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Comparative efficacy of preventive vs.
therapeutic resveratrol in modulating gut
microbiota and alleviating inflammation
in DSS-induced colitis
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Abstract

Background Inflammatory bowel disease (IBD) management remains challenging due to limited preventive
strategies and the low bioavailability of therapeutic agents like resveratrol (RSV). While RSV exhibits anti-inflammatory
properties, its preventive potential via gut microbiome modulation remains unexplored.

Methods A murine colitis model was established using 2.5% DSS, with mice randomized into control (CON), DSS,
therapeutic RSV treatment (RSV), and preventive RSV treatment (PRE) groups. Clinical outcomes, intestinal barrier
integrity, inflammatory cytokines, macrophage polarization, TLR4/NF-kB signaling, and gut microbiota (16S rRNA
sequencing) were systematically evaluated.

Results Preventive RSV (PRE) outperformed therapeutic RSV across all metrics. PRE attenuated colitis severity by
51.4% (weight loss, P<0.001 vs. RSV) and restored mucosal architecture (P=0.048 vs. DSS). Mechanistically, PRE
normalized barrier function via transcriptional (ZO-1: 56.7% of CON; Occludin: 14-fold induction vs. DSS) and protein-
level recovery (ZO-1: 96.5% of CON, P=0.02), suppressed pro-inflammatory cytokines (TNF-a: 80.8%; IL-6: 69.9%; IL-18:
>96%, P<0.001 vs. DSS), and promoted M2 macrophage polarization (CD206: 1.7-fold vs. CON, P=0.02) through TLR4/
NF-kB inhibition (53% TLR4 reduction vs. 15% with RSV, P<0.001). Despite comparable a-diversity between RSV and
PRE, PRE uniquely enriched barrier-protective taxa (Lactococcus, Muribaculum) and restored microbial amino acid
biosynthesis. Crucially, PRE's efficacy despite low systemic bioavailability implicated microbiome-mediated “luminal
priming”as its primary mechanism.

Conclusions This study redefines preventive RSV as a microbial ecosystem engineer that preemptively fortifies the
gut against inflammation via microbiome-immune-metabolic crosstalk. By prioritizing ecological prevention over
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symptom suppression, our findings offer a transformative “food as medicine” strategy for IBD, highlighting RSV’
potential as a chronotherapeutic agent to reshape clinical paradigms.

Keywords Resveratrol, Inflammatory bowel disease, Gut microbiota, Macrophage polarization, TLR4/NF-kB pathway

Introduction

Inflammatory bowel disease (IBD) represents a growing
global health burden, with sharply rising incidence in East-
ern countries paralleling its persistent prevalence in West-
ern populations [1]. Despite advances in therapies such
as biologics and immunosuppressants, clinical manage-
ment remains hampered by high costs, adverse effects, and
therapeutic resistance [2], underscoring an urgent need for
preventive strategies targeting upstream disease mecha-
nisms. Emerging evidence positions the gut microbiota as
a master regulator of IBD pathogenesis, where dysbiosis
disrupts barrier integrity, amplifies mucosal inflamma-
tion, and perpetuates immune dysregulation [3, 4]. Nota-
bly, microbial imbalances in IBD patients correlate with
diminished colonization resistance against pathobionts
(e.g., Turicibacter, Gemella) and impaired metabolic func-
tions critical for epithelial repair [5-7], suggesting micro-
biota modulation as a viable preventive avenue.

Dietary polyphenols, particularly resveratrol (RSV),
have garnered attention for their dual capacity to atten-
uate inflammation and reshape microbial ecosystems
[8]. RSV exerts pleiotropic effects in preclinical IBD
models, restoring gut barrier function [9] and reversing
DSS-induced dysbiosis [10]. However, existing studies
predominantly focus on its therapeutic application dur-
ing active colitis [11], overlooking its preventive poten-
tial. This gap is critical given RSV’s paradoxical efficacy
despite low systemic bioavailability (<5 ng/mL) [12],
implying luminal microbiota-mediated mechanisms may
drive its benefits. We hypothesize that preventive RSV
administration primes a resilient microbial community
capable of preemptively counteracting inflammatory
triggers—a concept we term “microbial priming”

This study systematically investigates RSV’s preventive
efficacy in DSS-induced colitis, contrasting preventive
(PRE) versus therapeutic (RSV) regimens. Through multi-
omics integration, we reveal that RSV orchestrates a
protective network involving microbiota—epithelial cross-
talk via barrier-enhancing taxa such as Lactococcus and
Muribaculum, promotion of anti-inflammatory M2 mac-
rophage polarization, and restoration of host metabolic
pathways. Our findings redefine RSV as a microbial eco-
system engineer, offering a paradigm shift from symptom
suppression to ecological prevention in IBD management.

