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Abbreviations: DSS, dextran sulfate sodium; RES, resveratrol; IBD, inflammatory bowel
disease; DAI, disease activity index; H&E, hematoxylin & eosin; OTUs, operational taxonomic
units; PCoA, principal coordinates analysis; TNF-a, tumor necrosis factor alpha; IL-18,
Interleukin 1 beta; GM-CSF, granulocyte-macrophage colony-stimulating factor; IL-2, Interleukin
2; IL-6, Interleukin 6; IL-10, Interleukin 10; IFN-y, interferon gamma; KC/GRO, keratinocyte
chemoattractant/human growth-regulated oncogene; CXCL1, chemokine (C-X-C motif) ligand 1;

LDA, linear discriminant analysis
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Abstract

Accumulating evidence suggests that the gut microbiota plays an important role in the
pathogenesis of colitis and that its composition could be modulated by exposure to dietary
components. Thus, it may be possible to ameliorate colitis disease severity through
administration of dietary components. Herein, we determined the effects of orally administered
resveratrol on the gut microbiota composition and resulting inflammatory status of a dextran
sodium sulfate (DSS)-induced colitis mouse model. Our results supported our hypothesis that
dietary resveratrol altered microbial composition and restored microbial community diversity in
DSS-treated mice. Specifically, resveratrol effectively decreased the abundance of genera:
Akkermansia, Dorea, Sutterella and Bilophila, and increased the proportion of Bifidobacterium in
colitic mice. Resveratrol was also able to prevent mouse body weight loss, reduce the disease
activity index, attenuate tissue damage, and down-regulate the expression of pro-inflammatory
cytokines such as IL-2, IFN-y, GM-CSF, IL-18, IL-6, KC/GRO, and TNF-a in the colon of DSS-
treated mice. A Pearson’s correlation analysis indicated significant correlations between the
relative levels of these pro-inflammatory cytokines and alterations of gut microbiota. Our results
demonstrated that dietary resveratrol attenuated inflammatory status and alleviated gut

microbiota dysbiosis in a colitis mouse model.
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Introduction

Inflammatory bowel disease (IBD), encompassing relapsing-remitting Crohn’s disease and
ulcerative colitis, is a chronic inflammatory disease of the gastrointestinal tract.” Although the
precise etiology of IBD remains unknown, the most accepted hypothesis to date is that
genetically predisposed hosts experience continual immune and inflammatory responses to
their gut microbiota or ingested matieral.”- 2 The possible implication of the gut bacterial
community in the pathogenesis of IBD has been highlighted only recently. Existing lines of
evidence for such a relationship include: noted microbial markers for the progression of IBD
such as reduced community diversity and altered bacterial composition when compared to
healthy subjects,®® germ-free dextran sodium sulfate (DSS)-treated mice demonstrating
resistance against colitis development compared to their germed counterpart,® as well as IL-10-
deficient mice (a murine model of IBD) not developing colitis under germ-free conditions.” These
results suggest that microbial factors might directly contribute to the generation of colonic
inflammation and adverse metabolic consequences. Therefore, the gut microbiota has become
an important target in the treatment of IBD, and therapy has focused on correcting intestinal

microbial imbalances and dysbiosis.

As the sole source of energy input for bacteria residing in the gastrointestinal tract, an
individual’s diet has a large influence on the gut microbiota composition. Food components (e.g.
fiber, polysaccharides, polyphenols) that are natively non-digestible are subjected to intestinal
microbial metabolism.? ° Previous studies estimated that 90-95% of ingested polyphenols may
accumulate in the large intestine where they interact with the gut microbial community.'°
Resveratrol (3,5,4’-trihydroxy-trans-stilbene), a polyphenol found in various berries and peanuts,
is highly accumulated in the gastrointestinal tract (65.1%)."" Studies have reported that dietary

resveratrol alleviates gut dysbiosis caused by a high-fat diet, namely by increasing the
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Firmicutes/Bacteroidetes ratio, inhibiting the growth of Entferococcus faecalis, and increasing the

