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Abstract Ulcerative colitis (UC) is a globally prevalent disease with a continuously increasing incidence rate. Galloylated
procyanidins (GPCs) are promising polyphenols for UC treatment. In this study, the protective effects of B2-3'-O-gallate (B2-
3'-G), a typical GPC derived from grape seeds, were explored for the first time using a dextran sulfate sodium (DSS)-induced
colitis mouse model. Treatment with B2-3'-G obviously mitigated body weight loss and reduced the Disease Activity Index
(DAI). DSS-triggered splenomegaly and colonic shortening were also relieved after B2-3'-G administration. Hematoxylin
and eosin (H&E) staining results indicated that B2-3'-G preserved the integrity of colonic mucosa, restored crypt morphology
and inhibited inflammatory cell infiltration. Alcian Blue/Periodic Acid-Schiff (AB-PAS) staining further showed that B2-3'-G
treatment increased the number of goblet cells, enhanced mucus secretion, and improved the continuity and thickness of the
intestinal mucus layer. Collectively, these results confirm that B2-3'-G alleviates DSS-induced colitis by reducing intestinal
inflammation and restoring colonic barrier function.
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1 Introduction major clinical drugs for UC include sulfasalazine,
S5-aminosalicylic acid, steroids, hormones, and
Inflammatory bowel disease (IBD) is a immunosuppressants. Nevertheless, these drugs
chronic recurrent inflammatory disorder affecting show limited efficacy in repairing damaged intestinal
the gastrointestinal tract, characterized by mucosal barriers and are accompanied by obvious side effects *I.
ulceration, rectal bleeding, diarrhea, and body weight Natural polyphenolic compounds derived from natural
loss, and the main clinical subtypes are ulcerative sources have attracted widespread attention due to
colitis (UC) and Crohn’s disease "'\, The prevalence their diverse biological functions and high safety.
of UC reaches 1.0%, while that of Crohn’s disease Proanthocyanidins (PAs) are a large group of
is 0.3%. UC also presents a higher incidence of natural polyphenols widely distributed in plants such
complications and more severe clinical symptoms as grape seeds. These compounds possess potent
compared with Crohn’s disease *, and long-term antioxidant and anti-inflammatory properties "',
UC may progress to colon cancer ). At present, Existing studies have verified that PAs exert protective

effects against UC through inhibiting inflammatory
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microbiota .

The biological activities of PAs are closely
associated with their specific functional groups.
Modification to form galloylated proanthocyanidins
(GPCs) can markedly enhance the bioactivity of PAs.

1 "' performance,

Given their superior biologica
GPCs exhibit great potential for the development of
novel anti-UC agents.

Despite strong bioactivity, natural GPCs
exist at extremely low concentrations and possess
complex structures characterized by stereoisomerism
and structural polymerization. The relatively more
abundant B2-3'-O-gallate (B2-3'-G) account for less
than 0.5% of grape seed procyanidins . Traditional
isolation techniques cannot achieve efficient
preparation of B2-3'-G, and large-scale production
remains challenging. Consequently, the biological
activities of B2-3'-G remain largely unexplored.

The present work aims to clarify the protective
effects of B2-3'-G against UC. A DSS-induced UC mouse
model was established, and the efficacy of B2-3'-G was
evaluated by detecting changes in body weight, DAI
scores, colon length, spleen index and histopathological
characteristics. The findings provide experimental
evidence for revealing the action mechanism of B2-
3'-G against UC and support the development of new
therapeutic strategies for this disease.

2 Materials and methods

2.1 Materials

Dextran sulfate sodium (DSS, molecular weight:
40 kDa) was purchased from Shanghai Macklin
Biochemical Co., Ltd., Shanghai, China. Fecal occult
blood detection kits were obtained from Beijing
Solarbio Science & Technology Co., Ltd., (Beijing,
China. Hematoxylin and eosin (H&E) staining
reagents and Alcian Blue/Periodic Acid-Schiff (AB-
PAS) staining kits were supplied by Wuhan Servicebio
Technology Co., Ltd., Wuhan, China. Distilled water
was purchased from Hangzhou Wahaha Group Co.,
Ltd., Hangzhou, China. All organic solvents were
acquired from the Chemical Branch of Shandong
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Yuwang Industrial Co., Ltd., Shandong, China.
Procyanidin B2, epicatechin-3-O-gallate (ECG),
epicatechin (EC) and gallic acid (GA) were provided
by Chengdu Must Bio-Technology Co., Ltd., Chengdu,
China. Grape seed extract was obtained from Tianjin
Jianfeng Natural Product R&D Co., Ltd., Tianjin,
China. L-Cysteine and citric acid were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd.,
Shanghai, China.

