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Abstract: The symposium, “Role of Nutrition in Alcoholic Liver Disease”, was held at the European

Society for Biomedical Research on Alcoholism Congress on 9 October 2017 in Crete, Greece.

The goal of the symposium was to highlight recent advances and developments in the field

of alcohol and nutrition. The symposium was focused on experimental and clinical aspects in

relation to the role of different types of dietary nutrients and malnutrition in the pathogenesis of

alcoholic liver disease (ALD). The following is a summary of key research presented at this session.

The speakers discussed the role of dietary fats and carbohydrates in the development and progression

of alcohol-induced multi-organ pathology in animal models of ALD, analyzed novel nutrition-related

therapeutics (specifically, betaine and zinc) in the treatment of ALD, and addressed clinical relevance

of malnutrition and nutrition support in ALD. This summary of the symposium will benefit junior

and senior faculty currently investigating alcohol-induced organ pathology as well as undergraduate,

graduate, and post-graduate students and fellows.

Keywords: alcoholic liver disease; nutrition; fat; carbohydrates; betaine; malnutrition; zinc;

nutritional support in ALD
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1. Introduction

Alcohol-induced liver dysfunction is a significant health problem worldwide for which there is no

current food and drug administration (FDA)-approved therapy. Alcoholic liver disease (ALD) refers

to a wide histological spectrum of liver pathologies, including steatosis (fatty liver), steatohepatitis

(characterized by a combination of hepatic fat accumulation and inflammation), liver fibrosis and

cirrhosis. To date, alcohol abstinence is the most effective strategy to prevent, and/or to attenuate

the disease. The cross-talk among multiple organs/tissues, e.g., the gut-liver, the gut-liver-brain, and

the white adipose tissue (WAT)-liver axes, plays a significant role in the ALD pathogenesis. Overall,

oxidative stress and inflammation are key mediators in ALD development [1–3].

Multiple factors are involved in the development of ALD, including genetic, epigenetic, and

environmental factors, such as nutrition. Alcohol and nutrients can interact at multiple levels. Excessive

alcohol ingestion alters the metabolism of most nutrients. Alcohol consumption activates enzymatic

and non-enzymatic lipid oxidation contributing to hepatic oxidative stress. Ethanol-mediated

alterations in methionine metabolism result in reduced levels of antioxidants, S-adenosyl-methionine

(SAMe) and glutathione, leading to increased oxidative stress and liver injury [4]. Further, heavy

alcohol consumption also can cause poor intestinal absorption of certain nutrients (e.g., zinc) or

increase nutrient losses. Numerous dietary factors (e.g., Zn, SAMe and betaine supplements, dietary

fat enriched in certain fatty acids) have demonstrated beneficial effects in clinical and experimental

ALD [5–7]. Nutrition plays an important role as supportive therapy [8,9], as nutritional deficiencies

commonly occur in patients with ALD, and patients with severe alcoholic hepatitis almost invariably

demonstrate some form of malnutrition [10,11].

At this symposium, the speakers discussed the role of dietary fats in the development

and progression of alcohol-induced liver pathology, focusing specifically on linoleic acid and its

oxidized metabolites; discussed the importance of dietary fat/carbohydrate ratio; examined novel

nutrition-related therapeutics (specifically, betaine) in the treatment of ALD, and addressed clinical

relevance of malnutrition and nutrition support in ALD. All presentations at this symposium supported

the notion that nutritional factors play important roles in alcohol-induced multi-organ pathology and

could serve as potential preventive/therapeutic targets/options.

2. Summary of Presentations at the Symposium

2.1. Dietary Linoleic Acid and Its Oxidized Metabolites Exacerbate Liver Injury Caused by Ethanol via
Induction of Hepatic Pro-Inflammatory Response

Dennis R. Warner, Ariel E. Feldstein, Craig J. McClain, and Irina A. Kirpich

Studies from our laboratory and others have demonstrated that dietary fats are important

modulators of the toxic effects of ethanol in the liver [12]. It has been previously shown that rodents

placed on diets high in unsaturated fat (USF, enriched predominantly in the polyunsaturated fatty

acid (PUFA), linoleic acid (LA)) when combined with ethanol showed significantly greater liver

injury compared to animals fed ethanol and other types of fat, e.g., saturated fat (SF), enriched in

medium chain fatty acids [6,13,14]. This effect may be partially due to the oxidation of LA via the

12/15-lipoxygenase pathway or through non-enzymatic, free radical-mediated oxidation, to generate

pro-inflammatory metabolites. In agreement with previously published studies [15,16], we found in

two different animal models of ALD (chronic ad-libitum Lieber-deCarli and acute-on-chronic NIAAA

models) that in comparison to mice fed SF and ethanol, animals fed USF and ethanol had a greater

liver injury which was associated with the increased levels of oxidized LA metabolites (OXLAMs,

Figure 1A,B, acute-on-chronic NIAAA model is shown). In addition, we also observed alterations in

arachidonic acid (AA) metabolites (e.g., hydroxyeicosatetraenoic acids (HETEs)), many of which are

known pro-inflammatory lipid mediators (Figure 1C). For example, 12-HETE induced Tnf-α, Mcp-1,

and Il-6 expression in macrophages [17,18]. Additionally, an increase in 12-HETE was observed in

patients with ALD [19].
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Figure 1. Elevated levels of polyunsaturated fatty acid (PUFA) metabolites in liver injury caused

by acute-on-chronic ethanol administration. (A) Plasma alanine aminotransferase (ALT) levels

were significantly higher in mice fed ethanol and unsaturated fat compared to ethanol and dietary

saturated fat; (B) oxidized metabolites of linoleic acid; (C) oxidized metabolites of arachidonic acid.

SF: saturated fat; EtOH: ethanol-fed; USF: unsaturated fat; HODE: hydroxyoctadecadienoic acids;

HETE: hydroxyeicosatetraenoic acids; * p < 0.05.

To explore the mechanisms by which oxidized linoleic acid metabolites (OXLAMs) may contribute

to enhanced liver injury, we tested the hypothesis that ethanol-induced oxidation of LA and the

subsequent increase in hepatic and circulating OXLAMs exacerbate liver injury via shifting hepatic

macrophages toward the pro-inflammatory (M1) phenotype. To this end, RAW264.7 cells were treated

with 5 µM 9- or 13-hydroxyoctadecadienoic acids (HODEs) with or without lipopolysaccharides (LPS)

(100 ng/mL). Stimulation of RAW264.7 cells by 9-HODE alone, but not 13-HODE alone, led to a

significant increase in Tnf-α expression. A similar pattern was observed for the expression of Mip-2α

and Mcp-1, where 9-HODE alone or in combination with LPS enhanced their expression, but 13-HODE

alone did not. In contrast, 13-HODE, but not 9-HODE, potentiated LPS-induction of iNos expression.

These results demonstrate that 9- and 13-HODE have different, and even opposing, roles in regulating

cytokine gene expression in RAW264.7 cells, with 9-HODE promoting a pro-inflammatory response

(M1 response) to a greater extent than 13-HODE. There was no effect of either 9- or 13-HODE on

the expression of M2 macrophage markers (Arg-1 or Tgf-β1, anti-inflammatory response markers),

suggesting that 9-HODE was primarily pro-inflammatory and that 13-HODE was mainly neutral or

had some anti-inflammatory activity. There are three known receptors for HODES: GPR132, TRPV1,

and PPARγ. GPR132 binds to 9-HODE but binds only very weakly to 13-HODE [20]. TRPV1 and

PPARγ can bind to both 9- and 13-HODE [21,22]. RAW264.7 cells do not express Trpv1 [23] and

express only very low levels of Pparγ [24]. Therefore, the primary response to HODEs in RAW264.7

cells is likely mediated by GPR132 and explains the relative inactivity of 13-HODE in these cells.