prevalence of probiotics Lactobacillus and Bifidobacterium in the gut.'2 13

The protective effects of resveratrol against acute or chronic colitis in different models were
demonstrated in previous works.'*'7 In several instances, dietary resveratrol down-regulated
inflammatory biomarkers, reduced oxidative stress, and attenuated clinical symptoms in
experimental murine colitis models.™ 6. 18 A human study revealed that six weeks of dietary
resveratrol could alleviate clinical colitis.'® A separate study reported increases in Lactobacillus
and Bifidobacterium by resveratrol treatment and a moderating effect on the growth of
Enterobacteria in an acute colitis rat model."” Recently, Haider et al. reported that resveratrol
modulated the gut microbiota to prevent colitis in an acute 2,4,6-trinitrobenzenesulfonic acid-
induced colitis mouse model.?° In this study, 16S rRNA sequencing was used to identify gut
microbiota community shifts by resveratrol in DSS-induced chronic colitis mice. Our study
provides insights into the effects of resveratrol on the gut microbiota and their interaction to

affect chronic colitis.

Materials and Methods

Animals and experimental design

This study was performed in strict accordance with the NIH guidelines for the care and use
of laboratory animals and was approved by the Institutional Animal Care and Use Committee of
the University of Massachusetts Amherst. 40 male CD-1 mice (6-8 weeks old) were purchased
from Charles River Laboratories (Wilmington, MA, USA). Animals were randomly assigned to
four groups and housed at 3-4 mice per cage in a temperature-controlled environment (22 +
2°C) with 65% relative humidity and fixed 12h light/dark cycle. For the first week of standard diet

feeding, cage rotation was performed to minimize individual variation. After the one-week diet
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acclimation, the four groups, each sized n=10, were designated as follows: the control group
(DSS-/RES-) fed with standard chow AIN93G diet (Dyets Inc., Bethlehem, PA, USA); the
resveratrol group (DSS-/RES+) fed with standard diet supplemented with 0.025% resveratrol
(w/w, >99% purity) (Quality Phytochemicals, East Brunswick, NJ, USA); the DSS group
(DSS+/RES-) treated with standard diet and 1.5% DSS water (w/v, salt form) (International Lab,
Chicago, IL, USA); and the DSS-resveratrol group (DSS+/RES+) received 0.025% resveratrol
(w/w) supplemented diet and 1.5% DSS drinking water (w/v). DSS was added to sterilized
drinking water and offered ad libitum for 4 days, followed by 7 days of pure water for recovery.
This cycle was repeated four times. Food and water consumption per cage were recorded and
averaged to each mouse throughout the entire experimental period. At the end of the fourth
cycle of DSS treatment, all mice were sacrificed with CO, asphyxiation. The spleen was quickly
excised and weighted. The colon from individual mouse was dissected, measured in length, cut
open longitudinally. Fecal samples were collected from the colon immediately, snap-frozen, and

then stored at -80°C for later analysis.

DAI and histological assessment

Disease activity index (DAI) was scored based on the extent of rectal bleeding: 0 (none), e1
(hemoccult positive), 2 (blood), 3 (gross bleeding); stool consistency: 0 (normal), 1 (soft but
formed), 2 (loose and formless), 3 (diarrhea); and weight loss: 0 (0%), 1 (1-5%), 2 (5-10%), 3
(10-20%), 4 (>20%).2" The final macroscopic score for each animal is the sum of these three

separate scores.

Formalin-fixed colon tissue was processed for paraffin embedding, with a section thickness
of 5 ym, and haematoxylin and eosin (H&E) staining as previously described.?>?* Three
parameters were graded: surface epithelial loss, crypt destruction, and inflammatory cell

infiltration into the mucosa based on the established criteria.?> A score of 0-4 was assigned to
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each parameter (maximum macroscopic score = 12).

Enzyme-linked immunosorbent assay (ELISA)

30 mg of colonic mucosa was scraped and homogenized in 200 uL of Tris lysis buffer
(Meso Scale Discovery, Rockville, MD, USA) containing 1% protease inhibitor cocktail (Boston
Bioproducts, Ashland, MA, USA). Supernatant was collected by centrifugation at 16 000 g for
20m at 4°C, then loaded in sandwich ELISA kits (Meso Scale Discovery, Rockville, MD, USA) to
determine the concentrations of cytokines: granulocyte-macrophage colony-stimulating factor
(GM-CSF), interferon gamma (IFN-y), Interleukin 10 (IL-10), Interleukin 2 (IL-2), Interleukin 1
beta (IL-1B), Interleukin 6 (IL-6), keratinocyte chemoattractant/human growth-regulated
oncogene (KC/GRO), and tumor necrosis factor alpha (TNF-a) according to the manufacturer’'s

instructions.

