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Scope: Binge consumption of alcohol is an alarming global health problem. Acute ethanol
intoxication is characterized by hepatic inflammation and oxidative stress, which could be
promoted by gut barrier function alterations. In this study, we have tested the hypothesis of the
hepatoprotective effect of rhubarb extract in a mouse model of binge drinking and we explored
the contribution of the gut microbiota in the related metabolic effects.
Methods and results: Mice were fed a control diet supplemented with or without 0.3% rhubarb
extract for 17 days and were necropsied 6 h after an alcohol challenge. Supplementation with
rhubarb extract changed the microbial ecosystem (assessed by 16S rDNA pyrosequencing)
in favor of Akkermansia muciniphila and Parabacteroides goldsteinii. Furthermore, it improved
alcohol-induced hepatic injury, downregulated key markers of both inflammatory and oxidative
stresses in the liver tissue, without affecting significantly steatosis. In the gut, rhubarb supple-
mentation increased crypt depth, tissue weight, and the expression of antimicrobial peptides.
Conclusions: These findings suggest that some bacterial genders involved in gut barrier
function, are promoted by phytochemicals present in rhubarb extract, and could therefore be
involved in the modulation of the susceptibility to hepatic diseases linked to acute alcohol
consumption.
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1 Introduction

Alcohol abuse represents a risk factor for numerous diseases.
In particular, “binge drinking” is on the rise at an alarming
rate worldwide. A binge is defined by the National Institute
on Alcohol Abuse and Alcoholism as consumption of five
and four drinks for men and women, respectively, in 2 h
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producing a blood ethanol level above 0.08% (80 mg/dL) [1].
The ultimate consequence of heavy acute and/or chronic
long-term alcohol consumption is alcoholic liver disease
(ALD) that generates an important financial burden for the
health care system due to the associated morbidity [2]. Patho-
genesis of fatty liver by alcohol consumption is known to
be complex and to have a multifactorial origin [3]. It is widely
described that alcohol metabolism per se causes fat accumula-
tion in the liver [4]. A “two-hit” hypothesis has been proposed
as the major contributor for alcohol-induced steatosis [5]. The
first one would involve the oxidation of ethanol to produce ac-
etaldehyde by cytosolic alcohol dehydrogenases, followed by
further oxidation toward acetate. Both processes are coupled
to the reduction of NAD+ to NADH and ultimately contribute
to steatosis [6]. However, while chronic alcohol-induced liver
injury has been a focus of interest for many years, the
mechanisms of acute ethanol intake and metabolic conse-
quences are still poorly understood. A recent study revealed
that the alcohol-mediated acetylation of the transcription of
carbohydrate responsive element binding protein (ChREBP)
plays an important role in steatosis under binge drinking
condition [7].

Furthermore, it is well known that acute alcohol intoxi-
cation leads to mucosal damage, quantitative and qualitative
alterations of the gut microbiota composition (i.e. dysbiosis),
and increased gut permeability, resulting in the translocation
of endotoxins (namely, lipopolysaccharides (LPS)) and other
bacterial products into the portal blood flow [1,8]. This altered
gut barrier function will promote the delivery of toll-like re-
ceptor (TLR) ligands like LPS to the hepatic macrophages
known as the Kupffer cells. In the liver, bacterial products
stimulate the release of pro-inflammatory mediators such
as reactive oxygen species (ROS), leukotrienes, chemokines,
and cytokines (e.g. tumor necrosis factor � (TNF-�) and IL-
1�) exerting deleterious effects on hepatocytes and resulting
in inflammatory infiltration and fibrosis in the liver [8]. Thus,
acute alcohol exposure can cause a “perfect storm” that favors
inflammatory liver damage. In accordance with these obser-
vations, data suggest that blocking signaling and pro-oxidant
producing enzymes in rodents via genetic alterations also pro-
tect against steatosis, without altering ethanol metabolism [9].
Among the other factors, data suggests that the gut microbiota
is a potential important target and an actor involved in the gut
barrier alteration upon alcohol drinking [10, 11]. In humans,
our recent results suggest that the gut microbiota is an actor
in the gut barrier and in behavioral disorders induced upon
alcohol dependence [12].

