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ABSTRACT

Excessive alcohol drinking can cause pathological changes
including carcinogenesis in the digestive tract from
mouth to large intestine, but the underlying mechanisms
are not fully understood. In this review, we discuss the
effects of alcohol on small and large intestinal functions,
such as leaky gut, dysbiosis and alterations of intestinal
epithelium and gut immune dysfunctions, commonly
referred to as alcohol-associated bowel disease (ABD). To
date, detailed mechanistic insights into ABD are lacking.
Accumulating evidence suggests a pathogenic role of
ethanol metabolism in dysfunctions of the intestinal tract.
Ethanol metabolism generates acetaldehyde and acetate,
which could potentially promote functional disruptions of
microbial and host components of the intestinal barrier
along the gastrointestinal tract. The potential involvement
of acetaldehyde and acetate in the pathogenesis of the
underlying ABD, including cancer, is discussed. We also
highlight some gaps in knowledge existing in the field of
ABD. Finally, we discuss future directions in exploring the
role of acetaldehyde and acetate generated during chronic
alcohol intake in various pathologies affecting different
sites of the intestinal tract.

INTRODUCTION

Chronic alcohol consumption is one of the
leading risk factors for population health
worldwide. The harmful consumption of
alcohol resulted in approximately 3 million
deaths (5.3% of all deaths) globally in 2016.
Among the 230 alcohol-associated diseases,
gastrointestinal (GI) diseases, unintentional
injuries, cardiovascular diseases and diabetes
were the major contributors to the estimated
3 million alcohol-attributable deaths in 2016,
accounting for 21.3%, 20.9% and 19.0% of
these deaths, respectively.' Digestive diseases
are becoming a more frequent cause of
mortality and morbidity globally, especially in
high-income countries.” Moreover, cancers of
the digestive tract, including cancers of the
oral cavity, oesophagus, liver, colorectum and
possibly stomach and pancreas, are also asso-
ciated with chronic alcohol misuse.” Alcohol-
associated colorectal carcinogenesis risk
could be linked to accumulation of the toxic
product of ethanol metabolism, namely acet-
aldehyde, oxidative stress as well as genetic

and environmental factors." Emerging
evidence has highlighted that alcohol misuse
is related to GI cancers and causes significant
damage to the GI track, leading to alcohol-
associated GI disease.” In this review, we
mainly discuss the effects of alcohol on small
and large intestinal damage, which is termed
as alcohol-associated bowel disease (ABD).
In contrast to the well-characterised alcohol-
associated liver disease (ALD),” the character-
isation of ABD has not been well defined, and
underlying mechanisms of ABD pathogenesis
remain poorly understood. Therefore, this
review aims at outlining the current state of
understanding of ABD and highlights poten-
tial mechanisms linking ethanol metabolites
acetaldehyde and acetate in the pathogenesis
of ABD. The effect of alcohol on colon cancer
is briefly discussed.

ALCOHOL-ASSOCIATED BOWEL DISEASE

GI diseases are often referred to as disorders
of digestive tract from the mouth to the anus.
Strictly speaking, GI diseases also include
disorders from the accessory digestive glands
such as the liver, pancreas, gallbladder and
biliary tract. There are two types of GI diseases,
functional and structural GI diseases. Func-
tional GI diseases are caused by abnormal
GI movement with normal GI structure, such
as diarrhoea, nausea, bloating, constipation,
irritable bowel syndrome.® Structural GI
diseases are caused by abnormal GI structure
with abnormal GI movement, including stric-
tures, stenosis, haemorrhoids, diverticular
disease, colon polyps, inflammatory bowel
disease, etc.

Excessive alcohol consumption likely
induces significant pathological changes in
the small and large intestines leading to ABD,
but the clinical diagnosis of this disease has
not been defined. Clinical diagnosis could
be made based on alcohol drinking history,
increased gut permeability (measurement of
ICr-EDTA urinary excretion, intestinal sugars
absorption and albumin in the faeces),®
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elevated systemic translocation of microbial products
and gut tissue histology. In general, ABD also includes
alcohol-associated colon cancer, which is described well
in previous publications.’

Structural and functional changes in ABD have not
been well defined but can include a variety of patho-
logical changes in the intestine, such as leaky gut (with
elevated translocation in the circulation of gut micro-
bial products), changes in the intestinal epithelium (eg,
changes in the crypt-villus axis, disruption of tight junc-
tions), gut immune dysfunctions (eg, reduced number
of macrophages and T cells) and alterations in the intes-
tinal microbiome (also called dysbiosis).9 19 Even if some
elements implicated in the pathophysiology of ABD have
been identified, we still do not know how the intestine
effectively contributes to the metabolism of ethanol and
its principal metabolites acetaldehyde and acetate and,
also, in which manner products of ethanol metabolism
impacts bowel functions. One current problem in the
field of alcohol-induced gut pathogenesis is that studies
are largely descriptive. In addition, investigations of the
intestinal barrier in humans often take into consideration
only advanced stages of ALD (eg, severe alcoholic hepa-
titis and decompensated cirrhosis), in which additional
factors such as portal hypertension or decompensation of
liver function are influencing per se the digestive tract."'
Nowadays, we lack a diagnostic definition of ABD (based
on histology and/or markers of intestinal dysfunctions)
as well as the molecular characterisation of the different
stages of ABD, which could precede cancers of the diges-
tive tract.