Fecal DNA extraction, 16S rRNA analysis and lllumina Mi-Seq sequencing

Fecal bacterial DNA was extracted using the PowerFecal DNA isolation kit (MoBio
Laboratories, Inc., Carlsbad, CA, USA) following the supplier's protocol. The DNA was
quantified, and quality checked by NanoDrop spectrophotometer (Thermo Scientific, Waltham,
MA, USA) and samples were normalized to 20ng/uL. The V3-V4 regions of the 16S rRNA gene
was targeted for amplification by PCR using forward primer
5'TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG and reverse
primer 5GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC
as described by Klindworth et al.?6 Successful amplification was verified by gel electrophoresis.
PCR products were then purified with AMPure XP beads (Beckman Coulter, Danvers, MA,
USA). Dual indices and lllumina sequencing adapters were attached by PCR using the Nextera

XT Index Kit (lllumina, San Diego, CA, US). The quantity and size of PCR products were
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determined and verified using Qubit dsDNA BR Assay kit (Life Technologies Corporation,
Carlsbad, CA, USA) and ScreenTape Assay on Tape Station 2200 (Agilent Technologies, Santa
Clara, CA, USA). Final PCR products were pooled in equimolar volumes and diluted to 4 nM.
After combining the amplicon library and PhiX control, the samples were loaded onto the 600-
cycle MiSeq Reagent kit v3 cartridge and sequenced by the Illlumina MiSeq platform (lllumina

Inc, San Diego, CA, USA).

Statistical analysis

Automatically demultiplexed lllumina sequence reads were processed using Quantitative

Insights Into Microbial Ecology (QIIME) software pipeline v1.9.1.2” QIIME-generated operational

taxonomic units (OTUs) clustered at 297% sequence similarity were further subjected to alpha-

and beta-diversity and principal coordinate analysis (PCoA). Cladogram construction and Linear

discriminant analysis (LDA) were performed using the LEfSe tool from The Huttenhower Lab.?8

Correlation analyses were performed with SPSS 17.0 software (Chicago, IL, USA). Data were
presented as the mean * standard deviation (SD). The statistical significance of differences
among groups was performed using one-way ANOVA followed by Tukey’s post hoc test or one-

way nonparametric ANOVA Kruskal-Wallis test.

Results and discussion

Dietary resveratrol attenuated colitis symptoms

There were no significant differences of drink and food consumptions among cages and
groups. The resveratrol dose applied is equivalent to ca. 2.3 mg/kg/day in humans, which is

achievable through dietary supplementation. Administration of DSS water in four phases
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successfully induced chronic colitis and the development of colorectal dysplasia in mice.?° Body
weight was monitored at the end of every DSS and recovery cycle as an indicator of colitis
severity. As DSS-treatment cycle number increased, body weight increased correspondingly but
to a lesser extent in DSS+/RES- mice compared to the control group, with the difference
reaching statistical significance at and following the fourth DSS cycle (P < 0.05). Dietary
resveratrol prevented this trend in DSS+/RES+ mice (Fig. 1A). DSS+/RES+ mice experienced

average final body weight gain from 36.92 + 3.05g to 44.78 + 1.61g (P < 0.01) (Fig. 1B).

The DAI score is commonly used to evaluate the inflammatory severity in mice with colitis,
which encompasses the fecal consistency, hematochezia, and body weight loss.?' The DAI
score rated as high as 7.9 £ 1.9 in the DSS+/RES- group, whereas it was markedly attenuated
1.8-fold with resveratrol treatment (P < 0.05) (Fig. 1C). Colon weight/length ratio is another
metric correlated with the progression of colorectal inflammation. As shown in Fig.1D, the
difference between DSS+/RES- and DSS-/RES- colon weight/length ratio was highly significant
(P < 0.05) while the administration of resveratrol nullified this effect in DSS-treated mice.
Furthermore, remarkable spleen enlargement was observed in DSS-treated mice compared to
control mice. The consumption of dietary resveratrol was demonstrated to restrict the spleen to
final body weight ratio to that of the control level (P < 0.05) (Fig. 1E). These results were in
agreement with previous research,'# 15 17.18 that demonstrated that dietary resveratrol prevented

colitis progression indicators.

