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Impact of drinking alcohol on gut microbiota: recent
perspectives on ethanol and alcoholic beverage ]

Eunjung Lee' and Jang-Eun Lee'?

Excessive alcohol intake is a leading cause of morbidity and
mortality worldwide. Perspective of alcohol-associated disease
development is shifting, from the traditional aspect of direct
tissue damage by alcohol and its metabolites, to gut microbe
involvement. It has been shown that alcohol not only changes the
gut environment, but also modulates the composition of gut
microbiota and is associated in the development of alcohol-
associated diseases. Alcohol is consumed in the form of ethanol
in alcoholic beverages. However, literature is limited on the
effects of alcoholic beverages on gut microbiota and alcohol-
induced injury. Inthis review, we aim to clarify the influence of gut
microbiota and their relationship with alcoholic beverages in
addition to direct damage from ethanol.
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Introduction

Alcohol abuse is an important risk factor for many health
and social problems and a leading cause of global disease.
Alcohol is absorbed in the gastrointestinal tract (GIT),
transferred to the liver and lungs where it is metabolized.
In this process, ethanol and its metabolites cause health
complications including direct toxicity, oxidative stress,
and accumulation of fatty acid ethyl esters [1]. Acetalde-
hyde is a toxic substance, and it was considered a major
onset factor of diseases induced by alcohol intake [2].
Recently, another possibility has been raised that gut
microbiota altered by alcohol intake is involved in devel-
oping alcohol-associated diseases, and that these diseases
can be alleviated through recovery of changes in the
composition of gut microbes caused by alcohol.

Check for
updates

Itwas known that microbes living in the gut were associated
with the risk of intestinal diseases such as inflammatory
bowel disease, irritable bowel syndrome, and colorectal
cancer [3]. Since the first commercialization of the next-
generation sequencing (NGS) assay in 2004 [4], research on
the gut microbes have been actively conducted regarding
all the microorganisms in an environment, that is, micro-
biota, and microbiome which designate the collection of
their genomes [5]. The analysis gut microbiota had led to
new findings that it is also linked to obesity, cardiovascular
diseases, nonalcoholic fatty liver, and neuro-psychiatric
diseases, which emphasize its importance in human health
[3]. In addition, it is possible to identify the changes in the
composition of the gut microbiota affected by alcohol at the
level of genes and species through the analysis of gut
microbiome. Recently, studies have been supported to
conduct researches on the effects of alcohol on gut micro-
biota and the underlying mechanisms of alcohol-related
diseases mediated in the gut microbiota.

Alcoholic beverage is a general term for beverages con-
taining alcohol and mainly includes fermented liquors
such as beer and wine, and spirits distilled from them.
Although alcohol is consumed only as liquors in humans,
most previous studies have focused on the effects on gut
microbiota caused by the intake of pure ethanol. This
implies the understanding of alcoholic beverages associ-
ation with gut microbiota and alcohol-induced damage is
limited. Therefore, this review aims to summarize the
changes and development of disease caused by alcohol,
focusing on gut microbes, and discusses the experimental
results on the relationship between intake of alcoholic
beverages, gut microbes, and their physiological function.