PRINCIPAL FUNCTIONS OF THE INTESTINE

The intestine is accountable for the digestion and absorp-
tion of nutrients and liquids. Smooth muscle peristalsis
enables luminal contents to move along the GI tract, while
smooth muscle segmentation ensures appropriate contact
time and exposure to the absorptive epithelial cells.
Nutrient absorption mainly occurs in the small intestine
thanks to the presence of long protrusions in the lumen
called villi and organised apical structures named micro-
villi which expands exponentially the total surface area of
the intestine.'” Absorption of the massive load of dietary
elements, as well as of potential toxic substances, in the
GI tract can occur via two routes, paracellular or transcel-
lular. Paracellular permeability is the passage of molecules
in between the cells, and the strength of proteins called
tight junction proteins controls paracellular trafficking.
By contrast, transcellular permeability involves transport
inside the cells through endocytosis/exocytosis (transcy-
tosis) or via membrane receptors."”” The general concept
though is that receptor-dependent absorption is ‘safe’ as
only digested, monomeric substances are absorbed by
contrast to paracellular route. However, it remains to be
understood whether and how the number of different
molecules crossing the gut barrier, as well as the routes
used by these molecules to cross this barrier, influence

LIVER

Main but not sole organ
implicated in ethanol
metabolism; ADH,
Catalase and CYP2E1 to
convert ethanol in
acetaldehyde, ALDH2 to
convert acetaldehyde
into acetate

STOMACH
First passage
metabolism, ADH; 20%
> / of ethanol absorbed
PROXIMAL SMALL GUT
P 80 % ethanol

absorption; Ethanol
metabolism possible

SMALL GUT AND COLON

sites where acetaldehyde
and acetate produced by ethanol metabolism
can potentially accumulate

Figure 1 Schematic representation of ethanol metabolism
in the gastrointestinal tract. Ethanol is metabolised first

in the stomach and absorbed principally in the proximal
small gut by simple diffusion. The liver is the major organ
involved in ethanol metabolism. Acetaldehyde and acetate
can potentially accumulate in the intestine and promote/
contribute to ABD pathogenesis. ABD, alcohol-associated
bowel disease; ADH, alcohol dehydrogenase; ALDH,
acetaldehyde dehydrogenase; CYP2E1, cytochrome P450-
2E1.

different functions of the intestine in physiologically and
pathogenic conditions. Ethanol metabolism in the intes-
tinal tract itself might impair absorption processes as well
as defence mechanisms.

ROLE OF THE LIVER AND THE INTESTINE IN ETHANOL
METABOLISM

The liver is classically considered the major organ for
ethanol metabolism (figure 1). Three oxidative path-
ways of ethanol metabolism in hepatocytes can convert
ethanol to the production of acetaldehyde: (a) alcohol
dehydrogenase (ADH), which is localised in the cytosol
of hepatocytes is the major pathway of ethanol metabo-
lism. Catalysis of this reaction requires the conversion of
nicotinamide adenine dinucleotide NAD" to NADH; (b)
catalase, which is localised in the peroxisomes of hepato-
cytes, can metabolise ethanol into acetaldehyde through
the conversion of H,O, to 2H,0. This process catalyses
a small proportion of remaining ethanol and (c) cyto-
chrome P450-2E1, in the microsomes, also contributes to
ethanol conversion to acetaldehyde but is only significant
in situations of excessive chronic alcohol consumption.
Oxidation of ethanol by this enzyme also leads to the
production of reactive oxygen species (ROS)."* Ethanol
metabolism in individuals with AUD generates ROS that
causes lipid peroxidation, mitochondrial glutathione
depletion and S-adenosylmethionine depletion; all these
products subsequently prime and sensitise hepatocytes
to injury. Excess acetaldehyde can bind covalently to
microtubules in the hepatocytes, resulting in the intra-
cellular retention of normally excreted proteins and the
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subsequent cell swelling. Acetaldehyde is an extremely
reactive compound; it is very toxic to hepatocytes because
it reacts with a variety of proteins and DNAs to form
adducts that promote glutathione depletion, lipid perox-
idation and mitochondrial damage."” Acetaldehyde is
metabolised into acetate by the enzyme called acetalde-
hyde dehydrogenase 2 (ALDHZ2). Although acetate has
no direct hepatotoxicity, it is believed to alter the inflam-
matory response by upregulating pro-inflammatory cyto-
kines in macrophages.'®

Ethanol is absorbed by simple diffusion through the
mucosa of the GI tract. The amount of ethanol diffusing
across the intestine depends on the concentration
gradient between the gut lumen and the capillaries in the
lamina propria, local blood flow and intestinal perme-
ability. The highest levels of ethanol are reached in the
duodenum and jejunum while luminal alcohol concen-
trations in the ileum, cecum and colon are similar to
serum ethanol levels, suggesting that ethanol detected in
the distal small intestine and colon is from the systemic
circulation. Luminal ethanol can be metabolised by the
intestinal epithelial cells because ethanol metabolising
enzymes are expressed in the intestinal wall. ADH, the
main enzyme involved in the first step of ethanol oxida-
tion, is expressed in all parts of the intestine.'” However,
to date no studies have mechanistically dissected how the
intestine contributes to ethanol metabolism.

