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Sinomenine is extracted from the root of Chinese herb QingTeng (Sinomenium acutum (Thunb.) Rehd. Et wils.), which is extensively
utilized by traditional medical practitioners for its anti-inflammatory and immunoregulatory properties in China for decades. The aim
of this study was to assess the effects and potential mechanisms of sinomenine in alleviating dextran sodium sulfate (DSS)-induced
chronic colitis and memory disorder in mice. A mouse chronic colitis model was established by 2.5% DSS, and sinomenine treatment
was oral administration. It showed that sinomenine inhibited weight loss, colon shortening, proinflammatory cytokine production,
and intestinal barrier injury in the colon. Sinomenine improved inflammatory bowel diseases (IBD) and accompanying memory
disorders with downregulated expressions of proinflammatory cytokines and neuronal apoptosis; upregulated expressions of brain-
derived neurotrophic factor (BDNF) and ZO-1 in the hippocampus. Additionally, our findings indicated that sinomenine altered the
composition of various gut microbiota, leading to an increase in Bacteroidetes and Firmicutes at the phylum level, and Rikenella at the
genus level. Moreover, sinomenine ameliorated the SCFA content in DSS-induced mice both in serum and feces. The findings
demonstrated that sinomenine ameliorated DSS-induced chronic colitis and accompanying memory disorders.
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1. Introduction

Ulcerative colitis (UC) and Crohn’s disease (CD) are two
common forms of IBD [1]. Patients with IBD often expe-
rience weight loss, frequent diarrhea, stomach pain, and
bleeding from the rectum, which can advance to passing
blood in the stool [2]. Chronic symptoms of human IBD are
characterized by a state of recurring flare-ups and re-
missions. Because of the variable progression of the illness,
individuals with IBD frequently experience symptoms of
common mental disorders [3, 4]. In contemporary society,
psychological disorders linked to colitis have emerged as

a significant threat to human well-being. Unfortunately,
there is no effective treatment for this condition [5].

The brain can interact with the digestive system through
a sophisticated gut-brain connection. The gut mucosal
barrier and the blood-brain barrier (BBB) are crucial for
preserving intestinal and central equilibrium, as well as
immune tolerance [6, 7]. Colitis triggers adverse behaviors
via the microbiota-gut-brain axis, leading to immune
system irregularities, disruptions in gut microbiota balance,
and compromised barrier function. Enhanced gut perme-
ability in individuals with long-term UC allows in-
flammatory agents to access the brain, compromising the
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blood-brain barrier [8, 9]. Inflammation in the intestines
may lead to neuro-inflammation, and the interplay between
gut and brain inflammation can worsen intestinal harm [10].
Interactions between gut microbes and their host could play
a role in the two-way communication between the digestive
system and the brain, particularly noted in the context of
IBD [11].

Sinomenine (SIN), an alkaloid originated from the
traditional Chinese medicinal plant named Sinomenium
acutum, exhibits strong anti-inflammatory and immune-
modulating properties, along with sedative and pain-
relieving effects, and is extensively utilized in China for
arthritis treatment [12, 13]. The hydrochloride form of SIN,
named ZhengQing FengTongNing (ZQFTN) tablets, has
been listed in the Chinese Pharmacopeia for years [14, 15].
SIN had low absorption into the bloodstream, yet it was able
to alter gut microbiota to help prevent diseases linked to
chronic inflammation [16]. Our previous studies found that
SIN could effectively improve DSS-induced acute UC and
regulate gut microbiota [17, 18]. Nevertheless, the impacts
and underlying processes of SIN in DSS-induced chronic
colitis and cognitive impairments are still not well
understood.

Therefore, the intervention effects and mechanisms of
SIN in DSS-induced chronic colitis mouse model were
explored in this study. Salicylazosulfapyridine (SASP),
a medication for treating IBD in clinical settings, served as
the positive control drug. This research explored gut ho-
meostasis, focusing on inflammation, barrier function, and
microbiota, as well as the neuroprotective impacts, including
inflammation and barrier integrity. Furthermore, the fun-
damental processes, particularly the essential gut microbes
and significant microbial signaling metabolites linked to
neuroprotective effects of SIN, will be investigated using 16S
rRNA-based microbiota analysis and metabolomics
profiling.

2. Materials and Methods

2.1. Reagents and Chemicals. Sinomenine hydrochloride
(Cat.no. $27281) was acquired from Shanghai Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). The Lot. identifier is
C11M11Y112638, with a purity exceeding 99%. MP Bio-
medical (Aurora, OH, USA) supplied DSS (Cat.no.
0216011080), with a molecular weight range of 36,000
50,000 Da. Every other chemical utilized was of analytical
quality.

2.2. Animals and Chronic Colitis Model Establishment.
The experimental protocols were conducted in accordance
with the European Community guidelines (86/609/EEC)
[19]. Animal ethics approval was obtained from the Nanjing
Medical University Animal Care and Use Committee. The
study utilized 8-week-old female C57BL/6] mice, each
weighing between 18 and 22g, supplied by Changzhou
Cavens Laboratory Animal Co., Ltd. The animal certificate
number is SCXK[SU]2021-0013. We chose the female mice
because earlier studies showed that males were more
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vulnerable and had a greater death rate when subjected to
repeated DSS treatments [20, 21]. These mice were housed in
a regulated setting with a temperature of 25C+2°C, hu-
midity levels of 60% + 5%, and exposed to a 12-h light and
dark cycle.

