen 
in both PLWHA and rhesus macaques infected with SIV. 
As discussed in more detail in the textbox, “Alcohol’s 
Influence on Wasting Disease,” chronic alcohol administra-
tion to rhesus macaques increases the plasma viral set point, 
which is associated with disease progression. These higher 
viral loads could be due to greater virus production coincident 
with immune activation or to impaired adaptive host defense. 

Studies in SIV-infected macaques consistently show 
higher levels of viremia in animals receiving alcohol (Bagby 
2003, 2006; Kumar 2005; Poonia 2006; Nelson 2013). In 
humans, alcoholics have been shown to have higher levels 
of blood T cell activation and higher proportions of memory 
CD4+ and CD8+ T cells (Szabo et al. 2009). Thus, higher 
viral loads in alcohol-receiving macaques is likely a reflection 
of higher turnover of viral target cells in mucosal tissues 
(Poonia et al. 2005). That said, specific adaptive immune 
responses to SIV do not seem to be impaired in animals 
receiving alcohol. In fact, we found that virus-specific CD8+ 
T cell responses in blood are even higher in alcohol-fed 
animals, which is likely a reflection of the higher viral loads 
in these animals (Pahar et al. 2013). Similarly, alcohol use 
seems to have little influence on viral-specific cellular 
immune responses in HIV/HCV coinfected patients 
(Graham et al. 2007). 

Although a myriad of immunologic defects have been 
described in the blood of human drinkers (Szabo et al. 2009) 
and macaques (Siggins et al. 2009) receiving alcohol, the 
underlying mechanisms of these defects have yet to be eluci-
dated. In addition, the blood is merely a “window” reflect-
ing only a small part of the immune system as a whole, and 
the effects of mucosal barrier damage and inflammation 
may not be adequately reflected in monitoring peripheral 
blood alone.

Conclusion

Both HIV and alcohol use clearly influence immune func-
tion, so it seems logical that, in tandem, they might have an 
additive influence on disease progression. In fact, research 
has begun to suggest that alcohol use by people infected 
with HIV can exacerbate an immune system that already is 
badly strained. The clearest connection between alcohol, 
HIV, and immune dysfunction is in the gastrointestinal 
tract where the damage alcohol does to the mucosal lining 
of the intestines leads to inflammation, barrier damage, and 
bacterial leakage, which in turn seems to strengthen HIV’s 
grip. Indeed, alcohol’s influence on the body’s many muco-
sal tissues seems to be synergistic with those of HIV, 
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including the tissues of the intestines, the genital tract, and 
the lung, where chronic inflammation results in increased 
local and systemic viral replication, resulting in environ-
ments in mucosal tissues that both worsen disease progression, 
and increase the risks of viral transmission. Much more 
research remains to be done to clarify the interaction between 
and among alcohol, HIV, and the immune system and to 
elucidate the mechanisms involved in this complex interaction. 
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Evidence from research in humans and animals suggest that 
ingesting alcohol during pregnancy can disrupt the fetal 
immune system and result in an increased risk of infections 
and disease in newborns that may persist throughout life. 
Alcohol may have indirect effects on the immune system by 
increasing the risk of premature birth, which itself is a risk 
factor for immune-related problems. Animal studies suggest 
that alcohol exposure directly disrupts the developing immune 
system. A comprehensive knowledge of the mechanisms 
underlying alcohol’s effects on the developing immune system 
only will become clear once researchers establish improved 
methods for identifying newborns exposed to alcohol in utero. 

Key words: Alcohol in utero; prenatal alcohol exposure; fetal 
alcohol effects; alcohol-related intrauterine disorder; fetal 
alcohol syndrome; fetal alcohol spectrum disorders; immune 
system; immune function; fetal development; prenatal devel-
opment; pregnancy; premature birth

Most Americans are aware that drinking alcohol during 
pregnancy can injure the developing fetus. Fetal alcohol 
syndrome (FAS) and fetal alcohol spectrum disorders (FASD), 
with their developmental, cognitive, and behavioral conse-
quences, probably are the best known dangers (Bakoyiannis 
et al. 2014; Centers for Disease Control and Prevention 
[CDC] 2009). However, drinking during pregnancy also 
can disrupt other areas of fetal development besides the 
brain, including the developing immune system. Studies in 
humans and animals suggest that alcohol does, in fact, affect 
the developing immune system and leads to increased risk of 
infection and disease in infants exposed to alcohol in utero.

Alcohol’s effect on the developing immune system is 
apparent in infants born at term gestation, with studies 
showing that these babies are at increased risk of infection 
when exposed to alcohol in utero. However, premature 
infants are at even higher risk of infection for multiple 
reasons. For one, in utero alcohol exposure is associated 
with premature birth, which independently increases 
immune-related risks. In addition, animal studies show  
that alcohol has a direct effect on specific aspects of immune 

function, particularly in the developing lung. This article 
will discuss the short and long-term effects of drinking 
during pregnancy on the immune system of the developing 
fetus (see the figure for an overview).

Understanding the full extent of alcohol’s threat to the 
developing fetus is critical because, despite increased aware-
ness about the risks of drinking during pregnancy, a signifi-
cant number of women continue to do so. Based on a large 
household survey, the CDC estimates that 1 in 13 women 
drink alcohol during pregnancy (CDC 2012). Studies inter-
viewing women just after birth have found that between 25 
and 35 percent of newborns were exposed to alcohol in utero 
(Gauthier et al. 2005a; Lester et al. 2001). Interestingly, and 
contrary to many traditional biases (Goldberg 1995; Hans 
1999), these studies also found that older women and 
women of higher socioeconomic status were as or more 
likely to drink during pregnancy than younger, less affluent 
women (CDC 2012; Gauthier 2005a; Hutchinson et al. 
2013). Because most studies of maternal alcohol use rely on 
self-reports, and there remains significant stigma associated 
with alcohol use during pregnancy, these findings likely 
underestimate the true extent of this problem. 

Risk of Alcohol Exposure in Term Infants

Although full-term babies generally are healthier compared 
with babies born prematurely, there is some evidence that 
maternal alcohol exposure can increase the risk of neonatal 
infection even in term newborns. One study, for example, 
evaluated neonatal infections in 872 newborns with gesta-
tional age greater than or equal to 36 weeks. Infants whose 
mothers reported any alcohol use, excessive drinking, or 
smoking during pregnancy were more likely to have an 
infection than infants whose mothers reported that they 
abstained from alcohol ingestion or cigarette smoking 
(Gauthier et al. 2005a). When the researchers controlled 
for race and smoking, infants that were small for gestational 
age (SGA) and whose mothers used any alcohol had a 
2.5-fold increased risk of infection. Excessive alcohol use by 
the mother in these SGA infants increased the risk of infec-
tion three- to fourfold. Even after controlling for low mater-
nal income, smoking, and having a baby that was SGA, the 
researchers found that the newborns were three times more 
likely to have a neonatal infection if their mothers drank 
more than seven drinks per week during pregnancy (Gauthier 
et al. 2005a). This effect was most significant if the alcohol 
use occurred in the second trimester of pregnancy, a time 
when the neonatal immune system is developing. These 
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findings suggest that maternal alcohol ingestion may increase 
the risk of potentially serious acute health problems in the 
postnatal period, even in full-term infants. Risks of alcohol 
exposure are even more significant for those babies born 
prematurely. We will therefore focus the remainder of the 
article on this uniquely vulnerable population. 

Alcohol’s Link to Premature Birth

Premature infants are at increased risk for a variety of signif-
icant medical complications, including respiratory, cardiac, 
neurological, and gastrointestinal problems as well as infection 
and infection-related complications. Alcohol consumed 
during pregnancy, researchers postulate, may exacerbate 
these problems. In addition, research continues to evaluate 
the hypothesis that drinking during pregnancy can inde-
pendently increase the risk of premature birth. 

The strength of the potential link between alcohol and 
premature birth remains under debate, because several studies 
have failed to demonstrate a significant relationship between 
alcohol and prematurity (Bailey and Sokol 2008). However, 
Bailey and Sokol (2008) argue that the suspected link is 
strengthened if they account for potential flaws in study 
design, particularly among women who drink heavily or 
binge drink during pregnancy (Bailey and Sokol 2011). In 
fact, the data thus far do not demonstrate a link between 
low-to-moderate drinking during pregnancy and the risk  
of premature delivery (Bailey and Sokol 2011), but multiple 
studies demonstrate a two- to threefold increase in the risk 
of premature delivery for women who drink heavily or binge 
drink during pregnancy (Kesmodel et al. 2000; Mullally et 
al. 2011; O’Leary et al. 2009; Sokol et al. 2007). Further-
more, heavy drinkers exhibited a dramatic 35-fold increased 
risk of delivering their babies extremely prematurely (earlier 
than 32 weeks) compared with women who did not drink 
during pregnancy (Mullally et al. 2011; Sokol et al. 2007). 
Therefore, some authors propose that extreme prematurity 
is an alcohol-related birth defect (Sokol et al. 2007). 

Maternal alcohol use also has been associated with mul-
tiple risk factors that independently increase the risk of 
premature delivery. For example, chorioamnionitis—an 
inflammation of the fetal membranes due to a bacterial 
infection—confers a significant risk for preterm labor and 
premature delivery and also increases the risk of multiple 
adverse outcomes for premature newborns (Pappas et al. 
2014). In multiple reviews, maternal alcohol use signifi-
cantly increased the risk of chorioamnionitis, with risks 
ranging from five to more than seven times higher when 
compared with pregnancies without alcohol exposure (de 
Wit et al. 2013; Hutchinson et al. 2013). Placental abrup-
tion, a dangerous condition when the placental lining sep-
arates from the uterus, also increases the risk of premature 
delivery (Sokol et al. 2007). A large review of risk factors  
for placental abruption suggested that maternal alcohol 
ingestion increased the risk of abruption by more than  
twofold (Martinelli et al. 2012). 

Although these findings suggest that maternal alcohol  
use is a risk factor for premature delivery, identification of 
alcohol-exposed term and premature newborns using tradi-
tional clinical tools is poor in both the well-baby nursery  
as well as newborn intensive care units (Little et al. 1990; 
Stoler and Holmes 1999). Given this, in order to accurately 
determine alcohol’s adverse effects on premature newborns, 
it is paramount to validate biomarkers of alcohol exposure 
in this already at-risk population. One potential marker is a 
product of alcohol metabolism called fatty acid ethyl esters, 
which studies suggest accurately determine alcohol exposure 
in term newborns and in adults (Bearer et al. 1992, 2005; 
Best and Laposata 2003; Kulaga et al. 2006; Laposata and 
Lange 1986). Additional research examining ways to improve 
the accuracy of identifying alcohol-exposed newborns has 
evaluated the combination of other products of nonoxidative 
ethanol metabolism including phosphatidylethanol (PEth), 
ethyl glucuronide (EtG), and ethyl sulfate (EtS) (Bakhireva 
et al. 2014; Joya et al. 2012). To date, researchers have 
investigated these methods only in term pregnancies. They 
now need to test them in premature newborns exposed to 
alcohol. Once there is an accurate, safe, and convenient way 
to identify premature newborns exposed to alcohol, it will 
enable researchers to determine how prenatal alcohol expo-
sure contributes to the development of common disorders 
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Figure     Research suggests that alcohol exposure in utero affects 
infants’ immune function through a variety of mechanisms, 
including indirectly by increasing the risk of premature 
birth and directly by influencing immune mediated defenses, 
particularly in the lungs.
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faced by the premature population, including late-onset 
sepsis (infection), the lung condition bronchopulmonary 
dysplasia, the gastrointestinal disease necrotizing enterocolitis, 
and neurodevelopmental delays. 

Premature Birth and the Risk of Infection 

Despite a lack of biomarkers to specifically identify alcohol- 
exposed premature infants, research can begin to indirectly 
link in utero alcohol exposure to increased risk of infections 
and infection-related illnesses in this population. For all 
newborns, but particularly those born prematurely, infec-
tions play a significant role in illness and mortality (Alarcon 
et al. 2004; Benjamin et al. 2006; Cordero et al. 2004;  
Stoll et al. 2010). Even with antibiotic therapy and modern 
neonatal intensive care, the risk of bacterial infections 
remains disproportionately elevated in premature newborns 
and those born within minority groups (Stoll et al. 1998, 
2002). Bacterial infection in the premature population 
increases the risk of a variety of complications including 
patent ductus arteriosus, in which abnormal blood flow persists 
between the pulmonary artery and the aorta; necrotizing 
enterocolitis, in which intestinal tissue becomes diseased 
and can die; bronchopulmonary dysplasia, a chronic and 
serious lung condition (Stoll et al. 2002); and neurodevel-
opmental delays (Adams-Chapman and Stoll 2006; Stoll  
et al. 2004). 

Even as the premature newborn grows, it remains at 
increased risk for significant problems related to respiratory 
infections, particularly those of viral origin. Although 
immunization strategies such as Palivizumab, which aims  
to prevent serious and often life-threatening lung infections 
caused by respiratory syncytial virus (RSV), target premature 
newborns and at-risk newborns with significant lung disease, 
the growing premature newborn remains at an increased 
risk for RSV infection, particularly in the lower respiratory 
tract of the lung (American Academy of Pediatrics 2009; 
Hall et al. 2009). Furthermore, children born prematurely 
continue to be at increased risk for severe influenza infections, 
which adversely affect their long term prognosis (Izurieta et 
al. 2000; Louie et al. 2006). 

Data directly linking in utero alcohol exposure to infec-
tions in infants and children are sparse, but some studies 
suggest an increased risk of neonatal bacterial infection.  
For example, a small study of children diagnosed with FAS 
found abnormal lymphocytes and increased rates of bacte-
rial infections such as meningitis, pneumonia, and otitis 
(Johnson et al. 1981). In addition, hospital stays during  
the first year of life are approximately three times longer for 
infants with FAS compared with matched control infants 
(12.1 days vs. 3.9 days, respectively), with pneumonia being 
one of the main reasons for hospitalization (Kvigne et al. 
2009). Drugs, including alcohol, also potentially increase 
the risk of maternal to fetal HIV transmission. There is a 
well-described association between alcohol abuse, the use  
of other drugs of abuse, and the acquisition and progression 

of HIV/AIDS among women (Wang and Ho 2011; also see 
the article by Bagby and colleagues).

The question remains, however, whether alcohol exacer-
bates the increased risk of infection already occurring in 
premature infants. To test this, we performed a small 
case-control analysis of very-low-birth-weight, premature 
newborns (birth weight less than 1,500 grams). We used 
social-work interviews to assess maternal alcohol use during 
pregnancy and found that premature babies exposed to 
alcohol in utero were 15 times more likely to show signs  
of early-onset bacterial sepsis than matched premature 
newborns without in utero alcohol exposure. This risk of 
early-onset bacterial sepsis with alcohol exposure remained 
even after we controlled for chorioamnionitis and premature 
prolonged rupture of membranes (Gauthier 2004). This 
study suggests that maternal alcohol use during pregnancy 
increases the risk of infection in the premature newborn, but 
much investigation still is necessary to fully define the influ-
ence of maternal alcohol use on neonatal infection. 

Animal models of fetal ethanol exposure play an import-
ant role in furthering this research. These models help iden-
tify mechanisms underlying alcohol’s detrimental effects on 
immune defense (Gauthier et al. 2005b, 2010; Lazic et al. 
2007; McGill et al. 2009; Sozo et al. 2009), and they not 
only support these early clinical findings but also suggest 
that in utero exposure alters multiple arms of innate immu-
nity in the developing fetal lung, as we discuss below. 

Maternal Alcohol Ingestion and Lung Immunity

As mentioned above, viral-mediated respiratory infections 
can be an ongoing problem for children born prematurely. 
In particular, they are at increased risk for RSV and influ-
enza. Emerging data from animal research provide insight 
into mechanisms underlying these findings.

Studies of animals exposed in utero to ethanol suggest 
that ethanol-induced immune dysfunction persists into 
adulthood. Specifically, adult animals exposed to ethanol  
in utero demonstrated impaired adaptive immunity and 
altered B-cell responses, resulting in increased risk and 
severity of influenza infection (McGill et al. 2009). Another 
study (Zhang 2005) demonstrated that in utero ethanol 
exposure alters the hypothalamic–pituitary–adrenal axis, 
which in turn results in hyperactivity in stress-induced 
immunosuppression and increased vulnerability to subse-
quent infectious illness. 

Innate immunity in the lung is impaired in the prema-
ture newborn (Bellanti and Zeligs 1995; Hall and Sherman 
1992). Growing evidence suggests that in utero ethanol 
exposure further disrupts multiple arms of innate immunity 
in the developing lung. Studies in sheep, for example, find 
that in utero ethanol disrupts immune function by decreasing 
in the fetal lung surfactant proteins (SP), which also are 
known as collectins, particularly SP-A and SP-D (Lazic et 
al. 2007; Sozo et al. 2009). In the lung, these proteins are 
essential mediators of the local immune response in that 
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they modulate the function of dendritic and T cells and 
facilitate the removal of pathogens by the alveolar macro-
phage (Sorenson et al. 2007). 

The alveolar macrophage is the resident inflammatory  
cell that provides the initial defense against foreign and 
infectious particles and orchestrates the inflammatory 
process within the lung (Fels and Cohn 1986; Standiford  
et al. 1995). Alveolar macrophages reside in the lungs’  
alveoli and are derived from peripheral circulating blood 
monocytes (Fels and Cohn 1986; Prieto et al. 1994). As a 
consequence, anything that affects immune responses of 
fetal monocytes—for example, exposure to alcohol during 
pregnancy—may subsequently affect the alveolar macro-
phage population and the inflammatory environment 
within the newborn lung (Kramer et al. 2004, 2005). 

Furthermore, substances that directly affect alveolar 
macrophages can therefore affect immunity in the infant 
lung. Studies in animals find that fetal alcohol exposure 
decreases the antioxidant glutathione in the fluid lining the 
alveolar space and within the resident alveolar macrophages 
(Gauthier et al. 2005b). Reductions in glutathione cause 
oxidative stress in the lung that, in turn, contributes to  
alveolar macrophage dysfunction and altered alveolar 
macrophage maturation (Brown et al. 2007; Gauthier et al. 
2005b, 2010). Other studies in guinea pigs demonstrated 
that impaired alveolar macrophage function increases the 
already elevated risk of experimentally induced pneumonia 
in the newborn pup (Gauthier et al. 2009; Ping et al. 
2007). Providing the pregnant guinea pig with the dietary 
supplement S-adenosylmethionine (SAMe) during ethanol 
ingestion prevented glutathione depletion in the neonatal 
lung, protected the neonatal alveolar macrophage from 
increased reactive oxygen species, improved alveolar macro-
phage phagocytosis, and decreased the risk of sepsis and 
pneumonia in the pup. In addition, giving intranasal gluta-
thione treatments to newborn pups exposed in utero to 
alcohol improved macrophage phagocytosis and diminished 
lung infections and dissemination of experimentally induced 
Group B Streptococcus pneumonia (Gauthier et al. 2009). 
These findings support the idea that fetal ethanol exposure 
causes glutathione depletion in the lung, which in turn 
decreases the fetal lung’s ability to clear infectious particles 
and increases the risk of respiratory infections.

Research in both humans and animals suggest that zinc 
depletion also may play a role in dampening immunity in 
alcohol exposed infants. Zinc is an essential cofactor in 
approximately 300 enzyme-dependent processes involved  
in immunity, growth, cell differentiation, and metabolism 
(Chandra 2002; Uriu-Adams et al. 2010). Studies of global 
disease burden for 2010 found that a primary risk factor for 
death in early infancy was bacterial infection linked to zinc 
insufficiency (Chaffee and King 2012; Lim et al. 2012; 
Mori et al. 2012). Indeed, zinc is essential for innate and 
adaptive immune responses (Knoell and Liu 2010; Maggini 
et al. 2007), and suboptimal concentrations of zinc result in 
an increased susceptibility to infection as well as exacerbation 

of existing infections (Prasad 2013). Newborns are at an 
increased risk for suboptimal zinc concentrations if their 
mothers have suboptimal zinc pools, and women who abuse 
alcohol during pregnancy tend to have suboptimal zinc 
pools (Keen et al. 2010; Picciano 2003). In addition, 
researchers have shown that decreases in zinc are a potential 
relative risk factor for FASD, and zinc supplements may 
protect against some of the adverse effects of prenatal alcohol 
exposure (Keen et al. 2010; Picciano 2003). Because 
approximately 50 percent of pregnancies are unintended 
(Finer and Henshaw 2006), some mothers may continue 
drinking during at least part of their pregnancy, resulting  
in significant fetal alcohol exposure and risk of suboptimal 
zinc concentrations in newborns. Furthermore, because  
the majority of zinc is transported across the placenta in the 
third trimester of pregnancy, newborns born prematurely, 
before zinc transport is complete, also are zinc deficient 
(Giles and Doyle 2007), which suggests that premature 
newborns exposed to alcohol in utero may be at an even 
higher risk of zinc deficiency. 

A study in adult rats suggests a possible mechanism for 
zinc’s effect on alcohol-induced alveolar macrophage 
dysfunction. The study found that chronic ethanol ingestion 
decreased the zinc levels in alveolar macrophage due to 
decreased expression of zinc transporters (Mehta and Guidot 
2012; Mehta et al. 2011). Equally important, dietary zinc 
restored zinc pools in the alveolar macrophage and improved 
phagocytosis. Investigations in fetal ethanol models suggest 
that similar zinc deficiencies contribute to fetal alveolar 
macrophage dysfunction in the newborn. 

Potential Areas for Further Research

Further research defining the mechanisms underlying  
alcohol-induced alterations in the immune function of the 
alcohol-exposed newborn is necessary. In the adult alcohol- 
exposed lung, alcohol-induced mitochondrial dysfunction 
significantly contributes to cellular dysfunction and 
impaired immune response of the alveolar macrophage 
(Liang et al. 2013, 2014). 

Systemically, alcohol alters multiple arms of the immune 
system. Alcohol-induced increase in intestinal permeability 
and alterations of the gut microbiome directly contribute to 
alcohol-associated hepatic inflammation and the progression 
of liver disease (Chen and Schnabl 2014; Elamin et al. 
2013; see also the article by Engen and colleagues). Alcohol-
induced changes in gut permeability and the gut’s interaction 
with the liver modulate both lung and liver inflammation  
in the setting of burn injury (Chen et al. 2014). Antigen 
presentation and T-cell dysfunction contribute to the 
complex immune dysfunction of the alcohol-exposed adult 
(Fan et al. 2011; Gurung et al. 2009). These important 
mechanisms have yet to be evaluated among fetuses exposed 
to alcohol in utero. They remain important potential areas 
of research particularly in the premature newborn, because 
morbidities such as late onset sepsis, bronchopulmonary 
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dysplasia, and necrotizing enterocolitis are interrelated 
(Stoll et al. 2010). 

Conclusion

This article highlights evidence from research in humans 
and animals suggesting that ingesting alcohol during preg-
nancy can disrupt the fetal immune system and result in an 
increased risk of infections and disease in newborns and 
possibly throughout life. It also emphasizes the critical need 
for more research to illuminate the strength and nature of 
this link and the mechanisms by which alcohol may influ-
ence the developing immune system. 

In particular, researchers need more specific and accurate 
assays for identifying which newborns have been exposed  
to alcohol in utero, along with methods to determine the 
extent and timing of such exposure. Such approaches will 
allow researchers to determine and more precisely measure 
the influence of alcohol on infections and diseases related to 
immune system dysfunction. In addition, continued research 
is needed to clarify the potential link between alcohol and 
premature birth, particularly extreme premature delivery. 

Evidence from studies in animals has begun to provide 
theories about how alcohol may disrupt the developing 
immune system. These animal models already have begun 
to identify molecular mechanisms in the lung that may 
directly and indirectly lead to an increased risk of respira-
tory infections. These studies not only point to potential 
mechanisms of immune system disruption attributed to in 
utero alcohol exposure but also to possible interventions 
that might ameliorate the damage to the developing infant.
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Alcohol consumption contributes to increased incidence and severity of traumatic  
injury. Compared with patients who do not consume alcohol, alcohol-consuming  
patients have higher rates of long-term morbidity and mortality during recovery from 
injury. This can be attributed in part to an impaired immune response in individuals 
who consume alcohol. Acute and chronic alcohol use can affect both the innate and 
adaptive immune defense responses within multiple organ systems; the combination 
of alcohol use and injury results in increased susceptibility to bacterial and viral 
pathogens. This review examines the major deleterious effects of alcohol on immunity 
following tissue damage or traumatic injury, with a focus on alcohol’s influence on 
the ability of the immune and major organ systems to fight disease and to repair 
damaged tissues following injury. 
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The incidence of traumatic injury in 
alcohol-intoxicated individuals continues 
to escalate. According to the Centers 
for Disease Control and Prevention 
(2012a), more than 38 million American 
alcohol users consume 5 or more drinks 
on the same occasion (i.e., binge drink) 
and do so about 4 times per month. 
This behavior is highly conducive to 
unintentional or accidental traumatic 
injury, which according to the National 
Vital Statistics Reports is the leading 
cause of years of potential life lost 
(YPLL) before age 45. Unintentional 
injury causes more YPLL than that 
attributed to cancer, intentional injuries, 
heart disease, and HIV individually 
(Centers for Disease Control and 
Prevention 2009). Data from the 
National Center for Injury Prevention 

and Control, as well as data derived 
from prospective and retrospective 
studies, show that up to 40 percent  
of victims of traumatic injury have 
positive blood alcohol concentrations 
(BAC), with 35 percent presenting 
with blood alcohol levels above the 
legal limit of intoxication (Beech and 
Mercadel 1998).

The severity of trauma, reduced 
blood flow and oxygen delivery (i.e., 
hemorrhagic shock, referred to as 
shock in this article), and tissue injury 
is greater in intoxicated victims than  
in sober victims, resulting in higher 
mortality rates in the alcohol-consuming 
patient population (Pories et al.  
1992). Although immediate mortality  
from traumatic injury has improved 
significantly as a result of aggressive 

resuscitation, long-term morbidity and 
mortality continue to be unacceptably 
high during the recovery period. The 
prevalence of morbidity and mortality 
is particularly attributable to the 
altered immune response among 
impaired patients to subsequent chal-
lenges, such as surgery or infection, 
leading to multiple organ failure 
(Roumen et al. 1993; Sauaia et al. 
1994). Acute alcohol intoxication 
complicates the initial management of 
trauma victims and is associated with 
greater incidences of pneumonia and 
respiratory distress, requiring ventilator 
assistance during hospitalization 
(Gurney et al. 1992; Jurkovich et al. 
1992). In addition, major complications 
including tracheobronchitis, pneumonia, 
pancreatitis, and sepsis are significantly 



increased in patients with high levels 
of carbohydrate-deficient transferrin 
(CDT), a marker for alcoholism 
(Spies et al. 1998). European studies 
show that, compared with nonalcoholics, 
alcoholics more frequently develop 
major complications and require a 
significantly prolonged stay in the 
intensive care unit (ICU) following 
trauma (Spies et al. 1996a).

Excessive acute and chronic alcohol 
consumption has significant effects  
at multiple cellular levels, affecting 
both innate and adaptive immune 
mechanisms (Molina et al. 2010). Both 
chronic and acute patterns of alcohol 
abuse lead to impaired immune responses, 
resulting in increased susceptibility to 
infectious diseases caused by bacterial 
and viral pathogens (Brown et al. 
2006). Clinical and preclinical studies 
show that the combined effects of 
alcohol and injury result in greater 
immune disruption than either insult 
alone (Messingham et al. 2002). This 
article reviews the current understanding 
of the burden of alcohol on the immune 
response to three specific traumatic 
events: burn, shock, and traumatic 
brain injury (TBI). The major patho-
physiological consequences of these 
injuries on other major organ systems— 
including the cardiovascular system, 
pulmonary system, and gastrointestinal 
tract—are highlighted with emphasis 
on the contribution of alcohol-induced 
immunomodulation to postinjury 
morbidity.

Reestablishment of homeostasis after 
a traumatic insult involves activation  
of host defense mechanisms for self- 
protection against toxic inflammatory 
processes and tissue repair. Trauma 
victims frequently are subjected to 
necessary invasive procedures, such  
as surgery and anesthesia. In addition, 
trauma victims frequently are exposed 
to subsequent challenges, particularly 
infection. These additional stresses to 
an already compromised inflammatory 
and neuroendocrine milieu further 
contribute to morbidity and mortality 
in this patient population. Traumatic 
injury and hemorrhagic shock produce 
a temporal pattern with early upregula-  

tion of pro-inflammatory cytokine1 
gene product expression and with  
later suppression of stimulated  
pro-inflammatory cytokine release 
(Hierholzer et al. 1998; Molina et al. 
2001). Together, these alterations lead 
to generalized immunosuppression, 
ultimately resulting in an increased 
susceptibility to infection (Abraham 
1993; Ertel et al. 1993).

Alcohol has been shown to affect 
multiple aspects of the host immune 
response, contributing to pathological 
processes (Szabo 1998). For example, 
alcohol alters the expression and process-
ing of cytokines and a type of cytokine 
known as chemokines (D’Souza et al. 
1989; Standiford and Danforth 1997), 
the expression of adhesion molecules 
(Zhang et al. 1999), inflammatory cell 
recruitment (Patel et al. 1996; Shellito 
and Olariu 1998) and accumulation, 
and oxidative capacity of macrophages 
(Nilsson and Palmblad 1988). The 
monocyte/macrophage production of 
cytokines and chemokines, in particular 
interleukin (IL)-8 and tumor necrosis 
factor-a (TNF-a), is critical in the 
regulation of the acute inflammatory 
host response to infectious challenge. 
The combined inhibition of pro- 
inflammatory cytokine production 
and neutrophil activation and migration 
to a site of infection has been suggested 
to contribute to the enhanced suscep-
tibility to infection in alcoholic indi-
viduals (Nelson et al. 1991) and to  
the increased risk of trauma- and 
burn-related infections associated  
with alcohol intoxication (Arbabi et al. 
1999). Several lines of evidence show 
that these alcohol-mediated alterations 
in host defense following injury lead 
to increased morbidity and mortality 
from infections during the recovery 
period (Faunce et al. 2003; Messingham 
et al. 2002; Zambell et al. 2004). In 
addition, considerable evidence suggests 
that the severity of disease processes is 
greater in intoxicated trauma victims 
than in nonintoxicated counterparts 
(Spies et al. 1996a,b, 1998). In 

1 Cytokines are proteins involved in cell signaling. They are  
produced by a variety of cells including immune cells and  
regulate the immune response. 

particular, immunoparalysis character-
ized by inhibition of stimulated pro- 
inflammatory cytokine release (Angele 
et al. 1999) and alterations of both 
cellular and humoral immunity 
(Napolitano et al. 1995; Wichmann  
et al. 1998) have been identified as 
risk factors for infection and progres-
sion to organ injury during the post-
traumatic injury period (Abraham 
1993; Ertel et al. 1993).

The systemic response to injury is 
associated with marked activation of 
neuroendocrine pathways that contrib-
ute to cardiovascular adaptation to 
blood loss, injury, and pain but also 
exert immunomodulatory effects 
(Molina 2005). Catecholamines (e.g., 
dopamine, norepinephrine, and 
epinephrine), and drugs that mimic 
their effects (i.e., adrenergic agonists), 
are especially known to exert important 
regulatory functions on macrophages 
as well as on B- and T-lymphocyte 
cytokine production, proliferation, 
and antibody secretion; dendritic cell 
function; cytokine and chemokine 
release; and nitric oxide (NO) produc-
tion (Madden et al. 1995). The rele-
vance of these control mechanisms 
and the implications of their dysregu-
lation have been demonstrated by the 
high incidence of infection in patients 
who experience elevated temperature, 
increased heart rate, and perspiration 
(i.e., “sympathetic storm”) following 
acute brain trauma and myocardial 
infarction (Woiciechowsky et al. 1998). 
Alcohol intoxication produces marked 
disruption of several neuroendocrine 
pathways. Disruption of the homeostatic 
neuroendocrine counterregulatory 
response to shock impairs hemodynamic 
stability and recovery, contributing to 
compromised blood flow and increased 
end-organ injury (Molina et al. 2013). 
Specifically, binge alcohol use blunts 
central neuroendocrine and autonomic 
activation, and this seems to result from 
alcohol-accentuated NO production in 
the periventricular nucleus (PVN) of 
the hypothalamus (Whitaker et al. 
2010). Alcohol-mediated impairment 
of neuroendocrine counterregulatory 
responses to traumatic injury not only 
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exacerbates low blood pressure (i.e., 
hypotension) during hemorrhage but 
also attenuates blood pressure recovery 
during fluid resuscitation, leading to 
significant alterations in blood flow 
redistribution and notably affecting 
circulation in the gastrointestinal tract 
(Wang et al. 1993). Studies have shown 
that alcohol-intoxicated animals have 
greater reduction of blood flow to  
the liver, kidney, and small and large 
intestines than nonintoxicated animals, 
following shock and fluid resuscitation 
(Sulzer et al. 2013). These macro- and 
microcirculatory changes during trauma 
and hemorrhage have been implicated 
in the subsequent development of 
sepsis and multiple organ failure 
(Peitzman et al. 1995) and contribute 
to an increased host susceptibility to 
infection and tissue injury during 
recovery (Mathis et al. 2006; Xu et al. 
2002). People who abuse alcohol, 
including both binge and chronic 
drinkers, have a higher incidence of 
traumatic injury such as burn, shock, 
and TBI. The host response to these 
diverse insults is markedly affected by 
both patterns of alcohol abuse and 
some systems—including gastrointesti-
nal, cardiovascular, and pulmonary— 
are more affected than others according 
to the specific injury.

Alcohol and Burn Injury

Burn injury is a common type of trau-
matic injury that affects thousands of 
people in the United States every year 
(Bessey et al. 2014). Approximately 50 
percent of burn-injured patients have 
detectable blood alcohol levels at the 
time of hospital admission (Haum et 
al. 1995; McGwin et al. 2000), and 
these patients have more complications, 
require longer hospital stays, and have 
greater mortality rates than those with 
a similar degree of injury who are not 
intoxicated at the time of injury (McGill 
et al. 1995). Most morbidity and 
mortality among patients who survive 
initial injury is attributed to complica-
tions stemming from infection (Baker 
et al. 1980). Therefore, the pre-burn 

immunological condition of injured 
patients affects susceptibility to infection 
and survival. Several mechanisms 
contribute to infection in burn patients, 
including loss of barrier function, 
changes in normal flora, wound ischemia, 
and cellular immunosuppression 
resulting from pro-inflammatory 
processes. Neutrophil, helper T-cell, 
and macrophage dysfunction; increased 
pro-inflammatory cytokine produc-
tion; and enhanced production of 
immunosuppressive factors have all 
been shown to contribute to the 
pathophysiological response to burn 
injury (Faunce et al. 1998; Messingham 
et al. 2000). The mechanisms that 
contribute to infection in burn patients 
are influenced by acute and chronic 
alcohol intoxication and will be discussed 
below (see figure 1). 

Research by Kovacs and colleagues 
(2008) has offered insight into the 
combined effects of`burn injury and 
alcohol intoxication on immunity 
(Bird and Kovacs 2008). Chronic 
alcohol abuse alone increases the risk 
for lung infection (Baker and Jerrells 
1993), impairs the phagocytic activity 
of alveolar macrophages and clearance 
of infectious particles from the airways, 
and impairs oxidant radicals, chemo-
kine, and cytokine release that are 
required for microbial killing (Brown 
et al. 2007; Mehta and Guidot 2012; 
Molina et al. 2010). Acute alcohol 
intoxication prior to burn injury 
significantly suppresses the immune 
response relative to the insult alone 
(Faunce et al. 1997) and causes greater 
suppression of T-cell proliferation and 
response, reduced IL-2 production, 
and increased IL-6 production and 
circulating levels (Choudhry et al. 
2000; Faunce et al. 1998). The T-cell 
and cytokine impairment caused by 
the combined effect of alcohol and 
burn injury may further suppress 
cell-mediated immunity, resulting in 
even greater susceptibility to infection 
than burn alone. Alcohol-mediated 
immunomodulation contributes to 
tissue injury in target organs as 
described below.

Gastrointestinal Tract
A multitude of studies have demon-
strated that the gut is a reservoir for 
pathogenic bacteria, which may 
contribute to increased susceptibility 
to infections following traumatic 
injury (Deitch 1990). The intestinal 
mucosal barrier serves a major role in 
the local defense against bacterial entry 
and the translocation of endotoxin to 
the systemic circulation (Xu et al. 1997). 
Increased permeability and immune 
dysfunction indicate the compromised 
state of the intestinal mucosal barrier 
to bacterial translocation following 
trauma (Deitch et al. 1990; Willoughby 
et al. 1996). Increased intestinal 
permeability enhances bacterial and 
endotoxin translocation from the 
intestinal tract to the systemic circula-
tion, triggering a systemic inflamma-
tory response (Xu et al. 1997). Activated 
macrophages and lymphocytes release 
pro-inflammatory cytokines including 
TNF-a, IL-1β, and IL-6, thereby 
contributing to tissue injury (Fink 
1991). Studies have determined that 
chronic alcohol consumption disrupts 
intestinal barrier function and induces 
gut leak (Li et al. 2008; Tang et al. 
2009). In addition, reports have shown 
a loss of intestinal barrier function 
followed by an increase in endotoxin 
and bacterial translocation to the 
systemic circulation following burn 
injury alone (Carter et al. 1990; 
Deitch and Berg 1987; Horton 1994), 
alcohol intoxication alone (Keshavarzian 
et al. 1994; Tabata et al. 2002), and 
burn injury with alcohol intoxication 
(Choudhry et al. 2002; Kavanaugh et 
al. 2005; Napolitano et al. 1995). 
Acute alcohol intoxication at the time 
of burn injury enhances bacterial 
growth in the intestine and is reflected 
in a proportional increase in mesen-
teric lymph node bacterial count 
(Kavanaugh et al. 2005). Acute alcohol 
intoxication also modulates intestinal 
immune defense by suppressing T-cell 
proliferation and increasing bacterial 
accumulation in mesenteric lymph 
nodes, spleen, and blood, which suggests 
that T-cell suppression may play a role 



in bacterial translocation from the 
lumen of the gut (Choudhry et al. 
2002). Moreover, studies have shown 
that following shock, trauma, or burn 
injury, the gut leaks bacteria and 
pro-inflammatory factors that are 
carried by the mesenteric lymphatic 
system, which contributes to acute 
lung injury (ALI) (Magnotti et al. 
1999). The possibility that alcohol 
exacerbates toxin delivery to the systemic 
circulation through the lymphatics is 
supported by studies demonstrating 
that alcohol regulates the contractile 
cycle of mesenteric lymphatic vessels 
modulating the driving force of lymph 
flow (Keshavarzian et al. 1994; Souza-
Smith et al. 2010). Thus, the contri-
bution of gut–lymph to end-organ 

damage following burn injury and 
alcohol intoxication may be significant.

Collectively, studies indicate that 
alcohol consumption preceding burn 
injury (1) increases gut permeability; 
(2) enhances intestinal bacterial growth, 
translocation, and systemic accumula-
tion; and (3) suppresses T-cell prolif-
eration. Further, research supports the 
concept that the intestine is not only a 
source of infection but also the site of 
the initial immune perturbation leading 
to the development of multiple organ 
dysfunction or organ failure.

Cardiovascular System
Immediately following a burn injury, 
the cardiovascular system responds 
with a decrease in cardiac output 

(Cuthbertson et al. 2001) as a result of 
low blood volume and reduced venous 
return (Kramer et al. 2007). This phase 
is associated with decreased cardiac 
contractility, mediated by the release 
of vasoactive and pro-inflammatory 
mediators (Williams et al. 2011). 
Subsequently, there is a surge in coun-
terregulatory neuroendocrine mediators 
(catecholamines, glucagon, and cortisol) 
that contribute to the development of 
a hyperdynamic cardiovascular state—
characterized by increased heart rate 
and cardiac output—and is associated 
with increased myocardial oxygen 
consumption and myocardial hypoxia 
(Williams et al. 2011). These patho-
physiological processes enhance oxida-
tive metabolism and increase the risk 
for free-radical generation, further 

Figure 1   Salient gastrointestinal, pulmonary, and metabolic pathophysiological consequences of alcohol abuse prior to, or at the time of, burn 
injury. The decrease in gut barrier function leads to increased permeability and bacterial translocation that enhances the risk for bacterial 
infections and lung injury. Marked alterations in metabolic responses, characterized by altered adipokine profile consistent with increased 
insulin resistance, collectively contribute to greater morbidity and mortality post–burn injury. 
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exacerbating the pro-oxidative envi-
ronment that has been proposed  
to contribute to impaired wound heal-
ing in burn patients (Herndon and 
Tompkins 2004). Chronic binge alcohol 
consumption also has been shown  
to promote a pro-oxidative and pro- 
inflammatory milieu (Rashbastep et  
al. 1993), and these factors may further 
impede wound healing in patients 
consuming alcohol prior to experiencing 
burn injury. Additional research is 
needed to better understand immuno-
modulation effects following the 
combined insults of alcohol and burn 
injury and the mechanisms underlying 
the more severe outcome of burn injury 
with alcohol abuse.

Pulmonary System
Adult respiratory distress syndrome 
(ARDS) is a frequent cause of death in 
burn patients. The lungs are one of the 
first organs to fail following traumatic 
injury (Turnage et al. 2002). Chronic 
and acute alcohol abuse impair pulmo-
nary host defense to infection, thus 
increasing the risk of bacterial infection 
and acute lung injury (Boe et al. 2009; 
Happel and Nelson 2005). Lung injury 
as a result of the combination of alcohol 
intoxication and burn injury may be 
attributed to the delicate architecture 
of the lungs combined with other 
alcohol-related factors, such as bacte-
rial and endotoxin leakage from the 
gut and a higher risk of contact with 
pathogens from the circulation and 
airways (Bird and Kovacs 2008; Li et 
al. 2007). Previous studies show that 
the combined insult of acute alcohol 
consumption and burn injury in mice 
leads to increased infiltration of the 
lungs by white blood cells, called 
neutrophils, and pro-inflammatory 
cytokine expression of IL-6 (Chen et 
al. 2013). Systemic and pulmonary 
IL-6 reflect the inflammatory state of 
the host and have been shown to be 
decreased in the absence of Toll-like 
receptor-4 (TLR-4) and intercellular 
adhesion molecule-1 (ICAM-1) (Bird 
et al. 2010). The role of IL-6 in lung 
injury has been demonstrated in 

studies in IL-6 knockout mice or 
following neutralization of IL-6, both 
of which result in significantly reduced 
lung inflammation (Chen et al. 2013). 
Studies also have shown that acute 
alcohol intoxication at the time of 
burn injury induces an upregulation 
of IL-18 production and neutrophil 
infiltration within the lung compart-
ment, all leading to pulmonary edema 
(Li et al. 2007). 

Metabolism
The post-burn period is characterized 
by a hypermetabolic state (Pereira and 
Herndon 2005) consisting of increased 
oxygen consumption; increased break-
down of glycogen, fats, and proteins; 
elevated resting energy expenditure 
and glucose synthesis; and reduced  
insulin-stimulated glucose uptake into  
skeletal muscle and adipose tissue 
(Gauglitz et al. 2009). Previous studies 
suggest that development of this 
hypermetabolic state during the post-
burn period occurs as a consequence of  
(1) increased plasma catecholamine 
and corticosteroid concentrations 
(Jeschke et al. 2008; Williams et al. 
2009; Wilmore and Aulick 1978),  
(2) increased systemic pro-inflamma-
tory mediator expression, favoring 
processes that release energy (i.e., cata-
bolic) over those that store energy 
(i.e., anabolic) (Jeschke et al. 2004), 
and (3) increased adipose tissue mRNA 
(Zhang et al. 2008) and protein (Yo  
et al. 2013) expression of uncoupling 
protein-1 (UCP-1), enhancing heat 
production and metabolism. Further, 
circulating levels of TNF-a, a known 
anti-insulin cytokine, are increased 
(Keogh et al. 1990), and the post-
burn period can be described as a state 
of marked insulin resistance (IR) 
(Gauglitz et al. 2009). Insulin sensitivity 
has been reported to be decreased by 
more than 50 percent at 1-week post–
burn injury in pediatric patients (Cree 
et al. 2007) as well as in rodent models 
of burn injury (Carter et al. 2004). 
The relevance of insulin levels to  
overall outcome from burn injury  
is supported by results from clinical 

studies showing that exogenous insulin 
therapy in pediatric burn patients 
decreased pro-inflammatory cytokines, 
increased anti-inflammatory cytokines, 
and increased serum concentrations of 
insulin-like growth factor-1 (IGF-1) 
and insulin-like growth factor binding 
protein-3 (IGFBP-3). Together, these 
changes could help to preserve organ 
function and better promote anabolic 
processes during the post-burn hyper-
metabolic state (Jeschke et al. 2004). 
Chronic alcohol consumption decreases 
insulin responsiveness and can alter 
insulin signaling through various 
mechanisms, including increased 
hepatic protein expression of the gene 
phosphatase and tensin homologue 
(PTEN), which directly inhibits insulin 
signaling through the phosphatidyli-
nositol-5,5-bisphosphate 3-kinase 
(PI3K)/protein kinase B (Akt) pathway 
(de la Monte et al. 2012). In addition 
to the negative regulation of the pathway 
by PTEN proteins, the enzyme protein 
tyrosine phosphatase dephosphorylates 
and decreases activity of important 
molecules involved in the insulin 
signaling cascade, potentially contrib-
uting to impaired insulin action (Gao 
et al. 2010; Koren and Fantus 2007). 
In addition, Lang and colleagues (2014) 
demonstrated that chronic alcohol 
consumption reduces Akt and AS160 
phosphorylation, reduces membrane 
localization of glucose transporter type 
4 (GLUT-4) protein, and increases 
serine phosphorylation at serine-307 
of insulin receptor substrate-1 (IRS-1), 
all of which will attenuate insulin- 
stimulated skeletal muscle glucose 
uptake and other insulin-mediated 
anabolic effects (Lang et al. 2014). 
These negative effects on insulin 
signaling occurred in conjunction 
with sustained increases in pro- 
inflammatory cytokines TNF-α and 
IL-6 following chronic alcohol exposure 
(Lang et al. 2014). Thus, both burn 
injury and chronic alcohol exposure 
alter metabolic pathways—favoring 
catabolic and opposing anabolic  
pathways—possibly resulting in 
long-lasting alterations in metabolic 
processes. The metabolic dysregulation 
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following burn injury is likely to 
produce more severe consequences in 
chronic alcohol burn victims. Previous 
studies assessing nutritional status of 
alcoholic patients have been discordant, 
with some studies suggesting that 
increased alcohol consumption increases 
the prevalence of malnutrition in  
alcoholic patients (Hillers and Massey 
1985), whereas other studies do not 
show a role for excessive, or chronic, 
alcohol consumption in malnutrition 
(Nicolas et al. 1993; Urbano-Marquez 
et al. 1989). A study assessing the 
influences of aging and chronic alcohol 
feeding in mice on protein synthesis 
demonstrated that chronic alcohol 
feeding decreases gastrocnemius muscle 
protein synthesis, which provides a 
mechanism for loss of lean body mass 
(Korzick et al. 2013; Lang et al. 2014). 
Decreased anabolism during the post-
burn period, which itself is a state of 
heightened catabolic processes, could 
significantly impair recovery for these 
alcoholic patients experiencing burn 
injury. Further, the hypermetabolic 
state of the post-burn period is thought 
to contribute to delayed or impaired 
wound healing, increased susceptibility 
to infections, and erosion of lean body 
mass (Pereira and Herndon 2005). 
Moreover, both binge alcohol 
consumption (Pravdova and Fickova 
2006; You and Rogers 2009) and 
burn injury (Venkatesh et al. 2009; 
Wade et al. 2013) can contribute to 
dysregulation of cytokines secreted by 
adipose tissue (i.e., adipokines). Recent 
studies show that mice exposed to  
a single alcohol binge prior to burn 
injury have a dramatic increase in 
pro-inflammatory response and a 
decrease in anti-inflammatory response 
in adipose tissue (Qin et al. 2014). 
The heightened pro-inflammatory 
response during the post-burn period 
would be predicted to modulate leptin 
levels. Thus, recovery from burn 
injury is likely to be severely impaired 
in alcoholic individuals as a result of a 
greater disruption in metabolic processes 
as well as impairment of host defense 
mechanisms, leading to greater 
morbidity and health care costs 

associated with the management of 
these patients. Therefore, further 
investigation is warranted to under-
stand the modulation of the immune 
system by the combined effect of alco-
hol and burn that might result in 
dysregulation of adipose tissue and 
altered metabolism.

Alcohol and Hemorrhagic Shock

Studies from several investigators have 
provided evidence that traumatic 
injury and hemorrhagic shock produce 
an immediate upregulation of pro- 
inflammatory cytokine gene product 
expression (Ayala et al. 1991; Hierholzer 
et al. 1998). The early pro-inflammatory 
response is later followed by suppres-
sion of stimulated pro-inflammatory 
cytokine release (Angele et al. 1999; 
Xu et al. 1998) and alterations of  
both cellular and humoral immunity 
(Napolitano et al. 1995; Wichmann  
et al. 1998), leading to generalized 
immunosuppression, which ultimately 
results in an increased susceptibility to 
infection (Abraham 1993; Ertel et al. 
1993). Along with marked alterations 
in hemodynamic homeostasis and 
neuroendocrine regulation, immuno-
logical derangements and subsequent 
infections are also a major cause of 
increased morbidity and mortality 
following hemorrhagic shock (Livingston 
and Malangoni 1988; Phelan et al. 
2002). 

Studies focused on the immune 
modulatory effects of alcohol exposure 
following hemorrhagic shock have 
demonstrated that even 24 hours after 
the post-hemorrhagic shock, alcohol- 
intoxicated animals had a marked 
suppression in cytokine release to an 
inflammatory challenge (Greiffenstein 
et al. 2007), affecting the ability to 
fight secondary infectious challenges. 
Conversely, findings observed at the 
tissue level determined that alcohol 
intoxication enhanced the pro- 
inflammatory milieu following  
hemorrhagic shock, priming tissues  
for injury. The burden of alcohol and 
hemorrhagic shock on specific target 

organ systems is discussed below and 
summarized in figure 2.

Gastrointestinal Tract
Hemorrhagic shock produces similar 
alterations in gut barrier function to 
those resulting from burn injury. 
Alcohol intoxication at the time of 
hemorrhagic shock further exacerbates 
hemorrhagic injury-induced gut 
permeability and leakage (Sulzer et al. 
2013). Chronic alcohol consumption 
has been shown to disrupt intestinal 
barrier function and induce gut leak 
(Li et al. 2008; Tang et al. 2009). The 
combination of greater hypotension 
and inadequate tissue blood flow (i.e., 
hypoperfusion) observed in alcohol- 
intoxicated animals and the increased 
gut leak observed in alcohol-intoxicated 
hemorrhaged animals are speculated 
to contribute to increased host suscep-
tibility to infection and tissue injury 
during recovery (Molina et al. 2013). 
Alcohol-intoxicated, hemorrhaged 
animals have been shown to have 
greater reduction in hepatic, renal, 
and intestinal blood flow than that 
observed in nonintoxicated animals 
(Sulzer et al. 2013). This reduction in 
critical organ blood flow was associ-
ated with enhanced tissue damage.  
An additional mechanism that could 
contribute to tissue injury in the  
alcohol-intoxicated, hemorrhaged  
host is the disruption of gut-associated 
lymphoid tissue function, which has 
been shown to play a role in other 
disease states. 

Cardiovascular System
Studies using a rodent model of binge-
like alcohol consumption prior to 
hemorrhagic shock have shown that 
acute alcohol intoxication decreases 
basal mean arterial blood pressure 
(MABP), exacerbates hypotension, 
and attenuates blood pressure recovery 
during fluid resuscitation (Mathis et al. 
2006; Phelan et al. 2002). Following 
fixed-volume hemorrhage, alcohol- 
intoxicated animals were significantly 
more hypotensive throughout the 



Alcohol Effects Following Burn, Hemorrhagic Shock, or Brain Injury| 269

hemorrhage and resuscitation periods 
(Mathis et al. 2006). In response to a 
fixed-pressure (40 mmHg) hemorrhage, 
a significantly lesser amount of  
blood was removed from the alcohol- 
intoxicated animals than controls 
(Phelan et al. 2002). Similarly, 
McDonough and colleagues, using a 
guinea pig model of ethanol exposure 
prior to hemorrhagic shock (loss of 
60% blood volume) and resuscitation, 
demonstrated that a low dose of ethanol 
(1 g/kg) decreases MABP and heart 
rate and exacerbates the metabolic 
effects of hemorrhagic shock, as shown 
by increased glucose and lactate 
concentrations (McDonough et al. 
2002). Despite the plethora of previous 
studies that have examined functional 
cardiovascular consequence of hemor-

rhagic shock and hemorrhage with 
alcohol intoxication, few studies have 
examined the combined effects of 
alcohol, hemorrhagic shock, and 
immune dysfunction on the cardiovas-
cular system. However, exacerbation 
of pre-existing cardiovascular disease 
and prolonged recovery are anticipated 
outcomes of the combined effects  
of alcohol and hemorrhagic shock, all 
leading to an impaired immune response.

Pulmonary System
As mentioned previously, alcohol 
intoxication produces significant 
dysregulation of the host defense 
mechanism during the post-injury 
period. Lung IL-6 and TNF-α are 
suppressed, while granulocyte-colony 

stimulating factor (GCSF) mRNA  
is increased in alcohol-intoxicated, 
hemorrhaged animals (Mathis et al. 
2006; Ono et al. 2004). Moreover, 
isolated pleural cells and peripheral 
blood mononuclear cells (PBMCs) 
from alcohol-intoxicated, hemor-
rhaged animals display suppressed 
TNF-α, IL-1β, and IL-6 release 
following lipopolysaccharide stimula-
tion (Greiffenstein et al. 2007), 
suggesting greater impairment of 
humoral immune response than that 
resulting from hemorrhagic shock 
alone. The importance of these alter-
ations in host defense mechanisms was 
demonstrated in animals inoculated 
with Klebsiella pneumonia following 
hemorrhagic shock. These studies 
showed suppressed neutrophil response, 

Figure 2   Salient gastrointestinal, pulmonary, and neuroendocrine pathophysiological consequences of alcohol abuse prior to, or at the time of, 
hemorrhagic shock. The decreased hemodynamic counterregulatory response leads to decreased tissue perfusion, accentuated oxidative 
stress, and enhanced tissue injury. In addition, the alcohol/hemorrhaged host shows greater susceptibility to secondary infections leading 
to increased morbidity and mortality during the post-injury period.
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decreased phagocytic activity, and 
increased neutrophil apoptosis in 
hemorrhaged animals that were alco-
hol intoxicated at the time of injury 
(Zambell et al. 2004). This was associ-
ated with greater lung bacterial counts 
and prolonged elevation in TNF-α 
and IL-6 levels (18 h) post- 
infection. Furthermore, only 30 percent 
of alcohol-intoxicated, hemorrhaged 
animals survived compared with 70 
percent survival of dextrose/hemorrhage 
animals (Zambell et al. 2004). In 
addition to cytokine dysregulation, 
alcohol impairs innate barrier functions 
of the lung by increasing epithelial  
cell permeability and altering the 
function of the ciliated epithelium 
(Elliott et al. 2007; Molina et al. 
2010).

Neuroendocrine System
The pathophysiology of traumatic- 
hemorrhagic injury involves decreased 
blood volume (i.e., hypovolemia) and 
hypoperfusion, which results in signal-
ing to central cardiovascular centers 
aimed at restoring hemodynamic stabil-
ity through activation of descending 
autonomic neuroendocrine pathways 
(Molina 2005). Several mechanisms 
have been proposed to account for the 
increased hypotension and impaired 
hemodynamic stability observed with 
alcohol intoxication, with one proposed 
mechanism being blunted neuroendo-
crine activation. Studies demonstrated 
that acute alcohol intoxication at the 
time of injury results in significant 
attenuated release of counterregulatory 
hormones and potent vasoconstrictors 
such as arginine vasopressin (AVP), 
epinephrine, and norepinephrine in 
response to fixed-pressure hemorrhage 
(Phelan et al. 2002). A disruption in 
the neuroendocrine response with 
alcohol intoxication at the time of 
injury is associated with enhanced 
expression of lung and spleen TNF-α 
as well as suppression of circulating 
neutrophil function, which would  
be expected to enhance the risk for 
tissue injury (Whitaker et al. 2010). 
Conversely, Sato and colleagues 

(2013) demonstrated that alcohol 
aggravates hemorrhagic shock in a 
dose-dependent manner not by trig-
gering an immune response but by 
suppressing hormonal and neuro- 
humoral responses, thereby inhibiting 
hemodynamic auto-regulation and 
shortening the survival interval. Thus, 
both alcohol and hemorrhagic shock 
have detrimental effects on neuro- 
endocrine responses that are likely  
to modulate the host immune system 
in addition to impacting on hemo- 
dynamic stability and recovery and 
accentuating tissue hypoperfusion  
and end-organ injury.

Alcohol and Traumatic  
Brain Injury

Traumatic brain injury (TBI) accounts 
for approximately 50 percent of all 
trauma-related mortality (Centers for 
Disease Control and Prevention 2012b). 
TBI affects multiple sectors of the 
population, and young males have  
the highest rates of hospital visits and 
death (Faul et al. 2010). Falls are the 
first leading cause of TBI, followed by 
motor vehicle accidents and uninten-
tional trauma sustained during sports 
activities such as football or boxing. 
TBI can be categorized as mild, moder-
ate, or severe, and the majority of TBIs 
sustained in the United States are in the 
mild category (Centers for Disease 
Control and Prevention 2012b). In 
addition to the physical dysfunction 
caused by injury, TBI patients frequently 
experience lingering psychological 
symptoms, such as heightened anxiety, 
depression, sleep disturbances, and 
pain hypersensitivity (Whyte et al. 
1996). These symptoms have been 
implicated in increased alcohol intake 
following TBI in humans (Adams  
et al. 2012). Furthermore, it is well 
accepted that alcohol consumption 
increases the risks of sustaining a TBI 
(Corrigan 1995; Hurst et al. 1994). 
Nevertheless, a comprehensive under-
standing of the influences of alcohol 
on TBI-induced inflammation, recovery 
from injury, and long-term damage 

currently is limited and is summarized 
in the following section (see figure 3). 

Neuroinflammation 
The pathophysiology of TBI involves 
a primary mechanical injury followed 
by a secondary tissue injury resulting 
from neuroinflammation (Werner and 
Engelhard 2007). A large percentage 
of TBI victims show signs of further 
deterioration following the event 
(Sauaia et al. 1995). This suggests the 
induction of a secondary brain injury 
and immune activation as the key 
cascades contributing to the patho-
physiological processes of the secondary 
damage (Cederberg and Siesjo 2010). 
After TBI, a series of events occurs, 
including the activation of resident 
immune cells such as astrocytes and 
microglia, release of pro-inflammatory 
cytokines and chemokines, upregulation 
of endothelial adhesion molecules, 
and recruitment and activation of 
blood-derived leukocytes across the 
disrupted blood brain barrier (Feuerstein 
et al. 1998; Morganti-Kossmann et al. 
2001; Ransohoff 2002). An increase 
in the levels of TNF-α in the serum or 
cerebrospinal fluid in victims of TBI 
also has been detected in rodents 
following closed head injury (Goodman 
et al. 1990; Ross et al. 1994; Shohami 
et al. 1994). IL-1β is released after 
TBI (Fan et al. 1995) and induces 
nuclear factor-kappa B (NF-κ B), a 
key transcription factor that regulates 
the expression of genes encoding cyto-
kines, as well as inducible NO synthase 
(iNOS), and cyclooxygenase-2 (COX-
2) (Blanco and Guerri 2007; Woodroofe 
et al. 1991; Ziebell and Morganti-
Kossmann 2010). Following the rise 
of early cytokines, the release of IL-6  
is associated with increased acute-phase 
proteins, as well as blood–brain barrier 
disruption (Kossmann et al. 1995; 
Shohami et al. 1994; Woodcock  
and Morganti-Kossmann 2013) and 
sustained elevation of chemokines 
such as chemokine (C-C motif) 
ligand-2 (CCL-2) in the cerebrospinal 
fluid for as long as 10 days post-injury 
(Semple et al. 2010). Although early 
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cytokine release is essential in mediat-
ing the reparative processes after injury 
(Ziebell and Morganti-Kossmann 
2010), sustained elevation of pro- 
inflammatory mediators has been 
increasingly recognized to play a role 
in neuropathological changes associated 
with long-term degenerative diseases 
(Fan et al. 1995; Lyman et al. 2014). 
Accordingly, the additional risks of 
alcohol as a factor contributing to  
the alterations of TBI-induced neuro- 
inflammatory processes may affect  
the overall recovery. 

Alcohol exerts a profound impact 
on neuroinflammation. Although 
there are some conflicting reports in 
the literature about the role of alcohol 
on recovery, the major findings are 

summarized here. Some animal stud-
ies suggest that acute alcohol adminis-
tration prior to TBI leads to an early 
reduction in the levels of pro-inflam-
matory cytokines and chemokines in 
the injured cortex, hippocampus, and 
hypothalamus, as well as in the serum 
shortly after TBI (Goodman et al. 
2013; Gottesfeld et al. 2002). Recent 
studies also have confirmed that acute 
alcohol intoxication at the time of  
TBI does not exacerbate the expression 
of pro-inflammatory cytokines and 
chemokines at 6 hours post-injury. 
However, results obtained at a later 
time point (24 hours) show a sustained 
mRNA expression of IL-1β, TNF-α, 
IL-6, and CCL-2 following a lateral 
fluid percussion injury in rodents that 

were alcohol-intoxicated at the time of 
TBI (Teng and Molina 2014). Overall, 
some preclinical studies suggest that 
acute alcohol treatment prior to TBI 
may lead to a suppressed release of 
pro-inflammatory mediators during 
the early phase post-injury. Thus, the 
temporal pattern of neuroinflamma-
tory responses and the impact of  
alcohol intoxication on neuroinflam-
matory responses are factors to 
consider when drawing conclusions 
on the role of alcohol in modulating 
the outcome from TBIs. 

Because the literature surrounding 
the relationship between acute alcohol 
intoxication and response to trauma is 
conflicting, it is important to consider 
the pattern of alcohol abuse and the 

Figure 3   Salient cardiovascular, pulmonary, and central nervous system pathophysiological consequences of alcohol abuse prior to, or at the time 
of, traumatic brain injury (TBI). The disruption in hemodynamic homeostasis resulting from TBI contributes to decreased cerebral perfusion 
pressure. The lung is affected through neurogenic mechanisms leading to neuropulmonary edema (NPE) and associated risk for acute 
lung injury (ALI) and adult respiratory distress syndrome (ARDS). In the brain (CNS), alcohol accentuates neuroinflammation, which is 
associated with neurobehavioral dysfunction that can potentially promote alcohol drinking. Together, these pathophysiological consequences 
increase morbidity and mortality from TBI. 
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model used in different studies. In 
general, reports in the literature indi-
cate that chronic alcohol exposure 
produces immune activation in the 
brain, inducing an enhanced pro-in-
flammatory state, as evidenced by the 
presence of CCL-2 and microglial 
activation in postmortem brains of 
human alcoholics (He and Crews 2008). 
Animal studies show that chronic, 
intermittent binge alcohol administra-
tion to rodents results in increased 
microglial activation and inflammatory 
cytokine expression in the cortex and 
hippocampus (Zhao et al. 2013). In 
addition, Crews and colleagues (2004) 
have found that chronic alcohol treat-
ment induces expression of inflamma-
tory cytokines such as TNF-α, which 
further activates resident glial cells to 
secrete additional pro-inflammatory 
cytokines and chemokines, resulting 
in an increased immune activation in 
the brain. The overall pro-inflammatory 
effects of alcohol also have been shown 
by Guerri and colleagues (2007) who 
reported alcohol-mediated stimulation 
of TLR-4 and IL-1 receptor signaling 
pathways, including extracellular  
regulated-kinase 1/2 (ERK1/2), 
stress-activated protein kinase/c-Jun 
N-terminal kinases (JNK), and p38 
mitogen-activated protein kinase 
(MAPK), as well as the expression of 
NF-kB, activator protein-1 (AP-1), 
iNOS, and COX-2 in cultured glial 
cells (Alfonso-Loeches et al. 2010; 
Fernandez-Lizarbe et al. 2009). The 
role of TLR4 has been identified in 
studies where 5 months of chronic 
alcohol administration increased glial 
activation and levels of caspase-3, 
iNOS, COX-2, and cytokines (IL-1β, 
TNF-α, and IL-6) in the cerebral 
cortex of wild-type mice but not in 
the TLR-4–deficient mice (Alfonso-
Loeches et al. 2010). Another mediator 
of alcohol-mediated neuroinflamma-
tion is high-mobility group protein B1 
(HMGB1), which has been reported 
to be increased along with TLR-2, 
TLR-3, and TLR-4 in postmortem 
brains of human alcoholics (Alfonso-
Loeches et al. 2010). Despite a substan-
tial amount of evidence showing 

increased neuroinflammatory responses 
to chronic alcohol exposure, there 
have not been sufficient preclinical 
studies performed to determine the 
combined effect of chronic alcohol 
consumption and TBI on neuro- 
immune activation. Because both TBI 
and alcohol can induce inflammation 
in the brain, we speculate that the 

combination of the two events would 
further accentuate neuroinflammation. 

Retrospective studies have revealed 
that outside of the central nervous 
system, peripheral organ damage can 
contribute to the increased mortality 
rate among TBI patients as a result  
of cardiovascular, pulmonary, and 
endocrine dysfunction (Gennarelli  
et al. 1989; Shavelle et al. 2001). 
More specifically, TBI patients have 
an increased incidence of ALI, pulmo-
nary infection, neuroendocrine alter-
ations, and cardiovascular dysfunction 
during the post-injury period (Vermeij 
et al. 2013). Although the combined 
effects of alcohol and TBI and the role 
of local or systemic immune responses  
in peripheral organs are understudied, 
the current knowledge is summarized 
below (figure 3).

Pulmonary System
ALI, one of the most common 
nonneurologic complications follow-
ing TBI, results from acute pulmonary 
edema and inflammation and can lead 
to ARDS (Holland et al. 2003; Johnson 
and Matthay 2010). ALI is character-
ized by hypoxemia, loss of lung compli-

ance, and bilateral chest infiltrates 
(Dushianthan et al. 2011). Development 
of ALI post-TBI has been associated 
with increased inpatient mortality 
following injury and worse long-term 
neurologic outcome in survivors of 
TBI (Bratton and Davis 1997; Holland 
et al. 2003). Post-TBI medical inter-
ventions including induced systemic 
hypertension and mechanical ventila-
tion can result in nonneurogenic ALI 
(Contant et al. 2001; Lou et al. 2013). 
Development of neurogenic pulmo-
nary edema (NPE) occurs minutes  
to hours following TBI and typically 
resolves within days (Bratton and 
Davis 1997). The possible underlying 
factors in NPE are the severity of 
injury leading to increased intracranial 
pressure and the subsequent increased 
circulating catecholamines (Demling 
and Riessen 1990). TBI also is associated 
with greater incidence of pulmonary 
infections than that seen following 
major surgeries, burn injury, and poly-
trauma (Dziedzic et al. 2004). Clinical 
reports indicate that over 40 percent 
of TBI patients with artificial ventila-
tion develop pneumonia and are four 
times more likely to die from pneu-
monia (Harrison-Felix et al. 2006). 
The increased risk of developing pneu-
monia post-TBI is potentially attributed 
in part to a systemic immune response 
syndrome (SIRS) characterized by 
increased circulating pro-inflammatory 
cytokines (TNF-a and IL-6) (Keel and 
Trentz 2005; Kossmann et al. 1995). 

The combined impact of alcohol 
and TBI on pulmonary infections has 
been minimally investigated. Although, 
epidemiological studies have shown 
that in trauma patients, chronic alcohol 
abuse can independently increase the 
risk of ALI and ARDS two- to four-
fold (Guidot and Hart 2005). In a 
prospective study of traumatic injury 
patients with evidence of acute alcohol 
intoxication or chronic alcohol abuse, 
chronic alcohol was associated with 
increased incidence of pneumonia or 
respiratory failure as a result of its 
immunosuppressive effects. However, 
no significant increase in incidence of 
pneumonia or respiratory failure and 
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mortality was observed in patients 
with acute alcohol intoxication with 
BAC above 100mg/dL (De Guise et 
al. 2009; Jurkovich et al. 1993). The 
importance of length and amount of 
pre-existing alcohol intake and TBI 
severity may be the key factors in 
determining a patient’s risk for pneu-
monia. Taken together, the potential 
effects of chronic alcohol abuse and 
TBI could potentiate and further 
increase immunosuppression or 
immune dysfunction, thus leading to 
greater susceptibility for pneumonia, 
ARDS, and ultimately death. 

Neuroendocrine System
TBI can lead to a variety of neuroen-
docrine abnormalities, such as gonad-
otropin deficiency, growth hormone 
deficiency, corticotrophin deficiency, 
and vasopressin alterations (Behan and 
Agha 2007; Powner and Boccalandro 
2008). As a result of the mechanical 
compression to the pituitary gland or 
disruption of the pituitary stalk, hypo-
pituitarism can occur and corticotro-
phin insufficiency is commonly 
observed after TBI (Agha et al. 2004; 
Cohan et al. 2005). Excessive alcohol 
use also has been reported to be associ-
ated with neuroendocrine dysfunction, 
notably in the form of altered regulation 
of hypothalamic–pituitary–adrenal 
axis (HPA), resulting in a decreased 
corticotrophin release (Behan and Agha 
2007; Helms et al. 2014). Therefore, 
it is possible that the combination  
of alcohol and TBI-induced HPA 
dysfunction can lead to a dampened 
cortisol release, which may have  
an impact on the immune system. 
Interestingly, a hyperadrenergic state 
marked by elevated levels of catechol-
amines can occur after TBI, and  
alcohol intoxication at the time of 
TBI has been shown to blunt the 
sympatho-adrenal activation in a 
dose-dependent manner (Woolf et al. 
1990). Vasopressin has been suggested 
to play a role in blood brain barrier 
disruption, edema formation, and  
the production of pro-inflammatory 
mediators after TBI (Szmydynger-   

Chodobska et al. 2010). Vasopressin 
abnormalities leading to diabetes insip-
idus or the syndrome of inappropriate 
anti-diuretic hormone (SIADH) 
frequently are observed after TBI 
(Behan and Agha 2007), and acute 
alcohol intoxication is known to alter 
AVP release (Taivainen et al. 1995). 
Whether alcohol intoxication at the 
time of TBI or during the recovery 
period from TBI further dysregulates 
these neuroendocrine mechanisms 
remains to be examined.

Cardiovascular System
Cardiovascular complications includ-
ing slow heart rate (i.e., bradycardia), 
hypotension, electrocardiographic 
changes, arrhythmias, and increased 
circulating cardiac enzymes have been 
reported following TBI (Bourdages  
et al. 2010; Wittebole et al. 2005). 
Chronic alcohol abuse alone can lead 
to alcoholic cardiomyopathy and 
potentially heart failure (Skotzko et  
al. 2009), and the underlying etiology 
has been reviewed (Lang et al. 2005). 
Several studies by Zink and colleagues 
(1998a,b, 2006) focused on the 
combined effects of acute alcohol 
intoxication on hemorrhagic shock 
and TBI in swine, showing decreased 
survival time, lowered MABP, and 
reduced cerebral perfusion pressure, 
which may worsen secondary brain 
injury. These studies did not investi-
gate alterations in immune function or 
expression and levels of immune modu-
lators or their actions on cardiovascular 
function. Overall, the post-TBI 
cardiovascular complications, including 
vascular function, have been understud-
ied in both clinical and experimental 
models of TBI. More specifically, the 
combined impact of alcohol, TBI, and 
immune alterations on cardiovascular 
dysfunction and disease progression 
has not been examined. A possible 
prediction is that chronic alcohol- 
induced immunosuppression would 
worsen post-TBI cardiovascular 
complications; and in chronic alcoholics, 
dilated cardiomyopathy may compound 
TBI-related cardiovascular complica-

tions increasing morbidity and 
mortality.

Summary

The deleterious effects of alcohol on 
the immune system in three traumatic 
injuries are discussed in this review 
and are summarized in figures 1, 2, and 
3. It is evident that, independently, 
acute or chronic alcohol consumption 
and traumatic injury negatively modu-
late the immune system, and the end 
result is an uncontrolled release of 
inflammatory mediators. The most 
important message of this review is the 
accumulation of evidence that alcohol 
combined with traumatic injury can 
significantly affect morbidity and 
mortality through disruption in host 
immune responses. Following burn 
injury, for instance, the risk for infection 
is greatly increased because of increased 
gut permeability and increased pro- 
inflammatory cytokine expression in 
the lungs (figure 1). Alcohol use follow-
ing hemorrhage can increase inflam-
mation and oxidative stress in the gut 
while decreasing lung barrier function 
and subsequently increasing suscepti-
bility to infection (figure 2). In the 
central nervous system, alcohol use 
following TBI can increase neuroin-
flammation and prolong the recovery 
period (figure 3). Overall this informa-
tion is important, because it provides a 
wealth of evidence that alcohol 
combined with trauma is a dramatic 
and preventable cause of increased 
morbidity and mortality following 
injury. Mechanistically, two common 
pro-inflammatory cytokines that are 
consistently upregulated in all burn 
injury, hemorrhagic shock, and TBI 
are TNF-α and IL-6. A fuller under-
standing of their temporal pattern of 
expression and downstream effects 
requires further investigation. Although 
the studies described in this review 
have generated important information 
on the impact of alcohol combined 
with different types of traumatic injury, 
and the resultant adverse effects on the 
immune system, further preclinical 
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and clinical studies to dissect the 
complex cascade of immunomodula-
tion following injury are necessary. 
Specifically, further investigation is 
warranted to determine the underly-
ing mechanisms involved in immune 
modulation by acute or chronic alcohol 
intake and the effects on (1) metabo-
lism and the cardiovascular system 
following burn, (2) the neuroendo-
crine system following hemorrhagic 
shock, and (3) neuroinflammation and 
the neuroendocrine system following 
traumatic injury. The responses of the 
immune system to these inflammatory 
stimuli are variable and appear to be 
dependent on the severity of the injury, 
comorbidities, and the level of alcohol 
intoxication. Thus, it is necessary to 
systemically address these variables for 
translational research to identify poten-
tial therapeutic strategies. Furthermore, 
therapeutic targets for immunomodu-
lation and attenuation of tissue injury 
in intoxicated and injured patients are 
likely to reduce morbidity and mortal-
ity and improve post-injury quality of 
life among these patients.

Acknowledgments

We thank Dr. Liz Simon for her  
intellectual contribution to this  
review and Rebecca Gonzales for  
her editorial support.

Financial Disclosure

The authors declare that they have no 
competing financial interests.