Exposure of the proximal small intestine to ethanol
reduces the active transport of numerous nutrients across
the epithelium, such as monosaccharides, several L-amino
acid residues and lipids (fatty acids, monoglycerides) as
well as for some vitamins.'” However, the effects of alcohol
on the disturbed digestion and/or absorption of lipids and
protein in subjects with alcohol use disorder (AUD) have
not been carefully investigated. One study examined such
effect in patients with AUD without confounding disor-
ders such as cirrhosis or pancreatic insufficiency by using
an intestinal perfusion technique of a solution containing
a mixture of proteins, lipids and carbohydrates to eval-
uate nutrient absorption. The authors clearly showed
that the duodenal absorption of all three nutrients was
lower in patients with AUD compared with age-matched
healthy controls, but absorption rates in jejunum were not
reduced,'® which is in agreement with more pronounced
alcohol-associated mucosal alterations in the duodenum
than in jejunum.'® When duodenal biopsies from patients
with AUD were examined, some authors found normal
histology while others demonstrated significant histo-
logical alterations.”” ' The conflicting results may be
explained by the fact that, in most subjects studied, the
endoscopy was performed several days after alcohol with-
drawal. Considering the high regenerative capacity of the
gut epithelium, many changes might have repaired within
the interval between starting abstinence and the endos-
copy. A main problem in defining ABD is indeed the lack
of a histological definition of the disease in patients with
AUD in controlled conditions related to active alcohol
consumption or abstinence. In this context, we have

recently shown that the duodenal villi length of actively
drinking patients with AUD is significantly reduced
compared with healthy controls in the absence of histo-
logical signs of epithelial damage, confirmed by similar
levels of circulating intestinal fatty acid binding protein,
a marker of intestinal epithelial damage® in patients
with AUD compared with healthy controls. Interestingly,
intestinal permeability measured by the gold standard
"ICr-EDTA was elevated in 40% patients with AUD and
primarily confined to the proximal small bowel,?' where
most of the histological/pathological changes are found
and which is the principal site of alcohol absorption.
Ethanol and/or its metabolites acetaldehyde and acetate
may affect the malabsorption and other dysfunctions of
the proximal small intestine as well as of the distal small
intestine and colon. Acetate, for example, is a short-chain
fatty acid also produced by anaerobic bacteria, especially
in the colon and can shape different functions of the gut
barrier.?? However, the effects of different concentrations
of ethanol, acetaldehyde and acetate on intestinal barrier
functions in vivo remain largely unknown.

As mentioned above, acetaldehyde is transformed into
acetate by mitochondrial ALDHZ2. Interestingly, a specific
gene polymorphism that drastically reduces ALDH2
activity is the variant ALDH2%*2, highly prevalent in East
Asians® and results in high acetaldehyde levels and low
acetate. Remarkably, ALDHZ2gene polymorphism is associ-
ated with the pathogenesis of ALD and cancer.** To model
the contribution of this variant and ALDH2 deficiency
in ALD, ALDH2*2 knockin mice and ALDH2 knockout
mice have been used to study the pathogenesis of alcohol-
associated liver cancer.” Interestingly, the concept of the
liver being the sole organ involved in ethanol metabolism
and acetaldehyde detoxification has been recently chal-
lenged. It was found that genetic deletion of the Aldh2
gene in the liver caused less than a half elevation of blood
acetaldehyde levels compared with those in global Aldh2
knockout mice,” suggesting that other organs (adipose
tissue, heart, intestine, etc) also contribute to the metabo-
lism and clearance of acetaldehyde. In the small and large
intestine, ALDHZ2 activity is relatively lower compared
with ADH activity, thus potentially resulting in acetalde-
hyde accumulation.?” To date, the effects of acetaldehyde
and acetate on ABD are largely unknown. We will here
discuss current knowledge on potential production and
metabolism of ethanol by the gut microbiota. We next
highlight how ethanol and/or its metabolites acetalde-
hyde and acetate could contribute to alcohol-associated
bowel pathogenesis.

GUT MICROBIOTA: PRODUCTION AND METABOLISM OF
ALCOHOL AND ITS METABOLITES

The intestine is the home for trillions of microbes
including bacteria, archaea, fungi and viruses.”® The gut
microbiome encodes 100 times more genes than the
human genome,” exerting a remarkable influence on
the host, by modulating several host functions, such as
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supporting the intestinal epithelium, harvesting energy,”
protecting against pathogens® and coordinating intes-
tinal immunity.

Several previous studies suggest that the gut micro-
biota produce ethanol. Some intestinal lactic acid
bacteria as well as yeasts can produce ethanol in vitro
under different nutritional conditions.” Another study
has confirmed that ethanol production by the gut
microbiota can occur also in vivo after consumption of
fructooligosaccharides.” Under anaerobic conditions
microbes of the colon can use alcoholic fermentation
to produce small amounts of ethanol via the enzy-
matic action of microbial ADH.® However, whether gut
bacteria produce ethanol in human in vivo is still contro-
versial, further extensive studies are required to clarify
this notion.