After a week of adaptive feeding, 40 mice were randomly
divided into four groups. A persistent UC model was created
by giving three rounds of 2.5% DSS solution in drinking
water; 400 mg/kg SASP or 100 mg/kg SIN was administered
every day by oral gavage during the indicated period. Every
cycle consisted of DSS for 5days followed by 10days of
normal drinking water. Figure 1(a) illustrates the particular
methods of administration. The DSS + SIN group was given
SIN (100 mg/kg); the dosage selection was based on the
results of our previous studies [17, 18], which showed that
100 mg/kg SIN could significantly improve DSS-induced
colitis in mice. Therefore, 100 mg/kg SIN was selected for
subsequent analysis in this research.

2.3. Contextual Fear Conditioning Test. Behavioral analyses
were performed in a blinded manner. This test was per-
formed 5 days after cessation of every round DSS drinking.
In brief, round 1, 2, and 3 CF tests were conducted on Days
10, 25, and 40, respectively. In the training period, mice were
introduced to the conditioning chamber for 5min to get
accustomed. Subsequently, they experienced 30 s of auditory
stimulation (4,000 Hz, 100 dB), then received three foot
shocks (0.6 mA, lasting 2s each, with a 1-min interval).
Behavioral tests were administered 1 h (short term) and 24 h
(long term) after the training phase. During the retrieval test,
after adapting to the new environment for 3 min, the mice
were given 30s of sound stimulation (4,000 Hz, 100dB).
Once every mouse finished the test, we meticulously clean
the container to eliminate any lingering scent that could
skew the experimental outcomes. The proportion of time the
animals remained motionless, except for breathing, was
utilized as an indicator of contextual fear. The degree of
freezing is represented as a percentage of the entire scoring
duration. During this experiment, the machine automati-
cally logged the proportion of time spent in a frozen state.

2.4. Morphological and Histopathological Examination.
The mice were monitored and their body weights were
recorded every 2-3days. After sacrificed, the entire colon
was extracted and its length was measured. The colon tissue
was subsequently split into three parts, with the smallest
segment immersed in 10% neutral buffered formalin (NBF)
for further hematoxylin and eosin (H&E) and immuno-
histochemical staining. The leftover portions were kept at
—-80°C for future examination. In addition, the spleens of
mice were weighed.

2.5. Brain and Hippocampi Sample Preparation. Mice were
fully anesthetized by drop jar method using isoflurane, and
then the blood was collected from retro-orbital plexus
according to UCSF-IACUC guidelines (https://iacuc.ucsf.
edu/guidelines). Later, five mice from each cohort
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FIGURE 1: Sinomenine improved DSS-induced chronic colitis. (a) List of designed animal experiments. (b) Changes in body weight of mice.
(c) Colon length. (d) Spleen weight. (e) Representative HE staining images of the colon sections. (f) Colon histological score. Data are
presented as the mean + SEM, n=3-9. *p <0.05 and **p < 0.01 compared with the control group (CON), *p <0.05 and **p < 0.01 compared

with the DSS group (DSS), ns, no significant difference.

underwent transcardial perfusion with 10% NBF, and their
whole brains were preserved in 10% NBF for later IHC. The
brains of the remaining mice in each group were harvested
and preserved at —80°C for subsequent examination.

2.6. Immunohistochemistry (IHC). Adhering to the ITHC
guidelines, the colon and hippocampal tissues of mice were
treated with ZO-1 (Cat.no. GB111402, Servicebio Bio-
technology, China) and Occludin (Cat.no. GB111401,
Servicebio Biotechnology, China) primary antibodies. The
colon slices were incubated with a specific MUC2 primary
antibody (Catno. GB11344, Servicebio Biotechnology,
China) for immunostaining. The hippocampal slices from
the mice were treated with a specific brain-derived

neurotrophic factor (BDNF) primary antibody (Cat.no.
GB11559,  Servicebio  Biotechnology, —China) for
immunostaining.

2.7. Nissl Staining. Dewaxed and hydrated paraffin sections
were prepared according to standard procedures. Nissl so-
lution (Cat.no. G1036, Servicebio Biotechnology, China) was
used to stain for 5 min at room temperature. After that, the
segments were rinsed with purified water to remove the dye,
dried with a series of alcohol concentrations, cleared with
xylene, and finally sealed with neutral resin to finalize the
staining process. A light microscope was used to examine
and capture images of the hippocampus in a coronal slice.



2.8. TUNEL Assay. Hippocampal apoptosis was evaluated by
TUNEL assay. DAB (SA-HRP) Tunel Cell Apoptosis De-
tection Kit (Cat.no. G1507, Servicebio Biotechnology,
China) was performed on brain sections according to the
manufacturer’s instructions. A light microscope was
employed to identify neuronal apoptosis in the
hippocampus.

2.9. RNA Isolation and Quantitative Real-Time PCR.
Real-time quantitative reverse transcription polymerase
chain reaction (RT-qPCR) was employed to measure the
mRNA levels of inflammatory cytokines (IL-1p, IL-6,
TNF-a) and BDNF. Total RNA was extracted from mouse
colons and brains using the RNAsimple Total RNA kit
(Cat.no. DP419, TIANGEN, China) according to the
provided instructions. cDNA was produced from the
extracted RNA with the HiScript II Q RT SuperMix for
qPCR (+gDNA wiper) (Cat.no.R223, Vazyme, China). The
RT-PCR procedure involved 15 min at 50°C, followed by
5sat 85°C, and finally cooling down to 4°C. Real-time PCR
was conducted using AceQ qPCR SYBR Green Master Mix
(Cat.no. Q131-02, Vazyme, China) and the ABI 7500
system. The reaction was conducted at 95°C for 5 min,
then cycled 40 times at 95°C for 10 s and 60°C for 30s. The
mRNA levels of each target gene were adjusted relative to
GAPDH. The primers mentioned earlier are displayed in
Table 1. Gene expression fold changes were determined
through the 2“4V technique as described by Livak and
Schmittgen in 2001 [22].