Materials and methods

Experimental reagents

RSV was purchased from Tokyo Chemical Industry
Co., Ltd. (TCI, Tokyo, Japan). The following primary

antibodies were used in this study: ZO-1 (AF5145, Affin-
ity Biosciences, Jiangsu, China), TLR4 (T61519, Abmart,
Shanghai, China), Occludin (TD7504S, Solarbio, Beijing,
China), phosphorylated NF-«kB P65 (3033, Cell Signaling
Technology, Danvers, USA), NF-kB P65 (bsm-33117 M,
Bioss, Beijing, China), F4/80 (ab111101, Abcam, Cam-
bridge, UK), iNOS (18985-1-AP, Proteintech, Wuhan,
China), CD206 (YT5640, Immunoway, Jiangsu, China),
and MYD88 (PA1779, Abmart, Shanghai, China). Dex-
tran sulfate sodium (DSS, MW 36-50 kDa) was obtained
from Yeasen Biotechnology (Shanghai, China).

Animal study

Eight-week-old male C57BL/6 mice (SPF grade, 20+2 g)
were purchased from the Experimental Animal Center
of Guangxi Medical University. All mice were housed
under standard laboratory conditions, maintained at
25 °C+3 °C with 53% + 3% relative humidity and a
12-hour light/dark cycle. They had free access to food
and water and were acclimated for 7 days prior to the
experiment.

A total of 28 mice were randomly assigned to four
groups (n=7 per group): Control (CON), DSS-induced
colitis model (DSS), therapeutic RSV treatment (RSV),
and preventive RSV treatment (PRE). The therapeutic
RSV dose was based on previous studies determining
the optimal dosage [13, 14]. Mice in DSS received 5%
carboxymethylcellulose (CMC) orally once daily from
Day 1 to Day 14. Mice in RSV were treated with 100 mg/
kg of RSV, suspended in 5% CMC, administered orally
once daily from Day 1 to Day 14, starting at the time of
DSS induction. The PRE received the same RSV dosage
and vehicle, but the treatment began 7 days prior to DSS
induction (from Day -7 to Day 14).

To induce colitis, all mice in DSS, RSV, and PRE were
given 2.5% DSS in drinking water from Day 1 to Day 7.
Mice in CON was given water only, without DSS, RSV, or
CMC treatment. On Day 14, after the final oral admin-
istration, all mice were fasted for 12 h with free access
to water. Blood samples were then collected via orbital
puncture, and the animals were euthanized by cervical
dislocation. The entire colon, from the cecum to the rec-
tum, was carefully dissected and measured. Colon tissues
and fecal samples were collected and stored at - 80 °C for
further analysis.

Blood stool fraction
Fecal occult blood was detected using a qualitative fecal
occult blood test kit (Yuanye Bio-Technology, Shanghai,
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Table 1 Disease activity index scoring criteria

Score Weight loss (%) Diarrheal stool Blood

0 None Normal None

1 1-5 Soft but still formed  Thimbleful, blood steak
2 5-10 Soft and unformed  Modicum, blood clot

3 10-15 Loose Visible bloody stools

4 >15 Diarrhea Gross bleeding

China) based on the ortho-tolidine method [15]. Sam-
ple collection, processing, and testing were strictly per-
formed according to the manufacturer’s instructions.

Disease Activity Index (DAI) assessment

The DAI score was used to assess colitis severity, as
described previously [16]: DAI was defined as the average
of body weight loss score, fecal characteristics score and
blood stool fraction and was used to evaluate the severity
of colitis, and the items were listed in Table 1. DAI was
calculated as following: DAI = (aggregate score of weight
loss, stool consistency and bleeding) / 3.

Evaluating of spleen index

Mice spleens were harvested, cleaned of any surrounding
tissue, and weighed after drying. The spleen index was
calculated as follows: spleen index = spleen weight (mg) /
body weight (g) [17].

Histopathologic evaluation of the colon

Colon tissues were fixed in 4% formalin in phosphate buf-
fer for 24 h, then dehydrated, embedded in paraffin, and
sectioned into 4 pm thick slices. Sections were stained
with hematoxylin and eosin (H&E) using standard pro-
tocols. The tissue sections were examined using an
ECLIPSE TS100 inverted microscope (Olympus Corpo-
ration, Japan). The inflammation score, based on inflam-
matory cell infiltration and tissue damage, was assessed
as previously described [18].

Table 2 Primers of each gene
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Immunohistochemistry (IHC) staining analysis
Paraffin-embedded colon tissue sections (4 pm thick)
were processed for IHC. Sections were incubated with
the corresponding primary antibodies overnight at 4 °C,
then incubated with secondary antibodies (enhanced
enzyme-labelled goat anti-mouse/rabbit IgG polymer)
for 30 min at room temperature according to the manu-
facturer’s recommendations, and the expression of each
indicator was detected by DAB chromatography. Brown
staining was considered antibody positive. The tissue sec-
tions were examined using an ECLIPSE TS100 inverted
microscope (Olympus Corporation, Japan). Positive areas
were analysed by enabling Image ] software to measure
the average optical density of the brown areas.

RNA extraction and reverse transcription polymerase chain
reaction assay

Total RNA was extracted using the TRIzol reagent
(Takara, Japan) and reverse-transcribed into cDNA using
the Takara reverse transcription kit. Real-time PCR was
performed on a 7500 Real-Time PCR System (Applied
Biosystems, USA). GAPDH was used as an internal con-
trol to normalize gene expression. Primer sequences for
each target gene are listed in Table 2.