Gut microbes might convert ethanol into acetaldehyde
by microbial ADH.™ %7 or in certain bacteria via catalase.*®
In which sites of the intestine these microbes metabolise
ethanol is largely unknown. A recent investigation in mice
chronically fed ethanol showed that ethanol metabolism
of the caecal microbiota might be low in vivo, and incor-
poration of acetate produced by host ethanol metabo-
lism may represent a principal pathway contributing to
microbiota changes during alcohol consumption.” The
authors concluded that gut microbiota does not metab-
olise ethanol directly. However, ethanol metabolism of
the microbiota of the proximal sites of the GI track as
well as of the colon were not investigated. Acetaldehyde
can be converted by microbial ALDH, which was found
to be upregulated in the caecal microbiota of ethanol-fed
mice.” However, the ability to metabolise high luminal
levels of acetaldehyde in the context of heavy alcohol
consumption is low, due to lower microbial and mucosal
ALDH activity compared with ADH” as well as to liver
ALDH.”® Consequent acetaldehyde accumulation could
result in gut barrier disruption by incompletely known
molecular mechanisms and may eventually lead to cancer.
Heavy drinking has been associated with a 1.5 times
increase in the risk of colorectal cancer (CRC), although
the increased risk is modest in magnitude.” Genetic
background, like for example the variant ALDH2%2, may
determine increased susceptibility to the carcinogenic
effect of acetaldehyde in the gut.*

Large amounts of acetate can be produced by colonic
microbes via conversion of fibres into monosaccharides,
which are then converted into short-chain fatty acids."
Acetate produced by host ethanol metabolism can
further increase luminal acetate concentrations in indi-
viduals with AUD* and could potentially affect growth of
microbial communities.*® To date, we lack experimental
evidence of the mechanistic role of the complex inter-
play between production of alcohol and its metabolites
by the gut microbiota and host ethanol metabolism in gut
pathogenesis. We now highlight gut barrier dysfunctions
and their potential links with alcohol and its products of
metabolism.

ETHANOL AND ITS METABOLITES IN ABD

Ethanol as well as acetaldehyde and acetate produced by
ethanol metabolism in individuals with AUD may promote
and/or contribute to bowel pathogenesis. Alterations in
the microbiome.** * and increased microbial transloca-
tion (translocation of microbes and/or their products in
the portal and systemic circulation) are strongly associated
with chronic alcohol consumption.* In addition, alcohol
miuse is linked with modifications at multiple levels of
the gut barrier, including the epithelium and immune
system, which might in turn shape the microbial changes,
allow microbes and/or their products to translocate into
the portal and systemic circulation. We will here describe
important alterations in the intestinal barrier functions
highlighting how acetaldehyde and acetate could induce
some of these changes in the different sites of the gut.

Changes in the gut microbiota

Many studies have investigated the changes in the micro-
biota composition specifically bacteria in patients with
AUD and ethanolfed mice. It has been shown that
chronic alcohol intake can lead to bacterial overgrowth in
the proximal small intestine,** compositional changes in
the microbiota (‘dysbiosis’)47 and elevated translocation
of bacterial products to the blood circulation bacteria-
derived products, a process called microbial transloca-
tion.*® In addition, several other studies have assessed
the changes in the intestinal microbiome, mycobiome
and virome in ALD.*?’ A comparison between these
studies is not always possible since there are significant
differences in design, data collection methodology and
ALD stage. Usually, studies looked at the composition of
the faecal microbiota and only two studies looked at the
composition of the microbiota in the proximal small gut®'
and in the colon.”

The microbiota is commonly studied at the composi-
tional level. However, we still lack an in-depth comprehen-
sion of the functional changes in microbial metabolism
in chronic alcohol consumption and how these changes
mechanistically affect host intestinal cells. It is known that
ethanol can be converted into acetaldehyde by different
microbes, such as Candida, Streptococcus, Enterobacte-
riaceae family.”*™ Furthermore, treatment with cipro-
floxacin reduced the acetaldehyde levels in the colonic
content from 387 pM to 21 puM,” supporting a role of
microbiota in acetaldehyde accumulation in the colonic
lumen. However, more rigorous studies are required to
clarify whether gut bacterial produce acetaldehyde in vivo
postalcohol drinking. If ethanol metabolism represents
a selective advantage for these microbes in vivo is not
known and which may be the functional consequences
on invasive capacities in the gut. Since the microbiota has
a low capacity to metabolise acetaldehyde into acetate,
acetaldehyde can accumulate in the intestine potentially
predisposing to barrier disruption (figure 2).

Dysbiosis can increase microbial translocation, either
directly or in an indirect manner. Overrepresented
pathogenic microbes can attach and invade the mucosa,
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Figure 2 Host and microbial ethanol metabolism and its
possible contribution to microbial-related changes during
ABD. Acetaldehyde and acetate produced by the host may
impact directly or indirectly small gut bacterial overgrowth,
microbial translocation and changes in the faecal microbiota.
Microbe metabolising ethanol to acetaldehyde may
contribute to acetaldehyde accumulation in the gut, but more
rigorous studies are required to confirm this notion. Also,
colonic bacteria producing acetate could impact gut acetate
levels. ABD, alcohol-associated bowel disease; PAMP,
pathogen-associated molecular pattern.
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but the underlying mechanisms have not been care-
fully studied. Moreover, some commensal microbes may
have some ‘good functions’ such as transformation of
bile acids, synthesis of vitamins, short-chain fatty acids
and amino acids. Loss of these microbes can negatively
affect the integrity of the intestinal epithelium as well as
immune responses.”

