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A B S T R A C T

Ulcerative colitis (UC), a type of inflammatory bowel disease (IBD), is a chronic recurrent inflammatory disease 
of the colon. Our previous findings demonstrated that almond polysaccharide (AP-1) exhibits significant anti- 
inflammatory activity in vitro. Therefore, this study aimed to explore the ameliorative effect of AP-1 on 
dextrose sodium sulfate (DSS)-induced UC mice and to elucidate its possible mechanism of action. By observing 
changes in body weight, fecal viscosity, stool blood, disease activity index, and colon length, we found that AP-1 
attenuated inflammation. It inhibited TNF-α, IL-1β, and IL-6 while boosting anti-inflammatory IL-10 levels. 
Histomorphologically, AP-1 protected against DSS-induced colonic tissue damage by reducing inflammatory cell 
infiltration and mucosal injury. It also lowered myeloperoxidase (MPO) and NO while increasing total superoxide 
dismutase (T-SOD) and glutathione peroxidase (GSH-Px) in colonic tissues. Moreover, using the Western blot 
technique, AP-1 was shown to inhibit the phosphorylation of p65 and IκB-α proteins in the NF-κB/iNOS/COX2 
signaling pathway and down-regulate the expression of inflammation-associated proteins COX2 and iNOS, thus 
slowing down and ameliorating inflammatory processes. Therefore, the safe and effective beneficial effects of AP- 
1 make it a promising therapeutic strategy for relieving IBD, especially UC.

1. Introduction

Inflammatory bowel disease (IBD) is a chronic condition with a 
complex etiology and varying prevalence around the world. It primarily 
affects the gastrointestinal tract and extra-intestinal organs and is 
associated with typical clinical symptoms and histological variants. IBD 
generally includes ulcerative colitis (UC), Crohn’s disease (CD), and 
indeterminate [1,2] colitis. The etiology of UC remains unclear and is 
potentially multifaceted, including genetic susceptibility, aberrant im-
mune reactions, and perturbed gut microbiota. The symptoms of UC are 
characterized by gastrointestinal tract inflammation and a compromised 
immune system, with diarrhea and bloody stools being the most com-
mon changes in defecation habits. These symptoms vary depending on 
the extent of the lesions and the degree of inflammation. Currently, a 
variety of clinical treatments are available for IBD, including sulfasala-
zine (SASP), 5-amino salicylic acid (5-ASA), thiopurines, corticosteroids, 
other anti-inflammatory agents, biological agents, immunomodulators, 

and antibiotics. The classical step-up approach suggests that treatment 
with 5-aminosalicylic acid compounds represents the initial step in 
managing mild to moderately active UC. Corticosteroids, such as pred-
nisolone, are used in UC patients with moderate to severe disease ac-
tivity but only for remission induction due to the adverse effects 
associated with long-term use. Thiopurines are considered the subse-
quent therapeutic option for managing active UC. However, mono-
therapy during the induction phase is not preferred due to its slow onset 
of action [3]. It is important to note that these therapeutic measures can 
cause severe adverse reactions and affect overall health. Prolonged use 
of these medications may result in immune suppression, hepatotoxicity, 
and nephrotoxicity [4–6]. Some natural compounds (polyunsaturated 
fatty acids, peptides, curcumin, probiotics, and polysaccharides) have 
been found to alleviate or prevent UC [7,8]. Therefore, identifying 
natural compounds with potent therapeutic and minimal adverse effects 
could provide alternatives to conventional UC treatments.

Inflammation is a defensive immune system response initiated by 
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deleterious factors, including pathogen invasion, infection, or oxidative 
stress [9]. Investigations have demonstrated that pro-inflammatory cy-
tokines stimulate immune cell responses within the colonic mucosa 
during UC progression, leading to inflammatory responses. In UC mice 
models induced by Dextran sodium sulfate (DSS), this process results in 
the overproduction of cytokines such as interleukin-1beta (IL-1beta) (IL- 
1β), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α), as 
well as the activation of other inflammatory cells, collectively promot-
ing inflammation [10]. DSS acts as a cologne with anticoagulant prop-
erties. When administered to mice, it damages the colon’s epithelial 
cells, resulting in inflammation and ulceration similar to IBD in humans. 
The DSS-induced colitis model is one of the most commonly used mouse 
models for IBD research [10,11], offering greater control over the 
severity of inflammation through varying DSS concentrations and 
administration timing.

Despite substantial progress in understanding IBD biology and 
improving clinical management and therapeutic strategies, numerous 
IBD patients still exhibit a lack of response or prolonged unresponsive-
ness to treatment [12]. Recent studies have demonstrated that poly-
saccharides, natural antioxidants, can suppress the production of 
inflammatory cytokines and possess anti-inflammatory properties. 
Increased polysaccharide intake has been associated with a reduced risk 
of IBD and even colon cancer [9,13]. Plant polysaccharides can effi-
ciently activate macrophages, stimulating and modulating their func-
tions to exert powerful immune responses [14]. They are effective in 
increasing lipopolysaccharide (LPS)-induced anti-inflammatory cyto-
kines (IL-10) in macrophages and serum and in decreasing the down- 
regulation of pro-inflammatory cytokines such as IL-1β, IL-6, and TNF- 
α in vitro and in vivo studies [9,15]. The anti-inflammatory potential of 
plant polysaccharides has been well-documented [16].