Western blot assay

Colonic tissues from mice were homogenized in ice-cold
RIPA lysis buffer supplemented with PMSF and protease/
phosphatase inhibitor cocktails (Solarbio, Beijing, China)
according to the manufacturer’s instructions. After soni-
cation for complete protein extraction, the homogenates
were centrifuged at 12,000 rpm for 15 min at 4 °C, and
the supernatants were collected. Protein concentrations
were determined using the BCA method(Biotechnology,
Shanghai, China) [19]. Protein samples were mixed
with 5x SDS-PAGE loading buffer at a 4:1 ratio and
denatured by boiling at 100 °C for 10 min [20], Subse-
quently, 20-40 pg of protein was separated on 7.5-10%

Target genes Forward(5’-3’)

Reverse(5’-3’)

IL-18 GACTCTTGCGTCAACTTCAAGG CAGGCTGTCTTTTGTCAACGA

IL-6 GAGAGGAGACTTCACAGAGGATACC TCATTTCCACGATTTCCCAGAGAAC
TNF-a ACGGCATGGATCTCAAAGACAACC ATAGCAAATCGGCTGACGGTGTG
I-10 CTTACTGACTGGCATGAGGATCA GCAGCTCTAGGAGCATGTGG
Occludin CTGGATCTATGTACGGCTCACA TCCACGTAGAGACCAGTACCT
Z0-1 CGCCTCCTCCTCCTCCGTTG CGCCCTTGGAATGTATGTGGAGAG
GAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG
F4/80 TTCCTGCTGTGTCGTGCTGTTC GCCGTCTGGTTGTCAGTCTTGTC
iINOS CACCTTGTTCAGCTACGCCTTC CTTGTCACCACCAGCAGTAGTTG
CD206 TGATTGGTGGCAATTCACGAGAGG AACAGGCAGGGAAGGGTCAGTC
TLR4 TTCAGAACTTCAGTGGCTGG TGTTAGTCCAGAGAAACTTCCT
MYD88 CTCGCAGTTTGTTGGATGCC TCACGGTCTAACAAGGCCAG

NF-kB

TGCGATTCCGCTATAAATGCG

ACAAGTTCATGTGGATGAGGC
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SDS-polyacrylamide gels (XNCM Biotech, Suzhou,
China) and transferred onto PVDF membranes (Sigma-
Aldrich, Germany). The membranes were blocked with
5% non-fat milk for 1 h at room temperature and then
incubated with primary antibodies overnight at 4 °C.
After washing, the membranes were incubated with
HRP-conjugated secondary antibodies (Invitrogen; Goat
anti-Rabbit IgG [H+L], SA5-35571, or Goat anti-Mouse
IgG [H+L], SA5-35521; 1:10,000 dilution) for 1 h at room
temperature with gentle shaking. Protein bands were
visualized using the Odyssey Infrared Imaging System
(LI-COR) and quantified using Image] software (NIH,
USA) [21], with B-actin serving as the loading control. All
experiments were performed with at least three biologi-
cal replicates. Full-length blots are provided in Supple-
mentary file.

16S rDNA sequencing

Fresh fecal samples were collected post-euthanasia from
all experimental groups, immediately snap-frozen in liq-
uid nitrogen, and stored at — 80 °C. DNA was extracted
using the TD601 Soil Fecal Genomic DNA Extraction Kit
(Tianmo Biotech, Beijing, China) following the manufac-
turer’s protocol. Sequencing was performed by Genesky
Biotechnologies Inc. (Shanghai, China).

16S rRNA gene amplification and sequencing

Multiple spike-ins with conserved regions identical to
natural 16S rRNA genes and variable regions replaced
by random sequences with approximately 40% GC
content were artificially synthesized. An appropriate
proportion of the spike-in mixture with known gradi-
ent copy numbers was added to the sample DNA. The
V3-V4 hypervariable regions of the 16S rRNA gene,
along with spike-ins, were amplified using primers 341F
(5-CCTACGGGGGCWGCAG-3) and 805R (5-GAC-
TACHAGGGGTATCTAATCC-3’), followed by paired-
end sequencing on an Illumina PE250 platform.

Data processing and analysis Raw read sequences were
processed in QIIME2. Adapter and primer sequences
were trimmed using the cutadapt plugin. The DADA2
plugin was used for quality control and to identify ampli-
con sequence variants (ASVs). Taxonomic assignments of
ASV representative sequences were performed with a con-
fidence threshold of 0.8 by a pre-trained Naive Bayes clas-
sifier trained on the Greengenes database (version 13.8).

Spike-in sequences were identified, and reads were
counted. A standard curve for each sample was generated
based on read-counts versus spike-in copy number, and
the absolute copy number of each ASV in each sample
was calculated using the read-counts of the correspond-
ing ASV. Spike-in sequences, not being components of the
sample flora, were removed in subsequent analyses [22].
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Statistical analysis

All data are presented as meanz+standard deviation
(mean+SD). Statistical analyses were performed using
GraphPad Prism version 9.5.0 (GraphPad Software,
USA). The Shapiro-Wilk test was employed to assess data
normality, while the Brown-Forsythe test was used to
verify homogeneity of variances. For datasets satisfying
both normality (P>0.05) and homogeneity of variances
(P>0.05), one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple comparisons test was applied.
When either assumption was violated (P<0.05 for either
test), the Kruskal-Wallis test with Dunn’s post hoc cor-
rection for multiple comparisons was utilized. All tests
were two-tailed, and P<0.05 was considered statistically
significant.