References 
Abraham, E. T- and B-cell function and their roles in 
resistance to infection. New Horizons 1(1):28–36, 
1993. PMID: 7922390

Adams, Z.W.; Kaiser, A.J.; Lynam, D.R.; et al. Drinking 
motives as mediators of the impulsivity-substance use 
relation: Pathways for negative urgency, lack of premed-
itation, and sensation seeking. Addictive Behaviors 
37(7):848–855, 2012. PMID: 22472524

Agha, A.; Rogers, B.; Mylotte, D.; et al. Neuroendocrine 
dysfunction in the acute phase of traumatic brain injury. 

Clinical Endocrinology 60(5):584–591, 2004. PMID: 
15104561

Alfonso-Loeches, S.; Pascual-Lucas, M.; Blanco, A.M.; et 
al. Pivotal role of TLR4 receptors in alcohol-induced 
neuroinflammation and brain damage. Journal of 
Neuroscience 30(24):8285–8295, 2010. PMID: 
20554880

Angele, M.K.; Knoferl, M.W.; Schwacha, M.G.; et al. 
Hemorrhage decreases macrophage inflammatory 
protein 2 and interleukin-6 release: A possible mecha-
nism for increased wound infection. Annals of Surgery 
229(5):651–660; discussion 660–661, 1999. PMID: 
10235523

Arbabi, S.; Garcia, I.; Bauer, G.J.; and Maier, R.V. 
Alcohol (ethanol) inhibits IL-8 and TNF: Role of the p38 
pathway. Journal of Immunology 162(12):7441–7445, 
1999. PMID: 10358198

Ayala, A.; Wang, P.; Ba, Z.F.; et al. Differential alter-
ations in plasma IL-6 and TNF levels after trauma and 
hemorrhage. American Journal of Physiology 260(1 Pt. 
2):R167–R171, 1991. PMID: 1992817

Baker, C.C.; Oppenheimer, L.; Stephens, B.; et al. 
Epidemiology of trauma deaths. American Journal  
of Surgery 140(1):144–150, 1980. PMID: 7396078

Baker, R.C., and Jerrells, T.R. Recent developments in 
alcoholism: Immunological aspects. Recent Developments 
in Alcoholism 11:249–271, 1993. PMID: 8234926

Beech, D.J., and Mercadel, R. Correlation of alcohol 
intoxication with life-threatening assaults. Journal of the 
National Medical Association 90(12):761–764, 1998. 
PMID: 9884496

Behan, L.A., and Agha, A. Endocrine consequences of 
adult traumatic brain injury. Hormone Research 
68(Suppl. 5):18–21, 2007. PMID: 18174698

Bessey, P.Q.; Phillips, B.D.; Lentz, C.W.; et al. Synopsis of 
the 2013 annual report of the National Burn Repository. 
Journal of Burn Care & Research 35(Suppl. 2):S218–
S234, 2014. PMID: 24642761

Bird, M.D., and Kovacs, E.J. Organ-specific inflammation 
following acute ethanol and burn injury. Journal of 
Leukocyte Biology 84(3):607–613, 2008. PMID: 18362209

Bird, M.D.; Morgan, M.O.; Ramirez, L.; et al. Decreased 
pulmonary inflammation after ethanol exposure and 
burn injury in intercellular adhesion molecule-1 knock-
out mice. Journal of Burn Care & Research 31(4):652–
660, 2010. PMID: 20616655

Blanco, A.M., and Guerri, C. Ethanol intake enhances 
inflammatory mediators in brain: Role of glial cells and 
TLR4/IL-1RI receptors. Frontiers in Bioscience 12:2616–
2630, 2007. PMID: 17127267

Boe, D.M.; Vandivier, R.W.; Burnham, E.L.; and Moss, M. 
Alcohol abuse and pulmonary disease. Journal of Leukocyte 
Biology 86(5):1097–1104, 2009. PMID: 19602670

Bourdages, M.; Bigras, J.L.; Farrell, C.A.; et al. Cardiac 
arrhythmias associated with severe traumatic brain 
injury and hypothermia therapy. Pediatric Critical Care 
Medicine 11(3):408–414, 2010. PMID: 20464781

Bratton, S.L., and Davis, R.L. Acute lung injury in isolated 
traumatic brain injury. Neurosurgery 40(4):707–712; 
discussion 712, 1997. PMID: 9092843

Brown, L.A.; Cook, R.T.; Jerrells, T.R.; et al. Acute and 
chronic alcohol abuse modulate immunity. Alcoholism: 
Clinical and Experimental Research 30(9):1624–1631, 
2006. PMID: 16930226

Brown, L.A.; Ping, X.D.; Harris, F.L.; and Gauthier, T.W. 
Glutathione availability modulates alveolar macrophage 
function in the chronic ethanol-fed rat. American 
Journal of Physiology. Lung Cellular and Molecular 
Physiology 292(4):L824–L832, 2007. PMID: 17122355

Carter, E.A.; Burks, D.; Fischman, A.J.; et al. Insulin 
resistance in thermally-injured rats is associated with 
post-receptor alterations in skeletal muscle, liver and 
adipose tissue. International Journal of Molecular 
Medicine 14(4):653–658, 2004. PMID: 15375597

Carter, E.A.; Tompkins, R.G.; Schiffrin, E.; and Burke, J.F. 
Cutaneous thermal injury alters macromolecular perme-
ability of rat small intestine. Surgery 107(3):335–341, 
1990. PMID: 2309150

Cederberg, D., and Siesjo, P. What has inflammation to 
do with traumatic brain injury? Child’s Nervous System 
26:221–226, 2010. PMID: 19940996

Centers for Disease Control and Prevention (CDC). 
Web-based Injury Statistics Query and Reporting System 
2009. Atlanta: CDC, 2009. Available at: http://www.cdc.
gov/injury/wisqars/pdf/leading_causes_of_death_by_
age_group_2012-a.pdf. Accessed March 3, 2015.

Centers for Disease Control and Prevention. CDC—
Chronic Disease—Excessive Alcohol Use—At a Glance. 
Atlanta: CDC, 2012a. Available at: http://www.cdc.gov/
alcohol. Accessed March 3, 2015.

Centers for Disease Control and Prevention. CDC—
Statistics—Injury Prevention & Control: Traumatic Brain 
Injury. Atlanta: CDC, 2012b. Available at: http://www.
cdc.gov/traumaticbraininjury/. Accessed March 3, 2015.

Chen, M.M.; Bird, M.D.; Zahs, A.; et al. Pulmonary 
inflammation after ethanol exposure and burn injury is 
attenuated in the absence of IL-6. Alcohol 47(3):223–
229, 2013. PMID: 23462222

Choudhry, M.A.; Fazal, N.; Goto, M.; et al. Gut-associated 
lymphoid T cell suppression enhances bacterial translo-
cation in alcohol and burn injury. American Journal of 
Physiology. Gastrointestinal and Liver Physiology 
282(6):G937–G947, 2002. PMID: 12016118

Choudhry, M.A.; Messingham, K.A.; Namak, S.; et al. 
Ethanol exacerbates T cell dysfunction after thermal 
injury. Alcohol 21(3):239–243, 2000. PMID: 11091027

Cohan, P.; Wang, C.; McArthur, D.L.; et al. Acute 
secondary adrenal insufficiency after traumatic brain 
injury: A prospective study. Critical Care Medicine 
33(10):2358–2366, 2005. PMID: 16215393

Contant, C.F.; Valadka, A.B.; Gopinath, S.P.; et al. Adult 
respiratory distress syndrome: A complication of induced 
hypertension after severe head injury. Journal of 
Neurosurgery 95(4):560–568, 2001. PMID: 11596949

Corrigan, J.D. Substance abuse as a mediating factor in 
outcome from traumatic brain injury. Archives of Physical 



Alcohol Effects Following Burn, Hemorrhagic Shock, or Brain Injury| 275

Medicine and Rehabilitation 76(4):302–309, 1995. 
PMID: 7717829

Cree, M.G.; Zwetsloot, J.J.; Herndon, D.N.; et al. Insulin 
sensitivity and mitochondrial function are improved in 
children with burn injury during a randomized controlled 
trial of fenofibrate. Annals of Surgery 245(2):214–221, 
2007. PMID: 17245174

Crews, F.T.; Collins, M.A.; Dlugos, C.; et al. Alcohol-
induced neurodegeneration: When, where and why? 
Alcoholism: Clinical and Experimental Research 
28(2):350–364, 2004. PMID: 15112943

Cuthbertson, D.P.; Angeles Valero Zanuy, M.A.; and 
León Sanz, M.L. Post-shock metabolic response, 1942. 
Nutrición Hospitalaria 16(5):176–182; discussion 
175–176, 2001. PMID: 11708288

De Guise, E.; Leblanc, J.; Dagher, J.; et al. Early 
outcome in patients with traumatic brain injury, pre-in-
jury alcohol abuse and intoxication at time of injury. 
Brain Injury 23(11):853–865, 2009. PMID: 20100121

de la Monte, S.; Derdak, Z.; and Wands, J.R. Alcohol, 
insulin resistance and the liver-brain axis. Journal of 
Gastroenterology and Hepatology 27(Suppl. 2):33–41, 
2012. PMID: 22320914

Deitch, E.A. The role of intestinal barrier failure and 
bacterial translocation in the development of systemic 
infection and multiple organ failure. Archives of Surgery 
125(3):403–404, 1990. PMID: 2407230

Deitch, E.A., and Berg, R. Bacterial translocation from 
the gut: A mechanism of infection. Journal of Burn Care 
& Rehabilitation 8(6):475–482, 1987. PMID: 3125184

Deitch, E.A.; Morrison, J.; Berg, R.; and Specian, R.D. 
Effect of hemorrhagic shock on bacterial translocation, 
intestinal morphology, and intestinal permeability in 
conventional and antibiotic-decontaminated rats. Critical 
Care Medicine 18(5):529–536, 1990. PMID: 2328600

Demling, R., and Riessen, R. Pulmonary dysfunction 
after cerebral injury. Critical Care Medicine 18(7):768–
774, 1990. PMID: 2194747

D’Souza, N.B.; Bagby, G.J.; Nelson, S.; et al. Acute 
alcohol infusion suppresses endotoxin-induced serum 
tumor necrosis factor. Alcoholism: Clinical and 
Experimental Research 13(2):295–298, 1989. PMID: 
2658671

Dushianthan, A.; Grocott, M.P.; Postle, A.D.; and 
Cusack, R. Acute respiratory distress syndrome and 
acute lung injury. Postgraduate Medicine Journal 
87(1031):612–622, 2011. PMID: 21642654

Dziedzic, T.; Slowik, A.; and Szczudlik, A. Nosocomial 
infections and immunity: Lesson from brain-injured 
patients. Critical Care 8:266–270, 2004. PMID: 
15312209

Elliott, M.K.; Sisson, J.H.; and Wyatt, T.A. Effects of 
cigarette smoke and alcohol on ciliated tracheal epithe-
lium and inflammatory cell recruitment. American 
Journal of Respiratory Cell and Molecular Biology 
36(4):452–459, 2007. PMID: 17079783

Ertel, W.; Singh, G.; Morrison, M.H.; et al. Chemically 
induced hypotension increases PGE2 release and 
depresses macrophage antigen presentation. American 

Journal of Physiology 264(4 Pt. 2):R655–R660, 1993. 
PMID: 8476108

Fan, L.; Young, P.R.; Barone, F.C.; et al. Experimental 
brain injury induces expression of interleukin-1 beta 
mRNA in the rat brain. Brain Research. Molecular Brain 
Research 30(1):125–130, 1995. PMID: 7609633

Faul, M.; Xu, L.; Wald, M.M.; et al. Traumatic Brain Injury 
in the United States: Emergency Department Visits, 
Hospitalizations and Deaths 2002–2006. Atlanta, GA: 
U.S. Department of Health and Human Services, CDC, 
2010. Available at: http://www.cdc.gov/traumaticbrainin-
jury/pdf/blue_book.pdf. Accessed March 3, 2015.

Faunce, D.E.; Garner, J.L.; Llanas, J.N.; et al. Effect of 
acute ethanol exposure on the dermal inflammatory 
response after burn injury. Alcoholism: Clinical and 
Experimental Research 27(7):1199–1206, 2003. PMID: 
12878929

Faunce, D.E.; Gregory, M.S.; and Kovacs, E.J. Acute 
ethanol exposure prior to thermal injury results in 
decreased T-cell responses mediated in part by 
increased production of IL-6. Shock 10(2):135–140, 
1998. PMID: 9721981

Faunce, D.E.; Gregory, M.S.; and Kovacs, E.J. Effects of 
acute ethanol exposure on cellular immune responses in 
a murine model of thermal injury. Journal of Leukocyte 
Biology 62(6):733–740, 1997. PMID: 9400814

Fernandez-Lizarbe, S.; Pascual, M.; and Guerri, C. 
Critical role of TLR4 response in the activation of microg-
lia induced by ethanol. Journal of Immunology 183(7): 
4733–4744, 2009. PMID: 19752239

Feuerstein, G.Z.; Wang, X.; and Barone, F.C. The role of 
cytokines in the neuropathology of stroke and neurotrauma. 
Neuroimmunomodulation 5(3–4):143–159, 1998. 
PMID: 9730680

Fink, M.P. Gastrointestinal mucosal injury in experimen-
tal models of shock, trauma, and sepsis. Critical Care 
Medicine 19(5):627–641, 1991. PMID: 2026025

Gao, L.; Zhang, X.; Wang, F.R.; et al. Chronic ethanol 
consumption up-regulates protein-tyrosine phospha-
tase-1B (PTP1B) expression in rat skeletal muscle.  
Acta Pharmacologica Sinica 31(12):1576–1582, 2010. 
PMID: 21102485

Gauglitz, G.G.; Herndon, D.N.; Kulp, G.A.; et al. 
Abnormal insulin sensitivity persists up to three years  
in pediatric patients post-burn. Journal of Clinical 
Endocrinology and Metabolism 94(5):1656–1664, 
2009. PMID: 19240154

Gennarelli, T.A.; Champion, H.R.; Sacco, W.J.; et al. 
Mortality of patients with head injury and extracranial 
injury treated in trauma centers. Journal of Trauma 
29(9):1193–1201; discussion 1201–1202, 1989. 
PMID: 2769804

Goodman, J.C.; Robertson, C.S.; Grossman, R.G.; and 
Narayan, R.K. Elevation of tumor necrosis factor in head 
injury. Journal of Neuroimmunology 30(2):213–217, 
1990. PMID: 2229409

Goodman, M.D.; Makley, A.T.; Campion, E.M.; et al. 
Preinjury alcohol exposure attenuates the neuroinflam-
matory response to traumatic brain injury. Journal of 

Surgical Research 184(2):1053–1058, 2013. PMID: 
23721933

Gottesfeld, Z.; Moore, A.N.; and Dash, P.K. Acute etha-
nol intake attenuates inflammatory cytokines after brain 
injury in rats: A possible role for corticosterone. Journal 
of Neurotrauma 19(3):317–326, 2002. PMID: 
11939499

Greiffenstein, P.; Mathis, K.W.; Stouwe, C.V.; and 
Molina, P.E. Alcohol binge before trauma/hemorrhage 
impairs integrity of host defense mechanisms during 
recovery. Alcoholism: Clinical and Experimental 
Research 31(4):704–715, 2007. PMID: 17374050

Guidot, D.M., and Hart, C.M. Alcohol abuse and acute 
lung injury: Epidemiology and pathophysiology of a 
recently recognized association. Journal of Investigative 
Medicine 53(5):235–245, 2005. PMID: 16042957

Gurney, J.G.; Rivara, F.P.; Mueller, B.A.; et al. The 
effects of alcohol intoxication on the initial treatment 
and hospital course of patients with acute brain injury. 
Journal of Trauma 33(5):709–713, 1992. PMID: 1464920

Happel, K.I., and Nelson, S. Alcohol, immunosuppres-
sion, and the lung. Proceedings of the American 
Thoracic Society 2(5):428–432, 2005. PMID: 16322595

Harrison-Felix, C.; Whiteneck, G.; Devivo, M.J.; et al. 
Causes of death following 1 year postinjury among 
individuals with traumatic brain injury. Journal of Head 
Trauma Rehabilitation 21(1):22–33, 2006. PMID: 
16456389

Haum, A.; Perbix, W.; Hack, H.J.; et al. Alcohol and drug 
abuse in burn injuries. Burns 21(3):194–199, 1995. 
PMID: 7794500

He, J., and Crews, F.T. Increased MCP-1 and microglia 
in various regions of the human alcoholic brain. 
Experimental Neurology 210(2):349–358, 2008.  
PMID: 18190912

Helms, C.M.; Park, B.; and Grant, K.A. Adrenal steroid 
hormones and ethanol self-administration in male 
rhesus macaques. Psychopharmacology (Berlin) 
231(17):3425–3436, 2014. PMID: 24781519

Herndon, D.N., and Tompkins, R.G. Support of the meta-
bolic response to burn injury. Lancet 363(9424):1895–
1902, 2004. PMID: 15183630

Hierholzer, C.; Kalff, J.C.; Omert, L.; et al. Interleukin-6 
production in hemorrhagic shock is accompanied by 
neutrophil recruitment and lung injury. American Journal 
of Physiology 275(3 Pt. 1):L611–L621, 1998. PMID: 
9728057

Hillers, V.N., and Massey, L.K. Interrelationships of 
moderate and high alcohol consumption with diet and 
health status. American Journal of Clinical Nutrition 
41(2):356–362, 1985. PMID: 3969943

Holland, M.C.; Mackersie, R.C.; Morabito, D.; et al. The 
development of acute lung injury is associated with 
worse neurologic outcome in patients with severe trau-
matic brain injury. Journal of Trauma 55(1):106–111, 
2003. PMID: 12855888

Horton, J.W. Bacterial translocation after burn injury: 
The contribution of ischemia and permeability changes. 
Shock 1(4):286–290, 1994. PMID: 7735963



Hurst, P.M.; Harte, D.; and Frith, W.J. The Grand Rapids 
dip revisited. Accident: Analysis and Prevention 26(5): 
647–654, 1994. PMID: 7999209

Jeschke, M.G.; Barrow, R.E.; and Herndon, D.N. 
Extended hypermetabolic response of the liver in 
severely burned pediatric patients. Archives of Surgery 
139(6):641–647, 2004. PMID: 15197091

Jeschke, M.G.; Chinkes, D.L.; Finnerty, C.C.; et al. 
Pathophysiologic response to severe burn injury. Annals 
of Surgery 248(3):387–401, 2008. PMID: 18791359

Johnson, E.R., and Matthay, M.A. Acute lung injury: 
Epidemiology, pathogenesis, and treatment. Journal of 
Aerosol Medicine and Pulmonary Drug Delivery 23(4): 
243–252, 2010. PMID: 20073554

Jurkovich, G.J.; Rivara, F.P.; Gurney, J.G.; et al. The 
effect of acute alcohol intoxication and chronic alcohol 
abuse on outcome from trauma. JAMA 270(1):51–56, 
1993. PMID: 8510296

Jurkovich, G.J.; Rivara, F.P.; Gurney, J.G.; et al. Effects 
of alcohol intoxication on the initial assessment of 
trauma patients. Annals of Emergency Medicine 
21(6):704–708, 1992. PMID: 1590611

Kavanaugh, M.J.; Clark, C.; Goto, M.; et al. Effect of 
acute alcohol ingestion prior to burn injury on intestinal 
bacterial growth and barrier function. Burns 31(3):290–
296, 2005. PMID: 15774282

Keel, M., and Trentz, O. Pathophysiology of polytrauma. 
Injury 36(6):691–709, 2005. PMID: 15910820

Keogh, C.; Fong, Y.; Marano, M.A.; et al. Identification of 
a novel tumor necrosis factor alpha/cachectin from the 
livers of burned and infected rats. Archives of Surgery 
125(1):79–84; discussion 85, 1990. PMID: 2104745

Keshavarzian, A.; Fields, J.Z.; Vaeth, J.; and Holmes, 
E.W. The differing effects of acute and chronic alcohol 
on gastric and intestinal permeability. American Journal 
of Gastroenterology 89(12):2205–2211, 1994. PMID: 
7977243

Koren, S., and Fantus, I.G. Inhibition of the protein 
tyrosine phosphatase PTP1B: Potential therapy for 
obesity, insulin resistance and type-2 diabetes mellitus. 
Best Practice & Research. Clinical Endocrinology & 
Metabolism 21(4):621–640, 2007. PMID: 18054739

Korzick, D.H.; Sharda, D.R.; Pruznak, A.M.; and Lang, 
C.H. Aging accentuates alcohol-induced decrease in 
protein synthesis in gastrocnemius. American journal  
of Physiology. Regulatory, Integrative and Comparative 
Physiology 304(10):R887–R898, 2013. PMID: 23535459

Kossmann, T.; Hans, V.H.; Imhof, H.G.; et al. Intrathecal 
and serum interleukin-6 and the acute-phase response 
in patients with severe traumatic brain injuries. Shock 
4(5):311–317, 1995. PMID: 8595516

Kramer, G.C.; Lund, T.; and Beckum, O. Pathophysiology 
of burn shock and burn edema. In: Herndon, D.N., Ed. 
Total Burn Care, 3rd ed. London: Saunders, 2007, pp. 
93–106. 

Lang, C.H.; Derdak, Z.; and Wands, J.R. Strain-dependent 
differences for suppression of insulin-stimulated glucose 
uptake in skeletal and cardiac muscle by ethanol. 
Alcoholism: Clinical and Experimental Research 38(4): 
897–910, 2014. PMID: 22460535

Lang, C.H.; Frost, R.A.; Summer, A.D.; and Vary, T.C. 
Molecular mechanisms responsible for alcohol-induced 
myopathy in skeletal muscle and heart. International 
Journal of Biochemistry & Cell Biology 37(10):2180–
2195, 2005. PMID: 15982919

Li, X.; Kovacs, E.J.; Schwacha, M.G.; et al. Acute  
alcohol intoxication increases interleukin-18-mediated 
neutrophil infiltration and lung inflammation following 
burn injury in rats. American Journal of Physiology. Lung 
Cellular and Molecular Physiology 292(5):L1193–
L1201, 2007. PMID: 17220368

Li, X.; Schwacha, M.G.; Chaudry, I.H.; and Choudhry, 
M.A. Acute alcohol intoxication potentiates neutro-
phil-mediated intestinal tissue damage after burn injury. 
Shock 29(3):377–383, 2008. PMID: 18000475

Livingston, D.H., and Malangoni, M.A. Interferon-gamma 
restores immune competence after hemorrhagic shock. 
Journal of Surgery Research 45(1):37–43, 1988. PMID: 
3134579

Lou, M.; Chen, X.; Wang, K.; et al. Increased intracranial 
pressure is associated with the development of acute 
lung injury following severe traumatic brain injury. 
Clinical Neurology and Neurosurgery 115(7):904–908, 
2013. PMID: 23010612

Lyman, M.; Lloyd, D.G.; Ji, X.; et al. Neuroinflammation: 
The role and consequences. Neuroscience Research 
79:1–2, 2014. PMID: 24144733

Madden, K.S.; Sanders, V.M.; and Felten, D.L. 
Catecholamine influences and sympathetic neural 
modulation of immune responsiveness. Annual Review 
of Pharmacology and Toxicology 35:417–448, 1995. 
PMID: 7598501

Magnotti, L.J.; Xu, D.Z.; Lu, Q.; and Deitch, E.A. 
Gut-derived mesenteric lymph: A link between burn and 
lung injury. Archives of Surgery 134(12):1333–1340; 
discussion 1340–1341, 1999. PMID: 10593331

Mathis, K.W.; Zambell, K.; Olubadewo, J.O.; and Molina, 
P.E. Altered hemodynamic counter-regulation to hemor-
rhage by acute moderate alcohol intoxication. Shock 
26(1):55–61, 2006. PMID: 16783199

McDonough, K.H.; Giaimo, M.E.; Miller, H.I.; and 
Gentilello, L.M. Low-dose ethanol alters the cardiovascu-
lar, metabolic, and respiratory compensation for severe 
blood loss. Journal of Trauma 53(3):541–548; discus-
sion 548, 2002. PMID: 12352494

McGill, V.; Kowal-Vern, A.; Fisher, S.G.; et al. The impact 
of substance use on mortality and morbidity from ther-
mal injury. Journal of Trauma 38(6):931–934, 1995. 
PMID: 7602638

McGwin, G., Jr.; Chapman, V.; Rousculp, M.; et al. The 
epidemiology of fire-related deaths in Alabama, 1992–
1997. Journal of Burn Care & Rehabilitation 21(1 Pt. 
1):75–83, 2000. PMID: 10661543

Mehta, A.J., and Guidot, D.M. Alcohol abuse, the alveo-
lar macrophage and pneumonia. American Journal of 
the Medical Science 343(3):244–247, 2012. PMID: 
22173040

Messingham, K.A.; Faunce, D.E.; and Kovacs, E.J. 
Alcohol, injury, and cellular immunity. Alcohol 28(3): 
137–149, 2002. PMID: 12551755

Messingham, K.A.; Fontanilla, C.V.; Colantoni, A.; et al. 
Cellular immunity after ethanol exposure and burn 
injury: Dose and time dependence. Alcohol 22(1):35–
44, 2000. PMID: 11109026

Molina, P.E. Neurobiology of the stress response: 
Contribution of the sympathetic nervous system to the 
neuroimmune axis in traumatic injury. Shock 24(1):3–
10, 2005. PMID: 15988314

Molina, P.E.; Bagby, G.J.; and Stahls, P. Hemorrhage 
alters neuroendocrine, hemodynamic, and compart-
ment-specific TNF responses to LPS. Shock 16(6):459–
465, 2001. PMID: 11770045

Molina, P.E.; Happel, K.I.; Zhang, P.; et al. Focus on: 
Alcohol and the immune system. Alcohol Research & 
Health 33(1):97–108, 2010. PMID: 23579940

Molina, P.E.; Sulzer, J.K.; and Whitaker, A.M. Alcohol 
abuse and the injured host: Dysregulation of counterreg-
ulatory mechanisms review. Shock 39(3):240–249, 
2013. PMID: 23416555

Morganti-Kossmann, M.C.; Rancan, M.; Otto, V.I.; et al. 
Role of cerebral inflammation after traumatic brain 
injury: A revisited concept. Shock 16(3):165–177, 
2001. PMID: 11531017

Napolitano, L.M.; Koruda, M.J.; Zimmerman, K.; et al. 
Chronic ethanol intake and burn injury: Evidence for 
synergistic alteration in gut and immune integrity. Journal 
of Trauma 38(2):198–207, 1995. PMID: 7869435

Nelson, S.; Bagby, G.; Andresen, J.; et al. The effects of 
ethanol, tumor necrosis factor, and granulocyte colo-
ny-stimulating factor on lung antibacterial defenses. 
Advances in Experimental Medicine and Biology 
288:245–253, 1991. PMID: 1719751

Nicolas, J.M.; Estruch, R.; Antunez, E.; et al. Nutritional 
status in chronically alcoholic men from the middle 
socioeconomic class and its relation to ethanol intake. 
Alcohol and Alcoholism 28(5):551–558, 1993. PMID: 
8274179

Nicolas, J.M.; Fernandez-Sola, J.; Fatjo, F.; et al. 
Increased circulating leptin levels in chronic alcoholism. 
Alcoholism: Clinical and Experimental Research 25(1): 
83–88, 2001. PMID: 11198718

Nilsson, E., and Palmblad, J. Effects of ethanol on 
mechanisms for secretory and aggregatory responses  
of human granulocytes. Biochemical Pharmacology 
37(17):3237–3243, 1988. PMID: 2840909

Ono, M.; Yu, B.; Hardison, E.G.; et al. Increased suscep-
tibility to liver injury after hemorrhagic shock in rats 
chronically fed ethanol: Role of nuclear factor-kappa B, 
interleukin-6, and granulocyte colony-stimulating factor. 
Shock 21(6):519–525, 2004. PMID: 15167680

Patel, M.; Keshavarzian, A.; Kottapalli, V.; et al. Human 
neutrophil functions are inhibited in vitro by clinically 
relevant ethanol concentrations. Alcoholism: Clinical 
and Experimental Research 20(2):275–283, 1996. 
PMID: 8730218

Peitzman, A.B.; Billiar, T.R.; Harbrecht, B.G.; et al. 
Hemorrhagic shock. Current Problems in Surgery 
32(11):925–1002, 1995. PMID: 7587344

Pereira, C.T., and Herndon, D.N. The pharmacologic 
modulation of the hypermetabolic response to burns. 

276| Vol. 37, No. 2 Alcohol Research: C u r r e n t  R e v i e w s



Alcohol Effects Following Burn, Hemorrhagic Shock, or Brain Injury| 277

Advances in Surgery 39:245–261, 2005. PMID: 
16250555

Phelan, H.; Stahls, P.; Hunt, J.; et al. Impact of alcohol 
intoxication on hemodynamic, metabolic, and cytokine 
responses to hemorrhagic shock. Journal of Trauma 
52(4):675–682, 2002. PMID: 11956381

Pories, S.E.; Gamelli, R.L.; Vacek, P.; et al. Intoxication 
and injury. Journal of Trauma 32(1):60–64, 1992. 
PMID: 1732576

Powner, D.J., and Boccalandro, C. Adrenal insufficiency 
following traumatic brain injury in adults. Current 
Opinion in Critical Care 14(2):163–166, 2008. PMID: 
18388678

Pravdova, E., and Fickova, M. Alcohol intake modulates 
hormonal activity of adipose tissue. Endocrine 
Regulations 40(3):91–104, 2006. PMID: 17100551

Qin, Y.; Hamilton, J.L.; Bird, M.D.; et al. Adipose inflam-
mation and macrophage infiltration after binge ethanol 
and burn injury. Alcoholism: Clinical and Experimental 
Research 38(1):204–213, 2014. PMID: 23909743

Ransohoff, R.M. The chemokine system in neuroinflam-
mation: An update. Journal of Infectious Diseases 
186(Suppl. 2):S152–S156, 2002. PMID: 12424691

Rashbastep, J.; Turro, N.J.; and Cederbaum, A.I. 
Increased NADPH- and NADH-dependent production of 
superoxide and hydroxyl radical by microsomes after 
chronic ethanol treatment. Archives of Biochemistry and 
Biophysics 300(1):401–408, 1993. PMID: 12424691

Ross, S.A.; Halliday, M.I.; Campbell, G.C.; et al. The 
presence of tumour necrosis factor in CSF and plasma 
after severe head injury. British Journal of Neurosurgery 
8(4):419–425, 1994. PMID: 7811406

Roumen, R.M.; Hendriks, T.; van der Ven-Jongekrig, J.; 
et al. Cytokine patterns in patients after major vascular 
surgery, hemorrhagic shock, and severe blunt trauma. 
Relation with subsequent adult respiratory distress 
syndrome and multiple organ failure. Annals of Surgery 
218(6):769–776, 1993. PMID: 8257227

Sato, H.; Tanaka, T.; and Kasai, K. Ethanol consumption 
impairs the hemodynamic response to hemorrhagic 
shock in rats. Alcohol 47(1):47–52, 2013. PMID: 
23084028

Sauaia, A.; Moore, F.A.; Moore, E.E.; et al. Early predic-
tors of postinjury multiple organ failure. Archives of 
Surgery 129(1):39–45, 1994. PMID: 8279939

Sauaia, A.; Moore, F.A.; Moore, E.E.; et al. Epidemiology 
of trauma deaths: A reassessment. Journal of Trauma 
38(2):185–193, 1995. PMID: 7869433

Semple, B.D.; Bye, N.; Rancan, M.; et al. Role of CCL2 
(MCP-1) in traumatic brain injury (TBI): Evidence from 
severe TBI patients and CCL2-/- mice. Journal of 
Cerebral Blood Flow and Metabolism 30(4):769–782, 
2010. PMID: 20029451

Shavelle, R.M.; Strauss, D.; Whyte, J.; et al. Long-term 
causes of death after traumatic brain injury. American 
Journal of Physical Medicine & Rehabilitation 
80(7):510–516; quiz 517–519, 2001. PMID: 11421519

Shellito, J.E., and Olariu, R. Alcohol decreases 
T-lymphocyte migration into lung tissue in response  

to pneumocystis carinii and depletes T-lymphocyte 
numbers in the spleens of mice. Alcoholism: Clinical 
and Experimental Research 22(3):658–663, 1998. 
PMID: 9622447

Shohami, E.; Novikov, M.; Bass, R.; et al. Closed head 
injury triggers early production of TNF alpha and IL-6 by 
brain tissue. Journal of Cerebral Blood Flow and 
Metabolism 14(4):615–619, 1994. PMID: 8014208

Skotzko, C.E.; Vrinceanu, A.; Krueger, L.; et al. Alcohol 
use and congestive heart failure: Incidence, importance, 
and approaches to improved history taking. Heart Failure 
Reviews 14(1):51–55, 2009. PMID: 18034302

Souza-Smith, F.; Kurtz, K.M.; Molina, P.E.; and Breslin, 
J.W. Adaptation of mesenteric collecting lymphatic 
pump function following acute alcohol intoxication. 
Microcirculation 17(7):514–524, 2010. PMID: 21040117

Spies, C.D.; Kissner, M.; Neumann, T.; et al. Elevated 
carbohydrate-deficient transferrin predicts prolonged 
intensive care unit stay in traumatized men. Alcohol and 
Alcoholism 33(6):661–669, 1998. PMID: 9872357

Spies, C.D.; Neuner, B.; Neumann, T.; et al. Intercurrent 
complications in chronic alcoholic men admitted to the 
intensive care unit following trauma. Intensive Care 
Medicine 22(4):286–293, 1996a. PMID: 8708164

Spies, C.D.; Nordmann, A.; Brummer, G.; et al. Intensive 
care unit stay is prolonged in chronic alcoholic men 
following tumor resection of the upper digestive tract. 
Acta Anaesthesiologica Scandanavica 40(6):649–656, 
1996b. PMID: 8836256

Standiford, T.J., and Danforth, J.M. Ethanol feeding 
inhibits proinflammatory cytokine expression from 
murine alveolar macrophages ex vivo. Alcoholism: 
Clinical and Experimental Research 21(7):1212–1217, 
1997. PMID: 9347081

Sulzer, J.K.; Whitaker, A.M.; and Molina, P.E. Hypertonic 
saline resuscitation enhances blood pressure recovery 
and decreases organ injury following hemorrhage in 
acute alcohol intoxicated rodents. Journal of Trauma 
and Acute Care Surgery 74(1):196–202, 2013. PMID: 
23147176

Szabo, G. Monocytes, alcohol use, and altered immu-
nity. Alcoholism: Clinical and Experimental Research 
22(5 Suppl.):216S–219S, 1998. PMID: 9727639

Szmydynger-Chodobska, J.; Fox, L.M.; Lynch, K.M.; et al. 
Vasopressin amplifies the production of proinflammatory 
mediators in traumatic brain injury. Journal of 
Neurotrauma 27(8):1449–1461, 2010. PMID: 20504162

Tabata, T.; Tani, T.; Endo, Y.; and Hanasawa, K. 
Bacterial translocation and peptidoglycan translocation 
by acute ethanol administration. Journal of 
Gastroenterology 37(9):726–731, 2002. PMID: 12375146

Taivainen, H.; Laitinen, K.; Tahtela, R.; et al. Role of 
plasma vasopressin in changes of water balance 
accompanying acute alcohol intoxication. Alcoholism: 
Clinical and Experimental Research 19(3):759–762, 
1995. PMID: 7573805

Tang, Y.; Forsyth, C.B.; Farhadi, A.; et al. Nitric oxide-me-
diated intestinal injury is required for alcohol-induced 
gut leakiness and liver damage. Alcoholism: Clinical and 

Experimental Research 33(7):1220–1230, 2009. PMID: 
19389191

Teng, S.X., and Molina, P.E. Acute alcohol intoxication 
prolongs neuroinflammation without exacerbating 
neurobehavioral dysfunction following mild traumatic 
brain injury. Journal of Neurotrauma 31(4):378–386, 
2014. PMID: 24050411

Turnage, R.H.; Nwariaku, F.; Murphy, J.; et al. 
Mechanisms of pulmonary microvascular dysfunction 
during severe burn injury. World Journal of Surgery 
26(7):848–853, 2002. PMID: 11965445

Urbano-Marquez, A.; Estruch, R.; Navarro-Lopez, F.; et 
al. The effects of alcoholism on skeletal and cardiac 
muscle. New England Journal of Medicine 320(7):409–
415, 1989. PMID: 2913506

Venkatesh, B.; Hickman, I.; Nisbet, J.; et al. Changes in 
serum adiponectin concentrations in critical illness: A 
preliminary investigation. Critical Care 13(4):R105, 
2009. PMID: 19570238

Vermeij, J.D.; Aslami, H.; Fluiter, K.; et al. Traumatic 
brain injury in rats induces lung injury and systemic 
immune suppression. Journal of Neurotrauma 
30(24):2073–2079, 2013. PMID: 23937270

Wade, C.E.; Baer, L.A.; Wu, X.; et al. Severe burn and 
disuse in the rat independently adversely impact body 
composition and adipokines. Critical Care 17(5):R225, 
2013. PMID: 24099533

Wang, P.; Ba, Z.F.; Burkhardt, J.; and Chaudry, I.H. 
Trauma-hemorrhage and resuscitation in the mouse: 
Effects on cardiac output and organ blood flow. 
American Journal of Physiology 264(4 Pt. 2):H1166–
H1173, 1993. PMID: 8476095

Werner, C., and Engelhard, K. Pathophysiology of trau-
matic brain injury. British Journal of Anaesthesia 
99(1):4–9, 2007. PMID: 17573392

Whitaker, A.M.; Sulzer, J.; Walker, E.; et al. Sympathetic 
modulation of the host defense response to infectious 
challenge during recovery from hemorrhage. Neuro-
immunomodulation 17(6):349–358, 2010. PMID: 
20516716

Whyte, J.; Polansky, M.; Cavallucci, C.; et al. Inattentive 
behavior after traumatic brain injury. Journal of the 
International Neuropsychological Society 2(4):274–281, 
1996. PMID: 9375175

Wichmann, M.W.; Ayala, A.; and Chaudry, I.H. Severe 
depression of host immune functions following closed-
bone fracture, soft-tissue trauma, and hemorrhagic 
shock. Critical Care Medicine 26(8):1372–1378, 1998. 
PMID: 9710097

Williams, F.N.; Herndon, D.N.; and Jeschke, M.G. The 
hypermetabolic response to burn injury and interven-
tions to modify this response. Clinics in Plastic Surgery 
36(4):583–596, 2009. PMID: 19793553

Williams, F.N.; Herndon, D.N.; Suman, O.E.; et al. 
Changes in cardiac physiology after severe burn injury. 
Journal of Burn Care & Research 32(2):269–274, 2011. 
PMID: 21228708

Willoughby, R.P.; Harris, K.A.; Carson, M.W.; et al. 
Intestinal mucosal permeability to 51Cr-ethylene-
diaminetetraacetic acid is increased after bilateral lower 



extremity ischemia-reperfusion in the rat. Surgery 
120(3):547–553, 1996. PMID: 8784410

Wilmore, D.W., and Aulick, L.H. Metabolic changes in 
burned patients. Surgical Clinics of North America 
58(6):1173–1187, 1978. PMID: 32634

Wittebole, X.; Hantson, P.; Laterre, P.F.; et al. 
Electrocardiographic changes after head trauma. 
Journal of Electrocardiology 38(1):77–81, 2005. PMID: 
15660352

Woiciechowsky, C.; Asadullah, K.; Nestler, D.; et al. 
Sympathetic activation triggers systemic interleukin-10 
release in immunodepression induced by brain injury. 
Nature Medicine 4(7):808–813, 1998. PMID: 9662372

Woodcock, T., and Morganti-Kossmann, M.C. The role of 
markers of inflammation in traumatic brain injury. 
Frontiers in Neurology 4:18, 2013. PMID: 23459929

Woodroofe, M.N.; Sarna, G.S.; Wadhwa, M.; et al. 
Detection of interleukin-1 and interleukin-6 in adult rat 
brain, following mechanical injury, by in vivo microdialy-
sis: Evidence of a role for microglia in cytokine produc-
tion. Journal of Neuroimmunology 33(3):227–236, 
1991. PMID: 1874973

Woolf, P.D.; Cox, C.; Kelly, M.; et al. Alcohol intoxication 
blunts sympatho-adrenal activation following brain 
injury. Alcoholism: Clinical and Experimental Research 
14(2):205–209, 1990. PMID: 2190486

World, M.J.; Ryle, P.R.; and Thomson, A.D. Alcoholic 
malnutrition and the small intestine. Alcohol and 
Alcoholism 20(2):89–124, 1985. PMID: 4052163

Xu, D.Z.; Lu, Q.; and Deitch, E.A. Nitric oxide directly 
impairs intestinal barrier function. Shock 17(2):139–
145, 2002. PMID: 11837790

Xu, Y.X.; Ayala, A.; and Chaudry, I.H. Prolonged immu-
nodepression after trauma and hemorrhagic shock. 
Journal of Trauma 44(2):335–341, 1998. PMID: 
9498507

Xu, Y.X.; Ayala, A.; Monfils, B.; et al. Mechanism of 
intestinal mucosal immune dysfunction following trau-
ma-hemorrhage: Increased apoptosis associated with 
elevated Fas expression in Peyer’s patches. Journal of 
Surgical Research 70(1):55–60, 1997. PMID: 9228928

Yo, K.; Yu, Y.M.; Zhao, G.; et al. Brown adipose tissue 
and its modulation by a mitochondria-targeted peptide 
in rat burn injury-induced hypermetabolism. American 
Journal of Physiology. Endocrinology and Metabolism 
304(4):E331–E341, 2013. PMID: 23169784

You, M., and Rogers, C.Q. Adiponectin: A key adipokine 
in alcoholic fatty liver. Experimental Biology and 
Medicine (Maywood) 234(8):850–859, 2009. PMID: 
19491377

Zambell, K.L.; Phelan, H.; Vande Stouwe, C.; et al. Acute 
alcohol intoxication during hemorrhagic shock: Impact 
on host defense from infection. Alcoholism: Clinical and 
Experimental Research 28(4):635–642, 2004. PMID: 
15100616

Zhang, P.; Bagby, G.J.; Stoltz, D.A.; et al. Granulocyte 
colony-stimulating factor modulates the pulmonary host 
response to endotoxin in the absence and presence of 

acute ethanol intoxication. Journal of Infectious 
Diseases 179(6):1441–1448, 1999. PMID: 10228066

Zhang, Q.; Ma, B.; Fischman, A.J.; et al. Increased 
uncoupling protein 1 mRNA expression in mice brown 
adipose tissue after burn injury. Journal of Burn Care & 
Research 29(2):358–362, 2008. PMID: 18354294

Zhao, Y.N.; Wang, F.; Fan, Y.X.; et al. Activated microg-
lia are implicated in cognitive deficits, neuronal death, 
and successful recovery following intermittent ethanol 
exposure. Behavioural Brain Research 236(1):270–282, 
2013. PMID: 22985845

Ziebell, J.M., and Morganti-Kossmann, M.C. Involvement 
of pro- and anti-inflammatory cytokines and chemokines 
in the pathophysiology of traumatic brain injury. 
Neurotherapeutics 7(1):22–30, 2010. PMID: 20129494

Zink, B.J.; Sheinberg, M.A.; Wang, X.; et al. Acute etha-
nol intoxication in a model of traumatic brain injury with 
hemorrhagic shock: Effects on early physiological 
response. Journal of Neurosurgery 89(6):983–990, 
1998a. PMID: 9833825

Zink, B.J.; Stern, S.A.; McBeth, B.D.; et al. Effects of 
ethanol on limited resuscitation in a model of traumatic 
brain injury and hemorrhagic shock. Journal of 
Neurosurgery 105(6):884–893, 2006. PMID: 17405260

Zink, B.J.; Stern, S.A.; Wang, X.; and Chudnofsky, C.C. 
Effects of ethanol in an experimental model of 
combined traumatic brain injury and hemorrhagic 
shock. Academic Emergency Medicine 5(1):9–17, 
1998b. PMID: 9444336

278| Vol. 37, No. 2 Alcohol Research: C u r r e n t  R e v i e w s



CALCOHOL RESEARCH:S P E C I ACS P E C I ACALCOHOL RESEARCH: u r r e n t  R e vL  S E C T I O Nu r r e n t  R e vL  S E C T I O N i e w sComputer-based and Internet Prevention, Alcohol Screening,  
and Brief Intervention 

i e w sComputer-based and Internet Prevention, Alcohol Screening,  
and Brief Intervention i e w s

Macrophages and Alcohol-Related Liver Inflammation| 251

u r r e n t  R e vF O C U S  O N

Macrophages and 
Alcohol-Related Liver 
Inflammation

Cynthia Ju, Ph.D., and Pranoti Mandrekar, Ph.D.

Recent studies have suggested that macrophages have a critical 
role in the development of alcohol-induced inflammation in 
the liver. To define the precise pathogenic function of these 
cells during alcoholic liver disease (ALD), it is extremely important 
to conduct extensive studies in clinical settings that further 
elucidate the phenotypic diversity of macrophages in the 
context of ALD. Research to date already has identified several 
characteristics of macrophages that underlie the cells’ actions, 
including macrophage polarization and their phenotypic  
diversity. Other analyses have focused on the contributions of 
resident versus infiltrating macrophages/monocytes, as well as 
on the roles of macrophage mediators, in the development  
of ALD. Findings point to the potential of macrophages as a 
therapeutic target in alcoholic liver injury. Future studies 
directed toward understanding how alcohol affects macro-
phage phenotypic switch in the liver and other tissues, whether 
the liver microenvironment determines macrophage function 
in ALD, and if targeting of macrophages alleviates alcoholic 
liver injury, will provide promising strategies to manage patients 
with alcoholic hepatitis.

Key words: Alcohol consumption; alcoholic liver disease; 
alcoholic liver injury; alcoholic hepatitis; alcohol-related liver 
inflammation; liver; immunity; innate immune response; 
adaptive immune response; macrophage; macrophage 
phenotypic switch; Kupffer cell

Alcoholic liver disease (ALD) is a complex disease that affects 
millions of people worldwide and eventually can lead to 
liver cirrhosis and liver cancer (i.e., hepatocellular carcinoma). 
Aside from the direct cytotoxic and the oxidative-stress–
mediated effects that alcohol and its metabolite, acetaldehyde, 
exert on hepatocytes, alcohol ingestion activates both the 
innate and adaptive immune responses in the liver. These 
responses involve multiple hepatic cell types, including  
resident macrophages, natural killer cells, natural killer  
T cells, lymphocytes, and neutrophils. In particular, resi-
dent macrophages in the liver, also known as Kupffer cells, 
are important for clearing pathogens, including bacteria, 
viruses, immune complexes, bacterial products called endo-
toxin or lipopolysaccharide (LPS), and tumor cells, from 
the liver (Jenne and Kubes 2013; Thomson and Knolle 
2010). Research tools such as fate mapping, multifocal 

microscopy, transgenic/reporter mouse models, and 
next-generation sequencing recently have led to a better 
understanding of the origins, heterogeneity, and plasticity 
in the phenotypes and functions of macrophages and their 
circulating precursor cells (i.e., monocytes). 

The activation of circulating monocytes and accumulation 
of macrophages in the liver are important pathophysiological 
features in patients with ALD. However, the role of hepatic 
macrophages in the pathogenesis of ALD has not been fully 
elucidated. This review will discuss some of the new findings 
in monocyte/macrophage biology, provide an update of the 
current studies on the involvement of liver macrophages in 
ALD, and identify remaining questions to be addressed in 
order to develop macrophage-targeted therapy for ALD. 

Phenotypic and Functional Heterogeneity  
of Monocytes and Macrophages

Macrophages, which play an important role in the initial 
innate immune response to infection with pathogens or 
other insults, fall into two main categories—infiltrating 
macrophages and tissue-resident macrophages. Infiltrating 
macrophages are derived from precursor cells called mono-
cytes that circulate throughout the body and are recruited 
into the tissues when an inflammatory reaction occurs. 
Tissue-resident macrophages, in contrast, always remain 
localized within one tissue, serving as sentries and first line 
of defense against any infection or injury in that tissue. 

Monocytes are circulating innate immune cells formed 
from progenitor cells in the bone marrow; the monocytes 
then differentiate into numerous subsets of macrophages 
(Fogg et al. 2006). In both humans and mice, monocytes 
can be divided into two major subsets—classical and 
nonclassical—depending on the marker proteins that they 
exhibit on their surface (Ingersoll et al. 2011; Sunderkotter 
et al. 2004; Ziegler-Heitbrock 2007) (see table 1). In 
humans, monocytes (all of which express CD115+) are 
divided into the two major subsets based on their CD14 
and CD16 expression, as well as on their expression of 
markers called CCR2 and CX3/CR1: 

• The predominant subset, representing 90 percent of 
circulating monocytes, is the classical subset character-
ized by the marker combination CD14hiCD16– and 
CCR2+/CX3CR1lo.
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• The less abundant nonclassical monocyte subset further 
can be divided into two groups characterized by the 
marker combinations CD14dimCD16+ and CCR2-/
CX3CR1hi/CCR5hi (nonclassical monocytes) or 
CD14hiCD16+ and CCR2–/CX3CR1hi/CCR5hi  
(intermediate monocytes). 

Analogous to their human counterparts, murine subsets 
include classical Ly6Chi monocytes, which are similar to the 
human CD14hiCD16– monocytes, and nonclassical Ly6Clo 
monocytes, which are similar to human CD14dimCD16+ 
monocytes. These human and murine cells patrol in the 
blood vessels until they are recruited to the organs in case  
of an injury or insult. Although the gene-expression profiles 
related to activation and trafficking have been well conserved 
between murine and human monocytes, the ratios of vari-
ous subsets can differ between mice and humans. Therefore, 
it is important to be careful and take these differences into 
consideration when extending experimental murine mono-
cyte studies to human disease.1

Resident macrophages can be found in a variety of tissues, 
such as the brain, skin, lungs, liver, and spleen. Tissue-
resident macrophages exhibit a large diversity of phenotypes 
and functions, based on their tissue of residence, raising the 
question of the origin of these cells (Davies et al. 2013). 
Recent fate-mapping studies have revealed that embryonic 
yolk sac and/or fetal liver progenitor cells are the source of 
many tissue-resident macrophages, such as those in the liver 
(i.e., Kupffer cells), skin, and central nervous system (i.e., 
microglia) (Gomez Perdiguero and Geissmann 2013). 
Tissue-resident macrophages are defined as a heterogeneous 
population of immune cells important for maintaining the 
homeostatic function of the specific tissue (Davies et al. 
2013). Whether tissue macrophages are self-renewing or 
continuously replenished from the bone marrow still is a 
matter of debate. However, overwhelming evidence suggests 
that bone-marrow–derived circulating monocytes can be 
recruited to the site of injury early during inflammation in 
tissues, where they differentiate into macrophages. Classical 
and nonclassical monocytes are recruited in a sequential 
fashion, depending on the nature of insult (e.g., infection  
or infarction) and the injured tissue. Additionally, both  
resident macrophages and recruited monocytes reportedly 
are capable of self-renewal induced by certain cytokines, 
such as interleukin (IL)-4 (Jenkins et al. 2011).

The Kupffer cells in the liver are the largest population  
of tissue-resident macrophages and largely contribute to 
inflammatory reactions in the liver. The innate immune 
function of Kupffer cells not only is critical in the body’s 
response to liver injury but also is crucial in tolerogenic 
responses to antigens in the liver. Kupffer cells are located 
in the hepatic sinusoids and fall into two major subsets 
(Klein et al. 2007):

1  Comprehensive transcriptomic analysis on unique human and murine immune-cell gene expression 
during differentiation, activation, and tissue-specific localization is available from project consortia 
such as ImmGen (www.immgen.org) and InnateDB (www.innatedb.ca). 

• Radiosensitive macrophages that are replaced rapidly by 
hematopoietic precursors and are important in inflam-
matory reactions; and 

• Radioresistant, long-lived Kupffer cells that do not 
participate in inflammatory foci. 

Mouse models frequently are used to investigate various 
aspects of macrophage function. However, as with the 
monocyte precursors, differences in the characteristics of 
murine and human macrophages exist that must be taken 
into account when using mice as preclinical models of 
disease (Mestas and Hughes 2004). For example, murine 
and human macrophages can differ in the expression of 
surface molecules called Toll-like receptors (TLRs) that  
are involved in macrophage activation, in their responses to 
immune activators, and in their production of nitric oxide.

Macrophage Polarization

Macrophages have a unique ability to alter their phenotypes 
and, thus, their functions, depending on tissue microenvi-
ronmental cues, such as the presence of cytokines, growth 
factors, pathogen-associated molecular pattern molecules 
(PAMPs), and damage-associated molecular pattern mole-
cules (DAMPs). This process is known as polarization and 
results in the emergence of two macrophage phenotypes 
labeled M1 and M2 macrophages. M1 macrophages primar-
ily have proinflammatory effects. For example, classically 
activated M1 macrophages help mediate the initial defense 
against intracellular bacteria and viruses; in addition, they 
are important for the response to a tissue injury. The M1 
macrophages produce proinflammatory and stress mediators 
and cytokines, such as IL-1, tumor necrosis factor alpha 
(TNFα), interferon γ, IL-12, IL-18, nitric oxide, and  
reactive oxygen species (ROS), and can activate adaptive 
immune responses (Jouanguy et al. 1999; Shaughnessy  
and Swanson 2007). Once the infection or injury is 

Table 1 Monocyte Populations of Human and Mouse Origin

Monocytes                     Markers                                        Function  
Human Classical CD14hiCD16–CCR2+CX3CR1lo Phagocytosis 

and  
inflammatory  
effectors

Intermediate CD14hiCD16+CCR2–CX3CR1hi Inflammatory 
effectors

Nonclassical CD14dimCD16+CCR2–CX3CR1hi Patrolling, 
antiviral role

Mouse Classical CD11b+Ly6ChiCCR2+CX3CR1– Inflammatory 
effectors

Nonclassical CD11b+Ly6CloCCR2–CX3CR1+ Patrolling,  
tissue repair
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controlled, macrophages convert to an anti-inflammatory, 
tissue-restorative phenotype in order to reign in excessive 
tissue-damaging inflammatory responses (Benoit et al. 
2008; Noel et al. 2004). These cells usually are referred  
to as alternatively activated macrophages (M2) and help 
promote the resolution of inflammation as well as tissue 
repair (Sica and Mantovani 2012) (see figure 1). They can 
be distinguished from the M1 macrophages by the presence 
of high levels of several marker proteins (e.g., Fizz1, Mrc1, 
Ym1, and Arg1) (Gordon 2003; Mantovani et al. 2002).  

The functional heterogeneity of macrophages is reflected 
in their differential, sometimes opposing, roles in various 
diseases (Sica and Mantovani 2012). For example, whereas 
M1 cells are essential for eliminating bacteria and viruses 
during acute infection, a dysregulated M1 response can 
result in collateral tissue damage. Thus, the proinflamma-
tory function of M1 macrophages contributes to conditions 
such as autoimmune diseases (e.g., arthritis and multiple 
sclerosis) and metabolic diseases (e.g., insulin resistance, 
diabetes, and atherosclerosis). Similarly, although M2 
macrophages often are associated with tissue repair and 
immune regulation, excessive M2 responses can contribute 
to chronic diseases such as atopic dermatitis, asthma, and 
tissue fibrosis. Additionally, diseases characterized by changes 
in the phenotype of the cells over time resulting from 
changes in the tissue environment also may be accompanied 

by a switch in macrophage phenotype (i.e., macrophage 
plasticity). For example, during early stages of cancer, 
tumor-associated macrophages resemble the classically  
activated M1 cells, which promote anti-tumor immune 
responses. As the tumor progresses, however, these tumor- 
associated macrophages switch to a regulatory phenotype 
that suppresses anti-tumor immunity and facilitates tumor 
growth (Allavena et al. 2008). As another example, adipose- 
tissue macrophages in nonobese individuals primarily 
exhibit a wound-healing phenotype, with little production 
of proinflammatory cytokines. In obese patients, however, 
the adipose-tissue macrophages switch to a proinflamma-
tory M1-like phenotype characterized by cytokine produc-
tion that leads to insulin resistance (Zeyda and Stulnig 2007). 

Although it is convenient to divide macrophages into M1 
and M2 cells, it is important to note that this division is 
oversimplified. The M1 and M2 macrophages only repre-
sent the two extremes of a full spectrum of phenotypes, and 
within either category there are subpopulations with differ-
ent phenotypes and functions. For example, the M2 cells 
can be classified into at least two subtypes, wound-healing 
and immune-regulatory macrophages (Edwards et al. 2006). 
The wound-healing macrophages develop in response to the 
cytokines IL-4 and IL-13 that are released by various types 
of leukocytes. Compared with M1 macrophages, these cells 
produce much lower levels of proinflammatory cytokines, 
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Figure 1  Schematic representation of macrophage plasticity and its involvement in tissue injury. Macrophages recruited to the site of an injury or 
infection during the initiation phase of the inflammatory reaction have an M1 phenotype. They produce proinflammatory and stress mediators 
and cytokines, such as tumor necrosis factor α (TNFα), interleukin (IL)-1 and -12, interferon γ (IFNγ), an enzyme generating nitric oxide 
(iNOS), and reactive oxygen species (ROS). These macrophages have proinflammatory and antimicrobial effects and lead to matrix degra-
dation and tissue destruction. During the resolution phase of the injury, these M1 macrophages are converted into an M2 phenotype with 
a different cytokine and chemokine repertoire, including IL-10, transforming growth factor β (TGF-β), matrix metalloproteinases (MMPs), 
arginase 1 (Arg1), tissue inhibitors of metalloproteinases (TIMPs), and vascular epithelial growth factor (VEGF). These M2 macrophages 
have anti-inflammatory effects and promote blood-vessel formation (angiogenesis), matrix synthesis, and tissue remodeling. 
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ROS, and nitric oxide but higher levels of molecules that 
promote tissue regeneration and wound healing (e.g., 
mannose receptors, extracellular matrix components, and 
factors regulating matrix remodeling). Conversely, immune- 
regulatory macrophages arise during late stages of the adap-
tive immune response or in response to stress-induced 
upregulation of glucocorticoids. These macrophages are 
characterized by the production of high levels of IL-10. 
Factors that induce the generation of immune-regulatory 
macrophages include immune complexes, prostaglandins, 
apoptotic cells, adenosine, histamine, and adiponectin. 
Unlike the wound-healing macrophages, the regulatory 
macrophages do not induce extracellular matrix remodeling. 

The plasticity of macrophage phenotypes is controlled  
by various intracellular molecular mechanisms, including 
signaling proteins, transcription factors, and epigenetic 
events. For example, activation of macrophages via TLRs 
and interferon receptors, which induces a signaling mecha-
nism involving a molecule called STAT1,2 steers their 
polarization toward the M1 phenotype (Qin et al. 2012). 
Conversely, alternative activation via IL-4/IL-13 and 
STAT6-mediated mechanisms generates the M2 phenotype 
(Daley et al. 2010; Moreno et al. 2003; Stolfi et al. 2011). 
Other M2-like phenotypes are induced via IL-10/STAT3 
and IL-3/STAT5 signaling mechanisms (Sica and Mantovani 
2012). Another important regulator of macrophage polar-
ization is the enzyme JNK, which phosphorylates STAT6 
(Shirakawa et al. 2011). Obese mice deficient in a JNK  
activator called MLK3 lack M1 macrophage polarization, 
suggesting a role for JNK in activation of the M1 pheno-
type (Gadang et al. 2013). IRF proteins, which modulate 
the transcription of certain genes, also are important regula-
tors of macrophage polarization. For example, IRF5 activity 
promotes IL-12 gene transcription and is associated with an 
M1 phenotype, whereas repression of IRF5 induces IL-10, 
resulting in an M2 phenotype (Krausgruber et al. 2011). 
Similarly, activation of a regulatory protein complex called 
Notch/IRF8 leads to M1 polarization  (Xu et al. 2012), 
whereas activation of M-CSF/IRF4 leads to M2 polariza-
tion. Another family of proteins called SOCSs also serves  
as essential regulators of macrophage polarization, with  
the specific cytokine stimulus and SOCS isoform involved 
determining whether the cells attain an M1 or M2 pheno-
type. Thus, the presence of IL-4 acting on SOCS1/STAT1 
induces an M1 phenotype (Whyte et al. 2011), whereas 
interferon γ acting in concert with TLR can induce 
SOCS3/STAT3 and result in M2 macrophage polarization 
(Arnold et al. 2014). Various receptors located in the cells’ 
nucleus, such as molecules called PPARγ, PPARδ, Krupple 
like factor-4, and c-myc also contribute to macrophage 
polarization downstream of the IRF/STAT-SOCS pathway 
(Zhou et al. 2014). Finally, regulatory processes that affect 
DNA structure and gene expression without altering the 
DNA sequence (i.e., epigenetic mechanisms) promote the 
induction of an M2 phenotype and inhibit M1-characteristic 

2  For a list of the complete names of this and other molecules mentioned in this article, see table 2.

genes (Banerjee et al. 2013; Satoh et al. 2010). These 
epigenetic regulators include such factors as histone 
demethylase, Jumonji D3, and microRNA let-7c.

In ALD, macrophage imprinting and polarization to M1 
or M2 phenotypes is influenced by cytokine mediators in 
the liver. The detailed investigation of pathways activated 
by cytokines and stress proteins in the liver during ALD 
will provide insights into the polarization of resident versus 
infiltrating liver macrophages. 

Macrophages in ALD

Significance of Macrophages in Clinical ALD
Macrophages seem to play a central role in ALD. In fact, 
recent findings suggest the coexistence and complex inter- 

Table 2 Complete Names of Enzymes and Other Molecules Mentioned 
in This Article and Their Abbreviations

Abbreviation Complete Name

CCR2 C-C chemokine receptor 2

CD Cluster of differentiation

CX3/CR1 C-X3-C motif chemokine receptor 1

ERK Extracellular-signal–regulated kinase

IKK Inhibitor of nuclear factor kappa-B kinase

IL Interleukin

IRAK Interleukin-1 receptor-associated kinase

IRF Interferon regulatory factor

JNK C-jun N-terminal kinase 

LPS Lipopolysaccharide

MCP Monocyte chemoattractant protein

M-CSF Macrophage colony-stimulating factor

MIP Macrophage inflammatory protein

MLK Mixed lineage kinase

PD-1 Programmed cell death protein 1

PPAR Peroxisome proliferator-activated receptor

SOCS Suppressor of cytokine signaling

STAT Signal transducers and activators of transcription

TGF Transforming growth factor

TIM-3 T-cell immunoglobulin mucin-3

TLR Toll-like receptor

TNFα Tumor necrosis factor alpha
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actions of different types of macrophages in ALD (Lee  
et al. 2014). Thus, immunohistochemical analyses of liver 
samples from patients with alcoholic steatohepatitis identi-
fied macrophages that express receptors and cytokines 
commonly associated with M1 cells, as well as markers  
associated with M2 cells. Numerous other analyses have 
indicated that macrophage function may be clinically 
correlated with disease state in patients with alcoholic  
hepatitis and fibrosis, as follows:

• Increased macrophage numbers have been reported  
in both early (i.e., fatty liver) and late (i.e., hepatitis  
and cirrhosis) stages of ALD (Karakucuk et al. 1989), 
although no clear correlation exists between macrophage 
numbers and disease severity.  

• The levels of chemokines involved in monocyte recruitment, 
particularly MCP-1, MIP-1α, and MIP-1β, were increased 
in the liver of patients with ALD (Afford et al. 1998). 

• In analyses of gene-expression profiles, the expression  
of inflammatory genes was higher in macrophages from 
patients with alcohol-related cirrhosis than in macrophages 
from patients with Hepatitis C virus–related cirrhosis 
(Tapia-Abellan et al. 2012).

• Factors that imply monocyte activation, such as neop-
terin and leukocyte-function–associated antigen 3, were 
elevated in ALD patients (Luna-Casado et al. 1997).

• Circulating monocytes from ALD patients express 
TNFα receptors and spontaneously produce TNFα. 
When stimulated by LPS, they release even higher levels 
of TNFα (Gobejishvili et al. 2006; Zhang et al. 2001). 
Highly elevated TNFα levels in the blood, in turn, are 
associated with poorer outcomes in patients with acute 
alcoholic hepatitis (Bird et al. 1990). In some cases, 
normal levels of the anti-inflammatory cytokine IL-10 
were linked to a failure to inhibit the excessive produc-
tion of TNFα (Le Moine et al. 1995).

• Patients with alcoholic hepatitis and/or cirrhosis exhibit 
elevated levels of other cytokines (e.g., IL-6, IL-8, and 
IL-18) and chemokines produced by circulating mono-
cytes and liver macrophages (Afford et al. 1998; Fisher et 
al. 1999). These increased cytokine levels are correlated 
with clinical outcomes (Khoruts et al. 1991; McClain 
and Cohen 1989). 

• Global gene-expression profiling of liver samples from 
patients with alcohol-related cirrhosis demonstrated 
unique gene-expression patterns that differed between 
early and late stages of cirrhosis. Genes expressed at 
much higher levels in early than late stage of cirrhosis 
included those related to macrophage activation, prolif-

eration, and migration (Lederer et al. 2006), emphasiz-
ing the role of macrophages in the progression of ALD. 

Additional clinical studies evaluating macrophages and 
circulating monocytes from human patients at different 
stages of ALD are needed to understand the precise func-
tional contributions of monocytes/macrophages to disease 
progression.

Role of Kupffer Cells in ALD
Kupffer cells are liver-resident macrophages that are activated 
through the CD14/TLR4 receptor complex in response to 
increased intestinal translocation of LPS during prolonged 
alcohol consumption and which may contribute to alcohol- 
induced liver injury. Animal studies have revealed that acute 
and chronic ethanol administration are associated with 
signs of CD14/TLR4 activation of macrophages in the 
liver, including upregulation of CD14 as well as increased 
production of TNFα, MCP-1, and ROS (Enomoto et al. 
2001). Furthermore, depletion of liver macrophages through 
various approaches prevented alcohol-induced liver inflam-
mation (Koop et al. 1997; Petrasek et al. 2012), confirming 
that the cells are needed to induce liver injury. 

Researchers have investigated how alcohol consumption 
may trigger Kupffer-cell activation. ROS production may 
be one of the mechanisms contributing to increased sensiti-
zation of Kupffer cells to LPS in the alcoholic liver (Thakur 
et al. 2006). During prolonged alcohol exposure, Kupffer 
cells produce ROS, likely mediated by induction of an 
enzyme involved in alcohol metabolism in the liver (i.e., 
cytochrome P450 2E1) (Kono et al. 2000). The crucial  
role of ROS production in Kupffer-cell activation also was 
demonstrated in studies in which rats were pretreated with 
an agent that inhibits an enzyme essential for ROS produc-
tion (i.e., NADPH oxidase). This pretreatment normalized 
ROS production in alcohol-fed rats as well as reduced phos-
phorylation of the signaling molecule ERK1/2 and inhib-
ited production of the proinflammatory cytokine TNFα  
in Kupffer cells (Kono et al. 2000; Thakur et al. 2006). 

Another essential component in alcohol-mediated 
Kupffer-cell activation is the CD14/TLR4 receptor 
complex. LPS-induced activation of this receptor complex 
on Kupffer cells triggers downstream signaling kinases  
(i.e., IRAK and IKK), ultimately leading to the induction  
of the proinflammatory cytokines TNFα, IL-6, and MCP-1. 
Consistent with this model, Kupffer cells from alcohol-fed 
mice are sensitized to LPS and exhibit increased LPS 
responses, leading to higher levels of TNFα (Nagy 2003) 
and MCP-1 (Mandrekar et al. 2011). Enhanced expression 
of multiple TLRs also can contribute to ROS-mediated 
Kupffer-cell sensitization in the alcoholic liver (Gustot et  
al. 2006). Hritz and colleagues (2008) and Inokuchi and 
colleagues (2011) confirmed the importance of TLR4 
expression on Kupffer cells and bone-marrow–derived 
immune cells in ALD. However, it is unclear whether 
liver-resident Kupffer-cell–specific TLR4 is the only TLR 
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contributing to alcohol-mediated pathogenesis, and this 
issue requires further investigation using mice deficient in 
macrophage-specific TLR4. Nevertheless, the findings to 
date suggest that both alcohol-induced ROS and increased 
Kupffer-cell sensitization to endotoxin, which lead to 
enhanced proinflammatory responses, are major players  
in Kupffer-cell activation in ALD.

Inhibition of Kupffer-cell activation and reduction of 
proinflammatory cytokines—particularly inhibition of 
proinflammatory cytokine production by Kupffer cells—
has been a major focus of efforts to alleviate ALD. For 
example, it may be possible to reverse Kupffer-cell sensitiza-
tion by treating alcohol-exposed Kupffer-cell primary 
cultures with adiponectin, an anti-inflammatory adipokine 
(Thakur et al. 2006). Treatment with globular adiponectin 
prevents LPS-stimulated TNFα expression in Kupffer cells 
by activating the IL-10/STAT3/hemoxygenase-1 pathway 
and inducing M2 macrophages (Mandal et al. 2010, 2011). 
M2 macrophages, in turn, seem to be associated with 
reduced or limited liver injury, because in current drinkers 
with mild liver injury and steatosis, M2 macrophages are 
predominant, whereas patients with severe liver injury 
exhibit M1 macrophages (Wan et al. 2014). Another possible 
approach to ALD treatment may involve the desensitization 
of alcohol-exposed Kupffer cells by increasing IL-10 levels. 
The alcohol-induced decrease in IL-10 has been shown to 
contribute to the sensitization of macrophages, and studies 
in IL-10–deficient mice found increased alcohol-mediated 
proinflammatory cytokine production (Hill et al. 2002). 
Recent studies also have indicated an IL-10–mediated 
protective effect via activation of TLR3 in alcoholic liver 
(Byun et al. 2013).3 Selective targeting of TLR signaling 
pathways in Kupffer cells likely will provide better insights 
into the contribution of the balance between pro- and 
anti-inflammatory cytokine production in ALD.

Hepatic Infiltrating Macrophages in ALD
Tissue-resident macrophages, such as Kupffer cells in the 
liver, not only protect against pathogens but also help nourish 
and maintain the cells (i.e., exert trophic functions) and 
ensure tissue homeostasis. However, under stress conditions 
caused by infection or by inflammation in the absence of 
infection (i.e., sterile inflammation), additional monocytes 
infiltrate the damaged tissue and differentiate into macro-
phages that help clear the pathogens, remove dead cells and 
cell debris, and restore tissue homeostasis. In fact, in many 
disease models (e.g., peritoneal inflammation) the tissue 
macrophages that have been described actually are derived 
from such infiltrating monocytes (Ghosn et al. 2010).

Studies of acute and chronic liver injuries also have 
demonstrated the hepatic recruitment of monocytes. For 
example, acute treatment of mice with carbon tetrachloride 
(CCl4), which causes liver damage, results in an influx of 

3  In addition to TLR3 and TLR4, increased expression of TLR2 and TLR8 has been identified by  
immunohistochemistry in liver biopsies from alcoholic hepatitis patients (Lee et al. 2014). 

infiltrating macrophages that can increase the total number 
of hepatic macrophages tenfold (Karlmark et al. 2009). A 
recent study in mice with chronic CCl4-induced liver fibro-
sis demonstrated that infiltrating macrophages played an 
important role in the progression and regression of the 
fibrosis (Ramachandran et al. 2012). Similarly, in a mouse 
model of acetaminophen-induced liver injury, infiltrating 
macrophages recruited during the recovery phase contributed 
substantially to tissue repair (Holt et al. 2008). 

Chronic alcohol-induced liver disease also is mediated 
and likely propagated by infiltrating immune cells, because 
chronic ethanol administration can cause accumulation  
of infiltrating macrophages in the liver of mice (Wang  
et al. 2014). The infiltrating macrophages consist of two 
subsets—Ly-6Chi and Ly-6Clow cells—with distinct genetic 
profiles. The Ly-6Clow cells exhibit an anti-inflammatory 
and tissue-protective phenotype, expressing low levels of 
proinflammatory cytokines and high levels of anti-inflammatory 
molecules that may be involved in tissue repair (Arnold et 
al. 2007; Nahrendorf et al. 2007). Conversely, the Ly-6Chi 
cells exhibit a proinflammatory tissue-damaging phenotype; 
however, upon phagocytosis of apoptotic hepatocytes, they 
seem to switch to a Ly-6Clow phenotype (Wang et al. 2014). 
The two subsets of infiltrating macrophages coexist and 
exhibit distinct, and sometimes opposite, functions in many 
models of inflammatory tissue injury. In a model of kidney 
injury, bone marrow Ly-6Chi monocytes were recruited to 
the injured kidney, where they differentiated into function-
ally distinct Ly-6Clow cells (Lin et al. 2009). In the livers of 
animals with CCl4-induced fibrosis, Ly-6Clow infiltrating 
macrophages, which were derived from the Ly-6Chi cells, 
were important for resolving inflammation and fibrosis and 
restoring tissue homeostasis (Ramachandran et al. 2012). 
Studies of the contribution of infiltrating-macrophage 
subsets in myocardial infarction also have demonstrated 
sequential recruitment of Ly-6Chi and Ly-6Clow cells into 
the tissue. The proinflammatory Ly-6Chi cells, which infil-
trate the tissue during the early phase of injury, have 
proteolytic and phagocytic functions. At a later phase  
of the myocardial infarction, Ly-6Clow cells are recruited 
that possess attenuated inflammatory properties and are 
involved in tissue repair by promoting blood-vessel formation 
(i.e., angiogenesis) and activation of heart muscle cells (i.e., 
myofibroblasts) (Nahrendorf et al. 2007). 

In humans, an increase in the number (i.e., expansion)  
of the nonclassical CD14+CD16+ monocytes, which corre-
spond to the Ly-6Clow infiltrating macrophages, occurs in  
a variety of inflammatory diseases, including rheumatoid 
arthritis, atherosclerosis, asthma, atopic eczema, pancreatitis, 
and alveolar proteinosis. Nonclassical CD14+CD16+ mono-
cytes also expand in the circulation and liver of patients 
with chronic liver disease, suggesting their involvement  
in the progression of liver inflammation and fibrogenesis 
(Ziegler-Heitbrock 2007).
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Macrophage Mediators in ALD

The heterogeneous populations of both resident and  
infiltrating macrophages present in the liver have multiple 
functions that are relevant to ALD (see figure 2): 

• They can serve as antigen-presenting cells that display 
foreign molecules on their surface, thereby triggering 
adaptive immune responses.

• They may exhibit liver proteins that have been modified 
by malondialdehyde-acetaldehyde (i.e., malondialdehyde- 
acetaldehyde adducts) (Willis et al. 2002). This modifi-
cation can change or impair the protein’s functions. In 
patients with ALD, these adducts also may be associated 
with the presence of autoantibodies.

• They normally produce antimicrobial peptides and 
mediators and have microbial killing activities; however, 
these functions may be compromised during ALD.

• Through activation of TLR-mediated signaling, they 
may lead to increased expression of immunoinhibitory 
receptors called PD-1 and TIM-3 on T cells, thereby 
impairing antimicrobial activity in patients with alcoholic 
hepatitis (Markwick et al. 2015). 

• Certain subpopulations (e.g. Ly6Chi infiltrating macro-
phages) produce a variety of proinflammatory mediators, 

including ROS, reactive nitrogen species, proinflammatory 
cytokines, and chemokines, thereby causing tissue damage. 