From a therapeutic point of view, nutritional strategies tar-
geting the experimental ALD, such as anti-inflammatory and
antioxidant nutrients, are of growing interest as promising
approaches showing fewer side effects than synthetic drugs
[13]. There is compelling evidence supporting the beneficial
effects of plant-derived compounds on the prevention and
treatment of numerous illnesses, including ALD [14–16]. For
instance, the rhubarb extract (from Rheum palmatum L./
Rheum officinale) has been classified as a natural herb

rich in anthraquinone derivatives with hepatoprotective and
anticancer effects [17, 18]. Intriguingly, the potential hepato-
protective effects of rhubarb extract on acute alcohol-induced
lesions have not been investigated so far. Therefore, the
present study was designed to use the potential benefits of
rhubarb extract administration on liver damages in a mouse
model of binge drinking, in order to evaluate the link between
gut microbiota, gut barrier, and hepatic metabolic disorders
and inflammation.

2 Material and methods

2.1 Animals and diet intervention

Male C57BL/6J mice (12-wk-old) were purchased from
Charles River Laboratories (France) and maintained in spe-
cific pathogen-free environment. Animals were housed in
groups of three or four mice per cage in a controlled envi-
ronment (12-h daylight cycle) with free access to food and
water. Animal experiments were approved and performed
in accordance with the guidelines of the local ethics com-
mittee. Housing conditions were as specified by the Belgian
Law of May 29, 2013, on the protection of laboratory animals
(Agreement LA 1230314). The agreement of the animal exper-
iments performed in this study was given by the local Ethical
Committee under the specific number 2010/UCL/MD/022.
Two independent experiments were performed following the
same protocol.

After 1 wk of acclimatization, mice were randomly as-
signed into two groups: a group fed with a standard diet
(AIN93M, Research Diet, New Brunswick, NJ) and a group
fed the standard diet supplemented with 0.3% of a rhubarb
extract for 17 days. Rhubarb extract was supplied by ORTIS
Laboratoires (Elsenborn, Belgium). The composition of this
extract was given in Supporting Information Table 1 with
the most important anthraquinone derivatives; the percent-
age of total anthracenic derivatives (expressed as rhein) was
6.48% (expressed as wet weight) and 6.87% (expressed as dry
weight). The diets were composed of 14 g/100 g protein (ob-
tained from casein); 77 g/100 g carbohydrates (obtained from
corn starch, maltodextrin 10, sucrose, and cellulose BW200)
and 4 g/100 g of lipids (obtained from soybean oil). The caloric
content of the diet was 3.85 kcal/g.

2.1.1 Alcohol challenge

After 17 days of dietary treatments, mice were fasted
overnight and minimum 14 mice per group received an
ethanol solution (30% w/v, 6 g/kg body weight), the re-
maining mice (minimum 8 mice per group) received water
by intragastric gavage (sham treatment). Mice were anaes-
thetized with isoflurane gas (Abbot, Ottignies, Belgium) 6 h
after the gavage with alcohol or water. Blood samples were
harvested for further analysis. Mice were necropsied after
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cervical dislocation. Cecal content and tissue, liver, and colon
were collected, frozen in liquid ,nitrogen and stored at −80�C.
A section of the main liver lobe was fixed-frozen in embed-
ding medium (Tissue-tek, Sakura, the Netherlands), a piece
of liver was fixed in formalin, and a piece of colon was fixed in
Carnoy’s solution or formalin for further histological analysis.

2.2 Gut microbiota analyses

Genomic DNA was extracted from the cecal content using a
QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions, including a
bead-beating step. 16S rDNA pyrosequencing and quantita-
tive PCR (Qpcr) were performed as described previously and
in Supporting Information Material and Methods 2 [19].

2.3 Biochemical analysis

Triglycerides and cholesterol were measured in the liver tis-
sue after extraction with chloroform–methanol as described
by Neyrinck et al. [20]. Lipid degradation products ensuing
from oxidative stress in the liver were determined by mea-
suring the concentration of thiobarbituric acid reactive sub-
stances (TBARS). Briefly, tissues were homogenized in saline
using Tissue Lyser II (Qiagen, France). Aldehydes present
in tissue lysate reacted with thiobarbituric acid forming an
aldehyde–thiobarbituric acid complex, that was detected by
spectrophotometry [21]. ROS were measured as described
elsewhere [22]. Alanine aminotransferase (ALAT) levels were
measured in the serum as markers of liver damage using
the ALAT/GPT kit as described by the manufacturer (DiaSys
Diagnostic and Systems).