Results

Preventive RSV attenuates DSS-induced colitis severity

To investigate the effects of RSV on the progression of
IBD, we established a colitis mouse model using 2.5%
DSS solution (Fig. 1A). DSS administration induced
characteristic colitis progression, with preventive RSV
treatment (PRE) demonstrating chronotherapeutic supe-
riority over therapeutic RSV treatment (RSV) in mitigat-
ing clinical and pathological manifestations.

As shown in Fig. 1B, C, administration of DSS showed
significant weight loss (P<0.001 vs. CON) and ele-
vated DAI scores (P<0.001 vs. CON). PRE significantly
reduced body weight loss compared to RSV (51.4% atten-
uation; P<0.001) and decreased DAI scores by 54.0%
(P<0.001 vs. RSV).

In Fig. 1D, E, colon length was significantly reduced in
DSS (5.95+0.13 cm) compared to CON (7.83+0.46 cm,
P<0.001). However, PRE significantly restored colon
length (7.41+0.86 cm, P=0.004 vs. DSS), reaching 94.6%
of the control levels. RSV also increased colon length
(6.79+0.51 cm), corresponding to 86.7% of CON, but
this difference was not statistically significant compared
to DSS (P=0.14). And Fig. 1F shows that administra-
tion of DSS significantly increased spleen index by 78.2%
(P<0.001 vs. CON). PRE reduced spleen index more
effectively than RSV (1.4% greater reduction; P=0.002 vs.
DSS).

H&E staining (Fig. 1G-I) showed that DSS caused
severe crypt damage, goblet cell depletion, and inflam-
matory infiltration. Both RSV and PRE reduced these
pathological changes, with PRE exhibiting near-complete
mucosal restoration. Histological scoring confirmed a
significant improvement in PRE (P=0.048 vs. DSS), while
RSV showed only partial improvement (P=0.12 vs. DSS).

These findings establish that preventive RSV adminis-
tration provides comprehensive protection against colitis
progression, exceeding the efficacy of post-onset thera-
peutic intervention.
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Fig. 1 Preventive RSV Treatment Mitigates DSS-Induced Colitis Severity. A Schematic diagram of the animal experimental design. B Body weight changes
during the experiment. C DAl scores during the experiment. D Representative images of the colon. E Comparison of colon length in each group. F Com-
parison of spleen index in each group. G Histopathological scores in each group. H, I The representative images of H&E staining (magnification:100x and
200x, scale bar: 100 um and 50 pm). Data are presented as mean+SD, n=7. P<0.05 was considered statistically significant. CON, Control group, DSS,
DSS-induced colitis model, RSV, therapeutic RSV treatment, PRE, preventive RSV treatment

Preventive RSV preserves intestinal barrier integrity
Intestinal barrier disruption is a hallmark of DSS-induced
colitis, with tight junction proteins (T]s) playing a critical
role in barrier integrity [23]. DSS-induced colonic barrier
dysfunction was ameliorated by PRE, with distinct tran-
scriptional, translational, and structural improvements.

As shown in Fig. 2A, B, administration of DSS signifi-
cantly reduced mRNA levels of ZO-1 and Occludin by
62.0% (P<0.001 vs. CON) and 87.0% (P<0.001 vs. CON),
respectively. While RSV partially restored Occludin expres-
sion (P<0.001 vs. DSS), it had no effect on ZO-1 (P=0.94 vs.
DSS). PRE significantly increased ZO-1 expression to 56.7%
of control levels (P=0.02 vs. DSS) and upregulated Occlu-
din expression by 14-fold compared to DSS (P<0.001).

Western blot analysis (Fig. 2C-E) revealed that PRE
restored ZO-1 protein to 96.5% of control levels (P=0.02
vs. DSS), markedly outperforming RSV (59.7% of CON;
P=0.34). Occludin levels under PRE exceeded con-
trol values by 13.9% (P=0.001). Immunohistochemical
staining (Fig. 2F, G) demonstrated a 49.9% reduction in
ZO-1 +junctional area in DSS-treated mice (P=0.002 vs.
CON), which was significantly restored by PRE (P<0.001
vs. DSS; P>0.99 vs. CON).

Compared to RSV, PRE showed superior efficacy in
restoring barrier function: a 40.6% greater recovery of
Z0O-1 mRNA (P=0.04), a 55.0% higher Occludin mRNA
level (P=0.006), and a 52.8% improvement in ZO-1
structural integrity (P=0.02).

These results establish preventive RSV administration as
a comprehensive strategy for intestinal barrier protection,
combining molecular restitution with ultrastructural repair.

Preventive RSV restores inflammatory cytokine balance in
DSS-induced colitis

Inflammatory cytokines play a critical role in the progres-
sion of IBD [24]. Figure 3A-D reveals that compared to
CON, DSS administration significantly upregulated pro-
inflammatory cytokines, including TNF-a (P<0.001),
IL-18 (P<0.001), and IL-6 (P<0.001), while showing a
trend toward reduced IL-10 expression (P=0.06). RSV
significantly decreased IL-18 and IL-6 mRNA levels (both
P<0.001 vs. DSS) and increased IL-10 expression (P=0.02
vs. DSS), but did not affect TNF-a mRNA levels (P=0.94
vs. DSS). In contrast, PRE normalized TNF-a expression
to near-control levels (P=0.17 vs. CON), significantly
suppressed pro-inflammatory cytokines (TNF-a: 80.8%;
IL-6: 69.9%; IL-18: >96%, P<0.001 vs. DSS), and increased
IL-10 expression by 23.8-fold (P<0.001 vs. DSS).