2.10. Protein Extraction and Western Blot Analysis. Using
a Protein Extraction Kit (Cat.no.P0013, Beyotime, China)
and a Protease and Phosphatase Inhibitor Cocktail (Cat.no.
1045, Beyotime, China), proteins were extracted from the
colons and brains of mice following the manufacturer’s
instructions. Following quantification, the aforementioned
protein extracts were combined with 5x SDS-PAGE sample
loading buffer (Cat.no. P0015, Beyotime, China) and heated
for 10 min. After 10% SDS-PAGE (Cat.no. G2043, Serv-
icebio, China), the protein samples (30 pg/lane) were sep-
arated and transferred onto PVDF membranes (Cat.no.
ISEQ00010, MerkMillipore, MA, USA). Subsequently, the
PVDF membranes were incubated for 30 min to block them
with a protein-free quick blocking solution (Cat.no. G2052,
Servicebio, China) at room temperature. The PVDF mem-
branes were incubated with the specific primary antibodies
7Z0-1 (Cat.no. GB111402 Servicebio, China), Occludin
(Cat.no. GB111401, Servicebio, China), BDNF (Cat.no.
GB11559, Servicebio, China), and 3-actin (Cat.no. TA7018S,
Abmart, China), all diluted 1:1000, at 4°C overnight, fol-
lowed by washing with 1x TBST buffer (Cat.no.G2150,
Servicebio, China). After that, the membranes were in-
cubated with a secondary antibody (Cat.no.GB23303,
Servicebio, China) diluted 1:5000 for 1h at room temper-
ature. Proteins in the PVDF membranes were imaged using
Enhanced Chemiluminescent Kit (Cat.no. M0103, KerMey,
China). Image] software was utilized to measure the protein
immunoblots.
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TaBLE 1: Primer sequences for reverse transcription-quantitative
polymerase chain reaction.

Gene Sequences (5'-3')

TNF-a F CACAGAAAGCATGATCCGCGACGT
TNF-a R CGGCAGAGAGGAGGTTGACTTTCT
IL-1B F GCAACTGTTCCTGAACTCAACT
IL-1p R ATCTTTTGGGGTCCGTCAACT

Mouse IL-6 F GACAACCACGGCCTTCCCTA
IL-6 R GGTACTCCAGAAGACCAGAGGA
BDNF F TCATACTTCGGTTGCATGAAGG
BDNF R ACACCTGGGTAGGCCAAGTT
GAPDH F CATGGCCTTCCGTGTTC
GAPDH R CCTGGTCCTCAGTGTAGC

2.11.16S rRNA Gene Sequencing Analysis. The fecal contents
from the cecum were frozen rapidly and stored at a tem-
perature of —80°C for analysis. 16S rRNA amplicon se-
quencing was conducted by Applied Protein Technology
Company (Zhejiang, China). In brief, the total genomic
DNA was extracted from the fecal sample using either the
CTAB or SDS technique, and its concentration was mea-
sured with a NanoDrop spectrophotometer. DNA purity
was monitored on 1% agarose gels. According to the con-
centration, DNA was later diluted to 1ng/uL using sterile
water. Primer: 16S V3-V4: 341F-806R. 16S rRNA genes were
amplified and the specific primer was used with the barcode.
All PCR reactions were carried out in 30-pL reactions with
15 pL of PhusionHigh-Fidelity PCR Master Mix (New En-
gland Biolabs); 0.2 uM of forward and reverse primers, and
about 10-ng template DNA. Mix same volume of 1X loading
buffer (contained SYB green) with PCR products and
operate electrophoresis on 2% agarose gel for detection.
Samples with bright main strip between 400 and 450 bp were
chosen for further experiments. PCR products were mixed in
equidensity ratios. Then, mixture PCR products were pu-
rified with AxyPrepDNA Gel Extraction Kit (AXYGEN).
Sequencing libraries were generated using NEB NextUl-
traDNA Library Prep Kit for Illumina (NEB, USA) following
the manufacturer’s recommendations, and index codes were
added. The library quality was assessed on the Qubit® 2.0
Fluorometer (Thermo Scientific) and Agilent Bioanalyzer
2100 system. At last, the library was sequenced on an
Mumina Miseq/HiSeq2500 platform and 250 bp/300bp
paired-end reads were generated.

To gauge a-diversity, the ACE, Chaol, and Shannon
indices were calculated with ¢ test. The Weighted Unifrac
distance or Unweighted Unifrac distance was calculated to
measure the phylogenetic B-diversity using QIIME. The
results were shown through boxplots, and the t-test was also
used to analyze whether there were significant differences
between groups. Nonmetric multi-dimensional scaling
(NMDS) was performed to show the similarities or differ-
ences in the composition of the sample community. KEGG
functional predictive analysis is an effective way to study the
changes in metabolic functions of community samples to
adapt to environmental changes. PICRUSt software was
used to compare species composition information obtained
from 16S sequencing data, then the functional gene
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composition in the samples can be inferred. To confirm
differences in the abundances of individual taxonomy be-
tween the two groups, STAMP software was utilized with
Welch’s t-test.