Their potential in functional foods and medicines has been explored 
to utilize plant resources fully. According to our previous findings, 
almond polysaccharide AP-1, a neutral polysaccharide fraction extrac-
ted and purified from bitter almond meal, which consists of glucose, 
arabinose, galactose, and mannose, exhibits significant anti- 
inflammatory activity and prebiotic properties in vitro [9,17]. In the 
LPS-induced inflammation model of RAW264.7 cells, AP-1 effectively 
inhibited the release of NO, regulated the level of reactive oxide species 
(ROS), and down-regulated the mRNA expression of TNF-α, IL-1β, IL-6, 
and inducible nitric oxide synthase (iNOS) [9]. However, the potential 
of AP-1 as a therapeutic agent for UC has not been investigated. 
Therefore, this study aimed to determine the safety and efficacy of AP-1 
in exerting anti-inflammatory effects in vivo and to explore its anti- 
inflammatory mechanism.

2. Method

2.1. Materials and reagents

The by-product (almond residue) after oil extraction from cold- 
pressed almonds was provided by Xinglinchunxiao Chengde Biotech-
nology Co. Ltd. It was used to extract crude polysaccharides from al-
monds by a previously reported method. The AP-1 fraction was then 
obtained after purification with DEAE-52 cellulose columns and 
Sephadex G-100 dextran gel columns [17].

2.2. Animals and experimental design

For this study, 30 male C57BL/6 mice (6–8 weeks old, 20–25 g) 
Specific Pathogen Free (SPF grade) were purchased from Liaoning 
Changsheng Biotechnology Co., Ltd. (Liaoning, China; Animal produc-
tion License No.: SCXK (Liao) 2020-0001). The animals were bred in a 
controlled environment with a temperature of 24 ± 2 ◦C and relative 
humidity of 50 ± 10 %. The light cycle was set to a 12/12 h light-dark 
cycle.

The mice were randomly divided into 5 groups: a normal control 

group (Control), a DSS model group (DSS) (160,110, MP Biomedicals, 
Irvine, CA, USA), a DSS + low-dose AP-1 group (DSS + AP-1-L, 100mg/ 
kg⋅d), a DSS + medium-dose AP-1 group (DSS + AP-1-M, 200mg/kg⋅d), 
a DSS + high-dose AP-1 group (DSS + AP-1-H, 500mg/kg⋅d), and a 
positive drug group administered with 5-ASA (DSS + 5-ASA), each with 
6 mice. All groups, except the normal control group, were treated with 3 
% (w/v) DSS to induce colonic inflammation for seven consecutive days. 
The Control group was administered daily water at the same dose as the 
administered groups. Concurrently, the AP-1-preventive treatment 
groups were administered low, medium, and high doses of AP-1 daily for 
eight days, while the positive control group (5-ASA group) was given 
100 mg/kg of 5-ASA daily for eight days. Each mouse was monitored 
daily, and body weight, fecal consistency, and blood in the stool were 
recorded. The disease activity index (DAI) was calculated according to 
established scoring criteria [18–20]. Subsequently, mice were eutha-
nized, and the entire colon length was measured. Colonic tissues were 
then collected for subsequent experiments. The protocol was approved 
by the Experimental Animal Ethics Committee of Shenyang Agricultural 
University (2023052201).

2.3. Assessment of histology

Colon tissues from all groups were fixed by formalin, sectioned, and 
stained with hematoxylin and eosin (H&E). Images were acquired using 
a microscope (OLYMPUS, DP73, Japan) and assessed with Image J 
software (US National Institutes of Health, Bethesda, MD). The assess-
ment included the extent of inflammatory infiltration, histopathological 
changes in crypt structure, ulceration, crypt loss, and ulceration. The 
histological score was determined based on published reports 
[19,21,22].

2.4. Inflammatory cytokines and antioxidant measurement

Proteins were extracted from colon tissues using physiological saline 
and then quantified with a BCA protein assay kit (Wanleibio, Shenyang, 
China). The concentrations of pro-inflammatory cytokines such as IL-1β, 
IL-6, and TNF-α (Wanleibio, Shenyang, China), IL-10 (Liankebio, 
Hangzhou, China) in the colon tissue were measured by ELISA according 
to the manufacturer’s instructions. MPO (myeloperoxidase), NO (Nanj-
ing Jiancheng Bioengineering Institute, Nanjing, China), T-SOD, and 
GSH-Px (Wanleibio, Shenyang, China) were quantified using commer-
cial kits.

2.5. Western blotting

Proteins extracted from colon tissue were separated by 8–11 % SDS- 
PAGE. Protein concentration was determined by the BCA protein assay 
kit (WLA019, Wanleibio, Shenyang, China). The protein was then 
transferred to 0.45 μm polyvinylidene fluoride (PVDF) membranes 
(IPVH00010, Millipore, Bedford, MA). The PVDF membranes were 
blocked with 5 % skimmed milk powder for 2 h at room temperature and 
then incubated with primary antibodies at 4 ◦C overnight. The anti-
bodies were: IκB-α (WL01936, 1/500, Wanleibio, Shenyang, China), p- 
IκB-α (WL02495, 1/500, Wanleibio, Shenyang, China), p65 (WL01273b, 
1/500, Wanleibio, Shenyang, China), p-p65 (WL02169, 1/500, Wan-
leibio, Shenyang, China), β-actin (WL01372, 1/1000, Wanleibio, She-
nyang, China), COX2 (WL01750, 1/500, Wanleibio, Shenyang, China), 
iNOS (WL0992a, 1/500, Wanleibio, Shenyang, China). The PVDF 
membranes were then washed with tris-buffered saline-Tween (TBST) 
and incubated with horseradish peroxidase-conjugated goat anti-rabbit 
IgG (WLA023, 1/5000, Wanleibio, Shenyang, China) for 1.5 h. The 
membranes were scanned and analyzed by the Gel-Pro Analyzer 4.5 
program for Windows (Media Cibernetics, Inc., Rockville, MD, USA). 
Three biological replicates were performed.
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2.6. Statistical analyses