Changes in the intestinal epithelium

Gut barrier functions are insured by several types of
epithelial cells. Absorptive enterocytes play a key role in
absorbing nutrients and contribute to mucosal defence
by controlling paracellular permeability and directly
targeting a variety of pathogen-associated molecular
patterns via different pattern recognition receptors, such
as toll-like receptors and nucleotide-binding oligomerisa-
tion domain-containing proteins.”* Several independent
studies have demonstrated that alcohol intake causes
the disruption of tight junction proteins (eg, zonula
occludens 1, occludin and claudins) and subsequent
elevation of paracellular permeability, also called leaky
gut, primarily in the proximal small bowel.'" The exact
molecular mechanisms underlying increased intestinal
permeability remain largely obscure. Studies conducted
in animal models and using intestinal cell lines such
as CaCo-2 have shown the potential involvement of
different pathways in the dysregulation of tight junction
proteins.”” *® Acetaldehyde can disrupt tight junctions
either directly or indirectly. Using CaCo-2 monolayers, it
has been shown that acetaldehyde-induced loss of tight
junction integrity is related to activation of protein tyro-
sine kinase as well as of protein phosphatase 2A and inhi-
bition of protein tyrosine phosphatase, which in turn lead
to dysregulation of tight junction expression and protein-
protein interactions.”” Acetate could also potentially

affect paracellular intestinal permeability by influencing
protein acetylation.” All these studies used colon cancer
cell lines to study the effects of ethanol, acetaldehyde and
acetate on gut permeability. However, intestinal permea-
bility in patients with AUD without advanced liver disease
is primarily confined to the duodenum and jejunum,?
where ethanol is absorbed. To date, no studies have iden-
tified pathways and mechanisms related to proximal small
gut permeability in patients with AUD at early precir-
rhotic stages, in which additional factors characterising
liver decompensation (eg, portal hypertension) are not
involved in the process.'’ The pathogenesis of ABD might
have different pathogenic mechanisms whether in the
proximal intestine (more directly related to local ethanol
metabolism) or in the distal intestine/colon (where
changes might be secondary to dysbiosis due to acethal-
dehyde/acetate generated by metabolism of ethanol).

Secretory goblet cells, the frequency of which progres-
sively increases going down the intestine, produce mucus,
which is a first physical barrier against luminal microbes.
Commensal bacteria degrade glycans in the mucins to
extract the energy content which then they share with
the intestine in a mutualistic relationship.” Moreover,
goblet cells produce antimicrobial molecules, such as
trefoil factor™ and resistin-like molecule beta,’ to protect
against microbial invasion in intestines, and they also
present bacterial antigens to dendritic cells (DCs) via the
so-called ‘goblet cells antigen-associated passages’, thus
modulating the intestinal immune system.” Interestingly,
an increased production of mucus in the proximal small
intestine is found in both mice and humans postalcohol
consumption.” Deletion of the mucin-2 gene in mice
ameliorated alcohol-induced injury by inducing changes
in the composition of the microbiota and increased
expression of regenerating islet-derived 3 (Reg3) anti-
microbial molecules, resulting in reduced bacterial over-
load and translocation in mice.®® To date, it is not known
which factors are contributing to the changes in mucus
and antimicrobial Reg3 production and whether acetal-
dehyde and/or acetate can contribute to this phenom-
enon in vivo.

Paneth cells reside at the base of the crypts in the small
intestine, playing an important role in maintaining intes-
tinal barrier integrity by supporting metabolically adult
stem cells and by producing and releasing antimicro-
bial peptides, such as the Reg3 family of proteins, lyso-
zyme and secretory phospholipase A2.°* Alcohol misuse
reduces gene and protein expression of Reg3yand Reg3[3
in small intestine in mice and duodenal Reg3yin patients
with AUD, indicating impaired function of specialised
small intestinal Paneth cells."” Genetic deletion of Reg3
lectins in mice enhanced bacterial translocation into the
liver, thereby activating immune responses in the liver.*’
Furthermore, Reg3 knockout mice had worsened alco-
holic liver injury than control wild-type mice, which is due
to increased bacterial translocation.** Interestingly, dimi-
nution of the Reg3 is correlated with increased number
of bacteria attached to the duodenum.* A recent report
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showed that Paneth cell dysfunction is mediated by zinc
deficiency and reduced o-defensins production, resulting
in bacterial translocation,” further supporting the notion
of impairment of Paneth cell functions during ABD.

Microfold cells, also known as M cells, are present
in follicle-associated epithelium and shape immune
responses by taking up luminal antigens delivering to
organised lymphoid tissues within the mucosa.”® Entero-
endocrine cells (EECs) are specialised epithelial cells
that represent <1% of the entire gut epithelial popula-
tion, playing a key role in sensing the intestinal luminal
environment. In particular, EECs are able to sense micro-
bial metabolites and can orchestrate immune responses
and responses related to the enteric nervous system.’’
However, their contributions in ABD remain obscure.

