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Alcohol and nufrition have the potential to interact at multiple levels. For example,
heavy alcohol consumption can interfere with normal nutrition, resulting in overall
malnutrition or in deficiencies of important micronutrients, such as zinc, by reducing
their absorption or increasing their loss. Interactions between alcohol consumption
and nutrition also can affect epigenetic regulation of gene expression by influencing
multiple regulatory mechanisms, including methylation and acetylation of histone
proteins and DNA. These effects may contribute fo alcohol-related organ or fissue
injury. The impact of alcohol-nutrition inferactions has been assessed for several
organs and fissues, including the infestine, where heavy alcohol use can increase
intestinal permeability, and the liver, where the degree of malnutrition can be associated
with the severity of liver injury and liver disease. Alcohol-nutrition inferactions also
play a role in alcohol-related lung injury, brain injury, and immune dysfunction. Therefore,
freatment involving nutrient supplementation (e.g., with zinc or S-adenosylmethi-
onine) may help prevent or atfenuate some fypes of alcohol-induced organ damage.
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The effect of alcohol on organ health
and injury is complex and influenced
by a host of different factors, such as
dose of alcohol consumed; duration
and pattern of drinking (e.g., binge
drinking); and, as reviewed in this article,
potential interactions with nutrition.
The 2015-2020 Dietary Guidelines

for Americans (U.S. Department of
Health and Human Services and U.S.
Department of Agriculture 2015)
highlight the concept of the standard
drink and the fact that if alcohol is
consumed, it should be in moderation
(i.e., up to 1 drink per day for women
and 2 drinks per day for men in

adults of legal drinking age). It is
becoming increasingly accepted that
this moderate form of drinking may
have health benefits that seem to lessen
many types of organ injury. This concept

was popularized in 1991, when
Mortley Safer presented information
on the television show 60 Minutes
related to the “French paradox”—that
is, the observation that the French
seemed to have lower rates of heart
attacks despite higher fat consump-
tion. This outcome was postulated as
possibly resulting from the beneficial
effects of wine consumption by the
French. Subsequent studies have shown
that all forms of alcohol, when con-
sumed in moderation, seem to lower
the risk of coronary artery disease
(Yang et al. 2016). The beneficial
effect can be represented by a J-shaped
curve, in which low alcohol consump-
tion has protective effects compared
with abstention, whereas excessive
alcohol consumption is harmful.
Moderate drinking also may have
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beneficial effects on several other
organs and organ systems, including
the following:

¢ Decreased risk of ischemic stroke

(Sacco et al. 1999);

¢ Protection against type 2 diabetes
(Conigrave et al. 2001);

¢ Decrease in theumatoid arthritis
(Di Giuseppe et al. 2012);

* Improved cognition (Anstey et al.
2009);

* Decreased progression of liver dis-
ease to fibrosis in obese individuals
(Thomson et al. 2012); and

* Improved renal function (Koning
etal. 2015).

Indeed, moderate alcohol consumption
may be associated with an overall mod-
est survival benefit (Ford et al. 2011).
Moderate alcohol consumption also
has been shown to decrease biomarkers
of inflammation, such as C-reactive
protein, and reduced inflammation
could be one unifying mechanism
underlying alcohol’s protective effects
(Imhof et al. 2004). On the other
hand, long-term heavy alcohol abuse
can cause organ injury, which may,
at least in part, result from alcohol—
nutrient interactions and alcohol-
related nutrient deficiencies. As
described in this article, people who
abuse alcohol frequently consume
large amounts of alcohol, which may
contribute to the displacement of
needed nutrients (see figure 1). Indeed,
recent analyses of nutritional status
and alcohol consumption in people
with alcohol use disorder (AUD)
who were admitted to a rehabilitation
program demonstrated that the partic-
ipants generally had a normal body
mass index, were not overtly malnour-
ished, and did not have clinical evidence
of alcohol-induced organ injury.
However, these people were consuming,
on average, 14 drinks per day, which
would amount to about 2,000 calories
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per day or more consumed as alcohol
(Vatsalya et al. 2016). Considering
that the participants had a normal
body mass index, this suggests that
they replaced normal nutrients with
alcoholic beverages, resulting in potential
nutrient deficiencies. Nutritional
supplementation may cither help
ameliorate such deficiencies or have
pharmacologic effects.

Alcohol and nutrition can interact at
multiple levels. For example, alcohol
metabolism can result in the genera-
tion of reactive oxygen species, which
can deplete endogenous nutritional
antioxidant stores and contribute to
oxidative stress. Heavy alcohol con-
sumption also can cause poor intestinal
absorption of certain nutrients (e.g., zinc)
or increase nutrient losses (e.g., by
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Figure 1 Drinking levels and their consequences. In the United Statfes, drinking levels are

expressed in terms of standard drinks consumed—that is, the number of alcoholic
beverages drunk, each containing about 0.6 fluid ounce or 14 grams of pure alcohol.
The Dietary Guidelines for Americans 2015-2020 defines moderate drinking as
consuming up fo 2 drinks/day for men and up to 1 drink/day for women. The Substance
Abuse and Mental Health Services Administration defines binge drinking as consuming
5 or more (for men) or 4 or more (for women) alcoholic drinks on the same occasion on
at least 1 day in the past 30 days (National Institute on Alcohol Abuse and Alcoholism
2016). High-intensity drinking refers to drinking at levels far beyond the binge
threshold, resulting in high peak blood alcohol concentrations. Some studies define
high-intensity drinking as two or more times the gender-specific binge drinking
thresholds (Patrick et al. 2016); others use a higher threshold (Johnston et al.
2016). Some individuals drink considerably more than this. For example, one study
found that patients admitted to a National Institutes of Health treatment facility with

a diagnosis of alcohol use disorder consumed the equivalent of 13 drinks per day
(Vatsalaya et al. 2016). In these drinkers, the metabolic effects of alcohol and altered
nutrient infake may set the stage for alcohol-nutrient interactions and organ injury.



increasing zinc and magnesium
excretion in the urine). Moreover,
nutrition can have a far-reaching
impact through altering epigenetic
mechanisms, such as methylation

and acetylation of DNA and associated
proteins. Finally, the degree of alcohol-
related malnutrition can be associated
with the severity of organ injury

(e.g., alcoholic hepatitis). This article
reviews how nutritional alterations
may predispose to alcohol-induced
organ injury and how nutritional
supplementation may prevent and/or
treat alcohol-induced organ injury.
The article specifically highlights the
effects of certain alcohol-nutrient
interactions, with a focus on zinc

and linoleic acid, and their impact on
epigenetics and selected organ injury.

Nutrition and Nutritional
Alterations Following
Alcohol Use/Abuse

Alcohol: Nutrition Overview

From a nutrition perspective, alcohol
is a significant source of calories, but
these can be considered “empty”
calories—that is, they contain few
micronutrients, such as vitamins and
minerals, normally found in most food
sources (Antonow and McClain 1985).
The main site of beverage alcohol (i.c.,
ethanol) metabolism is the liver, where
ethanol is converted to carbon dioxide
and water, with an energy yield of

7 keal/g of alcohol. Regular alcohol
intake can be a major source of calories,
because beer has approximately 150 keal
per 12-ounce can and bourbon or
scotch with a mixer has approximately
125 keal per drink. Thus, a person can
easily consume 200 to 500 calories or
more per day by consuming 2 to 3
drinks. For people attempting weight
reduction, alcohol consumption there-
fore can be considered a source of
unwanted and empty calories. Moreover,
when alcohol intake is combined with
fructose-containing sugared drinks, the

intake of empty calories increases even
further, enhancing the opportunity for
alcohol-induced organ injury. Finally,
alcohol can be an expensive source of
calories compared with traditional foods,
and this may become a major problem
for people with limited incomes.