Experiment data were analyzed by IBM SPSS Statistics software 
(SPSS 26.0, Inc., Chicago, IL, USA). Data were expressed as the means±
standard deviation (SD). One-way analysis of variance (ANOVA) with 
the LSD method was used for pairwise comparisons. Data visualization 
was performed using GraphPad Prism software (version 9.5 for Win-
dows, GraphPad). Statistical significance was indicated as follows: * P <
0.05, ** P < 0.01, *** P < 0.001, # P < 0.05, ## P < 0.01, ### P < 0.001. 
The “*” symbol indicated the significance between the control group and 
the other groups, while “#” indicated the significance between the DSS 
model group and other DSS-induced treatment groups.

3. Result

3.1. The protective effect of AP-1 against DSS-induced UC

The general condition of the mice in each treatment group was first 
evaluated according to the experimental protocol. The protective effects 
of AP-1 on DSS-induced UC were evaluated by monitoring fecal con-
sistency, blood in the stool, body weight changes, and DAI. DSS-induced 
mice exhibited significant body weight loss, poor fecal consistency, and 
blood in the stool. However, these conditions improved with AP-1 
treatment in a dose-dependent manner (Fig. 1). Mice in the DSS group 
began to lose weight on day 3. Compared to the control group, mice’s 
body weights in all other groups decreased continuously from day 4 to 
day 7. However, the AP-1-treated group showed a significantly less 
pronounced weight loss trend by day 5 compared to the DSS group 

Fig. 1. AP-1 improved the symptoms of DSS-induced colitis in mice. (a) Daily body weight changes in mice. (b) Daily fecal consistency in mice. (c) Daily disease 
activity index (DAI) scores of mice. (d) Representative macroscopic pictures of colons for each group. (e) The length of colons from each group. Data were expressed 
as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. DSS group.
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(Fig. 1a). It demonstrated significant improvements in fecal consistency 
and blood in stools (Fig. 1b-c). Furthermore, we investigated the levels 
of DAI for different protocol groups (Fig. 1d). The DAI scores for the DSS- 
induced mice were notably higher than the control group. The medium- 

and high-dose AP-1 treatment groups exhibited a significant decrease in 
DAI scores compared to the DSS group. Furthermore, compared to the 
DSS group, the increase in DAI scores in each AP-1 treatment group 
slowed from day 5. The high-dose AP-1 group showed more effective 

Fig. 2. AP-1 attenuated inflammation of DSS-induced colitis and ameliorated mucosal damage in mice. The concentrations of four representative inflammatory 
cytokines, pro-inflammatory TNF-α (a), IL-1β (b), IL-6 (c), and anti-inflammatory IL-10 (d). The ratios of pro-/anti-inflammatory cytokines TNF-α/IL-10 (e), IL-1β/IL- 
10 (f), IL-6/IL-10 (g). (h) Representative H&E-stained sections of colon tissue. Scale bar, 200 μm. (i) Histological scores of colons. Data were expressed as mean ± SD. 
*P < 0.05, **P < 0.01, ***P < 0.001 vs. control group. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. DSS group.
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results than the other two groups in a dose-dependent manner. Conse-
quently, administering AP-1 as an intervention treatment alleviated 
weight loss, improved fecal consistency, and reduced blood in the stool. 
The DAI scores gradually decreased, and UC symptoms were alleviated 
dose-dependent.

The above results indicated that AP-1 had a protective effect on DSS- 
induced UC mice. Nevertheless, its potential mechanism remained to be 
elucidated.

3.2. Interventional therapy with AP-1 attenuates DSS-induced UC

Next, we measured the length of the colon in mice from different 
treatment groups (Fig. 1e). The results demonstrated that the morpho-
logical changes observed in the colons of mice subjected to DSS treat-
ment were statistically significant compared to the control group 
(Fig. 1f). Furthermore, the severity of these changes was ranked as fol-
lows: DSS + 5-ASA group < DSS + AP-1-H group < DSS + AP-1-M group 
< DSS + AP-1-L group < DSS group. High-dose AP-1 reduced the degree 
of shortening of colon length compared to the DSS group. In addition, 
there was a significant difference between the high-dose AP-1 and low- 
dose groups, but not the medium-dose group. It suggested that AP-1 
could effectively improve the colon length in DSS-induced UC mice 
within a specific dose range. However, its effectiveness may be limited 
when the intervention dose is low.

Therefore, Ap-1 may play a role in protecting the colon. Next, we will 
explore how AP-1 can reduce the inflammatory response or treat UC.