2.12. Detection of Specific Short-Chain Fatty Acids (SCFAs).
The targeted SCFAs determination was conducted by Ap-
plied Protein Technology Company (Zhejiang, China). In
brief, the samples of mice serum were thawed on ice, and
100-uL samples were taken into 2-mL tubes. Then, 900 pL of
0.5% phosphoric acid was added to the suspension, followed
by shaking, mixing, and centrifugation. Next, 800 uL of the
supernatant was taken, and an equal volume of ethyl acetate
was added for extraction A volume of 600 pL from the upper
organic layer was collected, and 4-methylvaleric acid was
introduced to achieve a final concentration of 500 M as an
internal standard. This mixture was then transferred to the
sample vial for GC-MS analysis.

The feces samples were thawed at 4°C, and 100 mg of
each sample was mixed with 50 uL of water with 20%
phosphoric acid and 500 uL of isopropyl ether with 500-uM
4-methyl valeric acid (IS), adequately vortex. The mixture
was centrifuged for 20min (14,000rcf, 4°C), then the
supernatants were collected for GC-MS analysis. The in-
jection volume was 1 pL, and the shutter ratio was 10:1. The
specimens were analyzed using an Agilent DB-WAX cap-
illary column in a gas chromatography setup. Starting at
90°C, the temperature was increased to 120°C at a rate of
10°C per minute, then to 150°C at 5°C per minute, and finally
to 250°C at 25°C per minute, where it was held for 2 min. The
helium gas flows at a rate of 1.0 mL per minute. To assess the
system’s stability and consistency, a quality control sample
was periodically placed among the experimental samples in
the queue. An Agilent 7890 A/5975C gas-mass spectrometer
(Agilent, USA) was used for MSElectron impact ionization
source [3], utilizing both full-scan and SIM scan modes, with
an electron energy of 70 eV. MSD ChemStation software was
utilized to obtain the retention time and peak area from the
chromatogram. The levels of SCFAs in the sample were
determined using a standard curve.

2.13. Statistical Analysis. For this research, we utilized
GraphPad Prism 8 to perform the statistical analysis of the
experimental results. The results were presented as mean-
+SEM. The data was analyzed using one-way ANOVA,
followed by Bonferroni’s multiple comparison test. A P-
value less than 0.05 indicates that the variation in variables is
statistically meaningful.

3. Results

3.1. SIN Improved DSS-Induced Chronic Colitis in Mice.
To investigate the impact of SIN on DSS-triggered chronic
colitis, the bodyweight, colon condition, and spleen index of
each mouse were monitored. DSS dramatically decreased the
bodyweight, while SASP (positive-drug) and SIN treatment
improved it (Figure 1(b)), which indicated the alleviative
effect of SASP and SIN in loss of weight in colitis.

Furthermore, DSS caused harm to the colon tissue, leading
to a significant reduction in colon length compared to the
control group. However, treatment with SASP and SIN
notably increased the colon length ratio in comparison to the
DSS model group (Figure 1(c)), which indicated their
protective effect against colon shortening. Pathological al-
terations in colonic tissue were observed after H&E staining.
As demonstrated through H&E staining (Figure 1(e)), the
control group of mice exhibited a typical colon architecture
with intact intestinal glands, whereas DSS treatment caused
significant disruption to the epithelial lining and extensive
damage to the majority of the intestinal glands, resulting in
a more pronounced separation between tissues than ob-
served in the control mice. Nevertheless, the addition of
SASP and SIN notably alleviated these conditions. Colon
histological analysis also showed that SASP and SIN could
repair colon tissue injury caused by DSS (Figure 1(f)).

Normally, the ratio of splenic weight to body weight
remains constant. Measurement of splenic weight is one of
the major methods to assess host immunity status [23, 24].
Additionally, we evaluated how SIN affects the spleen. Our
data indicated that DSS significantly increased the spleen
weight, while SASP and SIN treatment seemed alter the
swelling of the spleen (Figure 1(d)), which suggested that
supplementation of SASP or SIN could improve the im-
munity during colitis. Taken together, these findings dem-
onstrate that SIN can effectively relieve the symptoms of
chronic colitis in a murine model.

3.2. SIN Alleviated Hippocampal Damage Following DSS-
Induced Chronic Colitis. Hippocampal neurons serve as
the neural foundation of learning and memory, and their
apoptosis leads to reduced function such as fear regulation
and memory [25]. Nissl staining, frequently employed to
determine neuron viability in brain tissue, was utilized to
evaluate morphological alterations in the hippocampus [26].
In contrast to the control group, DSS caused a decrease in
hippocampal neurons, irregular Nissl bodies, disrupted
organization, and marked nuclear abnormalities (indicated
by the red arrow) (Figure 2(a)). Nonetheless, SIN therapy
enhanced the structure of mouse neurons relative to the DSS
group. There is no significant change between DSS + SASP
and DSS group (Figure 2(b)). It suggested that chronic colitis
remarkably impacts the neuron’s morphology and quantity,
while SIN demonstrates neuroprotection effect in mice.
Following the Nissl staining outcomes, we delved deeper
into the impact of SIN on the fear conditioning assessment
(Figure 2(c)). As shown in Figure 2(d), freezing time (%) did
not alter significantly among different groups in short terms.
In long terms, mice in DSS group presented a significant
reduction in freezing behavior compared to controls in R3-
long term (from 51.675% to 24.575%, p =0.011), while the
DSS + SIN treatment improved this reduction (the freezing
time raised to 45%, p =0.044); SASP supplementation did
not have such effect (the freezing time raised to 32.125%, but
there was no statistical difference) (Figure 2(e), blue rect-
angle marked). In addition, there were no statistical dif-
ference in movement distance and mean velocity of motion
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significant difference.

among different treatments, whether it was in short or long
term (Figures 2(f), 2(g), 2(h), 2(i)).