Among the mediators identified, the cytokine TNFα has 
been extensively studied not only in patients with alcoholic 
hepatitis but also in animal models of ALD (Bird et al. 
1990). The analyses found that mice lacking the TNFα 
receptor were protected from ALD (Yin et al. 1999); more-
over, antibodies against TNFα were able to ameliorate  
alcohol-induced liver injury (Iimuro et al. 1997). Both of 
these findings indicate that TNFα is crucial in the patho-
physiology of ALD. The role of IL-6 in ALD also has been 
widely investigated. Alcohol-fed, IL-6–deficient mice 
showed increased liver injury, suggesting a protective role 
for IL-6 (El-Assal et al. 2004). Additional analyses demon-
strated that IL-6 reduces or increases inflammation in ALD 
in a cell-type–specific manner and exerts its effects via the 
STAT3 signaling molecule (Horiguchi et al. 2008), 
confirming the significant contribution of the IL-6/STAT3 
axis in the development of ALD. 

Other macrophage mediators involved in ALD include 
the chemokines IL-8, MCP-1, and MIF, which either 
inhibit leukocytes or help recruit them to the sites of injury 
and inflammation (Barnes et al. 2013; Mandrekar et al. 
2011). Whereas IL-8 induces neutrophil infiltration, MCP-1 
and MIF, which primarily are produced by Kupffer cells 
and infiltrating macrophages, facilitate the recruitment of 
additional monocytes/macrophages in ALD. Chemokines 
also induce the activation of stellate cells, which helps promote 
disease progression to liver fibrosis. Thus, the recruitment  
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Figure 2  Macrophage functions in alcoholic liver disease. Macrophages fulfill a variety of functions in the context of alcoholic liver disease, including 
both proinflammatory and anti-inflammatory functions, depending on the state of the disease. These activities include the production of 
proinflammatory cytokines (e.g., interleukin [IL]-1, -12, and -23; tumor necrosis factor alpha [TNFα]) and chemokines, as well as of anti- 
inflammatory cytokines (e.g., IL-10, IL-1 receptor a [IL-1Ra], and transforming growth factor beta [TGF-β]). Other relevant activities include 
presentation of malondialdehyde-acetaldehyde (MAA) adducts and microbicidal and phagocytotic activity, as well as tissue repair and 
regeneration through the production of growth factors, matrix metalloproteinases (MMPs), and tissue inhibitors of metalloproteinases (TIMPs). 
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of inflammatory cells sets off a vicious cycle in which 
inflammatory and stellate cells stimulate one another, lead-
ing to fibrosis and cirrhosis (Karlmark et al. 2009). Given 
the central role that MCP-1 and MIF seem to play in ALD, 
chemokines can be considered likely therapeutic targets for 
this condition (Mandrekar et al. 2011; Seki et al. 2009).  

Other macrophage mediators in addition to cytokines 
and chemokines include the complement system and 
adipokines such as adiponectin and leptin. The C3 and C5 
complement systems are activated in macrophages during 
early phases of murine ALD and contribute to disease initia-
tion and progression (Roychowdhury et al. 2009). Adipokines, 
in contrast, seem to negatively regulate macrophage function in 
murine ALD. Identification of novel macrophage mediators 
that can regulate polarization and thus influence development 
and progression in ALD is needed. 

As liver injury progresses, macrophages also are needed  
to clear dead cells or cellular debris by phagocytosis, which 
is a critical step for successful resolution of inflammation 
and promotion of tissue repair. As a result of phagocytosis, 
macrophages begin to produce anti-inflammatory cyto-
kines, such as IL-10 and TGF-β (Henson and Bratton 
2013; Korns et al. 2011; Xiao et al. 2008), as well as growth 
factors and tissue-remodeling mediators that have proin-
flammatory effects. Thus, a recent immunohistochemistry 
study observed robust TGF-β expression in macrophages  
of liver samples from alcoholic hepatitis patients (Lee et al. 
2014). When liver injury persists, however, the chronic 
inflammation and tissue-repair processes can lead to tissue 
fibrosis. Insufficient oxygen supply to the tissue (i.e., hypoxia) 
may be a factor in this process, because liver tissue hypoxia has 
been observed after chronic ethanol feeding (Arteel et al. 
1996). Hypoxia causes stabilization and activation of proteins 
called hypoxia-inducible factors (HIFs), which regulate multi-
ple pathways that control cell survival, proliferation, and 
metabolism. Macrophages are known to accumulate in large 
numbers within hypoxic areas of injured tissues (Murdoch  
et al. 2005). In a mouse model of liver injury, chronic liver 
injury induced macrophage expression of HIF1α, which 
promotes fibrosis by regulating the production of pro- 
fibrogenic mediators (Copple et al. 2012; Mehal 2012).

Oxidative-stress–mediated activation of macrophages  
and subsequent production of cytokines that influence 
macrophage polarization are major contributors to inflam-
mation in ALD. 

ALD Therapy—Are Macrophages a Plausible Target? 

Regardless of disease stage, abstinence from alcohol has 
been the most effective treatment in ALD. However, 
patients often lack motivation and compliance, leading to 
relapse. Another approach includes aggressive nutritional 
and anti-oxidant therapies using zinc (Kang and Zhou 
2005), vitamins, and S-adenosylmethionine to restore 
nutritional status in alcoholic cirrhosis, albeit with limited 
beneficial outcomes. Alternative therapies using silymarin 

and betaine also have been suggested for future clinical trials 
in ALD (Frazier et al. 2011). Anti-inflammatory treatments 
targeting macrophage function, such as treatment with 
corticosteroids, pentoxyfylline, or anti-TNFα antibodies, 
also have been evaluated for ALD patients for more than 30 
years. Success, however, has been limited to date. Clinical 
trials using glucocorticoids in patients with acute alcoholic 
hepatitis showed minor benefits but ultimately were termi-
nated because of a heightened risk of sepsis and gastrointes-
tinal bleeding (Maddrey et al. 1978). Subsequent studies 
evaluated the effects of therapy with specific anti-TNFα 
antibodies, again with limited success. Consequently, the 
need for the development of effective strategies for patients 
with alcoholic hepatitis and cirrhosis remains unfulfilled.

To address this need, researchers also are assessing a vari-
ety of strategies to target macrophages in preclinical murine 
ALD studies. These strategies often use cytokine inhibitors 
or intracellular mediators to regulate cytokine production, 
with some promising results:

• Approaches targeting alcohol-induced IL-1β signaling  
in macrophages using an IL-1 receptor antagonist (e.g., 
anakinra) have yielded a reduction in alcohol-induced 
inflammatory responses in murine liver (Petrasek et al. 2012). 

• Studies using globular adiponectin to induce IL-10 produc-
tion in Kupffer cells via the enzyme heme oxygenase-1  
alleviated murine ALD (Mandal et al. 2010). Induction  
of this enzyme in liver macrophages by modulating carbon 
monoxide availability in the liver also had beneficial effects 
in mouse models of ALD (Bakhautdin et al. 2014). 

• Efforts centering on the MCP-1 and MIF produced by 
Kupffer cells and infiltrating macrophages in the mouse 
alcoholic liver identified these chemokines as effective 
targets (Barnes et al. 2013; Mandrekar et al. 2011). 

• Strategies targeting stress-induced heat-shock protein 90 
with specific inhibitors—an approach currently assessed 
in clinical trials for cancer—helped ameliorate ALD  
by inhibiting macrophage inflammatory responses in 
murine liver (Ambade et al. 2014). 

These studies collectively support clinical evaluations  
of macrophage-targeting therapies in alcoholic-hepatitis 
patients. Clinical research combining biologics, small- 
molecule drugs, and antioxidant therapies targeting macrophage 
function and phenotype may provide lasting therapeutic 
efficacy in alcoholic hepatitis and cirrhosis.  

Conclusion and Perspectives

As in many chronic inflammatory diseases, macrophages 
have emerged as critical players and perhaps a therapeutic 
target in ALD. However, depleting all hepatic macrophages 
will not be an effective approach because of the heterogeneity 
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and phenotype diversity of these cells; the specific populations 
to be targeted for maximum benefit remain to be determined.

There are many questions that still need to be addressed 
with regard to the role of hepatic macrophages in ALD 
development. For example, how do infiltrating monocytes 
differentiate within the liver during ALD? What are the 
tissue-environmental cues and molecular-signaling pathways 
that drive the reprogramming of infiltrating macrophages in 
the alcoholic liver? Another important question is how the 

number of infiltrating macrophages is controlled after tissue 
homeostasis is reestablished. Do excess cells undergo apop-
tosis or do they emigrate? Moreover, in-depth knowledge  
of the molecules and pathways that control and regulate the 
phenotype and functions of hepatic macrophages is critical 
for developing therapeutic strategies to treat ALD. For 
example, the functions of Ly-6Clow infiltrating macrophages 
in tissue repair and wound healing can be utilized to 
prevent chronic liver inflammation during the early phase 

Glossary 
Adipokine: A bioactive factor pro-
duced and secreted by fat (adipose) 
tissue that can modulate the func-
tion of other tissues.
Alveolar proteinosis: A chronic lung 
disease characterized by the filling of 
the alveoli with a protein-like mate-
rial that prevents ventilation of the 
affected area; results in shortness of 
breath, coughing, chest pain, weight 
loss, and spitting up of blood.
Alveoli: Sac-like structures in the lungs 
where the gas exchange between the 
inhaled air and blood takes place.
Autoantibody: An immune molecule 
(i.e., antibody) formed in response 
to, and acting against, one of the 
individual’s own normal tissue 
constituents.
Chemokine: Any of a family of small 
cytokines that induce the movement 
of leukocytes (e.g., to the site of  
an infection).
Complement system: A complex  
system of about 20 distinct proteins, 
their receptors, and related regulatory 
proteins that induce the destruction 
(i.e., lysis) of cells during an immune 
response as well as regulate various 
other biologic functions (e.g., 
phagocytosis).
Cytokine: Any of the non-antibody 
proteins released by one type of 
immune cell on contact with a spe-
cific antigen that acts as a mediator 
between cells (e.g., in the generation 
of an immune response).
Damage-associated molecular pattern 
molecules (DAMPs): Molecules that 

can initiate an immune response in 
response to cell or tissue damage 
(i.e., as part of a noninfectious 
inflammatory response).
Endotoxin: Toxic molecule associated 
with the membranes of certain bac-
teria that are released when the cells 
are disrupted and have numerous 
biologic effects (e.g., fever, altered 
resistance to bacterial infection, 
shock); endotoxins are composed  
of lipopolysaccharides (LPS).
Epigenetic: Pertaining to mechanisms 
that alter the activity of genes with-
out changing their DNA sequences 
(e.g., by chemically modifying the 
DNA or altering the accessibility of 
the DNA for regulatory proteins).
Fate mapping: An experimental 
approach to determine the origins  
of various tissues in the adult organ-
ism from the embryonic structures 
and to track the development of  
specific cells through several devel-
opmental stages.
Leukocytes: Any of variety of white 
blood cells, such as monocytes or 
lymphocytes.
Macrophage polarization: Process 
during which macrophages acquire 
specific characteristics and functions 
in response to external signals (e.g., 
certain cytokines); the two main types 
of polarized macrophages are M1 
(classically activated) and M2 (alter-
natively activated) macrophages, 
each of which produces specific  
cytokines and induces specific 
immune responses.

Malondialdehyde: An organic  
compound formed during the  
degradation of lipids by reactive  
oxygen species (e.g., during alcohol 
metabolism, which results in forma-
tion of reactive oxygen species); 
malondialdehyde can interact with 
certain DNA building blocks, form-
ing DNA adducts, which can induce 
mutations in the DNA.
Pathogen-associated molecular pat-
tern molecules (PAMPs): Molecules 
that can initiate an immune 
response in response to infection 
with a pathogen (i.e., as part of an 
infectious inflammatory response).

Phagocytosis: Process by which a  
cell (e.g., a macrophage) takes up 
microorganisms or cell fragments  
in membrane-enclosed vesicles in 
which the engulfed material is killed 
and digested.

Steatohepatitis: Condition in which 
fat droplets accumulate in the liver 
(e.g., as a consequence of alcohol 
misuse) with simultaneous inflam-
mation of the liver.

Stellate cell: Cell type found in the 
liver with a characteristic star-like 
shape that is mainly responsible for 
fat storage in the liver as well as for 
collagen production; source of excess 
collagen produced during hepatitis.

Tolerogenic: Capable of inducing 
immunologic tolerance (i.e., lack  
of a reaction to a molecule that 
would normally trigger an immune 
response).
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of ALD. The conversion of the proinflammatory 
tissue-damaging Ly-6Chi infiltrating macrophages to 
anti-inflammatory tissue restorative Ly-6Clow cells can  
serve as a target for treatment of advanced stages of ALD, 
such as alcoholic steatohepatitis, and has been suggested  
in human and mouse studies (Singal et al. 2013). Inhibition 
of macrophage- mediated inflammation is already being used 
as a therapeutic option in other conditions; for example, 
agents such as statins, thiazolidinedione, and n-3 fatty  
acids, which can prevent macrophage-mediated inflamma-
tion, are a preferred strategy in diabetes treatment (Ji et al. 
2009; Methe et al. 2005; Ramirez et al. 2008; Yeop Han  
et al. 2010). These therapies also warrant evaluation for  
their effects in attenuating liver injury and inflammation  
in alcoholic steatohepatitis. 
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The Role of Innate Immunity  
in Alcoholic Liver Disease

The innate immune system represents the first-line response to invading microbes, 
tissue damage, or aberrant cell growth. Many of the proteins and cells involved in 
innate immunity are produced by, and reside in, the liver. This abundance in immune 
cells and proteins reflects the liver’s adaptation to various immune challenges but 
also makes the organ particularly vulnerable to alcohol’s effects. Heavy alcohol 
consumption may produce leakage of microbes and microbial products from the 
gastrointestinal tract, which quickly reach the liver via the portal vein. Exposure to 
these immune challenges and to alcohol and its breakdown products dysregulates 
the liver’s normally fine-tuned immune signaling pathways, leading to activation of 
various cellular sensors of pathogen- or damage-associated molecular patterns. The 
ensuing expression of pro-inflammatory cytokines (e.g., tumor necrosis factor a 
[TNFa], interleukin [IL]-8, and IL-1b) results in cellular dysfunction that contributes to 
alcoholic liver disease (ALD). Investigations into the roles of the various components 
of liver innate immunity in ALD have begun to uncover the molecular basis of this 
disease. Further progress in this area may help inform the development of interven-
tions targeting the innate system to augment current treatments of ALD. These treat-
ments could include antibodies against pro-inflammatory cytokines, use of 
anti-inflammatory cytokines, or suppression of alcohol-induced epigenetic regulators 
of innate immunity.

Key words: Alcohol use, abuse and dependence; heavy alcohol drinking; alcohol 
effects and consequences; alcoholic liver disease; liver; gastrointestinal tract; immunity; 
innate immune system; immune cells; cytokines; chemokines; inflammation
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Heavy consumption of alcohol poses  
a well-known health risk worldwide. 
Alcohol’s effects on health and 
well-being are numerous and include 
injuries and fatalities resulting from 
alcohol-induced incapacitation. 
Moreover, chronic and heavy alcohol 
consumption affects the integrity and 
function of vital tissues and organs, 
causing slow but significant structural 
and functional damage over time. One 
of alcohol’s principal actions is damage 
to the liver, the primary organ for its 
metabolism. As a result, some 90 
percent of heavy drinkers (i.e., those 
drinking 60 g or more of alcohol per 
day)—and even some who drink less— 
develop fatty liver (i.e., steatosis) 
(O’Shea et al. 2009). Up to one-third 
of heavy drinkers may incur more 

extensive liver injury, including alcoholic 
hepatitis, scarring (i.e., fibrosis), 
cirrhosis, or liver cancer (Gao et al. 
2011). Moreover, about 70 percent  
of individuals who develop alcoholic 
hepatitis will progress to cirrhosis 
(Schwartz and Reinus 2012). The 
spectrum of alcohol-induced liver 
injuries ranging from steatosis to 
cirrhosis, defined here as alcoholic liver 
disease (ALD), is therefore a major 
cause of liver impairment worldwide 
(Gao et al. 2011).

A major contributor to ALD is  
alcohol-induced activation of liver 
innate immunity, precipitating disorders 
ranging from localized and transient 
inflammation to widespread hepato-
cellular injury and tissue damage 
(Cohen and Nagy 2011; Gao et al. 

2011; Orman et al. 2013; Seki and 
Schnabl 2012; Wang et al. 2012). 
Given the pivotal role of the innate 
immune system in protecting the liver 
against foreign agents, it may seem 
surprising that some of the worst 
outcomes of alcohol-induced liver 
disease are the result of activation  
of innate immune cells. But, in fact, 
recent studies have revealed that alcohol 
induces immune activation, which 
drives the progression of ALD.

Innate immunity comprises chemical- 
physical barriers (e.g., epidermal cells, 
mucous membranes, and pH), as well 
as cellular defenses against any invad-
ing microbe or agent the immune 
system perceives as dangerous to the 
body’s cells and tissues (Gao et al. 
2011). These cellular defenses, which 
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include both immune cells (e.g., 
macrophages and dendritic cells) and 
proteins (e.g., cytokines), normally  
are well balanced to sense and respond 
to harmful agents while avoiding 
unnecessary immune activation. Alcohol 
disrupts this balance, triggering immune 
responses that result in inflammation 
(Gao et al. 2011; Seki and Schnabl 
2012; Szabo et al. 2011; Wang et al. 
2012). Continued high alcohol intake 
fuels a multistage process in which 
alcohol-induced liver damage advances 
along a continuum of steatosis, 
inflammation, and fibrosis, to the final 
stage, cirrhosis, marked by widespread 
tissue deformation and damage (Gao 
et al. 2011; Orman et al. 2013; Seki 
and Schnabl 2012; Wang et al. 2012).

It has been known for some time 
that alcohol consumption triggers 
inflammation of the liver, but how 
alcohol brings about this disease state 
has long remained unclear. More 
recently, researchers have uncovered 
key roles of Toll-like receptors (TLRs), 
whose activation during alcohol  
exposure results in upregulation of 
pro-inflammatory cytokines (e.g., 
tumor necrosis factor a [TNFa] and 
interleukin [IL]-1β) and chemokines 
(e.g., monocyte chemoattractant 
protein [MCP]-1). Moreover, these 
immune responses result in produc-
tion of reactive oxygen species (ROS), 
epigenetic changes, and infiltration of 
tissues with circulating monocytes and 
neutrophils (Gao et al. 2011; Petrasek 
et al. 2013; Seki and Schnabl 2012; 
Szabo et al. 2011; Wang et al. 2012).

Although the exact molecular mech-
anisms through which alcohol acti-
vates innate immune cells are not 
entirely understood, there is increasing 
evidence for the close relationship 
between the effects of alcohol on the 
gastrointestinal (GI) tract and injury 
to the liver. Heavy alcohol consumption 
changes the composition of microbial 
communities in the GI system, tipping 
the balance toward more pathogenic 
species. Recent observations in animal 
models suggest that these changes are 
involved in promoting ALD (Yan and 
Schnabl 2012). Alcohol also seems to 

disrupt the structural integrity of the 
gut, causing release of bacteria and 
bacterial products into the circulation, 
which activates innate immune 
responses (Rao 2009; Seki and Schnabl 
2012; Yan and Schnabl 2012). Because 
the GI tract is closely connected to the 
liver via the portal vein, the liver is a 
focal point for these alcohol-induced, 
gut-derived immune challenges.

Receptors located on resident 
immune cells in the liver (i.e., Kupffer 
cells; see sidebar, “Liver Cell Types 
and Their Roles in ALD”) sense and 
transmit these immune challenges. 
These receptors are specifically adapted 
to the high-challenge environment of 
the liver, and this adaptation contrib-
utes to the decreased responsiveness  
to immune challenges (i.e., liver toler-
ance) in healthy individuals (Petrasek 
et al. 2013; Seki and Schnabl 2012). 
However, alcohol’s effects on the gut 
and on immune cells, such as Kupffer 
cells, reduce liver tolerance and thus 
increase the potential for persistent 
inflammation. For example, microbial 
metabolites and cellular products 
released in response to the damage 
caused by alcohol and its metabolites 
activate cell surface (e.g., TLR4) and 
intracellular (e.g., nucleotide-binding 
oligomerization domain [NOD]-like) 
receptors (Cohen et al. 2011; Petrasek 
et al. 2013). This activation triggers 
the expression of pro-inflammatory 
genes, secretion of cytokines, and 
recruitment of various immune cells.

Additional findings suggest that 
alcohol exposure leads to heritable 
changes in how genes are expressed 
(e.g., epigenetic regulation) (Curtis et 
al. 2013). These long-lasting changes 
in gene expression may shift production 
of immune cells from anti- to pro- 
inflammatory cells and may induce 
other cellular changes that promote 
inflammation and ALD. Alcohol 
consumption also destabilizes reduc-
tion and oxidation processes (i.e., the 
redox balance) in the liver (Cohen et 
al. 2011), leading to increased produc-
tion of destructive ROS that damage 
tissues and thus activate innate 
immune cells in the organ.

The goal of this review is to highlight 
recent advances in efforts to unravel 
the role of innate immunity in ALD. 
The following sections will focus on 
knowledge gleaned from recent studies 
of the roles of innate immune cells, 
proteins, and pathways in the develop-
ment and progression of ALD. 
Although ALD is a human disease, 
much of the current knowledge of the 
role of innate immunity in ALD has 
been inferred from animal and in vitro 
cellular models of alcohol exposure. 
The significant degree of conservation 
in innate immune pathways from 
mouse to human bolsters the idea that 
many, if not most, findings in these 
animal and cellular models can be 
extrapolated to people. However, 
most of the information from the 
animal and cellular models discussed 
in this review awaits confirmation in 
studies with human subjects. The article 
will also explore how this knowledge 
may be used for treating and managing 
this disease.

The Natural History of ALD

Approximately 30 percent of people 
who regularly consume large amounts 
of alcohol have a significantly 
increased risk for developing ALD 
(Lucey et al. 2009; O’Shea et al. 
2010), which becomes chronic  
and progressively worse if alcohol 
consumption continues unchecked 
(Gao et al. 2011). The disease typically 
commences with the development of 
fatty liver (i.e., hepatic steatosis); with 
continued heavy alcohol consump-
tion, steatosis may transition to 
inflammation, resulting in tissue 
damage and fibrosis (see figure 1). 
Ultimately, chronic ALD results in 
extensive organ damage and disease 
characterized by necrosis (i.e., cirrhosis), 
and in about 2 percent of cases, cancer 
(i.e., hepatocellular carcinoma) may 
develop (Orman et al. 2013; Schwartz 
and Reinus 2012). Alcoholic hepatitis— 
an acute manifestation of ALD that 
may coincide with clinical signs of 
fatty liver (in which case it is termed 
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alcoholic steatohepatitis) (Lucey et al. 
2009)—may occur at any stage of the 
disease process and significantly 
predisposes patients to developing 
cirrhosis.

The first stage in ALD, hepatic 
steatosis, involves several processes. 
Alcohol’s metabolism generates an 
overabundance of the metabolic inter-
mediate nicotinamide adenine dinu-
cleotide in its reduced form (NADH), 
which stimulates the synthesis of excess 

fatty acids in the liver (Lieber 2004). 
In addition, recent evidence has  
shown significant involvement of 
innate immune pathways in steatosis 
(Mandrekar et al. 2011). This evidence 
points to substantial crosstalk between 
metabolic and immune pathways and 
highlights the multifactorial nature  
of this initial stage. Steatosis typically 
resolves with abstinence from alcohol 
in people who have no other conditions 
(e.g., obesity) that promote steatosis. 

However, continued alcohol use may 
lead to alcoholic hepatitis, a moderate 
to severe disorder arising from acute 
alcohol-induced inflammation for 
which no highly effective treatment 
currently is available.

Chronic alcohol use may also  
lead to the development of fibrosis 
(Hernandez-Gea and Friedman 
2011), characterized by the generation 
of scar tissue composed of extracellular 
matrix proteins, such as collagens. As 

Liver Cell Types and Their Roles in ALD

Kupffer Cells
Kupffer cells are macrophages located in the liver sinu-
soids. They usually are among the first cells exposed to 
alcohol-induced, microbe-derived immunogenic chal-
lenges originating from the gut, including lipopolysac-
charides (LPSs) and peptidoglycans. Kupffer cells have a 
dual role in mediating pro-inflammatory responses and 
moderating these responses through expression of 
anti-inflammatory cytokines. They express Toll-like 
receptors (TLRs), including TLR4, TLR2, TLR3, and 
TLR9, which, on contact with LPS, lipoteichoic acid (a 
component of the cell walls in Gram-positive bacteria), 
viral RNA, and CpG-island DNA, respectively, trigger 
pro-inflammatory response pathways. For example,  
in response to LPS stimulation, Kupffer cells produce 
inflammatory cytokines (e.g., tumor necrosis factor  
a [TNFa], interleukin [IL]-1b, IL-6, and IL-10)  
and several chemokines through the central regulator  
of inflammation, nuclear factor κB (NF-κB). Secretion 
of IL-12 and IL-18 activates production of interferon  
γ (IFN-γ) in natural killers cells, and production of 
transforming growth factor β 1 (TGF-β1) and ROS 
contribute to alcohol-induced fibrogenesis in liver  
tissues. Kupffer cells contribute to liver tolerance by 
expressing anti-inflammatory IL-10 on exposure to LPS.

Hepatic Stellate Cells
Hepatic stellate cells (HSCs) are activated by liver damage 
and express TLR2, TLR4, and TLR9, which respond to 
lipoteichoic acid, LPS, and CpG DNA, respectively. 
TLR stimulation in HSCs results in expression of IL-6, 
TGF-β1, and monocyte chemotactic protein (MCP-1). 
On activation, HSCs differentiate into myofibroblasts, 

representing the major producers of extracellular matrix, 
which contributes to fibrosis.

Hepatocytes
Hepatocytes are epithelial cells and the major cell type of 
the liver. They significantly contribute to elimination of 
inflammation-inducing LPS from circulating blood. LPS 
uptake by hepatocytes requires activity of the TLR4–
CD14–MD-2 complex. Hepatocytes are the target  
for TNFα released by Kupffer cells in response to  
alcohol and LPS exposure and may undergo apoptosis  
or necrosis in response to TNFα receptor activation.

Hepatic Dendritic Cells
Activation of TLR9 and TLR7 on or in specialized plas-
macytoid dendritic cells results in production of IFN-α. 
Conventional dendritic cells of the liver respond to LPS 
or lipoteichoic acid via activation of TLR4 or TLR2 by 
producing TNFα, IL-12, or IL-6.

Biliary Epithelial Cells
Biliary epithelial cells express TLRs 1 through 10 and 
exhibit activation of NF-κB expression and TNFα 
expression after stimulation with high doses of alcohol- 
induced LPS.

Sinusoidal Endothelial Cells
Sinusoidal epithelial cells (SECs) line the hepatic sinu-
soids and express TLR4-CD14 along with TLR9. 
Exposing SECs to LPS downregulates NF-κB activation, 
CD54 expression, and leukocyte adhesion. In these cells, 
LPS tolerance is not controlled via TLR4 expression, and 
the role of SECs in uptake of LPS in the liver is unclear.
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in steatosis, both aberrant metabolic 
processes and activation of immune 
responses play roles in the development 
and progression of fibrosis. Acetaldehyde 
generated during the oxidative break-
down of alcohol inhibits certain 
immune cells (i.e., natural killer cells) 
that normally moderate fibrosis by 
inducing apoptosis in activated hepatic 
stellate cells (HSCs) (Hernandez-Gea 
and Friedman 2011; Orman et al. 
2013). In addition, cytokines secreted 
by Kupffer cells, as well as inflamma-
tory scar–associated macrophages 
recruited from the periphery 
(Ramachandran and Iredale 2012), 
activate quiescent HSCs, resulting  
in the development and proliferation 
of extracellular matrix–producing 
myofibroblasts, whose activity precipi-
tates fibrosis.

About 10 to 20 percent of patients 
with fibrosis who continue to heavily 
consume alcohol progress to the final 
stage of ALD, cirrhosis (Orman et al. 
2013). This disease stage is character-
ized by widespread damage to the 
liver, including fibrotic deformation  
of tissues and blood vessels, as well as 
necrosis of cells. The main features of 
cirrhosis are the formation of nodules 
of varying sizes, which signify localized 
regeneration of lost tissues, and the 
obstruction of blood vessels, which 
causes portal hypertension. Release  
of immunogenic cellular debris from 
necrotic liver cells and the loss of the 
liver’s ability to clear microbial and 
other pro-inflammatory metabolites 
from the circulation results in unre-
mitting stimulation of innate immune 
pathways. As a result, cirrhosis gener-
ally is associated with a poor progno-
sis, with a median survival time of 
about 10 years. Further, liver cancer 
(i.e., hepatocellular carcinoma) is seen 
in about 2 percent of patients with 
cirrhosis (Orman et al. 2013).

Innate Immunity and ALD

As mentioned above, various innate 
immune cells and their actions play 
prominent and complex roles in the 

initiation and progression of ALD. 
The oxidative breakdown of alcohol 
by dedicated alcohol dehydrogenases 
and by cytochrome P450 monooxy-
genases generates ROS that may 
damage proteins, lipids, and other 
cellular structures. In addition, alcohol’s 
breakdown metabolite, acetaldehyde, 
exerts toxic effects on cellular struc-
tures and DNA (Wang et al. 2012). 
The ROS- and acetaldehyde-induced 
cell damage activates innate immune 
cells, triggering an inflammatory reac-
tion even in the absence of invading 
pathogens (i.e., sterile inflammation) 

(Kubes and Mehal 2012). Sterile 
inflammation results from activation 
of pro-inflammatory pathways in 
immune and other cells carrying recep-
tors for detecting damage-associated 
molecular patterns (DAMPs; also 
called alarmins). These molecules are 
released by stressed or necrotic cells, 
such as hepatocytes damaged by  
alcohol or its breakdown products. 
These immune pathways are essential 
for clearing damaged cells and cellular 
debris from tissues; however, their 
persistent activation by alcohol leads 
to repeated cycles of cell damage and 

Figure 1  The role of innate immunity in the natural history of alcoholic liver disease (ALD). 
Heavy alcohol consumption causes release of bacterial products (i.e., lipopolysac-
charides [LPSs]) from the gut into the bloodstream. These LPSs lead to activation 
of liver innate immunity by stimulating Toll-like receptor 4 (TLR 4) signaling on 
Kupffer cells and hepatocytes. The damaging effects of alcohol and its metabolism  
on cells trigger additional immune responses. Steatosis and inflammation 
in hepatocytes represent the early stages of ALD; continued alcohol-induced 
inflammation leads to apoptosis/necroptosis in hepatocytes. Downregulation of 
BMP and activin membrane–bound inhibitor (BAMBI) and increased transforming 
growth factor β (TGF-β) signaling activate hepatic stellate cells, which differentiate 
into myofibroblasts causing fibrosis. About 10 to 20 percent of patients with 
ALD (about 70 percent of patients with alcoholic hepatitis) progress to cirrhosis. 
Differentiation and proliferation of precancerous liver cells present in cirrhosis 
lead to cancer in about 10 percent of cirrhosis patients. Acute alcohol-induced 
inflammation (i.e., alcoholic hepatitis), characterized by high levels of pro-inflammatory 
cytokines (e.g., interleukin [IL]-17 and IL-8), may occur at any stage of ALD and, 
in severe cases, may cause death in about 50 percent of patients.
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resultant stimulation of innate immune 
cells, causing chronic inflammation of 
the liver.

Chronic alcohol intake also has 
more indirect effects that play a major 
role in ALD. Excessive alcohol consump- 
tion changes the composition of 
microbes found in the gut (i.e., the 
gut microbiome) and seems to contrib-
ute to loss of tight cellular connections 
in the small intestine (Rao 2009).  
This alcohol-induced breach of the gut 
barrier causes release of immunogenic 
compounds, primarily bacterial lipo-
polysaccharide (LPS, also known as 
endotoxin) (Bode et al. 1987) and 
other cell-wall constituents like pepti-
doglycans and microbial DNA, into 
the circulation. LPS is a major trigger 
of pro-inflammatory pathways, and its 
role in inflammation of the liver and 
stimulation of innate immunity is  
well established (Petrasek et al. 2013; 
Rao 2009; Seki and Schnabl 2012). 
Unmethylated CpG–containing 
DNAs released from bacterial cells have 
also emerged as a significant activator 
of liver innate immunity (Petrasek et  
al. 2013; Seki and Schnabl 2012).

In addition, alcohol depletes the 
levels of S-adenosylmethionine (SAM) 
(Lieber 2000) a universal methyl 
donor important for epigenetic regula-
tion of transcription. Intragastric feeding 
of SAM in rats diminished the activity 
of alcohol-activated innate immune 
pathways (Oliva et al. 2011), highlight-
ing the potential role of SAM in moder-
ating innate immune responses.

Effects on Kupffer Cells and the 
Complement System
Kupffer cells are the resident macro-
phages of the liver and have key func-
tions in innate immunity. Because of 
the crucial role Kupffer cells play in 
defending the liver against pathogens, 
they are among the first immune cells 
to respond to alcohol-induced surges 
of microbial metabolites, such as LPS. 
These bacterial products engage with 
the TLR4 receptors on the Kupffer 
cells. LPS-induced TLR4 activation 
stimulates the production of cytokines, 

including TNFa, IL-6, and IL-1b, and 
of chemokines, such as KC (CXCL1), 
MIP-2 (CXCL2), MCP-1 (CCL2), 
and RANTES (Gao et al. 2011; 
Mandrekar and Szabo 2009; Petrasek 
et al. 2013; Szabo et al. 2011). Secretion 
of these molecules from Kupffer cells, 
in turn, activates a pro-inflammatory 
cascade affecting processes in other 
liver cells. For example, tumor necrosis 
factor a (TNFa) secreted by activated 
Kupffer cells interacts with TNFa 
receptors on hepatocytes (see figures 2 
and 3). TNFa receptor activation, in 
turn, contributes to steatosis and, ulti-
mately, to necrosis and apoptosis of the 
hepatocytes that normally clear LPS 
and other xenobiotic compounds from 
the liver (Gao et al. 2011). Alcohol also 
affects macrophage plasticity—the 
environmentally determined activation 
to either classical pro-inflammatory 
(i.e., M1) or alternative anti-inflammatory 
(i.e., M2) macrophages. Alcohol represses 
activation to the M2 phenotype and 
thus skews macrophage distributions 
toward the pro-inflammatory M1 state 
(Louvet et al. 2011; Mandal et al. 2011).

The complement system is a major 
antimicrobial defense pathway that 
straddles both innate and adaptive 
immunity. Most of the proteins in  
this system are produced in the liver. 
Alcohol activates complement path-
ways (Cohen et al. 2010) and, in 
heavy drinkers, can also compromise 
complement action by impairing liver 
function. Complement activation 
results in the production of C3a and 
C5a anaphylatoxins—short peptides 
of the complement system. Through 
interactions with C3a and C5a recep-
tors, these anaphylatoxins trigger the 
production of pro-inflammatory 
innate immune proteins, such as  
cytokines, in leukocytes and thus 
contribute to inflammation (Cohen  
et al. 2011) (see figures 2 and 4).

Expression and Activation of TLRs
TLRs are expressed on many cells  
of the liver, including Kupffer cells, 
endothelial cells, dendritic cells, biliary 
epithelial cells, HSCs, and hepato-

cytes. The expression of the TLRs and 
their level of responsiveness on these 
different cells normally are adjusted  
to promote appropriate reactions  
to immune challenges and prevent 
misplaced and potentially damaging 
responses (Petrasek et al. 2013). 
Alcohol exposure turns up the dial  
of this finely tuned TLR network, 
heightening TLR responses to external 
and internal triggers, such as pathogen- 
associated molecular patterns (PAMPs) 
and DAMPs, respectively (Petrasek et 
al. 2013; Seki and Schnabl 2012).

TLR4 plays a very prominent role 
in alcohol-induced inflammation, 
activating two distinct signaling  
pathways—the myeloid differentiation 
primary response gene 88 (MyD88)-
dependent pathway and the MyD88-
independent pathway (Petrasek et al. 
2013; Seki and Schnabl 2012; Wang 
et al. 2012). Engagement of the 
MyD88-dependent TLR pathway 
triggers expression of nuclear factor 
kappa B (NF-κB), a central transcrip-
tional regulator of immune responses 
and pro-inflammatory pathways. 
TLR4-mediated, MyD88-dependent 
signaling also promotes mitogen- 
activated protein kinase (MAPK)-
induced production of cytokines, 
including TNFa. The MyD88-
independent pathway proceeds via a 
different major adaptor protein, TIR 
domain–containing adapter-inducing 
interferon-β (TRIF), and results in 
production of interferon regulatory 
factor 3 (IRF3), type 1 interferons 
(IFNs), and pro-inflammatory cytokines.

Experiments in rodent models of 
ALD have demonstrated that TLR4–
TRIF signaling plays an essential role 
in alcohol-induced activation of TLR4 
in Kupffer cells (Hritz et al. 2008; 
Mandal et al. 2010b) (see figure 2). 
Moreover, TLR4 signaling in both 
immune cells (i.e., Kupffer cells) and 
nonimmune cells involved in tissue 
repair (i.e., HSCs) is required for the 
development of alcoholic hepatitis  
and fibrosis (Inokuchi et al. 2011). 
Co-receptor proteins (e.g., cluster of 
differentiation [CD] 14 and myeloid 
differentiation [MD] 2) influence the 
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responsiveness of TLR4 to receptor 
ligands, such as LPS.

Cytokines and Chemokines in ALD
Cytokines are relatively small proteins 
(i.e., less than 30 kDa in size), many 
of which are produced by various cells 
in response to injury or contact with 
pathogens. Patients with ALD often 
have elevated levels of various cyto-
kines (see sidebar, “Key Cytokines and 
Hormonal Peptides in ALD”) (Szabo 
et al. 2011). The cytokines are key 
components of the innate immune 
system, facilitating cell-to-cell commu-
nication and regulating proliferation 
and maturation of cell populations in 
response to immune challenges and 
environmental changes. Cytokines 
engage with cells via specific receptors 
on the cellular surfaces, sometimes 
triggering their own (i.e., autocrine) 
production in the cells or amplifying 
or inhibiting the activities of other 
cytokines. These interactive cytokine 
networks play an indispensable role in 
mediating innate immune responses, 
and their relative contributions define 
the different types and outcomes of 
these responses. A subset of cytokines, 
the chemokines, recruit immune cells, 
such as neutrophils and lymphocytes, 
to sites of injury or infection; thus, 
chemokines are often involved in 
pro-inflammatory signaling pathways.

As can be expected from alcohol’s 
effect on the innate immune cells of 
the liver, such as Kupffer cells, and on 
LPS-activated TLR signaling, heavy 
alcohol consumption stimulates the 
production of many cytokines. One  
of the major cytokines in ALD and 
one of the first to be associated with 
the condition is TNFa (McClain  
and Cohen 1989). TNFa is expressed 
early in response to alcohol exposure, 
and its production coincides with liver 
damage; moreover, abolishing its 
expression in animal models of ALD 
mitigates liver injury (Gao 2012; 
Wang et al. 2012). These observations 
underscore that TNFa’s prominent 
pro-inflammatory role in ALD and its 

activity significantly contributes to 
alcohol-induced liver damage.

Interleukins are also among the 
pro-inflammatory cytokines impli-
cated in ALD. For example, TNFa, 
along with other NF-κB–induced 
agents, stimulates the expression of 
IL-8, whose levels are greatly increased 

in alcoholic hepatitis (Sheron et al. 
1993). IL-17 is also upregulated in 
ALD, and although its activity is lower 
than that of TNFa, it seems to play a 
role in both inflammation and fibrosis 
of the liver (Lemmers et al. 2009).

Alcohol exposure also induces 
expression of anti-inflammatory cyto-

Figure 2  Alcohol’s effects on pro-inflammatory pathways in liver macrophages (i.e., Kupffer 
cells). Excessive alcohol consumption increases the permeability of the gastrointes-
tinal (GI) tract, exposing Kupffer cells to bacterial endotoxin (i.e., lipopolysaccharide 
[LPS]). LPS is bound by LPS-binding protein (LBP), enabling engagement with Toll-like 
receptor 4 (TLR 4) and activating the myeloid differentiation primary response (MyD) 
88–independent signaling pathway involving interferon regulatory factor 3 (IRF3) 
and TIR domain–containing adapter-inducing interferon-β (TRIF). IRF3–TRIF signaling 
induces production of reactive oxygen species (ROS) by nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidases and activates nuclear factor κB (NF-κB) and 
histone acetylation, which trigger transcription of genes for several pro-inflammatory 
cytokines (i.e., tumor necrosis factor α [TNFα] and interleukin [IL]-17). Alcohol’s 
breakdown to acetaldehyde and acetate also stimulates ROS signaling and cytokine 
production. In addition, IRF3–TRIF signaling and detection of damage-associated 
molecular patterns (DAMPs or alarmins) released from hepatocytes after alcohol 
exposure stimulate the inflammasome, a multiprotein complex containing caspase  
1, which cleaves and thus activates another pro-inflammatory cytokine, IL-1β. Alcohol 
activates complement, generating anaphylatoxins C3a and C5a, which dock with 
their cognate receptor on Kupffer cells, further stimulating cytokine production. 

NOTES: ADH = alcohol dehydrogenase; ALDH = acetaldehyde dehydrogenase; C3a/C5a R = C3a/C5a receptor;  
CD14 = cluster of differentiation 14 protein; MD-2 = myeloid differentiation 2 protein; NOD-like R = nucleotide-binding  
oligomerization domain–like receptor.
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kines. For example, three interleukins— 
IL-6, IL-10, and IL-22—activate 
signal transducer and activator of tran-
scription 3 (STAT3), a transcriptional 
regulator of an array of genes involved 
in immunity and cellular defenses and 
differentiation (Gao 2012; Wang et al. 
2012). IL-22 binds to specific receptors 
on epithelial cells and on hepatocytes 
and triggers the expression of anti- 
apoptotic and anti-oxidative stress 
genes while repressing genes involved 

in lipid production (Gao 2012;  
Wang et al. 2012). It often remains 
unclear whether the expression of 
anti-inflammatory cytokines reflects a 
compensatory response of the immune 
system to the alcohol-induced upregula-
tion of the pro-inflammatory cytokines 
or to the cell damage alcohol produces.

Interestingly, although IL-6,  
IL-10, and IL-22 all stimulate 
STAT3, only IL-22 seems to have 
solely anti-inflammatory effects 

protecting against acute and chronic 
liver damage (Park et al. 2011). IL-6 
and IL-10, in contrast, have dual roles 
as both pro- and anti-inflammatory 
proteins in ALD (Gao 2012; Wang et 
al. 2012). Their specific effects seem to 
be determined by the cell type affected 
and the stage of ALD. For example, 
IL-6 increases the expression of pro- 
inflammatory cytokines in Kupffer cells 
(Gao 2012), but its activity also protects 
hepatocytes. Recent findings suggest 
that alcohol-induced oxidative stress 
stimulates the expression of IL-6, 
promoting senescence in hepatocytes, 
which, in turn, makes cells more resis-
tant to steatosis and apoptosis (Wan et 
al. 2014). IL-10 blocks the activation 
of TNFa and complement, thus 
reducing expression of pro-inflammatory 
pathways; but it also checks expression 
of IL-6, thus limiting liver regeneration 
afforded by IL-6–induced upregula-
tion of expression of liver-protective 
genes (Gao 2012).

Chemokines also play critical roles 
in alcohol-induced inflammation. For 
example, the levels of MCP-1 (also 
known as CCL2) are elevated in patients 
with ALD, and upregulated MCP-1 
expression is also observed in Kupffer 
cells and hepatocytes of alcohol-fed 
mice (Mandrekar et al. 2011). Feeding 
alcohol to MCP-1–deficient mice 
results in less steatosis, lower expres-
sion of pro-inflammatory cytokines 
(i.e., of TNFa, IL-1β, and IL-6), and 
lower levels of oxidative stress than  
in wild-type mice (Mandrekar et al. 
2011). Moreover, MCP-1 is required 
for activating cytokine expression in 
response to LPS (Mandrekar et al. 
2011). In patients with ALD, 
increased MCP-1 expression is associ-
ated with increased disease severity and 
elevated levels of the pro-inflammatory 
cytokine IL-8 (Dégre et al. 2012). 
One major role of MCP-1 in ALD is 
to recruit neutrophils to inflamed liver 
tissues. However, because circulating 
neutrophils in the ALD patients lack 
MCP-1 receptors (Dégre et al. 2012), 
the exact mechanisms by which MCP-1 
exerts its control over neutrophil 
movement remain to be elucidated. 

Figure 3  Alcohol’s direct effects on activity and viability of parenchymal liver cells (i.e., hepato-
cytes) and on immune-cell signaling to hepatocytes. Excessive alcohol consumption 
increases the permeability of the gastrointestinal (GI) tract, exposing hepatocytes 
to bacterial endotoxin (i.e., lipopolysaccharide [LPS]). LPS is bound by LPS-binding 
protein (LBP), enabling engagement with Toll-like receptor 4 (TLR4) and activation of 
pro-inflammatory signaling pathways. TLR4 signaling activates expression of nuclear 
factor κB (NF-κB), which, along with reactive oxygen species (ROS) generated in 
mitochondria (as a result of exposure to the toxic alcohol-breakdown product acetal-
dehyde) and Kupffer cells, activates transcription of pro-inflammatory cytokines (i.e., 
IL-8). Tumor necrosis factor α (TNFα) produced by activated Kupffer cells stimulates 
sterol regulatory element–binding protein 1c (SREBP-1c), which triggers expression of 
genes in lipid synthesis, in turn initiating the development of abnormal fat deposition 
(i.e., steatosis). The combined action of lipid synthesis and upregulated expression 
of pro-inflammatory cytokines may spur programmed cell death (i.e., apoptosis) and 
necrosis, resulting in alcohol-induced loss of hepatocytes from tissues 

NOTES: ADH = alcohol dehydrogenase; CD14 = cluster of differentiation 14 protein; MD-2 = myeloid differentiation 2 protein; 
TNFαR = TNFα receptor.
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Nevertheless, these results connect 
chemokines to lipid metabolism in  
the liver and suggest that MCP-1 
plays a major role in alcohol-induced 
liver inflammation by activating 
several pro-inflammatory cytokines in 
response to common triggers of ALD 
and by promoting neutrophil infiltra-
tion into liver tissues.

Barnes and colleagues (2013) recently 
demonstrated that macrophage migra-
tion inhibitory factor (MIF)—a multi-
functional pro-inflammatory cytokine 
and chemokine, which also has some 
hormonal features—has a critical role 
in both the early and chronic stages of 
liver injury in a mouse model of ALD. 
MIF-deficient mice are protected 

against several of alcohol’s effects on 
the innate immune system, including 
inflammation, and also against hepato-
cyte damage and apoptosis. Similar to 
MCP-1, MIF plays a role in alcohol- 
induced lipid accumulation in liver 
cells (Barnes et al. 2013), suggesting a 
role for both chemokines in regulating 
lipid metabolism directly or indirectly. 
The findings lend further support to 
existing evidence that links innate 
immune pathways and proteins to the 
regulation of fundamental metabolic 
processes.

The effect of the hormonal peptide 
adiponectin on innate immunity, 
specifically on anti-inflammatory cyto-
kine production and activity, is also 

worth noting. Adiponectin is secreted 
by fat cells (i.e., adipocytes) and has 
been shown to alleviate steatosis, 
inflammation, and liver damage in 
animal models (Xu et al. 2003). Recent 
evidence suggests that adiponectin 
moderates alcohol-induced produc-
tion of pro-inflammatory TNFa and 
promotes expression of IL-10 (Mandal 
et al. 2010a). Because IL-10 activates 
STAT3, its activation by adiponectin 
lowers inflammation by stimulating 
STAT3-induced expression of anti- 
inflammatory genes in myeloid cells, 
such as Kupffer cells. In addition, 
adiponectin stimulates heme oxygen-
ase 1 (HO-1), which suppresses the 
pro-inflammatory TLR4-dependent/

Key Cytokines and Hormonal Peptides in ALD

Tumor Necrosis Factor α
Tumor necrosis factor α (TNFα) is a major pro- 
inflammatory cytokine whose levels are increased in the 
blood and liver of individuals with alcoholic liver disease 
(ALD). TNFα expression is regulated by the transcription 
factor nuclear factor kappa B (NF-κB). It is upregulated 
in macrophages (i.e., Kupffer cells) as well as in circulating 
monocytes in response to Toll-like receptor 4 (TLR4) 
activation by bacterial endotoxin (i.e., lipopolysaccharide 
[LPS]) and by the breakdown products of alcohol, acetal-
dehyde and acetic acid. TNFα induces necrosis and apop-
tosis in hepatocytes, thus contributing to inflammation 
in ALD. TNFα repression by the phosphodiester-inhibitor 
pentoxifylline and by treatment with TNFα antibody 
alleviates TNFα-induced liver damage in mice and 
improves the short-term survival of ALD patients, respec-
tively, but increases the risk for infections in ALD patients.

Interleukin 1β
Interleukin-1β (IL-1β) along with type I IL-1 receptor 
(IL-1R1), and IL-1 receptor antagonist (IL-1Ra), is an 
important regulator of the IL-1 signaling complex. This 
complex plays a critical role in alcohol-induced hepatic 
steatosis, inflammation, and damage. IL-1β activation  
is mediated through the inflammasome, a multiprotein 
complex in macrophages that senses and transduces 
endogenous danger signals via IL-1β cleavage by caspase-1. 

IL-1β increases the activity of pro-inflammatory monocyte 
chemotactic protein (MCP-1) in hepatocytes and contrib-
utes to increased TLR4-dependent pro-inflammatory 
signaling in macrophages.

IL-6
IL-6 has both pro- and anti-inflammatory activities. It 
increases expression of pro-inflammatory cytokines in 
macrophages and decreases necrosis-associated inflamma-
tion in hepatocytes, which aids recovery from injury and 
facilitates tissue regeneration. Along with IL-10 and 
IL-22, IL-6 activates signal transducer and activator of 
transcription 3 (STAT3), which controls expression of  
a set of genes involved in innate immunity and in cell survival 
and differentiation. IL-6 release from M2 macrophages 
induces senescence and blocks apoptosis and steatosis in 
hepatocytes in the early stage of alcohol-induced liver 
injury in mice. IL-6 activates STAT3 in sinusoidal endo-
thelial cells of the liver, thereby increasing cell survival. 
IL-6 levels, along with those of IL-8 and IL-10, are 
increased in patients with ALD who have no clinical signs 
of liver disease.

IL-8
IL-8 is released from injured hepatocytes and has impor-
tant pro-inflammatory roles as a chemokine that recruits 
neutrophils to sites of inflammation. Its expression is 
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MyD88-independent pathway in 
Kupffer cells (Mandal et al. 2010b). 
Alcohol-induced oxidative stress 
decreases secretion of adiponectin by 
adipocytes (Tang et al. 2012), which 
links oxidative stress to decreased levels 
of liver-protective, anti-inflammatory 
hormones, representing yet another 
mechanism by which alcohol perturbs 
liver innate immunity.

Another small peptide, ghrelin, 
which is produced mainly in the gut 
but also in the liver, has been shown 
to promote antifibrotic and hepato-
protective effects in both animals and 
humans with hepatic fibrosis (Moreno 
et al. 2010). Ghrelin decreases activa-
tion of NF-κB in hepatocytes, which 
attenuates apoptotic signaling in these 

cells. It also limits expression of collagen- 
a1 and TGF-β1 but not of NF-κB 
and IL-8 in HSCs, indicating that 
ghrelin protects liver tissues mainly by 
suppressing fibrogenic activities in 
liver cells (Moreno et al. 2010).

Activation of the Inflammasome 
and IL-1β Expression
Recent observations by Petrasek and 
colleagues (2012) in a mouse model  
of alcoholic hepatitis support signifi-
cant involvement of another import-
ant cytokine, IL-1b—which has  
roles in rheumatoid arthritis and  
autoimmune disorders—in alcohol- 
induced inflammation. The research-
ers show that the IL-1b signaling 

complex is essential for the initiation 
of alcohol-induced inflammation and 
progression to liver fibrosis. IL-1b is 
activated through the inflammasome,  
a large protein assembly composed of 
NOD-like receptor proteins that sense 
alarmins, the caspase-1 (Casp-1) 
protein (an enzyme that cleaves other 
proteins to activate them), and an 
apoptosis-associated speck-like 
CARD-domain-containing (ASC) 
protein (Szabo and Csak 2012) (see 
figures 2 and 3). The inflammasome  
is activated in Kupffer cells of alcohol- 
fed mice (Petrasek et al. 2012) as well 
as in hepatocytes exposed to LPS and 
fatty acids (Csak et al. 2011). It is 
stimulated by intracellular signals  
such as alarmins, which engage with 

Key Cytokines and Hormonal Peptides in ALD (continued)

induced by TNFα via activation through NF-κB. IL-8 
levels are greatly increased in people with acute alcoholic 
hepatitis but are only moderately upregulated in those 
with cirrhosis. IL-8 levels, along with those for IL-6 and 
IL-10, are elevated in individuals with alcoholism who 
have no signs of liver disease.

IL-10
IL-10 is a strong suppressor of inflammation by prevent-
ing production of the pro-inflammatory cytokines 
TNFα, IL-1β, and IL-6 in macrophages. However, its 
anti-inflammatory, hepatoprotective effects are contingent 
on the expression of other cytokines, and its inhibitory 
effect on IL-6 expression can delay liver regeneration and 
increase steatosis. IL-10 expression is moderately to highly 
increased in ALD and, along with that of IL-6 and IL-8, 
is also upregulated in alcoholic patients without signs of 
liver disease. IL-10 acts only on immune cells expressing 
its cognate receptors and facilitates sustained activation  
of the transcription factor STAT3 in Kupffer cells, thus 
inhibiting inflammation. IL-10 also inhibits fibrosis.

IL-17
IL-17 is a recently discovered, pro-inflammatory chemo-
kine whose levels are increased in people with ALD. It is 
produced by monocytes and T cells and plays an impor-
tant role in recruiting neutrophils to inflamed liver tissues. 
It may act in concert with TNFα to activate NF-κB, 

thereby inducing expression of other pro-inflammatory 
cytokines. IL-17’s main targets are hepatic stellate cells 
(HSCs), in which it induces production of pro-inflammatory 
IL-8. IL-17 is also thought to be involved in the develop-
ment of fibrosis.

IL-22
IL-22 is an anti-inflammatory cytokine whose expression 
limits steatosis and liver damage. The IL-22 targets are 
hepatocytes in which it activates the transcription factor 
STAT3. The antioxidant, antiapoptotic, and antisteatotic 
actions of IL-22 make it a promising target of interven-
tions for treating ALD with minimal side effects because 
of the restricted distribution of IL-22 receptors.

Adiponectin
Adiponectin is an adipokine, a peptide hormone, whose 
secretion from fat cells (i.e., adipocytes) is inhibited by 
alcohol. Adiponectin increases fatty acid oxidation and 
thus suppresses steatosis. It also decreases expression of the 
pro-inflammatory cytokine TNF-α in macrophages (i.e., 
Kupffer cells) by inducing expression of heme oxygenase 
1 (HO-1), which decreases TLR4/MyD88-independent 
signaling, and by increasing polarization to anti- 
inflammatory M2 macrophages. In addition, adiponectin 
upregulates expression of anti-inflammatory IL-10.
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pattern-recognition domains of the 
NOD-like receptors.

Inflammasome activity in Kupffer 
cells promotes Casp-1–mediated 
cleavage, and thus activation, of IL-1β 
(Petrasek et al. 2012). Blocking IL-1β 
activity strongly decreases liver inflam-
mation and damage (Petrasek et al. 
2012). These findings further amplify 
the view that IL-1β acts as a pro- 
inflammatory cytokine in immune 
cells in ALD and that IL-1β signaling 
through the inflammasome is required 
for alcohol-induced liver injury. 
Coupled with the observations of 
Mandrekar and colleagues (2011) on 
MCP-1, these findings also establish  
a link between innate immune activity 
and steatosis. This association is further 
supported by the observation that 
steatosis can be prevented when innate 
immune responses are experimentally 
abrogated by checking IL-1β or MCP-1 
activity. Additional investigations into 
pro-inflammatory signaling in the 
methyl-choline deficiency model of 
non-alcoholic steatohepatitis have 
indicated that activation of the inflam-
masome and generation of IL-1β are 
independent of TLR4 but contingent 
on the MyD88-dependent pathway 
(Csak et al. 2014).

Cytokine Effects on Hepatocytes 
and HSCs
Alcohol-induced increases in LPS 
stimulate TNFa production and its 
release primarily from Kupffer cells 
(McClain and Cohen 1989; Wang et 
al. 2012). In addition, alcohol sensi-
tizes other liver cells to TNFa’s 
actions (An et al. 2012). One distinct 
role of TNFa is to induce programmed 
cell-death pathways (i.e., apoptosis 
and necroptosis) by binding to and 
activating death receptors on cells. 
Activation of these receptors results  
in the expression of pro-apoptotic or 
necroptotic mediators (e.g., caspases 
and receptor-interacting proteins). 
Alcohol thus has profound effects on 
cell viability by activating the expres-
sion of cytotoxic cytokines and increas-
ing cell sensitivity to the actions of 

these cytokines. For instance, whereas 
hepatocytes in healthy people are not 
highly sensitive to TNFa activation of 
death receptor pathways, alcohol primes 
cells for the TNFa-mediated stimula-
tion of cell-death pathways (Pastorino 
and Hoek 2000).

TNFa binds to and activates two 
receptors—TNF-R1 and TNF-R2—
and the outcome of their activation 
hinges on the relative levels of stimula-
tion of three main pathways: a pro- 
apoptotic pathway, a pro-necroptotic 
pathway, and a cell-survival pathway 
(Vanden Berghe et al. 2014). Binding 
to TNF-R1 activates apoptotic and 
necrotic pathways through a signaling 
cascade involving multiple proteins, 
including TNF-R1–associated death 
domain protein (TRADD); TNF 
receptor–associated factor 2 (TRAF2); 
and caspases 8, 3, and 7. TNF-R1 
activation also may result in the stim-
ulation of a cell-survival pathway 
involving NF-κB. In contrast, activa-
tion of TNF-R2 stimulates only cell 
survival (Malhi et al. 2010).

Apoptosis is an important regula-
tory mechanism for controlling the 
size of cell populations (e.g., neutro-
phils) or to avoid unchecked prolifera-
tion of abnormal cells. However, 
apoptosis triggered via the action of 
alcohol-induced TNFa on, for exam-
ple, hepatocytes can severely impair 
liver function. Recent evidence also 
indicates that chronic ethanol feeding 
can activate necroptotic cell-death 
pathways in hepatocytes. Mice in 
which an important necroptotic  
regulator—receptor-interacting 
protein kinase (RIP)-3—is inactivated 
are protected from alcohol-induced 
liver injury (Roychowdhury et al. 
2013). Hepatocytes are the major  
cell type in the liver and, along with 
Kupffer cells, eliminate most of the 
LPS from circulation. Widespread 
apoptosis and necrosis of hepatocytes 
therefore increase levels of circulating 
LPS, which in turn fuels further 
inflammation through activation of 
TLR4 on Kupffer cells and ultimately 
escalates the release of pro-apoptotic 
TNFa. This helps explain why 

patients with severe liver disease (i.e., 
cirrhosis) often show high levels of 
LPS in the blood (i.e., endotoxemia), 
resulting in sepsis (Bode et al. 1987).

Persistent alcohol-induced activa-
tion of cytokines in immune cells such 
as Kupffer cells also promotes fibrosis. 
Production and secretion of trans-
forming growth factor (TGF)-β and 
of platelet-derived growth factor 
(PDGF) from Kupffer cells or from 
inflammatory scar–associated macro-
phages activates HSCs (see figure 4), 
triggering them to develop into myofi-
broblasts. Moreover, HSCs may be 
further activated by engulfing apop-
totic hepatocytes. HSCs express a 
number of receptors involved in 
innate immunity, including the C5a 
receptor, whose ligand, C5a, is a 
potent mitogen that may stimulate 
HSC migration (Das et al. 2014). 
HSCs also express TLR4, which 
senses LPS. Although LPS alone 
cannot activate HSCs, its action via 
TLR4 downregulates expression of 
BMP and activin membrane-bound 
inhibitor (BAMBI), thereby sensitiz-
ing the cells to activation by TGF-β 
(Liu et al. 2014; Seki et al. 2007). 
BAMBI is a pseudoreceptor, which in 
quiescent HSCs diminishes TGF-β’s 
activity by binding to it without trig-
gering intracellular TGF-β signaling. 
As shown by Seki and colleagues 
(2007), decreased BAMBI expression 
sensitizes HSCs to TGF-β activation, 
and LPS-induced TLR4 activation 
stimulates chemokine secretion along 
with recruitment and activation of 
Kupffer cells. Moreover, LPS activates 
TLR4 signaling in HSCs through the 
MyD88-dependent NF-κB pathway, 
demonstrating involvement of this key 
innate immune pathway in fibrosis 
and recruitment of immune cells. 
NF-κB directly binds the BAMBI 
promoter, along with histone deacety-
lase (HDAC) 1, thus repressing 
BAMBI expression and promoting 
TGF-β activation (Liu et al. 2014).

Activated HSCs produce and secrete 
extracellular matrix proteins (i.e., colla-
gens), resulting in fibrogenesis 
(Hernandez-Gea and Friedman 2011; 
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Seki and Schnabl 2012). Although 
fibrogenesis is essential for normal 
tissue repair, its dysregulation by 
recurrent activation of cytokines 
acting on HSCs precipitates inflam-
matory fibrosis. This stage of ALD 
involves the formation of scar tissue, 

which interferes with normal tissue 
function and often results in portal 
hypertension (Hernandez-Gea and 
Friedman 2011). Another cytokine 
pathway involving HSCs and leading 
to fibrosis in ALD patients involves 
IL-17. This cytokine, which is produced 

by peripheral blood cells (i.e., Th17 
lymphocytes) in patients with alcoholic 
hepatitis and cirrhosis, stimulates its 
cognate receptors on HSCs (Lemmers 
et al. 2009). In response, the cells 
secrete IL-8 and growth-related onco-
gene (GRO)-a, recruiting neutrophils 
to their tissue, resulting in localized 
pro-inflammatory immune-cell infil-
trates and fibrosis scores closely 
correlated with IL-17 levels.

Together, these findings indicate 
that cytokines produced by immune 
cells, such as TNFa produced by 
Kupffer cells and IL-17 produced by 
Th-17 lymphocytes, play a major role 
in ALD by affecting the viability and 
function of hepatocytes and by acti-
vating quiescent HSCs to produce 
excess extracellular proteins. These 
observations thus provide critical 
insight into the molecular processes 
and mechanisms that produce liver 
damage and fibrosis in ALD.

Epigenetic Effects

Alcohol exerts additional effects on the 
innate immune system, for example, 
by producing epigenetic changes in 
the expression of genes for pro- and 
anti-inflammatory pathways (Curtis  
et al. 2013). Epigenetic changes affect 
the activity at gene promoters or entire 
gene regions and can have long-term 
and even heritable effects on gene 
expression without altering the under-
lying DNA sequence. Three main 
mechanisms operate in epigenetics:

• DNA methyltransferases, using 
SAM as methyl donor, methylate  
a cytosine nucleotide at CpG-rich 
regions (i.e., CpG islands) in the 
DNA of gene promoters, which 
decreases expression of the down-
stream genes.

• Methylation, acetylation, phos-
phorylation, ubiquitination,  
or sumoylation of the proteins 
around which DNA is coiled  
(i.e., histones) alters accessibility  

Figure 4  Alcohol’s effects on fibrogenic pathways in hepatic stellate cells (HSCs). HSCs are 
quiescent liver cells that, on stimulation by pro-inflammatory proteins and other 
agents, differentiate into myofibroblasts to repair damaged tissues. Excessive alcohol 
consumption increases the permeability of the gastrointestinal (GI) tract, exposing 
HSCs to endotoxin (i.e., lipopolysaccharide [LPS]). LPS is bound by LPS-binding  
protein (LBP), enabling engagement with Toll-like receptor 4 (TLR 4) and activating 
the myeloid differentiation primary response (MyD88)-dependent pathway. MyD88 
signaling decreases expression of BMP and activin membrane–bound inhibitor 
(BAMBI), a pseudoreceptor that suppresses responses to transforming growth factor 
β (TGF-β; secreted by activated Kupffer cells). Thus, alcohol-induced TLR4–MyD88 
signaling increases the HSCs’ responsiveness to TGF-β. microRNA 29 (miR-29) inhibits 
the production of extracellular matrix (ECM), and its downregulation by MyD88 signaling 
therefore increases ECM deposition. TLR4–MyD88 signaling in HSCs—along with 
complement 5a and exposure to the alcohol-breakdown product acetaldehyde and 
platelet-derived growth factor (PDGF) and tumor necrosis factor α (TNFα) secreted 
from activated Kupffer cells—upregulates the expression of various chemokines (i.e., 
monocyte chemotactic protein [MCP-1], macrophage inflammatory protein 1 [MIP-1], 
and regulated on activation, normal T cell expressed and secreted [RANTES]). These 
chemokines recruit macrophages (i.e., Kupffer cells and scar-associated macrophages) 
and other immune cells to the site where HSCs reside (i.e., the liver perisinusoidal 
space or space of Disse). These signals spur the differentiation of HSCs into myelofi-
broblasts that produce and secrete ECM, leading to liver fibrosis. In addition, Kupffer 
cell–produced ROS inhibit activities of metalloproteinases, which normally degrade 
ECM and thus inhibit fibrosis. 

NOTES: C5aR = C5a receptor; CD14 = cluster of differentiation 14 protein; MD-2 = myeloid differentiation 2 protein;  
TNFαR = TNFα receptor.
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of the transcriptional proteins to 
the DNA.

• Some investigators are now extend-
ing the concept of epigenetics to 
include transcriptional regulation 
by microRNAs (miRNAs). These 
molecules regulate the expression 
of mRNAs with which they share 
similar sequences (Curtis et al. 2013).

The study of alcohol’s effects on 
epigenetic regulation and of the mech-
anisms by which alcohol exerts these 
effects has been a rapidly emerging 
field over the past decade. Insight 
gleaned from initial studies has shown 
that alcohol can interfere with the 
fundamental processes of epigenetic 
regulation in people with ALD as well 
as in animal models of the disease or 
in cultured human cells exposed to 
alcohol or its metabolic byproducts 
(reviewed by Kruman and Fowler 
2014; Mandrekar 2011; Shukla and 
Lim 2013).

Studies in animals and in human 
cells lines have demonstrated that 
alcohol and LPS increase the expres-
sion of microRNA-34a, which helps 
alleviate alcohol-induced apoptosis in 
hepatocytes and biliary epithelial cells 
by targeting caspase 2 and sirtuin 1. 
The elevated expression of miRNA- 
34a is the result of an alcohol- 
induced decrease in methylation  
(i.e., hypomethylation) at a CpG 
island in the miRNA-34a promoter 
(Meng et al. 2012).

Alcohol also alters the cellular levels 
of SAM and of histone acetyltransferases 
(HATs) and deacetylases (HDACs), 
whose activities make DNA more or 
less accessible, respectively, to gene 
transcription. For example, the 
histone deacetylase HDAC1 has been 
shown to play a critical role in the 
silenced expression in HSCs of the 
fibrosis-attenuating protein BAMBI 
(see figure 4) (Liu et al. 2014). In 
addition, chemical inhibition of HDAC 
activity seems to reduce inflammation 
by reversing an alcohol-induced 
perturbation in macrophage polarization 
that results in a greater proportion of 

pro-inflammatory (M1) macrophages 
(Curtis et al. 2013). Oxidative stress 
caused by alcohol metabolism also 
triggers epigenetic changes, and alcohol- 
induced release of LPS and activation 
of TLR4 affects both HAT and 
HDAC activities, resulting in epigenetic 
changes in DNA regions containing 
genes for pro-inflammatory cytokines 
(Curtis et al. 2013).

Approaches for Resolving 
Alcohol-Induced Liver 
Inflammation

Standard interventions for treating 
ALD depend on the stage and severity 
of the disease and typically include 
counseling abstinence from alcohol 
use; administration of corticosteroids 
(to inhibit alcohol-induced, pro- 
inflammatory pathways) and nutri-
tional support for alcoholic hepatitis; 
and, in advanced cases, liver transplan-
tation (Gao and Bataller 2011; Orman 
et al. 2013). Although rates of disabil-
ity and death caused by ALD remain 
high despite these interventions, such 
treatments can significantly improve 
quality of life and avert early death 
caused by ALD. Overturning earlier 
assumptions about the persistence of 
alcohol-induced liver damage, recent 
studies have reported that some of  
the tissue injuries present even in the 
advanced stages of ALD, such as fibro-
sis, are reversible (Hernandez-Gea and 
Friedman 2011). This makes the discov-
ery of new treatments that can augment 
existing ones even more urgent.

Recognition of the central role of 
innate immunity in ALD has spurred 
research into modulating the activity 
of key immune cells and cytokines. To 
this end, the discovery of the central 
role of TNFa in promoting inflam-
mation in ALD prompted studies in 
which antibodies against TNFa were 
used to alleviate alcohol-induced 
inflammation. TNFa antibodies indeed 
significantly dampen liver inflamma-
tion (Gao 2012), but because TNFa is 
critical to fighting microbial pathogens, 

this approach often increases the risk 
for serious infections in ALD patients.

The limitations of the above approach 
highlight that cytokine-based inter-
ventions will need to be carefully cali-
brated according to the activity profile 
and radius of action of each cytokine 
to minimize or prevent adverse effects. 
For instance, exploitation of the hepa-
toprotective properties of IL-6 is 
limited by the abundance of IL-6 
receptors in many tissues, potentially 
resulting in off-target effects. However, 
as proposed by Gao (2012), using 
IL-6 in ex vivo treatment of donor 
livers to reverse minor organ damage 
(e.g., steatosis) before transplantation 
into ALD patients could have some 
utility.

Current approaches for interven-
tions in vivo focus on those immune 
regulators that target only a few cells 
or tissues. As discussed previously, 
IL-22 has an array of hepatoprotective 
activities, including antioxidant, anti-
microbial, and antiapoptotic effects. 
Moreover, expression of the IL-22 
receptor, IL-22R, is confined to 
epithelial cells, such as hepatocytes. 
This has led to the proposition that 
combining the use of IL-22 with 
anti-inflammatory corticosteroids  
and TNFa inhibitors could offset the 
immunosuppressing effects of these 
two agents and promote recovery of 
liver tissues (Gao 2012). However, 
because evidence from animal models 
suggests that IL-22 may play a role in 
the development of hepatic carcinoma 
(Park et al. 2011), such use would be 
restricted to ALD patients who do  
not have cirrhosis (which may contain 
precancerous cells) or liver cancer 
(Gao 2012).

The discovery of the role of epigene-
tic factors in the development of ALD 
and their effects on immune cells and 
responses opens the way to possible 
interventions that target key epigene-
tic regulators and processes in ALD. 
For example, because HDAC1 seems 
to make HSCs more receptive to the 
fibrosis-inducing action of TGFβ (Liu 
et al. 2014), inactivation of HDAC1 
via antibodies or chemical agents may 
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augment current treatments for halt-
ing or reversing fibrosis in patients 
with ALD. In addition, chemical inac-
tivation of HDACs involved in alcohol’s 
effects on macrophage polarization to 
pro-inflammatory M1 macrophages 
may help reduce inflammation, steato-
sis, and fibrosis in tissues. Thus, HDAC 
inhibitors or activators of HATs that 
prevent or reverse the effects of HDACs 
may someday prove useful in the 
treatment of ALD.

Finally, technological advances to 
sequence and analyze DNA of patients 
has helped identify key genetic variants 
such as single-nucleotide polymor-
phisms (SNPs) in genes involved in 
liver diseases (Guo et al. 2009; Singal 
et al. 2014). Although in its early 
stages and not yet fully extended to 
the specific etiology of ALD, genetic 
profiling of ALD patients for SNP 
variants in genes involved in innate 
immune pathways could help identify 
patients vulnerable to advanced stages 
of ALD (e.g., cirrhosis) (Guo et al. 
2009). Such personalized-medicine 
approaches could significantly improve 
the success and cost-effectiveness of 
current treatments and spur develop-
ment of new interventions for ALD.

Conclusions

Innate immunity plays a central role 
in ALD, and recent studies have 
uncovered several pivotal molecular 
mechanisms underlying alcohol’s 
effects on the immune system of the 
liver. Excessive consumption of alcohol 
alters the characteristics and composi-
tion of the microbiome in the GI tract 
and increases translocation of bacteria 
and bacterial products, such as LPS 
and peptidoglycans, from the gut via 
the portal system to the liver. This 
increased influx of LPS, along with  
the direct effects of alcohol on immune 
cells and liver tissues, activates innate 
immune pathways. This activation 
occurs via stimulation of TLRs  
and through sensors of cell damage  
on or in the immune cells of the liver, 
such as Kupffer cells. These processes 

lead to the production of several 
pro-inflammatory cytokines (e.g., of 
TNFa, IL-1b, IL-8, and IL-17), trig-
gering steatosis in hepatocytes and 
inducing fibrogenic pathways in HSCs. 
Moreover, production of chemokines, 
such as MCP-1 and MIF, leads to the 
infiltration of liver tissues by mono-
cytes, neutrophils, and dendritic cells 
whose activities can further increase 
inflammation and impede recovery. 
Alcohol and its metabolic breakdown 
products acetaldehyde and acetate, 
along with ROS produced during 
alcohol metabolism, generate oxida-
tive stress and affect epigenetic  
regulation that trigger activation of 
pro-inflammatory pathways such as 
polarization to M1 macrophages.

The insight gleaned from these 
complex interactions and pathways 
may provide the impetus for  
devising treatments using pro- or 
anti-inflammatory cytokines that  
act on defined cell types or employing 
agents that control epigenetic regula-
tors to expand currently available 
interventions for treating ALD.
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The Gastrointestinal 
Microbiome

Alcohol Effects on the Composition
of Intestinal Microbiota
Phillip A. Engen; Stefan J. Green, Ph.D.; Robin M. Voigt, Ph.D.; 
Christopher B. Forsyth, Ph.D.; and Ali Keshavarzian, M.D. 

The excessive use of alcohol is a global problem causing many 
adverse pathological health effects and a significant financial 
health care burden. This review addresses the effect of alcohol 
consumption on the microbiota in the gastrointestinal tract 
(GIT). Although data are limited in humans, studies highlight 
the importance of changes in the intestinal microbiota in alcohol- 
related disorders. Alcohol-induced changes in the GIT microbi-
ota composition and metabolic function may contribute to the 
well-established link between alcohol-induced oxidative stress, 
intestinal hyperpermeability to luminal bacterial products, and 
the subsequent development of alcoholic liver disease (ALD), 
as well as other diseases. In addition, clinical and preclinical 
data suggest that alcohol-related disorders are associated with 
quantitative and qualitative dysbiotic changes in the intestinal 
microbiota and may be associated with increased GIT inflam-
mation, intestinal hyperpermeability resulting in endotoxemia, 
systemic inflammation, and tissue damage/organ pathologies 
including ALD. Thus, gut-directed interventions, such as probiotic 
and synbiotic modulation of the intestinal microbiota, should 
be considered and evaluated for prevention and treatment of 
alcohol-associated pathologies. 