3.3. AP-1 ameliorates inflammation in DSS-induced UC mice

It has been demonstrated that inflammatory cytokines play a pivotal 
role in the pathogenesis of chronic inflammatory diseases and represent 
an important therapeutic target in animal models [23]. Following the 
induction of the UC model by DSS, the levels of inflammatory cytokines 
were quantified by ELISA assay. The levels of pro-inflammatory cyto-
kines (TNF-α, IL-1β, IL-6) in the colon tissues of the experimental groups 
were significantly elevated compared to the control group (Fig. 2a-c). 
The expression of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6) was 
reduced in each AP-1 treatment group and the 5-ASA group compared to 
the DSS group. Pro-inflammatory cytokines slightly increased in the 
high-dose AP-1 group compared to the 5-ASA groups.

Furthermore, the expression of the anti-inflammatory cytokine IL-10 
was evaluated in colon tissue (Fig. 2d). The results demonstrated a 
significant reduction in IL-10 expression in the DSS group and low-dose 
AP-1 group compared to the control group, with increased expression 
observed in the DSS + 5-ASA group. IL-10 expression in the medium- 
and high-dose AP-1 groups did not differ significantly (P > 0.05) from 
the control group. There was a significant increase in IL-10 expression in 
the medium- and high-dose AP-1 and 5-ASA groups compared to the DSS 
group. Notably, the tissue level of IL-10 in the DSS group was signifi-
cantly lower compared to the control group. No significant difference in 
IL-10 expression was observed between DSS-induced mice treated with 
high doses of AP-1 and those treated with 5-ASA (P > 0.05). Therefore, 
AP-1 may have facilitated the expression of IL-10 in mice with DSS- 
induced UC, thereby playing an anti-inflammatory role.

Subsequently, we compared the ratio of pro-inflammatory to anti- 
inflammatory cytokines to determine the effect of AP-1 on the balance 
between these cytokines in attenuating the inflammatory response in UC 
mice. The results showed that the ratio of pro-inflammatory to anti- 
inflammatory cytokines (TNF-α/IL-10, IL-1β/IL-10, IL-6/IL-10) was 
significantly higher in the DSS group compared to the control group. In 
contrast, these ratios were significantly lower in the AP-1 treatment 
group compared to the DSS group (Fig. 2e–g). There was no significant 
difference in these ratios between DSS-induced mice treated with high 
doses of AP-1 and those treated with 5-ASA compared to the control 
group. These results demonstrated that AP1-preventive treatment could 
reduce pro-inflammatory cytokines levels, increase anti-inflammatory 

cytokine IL-10, and lower the ratios of pro− /anti-inflammatory cyto-
kines. It indicated that high-dose AP-1 promoted the secretion of IL-10 
and helped correct the imbalance between anti-inflammatory and pro- 
inflammatory cytokines during the prophylactic treatment of DSS- 
induced UC. Therefore, it was reasonable to hypothesize that AP-1 
effectively reduced inflammation and exerted therapeutic effects 
similar to 5-ASA within a certain dose range.

3.4. Effects of AP-1 on the histomorphology of DSS-induced UC mice

When it was observed that AP-1 decreased the expression levels of IL- 
1β, IL-6, and TNF-α and increased the expression levels of the anti- 
inflammatory cytokine IL-10 in a dose-dependent pattern, it was 
decided to study the pathological changes in the colonic tissue of 
experimental mice. Pathological sections of colonic tissue stained with 
H&E were analyzed for all the mice observed experimentally (Fig. 2h). 
The histological analysis showed that the control group maintained 
normal tissue structure with no observable changes. In contrast, the DSS- 
treated mice exhibited significant hyperemia, edema, and severe 
disruption of mucosal integrity, including epithelial damage, crypt ab-
scesses, goblet cell loss, and extensive infiltration by inflammatory cells. 
The inflammation in the DSS group was markedly higher than in the 
control group. Treatment with AP-1 led to a dose-dependent improve-
ment in colonic structure; higher doses notably approached normal 
tissue structure and reduced inflammation levels. Specifically, the 
highest dose of AP-1 resulted in an almost normal mucosal structure 
without significant mucosal ulceration, decreased epithelial prolifera-
tion, restoration of villi, and reduced inflammatory cell presence. 
Pathologically, DSS-treated mice scored significantly higher on HE 
staining indices than the control group, indicating severe inflammation 
(Fig. 2i). However, AP-1 treatment at medium and high doses, as well as 
5-ASA treatment, significantly lowered these scores, suggesting an 
effective reduction in colonic injury comparable to standard 5-ASA 
treatment. No significant differences were found in the H&E scores be-
tween medium and high doses of AP-1 or compared to the 5-ASA group, 
underscoring the potential of AP-1 in mitigating colon damage in DSS- 
induced colitis in mice (P > 0.05).

Overall, the AP1 treatment appeared to ameliorate pathological 
changes in colon tissue, with higher doses showing particularly effective 
remission.