Hippocampus is involved in reconsolidation and ex-
tinction of contextual fear memory [27]. We then detected
TUNEL staining of mouse brain. TUNEL staining indicated
that DSS exposure induced cell death in the hippocampus,
whereas SIN treatment mitigated this outcome (Figures 2(j),
2(k)). These findings indicated that SIN might effectively
counteract the long-term memory impairment induced by
DSS in chronic colitis.

3.3. SIN Reversed DSS-Induced Intestinal Inflammation and
Barrier Integrity. The intestinal mucosal acts as a biological
shield, stopping dangerous substances from penetrating the
bloodstream and tissues [28]. ZO-1 and Occludin are crucial
proteins, which form the essential elements of tight junction
(TJ) barrier. We further assessed the impact of SIN on
inflammatory cytokines in colon tissues. The DSS group of
mice exhibited elevated TNF-a, IL-6, and IL-1p levels
compared to the control group, which significantly de-
creased following SASP and SIN treatments (Figures 3(a),
3(b), and 3(c)). Given the damage to epithelial cells, western
blotting was used to examine T] proteins in the colon, such
as ZO-1 and Occludin. In the DSS group, ZO-1 and
Occludin levels dropped from 1 to 0.45 and 0.44, re-
spectively. However, in the DSS+SIN treatment group,
these levels rose to 0.70 and 0.73, and in the DSS + SASP
treatment group, they increased to 0.47 and 0.77,

respectively (Figures 3(d), 3(e), 3(f)). The expression of ZO-
1 and Occludin in colon tissues was also evaluated by THC.
As shown in Figures 3(g) and 3(h), the expressions of ZO-1
and Occludin were notably reduced in the colon tissues of
DSS group, compared with that in the CON group. How-
ever, both DSS + SASP and DSS + SIN treatments obviously
increased the levels of ZO-1 and Occludin. The quantitative
results of IHC are shown in Figures 3(i) and 3(j). In addition,
we detected the expression of mucin-2 (MUC-2) protein,
which is synthesized and secreted by goblet cells from the
mucus layer. As shown in Figure 3(k), MUC2 was notably
reduced in the colon tissues of DSS group, compared to the
CON group, while DSS+SASP and DSS + SIN treatments
increased the levels of MUC2. The quantitative results of
IHC are shown in Figure 3(1). These findings indicated that
intestinal barriers were compromised following DSS expo-
sure, but treatment with SASP or SIN could partially mit-
igate the damage.

3.4. SIN Protected Against DSS-Induced Imbalance of Neu-
roinflammation and ZO-1, BDNF Expressions. We detected
the mRNA levels of proinflammatory factors in mouse brain
tissue. Mice administered DSS showed elevated concen-
trations of TNF-a, IL-6, and IL-1 compared to the control
group (Figures 4(a), 4(b), and 4(c)). BBB primarily consists
of epithelial cells linked by TJ proteins or other supportive
structures [29]. In the chronic UC mice, a reduction in ZO-1
and Occludin protein levels was observed in brain tissues,
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which could be reversed by SASP and SIN treatment, al-
though the change in Occludin was not statistically signif-
icant (Figures 4(d), 4(e), and 4(f)). The IHC staining results
consistently indicated that SIN could elevate the levels of
Z0-1 and Occludin (Figures 4(g), 4(h), 4(i), and 4(j)).

BDNF is extensively found throughout the brain and is
crucial for supporting the development and specialization of
neurons [30]. Mice treated with DSS showed a notable
decrease in BDNF levels, while were significantly recovered
following SIN therapy (Figures 4(k), 4(1), and 4(m)). BDNF
has emerged as a key regulator of cognitive performance and
brain health in distinct brain regions, including hippo-
campus and cortex [31]. The IHC findings indicated a de-
crease in BDNF levels in the cortical and hippocampal
regions of mice treated with DSS, whereas SIN notably
counteracted this effect (Figures 4(n), 4(0), 4(p), and 4(q)).
Nevertheless, SASP, the clinical medicine of colitis, did not
influence these cognitive impairments. It indicated that SIN
showed neuronal protection and cognitive function by
enhancing the expression of BDNF. Taken together, these
results prompted that SIN successfully reduced neuro-
inflammation, maintained BBB integrity, and elevated
BDNF levels to safeguard neurons.

3.5.SIN Impacted the Irregular Gut Microbiota Composition in
DSS-Induced Chronic Colitis Mice. Disruptions in gut bac-
teria and unusual metabolic byproducts can influence the
gut-brain axis [32]. To explore the impact of SIN on the
altered gut microbiota caused by DSS, the 16S rRNA genes in
the cecal contents of mice were sequenced. To assess the
richness and variety of gut microbiota, analyses of
a-diversity and B-diversity were conducted on fecal samples.
The a-diversity assessment, encompassing Shannon, ACE,
and Chaol indices, revealed that DSS + SIN treatment en-
hanced the microbiota diversity in mice with DSS-induced
chronic UC (Figures 5(a), 5(b), and 5(c)), indicating the
restoration of gut microbiota. The results of B-diversity
based on Weighted Unifrac and Unweighted Unifrac Beta
distance are shown in Figures 5(d) and 5(e). NMDS revealed
a significant difference in the bacterial community com-
position between the DSS and CON groups. In contrast, the

DSS + SIN group showed a closer resemblance to the CON
group than to the DSS group (Figure 5(f)).