Key words: Alcohol consumption; alcohol use, abuse, and depen-
dence; alcohol use disorder (AUD); alcoholic liver disease (ALD); 
microbiota; intestinal microbiota; microbiota analyses;  
gastrointestinal microbiome; dysbiosis; probiotics; synbiotics

It has been estimated that approximately 2 billion people 
worldwide drink alcohol on a daily basis, with more than 
70 million people having a diagnosed alcohol use disorder 
(World Health Organization 2004). Globally, alcohol use is 
the fifth leading risk factor for premature death and disability 
among people between the ages of 15 and 49 (Lim et al. 
2012). Excessive alcohol consumption in the United States 
accounts for 80,000 deaths yearly (Centers for Disease 
Control and Prevention 2004) and is the third leading 
preventable cause of death in the United States (Mokdad et 
al. 2004). In addition, the Centers for Disease Control and 
Prevention (CDC) found that in 2006, excessive drinking 
cost the United States more than $224 billion (Bouchery et 
al. 2011). In a subgroup of alcoholics, alcohol consumption 

is linked with tissue injury and organ dysfunction, includ-
ing alcoholic liver disease (ALD) (Purohit et al. 2008), 
increased risk of developing cancer (Seitz and Stickel 2007), 
abnormal function of the immune system that increases the 
risk of acute and chronic infections (Szabo and Mandrekar 
2009), pancreatitis (Chowdhury and Gupta 2006), heart 
disease (Liedtke and DeMuth 1975), and disruption of the 
circadian clock (Spanagel et al. 2005). The observation that 
only some alcoholics develop alcohol-induced pathology 
indicates that, although alcohol is necessary, it is not sufficient 
to cause organ dysfunction. Consequently, factors other 
than the toxicity of alcohol are involved in generating health 
complications, one of which may be alcohol-induced changes 
in intestinal microbiota composition and/or function. 

The intestinal microbiota is classified as the total collec-
tion of microbial organisms (bacteria and microbes) within 
the gastrointestinal tract (GIT). It contains tens of trillions 
of microorganisms, including at least 1,000 different species 
of known bacteria, the vast majority of which belong to the 
phyla Firmicutes and Bacteroidetes (Ley et al. 2008). The 
metagenome is the collection of all the different genes found 
within the gut microbiome; the GIT microbiome contains 
more than 3 million unique genes, outnumbering the number 
of human genes 150 to 1 (Proctor 2011). The GIT and the 
intestinal microbiota display a symbiotic relationship. The 
microbiota contributes to the extraction of energy from 
food and synthesis of vitamins and amino acids, and helps 
form barriers against pathogens (Tappenden and Deutsch 
2007). Disruption of intestinal microbiota homeostasis—
called dysbiosis—has been associated with inflammatory 
bowel disease (IBD) (Hold et al. 2014), irritable bowel 
syndrome (IBS) (Kassinen et al. 2007), celiac disease (Nadal 
et al. 2007), food allergies (Kuvaeva et al. 1984), type 1 
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diabetes (Wen et al. 2008), type 2 diabetes (Larsen et al. 
2010), cancer (Schwabe and Jobin 2013), obesity (Turnbaugh 
et al. 2006), and cardiovascular disease (Harris et al. 2012). 
Although it is unclear whether dysbiosis is the cause or the 
result of these diseases, factors that contribute to the devel-
opment and progression of many of these diseases are 
known to influence the GIT microbiota.

Dysbiosis can be caused by environmental factors commonly 
encountered in Western societies, including diet (David et 
al. 2014), disruption of circadian rhythms (Voigt et al. 
2014), and alcoholic beverage consumption (Mutlu et al. 
2009; Yan et al. 2011) (figure 1). It is well-established that 
diet influences intestinal microbiota composition and diver-
sity (David et al. 2014) (figure 1). Diets high in fat alter 
intestinal microbiota (Cani et al. 2007), as do “Western” 
diets, comprising high fat and high sugar (Turnbaugh et al. 
2008). The consequence of diets high in fat or sugar may 
contribute to the development of obesity and liver injury 
(Frazier et al. 2011), as well as IBD, IBS, celiac disease, type 
1 and type 2 diabetes, food allergies, and cardiovascular 
disease (Brown et al. 2012; Manzel et al. 2014), at least in 
genetically susceptible individuals. Alcohol is another 

dietary disruptor of the intestinal microbiota. A limited 
number of studies have examined the effects of alcohol on 
the microbiota in rodents (Mutlu et al. 2009; Yan et al. 
2011) and humans (Bode et al. 1984; Chen et al. 2011; 
Mutlu et al. 2012; Queipo-Ortuno et al. 2012). These 
changes seem to be relevant for alcohol-associated pathologies 
because interventions known to alter the intestinal microbiota 
diminish some alcohol-associated pathologies such as liver 
disease (Bull-Otterson et al. 2013; Liu et al. 2004; Mutlu  
et al. 2009).

In this review, we examine alcohol-induced effects on 
microbiota and how interventions targeted at normalizing 
alcohol-induced dysbiosis may mitigate some of the detri-
mental effects of alcohol.

Analyzing the Intestinal Microbial Community

Before we can understand the influence of alcohol on the 
GIT microbiota, we need to understand a bit about how 
researchers measure these microorganisms and evaluate 
changes in their populations. In fact, it is difficult to directly 

Figure 1  Disruption of intestinal microbiota homeostasis (dysbiosis) has been associated with these diseases (shown above). In addition, dysbiosis 
can be caused by environmental factors commonly encountered in Western societies, including diet, genetics, disruption of circadian 
rhythms, and alcoholic beverage consumption. Dysbiosis also can be prevented or treated with probiotics and prebiotics.
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measure microbial communities such as those within the 
GIT because of a number of confounding factors. For one, 
microorganisms maintain incredible genetic diversity but 
house this diversity in an extraordinarily limited array of 
cellular morphologies (Woese 1987). In addition, microor-
ganisms have redundant functional capabilities, share divergent 
functional capabilities with closely related microorganisms, 
have the potential for high metabolic diversity within single 
microbial lineages, and are extraordinarily difficult to isolate 
under laboratory conditions. Taken together, these confound-
ing factors compel researchers to use molecular tools—tools 
that examine DNA and RNA—to analyze these complex 
communities. These tools fall into two broad categories: 
polymerase chain reaction (PCR)–based targeted approaches 
and shotgun sequencing approaches (figure 2), which we 
explain in detail in the sidebar.

Because it is exceedingly difficult to obtain microbial 
samples from different locations in the GIT, researchers 
overwhelmingly extract the genomic DNA they need to 
analyze the GIT microbiota from mucosa-associated colonic 
tissue biopsies and from fecal samples. However, using 
these samples assumes that the colonic tissue and feces are  
a suitable proxy for the GIT. A study (Stearns et al. 2011) 
addressed this issue in an analysis of microbiota community 
structure in mouth, stomach, duodenum, colon, and stool, 
via gastroscopy and colonoscopy from four healthy individ-
uals. When examined in the context of the entire GIT, 
colonic tissue and fecal samples were most similar to each 
other in all individuals. However, the community composi-
tion was substantially altered in colon and fecal samples 
from the same individual: three of four individuals had a 
much reduced level of microorganisms from the phylum 
Bacteroidetes in fecal samples. This led to a substantially  
altered ratio of Firmicutes to Bacteroidetes, a ratio that has 
been used as a diagnostic parameter in studies of disease  
(see sidebar). Eckburg and colleagues (2005) also found a 
similar divergence between GIT colonic tissue and fecal 
microbiota. Thus, although colonic tissue and fecal samples 
will continue to serve as common, imperfect proxies for GIT 
microbiota, they should not be considered a perfect repre-
sentation of the entire GIT microbial community, which 
undergoes dramatic changes from the stomach to colon 
(Stearns et al. 2011). No obvious solution is available, leav-
ing only highly invasive sampling techniques as a mecha-
nism to collect samples from multiple locations of the GIT.

Alcohol-Induced Effects and Implications on  
the Intestinal Microbiota

The study of alcohol’s effects on the structure and activity  
of GIT microbiota still is in its infancy, particularly 
compared with other alcohol-induced effects. The literature 
reviewed below demonstrates that alcohol consumption 
leads to quantitative and qualitative dysbiosis in the intestinal 
microbiota of rodents and humans (table 1). These studies 

demonstrate alterations in the dominant bacterial taxa from 
the phyla Bacteroidetes and Firmicutes and, in several studies, 
an increase in bacteria from the phylum Proteobacteria. 

Rodent Models
Studies in mice and rats find both alcohol-induced bacterial 
overgrowth and dysbiosis. In one study, C57BL/6 mice 
were intragastrically fed alcohol (30.9 g/kg per day; 40 
percent of their total daily calories from alcohol) for 3 weeks 
and compared with control mice intragastrically fed an 
isocaloric liquid diet. The alcohol-fed mice developed ALD, 
which was associated with small intestinal bacterial over-
growth and dysbiosis in the cecum—the beginning of the 
large intestine (Yan et al. 2011). In particular, the GIT 
microbiota of alcohol-treated mice showed a decrease in 
Firmicutes and an increase in the relative abundance of 
Bacteroidetes and Verrucomicrobia, among other bacteria 
(table 1). In comparison, the GIT microbiota of control-fed 
mice showed a relative predominance of bacteria from the 
phylum Firmicutes. In a separate study, Sprague-Dawley 
rats intragastrically fed alcohol daily (8 g/kg per day) for 10 
weeks showed altered colonic mucosa–associated bacterial 
microbiota composition leading to ileal and colonic dysbiosis 
(Mutlu et al. 2009). In prior studies, Sprague-Dawley rats 
developed intestinal oxidative stress, intestinal hyperperme-
ability, endotoxemia, and steatohepatitis by the 10th week 
of alcohol treatment (Keshavarzian et al. 2009), suggesting 
that changes in the microbiota may be contributing to the 
alcohol-induced effects on the intestine and liver. Intestinal 
dysbiosis may potentially contribute to the pathogenesis of 
liver disease by altering intestinal barrier integrity, resulting 
in intestinal hyperpermeability, as well as increased produc-
tion of proinflammatory factors that could both promote 
liver pathology.

Humans
Chronic alcohol consumption in humans also causes bacterial 
overgrowth and dysbiosis. One study using culture-based 
methods, for example, found alcohol-induced alterations, 
including small intestine bacterial overgrowth of both aerobic 
and anaerobic bacteria in the jejunum (Bode et al. 1984). 
Another study showed that alcohol consumption alters the 
composition of mucosa-associated microbiota in human 
sigmoid biopsies taken from alcoholics with and without 
ALD as well as healthy control subjects (Mutlu et al. 2012). 
In this study, the researchers used 16S rRNA gene sequencing 
to assess the microbiota. They found that the microbial 
community was significantly altered—containing a lower 
abundance of Bacteroidetes and a higher abundance of 
Proteobacteria—in a subgroup of alcoholics with and with-
out liver disease (table 1). Other studies show that dysbiotic 
microbiota in alcoholics also correlates with a high level  
of endotoxin in the blood, indicating that dysbiosis may 
contribute to intestinal hyperpermeability and/or the increased 
translocation of gram-negative microbial bacterial products 
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Methods for Analyzing the Gastrointestinal Microbiota

To understand the results of micro-
biota analyses, it can help to under-
stand a bit about the methods 
researchers use. As mentioned in the 
main article, researchers tend to use 
techniques that look for DNA and 
RNA related to specific microorgan-
isms. To do that, they typically use 
one of two techniques: polymerase 
chain reaction (PCR) and shotgun 
sequencing. Here, we explain in 
general terms how each method is 
used to analyze GIT microbiota.

PCR
To successfully use PCR, researchers 
needed to find an appropriate gene 
target that would be common 
enough among microorganisms so 

they could use a known segment for 
searching but different enough so 
that they could individuate among 
microorganisms. They quickly 
selected ribosomal RNA (rRNA) 
genes (Pace 1986; Woese 1987). 
Ribosomal RNAs are essential for 
protein synthesis within all cells and 
therefore their genes have many fea-
tures that make them desirable for 
determining the makeup of complex 
microbial communities. In particular, 
the genes contain regions of DNA 
that are highly variable among species 
and so can serve as a kind of identi-
fier; but they also contain regions 
that are highly conserved, or the 
same among many species, and are 
therefore suitable for the develop-
ment of broad-range PCR primers 

that use snippets of known DNA to 
search for specific genes. As a result 
of these features, rRNA genes have 
become the “gold standard” for 
molecular analyses, and they are typ-
ically analyzed using PCR-based 
techniques coupled with indirect 
fingerprinting or direct sequencing, 
including with next-generation 
sequencing (NGS). To profile GIT 
microbial communities using rRNA 
gene analysis, researchers typically 
extract genomic DNA from muco-
sa-associated colonic biopsies and 
fecal matter. They then use PCR to 
amplify the DNA, creating what are 
called “amplicons,” using primers 
targeting conserved regions of the 
small subunit (SSU or 16S) rRNA 
gene from all bacteria and some-

Figure 2   Basic pipeline for amplicon-based and shotgun sequencing approaches to the interrogation of GIT microbial communities. Nucleic acids 
can be interrogated independently to characterize the community structure and gene content of total (DNA) and active (RNA) microbial 
communities or combined to examine how shifts in microbiota are correlated with changes in community gene expression patterns.
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Methods for Analyzing the Gastrointestinal Microbiota (continued)

times archaea. The researchers then 
sequence these PCR amplicons after 
suitable preparation for the chosen 
sequencing platform (Langille et al. 
2013). Whereas it was previously 
common to have clone libraries on 
the order of 100 sequences per sam-
ple, it is more typical with NGS 
approaches to have sequence librar-
ies of 10,000 to 100,000 sequences 
per sample. A suite of bioinformatics 
tools has been developed to process 
this high-throughput data such as 
RDP (Cole et al. 2005), mothur 
(Schloss et al. 2009), and QIIME 
(Caporaso et al. 2010).

Because of limitations inherent  
in the analysis of a structural gene, 
such as the rRNA gene that is com-
mon to all organisms, this method 
should be viewed as the first step in 
a multi-tiered approach to the analysis 
of microbial communities. The fol-
lowing are some limitations: (1) 
rRNA gene sequencing does not 
provide definitive physiological 
information about an organism;  
(2) for DNA-based methods, the 
presence of an organism’s rRNA 
gene does not guarantee that the 
organism is active in the studied  
system at the time of sampling; (3) 
variation in the number of rRNA 
genes among bacterial lineages  
distorts the true diversity of micro-
organisms in an environmental sam-
ple; and (4) difficulty in species- and 
strain-level phylogenetic resolution 
among some taxa, depending upon 
the region of rRNA gene analyzed. 
Nonetheless, for large studies with 
many samples, a preliminary screen 
using this method is often suitable 
for identifying large-scale shifts in 
microbial community structure and 
for identifying statistically signifi-
cant changes in the relative abun-
dance of organisms between groups 
or treatments.

That said, the interpretation of 
results from the analysis of microbial 
community composition using 
DNA-based methods can be con-
founded by the presence of DNA 
from dead, dormant, or weakly 
active organisms contributing little 
to overall microbial community 
function. To circumvent these lim-
itations, researchers can directly  
target rRNAs instead of rRNA genes. 
In such an approach, researchers 
extract total RNA from an environ-
mental sample and reverse transcribe 
this RNA using either a random 
primer mix or a gene-specific “reverse” 
primer matching the rRNA (figure 
2). This process generates single- 
stranded complementary DNA 
(cDNA), which is then used as a 
template for PCR and sequencing 
with domain-level primer sets as is 
done with genomic DNA. As micro-
bial RNA is labile and degrades rap-
idly if not continually produced, 
rRNA analysis reflects only active 
microorganisms, and the relative 
abundance of rRNAs represents the 
relative activity of organisms in the 
system. Although rRNA analysis still 
does not provide an explicit link to 
physiology for most organisms, such 
analyses may find stronger correla-
tion to measured functions at the 
time of sampling. Microbial RNA 
degrades rapidly, and for GIT 
colonic tissue and fecal samples,  
the time delay until RNA can be 
extracted may result in a serious dis-
tortion of active organisms and gene 
expression patterns from in situ. 
Thus, animal model systems in 
which animals are killed for sam-
pling may be more suitable for RNA 
studies as mRNAs and ribosomes 
can be preserved rapidly for down-
stream analyses.

Shotgun Metagenomic and 
Metatranscriptomic Sequencing
Although amplicon sequencing 
approaches are extremely useful for 
GIT microbiota community charac-
terization, they are limited by the 
need to have some known DNA 
sequences to look for. Therefore, to 
detect novel genes and gene variants, 
it is necessary to have sequencing 
approaches that do not depend on 
such information. Researchers use 
so-called “shotgun” sequencing 
approaches (figure 2) to circumvent 
the need for a priori sequence infor-
mation through the use of molecular 
manipulations of nucleic acids to 
attach known sequences for priming 
of sequencing reactions to unknown 
sequences. Shotgun sequencing 
approaches, in which no a priori 
selection of a region or gene of interest 
is performed, provides a holistic 
view of microbial communities, gene 
content, and expression patterns. 
However, low-abundance taxa or 
those with small genomes, like 
viruses, may be swamped out by 
high-abundance or large genome 
organisms and may benefit from  
targeted amplification approaches.

Two techniques are used for more 
detailed assessments of GIT micro-
biota functional capabilities: In shotgun 
metagenomics, total genomic DNA 
is fragmented and sequenced directly 
(Qin et al. 2010), and in shotgun 
metatranscriptomics, fragmented 
messenger RNAs are sequenced 
directly (Perez-Cobas et al. 2013). 
These techniques can provide data 
to identify active organisms and 
metabolic activities at the time of 
sampling (metatranscriptome) and 
to directly link community function 
to specific microbial lineages, even 
at the species or subspecies level 
(metagenome and metatranscrip-
tome). Such in-depth analyses can 
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Methods for Analyzing the Gastrointestinal Microbiota (continued)

identify key GIT microbiota com-
munity members, identify essential 
genes associated with the GIT 
microbiota, and improve metabolic 
modeling to predict the physiology 
of dominant organisms in environ-
ments undergoing global changes 
(Greenblum et al. 2012; Karlsson  
et al. 2013; Qin et al. 2010). 
Metagenome sequencing can pro-
vide much more detailed taxonomy 
of communities based on genes 
other than rRNAs, particularly at 
the species and strain level (Morowitz 
et al. 2011; Poretsky et al. 2014). In 
particular, GIT microbiota analyses 
of disease states and obesity have 
found widespread application 
(Greenblum et al. 2012; Karlsson et 
al. 2012, 2013; Manichanh et al. 
2006; Qin et al. 2012). A full survey 
of the methods for analysis of 
metagenomic data is beyond this 
review; however, many recent arti-
cles provide deeper overviews (Cho 
and Blaser 2012) and describe suit-
able pipelines (Huson et al. 2007; 
Meyer et al. 2008; Treangen et al. 
2013; Zakrzewski et al. 2013).

Although powerful, these 
approaches are limited by many factors:

• High cost attributed to heavy 
sequence demand; 

• Insufficiently robust reference  
databases to provide suitable 
annotation to all recovered gene 
fragments; 

• High microbial diversity in the 
GIT, which leads to limited cov-
erage of most organisms aside 
from highly abundant organisms; 

• High transcript abundance of 
housekeeping genes; and 

• High computer memory and com-
putational demand for analysis. 

Because of the relatively high cost  
of shotgun sequencing approaches 
relative to amplicon sequencing 
approaches (typically about 20 to 30 
times higher cost), researchers must 
carefully tailor their project goals to 
the appropriate molecular methodol-
ogy. In a tiered sequencing approach, 
researchers perform amplicon 
sequencing on all samples and use 
their analysis of amplicon data to 
select critical or representative sam-
ples for deeper sequence analysis.

Considerations for Nucleic 
Acid Extraction

Analysis of gastrointestinal tract 
(GIT) microbiota communities 
presents several features worthy of 
consideration. In particular, researchers 
take the majority of samples from 
feces and mucosa-associated colonic 
tissue biopsies. Traditionally, 
extraction of nucleic acids from 
mammalian feces generated nucleic 
acid templates of poor purity. 
However, new extraction protocols 
and commercial kits have largely 
removed nucleic acid purity as a 
limitation to downstream molecular 
analyses (Claassen et al. 2013; Ó Cuív 
et al. 2011). Indeed, many manufac-
turers produce kits specifically for 
GIT colonic tissue and fecal DNA 
extraction (e.g., Mo Bio PowerFecal® 
DNA Isolation Kit; Qiagen QIAamp 
DNA Stool Mini Kit; Zymo ZR 
Fecal DNA MiniPrep kit; Epicentre 
ExtractMaster™ Fecal DNA Extraction 
Kit). Although many of these 
extraction kits have similar chemis-
try, other features of the kits may be 
critical to the maximum recovery of 
genomic DNA from GIT colonic 
tissue and feces and to minimize dis-
tortion of the GIT microbiota com-
munity as a result of differential lysis 
of different types of microbial cells. 

Mammalian GIT microbiota 
communities are dominated by bac-
teria from two phyla: Bacteroidetes 
and Firmicutes (Ley et al. 2008),  
and researchers have used the ratio 
of these phyla as a diagnostic param-
eter. For example, Mariat and col-
leagues (2009) observed dramatic 
age-related changes in the ratio of 
Firmicutes and Bacteroidetes (F/B) in 
feces from healthy individuals, and 
the ratio has been broadly utilized in 
studies of obesity, with greater num-
bers of Firmicutes in obese patients 
(Ley et al. 2006). That said, sampling 
processing procedures can affect this 
ratio because the phylum Firmicutes 
consists of mostly gram-positive bac-
teria with thick cell walls that can 
make them difficult to lyse, thus 
high-energy lysis steps (e.g., bead- 
beating) are important in extraction 
protocols. In addition, lytic enzymes 
such as lysozyme, mutanolysin, and 
lysostaphin can be used individually 
or in combination to enhance lysis 
of difficult-to-lyse organisms (Yuan 
et al. 2012). One study (Bahl et al. 
2012) demonstrated that freezing of 
fecal samples prior to DNA extraction 
can alter the F/B ratio, with enhanced 
relative abundance of Firmicutes after 
freezing. As a result of these issues, it 
may be difficult to easily compare 
directly between studies of fecal sam-
ples processed under different condi-
tions. Likewise, protocols should be 
carefully considered and rigorously 
adhered to in order to provide repro-
ducible handling for each sample.
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from the intestinal lumen into systemic circulation (Mutlu 
et al. 2009; Rimola 1991). Similarly, 16S rRNA gene analy-
sis of fecal microbiota from human subjects with hepatitis B 
or alcohol-related cirrhosis shows a reduction in Bacteroidetes 
and an increase in Proteobacteria and Fusobacteria, compared 
with healthy control subjects (table 1) (Chen et al. 2011). 
At a finer taxonomic resolution, this study also shows a 
significant increase in potentially dangerous bacteria from 
the families Prevotellaceae, Enterobacteriaceae, Veillonellaceae, 
and Streptococcaceae in subjects with alcoholic cirrhosis, 
compared with subjects with hepatitis B cirrhosis and with 
control subjects. The prevalence of potentially pathogenic 
bacteria in patients with cirrhosis may affect prognosis, 
something supported by previous research (Guarner et al. 
1997; Liu et al. 2004). Other lower resolution studies find 
that the relative abundance of bacteria from the phylum 
Bacteroidetes decreases as those from the phylum Proteobacteria 
increase and that individuals with cirrhosis exhibit a unique 
increase in Fusobacteria (Chen et al. 2011; Mutlu et al. 
2012). Overall, alcoholics and cirrhosis patients demonstrate 
microbial communities enriched in Proteobacteria of the 

class Gammaproteobacteria and Firmicute of the class Bacilli. 
In contrast, Firmicutes of the class Clostridia are depleted in 
alcoholics but are not significantly changed in the cirrhosis 
group, with the exception of Veillonellaceae, which is 
increased and Lachnospira, which is decreased (table 1). 
These findings suggest that microbiota community differ-
ences between alcoholics and alcoholics with cirrhosis (e.g., 
Fusobacteria, Clostridia) may contribute to the development 
of liver disease or may be a biomarker indicating liver 
disease (figure 3). Future studies will need to determine the 
cause-and-effect relationship of the microbiota community 
structure and liver disease.

Although alcohol can cause intestinal dysbiosis, some 
alcoholic beverages contain compounds that may favorably 
alter the GIT microbiota community composition. A study 
showed the effects of dietary polyphenols on the human 
GIT microbiota in human healthy control subjects who 
consumed red wine (272 mL per day), de-alcoholized red 
wine (272 mL per day), or gin (100 mL per day) for 20 
days and had their total fecal DNA assessed from stool 
collected at baseline and after treatment (Queipo-Ortuno  
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Table 1 Changes in the Intestinal Microbiome Associated With Alcohol in Rodent Models and Humans

   Reference       Tested        Experimental          Methodology              
          

    Major Taxa Altered in                                 Major Finding                                                     
                      Organism        Condition                                       Presence of Alcohol a,b

Yan et al. 2011 Mouse 3-week  
alcohol-fed 
mice/control 
isocaloric  
liquid

• 16S rRNA 
gene amplicon 
sequencing  
(pyro- 
sequencing)

•Mouse cecum

↑Verrucomicrobia phylum:  
↑Akkermansia genus ↑Bacteroidetes phylum: 
↑Bacteroidetes class, ↑Bacteroidales order, 
↑Bacteroides genus, ↑Porphyromonadaceae 
  family
↓Firmicutes phylum:  
↓Lactococcus, ↓Pediococcus, ↓Lactobacillus, 
  and ↓Leuconostoc genus

Alcohol-fed mice have GIT 
microbial community compo-
sition significantly altered from 
control mice indicating dysbiosis. 

Mutlu et al. 2009 Rat 10-week  
alcohol-fed rats/
control isocaloric  
dextrose

• Length hetero-
geneity PCR  
(LH-PCR)

• Ileal and colonic 
rat mucosa 
tissue

Alcohol-fed rats have GIT 
microbial community compo-
sition significantly altered from 
control rats. Dysbiosis may be 
an important mechanism of 
alcohol-induced endotoxemia.

Mutlu et al. 2012 Human • Alcoholics with 
and without  
alcoholic liver  
disease/healthy 
patients

• 16S rRNA gene  
amplicon 
sequencing 
(pyro- 
sequencing)

• Mucosa sig-
moid biopsies

↑Proteobacteria phylum:   
↑Gammaproteobacteria class  
Firmicutes phylum: ↑Bacilli & ↓Clostridia class                      
↓Bacteroidetes phylum: ↓Bacteroidetes class                                                         
Verrucomicrobia phylum: ↓Verrucomicrobiae 
class

Human chronic alcohol use 
is associated with changes in 
the mucosa-associated colonic 
bacterial composition in a sub-
set of alcoholics from healthy 
controls. Dysbiotic microbial 
community alteration correlated 
with high level of serum endotoxin.

Chen et al. 2011 Human • Cirrhotic/healthy 
patients

• Alcoholic  
cirrhotic/healthy 
patients

• Hepititis B virus 
cirrhosis/alco-
holic cirrhotic 
patients

• 16S rRNA 
gene amplicon 
sequencing  
(pyro- 
sequencing)

•Fecal samples

↑Proteobacteria phylum: 
↑Gammaproteobacteria class: 
↑Enterobacteriaceae family                                        
Firmicutes phylum: ↑Bacilli class: 
↑Streptococcaceae family;  Clostridia class: 
↑Veillonellaceae and ↓Lachnospiraceae family                                  
↑Fusobacteria phylum: ↑Fusobacteria class                                           
↓Bacteroidetes phylum: ↓Bacteroidetes class                     
*Bacteroidetes phylum: ↑Prevotellaceae family

Fecal GIT microbial commu-
nity composition significantly 
altered in patients with cirrhosis 
compared with healthy  
individuals. *Prevotellaceae 
was enriched in alcoholic  
cirrhosis patients when  
compared with HBV cirrhosis 
patients and healthy controls.

Queipo-Ortuno  
et al. 2012

Human Healthy patients 
20-day intake of 
either red wine, 
de-alcoholized 
red wine, or gin

• Quantitative 
real-time PCR

•Fecal samples

Red wine
↑Proteobacteria phylum: (↓Gin)
↑Fusobacteria phylum: (↑De-Alcoholized) (↓Gin)
↑Firmicutes phylum: (↓Gin)
↑Bacteroidetes phylum: (↓Gin)
Red wine
↑Enterococcus genus  (↑De-Alcoholized) (↓Gin)
↑Prevotella genus  (↑De-Alcoholized) (↓Gin)
↑Bacteroides genus  (↑De-Alcoholized) (↓Gin)
↑Bifidobacterium genus  (↑De-Alcoholized) (↓Gin)
↑Bacteroides uniformis species:  
  (↑De-Alcoholized) (↓Gin)
↑Eggerthella lenta species (↑De-alcoholized) 
   (↓Gin)
↑Blautia coccoides-Eubacterium rectale species 
  (↑De-alcoholized) (↓Gin)
↓Clostridium genus (↓De-Alcoholized) (↑Gin)
↓Clostridium histolyticum species  
  (↓De-alcoholized) (↑Gin)

Red wine consumption,  
compared to de-alcoholized 
red wine and gin, significantly 
altered the growth of select 
GIT microbiota in healthy 
patients.This microbial  
community composition  
could influence the host’s 
metabolism. Also, polyphenol 
consumption suggests possible 
prebiotic benefits, due to  
the increase growth of 
Bifidobacterium.

Bode et al. 1984 Human Alcoholic/ 
hospitalized 
control patients

• Aerobic and 
anaerobic bac-
terial culture 
incubation

• Jejunum  
aspirates

↑Gram-negative anaerobic bacteria
↑Endospore-forming rods
↑Coliform microorganisms

Chronic alcohol abuse leads 
to small intestinal bacterial 
overgrowth, suggesting dysbiosis 
may contribute to functional 
and morphological abnormalities 
in the GIT.

NOTES: a A comparison of bacterial Taxa either ↑, increased or ↓, decreased relative to the presence of alcohol. b Taxonomy was updated using the NCBI Taxonomy Browser.
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et al. 2012). Red wine polyphenol significantly increases the 
abundance of Proteobacteria, Fusobacteria, Firmicutes and 
Bacteroidetes, whereas gin consumption significantly decreases 
these same bacterial phyla (table 1). De-alcoholized red wine 
consumption significantly increases Fusobacteria, and gin 
consumption increases Clostridium abundance compared 
with de-alcoholized and red wine (table 1). Red wine and 
de-alcoholized red wine consumption increases the abun-
dance of Bifidobacterium, a bacterium that has been shown 
to be beneficial in the GIT (Gibson et al. 1995). Thus, it 
seems that polyphenol consumption is associated with an 
increase in bacteria that are known to promote GIT health, 
whereas alcohol consumption alone may be damaging to 
the microbiota balance. The significant decrease of 
Clostridium associated with the consumption of red wine 
polyphenols suggests that polyphenols may have an inhibi-
tory effect on the growth of Clostridium, which has been 
linked to the progression of colonic cancer and the onset of 
IBD (Guarner and Malagelada 2003). These results indicate 
that polyphenol consumption may be used as a dietary 
intervention to alter the microbiota in a specific way. In 
addition, daily moderate consumption of red wine polyphe-
nols increases the growth of Bifidobacterium, which could 
be associated with positive prebiotic effects of GIT microbi-
ota, production of beneficial organic acids, and the growth 
inhibition of pathogenic bacteria (Gibson et al. 1995). Also, 
as an important consideration to evaluating alcohol-induced 
effects on the GIT microbiota, differences attributed to the 
type of alcohol consumption may be contributing to intra- 
and interstudy variability.

Whether alcohol-induced dysbiosis contributes to the 
pathogenesis of diseases, such as ALD or alcohol-related 
cirrhosis, is undetermined. Future studies will need to 
determine the biological, functional, and clinical signifi-
cance of the dysbiotic intestinal microbiota composition in 
alcohol-related disorders.

From Dysbiosis to Disease

Once alcohol disrupts the intestinal microbiota, both the 
microbiota and microbiome may increase susceptibility to 
pathological changes (Lozupone et al. 2012). The majority 
of the reviewed studies indicate an association between alcohol- 
induced intestinal bacterial overgrowth and dysbiosis and 
the development/progression of ALD and cirrhosis. Indeed, 
disrupted intestinal barrier function, which is associated 
with alcohol consumption, in combination with alcohol- 
induced bacterial overgrowth and dysbiosis, could be highly 
relevant for the development of alcohol-induced liver 
pathology, including nonalcoholic fatty liver disease (NAFLD), 
nonalcoholic steatohepatitis (NASH), and ALD. Studies 
show that alcohol consumption disrupts the intestinal 
barrier (Keshavarzian et al. 1999) via increasing oxidative 
stress burden in the intestine, which in turn disrupts tight 
junctions and promotes intestinal hyperpermeability (Rao 
et al. 2004). Increased intestinal hyperpermeability allows 

proinflammatory/pathogenic microbial products, including 
endotoxin (e.g., lipopolysaccharide [LPS] and peptido-
glycan), to translocate from the intestinal lumen to the liver  
via the portal vein (Frazier et al. 2011). Exposure to these 
bacterial products causes inflammation in the liver, which 
may work in conjunction with the direct effects of alcohol 
to cause ALD (Schnabl and Brenner 2014). This transloca-
tion of viable bacterial products during bacterial overgrowth 
or alcohol-induced dysbiosis may significantly contribute to 
end-stage liver disease observed in alcohol cirrhosis patients 
and may therefore contribute to the mortality of cirrhotic 
patients by inducing infection (Schnabl and Brenner 2014).

Interventions to Normalize Alcohol-Induced 
Intestinal Dysbiosis

Research in rodents and humans has begun to investigate 
whether alcohol-induced intestinal dysbiosis and its conse-
quences may be reversible with probiotic and synbiotic 
interventions (table 2). Probiotics are live microorganisms 
that, when taken by the host, have beneficial effects on the 
host beyond their simple nutritive value (Ewaschuk and 
Dieleman 2006). Synbiotics are a combination of probiotics 
and prebiotics—nondigestible fibrous compounds, such as 
oats, that stimulate the growth and activity of advantageous 
bacteria in the large intestine.

Probiotics, especially Lactobacillus rhamnosus GG (LGG), 
have several beneficial effects on intestinal function, including 
stimulating intestinal development and mucosal immunity, 
ameliorating diarrhea, prolonging remission in ulcerative 
colitis and pouchitits, reducing intestinal oxidative stress, 
and maintaining or improving intestinal barrier function 
(Bruzzese et al. 2004; Ewaschuk and Dieleman 2006; 
O’Hara and Shanahan 2006; Resta-Lenert and Barrett 
2003; Sartor 2004; Tao et al. 2006; Versalovic 2007). 
Synbiotics have been demonstrated to favorably alter liver 
metabolism in alcohol-fed animals (Martin et al. 2009).

Studies in rodents demonstrate that both probiotics and 
prebiotics prevent alcohol-induced dysbiosis. A study in 
Sprague-Dawley rats that had consumed alcohol (8 g/kg per 
day) daily for 10 weeks showed that intragastrically feeding 
them probiotic LGG (2.5 × 107 live once daily) or prebiotic 
oats (10 g/kg) prevented alcohol-induced GIT dysbiosis 
(Mutlu et al. 2009). The rats given the interventions had 
microbiota composition profiles similar to that of control 
rats that were intragastrically fed an isocaloric dextrose diet 
for 10 weeks. This finding corresponds to results obtained 
in an ALD rodent model demonstrating that LGG attenu-
ates endoxtemia and alcoholic steatohepatitis (Nanji et al. 
1994). Furthermore, LGG and oat supplementation 
ameliorates alcohol-induced intestinal oxidative stress, intes-
tinal hyperpermeability, and liver injury in rodent models 
of alcohol steatohepatitis (Forsyth et al. 2009; Tang et al. 
2009). In another study, researchers orally fed C57BL/6 
mice the Lieber-DeCarli diet with or without alcohol  
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  Table 2 Changes in the Intestinal Microbiota Associated With Alcohol and Probiotic or Synbiotic Intervention in Rodent Models and Humans

   Reference       Tested        Experimental          Methodology                  Major Taxa Altered in                                 Major Finding                                                     
                      Organism        Condition                                                 Presence of Alcohol a,b

Mutlu et al. 
2009

Rat 10 week: 
Control  
isocaloric  
dextrose-fed 
rats/alcohol- 
fed rats

1 week (at 
week 10):
Alcohol +  
LGG-fed rats/ 
alcohol + 
oat-fed rats/
dextrose +  
oat-fed rats 

• Length 
heterogeneity 
PCR (LH-PCR)

• Colonic rat 
mucosa 
tissue

Alcohol-fed rats have GIT  
microbial community  
composition significantly  
altered from control rats.  
Both probiotic (LGG) and  
prebiotic (oats) intervention  
prevented alcohol-induced  
dysbiosis, at week 10 in the 
colonic mucosa tissue of rats.

Bull-Otterson  
et al. 2013

Mice 6 week:
Alcohol-fed 
mice/control 
isocaloric  
maltose  
dextrin-fed 
mice

3 week (at 
weeks 6–8):
Alcohol +  
LGG-fed mice

• 16S rRNA 
gene 
amplicon 
sequencing 
(pyro-
sequencing)

• Fecal mice 
samples

Alcohol induced: 
↑Proteobacteria phylum: ↑Alcaligenes genus
↑Artinobacteria phylum:  
↑Corynebacterium genus
Firmicutes: ↑Aerococcus, ↑Listeria, 
↑Acetivibrio, ↑Clostridiales, ↑Allobaculum, 
↑Lactobacillus genus

↓Bacteroidetes phylum: ↓Bacteroides, 
↓Parabacteroides, ↓Tannerella,  
↓Hallella genus
↓Firmicutes phylum: ↓Lachnospiraceae, 
↓Ruminococcaceae genus

Alcohol + LGG:
↓Proteobacteria phylum: ↓Alcaligene genus
↓Artinobacteria phylum:  
↓Corynebacterium genus

↑Bacteroidetes phylum
↑↑↑Firmicutes phylum: ↑Lactobacillus, 
↑Ruminococcaceae genus

Alcohol-fed mice have fecal GIT 
microbial community compo-
sition significantly altered from 
control mice. Probiotic (LGG) 
treatment prevented alcohol 
induced dysbiosis expansion. 
LGG reversed the expansion 
of the Proteobacteria and 
Actinobaceria phyla, which could 
play a pathogenic role in the 
development of alcoholic liver 
disease. Firmicutes expanded 
greatly in the alcohol + LGG–fed 
group.

Liu et al. 2004 Human 30-day  
treatment:
• Cirrhotic 

with MHE + 
synbiotic or 
prebiotic or 
placebo/ 
control 
patients

Subgroup:
• Sober  

alcoholics  
2 weeks &  
etiology is 
alcohol-
cirrhosis

• Quantitative 
bacterio- 
logical 
culture

• Fecal 
samples

Cirrhotic with MHE:
↑ Escherichia coli species
↑ Staphylococcus genus

Cirrhotic with MHE + synbiotic
↓ Escherichia coli species
↓ Staphylococcus genus
↓ Fusobacterium genus

↑Lactobacillus genus

Cirrhotic with MHE + prebiotic
↓ Escherichia coli species
↓ Fusobacterium genus

↑Bifidobacterium genus

Cirrhotic patients with MHE were 
found to have significant fecal 
overgrowth of potentially  
pathogenic gram-negative  
(E. coli) and gram-positive 
(Staphylococcus) aerobic  
microbiota. After 30 days of  
synbiotic or prebiotic treatment, 
supplementation reduced  
E. coli, Staphylococcus, and 
Fusobacterium and increased 
Lactobacillus (Synbiotic) and 
Bifidobacterium (prebiotic) 
organisms in feces of cirrhotic 
patients with MHE.

NOTES: a A comparison of bacterial Taxa either ↑, increased or ↓, decreased relative to the presence of alcohol. b Taxonomy was updated using the NCBI Taxonomy Browser.
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(5% vol/vol) for 6 weeks and gave a subset of the mice 1 
mL of LGG (bacterial density 1 × 109 cfu/mL) orally each 
day for 6 to 8 weeks (Bull-Otterson et al. 2013). Similar to 
other findings, the alcohol-fed mice demonstrated a decrease 
in the abundance of Bacteriodetes and Firmicutes and an 
increase in Proteobacteria and Actinobacteria (table 2). 
However, probiotic LGG supplementation prevented this 
alcohol-induced dysbiotic intestinal microbiota composition, 
especially increasing Firmicutes, including Lactobacillus. 
Other studies find that LGG prevents alcohol-induced intes-
tinal hyperpermeability, endotoxemia, and liver injury 
(Wang et al. 2011, 2013), supporting the notion that LGG 
may be a therapeutic approach to decrease the development 
of ALD.

Studies in humans show similar results. One study exam-
ined Minimal Hepatic Encephalopathy (MHE) patients 
with cirrhosis who typically have substantial alterations in 
their GIT microbiota composition caused by the over-
growth of the potentially pathogenic Escherichia coli and 
Staphylococcal species (table 2). Following 30 days of synbiotic 
and prebiotic treatments, these patients had significantly 
reduced viable counts of potentially pathogenic GIT micro-
biota with a concurrent significant increase in fecal content 
of Lactobacillus species (table 2) (Liu et al. 2004). Half of 
the patients receiving synbiotic treatment also exhibited a 

significant reduction in blood ammonia levels, endotox-
emia, and reversal of MHE, when compared with control 
subjects. These improvements in MHE correlate with similar 
findings showing that probiotic supplementation improved 
hepatic encephalopathy (HE) in patients with cirrhosis 
(Macbeth et al. 1965). Interestingly, probiotic LGG supple-
mentation prevents alcohol-induced dysbiosis of the intestinal 
microbial community, and leads to an increase in Firmicutes, 
particularly of the genus Lactobacillus. Furthermore, in an 
U.S. Food and Drug Administration phase I study, the 
administration of probiotic LGG to cirrhotic patients with 
MHE (most of whom had Hepatitis C–induced cirrhosis) 
found that LGG significantly reduces dysbiosis, tumor 
necrosis factor (TNF)-α, and endotoxemia in comparison 
to placebo (Bajaj et al. 2014). In addition, LGG shows 
beneficial changes in the stool microbial profiles and signifi-
cant changes in metabolite/microbiota correlations associated 
with amino acid, vitamin, and secondary bile-acid metabo-
lism in comparison to MHE cirrhotic patients randomly 
assigned to placebo. In a comparison of the synbiotic and 
prebiotic treatment to cirrhotic patients with MHE in the 
study above, probiotic LGG does promote beneficial micro-
biota; however, it does not increase Lactobacillus and does 
not improve cognitive function in the patients for this 
randomized clinical trial. Thus, taken together, probiotics 

Figure 3   Alcohol-induced imbalances in the microbiome of the gastrointestinal tract (dysbiosis) have been associated with promoting potentially 
pathogenic changes in bacteria in alcoholics with and without liver disease and in patients with cirrhosis caused by hepatitis B or alcohol. 
Both alcoholic and cirrhosis patients demonstrate similar dysbiotic microbiota changes, except for the bacteria indicated, suggesting that 
these dysbiotic bacterial differences could contribute to liver disease or may be a biomarker indicating liver disease. Using synbiotics and  
prebiotics to treat Minimal Hepatic Encephalopathy patients with cirrhosis, significantly improved their GIT microbiota, suggesting that  
the same treatment may benefit patients with alcohol-induced dysbiosis.
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and/or synbiotics may be a viable approach in humans to 
alter the GIT microbiota to a more favorable profile to 
improve clinical outcomes (figure 3).

Therapeutic Intervention for Treating Alcohol-
Induced Intestinal Dysbiosis

The therapeutic intervention studies in this review indicate 
that in ALD rodent models and MHE alcohol-cirrhosis 
humans, probiotic and synbiotic intervention increases 
Lactobacillus and Bifidobacterium (table 2). These findings 
suggest that the intestinal microbiota play a role in attenuat-
ing alcohol-induced dysbiosis and liver injury. In addition, 
the modulation of intestinal microbiota could be a viable 
therapeutic strategy to prevent or normalize alcohol-induced 
dysbiosis and which would be expected to have beneficial 
effects on alcohol-induced liver injury as well as other 
inflammatory-mediated diseases resulting from chronic 
alcohol consumption.

Evidence suggests that probiotic and synbiotic interven-
tions can not only reverse alcohol-induced dysbiosis but can 
improve the pathogenesis symptoms of the GIT and liver  
in ALD. Treatment with probiotics prevents or significantly 
decreases alcohol-induced intestinal permeability (Forsyth 
et al. 2009; Wang et al. 2012), intestinal oxidative stress 
and inflammation of the intestine and liver (Forsyth et al. 
2009), TNF-α production (Wang et al. 2013), and expression 
of intestinal trefoil factor and its transcriptional regulator 

hypoxia-inducible factor-2α (HIF-2α) (Wang et al. 2011) 
and attenuates endotoxemia and alcoholic steatophepatitis 
(Nanji et al. 1994) in rodent models and in humans with 
ALD. Probiotics also restore stool microbiota community 
structure and liver enzymes in ALD human patients (Kirpich 
et al. 2008). In addition, prebiotic oat supplementation 
prevents alcohol-induced gut leakiness in an ALD rat model 
by preventing alcohol-induced oxidative tissue damage 
(Tang et al. 2009). Thus, these studies suggest that probiotics 
(e.g., Lactobacillus) transform the intestinal microbiota 
community composition, which may prevent alcohol-induced 
dysbiosis, intestinal permeability, bacterial translocation, 
endotoxemia, and the development of ALD. Transformation 
of the intestinal microbiota may be a therapeutic target for 
the treatment of intestinal barrier dysfunction and the 
development of ALD. 

Clinical studies suggest that probiotic consumption of 
Lactobacilli, Bifidobacteria, and Lactocooci are effective for 
the prevention and treatment of a diverse range of disorders 
(Snydman 2008). History shows that probiotic consump-
tion is safe in healthy people but must still be taken with 
caution in certain patient groups, including premature 
neonates, people with immune deficiency, people with 
short-bowel syndrome, people with central venous catheters, 
the elderly, and people with cardiac disease (Boyle et al. 
2006; Snydman 2008). Clinical trials show that the effects 
of probiotics are variable depending on age, health, and 
disease state. Probiotic use also has its concerns. It presents 
a major risk of sepsis (Boyle et al. 2006) and has been asso-
ciated with diseases such as bacteremia or endocarditis, 
toxic or metabolic effects on the GIT, and the transfer of 
antibiotic resistance in the gastrointestinal flora (Snydman 
2008). In addition, the many properties of different probiotic 
species vary and can be strain specific. Therefore, the effect 
of new probiotic strains should be carefully analyzed in  
clinical trials before assuming they are safe to market as a 
potential therapeutic treatment.

Future Directions

Chronic alcohol consumption causes intestinal dysbiosis in 
both rodent models and humans. Dysbiosis in the intestinal 
microbiota may contribute to the pathogenesis of liver 
disease by altering intestinal barrier function leading, for 
example, to gut leakiness, the production of proinflammatory/ 
pathogenic microbial products, and/or liver metabolic  
pathways. Further investigation into intestinal microbiota 
composition in alcoholism is necessary to identify new  
diagnostic as well as therapeutic targets to prevent alcohol- 
associated diseases, such as ALD. Such therapeutic avenues 
could include probiotics, prebiotics, synbiotics, or polyphenols 
to alleviate the symptoms associated with alcohol disorders. 
Thus, understanding the effect of alcohol on intestinal 
microbiota composition, may lead to a better understand-
ing of its future functional activity, with the ultimate goal 
to restore intestinal microbiota homeostasis.

FOCUS ON

Glossary 

Dysbiosis: Dysbiosis is a term used to describe a 
microbial imbalance on or inside the body, 
commonly within the digestive tract where it has 
been associated with illness.
Endotoxemia: The presence of endotoxins in the 
blood, where endoxins are toxic substances bound 
to the cell wall of certain bacteria.
Polymerase Chain Reaction (PCR): A biochemical 
technology used to amplify a single or a few copies 
of a particular piece of DNA, generating millions 
of copies of that DNA sequence. Among other 
uses, the technique allows researchers to make 
enough copies of a piece of DNA to sequence it. 
PCR requires “primers” or small snippets of DNA 
that match a piece of the DNA researchers are 
attempting to replicate.
Tumor necrosis factor-alpha (TNF-α): A type of 
cytokine, or cell-signaling protein that can cause 
cell death.
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The Effects of Alcohol on Post-Burn Intestinal
Barrier, Immune Cells, and Microbiome

Alcohol (ethanol) is one of the most globally abused substances, and is one of the 
leading causes of premature death in the world. As a result of its complexity and 
direct contact with ingested alcohol, the intestine represents the primary source from 
which alcohol-associated pathologies stem. The gut is the largest reservoir of bacteria 
in the body, and under healthy conditions, it maintains a barrier preventing bacteria 
from translocating out of the intestinal lumen. The intestinal barrier is compromised 
following alcohol exposure, which can lead to life-threatening systemic complica-
tions including sepsis and multiple organ failure. Furthermore, alcohol is a major 
confounding factor in pathology associated with trauma. Experimental data from 
both human and animal studies suggest that alcohol perturbs the intestinal barrier 
and its function, which is exacerbated by a “second hit” from traumatic injury. This 
article highlights the role of alcohol-mediated alterations of the intestinal epithelia 
and its defense against bacteria within the gut, and the impact of alcohol on intesti-
nal immunity, specifically on T cells and neutrophils. Finally, it discusses how the gut 
microbiome both contributes to and protects the intestines from dysbiosis after  
alcohol exposure and trauma. 

Key words: Alcohol use, abuse, and dependence; alcohol consumption; alcohol 
exposure; alcohol effects and consequences; burns; immunity; immune cells; 
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Each year 2.5 million people die from 
alcohol abuse and its related morbidi-
ties worldwide, making alcohol related 
deaths among the highest preventable 
causes of death, and the greatest cause 
of premature death and disability in 
men between ages 15 and 59 (World 
Health Organization 2011). Alcohol 
abuse predisposes individuals to life- 
threatening conditions such as alcoholic 
liver disease (ALD), acute respiratory 
distress syndrome (ARDS), sepsis, and 
multiple organ failure (MOF) (Bird 
and Kovacs 2008; Molina et al. 2003; 
Purohit et al. 2008). Further, studies 
show that intoxication often plays a 
role in physical injury (Pories et al. 1992). 
Data demonstrate that a majority of 

patients admitted to the hospital for 
traumatic injury have detectable blood 
alcohol levels at the time of admittance 
(Grobmyer et al. 1996; Jones et al. 
1991; Maier 2001; McGill et al. 1995; 
McGwin et al. 2000; Silver et al. 2008). 
These patients generally require more 
extensive care than patients who have 
not been drinking. They more frequently 
require surgical intervention, experience 
higher susceptibility to infection, and 
have longer hospital stays (Silver et al. 
2008). Supporting these observations, 
experimental data suggest that alcohol 
at the time of trauma results in more 
severe pathology in animal models 
(Choudhry and Chaudry 2008; 
Messingham et al. 2002; Molina et al. 

2003, 2013). As a result, researchers 
estimate that in the United States 
alone, trauma and alcohol-related 
expenses to society total $185 billion 
annually (Li et al. 2004). 

The disruptions to human biology 
that underlie the association between 
alcohol and these conditions bear 
exploring. The intestine, where alcohol 
first meets with digestive and immune 
mechanisms, is a primary source of 
alcohol-related pathologies. Here, 
alcohol and its metabolites encounter 
the physical barrier lining the gut that 
prevents invading pathogens from 
moving into the body. They also come 
into contact with a particularly complex 
frontier where the immune system 
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must distinguish between commensal 
bacteria that normally colonize human 
intestines, and foreign microbes that 
cause disease. Any disruption of these 
systems by alcohol certainly could 
contribute to inflammatory states in  
the body that may in turn lead to seri-
ous conditions such as sepsis and MOF.

In support of these possibilities, data 
have shown that acute alcohol exposure 
negatively affects the function of the 
intestines, and this is exacerbated by  
a second traumatic insult such as burn 
injury (Akhtar et al. 2009, 2011; Li et 
al. 2008a, 2009, 2011, 2012; Rendon 
et al. 2012, 2013, 2014). The conse-
quences of disruptions to the intestinal 
barrier, immune cells, and microbiome 
(see Glossary) can be observed within 
24 hours following injury, and likely 
contribute to the life-threatening 
complications mentioned above. Thus, 
understanding how both acute and 
chronic alcohol exposure disrupt the 
homeostatic gastrointestinal tract is 
paramount. This article will review 
relevant studies examining the role of 
gut epithelia in defense against patho-
genic bacteria within the gut and the 
impact of alcohol on intestinal immu-
nity, highlighting T cells and neutro-
phils. Finally, it will review how the 
gut microbiome plays a role in main-
tenance of gut barrier integrity follow-
ing alcohol exposure and trauma.

Intestinal Anatomy  
and Histology

To fully understand the intricate  
relationships among the gut barrier, 
immune system, and microbiome, 
gastrointestinal (GI) anatomy requires 
review. The spatial relationships estab-
lished between the lumen and barrier 
of the gut are essential for the proper 
function of the GI tract in digestion 
and nutrient absorption. The GI tract 
is a continuous tube that begins at the 
mouth and ends at the anus. The small 
and large intestines function mainly to 
absorb nutrients and water, and this 
review will focus on these organs.

The small intestine is divided into 
three regions: the duodenum, jejunum, 
and ileum, respectively. At the distal 
end of the ileum lies the cecum, which 
connects the small and large intestines. 
From the cecum, the large intestine 
(colon) is composed of four regions: 
the ascending, transverse, descending 
and sigmoid colon, respectively, 
terminating in the rectum and anus. 
The small and large intestines are held 
in place to prevent twisting by the 

mesentery, which also contains the 
mesenteric lymph nodes (MLNs). As 
shown in figure 1, the small and large 
intestines at the histological level contain 
a barrier of mucous and epithelial cells 
that block the translocation of bacteria 
in the lumen to sites in the body beyond 
the intestines. Just below the intestinal 
epithelia lies a layer of loose connective 
tissue called the lamina propria (LP), 
which connects the surface mucosal 
epithelium to the basement muscularis 
mucosae. The LP also contains a large 
number of intestinal immune cells. In 
addition, specialized regions within 
the small intestine called Peyer’s patches 
(PPs) serve as lymphoid follicles, where 
naïve immune cells differentiate into a 
variety of mature immune cell subsets.

When a pathogen invades through 
the gut, the intestinal barrier and the 
immune cells in it mount a response to 
prevent infection. However, the picture 
gets more complex because of the gut 
microbiome, the mix of commensal 
bacterial species colonizing the lumen. 
The immediate proximity of the intesti-
nal immune cells to the bacteria within 

the lumen presents a major challenge for 
homeostatic regulation. Thus, the inter-
actions between the immune cells, intes-
tinal barrier, and lumenal microbiome 
are of major interest in all areas related to 
pathology associated with the intestines. 
Alcohol modulates all of these compo-
nents, and a disruption of any one can 
result in serious disease and/or infection 
that can affect all regions of the body.

The Homeostatic Intestinal 
Physical Barrier

Looking more closely at the meeting 
point of the lumen with the intestinal 
wall, the intestinal physical barrier 
consists of a layer of mucus and epithe-
lial cells that line the lumen and 
provide a crucial first line of defense 
against pathogens. Starting from the 
lumen, the first component of the 
physical barrier is a mucus layer. Mucus 
offers protection from the lumenal 
bacterial content and also lubricates 
the intestinal walls for passing bile 
(Bollinger et al. 2006; Groschwitz and 
Hogan 2009; Peterson and Artis 2014; 
Valatas and Kolios 2009). Immediately 
below the mucus layer, a single layer 
of epithelial cells forms a second barrier 
featuring tight junction protein 
complexes that adhere adjacent cells to 
each other (Peterson and Artis 2014; 
Ulluwishewa et al. 2011). The body 
maintains this barrier by regulating 
the proliferation and apoptosis of epithe-
lial cells (Peterson and Artis 2014). 
Together, the mucus layer and epithelial 
cells of the intestinal barrier minimize 
interactions of inflammatory host 
immune cells with the lumenal bacteria. 

Mucus Layer
The mucus layer is a key component 
of the physical barrier and is formed 
by a glycoprotein, mucin (mainly 
mucin-2). Goblet cells found in the 
intestinal epithelial layer secrete mucin 
(Kim and Ho 2010). Mucin contains 
a glycosylated peptide backbone, which 
creates an incredibly viscous mucus 
layer effective at preventing pathogen 

Data have shown  
that acute alcohol  

exposure negatively  
affects the function  

of the intestines, and  
this is exacerbated  

by a second traumatic  
insult such as burn injury.
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penetration (Hartmann et al. 2013). 
Recently, a study found that the small 
intestine has a porous mucus layer that 
allows uptake of mucin-2 (MUC2) by 
intestinal dendritic cells (DCs) (see 
“Primer on the Immune System” in 
this issue). DCs containing MUC2 
were able to generate anti-inflammatory 
responses through β-catenin and NFκB- 
mediated mechanisms, giving rise to a 
newly identified homeostatic role for 
the intestinal mucosa (Shan et al. 2013).

Epithelial Layer
The mucus layer is not impenetrable, 
however, and the tight junction 
complexes between the epithelial cells 

below the mucus layer play a crucial 
role in providing a second level of 
protection. Tight junctions (figure 2) 
are multi-protein complexes consisting 
of transmembrane, scaffold, and adap-
tor proteins, which play an indispens-
able part in the maintenance of barrier 
function (Ivanov 2012). The proteins 
of tight junctions form a paracellular 
seal and function as a selectively 
permeable barrier between adjacent 
epithelial cells. They allow nutrients 
from food to pass out of the lumen 
while blocking passage of bacteria. 
Among the transmembrane proteins 
making up tight junctions are occlu-
din, claudins, tricellulin, and junc-
tional adhesions (Ulluwishewa et al. 

2011). Although the function of 
occludin proteins is unknown, they 
are not essential for tight junction 
formation but appear instead to be 
instrumental in the regulation of the 
junctions (Balda and Matter 2008; 
Forster 2008; Groschwitz and Hogan 
2009). Claudins are a family of both 
tissue- and cell-type–specific proteins 
considered to be the main structural 
components of the tight junctions. A 
third class of proteins found in tight 
junctions are junction-associated 
adhesion molecules (JAMs); however, 
little is known about their contribu-
tion to tight junction function and 
assembly (Balda and Matter 2008; 

Figure 1   Overview of the intestinal barrier, immune cells, and microbiome. Lumenal bacteria (red and green) are relegated to the lumen of the intestine  
by the intestinal barrier composed of the mucus (green), which contains IgA bound antibodies (blue) and epithelial cells. The epithelial-cell 
layer contains intraepithelial lymphocytes (yellow) and mucin-secreting goblet cells (pink). At the base of the intestinal crypts lie Paneth 
cells (light blue), which secrete alpha-defensins. Directly below the epithelial layer lies the lamina propria. Dendritic cells sample the 
lumenal bacterial contents and migrate to Peyer’s patches (gray) within the small intestine, where they interact with T cells (orange).  
M cells allow the passage of antigens into Peyer’s patches for uptake by resident antigen presenting cells.
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Forster 2008; Groschwitz and Hogan 
2009).

In addition to the transmembrane 
proteins that constitute the paracellular 
barrier, tight junctions also contain a 
complex system of adaptor molecules 
and scaffold proteins that mediate 
crosslinks between the transmembrane 
proteins and the actin cytoskeletons 
within epithelial cells. Besides forming 
tight junctions, intestinal epithelial 
cells themselves constitute a dynamic 
community of cells. The crypt-villus 
axis (see Glossary) allows constant 
regeneration of cells by differentiation 
and migration of cryptic stem cells to 
maintain barrier integrity. This balance 

of apoptosis and proliferation enables 
normal intestinal barrier function 
(Peterson and Artis 2014). 

Intestinal Physical Barrier 
Following Alcohol Exposure  
and Trauma

Disruptions in either the intestinal 
mucus or epithelial barrier can result 
in pathogenic bacterial translocation. 
This can lead to systemic infections, 
sepsis, and multiple organ failure, 
which underscores the importance of 
maintaining barrier integrity (Choudhry 

et al. 2000, 2004; Napolitano et al. 
1995). Alcohol exposure can cause 
disruptions in all components of the 
intestinal barrier (Farhadi et al. 2003; 
Keshavarzian and Fields 2003). Such 
alterations may subsequently lead to 
an increase in bacterial translocation 
and infection among hospitalized 
trauma patients who have detectable 
blood alcohol levels at the time of 
their admittance (Bird and Kovacs 
2008; Maier 2001; McGill et al. 1995; 
Molina et al. 2013; Silver et al. 2008; 
Valatas and Kolios 2009). Researchers 
have started to identify alcohol’s 
specific effects on different parts of  
the physical barrier.

Figure 2   Intestinal epithelial-cell junctions. Contents within the intestinal lumen are prevented from passing between epithelial cells by apical tight- 
junction complexes. Tight junctions are composed of claudin proteins (blue) and regulated by occludin proteins (yellow). Claudin and occludin 
proteins are transmembrane proteins attached to an adaptor molecule, zonula occludins protein 1 (ZO-1) (purple), which anchors tight-junction 
proteins to intracellular actin (red). Alcohol causes disruption of occludin and ZO proteins by an unknown mechanism. Junctional adhesion 
molecules (JAMs) (green) also support tight-junction interactions. Intestinal epithelial cells are further supported by adherens molecules, 
including E-cadherins (pink), which also contribute to cell–cell contact. These junctions allow selective separation of the intestinal lumen (top) 
and lamina propria (bottom).
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As the first line of defense against 
pathogenic organisms within the 
intestinal lumen, the mucus layer and 
its alteration by alcohol exposure are 
of particular research interest. Grewal 
and Mahmood (2009) investigated 
the role of chronic alcohol exposure 
on mucin production in a rat model. 
They demonstrated that prolonged 
alcohol exposure (25 to 56 days) 
resulted in increased mucin production. 
This study also discovered that several 
components of the mucin biochemical 
composition were altered following 
prolonged alcohol exposure. Modulation 
of glycosylation and enzymatic activity 
within the mucus layer could potentially 
affect the barrier’s integrity, as these 
sites could begin to harbor adherent 
pathogenic bacteria (Van Klinken et 
al. 1995). In contrast to this finding, 
others have shown that chronic alcohol 
exposure results in decreased mucin 
production in the intestines of rats 
(Slomiany et al. 1997, 2000). Further-
more, Hartmann and colleagues (2013) 
demonstrated that MUC2 knockout 
mice are less susceptible to bacterial 
overgrowth and translocation following 
chronic alcohol exposure and are thus 
less prone to alcoholic liver disease. 
These findings suggest a relationship 
between alcohol exposure and mucus 
production. Further investigation will 
be required to establish the effects of 
alcohol on mucin production and to 
elucidate the mechanism by which 
alcohol alters the intestinal mucus layer.

Not surprisingly, alcohol and 
trauma also disrupt the integrity of 
tight junction complexes between 
intestinal epithelial cells (Choudhry  
et al. 2002; Li et al. 2008a; Tang et al. 
2009). An in vitro study showed that 
Caco-2 human intestinal epithelial 
cells exposed to a daily regime of  
alcohol demonstrated a reduction in 
membrane localization of the adherens 
protein ZO-1. Furthermore, allowing 
the alcohol-treated cells to “recover” 
from alcohol exposure by culturing 
them for 2 weeks in alcohol-free media 
improved ZO-1 localization (Wood et 
al. 2013). Studies by Rao and colleagues 
have also demonstrated that acetalde-

hyde, a metabolite of alcohol, results 
in similar disruption of occludin and 
ZO-1 proteins by altering their phos-
phorylation status (Atkinson and Rao 
2001; Dunagan et al. 2012; Rao 2008). 
Another study conducted by Ma and 
colleagues (1999) using Caco-2 cells 
showed identical perturbation of ZO-1 
proteins. The study further demon-
strated that alcohol activates an enzyme, 
myosin light-chain kinase (MLCK), 
that phosphorylates myosin regulatory 
light-chain (MLC), promoting its 
interaction with actin to cause cyto-
skeletal sliding (Ma et al. 1999). This 
interaction is important in tight junc-
tion function and may be one cause of 
the alcohol-related disruption of tight 
junctions in intestinal epithelial cells 
(Groschwitz and Hogan 2009). Zahs 
and colleagues (2012) examined the 
role of MLCK in gut barrier disruption 
following combined binge alcohol 
exposure and burn injury. They showed 
that the combination of alcohol intoxi-
cation and burn injury results in both 
elevated MLCK and phosphorylated 
MLC and decreased co-localization of 
both occludin and ZO-1. Such changes 
could alter barrier permeability.

In an in vivo study of acute alcohol 
exposure and burn injury in rats, Li 
and colleagues (2012) showed that the 
combined insult resulted in a signifi-
cant reduction in phosphorylation and 
expression of occludin and claudin-1, 
which was correlated with increased 
epithelial cell apoptosis. Yoseph and 
colleagues (2013) further demonstrated 
that the combination of chronic alcohol 
and cecal ligation and puncture (CLP)- 
sepsis resulted in elevated intestinal 
epithelial apoptosis as well as decreased 
proliferation of cells compared to 
CLP-sepsis alone. Clearly, exposure to 
alcohol and trauma greatly affects all 
components of the intestinal physical 
barrier through changes in mucosal 
production and biochemical structure, 
disruptions of tight junction protein 
complexes, and increasing susceptibil-
ity to apoptosis in epithelial cells. The 
mechanisms by which alcohol and 
trauma cause these alterations are just 
beginning to be elucidated. Future 

work will focus on how to prevent 
such disruptions. 

The Intestinal Immune System

Beyond the physical barrier, the next 
line of defense against invading patho-
gens is the immune system within the 
gut, which has the most difficult task 
in the body. Not only does it protect 
the host from invading pathogens, but 
it also maintains homeostasis with the 
vastly diverse microbiome within the 
intestinal lumen. The immune system 
must distinguish between commensal 
and pathogenic bacteria so that it does 
not mount a damaging autoimmune 
inflammatory response. The immune 
cells that carry out these tasks comprise 
parts of both innate and acquired 
immune functions. They can be found 
in all areas of the intestines, especially 
in regions called gut associated lymphoid 
tissue (GALT). GALT includes the 
gut epithelium, PPs, MLNs, and LP 
(Choudhry et al. 2004; Mowat and 
Viney 1997). Intestinal T cells are 
found in GALT sites and exist closely 
with antigen presenting cells (APCs), 
such as DCs and macrophages, that 
aid in T cell differentiation and activa-
tion (figure 3). Scientists are beginning 
to define the roles of macrophages and 
DCs in gut immune functions following 
alcohol exposure or trauma, as well as 
the initial innate immune responses 
that occur following these insults. 
These immune cells activate or suppress 
one another using highly complex 
chemical signaling pathways that 
researchers are beginning to uncover. 
Alcohol could produce disruptive 
effects at any point along these path-
ways (see figure 3).

Innate Immunity
A key part of the innate immune 
response, neutrophils, or polymorpho-
nuclear leukocytes (PMNs), make up 
a significant portion of the innate 
immune cells present in humans. They 
play integral roles in initial responses 
to infection including degranulation 
and phagocytosis (Amulic et al. 2012). 
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It appears that one of the main func-
tions of gut neutrophils under homeo-
static conditions is to prevent the 
translocation of bacteria across  
the epithelial barrier (Choudhry et al. 
2002; Kuhl et al. 2007; Li et al. 2008b). 
In addition, IL-17 cytokine released 
by activated T cells known as Th17 
cells supports an inflammatory immune 
response through recruitment of 
neutrophils (Hundorfean et al. 2012). 
It is important to note that the role of 
neutrophils under pathologic condi-
tions in the intestines remains unclear. 
In models of inflammatory bowel 
disease (IBD), different studies have 
shown neutrophils to be beneficial 
(Kuhl et al. 2007; Zhang et al. 2011), 
harmful (Kankuri et al. 2001; Natsui 
et al. 1997), or indifferent (Yamada et 
al. 1991). Interestingly, understanding 
of the function of neutrophils within 
the intestines of mice and humans has 
diverged slightly as studies show that 
murine neutrophils secrete defensins 
(see Glossary), whereas human neutro-
phils do not (Ganz 2003; Ouellette 
and Selsted 1996; Risso 2000). 

Neutrophil Activity Following 
Alcohol Exposure and Trauma
Following alcohol intoxication and 
trauma, neutrophil infiltration increases 
into different organs, including the 
lungs and intestines (Akhtar et al. 
2009; Bird et al. 2010; Li et al. 2008b; 
Scalfani et al. 2007). Although the 
role of neutrophils is unclear in disease 
models such as IBD, neutrophils appear 
to have detrimental effects after alcohol 
exposure and trauma (Li et al. 2008b). 
Several studies have found that the 
inflammatory microenvironment 
following alcohol exposure and/or 
trauma may allow neutrophils to  
exacerbate tissue damage in numerous 
organs including intestine (Amin et al. 
2007a,b; Bird and Kovacs 2008; Li et 
al. 2007, 2008a, 2011). Studies in 
animal models provide details surround-
ing neutrophil activity after alcohol 
intoxication and trauma. These publica-
tions show that not only are neutrophils 
recruited by the pro-inflammatory 

cytokines IL-6 and IL-18, but they 
also have a prolonged presence at  
the injury sites (Akhtar et al. 2009; 
Scalfani et al. 2007; Zahs et al. 2013). 
Scientists do not know whether IL-6 
and/or IL-18 directly recruit neutro-
phils, or whether these cytokines 
signal through other molecules such  
as monocyte chemoattractant-1 
(MCP-1) or myeloperoxidase (MPO) 
(Li et al. 2011; Rana et al. 2005). 
They also do not know what role alcohol 
plays in neutrophil recruitment. 
However, previous work showed that 
alcohol intoxication leads to increased 
recruitment of neutrophils to the 
intestine following ischemic injury 
(Tabata and Meyer 1995). One proposal 
suggests that this may occur through 
upregulation of intestinal ICAM-1 
expression following ischemic/ 
reperfusion injury (Olanders et al. 
2002). Once at the injury site, neutro-
phils secrete superoxide anions that 
kill any invading pathogens entering 
through the compromised intestinal 
barrier (Li et al. 2008b, 2011). Although 
this response is helpful at initially 
protecting from invading pathogens, 
prolonged neutrophil responses mediate 
tissue damage in multiple organs under 
inflammatory conditions (Fukushima 
et al. 1995; Partrick et al. 2000). Further 
studies will be necessary to determine 
how neutrophils respond following 
alcohol exposure, and also how they 
mediate the subsequent adaptive 
immune response.

Adaptive Immunity
T lymphocytes form a large part of  
the adaptive immune response in the 
intestine. Under homeostatic conditions, 
the balance between inflammatory 
and immunosuppressive T cells is 
maintained through cell-to-cell cytokine 
signaling. Although the intestines 
contain a large and diverse population 
of T lymphocytes, the major subsets 
of resident T cells within the gut 
include Th1, Th2, Th17, and 
T-regulatory (Treg) cells (Belkaid et 
al. 2013). The default T cell response 
in the intestines under normal condi-

tions is immunosuppressive. This 
occurs through the production of 
TGF-β, primarily by APCs, which 
drives Treg development (figure 3).  
In addition to TGF-β, IL-4 production 
drives Th2 cell development and B cell 
IgA antibody production. IgA also 
maintains gut homeostasis, in part  
by regulating the microbiome (Weaver 
et al. 2006).

The production of these immuno-
modulatory cytokines largely depends 
on resident DCs that sample the 
lumenal contents at the epithelial 
barrier (Cerovic et al. 2014). DCs 
decipher commensal and pathogenic 
bacterial antigens to modulate  
appropriate T-cell development by a 
mechanism now under investigation 
(Cerovic et al. 2014). Naïve CD4+/
Foxp3-T cells within GALT are 
driven toward specific T-cell pheno-
types, depending upon the milieu of 
extrinsic factors present. Once activated, 
these T cells release cytokines to generate 
an immune response. Development  
of the Th1 phenotype depends on 
cytokines including IL-12, which is 
augmented by the presence of IL-18. 
IL-12 binds to its cognate receptor 
(IL-12R), which results in down-
stream signaling through the tran-
scription factors STAT4 and T-box 
protein 21 (T-bet) (Amsen et al. 
2009). Interestingly, recent reports 
show that STAT4 and T-bet may act 
in unison to drive Th1 differentiation. 
Thieu and colleagues (2008) have 
described a role for STAT4 in chro-
matin remodeling that promotes Ifng 
gene transcription by T-bet to drive 
Th1 differentiation. This signaling is 
initiated following antigen recognition 
on MHC-II molecules, whereupon 
Th1 cells secrete the cytokines IFN-γ 
and lymphotoxin alpha (LT-α), a 
member of the pro-inflammatory 
TNF family (Weaver et al. 2006). 
Some have hypothesized that Th1  
cells may play a role in regulating 
innate mucosal responses; however, 
further investigation must confirm this 
(Belkaid et al. 2013). As mentioned 
above, other cytokines such as TGF-β 
keep development of Th1 cells in 
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check under homeostatic conditions. 
TGF-β plays an important role in 
preventing the differentiation of naïve 
T cells into inflammatory phenotypes 
(Sansonetti and Di Santo 2007).

Th17 cells form the other major 
inflammatory T cell subset found in 
the intestines. Intestinal Th17 devel-
opment also depends heavily on the 
cytokine milieu. It is largely driven  
by the presence of IL-6. More recent 
studies have implicated IL-23 in Th17 
differentiation, but it appears that 
IL-23 may only augment Th17 differ-
entiation as opposed to being an 
essential component (Maynard and 
Weaver 2009). IL-6 and IL-23, which 

are mainly produced by DCs and 
macrophages, signal through their 
cognate receptors on naïve CD4+  
T cells, which in turn signal through 
the ROR-γT transcription factor. 
ROR-γT transcription drives Th17 
cells to produce a host of different 
cytokines including IL-17A, IL-17F, 
IL-21, and IL-22 (Maloy and Kullberg 
2008). Many contrasting studies have 
been published regarding the roles of 
Th17 cytokines. Although IL-17A and 
IL-17F are generally present under 
inflammatory conditions (Ahern et al. 
2010; Leppkes et al. 2009; Wu et al. 
2009; Yang et al. 2008), scientists 
have also observed contradictory 

protective roles of IL-17A in models 
of IBD (Yang et al. 2008). Fewer 
studies have examined the actions of 
IL-21 and IL-22, but both cytokines 
seem to play a protective role in epithelia 
regeneration following injury (Maloy 
and Kullberg 2008; Sonnenberg et al. 
2010). Although it is clear that Th17 
cells play an essential part in modulat-
ing intestinal inflammatory immune 
responses, more studies will be needed 
to elucidate their specific functions in 
homeostatic and diseased conditions 
within the intestines.

