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Abstract

At-risk alcohol use is a major contributor to the global health care burden and leads to

preventable deaths and diseases including alcohol addiction, alcoholic liver disease, cardiovascular
disease, diabetes, traumatic injuries, gastrointestinal diseases, cancers, and fetal alcohol syndrome.
Excessive and frequent alcohol consumption has increasingly been linked to alcohol-associated
tissue injury and pathophysiology, which have significant adverse effects on multiple organ
systems. Extensive research in animal and in vitro models has elucidated the salient mechanisms
involved in alcohol-induced tissue and organ injury. In some cases, these pathophysiological
mechanisms are shared across organ systems. The major alcohol- and alcohol metabolite—
mediated mechanisms include oxidative stress, inflammation and immunometabolic dysregulation,
gut leak and dysbiosis, cell death, extracellular matrix remodeling, endoplasmic reticulum stress,
mitochondrial dysfunction, and epigenomic modifications. These mechanisms are complex and
interrelated, and determining the interplay among them will make it possible to identify how

they synergistically or additively interact to cause alcohol-mediated multiorgan injury. In this
article, we review the current understanding of pathophysiological mechanisms involved in
alcohol-induced tissue injury.
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INTRODUCTION

Worldwide, 5.3% of all deaths are attributable to alcohol use, and in the 20-39-year age
group, 13.5% of total deaths are attributable to alcohol (1). In 2016, alcohol-associated
deaths in the United States represented 9.8% of all deaths and the estimated alcohol-related
costs were $249 billion, of which 77% is attributable to binge drinking. The major causes
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of alcohol-associated deaths are cardiovascular disease and diabetes (33.4%), traumatic
injuries (17.1%), gastrointestinal diseases (16.2%), and cancers (12.5%) (2, 3) (Figure 1).
Alcohol use disorder (AUD), defined as an impaired ability to stop or control alcohol use
(6), leads to or exacerbates psychiatric diseases (e.g., drug use, depression, personality
disorders, bipolar disorder), chronic somatic diseases [e.g., alcoholic liver disease (ALD),
pancreatitis, cancers], and psychosocial problems (e.g., unintentional injuries, aggression,
violence, suicide) and shortens life expectancy by more than a decade (2, 7). Compounding
this list of morbidities are low treatment prevalence due to stigma and inadequate training of
health care providers in identification and treatment of AUD (8, 9).

Historical Perspective

Evidence of consumption of alcoholic beverages dates to 7000-6600 sce, when humans
settled in communities and organized agriculture. Alcohol production from plants is believed
to have originated in the Fertile Crescent, an area between the Mediterranean Sea and

the Persian Gulf. Migration, including to the Americas, dispersed the practice of alcohol
consumption to various sections of society (10). Today, alcohol is widely used worldwide
for ceremonial and recreational purposes because of its anxiolytic, mood-enhancing, and
rewarding effects on the brain (11). A better understanding of the consequences of excess
alcohol use has informed policy and public service messaging to decrease overall alcohol
use. Cultural and religious beliefs have also influenced rates and patterns of consumption
in different populations, as illustrated by lain Gately (12) in Drink.: A Cultural History of
Alcohol, discussed by Saira Khaderi (10) in a historical account of alcohol use.

Drinking Patterns

Data from the World Health Organization (WHO) reveal a variety of patterns and types

of alcoholic beverages consumed across populations and geographical regions. Individuals
are categorized on the basis of drinking patterns into lifetime abstainers, former drinkers,
abstainers in the past 12 months, consumers in the past 12 months, and consumers with
heavy episodic drinking (60 g or more of alcohol on at least one occasion) in the past
month (3). The Middle East and North Africa have the lowest rates of per capita alcohol
consumption, and the highest percentages of heavy episodic drinking are reported from the
Russian Federation and some European and sub-Saharan African countries (7). Luxembourg
has the highest worldwide average per capita consumption (13 L/year; 1 L = 998 g of
alcohol)—approximately 40% higher than that reported for North America (8.5 L/year).
Globally, spirits are the most common form of alcoholic drink consumed (44.8%), followed
by beer (34.3%) and wine (11.7%) (3).

Efforts to guide consumers in gauging their alcohol consumption have led to the definition
of drinking levels that are considered “at risk” or “unhealthy.” The National Institute on
Alcohol Abuse and Alcoholism (NIAAA) defines low-risk drinking for women as no
more than 3 drinks (Figure 1) on any single day and no more than 7 drinks per week

(13). For men, low-risk drinking is defined as no more than 4 drinks on any single day
and no more than 14 drinks per week. Binge drinking, defined as drinking that elevates
blood alcohol concentration (BAC) to 0.08% (80 mg/dL) or higher, generally occurs
following consumption of 4 or 5 drinks over a 2-h time frame. This level of alcohol
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intoxication is considered the legal limit for driving in the United States. Binge drinking

as a pattern of alcohol consumption is considered unhealthy and is categorized as extreme
when consumption is twofold or greater than the gender-specific binge drinking thresholds
(i.e., 8 or more standard drinks for women, 10 or more standard drinks for men). The
Substance Abuse and Mental Health Services Administration defines heavy drinking as
binge drinking on 5 or more days in the past 30 days (13). Approximately 18% of the adult
population worldwide report heavy episodic drinking in the past month; 6.6% of the US
adult population report heavy alcohol use, and 26.2% report at least one episode of binge
drinking (3).

Alcohol Use Across the Life Span

The pattern and pathophysiological consequences of alcohol use vary across the life span.
Prenatal alcohol exposure can result in fetal alcohol syndrome (FAS), a cluster of birth
defects including craniofacial abnormalities, growth restriction, and intellectual disabilities
(14). Alcohol use begins at a young age, with 50-70% of both boys and girls having

used alcohol before 15 years of age (3). Among adolescents and young adults in the
United States, binge drinking is the most common form of excessive alcohol drinking (15,
16). Drinking at an earlier age and escalation from first drink to first intoxication are

risk factors that predict a transition to alcohol dependence (15). Moreover, binge drinking
during adolescence harms the developing brain; impairs cognitive function, motivational
responsiveness, and reward processing of social and emotional stimuli; and increases the risk
of affective disorders (17). Peak alcohol consumption is reported around 25 years of age,
with most individuals decreasing alcohol intake thereafter. However, alcohol consumption
prevails throughout adulthood, and more than 50% of adults older than 65 years report
drinking in the past year (18).

Multimorbidity, polypharmacy, decreased alcohol metabolic rate, and age-associated
physical and mental decline are among the factors that contribute to enhanced susceptibility
of elderly adults to alcohol-related pathologies (19-21). Thus, alcohol use among healthy
adults older than 65 is recommended to not exceed 3 drinks on a given day and 7 drinks in

a week (22). Social interactions and environment strongly influence the amount and patterns
of alcohol consumption (22, 23). Social isolation increases at-risk alcohol use in adolescents
(24) and the elderly (25), and expectancies for social facilitation and social enhancement
predict hazardous drinking (26, 27).

Excessive and frequent alcohol consumption have increasingly been linked to alcohol-
associated tissue injury and pathophysiology, leading to significant adverse effects on
multiple organ systems. The onset, severity, and prognosis of AUD-related problems vary
among individuals and depend on several factors, including genetic makeup, metabolism,
age, gender, ethnicity, environment, and lifestyle. At-risk alcohol use is linked to more
than 60 acute and chronic diseases, with men having a higher incidence of alcohol-related
health problems than women. Several factors can contribute to alcohol-associated diseases.
For example, chronic and cumulative consumption can cause organ and tissue injury,
acute intoxication can lead to injuries and poisoning, and dependent drinking can cause
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mental health problems (28, 29). Alcohol metabolism and generation of metabolites play a
significant role in alcohol-associated pathophysiology, as discussed in the next section.