The issue of alcohol as a nutrient
becomes more prominent when deal-
ing with people with AUD and those
with alcohol-induced organ injury.
Analyses of the nutritional status of
people with AUD admitted to treatment
programs found that these individuals
often consumed 35 to 50 percent of
their total calories as alcohol, and some
exhibited inadequate micronutrient
intake and micronutrient serum
levels (Antonow and McClain 1985).
However, most had little or no evi-
dence of protein-calorie malnutrition
and loss of muscle mass. In contrast,
patients admitted to hospitals for
severe alcoholic hepatitis who also
consumed 50 percent of their total
calories as alcohol not only regularly
showed depletion of certain micro-
nutrients but also loss of muscle mass
(Mendenhall et al. 19954). The follow-
ing sections focus on the micronutrient
zinc, which may be deficient or have
altered metabolism with heavy alcohol
consumption, and a macronutrient
(i.e., dietary fat) that may play a role
in alcohol-induced organ injury. Some
of the other micronutrients for which
heavy alcohol intake may cause defi-
ciency states or altered metabolism
are listed in the table.

Zinc

Zinc is an essential trace element
required for normal cell growth, devel-
opment, and differentiation, including
such processes as DNA synthesis,
RNA transcription, and cell division
and activation. It is a critical component
of many proteins/enzymes, including
zinc-dependent transcription factors.
Zinc deficiency or altered zinc metab-
olism is frequently observed in heavy
alcohol drinkers and may result from
decreased dietary intake, increased uri-
nary excretion, abnormal activation of

Chronic alcohol user who
had been consuming large
amounts of beer before
admission. Note classical
skin lesions of zinc deficiency
around the eyes, nose,

and mouth.

Figure 2

certain zinc transporters, and induction
of hepatic metallothionein (Mohammad
etal. 2012). Zinc deficiency may man-
ifest itself in many ways in alcoholics,
ranging from raised, crusting skin
lesions around the eyes, nose, and
mouth (figure 2) to impaired wound
healing or liver regeneration, altered
mental status, or altered immune function
(Mohammad et al. 2012). Importantly,
oxidative stress (e.g., resulting from
ethanol metabolism) may cause release
of zinc from critical zinc-finger pro-
teins and cause loss of DNA-binding
activity. Specifically, oxidative stress
causes modification of certain amino
acids (i.e., cysteine residues) that hold
the zinc in place in zinc-finger proteins
such as hepatocyte nuclear factor 4
(HNF4), a transcription factor that

is essential for liver development.

Zinc supplementation has been doc-
umented to block or attenuate experi-
mental organ injury and dysfunction
in the gug, liver, lung, and brain through
multiple pathways. Thus, zinc may
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strengthen the integrity of the intestinal
wall by stabilizing tight junctions,
reduce transfer of toxic bacterial mole-
cules (e.g., endotoxin) into the blood,
lower the levels of metabolic toxins
such as ammonia in the blood, decrease
production of inflammation-promoting
(i.e., proinflammartory) cytokines,
reduce oxidative stress, and attenuate
apoptotic cell death (Zhong et al.
2010, 2015) (figure 3). The dose of
zinc used for treatment of alcohol-
induced organ injury such as liver
disease usually is 50 mg of elemental
zinc taken with a meal to decrease the
potential side effect of nausea. Intake
of greater than 50 mg of elemental zinc
per day can cause dose-related side
effects, such as copper deficiency result-
ing from reduced copper absorption.

Dietary Fats
The critical role for specific types of

dietary fat (i.e., saturated versus unsat-
urated fats) in intestinal and liver injury
has been demonstrated and extensively
studied in preclinical animal models of
alcohol feeding using various sources
of dietary lipids. Experimental evidence
has shown that dietary saturated fats
(SFs) attenuated, and unsaturated

fats (USFs) enhanced, alcohol-induced
liver damage (Nanji and French 1989).
Thus, in contrast to the general
assumption that SFs are less healthy
than USFs, in this situation SFs had

a protective effect and USFs had a
harmful effect.

Further analyses focused on the role
of different types of dietary polyunsat-
urated fatty acids (PUFAs) in alcohol-
induced gut and liver injury. There are
two major families of dietary PUFAs—
omega-6 [®-6] and omega-3 [®-3]
PUFAs—each of which includes
numerous related metabolites. It has
been demonstrated that linoleic acid,
an -6 PUFA [18:20-6], is required
for the development of experimental
alcohol-induced intestinal and liver
injury and that the severity of alcoholic
liver disease (ALD) is correlated with
the amount of linoleic acid in the diet
(Nanji and French 1989; Ronis et al.

Table Types of Nutrient Deficiency Caused by Heavy Drinking and the Associafed Signs and Sympfoms

Selected Nutrient Deficiency

Signs/Symptoms

Magnesium
Selenium
Vitamin B1/Thiamine

Vitamin B2/Riboflavin
Vitamin A/Retinol
Vitamin C

Vitamin D

Vitamin E

Niacin

Folate, S-Adenosylmethionine

2004). Conversely, fish oil (a rich source
for ®-3 PUFAs) or purified -3
PUFAs (e.g., eicosapentaenoic acid
[EPA] and docosahexaenoic acid [DHA],
which are known to be important in
brain development) may be beneficial
in ALD. For example, in mice, prior
ingestion of fish oil, specifically tuna
fish oil, in amounts that provided

30 percent of the total caloric intake,
resulted in reduced hepatic fat accu-
mulation caused by a single dose of
ethanol administration. This effect
was mediated, at least in part, through
marked reductions in the expression
of the hepatic enzyme stearoyl-CoA
desaturase-1 and in the activity of the
transcription factor sterol regulatory
element—binding protein (Wada et

al. 2008). Mice supplemented with
highly purified DHA also had signifi-
cantly decreased alcohol-induced liver
steatosis, inflammation, and injury
(Huang et al. 2013). The beneficial
role of ®-3 PUFAs in experimental
ALD also has been supported by the
observation that when rhesus monkeys
who had free access to an ethanol solu-
tion were fed a diet that was generally
nutritionally adequate (including the
linoleic acid amount), but with a low

-3 PUFA content (i.e., a very low
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Oxidative stress

Insulin resistance, muscle cramps
Myopathy, cardiomyopathy
Wernicke-Korsakoff syndrome, neurologic symptoms

Glossitis, cheilitis, and lingual papillae atrophy
Abnormal dark adaptation, rough skin

Scurvy with purpura and petechiae

Altered bone metabolism, altered gut barrier/immune function

Skin photosensitivity, confusion, pellagra

Anemia, altered methylation, epigenetic effects

concentration of o-linolenic acid),
the animals developed hepatic steatosis
and fibrosis (Pawlosky and Salem
2004). The ®-3 PUFAs also are pre-
cursors to factors that resolve injury
and inflammation, such as resolvins
(e.g., E- and D-series resolvins gener-
ated from EPA and DHA, respec-
tively), and a high dietary ©-6/®-3
PUFA ratio may be disadvantageous
to resolving inflammation (Serhan
and Petasis 2011). Thus, emerging
evidence suggests that dietary fats
can play a role in both initiation and
treatment of alcohol-induced organ
injury in the gut and liver as well as
in the brain (which will be discussed
later in this article).

Nutrition—Alcohol Interactions
and Epigenetics

In virtually every cell type, epigenetic
mechanisms—that is, modifications to
the genetic material that do not alter
the DNA sequence—play a critical
role in both the physiologic and patho-
logic regulation of gene expression.
These mechanisms, which involve
chromatin remodeling initiated by
posttranslational modifications of



histones and changes in DNA methyl-
ation status, can activate or deactivate
gene transcription. The proteins that
are involved in posttranslational histone
modifications and DNA methylation
changes require a variety of cofactors,
including acetyl coenzyme A,
S-adenosylmethionine (SAM), nico-
tinamide adenine dinucleotide, and
zinc (Moghe et al. 2011). A person’s
nutritional status can significantly
influence the availability of these
cofactors and, consequently, epigenetic
mechanisms, gene expression, and
disease pathogenesis. Chronic alcohol
consumption is known to affect nutri-
tional status at many levels, including
nutrient intake, absorption, utilization,
and excretion, causing nutritional
disturbances and deficiencies in these
cofactors. Research has determined
that alcohol-induced nutrient fluctua-
tions can impact transcriptional activity
and expression of genes by modulating
epigenetic parameters, including his-
tone modifications and DNA methyl-
ation (Moghe et al. 2011; Zakhari
2013). Hence, in people with AUD,
the combined effects of alcohol metab-
olism and compromised nutrition are
likely to influence epigenetic mecha-
nisms, gene expression, and disease
pathogenesis involving intestinal bar-
rier dysfunction, immune suppression,
and organ injury.