Alcohol metabolism and the impact on the gut
microbiota

After minimal absorption of alcohol occurs in the mouth
and esophagus, ~20% of alcohol consumed is gradually
absorbed in the stomach, followed by ~70% of alcohol
absorbed from the small intestine [6]. Alcohol is mainly
metabolized in the liver by alcohol dehydrogenase
(ADH), which transforms alcohol into acetaldehyde
and causes serious toxic damage to tissues and gut
microbes. Alcohol has been reported to cause dysbiosis
in the GIT that increase gram-negative bacteria [7,8],
decrease short-chain fatty acid (SCFA)-producing bacte-
ria [9], disrupting intestinal barrier integrity caused by
endotoxin produced by gram-negative bacteria [10], and
increased permeability of the intestinal mucosa [11].
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Using various models, some have suggested that alcohol
consumption can directly alter the composition of the gut
microbiota. Rats who voluntarily consumed 20% ethanol
on alternate days for 13 weeks showed decreased a-diver-
sity and B-diversity, decreased abundance of Lacrobacilli,
and increased Bacteroidetes compared to the non-exposed
control group [12°°]. In our previous study, with a lower
concentration (0.8 g/kg/day) and short-term ethanol
administration for 7 days in mice, a-diversity of fecal
microbiota was decreased, and the abundance of phylum
Bacteroidetes were decreased compared to the control
group [13°°]. Barr er al. [14] reported that in rhesus
macaques, who consumed 4% ethanol as drinking water,
increased Bacteroidetes and decreased Proteobacteria were
observed in the colon [14]. Another primate study showed
that spontancous alcohol intake of 4% ethanol solution
decreased a-diversity and increased abundance of Firmi-
cutes in the fecal microbiome of rhesus macaques [15]. In
humans, the fecal microbiota of over consumers, consum-
ing 118.9 g/day of alcohol for >10 years showed higher
abundance of phylum Prozeobacteria and lower abundance
of Faecalibacterium than the control group who consumed
an average of 2.5 g/day [9]. To date, most studies have
reported that alcohol consumption directly affects the
composition of gut microbes, causing dysbiosis and
inflammation in the gut. In contrast, in the human fecal
microbiota analysis conducted by Kosnicki ez a/. [12°°],
biodiversity was increased in human drinkers compared
to the control group [12°°]. When analyzing the changes in
the gut microbiota, a rough trend (changes in the abun-
dance of Proteobacteria, Bacteroides, Firmicutes, and Faeca-
libacterium) at the phylum level was seen, but the results
of previous studies were not consistent depending on the
alcohol concentration, model systems, and organs
[9,12°°,13°°,14,15]. According to the study by Fan
et al. [16], abundance of class Baci/li in phylum Firmicutes
were decreased, further genera Streptococcus and Lachnoa-
naerobaculum in phylum Firmicutes were increased in the
heavy drinker group [16]. This strongly suggested that
the analysis of taxonomic rank below genus levels is
necessary than at phylum level.

Gut-liver axis: alcohol-induced liver damage
and gut microbiota

The intestinal hyperpermeability due to alcohol intake
makes it easier for bacterial cells and their metabolites to
enter the portal and the systemic circulation system, thus
changes in gut microbiota, due to alcohol, can affect the
GIT and other organs in the body [17]. The liver is
especially damaged by alcohol, causing injuries including
hepatic steatosis, hepatitis, fibrosis, cirrhosis, and hepato-
cellular carcinoma. In mice treated with alcohol for
3 weeks, liver injury and lipid accumulation were seen
along with intestinal bacterial overgrowth. In addition,
compositional changes in the gut microbiota such as
reduced abundance of phylum Firmicutes and enhanced
abundance of Bacterioidetes and Verrucomicrobia were

observed [18]. Canesso e7 a/. [19] revealed that germ-free
mice treated with ethanol (10% v/v) for 7 days ata 5 mg/kg
binge were protected from liver injury compared to the
conventional mice receiving equal amounts of ethanol
[19]. This is contrary to the results of significant liver
injury and inflammation in germ-free mice reported by
Chen ef al. [20] when compared to conventional mice
through ethanol binge drinking [20]. In a recent study,
hepatic steatosis and changes in abundance of genera
Ruminococcus, Coprococcus, and Streptococcus were observed
in the rats administered with 10% v/v ethanol solution for
12 months [21]. Fecal microbiota transplantation (FM'T)
of alcohol-resistant donor mice in alcohol fed mice pre-
vented liver steatosis and inflammation, and recovered
gut homeostasis, whereas humanized germ-free mice
using FM'T from alcoholic hepatitis patients showed
severe liver inflammation and necrosis by alcohol intake
[22,23]. In a non-human primate model, distinct liver
steatosis was induced along with the increased abundance
of Firmicutes and Proteobacteria and decreased abundance
of Bactervidetes in fecal samples from rhesus macaque
through voluntary ethanol supplementation for 3 years
[24]. In addition, patients with alcohol-associated liver
disease showed a decrease in a-diversity and a specific gut
microbiota signature (reduction of Akkermansia, increase
in Bacteroides) [25-27,28°°]. Interestingly, the auto-brew-
ery syndrome (ABS), in which gut fermentation results in
high blood ethanol without alcohol intake, directly shows
the risk of alcohol-induced liver injury. Yaun ez a/. [29°°]
recently revealed the strains of Klebsiella pneumonia capa-
ble of producing high alcohol concentrations in individu-
als with ABS. Furthermore, feeding this strain into mice
caused hepatic steatosis similar to that of mice fed etha-
nol, without ethanol administration [29°°]. Another study
described by Duan ¢z a/. [30°°] showed that the proportion
of Eunterococcus spp. were significantly increased in
patients with alcoholic hepatitis compared with controls,
and cytolysin secreted by Enterococcus faecalis was associ-
ated with the liver injury, severe clinical outcomes, and
increased mortality in patients with alcoholic hepatitis
[30°°]. Targeting cytolysin-positive K. faecalis by bacter-
iophages abolished alcohol-induced liver injury and stea-
tosis in a humanized mouse model. These results support
that gut the microbiota is strongly associated with alcohol-
induced liver injury, and that the gut microbiota is prom-
ising for treating alcohol-related liver diseases.