ALCOHOL METABOLISM AND METABOLITE GENERATION

BAC is determined by the amount of alcohol consumed, rate of alcohol oxidation, gastric
food content, and rate of gastric emptying. The caloric content of alcohol is 7.2 kcal/g, but
unlike calories from fat, proteins, and carbohydrates, alcohol calories are considered empty
calories (i.e., calories lacking nutritional value) and contribute to long-term nutritional
deficits in subjects with excessive alcohol consumption. Several factors contribute to
alcohol-associated nutritional deficits, including maldigestion, malabsorption, early satiety,
nausea, anorexia, and dysgeusia. Zinc is one critical micronutrient that is decreased due to
alcohol use and associated with alcohol-induced organ injury. In addition, levels of other
micronutrients (calcium, magnesium, and iron) and vitamins (A, C, D, E, K, and B) are
compromised by excessive alcohol use (30).

Alcohol metabolism and elimination through various pathways generate toxic by-products
that, in turn, can promote tissue and cell injury. Virtually all tissues can metabolize alcohol,
but the liver is the main organ responsible for alcohol metabolism. A small fraction of
ingested alcohol is metabolized in the stomach via first-pass metabolism (FPM), which
determines the bioavailability of alcohol in the blood. In the fasted state, alcohol rapidly
leaves the stomach and enters the duodenum, minimizing FPM and thereby resulting in
higher BAC (21, 31). The main oxidative metabolic pathway of alcohol (92-95%) involves
the enzymes alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH), and the
by-products thus formed are acetaldehyde and acetate. Alcohol conversion into acetaldehyde
by ADH involves nicotinamide adenine dinucleotide (NAD™), an intermediate carrier of
electrons, which is reduced to NADH. The decreased NAD*:NADH redox ratio and
acetaldehyde formation reduce levels of mitochondrial glutathione (MGSH), diminishing
the antioxidant reserve of the cell. The alcohol-induced decreased mGSH levels are due in
part to impaired transport of glutathione (GSH) through the inner mitochondrial membrane
and are associated with increased microviscosity and endoplasmic reticulum (ER) stress
(32). Acetaldehyde, formed in this first oxidative step of alcohol metabolism, can react
with various proteins [albumin, hemoglobin, red blood cell membrane proteins, cytochrome
P450 2E1 (CYP2EL), and other serum proteins], resulting in acetaldehyde—protein adduct
formation. These acetaldehyde products can contribute to tissue injury. Acetaldehyde is
metabolized to acetate by ALDH2 in the mitochondria, further contributing to the decreased
cellular NAD*:NADH ratio. Acetate is oxidized into carbon dioxide in tissues such as the
brain, heart, and skeletal muscle and can be metabolized in the mitochondria to acetyl-CoA,
a substrate for cholesterol and lipid biosynthesis (33).

In the liver and in extrahepatic tissues, alcohol can also be metabolized by the

cytochrome P450-dependent ethanol-oxidizing system and by catalase. Alcohol metabolism
by cytochrome P450s, including CYP2EL, produces reactive oxygen species (ROS) such

as hydroxyl radicals, superoxide anions, and hydroxyethyl, increasing the risk of tissue
damage. Alcohol metabolism to acetaldehyde by catalase, located in peroxisomes, occurs in
the presence of hydrogen peroxide. Many of the adverse and toxic consequences of alcohol
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consumption are attributable to acetaldehyde metabolism, the generation of ROS (discussed
in the section titled Major Alcohol-Mediated Pathophysiological Mechanisms Contributing
to Organ Injury, below), and antioxidant depletion.

Alcohol metabolism varies considerably in terms of absorption, distribution, and elimination
according to amount of ethanol ingested, fast/fed state, sex, drug interactions, and genetic
variants. Independent of the amount a person drinks, the body can only metabolize the
equivalent of 1 drink per hour. Therefore, people who drink large amounts of alcohol in a
short period of time can have high BAC (300-450 mg/dL) and consequent central nervous
system depression manifesting as lethargy, respiratory depression, coma, and even death
(34). Women have lower gastric ADH activity, decreasing FPM of alcohol and leading to
higher BAC (35). Moreover, the distribution of alcohol is directly proportional to body water
content. Females have a greater percentage of body fat and less body water per kilogram of
body weight compared with males. Because alcohol is water soluble, when administered the
same amount per kilogram, females have a higher BAC because the volume of distribution
is smaller than for males (36). In addition, some common drugs decrease gastric ADH
activity, leading to higher BAC (37). Most importantly, multiple enzyme classes encoded by
different genes of ADH and ALDH and their genetic variants are associated with drinking
patterns, AUD risk, and alcohol dependence (38). ALDH and ADH isoforms are expressed
differently among races, influencing alcohol elimination rates. The inactive ALDH2*2
allele is commonly found in people of Asian heritage, in whom even small amounts of
alcohol lead to alcohol flush reactions due to a rapid increase in blood acetaldehyde

levels (39). The presence of the ADH1B*2allele, found in East Asians, is known to be
protective against development of AUD (40, 41). Another ADH allele, ADH1B*3, found
primarily among some people of African descent and in low frequency among Native
Americans, is associated with reduced drinking behavior and decreased likelihood of alcohol
dependence. Although in vitro studies show that alcohol oxidation increases in the presence
of ADH1B*3, research on alcohol metabolism in African Americans is limited, and no
studies have investigated the protective mechanism of this allele in this population (42).

Alcohol can also be metabolized, albeit minimally, via nonoxidative pathways, resulting

in enzymatic conjugation of ethanol to endogenous metabolites (fatty acids, phospholipids,
sulfate, and glucuronic acid). This process leads to the generation of other metabolites [fatty
acid ethyl esters (FAEESs), phosphatidylethanol (PEth), ethyl sulfate, and ethyl glucuronide].
The generation of nonoxidative ethanol metabolites can interfere with cell signaling
pathways, impacting organs with restricted oxidative capacity. FAEES are generated by a
reaction catalyzed by the enzyme FAEE synthase, present especially in the brain, heart,
liver, and pancreas (43). Formation of fatty acid—activating enzymes leads to lysosome
destabilization, cell proliferation inhibition, mitochondrial depolarization, and apoptosis.
Infusion of FAEE elicits pancreatic damage such as alcoholic pancreatitis, and inhibition

of FAEE ameliorates ethanol-induced pancreatitis. Additionally, nonoxidative fatty acid
metabolites increase Ca2*, mediating ethanol-induced toxicity of pancreatic acinar cells
(44). PEth is produced by breakdown of phospholipids by the action of phospholipase D.
PEth formed upon alcohol exposure in red blood cell membranes can be detected for an
extended period of time (half-life, 1-13 days) because red blood cells lack the enzyme that
degrades PEth (45). Thus, PEth is used as a biomarker of recent alcohol use.
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Compelling evidence identifies alcohol metabolism and metabolite generation as a critical
cause of alcohol-associated tissue and organ damage, predominantly via ROS generation and
oxidative stress. The contribution of ROS generation and oxidative stress to tissue injury

in various target organs is discussed in the following subsections. The liver is significantly
affected by alcohol metabolism and its toxic effects. Investigation of mechanisms involved
in ALD has provided a strong foundation for the understanding of the pathophysiological
mechanisms involved in extrahepatic organ injury. Next, we provide a brief overview of the
salient pathophysiology underlying ALD and subsequently expand on specific mechanisms
identified to contribute to alcohol-induced tissue injury.