Alcohol’s Effects on Histone
Acetylation and Methylation

It is becoming increasingly evident
that histone-associated epigenetic
modifications, such as histone acetyla-
tion and methylation, play a significant
role in the regulation of gene expres-
sion and development of alcohol-
induced organ pathology, such as

liver disease and immune dysfunction
(Moghe et al. 2011). In particular, his-
tone acetylation in promoter regions is
a key regulator of gene expression and
is associated with enhanced transcrip-
tional activity, whereas deacetylation
typically is associated with transcrip-
tional repression. Steady-state levels
of acetylation result from the balance

between the opposing activities of two
groups of enzymes—histone acetyl-
transferases and histone deacetylases.
The expression and activities of both
types of enzymes can be influenced by
alcohol and cofactors, such as nicotin-
amide adenine dinucleotide and zinc
(Ghare et al. 2014; Moghe et al. 2011).
Taken together, epigenetic histone
modifications provide a likely link
between alcohol-mediated nutrient
alterations in gene expression and
disease pathogenesis.

Alcohol’s Effects on DNA
Methylation

Investigation of the dietary influences
on epigenetic processes has revealed a
direct link between SAM, which serves
as the primary biological methyl donor,
and DNA methylation changes that

Gut Permeability
l

epigenetically influence gene expres-
sion (McCabe and Caudill 2005). In
general, DNA hypermethylation at
DNA sequences called CpG islands in
gene promoters leads to transcriptional
silencing, whereas DNA hypomethyla-
tion allows for transcription to occur.
Excessive alcohol consumption
can decrease SAM levels via multiple
mechanisms, such as reduced folate
levels and inhibition of key enzymes in
one-carbon metabolism. The reduced
SAM levels lead to aberrant DNA
methylation patterns and pathogenic
alterations in gene expression (Varela-
Rey et al. 2013). Importantly, alcohol-
induced perturbations in global and
regional DNA methylation have been
linked with diverse pathological condi-
tions, including ALD, carcinogenesis
in various organs, alcohol dependence,
and fetal alcohol spectrum disorders

l
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Figure 3

Zinc therapy positively affects mulfiple mechanisms of alcohol-induced organ

injury. Thus, zinc enhances the gut barrier and tight junctions, thereby reducing
gut permeability and the risk of transfer of bacterial endotoxin into the blood (i.e.,
endotoxemia). In addition, zinc decreases proinflammatory cytokine production
and oxidative stress and ensures proper functioning of important zinc-dependent
regulatory proteins (e.g., zinc-finger proteins). Through these and other mechanisms,
zinc supplementation can improve liver injury and may attenuate lung and brain

dysfunction.
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(FASD), to name only a few. Clearly,
further research is needed to detail
the alcohol-nutrient interactions
that influence epigenetic mechanisms
underlying pathogenic changes in
gene expression and disease progres-
sion, with the goal of developing
nutrient-based therapies.

Examples of Nutrition—-Alcohol
Interactions in Alcohol-Induced
Organ/Tissue Injury

Intestine

The intestinal mucosa plays a critical
role in preventing passage of toxins
from the intestine into the blood-

&

ly=

LT

USF/LA+EtOH

stream, as well as in immune function,
detoxification, and metabolism. The
importance of the gut in alcohol-
mediated multiorgan pathology is
becoming increasingly recognized.
Clinical and experimental data have
demonstrated that the gut-derived
bacterial product, lipopolysaccharide,
also referred to as endotoxin, plays a
crucial role in the development and
progtession of alcohol-induced organ
injuries, including ALD. Significantly
increased endotoxin levels in the blood
(i.e., endotoxemia) have been found
in patients with different stages of
ALD, including fatty liver, hepaditis,
and cirrhosis (Parlesak et al. 2000).
Multiple mechanisms contribute
to alcohol-associated endotoxemia,
including alcohol-mediated alterations

in the composition of the bacterial
population of the gut (i.e., gut micro-
biome) (Mutlu et al. 2009) and increased
lipopolysaccharide translocation as a
result of disruption of intestinal barrier
integrity. Recent studies in mice have
demonstrated that the type of dietary
fat consumed can influence alcohol-
induced changes in the gut microbiome
composition (and, therefore, func-
tion), intestinal injury/inflammation,
and intestinal barrier function (figures
4 and 5). Specifically, when comparing
animals that were fed either dietary
USFs or SFs plus ethanol (EtOH),!
the studies found the following:

" The diet containing USFs was rich in com oil, whereas the diet
containing SFs was rich in medium-chain triglycerides.

« Tight Junction Alterations
* Mucus Layer Impairment _
« Antimicrobial Defense Alterations =
&
. - =3
Increased Intestinal Permeability @
J
Elevated Blood Endotoxemia 00
. A—
Hepatic TLR System Activation —
§ ¢
Liver Steatosis and Injury
A

Figure 4 Alcohol (EfOH) consumption combined with dietary intake of unsaturated fatty acids (USFs) (e.g., linoleic acid [LA]) can have numerous
deleterious effects on the intestine, blood, and liver. In the intestine, this combination changes the bacterial composition (microbiome)
and inferferes with various aspects of the body’s defense systems, thereby increasing intestinal permeability. This leads fo endotoxemia

and liver injury.

NOTE: TLR = toll-like receptor.
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¢ The animals that received EtOH+
USF showed increased gut perme-
ability and elevated endotoxemia
compared with those that received
EtOH+SF (Kirpich et al. 2012)
(figure 5A).

* Compared with EtOH+SF, a
chronic EtOH+USF diet triggered
an intestinal proinflammatory
response characterized by increased
levels of several cytokines, including
tumor necrosis factor-o. and mono-
cyte chemoattractant protein-1. In
addition, the intestinal mucus layer

and antimicrobial defenses were
altered (Kirpich et al. 2013).

¢ Intestinal inflammation was
positively correlated with the
EtOH+USF-triggered disruption
of the intestinal tight junctions
(figure 5B). Even in the absence
of alcohol, a USF diet resulted
in downregulation of intestinal
expression of tight-junction pro-
tein mRNA compared with an SF
diet. Alcohol further suppressed
tight-junction proteins in animals
receiving ECOH+USF, but did not
affect intestinal tight junctions in
the EtOH+SF group (Kirpich et al.
2013) (figure 5B).

e Unlike EtOH+SF, dietary
EtOH+USF caused alterations in
gut microbiota (Bull-Otterson et al.
2012; Kirpich et al. 2016) (figure
5C).2 The observed microbiota
and intestinal barrier changes were
associated with significant liver ste-
atosis, inflammation, and injury in
EtOH+USF-fed mice (figure 5D).
These adverse effects of ethanol on
the liver were markedly attenuated
by a SF diet containing medium-
chain triglycerides.

2 The EtOH+USF-induced changes in gut microbiota were charac-
ferized by the decrease of cerfain bacteria (i.e., the Bacteriodefes
phylum) with a proportional increase in others (i.e., gram-negative
Proteobacteria and gram-positive Actinobacteria phyla). The
bacterial genera that showed the biggest expansion were the
gram-negative, alkaline-tolerant Alcaligenes and gram-positive
Corynebacterium (Bull-Otterson et al. 2013).

Thus, it is clear that the interactions of
dietary fat and alcohol are important
in mediating alcohol-induced intestinal
and liver injury.