Balancing the inflammatory T cells 
within the intestines, modulatory T 
cells are an important subset made up 

Figure 3   Intestinal CD4+ T-cell differentiation. Antigen-loaded dendritic cells (DCs) interact with naïve CD4+ T cells (yellow) in mesenteric lymph nodes 
through MHC-II molecules. DCs secrete different cytokines depending on this interaction. Following alcohol and burn injury, antigen-presenting 
cells (APCs) such as DCs may have a significantly altered cytokine expression profile. The cytokine profiles present lead to the expression of 
different transcription factors that promote differentiation of T cells into either Th17 (red), Th1 (blue), Th2 (green), or Treg (orange) phenotypes. 
These T-cell subsets secrete different cytokines that lead to inflammatory or immunosuppressive immune responses. Combined alcohol and 
burn injury has been shown to suppress T-cell cytokines including interferon (IFN)-γ, interleukin (IL)-17, and IL-22 from T cells. 
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of Th2 and Treg cells. Antigen-loaded 
DCs that have sampled the lumenal 
contents release IL-4 to drive the 
differentiation of Th2 cells. Activation 
of the IL-4 receptor leads to down-
stream signaling through the transcrip-
tion factor STAT6, which mediates 
the expression of another transcription 
factor, Gata3 (Ansel et al. 2006). 
Gata3 plays a major role in mediating 
production of key Th2 cytokines IL-4, 
IL-5, and IL-13. Gata3 also prevents 
Th1 differentiation through its inhibi-
tory effects on IL-12 receptor and 
STAT4 signaling (Amsen et al. 2009; 
Ansel et al. 2006). One of the most 
important roles for Th2 cells in the 
maintenance of gut homeostasis is 
their interaction with B cells to aid in 
the development of IgA-producing 
plasma cells. IgA antibodies function 
to regulate homeostasis of the micro-
biome, as well as act as a first line of 
immune defense against pathogens  
in the GI lumen. They are by far the 
most highly expressed class of antibod-
ies in the intestines of humans (Mantis 
et al. 2011).

Treg cells also serve a critical function 
in modulating the immune responses 
within the intestines. Populations of 
Tregs within the gut derive both from 
thymic CD4+CD25+Foxp3+ precur-
sors that migrate to the gut, as well as 
from the gut itself, where resident 
naïve CD4+ T cells are preferentially 
driven towards a Treg phenotype by 
TGF-β, IL-10, and Foxp3 expression 
(Fontenot et al. 2005). Studies show 
that the recognition of self-antigens 
presented by DCs initiates Treg acti-
vation (Hsieh et al. 2006; Nishikawa 
et al. 2005; Watanabe et al. 2005). 
After sampling the lumenal contents 
in the intestine, DCs migrate to 
MLNs where some present self-antigens 
on MHC-II molecules to naïve CD4+ 
T cells. Activation of T-cell receptors 
by self-antigens stimulates Foxp3 
signaling to drive anti-inflammatory 
TGF-β and IL-10 secretion. In this 
regard, Tregs are able not only to 
inhibit inappropriate inflammatory 
responses to these self-antigens by Th1 
and Th17 cells, but also to drive Th2 

and subsequent IgA production to 
maintain intestinal homeostasis. More 
recent observations have demonstrated 
that T cell lineages can interconvert, 
specifically Treg-to-Th17 and Th17-
to-Th1 (Lee et al. 2009; Zhou et al. 
2009). In light of these studies, it is 
important to highlight that while each 
subset of T cells found in the intestines 
plays a crucial role in balancing 
homeostasis, these relationships are 
dynamic and can be altered by changes 
within the intestinal environment, such 
as those following alcohol exposure.

Intestinal T Cells Following 
Alcohol Exposure and Trauma
Surprisingly, few studies in the current 
literature have examined the effects  
of alcohol specifically on intestinal 
immunity. However, alcohol has 
significant, well-documented impacts 
on immune cells at sites outside the 
intestine, including in the spleen, 
thymus, and on circulating lymphocytes 
(Curtis et al. 2013; Ippolito et al. 2013; 
Messingham et al. 2002). Intestinal 
studies suggest that alcohol may have 
inflammatory effects, and subsequently 
compromise the intestine’s ability  
to prevent bacteria from passing into 
the body.

Of course, an important consider-
ation in studying the effects of alcohol 
on immune function is the nature of 
the alcohol exposure (acute vs. chronic). 
The authors examined the effects of 
alcohol exposure in an acute model, 
which is followed by a second trau-
matic burn injury. In this model, mice 
are given a single dose of alcohol to 
produce a blood alcohol level of 
90–100 mg/dL 4 hours after alcohol 
administration, at which time they  
are given a full thickness ~12.5% total 
body surface area dorsal scald burn. 
Findings demonstrate that alcohol 
intoxication or burn injury alone  
does not cause significant changes to 
immune profiles within the gut in the 
first 24 hours. However, combined 
alcohol and burn injury lead to great 
perturbations resulting in high levels 
of inflammation accompanied by 

neutrophil infiltration, T-cell suppres-
sion, and bacterial translocation 
(Brubaker et al. 2013; Li et al. 2008a,b, 
2011, 2012, 2013; Rendon et al. 
2012, 2013, 2014; Zahs et al. 2013). 
These results clearly demonstrate that 
alcohol intoxication leads to greater 
susceptibility to secondary insults by 
sensitizing the immune system 
through an unknown mechanism. 

Studies from the authors’ laboratory 
also show a decrease in Th1 cells, 
particularly in MLNs, paired with 
decreases in IL-12 following alcohol 
intoxication and burn injury (Choudhry 
et al. 2002; Li et al. 2006). Intriguingly, 
restoration of IL-12 following alcohol 
and burn treatment restores Th1 
profiles of the cytokines IFN-γ and 
IL-2 via an ERK-dependent pathway 
(Li et al. 2009). IL-12 is largely 
produced by resident APCs, and thus 
alcohol intoxication and burn injury 
may have both direct (i.e., on T cells) 
and indirect (on APCs) effects on Th1 
function. Diminished Th1 effector 
cells present following alcohol intoxica-
tion and burn injury may allow bacte-
ria and other pathogens to progress 
across the intestinal barrier. However, 
future studies will further address the 
signaling pathway(s) involved. 

The authors also examined the effect 
of alcohol and traumatic burn injury 
on intestinal Th17 cells. They previ-
ously discovered a decrease in IL-23 
and the Th17 effector cytokines IL-17 
and IL-22 in PPs following alcohol 
and burn (Rendon et al. 2014). Due to  
the decreased presence of IL-23, they 
examined the effects of adding IL-23 
following alcohol and burn injury 
(Rendon et al. 2014). Interestingly, 
IL-23 restored IL-22 production in  
an aryl hydrocarbon receptor (AhR)–
dependent fashion, but IL-23 had no 
effect on IL-17 levels. These data give 
new insight into the role of IL-23 in 
mediating Th17 IL-22 responses, but 
not IL-17 responses. Like Th1 cells, 
the suppression of Th17 cells in the 
context of the alcohol/burn model 
may mean enhanced susceptibility to 
bacterial translocation and infection. 
Future studies will further examine 
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the role of both Th1 and Th17 cells 
and their functions following alcohol 
intoxication and trauma. Th2 and Treg 
activity following alcohol and burn 
injury also has not been well studied.

Another research group published 
recent studies examining the effects of 
alcohol on intestinal immunity in the 
context of chronic alcohol exposure 
followed by sepsis (Yoseph et al. 2013). 
Studies performed in this model showed 
disruptions in intestinal permeability 
similar to those in the studies discussed 
above. In addition, a significant 
increase in CD4+ production of  
IFN-γ and TNF-α was observed in 
alcohol-treated mice compared with 
controls (Yoseph et al. 2013). 
Interestingly, studies of non-alcoholic 

human sepsis patients have shown 
lower levels of IFN-γ and TNF-α 
production in the spleen, which high-
lights the fact that local and systemic 
immune responses may differ greatly 
regardless of the presence of alcohol 
(Boomer et al. 2011).

Only a few studies in the literature 
have examined the effects of alcohol 
alone on intestinal immunity (Sibley 
and Jerrells 2000). An early study by 
Lopez and colleagues (1997) examined 
the effects of both acute and chronic 
alcohol exposure on PPs. They 
observed a significant decrease in the 
total number of cells within PPs of 
mice given a brief alcohol exposure of 
5 weeks. In a more chronic exposure 
model, mice receiving alcohol for 19 

weeks showed both a significant 
decrease in total PP cells, as well as a 
significant reduction of T and B cells 
present in PPs (Lopez et al. 1997). 
This study was important in demon-
strating that alcohol administration 
affects the mucosal immune system, 
particularly PPs, suggesting that alcohol 
may thus affect T-cell differentiation 
within the intestines.

A more recent study demonstrated 
that alcohol exposure causes disrup-
tion of the epithelial barrier in the 
stomach and upper intestines (Bode 
and Bode 2003). It has been reported 
than even a single dose of alcohol at 
binge consumption levels can result  
in epithelial barrier disruptions within 
the gut (Bode and Bode 2005). 

Glossary 

AhR: Aryl Hydrocarbon Receptor: Transcription factor 
that drives Th17 cell differentiation.
β-Catenin: Transcription factor involved heavily in cell 
adhesion regulation.
CD(4/8): Cluster of differentiation: proteins expressed 
on the surface of cells used to identify specific cell 
phenotypes.
Crypt-Villus Axis: The plane that exists from the base of 
intestinal crypts to the tops of the villi. Epithelial cells 
divide from stem cells at the base of crypts and migrate 
to the tops of villi as they mature.
C-Type Lectins: Carbohydrate binding proteins with a 
diverse range of functions, including mounting immune 
responses against pathogens.
Defensins: Small proteins secreted by paneth cells that 
mediate defense against harmful microbes.
Dysbiosis: Any perturbation in the normal intestinal 
microbiota.
Extracellular Signal–Related Kinase (ERK): Signaling 
molecules that transmit a variety of intracellular 
signaling following activation.
Foxp3: Transcription factor that drives regulatory  
T cell differentiation.
Gata3: Trans-acting T-cell-specific transcription factor 
involved in the development of Th2 cells.

Glycosylation: A post-translational modification that 
involves the attachment of a carbohydrate to the specific 
region of a protein to enhance its function.
Intracellular Adhesion Molecule-1 (ICAM-1): Expressed 
mainly on endothelial cells and immune cells to mediate 
migration from circulation into tissues.
Microbiome: The entire makeup of bacteria that inhabit 
the intestines.
Nuclear Factor Kappa–Light-Chain Enhancer of Activated B 
Cells (NFκB): Transcription factor considered to be the 
master regulator of inflammation.
Retinoic Acid-Related Orphan Receptor Gamma T (ROR-γT): 
Transcription factor that mediates Th17 development.
Sepsis: Life-threatening whole-body inflammatory 
response in order to fight systemic infection.
Signal Transducer and Activator of Transcription (STAT): 
Following receptor activation, STAT family proteins 
mediate transcription events to drive specific gene 
expression.
T-Box Transcription Factor (T-bet): Transcription factor 
the mediates development of Th1 T cells.
Zonula Occludins Protein 1 (ZO-1): Adherens trans-
membrane junction proteins linking to the actin 
cytoskeleton to occludin and claudin proteins  
support tight junctions.
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Interestingly, in an acute model of 
alcohol exposure, mice displayed 
higher numbers of Treg cells in the  
LP in response to barrier disruption 
(Boirivant et al. 2008). These results 
contrast with studies of chronic alcohol 
exposure that show increased levels of 
inflammatory neutrophil, Th1, and 
Th17 activation and production of 
IL-17A, IFN-γ, IL-1, and TNF-α 
(Bode and Bode 2005; Koivisto et al. 
2008) Thus, acute alcohol exposure 
may result in suppression of inflam-
mation, allowing pathogens past the 
intestinal barrier, while chronic expo-
sure may produce an inflammatory 
state. In addition, one report with 
human subjects showed increases in 
IgA antibody production coupled 
with increases in TNF-α and IL-8 
production in chronic alcoholics 
(Koivisto et al. 2008). Chronic alcohol 
consumption studies have reported 
significant effects on the liver and 
connected the inflammatory condi-
tions observed in the intestines with 
alcoholic liver disease (Bode and Bode 
2005; Koivisto et al. 2008).

Microbiota and Intestine 
Immune Homeostasis Following 
Alcohol and Burn Injury

The adaptive T-cell response provides 
a critical component of pathogen 
protection, and innate responses 
conducted mainly by neutrophils also 
play a large role in maintaining intestinal 
homeostasis. Importantly, however, 
both of these immune responses are 
shaped by their interactions with the 
intestinal microbiome. The intestinal 
immune system encounters more anti-
gens than any other part of the body. 
Therefore, the recognition of “self” 
and “non-self” antigens is critical to 
discriminate the harmless commensal 
microbiota and food antigens from 
harmful pathogenic microbes. In  
part, this equilibrium is established 
by the balance of effector T cells 
discussed earlier. Antigens from the 
intestinal microbiota presented in 
GALT by APCs shapes this balance  

of Treg/Th17 cells, which drives  
pro- or anti-inflammatory signaling.

In addition to affecting the T-cell 
balance, the composition of the intes-
tinal microbiota facilitates develop-
ment of lymphoid organs and directs 
immune cell responses and production 
of effector cytokines. Studies using 
germ free mice—that is, mice devoid 
of any microbes—reveal that these 
mice are more susceptible to coloniza-
tion by pathogenic microbes; have 
small and undeveloped lymphoid 
organs; and show reductions in CD4+ 
and CD8+ T-cells, IgA secretion, and 
production of antimicrobial peptides 
(AMPs) including β-defensins and 
C-type lectins such as Reg3γ (Bouskra 
et al. 2008; Cash et al. 2006; Zachar 
and Savage 1979). Further, following 
combined alcohol and burn injury, 
Reg3β and Reg3γ are significantly 
decreased in the small intestines of 
wild-type mice (Rendon et al. 2013). 
Together, these findings suggest that 
following alcohol intoxication and 
injury, bacterial overgrowth and trans-
location may be partially mediated 
through the inhibition of AMPs.

Several recent studies demonstrate 
that certain bacterial species have 
specific effects on immune system 
balance. The commensal microbes, it 
turns out, are essential for regulating 
immune physiology and the innate 
and adaptive immune systems. One 
commensal, Bacteroides fragilis, produces 
an immunomodulatory molecule 
called polysaccharide A (PSA), which 
regulates the Th1 and Th2 balance 
and directs Treg development to 
protect against intestinal inflamma-
tion (Mazmanian et al. 2005; Round 
and Mazmanian 2010; Round et al. 
2011; Xu et al. 2003). Mazmanian 
and colleagues (2005) showed that 
therapeutic treatment with PSA led to 
the production of anti-inflammatory 
IL-10 and alleviated intestinal inflam-
mation in various models of IBD. 
Segmented filamentous bacteria (SFB), 
a group of Gram-positive bacteria, 
attach to small intestine epithelial cells 
and lead to the production of serum 
amyloid A (SAA). SAA then stimu-

lates dendritic cells in the LP to secrete 
IL-6 and IL-23, which promotes Th17 
cell differentiation and maturation 
(Ivanov et al. 2009). Littman’s labora-
tory and coauthor Ivanov and their 
team showed that germ-free mice have 
reductions of Th17 cells in the small 
intestine, but that levels could be 
restored by colonizing mice with  
feces taken from germ-free, SFB 
mono-colonized mice (Ivanov et al. 
2009). Furthermore, they determined 
the specific membrane bound anti-
genic proteins of SFB that direct Th17 
production (Yang et al. 2014). This 
bacterial group is also necessary for  
the secretion of IgA (Wu et al. 2011). 
Nevertheless, overgrowth of this 
bacterium may upset the Th17/Treg 
balance in favor of overactive Th17 
cells. This shift can potentially lead  
to autoimmune diseases: inflamma-
tory bowel disease, arthritis, and 
multiple sclerosis (Lee et al. 2011;  
Wu et al. 2010). 

The Intestinal Microbiota 
Following Alcohol Exposure  
and Trauma

Unexpectedly, few studies in the 
current literature have examined  
the effects of alcohol exposure on  
the microbiome within the intestines. 
A recent study examining the effects 
of chronic daily alcohol consumption 
found dysbiosis—a microbial imbal-
ance—in the colons of rats after 10 
weeks (Mutlu et al. 2009). Others 
have correlated microbial dysbiosis  
to alcoholic liver disease and demon-
strated that administration of probiotics 
reduces hepatic inflammation associ-
ated with it (Mutlu et al. 2009; Wang 
et al. 2013). The work done by the 
authors showed that combined alcohol 
intoxication followed by traumatic 
burn injury results in a significant 
increase in bacterial translocation 
across the intestinal barrier (Choudhry 
et al. 2002; Kavanaugh et al. 2005; Li 
et al. 2012; Rendon et al. 2013), and 
this work is supported by a previous 
study (Napolitano et al. 1995). 
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However, the long-term impact of 
alcohol on different microbiota and 
the host’s health and immune function 
remains to be shown. Classification of 
the healthy intestinal microbiome is 
clinically necessary for determining 
how alcohol may alter the microbiota 
composition and lead to disease devel-
opment and progression. Thus, whether 
bacterial translocation after alcohol 
and trauma is related to changes in the 
microbiome remains largely unknown. 
Furthermore, studies are needed to 
establish whether changes in the biome 
have any role in epithelial barrier 
disruption following alcohol and  
burn injury.

Future Directions  
and Perspectives

Taken together, the range of effects 
alcohol has on the intestines is extremely 
broad and alters all levels of intestinal 
homeostatic regulation. In parallel, 
alcohol exposure predisposes its users 
to more complications following 
major injury and trauma; however, the 
underlying mechanisms remain largely 
unexplored. Although studies have 
demonstrated that alcohol modulates 
the various components of the intestinal 
barrier, making any causal connections 
between these effects and complication 
from trauma requires more study. The 
balance of inflammatory and immu-
nosuppressive T cells can be skewed 
following alcohol exposure. Current 
research suggests inflammatory condi-
tions are mediated through both 
neutrophil infiltration and Th17 
recruitment leading to tissue damage 
within the intestines. Whether alcohol 
influences this also needs to be explored. 
Many studies now show roles for the 
intestinal microbiome in developing 
the immune profiles within the intes-
tines. Although few studies have 
explored whether alcohol exposure 
alters the composition of the micro-
biome, it is not far-fetched to hypoth-
esize that this is likely the case. Together, 
the authors believe that the largest gap 
in the field remains the lack of mecha-

nistic support for the changes 
observed following alcohol exposure 
with and without burn trauma. More 
studies are needed to understand the 
molecular signaling pathways mediating 
changes in the barrier, immune system, 
and biome to give a clearer under-
standing of the relationship between 
these components and how they over-
lap after alcohol and burn injury.
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It has long been known that people with alcohol use disorder (AUD) not only  
may develop physical dependence but also may experience devastating long-term 
health problems. The most common and identifiable alcohol-associated health prob-
lems include liver cirrhosis, pancreatitis, cardiomyopathies, neuropathies, and 
dementia. However, the lung also is adversely affected by alcohol abuse, a fact often 
overlooked by clinicians and the public. Individuals with AUD are more likely to 
develop pneumonia, tuberculosis (TB), respiratory syncytial virus (RSV) infection, and 
acute respiratory distress syndrome (ARDS). Increased susceptibility to these and 
other pulmonary infections is caused by impaired immune responses in people with 
AUD. The key immune cells involved in combating pulmonary conditions such as 
pneumonia, TB, RSV infection, and ARDS are neutrophils, lymphocytes, alveolar 
macrophages, and the cells responsible for innate immune responses. Researchers 
are only now beginning to understand how alcohol affects these cells and how these 
effects contribute to the pathophysiology of pulmonary diseases in people with AUD. 
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People have been drinking alcoholic 
beverages for millennia, and alcohol 
consumption has played an important 
role throughout human history, being 
linked to ancient and modern religions, 
early medicine, and social occasions 
and celebrations. Although alcohol 
consumption is socially accepted across 
many cultures, heavy and prolonged 
alcohol intake can lead not only to 
physical dependence but also to devas-
tating long-term health problems. An 
estimated 18 million Americans have 
alcohol use disorder (AUD), including 
alcoholism and harmful drinking 
(National Institute on Alcohol Abuse 
and Alcoholism [NIAAA] 2014). 
NIAAA (2014) has established guide-
lines for low-risk drinking that are age 
and gender specific. Thus, for men 
ages 21–64, low-risk drinking is defined 
as consumption of no more than 4 

drinks per day or 14 drinks per week. 
For women, as well as for men ages 65 
and older, drinking levels for low-risk 
drinking are defined as no more than  
3 drinks per occasion or 7 drinks per 
week. Exceeding these daily or weekly 
drinking limits significantly increases 
the risk of developing AUD and prob-
lematic health outcomes (NIAAA 2014).

The most common health problems 
associated with AUD are liver cirrhosis, 
pancreatitis, damage to the heart muscles 
(i.e., cardiomyopathies), nerve damage 
(i.e., neuropathies), and dementia 
(Lieber 1995). However, the lung also 
is adversely affected by alcohol abuse, a 
fact that often is overlooked by clinicians 
and the public. For example, it is clear 
that heavy drinkers are more likely  
to have pneumonia (Jellinek 1943; 
Samokhvalov et al. 2010), tuberculosis 
(TB) (Borgdorff et al. 1998; Buskin et 

al. 1994; Kline et al. 1995; Narasimhan 
et al. 2013), respiratory syncytial virus 
(RSV) infection (Jerrells et al. 2007), 
and acute respiratory distress syndrome 
(ARDS) (Moore et al. 2003; Moss et 
al. 1996). In recent years, researchers 
have come to better understand the 
pathophysiology of lung injury in 
individuals with AUD and the role 
that alcohol’s effects on lung immune 
responses play in this process. This 
review focuses on these four common 
pulmonary conditions associated with 
AUD and their pathophysiologic lung 
immune responses. 

Bacterial Pneumonia

One of the most common and deadli-
est conditions afflicting individuals 
with AUD is bacterial pneumonia.  
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Dr. Benjamin Rush, the first Surgeon 
General of the United States, described 
some of the earliest links of alcohol 
abuse to pneumonia over two centuries 
ago, reporting that pneumonia was 
more common in drinkers than 
nondrinkers (Jellinek 1943; Rush 1810). 
Two centuries later, the correlation 
between alcohol abuse and lung infec-
tions still remains strong. According 
to the Centers for Disease Control 
and Prevention (CDC), people who 
abuse alcohol are 10 times more likely 
to develop pneumococcal pneumonia 
and 4 times more likely to die from 
pneumonia than nondrinkers (Lujan 
et al. 2010).

Pneumococcal pneumonia, caused 
by the bacterium Streptococcus pneu-
moniae, is the most common type of 
pneumonia in both healthy individuals 
and heavy alcohol users (Ruiz et al. 
1999). In addition, the incidence of 
infections with Klebsiella pneumoniae 
also is increased in people with AUD 
and seems to cause disproportionate 
rates of lung infection and high 
mortality in this population (Feldman 
et al. 1990; Limson et al. 1956). 
Regardless of the bacterial pathogen 
causing the infection, dysfunction of 
the host’s immune responses to bacte-
rial pneumonia, particularly those 
involving macrophages in the lungs 
(i.e., alveolar macrophages) and 
neutrophils, is an important contribu-
tor to the pathogenesis of the disease 
in people with AUD. The alveolar 
macrophages eliminate pathogens by 
ingesting them—a process known as 
phagocytosis—whereas neutrophils 
are involved in inflammatory responses.

Alveolar macrophages are the first 
line of defense in lung cellular immu-
nity. These phagocytic cells ingest and 
clear inhaled microbes and foreign 
particles from the lungs. The release  
of cytokines and chemokines by these 
cells, in turn, mediates the influx of 
neutrophils into the lungs that occurs 
in response to infection. Chronic alcohol 
exposure significantly interferes with 
alveolar macrophage function. Prolonged 
alcohol consumption impairs the  
cells’ phagocytic capacity (Joshi et al. 

2005, 2009), release of cytokines and 
chemokines (D’Souza et al. 1996), 
and release of neutrophil chemoattrac-
tants (Craig et al. 2009). Although 
alveolar macrophages are the primary 
residential innate immune cells and 
play a pivotal role in the clearance of 
bacterial and viral pathogens, under-
standing of and research on their specific 
function in the context of heavy alcohol 
consumption and AUD still is lacking. 
It is clear, however, that prolonged 
alcohol consumption alters the patho-
physiology and key factors involved in 
neutrophil-driven lung immunity in 
response to S. pneumoniae infection. 
Thus, studies have shown that exposure 
to alcohol impairs neutrophil recruit-
ment (Gluckman and MacGregor 
1978), weakens phagocytosis of patho-
gens by neutrophils (Boe et al. 2001; 
Jareo et al. 1995), and reduces neutro-
phil production and release of neutro-
phils into circulating blood (Melvan  
et al. 2011; Siggins et al. 2011). The 
following paragraphs outline the data 
supporting these deleterious effects  
of heavy alcohol consumption on 
neutrophil function in the context  
of S. pneumoniae lung infections.

Neutrophils are the earliest immune 
effector cells recruited to the site of 
inflammation during a bacteria-triggered 
inflammatory response. In the case of 
pneumonia, neutrophil recruitment  
to the lung is a critical early step in the 
host’s immune response. In the early 
stages of infection, circulating neutro-
phils are recruited to sites of inflam-
mation by a gradient of inflammatory 
mediators, including proinflammatory 
cytokines and chemokines. Neutrophils 
traverse the cells lining the blood 
vessels (i.e., vasculature endothelial 
cells) into the space between the lung 
cells (i.e., the interstitial space of the 
lung). From there, they migrate into 
the airspace within the alveoli to the 
sites of microbial invasion. Once in 
the alveolar space, neutrophils ingest, 
degrade, and remove invading patho-
gens (Nathan 2006). This neutrophil- 
recruitment process is impaired by 
alcohol; even brief alcohol exposure 
decreases neutrophil recruitment to 

infected sites (Astry et al. 1983). For 
example, alcohol studies in rodents 
infected with aerosolized Staphylococcus 
aureus or Proteus mirabilis have 
demonstrated that alcohol intoxication 
decreases bacterial clearance in conjunc-
tion with decreased pulmonary neutro- 
phil recruitment (Astry et al. 1983). 
Similarly, Boe and colleagues (2001) 
found that alcohol-exposed rats had 
decreased pulmonary neutrophil 
recruitment for up to 18 hours follow-
ing S. pneumoniae challenge; after  
that, however, neutrophil recruitment 
remained elevated even 40 hours 
post-challenge compared with nondrink-
ing rats. This observation suggests that 
in individuals with heavy alcohol 
exposure, the host neutrophils arrive 
late at the infected lung but stay 
longer (Sisson et al. 2005). Impaired 
neutrophil recruitment also has been 
reported in human volunteers with 
blood alcohol concentrations (BACs) 
of 0.10 percent and 0.24 percent 
(Gluckman and MacGregor 1978)—
that is, even at BACs that only slightly 
exceed the threshold for legal intoxica-
tion in the United States (i.e., 0.08 
percent). These findings highlight that 
alcohol intoxication impairs neutro-
phil recruitment into infected tissues 
and the lung and also hinders neutro-
phil clearance from the lung. 

The alcohol-induced dysregulation 
of lung neutrophil recruitment and 
clearance is only part of the problem 
in people with AUD, because alcohol 
also has harmful effects on other aspects 
of neutrophil functioning. However, 
alcohol’s effects on neutrophil phago-
cytosis and pathogen killing are less 
clear than the effects on neutrophil 
recruitment, and the findings to date 
are inconclusive. Thus, some studies 
indicate that alcohol has no effect on 
neutrophil phagocytosis or pathogen 
killing (Nilsson et al. 1996; Spagnuolo 
and MacGregor 1975), whereas other 
studies demonstrate that acute alcohol 
exposure impairs functional activities 
of neutrophils. For example, Davis 
and colleagues (1991) found that  
alcohol-fed rats failed to clear bacteria 
from the lungs and had increased 
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mortality. Some of this discrepancy 
likely is related to differences in the 
bacterial pathogens studied. Thus, 
Jareo and colleagues (1995) noted 
impaired neutrophil killing of selected 
strains of S. pneumoniae in vitro and a 
complete absence of killing of other 
bacterial strains in alcohol-exposed 
animals. In human studies, BACs as 
low as 0.2 percent (i.e., approximately 
2.5 times the legal intoxication level) 
impaired neutrophil degranulation and 
bactericidal activity (Tamura et al. 1998). 

In addition to neutrophil recruit-
ment to infected areas and reduced 
neutrophil-killing potential, production 
of these cells also is affected. In healthy 
individuals, the bone marrow produces 
approximately 120 billion neutrophils 
per day (Cartwright et al. 1964; von 
Vietinghoff and Ley 2008). Moreover, 
bone-marrow neutrophil production 
is significantly increased 24 to 48 
hours after a systemic bacterial infec-
tion (Melvan et al. 2011). Several 
studies observed decreased numbers  
of neutrophils in people with AUD. 
Alcohol exposure suppresses neutro-
phil production by the bone marrow 
and other blood cell–producing (i.e., 
hematopoietic) tissues (Melvan et al. 
2011; Raasch et al. 2010; Siggins et  
al. 2011). This decreased neutrophil 
proliferation may account for the 
decreased number of neutrophils found 
in the lungs during the host response 
to pneumonia following alcohol 
consumption. Alcohol primarily 
suppresses neutrophil production by 
interfering with the actions of granulo-
cyte colony-stimulating factor (G-CSF), 
which is the principal driver of 
neutrophil production, maturation, 
and function in the bone marrow and 
inflamed tissues (Bagby et al. 1998). 
G-CSF levels normally increase in 
situations where more neutrophils are 
needed. Thus, G-CSF levels rise 
significantly within 3 hours of pulmo-
nary bacterial infections, peaking at  
12 hours, and plateauing around 18 
hours post-infection within the lung 
and systemic circulation. Additional 
studies have demonstrated that alcohol- 
consuming animals are more likely to 

succumb to S. pneumoniae within 2 to 
4 days following infection compared 
with their nondrinking counterparts 
(Boe et al. 2001). Alcohol-induced 
suppression of G-CSF–driven neutro-
phil production combined with impaired 
bacterial clearance likely account for 
the high severity and mortality of 
bacterial infections among the alcohol- 
fed mice observed in these studies. 

Because of the key role of G-CSF  
in neutrophil regulation, investigators 
have hypothesized that alcohol-induced 
neutrophil dysfunction can be prevented 
by pretreatment with G-CSF (Nelson 
et al. 1991). Indeed, pre-treatment of 
alcohol-consuming mice with G-CSF 
for 2 days before K. pneumoniae infec-
tion increased neutrophil recruitment 
compared with that of control animals 
not receiving G-CSF. In addition to 
increased neutrophil recruitment, the 
pre-treated animals also exhibited 
improved bacterial killing and decreased 
mortality (Nelson et al. 1991). The 
findings indicate that G-CSF can 
prevent alcohol-induced deficits in 
neutrophil-dependent pulmonary 
defenses by increasing neutrophil 
production and bacterial killing function. 

In summary, in the context of lung 
bacterial infections, alcohol impairs 
neutrophil recruitment (Gluckman 
and MacGregor 1978), reduces patho-
gen killing through phagocytosis (Boe 
et al. 2001; Jareo et al. 1995), and 
decreases neutrophil production and 
release of neutrophils into circulating 
blood (Melvan et al. 2011; Siggins et 
al. 2011). Pretreatment with G-CSF 
ameliorates alcohol-induced neutro-
phil dysfunction, including impair-
ments in neutrophil recruitment and 
bacterial killing. 

Tuberculosis

Bacterial pneumonia is not the only 
infectious disease with an increased 
risk among people with AUD. Lung 
infections with Mycobacterium tuber-
culosis, the underlying pathogen of 
TB, also occur at higher rates in this 
population (Jellinek 1943; World 

Health Organization [WHO] 2014). 
TB is the second-leading cause of 
death worldwide, accounting for 1.3 
million deaths in 2012. The disease is 
spread from person to person through 
the air, when infected people cough, 
sneeze, speak, or sing, thereby releas-
ing M. tuberculosis into the air (WHO 
2014). Interestingly, not everyone 
infected with M. tuberculosis becomes 
sick. The infection can remain latent 
for years while the host’s immune 
system is able to combat it. The infected 
individual will have no symptoms and 
is not infectious to others. However, 
latent TB may become active when 
the immune system is weakened. 
Alcohol abuse is therefore a risk factor 
for active TB (Borgdorff et al. 1998; 
Buskin et al. 1994; Kline et al. 1995; 
Narasimhan et al. 2013). 

Although TB is treatable with anti-
biotics, the prevalence of multidrug- 
resistant tuberculosis (MDRTB) is on 
the rise and has been reported world-
wide (WHO 2014). One of the main 
factors increasing the prevalence of 
MDRTB is noncompliance by patients 
who do not complete their normal 
6-month treatment regimen, leading 
to the emergence of drug-resistant  
M. tuberculosis. A recent study of 
MDRTB in South Africa reports  
that of 225 patients diagnosed with 
MDRTB, only 50 percent were cured 
or completed treatment. Treatment 
default rates were highest among  
alcohol users (Kendall et al. 2013). 
Other countries also report similar TB 
treatment defaults in individuals with 
AUD, resulting in poorer treatment 
outcomes and increased mortality rates 
(Bumburidi et al. 2006; Jakubowiak et 
al. 2007). Along with noncompliance, 
people with AUD have compromised 
lymphocytes, which are among the 
main immune components combating 
TB infections. The three main types of 
lymphocytes are natural killer (NK) 
cells, T cells, and B cells. Chronic 
alcohol intake modulates the func-
tions of all three of these lymphocyte 
populations (Cook 1998; Lundy et al. 
1975; Meadows et al. 1992; Spinozzi 
et al. 1992; Szabo 1999). 
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NK cells do not need previous 
exposure to their target cells to recog-
nize, bind to, and destroy these targets 
(e.g., cancer and virus-infected cells) 
(Vivier et al. 2008). In a mouse model, 
NK cells also become activated during 
the early response to M. tuberculosis 
infection and produce interferon γ 
(INF-γ), an important cytokine that 
stimulates cell-mediated immunity 
(Junqueira-Kipnis et al. 2003). Alcohol 
consumption in mice reduces the in 
vitro killing capacity of NK cells 
compared with control animals not 
exposed to alcohol (Meadows et al. 1992). 

Chronic alcohol intake impairs not 
only the killing capacity of NK cells 
but also diminishes normal functioning 
of various types of T cells, which 
primarily mediate the immune response 
to TB (Gambon-Deza et al. 1995). 
(For more information on the types  
of  T cells, see the textbox.) Alcohol 
exposure affects T-cell function 
through a variety of pathways:

• People with AUD often have 
reduced numbers of lymphocytes 
(i.e., lymphopenia), alterations in 
the T-cell compartments (Cook 
1998; Szabo 1999; Tonnesen et  
al. 1990), decreased response to 
substances that stimulate cell  
division (i.e., mitogen-stimulation 
response) (Spinozzi et al. 1991), 
and impaired delayed-type hyper-
sensitive responses (Lundy et  
al. 1975).1 

• Chronic alcohol consumption 
interferes with the proper presenta-
tion of pathogen-derived molecules 
(i.e., antigens), which is required 
for T- and B-cell activation (Ness 
et al. 2008). 

• Alcohol-exposed T cells have a 
reduced capacity to produce IFN-γ 
compared with control cells (Chadha 
et al. 1991). 

1 Delayed-type hypersensitivity responses are excessive immune  
reactions that occur only a few days after the body has been 
exposed to the pathogen. These responses are not mediated by im-
mune molecules produced by B cells (i.e., antibodies) but by T cells.

• Alcohol-fed mice infected with TB 
exhibit decreased numbers of the 
two main subtypes of T cells (i.e., 
CD4+ and CD8+ T cells) as well  
as decreased proliferation of these 
cells compared with control mice 
(Mason et al. 2004).

IFN-γ–producing (i.e., type 1) T cells 
mediate immune reactions that are 
responsible for fighting not only M. 
tuberculosis infections but also infec-
tions by other bacterial pathogens, 
such as K. pneumoniae (Greenberger et 
al. 1996; Moore et al. 2002). Infection 
with K. pneumoniae induces time- 
dependent release of IL-12 from  
T cells, which in turn drives T cell 
IFN-γ production. This chain of reac-
tions is disrupted by alcohol, because 
the levels of both IL-12 and IFN-γ 
were decreased in alcohol-exposed 
mice infected with K. pneumoniae 
(Zisman et al. 1998). These deficits 
could account for decreased clearance 
of these bacteria from the lungs. In 
addition to this flawed type-1 (Th1) 
response, the lungs of alcohol-fed 
rodents exhibit increased amounts  
of the inflammatory cytokine IL-10, 

which also may contribute to impaired 
lung clearance because normalizing 
IL-10 levels within the pulmonary 
system improves bacterial lung clear-
ance (Greenberger et al. 1995). 

B cells are responsible for the second 
arm of the immune response (i.e., the 
humoral immunity) that is mediated 
not by specific cells but by immune 
molecules (i.e., antibodies) produced 
and secreted by B cells in response to 
exposure to a pathogen. These anti-
bodies consist of molecules called 
immunoglobulins (Igs). There are 
different types of Igs (e.g., IgA, IgM, 
and IgG) that all have specific func-
tions during the immune response. 
Alcohol exposure in the context of TB 
also affects this arm of the immune 
response. Thus, although the total 
number of circulating B cells does  
not differ significantly between people 
with and without AUD, people with 
AUD have elevated levels of circulat-
ing IgA, IgM, and IgG (Spinozzi et  
al. 1992). In the lungs of people with 
AUD, however, Ig levels are reduced 
as determined by bronchoalveolar 
lavage (BAL) (Spinozzi et al. 1992). 
Replacement IgG therapy only 

Types of T Cells

T cells are an important part of the immune system and fulfill a variety of 
functions in defending the organism against various pathogens. To do this, 
T cells are divided into different subgroups that all have specific functions. 
The two main subgroups are T helper cells and cytotoxic T cells. T helper 
cells, as the name implies, assist other immune cells in various ways. These 
T cells are characterized by the presence of a molecule called CD4 on their 
surface and therefore also are called CD4+ cells. When they become acti-
vated, CD4+ cells secrete various cytokines to facilitate different types of 
immune responses. Depending on the exact cytokines they produce, they 
can be further classified. For example, type 1 CD4+ cells are characterized 
by the secretion of interferon γ (IFN-γ); they act primarily against patho-
gens that are found within cells. Conversely, type 2 CD4+ cells do not  
produce IFN-γ but various types of interleukins. These cells act primarily 
against pathogens that are found outside the cells.

The other main subgroup of T cells, the cytotoxic T cells, has CD8 mol-
ecules on their surfaces. They are therefore also known as CD8+ cells. These 
T cells directly destroy virus-infected and tumor cells.



Alcohol’s Effects on Lung Health and Immunity| 203

partially restored Ig levels in these 
people, although it decreased the rates 
of pulmonary infections (Spinozzi et 
al. 1992). 

RSV Infection

Although much of the attention 
concerning lung infections in people 
with AUD has been focused on  
bacterial infections, these individuals 
also have an increased susceptibility to 
viral airway infections. RSV is one of 
the most common lower respiratory 
tract viral pathogens and is a major 
cause of respiratory infections in chil-
dren. Although RSV infections once 
were thought to be limited to chil-
dren, it is now clear that RSV also is a 
serious problem in older people, patients 
with chronic obstructive pulmonary 
disease (COPD), and people with 
AUD. Prolonged alcohol exposure 
alters the first line of the innate cellu-
lar defense, the mucociliary apparatus, 
against invading pathogens such as 
RSV. This defense system propels 
inhaled particles, microbes, toxins, 
and debris out of the lungs and 
airways with the help of the fine hairs 
(i.e., cilia) on the cells that line the 
respiratory tract. 

Alcohol has unique effects on the 
ciliated airways because it is rapidly 
and transiently absorbed from the 
bronchial circulation directly across 
the ciliated epithelium of the conduct-
ing airways. It then is vaporized into 
the airways and excreted during exha-
lation. However, when the exhaled air 
cools as it reaches the trachea, the alcohol 
vapor condenses and is dissolved back 
into the fluid in periciliary airway 
lining (George et al. 1996). This recy-
cling of alcohol vapor continually 
subjects the conducting airways to 
high concentrations of alcohol (George 
et al. 1996), which modify airway- 
epithelium host defenses by altering 
cytokine release, barrier function 
(Simet et al. 2012), and cilia function 
(Sisson 1995; Sisson et al. 2009; 
Wyatt and Sisson 2001). 

As is the case with other organs, 
alcohol’s specific effects on the conduct-
ing airways depend on the route, dose, 
and length of the exposure (Sisson 
2007). Early studies found that direct 
exposure of the ciliated airways to  
very high and nonbiologically relevant 
alcohol concentrations (i.e., 4 to 10 
percent or 0.8–3.2 M) interfere with 
the movement of the cilia (i.e., cause 
ciliostasis) in a concentration-dependent 
manner (Nungester and Klepser 1938; 
Purkinjie and Valentine 1835). More 
recent studies have established that 
biologically relevant alcohol concen-
trations have very focused and specific 
effects on the lung airways. Over the 
past two decades, studies demonstrated 
that brief exposure to modest alcohol 
concentrations triggers generation of 
nitric oxide (NO) in the airway epithe-
lial cells. This NO production stimu-
lates a signaling pathway that involves 
the enzyme guanylyl cyclase, which 
produces a compound called cyclic 
guanosine monophosphate (cGMP). 
cGMP, in turn, activates cGMP- 
dependent protein kinase (PKG), 
followed by activation of the cyclic 
adenosine monophosphate (cAMP)- 
dependent protein kinase A (PKA). 
Activation of this dual kinase signaling 
pathway results in faster cilia beat 
frequency (CBF) in cilia briefly exposed 
to a moderate alcohol dose compared 
with controls (Sisson 1995; Sisson et 
al. 2009; Stout et al. 2007; Wyatt et 
al. 2003). More recent studies demon-
strated that this rapid and transient 
alcohol-induced increase in NO levels 
was triggered by the alcohol-induced 
phosphorylation of heat shock protein 
90 (HSP90) (Simet et al. 2013b). 
Upon phosphorylation, HSP90 
increases its association with endothe-
lial nitric oxide synthase (eNOS) in 
cilia, which then activates the cyclase–
kinase cascade, resulting in increased 
CBF (Simet et al. 2013b). These  
findings are counterintuitive to the 
conventional wisdom that alcohol 
interferes with lung host defenses 
because stimulation of CBF should 
protect the lung; however, the clinical 
observation is that heavy alcohol expo-

sure impairs lung host defenses. 
Indeed, that is just the first part of the 
story.

In contrast to brief alcohol exposure, 
prolonged alcohol exposure completely 
desensitizes lung airway cilia such that 
they can no longer beat faster when 
exposed to inhaled pathogens. This 
cilia-desensitization effect is known  
as alcohol-induced cilia dysfunction 
(AICD). In AICD, prolonged alcohol 
exposure results in failure to stimulate 
CBF, thereby desensitizing cilia to 
activating agents such as beta agonists 
(Wyatt and Sisson 2001). AICD likely 
results from decreased HSP90/eNOS 
association, which in turn attenuates 
the NO-stimulated cGMP/cAMP- 
dependent kinase activation pathway 
(Simet et al. 2013a; Wyatt and Sisson 
2001). Alternatively, AICD may be 
related to oxidant-driven eNOS 
uncoupling, because AICD can be 
prevented in alcohol-drinking mice by 
concurrently feeding the animals dietary 
antioxidants, such as Procysteine™ or 
N-acetylcysteine (Simet et al. 2013a). 

Regardless of the exact underlying 
mechanism, the consequence of alcohol- 
induced impairment in airway ciliary 
function is increased susceptibility to 
airway bacterial and viral infections, 
such as RSV. For example, Jerrells and 
colleagues (2007) demonstrated that 
alcohol-fed mice are inefficient in 
clearing RSV from the lungs. In addi-
tion, the alcohol-consuming mice 
exhibited enhanced and prolonged 
RSV infection compared with 
nondrinking RSV-infected animals. 
RSV infection itself causes a signifi-
cant loss of ciliated cells from the 
airway epithelium and the remaining 
cilia beat more slowly compared with 
control cells from uninfected epithelia 
(Slager et al. 2006). This ciliary slow-
ing is regulated by the activation  
of another signaling protein called 
protein kinase Cε (PKCε); moreover, 
once PKCε becomes inactivated again, 
the ciliated cells detach from the 
epithelium (Slager et al. 2006). It is 
unknown how concurrent alcohol 
exposure impacts these consequences 
of RSV infection. In summary, these 
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studies demonstrate that alcohol  
exposure compromises innate defenses 
against viral pathogens such as RSV  
in part by disrupting airway ciliary 
function. 

ARDS

People with AUD who experience  
any type of lung injury—be it caused 
by infections with bacteria, TB-causing 
M. tuberculosis, or viruses or by nonin-
fectious events such as trauma, pancre-
atitis, or burns—are at high risk for 
developing ARDS. The syndrome is 
characterized by endothelial and alve-
olar epithelial barrier dysfunction, 
severe inflammation, and surfactant 
dysfunction.2 During ARDS, robust 
lung inflammation results in increased 
accumulation of fluid and inflamma-
tory cells in the alveolar spaces. This 
causes impaired gas exchange in the 
lung, resulting in decreased oxygen-
ation of the blood and multiple organ 
failure caused by the insufficient 
oxygen levels. ARDS is a life-threatening 
complication that develops in response 
to several events, including lung infec-
tion, non-lung sepsis, aspiration of 
stomach contents, trauma, and/or 
inhaled toxins. Among the most 
common causes of ARDS are bacterial 
pneumonia and an associated severe 
inflammatory response (i.e., alveolar 
sepsis). Alcohol abuse also has been 
identified as an independent risk 
factor that increases the odds of at-risk 
individuals to develop ARDS (Moss  
et al. 1996). Indeed, ARDS is two to 
four times more common in individuals 
with AUD than in non-AUD individ-
uals (Moss and Burnham 2003). 

One of the central features of ARDS 
is an impaired barrier function of the 
alveolar epithelial and endothelial 
cells.3 Studies on the effect of alcohol 
alone on alveolar barrier function have 

2  Surfactant is a lipoprotein complex produced by alveolar cells 
that covers alveoli and helps ensure proper lung function.

3  The epithelial cells line the alveolar surface that faces the inside 
(or airspace) of alveoli, whereas the endothelial cells line the 
surface that faces the outside of the alveoli and the surrounding 
blood vessels.

revealed that chronic alcohol intake 
alters physical barrier properties 
within alveoli (Guidot et al. 2000). 
Interestingly, alveolar cells from ethanol- 
fed rats had increased expression of 
sodium channels in the membrane 
facing the interior of the alveoli  
(i.e., the apical membrane). This 
up-regulation of sodium channels may 
counteract the increased paracellular 
leak from the blood space into the 
alveolar airspace observed in the lungs 
of alcoholic subjects, and may explain 
why prolonged alcohol intake, in the 
absence of inflammation, does not 
result in fluid accumulation in the 
lungs (i.e., pulmonary edema) (Guidot 
and Hart 2005). However, these  
alcohol-fed rats had diminished airway 
clearance when challenged with saline, 
even in the absence of an inflamma-
tory challenge (Guidot et al. 2000). 
These data suggest that the alveolar 
epithelium actually is dysfunctional 
after alcohol exposure, even though it 
seems normal and is able to regulate 
the normal air–liquid interface by 
enhancing sodium channels at the  
apical surface. In the presence of an 
inflammatory reaction, the compensa-
tory mechanism likely becomes  
overwhelmed, resulting in greater 
susceptibility to barrier disruption  
and flooding of the alveolar space  
with protein-containing fluid. 

One of the molecules involved in 
disrupting epithelial integrity is the 
cytokine transforming growth factor 
β1 (TGF-β1). Studies in rats that had 
been fed alcohol for a prolonged 
period of time found that expression 
of inactive TGF-β1 protein doubled in 
lung tissue compared with nondrink-
ing animals; however, there was no 
evidence of TGF-β1 release or activa-
tion in the absence of an infection 
(Bechara et al. 2004). Nevertheless, 
alcohol-fed rats released five times 
more activated TGF-β1 into the alveo-
lar airspaces than did nondrinking rats 
in the presence of bacterial toxins in 
their blood (i.e., during endotoxemia). 
Additional studies using alveolar 
epithelial cell layers derived from these 
alcohol-fed rats found that this perme-

ability defect was inhibited by neutral-
izing antibodies to TGF-β1 (Bechara 
et al. 2004). Together, these data 
suggest that prolonged alcohol intake 
increases TGF-β1 levels, which during 
inflammatory responses can be 
released and activated in the alveolar 
space, where it can directly impair 
epithelial barrier properties (Guidot 
and Hart 2005). 

Another fundamental component 
contributing to alcohol’s effects on the 
lungs is oxidative stress and the result-
ing alterations in alveolar macrophage 
function. As mentioned previously, 
alveolar macrophages are key compo-
nents of both innate and acquired 
immunity against invading pathogens 
in the lung. After mucociliary clear-
ance, these cells are the next line of 
cellular defense against invading 
pathogens through their phagocytic, 
microbiocidal, and secretory functions 
(Rubins 2003). Chronic alcohol inges-
tion decreases alveolar macrophage 
function by inhibiting the release of 
cytokines and chemokines as well as 
other factors essential for microbial 
killing and immune response (Franke-
Ullmann et al. 1996; Omidvari et  
al. 1998). Alcohol-induced alveolar 
macrophage dysfunction likely occurs 
primarily as a result of alcohol-induced 
increases in oxidative stress, which is 
reflected by depletion of the antioxi-
dant glutathione (GSH) in BAL fluid 
(Brown et al. 2007; Yeh et al. 2007). 
Impaired secretion of granulocyte 
monocyte colony-stimulating factor 
(GM-CSF) by type II alveolar cells 
likely also contributes to alcohol- 
induced oxidative stress (Joshi et al. 2005). 

The alcohol-associated oxidative 
stress in the lungs is related at least  
in part to alcohol-driven changes  
in NADPH oxidase (Nox) enzyme 
function and GSH depletion. Nox 
enzymes generally promote oxidative 
stress, whereas antioxidants such as 
GSH help protect the cells against 
oxidative stress. Increased levels of 
Nox enzymes (e.g., Nox4) and decreased 
GSH pools are emerging as significant 
components of the processes through 
which alcohol induces oxidative stress 
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that then causes alveolar macrophage 
dysfunction. As mentioned previously, 
chronic alcohol intake increases the 
levels of activated TGF-β1, which then 
upregulates and activates Nox4 (Brown 
and Griendling 2009). Nox4 activa-
tion in turn leads to activation of  
Nox1 and Nox2, both of which cause 
production of reactive oxygen species 
(ROS) in the alveolar macrophages 
(Yeligar et al. 2012). At the same time, 
chronic alcohol consumption depletes 
levels of GSH in the lungs. Both of 
these processes promote chronic 
oxidative stress, which then impairs 
alveolar macrophage functions (Brown 
et al. 2004, 2007; Holguin et al. 1998; 
Yeh et al. 2007). Thus, both cellu-
lar-based microbial lung clearance and 
alveolar macrophage cell viability are 
decreased after chronic alcohol expo-
sure and the resulting increase  
in oxidative stress (Velasquez et al. 
2002). This role of alcohol-induced 
oxidative stress in macrophage 
dysfunction has been demonstrated  
in animal models in which chronic 
alcohol-drinking mice had decreased 
levels of GSH and increased levels of 
Nox enzymes and Nox-associated 
proteins in alveolar macrophages 
(Yeligar et al. 2012, 2014). 

The identification of alcohol-driven 
oxidative stress as a contributor to 
alveolar macrophage dysfunction has 
led to promising antioxidant treat-
ment approaches aiming to prevent 
alcohol-induced lung conditions in 
rodent models of prolonged alcohol 
consumption. For example, oral GSH 
treatment in alcohol-drinking mice 
was able to restore GSH pools, reverse 
alcohol-induced Nox increases, and 
restore alveolar macrophage function 
(Yeligar et al. 2012, 2014). Other 
studies have demonstrated that treat-
ment with GSH precursors such as 
Procysteine™, N-acetylcysteine, or 
s-adenosylmethionine was able to 
improve alveolar macrophage phago-
cytosis (Brown et al. 2007) and promote 
differentiation of interstitial macrophages 
into mature alveolar macrophages 
(Brown et al. 2009) during chronic 
alcohol ingestion. These results suggest 

that GSH is a vital component in 
restoring alcohol-induced alveolar 
macrophage function by decreasing 
Nox proteins and restoring GSH pools.

Studies also have analyzed the role 
of GM-CSF in alcohol-induced oxida-
tive stress and impaired lung immu-
nity. GM-CSF is secreted by type II 
alveolar cells and is required for termi-
nal differentiation of circulating 
monocytes into mature, functional 
alveolar macrophages (Joshi et al. 2006). 
The levels of GM-CSF are reduced in 
chronic alcohol-drinking mice (Joshi 
et al. 2005). Studies have shown that 
mice that have been genetically modi-
fied to no longer produce GM-CSF 
(i.e., GM-CSF knockout mice) exhibit 
a variety of changes contributing to 
impaired lung immune responses, 
including impaired surfactant expression, 
clearance, and phagocytosis; decreased 
expression of GM-CSF receptor; and 
impaired alveolar macrophage devel-
opment (Dranoff et al. 1994; Joshi  
et al. 2005; Trapnell and Whitsett 
2002). Conversely, overexpression of 
GM-CSF in genetically modified (i.e., 
transgenic) mice causes increased lung 
size, excessive growth (i.e., hyper- 
plasia) of alveolar epithelial cells, and 
improved surfactant protein removal 
from the alveolar space (Ikegami et al. 
1997). Other studies using a rat model 
of chronic alcohol consumption found 
that although the levels of GM-CSF 
in the alveolar space were not affected 
by alcohol exposure, the expression of 
GM-CSF receptors was significantly 
decreased in the membranes of alveo-
lar macrophages (Joshi et al. 2005). 
Chronic alcohol intake also decreased 
alveolar binding of PU.1, a transcrip-
tion factor responsible for GM-CSF 
activation. When the animals were 
treated with recombinant GM-CSF, 
alveolar macrophage bacterial phago-
cytic capacity, GM-CSF receptor 
expression, and PU.1 nuclear binding 
were restored (Joshi et al. 2005).  
These studies offer the groundwork  
for understanding the importance of 
GM-CSF within the lung for the 
maturation and host immune func-
tion of the alveolar macrophage as well 

as the deleterious impact of chronic 
alcohol use on these processes. 

As these experimental studies have 
demonstrated, chronic alcohol intake 
exerts a detrimental effect on the func-
tion of alveolar macrophages, an 
important cell type involved in limit-
ing ARDS risk and severity. Restoration 
of GM-CSF following alcohol expo-
sure, replenishing of GSH pools, and 
normalization of Nox enzymes restore 
alveolar macrophage functions. The 
use of recombinant GM-CSF and 
antioxidants potentially could improve 
alveolar macrophage function in 
people with AUD. Preventing the 
pathophysiological consequences of 
lung injury, including excessive inflam-
mation, and the resulting pulmonary 
edema and insufficient oxygen supply 
(i.e., hypoxia) in the tissues associated 
with ARDS remains the goal of 
research on alcohol-enhanced ARDS. 

Summary

For centuries, it has been known that 
people with AUD are more likely to 
have pulmonary infections such as 
pneumonia and TB. Over the past 
two decades, it has become clear that 
other conditions such as RSV and 
ARDS also are linked to high-risk 
alcohol consumption. Even with the 
development of antibiotics, vaccina-
tions, health education, and preventa-
tive medicine, a strong correlation still 
exists among heavy alcohol consump-
tion, pulmonary infections, and 
ARDS. Over the past 30 years, 
however, research has vastly enhanced 
our understanding of the pathophysi-
ology of the immunocompromised 
“alcoholic lung.” This includes new 
insight into the mechanisms that cause 
the harmful effects of heavy alcohol 
intake on neutrophils, lymphocytes, 
airway ciliary function, and alveolar 
macrophages, all of which contribute 
to the prolonged and often more 
severe pulmonary diseases observed  
in people who abuse alcohol. Armed 
with a better understanding of the 
lung pathophysiology unique to the 
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heavy drinker, clinicians now are 
better prepared to combat these 
diseases through various treatment 
regimens. Preclinical models suggest 
that antioxidant nutritional supple-
ments may prevent alcohol-induced 
lung oxidative stress, allowing muco-
ciliary clearance and alveolar macro-
phage functions to be preserved. 
Promising animal studies also show 
that restoration of normal G-CSF, 
IgG, and GM-CSF levels could 
permit normal lung recovery follow-
ing infection and injury in individuals 
with AUD. These disease- and cell- 
associated studies offer hope for novel 
preventative and therapeutic options 
for restoration of a normal lung 
immune response in people with AUD.
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Impact of Alcohol Abuse on  
the Adaptive Immune System

Alcohol exposure, and particularly chronic heavy drinking, affects all components of 
the adaptive immune system. Studies both in humans and in animal models deter-
mined that chronic alcohol abuse reduces the number of peripheral T cells, disrupts 
the balance between different T-cell types, influences T-cell activation, impairs T-cell 
functioning, and promotes T-cell apoptosis. Chronic alcohol exposure also seems to 
cause loss of peripheral B cells, while simultaneously inducing increased production 
of immunoglobulins. In particular, the levels of antibodies against liver-specific auto-
antigens are increased in patients with alcoholic liver disease and may promote 
alcohol-related liver damage. Finally, chronic alcohol exposure in utero interferes with 
normal T-cell and B-cell development, which may increase the risk of infections 
during both childhood and adulthood. Alcohol’s impact on T cells and B cells 
increases the risk of infections (e.g., pneumonia, HIV infection, hepatitis C virus infec-
tion, and tuberculosis), impairs responses to vaccinations against such infections, 
exacerbates cancer risk, and interferes with delayed-type hypersensitivity. In contrast 
to these deleterious effects of heavy alcohol exposure, moderate alcohol consump-
tion may have beneficial effects on the adaptive immune system, including improved 
responses to vaccination and infection. The molecular mechanisms underlying etha-
nol’s impact on the adaptive immune system remain poorly understood. 
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In the United States, alcohol use disor-
der (AUD) is the third-leading cause 
of preventable death. It is associated 
with increased susceptibility to bacte-
rial pneumonia; viral infections, such 
as HIV and hepatitis C virus (HCV); 
and increased postoperative morbidity 
and mortality. This increased suscepti-
bility is mediated in part by functional 
alterations in various cells of the immune 
system. The immune system is broadly 
divided into two branches: innate and 
adaptive immunity. The innate immune 
system represents the first line of host 
defense and is necessary for inducing 
the adaptive immune response. The 

adaptive immune system can be subdi-
vided further into cellular and humoral 
immunity. The main components of 
cellular immunity are CD4 and CD8  
T cells. CD4 T cells play a critical role 
in the activation and differentiation  
of macrophages, CD8 T cells, and B 
cells. CD8 T cells, on the other hand, 
are essential for eliminating cells infected 
with intracellular pathogens, as well  
as cancer cells. Humoral immunity  
is mediated by B cells, which produce 
antibodies to eliminate extracellular 
microorganisms and prevent spread of 
infections. This review will summarize 
the impact of chronic heavy drinking 

or AUD as well as of moderate alcohol 
consumption on adaptive immunity 
and discuss future areas of research in 
this rapidly evolving field. 

Impact of AUD on T Cells

Effects on T-Cell Numbers, 
Phenotype, and Activation
T cells constitute a diverse population 
of lymphocytes that develop in the 
bone marrow and mature in the thymus. 
Each T cell expresses a unique T-cell 
receptor (TCR) that confers specificity 
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for one particular foreign molecule 
(i.e., antigen). Early studies already 
had indicated that chronic alcohol 
abuse (i.e., for 12 to 15 years) resulted 
in reduced numbers of peripheral T 
cells (Liu 1973; McFarland and Libre 
1963). More recent studies confirmed 
this observation and showed that the 
lack of lymphocytes (i.e., lymphopenia) 
was as severe in people who engaged 
in a short period of binge drinking as 
it was in individuals who drank heavily 
for 6 months (Tonnesen et al. 1990). 
Interestingly, abstinence for 30 days 
was sufficient to restore lymphocyte 
numbers back to control levels 
(Tonnesen et al. 1990). Similar find-
ings were obtained in animal models, 
where the number of T cells in the 
spleen decreased in mice fed a liquid 
diet (i.e., Lieber-DeCarli diet) con-
taining 7 percent ethanol for as little 
as 7 days (Saad and Jerrells 1991) or  
6 percent ethanol for 28 days (Percival 
and Sims 2000). Likewise, adult male 
Sprague-Dawley rats consuming 
liquid diets containing up to 12 g  
ethanol/kg/day for 35 days exhibited 
significantly reduced absolute numbers 
of T cells (Helm et al. 1996).

In addition to reducing T-cell num-
bers, chronic alcohol exposure disrupts 
the balance between different T-cell 
types (i.e., T-cell homeostasis), leading 
to a shift toward a memory phenotype. 
Specifically, people who had consumed 
30.9 ± 18.7 alcoholic drinks/day for 
approximately 25.6 ± 11.5 years exhib-
ited a decreased frequency of naïve 
(i.e., CD45RA+) CD4 and CD8 T 
cells, as well as an increased frequency 
of memory T cells (i.e., CD45RO+) 
(Cook et al. 1994). Another study 
conducted in humans with self-reported 
average alcohol consumption of 
approximately 400 g/day also found 
an increase in the percentage of both 
CD45RO+ memory CD4 cells and 
CD8 cells (Cook et al. 1995). These 
observations were confirmed in animal 
models. Thus, studies in C57BL/6 
mice demonstrated that chronic ethanol 
consumption (20 percent ethanol in 
water for up to 6 months) decreased 
the frequency of naïve T cells and 

increased the percentage of memory  
T cells (Song et al. 2002; Zhang and 
Meadows 2005). This loss of naïve T 
cells could result from decreased T-cell 
production in the thymus; increased 
cell death (i.e., apoptosis) of naïve  
T cells; or increased homeostatic  
proliferation. Additional analyses 
detected evidence that T-cell prolifera-
tion in the spleen was increased in 
alcohol-consuming mice (Zhang and 
Meadows 2005). Together, these 
observations suggest that chronic  
alcohol consumption results in lymph-
openia, which can increase homeostatic 
proliferation and accelerate conversion 
of naïve T cells into memory T cells 
(Cho et al. 2000).

Alcohol consumption also influences 
T-cell activation both in humans and 
in mouse models (Cook et al. 1991, 
1995). For example, alcoholics who 
had consumed approximately 23 ± 9 
drinks/day for 27.0 ± 11.5 years exhib-
ited significantly elevated numbers of 
activated CD8 T cells immediately 
after admission for detoxification, 
which persisted after 4 to 10 days of 
abstinence (Cook et al. 1991).1 The 
percentage of activated CD8 T cells 
expressing both human leukocyte 
antigen (HLA)-DR and CD57 also 
was increased in alcoholics with 
self-reported average alcohol con-
sumption of approximately 400 g/day 
(Cook et al. 1995). An increase in 
these cells could contribute to the 
chronic inflammation observed in 
alcoholic patients, because human 
CD57-expressing T cells can rapidly 
produce the pro-inflammatory cyto-
kine interferon gamma (IFN-γ) after 
stimulation through their TCR, with-
out requiring a second signal, as is the 
case with other cells (Song et al. 
2001). Similar findings were described 
in mouse models. Thus, C57BL/6  
or BALB/c mice that consumed 20 
percent ethanol in water for up to 6 
months showed a greater frequency  
of activated T cells, increased rapid 

1 T-cell activation was assessed by measuring the expression of 
human leukocyte antigen (HLA)-DR on the patient’s CD8 cells. 
HLAs are proteins found on the surface of various cells that pres-
ent antigens to the TCR on T cells to induce an immune response. 

IFN-γ response, and heightened sensi-
tivity to low levels of TCR stimula-
tion, with no requirement for a second 
signal (Song et al. 2002; Zhang and 
Meadows 2005). 

The effects of chronic alcohol exposure 
are not limited to phenotypic changes 
in T cells but also include T-cell func-
tions. One study in mice investigated 
the impact of ethanol or wine con-
sumption on T-cell migration by 
dividing the animals in three groups 
(i.e., receiving water, 6 percent ethanol 
in water, or alcohol in the form of 
wine adjusted to 6 percent ethanol 
with water) and injecting them with 
bacterial molecules called lipopolysac-
charides (LPS) or endotoxin, which 
can activate the immune response. 
Among other reactions, LPS injection 
normally triggers lymphocyte migra-
tion out of the circulation and into  
tissues and the lymphatic system 
(Percival and Sims 2000). In water- or 
wine-consuming mice, LPS injection, 
as expected, led to a 50 percent reduc-
tion in the number of lymphocytes in 
the peripheral blood, indicating their 
mobilization into tissues. In contrast, 
the ethanol-consuming mice exhibited 
no change in the frequency of certain 
circulating lymphocytes (i.e., CD3 
cells) after LPS injection, suggesting 
that chronic alcohol consumption 
may potentially impair the ability of 
lymphocytes to migrate out of circula-
tion (Percival and Sims 2000). One 
potential explanation for the lack of 
detrimental effects of wine in this 
experiment could be the presence of 
phytochemicals in wine that may be 
able to overcome ethanol’s harmful 
impact on immunity.

Effects on T-Cell Apoptosis
Activated T cells normally undergo 
apoptosis if they receive a second  
activation stimulus within a short 
interval. This process is known as  
activation-induced cell death (AICD) 
and is important to maintain T-cell 
homeostasis and self-tolerance 
(Alderson et al. 1995). Experiments 
done in an immortalized line of human 
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T lymphocyte cells used in cancer 
research (i.e., Jurkat cells) found that 
exposure to different concentrations of 
ethanol (i.e., 25, 50, 100, 150, 200 
mM) for 24 hours resulted in decreased 
cell viability in a dose-dependent 
manner. Furthermore, ethanol expo-
sure decreased expression of the anti- 
apoptotic molecule Bcl-2 and promoted 
expression of the pro-apoptotic molecule 
BAX in the cells. These findings suggest 
that ethanol pretreatment can sensitize 
T cells to AICD (Kapasi et al. 2003). 
Similarly, in vitro exposure of periph-
eral T cells to a physiologically rele-
vant concentration of 25mM ethanol 
significantly enhanced the activation 
of a protein that mediates apoptosis 
(i.e., caspase-3) as well as promoted 
DNA fragmentation (which is a hall-
mark of apoptosis) when the cells were 
stimulated (Kelkar et al. 2002). In 
vivo studies in humans confirmed 
these observations, demonstrating that 
binge drinking (i.e., consuming 5 to 7 
drinks within 90 to 120 minutes) pro-
moted T-cell apoptosis and decreased 
Bcl-2 expression (Kapasi et al. 2003).

Another mechanism contributing to 
ethanol-induced apoptosis in human 
T cells could involve down-regulation 
of the vitamin D receptor (VDR). 
VDR normally reduces expression of a 
signaling molecule called renin angio-
tensin (RAS) (Li et al. 2004). Lowered 
RAS levels in turn induce dysregula-
tion of the mitochondria (Kimura et 
al. 2005) and enhance production of 
reactive oxygen species (ROS) that can 
damage various molecules in the cells 
(Iuchi et al. 2003). Both mitochon-
drial dysregulation and ROS produc-
tion promote apoptosis. Naïve human 
T cells produce low levels of VDR, 
but expression is increased to moder-
ate levels in activated T cells (Irvin et 
al. 2000). Human T cells incubated in 
vitro with variable concentrations of 
ethanol (0, 10, 25, and 50mM for 24 
hours) showed a reduced expression of 
the VDR, accompanied by increased 
expression of RAS and ROS as well as 
increased T-cell death (Rehman et al. 
2013). Additional analyses demon-
strated that ethanol exposure pro-
moted apoptosis by inducing breaks  

in the DNA of the T cells. This damage 
to the DNA most likely was mediated 
by ROS generation in response to 
RAS activation. Treatment with a 
compound that activates the VDR 
(i.e., a VDR agonist) restored the T 
cell’s VDR expression, down-regulated 
RAS expression as well as ROS gener-
ation, and thus preserved T-cell sur-
vival (Rehman et al. 2013). 

In summary, these studies suggest 
that chronic alcohol abuse in humans 
and animal models results in lympho-
penia, increased T-cell differentiation 
and activation, and reduced migration 
(see figure 1). Chronic activation of 
the T-cell pool may alter the T cells’ 
ability to expand and respond to 
pathogenic challenges (potentially by 
inducing a state of unresponsiveness, 
or anergy, of the T cells), place the  
T cells under increased regulatory 
control, or lead to their elimination 
through increased sensitivity to AICD. 
These changes in turn compromise  
the organism’s ability to respond to 
pathogens and contribute to increased 
susceptibility to infections.

Figure 1  Alcohol abuse affects both the number and function of T cells. Chronic alcohol consumption decreases the number of circulating T cells, increases 
the number of activated T cells, accelerates differentiation of T cells to a memory phenotype, and interferes with thymocyte development.
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Impact of AUD on B cells

Effects on B-Cell Numbers  
and Phenotype
B cells are lymphocytes that originate 
in the bone marrow and mature in the 
spleen. They produce proteins called 
immunoglobulins (Igs) located either 
on the cell surface (where they are 
referred to as B-cell receptors [BCRs]) 
or secreted in the form of antibodies. 
Like T cells, each B cell expresses a 
unique BCR that only binds to a specific 
antigen. B cells and the antibodies 
they secrete mediate both T-cell–
dependent and T-cell–independent 
immune responses, depending on the 
specific class of antibody released. 
Similar to what has been observed for 
T cells, alcoholics (90 to 249 drinks/
month) exhibit lower B-cell numbers 
than do moderate (30 to 89 drinks/
month) or light drinkers (<9 drinks/
month) (Mili et al. 1992; Sacanella  
et al. 1998). The loss of circulating B 
cells is particularly severe in patients 
with alcoholic liver disease (ALD) 
consuming 164.9 to 400 grams of 
alcohol/day on average (Cook et al. 
1996; Matos et al. 2013).

The loss of peripheral B cells primarily 
seems to affect certain subpopulations 
of cells. B cells can be divided into two 
main subtypes that produce different 
types of Igs and other proteins and 
respond to particular types of antigens:

• B-1 B cells, which primarily seem 
to respond to polysaccharide anti-
gens, such as bacterial LPS. They 
can be divided further into the 
B-1a subset, which produces broadly 
reactive IgM antibodies, and the 
B-1b subset, which is important  
for T-cell–independent responses.

• B-2 B cells, which are considered 
“conventional” B cells. They pro-
duce high-affinity antibodies and, 
unlike B-1 B cells, B-2 B cells can 
develop into long-lived memory  
B cells that are critical in protection 
from subsequent infection with  

the same pathogens (i.e., form an 
immunological memory). 

The alcohol-related decrease in periph-
eral B cells primarily seems to be 
mediated by a decrease in the frequency 
of the B-2 B cells. The number of 
B-1a cells also seems to decline, but 
this decrease is accompanied by a rela-
tive increase in the percentage of B-1b 
cells (Cook et al. 1996). The loss of 
B-2 cells may explain why alcoholics 
often cannot respond adequately to 
new antigens. The relative increase in 
B-1b cells also may lead to autoantibody 
production, especially of the IgM and 
IgA classes (which is discussed below). 

Effects on Circulating 
Immunoglobulin Levels
Igs mediate a critical part of the adap-
tive immune response. There are five 
classes of antibodies: 

• IgD is present in small amounts in 
blood and serum and signals naïve 
B cells to be activated.

• IgM is the first antibody produced 
during an immune response and is 
responsible for agglutination and 
antibody-dependent cytotoxicity. 

• IgG is abundant in blood, lymph 
fluid, cerebrospinal fluid, and peri-
toneal fluid and can activate the 
complement system to facilitate 
phagocytosis of microorganisms.

• IgA is present primarily in mucosal 
secretions and prevents pathogens 
from attaching to and penetrating 
epithelial surfaces.

• IgE is widely found in the lungs, 
skin, and mucous membranes and 
plays an important role in allergic, 
anti-parasitic, and type 1-hyper- 
sensitivity responses. 

Although chronic alcohol consump-
tion leads to reduced B-cell frequency, 
it also results in increased production 
of Igs. Alcoholic patients with ALD 

(i.e., hepatic fibrosis or cirrhosis) who 
had consumed the equivalent of 10 oz. 
of 100-proof ethanol/day for 10 years 
showed elevated IgA and IgG levels 
compared with controls or alcoholics 
without ALD (Smith et al. 1980). 
Similarly, both IgA and IgM levels 
were increased in heavy drinkers (90 
to 249 drinks/month) compared with 
light (<9 drinks/month) or moderate 
drinkers (30 to 89 drinks/month) 
(Mili et al. 1992). Other studies deter-
mined an increase in IgE levels with 
chronic alcohol consumption (>100g/
day for a minimum of 5 years), which 
was associated with an increased prev-
alence of pollen allergies (Gonzalez-
Quintela et al. 1999, 2003; Hallgren 
and Lundin 1983). Furthermore, IgE 
levels decreased gradually with length 
of abstinence, suggesting a strong cor-
relation between alcohol consumption 
and IgE serum levels (Gonzalez-
Quintela et al. 1995; Hallgren and 
Lundin 1983). 

These clinical observations were 
confirmed with cultured cells as well 
as in rodent studies. Treatment of  
a mouse cell line (i.e., A78-G/A7 
hybridoma cells) with different con-
centrations of ethanol (25, 50, 100, 
and 200mM) for 48 hours resulted  
in a linear increase in IgM levels 
(Muhlbauer et al. 2001). Moreover, 
spontaneous IgA synthesis by peripheral 
blood mononuclear cells (PBMCs)— 
a mixed population of various white 
blood cells that also includes B cells—
was higher in PBMCs isolated from 
alcoholic patients with liver disease 
compared with controls (Wands et al. 
1981). IgA concentrations also were 
increased in a layer (i.e., the lamina 
propria) of the mucous membranes 
lining the intestine of adult female 
Wistar rats after acute ethanol admin-
istration (4g/kg intraperitoneally) for 
30 minutes (Budec et al. 2007). Recent 
studies suggest that the increase in IgA 
levels may be mediated by an ethanol- 
induced elevation of the enzyme  
neuronal nitric oxide synthase (nNOS) 
in the animals’ intestine, because inhi-
bition of nNOS before ethanol injection 
suppressed the IgA increase (Budec et 
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al. 2013). However, additional studies 
are needed to fully uncover the mech-
anisms that underlie increased Ig  
production while B-cell numbers are 
reduced. Potential mechanisms include 
increased Ig production by mature  
B cells (i.e., plasma cells), which have 
not yet been examined, and increased 
levels of antigens in the body, either 
because of higher rates of infection or 
potentially because of higher produc-
tion of antigens derived from the body 
itself (i.e., autoantigens) as a result of 
organ damage.