The small intestinal epithelium is organised in villi and
invaginations called crypts of Lieberkithn. Adult stem
cells are found at the base of the crypts and generate all
absorptive and secretory cells that form the epithelial
layer.”® Stem cells in the crypt generate new cells that
expand and differentiate in the part of the crypts called
transit-amplifying zone. The transit-amplifying cells divide
there 4-5 times in approximately 2 days before migrating
upwards to the villus at which point they are fully differ-
entiated.”” The differentiated cells reach the top of the
villus in around 3 days where they undergo spontaneous
apoptosis with the remains of the cell being dispersed
into the lumen. This constant renewal of the epithelium
is of upmost importance for it to be able to correctly
perform its functions. Chronic alcohol feeding in mice
damaged adult stem cells by dysregulating Wnt/B-cat-
enin signalling and diminishing expression of stem cell
markers such as Lgr5 and Bmil.” However, chronic plus
binge alcohol consumption showed crypt hyperplasia
(increased crypt length) with enhanced proliferation.”
Changes in the duodenal epithelium could influence
both defective defence mechanisms as well as malab-
sorption of nutrients, a well-known characteristic of
patients with an AUD.” The villi in patients with AUD
even without advanced liver disease is reduced® and it
might influence absorption of nutrients important for
gut barrier functions, such as L-amino acids and lipids.
In cirrhotic stages, specific ultrastructural changes of the
villi have been described, such as atrophy, shorter villosity
like in early ALD stages as well as presence of epithelial
damage,” likely due to portal hypertension and pro-
inflammatory responses in the gut as such is not found
in earlier stages of ALD. The potential contributions of
acetaldehyde and acetate in epithelial dysfunctions are
represented in figure 3.

Changes in the intestinal immune system

The gut is home for the greatest number of immune
cells of any tissue in the human body. These immune
cells are strategically localised in different compart-
ments of the intestinal mucosa, which is controlled by
the expression of several chemokine receptors, and
play an important role in counteracting the invasion of
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Figure 3 Potential role of acetaldehyde and acetate in
alcohol-associated epithelial pathogenesis. The mechanisms
described for increased paracellular permeability are relative
to studies conducted with Caco-2 cell lines. The in vivo
impact of acetaldehyde and acetate on alcohol-induced
epithelial dysfunctions in the different sites of the intestinal
tract are not known. PP2A, protein phosphatase 2A; PTK,
protein tyrosine kinase; PTP, protein tyrosine phosphatase.

microbes or translocation of microbial products.”* The
immune responses against microbes mainly take place
in the mucosa, which is formed by the epithelium, the
underlying lamina propria and the muscularis mucosa, a
thin muscle layer below the lamina propria. The priming
adaptive immune cell responses mainly occur in the
organised structure of the gut-associated lymphoid tissue
(GALT) and the draining lymph nodes in the intestine.
The best-characterised gut-associated lymphoid tissues
are the macroscopically visible Peyer’s patches located on
the antimesenteric side of the small intestine. The size
and density of Peyer’s patches rises from the jejunum
to the ileum with particularly concentrated from in the
distal ileum and rare distribution in the proximal small
intestine, although a more heterogeneous distribution
exists in humans compared with mice.”

Chronic alcohol consumption is known to reduce intes-
tinal immunity, but it is still not clear how these reduc-
tions promote attachment and invasion of microbes in
the intestine. Moreover, it has never been explored how
ethanol, acetaldehyde and acetate influence intestinal
immune cell functionality.

Macrophages in the lamina propria produce tumour
necrosis factor-o, and such production is increased in
the duodenum of mice chronically fed ethanol as well
as in patients with AUD.”® However, the overall number
of duodenal CD68" macrophages in patients with AUD
is reduced compared with healthy controls.” It is known
that macrophages have several subsets, but which subset
of lamina propria macrophages produce this inflamma-
tory cytokine remain unknown as well as its significance
for intestinal barrier integrity. To date, no study has inves-
tigated the tolerogenic properties of intestinal macro-
phages in chronic alcohol consumption and how ethanol
metabolism may impact their function. Macrophages in
the gut are highly phagocytic and, for example, ethanol
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and acetaldehyde may influence their phagocytic activity
in vivo, as shown in vitro with neutrophils and mono-
cytes.”” Studies conducted with human macrophages cell
lines have shown that acetate can influence histone acetyl-
ation in promoter regions of pro-inflammatory media-
tors.'” Acetate produced by ethanol metabolism and/
or acetate produced by the gut microbiota could poten-
tially change histone acetylation/deacetylation activity
in intestinal macrophages along the intestinal tract. A
recent report has shown that acetate can promote anti-
inflammatory functions, important features of macro-
phages, in BI10 regulatory cells via metabolic changes
through the increased production of acetyl-coenzyme A,
which fuelled the tricarboxylic acid cycle and promoted
post-translational lysine acetylation.” Alterations in intes-
tinal acetaldehyde /acetate concentrations due to ethanol
metabolism in individuals with or without the ALDH2%2
variant may potentially alter gut innate and adaptive
immune cells during ABD.