Alcoholic Liver Disease

ALD is a spectrum of diseases including fatty liver; alcoholic steatohepatitis; alcoholic
hepatitis; and cirrhosis and its complications, including hepatocellular carcinoma (HCC).
The global burden due to ALD, in terms of both deaths and years of life lost, is among the
top 30 causes of mortality. Worldwide, the rate of alcohol-related cirrhosis deaths is 7.2 per
100,000 people, and 45% of all ALD-related deaths occur in five countries (India, United
States, Mexico, China, and Russia). It is estimated that approximately one-third of subjects
with at-risk alcohol use progress to alcoholic steatohepatitis, up to 20% develop cirrhosis,
and ~2% of people with cirrhosis develop HCC (46, 47). Several factors contribute to the
high disease burden of ALD, including sex (women are more sensitive); drinking patterns;
and existing comorbidities, including smoking, obesity, and underlying liver diseases (e.g.,
hepatitis B and C, nonalcoholic steatohepatitis) (46-49).

One of the earliest pathologies of ALD is fatty liver disease (steatosis), which is the
accumulation of lipids, mainly triglycerides, phospholipids, and cholesterol esters. Lipid
droplets, appearing initially in perivenular hepatocytes, progressively appear in midlobular
and periportal hepatocytes. Some of the mechanisms that lead to fatty liver are a

reduced hepatocyte NAD*:NADH ratio and an associated decrease in mitochondrial p-
oxidation, stimulation of lipogenic genes, increased acetyl-CoA carboxylase, and increased
fat mobilization from adipose tissue and intestines. Steatosis can progress to hepatic
inflammation, often referred to as alcoholic steatohepatitis. Alcoholic steatohepatitis is
triggered by gut-derived pathogen-associated molecular patterns (PAMPS) that stimulate
release of inflammatory cytokines from resident macrophages or Kupffer cells and
infiltrating macrophages, release of damage-associated molecular patterns (DAMPS) from
dying hepatocytes, and increased adaptive immune responses (48). Severe alcoholic
steatohepatitis may develop into what is clinically defined as alcoholic hepatitis,
characterized by rapid onset of jaundice (bilirubin >3 mg/dL) with high levels of

aspartate aminotransferase (>50 IU/mL) and a ratio of aspartate aminotransferase to alanine
aminotransferase of >1.5. Continuing inflammation and hepatic injury can eventually cause
fibrosis, which is a wound-healing response resulting from the accumulation of extracellular
matrix (ECM) proteins. Quiescent hepatic stellate cells (HSCs) are activated and are

the principal source for increased and irregular ECM deposition. HSCs also contribute

to inflammatory responses by recruiting leukocytes that not only attack hepatocytes

but also activate adjacent quiescent HSCs. Portal fibroblasts and bone marrow—derived
myofibroblasts also contribute to the fibrogenic response. Fibrosis is thought to initiate in
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the perivenular area, and continued fibrosis leads to scar tissue formation that replaces liver
parenchyma. This process ultimately leads to cirrhosis, which pathologically is constituted
by micro- and macronodules surrounded by fibrous septa. In some cases, individuals may
present with acute alcoholic hepatitis in the presence of cirrhosis, which is often described as
acute-on-chronic disease (48-51).

MAJOR ALCOHOL-MEDIATED PATHOPHYSIOLOGICAL MECHANISMS
CONTRIBUTING TO ORGAN INJURY

At-risk alcohol use has pathophysiological consequences for most organ systems, including
the liver (46, 49), heart (52), muscle (53), gastrointestinal tract (54, 55), pancreas (44, 56),
endocrine system (57), and immune system (58, 59). Several mechanisms are implicated

in alcohol-induced multiorgan injury (Figure 2). In this section, we focus on some of the
major alcohol-induced mechanisms and recent advances that will help inform how these
mechanisms interact and lead to tissue dysfunction.

Oxidative Stress

As discussed above, alcohol metabolism increases ROS generation, especially in

the liver, and decreases antioxidant capacity, leading to oxidative stress (21). ROS

molecules can react with most cellular macromolecules (DNA, protein, lipids), interfering
with their physiological functions (60). The pathways that increase ROS are alcohol
metabolism caused by ADH and ALDH changing the cells’ redox state, hypoxia

associated with alcohol metabolism, activation of CYP2E1 metabolism at higher alcohol
concentrations, acetaldehyde formation, depletion of antioxidants (cytosolic GSH and
mGSH), mitochondrial damage, and activation of Kupffer cells (31). Oxidation of alcohol
into acetaldehyde in the cytosol and acetaldehyde into acetate in the mitochondria results

in a decreased NAD*:NADH redox ratio and increased NADH availability to the electron
transport chain. The electrons are transferred to oxygen in the mitochondrial electron
transport chain, oxygen is reduced to water, and a small fraction of the reduced oxygen

is released as superoxide anions. Moreover, an imbalance in mitochondrial electron transport
activity due to decreased oxygen supply or ATP availability affects alcohol and acetaldehyde
metabolism, generating harmful ROS. The decreased alcohol-induced NAD*:NADH redox
ratio has profound effects on liver metabolic pathways, affecting glycolysis, fatty acid
oxidation, gluconeogenesis, pyruvate dehydrogenase, and the citric acid cycle as well as
promoting a highly reduced cytosolic environment that, in turn, increases susceptibility to
damage by alcohol metabolites (21).

ROS promote cell toxicity directly, via lipid peroxidation and adduct protein generation,

and serve as a redox signal for proinflammatory cytokines (61). Alcohol-induced hepatic
ROS play an important role in activation of transcription factors including heat shock factor,
a molecular chaperone controlling activity of various kinases, and SREBP-1c/2, which
together increase lipid accumulation, upregulate inflammatory promoters [nuclear factor xB,
signal transducer and activator of transcription 3, peroxisome proliferator—activated receptor
v coactivator 1a (PGC-1a), and hypoxia-inducible factor 1a], activate intracellular kinases,
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and upregulate receptors on innate immune cells, all of which can lead to inflammation and
pathogenesis of ALD (61).

The CYP2E1 microsome-mediated alcohol oxidative pathway generates ROS and highly
reactive free radicals, such as hydroxyl radicals and superoxide anions, which promote
oxidative stress and cell death (62). CYP2EL1 is found in extrahepatic tissues, including the
heart, lungs, and brain, as well as in some immune cells (macrophages and neutrophils).
Alcohol metabolism through this pathway contributes to tissue injury. CYP2E1 inhibition
improves alcohol-mediated cardiac dysfunction, reflected by improved cardiac output,
contractility, and intracellular Ca2* handling (63). In the brain, CYP2EL1 is the major
alcohol-metabolizing enzyme, with a critical role in lipid peroxidation, blood—brain barrier
disruption, and mitochondrial dysfunction. In human astrocytes and monocyte cell lines,
CYP2EL1 is responsible for alcohol-mediated oxidative stress and apoptosis (64). CYP2E1-
derived ROS could be critical in the development of FAS, as CYP2EL is expressed in the
placenta, fetal liver, and fetal brain (65). Lastly, the main oxidative stress protective system
in the mitochondria utilizes GSH, a critical cellular antioxidant, and scavenges reactive
nitrogen species (RNS) such as peroxynitrite. Alcohol depletes GSH levels and inhibits the
GSH mitochondrial transporter, increasing the vulnerability of the cell to ROS (62).