3.5. Effect of AP-1 on MPO activity and NO secretion in UC mice

As previously noted, AP-1 effectively reduced the elevated intestinal 
inflammatory cytokines induced by DSS. MPO is released from the 
cytoplasmic granules of activated phagocytes and is a peroxidase most 
abundantly expressed in neutrophils [24]. Combined with the results of 
H&E pathological analysis, the infiltration of neutrophils among the 
important inflammatory cells was further assessed indirectly by 
measuring MPO activity in the colonic tissues. Mice receiving DSS 
showed an increase in MPO activity compared to the control group 
(Fig. 3a). The AP-1 treatment groups demonstrated a reduction in MPO 
activity compared to the DSS group. Consequently, it was postulated 
that AP-1 could reduce MPO activity. However, there was no significant 
difference between the high-dose AP-1 group and the 5-ASA group 
regarding the reduction of MPO activity. It indicated that AP-1 could 
effectively alleviate the inflammatory response. Furthermore, inflam-
mation activates macrophages, increasing the expression of iNOS, ulti-
mately producing pro-inflammatory molecules such as NO. NO secretion 
was significantly increased in the DSS group compared with the control 
group. In contrast, the AP-1 group significantly inhibited NO secretion in 
a dose-dependent manner compared to the DSS group (Fig. 3b). T-SOD 
and GSH-Px are widely used as measures of resistance to oxidative stress 
[25]. The levels of T-SOD and GSH-Px in DSS-induced UC mice were 
diminished compared to the control group (Fig. 3c–d). Notably, the AP-1 
treatment group exhibited a significant increase in the levels of T-SOD 
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and GSH-Px in colitis tissues compared to the DSS group. Furthermore, 
the expression of these enzymes increased in a dose-dependent manner 
in different dose groups.

These results demonstrated that AP-1 treatment can reduce neutro-
phil infiltration, alleviate pathologic damage, and improve intestinal 
permeability, notably enhancing antioxidant capacity in colon tissue 
and effectively alleviating DSS-induced UC.

3.6. AP-1 reduces pro-inflammatory cytokine production and suppresses 
NF-κB activation in DSS-induced mice

NF-κB signaling is a complex process involved in various biological 
functions, including inflammation, immune regulation, and the tumor 
microenvironment. Due to the unbalanced production of pro- 
inflammatory and anti-inflammatory cytokines in UC, NF-κB signaling 
pathway proteins can ultimately damage substantial colonic tissue by 
mediating inflammatory responses, amplifying excessive inflammation, 
and facilitating the recruitment and activation of immune cells [26]. As 
we previously verified, DSS-induced UC mice demonstrated increased 
levels of pro-inflammatory cytokines at transcriptional levels, including 
TNF-α, IL-6, and IL-1β. Ap-1 effectively inhibited these pro- 
inflammatory cytokines. The above inflammatory factors have also 
been suggested to play a vital role in the pathogenesis of DSS-induced 
UC [27,28]. To gain further insight into the influence of AP-1 on the 
NF-κB pathway in response to DSS in vivo, a Western blot (WB) assay 
was employed to assess the phosphorylation levels of critical compo-
nents within the NF-κB pathway in colonic tissue, including IκB-α and 
p65. The results demonstrated activation of the NF-κB pathway in DSS- 

induced UC mice, as evidenced by elevated phosphorylation levels of 
IκB-α and p65, accompanied by reduced levels of IκB-α and p65 (Fig. 4a, 
e). All DSS-induced colitis groups exhibited significant upregulation in 
the phosphorylation of IκB-α and p65 (Fig. 4b, f) and a notable decrease 
in IκB-α and p65 levels (Fig. 4c, g) compared to the control group. 
However, the AP-1 treatment groups effectively reduced the phosphor-
ylation levels of IκB-α and p65, concomitant with the upregulation of 
IκB-α and p65 levels compared to the DSS group (Fig. 4c, g). We believed 
that AP-1 potentially inhibited NF-κB activity. Moreover, the AP-1 
treatment groups exhibited a marked decrease in the ratios of phos-
phorylated IκB-α/total IκB-α and phosphorylated p65/total p65 in a 
dose-dependent manner compared to the DSS group (Fig. 4d, h).

These findings indicated that AP-1 effectively inhibited NF-κB acti-
vation in DSS-induced UC, thereby reducing the production of inflam-
matory cytokines and contributing to its anti-inflammatory effects.

3.7. AP-1 reduced the production of pro-inflammatory mediators

Our interest was in whether AP-1 could suppress the production of 
proinflammatory cytokines and ameliorate intestinal inflammation in 
DSS-induced UC mice. As previously demonstrated, the NF-κB signaling 
pathway was activated in mice with DSS-induced UC. This activation led 
to the phosphorylation of IκB-α, which released p65 to enter the nucleus 
for gene transcription. Thus, activating the NF-κB signaling pathway 
promoted the expression of inflammatory cytokines and inflammation- 
associated proteins such as iNOS and COX2. The increased production 
of pro-inflammatory mediators played a pivotal role in the pathogenesis 
of DSS-induced UC. A WB assay was conducted to assess the impact of 

Fig. 3. AP-1 alleviated inflammatory cytokines and increased antioxidant capacity in DSS-induced colitis mice. The expression of MPO activity (a). NO (b), T-SOD 
(c), GSH-Px (d) of colons. Data were expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. 
DSS group.
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AP-1 on the protein expression of inflammation-associated molecules 
(Fig. 5a, c). The results demonstrated that the expression of pro- 
inflammatory mediators, including iNOS (Fig. 5b) and (cyclo-
oxygenase 2) COX2 (Fig. 5d), was significantly elevated in the DSS group 
compared to the control group. AP-1 treatment exhibited a pronounced 
inhibitory effect on the expression of these pro-inflammatory mediators, 
significantly attenuating the expression of iNOS and COX2, particularly 
at high doses of AP-1 in colonic tissues compared to the DSS group. The 
effects were dose-dependent.