Interestingly, ALD patients have 
increased concentrations (i.e., titers) of 
circulating antibodies directed against 
liver-specific autoantigens (McFarlane 
2000). Thus, patients with active  
alcohol-induced hepatitis have anti-
bodies directed against liver-specific 
membrane lipoprotein, with titers  
correlating with disease severity 
(McFarlane 1984). Antibodies against 
the ethanol-metabolizing enzyme  
alcohol dehydrogenase also have been 
found in 50 percent of patients with 
ALD and were associated with alcoholic 
hepatitis (Ma et al. 1997). Further-
more, anti-phospholipid antibodies 
could be observed in up to 80 percent 
of patients with alcoholic hepatitis or 
cirrhosis, as well as in heavy drinkers 
(>80g/day for more than 1 year) with 
milder liver damage (Chedid et al. 
1994). Finally, about 70 percent of 
patients with advanced ALD have  
elevated levels of antibodies directed 
against compounds formed in the 
body during metabolic processes (i.e., 
lipid peroxidation) that occur as a 
result of alcohol-induced ROS pro-
duction (Mottaran et al. 2002). These 
compounds, which include malondial-
dehyde, 4-hydroxynonenal, and lipid 
hydroperoxides, are readily detectable 
in the serum and liver of ALD patients 
and alcohol-fed rodents (Albano 
2006). These observations suggest that 
ethanol-induced organ damage could 
stimulate auto-antibody production, 
leading to overall increased concentra-
tion of circulating antibodies.

Additional studies conducted with 
mice indicate that the development of 

antibodies against antigens generated 
as a result of lipid peroxidation is asso-
ciated with the hepatic expression of 
proinflammatory cytokines and devel-
opment of fatty liver (i.e., steatohepa-
titis) (Ronis et al. 2008). Similarly, 
studies in humans have shown that 
elevated levels of antibodies directed 
against lipid-peroxidation products are 
associated with elevated levels of the 
proinflammatory cytokine tumor 
necrosis factor-α in the blood (Vidali 
et al. 2008). The exact mechanisms by 
which these autoantibodies lead to 
increased production of proinflamma-
tory factors remain to be elucidated.  
It is possible that antibody-mediated 
opsonization and tissue destruction 
result in inflammatory cytokine pro-
duction by various immune cells that 
ingest the marked antigens (i.e., 
phagocytic cells or natural killer [NK] 
cells).2 

Together, the above studies demon-
strate that chronic alcohol consump-
tion simultaneously is associated with 
reduced B-cell numbers and increased 
Ig levels, including Igs directed against 
liver autoantigens and byproducts of 
oxidative damage (see figure 2). The 
presence of these antibodies contributes 
to increased production of inflammatory 
cytokines, which in turn may accelerate 
and/or exacerbate liver damage. 

Impact of AUD on  
Lymphocyte Development

Effects on Thymocytes
Thymocytes are progenitor cells in the 
thymus that entered a selection and 
maturation process called thymopoiesis 
to become T cells. Alcohol exposure 
can interfere with this process. Thus, 
when pregnant female C57BL/6J mice 
consumed a liquid diet in which 25 
percent of the calories were derived 
from ethanol from gestational day 1 to 
day 18, the offspring exhibited reduced 

2  Opsonization is a process by which a pathogen or other antigen 
is covered with antibodies and thereby marked for ingestion and 
destruction by other immune cells (i.e., phagocytic cells).

thymocyte numbers (Ewald 1989; 
Ewald and Frost 1987; Ewald and 
Walden 1988). This reduction in thy-
mocyte numbers may be mediated by 
ethanol-associated activation of the 
hypothalamic–adrenal–pituitary axis 
and increased glucocorticoid levels 
(Hiramatsu and Nisula 1989).3 
Glucocorticoids long have been recog-
nized as a potential cause for shrinkage 
(i.e., atrophy) of the thymus through 
induction of apotopsis (Reichert et al. 
1986). This hypothesis is supported by 
findings that a single dose of ethanol 
results in increased levels of endoge-
nous glucocorticoids and thymic atro-
phy (Han et al. 1993). Furthermore, 
administration of a glucocorticoid 
antagonist can block thymic atrophy 
and DNA fragmentation indicative of 
apoptosis in 8- to 12-week-old female 
mice consuming a solution of 20 percent 
ethanol in water (Han et al. 1993). 
However, another study showed that 
ethanol-fed animals whose adrenal 
glands had been removed (i.e., which 
had been adrenalectomized) and 
which therefore could no longer pro-
duce glucocorticoids still had fewer 
thymocytes than control adrenalecto-
mized animals (Jerrells et al. 1990). 
This suggests that glucocorticoids are 
responsible for some, but not all, of the 
ethanol-induced thymic dysfunction. 

Alcohol also activates an enzyme 
acting at the thymocyte membrane 
called adenylate cyclase, which increases 
the intracellular concentration of 
cyclic AMP (Atkinson et al. 1977). 
cAMP has multiple regulatory func-
tions in the cell, and increased cAMP 
levels can stimulate DNA fragmenta-
tion, leading to thymocyte apoptosis 
(McConkey et al. 1990). In studies 
conducted in vitro using a controlled 
model of thymocyte differentiation 
known as fetal thymus organ culture, 
exposure to 0.2 or 0.4 percent ethanol 
for 5 days resulted in generation of 
fewer total thymocytes and increased 

3 The hypothalamic–adrenal–pituitary axis is a hormonal system 
that primarily is involved in the stress response. Activation of this 
system culminates in the production and release of corticosteroid 
(i.e., cortisol in humans and corticosterone in rodents) from the 
adrenal glands, which then act on various tissues to mediate the 
stress response.
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thymocyte apotopsis in a dose- 
dependent manner compared with 
control cultures (Bray et al. 1993). 
Finally, exposure to ethanol concen-
trations of 0.4 to 2 percent had a more 
profound effect on apoptosis of cul-
tured thymocytes than on mature T 
cells (Slukvin and Jerrells 1995). All 
of these studies demonstrate that ethanol 
interferes with normal thymocyte 
function and maturation into T cells 
in a variety of ways.

Effects on B-Cell Development
Numerous analyses also have evaluated 
the effects of ethanol exposure on the 
development of B cells. As described 
above for thymopoiesis, the offspring 
of pregnant mice that from gestational 
day 1 to day 18 consumed a liquid 
diet in which 25 percent of calories 
were derived from ethanol exhibited 
decreased numbers of both immature 
and mature B cells in the spleens 
directly after birth. Moreover, these 
B-cell subpopulations did not recover 

to normal levels until 3 to 4 weeks of 
life (Moscatello et al. 1999; Wolcott et 
al. 1995). Other studies were conducted 
using a precursor cell type called  
oligoclonal-neonatal-progenitor 
(ONP) cells, which in vitro can differ-
entiate either into B lymphocytes or 
into other white and red blood cells 
(i.e., myeloid cells), depending on the 
cytokines to which they are exposed. 
ONP cells isolated from newborn 
mice that had been exposed to alcohol 
in utero demonstrated a greatly 
reduced capacity to respond to inter-
leukin (IL)-7 and commit to the B  
lineage, whereas their response to the 
growth factor granulocyte–monocyte 
colony-stimulating factor (GM-CSF) 
and commitment to the myeloid lin-
eage was not affected (Wang et al. 
2006). Similarly, ONP cells isolated 
from newborn mice and cultured in 
vitro in the presence of 100 mM ethanol 
for 12 days failed to respond to IL-7 
and commit to the B lineage, suggesting 
intrinsic defects (Wang et al. 2011). 
Additional investigations demon-

strated that alcohol affects ONP cell 
differentiation into B lineage at a late 
stage by down-regulating the expres-
sion of several transcription factors 
(e.g., EBF and PAX5) and cytokine 
receptors, such as the IL-7 receptor 
(IL-7Ra) (Wang et al. 2009). 

As described earlier for adult humans, 
alcohol can lead to increases in Ig 
levels during development, even if the 
numbers of mature B cells decrease. 
Thus, maternal alcohol consumption 
during pregnancy (12 mg/week for 
most of the pregnancy) increased IgE 
levels in the umbilical cord blood of 
the infants (Bjerke et al. 1994). 

Taken together, all these findings 
suggest that in utero exposure to etha-
nol may increase the risk for infections 
during early childhood or adulthood 
as a result of alcohol-induced defects 
in B-cell and T-cell development. 
Indeed, in utero exposure to ethanol 
resulted in a significant reduction in 
T-cell and B-cell responses to various 
antigens that did not recover to con-
trol levels until 4 to 5 weeks of life.  

Figure 2  Alcohol abuse impairs both the number and function of B cells. Chronic alcohol consumption reduces B-cell numbers, decreases antigen- 
specific antibody responses, increases the production of auto-antibodies, and interferes with B-cell development and maturation.
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In contrast, ethanol exposure did not 
significantly affect the development  
of the lytic functions of NK cells 
(Wolcott et al. 1995). 

Impact of AUD on Adaptive 
Immune Responses 

Responses to Infections
Alcohol abuse has been associated 
with increased incidence and severity 
of community-acquired pneumonia 
(Happel and Nelson 2005; Zhang et 
al. 2002), HIV infection (Mbulaiteye 
et al. 2000; Rasch et al. 2000; Stein et 
al. 2000; Welch 2000), HCV infection 
(Seronello et al. 2010; Zhang et al. 
2003), and infection with Mycobacterium 
tuberculosis (Hedemark et al. 1995; 
Hudolin 1975; Kline et al. 1995; 
Panic and Panic 2001; Sabot and 
Vendrame 1969). This increased  
susceptibility could be caused by  
alcohol-induced alterations in lym-
phocyte numbers and function or  
by AUD-related enhanced behavioral 
or environmental exposure to these 
pathogens. 

Analyses of animal models can help 
delineate the contribution of behav-
ioral and immunological changes to 
the increased susceptibility to infec-
tion. Indeed, experiments in a mouse 
model of influenza A infection showed 
that animals that had consumed 18 to 
20 percent ethanol for 4 to 8 weeks 
exhibited an impaired influenza-specific 
CD8 T-cell response. Specifically, 
mice in the ethanol group exhibited a 
decrease in the number of influenza- 
specific CD8 T cells (Meyerholz et al. 
2008).4 Influenza A virus infections 
increasingly are recognized as an import-
ant agent in community-acquired 
pneumonia. Because influenza-specific 
effector CD8 T cells play a central  
role in the elimination of influenza- 
infected cells (Epstein et al. 1998), a 

4 Similarly, chronic consumption of 18 percent ethanol in water 
for 31 weeks resulted in impaired antigen-specific CD8 T-cell 
responses following inoculation with Listeria monocytogenes 
(Gurung et al. 2009). 

reduced T-cell response could lead to 
increases in the incidence and severity 
of community-acquired pneumonia 
(Horimoto and Kawaoka 2005). 
Finally, adult mice exposed to ethanol 
only during gestation and nursing 
exhibited increased influenza-associated 
morbidity and mortality, increased 
numbers of virus particles in the lungs, 
and decreased numbers of both B cells 
and influenza-specific CD8 T cells in 
the lungs following influenza infection 
(McGill et al. 2009).

Researchers also have investigated 
the molecular and cellular mecha-
nisms underlying increased suscepti-
bility to HIV associated with chronic 
drinking using animal models. In  
one approach, rhesus macaques were 
administered either alcohol or a sugar 
solution with the same calorie content 
directly into the stomach. When both 
groups of animals were infected with 
the primate equivalent of HIV (i.e., 
simian immunodeficiency virus [SIV]) 
by the rectal route, higher SIV loads 
were observed in the alcohol-consuming 
animals. In addition, alcohol-consuming 
animals exhibited a higher CD4:CD8 
T-cell ratio in part of the intestine 
(i.e., the duodenum) compared with 
control animals (Poonia et al. 2006). 
Because intestinal CD4 T cells are the 
major target cells in HIV and SIV 
infections (Veazey et al. 2001), an 
increased percentage of CD4 T cells in 
the gut of alcohol-consuming macaques 
could be the reason for the higher SIV 
loads observed in these animals (Poonia 
et al. 2006). In addition, CD8 T-cell 
responses play a critical role in con-
trolling HIV infections and eliminat-
ing infected cells; therefore, the decrease 
in CD8 T cells could lead to impair-
ment in anti-HIV responses (Betts et 
al. 2006). 

The increased susceptibility to M. 
tuberculosis was confirmed in a mouse 
study where consumption of a liquid 
ethanol diet for 9 weeks (serum alcohol 
levels = 39 mg/dL) resulted in signifi-
cantly higher bacterial burden in the 
lung (Mason et al. 2004). Further 
analyses also identified blunted CD4 
T-cell responses (i.e., reduced prolifer-

ation as well as IFN-γ and IL-2 pro-
duction by the cells) as well as decreased 
CD8 T-cell numbers in draining 
lymph nodes of alcohol-consuming 
mice compared with control mice 
(Porretta et al. 2012). 

Responses to Vaccination
Because alcoholics are at increased  
risk for hepatitis B (HepB) infections, 
immunization with a HepB vaccine is 
recommended. However, the magni-
tude of the response to the vaccination 
(i.e., the production of antibodies) is 
lower in alcoholics compared with 
nonalcoholic control subjects (Nalpas 
et al. 1993), patients with other drug 
dependencies (Hagedorn et al. 2010), 
or patients with chronic liver disease 
caused by HCV or unknown causes 
(i.e., cryptogenic liver disease) (Roni 
et al. 2013), with the lowest responses 
found in alcoholics with liver disease. 
Another study (Rosman et al. 1997) 
demonstrated that the impaired anti-
body response in alcoholic patients 
(i.e., with consumption levels of 230 ± 
16 g/day ethanol for 26.4 ± 1.8 years) 
can be improved by doubling the dose 
of HepB vaccine from 10 μg to 20 μg 
at 0, 1, and 6 months. Similar results 
also were obtained in animal models. 
Thus, mice that were chronically fed 
ethanol generated a weaker antibody 
response following vaccination with 
HCV compared with control mice 
(Encke and Wands 2000). Abstinence 
partially restored antibody responses 
against hepatitis antigens in a mouse 
model (Encke and Wands 2000). 

Additional studies in rodents assessed 
the effects of alcohol on the effective-
ness of bacillus Calmette-Guérin 
(BCG) vaccination, which protects 
against tuberculosis. The studies found 
that when animals consumed ethanol 
before BCG vaccination, they were 
not protected against a subsequent 
pulmonary challenge with M. tubercu-
losis. In contrast, mice that consumed 
ethanol after the BCG vaccination 
were protected against a subsequent 
M. tuberculosis challenge (Porretta et 
al. 2012). Taken together, these data 
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suggest that chronic ethanol exposure 
interferes with immunity to new anti-
gens but not with immunity estab-
lished before alcohol consumption.

Cancer Risk
Alcohol-related alterations of immune 
surveillance also have been implicated 
in the development of cancer (Poschl 
and Seitz 2004). Reduced cell-mediated 
immunity was proposed as a potential 
explanation for the high incidence of 
head and neck cancer observed in 
alcoholic patients (Lundy et al. 1975). 
However, these studies are difficult  
to interpret, because several factors 
affect antitumor immunity in human 
alcoholics, including malnutrition, 
vitamin deficiencies, and liver cirrhosis. 
The impact of alcohol on NK cells, 
which are the first responders against 
tumor-forming cells, has been investi-
gated in mouse models. Those studies 
showed decreased cytolytic activity of 
NK cells in C57BL/6 mice consuming 
20 percent ethanol for 4 weeks; how-
ever, no differences existed in the 
metastasis of B16-BL6 melanoma cells 
in alcohol-consuming and control ani-
mals (Meadows et al. 1993). Another 
study using different tumor cells (i.e., 
MADB106 mammary adenocarci-
noma cells) demonstrated that ethanol 
administration 1 hour before tumor 
inoculation suppressed NK-dependent 
destruction of tumor cells, resulting in 
a 10-fold increase in the number of 
lung metastases in Fischer 344 rats 
(Ben-Eliyahu et al. 1996). The pres-
ence of ethanol in an in vitro culture 
of spleen cells also suppressed NK cell 
cytotoxic activity against MADB106 
tumor cells (Yirmiya et al. 1992).

Delayed-Type Hypersensitivity
Another aspect of cell-mediated 
immunity that is affected by ethanol 
consumption is the delayed-type 
hypersensitivity (DTH) response. 
DTH refers to a cutaneous T-cell– 
mediated inflammatory reaction  
that takes 2 to 3 days to develop. It is 
mediated by CD4 T helper cells, spe-

cifically the Th1 subpopulation. The 
data on alcohol-induced alterations in 
DTH responses are limited. One early 
study (Lundy et al. 1975) showed 
defects in cell-mediated immunity in 
male alcoholic patients admitted for 
detoxification, in response both to  
a new antigen and to an antigen to 
which they had previously been exposed. 
A more recent study (Smith et al. 
2004) reported that a negative correla-
tion existed between the amount of 
alcohol consumed by the participants 
and the size of DTH skin test responses 
to a specific antigen (i.e., keyhole 
limpet hemocyanin). Similar results 
were described in rodent models. For 
instance, genetically modified BALB/c 
mice that carried a TCR specific for 
the ovalbumin peptide and were fed  
a diet containing 30 percent ethanol- 
derived calories exhibited decreased 
antigen-specific Th1 responses 
(Waltenbaugh et al. 1998). Similarly, 
C57BL6 mice fed a liquid diet in 
which ethanol provided 27 percent of 
the total calories generated significantly 
decreased DTH responses to a T-cell–
dependent antigen (i.e., sheep red 
blood cells) (Jayasinghe et al. 1992). 
The reduced DTH response and 
accompanying decrease in IL-12 and 
IFN-γ cytokine production are thought 
to result in part from ethanol-mediated 
depletion of the antioxidant glutathi-
one in antigen-presenting cells 
(Peterson et al. 1998). 

Effects of Moderate  
Ethanol Consumption  
on Adaptive Immunity

The discussion in the preceding sec-
tions centered primarily on the effects 
of chronic alcohol abuse on the 
immune system. In contrast with 
these generally detrimental effects, 
data from several studies suggest that 
moderate alcohol consumption may 
exert beneficial effects on the adaptive 
immune system. For example, healthy 
volunteers who had a 30-day alcohol 
abstinence period before drinking 
moderately (i.e., 330 mL beer per day 

for women and 660 mL for men) for 
30 days showed significant increases in 
a variety of variables associated with 
adaptive immune responses (e.g., CD3 
subsets; secretion of IL-2, IL-4, IL-10, 
and IFN-γ by mitogen-stimulated 
PBMCs; and levels of IgG, IgM, and 
IgA in the blood) (Romeo et al. 2007).

Several studies also have reported 
improved responses to vaccination and 
infection in both humans and animal 
models of moderate alcohol consump-
tion. A study exploring the impact of 
alcohol consumption on the incidence 
of colds among 391 subjects inten-
tionally exposed to 5 different respira-
tory viruses showed that moderate 
alcohol consumption (i.e., 1 to 2 
drinks/day) was associated with 
decreased incidence of colds in  
nonsmokers (Cohen et al. 1993). 
Similarly, people who consumed a 
moderate amount of wine (i.e., 3.5 
glasses), and especially red wine, had a 
reduced incidence of the common cold 
compared with nondrinkers (Takkouche 
et al. 2002). In a rat model, low to 
moderate ethanol doses resulted in a 
greater delayed cutaneous hypersensi-
tivity response and improved clearance 
of Mycobacterium bovis, whereas high 
ethanol doses were associated with a 
reduced response and decreased bacte-
rial clearance (Mendenhall et al. 
1997). Finally, in a rhesus macaque 
model, animals that voluntarily con-
sumed moderate amounts of ethanol 
(1.3 to 2.3 g/kg/day) showed an 
improved response to a vaccine to 
which the animals had been exposed 
before (i.e., recall vaccine response) 
compared with controls (Messaoudi  
et al. 2013).

The mechanisms by which moderate 
alcohol consumption might exert 
these beneficial effects are only begin-
ning to emerge. In a study examining 
the impact of moderate alcohol con-
sumption on gene-expression patterns 
in blood cells (Joosten et al. 2012), 
young men consumed either 100 mL 
vodka with 200 mL orange juice or 
only orange juice daily during dinner 
for 4 weeks. After this period, the 
moderate-drinking participants exhib-
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ited down-regulation of a transcription 
factor (i.e., NF-Kappa B), modulation 
of pathways of antigen presentation, 
altered B- and T-cell receptor signal-
ing, and reduced IL-15. Furthermore, 
the plasma levels of various proinflam-
matory signaling molecules (e.g.,  
positive acute phase protein ferritin, 
α1-antitrypsin, and cytokines such  
as an IL-1 receptor agonist and IL-18) 
were significantly reduced, whereas 
anti-inflammatory proteins such  
as adiponectin were increased after 
moderate alcohol consumption 
(Joosten et al. 2012).

Summary 

Studies over the last 30 years have 
clearly demonstrated that chronic  
ethanol abuse impairs the functions  
of both T cells and B cells. Chronic 
alcohol consumption results in lymph-
openia with a loss in circulating T cells 
and B cells. The decrease in T cells is 
accompanied by increased homeostatic 
proliferation, which in turn leads to 
increased T-cell differentiation, activa-
tion, and conversion to the memory 
phenotype. Impairment in T-cell 
recruitment also was observed in mouse 
models of chronic alcohol exposure. 
Despite reduced B-cell numbers, 
people with AUD exhibit increased 
serum concentration of IgA, IgG, and 
IgE. This increase in circulating Igs 
correlates with increased levels of anti-
bodies directed against liver antigens 
and byproducts of oxidative damage. 
Finally, alcohol exposure in utero  
significantly interferes with the devel-
opment of T cells and B cells, which 
ultimately might increase risk for 
infections during adulthood. In con-
trast to the devastating effects of 
chronic alcohol abuse, a few studies 
have shown that moderate alcohol 
consumption increases the number  
of T cells; improves T-cell cytokine 
production; and enhances immune 
response to vaccines in humans, non-
human primates, and rodents. 

The molecular mechanisms underly-
ing the dose-dependent impact of  

ethanol on immunity remain poorly 
understood. Most studies have been 
carried out in vitro using primary cells 
or cell lines in the presence or absence 
of ethanol. The use of cultured cells 
presents several advantages, such as 
the ability to precisely control the 
amount and duration of ethanol expo-
sure, the relatively low cost, the ease of 
culturing large quantities of cells, and 
the ease of manipulating nutrients in 
the media and regulating gene expres-
sion. However, in vitro studies alone 
cannot reveal the underlying mecha-
nisms of immune modulation by  
ethanol, because immune cells carry 
out their functions in a multicellular 
environment. Therefore, in vivo studies 
also are necessary. These studies fre-
quently use rodent models, which 
allow researchers to use an abundance 
of reagents to characterize the immune 
response and to access genetically 
modified animals (i.e., transgenic and 
knockout strains) that facilitate mech-
anistic studies. However, alcohol  
consumption is not voluntary in these 
models. Thus, there is a pressing need 
to conduct additional studies using 
clinical samples or animal models that 
more faithfully mirror the complexity 
of human alcohol consumption, 
metabolism, and immune responses. 
Macaques are genetically diverse and, 
like humans, consume alcohol volun-
tarily and exhibit a wide spectrum of 
drinking patterns. Additionally, their 
long lifespan facilitates the study of 
the effects of long-term alcohol con-
sumption, and their large size allows 
simultaneous longitudinal sampling 
from various body tissues and organs 
that harbor immune cells (e.g., blood, 
lung, and gut). The tools available to 
study immunity in nonhuman pri-
mate models also are becoming more 
sophisticated. However, the high cost 
associated with nonhuman primate 
models remains an obstacle for large-
scale studies. 

Future studies should leverage  
the different models to uncover the 
molecular mechanisms underlying  
the dose-dependent impact of alcohol 
on immune function by investigating 

changes in gene expression patterns 
(Mayfield and Harris 2009). Such 
approaches should also investigate the 
contributions of noncoding RNAs, 
such as microRNAs (miRNAs), and 
epigenetic modifications, which are 
known to regulate gene expression 
patterns (Curtis et al. 2013; Sato et al. 
2011). miRNAs are small, single- 
stranded, noncoding RNAs that bind 
within one end of the target genes and 
prevent the generation of functional 
proteins from these genes by either 
destabilizing the mRNAs generated 
from the genes, preventing the transla-
tion of the genetic information in the 
mRNA into a protein, or both (Ambros 
2004; Bartel 2004; Filipowicz et al. 
2008). A single miRNA can target 
hundreds of mRNA transcripts, and  
a single mRNA transcript simultane-
ously can be targeted by more than 
one miRNA, ensuring fine-tuned  
and/or redundant control over a  
large number of biological functions. 
Epigenetic modifications are chemical 
changes that occur within a genome 
without changing the DNA sequence. 
These changes include direct addition 
of a methyl group to DNA (i.e., DNA 
methylation) or chemical modifica-
tions of the proteins (i.e., histones) 
around which DNA is wrapped, such 
as acetylation, methylation, and phos-
phorylation (Holliday 2006; Hsieh 
and Gage 2005; Murrell et al. 2005). 
Both regulatory mechanisms related  
to miRNA and epigenetic mechanisms 
are interrelated (see figure 3). Thus, 
several miRNAs themselves are regu-
lated epigenetically but also are capa-
ble of targeting genes that control 
epigenetic pathways (e.g., polycomb 
group-related genes and histone 
deacetylase). Studies have identified 
ethanol-mediated changes in both 
miRNA abundance (Miranda et al. 
2010; Pietrzykowski 2010) and epi-
genetic modifications within PBMCs 
(Biermann et al. 2009; Bleich and 
Hillemacher 2009; Bonsch et al. 2006). 
Other investigators have described 
ethanol-induced epigenetic modifica-
tions (i.e., alterations in histone acetyl-
transferases and histone deacetylases) 
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in liver cells (i.e., hepatocytes) in 
rodent models of binge drinking and 
ALD (Bardag-Gorce et al. 2007; 
Choudhury et al. 2010; Park et al. 
2005; You et al. 2008). However, very 
few studies have examined ethanol- 
induced changes in gene expression and 
regulation within specific immune-cell 
subsets. Moreover, none of the studies 
have conducted a comprehensive inte-
grated analysis of mRNA, miRNA, 
and epigenetic expression patterns in 
the same cell(s) before and after alcohol 
consumption. Integrating gene expres-
sion patterns with gene regulation 
could reveal novel insight into specific 
pathways that are dysregulated with 
alcohol abuse and could explain the 

increased susceptibility to infection. 
These insights could lead to interven-
tions to restore immunity, such as 
reversing changes in histone modifica-
tions and DNA methylation patterns 
or modulating expression levels of 
miRNAs. In addition, such studies 
could reveal the pathways that are 
modified by moderate alcohol con-
sumption to enhance immune 
response to vaccination. 
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presents a clinical case to describe a patient with immunity issues complicated by  
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Alcohol use and misuse have been part 
of human society for centuries. Early 
physicians recognized since the 1800s 
that alcohol produced not only impair-
ment of the senses but also higher pre-
disposition for tuberculosis. William 
Osler, the father of scientific medicine, 
reported in 1905 that patients who 
misused alcohol had higher predisposi-
tion to pneumonia (Osler 2001).

Between 2006 and 2010 in the United 
States, excessive alcohol consumption 
resulted in approximately 88,000 
deaths (data based on 11 U.S. States), 
and the median alcohol-attributable 
death rate was 28.5 per 100,000 popu-
lation (Gonzales et al. 2014). 

Furthermore, the potential years of life 
lost attributed to alcohol (estimate of 
the average years people would have 
lived if they had not died prematurely) 
averaged 2.5 million years annually 
from 2006 through 2010 (Gonzales  
et al. 2014). Importantly, the majority 
of alcohol-related deaths and potential 
life lost were among working-age adults 
(20- to 64-year-olds). In addition, the 
estimated cost of excessive drinking 
was $223.5 billion in 2006, from 
which the majority represented loss of 
productivity, valued at $161.3 billion, 
followed by increased health care costs 
and criminal justice costs of $21 bil-
lion each (Bouchery et al. 2011). 

Patients with a history of heavy 
acute or chronic alcohol use have 
higher rates of hospitalizations (Smothers 
and Yahr 2005), longer hospital stays 
(de Wit et al. 2011), risk for major 
complications when they also suffer 
polytrauma (like pneumonia, bleeding 
disorders, and withdrawal syndrome) 
(Spies et al. 1996), increased mortality 
(de Wit et al. 2011), higher intensive 
care unit admissions, and greater post-
operative complications when they are 
admitted to hospitals and when they 
need surgery (Delgado-Rodriguez et 
al. 2003), compared with patients  
with no history of alcohol use. The 
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following section illustrates the scope 
of these problems with a clinical case.

Clinical Case 

A 42-year-old white male presented  
to the emergency department with a 
3-day history of fevers, shortness of 
breath, and a mucus-producing cough. 
He reported a history of hypertension, 
smoking half a pack to one pack of 
cigarettes per day, and drinking four  
to six beers per day. (Although not 
reported, the specific size of each beer 
is 22 ounces. Thus, the patient con-
sumed 88 to 132 ounces of beer per 
day, an equivalent of approximately  
7 to 11 standard drinks per day). He 
reported no history of lung disease, 
such as chronic obstructive pulmonary 
disease or asthma. 

The patient received immediate 
attention as a result of having reduced 
oxygen supply. Oxyhemoglobin satu-
ration, a measure of oxygen in the blood, 
was low (89 percent). His blood pres-
sure was 102/72 mmHg and heart rate 
118 beats per minute. This blood pres-
sure was well below the patient’s base-
line pressure. The patient appeared ill 
and had shortened speech pattern. No 
jugular venous distention was present. 
His cardiac examination was normal 
and the lung examination revealed 
dullness to percussion at the right base, 
along with bronchial breath sounds 
and increased resonance of vocal sounds 
(i.e., egophony) over the right lung 
base. The patient’s abdomen was 
non-distended and non-tender, he  
had normal bowel sounds, and his 
liver edge was 5 centimeters below the 
right costal margin. His extremities 
revealed no clubbing, skin discoloration 
as a result of low oxygen (i.e., cyanosis), 
or edema, and his neurological exam 
was remarkable for a patient who was 
alert and oriented to time, place, and 
location. The patient moved all his 
extremities spontaneously.  

Laboratory data revealed elevated 
white blood cell count (i.e., leukocytosis) 
to 15,600 cells per microliter with 13 
percent bands, toxic granulations, and 

mild low blood platelet count (i.e., 
thrombocytopenia) to 123,000 cells 
per microliter. Electrolytes were 
remarkable for low potassium levels 
(i.e., hypokalemia) to 3.2 millimoles 
per liter, which were repleted. Arterial 
blood gas was consistent with the 
buildup of carbon dioxide in the lungs 
(i.e., acute respiratory acidosis) and a 
low level of oxygen in the blood (i.e., 
hypoxemia). A chest X-ray revealed 
dense alveolar consolidation of the 
right lung base. The patient was found 
to have severely low blood pressure 
because of his ongoing infection and 
inflammatory response (i.e., septic 
shock) and overly active proteins that 
control blood clotting (i.e., dissemi-
nated intravascular coagulation) 
attributed to pneumonia. 

The patient received supplemental 
oxygen and oxyhemoglobin saturation 
increased from 89 percent to 95 per-
cent. Broad-spectrum antibiotics were 
initiated within 2 hours after the patient 
arrived at the emergency department. 
Despite administration of 2.5 liters  
of normal saline, the patient’s blood 
pressure further decreased to 92/54 
mmHg. As a result, a central venous 
catheter was placed, and norepinephrine 
was given to raise the patient’s blood 
pressure. The patient was transferred 
from the emergency department to 
the medical intensive care unit. 
However, shortly after arrival to the 
medical intensive care unit, oxyhemo-
globin saturation decreased to 86 per-
cent, and the patient continued to 
have a difficult time breathing. He was 
emergently intubated with an endotra-
cheal tube because of acute respiratory 
failure, and mechanical ventilation 
was initiated. A repeated chest X-ray 
revealed progression of air-space disease: 
It involved both lungs and all four 
quadrants. The patient was diagnosed 
with acute respiratory distress syndrome, 
and ventilator settings were adjusted 
to decrease tidal volume to 6 milliliters 
per kilogram ideal body weight. The 
patient also required increasing 
amounts of positive end expiratory 
pressure to 14 centimeters of water 
and fraction of inspired oxygen 70 

percent. Over the ensuing 2 to 3 days, 
the patient’s blood flow improved 
slowly, his norepinephrine dose was 
decreased, and leukocytosis resolved. 
Blood cultures grew cephalosporine- 
sensitive Klebsiella pneumoniae.

Although the patient’s clinical con-
dition improved, his neurocognitive 
function did not.  He was given sedatives 
to facilitate mechanical ventilation. 
However, he required high doses of 
the depressant midazolam, and his 
mental status fluctuated from being 
unresponsive to sitting upright in bed 
attempting to remove the endotracheal 
tube. On hospital day 2, the patient 
developed delirium. The presence of 
the endotracheal tube prevented the 
patient from expressing himself verbally, 
and the medical team had very limited 
ability to communicate with him. The 
team was unable to determine whether 
the patient had a headache, nausea,  
or experienced hallucinations or the 
feeling of insects crawling on one’s skin 
(i.e., formication), signs of alcohol 
withdrawal. Rather, the medical team 
was limited to evaluating gross motor 
movements, behavior, and facial 
expressions. The patient’s fevers and 
rapid heart rate (i.e., tachycardia)  
persisted for days, and the physicians 
were unable to determine whether 
these were attributed to ongoing infec-
tion and inflammatory response (i.e., 
sepsis) or if the patient was developing 
superimposed alcohol withdrawal. 
Administration of midazolam was 
based on motor behaviors and a modi-
fied Clinical Institute Withdrawal 
Assessment for Alcohol (CIWA-Ar). 
Realizing its limitations in the non-
verbal critically ill patient, physicians 
were left attempting different strate-
gies for management of sedation. They 
increased the dose of midazolam, only 
to find that the patient became overly 
sedated and unresponsive. Empiric 
trials of opioids were attempted in 
order to determine if the patient was 
experiencing pain, but again this 
strategy did not seem to improve the 
patient’s neurocognitive function. 
Next, haloperidol, an antipsychotic, 
was administered to control agitation 
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and perhaps aided in management of 
delirium. The team continued to attempt 
different strategies to manage his fluc-
tuating agitation and sedation, including 
attempts to limit midazolam adminis-
tration in favor of administration of 
haloperidol. However, after approxi-
mately 7 days, the patient was more 
alert and cooperative, but it was not 
clear what led to the improvement. 
He remained delirious but was able  
to follow commands. His septic shock 
resolved, and mechanical ventilation 
was removed.  

Discussion

This case illustrates the complexities  
of managing critically ill patients with 
alcohol use disorder (AUD), which is 
common in such patients and may 
occur in 40 percent of hospitalized 
patients. Critically ill patients with 
AUD have unique problems, including 
needs for higher doses of sedatives and 
increased risk of requiring mechanical 
ventilation (de Wit et al. 2007a). 
Patients with AUD are at increased 
risk of developing pneumonia and 
sepsis. In addition, pneumonia encom-
passes a larger geographic area of the 
lung in patients with AUD compared 
with patients without AUD (de Roux 
et al. 2006; Fernandez-Sola et al. 1995; 
Ruiz et al. 1999; Saitz et al. 1997; 
Torres et al. 1991). This patient popu-
lation also has prolonged fevers and 
slower radiographic resolution of air-
space disease. Furthermore, acute 
respiratory distress syndrome, which 
carries a mortality greater than 30 per-
cent, is more common among patients 
with AUD who experience sepsis 
(Moss et al. 1996). Sepsis also is more 
severe and has a higher mortality in 
this patient population (O’Brien et al. 
2007). Patients with AUD may not 
only experience higher severity of illness 
but also are at increased risk of devel-
oping neurocognitive complications, 
such as delirium. The patient in the 
case scenario developed agitation, which 
could have been a result of a variety of 
etiologies, including dyspnea, anxiety, 

pain (from the endotracheal tube, 
lying in bed, or from procedures), 
delirium induced by critical illness, 
alcohol withdrawal, or delirium tre-
mens (de Wit et al. 2007b). Despite 
the high prevalence of these disorders 
among critically ill patients, only lim-
ited data are available to aid physicians 
in managing this patient cohort so as 
to optimize patient outcome (Awissi 
et al. 2013; Sarff and Gold 2010). For 
instance, the management of alcohol 
withdrawal has not changed much 
over the last two decades and is centered 
in supportive care (Sarff and Gold 
2010), electrolyte replenishment, 
vitamin supplementation (especially 
thiamine), benzodiazepine administra-
tion, and consideration of alternative 
agents such as propofol and beta 
blockers. Benzodiazepines (usually 
midazolam and lorazepam) are routinely 
administered during the course of 
mechanical ventilation to treat agita-
tion. However, benzodiazepines also 
are linked to the development of 
delirium, a condition associated with 
increased mortality (Ely et al. 2004).

Effects of Alcohol on the 
Mucosal Immune System

For more than a century, physicians 
have noticed that alcohol produces 
abnormalities in the host defenses. As 
early as the late 1800s, scientists per-
formed studies to determine how ethanol 
produced detrimental effects in humans. 
Human studies have provided important 
epidemiological data demonstrating 
an association between alcohol con-
sumption and risk of infection. This 
increased risk of infection has been 
attributed to alcohol’s effect on the 
immune system. The following sections 
focus mainly on the effects of alcohol on 
gut, lung, and skin mucosal immunity. 

Effects on Mucosal Gut  
(Intestinal) Immunity
The intestinal mucosa plays an important 
role in alcohol metabolism, as the epi-
thelial surface incorporates alcohol 

into the blood system by passive  
diffusion, which accounts for approxi-
mately 80 percent of alcohol absorp-
tion (Norberg et al. 2003). The other 
20 percent is absorbed through the 
gastric mucosa.  

A recent study described the effects 
of acute alcohol binge drinking on gut 
homeostasis in healthy human study 
participants (Bala et al. 2014). Higher 
levels of alcohol (about 90 mg/dl), 
which occurred 1 hour after oral inges-
tion of vodka (40 percent ethanol), 
correlated with higher expression of 
serum bacterial DNA as measured by 
the abundance of 16S rDNA (a con-
served genetic component of several 
bacteria that should not be present in 
the blood in healthy people). Further-
more, endotoxin, which is produced 
by Gram-negative organisms, was 
increased in serum as early as 30 min-
utes after alcohol ingestion and per-
sisted at high levels for 3 hours after 
ingestion. These data suggested that 
even acute episodes of alcohol intoxi-
cation provoked abnormalities in the 
gut epithelium. These findings are 
supported by studies performed in 
rats, which showed evidence of a mild 
increase of endotoxemia after one dose 
of acute alcohol ingestion (Rivera et 
al. 1998). Thus, it is critical to under-
stand not only how chronic alcohol 
consumption increases endotoxin 
levels in the host but also how acute 
alcohol intoxication affects transloca-
tion of bacteria or microbial products. 
One known mechanism involves  
alcohol’s role in increasing permea-
bility of the intestine, leading to bacte-
rial translocation and higher levels  
of the molecules found in the outer 
membrane of Gram-negative bacteria 
(i.e, lipopolysaccharide) in the blood 
(Bode and Bode 2005; Schaffert et al. 
2009; Szabo and Bala 2010). 

The exact mechanisms underlying 
alcohol’s role in increasing gut perme-
ability and/or transient endotoxemia 
are not clearly elucidated, but recent 
studies have suggested some possible 
causes (see figure). Cytochrome 
P4502E1 is an enzyme present in the 
liver and is involved in the metabolism 
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and oxidation of alcohol, fatty acids, 
and foreign compounds (Cederbaum 
2010). CYP2E1 is the most highly 
expressed isoform of the CYP450 
cytochrome enzymes and is highly 
expressed not only in the liver but also 
in the small intestine and colon. In 
addition, an acute model of alcohol 
binge intoxication in mice shows that 
alcohol can induce the expression  
of intestinal CYP2E1 and that this 
induction is correlated with higher 
endotoxemia and translocation of  
liver bacteria. These outcome measures 
were substantially reduced, however, 
in Cyp2e1- null mice (genetically 
modified mouse in which Cyp2e1 
gene is inactive) compared with wild-
type control mice, suggesting that 
CYP2E1 is essential for development 
of gut leakiness. The deleterious effects 
of alcohol-induced CYP2E1 were 
ameliorated with treatment with  
the antioxidant N-acetylcysteine 
(Abdelmegeed et al. 2013).

Activated CYP2E1 can produce  
oxidative stress and tissue damage as a 
result of reactive oxygen species, and 
this oxidative stress can damage intes-
tinal barrier function. In vitro studies 
have shown that acute exposure for  
2 to 4 hours of Caco-2 cells (human 
colon adenocarcinoma cell line) to  
43 mM of alcohol increased CYP2E1, 
which correlated with higher intestinal 
permeability (measured by trans- 
electrical epithelial resistance). Reducing 
the expression of CYP2E1 (i.e., knock- 
down) by small-interfering RNA 
reversed alcohol-induced alteration in 
cell permeability (Forsyth et al. 2013). 
Furthermore, CYP2E1 metabolism of 
alcohol and its oxidative stress products 
induced reduction and oxidation- 
sensitive circadian CLOCK (clock cir-
cadian regulator) and PER2 (period 
circadian clock 2) protein expression 
in intestinal epithelial cells (Caco-2 
cells). The induction of CLOCK and 
PER2 promoted intestinal hyperper-

meability. Thus, alcohol can disrupt 
circadian rhythms at the level of gene 
transcription in the intestine. Circadian 
clock genes are those that depend on 
day and light and feeding patterns. 
Growing evidence suggests that alcohol 
disrupts circadian rhythmicity, prob-
ably by intestinal-derived lipopolysac-
charide (Voigt et al. 2013). Inhibition 
of CYP2E1 protein expression stopped 
intestinal hyperpermeability as well  
as induction of CLOCK and PER2 
(Forsyth et al. 2013) and knocking 
out Clock or Per2 in intestinal epithelial 
cells also ameliorated alcohol-induced 
intestinal hyperpermeability (Swanson 
et al. 2011). 

In the case of chronic ethanol models, 
the disruption of intestinal permeability 
is highly correlated with the develop-
ment of alcoholic liver disease (Mathurin 
et al. 2000; Szabo 2015; Wang et al. 
2014). That is, bacterial translocation 
causes high endotoxin levels in the  
circulation, which induces the production 

Figure     Alcohol use increases intestinal permeability and endotoxin levels. The mechanisms include increases in microRNA miR-212 levels, which 
decrease gene expression within the zonula occludens, resulting in increases to miR-155 that produce intestinal inflammation. Alcohol 
induces expression of the enzyme CYP2E1, increasing reactive oxygen species, which damage tissue through increases in oxidative stress. 
Alcohol also increases the expression of circadian clock genes that alter intestinal permeability.
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of cells that regulate inflammation 
(i.e., tumor necrosis factor-alpha 
[TNF-α]) by Kupffer cells in the liver. 
This chain of events can then lead to 
alcoholic liver disease (Bode and Bode 
2005). Furthermore, bacterial over-
growth in the small intestine probably 
contributes to higher endotoxin blood 
levels (Fouts et al. 2012). One other 
possible mechanism of increased 
endotoxin levels upon alcohol intake 
is through the upregulation of 
microRNAs, which are small non-
coding RNAs involved in modulating 
protein synthesis, likely by inhibiting 
translation of mRNA (the coding 
RNA). Most tissues produce specific 
microRNAs, and an increasing amount 
of research over the last 10 years sup-
ports their role in protein expression 
and regulation. That said, research also 
shows that microRNAs are affected  
by alcohol intake. Thus, high levels  
of specific microRNAs are associated 
with gut leakiness. In particular, the 
microRNA miR-212 inhibits gene 
expression of zonula occludens gene 
(ZO-1), an important gene that regu-
lates the formation of tight junctions 
in the gut lumen, especially in the 
colon (Tang et al. 2008). Furthermore, 
chronic alcohol intake increases tissue- 
specific microRNA miR-155, which 
contributes to alcohol-induced small 
bowel inflammation and alteration of 
gut barrier integrity in mouse small 
intestine. This has been shown by 
research in which miR-155 knockout 
mice, despite chronic alcohol adminis-
tration, were protected from higher 
serum endotoxin levels and preserved 
their regenerating islet-derived protein 
III beta (Reg3b) protein expression, an 
antimicrobial peptide that plays a role 
in intestinal barrier integrity, unlike 
wild-type mice (Lippai et al. 2014). In 
addition, research using a non-human 
primate model of chronic alcohol con-
sumption (Asquith et al. 2014) found 
that expression of miR-155 was cor-
related with alcohol administration. 
The increase in miR-155 among alcohol- 
exposed primates was inversely correlated 
with the production of immune cell- 

signaling proteins (i.e., cytokines) by 
colonic T cells. 

Research with a chronic alcohol 
model in rhesus macaques has found a 
detrimental effect on immune cells in 
the gut. The alcohol-exposed group 
had a smaller percentage of immunity- 
boosting TNF-α+ cluster of differenti-
ation 8 (CD8+) cells in the layer of 
intestinal tissue beneath the epithelium 
(i.e., lamina propria) compared with 
non–alcohol-exposed animals (Asquith 
et al. 2014). The study also found  
that alcohol-exposed animals had a 
decreased percentage of intraepithelial 
immune cells known as IL17+ INFγ+ 
CD4+ T cells from the jejunum and a 
decreased percentage of IL17+ IFNγ+ 
CD8+ T cells from the lamina propria 
in the ileum. Alcohol also has been 
associated with the profound loss of 
gut-associated lymphoid tissues in a 
mouse model of Salmonella typh-
imurium infection (Sibley and Jerrells 
2000). Both mesenteric lymph nodes 
and Peyer’s patches lymphocytes, 
important immune system compo-
nents, were decreased from day 3 to 
day 7 in the alcohol-fed mice group, 
compared with the pair-fed and chow 
controls. The alcohol-fed mice exhib-
ited higher bacteria levels in the liver 
and intestinal tract compared with 
pair-fed control animals (Sibley and 
Jerrells 2000). Thus, this body of evi-
dence shows the deleterious effects 
and mechanism of action by which 
alcohol perturbs mucosal gut immunity.

Effects on Mucosal  
Lung Immunity

The effects of alcohol intake under-
mine immune defenses in both the 
upper and lower airways. This review 
will focus mainly on mucosal lung 
immunity of the lower airways. The 
alveolar macrophage is an important 
immune cell affected by alcohol con-
sumption. Alveolar macrophages  
have the receptor for the granulocyte- 
macrophage colony-stimulating factor 
(GM-CSF), which is important for 
terminal differentiation of fetal 

monocytes in the lung into mature 
alveolar macrophages (Guilliams et  
al. 2013; Schneider et al. 2014). 
Interaction of GM-CSF with its  
receptor leads to the nuclear binding 
of the transcription factor PU.1, 
which is important for alveolar macro-
phage gene regulation and develop-
ment (Bonfield et al. 2003). In 
chronic alcohol-fed rats, the alveolar 
macrophage displayed decreased mem-
brane expression of the GM-CSF 
receptor as well as impaired bacterial 
ingestion (i.e., phagocytic activity) 
(Joshi et al. 2005). These effects were 
reversed with recombinant GM-CSF, 
which restores GM-CSF signal respon-
siveness and innate function in alveolar 
macrophages of alcohol-fed rats. 

Moreover, alcohol activates nicotin-
amide adenine dinucleotide phosphate 
(NADPH) oxidases upon oxidative 
stress in the alveolar macrophages. 
When activated, these enzymes can 
produce reactive oxygen species (i.e, 
superoxide, hydrogen peroxide). 
Specifically, chronic alcohol intake 
increases the level of NADPH oxidase 
1 (Nox1), NADPH oxidase 2 (Nox2), 
and NADPH oxidase 4 (Nox4) at the 
transcriptional and protein levels in 
alveolar macrophages of animal models 
and human alveolar macrophages from 
alcoholic study participants (Yeligar 
et al. 2012). In addition to increased 
oxidative stress, chronic alcohol use 
results in the depletion of important 
alveolar antioxidants like glutathione 
or its precursors. In one study, res-
toration of glutathione through its 
precursor N-acetylcysteine into the 
alveolar environment improved alveo-
lar phagocytic function and decreased 
alveolar damage in animal models 
(Yeligar et al. 2014).

Zinc is another important element 
impaired by alcohol intake. Joshi and 
colleagues (2009) found that alcohol- 
fed animals had lower zinc levels in 
the alveolar compartment compared 
with control animals and that this 
level did not correlate with zinc blood 
levels, which were within normal 
range. A study performed in human 
study participants corroborated the 
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finding that alveolar macrophages 
from alcoholics had lower intracellular 
zinc levels than nonalcoholic study 
participants (Mehta et al. 2013). 
Furthermore, these human macrophages 
had decreased phagocytic activity 
when exposed to Staphylococcus aureus 
in vitro. Intracellular zinc levels and 
phagocytic activity were improved 
when alveolar macrophages were treated 
with Zinc and procysteine, a gluta-
thione precursor (Mehta et al. 2013).

Alcohol also has been found to 
affect lung immunity through other 
mechanisms. These include alterations 
in the recruitment of white blood  
cells (i.e., neutrophils) into the alve-
olar space, impairment of neutrophil 
movement in response to infection, 
and decreased activation of proteins 
that induce an immune response (Boe 
et al. 2001, 2003). These findings have 
been observed in rodent models of 
acute alcohol intoxication with S. 
pneumoniae and K. pneumoniae lung 
infection (Boe et al. 2001; Quinton  
et al. 2005). Further investigation into 
the impaired recruitment of neutro-
phils to the alcoholic lung upon infec-
tion has revealed that alcohol enhances 
the phosphorylation of the transcrip-
tion factor signal transducer and acti-
vator of transcription 3 (STAT3) in 
nucleated bone marrow cells, blunting 
hematopoietic precursor cell response 
(i.e., formation of immune cells) (Siggins 
et al. 2011) against pneumococcal 
infection in a mouse model of acute 
chronic alcohol intake.

Furthermore, alcohol seems to pro-
duce abnormalities and decreased 
numbers in natural killer (NK) cells, 
which are decreased in mouse models 
of alcohol consumption (Blank et al. 
1993). In research with a mouse model, 
Zhang and Meadows (2008) reported 
that chronic alcohol impaired the 
release of NK cells from the bone 
marrow, which translates into decreased 
bone marrow–derived NK cells in the 
spleen and higher percentages of thymus- 
derived NK cells (Zhang and Meadows 
2008). The alcohol-induced imbalance 
of NK cells may be disadvantageous 
for the host because thymus-derived 

NK cells have less cytolytic capacity 
and more cytokine production proper-
ties. The observation that alcoholic 
patients have predisposition to viral 
infections like cytomegalovirus (Arase 
et al. 2002; Bekiaris et al. 2008) and 
influenza as well as certain tumors 
may be related to NK-cell dysfunction. 
In a mouse model of chronic alcohol 
intake, the populations of NK cells  
in the spleen were decreased at 1  
week compared with controls, which 
accounted for decreased cytotoxic 
activity. This difference was attributed 
to decreased percentage and decreased 
absolute number of the NK T cells 
NK1.1+ and CD3- negative cells 
(marker of NK T cells). However,  
the groups did not differ in number  
or percentages at 8 weeks post–alcohol 
intake. A decrease in the NK subtype 
Ly49H+, CD11b+,CD27– was 
observed 10 weeks after alcohol  
consumption. This subtype has been 
involved with predisposition to cyto-
megalovirus infections in a mouse 
model. Thus, it seems that alcohol 
may affect selective populations of NK 
cells in a time-dependent manner 
(Ballas et al. 2012).

Effects on Mucosal  
Skin Immunity

Like any other organ in the human 
body, the skin is also affected by 
alcohol intake. Alcoholism is associated 
with higher rates of wound infection 
and delay in wound closure. It is  
associated with increased risk for 
Staphylococcus aureus infection, including 
methicillin-resistant Staphylococcus 
aureus, Streptococcus pyogenes, and 
Vibrium vulnificus. 

Ethanol seems to impair dermal 
fibroblast function, which plays a role 
in wound healing. Dermal fibroblasts 
display proliferative responses along 
with secretion of growth factors. In 
vitro studies of human fibroblasts 
exposed to alcohol demonstrated a 
reduction in dermal wound breaking 
strength (immature wound) (Ranzer 
et al. 2011). Although human skin 

differs in cellular components com-
pared with other mammalian species, 
mouse models of skin infection and 
alcohol consumption have helped 
researchers understand alcohol’s dam-
aging effects on the skin. One study 
found that mice had 30 to 50 percent 
fewer epidermal immune cells (i.e., 
Langerhans cells) after 4 weeks of 
chronic alcohol consumption (Ness et 
al. 2008). This effect is likely to account 
for decreased immune surveillance 
once the host encounters a pathogenic 
organism in the skin.

In the mouse epidermis, a type of 
resident skin T cell known as dendritic 
epidermal T cells (DETCs) are prompt 
to respond to skin injury, participate 
in wound healing (Jameson et al. 
2002), and fight against tumor forma-
tion. These resident T cells have a 
gamma delta T-cell receptor (γδ TCR) 
and do not need antigen presentation 
or major histocompatibility complex 
(MHC) class molecules to mature to 
have an effector function. In the mouse, 
DETCs are exclusively restricted to 
the epidermis and are absent in other 
tissues, peripheral circulation, or 
lymph nodes. DETCs also display 
receptors and molecules (e.g., junc-
tional adhesion molecule-like [JAML] 
protein, NK group 2, member D 
[NKG2D], cluster of differentiation 
69 [CD69]) to facilitate their crosstalk 
with other cells in the network upon 
skin stress or damage. Inhibition of 
JAML leads to decreased γδ T-cell 
induction and delayed wound healing 
(Witherden et al. 2010).

Chronic ethanol intake can also 
affect skin T cells in mouse models. 
DETCs are significantly decreased  
in ethanol-fed mice compared with 
water-fed controls and ethanol-fed 
mice show significant depletion of 
dermal γδ T cells compared with con-
trols. Furthermore, dermal γδ T17 
cells have decreased interleukin-17 
production following administration 
of the immunosuppressive drug 
anti-CD3 monoclonal antibody 
(Parlet and Schlueter 2013). So it 
seems that skin T-cell populations are 
affected by ethanol and that T cells 
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that express the γδTCR are more 
affected, whereas those that express 
the αβTCR seem to be unaffected. 

Some differences between human 
and mouse skin need to be considered, 
however. For instance, DETCs are 
only found in the mouse epidermis,  
in which they represent 98 percent  
of CD3+ T cells. In the human epi-
dermis, by contrast, αβ+ and γδ+ T 
cells (mostly Vδ1, a subset of gamma 
delta cells) are represented equally. 
Nevertheless, the mechanisms studied 
in the mouse models bring up ques-
tions that can be studied in human 
cells and these studies may help to 
reveal novel pathways by which ethanol 
impairs human skin immunity. 

As illustrated above, patient care is 
clearly complicated by alcohol-induced 
immunity issues. The mechanisms 
described explain alcohol’s role in 
causing immune deficiency in the gut 
and respiratory mucosa. With greater 
awareness of these mechanisms, 
researchers and clinicians will have a 
better understanding of how alcohol 
affects the human immune system, 
leading to the eventual development 
of new strategies to reduce adverse 
outcomes in the affected population.
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The human body regularly encounters 
and combats many pathogenic organ-
isms and toxic molecules. Its ensuing 
responses to these disease-causing 
agents involve two interrelated systems: 
innate immunity and adaptive (or 
acquired) immunity. Innate immu-
nity is active at several levels, both at 
potential points of entry and inside 
the body (see figure). For example, 
the skin represents a physical barrier 
preventing pathogens from invading 
internal tissues. Digestive enzymes 
destroy microbes that enter the stom-
ach with food. Macrophages and 
lymphocytes, equipped with molecular 

detectors, such as Toll-like receptors 
(TLRs), which latch onto foreign 
structures and activate cellular 
defenses, patrol the inside of the 
body. These immune cells sense  
and devour microbes, damaged cells, 
and other foreign materials in the 
body. Certain proteins in the blood 
(such as proteins of the complement 
system and those released by natural 
killer cells, along with antimicrobial 
host-defense peptides) attach to  
foreign organisms and toxins to initiate 
their destruction.

When a pathogenic organism or 
toxin does gain a foothold in the 
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Figure     Overview of the immune system. Innate immunity encompasses several 
non-specific protective mechanisms against infection, including physical and 
physiological barriers, cells (e.g., macrophages and neutrophils) that detect and 
attack other cells carrying pathogen-associated molecular patterns, and small 
proteins that signal pathogen invasion (i.e., cytokines and chemokines) or short 
peptides that directly attach to and restrict microbial pathogens. The adaptive 
immune system comprises specialized cells (e.g., B and T cells) and proteins 
(i.e., antibodies) that detect and eliminate specific pathogens and also uses 
cytokine/chemokine signaling to recruit additional immune cells. Several cells in 
adaptive immunity (i.e., memory B and T cells) can store immune memory of a 
pathogenic invasion. The complement system, along with natural killer cells and 
dendritic cells, straddles both innate and adaptive immunity.



172| Vol. 37, No. 2 Alcohol Research: C u r r e n t  R e v i e w s

Primer on the Immune System (continued)

body, the defenses furnished by the 
innate immune system are reinforced 
by those of the adaptive immune 
system. Compared with innate 
immunity, adaptive immunity is a 
more evolved and complex system 
consisting of both cells and proteins. 
These adaptive immunity agents 
specifically target and destroy the 
invading pathogen. Within days or 
weeks, the adaptive immune system 
manufactures antibodies tailored  
to the pathogenic invader to halt  
its spread. This process, known as 
the humoral response or antibody- 
mediated immune response, relies 
on specific cell types, called B cells, 
which produce antibodies. In parallel, 
this response activates lymphocytes, 
including T cells, programmed with 
information to detect surface mole-
cules specific to the invader—a second 
type of adaptive immunity called  
cellular immunity. A hallmark of 
adaptive immunity is that it can 
store—via production of specialized 
T and B cells—a memory of the 
pathogen’s unique molecular struc-
tures allowing for a more rapid 
response to future invasions by  
the same pathogen.

The expanded glossary below pres-
ents the main features of and mech-
anisms and players in the innate and 
adaptive immune systems that are 
relevant to this special issue of Alcohol 
Research: Current Reviews.

The Innate Immune System

Responses of the innate immune 
system to acute or persistent infection 
or injury typically manifest as inflam- 
mation. The primary purpose of the 
inflammation is to contain the infec-
tion, enable rapid access of immune 
cells and proteins to the infection 
site, and promote healing once the 
pathogen(s) has been cleared. This 

process involves multiple cytokines 
and types of immune cells. Many of 
the cells of the innate immune system 
are phagocytes: cells that ingest other 
cells or cellular debris through a  
process called phagocytosis, which 
neutralizes harmful agents. In phago-
cytosis, the immune cells engulf 
microorganisms or foreign particles 
and inactivate them in an intense 
chemical shower of reactive oxygen 
species called the respiratory burst.

Innate immune cells have various 
functions, including the following.
Granulocytes are white blood cells 
(i.e., leukocytes) characterized by 
the presence of granules in their 
cytoplasm. Granulocytes include 
the following cell types:

Neutrophils are the most abundant 
granulocytes and also the most 
abundant type of white blood cell, 
reaching concentrations of up to 5 
million cells per milliliter in the 
blood. Neutrophils normally circu-
late in the blood and, upon injury  
or infection, quickly move to the 
affected site. They thereby follow 
chemical signals consisting of cytokines 
and chemokines to the site where 
they are among the first immune 
cells to arrive. Neutrophils detect 
pathogens via TLRs and directly 
attack them, for example, through 
phagocytosis. Neutrophils also 
release extracellular traps composed 
of DNA and antimicrobial peptides 
that ensnare and kill microbes. 
Thus, neutrophils represent an 
important first-line defense against 
invading microbes.

Basophils originate from bone 
marrow and circulate in the blood; 
they are the least abundant white 
blood cells. Upon activation by  
proteins, they move to an injured  
or infected site. Similar to mast cells, 
basophils also sometimes cause 
inflammatory responses such as 
allergic reactions. Basophils release 

the anticoagulant heparin and the 
vasoactive compounds histamine 
and serotonin, which reduce blood 
clotting and contribute to wound 
swelling typical of inflammations, 
respectively.

Eosinophils develop and mature in 
bone marrow and then also circulate 
in the blood. They are activated,  
for example, by lymphocytes of the 
adaptive immune systems, and they 
are crucial for combating larger par-
asites that cannot be phagocytosed, 
such as protozoans. Eosinophils also 
help fight other types of infections.

Mast cells reside in connective tissues 
and mucous membranes and aid in 
wound healing and also in defending 
against pathogens. When activated 
by pathogens or allergens such as 
pollen, mast cells rapidly release  
protein-carrying granules rich in 
both histamine and heparin, molecules 
involved in inflammation. Mast cell 
activation often underlies adverse 
immune responses such as allergies, 
arthritis, and anaphylactic shock.
Monocytes are the largest cells of 
the innate immune system. They 
mature in bone marrow and then 
circulate through the blood. Half  
of them are stored in the spleen  
and the other half in other locations 
throughout the body. Monocytes 
are precursors for two other innate 
immune system cells: macrophages 
and dendritic cells.

Macrophages are cells that search 
for and phagocytose pathogens. Upon 
exiting blood and entering tissues, 
monocytes develop into macrophages. 
They help remove excess, damaged, 
or dead cells marked by surface pro-
teins for elimination. “Resident” 
macrophages inhabit specific loca-
tions or organs that are prone to 
infections, such as the lungs and 
liver, or serve in hubs, such as the 
spleen, for rapid deployment to 
injured or infected sites. Examples 
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include Kupffer cells, macrophages 
residing in the liver, and microglia, 
residing in the central nervous system. 
Macrophages carry on their surface 
several TLRs that are activated by 
pathogen- or damage-associated 
molecular patterns—this activation 
stimulates the macrophages to 
phagocytose pathogens or damaged 
cells or to secrete cytokines to activate 
and recruit additional immune cells. 
Macrophages contribute to wound 
healing, help control immune 
responses and other cells of the innate 
immune system, and also stimulate 
adaptive immunity (see below).

Dendritic cells act as messengers 
between the innate and adaptive 
immune systems. They reside in tissues 
exposed to the external environment, 
including the skin and the linings of 
the nose, lungs, stomach, and colon. 

Like neutrophils and macrophages, 
they detect foreign invaders via TLRs. 
Upon encountering a pathogen, den-
dritic cells ingest (i.e., endocytose) it 
or its products and attach pieces of 
the pathogen (i.e., antigens) to their 
cell surface on a protein assembly 
called the major histocompatibility 
complex II (MHC II). The dendritic 
cells then migrate to the lymph 
nodes where they activate T cells and 
B cells by presenting the pathogen’s 
antigens to them. Dendritic cells are 
the most potent of several types of 
antigen-presenting cells, which 
effectively jumpstart the adaptive 
immune response.
Natural killer cells (NK cells) rapidly 
respond to the presence of virus- 
infected and tumor cells and destroy 
them with proteolytic enzymes and 

cytotoxic proteins that destabilize 
the cells’ membranes and induce 
apoptosis. NK cells recognize 
stressed cells in the absence of  
the chemical triggers other immune 
cells need to mount an immune 
response. Although traditionally 
classified along with innate immune 
cells, some evidence of immunolog-
ical memory in NK cells (see table) 
suggests that these cells are also 
affiliated with adaptive immunity.
The complement system consists of 
more than 30 blood-borne proteins 
produced in the liver. These proteins 
help or “complement” the killing of 
pathogens by antibodies. The com-
plement system triggers a biochemical 
cascade in which foreign cells are 
first opsonized (i.e., coated) with 
complement proteins, weakening  
or rupturing (i.e., lysing) their cell 
walls. The action of complement 
also attracts other immune cells 
such as macrophages and neutrophils, 
along with antibodies, to the site  
of infection.

The Adaptive Immune System

The cells and structures of all organ-
isms display unique antigens, which 
are molecules characteristic only to 
them. During the development of 
the immune system, adaptive immune 
cells originating from lymphocytes 
differentiate to recognize specific 
antigens, and the entire complement 
of this antigen specificity enables 
recognition of all possible antigens. 
As rearrangements within the genes 
in the immune cells occur during 
this developmental process, antigens 
present in the host (self-antigens) 
interact with the emerging cell pop-
ulation to eliminate those adaptive 
immune cells that would attack the 
host, while retaining only those cells 
that will target any non–self-antigens.

Table  Components of the Immune System

Innate Immunity Adaptive Immunity

Immune responses are largely non-specific, 
e.g., via Toll-like receptors (TLRs)

Immune responses specifically target patho-
gens via its antigens detected by specific 
immune cell receptors

Comprises a variety of defense mechanisms, 
i.e., physical/physiological barriers, lytic 
enzymes, reactive oxygen species, isolation 
of diseased tissues, and cell- and protein-
mediated immunity

Involves mainly cell- and protein-mediated 
immunity

Immediate response to pathogenic challenge Lag time between pathogen detection and 
response

No immunological memory (with some 
evidence for immune memory in NK cells)

Activation leads to immunological memory

Often underlying chronic inflammation in 
allergies and degenerative diseases (e.g., 
Alzheimer’s disease, rheumatoid arthritis)

Often underlying autoimmune diseases in 
which self/nonself recognition is impaired, 
causing adaptive immune cells to attack the 
body’s own cells (e.g., in type I diabetes, 
autoimmune hepatitis)

Present in all eukaryotes (including plants, 
which, however, use different mechanisms 
and molecules in innate immunity)

Present in jawed vertebrates with emerging 
evidence of related immune mechanisms in 
jawless vertebrates and some invertebrates
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The functions of cells of the adap-
tive immune system are as follows.
B lymphocyte cells display an enor-
mous variation in the cells they  
target—the blood and lymphatic 
systems contain millions of B cells, 
produced early in the body’s devel-
opment, which differ in the type of 
antibody they produce in response 
to the antigens they recognize. Each 
B cell carries a cell-surface receptor 
designed to fit a specific antigen  
on the pathogen. B cells scan for 
pathogens (such as viruses and bac-
terial toxins), and on encountering 
a pathogen whose antigen fits its 
receptor, a B cell will start to make 
copies of itself (i.e., proliferate).  
The proliferating B cells grow into  
a colony of plasma cells producing 
and secreting antibodies that block 
the pathogen from gaining access to 
healthy cells. After the infection has 
resolved, some of these plasma cells 
may persist for 50 years or longer as 
memory B cells, which contribute 
to immunological memory and can 
respond quickly by producing anti-
bodies if they encounter the same 
pathogen again.
T lymphocyte cells mainly target cells 
of the body that have been invaded 
by pathogens such as viruses, or that 
show abnormal molecular patterns 
on their surface associated with 
cancerous growth or necrosis.  
T cells do not produce antibodies 
and they mature in the thymus. 
They may be broadly divided into 
three groups: helper T cells, cytotoxic 
T cells, and regulatory T cells.

Helper T cells (also known as CD4+ 
cells) represent a key cell type in 
adaptive immunity and consist of 
four groups. Th1 and Th2 cells are 
involved in defenses against intra- 
and extracellular pathogens and in 
autoimmune and allergic responses, 
respectively; a recently identified 

helper T cell, Th17, represents another 
CD4+ cell group involved in neu-
tralizing extracellular microbes and 
also has been shown to be involved 
in chronic inflammation and auto-
immune disease. Regulatory T (Treg) 
cells represent a fourth group that 
helps to check responses of effector 
T cells and suppress pro-inflammatory 
pathways—for example, when an 
infection has resolved. These cells 
also keep the immune system in 
check when there is no infection, 
preventing immune cells from 
attacking the normal cells of the body.

The T helper cells do not attack 
pathogens directly, but activate 
other immune system cells, including 
B cells, killer T cells, and macrophages. 
They are activated by antigens pre-
sented on, for example, dendritic 
cells and B cells. Each helper T cell, 
derived from cells produced early  
in the body’s development by the 
above-mentioned differentiation 
mechanism, has T-cell receptors on 
its surface that recognize a specific 
antigen attached to MHC II of the 
presenting cells. On encountering 
an immune cell that presents an 
MHC II–bound antigen that matches 
the helper T cell’s receptor, the helper 
T cell is activated and begins to pro-
liferate. Some of these proliferating 
cells become memory helper T cells 
that contribute to immunological 
memory and respond quickly to 
future infections by the same patho-
gen. The others become effector 
helper T cells, which release cytokines 
to attract other immune cells, such 
as macrophages, B cells, and cytotoxic 
T cells, or regulate the activity of 
these cells.

Cytotoxic or killer T cells (also known 
as CD8+ cells) search for and destroy 
cells infected with viruses or other 
pathogens or for cells that are dam-
aged or abnormal such as cancer 
cells. Like helper T cells, cytotoxic  

T cells have T-cell receptors. These 
receptors bind to MHC I, a protein 
complex that is present on the sur-
face of all cells in the body. When a 
microbe or virus infects a cell or a 
cell becomes cancerous, fragments of 
damaged proteins are transported to 
the cell surface and are presented on 
MHC I. A cytotoxic T cell whose 
receptor fits an antigen presented on 
MHC I binds to the antigen, resulting 
in activation of the T cell. Activated 
cytotoxic T cells begin to proliferate 
into memory cytotoxic T cells or 
effector cytotoxic T cells. The latter 
cells bind to MHC I on the antigen- 
presenting cells and destroy them, 
whereas the former contribute to 
immunological memory of the acti-
vation event.

Signaling in Innate  
and Adaptive Immunity 

Cytokines are small proteins that 
help immune cells to communicate; 
they are secreted from immune  
cells on contact with a pathogen- or 
damage-associated molecular pattern 
or with an antigen. Many cells of the 
innate and adaptive immune systems 
release cytokines, which activate or 
suppress the activity of other immune 
cells by binding to specific receptors 
on these cells. Cytokines help regu-
late virtually all immune processes, 
affect the balance between humoral 
and cellular immunity, and help 
control the growth and maturation 
of many immune cells. They include 
chemokines, interferons, interleukins, 
and tumor necrosis factor.

Chemokines represent cytokines 
whose action on the receptors of 
immune cells (i.e., leukocytes) pro-
motes movement (i.e., chemotaxis) 
toward the source of the chemokines; 
chemokines thus attract the immune 
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cells to, for example, sites of inflam-
mation or injury.

Interferons are cytokines released 
by cells (especially leukocytes) inter-
acting with viruses, other pathogens, 
or toxic proteins; they bind to and 
activate specific receptors on neigh-
boring cells. This activation leads to 
increased transcription of genes for 
proteins that increase the cells’ resis-
tance to viral infection. Interferons 
also inhibit activation of B cells and 
increase the cytotoxicity of NK cells. 
Interferons are represented by three 
distinct classes (α, b, and γ), each  
of which is characterized by specific 
functions and is produced by spe-
cific cells (e.g., by leukocytes, fibro-
blasts, and lymphocytes).

Interleukins (ILs) are produced by 
leukocytes, lymphocytes, and even 
non-immune cells (in some circum-
stances). ILs include both cytokines 
and chemokines. Low concentrations 
of these proteins mainly facilitate 
localized communication among 
leukocytes in inflammation, such  
as promoting the production of 
chemokines to recruit additional 
immune cells. At higher concentra-
tions, some ILs (e.g., IL-1) enter the 
blood stream and act as endocrine 
hormones, producing fever and 
stimulating production of immune 
proteins in the liver.

Tumor necrosis factor α (TNFα) is 
a major pro-inflammatory cytokine. 
It primarily is produced by macro-
phages and promotes inflammation 
both during infection and in dysreg-
ulated immune responses, such as 
those active in degenerative diseases 

(e.g., arthritis). By binding to and 
activating its specific cell receptor, 
TNFR (i.e., cluster of differentiation 
120 [CD120]), TNFα activates several 
transcription factors such as nuclear 
factor kB, which upregulates expres-
sion of pro-inflammatory genes. 
TNFα also induces cell death (i.e., 
apoptosis) and necrosis in some  
cell types.

Conclusion

The innate and adaptive immune 
systems have distinct roles in com-
bating infections and pathogenic 
cells, and both systems have some 
modest functional overlap. Whereas 
innate immunity represents a relatively 
non-specific and first-line defense 
against microbes and parasites, adap-
tive immunity encompasses a highly 
evolved assemblage of sophisticated 
defense mechanisms that specifically 
target groups of related or individual 
pathogens. The innate immune system 
blocks entry of pathogens by physical 
(e.g., skin) and physiological (e.g., 
pH, nucleases, proteases, and host- 
defense peptides) means. If a pathogen 
succeeds in breaching these initial 
barriers, detection of the pathogen 
by innate immune cells stimulates 
inflammation that attempts to isolate 
infected cells and tissues and to inac-
tivate the invading pathogen. If this 
initial inflammatory response does 
not eliminate the pathogen, the adap-
tive immune system comes into play. 

The cells of the adaptive immune 
system translocate to the site of 
infection and begin to inactivate, for 

example, free virus particles (by way 
of B cells) and to destroy virus-infected 
or damaged cells (by way of T cells), 
or help eliminate other pathogens 
such as bacteria, fungi, or larger  
parasites. Formation of B and T 
memory cells then guards against 
future attack by the same pathogen. 

Current research still is untangling 
the complex interactions between 
these two immune systems and 
studying the functions of the  
many proteins and chemical signals 
involved.
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Alcohol’s Effect on Host Defense

Alcohol affects many organs, including the immune system, with even moderate 
amounts of alcohol influencing immune responses. Although alcohol can alter the 
actions of all cell populations involved in the innate and adaptive immune responses, 
the effect in many cases is a subclinical immunosuppression that becomes clinically 
relevant only after a secondary insult (e.g., bacterial or viral infection or other tissue 
damage). Alcohol’s specific effects on the innate immune system depend on the 
pattern of alcohol exposure, with acute alcohol inhibiting and chronic alcohol accel-
erating inflammatory responses. The proinflammatory effects of chronic alcohol play 
a major role in the pathogenesis of alcoholic liver disease and pancreatitis, but also 
affect numerous other organs and tissues. In addition to promoting proinflammatory 
immune responses, alcohol also impairs anti-inflammatory cytokines. Chronic alcohol 
exposure also interferes with the normal functioning of all aspects of the adaptive 
immune response, including both cell-mediated and humoral responses. All of these 
effects enhance the susceptibility of chronic alcoholics to viral and bacterial infections 
and to sterile inflammation.

Key words: Alcohol effects and consequences; alcohol consumption; alcohol 
exposure; acute alcohol exposure; chronic alcohol exposure; alcohol use pattern; 
alcoholic liver disease; pancreatitis; immunity; immune system; immune response; 
innate immune response; adaptive immune response; immunosuppression; bacte-
rial disease; viral disease; inflammatory response; proinflammatory response; 
anti-inflammatory; infection; inflammation
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Alcohol has been the most common 
substance of use and abuse in human 
history. Moderate amounts of alcohol 
are enjoyed for its anxiolytic effects; 
however, its addictive properties can 
lead to chronic, excessive alcohol use 
and alcohol use disorder. In addition 
to its commonly recognized behavioral 
effects, alcohol affects many organs, 
including the immune system that 
controls the body’s defense against 
infectious pathogens (e.g., bacteria  
and viruses) and other harmful agents. 
Chronic alcohol use is associated with 
significant alterations in the immune 
system that predispose people to viral 
and bacterial infections and cancer 
development. In general, severe chronic 
alcoholics are considered immuno-

compromised hosts. Although moderate 
alcohol use has less obvious clinical 
effects on the immune system, both  
in vitro and in vivo studies indicate 
that even moderate amounts of alcohol 
and binge drinking modulate host 
immune responses.