Similarly, in mice, zinc deficiency
associated with chronic alcohol intake
led to markedly decreased tight-junction
proteins and increased endotoxemia.
Zinc supplementation corrected these
effects through multiple mechanisms,
including zinc-finger function and
epigenetic mechanisms (Zhong et al.
2015). In summary, an important
component of alcohol-induced organ
inflammation/injury arises in the gut
and may be modified by nutrition.

Liver Injury

Patients with severe alcoholic hepatitis
almost invariably demonstrate some
form of malnutrition. Probably the
most detailed information concerning
malnutrition in ALD comes from two
large studies from the Veterans Health
Administration (VA) Cooperative
Studies Program in patients with
alcoholic hepatitis (Mendenhall et al.
1984, 1986, 19954,6). In these stud-
ies, almost 50 percent of the patients’
energy intake was derived from alcohol.
Although they frequently showed no
inadequate calorie intake, the patients
often exhibited insufficient intake of
protein and critical micronutrients.
The severity of liver disease generally
correlated with the severity of malnu-
trition. During treatment, the patients
received a balanced 2,500-kcal hospital
diet (monitored by a dietitian) that
they were encouraged to consume.
Investigators found that voluntary
oral food intake correlated in a step-
wise fashion with 6-month mortality
data. Thus, patients who voluntarily
consumed more than 3,000 kcal

per day had virtually no mortality,
whereas those who consumed less
than 1,000 kcal per day had a 6-month
mortality of more than 80 percent
(Mendenbhall et al. 19954). Moreover,
the degree of malnutrition correlated
with the development of serious com-
plications, such as encephalopathy,

ascites, and hepatorenal syndrome
(Mendenhall et al. 19954).

Inidal interest in nutrition therapy
for ALD was stimulated by Patek and
colleagues (1948) who demonstrated
that a “nutritious diet” improved
the 5-year outcome of patients with
alcoholic cirrhosis compared with
historic control subjects. Subsequently,
nutritional supplementation through
a feeding tube was shown to signifi-
cantly improve liver function in in-
patients with ALD compared with
inpatients who ate a hospital diet
(Kearns et al. 1992). Probably the
most important data supporting nutri-
tion therapy came from a multicenter
study by Cabré and colleagues (2000),
who randomly assigned patients with
severe alcoholic hepatitis to receive
either the glucocorticoid prednisone
(40 mg daily) or a liver-specific formula
containing 2,000 calories per day
through a feeding tube.? The 1-month
mortality was the same in both groups,
but the 1-year mortality was signifi-
cantly lower in the enteral-nutrition
group than in the glucocorticoid group,
mainly because they experienced fewer
infectious complications. This scudy
clearly documented the importance
of enteral nutrition in severe alcoholic
hepatitis. Oral/enteral nutrition is
preferable over parenteral nutrition
because of lower costs, risk of sepsis
from the parenteral nutrition line,
preservation of the integrity of the gut
mucosa, and prevention of bacterial
translocation and multiple-organ failure.

Enteral nutrition supplements also
have been shown to improve nutri-
tional status and immune function in
outpatients with alcoholic cirrhosis as
well as to reduce hospitalization. The
concept of an outpatient late-evening
snack (prior to bedtime) was estab-
lished after studies demonstrated
altered energy metabolism in people
with liver cirrhosis. These patients
exhibit depleted hepatic glycogen
stores, which force the body to depend
on fat and protein stores, leading to
catabolism during an overnight fast.

3 This polymeric enteral solution was enriched in branched-chain
amino acids, energy dense (1.3 keal/ml), and low in fat and sodium.
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A randomized controlled trial demon-
strated that provision of a late-evening
nutritional supplement (compared
with daytime supplements) over a
12-month period could improve body
protein stores in patients with cirrhosis.
The nighttime snack resulted in body
protein accrual equivalent to about

2 kg of lean tissue sustained over 12
months, whereas this benefit was not
observed with daytime snacks. Thus,

late-evening snacks are valuable nutri-
tional interventions in outpatients with
alcoholic cirrhosis (Plank et al. 2008).
Many types of nutritional supple-
ments have yielded positive effects in
animal models of ALD, especially anti-
oxidants. However, human studies
using specific nutrients or combination
therapy are limited and generally have
shown equivocal or negative results.
Larger, well-designed studies are required.

Lung Injury

Chronic alcohol abuse alters the phe-
notype of the lung and makes it more
susceptible to subsequent challenges,
such as bacterial infection and acute
lung injury. One of the mechanisms
that contribute to increased suscepti-
bility to infection and injury is alcohol-
induced oxidative stress. Oxidative
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Figure 5 Effects of saturated fat (SF) and unsaturated fat (USF) diets on endotoxemia, intestinal tight junctions, gut microbiome, and liver injury
in response to chronic alcohol (EtOH) feeding. (A) Plasma endotoxin levels assessed by plasma lipopolysaccharide (LPS) measurement.
Alcohol feeding significantly increases LPS levels in the plasma when combined with a USF diet. (B) Levels of the mRNA for the fight-junction
protein zonula occuldens-1 (ZO-1) in the intestine. Animals receiving a USF diet showed greater disruption of fight junctions (i.e., lower
Z0-1 levels) than animals receiving a SF diet; this effect was exacerbated with alcohol feeding. (C) Comparative analysis of the relative
abundance of different phyla of gut bacteria in mice fed ethanol and different types of dietary lipids. The phyla abundance is indicated by
the color bars. (D) Liver injury was evaluated by plasma alanine aminotransferase (ALT) activity. In animals receiving a USF diet, but not
in those receiving a SF diet, alcohol feeding caused significant liver injury.

NOTE: Horizontal bars indicate statistically significant differences.
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stress is defined as an imbalance between
oxidants and antioxidants, and the way
cells sense and respond to such an
imbalance is a key determinant of dis-
ease initiation/progression or resolution.
Oxidant-sensing and -signaling path-
ways rely primarily on proteins with
reactive thiol-containing cysteine resi-
dues. The reactivity of a given protein
thiol can be fine tuned by its local
redox environment—that is, by the
ratio of reduced versus oxidized mole-
cules in the cell. This redox environ-
ment largely is controlled by two
low-molecular-weight thiol-disulfide
redox couples: one composed of the
amino acid cysteine (Cys), which is
the reduced partner of the pair, and
its disulfide cystine (CySS), which
serves as the oxidized partner. The
other redox pair comprises glutathione
(GSH) as the reduced partner and its
disulfide GSSG as the oxidized part-
ner. The two pairs are related but have
different roles. Cys is one of the three
component amino acids making up
GSH, so it is not surprising that they
share similar chemical properties.
However, these redox control systems
are compartmentalized; GSH/GSSG
provides control mechanisms within
cells and in the lung-lining fluid,
whereas Cys/CySS predominates in
the extracellular fluids of plasma and
interstitium. The extracellular Cys/
CySS redox state has been shown to
have a direct effect on the production
of two important proinflammacory
cytokines, namely production of
transforming growth factor 3 by lung
fibroblasts (Ramirez et al. 2007) and
interleukin-1 8 by monocytes (Iyer

et al. 2009).

Accumulating evidence suggests that
the Cys/CySS and GSH/GSSG redox
couples can be controlled by the diet.
Dietary supplementation with the cys-
teine precursors N-acetylcysteine or
procysteine has been used extensively
to counteract the effects of oxidative
stress. Although the effects of these
cysteine precursors usually are attributed
to enhanced GSH synthesis, they also
are effective even when given in com-

bination with a GSH-synthesis inhibitor

(e.g., buthionine sulfoximine) (Lailey
etal. 1991). Recent studies showed
that supplementing the diet with a
combination of cysteine and methi-
onine could prevent oxidation of

the plasma Cys/CySS redox couple
and decrease circulating levels of
proinflammatory interleukin-1 f3 in
endotoxin-challenged mice (Iyer at al
2009). Similar diets also can alter the
plasma Cys/CySS redox state in humans
(Jones et al. 2011). It will be interest-
ing to determine whether this type of
dietary intervention can protect against
lung injury in chronic alcoholics.