Future studies on HODE/receptor interactions are needed.

In summary, the results of the study support the concept that dietary LA, a ω-6-PUFA, exacerbates

ethanol-induced liver injury and provides evidence that the increase in OXLAM production and

promotion of an OXLAM-mediated pro-inflammatory response might be one of the underlying

mechanisms. Of note, there is scant evidence regarding the potential role of metabolites generated

from LA and other PUFAs through other metabolic pathways (e.g., the cytochrome p450/epoxide

hydrolase pathway), as well as lipid mediators derived from ω-3 PUFAs, such as α-linolenic acid,

eicosapentaenoic and docosahexaenoic acids. Given that the majority of PUFA metabolites are potent

endogenous signaling molecules that function through multiple pathways, identification of changes in

specific lipid mediators might shed new light into the mechanisms contributing to ALD pathogenesis

and may reveal novel therapeutic targets and biomarkers of this disease. Further research is required

to elucidate the specific role and mechanisms by which each PUFA-derived metabolite exerts its effect

during ALD pathogenesis.
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2.2. Role of Fat/Carbohydrate Ratio and Dietary Fat Type in Development of Alcoholic Liver Pathology

Martin J.J. Ronis, Colin T. Shearn, and Dennis R. Petersen

The development of liver pathology following alcohol consumption in experimental animals is

highly dependent on dietary macromolecule composition. Rats were fed ethanol at 12–13 g/kg/day

intragastrically via isocaloric liquid diets at a level of 187 kcal/kg/day. Ethanol diets high in simple

carbohydrates (16% protein, 79% dextrose/maltodextrin, 5% corn oil) or polyunsaturated fats (16%

protein, 39% dextrose/maltodextrin, 45% corn oil) were both observed to produce hepatic steatosis.

However, this occurred much more rapidly in rats fed ethanol as part of the high carbohydrate

diet, within 14 days of feeding, coincident with increased fatty acid synthesis and increased nuclear

expression of the carbohydrate response element binding protein (ChREBP) [25]. In contrast to

data from other laboratories [26], development of steatosis was not accompanied by any significant

effects on serum concentrations of adiponectin, hepatic expression of the histone deacetylase, Sirt-1,

or nuclear expression of the steroid regulatory element binding protein, SREBP-1c [25]. Chronic feeding

of high carbohydrate control diets in the absence of ethanol for 65 days resulted in development of

identical steatosis and liver injury to that seen in the ethanol-high carbohydrate diets [25]. These data

are consistent with recent studies from David Crabb’s laboratory [27] and suggest that ethanol is

treated metabolically like a carbohydrate. The data also raise an important issue regarding use

of dextrose/maltodextran to pair-feed control groups in chronic studies of alcoholic liver injury.

Such “control” liquid diets, high in fat and simple carbohydrates are not benign. This is illustrated by

the results of a recent chronic feeding study from our laboratory in which we examined the effects

of gestational exposure to second hand smoke on alcoholic liver injury in adult male C57BL/6 mice.

Pregnant mice were exposed to air or second-hand smoke for 4 h/day from gestational day 6–19.

Pups were culled to 6 pups/litter with litters of equal average weight and fed chow diets ad libitum

until post-natal day 65. At that time groups of n = 20 male pups either continued on chow or were

switched to high fat Lieber DeCarli liquid diets and were fed ethanol up to a final concentration of 28%

total calories or pair-fed diets in which the ethanol calories were matched by dextrose-maltodextrin

for 16 weeks. As shown in Figure 2, no effects of gestational second-hand smoke on adult body

weight or liver pathology were observed in any diet group. However, the pair-fed “controls” had

significantly increased body weight >30%, increased % liver weight, increased liver triglycerides

and had dramatically increased serum alanine aminotransferase (ALT) values (p < 0.05) indicative of

development of non-alcoholic steatohepatitis (NASH). In contrast, the ethanol-fed group had lower

weights than the pair-fed mice, consistent with reports that ethanol is treated as “empty calories” [13]

and had smaller increases in % liver weight and serum ALTs relative to chow-fed mice, despite having

higher levels of hepatic triglycerides than pair-fed mice (p < 0.05). Development of obesity and fatty

liver pathology in the pair-fed controls makes interpretation of any alcohol effects in such studies

very difficult.

Feeding of ethanol intragastrically to rats with diets high in polyunsaturated fat where

carbohydrate calories are limited resulted in development of steatohepatitis and an increase in

necroinflammatory injury relative to high fat controls [25,28]. Under these conditions, the increase

in pathology appears to be associated with increased induction of the ethanol-inducible enzyme

cytochrome P450 CYP2E1, which has been characterized as an important source of reactive oxygen

species (ROS) [26,28]. In this model we have demonstrated that liver pathology including steatosis

disappears when polyunsaturated fats are substituted with a mixture of medium and long chain

saturated fats, even when dietary ethanol content is the same [13]. Reduction in liver pathology in

rats fed this diet appeared to be due to a reduction in susceptibility to ROS-mediated membrane

peroxidation and increases in peroxisome proliferator activated receptor alpha (PPARα)-mediated fatty

acid oxidation [13]. More recent studies with double knockout mice lacking the enzymes, glutathione

S-transferase A4-4 and PPARα, suggest that lipid peroxidation products such as 4-hydroxy-2-nonenal

(4-HNE) derived from free radical degradation of polyunsaturated fatty acids are important in the
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progression of liver pathology beyond simple steatosis. The double knockout mice had increased

4-HNE protein adducts, higher serum ALT, increased production of inflammatory cytokines, including

tumor necrosis factor alpha (TNF-α) and interferon gamma (IFN-γ), increased evidence of matrix

remodeling, and more fibrosis than ethanol-fed wild type or single knockout mice [29]. 4-HNE

adduction of hepatic proteins identified by immunohistochemistry and LC-MS/MS proteomics

analysis, particularly in the mitochondria, appear to result in metabolic dysfunction including defects

in fatty acid homeostasis and ammonia metabolism [30]. These protein adducts also appear to

act as haptens stimulating autoimmune responses which may contribute to the development of

necroinflammatory responses and progression of liver injury [29]. Interestingly, we have established a

similar role for lipid peroxidation of polyunsaturated fatty acids in the progression of non-alcoholic

fatty liver disease in both rat intragastric feeding and in GSTA4-4/PPARα double knockout mice

models [31,32].

Figure 2. Effects of gestational second-hand smoke (SHS) on body weight and liver pathology in

male C57BL/6 mice fed chow or pair-fed Lieber DeCarli liquid diets at up to 28% ethanol calories for

16 weeks beginning on post-natal day 65. PF: pair-fed dextrose/maltodextran. a < b < c, significantly

different at p < 0.05.

2.3. Betaine: A Promising Therapeutic in the Treatment of Alcohol-Induced Liver Injury

Kusum K. Kharbanda

Research conducted over past several decades has demonstrated that chronic alcohol exposure

causes liver damage by several mechanisms, as recently reviewed [33–36]. It is well-established that the

pathogenesis of alcoholic liver disease involves not only multiple factors but also involves cross-talk

among multiple organs/tissues, the most notable being the white adipose tissue (WAT)-liver [37–40]

and the gut-liver [41–46] axes. Our laboratory and others have made seminal contributions in

elucidating how ethanol exposure alters the methionine metabolic pathway in the liver [47–52].

Later investigations, largely conducted in my laboratory, revealed that these alterations are also seen in

WAT and the various gastrointestinal segments following ethanol exposure. Interestingly, this unifying

mechanism not only helps to understand how ethanol can adversely affect multiple organs of interest,

but also provides a singular therapeutic approach for mitigating ethanol effects on the liver, WAT,

gut, and other organs. Briefly, we have shown that ethanol exposure predominantly inhibits the

activities of methionine synthase and methionine adenosyltransferase, two vital cellular enzymes

involved in remethylating homocysteine and generating S-adenosylmethionine (SAM), respectively.