Next, we analyzed the species’ distribution across various
tiers. The stacked bar chart illustrated the variations in
relative abundance at the phylum, class, and genus levels.
The dominant phyla were mainly Bacteroidetes and Fir-
micutes (Figure 5(g)). Compared to the CON group, the DSS
group exhibited reduced levels of Bacteroidetes and Fir-
micutes, whereas the DSS+SIN treatment elevated the
abundance of these major phyla (Figures 5(h) and 5(i)). In
mice with DSS-induced chronic colitis, there was a reduced
presence of Bacteroidia and Clostridia at the class level.
Nevertheless, SIN involvement led to an increase in the
quantity of this category (Figures 5(j), 5(k), 5(1)). At the
genus level, DSS treatment dramatically reduced the relative
abundance of Ruminococcaceae UCG-014 and Alloprevotella,
while DSS + SIN treatment showed a slight rise in Allopre-
votella (Figures 5(m), 5(n), 5(0)). Since there were no sta-
tistical differences between DSS and DSS + SIN groups in the
relative abundance of gut microbiota composition, Statistical
Analysis of Metagenomic Profiles (STAMP) was applied to
explore the key different gut microbiota. As shown in
Figure 5(p), DSS + SIN mice exhibited a a greater presence of
g-Rikenella (marked in the orange box) and g-UBA1819
(marked in the blue box), compared to those induced
with DSS alone. We suspected g-Rikenella might be the most
important gut microbiota in the role of SIN in improving
colitis.

PICRUSt was employed to forecast the roles of gut
microbiota. According to KEGG functional enrichment
annotation (Figure 5(q)), several predicted functional dif-
ferences were observed among the three groups. Among
them, the two pathways with the greatest differences are
amino acid metabolism (Figure 5(r)) and carbohydrate
metabolism (Figure 5(s)). Collectively, our findings suggest
that the beneficial outcomes of SIN therapy depended on
regulating intestinal microbiota.

3.6. SIN Regulated SCFAs in DSS-Induced Chronic Colitis
Mice. SCFAs are one of the major metabolites of the gut
microbiota, and their production rate varies depending on
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the composition of the gut bacteria [33, 34]. SCFAs are the
typical metabolites of Rikenella [35]. UBA1819 was also
reported to be associated with enhanced butyrate pro-
duction [36]. In addition, the SCFAs synthesis is mainly
divided into two categories: (1) using dietary fiber as
substrate through carbon metabolism; (2) using amino
acids as substrates to synthesize branched SCFAs [37].
These results proved that SCFAs played a key role in SIN
improving colitis.

Given that SIN relieved the accompanying memory
disorder in DSS-induced chronic colitis. Circulating SCFAs
have demonstrated positive effects on the metabolism and
allied function of tissues and organs beyond the colon
[38, 39]. We then determined the SCFAs content and
composition in serum. The administration of DSS notably
reduced the overall and individual SCFA levels (including
acetic, propionic, butyric, and isobutyric acids) in the serum
(Figures 6(a), 6(b),6(c), 6(d), 6(e)), along with a notable rise
in the levels of hexanoic acid and valeric acid (Figures 6(f),
6(g)). Nevertheless, the DSS +SIN treatment significantly
increased the levels of total SCFAs and specific SCFA
components, such as acetic acid and isobutyric acid
(Figures 6(a), 6(b), 6(e)), and reduced hexanoic acid
(Figure 6(f)). There seemed no change in the serum iso-
valeric acid (Figure 6(h)).

SCFAs in feces were also detected. As shown in
Figures 6(i), 6(k),6(1), 6(m), 6(n), 6(o), the total SCFA
concentration and the contents of various types of SCFAs
presented a significant decline in the DSS group than in the
control group. Compared with those in the DSS group, the
concentrations of total SCFAs, propionic acid, butyric acid,
isobutyric acid, hexanoic acid, and valeric acid in the
DSS + SIN group significantly increased. Compared to the
CON group, DSS caused a significant rise of isovaleric acid,
while DSS + SIN treatment caused a decline than the DSS
group (Figure 6(p)). There seemed no statistical difference in
the feces acetic acid (Figure 6(j)).

Furthermore, Spearman correlation analysis was per-
formed at the genus level to investigate the relationships
between altered gut microbiota and serum SCFAs after SIN
intervention. As shown in Figure 6(q), the changes of SCFA
in serum are closely related to the alterations of gut
microbiota, especially acetic acid. Serum acetic acid was
negatively related to Ruminococcaceae UCG-013, Tyzzerella
3 and Catabacter, and positively associated with Reyranella,
anaerobic digester metagenome, UBA1819, Rikenella, and
Caproiciproducens. These results indicated that SIN regulates
the serum and feces SCFA contents in DSS-induced chronic
colitis mice. And SIN mitigated the accompanying memory
disorder probability via gut microbiota-mediated SCFAs.

4. Discussion

The gut and brain are increasingly linked in human disease,
and IBD displays an ever-expanding list of neurological
comorbidities [40], including anxiety and depression
[41, 42]. Growing evidences have shown that the DSS-
induced colitis model in mice not only causes diarrhea
and mucosal ulcers but also results in behavioral abnor-
malities [43, 44]. Compared with acute colitis, chronic ex-
perimental colitis in mice was induced by repeated exposure
to DSS, with alternating periods of remission and relapse
[45, 46], closely resembling human IBD symptoms [47, 48].
In addition, the advantages of the chronic models may offer
better insight into complications [20, 49]. The severity of the
colitis can be modulated by the dose and administration
pattern of DSS, thus avoiding the possible risk of colorectal
cancer caused by long-term DSS exposure. Based on these,
the chronic colitis mice model was established with three
cycles of 2.5%DSS in this article.