Alcohol and gut-brain interaction

The latest studies on alcohol and gut microbiota are
expanding their impact on brain associated disorders
beyond the liver diseases [31,32]. The existing perception
of the harmful effect of alcohol has focused on the direct
alteration of neurotransmitters and their receptors by
alcohol and its metabolites (typically acetaldehyde).
However, recent experimental evidence has emphasized
that gut microbiota influences brain function, causing
alcohol-related psychiatric behavior change [33].
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Peterson e a/. reported that the vapor route of ethanol
administration increases A/istipes and decreases Clostrid-
tum 1V and XIVb compared with control mice [34]. In a
meta-analysis of alcohol-induced gut microbiota and
behavioral changes, alcohol alters neurotransmitters such
as y-aminobutyric acid (GABA), serotonin, and dopamine
produced by gut microbes, and causes behavioral changes
including emotional behavior, memory, sleep, and
depression disorders in mammalian models [35]. Mice
applied with FMT from patients with alcoholism,
induced spontaneous alcohol preference, anxiety-like
and depression-like behavior, and changes in brain-
derived neurotransmitters [36]. These studies suggest
that gut microbiota is an important mediator of neuropsy-
chiatric behavior through gut-brain axis interaction,
which supports a potential of gut microbiota as a new
therapeutic target for treating alcohol-related brain dam-
age. However, access to the role of gut microbiota on
alcohol-induced physiological mechanisms in humans
remains limited. The results of experimental animal
models including rodents and non-human primates
may differ from those of humans [12°°]. In addition,
the gut microbiota in humans easily changes due to
environmental factors such as diet, smoking, drinking
pattern, use of antibiotics, and fasting, which makes it
difficult to clearly distinguish whether the changes in gut
microbiota are caused by alcohol intake.

Alcoholic beverages and gut microbiota: can

poison be a medicine?

Alcohol containing ethanol and its metabolite, acetalde-
hyde, has been designated a World Health Organization
(WHO) group 1 human carcinogen and undoubtedly acts
as a poison to human health [37]. Interestingly, Shimizu
et al. reported that moderate/lifelong (1% in drinking
water) alcohol consumption increased the lifespan by
4 weeks in the senescence-accelerated mouse prone 8
(SAMP8) model compared to the water consuming group
[38]. Recognition impairment, spinal curvature, and skin
conditions were also observed slower in SAMP8 mice
receiving the alcohol solution, leading to positive effects
on health, such as delayed aging and extended lifespan.
Gut microbiota also showed a tendency of higher Lacto-
bacillales order and lower Clostridium cluster XI than in
mice receiving only water, which suggests that changes in
gut microbiota caused by moderate alcohol intake have a
beneficial effect for preventing aging. These results differ
from those mentioned above, which led to dysbiosis and
biodiversity reduction, liver injury, and damages in brain
and behavioral function by alcohol consumption, medi-
ated by gut microbes. Ethanol administration through a
Lieber-DeCarli liquid diet, drinking water, and binge,
which have been widely used in animal experiments, do
not reflect the actual impact because there are differences
in the amount of ethanol intake, drinking method, and
chemical composition in alcoholic beverages. Consider-
ing the WHO’s designation of a heavy drinker, when

ingested 0.67-1 g/kg/day (40-60 g/day based on 60-kg
adult), binge drinking at a high concentration (3-8 g/
kg/day) is unlikely to happen clinically [39], even when
the basal metabolic rate in rodents is seven times higher
than humans [40]. To date, few studies have only
observed the changes in gut microbiota caused by direct
consumption of alcoholic beverages at physiological con-
sumable concentration.