To compensate for these losses, ethanol feeding increases the activity of betaine-homocysteine
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methyltransferase (BHMT) that utilizes betaine to remethylate homocysteine and maintain normal

levels of SAM. However, during extended periods of ethanol feeding, the alternate homocysteine

remethylation pathway cannot be maintained because of a depletion of endogenous betaine stores.

This results in decreasing the SAM levels while increasing the levels of two toxic metabolites,

homocysteine and S-adenosylhomocysteine (SAH) and the subsequent reduction in the cellular

SAM:SAH ratio [5,49–52]. The ethanol-induced reduction in the ratio in the liver, WAT and the

various intestinal segments produces diverse, but profound, functional consequences in these three

organs/tissues as detailed below. This occurs because SAM:SAH ratio is an important metabolic

indicator for cellular methylation status and regulates the activity of many of the 120 members

of SAM-dependent methyltransferases. It has been shown that decreasing the SAM:SAH ratio

correspondingly impairs the activity of several methyltransferases [53]. This occurs because SAH has

a high affinity binding to the catalytic region of many methyltransferases, especially for those with a

lower Ki value for SAH than the Km value for SAM [53]. Since every organ/tissue has a repertoire

of specific methyltransferases that play critical roles in maintaining their functional homeostasis,

a reduction in the cellular SAM:SAH ratio generates specific consequences in each of these and

other organs/tissues. These organ/tissue-specific consequences, in turn, modulate the gut-liver and

liver-WAT axes producing adverse events that ultimately culminate in progressive liver injury.

Functional Consequences of Lower SAM:SAH Ratio in the Liver. Five important liver SAM-dependent

methyltransferases are: phosphatidylethanolamine methyltransferase, isoprenylcysteine carboxyl

methyltransferase, protein-isoaspartate methyltransferase, guanidinoacetate methyltransferase, and protein

arginine methyltransferase. Focusing on these methyltransferases, we reported that alcohol-induced

reduction in the hepatocellular SAM:SAH ratio specifically impairs the reactions catalyzed by these

enzymes, thereby decreasing methylation of their respective targets [5,54–58]. This results in decreased

secretion of very-low density lipoproteins, impaired activation of GTPases, diminished protein repair,

reduced creatine biosynthesis and arginine methylation, respectively [5,56–59]. Ultimately, these defects

contribute to the development of steatosis [5], increased apoptosis [56], accumulation of damaged

proteins [57,60], reduction in creatine levels [58], and altered signaling [61] –all of which are hallmark

features of early alcoholic liver injury.

Functional Consequence of Lower SAM:SAH Ratio in the WAT. We have shown that alcohol-induced

reduction in WAT SAM:SAH ratio through a methylation-dependent pathway activates two main

lipases (hormone-sensitive lipase and adipose triglyceride lipase) which enhance WAT lipolysis [38,39].

The consequent increased circulating non-esterified free fatty acids are transported to the liver and

become deposited there as triglycerides, contributing to the development of hepatic steatosis. Further

studies have revealed that the alcohol-induced increased WAT homocysteine levels cause a reduction

in adiponectin production and secretion [37].

Functional Consequence of Lower SAM:SAH Ratio in the Gut. Using both in vivo and in vitro

approaches [62], we have shown that a reduction in SAM:SAH ratio through a methylation-dependent

process caused tight junction disruption, as evident from the disorganized localization of three key

members (occludin, claudin-1 and ZO-1) of the multiprotein tight junction complex. This loss of barrier

integrity ultimately causes portal circulation endotoxemia, a necessary etiological factor that promotes

liver inflammation.

Betaine Treatment. We further showed that treatment with betaine, a nutrient in itself and

a metabolite product of choline, lowers cellular SAH to maintain normal SAM:SAH ratio [5,54].

This preserves the essential methylation reactions in the liver, WAT and the gut, which thereby

prevents the development of alcoholic organ injury, especially progressive liver damage [5,51,52,57,59].

2.4. Malnutrition and Nutrition Support in Alcoholic Liver Disease: Clinical Relevance

Samir Zakhari and Craig J. McClain

The liver is the largest and possibly the most metabolically complex organ in the body. The liver

plays a vital role in protein, carbohydrate, and fat metabolism, as well as the metabolism of important
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micronutrients. With the development of alcoholic liver disease (ALD) in patients, there is frequently

an associated altered nutritional status, especially with advanced ALD. A widely recognized phenotype

for malnutrition in severe alcoholic hepatitis (AH)/advanced ALD is skeletal muscle loss (sarcopenia)

with or without loss of fat mass [63,64].

It is important to do an initial assessment of nutritional status and to perform systematic

nutritional follow-up examinations in patients with alcoholic hepatitis/alcoholic cirrhosis.

Unfortunately, there are no gold standard techniques or widely-accepted strategies for assessment of

malnutrition in liver disease in the clinical setting [63]. Moreover, underlying liver disease itself impacts

many of our standard tests of malnutrition. Ten potential mechanisms of nutritional assessment are

listed in Table 1. Anthropometry measurements, such as triceps skinfold or body mass index (BMI),

are widely used but can be impacted by fluid retention that is frequently seen in cirrhosis [65,66].

Biological parameters, such as visceral protein, are impacted by the fact that visceral proteins are

made in the liver, and liver disease can decrease visceral protein production [67]. Subjective global

assessment (SGA) is a simple, bedside evaluation of nutritional status that we regularly utilize in

patients with ALD [68,69]. The SGA includes patient history regarding weight loss, usual dietary

intake, functional capacity, gastrointestinal symptoms, and evidence of malnutrition on physical exam

(loss of muscle or fat mass or presence of edema) [68]. Using this information, patients are classified

as: (i) well nourished; (ii) moderately malnourished; or (iii) severely malnourished. Bioelectrical

impedance (BIA) technology has recently improved, and this technique is increasingly used in liver

disease [66]. BIA involves introducing a small electric current through the body. Each body tissue has

a specific electrical conductivity which is directly related to the water and electrolyte content of that

tissue. Pirlich and coworkers showed a strong correlation between BIA and the gold standard of total

body potassium for assessing malnutrition [70]. They concluded that BIA provided reliable estimates

of body cell mass, even in patients with ascites, and it was superior to other bedside techniques.

We regularly evaluate handgrip strength by handgrip dynamometry, an easily performed, inexpensive

and noninvasive technique. Handgrip strength has been correlated with other markers of malnutrition

in liver disease. It provides an important indicator of functional status, and it can improve with

nutritional supplementation [66,71]. This test is especially useful for monitoring patient progress over

time, as shown in Figure 3. Probably the most detailed reports describing malnutrition in alcoholic

hepatitis (AH) are from large studies from the Veterans Health Administration (VA) Cooperative

Studies Program [10,72–74]. It has been demonstrated that virtually every patient with AH had some

degree of malnutrition [10]. Patients had a mean alcohol consumption of 228 g/day (>15 drinks/day

with approximately 50% of energy intake from alcohol). Thus, while calorie intake was generally

adequate, there was inadequate intake of protein and critical micronutrients. Similar data were

observed in a follow-up VA study on alcoholic hepatitis [75].

Table 1. Methods of Assessment of Malnutrition.

Methods

1 Anthropometry
2 Biologic Indicators
3 Creatinine Height Index
4 Muscle Strength
5 Bioelectrical Impedance
6 Air Displacement, Plethysmography
7 Imaging (DEXA, MRI, CT, etc.)
8 Subjective Global Assessment
9 Energy Balance

10 Metabolomics

DEXA: dual-energy X-ray absorptiometry; MRI: magnetic resonance imaging; CT: computed tomography scan.
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Figure 3. Time-course handgrip assessment in patient with moderate alcoholic hepatitis.