Oxidative stress is considered one of the major pathophysiological mechanisms contributing
to pathogenesis of diseases including ALD. Oxidative stress triggers cell damage by
altering proteins, lipids, and DNA content, thereby affecting protein expression, gene
transcription, cell apoptosis, and immune cell activation. Additionally, ALD-induced
systemic oxidative stress can be detrimental to extrahepatic organs such as the kidneys

and brain. Prospective studies using antioxidant therapies or drugs that increase intrinsic
antioxidant production may further demonstrate the importance of ameliorating oxidative
injury in alcohol-associated comorbidities (66).

Alcohol metabolism is associated with alterations in cell redox homeostasis, leading to
several metabolic disturbances. Most biological structures can be modified by ROS, and
increased ROS can affect cells by damaging biomolecules and organelle structure and
promoting a sustained inflammatory response, which is known to be the mechanism
underlying the pathogenesis of numerous alcohol-related diseases.

Alterations in the Gut Microbiome (Dysbiosis)

The gut microbiome plays a critical role in endocrine and neurological functions. It
preserves barrier integrity, limiting pathogen dissemination; promotes maturation; maintains
and stimulates host defense; contributes to amino acid and vitamin synthesis; and is involved
in toxin and drug metabolism and macromolecule catabolism. Moreover, through generation
of metabolites, it contributes to immunological changes in the gut mucosa and beyond (67,
68). Alcohol consumption can directly change the gut microbiome composition qualitatively,
producing dysbiosis, mainly in the upper small intestine. In addition, quantitatively,

alcohol promotes gut bacteria overgrowth, decreases a.- and B-diversity and abundance

of lactobacilli, and alters levels of Bacteroidetes in humans and rodents (69-71). Among

the most-studied consequences of alcohol-induced gut dysbiosis is the disruption of gut
barrier integrity, which causes increased permeability to bacteria and toxin translocation into
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the systemic circulation that, in turn, disrupt organ and tissue physiology. Additionally,
alcohol-mediated bacterial overgrowth may contribute to increased alcohol metabolism

and generation of high concentrations of acetaldehyde in the intestinal lumen, which in
turn can impair intestinal intercellular junctions by decreasing tight and adherens junction
protein expression and promoting gut permeability (72). Studies have shown that alcohol-
mediated changes in gut microbiota function and composition affect other organ systems.
For example, alcohol affects bacterial biotransformation, hepatic bile production, and bile
acid physiology, contributing to liver injury. Alcohol-fed, germ-free (no gut microbiota)
mice receiving gut microbiota from alcoholic hepatitis subjects develop liver inflammation
and necrosis (73). In addition, germ-free mice are protected from liver injury compared
with conventional mice receiving equal amounts of alcohol (74). Recent studies using
different approaches, including germ-free animal models, antibiotics, and fecal microbiota
transplantation (FMT), have provided evidence for central nervous system alterations
resulting from alcohol-induced dysbiosis. Alcohol-induced gut dysbiosis is associated with
depression, emotional behavior, altered memory, and sleep changes arising from changes
in neurotransmitters produced by gut microbes (75). Behavior changes have been linked

to specific microbial species. For example, Bifidobacterium and Lactobacillus species can
alleviate depressive-like and anxiety symptoms, and Lactobacillus species improve social
interactions in stressed mice (76). Advances in behavior and gut microbiome research have
shown that the effects of the microbiota on the brain are the result of multiple mechanisms,
including the production of neuroactive chemicals in the gut that can trigger the vagus nerve
and travel directly to the brain via blood and the lymphatic system or by modulation of

the immune system. The relative relevance of these routes of gut—brain interaction and how
they communicate remain unclear. A study using FMT from alcohol in animals showed
increased susceptibility to Klebsiella pneumonia infection in naive animals, suggesting that
alcohol-induced dysbiosis is an underlying mechanism in impaired host defense against
pulmonary bacterial infections (77).

The composition of intestinal bacteria influences the type and number of bacterial
metabolites produced. Subjects with a history of alcohol use have lower levels of fecal short-
chain fatty acids. Short-chain fatty acids promote barrier integrity, suggesting that this may
be an additional mechanism by which alcohol consumption impairs intestinal permeability
(70). Manipulation of gut microbiota to restore eubiosis through diet; probiotics, prebiotics,
and symbiotics; antibiotics; and FMT (70) improve liver metabolism and decrease gut
dysbiosis, intestinal permeability, and endotoxemia in alcohol-treated animals (78). With

the potential to modulate the gut microbiota and improve homeostasis, FMT has been
investigated in clinical trials for several stages of liver disease. These interventions

utilize FMT from a healthy donor to modify the gut microbiome of subjects in various
stages of liver disease and alleviate gut dyshiosis and immune dysfunction (see https://
clinicaltrials.gov/ct2/show/NCT02862249, https://clinicaltrials.gov/ct2/show/NCT02400216,
and https://clinicaltrials.gov/ct2/show/NCT02496390). In fact, a pilot study has shown
promising results of FMT in subjects with hepatic encephalopathy (79).

While we have gained some insight into alcohol’s effects on gut microbial communities and
their interaction with the host, we need a better understanding of alcohol-induced changes
in the intestinal microbiome, metabolome, and host response and their interaction with

Annu Rev Physiol. Author manuscript; available in PMC 2024 July 24.


https://clinicaltrials.gov/ct2/show/NCT02862249
https://clinicaltrials.gov/ct2/show/NCT02862249
https://clinicaltrials.gov/ct2/show/NCT02400216
https://clinicaltrials.gov/ct2/show/NCT02496390

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Simon et al.

Page 10

other organs in the spectrum of AUD. Furthermore, microbiome and metabolome screening
in subjects with alcohol-related diseases, such as ALD, could be a useful diagnostic
approach and a potential way for microbiome manipulation to rebuild microbial balance.
Comprehending how alcohol affects the routes of bacterial translocation/activation (blood
or lymphatic system, vagal stimulation, endocrine and immune system activation) and how
they interact with one another will provide insights into alcohol-induced gut microbiome
dyshomeostasis.