2.2 Preparation of polymeric procyanidins (PPCs)

Grape seeds were separated from white grape
pomace, dried at a temperature below 40 °C for 24 h
in a ventilated environment, sealed under nitrogen
atmosphere and stored at -20 °C. The seeds were
ground into powder with liquid nitrogen before use.
Grape seed powder was extracted separately with 80%
methanol aqueous solution and 75% acetone aqueous
solution. Each extraction was performed under
nitrogen protection for 3 h. All extraction solutions
were combined, and organic solvents were removed
by evaporation. Lipid components were eliminated via
extraction with n-hexane, and the aqueous phase was
freeze-dried to obtain crude total polyphenol extracts.
High-speed counter-current chromatography (HSCCC)
was applied for further separation. The two-phase
solvent system consisted of n-hexane-ethyl acetate-
water at a volume ratio of 1:50:50. The lower phase
served as the stationary phase and the upper phase as
the mobile phase. A total of 400 mg of crude grape
seed procyanidin extract was separated in tail-to-head
elution mode at a flow rate of 3.0 mL/min, a rotational
speed of 950 rpm and a constant temperature of
25°Cc

2.3 Preparation of epicatechin-3-0-gallate (ECG)

Epicatechin-3-O-gallate (ECG) was further
isolated from 200 mg of fraction F1 using HSCCC based
on the above PPC preparation method. The solvent
system was n-hexane-ethyl acetate-water (1:10:10, v/v/v),
and dual-direction elution including head-to-tail and tail-
to-head dual-direction modes was adopted """,
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2.4 Preparation of B2-3'-G

Nucleophilic degradation of PPCs using
L-cysteine "'*. PPCs (1 g), citric acid (1 g), and
L-cysteine (Cys, 3 g) were dissolved in 50 mL of
distilled water. The mixed solution was incubated at
75 °C for 5.6 h in a reaction tube, and the reaction
was terminated immediately by an ice bath at 0 °C.
The mixture was diluted with distilled water and
freeze-dried. Crude oligomeric procyanidins (OPCs)
were collected after liquid—liquid extraction. The
lyophilized degradation products were re-dissolved in
distilled water and extracted three times with 400 mL
of ethyl acetate. The organic phase was combined and
evaporated to dryness under vacuum at a temperature
lower than 35 °C. Purification was performed using a
Shimadzu semi-preparative high-performance liquid
chromatography (HPLC) system equipped with a YMC-
Pack ODS-A C,4 column (10 mm x 250 mm, 5 pum).
The column temperature was set at 30 °C, and the
detection wavelength was 280 nm. The mobile phase
consisted of water (solvent A) and methanol (solvent
B), and isocratic elution was conducted with 20%
solvent B at a flow rate of 3.5 mL/min.

Semi-synthesis with ECG "*!. PPCs (200 mg)
and ECG (600 mg) were dissolved in 50 mL of 0.1 M
methanolic HCl. The mixture was transferred to
a stoppered test tube and incubated at 55 °C with
shaking for 1.5 h. The reaction was terminated by
an ice bath for 10 min. Methanol was removed by
rotary evaporation at 35 °C. The residual product was
dissolved in distilled water and extracted three times
with 400 mL of ethyl acetate. All organic fractions
were combined and dried at 35 °C. Crude products
were purified using a Shimadzu LC-20AR semi-
preparative HPLC system with a YMC-Pack ODS-A
C,s column (10 mm x 250 mm, 5 pm). Isocratic elution
was performed using water and methanol (75:25, v/v)
at a flow rate of 3.5 mL/min and a column temperature
of 30 °C, with ultraviolet detection at 280 nm.