(A) Correlation analysis between hand grip response and Model for End-Stage Liver Disease (MELD)

score; (B) hand grip dynamometry.

A research interest of our group has been whether nutritional abnormalities occur before the

development of alcohol-induced liver injury (potentially contributing to the liver injury) or whether

nutritional alterations occur only subsequent to liver injury. There are compelling animal data

showing that nutritional deficiencies (such as zinc deficiency) occur early in experimental ALD

in mice/rats, and that nutritional deficiencies contribute to the development/progression of liver

injury/inflammation [43,76]. Indeed, other presentations in this symposium highlight the importance

of nutritional factors such as dietary fat in the development of experimental ALD. There are also

compelling human data showing that when liver disease becomes more advanced, malnutrition

frequently occurs. This is true whatever the etiology of liver disease (alcohol, viral or metabolic).

We recently evaluated a cohort of 48 otherwise healthy participants with alcohol use disorder but no

clinical signs of ALD and no clinical evidence of malnutrition who were participating in a treatment

program. They averaged 15 drinks per day, and an average of 15 years of heavy drinking [77]. Thus,

these chronic alcoholics without clinical liver disease had alcohol consumption levels very similar to

those observed in VA cooperative studies and other clinical trials of severe alcoholic hepatitis/alcoholic

cirrhosis. These chronic alcoholics with no overt clinical evidence of malnutrition were consuming

over 1500 calories a day of “empty calories.” However, more detailed investigations revealed that these

chronic alcoholics often had subtle individual nutrient deficiencies, such as zinc deficiency. Moreover,

those subjects with zinc deficiency were more likely to have modest elevations in their liver enzymes

that were indicative of early alcohol-induced liver injury. Thus, our human data are consistent with

animal studies which suggest that altered nutrition occurs early in the development of ALD and may

play a mechanistic role in the development of liver disease.

Several studies of hospitalized ALD patients suggest that enteral nutritional support improves

nutritional status and may improve outcome. A relatively high protein intake is usually recommended

(1.2–1.5 g/kg body weight (BW)/day) [63,64]. It is important to monitor food intake because of

the high risk for malnutrition and the frequency with which feeding is interrupted in the hospital.

In subjects with inadequate oral intake, early enteral nutrition is suggested. Similarly, a low-sodium

product that is calorically dense should be used. Placing a feeding tube has not been shown to increase

the risk of bleeding from esophageal varices, and a high-protein diet does not increase the risk of

encephalopathy [63,64]. On discharge, patients should continue to receive dietary counseling and

nutritional assessment and support. Patients with ALD and cirrhosis should receive a late-night snack

(9.00 p.m.) to decrease an overnight starvation state which contributes to muscle breakdown.

In summary, patients with ALD, especially those with advanced cirrhosis/alcoholic hepatitis,

frequently have malnutrition that can impact outcome. Nutritional assessment and appropriate
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nutritional therapy can have a positive impact on nutritional status and quality of life and may

improve survival.
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AA arachidonic acid

ALD alcoholic liver disease

AH alcoholic hepatitis

BIA bioelectrical impedance

BHMT betaine-homocysteine methyltransferase

BMI body mass index

ChREBP carbohydrate response element binding protein

HETEs hydroxyeicosatetraenoic acids

HODEs hydroxyoctadecadienoic acids

LA linoleic acid

NASH non-alcoholic steatohepatitis

4-HNE 4-hydroxynonenal

OXLAMs oxidized linoleic acid metabolites

PUFA polyunsaturated fatty acid

ROS reactive oxygen species

SAH S-adenosylhomocysteine

SAM S-adenosylmethionine

SREBP-1c steroid regulatory element binding protein 1c

SGA Subjective global assessment

WAT white adipose tissue

USF unsaturated fat

References

1. De Minicis, S.; Brenner, D.A. Oxidative Stress in Alcoholic Liver Disease: Role of NADPH Oxidase Complex.

J. Gastroenterol. Hepatol. 2008, 23 (Suppl. 1), S98–S103. [CrossRef] [PubMed]

2. Ambade, A.; Mandrekar, P. Oxidative stress and inflammation: Essential partners in alcoholic liver disease.

Int. J. Hepatol. 2012, 2012, 853175. [CrossRef] [PubMed]

3. Dey, A.; Cederbaum, A.I. Alcohol and oxidative liver injury. Hepatology 2006, 43 (Suppl. 1), S63–S74. [CrossRef]

[PubMed]

4. Purohit, V.; Abdelmalek, M.F.; Barve, S.; Benevenga, N.J.; Halsted, C.H.; Kaplowitz, N.; Kharbanda, K.K.;

Liu, Q.Y.; Lu, S.C.; McClain, C.J.; et al. Role of S-adenosylmethionine, folate, and betaine in the treatment of

alcoholic liver disease: Summary of a symposium. Am. J. Clin. Nutr. 2007, 86, 14–24. [CrossRef] [PubMed]

5. Kharbanda, K.K.; Mailliard, M.E.; Baldwin, C.R.; Beckenhauer, H.C.; Sorrell, M.F.; Tuma, D.J. Betaine

attenuates alcoholic steatosis by restoring phosphatidylcholine generation via the phosphatidylethanolamine

methyltransferase pathway. J. Hepatol. 2007, 46, 314–321. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1440-1746.2007.05277.x
http://www.ncbi.nlm.nih.gov/pubmed/18336675
http://dx.doi.org/10.1155/2012/853175
http://www.ncbi.nlm.nih.gov/pubmed/22500241
http://dx.doi.org/10.1002/hep.20957
http://www.ncbi.nlm.nih.gov/pubmed/16447273
http://dx.doi.org/10.1093/ajcn/86.1.14
http://www.ncbi.nlm.nih.gov/pubmed/17616758
http://dx.doi.org/10.1016/j.jhep.2006.08.024
http://www.ncbi.nlm.nih.gov/pubmed/17156888


Biomolecules 2018, 8, 16 10 of 13

6. Kirpich, I.A.; Feng, W.; Wang, Y.; Liu, Y.; Barker, D.F.; Barve, S.S.; McClain, C.J. The type of dietary fat

modulates intestinal tight junction integrity, gut permeability, and hepatic toll-like receptor expression in a

mouse model of alcoholic liver disease. Alcohol. Clin. Exp. Res. 2012, 36, 835–846. [CrossRef] [PubMed]

7. Chen, P.; Torralba, M.; Tan, J.; Embree, M.; Zengler, K.; Starkel, P.; van Pijkeren, J.P.; DePew, J.; Loomba, R.;

Ho, S.B.; et al. Supplementation of saturated long-chain fatty acids maintains intestinal eubiosis and reduces

ethanol-induced liver injury in mice. Gastroenterology 2015, 148, 203–214. [CrossRef] [PubMed]

8. Calvey, H.; Davis, M.; Williams, R. Controlled trial of nutritional supplementation, with and without

branched chain amino acid enrichment, in treatment of acute alcoholic hepatitis. J. Hepatol. 1985, 1, 141–151.

[CrossRef]

9. Moreno, C.; Langlet, P.; Hittelet, A.; Lasser, L.; Degre, D.; Evrard, S.; Colle, I.; Lemmers, A.; Deviere, J.;

Le Moine, O. Enteral nutrition with or without N-acetylcysteine in the treatment of severe acute alcoholic

hepatitis: A randomized multicenter controlled trial. J. Hepatol. 2010, 53, 1117–1122. [CrossRef] [PubMed]

10. Mendenhall, C.L.; Anderson, S.; Weesner, R.E.; Goldberg, S.J.; Crolic, K.A. Protein-calorie malnutrition

associated with alcoholic hepatitis. Veterans Administration Cooperative Study Group on Alcoholic Hepatitis.