Dietary resveratrol ameliorated colonic tissue damage

H&E staining of the colonic segments from DSS+/RES- mice showed severe inflammatory
damage, characterized by significant distortion of crypt structure, edema of submucosa, and
instances of immune cell dysplasia (Fig. 2A). Resveratrol supplementation significantly

mitigated morphological alterations observed in the DSS+/RES- group, protecting colonic tissue
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integrity. The majority of colonic epithelium and mucosal architecture remained intact (Fig. 2A),
which was consistent with previous studies.'> '* Damage of colonic mucosa rated by overall
histological score was 1.7-fold higher (P < 0.01) in the DSS+/RES- compared to the

DSS+/RES+ group (Fig. 2B).

Dietary resveratrol mediated increases of colonic pro-inflammatory cytokines caused by

DSS treatment

Cytokines play a crucial role in driving and mediating intestinal inflammation. The severity
of IBD is associated with up-regulation of pro-inflammatory cytokines and down-regulation of
anti-inflammatory cytokines. Hence, restoring balance of these cytokines is a potential mode to
alleviate IBD.3° The expression levels of anti- and pro-inflammatory cytokines: GM-CSF, IFN-y,

IL-10, IL-2, IL-1B, IL-6, KC/GRO, and TNF-a in colon mucosa were increased by 5.2, 8.7, 2.0,

2.1, 10.0, 47.9, 10.9, and 7.0-fold respectively over the control group in DSS+/RES- mice (P <

0.05), while dietary resveratrol in the DSS+/RES+ group markedly reduced their maximal

expression by 44.2%, 48.5% , 43.2%, 46.8% , 58.0%, 79.9% , 48.5%, and 46.5%, respectively

(P < 0.05) (Fig. 2C). These results suggested that the anti-inflammatory effect of resveratrol was

at least partially due to improvements in immune homeostasis.

Although significant mitigation of TNF-a, IFN-y, IL-1B and IL-6 overexpression by
resveratrol in DSS-treated mice (Fig. 2C) is in line with several previous studies,’® 8 3! the
modulating effects of dietary resveratrol on colonic GM-CSF, KC/GRO and IL-2 have not been
as widely reported. The production of GM-CSF was related to delayed neutrophil apoptosis,
which contributes to the tissue injury in IBD.3? Indeed, an increased secretion of GM-CSF had

been found in mucosal lesions of mouse models and IBD patients.3> 33 Qur present study
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reports that dietary resveratrol down-regulated the enhanced GM-CSF production in DSS-
induced colitis mice (Fig. 2C) for the first time. KC/GRO is a CXC chemokine also known as
chemokine (C-X-C motif) ligand 1 (CXCL1). During inflammation, it is involved in neutrophil
activation and recruitment.34 It had been reported that the level of CXCL1 in serum was highly
correlated with the severity of disease in IBD patients.3* The regulating effects of resveratrol on
GM-CSF and KC/GRO suggest that the polyphenol may play a role in neutrophil apoptosis and
infiltration in the colon.3 IL-2 supports the proliferation and differentiation of regulatory T cells.
Subsequently, aberrant expression of IL-2 promotes the imbalance of effector and regulatory T
cells, which leads to multi-organ autoimmune disease and inflammation.3¢ Our results supported

the regulating effects of dietary resveratrol on T cell-associated immune disorders.?°