Compared to RSV, PRE exerted stronger effects on
cytokine regulation, including a 77-percentage-point
greater reduction in TNF-a mRNA (P<0.001), a 2.7-fold
higher induction of IL-10 (P<0.001), and a more robust
suppression of IL-18 (96.2% vs. 43.1%, P<0.001).

These results establish that preventive RSV adminis-
tration comprehensively restores cytokine homeostasis,
outperforming therapeutic intervention in both pro-inflam-
matory suppression and anti-inflammatory restitution.

Preventive RSV promotes macrophage M2 polarization in
DSS-induced colitis

Macrophages play a critical role in IBD pathogenesis [25].
DSS administration induced robust macrophage activa-
tion, characterized by an 18.9-fold upregulation of pan-
macrophage marker F4/80 mRNA (P<0.001 vs. CON)
and an 9.13-fold increase in M1-polarization marker
iNOS (P=0.002 vs. CON). In contrast, M2-associated
CD206 expression showed nonsignificant suppression
(P=0.11 vs. CON) (Fig. 4A-C).

RSV attenuated DSS-driven activation, reducing F4/80
(P<0.001) and iNOS (P=0.01) mRNA levels compared
to DSS, but failed to restore CD206 mRNA expression
(P=0.41). PRE completely normalized iNOS to baseline
levels (P>0.99 vs. CON), elevated CD206 expression 1.7-
fold above control (P=0.02 vs. CON).

Immunohistochemical analysis supported these find-
ings (Fig. 4D-G). DSS increased F4/80" macrophage
infiltration by 1.2-fold compared to CON (P=0.10). PRE
restored macrophage density to near-physiological levels
(P=0.01 vs. DSS), outperforming RSV (P=0.05 vs. DSS).
Both treatments reduced iNOS* areas, with RSV and PRE
achieving 35.1% (P=0.001) and 38.7% (P<0.001) reduc-
tions, respectively. CD206" cell recovery was observed
only in PRE, showing a non-significant trend toward res-
toration (P=0.06 vs. DSS).

These results establish preventive RSV administration
as an effective strategy for macrophage phenotype modu-
lation in colitis, with superior efficacy to post-onset ther-
apeutic intervention.

Preventive RSV inhibits TLR4/NF-kB signaling in DSS-
induced colitis

The TLR4/NF-kB pathway plays a crucial role in mac-
rophage responses and inflammation [26]. As shown in
Fig. 5A-C, compared to CON, administration of DSS sig-
nificantly upregulated components of the TLR4/NF-«xB
pathway, including a 6.6-fold increase in TLR4 mRNA
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(See figure on previous page.)

Fig. 2 Preventive RSV Treatment improves intestinal epithelial tight junction protein expression. A, B The relative mRNA expression levels of ZO-1 and
Occludin in the colon tissue. C, D The expression ratios of ZO-1 and Occludin to B-actin. E Western blots of ZO-1, Occludin. F, G Immunohistochemical
analysis of ZO-1 protein levels in mouse colon sections and representative images of immunohistochemical staining for ZO-1 (magnification: 400X, scale
bar: 20 um). Data are presented as mean+SD, n=7. P<0.05 was considered statistically significant. CON, Control group, DSS, DSS-induced colitis model,
RSV, therapeutic RSV treatment, PRE, preventive RSV treatment. Full-length blots are presented in Supplementary file

A Peomr B P < 0.001
P <0.001
c 37 P < 0.001
P=0.94 9 —_—
- (7))
S 47 P<0001 P<0.001 4 P <0.001 P <0.001
2 E o] —— —_—
[ X
s )
s <
2
% X 1-
£ £
5 )
H <
= 2 o
CON DSS RSV PRE CON DSS RSV PRE
P < 0.001
P =0.02
C P < 0.001 D _ 6-
c 87 S P=006 P <0.001
S P < 0.001 *
7] — (/2]
(7] [<}]
e 61 p<0001 P=005 S 4-
Qo —_— - X
x N
) 4 <
2 =
x DE: 2
E 5
© o
- <
0- = 0-
CON DSS RSV PRE CON DSS RSV PRE

Fig. 3 Preventive RSV Treatment regulates the balance of inflammatory factors in DSS-induced colitis. A-D The relative mRNA expression levels of TNF-q,
IL-18, IL-6, and IL-10 in the colon tissue. n=7. P<0.05 was considered statistically significant. CON, Control group, DSS, DSS-induced colitis model, RSV,
therapeutic RSV treatment, PRE, preventive RSV treatment