These findings suggested that AP-1 treatment could mitigate DSS- 
induced colonic epithelial injury by regulating the expression of in-
flammatory cytokines.

4. Discussion

The global incidence of inflammatory bowel disease (IBD), including 

UC and Crohn’s disease, has risen over the past decade [29]. IBD is 
marked by chronic inflammation that can lead to symptoms such as 
malabsorption, diarrhea, and abdominal pain, potentially increasing the 
risk of colorectal cancer [29–33]. The complexity of IBD makes 
researching its causes and potential treatments challenging. Poly-
saccharides, naturally occurring plant polymers known for their various 
health benefits, including anti-inflammatory and antioxidant properties, 
have been effective in improving symptoms like diarrhea and intestinal 
inflammation in UC, even in the presence of intestinal cancer [20] [34] 
[35] [36] [37] [38] [39] [40]. Almond epidermis extracts have been 
reported to possess antibacterial effects and influence cellular oxidative 
stress states [41]. Bitter amygdalin extracted from almonds interferes 
with glucose metabolism by scavenging hydroxyl radicals [42]. In a 
previous study, Purified almond polysaccharides extracted from wild 
apricots (almonds) had higher percentages of galactose, rhamnose, and 
arabinose [43]. The results showed that polysaccharides containing 

Fig. 4. AP-1 regulated NF-κB signaling pathway activation in colon tissue of DSS-induced colitis mice. Western blot analysis of the protein gel of NF-κB signaling 
pathway (a) (e), p-I-κβ (b), I-κβ (c), the ratio of p-I-κβ/I-κβ (d), p-p65 (f), p65 (g), the ratio of p-p65/p65 (h) in the colons tissue from each group were normalized to 
β-actin. Data were expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. DSS group.
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these monosaccharides exhibit better biological activity [44,45]. These 
findings were consistent with our previous research on elucidating the 
structural characterization of AP-1 and paved the way for further studies 
[17].

Previous studies have also shown that AP-1, with its triple helical 
structure, has probiotic properties against human gut microorganisms 
and anti-inflammatory activity against LPS-induced RAW264.7 cells 
[9,17]. The majority of polysaccharides are resistant to destruction and 
decomposition by saliva, gastric, and intestinal juices and are utilized by 
the intestinal mucosa [46]. The Modified Gegen Qinlian decoction was 
found to ameliorate DSS-induced UC in mice by protecting the intestinal 
barrier through its anti-inflammatory, antioxidative stress, and repara-
tive effects on the damaged intestinal barrier [47]. The purified poly-
saccharide brown alga Ishige Okamurae preserved the structure of 
intestinal tissues, corrected the dysregulation of inflammatory cyto-
kines, and protected the colonic mucosal barrier [48]. Therefore, we 
aimed to investigate the positive effect of AP-1 on UC in vivo.

In our study, we used AP-1 to intervene in treating DSS-induced UC 
in mice to assess its therapeutic effect and explore its mechanism of 
action against inflammation. DSS caused drastic body weight loss, 
diarrhea, hematochezia, and shortening of the colon in mice [49,50]. We 
observed these symptoms in our DSS-induced UC model mice during our 
study. Firstly, we noted relief from these symptoms in DSS-induced mice 
after oral administration of AP-1. Diarrhea symptoms improved signif-
icantly, along with reduced stool viscosity; colon tissue length increased, 
and the pathological state improved markedly, with a more significant 
effect observed in the high-dose group compared to the low-dose group. 
Furthermore, it was found that DAI scores were lower after treatment 
with AP-1, indicating a reversal of pathological injury, with a more 
pronounced effect seen in the high-dose group [51]. Considering that 
inflammation may have been alleviated in UC mice following treatment 
with AP-1, we also noted a significant reduction in colon shortening, 

which correlated with the reduced DAI scores. The polysaccharide 
derived from Scutellaria baicalensis Georgi treatment demonstrated the 
ability to attenuate body weight loss, reduce the DAI score, and 
ameliorate colonic pathological damage in DSS-induced UC mice [49]. 
These findings align with our present study, suggesting that AP-1 may 
play a role in attenuating inflammation in UC.

The UC’s main pathological manifestations and biological response 
include mucosal inflammation, damage to the colon mucosal barrier, 
abnormal morphology of the epithelial tissue, dysfunction of intracel-
lular junctions, remodeling of the epithelial wall, and disruption of in-
testinal homeostasis [52]. Inflammation of the intestinal mucosa 
disrupts the balance between intestinal antigens and host immunity 
[53], damaging the intestinal mechanical barrier. It allows bacteria or 
harmful metabolites to stimulate the immune system, releasing pro- 
inflammatory cytokines such as IL-1β, IL-6, and TNF-α, which promote 
further inflammatory response. The imbalance between pro- 
inflammatory and anti-inflammatory cytokines exacerbates uncon-
trolled intestinal inflammation [54]. It leads to damage of the intestinal 
mucosal barrier as well as disruption of the intestinal microflora - all 
likely key factors in UC development [4,55]. For this reason, inhibiting 
inflammatory cytokines or interfering with downstream pathway ef-
fectors may slow inflammation progression and ease or reverse disease 
symptoms. Natural polysaccharides have been found to possess anti- 
inflammatory and immunomodulatory properties that can control in-
flammatory cytokine expression and enhance repair function in 
damaged intestinal mucosal barriers - making them effective for 
improving UC. For example, Morchella conica polysaccharide has been 
shown to inhibit excess NO production by downregulating iNOS 
expression by inhibiting the NF-κB pathway [56]. Atractylodes macro-
cephala Koidz. Polysaccharide treatment has also been found to down-
regulate IL-6 expression by inhibiting the IL-6/STAT3 signaling 
pathway—reducing expression levels of inflammation cytokines, and 