Zinc deficiency, particularly within
immune cells in the lungs (i.e., alveolar
macrophages), also contributes to
increased susceptibility to bacterial
infection in chronic alcoholics (Mehta
etal. 2011). Studies in rats showed
that chronic alcohol feeding decreased
bacterial clearance from lung and oxi-
dized Cys/CySS in the alveolar space.
Dietary zinc supplementation blocked
both of these effects (Mehta et al. 2011).

Brain Injury

Prenatal alcohol exposure can result in
a range of detrimental effects, includ-
ing damage to the developing brain,
that are collectively known as FASD.
Early autopsy studies, as well as more
recent magnetic resonance imaging
studies in both animal models and
humans have revealed a variety of
brain abnormalities, including reduced
brain size (i.e., microcephaly) and
anomalies of specific brain structures
(e.g., the cerebrum, cerebellum, hip-
pocampus, basal ganglia, and corpus
callosum) after prenatal alcohol expo-
sure (Lebel et al. 2011; Lipinski et al.
2012). These ethanol-induced brain
insults contribute to the learning deficits,
impairment in memory, difficulties
with motor planning, and problems
in regulating emotions and behavior
observed in children with FASD.
Alcohol can damage the developing
embryo through multiple mechanisms.
Oxidative stress seems to play an
important role in ethanol-induced

programmed cell death (i.c., apoptosis)
and morphological abnormalities
(Chen et al. 2013). In addition, accu-
mulating evidence suggests that
changes in epigenetic regulation are
involved in the pathogenesis of FASD.
For example, in animal studies, prenatal
alcohol exposure increased the propor-
tion of offspring with an unusual coat
color by inducing hypermethylation
of a specific gene, Avylocus (Kaminen-
Ahola et al. 2010). Moreover, recent
studies demonstrated that microRNA
125b can prevent ethanol-induced
apoptosis of certain embryonal cells
(i.e., neural crest cells) by targeting
two specific genes called BakI and
PUMA (Chen et al. 2015).

It also is well known that nutritional
deficiencies contribute to the patho-
genesis of FASD and to ethanol-induced
damage to the developing brain. Heavy
maternal alcohol consumption results
in deficiency in nutrients that are criti-
cal for fetal development and maternal
health, including vitamins A and D,
thiamin, folate, and zinc (Dreosti
1993). Moreover, as in adult brains,
DHA deficiency occurred in the devel-
oping brain of animals prenacally
exposed to ethanol. Finally, studies
have shown that diets low in nutrients
exacerbate alcohol-induced brain dam-
age in the offspring (Nacach et al. 2009).

Maternal nutrient supplementation
may decrease the risk of FASD and
serve as a potential intervention for
FASD. Some nutritional interventions
target oxidative stress. For example,
antioxidant supplements, such as vita-
mins C and E, can reduce oxidative
stress, cell death, and behavioral
impairments in animals prenatally
exposed to ethanol. Studies in the
adult brain have demonstrated that
ethanol-induced neuro-inflammation
and degeneration can be countered
by dietary DHA. Similarly, an ®-3-
enriched diet that contains 24.6 per-
cent DHA has been shown to reduce
ethanol-induced oxidative stress in the
developing brain (Patten et al. 2011),
consistent with the relationship
between dietary fat and organ injury
discussed earlier. Other nutritional
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Glossary

Ascites: Accumulation of fluids in the abdominal cavity.

Cardiomyopathy: A condition of the heart muscle
wherein it becomes enlarged, thick, or rigid. In rare cases,
the muscle tissue in the heart is replaced with scar tissue.

Cell-Mediated Immunity: Part of the immune response
that involves the activation of phagocytes, antigen-specific
cytotoxic T-lymphocytes, and the release of various
cytokines in response to a foreign molecule (i.e., antigen).

Cheilitis: Inflammation affecting the lips; this inflam-
mation may include the skin around the mouth (i.e.,

perioral skin), the vermilion border, and/or the labial

mucosa.

CpG Islands: Short DNA sequences that contain high
levels of the normally rare cytosine—guanine sequence
among the nucleotide sequence; they are targets of DNA
methylation and are involved in the regulation of gene
transcription.

Cytokines: A broad and loose category of small proteins
(-5-20 kDa) that are important in cell signaling. Their
release has an effect on the behavior of cells around
them. They can be either proinflammatory or anti-
inflammartory in their effects.

DNA Methylation: Epigenetic mechanism of regulation
of gene expression, in which a strand of DNA is modified
by addition of a methyl group (CH,) to any cytosine
located directly before a guanine.

Encephalopathy: A syndrome of overall brain dysfunction
that can have many different organic and inorganic
causes.

Enteral Nutrition: Delivery of nutrients in liquid form
directly into the stomach or intestine.

Epigenetic: Heritable or nonheritable changes in pheno-
type or gene expression caused by mechanisms other
than changes in the underlying DNA sequence; epigene-
tic changes can alter the appearance and structure of the
DNA or the histone proteins around which the DNA is
wound (e.g., DNA methylation, histone acetylation),
thereby influencing gene expression.

Glossitis: Inflammation of the tongue.
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Glycogen: Large, branched carbohydrate molecule
consisting of glucose residues; constitutes the major
carbohydrate reserve of animals and is stored primarily
in liver and muscle.

Hepatorenal Syndrome: Functional kidney failure,
but without pathological changes to the kidneys that
is associated with cirrhosis and ascites.

Histones: Protein structures around which DNA strands
are wrapped.

Histone Acetylation: Epigenetic modification of
histones that involves the addition of an acetyl group.

Humoral Immunity: Immunity mediated by proteins
called antibodies.

Interstitium: The space between cells in a tissue or
organ.

Metallothionein: Cysteine-rich proteins that can bind
to heavy metals (e.g., zinc) through the #hio/ groups of
their cysteine components. They participate in the
uptake, transport, and regulation of zinc and can help
control oxidative stress.

Methionine: An essential amino acid that can supply
methyl groups for various metabolic reactions.

Micronutrient: Any essential dietary element required
only in small quantities (e.g., trace minerals).

Myopathy: Muscular disease in which the muscle fibers
do not function for any one of many reasons, resulting
in muscular weakness.

Oxidative Stress: An imbalance between oxidants
(e.g., free radicals) and antioxidants that can lead to
excessive oxidation and cell damage.

Parenteral Nutrition: Intravenous administration
of nutrients.

Pellagra: A clinical niacin deficiency syndrome
characterized by dermatitis, inflammation of the
mucous membranes, diarrhea, and psychic disturbances
(e.g., depression, irritability, anxiety, disorientation,

or hallucinations).



Glossary (continued)

Petechiae: Small, nonraised, perfectly round, purplish
red spots caused by bleeding in the skin layer or beneath
the mucous membranes.

Purpura: Any of a group of conditions characterized by
small hemorrhages in the skin, mucous membranes, or
serous membranes.

Redox Environment: The balance between oxidants and
antioxidants in a cell or organ; often used to describe the
balance of oxidized and reduced nicotinamide adenosine
dinucleotide (NAD and NADH) in a biological system
such as a cell or organ.

S-adenosylmethionine (SAM): Common co-substrate
involved in methyl group transfers, transsulfuration, and
aminopropylation. Although these anabolic reactions
occur throughout the body, most SAM is produced and

Scurvy: Condition caused by vitamin C deficiency and
characterized by weakness, anemia, spongy gums, and
bleeding from the mucous membranes.

Steatosis: Abnormal accumulation of lipids in the
functional cells of various tissues (e.g., in the liver).

Thiol: Any organic compound containing a thiol (-SH,
or sulthydryl) group; often have strong odors resembling
garlic or rotten eggs.

Tight Junction: An intercellular junction between epi-
thelial cells, at which the adjacent cell membranes are
joined tightly together, forming a belt-like seal; these
junctions limit the passage of small molecules and ions
between cells.