In our study, the observed differential expression of IL-10 in DSS+/RES- and DSS+/RES+
groups (Fig. 2C) was contradictory to previous studies.’” IL-10 exerts anti-inflammatory
properties by inhibiting production of pro-inflammatory cytokines such as IL-1, IL-6, IL-12, and
TNF-a as well as chemokines.®® We speculate that the possible cause of increased IL-10 in our
findings could be due to a triggered response to severe inflammation and increased expression

of pro-inflammatory cytokines.3°

Resveratrol partially ameliorated gut microbiota dysbiosis induced by DSS

Given the critical role of the gut microbiota in the pathogenesis of colitis, dietary resveratrol
was investigated for its ability to counteract the state of chronic gut microbiota dysbiosis in DSS-
treated mice. The influences of dietary resveratrol on the richness and evenness of gut
microbiota were assessed. OTU number, Shannon diversity and Chao1 indices were measured
as they are common measures of a-diversity that indicate the depth of sequence coverage and
community diversity within samples.*® As shown in Fig. 3A, dietary resveratrol significantly

enriched and diversified the gut microbiota of DSS-/RES+ mice (P < 0.05), while colitic, DSS-
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treated mice that did not receive resveratrol were measured to have lowered sample species
abundance, richness, and diversity (P < 0.05), which supported the prebiotic effects of dietary
resveratrol. The relative similarity of the four treatment groups’ microbiota was visualized by
PCoA (Fig. 3C) following B-diversity analysis. B-diversity was performed on a rarified sequence
set, with a sampling depth equal to the smallest value of the filtered sequences.*® A significant
distance between DSS-/RES- and DSS+/RES- groups was observed (P = 0.009), which
suggested that DSS treatment dramatically shifted the gut microbiota. Dietary resveratrol shifted
this grouping back toward the control group and was clearly distinguishable with the
DSS+/RES- group (P = 0.008) (Fig. 3B), which implied that administration of resveratrol partially
recovered the dysbiosis caused by DSS and resulting inflammatory status. The presence of
overlapping clusters between DSS-/RES- and DSS-/RES+ groups illustrated the relative
similarity of microbial composition between these two groups (Fig. 3B). The above results
indicated that dietary resveratrol partially recovered the richness, abundance, and evenness of
gut microbiota in DSS-treated mice, potentially by protecting numerous specific commensal

bacterial clades.

To understand which bacterial clades were affected by dietary resveratrol, we evaluated the
relative abundance of the predominant taxa within and among groups (Fig 3C-3F). Linear
discriminant analysis effective size (LEfSe) algorithm with significance at p < 0.01 was then
used to visualize the differentially representative bacterial clades for each experimental group’s
microbiota (Fig 3D-3E). Consistent with previous studies, at the phylum level, we found that
Firmicutes, Bacteroidetes, and Actinobacteria accounted for more than 95.0% of the whole gut
microbial composition in the DSS-/RES- group.*? Bacteroidetes were significantly more
abundant in DSS-/RES+ mice compared with the control group (P < 0.05) (Fig. 3C-3E), which
was in agreement with previous studies,*® and were mostly represented in the class Bacteroidia

and order Bacteroidales (Fig. 3E-3F). Notably, DSS treatment significantly altered the bacterial
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structure at the phylum level by contributing to the expansion of Verrucomicrobia and
Proteobacteria populations and reduction of Actinobacteria and Firmicutes versus DSS-/RES-
mice (P < 0.05) (Fig. 3C-3E), which was also in accordance with previous studies.** Firmicutes,
Bacteroidetes, and Actinobacteria only occupied 56.5% of the total gut microbial community in
the DSS-treated group, which is 38.5% lower in relative abundance terms than the DSS-/RES-
group. Dietary resveratrol partially reversed this phylum-level shift by limiting the abundance of
Verrucomicrobia from 29.7% to 20.8% and Proteobacteria from 11.7% to 3.6% and increasing

the abundance of Actinobacteria from 1.2% to 6.9% (P < 0.05) (Fig. 3C-3E).