Am. J. Med. 1984, 76, 211–222. [CrossRef]

11. Dasarathy, S. Nutrition and Alcoholic Liver Disease: Effects of alcoholism on nutrition, effects of nutrition on

alcoholic liver disease, and nutritional therapies for alcoholic liver disease. Clin. Liver Dis. 2016, 20, 535–550.

[CrossRef] [PubMed]

12. Kirpich, I.A.; Miller, M.E.; Cave, M.C.; Joshi-Barve, S.; McClain, C.J. Alcoholic Liver Disease: Update on the

Role of Dietary Fat. Biomolecules 2016, 6, 1. [CrossRef] [PubMed]

13. Ronis, M.J.; Korourian, S.; Zipperman, M.; Hakkak, R.; Badger, T.M. Dietary saturated fat reduces alcoholic

hepatotoxicity in rats by altering fatty acid metabolism and membrane composition. J. Nutr. 2004, 134,

904–912. [CrossRef] [PubMed]

14. Zhong, W.; Li, Q.; Xie, G.; Sun, X.; Tan, X.; Sun, X.; Jia, W.; Zhou, Z. Dietary fat sources differentially modulate

intestinal barrier and hepatic inflammation in alcohol-induced liver injury in rats. Am. J. Physiol. Gastrointest.

Liver Physiol. 2013, 305, G919–G932. [CrossRef] [PubMed]

15. Yang, L.; Latchoumycandane, C.; McMullen, M.R.; Pratt, B.T.; Zhang, R.; Papouchado, B.G.; Nagy, L.E.;

Feldstein, A.E.; McIntyre, T.M. Chronic alcohol exposure increases circulating bioactive oxidized

phospholipids. J. Biol. Chem. 2010, 285, 22211–22220. [CrossRef] [PubMed]

16. Zhang, W.; Zhong, W.; Sun, Q.; Sun, X.; Zhou, Z. Hepatic overproduction of 13-HODE due to ALOX15

upregulation contributes to alcohol-induced liver injury in mice. Sci. Rep. 2017, 7, 8976. [CrossRef] [PubMed]

17. Wen, Y.; Gu, J.; Vandenhoff, G.E.; Liu, X.; Nadler, J.L. Role of 12/15-lipoxygenase in the expression of MCP-1

in mouse macrophages. Am. J. Physiol. Heart Circ. Physiol. 2008, 294, H1933–H1938. [CrossRef] [PubMed]

18. Wen, Y.; Gu, J.; Chakrabarti, S.K.; Aylor, K.; Marshall, J.; Takahashi, Y.; Yoshimoto, T.; Nadler, J.L. The role

of 12/15-lipoxygenase in the expression of interleukin-6 and tumor necrosis factor-alpha in macrophages.

Endocrinology 2007, 148, 1313–1322. [CrossRef] [PubMed]

19. Raszeja-Wyszomirska, J.; Safranow, K.; Milkiewicz, M.; Milkiewicz, P.; Szynkowska, A.; Stachowska, E.

Lipidic last breath of life in patients with alcoholic liver disease. Prostag. Other Lipid Mediat. 2012, 99, 51–56.

[CrossRef] [PubMed]

20. Obinata, H.; Hattori, T.; Nakane, S.; Tatei, K.; Izumi, T. Identification of 9-hydroxyoctadecadienoic acid and

other oxidized free fatty acids as ligands of the G protein-coupled receptor G2A. J. Biol. Chem. 2005, 280,

40676–40683. [CrossRef] [PubMed]

21. Patwardhan, A.M.; Scotland, P.E.; Akopian, A.N.; Hargreaves, K.M. Activation of TRPV1 in the spinal cord

by oxidized linoleic acid metabolites contributes to inflammatory hyperalgesia. Proc. Natl. Acad. Sci. USA

2009, 106, 18820–18824. [CrossRef] [PubMed]

22. Itoh, T.; Fairall, L.; Amin, K.; Inaba, Y.; Szanto, A.; Balint, B.L.; Nagy, L.; Yamamoto, K.; Schwabe, J.W.

Structural basis for the activation of PPARgamma by oxidized fatty acids. Nat. Struct. Mol. Biol. 2008, 15,

924–931. [CrossRef] [PubMed]

23. Chen, C.W.; Lee, S.T.; Wu, W.T.; Fu, W.M.; Ho, F.M.; Lin, W.W. Signal transduction for inhibition of inducible

nitric oxide synthase and cyclooxygenase-2 induction by capsaicin and related analogs in macrophages.

Br. J. Pharmacol. 2003, 140, 1077–1087. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1530-0277.2011.01673.x
http://www.ncbi.nlm.nih.gov/pubmed/22150547
http://dx.doi.org/10.1053/j.gastro.2014.09.014
http://www.ncbi.nlm.nih.gov/pubmed/25239591
http://dx.doi.org/10.1016/S0168-8278(85)80762-5
http://dx.doi.org/10.1016/j.jhep.2010.05.030
http://www.ncbi.nlm.nih.gov/pubmed/20801542
http://dx.doi.org/10.1016/0002-9343(84)90776-9
http://dx.doi.org/10.1016/j.cld.2016.02.010
http://www.ncbi.nlm.nih.gov/pubmed/27373615
http://dx.doi.org/10.3390/biom6010001
http://www.ncbi.nlm.nih.gov/pubmed/26751488
http://dx.doi.org/10.1093/jn/134.4.904
http://www.ncbi.nlm.nih.gov/pubmed/15051845
http://dx.doi.org/10.1152/ajpgi.00226.2013
http://www.ncbi.nlm.nih.gov/pubmed/24113767
http://dx.doi.org/10.1074/jbc.M110.119982
http://www.ncbi.nlm.nih.gov/pubmed/20460374
http://dx.doi.org/10.1038/s41598-017-02759-0
http://www.ncbi.nlm.nih.gov/pubmed/28827690
http://dx.doi.org/10.1152/ajpheart.00260.2007
http://www.ncbi.nlm.nih.gov/pubmed/18296557
http://dx.doi.org/10.1210/en.2006-0665
http://www.ncbi.nlm.nih.gov/pubmed/17170102
http://dx.doi.org/10.1016/j.prostaglandins.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22706383
http://dx.doi.org/10.1074/jbc.M507787200
http://www.ncbi.nlm.nih.gov/pubmed/16236715
http://dx.doi.org/10.1073/pnas.0905415106
http://www.ncbi.nlm.nih.gov/pubmed/19843694
http://dx.doi.org/10.1038/nsmb.1474
http://www.ncbi.nlm.nih.gov/pubmed/19172745
http://dx.doi.org/10.1038/sj.bjp.0705533
http://www.ncbi.nlm.nih.gov/pubmed/14530214


Biomolecules 2018, 8, 16 11 of 13

24. Ricote, M.; Li, A.C.; Willson, T.M.; Kelly, C.J.; Glass, C.K. The peroxisome proliferator-activated

receptor-gamma is a negative regulator of macrophage activation. Nature 1998, 391, 79–82. [CrossRef]

[PubMed]

25. Ronis, M.J.; Mercer, K.; Suva, L.J.; Vantrease, J.; Ferguson, M.; Hogue, W.R.; Sharma, N.; Cleves, M.A.;

Blackburn, M.L.; Badger, T.M. Influence of fat/carbohydrate ratio on progression of fatty liver disease and

on development of osteopenia in male rats fed alcohol via total enteral nutrition (TEN). Alcohol 2014, 48,

133–144. [CrossRef] [PubMed]

26. Shen, Z.; Liang, X.; Rogers, C.Q.; Rideout, D.; You, M. Involvement of adiponectin-SIRT1-AMPK signaling in the

protective action of rosiglitazone against alcoholic fatty liver in mice. Am. J. Physiol. Gastrointest. Liver Physiol.