Semi-synthesis and HSCCC separation ¥,
The reaction conditions were optimized as follows:
reaction temperature of 50 °C, reaction duration of 3 h,
and a mass ratio of ECG to PPCs of 3:1. A TBE-300C
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HSCCC system was used for product separation, with
a solvent system of n-hexane-ethyl acetate-methanol-
water (0.2:1.5:0.5:1, v/v/v/v).

A total of 300 mg semi-synthetic products were
dissolved in 20 mL of the lower phase of the solvent
system and filtered through a 0.45 pm membrane.
Separation was carried out in head-to-tail elution
mode for 175 min. Eluates were monitored at 280 nm,
and fractions were collected manually. Fraction
purity was analyzed by ultra-high performance liquid
chromatography (UHPLC). Fractions with purity
below 90% were further purified by Shimadzu semi-
preparative HPLC using a YMC-Pack ODS-A C;
column (10 mm x 250 mm, 5 pm). The mobile phase
was water—methanol (75:25, v/v) with isocratic
elution at 3.5 mL/min and 30 °C, and detection was
performed at 280 nm.

2.5 Animals

Male C57BL/6 mice aged 6—8 weeks with a
body weight of 22 + 2 g were supplied by Liaoning
Changsheng Biotechnology Co., Ltd., Liaoning,
China. All animals were housed under specific
pathogen-free (SPF) conditions at Shenyang
Pharmaceutical University. The animal experimental
protocol was approved by the Animal Ethics
Committee of Shenyang Pharmaceutical University
(SYPU-IACUC-82025-0827-102). Mice were kept at
25 °C under a 12 h light/dark cycle, with free access
to standard diet and drinking water.

2.6 Grouping of experimental animals and administration
of drugs

All mice received one week of adaptive feeding
and were randomly divided into four groups with 10
animals per group: control group (CON), DSS model
group (DSS), low-dose B2-3'-G group (B2-3'-G,) and
high-dose B2-3'-G group (B2-3'-Gy,). Mice in the CON
and DSS groups were given normal saline by oral
gavage once daily for 14 consecutive days. Animals in
the B2-3'-G, and B2-3'-G,, groups were administered
60 mg/kg and 120 mg/kg B2-3'-G via oral gavage
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daily for 14 days, respectively. Starting on the 8th day
of administration, mice in the DSS group and two B2-
3'-G treatment groups were given 3% (w/v) DSS in
drinking water for 7 days to establish colitis models.
Body weight, stool characteristics and fecal occult
blood were recorded daily throughout the experiment.
All mice were anesthetized and euthanized on the 15"
experimental day.

2.7 Collection and processing of tissue samples

Colon tissues were isolated, and colon length
was measured immediately. Partial colon samples
were fixed for histopathological examination, and the
remaining tissues were stored at -80 °C for subsequent
biochemical detection. Spleens were weighed to
calculate the spleen index.

2.8 Measurement of body weight and spleen indices

Body weight of each mouse was recorded
every day during the experiment. Spleen weight was
measured after animal euthanasia, and the spleen index
was calculated according to the following formula:
spleen index = [spleen weight (g) / body weight (g)] x
100%.

2.9 Assessment of disease activity index (DAI)

Fecal status, body weight changes and fecal
occult blood were recorded daily during DSS modeling.
Fecal occult blood was detected using commercial
kits. The DAI was evaluated based on a previously
reported method with minor modifications "',

The detailed DAI scoring standards are presented in Table 1.

Table 1 Disease activity index score

Score Weight loss/% Feces Faecal occult blood
4 >15% Diarrhoea Gross bleeding
3 10%-15% Thin liquidy stools Initially blue-brown, gradually dark brown
2 5%-10% Mucus-like stools Light green at first, fading to blue-brown
1 1%-5% Soft stools Fades from light green to green after 10 s
0 0 Normal Negative
2.10 H&E staining sections were incubated with Schiff reagent for 10-

Distal colon tissues were fixed in 4%
paraformaldehyde for 24 h. After paraffin embedding,
tissue blocks were cut into 5 um-thick sections.
Sections were deparaffinized and stained with H&E.
Histopathological changes were observed under a light
microscope.