DCs coordinate immune responses in the intestine by
presenting processed antigens to adaptive immune cells.
The effects of chronic alcohol consumption on gut DCs
have not been carefully investigated. It has been reported
that acute alcohol intake modifies the function and cyto-
kine production of human monocyte-derived DCs in the
systemic circulation.” Excessive alcohol consumption is
associated with alterations of circulating DC distribution,
immunophenotype and secretion of inflammatory medi-
ators,”” supporting a negative effect of alcohol on the
function of DCs. However, intestinal DCs have not been
evaluated during ABD in mice and humans. In addition,
DCs can recognise aldehyde-protein adducts, as demon-
strated in other intestinal and non-intestinal diseases,81
and potentially promoting impaired gut adaptive immune
responses during ABD.

The number of intestinal IgA-secreting plasma cells is
reduced in mice chronically fed ethanol.** In humans,
studies on plasma cells during ABD are scarce and
contradictory. It was reported that patients with decom-
pensated cirrhosis had reduced intestinal secretion of IgA
compared with those with compensated cirrhosis.*> By
contrast, two other investigations showed no differences
in the levels of IgA secretion® and IgA-secreting plasma
cells.*” To date, no studies have evaluated the changes in
GALT related to chronic alcohol consumption and how
ethanol and/or its metabolites could impact intestinal
lymphoid structures and functions.

Changesin intestinal T cells appear to play an important
role in ABD. A reduced number of duodenal T lympho-
cytes characterised patients with AUD in pre-cirrhotic
stages.”’ The diminution of T cells was explained by a
specific reduction of duodenal CD8" T resident memory
(TRM) lymphocytes. Those TRMs also displayed features
of immune dysfunctions and reduced immunosurveil-
lance against microbes. Mechanistically, TRM cells had
increased apoptosis related to an altered lipid metabolism
and lysosomal membrane permeabilisation. It was found
that ethanol had no direct toxicity in vitro, and cell death
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Figure 4 Potential implications of acetaldehyde and acetate
in alcohol-related gut immune dysfunctions. Mechanisms
potentially involved are listed near the two products of
ethanol metabolism.

was rather linked to metabolic changes in TRMs and
potentially to increased duodenal sphingolipid produc-
tion.*® However, the potential role of ethanol metabolites
acetaldehyde and acetate in duodenal TRM apoptosis
and/or functional changes has not been investigated.

Advanced ALD is related to impaired adaptive immu-
nity due to defective microbial immunosurveillance. For
example, increased proportions of CD4" T helper 17 cells
in the ileal and colonic lamina propria have been found
in ethanol-fed mice.*” A diminution of mucosa-associated
invariant T cells, which play an important role against
bacterial infections, have been observed in advanced
ALD along with defective antibacterial and cytotoxic
responses.” T lymphocytes in the gut use mitochondrial
B-oxidation of exogenous lipids to support their survival
and protective function. Treatment with acetaldehyde in
vitro inhibits production of cytokine proteins in activated
mouse and human T cells. Mechanistically, acetalde-
hyde treatment inhibits glucose metabolism in T cells by
inhibiting aerobic glycolysis-related signalling pathways.”
Alterations in the metabolism of intestinal T lymphocytes
due to ethanol metabolism in the intestine as well as
direct and indirect effects of acetaldehyde and/or acetate
could potentially induce metabolic reprogramming in
intestinal T cells potentially causing their dysfunctions,
and this hypothesis clearly deserves future investigations.

Emerging data suggest that acetaldehyde and acetate
contribute to gut immune defects, which is summarised
in figure 4, but the underlying mechanisms are currently
elusive and mechanistic approaches are therefore needed
to elucidate their potential role on ABD.

ALCOHOL-ASSOCIATED COLON CANCER

Substantial epidemiological evidence demonstrates that
excessive alcohol consumption is closely associated with
an increased risk for developing CRC.” A 10-year retro-
spective study indicated that long-term alcohol intake is
correlated with an increased incidence of KRAS' and
BRAF /KRAS™ but not BRAF' CRC,” which strongly
suggests the connections between specific genomic
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alterations and alcohol consumption during carcinogen-
esis. Although the exact effect of alcohol on CRC and
its underlying mechanisms remain incompletely under-
stood, recent studies provided several potential expla-
nations. First, ethanol and acetaldehyde significantly
enhance DNA damage response and colonic epithe-
lial proliferation. DNA mismatch repair gene mutation
carriers are more susceptible to alcohol-induced CRC.™*
A genome-wide study indicated a possible interaction
between alcohol intake and genetic variants in the
10q24.2/COX15 region,” and the A allele of single nucle-
otide polymorphisms rs2300985 has an increased risk for
CRC in lightto-moderate drinkers. For heavy alcohol
consumption, however, higher risk and worse prognosis
of CRC might be associated with hypomethylation of
insulin-like growth factor 2. Moreover, ethanol and its
metabolites in colon epithelial cells contribute to the
formation of ROS, reactive nitrogen species and mucosal
inflammatory response,”” *® which may indirectly lead to
DNA damage and initiate malignant transformation.” '’
As a very reactive and toxic intermediate metabolite of
ethanol, acetaldehyde causes various DNA modifications,
including mutagenic DNA lesions and chromosomal
instability,'” ! single-strand or double-strand breaks,
reacting with deoxyguanosine to form N2-ethylidenede-
oxyguanosine, a Schiff base adduct'” and formation of
adducts with DNA or proteins,'” which has been shown
to correlate with hyperproliferation of colon crypt cells
and CRC development.'” 1"