Zinc-Finger Protein: A protein containing a small struc-
tural motif that is characterized by the coordination of

consumed in the liver.

interventions may work through epi-
genetic modulations. Supplementation
with nutrients that act as methyl donors,
including folic acid and choline, may
modulate epigenetic profiles and alter
the expression of genes important for
neurodevelopment. Thus, prenatal
folic acid supplementation attenuated
ethanol-induced malformations,
growth retardation, and neuronal loss
(Wang et al. 2009), whereas prenatal
and postnatal supplementation with
choline reduced ethanol-induced mal-
formations and behavioral impairment
(Thomas et al. 2010). Furthermore,
recent studies have shown that sulfora-
phane, a chemical that is abundant in
broccoli sprouts and which can inhibit
enzymes involved in epigenetic modi-
fications (i.e., DNA methyltransferase
and histone deacetylases), can diminish
ethanol-induced apoptosis in neural
crest cells through induction of nuclear
factor (erythroid-derived 2)-like 2
(Nrf2) (Chen et al. 2013). These find-
ings highlight the potential of nutrient
supplementation in preventing or
attenuating brain damage associated
with FASD, improving cognitive

one or more zinc ions in order to stabilize the fold.

function in children with FASD, and
attenuating brain damage in adults.

Immune Dysfunction

Excessive alcohol consumption has
deleterious effects on the immune sys-
tem. Several clinical and experimental
studies have suggested that long-term
alcohol use can lead to the dysregula-
tion of both cell-mediated and
humoral immunity (Barve et al. 2002).
Epidemiologic studies have docu-
mented that alcohol-induced impair-
ment of the immune system leads to
increased susceptibility to opportunistic
infections and development of certain
tumors (Barve et al. 2002). Although
many types of immune cells are affected
by alcohol, including neutrophils,
natural killer cells, and monocytes/
macrophages, several observations
suggest that the major effect of ethanol
involves the impairment of thymus-
derived lymphocytes (T lymphocytes
or T cells). Because a subgroup of
T-lymphocytes (i.e., CD4+ T cells)

are the central regulators of the

immune system, including cell-mediated
and humoral immunity, loss of their
survival and function constitutes a
critical part of alcohol-induced
immune dysfunction.

A number of experimental animal
models of ethanol abuse have estab-
lished that chronic alcohol administra-
tion decreases the absolute numbers
of CD4+ T cells in the thymus, spleen,
lymph nodes, and periphery, as well
as the immune function of these cells
(Barve et al. 2002). Similarly, patients
with AUD exhibit significantly reduced
numbers of CD4+ T cells (Barve et al.
2002). Although other clinical compli-
cations in alcoholic patients can nega-
tively influence the immune system,
recovery of the CD4+ T-cell count was
noted after alcohol withdrawal in sev-
eral studies, suggesting that ethanol
can directly affect CD4+ T-cell sur-
vival (Barve et al. 2002). Moreover,
experimental and clinical studies have
documented that alcohol intake can
cause depletion of CD4+T cells, and
the mechanisms underlying this effect
are only beginning to be understood.
Research has indicated that ethanol
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can potentially act as a cofactor and
exacerbate clinical conditions that
cause CD4+ T-cell depletion by
enhancing activation-induced, fatty
acid synthase—mediated apoptosis
(Ghare et al. 2014). In addition to
affecting CD4+ T-cell numbers, ethanol
also has a major effect on T-cell func-
tion by decreasing the production of
the cytokine, interleukin-2, which is
critical for the clonal expansion of
CD4+ T cells (Ghare et al. 2011).

In subjects with AUD, the com-
bined effects of alcohol metabolism
and compromised nutrition led to
major nutrient disturbances, including
deficiency of the critical nutrient
metabolite, SAM. Studies found that
levels of SAM as well as of methionine
adenosyltransferase (MAT 1II), the
enzyme that converts methionine to
SAM, were markedly reduced in cul-
tured CD4+ cells exposed to alcohol.
This resulted in a significant upregula-
tion of expression and activity of several
enzymes involved in apoptosis, leading
to increased apoptotic cell death (Hote
et al. 2008). Moreover, restoration of
intracellular SAM levels via SAM sup-
plementation considerably attenuated
this apoptotic death in T cells, imply-
ing a causal/protective role for SAM
in T-cell survival (Hote et al. 2008).

Overall, these findings have begun
to provide critical molecular insights
into epigenetic mechanisms underly-
ing the alcohol- and nutrient (SAM)-
status—induced immunotoxicity in
human CD4+ T cells. Because there
currently is no Food and Drug
Administration—approved therapy for
the treatment of immune suppression
associated with chronic alcohol abuse,
these findings have the potential to
facilitate the development of nutrient
(SAM)-based therapy in alcoholic
patients.

Conclusions

Alterations in nutrition and nutrient
metabolism are common in chronic
alcoholics and may contribute to
alcohol-induced organ injury. Conversely,

nutritional supplementation may pre-
vent the development or attenuate the
progression of alcohol-induced organ
injury. Nutritional supplements may
alleviate a nutrient deficiency or act as
pharmacologic agents. Such nutrients
also may have epigenetic effects.
Nutritional supplementation as a ther-
apy is especially attractive because
there are currently no Food and Drug
Administration—approved therapies for
most forms of alcohol-induced organ
injury and nutrient supplements are
readily available.

Acknowledgments

The work presented in this study was
supported by National Institutes of
Health (NIH) grants RO1-AA-024405
(to Dr. Barve), RO1-AA—-020265 (to
Dr. Chen), R0O1-AA—021434 (to Dr.
Chen), R21-AA-020849 (to Dr.
Kirpich), 1R01-AA-024102-01A1 (to
Dr. Kirpich), 1P20-GM-113226-01
Sub-Project ID: 6176 (to Dr. Watson),
U01-AA-022489 (to Dr. McClain),
U01-AA-021901 (to Dr. McClain),
U01-AA-021893 (to Dr. McClain),
and RO1-AA-023681 (to Dr. McClain);
the National Institute on Alcohol
Abuse and Alcoholism of the NTH
under Award Number P50-AA—
024337 (to Dr. McClain); an
Institutional Development Award
(IDeA) from the National Institute

of General Medical Sciences of the
NIH under grant number P20-GM~-
113226 (to Dr. McClain); and RO1-
AA-018869 (to Dr. McClain), as

well as by grants from the Department
of Veterans Affairs (to Dr. McClain)
and the Department of Defense (to
Dr. McClain). The content is solely

the responsibility of the authors and
does not necessarily represent the

official views of the NTH.

Financial Disclosure

The authors declare that they have no
competing financial interests.

e-12 | Vol. 38, No. 2 Alcohol Research: Currens Reviews

References

Anstey, K.J.; Mack, H.A.; and Cherbuin, N. Alcohol
consumption as a risk factor for dementia and cognitive
decline: Meta-analysis of prospective studies. American
Journal of Geriatric Psychiatry 17(7):542-555, 2009.
PMID: 19546653

Antonow, D.R., and McClain, C. Nutrition and alcoholism.
In:Tarter, R.E., and Van Thiel, D., Eds. Alcohol and the
Brain. New York: Springer, 1985, pp. 81-120.