Qin et al. BMC Immunology (2025) 26:42 Page 9 of 16

>
w

P >0.99 C

P < 0.001
P < 0.001 P =0.002
30
5 154 P=0.01
G P<0.001 P=024 5 — 5
3 @ P=0002 P=004 ?
g 204 ] _— — g
o
: : ;
4 <
Z 10 2 z
£ [4 o
£ £
8 » ©
< o &
L oA z g
CON DSS RSV PRE CON DSS RSV PRE CON DSS RSV PRE
F4/80
iNOS
CD206
P =0.01 P =0.06
E F P < 0.001 G
P =0.05 —— P =0.31
- 0.4 —_ 0.6 P = 0001 —_— 0.4 -
S P=010 P=0388 2 - 2 P=0.002 P=078
§ 03 8 P=01r P=097 $ 0.3
< < 0.4 <
g 2 g
£ 0.2 = £ 0.2
g g 2
o o 0.2 o
8 017 @ § 0.1
h Z a
o
0.0- 0.0- 0.0-
CON DSS RSV PRE CON DSS RSV PRE CON DSS RSV PRE

Fig. 4 Preventive RSV Treatment regulates the effect of DSS-induced macrophage M2 polarization in colitis. A-C The relative mRNA expression levels of
F4/80, INOS and CD206 in the colon tissue. D-G Representative images of immunohistochemical staining and immunohistochemical analysis of F4/80,
iNOS, and CD206 protein levels in mouse colon sections (magnification: 400X, scale bar: 20 um). Data are presented as mean+SD, n=7. P<0.05 was
considered statistically significant. CON, Control group, DSS, DSS-induced colitis model, RSV, therapeutic RSV treatment, PRE, preventive RSV treatment



Qin et al. BMC Immunology (2025) 26:42 Page 10 of 16

A P <0.001 B P <0.001 C P < 0.001
s 127 P <0.001 c 3 P < 0.001 P < 0.001
F 2 § 47
o P<0.001 P=0.048 2 P<0.001 P=0.99 2 P=0004 P=061
g 8 — 5 — 8 — —
x 2] & 31
) g x
§ <Zt < o
€, [ z
€ € 14 [
< o] m 1
4 @ ]
| o 0

> w
= 0- = z 0
CON DSS RSV PRE CON DSS RSV PRE CON DSS RSV PRE
TLR4
P-NF-«B
NF-kB
MYD88
B-actin
CON DSS RSV PRE
P =0.007 5= 001
E P =0.61 F I
5 47 P =0.02
P < 0.001 G —_—
< T 8
5 P = 0.005 g 34 P<0001 P=091
n x
£ o] P=003 P=004 it
5 —_— e T 27
) 8
£ o
[]
- o
5 1 .
s ® 1
< [m]
© >
F od = 0-
CON DSS RSV PRE CON DSS RSV PRE
P=0.76
G P =0.002 H _P=046
; P =0.004 _P=0002
c 6- =
S § 67 P =0.004
@ P=0.001 P=0.84 2 —
o — - o _
g . g P<0.001 P=0095
3 3 4
s £
£ 5
° o
S 2- s 24
: ;
L z
Z - o O0-
CON DSS RSV PRE CON DSS RSV PRE

Fig.5 Preventive RSV Treatment inhibites DSS-induced activation of the TLR4/NF-kB signaling pathway in colitis. A-C The relative mRNA expression levels
of TLR4, MYD88 and NF-kB in the colon tissue. D Western blots of TLR4, P-NF-kB, NF-kB and MYD88. E-H The expression ratios of TLR4, MYD88, NF-kB and
P-NF-kB to B-actin. Data are presented as mean+SD, n=7. P<0.05 was considered statistically significant. CON, Control group, DSS, DSS-induced colitis
model, RSV, therapeutic RSV treatment, PRE, preventive RSV treatment. Full-length blots are presented in Supplementary file



Qin et al. BMC Immunology

A

(2025) 26:42

Rank-abundance distribution curve

Page 11 of 16

& =
z N
g
z 3
o —
. 1 L 100
\ q'!
|
i .
! L B3 e -
D Observed E Chao1 ACE
(P=10.55) (P=0.55) (P=0.55)
400 400 400
- - -
300 ' - T - - -
: 300 ' 300 . : '
'
: : , : 5
200 ' 200 4 :
| s e E 200 o E
100 100 100
CON Dss RSV PRE CON Dss RSV PRE CON DSS RSV PRE
Shannon Simpson Coverage
G (P=0.48) H (P=0.46) (P=0.30)
1.3
5.0
030
, 0.25 | - 2
4.0 -
- 1
; — == 020 1 o : 1.4
] : |
I 010 1 i . 1.0 |
' '
20 - - L —
09
CON DSs RSV PRE
CON pss Rsv PRE CON DSS RSV PRE
PCoA - NMDS
3 3
o= ~ s
: e i, e
3 s RN H] :
N
) 3 :
3
04 00 014 -(;.l 00 D‘A
MDS1
PC1 [27.68%) STRESS: 0.07

Fig. 6 (See legend on next page.)



Qin et al. BMC Immunology (2025) 26:42

(See figure on previous page.)