2.11 AB-PAS staining

Distal colon tissues were fixed in 4%
paraformaldehyde for 24 h and embedded in paraffin.
Tissue sections were deparaffinized and rehydrated.
Sections were stained with Alcian Blue solution (pH
2.5) for 15-30 min and rinsed with distilled water. After
oxidation with periodic acid solution for 5-10 min,
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20 min. All sections were rinsed with running water,
dehydrated and mounted. Histological features were
observed under a light microscope.

2.12 Statistical analysis

All data are presented as mean * standard
error of the mean (SEM). Statistical analysis was
performed using GraphPad Prism 10.1.2. The Shapiro-
Wilk test was used for normality analysis, and the
Brown-Forsythe test was applied to evaluate variance
homogeneity. For multiple group comparisons, one-
way analysis of variance (ANOVA) followed by
Tukey’s post-hoc test was adopted for data with
normal distribution and equal variance. A P value less
than 0.05 was defined as statistically significant.
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3 Results

3.1 Comprehensive evaluation of three preparation
methods for B2-3'-G

Three different reaction systems were established
for B2-3'-G synthesis, and each protocol was verified
in three independent parallel experiments to confirm
stability. The yield and purity of products obtained from
each system are summarized below. In the L-cysteine-
mediated nucleophilic degradation system, the mass ratio
of Cys to PPCs was 3:1, the reaction temperature was
75 °C, and the reaction duration was 3 h. After
purification, the yield of B2-3'-G reached 8.29 mg/g
(calculated based on PPCs), with a purity higher than
95.0%. For the acid-catalysed semi-synthesis system,
reactions were performed at 55 °C for 1.5 h with an
ECG/PPCs mass ratio of 3:1. After semi-preparative
HPLC purification, the yield of B2-3’-G was 231.90 mg/g
(based on PPCs), and the product purity exceeded
95.0% with good reproducibility. In the semi-synthetic
system combined with HSCCC separation, reactions
were carried out at 50 °C for 3 h with an ECG/PPCs
ratio of 3:1. Reaction products were separated by
HSCCC using n-hexane-cthyl acetate-methanol-water
(0.2:1.5:0.5:1, v/v/v/v) in head-tail elution mode. The
final yield of B2-3'-G was 303.00 mg/g (based on
PPCs), and the purity reached 98.0%.

L-cysteine containing thiol groups acts as a
nucleophile in PPC degradation. L-cysteine (Cys),
which contains a thiol group (-SH), is used as a
nucleophile. Under citric acid catalysis, carbocations
generated from PPCs degradation are captured by
Cys to form stable C4 sulfide bonds in the product.
The involvement of Cys terminates the continuous

degradation of PPCs and retains B2-3'-G in reaction
products. This method achieves enrichment of
endogenous B2-3'-G in natural PPCs by selectively
terminating the degradation reactions.

ECG, a galloylated flavanol monomer, serves as
the nucleophile in ECG-based semi-synthesis. Under
hydrochloric acid catalysis, PPC cleavage produces
carbocations, which are captured by ECG. A new C4-C8
bond forms between the C8 site on the A ring of ECG
and PPC-derived carbocations, and the chain reaction is
terminated to generate the EC-ECG dimer B2-3'-G.

The semi-synthesis combined with HSCCC is
an optimized approach derived from the ECG semi-
synthesis method. Both methods share the same
mechanism: hydrochloric acid promotes PPC cleavage
to produce carbocations, and ECG functions as the
exclusive nucleophile. The major improvement lies in
optimized reaction parameters and additional HSCCC
separation, which enables large-scale acquisition of
high-purity target compounds.

In conclusion, the ECG-mediated acid-catalyzed
semi-synthesis method dramatically improves B2-
3'-G yield compared with L-cysteine-induced partial
degradation, with yield increasing from 8.29 mg/g
to 231.90-303.00 mg/g. Combination with HSCCC
purification further elevates product purity above
98.0%. This integrated protocol is efficient and
feasible for large-scale preparation of B2-3'-G.