Akkermansia, Bifidobacterium, Bilophila, Dorea, and Sutterella were the most affected
genera among treatment groups (Fig. 3D-3F). It was observed that there was atypical
dominance of Akkermansia in the DSS+/RES- group, accounting for 29.7% of the mean
population, while it only accounted for less than 1.5% of the microbial composition in DSS-
/RES- and DSS-/RES+ groups. Importantly, dietary resveratrol significantly inhibited the
excessive abundance of Akkermansia (18.8%) in DSS+/RES+ mice (P < 0.05) (Fig. 3D-3F).
Akkermansia is a Gram-negative, mucin-degrading, bacteria of the Verrucomicrobia phylum with
only one species, Akkermansia muciniphila, identified to date.*® Its potential role in the
development of colitis remain controversial. A. muciniphila was reported as a potent anti-
inflammatory intestinal bacterium that adhered to intestinal enterocytes, strengthened the
integrity of the epithelial cell layer, and was inversely correlated with inflammation.*6- 47 However,
A. muciniphila has also been reported to be increased in mice with DSS-induced colitis and
patients suffering from colorectal cancer.*8 4° Seregin et al. concluded that A. muciniphila acted
as a pathobiont to promote colitis in a genetically susceptible host under the regulation of nod-
like receptor 6 (NLRP6).5° Ganesh et al. demonstrated that the presence of A. muciniphila
exacerbated Salmonella-induced colitis in gnotobiotic mice.5" The mechanism by which A.

muciniphila promoted colitis will clearly need to be elucidated in future works. Given its mucin-
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degrading properties, we speculated that A. muciniphila invaded and degraded the colon
mucosa, which allowed for higher permeability and access to other microbes which drive

inflammation.®: 30

Dietary resveratrol also significantly inhibited the abnormal bloom of Bilophila, Sutterella,
and Dorea observed in DSS-fed mice (P < 0.05) (Fig. 3D-3F). Bilophila, belonging to the phylum
of Proteobacteria, is a sulfate-reducing bacteria associated with IBD and appendicitis.® 52
Sutterella wadsworthensis, also belonging to the phylum Proteobacteria, has been suggested to
induce inflammation cascades by occupying the mucus layer and provoking host immune
responses.? Limited research on Dorea, belonging to the phylum of Firmicutes, has been
published. A clinical study indicated that Dorea was lower in Crohn’s disease sufferers
compared to healthy subjects.>* However, its potential role in the pathogenesis of IBD has not
been discussed yet. In this work, we observed that dietary resveratrol significantly suppressed
the relative abundance of Dorea from 5.0% to 3.8% in DSS-treated mice (Fig. 3F) and their
abundance was positively correlated with higher expression of pro-inflammatory cytokines
(shown below). From these contradictory results forms a need for future investigation to clarify
the role of Dorea in the gut and its potential relationship with colon dysbiosis and inflammation.
The above results indicated that dietary resveratrol partially suppressed the abnormal growth of
potential pathobionts associated with colitis, including Akkermansia, Bilophila, Sutterella and

Dorea (Fig. 3F).

Meanwhile, dietary resveratrol in DSS+ mice experienced significantly increased counts of
Bifidobacterium, with a 5-fold gain in its relative abundance compared to DSS+/RES- mice (P <
0.05). From the DSS-/RES- mean level of Bifidobacterium at 6.7%, its relative abundance
dropped to 1.2% in DSS+/RES- mice and recovered to a similar level as the control upon
resveratrol administration (P < 0.05) (Fig. 3D-3F). The protective effects of Bifidobacterium

against DSS-induced colitis, such as reduced pro-inflammatory cytokine expression and
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oxidative damage, has been demonstrated in other research.5® These results support the trend
that dietary resveratrol alleviates microbial community perturbations by selectively restoring the
abundance of probiotics and suppressing the growth or otherwise resisting out-competition of

potential pathogens in a DSS-induced colitis mouse model.

Gut microbiota alterations are strongly correlated with the aberrant expression of

cytokines

From these findings that dietary resveratrol partially resolved the gut microbiota dysbiosis in
colitic mice, we then examined whether these changes were associated with the anti-colitis
effects of dietary resveratrol. Correlations between the alterations of gut microbiota and
expressions of inflammatory cytokines were analyzed with Pearson’s correlation analysis and

visualized in the heatmap as shown in Fig. 4.