2010, 298, G364–G374. [CrossRef] [PubMed]

27. Liangpunsakul, S.; Ross, R.A.; Crabb, D.W. Activation of carbohydrate response element-binding protein by

ethanol. J. Investig. Med. 2013, 61, 270–277. [CrossRef] [PubMed]

28. Korourian, S.; Hakkak, R.; Ronis, M.J.; Shelnutt, S.R.; Waldron, J.; Ingelman-Sundberg, M.; Badger, T.M. Diet

and risk of ethanol-induced hepatotoxicity: Carbohydrate-fat relationships in rats. Toxicol. Sci. 1999, 47, 110–117.

[CrossRef] [PubMed]

29. Ronis, M.J.; Mercer, K.E.; Gannon, B.; Engi, B.; Zimniak, P.; Shearn, C.T.; Orlicky, D.J.; Albano, E.; Badger, T.M.;

Petersen, D.R. Increased 4-hydroxynonenal protein adducts in male GSTA4-4/PPAR-alpha double knockout

mice enhance injury during early stages of alcoholic liver disease. Am. J. Physiol. Gastrointest. Liver Physiol.

2015, 308, G403–G415. [CrossRef] [PubMed]

30. Smathers, R.L.; Galligan, J.J.; Shearn, C.T.; Fritz, K.S.; Mercer, K.; Ronis, M.; Orlicky, D.J.; Davidson, N.O.;

Petersen, D.R. Susceptibility of L-FABP-/- mice to oxidative stress in early-stage alcoholic liver. J. Lipid Res.

2013, 54, 1335–1345. [CrossRef] [PubMed]

31. Ronis, M.J.; Baumgardner, J.N.; Marecki, J.C.; Hennings, L.; Wu, X.; Shankar, K.; Cleves, M.A.; Gomez-Acevedo, H.;

Badger, T.M. Dietary fat source alters hepatic gene expression profile and determines the type of liver pathology

in rats overfed via total enteral nutrition. Physiol. Genomics 2012, 44, 1073–1089. [CrossRef] [PubMed]

32. Ronis, M.; Mercer, K.; Engi, B.; Pulliam, C.; Zimniak, P.; Hennings, L.; Shearn, C.; Badger, T.; Petersen, D.

Global Deletion of Glutathione S-Transferase A4 Exacerbates Developmental Nonalcoholic Steatohepatitis.

Am. J. Pathol. 2017, 187, 418–430. [CrossRef] [PubMed]

33. Altamirano, J.; Bataller, R. Alcoholic liver disease: Pathogenesis and new targets for therapy. Nat. Rev.

Gastroenterol. Hepatol. 2011, 8, 491–501. [CrossRef] [PubMed]

34. Gao, B.; Bataller, R. Alcoholic liver disease: Pathogenesis and new therapeutic targets. Gastroenterology 2011,

141, 1572–1585. [CrossRef] [PubMed]

35. Orman, E.S.; Odena, G.; Bataller, R. Alcoholic liver disease: Pathogenesis, management, and novel targets

for therapy. J. Gastroenterol. Hepatol. 2013, 28 (Suppl. 1), 77–84. [CrossRef] [PubMed]

36. Stickel, F.; Datz, C.; Hampe, J.; Bataller, R. Pathophysiology and Management of Alcoholic Liver Disease:

Update 2016. Gut Liver 2017, 11, 173–188. [CrossRef] [PubMed]

37. Song, Z.; Zhou, Z.; Deaciuc, I.; Chen, T.; McClain, C.J. Inhibition of adiponectin production by homocysteine:

A potential mechanism for alcoholic liver disease. Hepatology 2008, 47, 867–879. [CrossRef] [PubMed]

38. Zhong, W.; Zhao, Y.; Tang, Y.; Wei, X.; Shi, X.; Sun, W.; Sun, X.; Yin, X.; Kim, S.; McClain, C.J.; et al. Chronic

alcohol exposure stimulates adipose tissue lipolysis in mice: Role of reverse triglyceride transport in the

pathogenesis of alcoholic steatosis. Am. J. Pathol. 2012, 180, 998–1007. [CrossRef] [PubMed]

39. Dou, X.; Xia, Y.; Chen, J.; Qian, Y.; Li, S.; Zhang, X.; Song, Z. Rectification of impaired adipose tissue

methylation status and lipolytic response contributes to hepatoprotective effect of betaine in a mouse model

of alcoholic liver disease. Br. J. Pharmacol. 2014, 171, 4073–4086. [CrossRef] [PubMed]

40. Steiner, J.L.; Lang, C.H. Alcohol, Adipose Tissue and Lipid Dysregulation. Biomolecules 2017, 7, 16. [CrossRef]

[PubMed]

41. Keshavarzian, A.; Fields, J. Alcoholic liver disease: Is it an “extraintestinal” complication of alcohol-induced

intestinal injury? J. Lab. Clin. Med. 2003, 142, 285–287. [CrossRef]

42. Bode, C.; Bode, J.C. Activation of the innate immune system and alcoholic liver disease: Effects of ethanol

per se or enhanced intestinal translocation of bacterial toxins induced by ethanol? Alcohol. Clin. Exp. Res.

2005, 29, 166S–171S. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/34178
http://www.ncbi.nlm.nih.gov/pubmed/9422508
http://dx.doi.org/10.1016/j.alcohol.2013.12.005
http://www.ncbi.nlm.nih.gov/pubmed/24581955
http://dx.doi.org/10.1152/ajpgi.00456.2009
http://www.ncbi.nlm.nih.gov/pubmed/20007851
http://dx.doi.org/10.2310/JIM.0b013e31827c2795
http://www.ncbi.nlm.nih.gov/pubmed/23266705
http://dx.doi.org/10.1093/toxsci/47.1.110
http://www.ncbi.nlm.nih.gov/pubmed/10048159
http://dx.doi.org/10.1152/ajpgi.00154.2014
http://www.ncbi.nlm.nih.gov/pubmed/25501545
http://dx.doi.org/10.1194/jlr.M034892
http://www.ncbi.nlm.nih.gov/pubmed/23359610
http://dx.doi.org/10.1152/physiolgenomics.00069.2012
http://www.ncbi.nlm.nih.gov/pubmed/22991207
http://dx.doi.org/10.1016/j.ajpath.2016.10.022
http://www.ncbi.nlm.nih.gov/pubmed/27998724
http://dx.doi.org/10.1038/nrgastro.2011.134
http://www.ncbi.nlm.nih.gov/pubmed/21826088
http://dx.doi.org/10.1053/j.gastro.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21920463
http://dx.doi.org/10.1111/jgh.12030
http://www.ncbi.nlm.nih.gov/pubmed/23855300
http://dx.doi.org/10.5009/gnl16477
http://www.ncbi.nlm.nih.gov/pubmed/28274107
http://dx.doi.org/10.1002/hep.22074
http://www.ncbi.nlm.nih.gov/pubmed/18167065
http://dx.doi.org/10.1016/j.ajpath.2011.11.017
http://www.ncbi.nlm.nih.gov/pubmed/22234172
http://dx.doi.org/10.1111/bph.12765
http://www.ncbi.nlm.nih.gov/pubmed/24819676
http://dx.doi.org/10.3390/biom7010016
http://www.ncbi.nlm.nih.gov/pubmed/28212318
http://dx.doi.org/10.1016/S0022-2143(03)00140-9
http://dx.doi.org/10.1097/01.alc.0000189280.19073.28
http://www.ncbi.nlm.nih.gov/pubmed/16344604