2.4 Histological analysis of the colon

Crypt depth was measured after hematoxilin/eosin or blue
alcian staining. Whole-mount sections were digitized using
a whole-slide scanner (Leica SCN400, Leica Microsystems,
Germany) and images were captured using the Leica Im-
age Viewer Software (Version 4.0.4). Measurements of crypt
depth were made on colon sections of at least ten crypts per
animal with a method previously described [23].

2.5 Tissue mRNA analyses

Total RNA was isolated from tissues using the TriPure isola-
tion reagent kit (Roche Diagnostics, Penzberg, Germany).
RNA quality was checked using an Agilent 2100 Bioana-
lyzer (Agilent Technologies, Santa Clara, CA) with a quality
threshold at 6. Complementary DNA was prepared by reverse
transcription of 1 �g total RNA using the Kit Reverse Tran-
scription System (Promega, Madison, WI). Real-time PCR

was performed with a StepOnePlus Real-Time PCR System
and software (Applied Biosystems, Den Ijssel, the Nether-
lands) using SYBR Green (Eurogentec, Seraing, Belgium)
for detection. All samples were run in duplicate in a sin-
gle 96-well reaction plate, and data were analyzed according
to the 2−��CT method. The purity of the amplified product
was checked by analyzing the melting curve performed at
the end of the amplification step. The ribosomal protein L19
(RPL19) gene was chosen as a reference gene. The primer
sequences of the targeted genes are available on request (au-
drey.neyrink@uclouvain.be).

2.6 Statistical analysis

Results are presented as means with their standard errors,
combining both experiments. Statistical analysis was per-
formed by one-way analysis of variance (ANOVA) followed by
post hoc Tukey’s multiple comparison tests using the Graph-
Pad Prism software (version 5.00, GraphPad Software, San
Diego, California, USA). The results were considered statis-
tically significant when p value was < 0.05.

3 Results

3.1 Rhubarb extract induced drastic changes in

microbial diversity and populations

The differences within the intestinal microbial population
structure between the groups were visualized by non met-
ric dimensional scaling built upon a distance matrix based
on the species taxonomic level (Fig. 1A). A distinct cluster
was observed for mice receiving rhubarb extract supplemen-
tation whereas the acute alcohol administration did not in-
duce a major shift in the gut microbiota composition. In
fact, alcohol administration did not change cecal microbial
�-diversity (Fig. 1B–D) and the relative abundance of bacte-
ria at the phylum level (Fig. 2A and Supporting Information
Table 3). However, we observed significant changes in the
relative abundance of some species, such as higher propor-
tion of Rikenellaceae (due to species belonging to Alistipes
genus) and lower relative abundance of Verrucomicrobiaceae
(due to Akkermansia muciniphila) and vadinBB60 group in the
alcohol-alone treated mice versus the control one. In contrast,
the rhubarb-treated mice exhibited a decreased cecal micro-
bial �-diversity compared to the control mice due to a lower
evenness without affecting significantly the species richness
(Fig. 1B–D). When comparing the relative abundance of bac-
terial taxa between treatment groups, we observed a signifi-
cant phylum-wide shift from Firmicutes to Verrucomicrobia
upon rhubarb extract supplementation (Fig. 2A and Support-
ing Information Table 3). At the family level, the abundance
of Verrucomicrobiaceae significantly decreased due to the alco-
hol challenge. This effect was counteracted upon treatment
with rhubarb extract and this population reached even 39%
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Figure 1. Spatial ordination and bacterial diversity deduced by 16S profiling. (A) Nonmetric dimensional scaling with three axis of the
four mice groups; (B) bacterial diversity (Inverse Simpson Biodiversity Index); (C) bacterial richness (Chao1 Richness Index); (D) bacterial
evenness (deduced from Simpson Index). Rhubarb extract (light green), Alcohol (yellow), and Alcohol + Rhubarb extract (dark green).
Mice were fed a control diet supplemented with or without rhubarb extract during 17 days before the alcohol challenge. Diversity indexes
are expressed as the mean from subsampled datasets ± SEM. Data with different superscript letters are significantly different at p < 0.05
according to the one-way analysis of variance statistical analysis followed by Tukey post hoc test.