Consistent positive correlations were observed between potential pathogenic organisms
and pro-inflammatory cytokine expression levels. Proteobacteria abundance was significantly
positively correlated with GM-CSF, IL-13, IL-2, IL-6, KC/GRO and TNF-a (p < 0.05) expression
levels (Fig. 4). Accordingly, at the genus level, the abundance of Bilophila and Sutterella of the
same phylum were positively correlated with pro-inflammatory cytokines, including IL-13, IL-6
and IFN-y (p < 0.05). General Verrucomicrobia and one of its genera, Akkermansia, were
significantly positively correlated with the expression of GM-CSF, IFN-y, IL-1j3, IL-6, KC/GRP,
and TNF-a (P < 0.05) (Fig. 4). These results indicated that gut microbial variations may affect

mucosal autoimmunity through regulating or inducing inflammatory cytokine expression.

It was also observed that certain bacterial clades negatively correlated with pro-
inflammatory cytokines and positively correlated with anti-inflammatory cytokines. Specifically,

Bifidobacterium was highly negatively correlated with IL-183, IL-6, KC/GRO and TNF-a (P <
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0.05), and positively correlated with IL-4. The same was true for Lactobacillus; Negative
correlations were observed with pro-inflammatory cytokines GM-CSF, IFN-y, IL-13, KC/GRO,
and TNF-a (P < 0.05). The protective effect of Lactobacillus and Bifidobacterium in DSS-
induced colitis against inflammation by reducing TNF-a has been discussed before.>® These
data provided additional clues to the causality between these observations and illustrated

potential modes for the pathogenesis of IBD.

Conclusion

In summary, our results corroborated the anti-colitis effects of dietary resveratrol ( at a dose
of 2.3 mg/kg/day human equivalent) in DSS-induced colitic mice and provided evidence for the
modulatory effects of dietary resveratrol on gut microbiota, including the restoration of bacterial
community diversity and the rebalance of probiotics and pathobionts. It was revealed that
resveratrol administration not only prevented losses in body weight associated with IBD,
reduced the degree of disease activity and other markers of colon inflammation, but it also
protected colonic tissue from structure deterioration and dysplasia, and reduced the expression
of several pro-inflammatory cytokines when compared to the respective traits in colitic mice that
did not receive dietary resveratrol. Grounded in these results, we further revealed that the
alterations of select gut microbe abundance were significantly correlated with the expression of
inflammatory cytokines, leading us to propose that dietary resveratrol might prevent colitis in

large part by modulating the gut microbiota.
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Figure 1. Dietary resveratrol attenuated colitis symptoms. (A) Percentage of body weight gain
during the entire experiment; (B) Final body weight; (C) Disease activity index (DAI); (D) Colon
weight to colon length ratio; (E) Spleen weight to body weight ratio. Data presented as mean *
standard deviation (SD) (n= 10). Significant differences are indicated: *, P < 0.05; * *, P < 0.01.
Figure 2. Dietary resveratrol improved colonic tissue damage and suppressed the
overexpression of inflammatory cytokines. (A) Representative colon tissue images of H&E-
stained colorectum sections (300X magnification). Crypts destruction associated with epithelial
damage (red arrow) and inflammatory cell infiltrations (black arrow) were evident in DSS group;
(B) Histological score of colonic abnormality (n=6); (C) Quantification of inflammatory cytokines
(GM-CSF, IFN-y, IL-10, IL-2, IL-1B, IL-6, KC/GRO, and TNF-a) in the colonic mucosa (n=8).
Data are mean £ SD). Significant differences are indicated as: *, P < 0.05; * *, P < 0.01.

Figure 3. Dietary resveratrol partially rescued gut microbiota dysbiosis in colitic mice. (A)
Effects of resveratrol on a-diversity of gut microbiota with different indices - numbers of OTUs,
Shannon index, and Chao1 (P < 0.05); (B) Effects of resveratrol on B-diversity of gut microbiota,
visualized with PCoA plots (P < 0.01); (C) Relative abundance of gut microbiota at the phylum
level; (E) Taxonomic cladogram generated from default LEfSe analysis (a<0.1 for factorial
Kruskal-Wallis test); (F) LDA scores of the differentially abundant taxa (with LDA score >2 and
significance of a<0.1); (G) Relative abundance of gut microbiota at the genus level (P < 0.05).
Data are mean + SD (n=5). Different letters represent statistically differences.

Figure 4. Heatmap of correlations between gut microbiota and inflammatory cytokines. Positive
correlation is in red. Negative correlation is in black. Significant differences are indicated as: *, P

<0.05;**, P<0.01.
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