Biomolecules 2018, 8, 16 12 of 13

43. Zhong, W.; McClain, C.J.; Cave, M.; Kang, Y.J.; Zhou, Z. The role of zinc deficiency in alcohol-induced

intestinal barrier dysfunction. Am. J. Physiol. Gastrointest. Liver Physiol. 2010, 298, G625–G633. [CrossRef]

[PubMed]

44. Bull-Otterson, L.; Feng, W.; Kirpich, I.; Wang, Y.; Qin, X.; Liu, Y.; Gobejishvili, L.; Joshi-Barve, S.; Ayvaz, T.;

Petrosino, J.; et al. Metagenomic analyses of alcohol induced pathogenic alterations in the intestinal

microbiome and the effect of Lactobacillus rhamnosus GG treatment. PLoS ONE 2013, 8, e53028. [CrossRef]

[PubMed]

45. Szabo, G. Gut-liver axis in alcoholic liver disease. Gastroenterology 2015, 148, 30–36. [CrossRef] [PubMed]

46. Starkel, P.; Schnabl, B. Bidirectional Communication between Liver and Gut during Alcoholic Liver Disease.

Semin. Liver Dis. 2016, 36, 331–339. [CrossRef] [PubMed]

47. Ji, C.; Kaplowitz, N. Betaine decreases hyperhomocysteinemia, endoplasmic reticulum stress, and liver

injury in alcohol-fed mice. Gastroenterology 2003, 124, 1488–1499. [CrossRef]

48. Ji, C.; Kaplowitz, N. Hyperhomocysteinemia, endoplasmic reticulum stress, and alcoholic liver injury.

World J. Gastroenterol. 2004, 10, 1699–1708. [CrossRef] [PubMed]

49. Kharbanda, K.K.; Barak, A.J. Defects in methionine metabolism: Its role in ethanol-induced liver injury.

In Comprehensive Handbook of Alcohol-Related Pathology; Preedy, V.R., Watson, R.R., Eds.; Elsevier Academic

Press: San Diego, CA, USA, 2005; pp. 735–747.

50. Kharbanda, K.K. Role of transmethylation reactions in alcoholic liver disease. World J. Gastroenterol. 2007, 13,

4947–4954. [CrossRef] [PubMed]

51. Kharbanda, K.K. Alcoholic liver disease and methionine metabolism. Sem. Liver Dis. 2009, 29, 155–165. [CrossRef]

[PubMed]

52. Kharbanda, K.K. Methionine metabolic pathway in alcoholic liver injury. Curr. Opin. Clin. Nutr. Metab. Care

2013, 16, 89–95. [CrossRef] [PubMed]

53. Clarke, S.; Banfield, K. S-adenosylmethionine-dependent methyltransferases. In Homocysteine in Health and

Disease; Carmel, R., Jacobsen, D.W., Eds.; Cambridge University Press: Cambridge, UK, 2001; pp. 63–78.

54. Barak, A.J.; Beckenhauer, H.C.; Mailliard, M.E.; Kharbanda, K.K.; Tuma, D.J. Betaine lowers elevated

S-adenosylhomocysteine levels in hepatocytes from ethanol-fed rats. J. Nutr. 2003, 133, 2845–2848. [CrossRef]

[PubMed]

55. Kharbanda, K.K.; Rogers, D.D., 2nd; Mailliard, M.E.; Siford, G.L.; Barak, A.J.; Beckenhauer, H.C.; Sorrell, M.F.;

Tuma, D.J. A comparison of the effects of betaine and S-adenosylmethionine on ethanol-induced changes in

methionine metabolism and steatosis in rat hepatocytes. J. Nutr. 2005, 135, 519–524. [CrossRef] [PubMed]

56. Kharbanda, K.K.; Rogers, D.D., 2nd; Mailliard, M.E.; Siford, G.L.; Barak, A.J.; Beckenhauer, H.C.; Sorrell, M.F.;

Tuma, D.J. Role of elevated S-adenosylhomocysteine in rat hepatocyte apoptosis: Protection by betaine.

Biochem. Pharmacol. 2005, 70, 1883–1890. [CrossRef] [PubMed]

57. Kharbanda, K.K.; Mailliard, M.E.; Baldwin, C.R.; Sorrell, M.F.; Tuma, D.J. Accumulation of proteins bearing

atypical isoaspartyl residues in livers of alcohol-fed rats is prevented by betaine administration: Effects on

protein-L-isoaspartyl methyltransferase activity. J. Hepatol. 2007, 46, 1119–1125. [CrossRef] [PubMed]

58. Kharbanda, K.K.; Todero, S.L.; Moats, J.C.; Harris, R.M.; Osna, N.A.; Thomes, P.G.; Tuma, D.J. Alcohol

consumption decreases rat hepatic creatine biosynthesis via altered guanidinoacetate methyltransferase

activity. Alcohol. Clin. Exp. Res. 2014, 38, 641–648. [CrossRef] [PubMed]

59. Kharbanda, K.K.; Todero, S.L.; Ward, B.W.; Cannella, J.J., 3rd.; Tuma, D.J. Betaine administration corrects

ethanol-induced defective VLDL secretion. Mol. Cell. Biochem. 2009, 327, 75–78. [CrossRef] [PubMed]

60. Carter, W.G.; Vigneswara, V.; Atkins, R.; Tuma, D.J.; Kharbanda, K.K. Proteomic characterization of both

altered protein level and isoaspartate carboxyl methylation in a model of alcoholic liver disease. Alcohol. Clin.

Exp. Res. 2008, 32, 343A.

61. Osna, N.A.; Donohue, T.M.; White, R.L.; Beard, M.R.; Kharbanda, K.K. Ethanol and hepatic C viral proteins

regulate interferon signaling in liver cells via impaired methylation of Stat1. Hepatology 2008, 48, 327A.

62. Thomes, P.G.; Osna, N.A.; Bligh, S.M.; Tuma, D.J.; Kharbanda, K.K. Role of defective methylation reactions in

ethanol-induced dysregulation of intestinal barrier integrity. Biochem. Pharmacol. 2015, 96, 30–38. [CrossRef]

[PubMed]

63. McClain, C.J.; Barve, S.S.; Barve, A.; Marsano, L. Alcoholic liver disease and malnutrition. Alcohol. Clin. Exp. Res.

2011, 35, 815–820. [CrossRef] [PubMed]

http://dx.doi.org/10.1152/ajpgi.00350.2009
http://www.ncbi.nlm.nih.gov/pubmed/20167873
http://dx.doi.org/10.1371/journal.pone.0053028
http://www.ncbi.nlm.nih.gov/pubmed/23326376
http://dx.doi.org/10.1053/j.gastro.2014.10.042
http://www.ncbi.nlm.nih.gov/pubmed/25447847
http://dx.doi.org/10.1055/s-0036-1593882
http://www.ncbi.nlm.nih.gov/pubmed/27997973
http://dx.doi.org/10.1016/S0016-5085(03)00276-2
http://dx.doi.org/10.3748/wjg.v10.i12.1699
http://www.ncbi.nlm.nih.gov/pubmed/15188490
http://dx.doi.org/10.3748/wjg.v13.i37.4947
http://www.ncbi.nlm.nih.gov/pubmed/17854136
http://dx.doi.org/10.1055/s-0029-1214371
http://www.ncbi.nlm.nih.gov/pubmed/19387915
http://dx.doi.org/10.1097/MCO.0b013e32835a892a
http://www.ncbi.nlm.nih.gov/pubmed/23232418
http://dx.doi.org/10.1093/jn/133.9.2845
http://www.ncbi.nlm.nih.gov/pubmed/12949375
http://dx.doi.org/10.1093/jn/135.3.519
http://www.ncbi.nlm.nih.gov/pubmed/15735087
http://dx.doi.org/10.1016/j.bcp.2005.09.021
http://www.ncbi.nlm.nih.gov/pubmed/16253211
http://dx.doi.org/10.1016/j.jhep.2007.01.026
http://www.ncbi.nlm.nih.gov/pubmed/17336420
http://dx.doi.org/10.1111/acer.12306
http://www.ncbi.nlm.nih.gov/pubmed/24256608
http://dx.doi.org/10.1007/s11010-009-0044-2
http://www.ncbi.nlm.nih.gov/pubmed/19219625
http://dx.doi.org/10.1016/j.bcp.2015.04.018
http://www.ncbi.nlm.nih.gov/pubmed/25931143
http://dx.doi.org/10.1111/j.1530-0277.2010.01405.x
http://www.ncbi.nlm.nih.gov/pubmed/21284673