of abundance in the Rhubarb extract group. Other changes
were observed after rhubarb extract supplementation such as
a decrease in Lachnospiraceae, Prevotellaceae, as well as a mod-
est decrease in vadin BB60 group. At a lower taxonomic level,
the most prominent differences related to the Akkermansia
genus whose relative abundance reached 40% in rhubarb
extract-fed mice after the alcohol challenge, to the Alistipes
genus whose relative abundance was increased by the alcohol
challenge and lowered by rhubarb extract and to the Parabac-
teroides genus that was promoted by rhubarb extract. At the
OTU level, the most prominent increases after rhubarb sup-
plementation treatment corresponded to A. muciniphila. The

effect on this species was confirmed by qPCR (Fig. 2B). In ac-
cordance with the analysis at the genus level, Parabacteroides
goldsteinii was higher upon rhubarb extract treatment; this
increase was also confirmed by qPCR analysis (Fig. 2C).

3.2 Rhubarb extract improved intestinal

homeostasis

Rhubarb extract increased the number of feces produced over
24 h after 2 wk of rhubarb treatment (Supporting Information
Fig. 4). No diarrhea was observed (Supporting Information
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Figure 2. Changes in microbial populations in the cecal content, assessed by 454-pyrosequencing. (A) Relative abundances of bacterial
taxa accounting for more than 1%, at the phylum, family, and genus levels. (B) qPCR analysis of A. muciniphila in the cecal content. (C)
qPCR analysis of P. goldsteinii in the cecal content. Mice were fed a control diet supplemented with or without rhubarb extract during 17
days before the alcohol challenge. Data are Whiskers plots with minimum and maximum for B and C. Data with different superscript letters
are significantly different at p < 0.05 according to the one-way analysis of variance statistical analysis followed by Tukey post hoc test.

Fig. 4A). After 17 days of treatment, rhubarb extract enlarged
colon tissue and increased cecal tissue weight and colon crypt
depth independently of alcohol challenge (Fig. 3A–C). More-
over, rhubarb extract increased the mRNA expression of in-
tectin by almost twofold in the absence of alcohol (Fig. 3D),
suggesting a higher epithelial cell turnover [24, 25]; however
this result did not reach statistical significance. Inflamma-
tory markers measured in the colon were not significantly
changed by rhubarb extract in comparison to their respective
controls (Table 1).

Antimicrobial peptides are produced by the host and
contribute to shape the composition of the gut microbiota.
These peptides participate to the gut barrier function and
are an attractive mechanism for the modulation of the gut
ecosystem by nutrients. We measured the expression of se-
creting antimicrobial peptides produced by epithelial cells
in the colon: lysozyme C (Lyz1), phospholipase A2 group-
II (PlA2g2), �-defensins (Defa), and C-type lectin, primarily
the regenerating islet-derived 3-gamma (RegIII�). None of
these antimicrobial peptides were significantly affected by
the alcohol challenge (Fig. 4). Interestingly, rhubarb extract
upregulated Pla2g2 and RegIII� expression, suggesting that

rhubarb extract improved innate immunity through the
secretion of antimicrobial peptides. Lys1 and Defa were
not affected by the supplementation. Altogether, those
results suggest that rhubarb extract improved intestinal
homeostasis.

3.3 Rhubarb extract improved alcohol-induced

oxidative stress and inflammation in the liver

As shown in Fig. 5, ethanol challenge induced the expres-
sion of several proinflammatory markers in the liver tissue.
The administration of rhubarb extract reduced the expres-
sion of key inflammatory genes (TLR4, MCP-1, TNF-�, IL-
6) and macrophage-related markers (F4/80, CD68, CD11c).
Those data are in accordance with the detection and semi-
quantification of F4/80 by immunohistochemistry (Support-
ing Information Fig. 5A). Hepatic steatosis was examined
using histological analysis after oil red O staining (Support-
ing Information Fig. 5B). Alcohol-exposed mice exhibited
only a slight increase of fat accumulation. In fact, acute
alcohol intake did not significantly induce triglyceride or
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Figure 3. Morphologic, mor-
phometric, and molecular
changes for the evaluation of
cell proliferation in the caeco-
colon. (A) Representative pic-
tures of the colon after alcian
blue staining; (B) cecal tissue
weight versus body weight;
(C) crypt depth measured by
histological analyses after
hematoxilin/eosin or blue alcian
staining; (D) expression of
intectin in the colon. Mice were
fed a control diet supplemented
with or without rhubarb extract
during 17 days before the
alcohol challenge. Data are
expressed as the mean ± SEM.
Data with different superscript
letters are significantly different
at p < 0.05 according to the
one-way analysis of variance
statistical analysis followed by
Tukey post hoc test.