3.2 Effect of B2-3'-G on body weight of colitis mice

A 3% DSS solution was used to establish a
mouse UC model, and B2-3'-G was administrated
via oral gavage in treatment groups. The detailed
experimental schedule is shown in Fig. 1.

-7d

“ t Oral administrtion everyday Colon collection
- C57BL/6 | I ?
| |
I 1 1 )
0 7d 14d 15d

Acclimation

1 I," 3%DSS treatment

Fig. 1 Schematic of the animal experimental procedure
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Mice in the CON group maintained normal food
and water intake throughout the experiment, with good
mental status, glossy fur and steady weight gain. Mice
in the DSS group exhibited decreased food and water
intake, lethargy and dull fur starting from the third day
after DSS administration. As shown in Fig. 2, obvious
body weight loss was observed in the DSS group from
the fourth modeling day. Body weight was significantly
lower in the DSS group than in the CON group on the
seventh day (P < 0.001). Mice in the B2-3"-G, and B2-
3'-Gy, groups presented mild reduction in food and water
intake but better general conditions and fur status relative
to the DSS group. Weight loss was also detected in both
treatment groups from the fourth day of DSS induction,
while the degree of weight loss was markedly attenuated

120

110

Body weight change (% of initation)

on the seventh day (both P <0.001 vs. DSS group).

3.3 Effects of B2-3'-G on disease activity index (DAI)
of colitis mice

DAI scores were calculated according to body
weight loss, fecal consistency and fecal occult blood,
and the results are displayed in Fig. 3. DAI scores
in the DSS group gradually increased from the third
modeling day and were significantly higher than those
in the CON group on day 7 (P < 0.001). DAI scores
of the B2-3'-G, and B2-3'-G,; groups began to rise on
the fourth day. Both low-dose and high-dose B2-3'-G
treatments significantly reduced DAI levels on day 7
(both P <0.001 vs. DSS group).

CON
DSS

B2-3'-G,
B2-3'-Gy

'

70 1

Days

* P<0.05, ** P<0.01, *** P<0.001 vs. model group; # P < 0.05, ## P < 0.01, ### P < 0.001 vs. control group
Fig. 2 Effect of B2-3'-G on body weight in colitis mice (n = 6)

Disease Activity Index (DAI)

Days

CON
DSS

B2-3'-G,
B2-3'-Gy

HitH

* P<0.05, ** P<0.01, *** P <0.001 vs. model group; # P < 0.05, ## P < 0.01, ## P < 0.001 vs. control group

Fig. 3 Effect of B2-3'-G on disease activity index in colitis mice (n = 6)
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3.4 Effects of B2-3'-G on colon length of colitis mice

Colon shortening is a typical pathological
manifestation of DSS-induced colitis. As shown in
Fig. 4, colon length was obviously shorter in the
DSS group than in the CON group (P < 0.001).

A

CON DSS

B2-3'-G, B2-3'-Gy

Administration of B2-3'-G effectively relieved colon
shortening. Colon length was significantly restored
in the B2-3'-G; and B2-3'-Gy groups when compared
with the DSS group (both P < 0.001). These results
indicate that B2-3'-G protects colon tissues against
DSS-induced damage.

B

ek

)
I

HitH

The Length of Colon (cm)
~ IS
1 1

C’Oé Q%% ;‘;,G\' 639‘2‘
DR 4

representative photographs (A) and length quantification; (B) of colon tissues; * P < 0.05, ** P < 0.01, *** P < (0.001 vs. model

group; # P <0.05, ## P < 0.01, ### P < 0.001 vs. control group

Fig. 4 Effect of B2-3'-G on colon length in colitis mice (n = 6)

3.5 Effects of B2-3'-G on spleen index of colitis mice

Spleen index is a key indicator reflecting
systemic inflammatory status. As shown in Fig. 5, the
spleen index was significantly elevated in the DSS

group relative to the CON group (P < 0.001). B2-3'-G
treatment reduced spleen enlargement and decreased
spleen index. Significant differences were observed
between the DSS group and the two B2-3'-G treatment
groups (B2-3"-G: P <0.01; B2-3"-G;: P <0.05)
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HitH
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[ w S