In addition to the carcinogenic roles, recent evidence
suggests that ethanol and its metabolites can directly
function on a variety of molecular pathways in CRC.
Data from in vitro cell culture studies and experimental
models revealed that ethanol elevates epithelial mesen-
chymal transformation in CRC by activating laminin
subunit gamma-2 and integrin beta 1 signals."” Ethanol
and/or acetaldehyde mediates activation of transforming
growth factor-beta/Runtrelated transcription factor 3/
Snail axis and glycogen synthase kinase-3 beta/B-catenin/
monocyte chemoattractant protein 1 pathway, subse-
quently promotes aggressiveness of CRC.'" ' Chronic
alcohol intake promotes metastasis of CRC via the chemo-
kine (C-C motif) ligand 5/AMP-activated protein kinase
pathway-induced autophagy.'” Acetaldehyde induces
Fanconi anaemia DNA repair pathway and inhibits apop-
tosis signals by triggering nuclear factor kappa B-depen-
dent pathway,'” and accelerates deficient DNA mismatch
repair pathway-driven colonic tumourigenesis in a Lynch
syndrome model.'” In contrast to ethanol and acetalde-
hyde, acetate was recently demonstrated to suppress PVR/
CD155 expression via the phosphoinositide 3-kinases/
protein kinase B pathway in colon cancer cell.'"’

Moreover, some findings suggest that alcohol metabolic
enzymes play a key role in tumour initiation and cancer
cell stemness maintenance of CRC. Genetic polymor-
phisms in ADHI1B and ALDH?2 correlated with colorectal
carcinogenesis.''" Tt has been identified that ALDHIA
confers the stem or progenitor properties to normal and

cancer stem cells, while ALDHIB is dramatically upreg-
ulated in colonic adenocarcinoma.''* ALDHs are highly
expressed in colon cancer cells, which enhance Notch
signalling pathway for stemness maintenance'” and
drive the transition from colitis to CRC.""* Additionally,
one study reported that alcohol exposure upregulated
ALDH2 expression in CRC cells, which stabilises the
PD-L1 protein expression by inhibiting its proteasome-
dependent degradation, and subsequently facilitates
alcohol-mediated tumour escape.'"”

CONCLUSION AND FUTURE DIRECTIONS

Acetaldehyde and acetate have the potential to promote
various dysfunctions of the intestine during acute and/
or chronic alcohol consumption. Epithelial and non-
epithelial cells as well as microbes along the different
sites of the intestinal tract could be impacted by ethanol
itself and by its metabolites, acetaldehyde and acetate.
The exact contribution of the digestive tract in ethanol
metabolism remains to be elucidated. Approximately
90% of patients with AUD present with mild forms of liver
disease, but the majority likely have certain degrees of
bowel dysfunctions (eg, malabsorption, intestinal perme-
ability, immune dysfunctions), suggesting that ABD may
precede in certain patients and promote or contribute
to ALD. Therefore, future studies aiming at investi-
gating ethanol-related impairment of bowel functions
are crucial to identify molecular targets potentially useful
for future interventions. Approximately 8% populations
in the world present defects in acetaldehyde metabolism
and clearance, leading to accumulation of acetaldehyde
and low levels of acetate. However, we do not know the
consequences of the imbalance between acetaldehyde
and acetate in ABD pathogenesis.

To challenge these questions, translational approaches
would be necessary to identify key molecular culprits
responsible for ABD. Different mouse models (eg, acute,
chronic-plus-binge models) could be used to better eval-
uate mechanistically the impact of ethanol metabolites
in acute and chronic alcohol consumption. Combining
transgenic mouse models of ABD, ex vivo models of the
intestinal barrier (eg, enteroids, immune cell cultures
and co-culture experiments) as well as innovative high-
throughput technologies for the study of host and
microbial functions could help us identify key factors
involved in alcohol-induced gut pathogenesis. Nowadays,
clinical management of patients with ABD is related to
the management of the alcohol use disorder. However,
since we do not have clear diagnostic criteria for ABD,
the management of this disease is difficult to achieve.
To better define the diagnosis of ABD and characterise
the impact of acetaldehyde and acetate on human ABD,
tissue levels of acetaldehyde and acetate as well as molec-
ular signatures and markers of intestinal barrier disrup-
tions (eg, epithelial barrier disruption, impairment of
immune responses, markers of microbial translocation)
could be evaluated in actively drinking patients with or
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without ALDHZ2*2 variants. Standardisation of clinical
settings is fundamental to identify pathological changes
implicated in ABD during active alcohol consumption
and the recovery of these changes after abstinence.
Thanks to highly standardised investigations in humans,
it will be possible for investigators worldwide to collab-
orate and correctly characterise the different stages of
ABD and design proper therapeutic strategies for the
different populations. These studies will help us elucidate
key molecular mechanisms implicated in ABD and iden-
tify therapeutic targets to treat and/or ameliorate this
disease.
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