cholesterol accumulation in the liver (Table 2). The supple-
mentation with rhubarb extract tended to lessen lipid accu-
mulation but this result did not reach statistical significance
after alcohol intoxication (Table 2 and Supporting Informa-
tion Fig. 5B).

We evaluated hepatic oxidative stress by measuring
TBARS and ROS contents, as well as the gene expression
of NADPH oxidase in the liver tissue. Supplementation with
rhubarb extract to mice facing an alcohol challenge was able
to decrease ROS production and the mRNA levels of NADPH
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Table 1. Gene expression in the colon

mRNA (relative expression) Control Rhubarb Alcohol Alcohol+
extract Rhubarb extract

Il-6 1.00 ± 0.08 1.20 ± 0.19 0.94 ± 0.17 0.79 ± 0.23
Il-1� 1.00 ± 0.09a 1.10 ± 0.16a,b 1.37 ± 0.21a,b 1.96 ± 0.37b

TNF-� 1.00 ± 0.11 1.17 ± 0.23 1.16 ± 0.39 1.27 ± 0.16
MCP-1 1.00 ± 0.10a,b 1.32 ± 0.26a 0.57 ± 0.07b 1.07 ± 0.20a,b

Mice were fed a control diet supplemented with or without rhubarb extract during 17 days before the alcohol challenge. Data are expressed
as the mean ± SEM. Data with different superscript letters are significantly different at p < 0.05 according to the one-way analysis of
variance statistical analysis followed by Tukey post hoc test. MCP-1, monocyte chemotactic protein 1.

oxidase in the liver, while the hepatic levels of TBARS, ROS,
and NADPH oxidase mRNA were not significantly affected by
the ethanol administration (Table 2). Of note, rhubarb extract
did not modify any of those parameters in the control condi-
tion (Fig. 5 and Table 2). Acute ethanol exposure caused also
a higher release of ALAT in the serum compared with control

animals. Mice pretreated with rhubarb extract exhibited lower
level of ALAT in both control and alcohol conditions (ALAT
activity expressed in U/L: 15.9 ± 2.7, 10.4 ± 1.1, 56.5 ± 30.7,
29.7 ± 6.3 U/L for control, Rhubarb extract, Alcohol, and Al-
cohol + Rhubarb extract conditions, respectively); however,
this effect did not reach statistical significance.

Figure 4. Expression of antibacterial peptides in the colon. (A) RegIII� (encoded by Reg3g); (B) lysozyme C (encoded by Lyz1); (C) phos-
pholipase A2 group II (encoded by Pla2g2); (D) �-defensins (encoded by Defa). Mice were fed a control diet supplemented with or without
rhubarb extract during 17 days before the alcohol challenge. Data are expressed as the mean ± SEM. Data with different superscript letters
are significantly different at p < 0.05 according to the one-way analysis of variance statistical analysis followed by Tukey post hoc test.
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Figure 5. Expression of inflammatory
genes in the liver. Data are expressed as
the mean ± SEM; values are expressed rel-
ative to control group (set at 1). §p <0.05
versus control group and *p < 0.05 versus
Alcohol group according to the one-way
analysis of variance statistical analysis fol-
lowed by Tukey post hoc test. Mice were
fed a control diet supplemented with or
without rhubarb extract during 17 days be-
fore the alcohol challenge.