Barve, S.S.; Kelkar, S.V.; Gobejishvilli, L.; et al.
Mechanisms of alcohol-mediated CD4+ T lymphocyte
death: Relevance to HIV and HCV pathogenesis.
Frontiers in Bioscience 7:d1689-d1696, 2002. PMID:
12086912

Bull-Otterson, L.; Feng, W.; Kirpich, |.; et al. Metagenomic
analyses of alcohol induced pathogenic alterations in
the infestinal microbiome and the effect of Lacfobacillus
rhamnosus GG treatment. PLoS One 8(1):€53028,
2013.PMID: 23326376

Cabré, E.; Rodriguez-Iglesias, P.; Caballeria, J.; et al.
Short- and long-term outcome of severe alcohol-induced
hepatitis treated with steroids or entferal nutrition: A
multicenter randomized trial. Hepatology 32(1):36-42,
2000. PMID: 10869286

Chen, X.; Liu, J.; and Chen, S.Y. Sulforaphane protects
against ethanol-induced oxidative stress and apoptosis
in neural crest cells by the induction of Nrf2-mediated
antioxidant response. British Journal of Pharmacology
169(2):437-448,2013. PMID: 23425096

Chen, X.; Liu, J.; Feng, W.K.; et al. MiR-125b protects
against ethanol-induced apoptosis in neural crest cells
and mouse embryos by targeting Bak 1 and PUMA.
Experimental Neurology 271:104-111,2015. PMID:
26024858

Conigrave, K.M.; Hu, B.F.; Camargo, C.A., Jr.; et al.A
prospective study of drinking patterns in relation to risk
of type 2 diabetes among men. Diabefes 50(10):2390-
2395,2001. PMID: 11574424

Di Giuseppe, D.; Alfredsson, L.; Bottai, M.; et al. Long
term alcohol intake and risk of rheumatoid arthritis in
women: A population based cohort study. BMJ
345:e4230,2012. PMID: 22782847

Dreosti, I.E. Nutritional factors underlying the expession
of the fetal alcohol syndrome. Annals of the New York
Academy of Sciences 678:193-204, 1993. PMID:
8494262

Ford, E.S.; Zhao, G.; Tsai, J.; and Li, C. Low-risk lifestyle
behaviors and all-cause mortality: Findings from the
National Health and Nutrition Examination Survey Il
Mortality Study. American Journal of Public Health
101(10):1922-1929,2011. PMID: 21852630

Ghare, S.; Patil, M.; Hote, P.; et al. Ethanol inhibits lipid
raff-mediated TCR signaling and IL-2 expression:
Potential mechanism of alcohol-induced immune
suppression. Alcoholism: Clinical and Experimental
Research 35(8):1435-1444,2011.PMID: 21463338



Ghare, S.S.; Joshi-Barve, S.; Moghe, A.; et al. Coordinated
histone H3 methylation and acetylation regulate
physiologic and pathologic fas ligand gene expression in
human CD4+T cells. Journal of Immunology 193(1):
412-421,2014. PMID: 24899502

Hote, P.T.; Sahoo, R.; Jani, T.S.; et al. Ethanol inhibits
methionine adenosyltransferase Il activity and
S-adenosylmethionine biosynthesis and enhances
caspase-3-dependent cell death in T lymphocytes:
Relevance fo alcohol-induced immunosuppression.
Journal of Nutritional Biochemistry 19(6):384-391,
2008. PMID: 17869084

Huang, L.L.; Wan, J.B.; Wang, B.; et al. Suppression of
acute ethanol-induced hepatic steatosis by docosahexae-
noic acid is associated with downregulation of stearoyl-CoA
desaturase 1 and inflammatory cytokines. Prostaglandins,
Leukofrienes, and Essential Fatty Acids 88(5):347-353,
2013.PMID: 23474173

Imhof, A.; Woodward, M.; Doering, A.; et al. Overall alcohol
infake, beer, wine, and systemic markers of inflammation
in western Europe: Results from three MONICA samples
(Augsburg, Glasgow, Lille). European Heart Journal
25(23):2092-2100, 2004. PMID: 15571824

lyer, S.S.; Accardi, C.J.; Ziegler, T.R.; et al. Cysteine redox
potential determines pro-inflammatory IL-1beta levels.
PLoS One 4(3):e5017, 2009. PMID: 19325908

Johnston, L.D.; O'Malley, PM.; Miech, R.A.; et al.
Monitoring the Future National Survey Results on Drug
Use, 1975-2015: Overview, Key Findings on Adolescent
Drug Use. Ann Arbor: Institute for Social Research,
University of Michigan, 2016.

Jones, D.P; Park,Y.; Gletsu-Miller, N.; et al. Dietary sulfur
amino acid effects on fasting plasma cysteine/cystine
redox potential in humans. Nutrition 27(2):199-205,
2011.PMID: 20471805

Kaminen-Ahola, J.; Ahola, A.; Maga, M.; et al. Maternal
ethanol consumption alters the epigenotype and the
phenotype of offspring in a mouse model. PLoS Genetics
6(1):1000811,2010. PMID: 20084100

Kearns, PJ.;Young, H.; Garcia, G.; et al. Accelerated

improvement of alcoholic liver disease with enteral
nutrition. Gastroenterology 102(1):200-205, 1992.
PMID: 1727754

Kirpich, .A.; Feng, W.; Wang, Y.; et al.The type of dietary fat
modulates infestinal tight junction integrity, gut permeability,
and hepatic toll-like receptor expression in a mouse
model of alcoholic liver disease. Alcoholism: Clinical and
Experimental Research 36(5):835-846,2012. PMID:
22150547

Kirpich, I.A.; Feng, W.; Wang, Y.; et al. Ethanol and dietary
unsaturated fat (corn oil/linoleic acid enriched) cause
intestinal inflammation and impaired intestinal barrier
defense in mice chronically fed alcohol. Alcohol 47(3):
257-264,2013.PMID: 23453163

Kirpich, I.A.; Petrosino, J.; Alami, N.; et al. Saturated and
unsaturated dietary fats differentally modulate ethanol-
induced changes in gut microbiome and metabolome
in a mouse model of alcoholic liver disease. American

Journal of Pathology 186(4):765-776,2016. PMID:
27012191

Koning, S.H.; Gansevoort, R.T.; Mukamal, K.J.; et al. Aicohol
consumption is inversely associated with the risk of
developing chronic kidney disease. Kidney International
87(5):1009-1016,2015. PMID: 25587707

Lailey, A.F; Hill, L.; Lawston, |.W.; et al. Protection by
cysteine esters against chemically induced pulmonary
oedema. Biochemical Pharmacology 42(Suppl.):S47-
$54,1991.PMID: 1768285

Lebel, C.; Roussotte, F.; and Sowell, E.R. Imaging the
impact of prenatal alcohol exposure on the structure of
the developing human brain. Neuropsychology Review
21(2):102-118,2011.PMID: 21369875

Lipinski, R.J.; Hammond, P.; O’Leary-Moore, SK.; et al.
Ethanol-induced face-brain dysmorphology patterns are
correlative and exposure-stage dependent. PLoS One
7(8):e43067,2012.PMID: 22937012

McCabe, D.C., and Caudill, M.A. DNA methylation, genomic
silencing, and links to nutrition and cancer. Nutrition
Reviews 63(6 Pt.1):183-195, 2005. PMID: 16028562

Mehta, A.J.; Joshi, PC.; Fan, X.; et al. Zinc supplementa-
tion restores PU.1 and Nrf2 nuclear binding in alveolar
macrophages and improves redox balance and bacterial
clearance in the lungs of alcohol-fed rats. Alcoholism:
Clinical and Experimental Research 35(8):1519-1528,
2011.PMID: 21447000

Mendenhall, C.; Roselle, G.A.; Gartside, P.; and Moritz, T.
Relationship of protein calorie malnutrition to alcoholic
liver disease: A reexamination of data from two Veterans
Administration Cooperative Studies. Alcoholism: Clinical
and Experimental Research 19(3):635-641,1995a.
PMID: 7573786

Mendenhall, C.L.; Anderson, S.; Weesner, R.E., et al.
Protein-calorie malnutrition associated with alcoholic
hepatitis: Veterans Administration Cooperative Study
Group on Alcoholic Hepatitis. American Journal of
Medicine 76(2):211-222,1984. PMID: 6421159

Mendenhall, C.L.; Moritz, TE.; Roselle, G.A., et al. Protein
energy malnutrition in severe alcoholic hepatitis:
Diagnosis and response to freatment. The VA Cooperative
Study Group #275. JPEN Journal of Parenteral and
Enteral Nufrifion 19(4):258-265, 1995b. PMID: 8523623