This review gives a general overview 
of the immune effects of alcohol. 
However, it is important to realize that 
many aspects of alcohol consumption 
and its effects on immunity and host 
defense have not yet been fully eluci-
dated. For example, the pattern of 
alcohol consumption (e.g., occasional 
binge drinking versus chronic heavy 
drinking) may affect the immune  
system in different ways that are yet  
to be explored.

Overview of the Immune System

The immune system serves to defend 
the host from pathogens and to pre-
vent unwanted immune reactions to 
self. This defense involves coordinated 
complex interactions between two 
arms of the immune system—the 
innate and the adaptive immune 
responses. Innate immunity provides 
immediate responses to pathogen- 
derived or nonpathogen–associated 
(i.e., sterile) danger signals and results 
in activation of proinflammatory  
cytokines and/or Type I interferons, 
regardless of the underlying cause and 
without the body having encountered 
the pathogen before. Adaptive immunity, 
in contrast, which only sets in after a 
certain delay, is specific to the pathogen or 
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antigen and requires an initial encounter 
with the pathogen or antigen to  
activate the response.

The innate immune response usually 
involves inflammatory reactions  
and/or production of reactive oxygen  
species (ROS) and other signaling 
molecules. Once the pathogen is elim-
inated, the innate immune response  
is resolved, allowing restoration of 
immune homeostasis (Miyake and 
Kaisho 2014; Mogensen 2009; Newton 
and Dixit 2012). The key cell types in 
innate immunity are a variety of white 
blood cells, including neutrophils, 
monocytes/macrophages, dendritic 
cells (DCs), and natural killer (NK) 
cells (table 1). In addition, the innate 
immune system has various soluble 
components, including the following:

• Cytokines, such as interleukin- 
(IL-)1, IL-6, or tumor necrosis 
factor alpha (TNFα), are pro- 
duced by innate immune cells as 
part of the initial response and 
induce and support a full-fledged 
inflammatory response.

• Interferons mainly are produced by 
virus-infected cells and can induce 
an antiviral response in neigh-
boring cells. Based on the receptors 
with which they interact they can 
be divided into three classes (Type 
I to Type III), of which the Type I 
interferons primarily are involved 
in the antiviral response.

• The complement system, a group 
of small proteins that mainly are 
produced in the liver and then 
released into the blood, recognize 
specific molecules on the surface of 
pathogens and help other immune 
molecules (i.e., antibodies) and 
immune cells (i.e., phagocytic cells) 
to identify and eliminate the patho-
gens from the organism. Thus, 
complement molecules can cover 
the pathogen in a process called 
opsonization, which enhances 
phagocytosis of the pathogen; 
attract macrophages and neutro-
phils to the pathogen; help rupture 

the membranes of foreign patho-
gens, and induce clustering and 
binding of pathogens.

The innate immune system is activated 
when the involved cells recognize  
certain immune danger signals. This 
recognition occurs through molecules 
called pattern recognition receptors, 
which include Toll-like receptors 
(TLRs), helicase receptors, and Nod-
like receptors (NLRs).1 These recep-
tors are strategically located on the cell 
surface or within the cells, where they 
can sense pathogen-derived signals, 
such as certain proteins, bacterial 
products called lipopolysaccharides 
(LPS), peptidoglycans, DNA, RNA, 
and numerous metabolic or other sig-
nals (Kawai and Akira 2009; Meylan 
et al. 2006; Seki and Brenner 2008). 
TLRs, NLRs, and helicase receptors 
are expressed on innate immune cells 
as well as on the functional cells (i.e., 
parenchymal cells) in most organs; 
however, activation of pattern recog-
nition receptors triggers proinflamma-
tory cytokine induction most robustly 
in the immune cells. 

In addition to producing proinflam-
matory cytokines, innate immune cells 
(particularly DCs and monocytes) are 
necessary to present pathogen-derived 
molecules (i.e., antigens) to adaptive 
immune cells so as to trigger or facili-
tate adaptive immune responses.  
These adaptive immune cells include 
T cells, B cells, and natural killer T 
cells (NKTs), which must cooperate 
in a controlled manner to mount  
an effective response (Castellino and 
Germain 2006; Mitchison 2004).  
T cells in turn fall into several different 
categories, including helper T cells, 
also known as CD4+ cells; cytotoxic  
T cells, also called CD8+ cells; Th17 
cells; and regulatory T (Treg) cells 
(table 1). As the name implies, helper 
T cells help control the activity of 
other immune cells by producing  
and secreting various cytokines. 

1 NLRs can be classified into four subfamilies based on their 
specific structure at one end of the molecules. These families are 
called NLRA, NLRB, NLRC, and NLRP. Each of these subfamilies 
may comprise several members (e.g., NLRP1, NLRP2, etc.).

Depending on the specific cytokines 
they produce, helper T cells can fur-
ther be subdivided into two types with 
specific functions: 

• Th1 cells, which initiate a cell- 
mediated immune response against 
intracellular pathogens by activating 
macrophages or cytotoxic T cells 
that then destroy the pathogen. 
The Th1 cells primarily induce 
their effects by releasing interferon 
gamma (IFN-γ), which promotes 
inflammatory responses.

• Th2 cells, which initiate a humoral 
immune response against extracel-
lular pathogens that is mediated  
by proteins (i.e., immunoglobulins 
[Igs]) produced by B cells. The  
Th2 cells induce their effects  
primarily by releasing a variety of 
interleukins, some of which have 
anti-inflammatory effects. 

Th17 cells also can be considered a 
type of helper T cells characterized  
by the production of interleukin 17. 
Their main function is to defend 
against pathogens at epithelial and 
mucosal barriers. Finally, Treg cells 
serve to limit and suppress the immune 
response to prevent overreaction of 
the immune system as well as immune 
reactions against self-antigens.

B cells are characterized by the 
production of antibodies comprised 
of Igs. Various types of Igs (e.g., IgA, 
IgG, IgM) are produced at differ-
ent times during an infection or in 
response to a range of antigens that 
have specific roles in the adaptive 
immune response. 

In contrast to the innate immunity, 
which can be induced by any kind of 
antigen, adaptive immune responses 
are specific to individual antigens. In 
other words, each T cell or B cell can 
be activated only by one specific 
antigen. An antigen-specific T-cell 
response is initiated by interactions 
between antigen presenting cells  
(such as DCs) and naïve T cells  
and is optimized by engagement  
of co-stimulatory molecules and  
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cytokines for antigen-specific T-cell 
activation (Mogensen 2009; Newton 
and Dixit 2012). The initial activation 
triggers a memory response in the  
form of memory B cells that remain  

in the circulation for long periods  
and can respond quickly when  
they encounter that antigen a second 
time to mount a stronger, more  
rapid response.

The complexity of the innate and 
adaptive immune responses are 
increased further by the fact that dif-
ferent subsets of immune cells may 
reside in specific organs, such as the 
liver, lungs, brain, skin, bones, or 
muscles. This complex structure of the 
immune system with its multitude of 
different cells with diverse functions 
allows the organism to defend itself 
properly against the hugely diverse 
pathogens it may encounter, without 
endangering its own cells. At the same 
time, it makes it much more difficult 
to investigate and understand the 
impact of external influences, such  
as acute or chronic alcohol exposure, 
on the body’s immune responses.

Alcohol’s Effects on  
the Immune System

Alcohol can modulate the activities of 
all of these cell populations by affecting 
the frequency, survival, and function 
of most of these cells, thereby interfering 
with pivotal immune responses. 
However, unlike other mechanisms 
that cause classical immunocompro-
mised states, such as HIV or tubercu-
losis infection, alcohol use typically 
results in a subclinical immunosup-
pression that becomes clinically  
significant only in case of a secondary 
insult. For example, chronic alcohol 
consumption increases the risk and 
severity of chronic infections with 
HIV; hepatitis C virus (HCV); or 
Mycobacterium tuberculosis, the bacte-
rium that causes tuberculosis, and 
promotes post-trauma immunosup-
pression (for more information,  
see the articles in this issue by Bagby 
and colleagues, by Dolganiuc, by 
Molina and colleagues, and by Simet 
and Sisson).

Emerging evidence also suggests that 
alcohol may affect immune functions by 
altering the balance and interactions 
between the host immune system and 
the entirety of microorganisms found 
in the host (i.e., the host microbiome). 
This microbiome is composed of the 
normal microorganisms found in and 

Table 1 Cells Involved in the Innate and Adaptive Immune Responses

Cell Type Characteristics Functions

Innate Immune Responses

Dendritic Cells Have a roughly star-shaped 
form with several arms

Present antigens to other immune cells

Stimulate T-cell responses

Produce interferons (IFNs)

Produce cytokines and reactive  
oxygen species (ROS)

Monocytes/Macrophages Have a kidney-shaped 
nucleus

Monocytes are precursors 
of macrophages; mature 
into macrophages when 
they enter the tissues

Specific subtypes of macro-
phages reside in the tissues 
(Kupffer cells in the liver, 
microglial cells in the brain, 
alveolar macrophages in 
the lungs)

Destroy pathogens by phagocytosis
Produce cytokines and ROS

Natural Killer (NK) Cells Destroy cells infected with viruses 
and intracellular pathogens

Neutrophils Have a multi-lobed nucleus Destroy pathogens by phagocytosis
Produce ROS

Adaptive Immune Response

CD4 T Cells

Th1 Cells

Th2 Cells

Express CD4 glycoprotein 
on their cell surface

Primarily act by secreting 
IFN gamma (IFNγ)

Primarily act by secreting 
various interleukins

Helper T cells that activate B cells  
and macrophages

Initiate cell-mediated immune 
response; have proinflammatory effects

Initiate a humoral immune response; 
have some anti-inflammatory effects

Th17 Cells Subtype of CD4 T cells

Produce interleukin (IL)-17

Involved in recruitment, activation, 
and migration of neutrophils

Provide defense against pathogens  
at mucosal and epithelial barriers

CD8 T Cells Express CD8 glycoprotein 
on their cell surface 

Cytotoxic T cells

Destroy virus-infected and tumor cells

Treg Cells Formerly known as  
suppressor T cells

Inhibit T-cell responses to prevent 
excessive immune reactions

B Cells Produce antibodies

Form memory cells

NKT Cells Share properties of NK  
cells and T cells

Produce multiple cytokines

Can perform functions ascribed to 
both helper and cytotoxic T cells
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on the body (i.e., commensal microor-
ganisms), which are needed for the 
body’s normal functioning, and disease- 
causing pathogens. Increasing evidence 
suggests that alcohol may modulate 
the composition of pathogenic and 
commensal organisms in the micro-
biome of the gut, oral cavity, skin,  
and other mucosal surfaces (Chen  
and Schnabl 2014; Leclercq et al. 
2014a,b). These alcohol-induced 
changes could have clinical signifi-
cance because the composition of the 
microbiome sends important patho-
genic as well as homeostatic signals for 
the functions of host immunity. For 
example, chronic alcohol use is associ-
ated with changes in the gut micro-
biome, both increasing the microbial 
content in the first part of the large 
intestine (i.e., cecum) and changing 
the abundance of different types of 
microorganisms in the gut (Chen and 
Schnabl 2014; Fouts et al. 2012; Yan 
et al. 2011). This may alter the levels 
of LPS released by certain types of 
bacteria in the gut, which can con-
tribute to inflammation in alcoholic 
liver disease as well as in liver cancer 
(i.e., hepatocellular carcinoma) 
(Chassaing et al. 2014; Gao et al. 
2011; Szabo and Bala 2010). (For 
more information, see the articles in 
this issue by Hammer and colleagues 
and by Engen and colleagues).

Alcohol and Innate Immunity
Alcohol modulates the function of 
nearly all components of the innate 
immune system, but the specific 
effects on inflammatory cell responses 
depend on the pattern of alcohol 
exposure (i.e., acute or chronic). In 
human monocytes or mouse macro-
phages, acute alcohol results in a 
decrease in TLR responses (i.e., TLR 
tolerance), which attenuates particu-
larly production of the TNFα in 
response to a subsequent LPS stimula-
tion (Bala et al. 2012; Mandrekar et 
al. 2009). However, this initial inhibitory 
effect of acute alcohol on monocytes 
and macrophages is transient, and 
repeated alcohol exposure (such as in 

chronic alcohol use) leads to loss of 
TLR4 tolerance; instead, the cells 
become more responsive to LPS stim-
ulation, a process known as sensitiza-
tion (Mandrekar and Szabo 2009; 
Mandrekar et al. 2009). Even a single 
episode of binge drinking can have 
measurable effects on the innate 
immune system, inducing a transient 
proinflammatory state within the first 
20 minutes after alcohol ingestion, 
followed by an anti-inflammatory 
state 2 to 5 hours after alcohol inges-
tion (Afshar et al. 2015).

Both TLR tolerance and sensitiza-
tion of monocytes and macrophages 
are associated with the production of 
specific sets of signaling molecules. 
The molecular signatures of alcohol- 
induced TLR tolerance and sensitiza-
tion, respectively, have been well 
described and involve downstream 
components of the TLR-induced  
signaling cascades. This includes acti-
vation of molecules called IRAK-M, 

IRAK1/4, Bcl-3, and NF-κB, all of 
which regulate proinflammatory  
cytokine activation (Bala et al.  
2012; Mandrekar and Szabo 2009; 
Mandrekar et al. 2009). (For a list of 
the full names of these and other mol-
ecules mentioned in this article, please 
see table 2.) The proinflammatory 
effect of prolonged alcohol exposure 
has been demonstrated in response to 
molecules (i.e., ligands) that activate 
TLR4, TLR3, and TLR2 receptors 
(Bird et al. 2010; Fernandez-Lizarbe 
et al. 2013; Goral and Kovacs 2005; 
Oak et al. 2006; Pruett et al. 2004). 

It is increasingly evident that sensiti-
zation of proinflammatory pathways 
to activation in monocytes and macro-
phages after chronic alcohol use has 
biological and clinical significance. It 
is known that alcohol-mediated sensi-
tization of immune cells to gut-derived 
LPS is a major component in the 
pathogenesis of alcoholic liver disease 
and alcoholic pancreatitis (Choudhry 

Table 2 Full Names of Molecules Mentioned in the Article

AIM2 Absent in melanoma 2

ASC Apoptosis-associated speck-like protein containing a CARD 

Bcl-3 B-cell lymphoma 3-encoded protein

ERK Extracellular signal–regulated kinase

IFN-γ Interferon gamma

Ig Immunoglobulin

IL Interleukin

IRAK1/4 Interleukin-1 receptor–associated kinase 1/4

IRAK-M Interleukin-1 receptor–associated kinase M  
(restricted to monocytes/macrophages)

LPS Lipopolysaccharide

NF-κB Nuclear factor “kappa-light-chain-enhancer” of activated B cells

NLR Nod-like receptor

NLRP Nod-like receptor, subfamily P

STAT Signal transducer and activator of transcription

TGFß Transforming growth factor beta

TLR Toll-like receptor

TNFα Tumor necrosis factor alpha
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et al. 2002; Keshavarzian et al. 1994; 
Nolan 2010; Szabo et al. 2010, 2011). 
In fact, in acute alcoholic hepatitis, 
the severity of clinical outcome and 
death correlates with serum levels of the 
proinflammatory cytokines, particularly 
TNFα (Frazier et al. 2011; McClain 
et al. 2004). (For more information 
on the role of innate immunity in the 
pathogenesis of alcoholic liver disease, 
see the articles in this issue by Nagy 
and by Mandrekar and Ju.) Chronic 
alcohol use also promotes inflamma-
tion in the small bowel, brain, lungs, 
and other organs, suggesting that 
common mechanisms may underlie 
the proinflammatory effects of alcohol. 
The exact triggers for alcohol-induced 
inflammation in the different tissues 
are yet to be identified. Importantly, 
deficiency in TLR4, the major sensor 
of LPS, attenuates inflammation 
induced by chronic alcohol use in the 
liver, brain, and intestine (Hritz et al. 
2008; Lippai et al. 2013a,b, 2014). 
However, LPS increase was not found 
in the brain, suggesting that other 
ligands and/or alcohol itself may acti-
vate TLR4 (Alfonso-Loeches et al. 
2010; Lippai et al. 2013b). 

In addition to direct induction of 
chemokines and most proinflamma-
tory cytokines by TLR activation,  
activation of the inflammasome was 
detected in the liver, brain, and intes-
tine after chronic alcohol use (Orman 
et al. 2013; Szabo and Lippai 2014). 
The inflammasome is a multiprotein 
intracytoplasmic complex that com-
prises a sensor (e.g., NLRP1, NLRP3, 
NLRC4, or a protein called AIM2) 
and adapter molecules (e.g., a mole-
cule called ASC). This protein com-
plex can be activated by a variety of 
sterile danger signals (Tsuchiya and 
Hara 2014). Activation of the inflam-
masomes results in induction of 
caspase-1, an enzyme needed to  
form mature secreted IL-1b or IL-18. 
Recent studies have demonstrated 
inflammasome activation and IL-1b 
induction in the liver, brain, and 
intestine after chronic alcohol admin-
istration in mice (Alfonso-Loeches et 
al. 2010; Lippai et al. 2013a,b, 2014; 

Orman et al. 2013). These findings  
are biologically significant, because 
administration of a recombinant IL-1 
receptor antagonist that blocks sig-
naling via the IL-1 receptor can atten-
uate alcohol-induced liver disease and 
cerebral inflammation (Petrasek et al. 
2012). These observations demon-
strate that chronic alcohol administra-
tion results in inflammation and leads 
to a vicious cycle of upregulation of 
the inflammatory cascade. Future 
studies are needed to evaluate whether 
disruption of this vicious cycle would 
be sufficient to attenuate and or pre-
vent chronic alcohol-induced tissue 
damage in various organs.

Alcohol also interferes with the 
body’s normal mechanisms that help 
control the innate immune response 
and prevent excessive inflammatory 
reactions. These mechanisms include 
the induction of anti-inflammatory 
cytokines, such as IL-10 and trans-
forming growth factor beta (TGFß) 
(Ouyang et al. 2011; Sanjabi et al. 
2009). Again, the specific effects depend  
on the duration of alcohol exposure. 
Thus, whereas acute alcohol exposure 
increases both IL-10 and TGFß  
production in monocytes and macro-
phages, chronic alcohol exposure 
mostly is associated with decreased 
IL-10 production or prevents appro-
priate increases in IL-10 levels to 
counterbalance the overproduction  
of proinflammatory cytokines (Byun 
et al. 2013; Järveläinen et al. 1999; 
Mandrekar et al. 2006; Norkina et  
al. 2007; Pang et al. 2011). 

Alcohol exposure may modify not 
only cytokine secretion but also the 
overall function of monocytes and 
macrophages. These cells exhibit 
remarkable plasticity that allows them 
to change their phenotype from a 
proinflammatory (M1) phenotype 
that inhibits cell proliferation and can 
cause tissue damage to an alternatively 
activated type (M2) that has anti- 
inflammatory and tissue-repair 
capacity (Italiani and Boraschi 2014). 
This process is known as polarization. 
Interestingly, in alcoholic liver disease, 
which would be expected to be char-

acterized by the presence of primarily 
proinflammatory M1 macrophages, 
the numbers of both M1 and M2 
macrophages are increased. An alco-
hol-induced shift toward M2-type 
cells may have some beneficial effects 
by destroying pro-inflammatory M1 
macrophages (Wan et al. 2014); how-
ever, the fibrogenic effect of M2 macro- 
phages that leads to the formation of 
scar tissue also can damage liver func-
tion. Further studies on the effects  
of alcohol on monocyte/macrophage 
polarization may reveal potential  
therapeutic interventions for alcohol- 
induced immunomodulation.2

Neutrophils represent another 
important innate immune cell type 
affected by alcohol. Studies found that 
alcohol increases ROS production by 
neutrophils; however, their phagocytic 
capacity, which is important in anti-
bacterial defense, was decreased by 
alcohol administration (Gandhi et al. 
2014; Karavitis and Kovacs 2011).3 
Interestingly, recruitment of neutro-
phils to the liver is a characteristic of 
the pathology of acute alcoholic hepa-
titis. Recent studies suggested that the 
increase in the numbers of neutrophils 
in the liver correlates with survival in 
acute alcoholic hepatitis (Altamirano 
et al. 2014); however, the role of neu-
trophils in this process is not yet fully 
understood.

The pattern-recognition receptors 
(i.e., TLRs, NLRs, and helicase recep-
tors) found on innate immune cells 
play a pivotal role particularly in the 
defense against viral infections. These 
receptors recognize viral nucleic acids 
(i.e., DNA and RNA) and mount  
an immediate response mediated by 
interferons (Stetson and Medzhitov 
2006; Takeuchi and Akira 2009). 
Production of interferons in mono-
cytes is induced by activation of var-

2  Recent studies indicate that the distinction between M1 and M2 
macrophage populations may not be as clear cut because the 
markers that have delineated these two populations have become 
blurred and because macrophage polarization falls along a 
spectrum between the historic M1 and M2 phenotypes (Martinez 
and Gordon 2014; Murray et al. 2014; Xue et al. 2014). Thus, the 
concept of macrophage polarization currently is an evolving area.

3  Alcohol alters not only phagocytosis mediated by neutrophils 
but also phagocytosis by macrophages.
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ious TLRs and helicase receptors. The 
actions of interferons within the cells, 
in turn, are mediated by regulatory 
molecules called signal transducers and 
activators of transcription (STATs), a 
family of transcription factors that 
regulate the expression of certain 
immune genes. Alcohol interferes  
with these processes at multiple levels. 
Thus, both acute and chronic alcohol 
inhibit induction of Type-I inter-
ferons via TLR3, TLR7/8, or TLR9 
or by helicase receptors in monocytes 
(Pang et al. 2011; Pruett et al. 2004). 
Alcohol also impairs Type-I interferon- 
receptor signaling by inhibiting  
STAT signaling (Norkina et al.  
2008; Plumlee et al. 2005). 

Alcohol’s Effects on  
Adaptive Immunity
Many studies have evaluated the effects 
of chronic alcohol on adaptive immune 
responses, and this research is reviewed 
in more detail in the article by Pasala 
and colleagues in this issue. Chronic 
alcoholics have impaired T-cell 
responses; moreover, the balance 
between Th1 and Th2 responses is 
shifted toward a predominance of Th2-
type responses (Fan et al. 2011; Lau et 
al. 2006; Szabo 1999). Consistent with 
this, chronic alcoholics exhibit an 
increase in IgA and a relative decrease 
in IgG antibodies, which play a role  
in antibody-dependent cell-mediated 
immune responses (Massonnet et al. 
2009; Nouri-Aria et al. 1986). Other 
studies have noted a greater-than- 
normal abundance of Th17 cells in 
people with alcoholic liver disease 
(Lafdil et al. 2010; Ye et al. 2011). 
Specific aspects of the adaptive immune 
response also are affected. For example, 
even a single dose of alcohol may 
impair antigen-specific T-cell activa-
tion. Thus, in human monocytes and 
myeloid DCs, alcohol inhibits the 
cells’ antigen-presentation function as 
well as their capacity to induce antigen- 
specific (Mandrekar et al. 2009)  
and general T-cell activation (Szabo  
et al. 2001).

Alcohol’s Effects on Maturation 
and Development of Immune 
Cells From Precursors 

Alcohol abuse has an adverse effect on 
hematopoiesis and can cause leuko-
penia, granulocytopenia, and throm-
bocytopenia in humans (Latvala et al. 
2004). Acute alcohol can block differ-
entiation or maturation of granulocytes 
(i.e., granulopoiesis) during infections 
(Zhang et al. 2009). Examination  
of the bone marrow from alcoholic 
patients has shown vacuolated granu-
lopoietic progenitors with a significantly 
reduced number of mature granulo-
cytes (Yeung et al. 1988). Alcohol 
intoxication also can suppress the 
myeloid proliferative response by 
inhibiting the Stem Cell Antigen-1/
ERK pathway during bacterial infec-
tion (Melvan et al. 2012). Chronic 
alcohol consumption also affects  
the NKT cell populations that play 
important immunoregulatory roles. 
Thus, alcohol consumption enhances 
immature NKT (iNKT) cell prolifera-
tion and maturation in the thymus 
and increases IFN-γ–producing iNKT 
cells (Zhang et al. 2015). In vivo acti-
vation of iNKT cells induces a Th1-
dominant immune response and 
enhances the activation of DCs as  
well as NK cells, B cells, and T cells  
in alcohol-consuming mice (Zhang  
et al. 2015).

DCs, which are the major cell  
type linking the innate and adaptive 
immune response, also are affected by 
alcohol intoxication. Acute alcohol 
exposure alters function and cytokine 
production in human monocyte- 
derived myeloid DCs (Szabo et al. 
2004a). Chronic alcohol consumption 
in humans causes alterations in the 
immunophenotype of DCs and 
decreased production of IL-1b and 
TNFα (Laso et al. 2007). Studies in 
rhesus macaques have helped elucidate 
the effects of alcohol on DC develop-
ment in hematopoietic tissues and  
the functional activities of the DCs 
(Siggins et al. 2009). In these studies, 
chronic alcohol exposure decreased 
the pools of myeloid DCs in the bone 

marrow and peripheral blood. Alcohol 
also suppressed expression of the 
co-stimulatory molecule CD83 during 
DC maturation, which may attenuate 
the ability of DCs to initiate T-cell 
expansion (Siggins et al. 2009).

Alcohol-Induced Modulation  
of the Host Defense Against 
Different Pathogens

It has been known for decades that 
chronic alcoholic individuals have 
increased susceptibility to infections 
(Sternbach 1990; Szabo 1999). This 
increased susceptibility to both viral 
and bacterial infections has been 
attributed to alcohol’s general immu-
nosuppressive effects, and animal 
models of chronic alcohol use and 
infections repeatedly have confirmed 
this (Jerrells et al. 1994, 2007). In 
addition, chronic alcoholics seem to 
be vulnerable to inflammatory reac-
tions not associated with pathogenic 
infections (i.e., sterile inflammation).

Viral Infections
Most evidence for alcohol-associated 
increases in susceptibility to infection 
comes from studies of human viral 
infections, such as HCV, hepatitis B 
virus (HBV), HIV, and pulmonary 
viral infections. Such investigations 
have yielded the following findings:

• The prevalence of HCV infection is 
higher in individuals with chronic 
alcohol use than in the general 
population. Alcohol exposure and 
HCV interact at several levels. For 
example, alcohol exposure aug-
ments HCV replication by altering 
the levels of a molecule that supports 
HCV replication (i.e., microRNA- 
122) in liver cells (i.e., hepatocytes) 
(Hou et al. 2013). Moreover, 
alcohol and HCV synergistically 
impair antiviral immunity by inter-
fering with the function of antigen- 
presenting cells, altering the activity 
and frequency of Treg cells, and 
modifying production of Type-I 
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Glossary 

Antibody: Immune molecule (protein) produced by B cells 
that recognizes foreign molecules that have entered the 
body (i.e., antigens), binds to these molecules, and marks 
them for destruction by the body’s immune system.
Antigen: Any molecule that can bind specifically to an 
antibody and can induce an immune response.
B Cells: One of the two main types of lymphocytes 
involved in the adaptive immune response; when activated 
by interacting with a specific antigen, they differentiate 
into specific subtypes and begin to produce antibodies 
that recognize the specific antigen. 
Cell-Mediated Immune Response: Part of the adaptive 
immune response that is mediated by various popula-
tions of T cells. 
Chemokine: Small proteins that serve as chemoattractants, 
stimulating the migration and activation of cells, partic-
ularly phagocytic cells and lymphocytes; they have a cen-
tral role in inflammatory responses. 
Cytokine: Any of a group of molecules, produced primarily 
by immune cells, that regulate cellular interactions and 
other functions; many cytokines play important roles in 
initiating and regulation inflammatory reactions.
Dendritic Cell: A type of immune cell involved in the 
innate immune response that are characterized by a 
branched morphology; dendritic cells can bind to antigens 
and present these antigens to T cells, thereby initiating 
an adaptive immune response.
Granulocytopenia: Condition in which the number or 
proportion of certain white blood cells (i.e., granulocytes) 
in the blood is lower than normal; granulocytes, which 
are characterized by the presence of small, enzyme-
containing vesicles (i.e., granules) in the cytoplasm,  
are part of the innate immune system.
Helicase Receptors: A class of proteins that act as intra-
cellular pattern recognition receptors and play a central 
role in the innate immune system; they recognize the 
presence of viruses in the cells and initiate antiviral responses.
Hematopoiesis: The entirety of the processes through 
which the different blood cells are formed.
Humoral Immune Response: Part of the adaptive immune 
response that is mediated by various populations of B 
cells and the antibodies they produce.
Inflammasome: A complex comprised of several proteins 
that is a component of the innate immune system and 
is responsible for activation of inflammatory processes; 
it promotes the maturation of several inflammatory 
cytokines. 

Leukopenia: Condition in which the number or propor-
tion of white blood cells (i.e., leukocytes) in the blood is 
lower than normal.
Macrophage: A type of immune cell that ingests foreign 
particles and micro-organisms in a process called phago-
cytosis and which synthesizes cytokines and other mole-
cules involved in inflammatory reactions.
Natural Killer (NK) Cell: A type of immune cell involved 
in the innate immune response that can kill certain 
harmful cells, particularly tumor cells, and contributes to 
the innate immune response to cells infected with viruses 
or other intracellular pathogens.
Neutrophil: A type of immune cell involved in the innate 
immune response that engulfs and kills extracellular 
pathogens in a process called phagocytosis.
Nod-Like Receptors (NLRs): A class of proteins that act as 
pattern recognition receptors and play a central role in 
the innate immune system; they are embedded in the 
membrane of various immune and nonimmune cells 
and can recognize certain bacterial molecules, thereby 
initiating the immune response to the bacteria.
Opsonization: The process by which antibodies bind to a 
pathogen, thereby marking it for destruction by phagocytosis.
Parenchymal Cells: The cells in an organ that comprise 
the functional part of the organ (e.g., the hepatocytes in 
the liver).
Phagocytosis: Internalization or engulfment of particles 
or cells by specific cells (i.e., phagocytes), such as such as 
macrophages or neutrophils.
T Cells: One of the two main types of lymphocytes 
involved in the adaptive immune response after activa-
tion through the interaction with a specific antigen. T 
cells can be divided into several subgroups that support 
other immune cells (helper T cells), kill invading patho-
gens or infected cells (cytotoxic T cells), or help turn off 
the adaptive immune response (regulatory T cells). 
Thrombocytopenia: Condition in which the number or 
proportion of platelets (i.e., thrombocytes) in the blood 
is lower than normal.
Toll-Like Receptors (TLRs): A class of proteins that act as 
pattern recognition receptors and play a central role in 
the innate immune system; they are embedded in the 
membrane of macrophages and dendritic cells and can  
recognize molecules derived from pathogens, thereby 
initiating the immune response to those pathogens.
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interferons (Dolganiuc et al. 2003; 
Plumlee et al. 2005; Szabo et al. 
2004b). In patients with liver dis-
ease caused by chronic HCV infec-
tion, chronic alcohol use is an 
independent risk factor  
for development of advanced liver 
disease and cirrhosis (Corrao and 
Arico 1998; Szabo 2003). 

• Chronic HBV infection affects 
about 240 million people world-
wide (Centers for Disease Control 
and Prevention 2013). Research 
has shown that alcohol use acceler-
ates the progression of liver disease 
caused by chronic HBV infection 
to liver fibrosis and hepatocellular 
cancer (Gao and Bataller 2011; 
Zakhari 2013). However, the cel-
lular and molecular mechanisms by 
which alcohol and HBV interact 
still await further investigations.

• Studies on the effect of alcohol on 
HIV infectivity in humans have 
yielded conflicting results. However, 
the combined immunosuppressive 
effects of alcohol use and advanced 
HIV infection (AIDS) are well 
established (Muga et al. 2012; 
Szabo and Zakhari 2011). 

• In pulmonary viral infections, it is 
unclear whether alcohol increases 
susceptibility to influenza infections 
or adversely affects the outcome  
of established infections. However, 
in animal models of pulmonary 
infections, alcohol administration 
is associated with adverse clinical 
parameters and increased lung 
damage (Boé et al. 2009; Zhang  
et al. 2008).

Bacterial Infections
Bacterial infections can be either sys-
temic or localized to a specific organ, 
such as the lungs. Alcohol use has  
negative effects on all types of pulmo-
nary bacterial infections. For example, 
infections with Mycobacterium tuber-
culosis are more severe in chronic  

alcoholics, and alcohol use is associ-
ated with systemic dissemination of 
tuberculosis (Rehm et al. 2009; Szabo 
1997). Furthermore, infections with 
Klebsiella pneumoniae and Streptococcus 
pneumoniae, common causes of pneu-
monia in humans, are more common 
in alcoholics compared with the non-
alcoholic general population (Bhatty 
et al. 2011; Jong et al. 1995). Alcohol-
induced dysfunction of specific immune 
cells contributes to severe pneumonias 
in this population. For example, the 
function of alveolar macrophages is 
impaired because of alcohol-induced 
changes in cytokine profiles as well as 
in the levels of ROS and antioxidants 
that result in oxidative stress (Liang et 
al. 2012; Mehta and Guidot 2012). 
Recruitment and function of neutrophils 
in alcoholic individuals also are increased, 
resulting in increased tissue damage in 
the lung alveoli (Dorio and Forman 
1988; Kaphalia and Calhoun 2013). 

Not only chronic alcohol abuse but 
also acute alcohol exposure can impair 
immune response to pulmonary infec-
tions. For example, acute intoxication 
in humans with blood alcohol levels of 
0.2 percent can severely disrupt neu-
trophil functioning and their ability to 
destroy bacteria (Tamura et al. 1998). 
Studies in laboratory animals have 
confirmed the adverse effects of acute 
alcohol exposure on pulmonary infec-
tions. Thus, acute alcohol exposure in 
animals that were then infected with 
S. pneumoniae impaired lung chemo-
kine activity in response to the infec-
tion, which resulted in reduced 
recruitment of immune cells into the 
lungs, decreased bacterial clearance 
from the lungs, and increased mor-
tality (Boé et al. 2001; Raasch et al. 
2010). The effects of both acute and 
chronic alcohol exposure on the 
immune responses in the lungs and 
thus on susceptibility to pulmonary 
infections are discussed in more detail 
in the article by Simet and Sisson.

Sterile Inflammation
Inflammatory reactions (i.e., innate 
immune responses) can be induced 

not only by invading pathogens but 
also by danger signals resulting from 
damage to the body’s own cells. 
Elucidation of the immune processes 
occurring in response to damaged self 
also may offer a better understanding 
of the proinflammatory effects of 
alcohol in various organs (e.g., liver or 
brain). One example of this is the rela-
tionship between gut-derived bacterial 
LPS, alcohol exposure, and inflamma-
tory reactions. Although gut-derived 
LPS clearly has a role in alcoholic liver 
disease, it is equally clear that LPS 
alone does not cause alcoholic liver 
disease. Many other conditions associ-
ated with increased levels of gut- 
derived LPS in the systemic circulation, 
such as HIV infection or inflamma-
tory bowel disease, do not involve  
liver disease (Caradonna et al. 2000; 
Marchettia et al. 2013). Furthermore, 
inflammatory reactions can occur in 
the brain after alcohol use, even in the 
absence of detectable LPS in the brain 
(Lippai et al. 2013a; Szabo and Lippai 
2014). These observations suggest that 
although gut-derived LPS can promote 
tissue inflammation, another alcohol- 
induced component is required as 
well. Thus, it seems that alcohol exposure 
directly leads to the release of sterile 
danger signals from parenchymal cells 
in different tissues, which in turn 
result in the activation of inflamma-
tory cells via TLRs and NLRs. These 
alcohol-induced sterile danger signals 
include a wide variety of molecules, 
such as high-mobility-group protein 
B1 (HMGB1), heat shock proteins, 
adenosine triphosphate (ATP), and 
potassium ions (Rock and Kono 2008; 
Sangiuliano et al. 2014).

It is now thought that alcohol- 
induced sterile danger signals contribute 
to the proinflammatory cytokine acti-
vation seen after chronic alcohol use 
in various organs (e.g., liver, intestine, 
and brain). This hypothesis also is sup-
ported by findings that in hepatocytes, 
alcohol exposure results in a rapid 
induction of apoptosis, which precedes 
induction of inflammatory cytokines 
(Caradonna et al. 2000; González-
Reimers et al. 2014; Marchettia et al. 
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2013; Petrasek et al. 2013). Additional 
evidence for the role of sterile inflam-
matory signals in alcohol-induced 
inflammation and tissue damage 
comes from findings that HMGB1  
is increased both in the liver and brain 
after chronic alcohol exposure (Crews 
et al. 2013; Csak et al. 2014; Lippai et 
al. 2013a,b). Finally, NLRs, specifi-
cally NLRP3 and NLRP4, have been 
found to be involved in alcoholic liver 
inflammation. Given the role of NLRs 
in sensing endogenous danger mole-
cules, this observation further supports 
the notion that alcohol-induced tissue 
inflammations is caused at least partially 
by alcohol-induced danger signals. 

Summary

As this review has indicated, alcohol 
exposure, and particularly chronic 
alcohol use, has profound effects on all 
aspects of the body’s immune responses, 
including both innate and adaptive 
immunity. These effects can impair 
the body’s defenses against a wide 
range of pathogens, including viruses 
and bacteria, as well as against dam-
aged self and can affect tissues and 
organs throughout the body (see the 
figure). Thus, alcohol’s effects on 
innate immune responses seem to pro-
mote inflammatory reactions, which 
may contribute to tissue damage in a 
variety of organs. Alcohol-related 
impairments of adaptive immune 

responses render the organism more 
vulnerable to viral and bacterial infec-
tions, contributing to more severe or 
accelerated disease progression. In 
addition, dysregulation of normal 
immune responses may contribute  
to such conditions as alcoholic liver 
disease and pancreatitis, altered gut 
permeability and gastrointestinal 
inflammation, neuroinflammation  
in the brain, and the development of 
cancer (see the article by Meadows 
and Zhang). 

The following articles in this  
journal issue look at various aspects 
of alcohol’s impact on innate and 
adaptive immune responses in more 
detail. They will also further explore 
the consequences of alcohol-induced 

Figure     Overview of alcohol’s effects on human health that are associated with alcohol-induced dysfunction of the immune system.
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disturbances of immune function on a 
variety of specific conditions, including 
liver disease, lung disease, cancer, trau-
matic injury, and bacterial and viral 
infections. Together, these articles will 
highlight the pivotal role that alcohol’s 
effects on immune function play in 
the overall morbidity and mortality 
associated with excessive alcohol use.
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Clinicians have long observed an association between excessive alcohol 
consumption and adverse immune-related health effects such as suscepti-
bility to pneumonia. In recent decades, this association has been expanded 
to a greater likelihood of acute respiratory stress syndromes (ARDS), sepsis, 
alcoholic liver disease (ALD), and certain cancers; a higher incidence of 
postoperative complications; and slower and less complete recovery from 
infection and physical trauma, including poor wound healing.

This issue of Alcohol Research: Current Reviews (ARCR) summarizes the 
evidence that alcohol disrupts immune pathways in complex and seemingly 
paradoxical ways. These disruptions can impair the body’s ability to defend 
against infection, contribute to organ damage associated with alcohol  
consumption, and impede recovery from tissue injury. It is our hope that  
a greater understanding of the specific mechanisms through which alcohol 
exerts its effects on the immune system may lead to development of inter-
ventions to prevent, or at least mitigate, the negative health consequences 
of alcohol misuse.

Contributors to this issue of ARCR lay the groundwork for understanding 
the multilayered interactions between alcohol and immune function by 
presenting an overview of the immune system (see the article by Spiering) 
and by reviewing current research on the effects of alcohol on innate 
immunity (see the article by Nagy) and on adaptive immunity (see the  
article by Pasala and colleagues). As reviewed by Szabo and Saha, alcohol’s 
combined effects on both innate and adaptive immunity significantly 
weaken host defenses, predisposing chronic drinkers to a wide range of 
health problems, including infections and systemic inflammation. Alcohol’s 
widespread effects on immune function also are underscored in the article 
by Gauthier, which examines how in utero alcohol exposure interferes with 
the developing immune system in the fetus. This exposure increases a new-
born’s risk of infection and disease; additional evidence suggests that alcohol’s 
deleterious effects on immune development last into adulthood.

The gastrointestinal (GI) system is typically the first point of contact for 
alcohol as it passes through the body and is where alcohol is absorbed into 
the bloodstream. One of the most significant immediate effects of alcohol 
is that it affects the structure and integrity of the GI tract. For example, 
alcohol alters the numbers and relative abundances of microbes in the gut 
microbiome (see the article by Engen and colleagues), an extensive com-
munity of microorganisms in the intestine that aid in normal gut function. 
These organisms affect the maturation and function of the immune system. 
Alcohol disrupts communication between these organisms and the intestinal 
immune system. Alcohol consumption also damages epithelial cells, T cells, 
and neutrophils in the GI system, disrupting gut barrier function and facil-
itating leakage of microbes into the circulation (see the article by Hammer 
and colleagues).

These disruptions to the composition of the gut microbiota and to gut 
barrier function have important implications beyond the intestinal system. 

Dipak Sarkar, Ph.D., D.Phil.

M. Katherine Jung, Ph.D.

H. Joe Wang, Ph.D.
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For example, Nagy discusses how the leakage of bacterial products 
from the gut activate the innate immune system in the liver, triggering 
inflammation that underlies ALD, a condition that affects more than 2 
million Americans and which eventually may lead to liver cirrhosis and 
liver cancer. Infection with viral hepatitis accelerates the progression of 
ALD, and end-stage liver disease from viral hepatitis, together with 
ALD, is the main reason for liver transplantations in the United States. 
The article by Dolganiuc in this issue explores the synergistic effects of 
alcohol and hepatitis viruses on the progression of liver disease as well 
as alcohol consumption’s injurious effect on liver antiviral immunity. 
Mandrekar and Ju contribute an article that homes in on the role of 
macrophages in ALD development, including recent insights into the 
origin, heterogeneity, and plasticity of macrophages in liver disease and 
the signaling mediators involved in their activation and accumulation.

In addition to pneumonia, alcohol consumption has been linked  
to pulmonary diseases, including tuberculosis, respiratory syncytial 
virus, and ARDS. Alcohol disrupts ciliary function in the upper airways, 
impairs the function of immune cells (i.e., alveolar macrophages and 
neutrophils), and weakens the barrier function of the epithelia in the 
lower airways (see the article by Simet and Sisson). Often, the alcohol- 
provoked lung damage goes undetected until a second insult, such as  
a respiratory infection, leads to more severe lung diseases than those 
seen in nondrinkers.

In a clinical case study reviewed in this issue, Trevejo-Nunez and 
colleagues report on systemic and organ-specific immune pathologies 
often seen in chronic drinkers. In such patients, alcohol impairs mucosal 
immunity in the gut and lower respiratory system. This impairment 
can lead to sepsis and pneumonia and also increases the incidence and 
extent of postoperative complications, including delay in wound closure. 
HIV/AIDS is a disease in which mucosal immunity already is under 
attack. Bagby and colleagues review substantial evidence that alcohol 
further disrupts the immune system, significantly increasing the likeli-
hood of HIV transmission and progression.

Alcohol–immune interactions also may affect the development  
and progression of certain cancers. Meadows and Zhang discuss  
specific mechanisms through which alcohol interferes with the body’s 
immune defense against cancer. They note, too, that a fully functioning 
immune system is vital to the success of conventional chemotherapy. 
The clinical management of all of these conditions may be more  
challenging in individuals who misuse alcohol because of coexisting 
immune impairment.

Alcohol consumption does not have to be chronic to have negative 
health consequences. In fact, research shows that acute binge drinking 
also affects the immune system. There is evidence in a number of phys-
iological systems that binge alcohol intake complicates recovery from 
physical trauma (see the article by Hammer and colleagues). Molina 
and colleagues review research showing that alcohol impairs recovery 
from three types of physical trauma—burn, hemorrhagic shock, and 
traumatic brain injury—by affecting immune homeostasis. Their article 
also highlights how the combined effect of alcohol and injury causes 
greater disruption to immune function than either challenge alone.
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Not only does the immune system mediate alcohol-related injury and  
illness, but a growing body of literature also indicates that immune signaling 
in the brain may contribute to alcohol use disorder. The article by Crews, 
Sarkar, and colleagues presents evidence that alcohol results in neuro- 
immune activation. This may increase alcohol consumption and risky  
decisionmaking and decrease behavioral flexibility, thereby promoting  
and sustaining high levels of drinking. They also offer evidence that  
alcohol-induced neuroimmune activation plays a significant role in neural 
degeneration and that the neuroendocrine system is involved in controlling 
alcohol’s effects on peripheral immunity.

Much progress has been made in elucidating the relationship between 
alcohol consumption and immune function and how this interaction 
affects human health. Continued advances in this field face several challenges, 
however. The regulation of immune function is exceedingly complex. 
Normal immune function hinges on bidirectional communication of immune 
cells with nonimmune cells at the local level, as well as crosstalk between 
the brain and the periphery. These different layers of interaction make  
validation of the mechanisms by which alcohol affects immune function 
challenging. Significant differences between the immune system of the 
mouse—the primary model organism used in immune studies—and that 
of humans also complicate the translation of experimental results from 
these animals to humans. Moreover, the wide-ranging roles of the immune 
system present significant challenges for designing interventions that target 
immune pathways without producing undesirable side effects.

By illuminating the key events and mechanisms of alcohol-induced 
immune activation or suppression, research is yielding deeper insights into 
alcohol’s highly variable and sometimes paradoxical influences on immune 
function. The insights summarized in this issue of ARCR present researchers 
and clinicians with opportunities to devise new interventions or refine 
existing ones to target the immune system and better manage alcohol- 
related diseases.



Extensive clinical and experimental
data suggest that alcohol consump-
tion has dose-dependent modula-

tory effects on the immune system that
influence the two arms of the immune
response (i.e., innate and adaptive
immune responses). In many other
organ systems, such as the brain and
liver, alcohol consumption has been
shown to alter factors that can modify
gene expression without changing the
DNA code (i.e., epigenetic modula-
tors) and which play critical roles in
mediating alcohol’s effects. However,
very few studies have focused on the
effects of alcohol-mediated epigenetic
alterations on immunity. Because chronic

alcohol consumption is correlated with
an exacerbated state of chronic inflam-
mation (which is part of the innate
immune response), researchers can
apply knowledge of how epigenetic 
factors are dysregulated in inflamma-
tory and autoimmune disorders to
identify potential epigenetic targets
that can be used to develop therapies
for treating alcohol-abusing patients.
This review summarizes how inflam-
matory mediators and both innate and
adaptive immune responses are modu-
lated by moderate, binge, and chronic
alcohol consumption. The discussion
further identifies and highlights exciting

potential avenues to explore epigenetic
regulation of these immune responses.

Epigenetics: An overview

All cells within an organism carry iden-
tical genetic information in the form 
of DNA, yet a multitude of individual
cell types arises during the course of
development. These individualized 
cellular morphologies, characteristics,
and functions result from the unique
gene expression profiles of the different
cell types. Regulation of gene expres-
sion profiles is critical not only during
development, but also for cellular 

alcohol consumption alters factors that modify gene expression without changing the
dna code (i.e., epigenetic modulators) in many organ systems, including the immune
system. alcohol enhances the risk for developing several serious medical conditions
related to immune system dysfunction, including acute respiratory distress syndrome
(ards), liver cancer, and alcoholic liver disease (ald). Binge and chronic drinking also
render patients more susceptible to many infectious pathogens and advance the
progression of hiV infection by weakening both innate and adaptive immunity.
epigenetic mechanisms play a pivotal role in these processes. For example, alcohol-
induced epigenetic variations alter the developmental pathways of several types of
immune cells (e.g., granulocytes, macrophages, and T-lymphocytes) and through
these and other mechanisms promote exaggerated inflammatory responses. in
addition, epigenetic mechanisms may underlie alcohol’s ability to interfere with the
barrier functions of the gut and respiratory systems, which also contribute to the
heightened risk of infections. Better understanding of alcohol’s effects on these
epigenetic processes may help researchers identify new targets for the development of
novel medications to prevent or ameliorate alcohol’s detrimental effects on the
immune system. KEy WoRDS: Alcohol consumption; alcohol exposure; alcoholism;
chronic drinking; binge drinking; epigenetics; epigenetic mechanisms; epigenetic
targets; DNA code; immune system; immune cells; innate immunity; adaptive
immunity; infections; inflammation; gut; respiratory system; acute respiratory
syndrome (ARDS); liver cancer; alcoholic liver disease (ALD)
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proliferation, differentiation, environ-
mental adaptation, stress, and immune
responses throughout the individual’s
lifetime and is largely dependent on
epigenetic mechanisms. An epigenetic
trait is a stably heritable observable
characteristic (i.e., phenotype) that results
from changes in a chromosome with-
out alterations in the DNA sequence
(Berger et al. 2009). Epigenetic regula-
tion can involve a variety of chemical
modifications of the DNA (e.g., methy-
lation) and the histone proteins around
which the DNA is wrapped (e.g.,
methylation, acetylation, phosphorylation,
ubiquitinylation, ADP-ribosylation,
and sumoylation), as well as the actions
of small molecules called noncoding
microRNAs (miRNAs). Of these
mechanisms, higher-than-normal DNA
methylation (i.e., hypermethylation)
and miRNAs generally are correlated
with decreased protein production
through gene-silencing mechanisms
and posttranscriptional regulation
(Carthew and Sontheimer 2009). Age,
environment, and exposure to drugs
and other toxins (e.g., alcohol) can
directly influence the epigenetic profile
of the organism (Feil and Fraga 2012). 

It is well documented that alcohol
exposure prior to an injury or infection
dampens the immune system, resulting
in a range of adverse outcomes, such as
delaying infection clearance, extending
hospital stays, and increasing morbidity
and mortality compared with nonin-
toxicated patients (for a review, see
Messingham et al. 2002). This has led
to the development of the “two-hit
hypothesis,” where the first hit (i.e.,
alcohol exposure) exaggerates the
organism’s physiological responses to
the second hit (i.e., injury or infection).
Epigenetic memory may be a contribut-
ing factor in this process.

So how does the epigenetic memory
work? Throughout evolution, eukary-
otic cells have adapted so that a vast
amount of genetic material has become
organized and compacted into the nucleus
by forming a higher-order structure
known as chromatin. The basic building
block of chromatin is the nucleosome,
which comprises 147 base pairs of

DNA wrapped around a core of eight
small histone proteins. Nucleosomes
undergo dynamic relaxation and con-
densation in the nucleus, a process requir-
ing the activities of two sets of molecules:

• ATP-dependent chromatin remod-
eling complexes that physically
tighten or loosen histone–DNA
contacts; and

• Epigenetic modifying enzymes that
add or remove posttranslational
covalent modifications from the
tails of the histone proteins, thus
either allowing or preventing access
of nuclear factors to the DNA that
are needed for gene transcription. 

Also known as the histone code, 
the intricate combination of covalent
modifications on the histones directly
influences DNA–histone binding by
altering electrical charge and providing
a specific docking signal for recruitment
of chromatin-modifying complexes
and transcriptional machinery to either
block or promote active gene transcrip-
tion (Jenuwein and Allis 2001; Strahl
and Allis 2000). Some covalent modi-
fications are typically associated with
the same effect on transcription; for
example, histone acetylation generally is
associated with active gene transcription
(Turner 2000). The effects of histone
methylation are much more complex.
Thus, the degree of methylation (i.e.,
mono-, di-, or trimethylation); the 
particular histone protein, and, more
specifically, lysine residue(s) being
modified (e.g., H3K4,1 H3K9, H3K27,
H3K36, H3K79, or H4K20); and the
degree of chromatin condensation (i.e.,
condensed heterochromatin versus
relaxed euchromatin) all play a role.
Likewise, the part of the gene where
the DNA or histone modification
occurs (i.e., the genomic location)—
that is, whether it occurs in a pro-
moter, enhancer, or the gene body—
influences whether a gene will be

actively transcribed after lysine methy-
lation (Bannister and Kouzarides 2005;
Heintzman et al. 2007; Martin and
Zhang 2005).

Specific enzymes are responsible for
adding or removing acetyl or methyl
moieties from histone tails. Histone
acetyl transferases (HATs) and histone
deacetylases (HDACs) add and remove
acetyl groups, respectively. Similarly,
methylation is tightly regulated by
enzymes that add methyl groups to
(i.e., methyltransferases) or remove
methyl groups from (i.e., demethylases)
specific lysine residues (Shilatifard
2006). So far, 18 HDACs have been
identified and subdivided into four
classes. Classes I, II, and IV require
Zn2+ for enzymatic activity, whereas
class III HDACs, also known as sirtuins,
utilize a mechanism that requires the
cofactor nicotinamide adenine dinu-
cleotide (NAD+) (Shakespear et al. 2011).

Several approaches may potentially
be used to prevent or correct the epige-
netic effects of alcohol consumption,
such as alcohol-mediated immune
defects. For example, inhibition of
HDACs by molecular HDAC inhibitors
(HDACis), alteration of DNA methy-
lation on cytosine residues, or miRNA
modulation all represent branches of
possible therapeutic targets for restor-
ing immune defects caused by alcohol
exposure. These approaches will be 
discussed later in this review.

Epigenetics and Alcohol

Beverage alcohol (i.e., ethanol) is 
predominantly metabolized by the
enzymes alcohol dehydrogenase
(ADH), cytochrome p450 (CYP 450),
and aldehyde dehydrogenase (ALDH)
in the liver (Dey and Cederbaum
2006). This process produces oxidative
metabolites such as acetaldehyde,
acetate, acetyl-CoA, and reactive oxygen
species (ROS), as well as nonoxidative
products, such as phosphatidylethanol
(PEth) and fatty acid ethyl ester (FAEE)
(Best and Laposata 2003; Shukla and
Aroor 2006; Shukla et al. 2001). Many
of these products or metabolites can
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1 The standard nomenclature for histone modifications is to indicate
both the histone protein (e.g., histone 3) and the specific amino
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induce tissue-specific epigenetic changes
(Choudhury and Shukla 2008; Shukla
and Aroor 2006). Ethanol exposure
leads to epigenetic alterations through
several mechanisms, including enhanc-
ing the enzymatic activity of HATs;
altering substrate availability for histone
acetylation, DNA, and histone methy-
lation; or by influencing miRNA pro-
duction. For example, studies found
the following:

• Ethanol exposure enhances the
activity of a HAT called p300 in 
the liver of rats fed a chronic ethanol
diet, which leads to heightened his-
tone acetylation (Bardag-Gorce et
al. 2007). 

• Elevated ROS levels resulting from
ethanol metabolism increase histone
H3 acetylation in liver cells (i.e.,
hepatocytes) (Choudhury et al. 2010).

• Chronic alcohol exposure can medi-
ate a shift in the ratio of reduced
NAD+ (NADH) to NAD+, and
this reduced redox state suppresses
the activity of the redox-sensitive
HDAC, SIRT1, thus augmenting
histone acetylation in rats (Bardag-
Gorce and French 2007; You et al.
2008). 

• Ethanol metabolism dramatically
increases production of acetyl-CoA,
which is used in histone acetylation
by HATs; consequently, ethanol
exposure and metabolism amplifies
the amount of substrate available
for histone acetylation (Yamashita
et al. 2001). 

• Ethanol exposure causes dysregu-
lated methionine metabolism,
resulting in diminished production
of a molecule called S-adenosylme-
thionine (SAMe), which serves as a
methyl-group donor for both DNA
and histone methylation (Lu and
Mato 2005; Mason and Choi 2005;
Shukla and Aroor 2006).

• Chronic ethanol exposure decreases
the levels of the antioxidant glu-

tathione, which serves as the pre-
dominant scavenger of ROS in the
liver (Choudhury and Park 2010;
Lu et al. 2000); this glutathione
reduction leads to both regionally
and globally reduced DNA methy-
lation (i.e., hypomethylation) (Lee
et al. 2004; Lertratanangkoon et al.
1997). 

• Chronic ethanol exposure in rats
leads to inhibition of a set of reactions
called the ubiquitin–proteasome
pathway, which helps eliminate
molecules that are defective or no
longer needed from the cell. This
inhibition of the ubiquitin–protea-
some pathway likely alters protein
turnover of transcription factors
and histone-modifying enzymes
and is associated with epigenetic
alteration at a specific lysine residue
(K9) of histone H3 (i.e. increased
H3K9-ac  and reduced H3K9-me2)
as well as DNA hypomethylation
(Oliva et al. 2009). 

• Acetylation of H3K9 also is associated
with increased ADH1 expression 
in cultured rat hepatocytes treated
with 100 mM ethanol for 24 hours,
suggesting that ethanol (and its
metabolites) may amplify ethanol
metabolism (Park et al. 2005).

Through the various mechanisms
discussed above, alcohol consumption can
lead to multifactorial, dose-dependent,
and tissue-specific epigenetic effects.
For example, cultured primary rat hep-
atocytes demonstrated a dose- and
time-dependent histone-acetylation
response to ethanol exposure. Thus,
cells treated with 5–100 mM ethanol
for 24 hours exhibited a maximal,
eightfold increase in H3K9-ac levels at
24 hours following treatment with the
highest ethanol concentration (Park et
al. 2003). Furthermore, histone acety-
lation seemed to be selective for the
H3K9 residue, because acetylation of
other H3 lysines (i.e., K14, K18, and
K23) was unaffected by ethanol expo-
sure (Park and Lim 2005; Park and
Miller 2003). Similar findings were

obtained in hepatic stellate cells (Kim
and Shukla 2005). Finally, another
study (Pal-Bhadra et al. 2007) found
that hepatocytes treated for 24 hours
with 50 mM and 100 mM ethanol
also exhibited altered histone methyla-
tion status, resulting in increased H3K4
dimethylation (H3K4-me2) and
decreased H3K9 dimethylation
(H3K9-me2). However, unlike histone
lysine acetylation, which was restored
to baseline levels 24 hours after ethanol
withdrawal in cultured hepatocytes,
changes in histone lysine methylation
status were not reversed and may pro-
vide a long-term epigenetic memory
(Pal-Bhadra et al. 2007). 

Ethanol metabolites, including
acetaldehyde and acetate, also could
cause H3K9-specific acetylation in rat
hepatocytes. Interestingly, the signaling
pathways activated by acetate and
ethanol seemed to modulate H3K9-
ac via different mechanisms. Thus, 
certain molecules (i.e., inhibitors of
enzymes known as mitogen-activated
protein kinases) prevented acetylation
by ethanol but had no effect on the
acetate-dependent formation of
H3K9-ac (Park and Lim 2005). In
addition to acetylation, ethanol and
acetaldehyde exposure also promotes
phosphorylation of histone H3 at serines
10 and 28 (Lee and Shukla 2007).
Whereas ethanol exposure lead to 
similar phosphorylation levels at both
serine 10 and serine 28, acetaldehyde
generated greater phosphorylation at
serine 28 than at serine 10 (Lee and
Shukla 2007). These studies indicate
that the complexity of ethanol-induced
epigenetic changes increases even further
when taking into account that ethanol
metabolites also trigger epigenetic
effects that may differ from those 
produced by ethanol exposure.

Rat models of acute/binge and
chronic alcohol exposure have been
utilized to examine the relationship
between epigenetic gene regulation
and alcohol exposure in vivo. In one 
of those models, a single dose of
ethanol diluted in sterile water result-
ing in a concentration of 6 grams
ethanol per kilogram bodyweight



(g/kg) was injected directly into the
stomachs of 8-week-old male Sprague-
Dawley rats. This high-dose binge-
alcohol exposure model was used to
compare H3K9 modification status
across 11 different tissues at 1, 3, and
12 hours following ethanol exposure
(Kim and Shukla 2006). The investi-
gators found that in the testes, this
alcohol exposure caused robust global
increases in H3K9-ac at 1 hour but
not at later time points. In contrast, in
the lung and spleen robust increases in
H3K9-ac were apparent at all three
time points. In the liver, no marked
elevation in H3K9-ac was observed at
early (i.e., 1- or 3-hour) time points,
but a profound elevation occurred at
12 hours. In addition, in the blood ves-
sels, pancreas, colorectum, stomach,
heart, brain, and kidney, no change in
H3K9-ac was observed at any time-
point tested. Finally, methylation of
H3K9 was not altered in any tissue
(Kim and Shukla 2006).

Other investigators evaluated changes
in gene expression levels after chronic
ethanol treatment using in vivo models.
One of these models is the Tsukamoto-
French rat model of alcoholic liver dis-
ease (Tsukamoto et al. 1985), in which
male Wistar rats were fed a liquid diet
containing a constant amount of alcohol
(13 g/kg/day) for 30 days using an
intragastric feeding tube. This treat-
ment, which resulted in a 6- to 10-day
cyclic pattern of urinary alcohol level
(UAL) peaks (about 500 mg%) and
troughs (about 100 mg%) (Bardag-
Gorce and French 2002), allowed the
investigators to compare gene expres-
sion profiles at high and low blood
alcohol levels (BALs) by microarray
analyses. These analyses identified dra-
matic changes in gene expression levels
in the livers of the alcohol-treated rats.
Overall, approximately 1,300 genes
were dysregulated between BAL cycles
(French et al. 2005), prompting addi-
tional studies aimed at elucidating the
epigenetic contribution of alcohol-
mediated transcriptional dysregulation
in the liver and other tissues (Bardag-
Gorce and French 2007; Kim and
Shukla 2006; Park and Lim 2005).

Furthermore, UAL peaks were associ-
ated with increased levels of the HAT,
p300, which specifically transfers acetyl
groups to H3K9 residues. This finding
at least partially explains the selective
H3K9 acetylation observed both in
vitro and in vivo in correlation with
ethanol exposure (Bardag-Gorce and
French 2007). Finally, studies assessing
the effects of changes in epigenetic
mechanisms resulting from inhibition
of the ubiquitin–proteasome pathway
(using a drug called PS-341) or from
chronic ethanol exposure in rats using
the Tsukamoto-French model found
increases in H3K9-ac levels, decreases
in H3K9-me2 levels, and increased p300
levels in liver nuclear extracts (Oliva
and Dedes 2009). These findings suggest

that chronic ethanol exposure alters
transcriptional regulation of a plethora
of genes through many mechanisms
that affect epigenetic modulators.

In summary, both acute/binge and
chronic alcohol exposure can result in
tissue- and cell-specific patterns of epi-
genetic responses. Future studies to
determine the precise role of alcohol-
mediated chromatin modifications
hopefully will identify new epigenetic
targets and pathophysiological mecha-
nisms for regulating gene expression 
in diseases associated with alcohol con-
sumption. The factors contributing to
altered epigenetic modifications arising
from acute versus chronic alcohol
exposure may differ, because chronic
alcohol exposure has been strongly cor-
related with nutrient deficiencies and 
a shift in the redox state. This implies
that potential therapeutic interventions
targeting epigenetic modifiers may

need to differ depending on the degree
of alcohol consumption. Furthermore,
understanding the role of nutrients in
regulating epigenetic modifications will
provide insight into potential dietary
supplementation in chronic alcohol-
abusing patients.

Alcohol and the immune System

A recent report from the Centers for
Disease Control and Prevention (CDC)
stated that alcohol abuse in the form of
binge drinking (defined by the CDC
as four or more drinks for women and
five or more drinks for men in a short
period of time) is the third-leading pre-
ventable cause of death in the United
States, resulting in more than 80,000
deaths each year and enormous eco-
nomic costs (i.e., more than $220
billion in 2006) (CDC 2012). A sig-
nificant, positive correlation exists
between the duration and amount 
of alcohol consumed and the risk for
developing several serious medical 
conditions, including acute respiratory
distress syndrome (ARDS) (Boe et al.
2009; Moss et al. 1999); liver cancer
(i.e., hepatocellular carcinoma) (McKillop
and Schrum 2009; Yamauchi et al.
1993); and alcoholic liver disease (ALD),
which encompasses cirrhosis, hepatitis,
and fibrosis (Gramenzi et al. 2006;
Mann et al. 2003). Binge and chronic
consumption (defined as more than
eight drinks per day) renders patients
more susceptible to various types of
infection, such as hepatitis C virus
infection in the liver and opportunistic
infections in the respiratory system
(e.g., ARDS and pneumonia), and
advances the progression of HIV infec-
tion, largely through dysregulated
immune responses (Baliunas et al. 2010;
Bhatty et al. 2011; Prakash et al. 2002;
Romeo et al. 2007b; Zhang et al.
2008) (figure 1).

The mammalian immune system is
an elaborate network of molecules and
cells that identify, combat, and elimi-
nate harmful agents; it can be divided
into two branches: innate and adaptive
immunity. The innate immunity is
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present from birth, whereas the adaptive
immunity develops over the organism’s
life course with the continuous expo-
sure to pathogens and other potentially
harmful compounds. 

The Innate Immune Response
Following pathogen or toxin exposure,
the ancient innate immune response is
responsible for immediate recognition,
rapid attack, and destruction of foreign
intruders and involves inflammatory

reactions. Innate immune cells carry
special molecules called Toll-like receptors
(TLRs) on their surface that recognize
and bind highly conserved structures
on bacterial, fungal, or viral surfaces,
including peptidoglycan, flagellin,
zymosan, and lipopolysaccharide (LPS,
also known as endotoxin) (Janeway
and Medzhitov 2002). The innate- 
immune cells also activate the adaptive
immune response by digesting the 
foreign intruders and then presenting
certain molecules derived from these

pathogens (i.e., antigens) on their sur-
face for recognition by adaptive immune
cells. This antigen presentation, which
initiates the adaptive immune response
and provides a “memory” of the initial
recognition of the antigen, allows for a
rapid immune response if the same
infection occurs again in the future.

An important subset of innate immune
cells are macrophages; they eliminate
pathogens by a process called phagocytosis2

and then present pathogen-derived
molecules on their surface to activate

Figure 1 Chronic alcohol exposure causes immune dysfunction through effects on multiple organs. In the lungs, excessive inflammation causes 
tissue damage, increasing barrier permeability, and dampening many cellular immune responses, such as recognizing bacteria (through
toll-like receptors [TLRs]), attacking pathogens (through phagocytosis), decreasing production of granulocytes (i.e., granulocytopenia) 
as well as their migration (i.e., chemotaxis), and altering important signaling and recruiting molecules (e.g., GM-CSF and chemokines). 
In the spleen, alcohol consumption affects immunity by decreasing T- and B-lymphocyte production. In the stomach, alcohol decreases
gastric acid levels, allowing live bacteria to pass into the small intestine. Combined with decreased gastrointestinal motility, a byproduct
of alcohol metabolism (i.e., acetaldehyde) increases intestinal barrier permeability by weakening cell–cell junctions, and allows bacterial
toxins (i.e., lipopolysaccharide [LPS]) to pass into the bloodstream. LPS damages the liver, leading to excessive release of pro-inflamma-
tory cytokines, leukotrienes, and ROS into the circulation. In addition, alcohol in the liver can alter macrophage (Kupffer cell) polarization
and decrease phagocytosis.

Chronic Alcohol Decreases Host Immune Defense by Affecting Many Organs



adaptive immune cells. Macrophages
can have alternate names based on
their anatomical location; for example,
macrophages residing in the liver are
called Kupffer cells. Furthermore, macro -
phages can be subdivided into two groups
based on their functional phenotype
(Martinez et al. 2008) (see table 1):

• Classically activated (M1)
macrophages, whose activation
results in a proinflammatory
response.

• Alternatively activated (M2)
macrophages, whose activation results
in an anti-inflammatory response.

After challenge to the immune system
occurs (e.g., an infection), macrophages
are generated by the maturation of 
precursor cells called monocytes. During
this process, the macrophages can
become either M1 or M2 macrophages;
this is called macrophage polarization.
The ratio of M1 to M2 macrophages
changes depending on the presence 
of a variety of factors; this variability is

known as macrophage plasticity and
allows the organism to modulate the
immune response. Accordingly, con-
trolling macrophage plasticity is critical
to first battle pathogens and then resolve
the resulting inflammation to prevent
tissue damage. Alcohol exposure skews
macrophage polarization towards M1
(i.e., towards inflammation) in the
liver (Louvet et al. 2011; Mandal et al.
2011), resulting in deleterious conse-
quences (figure 2).

Dendritic cells (DCs) are an additional
component of the innate immune
response. They have an important role
in linking the innate and adaptive
branches of the immune system. To
this end, the DCs exhibit proteins called
major histocompatibility complex
(MHCs) on their surface. With the MHC
proteins, DCs present antigens to other
cells that are part of the adaptive immune
system—that is, B and T lymphocytes
(also known as B and T-cells). DCs
mature following stimulation by whole
bacteria or LPS or after exposure to vari-
ous signaling molecules, such as inter-
leukin 1β (IL-1β), granulocyte macrophage

colony–stimulating factor (GM-CSF),
and tumor necrosis factor-α (TNFα)
(Winzler et al. 1997). The mature DCs
migrate to lymphoid organs to prime
and activate naïve T-cells (Lee and Iwasaki
2007). Activated T-cells then complete
the immune response by producing and
releasing specific signaling molecules
(i.e., cytokines) that will stimulate other
innate immune cells or interact with 
B-cells, leading to the development of
immune molecules (i.e., antibodies).
Mature DCs also secrete high levels of
IL-12 (Reis e Sousa et al. 1997), enhanc-
ing both innate and adaptive immune
responses (summarized in table 2).

Alcohol consumption has a variety
of effects on innate immune cells. For
example, alcohol decreases the phago-
cytic activity of monocytes, macrophages,
Kupffer cells, microglia, and DCs and
diminishes their capacity to present
antigens and produce the molecules
necessary for microbe killing. In addi-
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Table 1 Macrophages, alcohol, and Potential epigenetic Targets

Subtype Factors Contributing 
to Activation1

Major Roles 
Following Activation1

Defects Caused by 
Chronic Alcohol 2

Potential Epigenetic 
Targets

Macrophages M1 (Classical) iFnγ Microbes engulf necrotic cells, toxic 
substances, and pathogens
↑ pro-inflammatory cytokines 
and reactive oxygen species 
(ros) for direct pathogen 
killing and recruitment of other 
immune cells

leads to predominant M1
polarization3

kupffer cells sensitized to
endotoxin stimulation3,4

↑ Pro-inflammatory cytokines
↓ Phagocytic activity5

↓ Capacity to present 
antigen6

mir-155 promotes M2
polarization7

histone lysine
demethylase, Jmjd3,
promotes transcription
of M2-specific genes8,9

M2 (alternative) Parasites
Cytokines 
released by Th2,
nk, basophils

↑anti-inflammatory
cytokines
Promote angiogenesis
Promote wound healing

Macrophage polarization 
skewed towards M1
phenotype3

2 during phagocytosis, the macrophage engulfs the foreign
pathogen, thus ingesting it into the cell, where it is degraded 
and eliminated.

1 2 3 4 5 6 7sourCes: gordon and Taylor, 2005 , goral et al., 2008 , Thakur et al., 2007, Mandrekar and szabo, 2009, karavitis and kovacs, 2011, szabo et al., 1993, ruggiero et al., 2009, 
8 9de santa et al., 2007, satoh et al., 2010.
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tion, alcohol alters expression of other
proteins (i.e., pathogen pattern recog-
nition receptors) on their cell surface
that are required for cell–cell interac-
tions among immune cells (for reviews,
see (Goral et al. 2008; Karavitis and
Kovacs 2011; Romeo and Warnberg
2007b). Furthermore, the levels of a
type of immune cell called granulocytes
often are very low in alcoholics with
severe bacterial infections, which has
been strongly correlated with increased
mortality (Perlino and Rimland 1985).
Finally, rodent models have demon-
strated that following infection, alcohol
significantly decreased both phagocytic
activity and production of the signaling
molecule granulocyte colony-stimulating
factor (G-CSF) in a TNFα-dependent
manner (Bagby et al. 1998) as well as

blocked differentiation or maturation
of granulocytes (i.e., granulopoiesis)
(Zhang et al. 2009).

The Adaptive Immune Response
B-cells, T-cells, and antigen-presenting
cells (APCs) are key players of the
adaptive immune response. Like DCs,
APCs present antigen to B and T-cells
that have not yet been activated (i.e.,
naïve B and T-cells), contributing to
their maturation and differentiation.
Naïve T-cells are classified based on
expression of specific proteins on their
surface called cluster of differentiation
(CD) proteins. Two of those proteins
important in distinguishing different 
T-cell populations are CD4 and CD8.
T-cells carrying the CD8 protein (i.e.,

CD8+ cells) ultimately gain the ability
to recognize and kill pathogens (i.e.,
become cytolytic T-cells). Conversely,
CD4+ T-cells give rise to several T
helper (Th) cell subsets, including
Th1, Th2, and Th17 cells, that will
produce mutually exclusive groups of
cytokines which help mount specific
immune responses by stimulating other
immune cells (Zygmunt and Veldhoen
2011) (table 3). Alcohol exposure can
promote the development of Th2 cells
over the other helper-cell populations.
This shift in T helper differentiation
towards Th2 is correlated strongly with
defective immune responses as well as
increased rates of infection, morbidity,
and mortality (Cook et al. 2004;
Romeo and Warnberg 2007b).

Figure 2 Chronic alcohol consumption skews macrophage polarization toward an M1 (i.e., pro-inflammatory) phenotype, leading to excessive or
prolonged inflammation. Two approaches using epigenetic modulators—microRNA 155 (miR-155) and histone deacetylase inhibitors—
can potentionally reverse protein translation or gene transcription of M1 pro-inflammatory cytokines. Another type of enzyme—histone
lysine (H3K27) demethylases—increase transcription of M2 anti-inflammatory cytokines. Factors that increase protein levels or enhance
activity of H3K27 demethylases therefore may potentially be utilized to promote M2 polarization.

Epigenetic Modulation May Reverse M1 Polarization Caused by Chronic Alcohol Consumption



The Effects of Alcohol Exposure
on innate immune Cells and
the Potential Role of Epigenetics

epigenetics Play a Crucial 
Role in innate immune-Cell
differentiation and Maturation
During the early stages of blood cell
formation (i.e., hematopoiesis), the
developing cells fall into one of two
developmental paths: the myeloid lin-
eage, which includes granulocytes and
monocytes (which then further differ-
entiate into macrophages or DCs), and
the lymphoid lineage, which includes
B- and T-lymphocytes. This myeloid
versus lymphoid lineage commitment
corresponds with global and reduced
DNA methylation, respectively (Ji et
al. 2010). During infection, alcohol
suppresses the development and matu-
ration of granulocytes (i.e., granu-
lopoiesis) (Zhang et al. 2009). Factors
that increase DNA methylation, 
and therefore promote myeloid cell
commitment, may serve as potential
therapeutic targets for increasing gran-
ulocyte populations. Similarly, epige-
netic factors play a crucial role in 
regulating monocyte terminal differen-
tiation into DCs. Proper functioning
of monocyte cells requires the expres-
sion of CD14, because it recognizes
and binds LPS. DCs, however, do not
utilize CD14, but instead require CD209
(DC-SIGN). Therefore, when mono-
cytes differentiate into DCs, they lose
expression of CD14, which is correlated
with loss of epigenetic modifications
associated with active transcription,
including H3K9-Ac and H3K4me3.
Concurrently, epigenetic changes occur
within the CD209 locus, leading to
increased CD209 transcription. The
increase in CD209 transcription is
associated with loss of epigenetic mod-
ifications typically associated with tran-
scriptional silencing, including DNA
methylation and formation of H3K9me3
and H3K20me3 (Bullwinkel et al.
2011). In the future, therapeutics that
specifically target epigenetic modifica-
tions within the CD14 or CD209 loci

may be designed to direct monocyte
terminal differentiation towards one
particular cellular fate (Bullwinkel et
al. 2011).

epigenetic Regulation of
Macrophage Polarization
Alcohol alters macrophage polarization
in the liver—that is, it alters the normal
ratio of M1 to M2 macrophages.
Chronic alcohol exposure sensitizes
Kupffer cells to LPS stimulation, lead-
ing to prolonged and predominant 
M1 polarization and the exacerbated
release of pro-inflammatory cytokines
(Mandrekar and Szabo 2009; Thakur
et al. 2007). This shift in macrophage
polarization is reversible, because
recent studies demonstrated that a 
hormone produced by adipose cells
(i.e., adiponectin), can shift Kupffer
cells isolated from chronic alcohol-
exposed rat livers towards M2 polariza-
tion (Mandal and Pratt 2011). 