Alcoholic beverages are made from raw materials grains,
fruits, and other sources of monosaccharides and poly-
saccharides through fermentation (brewing) and post-
fermentation processes (filtration, distillation, mixing,
and sterilization, among others.). Through these pro-
cesses, various microorganisms and their metabolites
are included in alcoholic beverages. Studies have shown
consumption of alcoholic beverages may affect gut micro-
biota depending on the alcoholic beverages [13°°,41,42].
Red wine, which has been most frequently studied for its
beneficial effects on health, showed increased abundance
of Prevotella, Bifidobacterium, Bacteroides uniformis, and
Eunterococcus during chronic consumption [41]. Besides,
its consumption was positively associated with an increase
in a-diversity of gut microbiota [43°°]. The intake of
Chinese baijiu, a distilled liquor from fermented grains,
at a concentration of ~2.7 g/kg/day for 15 days alleviated
ethanol-induced liver injury, reduction of Akkermansia
abundance, and increases the relative abundance of Pre-
votella compared to pure ethanol intake [42]. Our recent
study revealed that a-diversity of fecal microbiota was
increased in mice who consumed Makgeolli, an alcoholic
beverage fermented with rice, at a concentration of 0.8 g/
kg/day for 7 days compared to the mice receiving equal
amount of pure ethanol [13°°]. In addition, these mice
administered Makgeolli showed the increased abundance
of the phylum Bacteroidetes, reduction of Firmicutes, cle-
vated production of short-chain fatty acids such as butyric
acid and propionic acid, and protection against ethanol-
induced colonic inflammation. Studies have suggested
the potential protective effect against dysbiosis of gut
microbiota by the abundant polyphenols in beer, despite
the lack of direct experimental evidences [44—46]. From
these results, it can be presumed that most of the useful
effects of alcoholic beverages are due to microorganisms
and raw materials contained in, or metabolites derived
from them. Most of fermented liquor contains several
health beneficial components such as polyphenols, amino
acids, vitamins, other functional ingredients, and
microbes that can be potential probiotics, but they are
rare in distilled liquors such as Vodka, Gin, and Soju. In
addition, recent studies have reported the evidence of
interactions between the gut microbiota and trace ele-
ments including iron, copper, magnesium, and calcium,
and the effect of this interaction on the health of the host
[47]. Here, we summarized beneficial components and
microbes in representative alcoholic beverages and their
mineral composition which could affect health benefits
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Table 1

The health beneficial composition of representative alcoholic beverages and their effect on gut microbiota

Class  Liquor Source Alcohol  Representative beneficial Minerals Fermentative microbes  Changes in gut microbiota References
(%) compounds
Wine
Red wine Red grapes 11-14 Catechin Calcium Saccharomyces spp. Increased phyla Proteobacteria, [41,43°°,51,52]
Oak Epigallocatechin Chloride Lactobacillus spp. Fusobacteria, Firmicutes, Bacteroidetes
Gallic acid Copper Leuconostoc spp. (compared with individuals received Gin),
Malvidin-3-glucoside Iron Increased Barnesiella,
Rutine Increased a-diversity
Quercetin Decreased Bifidobacterium, B. coccoides,
Myricetin C. leptum, and Lactobacillus
Caffeic acid
Resveratrol
White wine White grapes 11—13 Catechin Calcium Saccharomyces spp. Increased «-diversity [43°°,53]
Epigallocatechin Chloride
Gallic acid Copper
Caffeic acid Iron
Beer
Larger Barley 4.2-5.0 Hydroxybenzoic acid derivatives = Magnesium  Saccharomyces spp. Increased a-diversity and B-diversity by [44,54]
Pale Malt Hydrocinnamic acid derivatives Potassium Brettanomyces spp. non-alcoholic beer (not in alcoholic beer)
Pilsner Hop p-Coumaric acid Calcium
Caffeic acid Phosphorus
Sinapic acid
Ferulic acid
Catechin
Rice wine
Makgeolli Rice 5-6 Oligosaccharides Calcium Aspergillus spp. Increased a-diversity and phylum [13°°,55]
Nuruk Dietary fiber Phosphorus  S. cerevisiae Bacteroidetes and Muribaculum intestinale
B-glucan Potassium L. plantarum sp.,
Niacin Sodium Pediococcus spp. Decreased phylum Firmicutes (compared
Thiamin with mice administered pure ethanol)
Yeast
Lactic acid bacteria
Sake Rice 12-18 Dietary fiber Aspergillus spp. Increased Lactobacillaceae by intake of [56,57]
Koji Oligosaccharides S. cerevisiae sake cake and rice malt (w/o ethanol)
Peptides Lactobacillus spp.
Pseudomonas spp.
Spirits
Whiskey Barley 40—-46 Gallic acid = = = [58]
Wheat Ellagic acid
Oak Vanillic acid
Vanillin
Syringic acid