Inflammation and Immunometabolism

Among the oldest recognized pathophysiological consequences of at-risk alcohol use are
impaired host immune defense mechanisms. Alcohol decreases host immune response

to infections and increases morbidity and mortality from viral and bacterial infections,
including pneumonia (80). Alcohol-induced immunomodulation is dose and time dependent,
and the contrasting effects of chronic, moderate, and acute alcohol consumption can be
attributed to transcriptional and post-transcriptional changes in circulating immune cells,
which, in turn, affect inflammatory responses to microbial products. Moderate, low-dose
alcohol consumption promotes an anti-inflammatory milieu and improves cardiovascular
health. In contrast, chronic heavy alcohol consumption is associated with a proinflammatory
milieu, innate immune cell activation, decreased T cell numbers, and increased CD8" T

cell activation and proliferation (80). Chronic alcohol exposure shifts the immune cell
secretome to a proinflammatory phenotype, resulting in inflammation associated with

high proinflammatory and low anti-inflammatory cytokine levels in several organs and
tissues, including plasma, liver, adipose tissue, muscle, lungs, and brain (81). Indeed,
inflammation is a major contributor to several alcohol-related comorbidities, including ALD
and pancreatitis (58). An additional mechanism of alcohol-induced modulation of immune
function is through alterations in the gut microbiome, disruption of gut barrier integrity, and
translocation of bacterial products and metabolites into the systemic circulation. Gut luminal
products, including lipopolysaccharide (LPS), can contribute to inflammation and organ
damage, particularly in the liver (80). Alcohol metabolism and ROS generation sensitize
hepatocytes and Kupffer cells to proinflammatory cytokines. Moreover, ROS sensitize
macrophages to LPS, leading to increased tumor necrosis factor a (TNF-a.), and interacts
with Toll-like receptor 4 (TLR4) to activate downstream kinases and transcription factors,
thereby contributing to inflammatory responses in the liver (61). Altogether, alcohol-induced
immune dyshomeostasis and inflammation impair the body’s defense against a range of
pathogens, enhancing susceptibility to viral and bacterial infections. Alterations in immune
function have recently begun to be studied in the context of alterations in cellular energetics
resulting from alcohol exposure.

In 1958, Otto Warburg and colleagues (82) reported that increased cellular glycolysis is

a hallmark of leukocyte activation, and many decades later immunologists recognized
metabolic adaptations as crucial steps for immune responses, establishing the emerging
field of immunometabolism (83). The interrelationship between cellular metabolism and
immune responses has begun to unravel the metabolic needs of immune cells and the
possible impact of immune cell activation on whole-body metabolism (83). Alcohol affects
whole-body energy homeostasis by impairing glucose metabolism in liver, muscle, and
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adipose tissue; dysregulating lipid metabolism and adipokine secretion; and promoting
insulin resistance (53, 84, 85). The effect of alcohol on the immune system and energy
metabolism is dependent on dose and drinking pattern. Moderate drinking is associated with
enhanced insulin sensitivity and decreased inflammation, and binge and heavy drinking are
associated with metabolic impairments, including inflammation and insulin resistance, and
increased risk for microbial infections (85, 86). Several reports link alcohol-induced immune
cell dysfunction with metabolic dysregulation in adipose tissue, liver, pancreas, brain, and
muscle. Alcohol dysregulates adipose tissue metabolism and the adipose secretome and
can induce adipocyte death. Studies have demonstrated that alcohol decreases circulating
adiponectin levels and increases immune cell recruitment and inflammation in mesenteric
adipose tissue, impairing insulin signaling and decreasing adipose tissue glucose uptake;
these findings support the concept of alcohol-induced immunometabolic dysregulation

(85, 87). Moreover, other studies have shown that alcohol increases lipolysis, adipocyte
hypotrophy, and fatty acid efflux, leading to lipid deposition in the liver that contributes to
hepatic steatosis (88). Although some advances in understanding alcohol interaction with
immunometabolism have been made, much remains to be discovered. Because immune
cell responses are highly energy dependent, understanding how alcohol affects energy
utilization by immune cells, their increased metabolic demands when activated, and the
consequences of impaired energy metabolism of immune cells will provide insight into
alcohol-induced host defense disturbances, including excessive inflammation and impaired
response to infections.

Mitochondrial Homeostasis

Mitochondrial dysfunction contributes to alcohol-mediated pathophysiology in
mitochondriarich tissues (52, 89-92). Mitochondria not only are critical for meeting energy
requirements but also are involved in the regulation of redox homeostasis and integration of
cell death signaling, and mitochondrial remodeling and biogenesis are adaptive mechanisms
of cells to stress and metabolic changes. Whether alcohol-mediated mitochondrial changes
are reflective of mitochondrial damage or an adaptive response to alcohol-induced stress is
still unclear. Chronic alcohol use results in enlarged morphology and degeneration of inner
mitochondrial membrane folds; increases mitochondrial fragmentation and mitochondrial
DNA damage; and decreases mitochondrial numbers, ATP levels, mitochondrial protein
synthesis, and mitochondrial membrane potential. Alcohol-induced increased ROS/RNS
production leads to modifications of the mitochondrial genome and proteome, significantly
contributing to mitochondrial structural and functional changes (93). Chronic alcohol use
increases cell death in the liver and heart (52, 94). In skeletal muscle, alcohol dysregulates
expression of genes involved in bioenergetics and mitochondrial function (92, 95) and
reduces maximal oxygen consumption rate in myoblasts and succinate dehydrogenase
activity in muscle (96). Mitochondrial dysfunction has also been reported in the brain
following adolescent and adult alcohol exposure, with alcohol decreasing expression of

the mitochondrial respiration complexes, increasing mitochondrial calcium levels, and
decreasing ATP production (90). Alcohol decreases hepatocyte and alveolar mitochondrial
maximal oxygen consumption (97, 98) but increases PGC-1-mediated mitochondrial
biogenesis (89). In contrast, alcohol decreases PGC-1, uncoupling protein 2, and estrogen-
related receptor a in the heart and skeletal muscle (52, 92). These adaptive mechanisms
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and mitochondrial plasticity suggest that there is a balance between alcohol-induced
mitochondrial damage and repair/biogenesis that depends on genetics and pattern of alcohol
use. In the short term, mitochondrial remodeling by alcohol is an adaptive response, but
when prolonged, it may lead to mitochondrial damage and tissue injury.

Cell Death Pathways

A major consequence of alcohol-induced oxidative stress and impaired immune responses is
the dysregulation of cell death/survival pathways, including apoptosis, necrosis, necroptosis,
pyroptosis, ferroptosis, and autophagy, which leads to the observed pathophysiology and
multiorgan injury (99). Here, we briefly discuss advances in our understanding of alcohol’s
effects on programmed cell death pathways.

Apoptosis is triggered by intrinsic mitochondrial and extrinsic death receptor pathways and
is characterized by nuclear fragmentation, chromatin condensation, and cellular shrinkage.
Alcohol triggers activation of apoptotic pathways in multiple cell types, contributing to
pancreatic p cell dysfunction (100) and cardiotoxicity (101); disrupting placentation; and
contributing to intrauterine growth restriction in FAS (102), brain pathology (103), and—
most significantly—ALD (99, 104). The primary alcohol-mediated mechanism that activates
the intrinsic mitochondrial pathway results from alcohol metabolism and generation of ROS.
Other causes are mitochondrial DNA and ribosomal damage, reduced mitochondrial protein
and ATP synthesis, increased sensitivity to Ca2*-mediated mitochondrial permeability
transition, and release of apoptotic factors including cytochrome ¢and Smac/DIABLO
(second mitochondria-derived activator of caspase/direct inhibitor of apoptosis-binding
protein with low isoelectric point) (104). Conversely, alcohol activates the extrinsic apoptotic
pathway by increasing PAMPs and endogenous DAMPs and by activating the TNF-a and
Fas ligand pathways (99).