Fig. 5. AP-1 reduces the production of inflammatory mediators of the NF-κB pathway in colonic tissues of DSS-induced mice. The protein gels of iNOS (a) and COX2 
(c). The western blot analysis for iNOS (b)and COX2 (c) in the colons tissue from each group was normalized to β-actin. Data were expressed as mean ± SD. *P <
0.05, **P < 0.01, ***P < 0.001 vs. control group. # P < 0.05, ## P < 0.01, ### P < 0.001 vs. DSS group.
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alleviating DSS-induced colitis [56]. Previous studies have observed that 
AP-1 can inhibit inflammation by reducing the release of inflammatory 
cytokines when introduced into LPS-induced RAW264.7 cells - sug-
gesting its potential role in mitigating inflammation effects. However, 
the effects of Ap-1 on inflammation, oxidative injury, intestinal barrier 
damage, intestinal microbiota, and metabolite changes caused by UC are 
not yet evident in vivo.

We found that AP-1 effectively improved the inflammatory cell 
infiltration damage caused by DSS in colonic tissues. It reduced the 
degree of damage to the crypts of the colonic mucosa and reversed the 
number and morphology of damaged intestinal mucosal epithelial cells, 
as shown by histomorphometry H&E staining. These results suggested 
that AP-1 exerted an anti-inflammatory effect in vivo. The levels of in-
flammatory cytokines in different treated groups caused by DSS were 
detected by ELISA. It was found that AP-1 could reduce the expression of 
pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 in colon tissues while 
promoting the expression of anti-inflammatory cytokine IL-10. It sug-
gested that AP-1 could correct the imbalance between pro-inflammatory 
and anti-inflammatory cytokines.

Additionally, AP-1 also reduced the expression of MPO and the in-
flammatory marker NO in UC mice tissues. Previous research has re-
ported similar findings with other polysaccharides such as Schisandra 
chinensis (Turcz.) Baill polysaccharide reduced the levels of MPO and 
MDA in colonic tissue [57]. Scutellaria baicalensis Georgi poly-
saccharide decreased MPO activity and the levels of pro-inflammatory 
cytokines of UC mice induced by DSS [49]. Thus, we confirmed that 
almond polysaccharides can also exert anti-inflammatory effects in vivo. 
In addition, porphyra haitanensis polysaccharide significantly sup-
pressed oxidative stress in the serum of UC mice, improved histological 
damage in colitis tissues, and restored the intestinal mucosal barrier 
[58]. The residue of Flammulina velutipes also showed potential anti-
oxidative effects [44]. Considering the potential antioxidant effects of 
the monosaccharide composition of almond polysaccharides, we con-
ducted an AP-1 assay. We found that the antioxidant enzymes T-SOD 
and GSH-Px levels were increased by treatment with AP-1, as deter-
mined by ELISA. These results suggested that AP-1 had the potential to 
suppress over-inflammation and oxidative stress, effectively improve 
colon antioxidant capacity, and alleviate the severity of UC. This 
mechanism may explain how it repaired injury to the intestinal mucosa 
and restored the mucosal barrier in UC mice.

The NF-κB protein family consists of p65 (RelA), c-Rel, RelB, p50, 
and p52, but only p65, c-Rel, and RelB can directly activate transcription 
of target genes. In unstimulated cells, most NF-κB dimers are retained in 
the cytoplasm by binding to small inhibitory molecules IκBα, IκBβ, or 
IκBε. IκBα can also enter the nucleus, subsequently mediating and 
blocking the DNA binding of NF-κB to promote the nuclear exportation 
of NF-κB [59,60]. Classical activation of NF-κB can be triggered by pro- 
inflammatory cytokine stimulation such as lipopolysaccharide, TNF-a, 
or IL-lβ inducing intracellular signaling cascades. The expression and 
activation of NF-κB are strongly induced in inflamed intestines of IBD 
patients. In particular, the increased expression of NF-κB p65 in mac-
rophages and epithelial cells from intestinal specimens of IBD patients 
was accompanied by an increased ability of these cells to produce and 
secrete TNF-α, IL-1, and IL-6 [61]. Inflammatory signaling pathways, 
such as NF-κB, TNF, IL-17, TH17, and HIF, can be activated by UC 
pathogenic bacteria and their toxins to promote the release of inflam-
matory cytokines, destroy the integrity of the intestinal barrier and 
cause local or systemic inflammation [62]. Shikimic acid inhibited the 
expression of TNF-α, IL-1β, and MPO. It also reduced the phosphoryla-
tion of essential proteins in MAPK and NF-κB signaling pathways to 
improve intestinal inflammation and enhance intestinal immunity in 
DSS-induced mice with colitis [62]. The fermented Sargassum fusiforme 
decreased NO, MPO, and MDA concentrations while increasing T-SOD 
activity. This fermentation also inhibited the NF-κB signaling pathway in 
the colon [63]. Therefore, it is evident that the transcription factor NF- 
κB plays a role in the pathogenesis of IBD as a significant regulatory 