p-Coumaric acid
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Changes in gut microbiota

Fermentative microbes

Minerals

Representative beneficial

compounds
Gallic acid
Ellagic acid
Syringic acid
Vanillic acid
Vanillin

Alcohol
%)
35-60

Source
Grapes

Oak

Brandy

Table 1 (Continued)
Liquor

Class

p-Hydroxybenzoic acid

Gallic acid

[60]

35-50

Sugarcane
Oak

Rum

Ellagic acid
Syringic acid

Benzoic acid

Protocatechuic acid

p-Hydroxybenzoic acid
Tetramethyl pyrazine

[42,61]

Increased Akkermansia compared with

ethanol group

P. pentosaceus,
L. plantarum,

Sorghum 28-65

Rice

Chinese Baijiu
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S. cerevisiae,

Daqu/xiaoqu

P. kudriavzevii,
W. anomalus

and changes in composition of gut microbiota by the
chronic consumption (Table 1). Through the several
studies showing beneficial effects of low or moderate
consumption of alcoholic beverages compared to the
non-ethanol group on gut health [13°°,38], perhaps con-
sumption of alcoholic beverages may partially have health
beneficial effects. However, most studies only suggest the
beneficial effects mitigating disruption induced by pure
ethanol at the same concentration. Careful interpretation
and discussion, along with sufficient data collection is
need, to determine whether consumption of alcoholic
beverages is beneficial for gut microbiota and health.

Prospects of gut microbiota and alcoholic
beverages

In terms of the relationship between gut microbiota and
alcohol, there is no doubt that an integrated study is
needed, to observe the changes in gut microbiota and
disease development. To date, our knowledge of the
underlying reason for morbidities is limited, as studies
have relied almost exclusively on long-term heavy/binge
drinking experimental animal models, using pure ethanol
and colon biopsies/fecal samples from patients with alco-
hol-associated diseases. Clinical studies using alcoholic
beverages have also been investigated based on the
epidemiological results that analyze the correlation
between wine intake and alcohol-related diseases, thus
there is a limit to investigating a clear causal relationship
and mechanism between them. Therefore, the dose-
dependent, site-dependent, and type-dependent impact
of chronic alcoholic beverage consumption in the absence
of obvious alcohol-related disorders needs to be further
studied.

As mentioned in this review, although gut microbiota is
known to be involved in the pathogenesis of alcohol-
associated diseases, the understanding of the role of the
fungal microbiome (mycobiome) in developing alcohol-
induced physiological changes is still insufficient. It is
possible the changes in mycobiota in the GIT are caused
by intake of §. cerevisiae, and fungi contained in fermen-
ted liquor would also play an important role in developing
these diseases [48]. Moreover, ABS showing endogenous
ethanol production in the GIT by fungi such as §.
cerevisiae, S. boulardii, and Candida spp. spontancously
induces the development of non-alcoholic fatty liver
disease (NAFLD) [29°°,49], which suggests that gut
mycobiota also plays a pivotal role in developing alco-
hol-induced diseases.

Conclusion

It has continuously been proved that alcohol-associated
diseases can be controlled by gut microbiota, and it can be
considered a ‘hidden organ’ with essential functions in
host homeostasis [50]. To use gut microbiota beneficially
for human health mediated by alcohol, our understanding
should be increased by conducting further integrated
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studies. Still, it is plausible that gut microbiota will be a
treatment and preventive agent used for alcoholic
diseases.
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