Necrosis is unregulated cell death characterized by cell swelling, membrane rupture, and
release of cell contents, leading to an inflammatory response. Necroptosis is programmed
necrosis involving the receptor-interacting protein (RIP)1-RIP3—-MLKL (mixed-lineage
kinase domain-like protein) cascade (99, 104). Activated RIP3 recruits and phosphorylates
MLKL to promote its oligomerization and translocation to the plasma membrane,

leading to membrane rupture and necrosis (104). In contrast, RIP1, RIP3, FADD (Fas-
associated protein with death domain), caspase-8, and c-FLIP [cellular FLICE (FADD-like
interleukin-1p-converting enzyme)-inhibitory protein] form a large complex known as the
ripoptosome (also called complex I1b), which activates caspase-8 to trigger apoptosis. Thus,
RIP1 and RIP3 are involved in regulating both apoptosis and necroptosis. Studies have
demonstrated that RIP3-mediated necroptosis contributes to alcohol-induced liver injury in
preclinical models and in ALD subjects (105). Furthermore, alcohol-induced necroptosis
is implicated as a cell death pathway in pancreatic cells and in the brain (106, 107). It

is possible that different cell death pathways occur depending on the tissue and stage of
disease. For example, programmed cell death may occur in early stages of ALD, while
necrosis may occur during the later stages.

Additional cell death pathways activated by alcohol include pyroptosis and ferroptosis.
Pyroptosis is programmed cell death through activation of caspase-1 by the inflammasome
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complex; it is associated with cell swelling and rapid plasma membrane lysis (108, 109).
Ferroptosis is regulated necrosis that is dependent on intracellular iron levels resulting from
loss of activity of the lipid repair enzyme, glutathione peroxidase 4, iron overload, and
increased oxidative stress (104).

Autophagy is a cell survival mechanism regulated by the serine/threonine protein kinase
PINK1/Parkin (PTEN-induced kinase 1/Parkinson protein 2, E3 ubiquitin protein ligase)
pathway. It is characterized by the formation of double-membrane autophagosomes that
fuse with lysosomes to form autolysosomes, where the autophagic cargo is degraded (104).
Alcohol-mediated activation of autophagy removes damaged mitochondria (mitophagy) and
lipid droplets (lipophagy) and acts as a protective mechanism in ALD (110). However, when
autophagic mechanisms are dysregulated, injury can result. Dysregulation of autophagy in
cortical microvessels is implicated in defective angiogenesis in FAS (111). It increases
apoptosis; decreases mitochondrial respiration in the brain, liver, and skeletal muscle

(112); and contributes to alcoholic pancreatitis. Preclinical models of alcoholic pancreatitis
demonstrate accumulation of autophagy vacuoles and positive LC3 puncta staining in
pancreatic acinar cells and transcription factor EB—mediated lysosomal biogenesis, resulting
in insufficient autophagy. Alcohol also impairs autophagic flux mediated through the
AMP-activated protein kinase signaling pathway, suggesting that lysosomal biogenesis and
autophagy play critical roles in promoting the pathogenesis of alcoholic pancreatitis (56).

Thus, the fate of a cell following alcohol exposure is dependent on a complex regulatory
network and the balance of autophagy, apoptosis, necroptosis, and necrosis. The literature
indicates that alcohol activates cell death pathways, and understanding the cellular and
molecular underpinnings provides critical knowledge of how these specific mechanisms
synergistically or additively interact to cause tissue injury.

Endoplasmic Reticulum Stress

Being highly reactive, alcohol and its metabolites allow for increased formation of protein
adducts, misfolded protein accumulation, and induction of ER stress. Alcohol-induced
increased ER stress is observed in major organs including the liver (113), pancreas (114),
lungs (115), and heart (113). The ER regulates processing and trafficking of secretory

and membrane proteins and degrades misfolded proteins by autophagy and the ubiquitin—
proteasome system. This process leads to activation of the three ER stress/unfolded protein
response (UPR) transducers, namely inositol-requiring enzyme la (IRE-1a), activating
transcription factor 6, and PERK [protein kinase R-like ER-localized eukaryotic initiation
factor 2a (elF2a) kinase] (115). With alcohol use, the ER is in an oxidative environment,
increasing expression of IRE-1a and X-box binding protein 1, which leads to dysregulated
UPR. The increased ER stress triggers cell death by activating caspases, inducing

Janus kinase activation, or through C/EBP homologous protein—mediated transcription of
proapoptotic cell death genes (99). ER stress is a major alcohol-mediated mechanism of
injury in the liver and pancreas, as liver and pancreatic cells have high secretory and
membrane protein synthesis demands (56, 114).

As discussed above, alcohol adversely affects multiple cell organelles, such as mitochondria,
ER, lysosomes, and nucleus. Efforts to understand the interplay among all alcohol-induced
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organelle dyshomeostases will make it possible to identify the subcellular mechanisms
leading to tissue injury.

Extracellular Matrix Remodeling

Alcohol dysregulates matrisome proteins in multiple organs (52, 116-118), favoring a
profibrotic phenotype predisposing to fibrosis. Several studies demonstrate that ECM
remodeling is one of the major mechanisms underlying the development of ALD (48, 116,
119). The ECM provides structure and support, acts as a reservoir for growth factors and
cytokines, and helps cells communicate with their environment. Alcohol-induced changes
in integrins mediate inflammation by interaction of neutrophils and the ECM protein
osteopontin, activating HSCs (120, 121). Alcohol increases plasminogen activator 1 (PAI-1)
expression and thus impairs fibrinolysis (116). It also increases cellular fibronectin by

both increasing its production and decreasing clearance (120). Together, these mechanisms
contribute to increased liver fibrosis. There is also compelling evidence that these alcohol-
induced mechanisms occur in other organs, like the lung. For example, alcohol-mediated
oxidative stress induces transforming growth factor p1 (TGF-B1) and produces significant
fibrosis in bleomycin-treated mice (118). Moreover, TGF-p can induce apoptosis via a
TNF-a-related pathway by activating the transcription factor activator protein 1 and Smad
signaling. Among other proteins, Smads target genes that include ECM-related molecules
such as PAI-1, urokinase plasminogen activator, and collagen (122). Studies have shown
that alcohol induces ECM remodeling and increased collagen expression in skeletal muscle
(95, 123) and adipose tissue (84). The increased profibrotic milieu is associated with
decreased differentiation of myoblasts (124) and adipose-derived stem cells (84) that
potentially affects the metabolic and regenerative capacity of these tissues. In the brain,
interstitial ECM and perineuronal nets are required for stabilization of synapses, regulation
of extracellular ion concentrations, and control of neurotransmitter receptor diffusion in the
plasma membrane (125). Studies using both in vivo and in vitro preclinical models as well
as postmortem samples of people with AUD have shown that alcohol dysregulates ECM
proteins including laminins, collagen, PAI-1, and tissue plasminogen activator, contributing
to neurodegeneration (125-128). Moreover, alcohol increases Wisteria floribunda agglutinin
reactivity, a marker for the presence of perineuronal nets that is associated with increased
synaptic plasticity and alcohol consumption (129, 130).