Page 12 of 16

Fig. 6 Preventive RSV Treatment regulates changes in gut microbiota structure in mice with DSS-induced colitis. A Rank-abundance curves illustrating
the distribution of species abundances within gut microbiota communities. B Rarefaction curves depicting the species richness across different gut mi-
crobiota groups. € Venn diagram highlighting the overlap and uniqueness of OTUs among different gut microbiota groups. D-1 Gut microbial a-diversity
analysis across experimental groups, including Observed, Chao1, ACE, Shannon, Simpson, and Coverage indices. J PCoA of gut microbiota composition
across groups. K NMDS to explore the differences in gut microbiota structure between groups. Data are presented as mean=+SD, n=3. P<0.05 was
considered statistically significant. CON, Control group, DSS, DSS-induced colitis model, RSV, therapeutic RSV treatment, PRE, preventive RSV treatment

transcription (P<0.001), a 1.7-fold increase in MYD88
expression (P<0.001), and a 2.2-fold induction of NF-xB
(P=0.004).

Both RSV and PRE significantly inhibited the expres-
sion of TLR4, MYD88, and NF-kB mRNA (all P<0.001
vs. DSS). Furthermore, compared to RSV, PRE demon-
strated a more pronounced inhibitory effect on TLR4
expression (P=0.048).

Western blot analysis confirmed these findings at the
protein level (Fig. 5D-H). PRE reduced TLR4 expression
to 53% of control levels (P=0.007), significantly out-
performing RSV, which achieved only a 15% reduction
(P=0.61). Similarly, phospho-NF-«kB levels were restored
to baseline in PRE (P=0.76 vs. CON), whereas RSV
resulted in incomplete suppression (P =0.46 vs. CON).

These findings collectively demonstrate that preventive
RSV administration exerts multifaceted inhibition of the
TLR4/NF-kB pathway, significantly surpassing therapeu-
tic intervention in both efficacy and mechanistic scope.

RSV modulates the gut microbiota in DSS-induced colitis
Dysbiosis of the gut microbiota is strongly implicated in
the pathogenesis of IBD [27]. To assess the impact of RSV
on gut microbiota composition, we performed 16 S rRNA
gene sequencing in DSS-induced colitis mice. Rank
abundance (Fig. 6A) and rarefaction curves (Fig. 6B) con-
firmed stable sequencing with an adequate sample size.
The Venn diagram (Fig. 6C) illustrates shared operational
taxonomic units (OTUs) across the groups, with unique
OTUs for each treatment: CON (253), DSS (169), RSV
(94), and PRE (113). DSS mice exhibited reduced species
richness compared to CON mice, with further reductions
observed in RSV and PRE.

There were no significant differences in microbial rich-
ness and a-diversity (Observed, Chaol, ACE, Shannon,
Simpson and Coverage indices) between CON, DSS,
RSV, and PRE (P>0.05) (Fig. 6D-I). PCoA (Fig. 6]J) and
NMDS (Fig. 6K) analysis revealed distinct microbiota
compositions between DSS and CON, with the RSV and
PRE clustering closer to CON.

At the phylum (Fig. 7A) and genus (Fig. 7B) levels, the
microbiota composition varied across groups. Group-
specific taxa were identified through LEfSe analysis and
Linear Discriminant Analysis (LDA score>2.0) (Fig. 7C,
D). CON was enriched in Lactobacillus intestinalis, Lac-
tococcus, and Muribaculum, while DSS was dominated
by Turicibacter, Staphylococcaceae, and Gemella. In

PRE, Moraxellaceae was the dominant taxa. Notably, no
significant differences in dominant microbial taxa were
observed between RSV and PRE, suggesting that both
treatments similarly modulate the gut microbiota to
alleviate IBD through microbial community regulation.
Genus-level taxa with significant differences included
Lactococcus (Fig. 7E), Muribaculum (Fig. 7F), Lactiplan-
tibacillus (Fig. 7G) Burkholderia-Caballeronia-Paraburk-
holderia (Fig. 7H), and Gemella (Fig. 71).

KEGG pathway analysis (Fig. 7]) revealed that DSS
treatment led to decreased pathways related to amino
acid biosynthesis, DNA replication, and protein synthe-
sis, whereas pathways linked to cellular processes, sig-
naling, and transcriptional regulation were upregulated.
RSV reversed these changes, restoring pathway abun-
dance to baseline levels.

Summary, RSV treatment in DSS-induced colitis mice
modulates gut microbiota composition, showing a shift
towards a microbiota profile similar to CON, with no sig-
nificant differences between RSV and PRE, and a reversal
of DSS-induced alterations in microbial taxa and meta-
bolic pathways related to amino acid biosynthesis, DNA
replication, and protein synthesis.

Discussion

This study introduces a novel preventive strategy where
preventive administration of RSV reshapes the gut
microbiome prior to the induction of colitis, establish-
ing a resilient intestinal microenvironment that mitigates
DSS-induced pathology through multiple mechanisms.
Our findings demonstrate that RSV confers protection
against colitis not only through its direct anti-inflam-
matory effects but, crucially, by preconditioning the
microbiota. This discovery holds significant translational
potential for the prevention of IBD [28].