Another potential strategy for shifting
Kupffer cell polarization is the use of
therapeutic reagents that target epige-
netic modifiers because epigenetic 
processes play central roles in the regu-
lation of immune-system functions.
For example, one critical mechanism
to restore the internal balance (i.e.,
homeostasis) of the immune system in
response to infection involves miRNA-
dependent post-transcriptional regula-
tion. Researchers found that expression
of one specific miRNA called miR-155
was dramatically increased when macro -
phages derived from the bone marrow
were stimulated by LPS. This enhanced
miRNA expression served to fine-tune
the expression of pro-inflammatory
mediators and promote M2 polarization
(Ruggiero et al. 2009). Similarly, ethanol
exposure also can affect miR-155
expression. When a specific macrophage
cell line (i.e., the RAW 264.7 macro -
phage cell line) was treated with 50
mM ethanol (corresponding to a BAL
of 0.2 g/dl, which commonly is observed
in chronic alcoholics), miR-155
expression was significantly enhanced
(Bala et al. 2011). Ethanol treatment
prior to stimulation with LPS further

augmented miR-155 production, and
a linear, significant correlation existed
with increased TNFα production,
likely because miR-155 increased TNFα
mRNA stability (Bala and Marcos
2011). Finally, a murine model of
ALD confirmed increased miR-155
and TNFα levels in Kupffer cells isolated
from ethanol-treated animals com-
pared with control animals, suggesting
that miR-155 is an important regulator
of TNFα in vivo and likely contributes
to the elevated TNFα levels often
observed in chronic alcoholics (Bala
and Marcos 2011). 

Besides ethanol-induced production
of miR-155, histone modifications also
can regulate macrophage polarization.
As mentioned earlier, macrophages and
other innate immune cells carry TLRs
on their surface that can interact with
LPS and other molecules, leading to
the activation of the TLRs. Studies
have demonstrated that when TLR4
was stimulated by LPS, histone acety-
lation and H3K4 tri-methylation
(both of which are associated with
active gene transcription) occurred 
in DNA regions encoding several 
pro-inflammatory cytokines (Foster 
et al. 2007; Takeuch and Akira 2011).
Macrophage stimulation using the
cytokine IL-4 and LPS also induced
expression of an H3K27 histone lysine
demethylase enzyme called Jumonji
Domain Containing-3 (JmjD3/Kdm6b),
causing transcription of specific M2-
associated genes (De Santa et al. 2007;
Satoh et al. 2010). The role of this
demethylase is further supported by
studies using cultured cells or mice in
which specific genes were inactivated
(i.e., knockout mice) that demon-
strated that JmjD3/Kdm6b activity was
not required for mounting antibacte-
rial M1 responses, but was essential 
for M2 responses following exposure
to a molecule (i.e., chitin) found in
fungi and other parasites (Bowman
and Free 2006; Satoh and Takeuchi
2010). Taken together, these findings
suggest that epigenetic regulation of
factors that specifically alter macrophage
polarization may be able to shift
and/or restore the normal M1/M2
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physiological balance in alcohol-exposed
patients (also see table 1 and figure 2).

The Effects of Alcohol Exposure
on Adaptive immunity and the
Potential Role of Epigenetics

the Potential Role of epigenetics
in Reversing th2 Polarization
Alcohol exposure impairs IL-12 pro-
duction by DCs and IL-23 production
by macrophages, thereby skewing T
helper cell commitment towards a Th2
lineage (Happel et al. 2006; Mandrekar
et al. 2004). Lysine methylation at his-
tone H3K27 plays an important role
in regulating transcription of the IL-12
gene and thereby regulating DC acti-
vation (Wen et al. 2008). Accordingly,
the development and use of drugs that
target H3K27-specific histone methyl-
transferases or demethylases to treat
diseases associated with alcoholism are a
promising, future endeavor (see table 2). 

T-cell production also is modulated
by alcohol consumption, but at least
some of the effects may be both gen-
der- and dose-dependent. For example,
moderate daily consumption of one
beer by women or two beers by men
for 30 days caused significantly higher
abundance of CD3+ T-cells in women,
but not in men (Romeo et al. 2007a).
Conversely, in male mice, chronic 
alcohol exposure was correlated with

decreased CD4+ and CD8+ T-cells in
the spleen and thymus (Saad and
Jerrells 1991) and increased free (i.e.,
soluble) CD8 in the blood. This solu-
ble CD8 can bind T-cell receptors,
block activation by APCs, and thus
impede viral clearance (Jerrells et al.
2002), indicating a way through which
chronic alcoholism can impair the
immune response. These findings 
indicate that drugs that can enhance
cytokine production by the limited,
inefficient T-cells found in alcoholics
may restore the immune response.
HDACis may be one such approach
because histone deacetylation inhibits
transcription of the gene encoding 
IL-4 (i.e., Il4) and inhibition of
deacetylation accordingly could pro-
mote IL-4 production (Valapour et al.
2002). Drugs targeting DNA methyla-
tion also may be beneficial because
DNA methylation plays an important
role in regulating the transition of
naïve T-cells to either Th1 or Th2 cell
fates. Specifically, when naïve T-cells
transition into Th2 cells, certain
regions of the Il4 loci (specifically the
5' region) become hypomethylated.
Conversely, when transitioning to 
Th1 cells, the 3' region of Il4 becomes
hypermethylated, demonstrating that 
a highly complex system of methyla-
tion/demethylation mediates T helper
cell differentiation (Lee et al. 2002;
Mullen et al. 2002). Treatment of T-cell
lines with an agent called 5-azacytidine,
which inhibits DNA methylation, leads

to the production of cytokines not
normally produced by these cells,
including IL-2 and IFNγ (Ballas 1984;
Young et al. 1994). This effect may help
to restore the defective Th1 response in
patients abusing alcohol (also see table
3 and figure 3).

The Effects of Chronic Alcohol
and inflammation and the
Potential Role for Epigenetics

Chronic alcoholism is correlated with
excessive or prolonged inflammation,
caused in part through an overactive
innate immune response and elevated
oxidative stress (Khoruts et al. 1991).
Studies have demonstrated that circu-
lating levels of the pro-inflammatory
cytokines TNFα, IL-1β, and IL-6
were much higher in alcoholics than 
in healthy nondrinkers (Khoruts and
Stahnke 1991). The higher circulating
levels of these cytokines resulted from
increased production of pro-inflamma-
tory cytokines by circulating mono-
cytes and resident tissue macrophages,
including Kupffer cells (for a review,
see Cook 1998). These cells were also
more sensitive to stimulation by LPS,
which further exacerbated TNFα
secretion and contributed to cytotoxicity
(Schafer et al. 1995). The increased
sensitivity to LPS stimulation partially
was caused by decreased production of
the anti-inflammatory cytokine, IL-10,
which negatively regulates TNFα

Table 2 dendritic Cells, alcohol, and Potential epigenetic Targets

Factors Contributing  
to Activation1

Major Roles
Following Activation2

Defects Caused by
Chronic Alcohol

Potential Epigenetic
Targets

Whole bacteria
lPs il-1β

gM-CsF, TnFα

Migrate to lymphoid
organs and present
antigens to naïve T
and B lymphocytes
↑il-12 to enhance innate 
and adaptive immunity5

↓ il-12 production3 histone lysine 
methylation (h3k27) 
controls transcription of
the il-12 gene4

1 2 3 4 5sourCes: Winzler et al., 1997 , lee and iwasaki, 2007, reis e sousa et al, 1997, Mandrekar et al., 2004, Wen et al., 2008.



secretion by monocytes (Le Moine et
al. 1995). Thus, chronic alcohol exposure
disrupts the delicate and precise regula-
tion of inflammatory regulators.

To assess alcohol’s effects on the
inflammatory responses of macrophages,
researchers have used a human monoblas-
tic cell line, MonoMac6, which has
many features of mature macrophages
and has been used to model Kupffer
cell responses (Zhang et al. 2001).
Preliminary studies demonstrated that
prolonged (i.e., 7 day) exposure of
these cells to high-dose (86 mM) ethanol
dramatically enhanced pro-inflamma-
tory cytokine responses following LPS
stimulation and was correlated with
increased histone H3 and H4 global
acetylation, as well as elevated acetyla-
tion of specific cytokine gene promoters,
including those encoding IL-6 and
TNF� (Kendrick et al. 2010). This
increased acetylation was dependent

upon conversion of ethanol to its
metabolites, acetate and acetyl-coA, by
two enzymes called acetyl-coenzyme A
synthetase short-chain family members
1 and 2 (ACSS1 and ACSS2) and also
was associated with a significant decrease
in HDAC activity (Kendrick and O’Boyle
2010). Interestingly, unlike with rat
hepatocytes and hepatic stellate cells,
no global modulation of histone acety-
lation was observed with acute ethanol
treatment (Kendrick and O’Boyle 2010).

ACSS1 and ACSS2 only are activated
for acetate and acetyl-CoA formation
during ethanol metabolism but not
during normal sugar metabolism that
also results in acetyl-CoA generation.
Therefore, they represent an exciting
potential therapeutic target for reducing
the exacerbated inflammatory response
observed with chronic alcohol expo-
sure because their depletion should not
alter normal cellular metabolism and

energy generation. Another potential
approach to restoring cytokine home-
ostasis may be to reduce proinflammatory
cytokine transcription by administer-
ing drugs that increase HDAC recruit-
ment to actively transcribed chromatin
(e.g., theophylline), thereby counter-
acting the decreased HDAC activity
induced by chronic ethanol exposure
(Kendrick and O’Boyle 2010).

Although drugs that modulate epi-
genetic targets have not yet been used
specifically to treat alcohol-induced
inflammation, research of other
inflammatory and autoimmune diseases
suggest that epigenetic modulation
plays a critical role in regulating the
inflammatory cytokine network (Ballestar
2011; Halili et al. 2009; Rodriguez-
Cortez et al. 2011). Accordingly,
agents that normalize this epigenetic
modulation (e.g., HDACis) are a
promising therapy for the treatment 
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Figure 3 Alcohol-induced T helper cell polarization towards a Th2 phenotype suppresses immune responses. Alcohol decreases IL-12 production
by antigen presenting cells, resulting in fewer naïve T-cell differentiating into Th1 cells, and blocks the release of IL-23 from macrophages,
thereby preventing Th17 differentiation. Methylation of DNA or histones (H3K27) may reverse Th2 polarization.
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of inflammatory and autoimmune 
diseases, including the exacerbated
inflammation observed with chronic
alcohol exposure. HDACis are effica-
cious in animal models of inflammatory
bowel disease, septic shock, graft-versus-
host disease, and rheumatoid arthritis
(Bodar et al. 2011; Halili and Andrews
2009; Joosten et al. 2011; Reddy et al.
2004, 2008). Furthermore, the HDACi
vorinostat has been used in clinical trials
for reducing the severity of graft-versus-
host disease in patients with bone mar-
row transplants (Choi and Reddy
2011), and the HDACi givinostat has
been studied for the treatment of sev-
eral other inflammatory conditions.
These HDACis originally were devel-
oped to increase transcription of genes
that induce cell death (i.e., apoptosis)
of malignant cells. The doses of HDACi
required to diminish inflammatory
processes, however, are dramatically
lower than the doses required for can-
cer treatment, and minimal side effects
have been reported (Dinarello 2010;
Vojinovic and Damjanov 2011). The
importance of lysine acetylation as a
regulatory mechanism has been sup-
ported by a study characterizing the

entirety of all proteins that are acety-
lated in the human body (i.e., the
human lysine acetylome). This study
identified 1,750 proteins that could be
acetylated on lysine side chains, includ-
ing proteins involved in diverse biolog-
ical processes, such as the processing 
of mRNAs (i.e., splicing), cell-cycle
regulation, chromatin remodeling, and
nuclear transport (Choudhary et al.
2009). In fact, protein acetylation may
be as important as phosphorylation in
governing cellular processes (Choudhary
and Kumar 2009; Kouzarides 2000).
For example, acetylation of proteins in
the fluid filling the cell (i.e., the cytosol)
can either activate or block essential
signaling cascades and may partially
explain how low-dose HDACi treat-
ment decreases the production of pro-
inflammatory cytokines (Dinarello et
al. 2011).

It is important to note that the
development of selective HDACis may
be complicated by the fact that most
HDACs are components of multi-
protein complexes, which often include
other HDACs (Downes et al. 2000;
Fischle et al. 2001). Therefore, it is
possible that inhibition of one HDAC

inadvertently may alter the activity of
other HDACs present in the complex.
It also is likely that some functional
redundancy exists among HDACs as
well as within the biological inflamma-
tory pathways they regulate. Moreover,
the role of individual HDACs is tissue
and cell-type specific; accordingly,
development of specific HDACi
molecules for treatment of each partic-
ular inflammatory disease will require
cell- or tissue-targeting components.

Alcohol Abuse and Leaky
Barriers

Another important component of the
innate immune system are the epithe-
lial cells that line the outer surfaces 
of exposed tissues, such as the skin, 
respiratory, gastrointestinal (GI), and
urogenital tracts. These cells provide a
physical barrier that impedes pathogen
invasion by forming strong intercellular
associations (Tam et al. 2011; Turner
2009). Another critical function of
epithelial cells in the innate immune
system is their production of cytokines
and chemokines in response to pathogen

Table 3 T-Cells, alcohol, and Potential epigenetic Targets

Major Roles 
Following Activation by Specific 

Antigen-Presenting–Cell interaction
Defects Caused by

Chronic Alcohol
Potential Epigenetic

TargetsT-Cells Subtype

Cd8+Cytolytic T-cells direct pathogen killing ↓ Cd8+ production in spleen and thymus1

↑ soluble Cd8→ blocks aPC activation2

Cd4+T helper 1 (Th1) ↑ iFnγ → activates macrophages  
and cytolytic T-cells

↓ Cd4+ production in spleen and thymus1

↓il-12 production by dC→
↓Th1 lineage specification3

↓ dna methylation
→↑transcription of the
gene coding for iFnγ (Ifng)4

Cd4+T helper 2 (Th2) ↑ il-4, il-5, il-13 → activates 
eosinophils 
↑antibody production by plasma cells
important for humoral immunity and 
allergic response

↓ Cd4+ production in spleen and thymus1

↓Th1+ and ↓Th17→ Th2 predominates
↑ dna methylation →
↓ transcription of gene
coding for il-4 (il4)5

↑ histone acetylation →
↓ il4 transcription6

Cd4+T helper 17 (Th17) ↑ il-17, il-17F, il-21, il-22, 
il-23, il-26→
↑antimicrobial peptides
important for mucosal barrier 
maintenance and immunity

↓ Cd4+ production in spleen and thymus1

↓il-23 production by macrophages→
↓Th17 lineage specification7

1 2 3 4 5 6 7sourCes: saad and Jerrells, 1991, Jerrells et al., 2002, Mandrekar et al., 2004, Young et al., 1994, lee et al., 2002, Valapouret al., 2002, happel et al., 2006.



detection. (Elias 2007; Izcue et al.
2009; Parker and Prince 2011; Quayle
2002; Schleimer et al. 2007; Tracey
2002). Alcohol abuse is strongly corre-
lated with defective, leaky barriers, par-
ticularly in the GI and respiratory tracts
(Bhatty and Pruett 2011; Purohit et al.
2008).

the effect of Alcohol on the 
Gut and the Potential Role 
of epigenetics
Chronic alcohol consumption increases
microbial colonization and LPS accu-
mulation in the small intestine by
decreasing gastric acid secretion in the
stomach and delaying GI motility
(Bienia et al. 2002; Bode and Bode
1997; Bode et al. 1984). The intestinal
epithelial barrier must allow water and
nutrients to pass freely, yet prevent trans-
fer of larger macromolecules. Whereas
the epithelial cells themselves are
impermeable to substances dissolved in
water (i.e., hydrophilic solutes), the
space between the cells (i.e., paracellular
space) must be sealed to maintain this
barrier function. A leaky intestinal 
barrier is deleterious because it allows
transfer of potentially harmful macro-
molecules and bacterial products (e.g.,
LPS) into the blood and lymph (Rao
2009). If it reaches the liver, LPS can
target multiple cell types there, includ-
ing Kupffer cells, neutrophils, hepato-
cytes, sinusoidal endothelial cells, and
stellate cells (Brun et al. 2005; Duryee
et al. 2004; Hoek and Pastorino 2002;
Paik et al. 2003). Activation of these
cells results in the release of pro-
inflammatory mediators, such as ROS,
leukotrienes, chemokines, and cytokines
(e.g., TNFα and IL-1β), thereby
directly contributing to liver damage
and prolonged inflammation in chronic
alcohol-abusing patients (Albano
2008; Brun and Castagliuolo 2005;
Khoruts and Stahnke 1991; McClain
et al. 2004).

The multifactorial contributions of
chronic alcohol consumption to the
development of ALD largely have been
deciphered using rodent models. For
example, investigators demonstrated a

direct translocation of LPS across the
gut mucosa in rats continuously
administered alcohol directly into the
stomach for 9 weeks (Mathurin et al.
2000). Other studies using mice in
which the TNF-receptor 1 (TNF-R1)
was removed (i.e., TNF-R1 knockout
mice) and that were treated continu-
ously with alcohol for 4 weeks deter-
mined that the alcohol-induced presence
of LPS in the blood (i.e., endotoxemia)
led to the release of TNFα from
Kupffer cells, that in turn played a
direct role in ALD (Yin et al. 1999).
TNFα production is negatively regu-
lated by H3K9 methylation (Gazzar 
et al. 2007), indicating that histone
methylation can play a role in regulating
inflammatory processes. This observation
suggests that the prolonged inflamma-
tory state associated with chronic 
alcohol exposure partially may be 
controlled by drugs targeting H3K9-
specific demethylase enzymes.

Although alcohol itself does not alter
intestinal permeability, one of the
products of alcohol metabolism (i.e.,
acetaldehyde) increases barrier perme-
ability in a dose-dependent manner
(Basuroy et al. 2005) by disrupting
intercellular connections, including
both tight and adherens junctions
(Atkinson and Rao 2001). One of the
critical proteins ensuring the function-
ality of tight junctions is called zonula
occludens 1 (ZO-1), and disrupted
ZO-1 complexes are strongly corre-
lated with increased intestinal barrier
permeability (Walker and Porvaznik
1978). Interestingly, studies using a
human intestinal cell line called Caco-
2 found that ZO-1 production is regu-
lated by microRNA-212 (miR-212).
When these cells were cultured in the
presence of 1 percent alcohol for 3
hours, they contained 71 percent less
ZO-1 compared with cells not treated
with alcohol. Moreover, the expression
of miR-212 increased with alcohol
treatment in a concentration-dependent
manner; thus, cells treated with 1 
percent alcohol for 3 hours had 2-fold
higher expression of miR-212. These
changes corresponded with defective
tight junction morphology. Importantly,

studies of colon samples taken from
patients with ALD found significantly
increased miR-212 expression compared
with healthy control subject, and this
increase paralleled a decrease in ZO-1.
These findings demonstrate that miR-
212 may play an important role in
leaky intestinal barriers in ALD
patients (Tang et al. 2008).

the effect of Alcohol on the
Respiratory System and the
Potential Role of epigenetics
Mucosal organ leakiness also contributes
to respiratory infections, partially by
altering tight junctions between epithe-
lial cells lining the air sacs in lungs
where gas exchange occurs (i.e., the
alveoli) (Simet et al. 2012). This leaky
barrier provides the ideal opportunity
for bacteria normally found in the
body (i.e., commensal bacteria), such as
Streptococcus pneumoniae, to invade the
tissues and become pathogenic (Bhatty
and Pruett 2011). In fact, alcohol con-
sumption is correlated with increased
incidence of community-acquired
pneumonia, with approximately 50
percent of adult pneumonia patients
reporting a history of alcohol abuse
(Goss et al. 2003). Furthermore, alcohol
abuse worsens complications from
pneumonia (Saitz et al. 1997) and
increases mortality (Harboe et al. 
2009) in a dose-dependent manner
(Samokhvalov et al. 2010). Alcohol also
shifts the cytokine balance in the lung,
contributing to the development of
ARDS (Boe and Vandivier 2009; Crews
et al. 2006; Moss and Steinberg 1999).

When an infection occurs, neutrophils
and monocytes are recruited to the
lungs (Goto et al. 2004). Upon activa-
tion, monocytes differentiate into alve-
olar macrophages, which play a crucial
role in the clearance of S. pneumoniae
(Goto and Hogg 2004). Rodent models
have demonstrated that chronic alcohol
exposure contributed to increased
infection susceptibility by causing
mucosal organ leakiness, as well as
defective leukocyte recruitment and
decreased neutrophil maturation, adhe-
sion, chemotaxis, and phagocytosis.
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These changes partly resulted from
faulty production of important signaling
molecules, including G-CSF, GM-CSF,
IL-8, IL-6, macrophage inflammatory
protein (MIP-2), and CXC chemokine
cytokine-induced neutrophil chemoat-
tractant (CINC) (Boe et al. 2001).
Alcohol also affected anti-inflammatory
mediators by increasing the production
of IL-10 and TGF-β (Boe and Vandivier
2009). Furthermore, chronic alcohol
exposure inhibited the responses of
CD8+ T-cells , which increased the
morbidity and mortality associated
with influenza virus infection (Meyerholz
et al. 2008), and decreased IFNγ pro-
duction following infection with
Klebsiella pneumoniae (Zisman et al.
1998) in murine models.

Several strategies targeting epigenetic
regulatory mechanisms may be effective
in the treatment of alcohol-induced
lung infections. For example, therapies
that restore neutrophil recruitment to
infected lungs through regulation of
cytokine production would be benefi-
cial. In support of this notion, it was
demonstrated that pretreatment with
G-CSF prior to alcohol exposure and
K. pneumoniae infection was protective
in mouse models (Nelson et al. 1991).
Targeting miRNAs for treatment of
inflammatory lung diseases, such 
as ARDS, offers an additional, novel
therapeutic approach because the pro-
duction of several miRNAs, including
miR-9, miR-146a, miR-147, miR-
148, and miR-152, was induced by
LPS stimulation in mouse lungs
(Bazzoni et al. 2009; Liu et al. 2009,
2010; Nahid et al. 2009; Taganov et al.
2006; Tili et al. 2007; Zhou et al. 2011).
Several of these upregulated miRNAs
created a negative feedback loop to
prevent excessive production of pro-
inflammatory cytokines, therefore 
contributing to immune regulation
and homeostasis (Bazzoni et al. 2009;
Liu et al. 2009, 2010). Although most
research focused on understanding the
role of miRNAs in inflammatory lung
disease has been performed using animal
models, future studies using human
cell lines, tissues, and eventually
patient samples clearly are warranted.

Summary

The relationship between alcohol
exposure and altered immune responses
is complex. Chronic alcohol abuse is
correlated with increased susceptibility
to infection and causes tissue damage
from an overactive innate immune
response, excessive oxidative stress, and
exacerbated or prolonged inflamma-
tion. Alcohol exposure has tissue- and
immune cell-type–specific effects, such
as influencing cell recruitment to infected
or inflamed tissue, altering cytokine
and chemokine production and secre-
tion, skewing differentiation towards 
a particular cell fate or preventing cell
replication, impairing antigen presen-
tation, interfering with phagocytosis
and granulopoiesis, or inducing apop-
tosis. Although the specific role of 
epigenetic modulation in this alcohol-
induced immune dysregulation has not
yet been determined, research in related
fields strongly suggests that experimen-
tal and clinical studies are warranted. ■
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Circadian rhythms are a prominent and critical feature of cells, tissues, organs, and
behavior that help an organism function most efficiently and anticipate things such as
food availability. Therefore, it is not surprising that disrupted circadian rhythmicity, a
prominent feature of modern-day society, promotes the development and/or
progression of a wide variety of diseases, including inflammatory, metabolic, and
alcohol-associated disorders. This article will discuss the influence of interplay
between alcohol consumption and circadian rhythmicity and how circadian rhythm
disruption affects immune function and metabolism as well as potential epigenetic
mechanisms that may be contributing to this phenomenon. KEy WoRDS: Alcohol
consumption; alcohol-related disorders; disease factors; risk factors; circadian
disruption; circadian rhythm; circadian clock; immune function; metabolism;
inflammatory diseases; metabolic diseases; epigenetic mechanisms

Circadian Disruption and
Society

The circadian clock is a sophisticated
mechanism that functions to synchro-
nize (i.e., entrain) endogenous systems
with the 24-hour day in a wide variety
of organisms, from simple organisms
such as fungi up to the complex mam-
malian systems. Circadian rhythms
control a variety of biological processes,
including sleep/wake cycles, body tem-
perature, hormone secretion, intestinal
function, metabolic glucose homeostasis,
and immune function. Functional 
consequences of modern-day society,
such as late-night activity, work schedules
that include long-term night shifts and
those in which employees change or
rotate shifts (i.e., shift work), and jet
lag are substantial environmental dis-
ruptors of normal circadian rhythms.
Fifteen percent of American workers
perform shift work (Bureau of Labor

Statistics 2005), indicating the perva-
siveness of circadian disruption as a
normal part of modern-day society.
This change from the diurnal lifestyle
of our ancestors to one that is more
prominently nocturnal results in mis-
alignment between natural rhythms
based on the 24-hour day and behav-
ioral activity patterns (i.e, circadian
misalignment). Circadian misalignment
has a significant detrimental effect on
cell, tissue, and whole-organism func-
tion. These alterations can manifest in
humans as chronic health conditions,
such as metabolic syndrome,1 diabetes,
cardiovascular disease, cancer, and
intestinal disorders (Karlsson et al.
2001; Morikawa et al. 2005; Schernhammer
et al. 2003; Penev et al. 1998; Caruso
et al. 2004). The increased prevalence
of diseases associated with circadian

disruption underscores the need to bet-
ter understand how circadian disrup-
tion can wreak havoc in so many dif-
ferent ways throughout the body. 

Central and Peripheral
Circadian Rhythms

The master or central circadian clock
(i.e., “pacemaker”) is located in the
suprachiasmatic nucleus (SCN) in the
anterior hypothalamus in the brain
(Turek 1981) (see figure 1). The SCN
is regulated by light stimulating retinal
ganglion cells in the eye (Berson et al.
2002), and it is by this mechanism that
light directs central circadian rhythms.
Circadian rhythms are found in nearly
every cell in the body, including the
periphery, encompassing the immune
system, heart, adipose tissue, pancreas,
and liver (Allaman-Pillet et al. 2004;
Boivin et al. 2003; Storch et al. 2002;

1 Metabolic syndrom is a combination of disorders that can lead to
diabetes and cardiovascular disease, characterized by abnormal
levels of fat and/or cholesterol in the blood and insulin resistance.



Yoo et al. 2004; Zvonic et al. 2006).
The SCN synchronizes circadian
rhythms found in the periphery (figure
2A) via several mechanisms, including
communication with nerve cells that
influence visceral functions such as
digestion, heart rate, etc., via direct
release of the hormones oxytocin and
vasopression into the general vascula-
ture or indirectly via release of local sig-
nals that affect the release of hormones
from the anterior pituitary gland (i.e.,
neuroendocrine and autonomic neu-
rons) (Buijs et al. 2003). In addition,
peripheral circadian rhythms can be
regulated by external factors other than
central light-entrained rhythms. For
instance, abnormal feeding patterns
can cause peripheral circadian rhythms
(i.e., in the intestine and liver) to become
misaligned with central rhythms if
feeding is out of synch with the nor-
mal 24-hour pattern, a phenomenon
that can be observed in both animals
and humans (see figure 2B). Peripheral
tissues express self-sustained rhythms
that are able to function independent
of the central clock in the SCN. For
example, following SCN lesion that
terminates central circadian rhythmic-
ity, peripheral circadian clocks continue
to demonstrate rhythmicity; however,
peripheral rhythms become desynchro-
nized from each other over time (Yoo
et al. 2004) (see figure 2C). This inter-
nal misalignment is particularly detri-
mental because peripheral circadian
clocks directly regulate up to 5 to 20
percent of the genome (i.e., so-called
clock-controlled genes) (Bozek et al.
2009). Furthermore, reports indicate
that 3 to 20 percent of the entire
genome demonstrates 24-hour oscilla-
tions in gene expression, including
genes critical for metabolic processes.
This observation suggests that although
not directly controlled by the circadian
clock, genes are influenced as a conse-
quence of rhythmic changes in tran-
scription factors and transcriptional
(i.e., the process of creating a comple-
mentary RNA copy of a sequence of
DNA) and translational (i.e., when
RNA is used to produce a specific 
protein) modifiers (i.e., proteins con-

trolling the levels and activity of various
processes including lipid metabolism
and glucose synthesis) (Panda et al. 2002).

At the cellular level, circadian rhythms
originate from self-sustained, autoregu-
lated, cyclic expressions of clock genes,
which constitute the molecular clock.
The molecular circadian clock consists
of transcriptional activators and repres-
sors—that is, proteins that stimulate
and repress the production of proteins,
respectively, in a cyclic process that is
approximately 24-hours in duration
(Reppert and Weaver 2002). The molec-
ular circadian cycle is initiated when
the transcriptional activators Clock
and Bmal1 (Bunger et al. 2000) com-
bine (i.e., heterodimerize) to stimulate
the transcription of target circadian
genes including period (Per) and cryp-
tochrome (Cry) (i.e., Per1 to Per3 and
Cry1 and Cry2) as well as a host of
other clock-controlled genes. When
PER and CRY proteins accumulate in
the cytosol, they heterodimerize and

translocate to the nucleus where they
act as transcriptional repressors to 
terminate CLOCK-BMAL1–mediated
transcription, thus ending the molecular
circadian cycle (van der Horst et al.
1999) (see figure 3). The cycle is fur-
ther regulated by additional proteins,
including the enzyme sirtuin 1 (SIRT1),
a histone deacetylase that modifies cir-
cadian proteins or DNA by removing
acetyl groups to alter gene expression.
SIRT1 is sensitive to levels of the 
coenzyme nicotinomide adenine 
dinucleotide (NAD+), making NAD
availability a potential regulator of the
molecular circadian clock (Grimaldi et
al. 2009). The details of this oscillating
cycle are found elsewhere (Reppert and
Weaver 2002).

Demonstrating the importance of
the molecular circadian clock, mutations
of the core circadian clock components
can have a devastating effect on the
function of the circadian clock. This 
is true for both Bmal1 (Bunger et al.
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Figure 1  The suprachiasmatic nucleus (SCN) is the central circadian pacemaker. The SCN is
located in the hypothalamus and is regulated by light signals from the eye. The SCN
then affects a wide variety of physiological and behavioral outcomes. 
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2000) and Clock (Oishi et al. 2006).
Likewise, molecular perturbation of
the circadian clock (i.e., altering the
Clock, Bmal1, Per1, Per2, Cry1, or
Cry2 expression via genetic manipula-
tions including deleting or mutating
the gene of interest to affect the levels
of functional protein produced) dis-
rupts normal circadian behavioral
rhythms (Antoch et al. 1997; Bunger
et al. 2000; van der Horst et al. 1999;
Zheng et al. 2001). This article will
discuss the influence of alcohol on 
circadian rhythms and how circadian-
rhythm disruption affects immune
function and metabolism, significant

factors for alcohol-associated poor
health outcomes. It also will discuss
potential epigenetic mechanisms by
which circadian disruption and alcohol
may establish long-term changes in
gene expression, resulting in adverse
health outcomes.

Alcohol and Circadian
Rhythmicity

Circadian organization and stable cir-
cadian rhythms are vital for optimal
health as numerous diseases are associ-
ated with circadian-rhythm disruption.

Environmental factors such as shift
work or jet lag are obvious disrupters
of circadian rhythmicity. However,
other environmental factors, such as
alcohol consumption and the timing
of food intake, can profoundly disrupt
and disorganize circadian rhythmicity,
which can be observed on behavioral,
cellular, and molecular levels.  

Alcohol Disrupts Behavioral and
Biological Circadian Rhythms
Alcohol has a dramatic effect on circa-
dian rhythms. These circadian abnor-
malities include disrupted sleep/wake

(A) Normal Central/Peripheral Rhythms

Central Circadian Clock
Suprachiasmaticnucleus (SCN)

(B) Disorganized Central/Peripheral Rhythms
(e.g., wrong-time eating

Desynchrony between central and 
peripheral rhythms

Peripheral Circadan Clocks

Central Circadian Clock
Suprachiasmaticnucleus (SCN)

Peripheral Circadan Clocks

Central Circadian Clock
Suprachiasmaticnucleus (SCN)

Peripheral Circadan Clocks

Figure 2   Central and peripheral circadian rhythms. (A) Under normal conditions, the central circadian clock in the suprachiasmatic nucleus which
is entrained by light, then regulates peripheral circadian clocks. (B) Wrong-time eating can cause misalignment between the central circa-
dian clock (entrained by light) and the peripheral circadian clocks entrained by food (illustrated here are intestine and liver). (C) When the
central circadian clock is disrupted (e.g., due to lesion) peripheral circadian clocks will continue to cycle but will gradually become more
misaligned with each other. 



cycles in humans (Brower 2001;
Imatoh et al. 1986) as well as disrupted
circadian responses to light and abnor-
mal activity patterns in rodents (Brager
et al. 2010; Rosenwasser et al. 2005).
The changes observed in behavioral
patterns and responses to light may be
the consequence of alcohol-induced
disruption of normal tissue/organ
function and neuroendocrine function.
For example, normal cyclic patterns
associated with body temperature (i.e.,
thermoregulation) (Crawshaw et al.
1998), blood pressure (Kawano et al.
2002), and characteristics of biochemical
circadian rhythms including glucose
and cholesterol rhythms (Rajakrishnan
et al. 1999) are significantly affected 
by alcohol consumption. In addition,
the circadian-driven production of hor-
mones including melatonin (i.e., an
endocrine hormone that is important
in circadian entrainment) in rats (Peres
et al. 2011) and humans (Conroy et 
al. 2012), corticosterone (i.e., a steroid
hormone produced by the adrenal gland
that responds to stress and regulates
metabolism) (Kakihana and Moore
1976), and pro-opiomelanocortin (i.e.,
a polypeptide hormone that is a pre-
cursor to several hormones) (Chen et
al. 2004) are disrupted by alcohol con-
sumption. Alcohol-induced changes
such as these have a profound impact
on the functioning of a wide variety 

of peripheral organs and biological
processes, which are dependent upon
central circadian synchronization for
proper function.

Alcohol Disrupts the Molecular
Circadian Clock
Not surprisingly, the changes observed
in the behavioral and biological systems
also are observed on the molecular
level as a disrupted molecular circadian
clock, an effect that is evident both in
vitro and in vivo. Exposure of intestinal
epithelial cells (i.e., Caco-2 cells, a widely
used model of the human intestinal
barrier) to alcohol increases the levels
of circadian clock proteins CLOCK
and PER2 (Swanson et al. 2011).
Likewise, alcohol-fed mice have dis-
rupted expression of Per1–Per3 in the
hypothalamus (Chen et al. 2004),
human alcoholics demonstrate markedly
lower expression of Clock, BMAL1,
Per1, Per2, Cry1, and Cry2 in peripheral
blood mononuclear cells (i.e., immune
cells) compared with nonalcoholics
(Huang et al. 2010), and in humans
alcohol consumption is inversely corre-
lated to BMAL1 expression in periph-
eral blood cells (Ando et al. 2010).
The alcohol-induced changes seem to
have long-lasting effects on the circadian
clock, particularly when the exposure
occurs early in life, which may be the

consequence of epigenetic modifica-
tions (discussed below). For example,
neonatal alcohol exposure in rats 
disrupts normal circadian-clock expres-
sion levels and expression patterns over
a 24-hour period (i.e., rhythmicity)
(Chen et al. 2006; Farnell et al. 2008).
These examples illustrate the ability 
of alcohol to have profound and long-
lasting effects on clock-gene expression
in multiple organs and tissues.

Feed-Forward Cycle: Alcohol
Promotes Circadian Disruption
and Circadian Disruption
Promotes Alcohol Consumption
Interestingly, circadian-clock disruption
can promote alcohol consumption,
which can further exacerbate this cycle.
For example, Per2 mutant mice exhibit
increased alcohol consumption compared
with wild-type counterparts (Spanagel
et al. 2005), an effect attributed to
altered reinforcement systems leading
to enhanced motivation to consume
alcohol. This may explain why humans
with circadian disruption are more prone
to substance abuse disorders (Trinkoff
and Storr 1998). This phenomenon also
sets up a potentially devastating cycle
in which circadian disruption drives
alcohol consumption, which further
exacerbates circadian disruption.  
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Figure 3   The molecular circadian clock. Transcription of the clock-controlled genes, including Per and Cry is initiated by the heterodimerization and
binding of BMAL1 and CLOCK (the positive limb of the molecular circadian clock). Once sufficient amounts of PER and CRY have been pro-
duced, they dimerize and inhibit further BMAL1/CLOCK-mediated transcription (the negative limb of the molecular circadian clock). 
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intestinal-derived 
LPS may be one 
mechanism by 
which alcohol 

disrupts circadian 
rhythmicity. 

Mechanisms of Alcohol-induced
Circadian Disruption

The mechanisms by which alcohol 
disrupts circadian rhythmicity are
likely a consequence of alcohol
metabolism and alcohol-induced
changes in intestinal barrier integrity.

Consequences of Alcohol
Metabolism 
Alcohol is metabolized via several
mechanisms, including the enzymes
catalase, alcohol dehydrogenase (ADH),
and cytochrome P450 (CYP2E1) (Lu
and Cederbaum 2008). Although 
alcohol metabolism most prominently
occurs in the liver, other tissues such as
the stomach, intestine, and brain also
play a role in this process. One conse-
quence of alcohol metabolism that is
particularly relevant for alcohol-
induced disruption of circadian rhyth-
micity is a shift in the cellular NAD+/
NADH ratio. SIRT1, which regulates
the molecular circadian clock, is highly
sensitive to the cellular NAD+/NADH
ratio. Therefore, a perturbation in the
availability of NAD+ (e.g., as a conse-
quence of alcohol metabolism by 
ADH or as a consequence of aldehyde
metabolism by acetaldehyde) would 
be one mechanism by which alcohol
could disrupt the molecular circadian
clock and resulting circadian rhythms.  

Alcohol, the intestine, and
inflammation
Another mechanism by which alcohol
can exert a negative influence on circa-
dian rhythmicity is by promoting
intestinal hyperpermeability. Alcohol
disrupts intestinal barrier integrity in
vitro (Swanson et al. 2011), in rodents
(Keshavarzian et al. 2009), and humans
(Keshavarzian et al. 1994, 1999).
Intestinal hyperpermeability allows
luminal bacterial contents such as
endotoxin (e.g., lipopolysaccharide
(LPS) to translocate through the
intestinal epithelium into the systemic
circulation. Endotoxin can disrupt cir-
cadian rhythms. LPS administered to

rodents impairs the expression of Per in
the heart, liver, SCN, and hypothala-
mus (Okada et al. 2008; Yamamura et
al. 2010) and suppresses clock gene
expression in human peripheral blood
leukocytes (Haimovich et al. 2010).
Thus, intestinal-derived LPS may be
one mechanism by which alcohol dis-
rupts circadian rhythmicity. In addi-
tion, LPS elicits a robust immune
response in the periphery (Andreasen
et al. 2008), and systemic inflammation
disrupts normal circadian rhythmicity
(Coogan and Wyse 2008). For example,

tumor necrosis factor α (TNFα), a
cytokine produced in response to
endotoxins, disrupts normal locomotor
behavior and sleep/wake cycles and
alters expression of the molecular circa-
dian clock in the liver (Cavadini et al.
2007). Thus, there are several plausible
mechanisms by which alcohol-induced
effects on the intestine may disrupt
central and peripheral circadian rhythms.

It is clear that alcohol-induced effects
on the intestine are highly detrimental
to circadian rhythmicity. Interestingly,
the reverse also is true in that the
molecular circadian clock in the intes-
tine influences alcohol-induced effects.
Intestinal circadian rhythms are largely
driven by feeding patterns (Hoogerwerf
et al. 2007; Scheving 2000) and even
the apical junctional complex (AJC)
proteins, which regulate tight junctions
(and thus intestinal permeability), are
clock controlled in the kidney (Yamato
et al. 2010). Alcohol exposure increases
intestinal circadian gene expression, and
knocking out Clock or Per2 in intestinal
epithelial cells (i.e., Caco-2 cells) prevents

alcohol-induced intestinal hyperper-
meability (Swanson et al. 2011). Taken
together, alcohol—via metabolism
products or intestine effects including
endotoxemia and systemic inflamma-
tion—disrupts intestinal circadian
rhythms, an effect that can further
exacerbate internal misalignment.          

Circadian Rhythms and
immune Function

The immune system demonstrates
robust circadian rhythmicity with 
daily variations in immune parameters,
including lymphocyte proliferation,
antigen presentation, and cytokine
gene expression (Fortier et al. 2011;
Levi et al. 1991). These rhythms seem
to be sensitive to perturbations in cir-
cadian homeostasis, with differential
effects depending on the cell type,
model system, and outcome measure.
For example, inhibition of Per2 in 
natural killer (NK) cells (part of the
innate immune system) decreases the
expression of the immune effectors
granzyme-B and porforin (i.e., critical
cytotoxic components) (Arjona and
Sarkar 2006a). Despite these changes,
selective reduction of Per2 in NK cells
does not effect NK rhythmic produc-
tion of the cytokine interferon-γ
(IFNγ), which is important for the 
formation and release of reactive oxy-
gen species. In contrast, whole-animal
Per2-deficient mice have drastically
disrupted IFNγ rhythms (Arjona and
Sarkar 2006b). The IFNγ rhythmic
disruption in Per2-deficient mice but
not after selective reduction of Per2 in
isolated NK cells would be expected if
IFNγ is dependent upon other circa-
dian parameters, such as circadian fluc-
tuations in hormones or temperature.
Indeed, rhythmic hormones such as
glucocorticoids and melatonin, which
are significantly affected by circadian
disruption, modulate immune func-
tion (Dimitrov et al. 2004; Srinivasan
et al. 2005). Per2-deficient mice also
demonstrate blunted LPS-induced 
septic shock compared with wild-type
mice (Liu et al. 2006), indicating a
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Feeding at the 
incorrect time 

(e.g., late-night 
eating for humans) 

can result in internal 
circadian misalignment.

functional change that has important
biological implications. These studies
demonstrate the significant disturbances
that can occur as a consequence of a
disrupted molecular circadian clock.

In addition to genetically manipulating
circadian homeostasis, environmentally
disrupting circadian rhythms also neg-
atively affects immune function. For
example, loss of regular sleep/wake cycles
alters the normal circadian rhythmicity
observed in immune cells (Bryant et 
al. 2004; Vgontzas et al. 2004) and
increases the susceptibility to infections
(Everson 1993; Mohren et al. 2002).
Indeed, chronically shifting light/dark
cycles in mice augments LPS-induced
immune response, resulting in greater
mortality compared with non–circadian-
disrupted mice (Castanon-Cervantes et
al. 2010).  

Taken together, these studies provide
evidence that circadian disruption can
significantly, and typically negatively,
influence immune function. Therefore,
alcohol-induced circadian disruption
may be a susceptibility factor for immune
dysregulation, which may promote
alcohol-associated inflammatory pro-
cesses. Furthermore, the altered
response to LPS has particular relevance
in light of the alcohol-induced effects
on intestinal permeability.   

Circadian Rhythms and
Metabolic Syndrome

Although only a few metabolic genes
are direct targets of circadian genes
(Noshiro et al. 2007; Panda et al. 2002),
the direct targets do include many
transcription factors and other modu-
lators of transcription and translation.
These clock-controlled genes include
factors regulating lipid and cholesterol
biosynthesis, carbohydrate metabolism,
oxidative phosphorylation, and glucose
levels (Oishi et al. 2003; Panda et al.
2002). 

Eating is an environmental factor
that selectively affects peripheral circa-
dian rhythmicity in the intestine and
liver. Feeding at the incorrect time
(e.g., late-night eating for humans) 

can result in internal circadian mis-
alignment. For example, restricted
feeding paradigms in which animals
only have access to food during inap-
propriate times (i.e., during the light
cycle for nocturnal rodents) results in
misalignment between central light-
entrained circadian rhythms (i.e., in the
SCN) and peripheral food-entrained

circadian rhythms, including those in
the liver (Damiola et al. 2000). Recent
studies suggest that this internal mis-
alignment scenario is linked to weight
gain, obesity, and metabolic syndrome.
Indeed, mice fed during the inappropri-
ate time gain more weight (Arble et al.
2009; Salgado-Delgado et al. 2010)
than mice fed during appropriate time,
despite similar activity levels and caloric
intake (Arble et al. 2009). This phe-
nomenon also is observed in humans;
people who skip breakfast and have
eating patterns shifted toward late-night
eating tend to be more overweight
than those who consume food during
more appropriate time periods (Berkey
et al. 2003; Ma et al. 2003).  

Genetic abnormalities in the molec-
ular circadian clock also are associated
with metabolic disorders, including
obesity, metabolic syndrome, and dia-
betes (Scott et al. 2008; Woon et al.
2007). For example, Clock mutant
mice, which have disrupted circadian
rhythms (Vitaterna et al. 1994), are
obese and demonstrate characteristics
of metabolic syndrome such as high
cholesterol levels and high blood glucose
(Turek et al. 2005). Bmal1 mutant
mice also have disrupted circadian
rhythmicity (Bunger et al. 2000), dis-

rupted adipogenesis (Shimba et al.
2005), and demonstrate markers of
metabolic syndrome (e.g., higher levels
of triglycerides and glucose) (Marcheva
et al. 2010; Rudic et al. 2004). Similarly,
mutations in Cry genes disrupt hor-
monal rhythms (Fu et al. 2005; Yang
et al. 2009) and Cry mutants show
markers of metabolic syndrome (Okano
et al. 2009). It should be noted that
although some of these mutant mice
demonstrate disrupted locomotion and
feeding behaviors (i.e., wrong-time
feeding), the abnormalities seem to be
attributable to mutations in the circa-
dian clock machinery rather than to
appropriate feeding times because mice
(e.g., Bmal1 mutant mice) that do
exhibit normal activity/feeding patterns
still exhibit markers of metabolic syn-
drome (Lamia et al. 2008; Marcheva et
al. 2010).

In addition to these effects of circadian
rhythms on indices of metabolism, it 
is also important to consider the effect
of circadian disruption on the immune
system because chronic inflammation
is a prominent feature associated with
metabolic syndrome. Thus, the immune
dysfunction that occurs upon circadian
rhythm disruption may be a predispos-
ing or exacerbating factor for metabolic
syndrome.  

Epigenetic Alterations:
Circadian Rhythm Disruption
and Alcohol

Epigenetics is the study of stable
changes in gene expression that do not
involve DNA sequence modifications
but rather are the consequence of 
processes such as DNA methylation,
histone modification (i.e., acetylation,
methylation, phosphorylation, ubiqui-
tinylation, ADP-ribosylation, and
sumoylation), and noncoding micro- 
RNAs (miRNAs). These changes in
gene expression are critical to optimize
cellular function and for cellular devel-
opment and differentiation. However,
epigenetic changes also occur in
response to environmental changes,
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including circadian rhythm disruption
and alcohol use.    

Shift work (i.e., chronic circadian
disruption) is associated with an
increased incidence of cancer. Potential
mechanisms for this relationship
include changes in melatonin levels
and levels of circadian clock genes
(Straif et al. 2007). However, epigenetics
also may influence circadian rhythm
disruption and thereby affect cellular
function. Indeed, long-term shift work
affects promoter methylation of the
circadian genes Clock and Cry2 (Zhu et
al. 2011) with increased methylation
of Clock (Hoffman et al. 2010a) and
decreased methylation of Cry (Hoffman
et al. 2010b) observed in cancer
patients. Epigenetic changes also occur
as a consequence of chronic circadian
disruption in the promoter regions of
genes encoding glucocorticoid receptors
(important for hypothalamic–pituitary–
adrenal axis function), TNFα (a cytokine
critical for cell functioning and inflam-
mation), and IFNγ (Bollati et al.
2010). Changes such as these may play
a critical role in how chronic circadian
disruption promotes cancer, inflamma-
tion, and metabolic disorders.

In addition to circadian-disruption–
induced epigenetic changes, alcohol
consumption is also associated with
epigenetic modifications. Alcohol-
induced DNA acetylation is observed
in vitro in rat hepatocytes (Park et al.
2003), in vivo in rat hepatic stellate
cells (Kim and Shukla 2005, 2006),
lung, spleen, and testes (Kim and
Shukla 2006). Similar to the increased
cancer risk associated with chronic 
circadian disruption, alcohol-induced
epigenetic changes are associated with
the development of cancer. Indeed, 
colorectal cancer in high-alcohol– con-
suming humans is associated with high
levels of promoter hypermethylation of
several relevant genes when compared
with low- or no-alcohol– consuming
counterparts with colorectal cancer
(van Engeland et al. 2003; Giovannucci
et al. 1995). Similarly, alcohol-consuming
individuals with head and neck cancer
have hypermethylated gene promoters
for specific genes of interest compared

with non-alcohol–drinking individuals
(Puri et al. 2005) and alcohol-depen-
dent humans have hypermethylation
of liver and peripheral blood cell DNA.
Thus, it seems that both circadian dis-
ruption and alcohol consumption can
affect long-term changes in gene expres-
sion via epigenetic modifications that
may impact a wide variety of health
outcomes.  

Summary and Future Directions

Circadian rhythms are a prominent
and critical feature of cells, tissues,
organs, and behavior that help an
organism function most efficiently and
anticipate things such as food availability.
Therefore, it is not surprising that 
disrupted circadian rhythms or mis-
alignment between central and peripheral
circadian rhythms predispose and/or
exacerbate a wide variety of diseases,
including alcohol-associated disorders.
One environmental factor that has
been shown to have a disruptive effect
on circadian rhythms is alcohol con-
sumption. This disruption occurs at
the molecular levels (i.e., changes in
the expression levels of the circadian
clock genes), also affects tissues and
organs (e.g., changes in the cyclic pattern
of hormones), and leads to overt behav-
ioral changes. Thus, in the context of 
alcoholism, disrupted circadian rhythms
may create a positive feedback loop
that markedly exaggerates alcohol-induced
immune/inflammatory-mediated diseases
by (1) negatively influencing immune
function and (2) promoting alcohol
consumption that leads to further 
circadian-rhythm disruption. These
changes are highly relevant because 
circadian-rhythm disruption has a sub-
stantial impact on immune function,
which in turn has important implica-
tions for a wide variety of pathological
conditions, including metabolic syn-
drome. A better understanding of how
circadian rhythms influence such a wide
variety of systems and bodily functions
and how environmental factors such as
alcohol use influence these processes is

vital to our ever more circadian-disrupted
society. 

A better understanding of the mech-
anisms by which circadian disruption
affects health outcomes such as cancer,
inflammation, metabolic disease, and
alcohol-induced pathology is critical.
This information may lead to the
development of chronotherapeutic
approaches to prevent and/or treat a
wide variety of conditions that are pro-
moted or exacerbated by circadian-
rhythm disruption and may lead to
better risk stratification for individuals
who are at risk for developing chronic
conditions. Going forward, character-
izing the epigenetic modifications that
occur during chronic circadian disrup-
tion may be critical for understanding
not only how disruption affects an
individual but also how these modifi-
cations are passed on to offspring,
which may influence the health of
future generations. Thus, the issue of
circadian disruption is vitally impor-
tant for the health and well-being of
current and future generations.  ■
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The neuroimmune system (i.e., the immune system and those
components of the nervous system that help regulate immune
responses), and in particular the innate immune system, play a
role in the development of addictions, including alcoholism,
particularly in the context of stressful situations. Certain cells of
the neuroimmune system are activated both by stress and by
environmental factors such as alcohol, resulting in the induction
of genes involved in innate immunity. one of the molecules
mediating this gene induction is a regulatory protein called
nuclear factor-κB, which activates many innate immune genes.
Innate immune gene induction in certain brain regions (e.g., the
frontal cortex), in turn, can disrupt decision making, which is a
characteristic of addiction to alcohol and other drugs. Likewise,
altered neuroimmune signaling processes are linked to alcohol-
induced negative affect and depression-like behaviors and also
regulate alcohol-drinking behavior. Moreover, the expression of
several genes and proteins involved in innate immunity is
enhanced in addicted people. Finally, specific variants of
multiple innate immune genes are associated with the genetic
risk for alcoholism in humans, further strengthening the
connection between increased brain innate immune gene
expression and alcohol addiction. KEY WORDS: Other drug
dependence; alcoholism; addiction; causes of alcohol and
other drug use; genetic factors; environmental factors;
neurobiology; neuroimmune system; immune system; innate
immune system; innate immune genes; immune function
genes; nuclear factor-κB; stress; decision making; depression

The nervous system and the immune system interact
closely to regulate the body’s immune responses, includ-
ing inflammatory responses. Accordingly, the term 

“neuroimmune system” refers to the immune system and
those components of the nervous system that help regulate
immune responses and also encompasses the hormones and
other signaling molecules that convey signals between the
immune and nervous systems. Part of the neuroimmune 
system is the innate immune system—a network of cells and
the signaling molecules they release that are present from
birth and form the first line of the body’s defense system,
including such responses as inflammatory reactions. This

article summarizes the role that the neuroimmune system and
genes encoding components of the innate immune system
play in the development of addiction, including alcoholism.

Neuroimmune Signaling, Drug Abuse, and Stress

Neuroimmune signaling influences the responses and func-
tions of a variety of body systems, including the digestive
(i.e., enteric) system, sensory pathways, and the hormonal
axis known as the hypothalamic–pituitary–adrenal (HPA)
axis, which is involved in the body’s stress response and 
also plays a role in addiction to alcohol and other drugs
(AODs).1 Immune cells called monocytes and monocyte-
like cells in the brain (e.g., microglia) are sensitive key cells
involved in neuroimmune signaling. When the immune 
system is stimulated or tissue damage occurs, these cells go
through multiple stages of activation, which at the molecular
level are reflected by the activation of a cascade of innate
immune genes (Graeber 2010). These responses of the mono -
cytes and microglia involve the production and secretion 
of signaling molecules, including inflammation-promoting
(i.e., proinflammatory) cytokines and chemokines, such as
monocyte chemotactic protein (MCP)-1, tumor necrosis
factor α (TNFα), and interleukin 1b (IL1b). In the brain,
microglial activation contributes to the activation of another
type of cell called astroglia, or astrocytes, which, like
microglia, show multiple stages of neuroimmune activation.
In the microglia, the different stages of activation are accom-
panied by morphological changes. Thus, these cells change
from their resting state with multiple branches (i.e., the ram-
ified form) to a less branched, bushy morphology after mild
activation and a rounded morphology after strong activation
(i.e., when major brain cell death occurs). Chronic alcohol
treatment induces mild, bushy microglial activation as well
as mild astrocyte activation (see figure 1). 

Activated glia show increased production of a wide range
of proteins. For example, they produce and secrete increased
amounts of proteases as well as of proteins found in the
space between cells (i.e., extracellular matrix proteins). In
addition, they generate increased amounts of proteins called
toll-like receptors (TLRs) that play a role in alcohol-induced
depressed mood and negative emotions (see below) and

Fulton T. crews, Ph.D., is a John Andrews Distinguished
Professor, professor of pharmacology and psychiatry, and
director of the Bowles Center for Alcohol Studies, School 
of Medicine, University of North Carolina at Chapel Hill,
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1 Among the main molecules involved in the HPA system are the glucocorticoids (e.g., cortisol), 
and cycles of stress as well as AoD abuse lead to elevated basal glucocorticoid levels and promote
addiction (Armario 2010).
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show enhanced activity of enzymes known as oxidases that
promote inflammatory reactions (e.g., nicotinamide adenine
dinucleotide phosphate [NADPH] oxidases [NOX], cyclooxy-
genase [COX], and inducible nitric oxide synthases [iNOS]). 
Microglia easily can become activated, and the initial
stages of activation are characterized by the secretion of 
signaling molecules, slight morphological changes, and
increased production of molecules involved in immune
responses (i.e., major histocompatibility complex [MHC]) as
well as of TLRs (Graeber 2010). Activation of microglia and
astrocytes also increases proinflammatory agents, including
TNFa, that alter the transmission of nerve signals (i.e., neu-
rotransmission), including signal transmission mediated by
the excitatory neurotransmitter glutamate. Likewise, studies
have suggested that alcoholism is related to excessive gluta-
mate levels (i.e., a hyperglutamate state). In the outer layer of
the brain (i.e., the cerebral cortex), chronic alcohol-induced
neuroimmune activation leads to a hyperglutamate state that
reduces cortical function (figure 2). One mechanism con-
tributing to this hyperglutamate state involves TNFa, which
acts to reduce the activity of glutamate transporters2 in the
astrocytes (Zou and Crews 2005). Similarly,
beverage alcohol (i.e., ethanol) has been
shown to inhibit glutamate transport (Zou
and Crews 2006). This blockade of gluta-
mate transporters increases glutamate levels
outside the cells and particularly in the 
space between two neurons where nerve 
signals are transmitted (i.e., the synapse),
resulting in excessive neuronal activity (i.e.,
hyperexcitability). TNFa also stimulates 
the production of certain proteins found 
on signal-receiving neurons that interact
with glutamate (i.e., the AMPA glutamate
receptors) (Beattie et al. 2010). Increases in
synaptic glutamate receptors and glutamate
concentrations cause hyperexcitability that
disrupts the normal concentration of the
brain’s response to a specific area of the 
cortex (i.e., cortical focus), thereby reducing
cortical function. Through these mechanisms,
monocytes, microglia, and astrocytes pro-
gressively become activated by stress and
environmental factors, including ethanol,
resulting in the induction of genes that
encode proteins involved in the innate
immune response.

Stress and Drug Abuse Increase Transcription of
Innate Immune Genes 

Stress and AODs, as well as sensory and hormonal signals,
activate a regulatory protein (i.e., transcription factor3) called
nuclear factor k–light-chain enhancer of activated B cells
(NF-kB) that is produced in large amounts (i.e., is highly
expressed) in monocytes and microglia. Although NF-kB is
found in most cells, it is the key transcription factor involved
in the induction of innate immune genes in microglia and
other monocyte-like cells. A wide range of stimuli, such as
stress, cytokines, oxidative free radicals, ultraviolet irradiation,
bacterial or viral molecules, and many other signaling molecules,
increase binding of NF-kB to specific sequences of the DNA.
This binding increases the transcription of many genes, partic-
ularly those encoding signaling molecules (e.g., chemokines and
cytokines) and enzymes (e.g., oxidases and proteases) (figure 3).
Studies found that ethanol can increase the binding of NF-kB
to its corresponding DNA sequences both in the brains of liv-
ing organisms (Crews et al. 2006) and in cultured brain slices
obtained from a brain area called the hippocampal–entorhinal

Figure 1 Activation of microglia and astrocytes by alcohol in the brain. Microglia and
astrocytes undergo multiple stages of activation that include characteristic changes
in morphology. Resting microglia become ramified microglia with that express
molecules called major histocompatibility complex (MHC) on their surface.
Similarly, astrocytes begin to show markers of reactive astrocytes. Alcohol-
induced glial activation is associated with increased expression of innate
immune genes, including increased expression of the chemokine monocyte
chemoattractant protein-1 (MCP1); the cytokines tumor necrosis factor-a
(TNFa), interleukin-1 b (IL-1b) , and interleukin-6 (IL-6); the proteases matrix
metalloproteinase (MMP) and tissue plasminogen activator (TPA); and the 
oxidases nicotinamide adenine dinucleotide phosphate oxidase (NOX), cyclo-
oxygenase (COX), and nitric oxide synthetase (NOS). The alcohol-induced 
activation of glial innate immune genes increases neuronal hyperexcitability
(Crews et al. 2011).

2 Glutamate transporters are proteins that shuttle glutamate released by
nerve cells (i.e., neurons) into the space between cells back into the neuron;
this is essential to terminate transmission of a nerve signal and thus
ensure appropriate regulation of neuronal activity.

3 Transcription factors are proteins that are necessary for a set of reactions
called transcription, which is the first step of the process during which the
genetic information encoded in the DNA is used as a template for the gen-
eration of functional proteins.
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cortex (HEC) (Zou and Crews 2006). These and other studies
also have indicated that ethanol increases transcription of NF-
kB target genes, including the genes encoding the following:

• MCP-1;

• Certain proinflammatory cytokines, such as TNF, IL-
1, and IL-6;

• Certain proinflammatory oxidases, such as iNOS (Zou
and Crews 2010), COX-2 (Knapp and Crews 1999), and
NOX (Qin et al. 2008); and

• Certain proteases, such as TNF–converting enzyme (TACE)
and tissue plasminogen activator (Zou and Crews 2010).

Not only ethanol but also chronic stress increases brain
NF-kB activation (Koo et al. 2010; Madrigal et al. 2002), 
as well as the levels of cytokines, prostaglandin,4 and COX-2

(Madrigal et al. 2003), all of which have proinflammatory
effects. Although acute stress–induced responses, such as 
elevated glucocorticoid levels, are anti-inflammatory by
blocking NF-kB production, chronic elevation of glucocor-
ticoid levels during cycles of stress and/or AOD abuse
reverses these anti-inflammatory effects and indeed results 
in proinflammatory NF-kB activation in the frontal cortex
(Munhoz et al. 2010). Thus, activation of NF-kB is a com-
mon molecular mechanism through which stress and AODs
can induce innate immune genes. 

Addiction and Neuroimmune Signaling

Alcoholism is a progressive disease related to repeated episodes
of alcohol abuse that reduce the brain’s behavioral control and
decision-making ability; at the same time, increasing habitual

Figure 2 Mechanisms of alcohol-induced excessive glutamate activity in the cortex and loss of cortical focus. Ethanol-induced activation of
microglia and astrocytes increases the levels of proinflammatory cytokines, including tumor necrosis factor-alpha (TNF). (Left panel)
TNF creates a state characterized by excess activity of the neurotransmitter glutamate (i.e., a hyperglutamate state). Thus, TNF reduces
the levels of the primary glutamate transporters, GLT-1, in the astrocytes, in the cerebral cortex, and inhibits glutamate transport, possibly
through induction of TNF and other proinflammatory genes. As a result, glutamate levels outside the neurons, and particularly at the
synapse, increase, resulting in a hyperglutamate state. In addition, TNF increases the levels of certain molecules that interact with gluta-
mate (i.e., AMPA receptors). All these processes causes excessive neuronal excitability. (Right panel) Hyperexcitability disrupts cortical
focus. The left image shows the response of a normal adult auditory cortex to a series of tones with a frequence of 2-32 kHz colorized as
blue to red. The response to a specific tone involves activation of a specific focal cortical region, which likely relates to the ability to distin-
guish specific tones of sounds. The right image shows the disrupted hyperglutamate-state–like response to sound that involves the entire
auditory cortex without specific tonal areas of focus. The hyperglutatamate state increases cortical excitability, which in turn decreases
function because it results in loss of focal activation and likely loss of tonal discrimination. In alcoholism, the hyperglutamate state most
strongly affects the frontal cortex, which may disrupt decision making as well as attention and behavioral control mechanisms.

SOURCE: Image in right panel adapted from Chang and Merzenich (2003).

4 Prostaglandins are lipid compounds that are produced by almost all cells in the body and have a
variety of important physiological effects, including the regulation of inflammatory reactions.
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urges combined with increasing bad feelings (i.e., negative
affect) promote continued drinking. Frontal cortical brain
regions that designate attention and motivation, using infor-
mation to predict the result of actions (Schoenbaum and
Shaham 2008), play a role in addiction development. Frontal
cortical dysfunction often is investigated using reversal-learning
tasks. In reversal learning, the subject first learns to make one
choice (e.g., responding to the black objects in a series of black
and white objects) and then has to learn to reverse this choice
(e.g., to respond to the white objects). Thus, the initially expected
responses suddenly are considered wrong, requiring the subject
to exhibit flexible behavior in response to outcomes that do not
match those predicted by preceding cues (Stalnaker et al. 2009).
In behavioral studies, poor performance on such tasks is
supposed to reflect the inability of drug-addicted individuals
to learn new healthy behaviors and avoid the negative conse-
quences of their drug consumption. Such
learning and/or changes in behavior require
signals from the frontal cortex to indicate the
value of decisions. Studies found that binge
drinking induces persistent deficits in reversal
learning in rats (Obernier et al. 2002; Pascual
et al. 2007) and in adult mice following a
model of adolescent binge drinking (Coleman
2010). Other investigators similarly have
demonstrated that cocaine use results in
abnormally slow reversal learning, even
though initial learning is normal (Calu et al.
2007; Schoenbaum et al. 2004). Specifically,
human cocaine and alcohol addicts exhibit
dysfunctional decision making in reversal-
learning tasks that probe cognitive flexibility
(Bechara et al. 2002). Lesions in the frontal
cortex cause reversal-learning deficits compa-
rable to those induced by chronic drug abuse
(Schoenbaum et al. 2006). The persistence
of addiction matches the persistent increases
in innate immune gene activation (Qin et al.
2007, 2008) and loss of behavioral flexibility.
Thus, it is thought that innate immune gene
induction in the frontal cortex disrupts decision
making consistent with addiction (Crews et
al. 2011). 
Addiction to alcohol, opiates, and stimulant
drugs involves both changes in attention–
decision making and increased temporal
lobe anxiety–negative affect urgency.
Addiction-induced negative affect and
depression-like behaviors also are linked to
neuroimmune signaling because neuroim-
mune signals can alter moods. For example,
a compound called lipopolysaccharide (LPS)
that can induce brain innate immune genes
causes depression-like behavior that mimics
components of addiction-like negative affect.
LPS naturally binds with one of the TLRs
(i.e., TLR4) and this interaction results in

NF-kB activation, ultimately leading to the induction of
innate immune genes. In humans, LPS infusions reduce
reward responses and increase depressed mood (Eisenberger
et al. 2010). Likewise, when patients with cancer or viral
infections are treated with agents such as interferon and IL
that influence innate immune genes, they may experience
severe depression as a major adverse effect (Kelley and
Dantzer 2011). Innate immune activators such as LPS,
chemokines, and cytokines can mimic the amplification of
depressed mood that occurs during repeated cycles of drug
abuse or stress (Breese et al. 2008). All of these observations
further support the link between neuroimmune signaling
and mood as well as the role of neuroimmune signaling as a
key component of addiction neurobiology. Of interest,
chronic alcohol leads to withdrawal anxiety in normal mice

Figure 3 Innate immune gene polymorphisms associated with risk for alcoholism. The
schematic shows a representative astrocyte or microglial cell. Genes associated
with genetic risk for alcoholism are in light blue. Nuclear factor k-lightchain–
enhancer of activated B cells (NF-kB) is a key transcription factor involved in
induction of innate immune genes that is sensitive to reactive oxygen species
(ROS). These ROS are generated by the enzyme CYP2E1 during alcohol
metabolism, and certain DNA sequences (i.e., polymorphisms) in the CYP2E1
gene are associated with alcoholism. CYP2E1 is highly expressed in monocyte-
like cells, which are activated when CYP2E1 metabolizes alcohol. The ROS
formed during this process activate proinflammatory NF-kB responses. Chronic
ethanol treatment increases CYP2E1 expression in the brain, particularly in
astrocytes.The resulting elevated ROS levels activate NF-kB–mediated tran-
scription of innate immune genes, and this response may be amplified in the
presence of certain NF-kB polymorphisms (i.e., NF-kB1). Certain variants of
other genes also are associated with alcoholism, including polymorphisms of 
T NFa, interleukin-10 (IL-10), interleukin-1 receptor antagonist (IL-1RA), and
other components of the IL-1 gene complex, as well as of certain proteins in
the space surrounding the cells (i.e., extracellular matrix proteins [ECM]).
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tent with the hypothesis that innate immune activation drives
negative affect and associated anxiety responses. Thus, the
anxiety–depression negative affect that contributes to addic-
tion occurs with increased brain neuroimmune signaling.

Neuroimmune signaling also regulates alcohol drinking
behavior. Genetic comparisons among different strains of
rats and mice found that addiction-like drinking behavior
was associated with increased levels or activity of NF-κ B, 
its regulatory proteins, and multiple innate immune genes
(Mulligan et al. 2006). Furthermore, induction of innate
immune genes resulted in increased ethanol consumption,
whereas inactivation of such genes reduced drinking behav-
ior (Blednov et al. 2005, 2011b). Thus, across genetically
divergent strains of mice, innate immune responses to LPS
corresponded to increases in ethanol consumption (Blednov
et al. 2005, 2011b). In fact, even a single injection of LPS
was able to produce a long-lasting increase in ethanol con-
sumption (Blednov et al. 2011a) that corresponded to sustained
increases in brain innate immune gene expression (Qin et 
al. 2007). These studies identified several innate immune
molecules (e.g., b2 -microglobulin, cathepsins, and CD14, 
a key innate immune signaling protein) as important for reg-
ulating drinking behavior. Thus, innate immune gene induc-
tion may underlie the progressive loss of behavioral flexibility,
increasing negative affect, and increased alcohol drinking asso-
ciated with repeat episodes of alcohol abuse and alcoholism. 

Activity of Innate Immune genes Is Increased 
in the Addicted Brain

Direct analyses of changes in the activity or levels of various
proteins in the brains of alcoholics and other drug addicts
also can provide insight into the neurobiology of addiction.
Such studies found the following:

• Postmortem studies of the brains of human alcoholics
indicate that the innate immune chemokine MCP-1 is
increased severalfold in multiple brain regions (Breese et
al. 2008). Consistent with this, chronic alcohol treatment
of mice (Qin et al. 2008) or of cultured brain slices from
the rat hippocampus (Zou and Crews 2010) also increases
expression of MCP-1 and other innate immune genes.

• Proteins that serve as markers of microglial activation are
increased across the alcoholic brain (He and Crews 2008). 

• Consistent with alcoholism being related to neuroim-
mune signaling, postmortem studies of gene expression in
the brains of human alcoholics found increased levels of 
a subunit of NF-κB; moreover, 479 genes targeted by
NF-κB showed increased expression in the frontal cortex
of alcoholics (Okvist et al. 2007). 

• Postmortem analyses of alcoholic human brain gene
expression found innate immune activation of cell adhe-

sion and extracellular membrane components of innate
immune gene signaling (Liu et al. 2006). 

Thus, the findings of several studies of gene or protein
expression are consistent with increased neuroimmune sig-
naling in the brains of addicted individuals.

Polymorphisms of Innate Immune genes and
genetic risk of Addiction 

Genetic factors account for approximately 50 percent of the
risk of alcohol dependence (Schuckit 2009). Multiple genes
linked to innate immune function also have been linked to
the risk for alcoholism (see figure 3). DNA variations (i.e.,
polymorphisms) at specific locations on the chromosomes
result in gene variants (i.e., alleles) that differ in their func-
tion or activity and thereby may increase or reduce the risk
of alcoholism. For example, polymorphisms in the gene
encoding an enzyme called CYP2E1, which is involved in
ethanol metabolism, have been associated with the risk for
alcoholism (Webb et al. 2010). In the body, CYP2E1 is
highly expressed in monocyte-like cells; ethanol metabolism
by CYP2E1 leads to the activation of these cells. Specifically,
CYP2E1-mediated ethanol metabolism causes an increased
production of highly reactive molecules called reactive oxy-
gen species (ROS) within the monocytes that activate proin-
flammatory NF-κB responses (Cao et al. 2005) (see figure 3).
In the brain, ethanol exposure leads to increased CYP2E1
expression, particularly in astrocytes (Montoliu et al. 1994,
1995), which likely contributes to astrocyte activation of
NF-κB transcription during chronic alcohol exposure. 

Human genetic association studies also have directly
linked certain polymorphisms of the genes encoding NF-κB
to alcohol dependence (Edenberg et al. 2008; Flatscher-Bader
et al. 2005; Okvist et al. 2007). For example, polymorphisms
in a precursor gene called NF-kB1 that encodes one of the
subunits of the transcription factor (i.e., the NF-κB p50
subunit) and which is important for activation of transcription
have been associated with the risk for alcoholism (Edenberg
et al. 2008). Likewise, alleles of the proinflammatory cytokine
TNFα that result in increased TNFα expression have been
linked to alcoholism and alcoholic liver disease (Pastor et al.
2000, 2005; Powell et al. 2000). Another genetic linkage
exists between certain alleles of the anti-inflammatory, NF-
κB–inhibiting cytokine IL-10 and alcoholism (Marcos et al.
2008). Additional genetic evidence regarding innate immune
genes and the risk for alcoholism comes from polymorphisms
of the gene encoding a molecule called the IL-1 receptor
antagonist as well as from multiple other alleles of the IL-1
gene complex (Saiz et al. 2009).

In general, gene polymorphisms associated with increased
risk of alcoholism tend to increase proinflammatory responses.
For example, alcohol exposure may increase the expression 
of proinflammatory cytokines or individuals at risk of alcohol
dependence may carry alleles associated with decreased anti-
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inflammatory cytokine secretion. Thus, multiple innate
immune gene polymorphisms are associated with genetic
risk for alcoholism in humans, consistent with the assump-
tion that increased brain innate immune gene expression
contributes to the neurobiology of alcohol addiction.

Summary

The findings summarized in this article link innate immune
gene induction to addiction and alcoholism. Monocytes,
microglia, and astrocytes are sensitive to AODs and stress,
with repeated AOD use causing progressive innate immune
gene induction that parallels changes in decision making,
mood, and alcohol consumption. Stress and AODs activate
NF-κB transcription in the brain, which in turn enhances
expression of proinflammatory NF-κB target genes. As a result,
molecules related to the innate immune response, such as
the chemokine MCP-1, the proinflammatory cytokines
TNFα, IL-1β, and IL-6; the proinflammatory oxidases iNOS,
COX, and NOX (Qin et al. 2008); and proinflammatory
proteases are found following chronic ethanol treatment.
Postmortem analyses of human alcoholic brain also have
demonstrated increased expression of innate immune genes,
which can disrupt cognition, mood, and drug consumption
and is consistent with addition-like behavior. Finally, poly-
morphisms of genes involved in the innate immune responses
influence the risk for alcoholism. These studies suggest that
innate immune genes contribute to alcoholism and may be
involved in the genetic risk for alcoholism.  ■
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