It was demonstrated that biological sex strongly in-
fluences colonic inflammation and exposure to chronic
stress has a more pronounced effect in females than in males
[50]. The adaptive immune cells, contacts, and CNs were
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enriched in female patients compared to males [51]. Women
with IBD tend to experience higher levels of depression,
anxiety, and worse quality of life compared to men [52].
Here, we used female mice in all animal experiments, as they
are commonly used in chemically induced intestinal in-
flammation in our lab, with robust and reproducible data.

Pharmacologically, SIN has been utilized to significantly
inhibit inflammatory reactions safely since the 1920s [53—
56]. Our previous studies showed that SIN could effectively
alleviate DSS-induced acute UC [18]. In this study, the
repeated administration of DSS effectively established
a chronic colitis model in mice, as evidenced by phenotypic
observations. Body weight loss and colonic shortening are
closely related to the digestive and absorptive function, and
systemic inflammatory responses [57]. In contrast to the
DSS group, the DSS+SIN groups were able to mitigate
weight loss, reduce the shortening of the colon, and lessen
histopathological damage in the colon. SIN restored mice
bodyweight that caused by DSS; this was perhaps because
SIN could repress the inflammatory reaction of colon and
repair colon barrier (Figure 3), which enhanced the di-
gestion and absorption of intestine. In addition, our previous
studies reported that SIN promoted 14-3-30 protein ex-
pression and inhibited NF-kB p65 signaling in DSS-induced
mice [17].

Functional MRI scans of patients in the active phase of
UC revealed the reduced activity in the hippocampus and
parahippocampus, which was linked to memory impairment
[58]. It indicates that DSS-induced colitis influences stress-
related behaviors and heightens anxiety and depression
symptoms [43, 59], but the impact of a previous colitis
episode on memory remains largely unexplored. In this
study, mice were exposed to DSS-induced colitis for a du-
ration of 5days, and 5 days after stopping DSS intake, they
underwent Pavlovian conditioned fear (CF) assessments.
Contextual conditioning tests were employed to evaluate
associative fear memory. Our results revealed that three
rounds of DSS administration and intervals had no signif-
icant effect on short-term memory in mice. However, re-
peated DSS exposure significantly impairs long-term
memory in mice, even in intervals. It illustrated that chronic
colitis induced by DSS caused notable deficits in contextual
fear memory, but only the DSS + SIN treatment was able to
improve it in the third round over the long term (Figure 2(e),
blue rectangle marked).

The hippocampus is a brain region critically involved in
learning and memory processes [60]. Many researches
indicate that neurons in the hippocampus encode con-
textual data and transmit it straight to the amygdala
[61, 62]. Pathological changes in the hippocampal tissue of
colitis mice were observed using Nissl staining and TUNEL
staining. In DSS group, Nissl bodies exhibited deeper and
denser, and hippocampal neurons showed apoptosis, in-
dicative of pronounced cellular damage. However,
DSS + SIN treatment significantly reduced them. It in-
dicated that SIN protected hippocampal tissue, then im-
proved the contextual memory function of hippocampus.
Elevated levels of inflammatory cytokines in the gut can
lead to dramatic effects outside the intestines. These
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cytokines can travel through the bloodstream and partic-
ularly disrupt the balance in the central nervous system
(CNS) [8]. In this study, SIN obviously reduced the ex-
cessive inflammation in the colon and brain. It illustrated
that SIN could effectively regulate the homeostasis of CNS.
Inflammation in the intestines significantly also contributes
to the breakdown of the mucosal barrier in the gut [63]. The
absence of TJ proteins such as ZO-1 and Occludin is
a crucial factor in the destruction of the intestinal mucosal
barrier and the integrity of the BBB [64, 65]. Our results
showed that SIN mitigated the reduction of ZO-1 and
Occludin levels in the colon and also lessened the decline of
ZO-1 expression in the brain. It further prompted that SIN
protected the TJ proteins by suppressing inflammation in
the colon and brain, then relieved the colonic and hip-
pocampal injury. Our previous studies reported that SIN
inhibited NF-kB p65 and Nrf2 signaling in the colon. The
mechanism by which SIN ameliorates brain injury needs
more deep studies.

BDNF is among the most extensively spread neuro-
trophins in the brains of mammals, playing a key role in the
development of neurons and glial cells [66]. Human epi-
demiological evidence supports the role of BDNF in cog-
nitive function and memory impairment. Improvements of
memory and learning were accompanied by increased
BDNF levels [31]. Our findings indicated that the DSS group
mice exhibited reduced BDNF levels in the brain, while were
mitigated by SIN treatment. It provides a promising de-
velopment advantage of SIN in treating chronic colitis and
accompanying memory disorders. Although the develop-
ment of IBD is intricate, changes in the gut microbiome and
metabolites, which are related in the intestinal mucosal
barrier, extend an important impact in the communication
of inflammatory signals via the gut-brain axis [67, 68].
Consequently, 16S rRNA sequencing was employed to ex-
amine the gut microbiota context and assess the impact of
SIN intervention in mice. The findings indicated that SIN
enhanced both the quantity and variety of gut microbiota in
the experimental mice. Bacteroides and Firmicutes are
common dominant bacterial groups in the gut, contributing
to the organism’s health by producing metabolites that
support homeostasis and by competitively removing
harmful pathogens [69]. Bacteroidia and Clostridia are
classified as a class under the phylum Bacteroidetes and
Firmicutes, respectively. Here, DSS+SIN treatment in-
creased Bacteroides and Firmicutes compared with DSS
group, indicating that SIN supplement could promote the
increase of beneficial bacteria in the gut.