Thus, the dysregulation of ECM plays a significant role in alcohol-induced multiorgan
injury, affects alcohol-induced behaviors, and—as discussed in the next section—influences
stem cell function and tissue regeneration. Most ECM-related studies of alcohol-related
organ injury have focused on collagen expression and fibrosis; however, there is emerging
evidence of alterations in nonfibrillar matrisome proteins that influence ECM remodeling
and cell adhesion and signaling, and allow the ECM to act as a reservoir for inflammatory
mediators. Omics investigations, studies of the interactions among intracellular transduction
signaling pathways, and functional approaches of the dynamic matrisome will allow
identification of the target proteins, and their functional interactions, that lead to alcohol-
associated tissue injury (125, 131).
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Tissue Regeneration and Proliferation

Epigenomic

Tissue regeneration and repopulation by stem cells are essential for the maintenance of
normal structure and physiology of organs, and alcohol perturbs these complex regenerative
mechanisms (132-134). In adult tissues, stem cells are in a quiescent state, reside

in specialized niches, are activated, self-renew, and differentiate into specific lineages

in response to stimulus or injury. The ECM niche provides physical, structural, and
biochemical support, and it is the dynamic cross talk between stem cells and the ECM

that decides the fate of stem cells. Investigators have proposed that alcohol, its metabolites,
and alcohol-induced ROS dysregulate signal transduction, induce transcriptional and
epigenomic changes, and cause DNA damage that adversely affects stem cell self-renewal,
differentiation, and regeneration (133). In partial hepatectomy models, the best experimental
system for the study of liver regeneration, transcriptomic profiling indicates that chronic
alcohol shifts HSCs from a proregenerative to an antiregenerative phenotype (135) and
delays the peak of liver regenerative activity (136). Additionally, alcohol decreases the
proliferation and differentiation of hepatic stem cells and changes the lineage to induce

a mesenchymal transition (133). Chronic alcohol-mediated gut-derived proinflammatory
signals and immune cell infiltration activate HSCs and portal fibroblasts, leading to
progressive fibrosis that contributes significantly to decreased liver regenerative capacity
(136, 137). Alcohol treatment both in vivo and in vitro decreases the differentiation potential
of myoblasts into myotubes, which is required for the maintenance and repair of skeletal
muscle. In a rodent model of hind-limb immobilization, chronic alcohol decreased skeletal
muscle expression of myogenic genes and impaired regeneration (138). Alcohol-mediated
epigenomic mechanisms and impaired metabolic function could mechanistically contribute
to this observed decrease in regenerative capacity (53, 124, 138-141). Alcohol also decreases
differentiation of primary adipose and hematopoietic stem cells (84, 142) and decreases
neural stem cell proliferation, which is mechanistically mediated by impaired mammalian
target of rapamycin and brain-derived neurotrophic factor signaling (133). In contrast,
alcohol stimulates proliferation in the highly proliferative gastrointestinal tract. Chronic
alcohol use increases proliferation of esophageal, small intestinal (143), colonic (144),

and rectal (145) crypt cells, and these hyperproliferative effects can contribute to alcohol-
mediated carcinogenicity (145, 146). Thus, compelling evidence demonstrates that alcohol
consumption can decrease stem cell renewal, differentiation, and regenerative capacity.
These effects add to the complex mechanisms underlying the ability of alcohol not only to
affect adult tissue regeneration but also to play a critical role in reprogramming fetal tissue
development due to prenatal alcohol exposure. Alcohol-mediated effects that contribute to
impaired stem cell function are complex and directly or indirectly involve most of the
mechanisms discussed in this review.

Mechanisms

Alcohol-mediated oxidative stress is a major regulator of epigenetic processes. Alcohol
exposure both in vivo and in vitro modifies the epigenome in several tissues, including the
liver, brain, skeletal muscle, lung, and immune system (147-150). Emerging evidence also
indicates that fetal alcohol exposure significantly alters the epigenome and contributes to
the observed pathophysiology of FAS (151, 152). Epigenetics, or the modification of gene
expression without altering the DNA sequence, includes three major modifications: DNA
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methylation, posttranslational histone modification, and noncoding RNA interference of
transcription and translation. DNA methylation and histone modification alter the chromatin,
and the disrupted open nucleosome structure allows for increased gene transcription and
expression, while condensation decreases gene expression (150).

DNA methylation, the most common epigenetic modification, is investigated through the
use of epigenome-wide association studies (EWASSs) and candidate gene methylation and
global methylation studies. In an EWAS in Finnish twin cohorts, alcohol consumption was
significantly associated with DNA methylation at 24 CpG sites (153). In a combination

of candidate gene studies and EWASSs, the most-replicated finding was alcohol-mediated
differential regulation of heterogeneous nuclear ribonucleoprotein Al, leucine-rich repeat—
containing 20, and lipase maturation factor 1, all of which have a role in immune regulation
(154). Additionally, hypermethylation of ALDH2 and opioid receptor pl (154) and H3K27
trimethylation of specific genes have been reported in people with AUD (155, 156).
Moreover, the genomic region that includes KDMA4C, a histone demethylase gene, is a hot
spot associated with alcohol withdrawal symptoms (157). Chronic alcohol use also decreases
S-adenosyl methionine levels and global DNA differential methylation in peripheral blood
and liver (149). Thus, alcohol use renders DNA methylation a significant epigenetic
modifier, and DNA methyltransferases, DNA methylation readers, or DNA demethylation
erasers can serve as potential epigenetic targets (158).

Histone modifications by histone deacetylases (HDACs) and histone acetyl transferases
result in inactivation and activation, respectively, of gene transcription. The first study that
demonstrated alcohol-induced epigenetic modification showed increased histone acetylation
of genes that activated apoptosis (159). Since then, numerous studies have shown histone
modifications as major mediators of alcohol pathologies (159-161). Increased expression
and activity of class Il HDACs are two of the mechanisms by which alcohol decreases
skeletal muscle stem cell differentiation, by decreasing expression of myocyte enhancer
factor 2 (139, 140). Furthermore, the anxiolytic properties of alcohol are partly due to
increased H3K9 and H4K8 acetylation of specific genes in adult and adolescent rats

(161, 162), and these epigenetic changes are observed in different brain regions that are
critical for affective behaviors. Sirtuin 1 (a NAD*-dependent class 111 HDAC) converts the
alcohol metabolite acetic acid to acetyl-CoA, which, in turn, acetylates histones of genes
implicated in fibrogenesis and alcohol metabolism (149). Sirtuin 1 also regulates SREBP-1c
and PGC-1a, thereby increasing fatty acid synthesis and decreasing fatty acid p-oxidation.
These effects contribute to alcohol-induced fatty liver (93).

Noncoding RNAs affect transcription or prevent translation by binding to mRNAs.
microRNAs (miRNAs) are the most-studied noncoding RNAs in alcohol-related pathologies
(163-166). A single miRNA can target multiple genes, and one gene can be targeted by
multiple miRNAs, making miRNA-mediated fine-tuning of gene regulation complex and
significant. Cellular miRNAs are released into circulation in response to physiological or
pathological conditions, are stable in body fluids, and modulate cell-cell signal transduction,
making circulating miRNAs reliable biomarkers for alcohol-related pathologies (167,

168). miRNAs that are dysregulated due to alcohol have been extensively reviewed by
Natarajan et al. (164); some of the main miRNAs that regulate genes implicated in
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ALD are miR-34a, miR-155, and miR-122 (166), and the miRNAs that regulate genes
implicated in regulating intestinal permeability are miR-212 and miR-122 (166, 169).
Moreover, miR-132 and miR-155 are increased in the liver, brain, and intestine, promoting
a proinflammatory milieu (164). Evidence of miRNA-mediated activation of apoptosis (165,
170) suggests that alcohol-mediated epigenomic mechanisms contribute to activation of

cell death pathways as well. Chronic alcohol-mediated miR-206 alterations have also been
shown to mechanistically contribute to impaired skeletal muscle stem cell differentiation in
simian immunodeficiency virus—infected rhesus macaques (95).