The primary innovation of this work lies in establish-
ing the preemptive efficacy of RSV through gut microbi-
ome modulation. While previous studies have primarily
focused on RSV’s therapeutic anti-inflammatory effects
during active colitis [29], we uniquely show that PRE
leads to superior outcomes in mitigating DSS-induced
colitis. Notably, these outcomes include a 51.4% reduc-
tion in weight loss, a 54.0% decrease in DAI, a 96.5%
recovery of ZO-1 protein expression (compared to 59.7%
with RSV), and comprehensive cytokine regulation (77%
greater TNF-a suppression and 2.7-fold IL-10 induction).
Moreover, we observed preferential M2 macrophage
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Fig. 7 Preventive RSV Treatment adjustes the compositional characteristics of the gut microbial community in DSS-induced colitis mice. A, B Relative
abundance of microbial taxa at the phylum and genus levels. C, D Cladogram and LEfSe scores of biomarker screening. E-l Bar Charts of the Relative
Abundance Distribution of Significantly Different Bacterial Genera. J Heatmap of KEGG functional pathway clustering. Data are presented as mean+SD,
n=3.P<0.05 was considered statistically significant. CON, Control, DSS, DSS-induced colitis model, RSV, therapeutic RSV treatment, PRE, preventive RSV

treatment

polarization (1.7-fold CD206 elevation) and more potent
inhibition of the TLR4/NF-«xB pathway (53% reduction
vs. 15% in RSV-treated mice). These results establish the
PRE regimen as a preventive strategy with multifaceted
mechanistic and functional benefits.

Importantly, no significant differences in the dominant
microbial taxa between RSV and PRE were observed,
suggesting that preventive RSV exerts its protective
effects through modulation of the gut microbiome in
DSS colitis mice. This implies that the microbiota’s pre-
conditioning precedes and potentiates RSV’s anti-inflam-
matory effects, creating an intestinal environment that is
resistant to inflammatory triggers—a concept we term
“microbial priming”.

Mechanistically, RSV orchestrates a tripartite protec-
tive network. Firstly, 16 S rRNA sequencing revealed
that PRE specifically enriched barrier-enhancing Lac-
tococcus and Muribaculum [30, 31], while suppress-
ing pathobionts such as Gemella and Turicibacter
[32, 33]. These microbial shifts correlated with earlier
restoration of tight junctions, suggesting that micro-
biota-derived metabolites may accelerate epithelial
repair. Secondly, PRE administration induced a 2.0-
fold greater M2 macrophage polarization compared to
RSV (P=0.01), potentially via inhibition of the TLR4/
NF-«B pathway (47% reduction in TLR4 for PRE vs. 15%
for RSV) [34]. This “trained immunity” effect indicates
that RSV preconditioning epigenetically primes myeloid
cells toward an anti-inflammatory phenotype, enhanc-
ing immune tolerance and resilience. Thirdly, PICRUSt
analysis revealed that PRE uniquely restored microbial
amino acid biosynthesis, providing substrates for muco-
sal repair—a mechanism distinct from direct cytokine
modulation. This suggests that RSV-enriched metabo-
lites might directly contribute to epithelial repair by
supplying essential nutrients for cellular regeneration
[35].

Our data resolve the “RSV paradox” of its low bioavail-
ability (serum <5 ng/mL) yet high efficacy [12]. The PRE’s
enhanced outcomes, despite identical RSV dosing, sug-
gest that microbiota-derived metabolites mediate protec-
tion, as evidenced by the correlation between restored
microbial amino acid biosynthesis and enhanced ZO-1
expression [36]. This aligns with reports indicating that
RSV-modulated gut microbes produce barrier-repairing
metabolites such as indole-3-lactate [37]. These findings
challenge the traditional pharmacokinetic paradigm,

proposing that the luminal compartment may be the pri-
mary site of RSV’s action.

However, several limitations should be addressed in
future research. Although LEfSe analysis links Lactoba-
cillus enrichment to protection, the lack of fecal micro-
biota transplantation (FMT) controls precludes definitive
conclusions regarding microbial causality [38]. Addition-
ally, the DSS model mimics acute colitis but does not
fully capture the chronic and relapsing nature of IBD
[39]. Future studies should employ chronic cycling mod-
els to assess the durability of RSV’s protective effects
over extended periods. Moreover, whether RSV inhib-
its TLR4/NF-xB signaling via direct receptor binding
or through microbiota/macrophage crosstalk remains
unclear. Spatial transcriptomics of TLR4-deficient mac-
rophages in gnotobiotic models could help elucidate
these mechanisms [40].

The translational implications of our findings are sig-
nificant. The PRE’s reduced DAI scores (54% reduction,
P<0.001 vs. RSV) support the development of RSV-
enriched functional foods for IBD prevention. Notably,
RSV achieved an 80.8% reduction in TNF-a levels (vs.
DSS, P<0.001) without inducing glucocorticoid-like
adverse effects, aligning with reports suggesting that
polyphenol-rich interventions can match conventional
anti-TNF therapies in preclinical models [41]. As a nat-
ural compound found in common foods such as grapes,
peanuts, and red wine, RSV holds promise as a potential
“food-based” intervention with therapeutic applications
in IBD prevention, highlighting its “food as medicine”
potential.

Conclusion

This study redefines RSV as a microbial ecosystem engi-
neer with chronotherapeutic potential. By preemptively
reshaping microbial and immune responses, RSV pro-
phylaxis creates a fortified intestinal niche that is resis-
tant to inflammatory insults. This approach represents a
paradigm shift from symptom management to ecological
prevention in IBD.
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