It is worth mentioning that SASP did not show neu-
roprotective in DSS-induced mice. After oral administration
of SASP, a small part is absorbed in the gastrointestinal tract,
and the unabsorbed part is broken down into 5-
aminosalicylic acid (5-ASA) and sulfapyridine by bacteria
in the terminal ileum and colon. 5-ASA is the active in-
gredient that ultimately works in colitis; it acts directly with
inflammatory intestinal tissues and does not produce
pharmacological effects through absorption. Sulfapyridine is
a sulfonamide antibiotic. Both 5-ASA and sulfasalazine
reduced the growth of healthy gut microbiota [70].
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Moreover, STAMP analysis was conducted to explore
the key gut microbiota at the genus level. Rikenella seems to
play a vital role in the gut microbiome and may act as
a probiotic, likely important for alleviating intestinal in-
flammation [35, 71]. Studies have shown that the levels of
Rikenella in the intestines of individuals with IBD are
markedly lower than those in healthy individuals [72, 73].
Rikenella aids in the formation of TJs in gut cells, promoting
epithelial cell differentiation and enhancing the intestinal
barrier [74, 75]. According to the reports, modifying the gut
microbiota, such as Rikenella, through drug treatment en-
hanced intestinal permeability and reduced inflammation in
mice [76]. Our results showed that SIN administration
significantly increased the decline of Rikenella induced by
DSS. It indicated that SIN reduced the inflammation and
improved the barrier of colon by enhancing the proportion
of Rikenella in the gut.

SCFAs, primarily generated by bacterial fermentation of
dietary fiber in the digestive system, exhibit a crucial role in
the communication among the microbiota, gut, and brain
[77]. The majority of SCFAs are quickly absorbed from the
intestinal cavity into the circulatory system, whereas less
than 5% are eliminated through feces. SCFAs were absorbed
by intestinal epithelial cells and are able to cross the
blood-brain barriers via monocarboxylate transporters,
thereby affecting CNS functions and altering cytokine levels
[78, 79]. Hippocampal SCFA concentrations and receptor
expressions were detected in the studies about intestinally
derived SCFAs pass the blood-brain barrier through sys-
temic circulation and take effect locally in the brain [80, 81].
Earlier research primarily examined SCFAs in the stool
samples. Nonetheless, the suitability of using fecal SCFAs as
an indicator for the host’s SCFA levels remains uncertain.
Our research involved quantifying SCFA concentrations in
blood serum. Previous studies have shown that Firmicutes
and Bacteroidetes are SCFAs producers [82]. Rikenella and
UBA1819 are also involved in SCFAs synthesis. UBA1819,
from the Ruminococcaceae family, produce butyric acid via
butyryl-CoA: acetate CoA-transferase with net consumption
of acetic acid [83]. In this study, Rikenella and UBA1819
showed a significant increase in the DSS + SIN group relative
to the DSS group mice (Figure 5(p), marked in the orange
and blue box). This may be one mechanism how SIN reg-
ulates SCFAs.

Accumulating data suggest that SCFAs have beneficial
effects on regulation of brain function and BBB integrity,
and SCFAs exert neuroprotective effects by upregulating
glial-derived neurotrophic factors and BDNF [77, 84]. Here,
we observed SIN supplement increased the total serum
SCFAs and adjusted the imbalance of individual SCFA
contents caused by DSS induction. Acetic acid, the most
abundant SCFA, is primarily utilized by the liver for energy.
It is capable of traversing the BBB, supplying energy to
astrocytes, and then plays an important role in astrocyte-
mediated immune functions within the brain [85]. Addi-
tionally, acetate enables metabolic fitness and cognitive
performance [86]. Hepatic acetyl-CoA metabolism modu-
lates neuro-inflammation and depression susceptibility via
acetate [87]. We found that SIN supplement significantly
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reversed the decline of serum acetic acid level induced by
DSS treatment. It indicated that SIN mitigated the accom-
panying memory disorder probability via SCFAs, especially
acetic acid. Subsequent spearman correlation analysis
showed that serum acetic acid had the closest correlation
with gut microbiota between DSS and DSS + SIN groups.
These above results highlight the neuroprotective function of
SIN by regulating the SCFAs-producing gut microbiome
and circulating SCFAs during DSS-induced chronic colitis.
In addition, SCFAs may have additional regulatory effects on
the production of neurotrophic factors. For instance, in-
creased serum acetic acid can induce the elevations in
hippocampal BDNF [88]. SIN also improved the BDNF
expression in the brain. In this study, we speculated that
SCFAs may be the key mediators in SIN that function
through microbiota-gut-brain interactions.

5. Conclusion

In summary, from the perspective of memory disorder
symptoms of chronic colitis, our results confirmed that SIN
alleviates both DSS-induced chronic colitis and associated
memory impairment by regulating gut homeostasis. The
protective mechanism was linked to suppress colon in-
flammatory and repair colon barrier of UC mice. At the same
time, SIN inhibited brain inflammation and hippocampal
injury, promoted BBB repair, and increased the expression of
BDNF. Furthermore, SIN regulated the gut microbiota and
mediated SCFAs. These findings have significant implications
for the development of novel therapeutic strategies for the
treatment of both colitis and associated memory impairment.
Most importantly, our study is of great significance for
expanding the applications of SIN and exploring probiotics
with treating memory disorder potential.

Nomenclature
SIN Sinomenine
IBD Inflammatory bowel diseases

BBB Blood-brain barrier

NBF Neutral buffered formalin

HE Hematoxylin and eosin

TUNEL TdT-mediated dUTP nick end labeling
SCFAs  Short-chain fatty acids

T Tight junction

IL-1p  Interleukin-1 beta

IL-6 Interleukin-6

TNF-a Tumor necrosis factor-a

BDNF  Brain-derived neurotrophic factor
CF Conditioned fear

CNS Central nervous system
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