3.4 Changes in the gut microbiota composition

induced by rhubarb extract correlated

with host parameters

We performed a Pearson correlation analysis adjusted for
multiple testing according to the Bonferonni and Hochberg
procedure in order to evaluate the potential links between
significant changes in the gut microbiota composition in-
duced by rhubarb extract and host metabolism and immunity
(Fig. 6). We found that several gut bacteria were positively or
negatively associated with hepatic inflammatory markers or
gut antimicrobial peptides. For instance, we found that both
RegIII� expression and colon crypt depth were positively as-
sociated with Verrucomicrobia, Verrucomicrobiaceae, Akker-
mansia, and finally A. muciniphila whereas P. goldsteinii from
the Porphyromonadaceae family was negatively correlated with
TNF-� expression in the liver. It is important to note that
some species belonging to the Alistipes genus and Allobacu-
lum genus or the families S24-7 group and Erysipelotrichaceae
were positively correlated with hepatic inflammatory or ox-
idative stress markers.

4 Discussion

A prominent feature of alcohol abuse is disruption of the in-
testinal barrier. Animal models of ALD exhibit a leaky gut

[26], and impairments of the intestinal barrier function were
found in an alcohol-dependent population [12]. Although en-
dotoxemia ensuing from this intestinal barrier dysfunction is
widely considered a major cause of liver injury and inflam-
matory disorders due to alcohol exposure, the exact mecha-
nisms by which alcohol contribute to the altered intestinal
permeability and endotoxemia are not fully understood. The
integrity of the intestinal mucosa is determined by the func-
tion of several components: protective layer of defensins on
the intraluminal surface of the intestinal epithelium; tight
junction proteins between intestinal epithelial cells; and the
gut immune cells in the intestinal wall [26]. Alcohol has
both direct effects on these functions in the intestine and
indirect effects by alcohol and/or its metabolites distributed
via the blood stream [27–29]. Recently, the intestinal micro-
biome was evoked as a factor able to initiate and mediate
an increase in intestinal permeability contributing to ALD
[8,10,11,30]. Research focusing on the role of the microbiome
in ALD is still in its infancy compared to other fields, such
as obesity or fatty liver disease. Some authors reported that
acute and moderate ethanol intake alters the epithelial barrier
through ethanol oxidation into acetaldehyde by the colonic
bacteria whereas others demonstrated that intestinal steriliza-
tion protects against alcohol-induced intestinal barrier leak-
age and prevents bacterial translocation [31,32]. In the present
study, we observed that acute ethanol administration affected
gut microbiota in the cecal content of mice. Proportions of

Table 2. Hepatic parameters related to steatosis and oxidative stress

Control Rhubarb Alcohol Alcohol+
extract Rhubarb extract

Triglycerides content (nmol mg protein) 151 ± 8a,b 118 ± 9a 174 ± 16b 173 ± 6b

Cholesterol content (nmol mg protein) 81 ± 6 83 ± 4 98 ± 9 81 ± 7
TBARS content (mmol MDA/l homogenate H/10) 5.2 ± 0.4 3.7 ± 0.2 5.1 ± 0.7 5.6 ± 0.5
ROS content (% RFU/�g protein) 100 ± 6a,b 84 ± 13a,b 116 ± 10 a 85 ± 6b

NADPH oxidase mRNA (relative expression) 1.00 ± 0.18a,b 0.87 ± 0.23a,b 1.73 ± 0.56a 0.55 ± 0.06b

Mice were fed a control diet supplemented with or without rhubarb extract during 17 days before the alcohol challenge. Data are expressed
as the mean ± SEM. Data with different superscript letters are significantly different at p < 0.05 according to the one-way analysis of
variance statistical analysis followed by Tukey post hoc test. MDA, relative fluorescence units; RFU, relative fluorescence units; ROS,
reactive oxygen species; TBARS, thiobarbituric acid reactive substances.
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Figure 6. Correlations between bacterial taxa and host parame-
ters. Pearson correlations were computed for all bacterial taxa
significantly affected by the treatment (Supporting Information
Table 3) and all measured host parameters. p-Values were ad-
justed for multiple testing according to the Bonferroni and
Hochberg procedure. The color at each intersection refers to the
value of the r coefficient; asterisk indicated a significance correla-
tion between these two parameters (p < 0.05). Only the bacterial
taxa for which at least one significant correlation with a host pa-
rameter was detected, are displayed. Bacterial taxonomic level is
indicated at the end of the name (p = phylum, f = family, g =
genus, s = species).