Biomolecules 2018, 8, 16 13 of 13

64. Patel, J.J.; McClain, C.J.; Sarav, M.; Hamilton-Reeves, J.; Hurt, R.T. Protein Requirements for Critically Ill

Patients With Renal and Liver Failure. Nutr. Clin. Pract. 2017, 32, 101S–111S. [CrossRef] [PubMed]

65. Johnson, T.M.; Overgard, E.B.; Cohen, A.E.; DiBaise, J.K. Nutrition assessment and management in advanced

liver disease. Nutr. Clin. Pract. 2013, 28, 15–29. [CrossRef] [PubMed]

66. Bharadwaj, S.; Ginoya, S.; Tandon, P.; Gohel, T.D.; Guirguis, J.; Vallabh, H.; Jevenn, A.; Hanouneh, I.

Malnutrition: Laboratory markers vs. nutritional assessment. Gastroenterol. Rep. 2016, 4, 272–280. [CrossRef]

[PubMed]

67. Boosalis, M.G.; Ott, L.; Levine, A.S.; Slag, M.F.; Morley, J.E.; Young, B.; McClain, C.J. Relationship of visceral

proteins to nutritional status in chronic and acute stress. Crit. Care Med. 1989, 17, 741–747. [CrossRef] [PubMed]

68. Da Silva Fink, J.; Daniel de Mello, P.; Daniel de Mello, E. Subjective global assessment of nutritional status

—A systematic review of the literature. Clin. Nutr. 2015, 34, 785–792. [CrossRef] [PubMed]

69. Lim, S.L.; Lin, X.H.; Daniels, L. Seven-Point Subjective Global Assessment Is More Time Sensitive Than

Conventional Subjective Global Assessment in Detecting Nutrition Changes. J. Parenter. Enteral. Nutr. 2016,

40, 966–972. [CrossRef] [PubMed]

70. Pirlich, M.; Schutz, T.; Spachos, T.; Ertl, S.; Weiss, M.L.; Lochs, H.; Plauth, M. Bioelectrical impedance analysis

is a useful bedside technique to assess malnutrition in cirrhotic patients with and without ascites. Hepatology

2000, 32, 1208–1215. [CrossRef] [PubMed]

71. Gaikwad, N.R.; Gupta, S.J.; Samarth, A.R.; Sankalecha, T.H. Handgrip dynamometry: A surrogate marker

of malnutrition to predict the prognosis in alcoholic liver disease. Ann. Gastroenterol. 2016, 29, 509–514.

[PubMed]

72. Mendenhall, C.; Roselle, G.A.; Gartside, P.; Moritz, T. Relationship of protein calorie malnutrition to alcoholic

liver disease: A reexamination of data from two Veterans Administration Cooperative Studies. Alcohol. Clin.

Exp. Res. 1995, 19, 635–641. [CrossRef] [PubMed]

73. Mendenhall, C.L.; Tosch, T.; Weesner, R.E.; Garcia-Pont, P.; Goldberg, S.J.; Kiernan, T.; Seeff, L.B.; Sorell, M.;

Tamburro, C.; Zetterman, R.; et al. VA cooperative study on alcoholic hepatitis. II: Prognostic significance of

protein-calorie malnutrition. Am. J. Clin. Nutr. 1986, 43, 213–218. [CrossRef] [PubMed]

74. Mendenhall, C.L.; Moritz, T.E.; Roselle, G.A.; Morgan, T.R.; Nemchausky, B.A.; Tamburro, C.H.; Schiff, E.R.;

McClain, C.J.; Marsano, L.S.; Allen, J.I.; et al. Protein energy malnutrition in severe alcoholic hepatitis:

Diagnosis and response to treatment. The VA Cooperative Study Group #275. J. Parenter. Enteral. Nutr. 1995,

19, 258–265.

75. Mendenhall, C.L.; Moritz, T.E.; Roselle, G.A.; Morgan, T.R.; Nemchausky, B.A.; Tamburro, C.H.; Schiff, E.R.;

McClain, C.J.; Marsano, L.S.; Allen, J.I.; et al. A study of oral nutritional support with oxandrolone in

malnourished patients with alcoholic hepatitis: Results of a Department of Veterans Affairs cooperative

study. Hepatology 1993, 17, 564–576. [CrossRef] [PubMed]

76. Mohammad, M.K.; Zhou, Z.; Cave, M.; Barve, A.; McClain, C.J. Zinc and liver disease. Nutr. Clin. Pract. 2012, 27,

8–20. [CrossRef] [PubMed]

77. Kirpich, I.A.; McClain, C.J.; Vatsalya, V.; Schwandt, M.; Phillips, M.; Falkner, K.C.; Zhang, L.; Harwell, C.;

George, D.T.; Umhau, J.C. Liver injury and endotoxemia in male and female alcohol-dependent individuals

admitted to an alcohol treatment program. Alcohol. Clin. Exp. Res. 2017, 41, 747–757. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1177/0884533616687501
http://www.ncbi.nlm.nih.gov/pubmed/28208022
http://dx.doi.org/10.1177/0884533612469027
http://www.ncbi.nlm.nih.gov/pubmed/23319353
http://dx.doi.org/10.1093/gastro/gow013
http://www.ncbi.nlm.nih.gov/pubmed/27174435
http://dx.doi.org/10.1097/00003246-198908000-00004
http://www.ncbi.nlm.nih.gov/pubmed/2502363
http://dx.doi.org/10.1016/j.clnu.2014.12.014
http://www.ncbi.nlm.nih.gov/pubmed/25596153
http://dx.doi.org/10.1177/0148607115579938
http://www.ncbi.nlm.nih.gov/pubmed/25847315
http://dx.doi.org/10.1053/jhep.2000.20524
http://www.ncbi.nlm.nih.gov/pubmed/11093726
http://www.ncbi.nlm.nih.gov/pubmed/27708519
http://dx.doi.org/10.1111/j.1530-0277.1995.tb01560.x
http://www.ncbi.nlm.nih.gov/pubmed/7573786
http://dx.doi.org/10.1093/ajcn/43.2.213
http://www.ncbi.nlm.nih.gov/pubmed/3080866
http://dx.doi.org/10.1002/hep.1840170407
http://www.ncbi.nlm.nih.gov/pubmed/8477961
http://dx.doi.org/10.1177/0884533611433534
http://www.ncbi.nlm.nih.gov/pubmed/22307488
http://dx.doi.org/10.1111/acer.13346
http://www.ncbi.nlm.nih.gov/pubmed/28166367
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Summary of Presentations at the Symposium 
	Dietary Linoleic Acid and Its Oxidized Metabolites Exacerbate Liver Injury Caused by Ethanol via Induction of Hepatic Pro-Inflammatory Response 
	Role of Fat/Carbohydrate Ratio and Dietary Fat Type in Development of Alcoholic Liver Pathology 
	Betaine: A Promising Therapeutic in the Treatment of Alcohol-Induced Liver Injury 
	Malnutrition and Nutrition Support in Alcoholic Liver Disease: Clinical Relevance 

	References