component [63,64]. Our study showed that AP-1 could inhibit the 
phosphorylation level of p65 and IκB-α proteins in the NF-κB signaling 
pathway and reduce the expression of inflammation-related proteins 
iNOS and COX2. It had been reported that exogenous CEACAM1 effec-
tively reduced inflammatory cytokines by downregulating COX2 and 
iNOS expression levels in mice [65]. It was also consistent with our 
findings. This inhibition underscores the potent anti-inflammatory 
properties of polysaccharides. These findings align with existing litera-
ture that highlights NF-κB inhibition as essential for mitigating the 
activation of this central immune and inflammatory regulator. Various 
studies confirm that polysaccharides, especially those derived from 
natural sources, can effectively modulate NF-κB activity, suggesting 
their potential therapeutic benefits in managing inflammatory condi-
tions. Nicotiflorin could potentially reduce inflammation by targeting 
p65 and blocking the NF-κB pathway, thus decreasing the activation of 
the NLRP3 inflammasome [66]. Similarly, Phillygenin has the potential 
to exert anti-inflammatory effects by downregulating the TLR4/MyD88/ 
NF-κB pathway and preventing the activation of the NLRP3 inflamma-
some [67]. Additionally, Dendrobium officinale leaf phenolics were 
observed to suppress the expression of principal proteins associated with 
the TLR4/NF-κB signaling pathway, reducing the production of in-
flammatory cytokines [68]. These natural compounds are emerging as 
valuable therapeutic agents in inflammatory diseases by modulating 
critical signaling pathways. Moreover, polysaccharides may also help 
maintain balance in the intestinal microflora, potentially mitigating the 
progression of colonic diseases such as UC or colorectal cancer [69,70]. 
For example, berberine has shown promise in alleviating colitis- 
associated colorectal cancer by remodeling intestinal microflora [70]. 
AP-1’s dual capability to modulate immune responses and microbial 
compositions emphasizes its potential as a comprehensive therapeutic 
option for inflammation and gastrointestinal health [9].

One primary characteristic of UC is increased intestinal permeability, 
which allows antigens to enter the body from the digestive tract easily. A 
reduction in intestinal permeability could result in a decrease in 
macromolecular antigens entering the body. It was found that the 
administration of an extracellular matrix hydrogel (ECMH) had a pro-
tective effect on the epithelial cells of the colonic mucosa [71]. The 
researchers believed that the barrier function was not recovered by the 
physical presence of the hydrogel but rather by the re-establishment of a 
physiologically functioning mucosal epithelium. The administration of 
the ECMH was observed to reduce epithelial cell damage, promote 
mucosal integrity, and improve epithelial barrier function. Furthermore, 
ECMH was observed to modulate macrophage phenotype, preventing 
them from entering a pro-inflammatory state. Consequently, the re-
searchers concluded that ECMH treatment has a therapeutic effect on UC 
by positively influencing physiological processes related to the colonic 
barrier function and the pro-inflammatory response. From the current 
results, the decreased inflammatory response and intestinal perme-
ability observed in the AP-1-treated group represent two distinct but 
related etiological factors in the development of UC. It may be proposed 
that both factors interact in a causal relationship. As previously 
mentioned, Keane et al. demonstrated that mucosal permeability is 
increased in UC tissue, which supports this theory. Although AP-1 has 
been demonstrated to reduce intestinal permeability and intestinal 
inflammation effectively, it is unclear which effects occur first. Further 
research will elucidate the potential mechanisms by which AP-1 affects 
intestinal permeability.

This study presented almond polysaccharide (AP-1) as a promising 
alternative to conventional synthetic drugs for treating inflammation, 
setting it apart from typical pharmacological approaches. The natural 
derivation of AP-1 may offer significant advantages, such as fewer side 
effects and the potential for dietary incorporation, making it more 
attractive. Our research provided a comprehensive examination of in-
flammatory biomarkers and the mechanisms behind the effects of AP-1, 
particularly its influence on the NF-κB/iNOS/COX2 pathway, providing 
a thorough understanding of its therapeutic potential. However, due to 

Y. Peng et al.                                                                                                                                                                                                                                    International Journal of Biological Macromolecules 281 (2024) 136206 

9 



inherent physiological and genetic differences, the DSS-induced mouse 
model findings may not be directly applicable to human UC conditions. 
Therefore, further validation through human clinical trials was essential 
to confirm the efficacy and safety of AP-1. In addition, this study only 
evaluated AP-1 without comparing it to established UC treatments, 
which limited our understanding of its relative efficacy and potential 
interactions. Another limitation was the lack of discussion of long-term 
effects. Given the chronic nature of UC, it is critical to evaluate the long- 
term safety and efficacy of treatments, which was not addressed in this 
study.

5. Conclusion

This study successfully verified the safety and efficacy of the poly-
saccharide AP-1 in vivo for the first time. With its properties of inhib-
iting inflammation and acting as an antioxidant, AP-1 effectively 
alleviated DSS-induced UC symptoms in mice. Additionally, AP-1 
inhibited the activation of the NF-κB pathway and down-regulated the 
expression of inflammatory cytokines and inflammation-related pro-
teins. Therefore, it is reasonable to speculate that AP-1 may have po-
tential applications in the clinical treatment of UC.
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