Spleen index (%)
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C,Oé 996 5,0" 53,0‘3‘
DR 44

representative photographs of spleen tissue (A) and spleen index; (B) * P <0.05, ** P <0.01, *** P <0.001 vs. model group; #

P <0.05,# P<0.01, ### P < 0.001 vs. control group

Fig. 5 Effect of B2-3'-G on spleen index in colitis mice (n = 6)
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3.6 Effects of B2-3'-G on colon histopathology of
colitis mice (H&E staining)

H&E staining revealed severe intestinal damage
and structural disorders in DSS-induced UC mice (Fig.
6). Typical lesions included extensive inflammatory
cell infiltration, severe destruction of mucosal
epithelium, disrupted gland architecture, loss of crypts
and depletion of goblet cells and mucin.

B2-3'-G treatment alleviated the above
pathological injuries. Reduced inflammatory cell
infiltration and milder damage to epithelial and crypt
structures were observed in B2-3'-G intervention
groups. B2-3'-G effectively alleviates DSS-induced
pathological changes in colonic tissue, and its
intestinal protective effects may be associated with
inflammatory suppression, epithelial repair, and crypt

structure maintenance.

H&E

Fig. 6 Effect of B2-3'-G on colon histopathology in colitis mice (x 20)

3.7 Effects of B2-3'-G on goblet cells and mucin
secretion of colitis mice (AB-PAS staining)

Goblet cells are specialized secretory cells in
intestinal epithelium, which mainly synthesize and
secrete mucins such as MUC2 to form the intestinal
mucus layer. The mucus layer acts as the first line
of intestinal innate immunity. It isolates intestinal
epithelium from pathogenic microorganisms and
provides a stable microenvironment for commensal
bacteria colonization. The quantity and function
of goblet cells directly reflect the integrity of the
intestinal mucosal barrier.
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AB-PAS staining results (Fig. 7) showed that
the number of colonic goblet cells decreased sharply
in the DSS group. DSS disrupts intestinal epithelial
barriers and activates inflammatory responses, which
leads to goblet cell loss and mucus layer thinning. This
pathological change further aggravates the stimulation
of submucosal immune cells by intestinal contents and
forms a vicious cycle. B2-3'-G treatment obviously
reversed the reduction of goblet cells. The recovery
of goblet cell number demonstrates the repairing
effect of B2-3'-G on intestinal structure and barrier
function, which provides morphological evidence for
its application in IBD treatment.
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Fig. 7 Effect of B2-3'-G on goblet cells and mucin secretion in colitis mice (x 20)

4 Discussion

Ulcerative colitis (UC) has become a severe
global health challenge, and the development of novel
effective therapies is urgently needed "*'”. However,
existing clinical drugs are limited by adverse reactions
and high recurrence rates; so exploration of new

1[18]

intervention strategies is essential ' . Multiple studies

have confirmed that procyanidins can alleviate DSS-
induced colonic damage in animal models of UC "??.
Nevertheless, the protective effects of single-
component B2-3'-G against UC have not been
reported previously. The present study established a
DSS-induced UC mouse model and verified for the
first time that B2-3'-G effectively alleviates body
weight loss, improves DAI scores and mitigates
colonic pathological damage.

Although the protective effects of B2-
3'-G against DSS-induced UC in mice have been
confirmed, the underlying molecular mechanisms
remain to be clarified. Future studies will combine
transcriptomics and metabolomics to screen potential
inflammation-related signaling pathways involved in
the anti-colitic effects of B2-3'-G, and relevant cell
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models will be used for mechanistic validation.

5 Conclusions

This study investigated three different
preparation routes for B2-3'-G, with a maximum
yield of 303.00 mg/g and product purity above
98.0%. In the DSS-induced UC mouse model, B2-
3'-G significantly alleviated body weight loss and
colon shortening, reduced DAI scores, and improved
histological damage. In summary, B2-3'-G is a
promising candidate compound for UC treatment.
The present findings provide experimental support
and theoretical reference for the development of new
therapeutic regimens against UC.
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