Verrucomicrobiaceae, in particular A. muciniphila popula-
tion, disappeared from our targeted metagenomic analysis
whereas the abundance of Alistipes was higher 6 h after al-
cohol administration. It is worth noting that data presented
herein demonstrated an important modulation of the gut mi-
crobiota in favor of A. muciniphila and P. goldsteinii by the
rhubarb extract per se, independently of alcohol administra-
tion. We cannot exclude that the modulation of gut micro-
biota was linked to the carbohydrate or fiber contents in the
rhubarb extract but their concentrations in the diet (0.21 and
0.08%, respectively) were probably too low to induce such
an effect. Indeed, prebiotic effect of inulin-type fructans was
generally observed at doses higher than 1% in the diet of ani-

mals [33]. Polyphenols at low doses influence gut microbiota
composition (for review [34,35]). Therefore, we postulate that
changes of gut microbiota observed in our study could be
induced by the most important antraquinone present in the
rhubarb extract (rhein or its glucoside derivatives).

By which mechanisms would alcohol intake alter the com-
position of the intestinal microbiota? Multiple factors are
likely to contribute to changes in the intestinal microbiome
during development of ALD, and one of them is the intestinal
innate immune system. Antimicrobial molecules, which are
part of the innate immune response, are secreted from epithe-
lial cells. In particular, the antimicrobial molecules RegIII�
are reduced in the small intestines of mice following 3 wk of
intragastric ethanol feeding [36]. In the present study, acute
alcohol intake did not alter the levels of expression of these
antimicrobial proteins. However, RegIII� and Pla2g2 were
increased by the rhubarb extract. This suggests that, under
rhubarb extract supplementation, the host contributes to the
modification of the microbial community by modulating the
production of specific antimicrobial peptides [37, 38].

Moreover, rhubarb supplementation increased crypt
depth and intestinal tissue weight. Consistent with this ob-
servation, we found that the rhubarb extract tended to in-
crease the mRNA expression of intectin in absence of alcohol
administration. In fact, intectin is a small intestine-specific
glycosylphosphatidylinositol-anchored protein that has been
proposed to be involved in the rapid turnover of intestinal
mucosa [24]. These findings suggest that rhubarb extract in-
creases epithelial cell turnover that could constitute a new
mechanism contributing to reinforce the intestinal barrier,
as suggested for inulin-type fructans [25, 38, 39].

If controversies exist concerning the potential beneficial
or harmful effect on health of rhubarb herb and its main
constituents (anthraquinones like rhein, emodin, and aloe-
emodin), some human intervention studies devoted to evalu-
ate the effect of rhubarb supplementation on chronic kidney
diseases or menopausal symptoms were reported to be safe
[40,41]. In rodents, several in vivo experiments demonstrated
hepatoprotective effects of rhubarb and its anthraquinone
compounds [42–44]. Anyway, two cases of rhubarb-induced
hepatotoxicity have been reported in animals [45,46]. In these
both last studies, the doses of rhubarb extract were 3 to
20 g/kg of body weight per day and were equivalent to 6
to 40 times of the upper dose of human stipulated in Chi-
nese Pharmacopoeia (0.5 g/kg), respectively. In our study,
we decided to work with more realistic doses as compared to
the human use: the dose of 0.3% in the diet corresponded to
a maximum of 0.35 g/kg per day. This dose did not induce
hepatic alterations: we have shown that transaminase (ALAT)
activity in the serum tended to decrease upon rhubarb sup-
plementation, suggesting no hepatic injury due to rhubarb
extract, independently of alcohol challenge.

Oxidative stress (coming from the ROS overproduction
by parenchymal and nonparenchymal cells) is also consid-
ered as a well-known mediator in the development of liver
damage [47]. Importantly, although ROS levels were not
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significantly increased due to alcohol challenge as compared
to control conditions, we observed that the rhubarb extract
had clear antioxidant effects as shown by the significant re-
duction in hepatic ROS levels in Alcohol + Rhubarb extract
treated mice. ROS could be produced by hepatocytes through
cytochrome P450E1 system [48]. However, when alcohol is
consumed, the most likely source of free radicals seems to
be the ROS derived from NADPH oxidase in activated Kupf-
fer cells [49]. The most compelling evidence corroborating
the role of oxidative stress in ALD was reported from study
performed with NADPH oxidase (PHOX-47) knockout mice,
which were found to be resistant to hepatotoxicity induced by
chronic alcohol consumption [49]. Interestingly, rhubarb ex-
tract blunted the ethanol-induced NADPH oxidase expression
in our binge drinking model. Nonetheless, no antiperoxida-
tive activity of the natural extract could be evidenced through
TBARS assay.