Mendenhall, C.L.; Tosch, T.; Weesner, R.E.; et al. VA Cooper-
ative Study on Alcoholic Hepatitis. II: Prognostic
significance of protein-calorie malnutrition. American
Journal of Clinical Nutrition 43(2):213-218,1986. PMID:
3080866

Moghe, A.; Joshi-Barve, S.; Ghare, S.; et al. Histone
modifications and alcohol-induced liver disease: Are
altered nutrients the missing link? World Journal of
Gastroenterology 17(20):2465-2472,2011. PMID:
21633651

Mohammad, M.K.; Zhou, Z.; Cave, M.; et al. Zinc and liver
disease. Nutrition in Clinical Practice 27(1):8-20,2012.
PMID: 22307488

Mutlu, E.; Keshavarzian, A.; Engen, P.; et al. Intestinal
dysbiosis: A possible mechanism of alcohol-induced
endotoxemia and alcoholic steatohepatitis in rafs.
Alcoholism: Clinical and Experimental Research
33(10):1836-1846,2009.PMID: 19645728

Nacach, Y.; Thomas, J.D.; Arce, M.; and Dominguez, H.D.
Dietary choline deficiency exacerbates the effects of
prenatal alcohol exposure on physical and behavioral
development. Alcoholism: Clinical and Experimental
Research 33(6, Sp. Iss. S1):36A, 2009.

Nanji,A.A., and French, S.W. Diefary linoleic acid is
required for development of experimentally induced
alcoholic liver injury. Life Sciences 44(3):223-227,1989.
PMID: 2915600

National Institute on Alcohol Abuse and Alcoholism.
Drinking Levels Defined. Available at https://www.niaaa.
nih.gov/alcohol-health/overview-alcohol-consumption/
moderate-binge-drinking. Accessed December 21,2016.

Parlesak, A.; Schafer, C.; Schutz,T.; ef al. Increased
intestinal permeability fo macromolecules and
endofoxemia in patients with chronic alcohol abuse in
different stages of alcohol-induced liver disease. Journal
of Hepatology 32(5):742-747,2000. PMID: 10845660

Patek, A.J., Jr.; Post, J.; et al. Dietary treatment of cirrhosis
of the liver: Results in 124 patients observed during a 10
year period. Journal of the American Medical Association
138(8):543-549, 1948.PMID: 18886770

Patrick, M.E.; Cronce, J.M; Fairlie, A.M.; et al. Day-to-day
variations in high-intensity drinking, expectancies, and
positive and negative alcohol-related consequences.
Addictive Behaviors 58:110-116,2016.PMID: 26922158

Patten, A.R.; Brocardo, P..S; and Christie, B.R. Omega-3
supplementation can restore glutathione levels and
prevent oxidative damage caused by prenatal ethanol
exposure. Journal of Nutritional Biochemistry 24(5):
760-769,2013.PMID: 22841392

Pawlosky, R.J., and Salem, N., Jr. Development of alcoholic
fatty liver and fibrosis in rhesus monkeys fed a low n-3 fafty
acid diet. Alcoholism: Clinical and Experimental Research
28(10):1569-1576,2004. PMID: 156597091

Plank, L.D.; Gane, E.J.; Peng, S.; et al. Nocturnal nutritional
supplementation improves fotal body protein status of
patients with liver cirrhosis: A randomized 12-month trial.
Hepatology 48(2):557-566,2008. PMID: 18627001

Ramirez, A.; Ramadan, B.; Ritzenthaler, J.D.; et al.
Extracellular cysteine/cystine redox potential controls
lung fibroblast proliferation and matrix expression
through upregulation of transforming growth factor-beta.
American Journal of Physiology: Lung Cellular and Molecular
Physiology 293(4):L972-1981,2007. PMID: 17644756

Ronis, M.J.; Korourian, S.; Zipperman, M; et al. Dietary
saturated fat reduces alcoholic hepatotoxicity in rats by
altering fatty acid metabolism and membrane composition.
Journal of Nutrition 134(4):904-912, 2004. PMID:
15051845

Development, Prevention, and Treatment of Alcohol-Induced Organ Injury | e-13



Sacco, R.L.; Elkind, M.; Boden-Albala, B.; et al. The protective
effect of moderate alcohol consumption on ischemic
stroke. JAMA 281(1):53-60, 1999. PMID: 9892451

Serhan, C.N., and Petasis, N.A. Resolvins and protectins
in inflammation resolution. Chemical Reviews 111(10):
5922-5943,2011.PMID: 21766791

Thomas, J.D.; Idrus, N.M.; Monk, B.R.; and Dominguez,
H.D. Prenatal choline supplementation mitigates
behavioral alterations associated with prenatal alcohol
exposure in rats. Birth Defects Research. Part A: Clinical
and Molecular Terafology 88(10):827-837,2010. PMID:
20706995

Thomson, C.A.; Wertheim, B.C.; Hingle, M.; et al. Alcohol
consumption and body weight change in postmeno-
pausal women: Results from the Women’s Health
Initiative. Infernational Journal of Obesity (London)
36(9):1158-1164,2012. PMID: 22689071

U.S. Department of Health and Human Services and U.S.
Department of Agriculture. 2015-2020 Diefary Guidelines

for Americans. 8th ed. December 2015. Available at
http://health.gov/dietaryguidelines/2015/guidelines/.
Accessed January 9,2017.

Varela-Rey, M.; Woodhoo, A.; Martinez-Chantar, M.L.; et al.
Alcohol, DNA methylation, and cancer. Alcohol Research:
Current Reviews 35(1):25-35, 2013. PMID: 24313162

Vatsalya, V.; Song, M.; Schwandt, M..; et al. The effects

of sex, drinking history and omega-3 and omega-6 fatty
acids dysregulation on the onset of liver injury in very
heavy drinking alcohol dependent patients. Alcoholism:
Clinical and Experimental Research 40(10):2085-2093,
2016.PMID: 27589090

Wada, S.; Yamazaki, T.; Kawano, Y. et al. Fish oil fed prior
fo ethanol administration prevents acute ethanol-induced
fatty liver in mice. Journal of Hepatology 49(3):441-450,
2008.PMID: 18620774

Wang, L.L.; Zhang, Z.; Li, Q.; et al. Ethanol exposure
induces differential microRNA and target gene expression
and teratogenic effects which can be suppressed by folic

e-14 | Vol. 38, No.2 Alcohol Research: Current Reviews

acid supplementation. Human Reproduction 24(3):562-
579,2009.PMID: 19091803

Yang,Y.; Liu, D.C.; Wang, Q.M.; et al. Alcohol consumption
and risk of coronary artery disease: A dose-response
meta-analysis of prospective studies. Nutrition 32(6):
637-644,2016.PMID: 26916878

Zakhari, S. Alcohol metabolism and epigenetics changes.
Alcohol Research: Current Reviews 35(1):6-16,2013.
PMID: 24313160

Zhong, W.; Li, Q.; Sun, Q.; et al. Preventing gut leakiness
and endotoxemia contributes fo the protective effect of
zinc on alcohol-induced steatohepatitis in rats. Journal of
Nutrition 145(12):2690-2698,2015. PMID: 26468492

Zhong, W.; McClain, C.J.; Cave, M.; et al.The role of zinc
deficiency in alcohol-induced intestinal barrier dysfunction.
American Journal of Physiology: Gastrointestinal and Liver
Physiology 298(5):6625-G633,2010. PMID: 20167873



	Development, Prevention, and Treatment of Alcohol-Incuded Organ Injury
	Nutrition and Nutritional Alterations Following Alcohol Use/Abuse
	Alcohol: Nutrition Overview
	Zinc
	Dietary Fats

	Nutrition–Alcohol Interactions and Epigenetics 
	Alcohol’s Effects on Histone Acetylation and Methylation 
	Alcohol’s Effects on DNA Methylation 

	Examples of Nutrition–Alcohol Interactions in Alcohol-Induced Organ/Tissue Injury 
	Intestine
	Liver Injury
	Lung Injury
	Brain Injury

	Conclusions
	Acknowledgments
	Financial Disclosure
	References