Several published reports indicate that alcohol use across the life span leads to epigenomic
changes. Although clinical studies are needed to validate the tremendous progress made

in preclinical studies to understand epigenetic modulation by alcohol, there is convincing
evidence that these epigenetic marks are at least partly responsible for the pathophysiology
of alcohol injury (150). Available state-of-the-art technologies including sequencing, single-
cell technology, genome editing, imaging, and transgenic models should facilitate improved
identification of the epigenetic mechanisms that mediate AUD-associated pathologies.

Extracellular Vesicles as Endocrine Mediators

Extracellular vesicles (EVs) have emerged as promising biomarkers and therapeutic targets.
EVs mediate cellular changes in numerous pathologic and physiologic states and have

been proposed as an endocrine mechanism of alcohol-induced pathologies, especially in
ALD. EVs are nanosized vesicles ranging in size from 30 to 5,000 nm, bound by a lipid
bilayer. EVs with a size range of 30-150 nm are termed exosomes and carry bioactive
cargo including miRNAs, proteins, and mRNAs. All cells can release EVs constitutively or
in response to an insult. EVs can travel through biological fluids and communicate with
recipient cells in distant sites while maintaining high specificity to their destination (171).
Alcohol increases both EV release from hepatocytes in vitro (172) and total circulating EV
levels in alcohol-administered mice and in people with alcoholic hepatitis (173). Alcohol
alters the miRNA cargo in EVs released by hepatocytes (173, 174), monocytes (175), neural
stem cells (176), and intestinal epithelial cells (177) and by amniotic cells following fetal
alcohol exposure (178). Studies have demonstrated that in ALD, miRNAS are associated
with the EV-rich fraction. Conversely, in drug-induced liver injury, miRNAs are associated
with the protein-rich fraction, suggesting that the fraction specificity of circulating miRNAs
may provide insight into the pathophysiological mechanism of liver injury or may be used
as a sensitive diagnostic biomarker (168). The fact that circulating EV-associated miRNAS
are more stable and resistant to ribonuclease enzymatic activity compared with non-EV-
associated miRNAs, coupled with the ability of surface receptor proteins to allow capture
of EVs and incorporation of their bioactive cargo into specific target recipient cells, makes
EVs attractive as vehicles for intercellular communication. Few studies have examined how
alcohol-mediated EV cargo alterations influence recipient cell function. However, recent
findings suggest that alcohol alters tissue-specific and circulating miRNA expression and
dysregulates tissue specific phenotype and function, supporting the role of EVs as endocrine
mediators of interorgan communication and alcohol-induced pathology.
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CONCLUSION AND PERSPECTIVES

The pathophysiological mechanisms of at-risk alcohol use are complex and depend on
several factors, including genetics, sex, tissue and cell type, and patterns of alcohol use
(179). The health care burden due to at-risk alcohol use is influenced not only by the
well-recognized risk for the development of alcohol addiction and ALD but also by its
effects on the development of organ injuries and diseases, including cardiovascular disease
and diabetes, FAS, pancreatic disease, respiratory disease, and cancer.

The most critical pathophysiological mechanisms of alcohol-induced organ injury are
oxidative stress and inflammation, and therapeutic strategies targeting these mechanisms
are in use. Nevertheless, incredible progress has been made in identifying other alcohol-
induced mechanisms that either are direct alcohol effects or are indirectly activated by
oxidative stress and inflammation. Research over the past 20 years has provided evidence
for gut microbiome dysbiosis and increased intestinal permeability as an alcohol-induced
mechanism for organ injury. Similarly, research over the past 30 years has demonstrated
how alcohol modulates the epigenome, leading to multiorgan injury, addiction, and FAS.
Alcohol-induced cellular pathogenesis is complex and involves multiple organ systems.
Abstinence and moderation in alcohol use are the best interventions to reduce the disease
burden associated with alcohol use. However, several emerging mechanisms warrant
attention, as they may provide therapeutic targets to ameliorate disease burden. These
include personalized gut microbiota interventions, modulation of immunometabolism,
druggable epigenetic modulators, and the use of EVs as therapeutic vehicles.
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AUD alcohol use disorder

ALD alcoholic liver disease

FAS fetal alcohol syndrome

FPM first-pass metabolism

ADH alcohol dehydrogenase

ALDH aldehyde dehydrogenase

ER endoplasmic reticulum

ROS reactive oxygen species

ECM extracellular matrix

FMT fecal microbiota transplantation
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EV extracellular vesicle
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SUMMARY POINTS

The mechanisms implicated in alcohol-induced multiorgan injury are
multifactorial and are frequently shared across organ systems.

Alcohol metabolism and metabolite generation lead to reactive oxygen
species (ROS) generation and oxidative stress, which in turn cause
biomolecule and organelle structural alterations that span the mitochondria,
endoplasmic reticulum (ER), lysosomes, and nucleus. Together, these effects
contribute to alcohol-associated tissue injury.

Alcohol-mediated modification of the epigenome in the liver, brain, skeletal
muscle, lungs, and immune system contributes to the pathophysiology of
alcohol injury.

Alcohol impairs host immune defense mechanisms, increasing morbidity and
mortality from infectious diseases.

Alcohol dysregulates multiple mechanisms involved in energy metabolism
homeostasis at the cellular and whole-body levels.

Cell death and survival pathways are significantly altered by at-risk alcohol
use and contribute to impaired immune responses and multiorgan injury.

Alcohol-mediated dysbiosis contributes to altered behavioral and
physiological function in organs including brain and liver.
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FUTURE ISSUES

Further research is needed to identify the immune consequences of
bioenergetic dysregulation by excess alcohol use in order to determine how
alcohol dysregulates immunometabolism.

Omics and computational modeling may be used to identify alcohol-
associated dysbiosis and its modulation through the use of personalized pre-
and probiotic manipulations to ameliorate alcohol-induced tissue injury.

Studies to identify dynamic interactions between extracellular matrisome
proteins and cellular signal transduction pathways are warranted to
understand the alcohol-mediated tissue profibrotic phenotype and its
contribution to organ injury.

The translational relevance of preclinical evidence of alcohol-induced
epigenomic modulation in mediating pathophysiology of alcohol use disorder
(AUD) and multiorgan injury should be established.

The contribution of extracellular vesicle (EV) cargo to interorgan
communication and tissue injury should be validated, and the utility of EVs
as biomarkers and/or therapeutic vehicles in the treatment of alcohol-induced
organ injury should be established.
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Figurel.

Drinks per day
Alcohol consumption

Number of alcoholic drinks consumed per day and alcohol content (grams per day)
according to beverage type and relative risk of total mortality (99% confidence interval)

in men and women in the United States, countries in Europe, and other countries (Australia,
Japan, and/or China), extracted from adjusted curves. Lower alcohol consumption rates
may not increase mortality risk but do affect management of cardiovascular, metabolic,

and infectious disease (4). Standard alcohol drink contents and comparisons from the US
National Institute on Alcohol Abuse and Alcoholism (4). Figure adapted with permission
from Reference 5; copyright 2006, American Medical Association.
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Principal pathophysiological mechanisms underlying alcohol-induced tissue injury. The
dotted line reflects the interconnectedness of the pathophysiological mechanisms of
alcohol-induced tissue injury. The colored spheres within the body reflect the overlapping
aspects of the pathophysiological mechanisms identified in alcohol-induced tissue injury.
Abbreviations: ECM; extracellular matrix, ER; endoplasmic reticulum. Figure adapted from
images created with BioRender.com.
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