It is well known that acute and chronic alcohol exposure
induces translocation of bacterial components and primes
their binding to TLR4 on the surface of hepatic Kupffer cells,
thereby leading to the activation of NF-�B-mediated TNF-
� signaling and resulting in inflammation [1, 13, 50, 51]. In
the present study, several inflammatory markers were in-
duced by acute alcohol challenge. We also observed an infil-
tration of macrophages inside the liver tissue by using both
molecular and histological analysis. Interestingly, rhubarb ex-
tract blunted hepatic inflammation induced by acute ethanol
treatment. Indeed, our data showed that rhubarb extract
suppressed significantly the expression of IL-6, MCP-1, and
TNF-� in mice facing an acute alcohol challenge. Moreover,
macrophage infiltration in the liver was normalized as shown
by the significant downregulation found in the expression
levels of F4/80 (confirmed by histological analysis) and other
markers of macrophage such as CD68 and CD11c. Impor-
tantly, supplementation with rhubarb extract was found to
inhibit also the expression of TLR4 in the liver. In fact, al-
teration of TLR signaling is one of the major mechanisms
involved in the impairment of immune response because
TLR serve as pattern recognition receptors on macrophages
and other innate immune cell types [52]. Consequently, we
would suggest an inhibition of the TLR4-dependent inflam-
mation in liver tissue after rhubarb extract supplementation,
which would reflect an enhancement of the hepatic immune
response.

Interestingly, the effect of rhubarb extract on inflamma-
tion and oxidative stress in the liver tissue may occur indepen-
dently of any significant changes in lipid accumulation. This
led us to postulate that the management of hepatic inflam-
mation or oxidative stress could be due to other mechanisms,
and we have tested the hypothesis of the involvement of the
gut (barrier) function and microbiota. The use of two inde-
pendent 16S rRNA gene-based techniques revealed that the
relative abundance of the bacterium A. muciniphila was in-
creased upon rhubarb supplementation. As A. muciniphila
abundance was positively correlated with the colonic expres-
sion of RegIII�, one could hypothesize that rhubarb extract

modules the colonic expression of RegIII� by promoting the
growth of A. muciniphila. These results are in accordance with
previous studies showing that treatments that change the
gut microbiota in favor of A. muciniphila restore gut barrier
function and increases RegIII� mRNA expression [38, 53].
In accordance with this hypothesis, it was recently demon-
strated that A. muciniphila decreased dramatically in genet-
ically and diet-induced obese mice. Furthermore, prebiotic
(oligofructose) treatment that restored A. muciniphila abun-
dance and oral administration of this bacterium improved
gut barrier, metabolic parameters, and inflammatory disor-
ders [38,53,54]. The physiological role of P. goldsteinii is much
less understood. Administration of a mushroom extract (Gan-
oderma lucidum) to high fat-fed mice led to an increased rela-
tive abundance of P. goldsteinii, from 3 to 25%, and this was
associated with a leaner phenotype, decreased activation of
the TLR4 pathway in the liver, and reduced hepatic inflam-
mation [55,56]. In our study, P. goldsteinii was negatively cor-
related with one important marker involved in TLR4 pathway
(TNF-�).

In summary, this study highlighted that administration of
the rhubarb extract at low doses modified host antimicrobial
peptide production and gut homeostasis and was associated
with profound changes in gut microbial composition. More-
over, the administration of the rhubarb extract had a hepato-
protective effect in binge alcohol induced liver injury acting
upon the first step of the disease. This outcome might be
the consequence of several pathways related with the down-
regulation of expression levels of inflammatory and oxidative
markers such as TLR4 and NADPH oxidase, respectively. We
hypothesize that the changes in gut bacteria observed upon
rhubarb treatment was involved in the higher turnover of ep-
ithelial cells contributing to reinforce gut barrier, and thereby,
would reduce hepatic damages induced by a binge alcoholic
challenge. Future studies should aim at further unraveling
the mechanisms by which the gut microbiota impact host
physiology related to alcohol abuse, with the hypothesis in
mind that the gut microbiota could either be a contribution
factor and a therapeutic target in this context.
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