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Arecoline aggravates acute
ulcerative colitis in mice by
affecting intestinal microbiota
and serum metabolites

Hu Zhao1,2, Taohui Ding1,2, Yanglin Chen2, Wenbin Yang1,
Jun Rao2, Dan Liu1* and Bo Yi2*

1School of Pharmacy, Nanchang University, Nanchang, China, 22nd Abdominal Surgery Department,
Jiangxi Cancer Hospital, Nanchang, China
Arecoline is an alkaloid extracted frombetel nut, which has various pharmacological

effects. In the present study, we showed that arecoline aggravated experimental

acute ulcerative colitis (UC) induced by dextran sodium sulfate (DSS) in mice. We

measured body weight and colon length, evaluated disease activity index, colon

pathology sections, and levels of colonic inflammatory factors. Arecoline

exacerbated the clinical signs of UC and the colonic inflammatory response in

mice. The results of 16S rRNA sequencing of fecal samples showed a significant

decrease in the percentage of probiotic bacteria Ligilactobacillus ,

Limosilactobacillus and Lactobacillus and a significant increase in the percentage

of conditionally pathogenic bacteria Odoribacter and Bacteroides after arecoline

treatment. Serum untargeted metabolomics showed that arecoline intervention

reduced the levels of ergothioneine, pentostatin, diadenosine tetraphosphate and

other metabolites and modulated nicotinate and nicotinamide metabolism,

metabolic pathways, glyoxylate and dicarboxylate metabolism, and other

metabolic pathways of intestinal microorganisms. According to the combined

microbial and metabolite analysis, arecoline influences metabolite levels by

modulating the intestinal microbiota. In summary, it was found that arecoline

treatment exacerbated colonic injury and intestinal inflammatory responses in UC

mice, disrupted the host’s intestinal flora, and affected changes in flora metabolites,

thereby exacerbating the development of colonic inflammation. Therefore, the

consumption of betel nut can be associated with the risk of aggravating UC.
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Introduction

Ulcerative colitis (UC) is a form of inflammatory bowel disease (IBD) that has become

a globally widespread and disease that poses a serious health risk given its increasing

incidence (1). UC is a chronic idiopathic inflammatory disease with common symptoms

including blood in the stool and diarrhea and mainly involves the colon and rectum. Its
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pathogenesis includes environmental factors, an unhealthy lifestyle,

immune imbalance and dysbiosis of the gut microbiota (2,

3).Meanwhile, UC is also closely related to colorectal cancer, and

studies have shown that long-term UC increases the risk of

developing colorectal cancer (4).

Gut microbiota are closely related to the development of UC,

and dysbiosis of the gut flora can increase the severity of UC (5).

Studies have shown that a significant increase in the abundance of

Bacteroidota and a relative decrease in the abundance of Firmicutes

in the intestines of UC patients and reduced ratio of Firmicutes to

Bacteroides (F/B) contribute to the development of UC (6).5-

aminosa l i cy la te sod ium (5-ASA) , cyc lospor ine , and

glucocorticoids are the traditional drugs used to treat UC.

However, these drugs are associated with serious side effects.

Probiotics have fewer side effects than traditional drugs and can

treat and alleviate the occurrence of UC (7). The probiotic

Lactobacillus plantarum HNU082 (Lp082) was found to protect

the mucosal barrier of the intestine, modulate the gut microbiota

and reduce the symptoms of intestinal inflammation for the

purpose of treating UC (8). Furthermore, live and pasteurized

Akkermansia muciniphila effectively alleviated the symptoms of

colitis in mice by promoting the proliferation of beneficial intestinal

bacteria, increasing the production of short-chain fatty acids and

suppressing intestinal inflammation (9).

Herbal extracts have also been extensively studied for their

ability to inhibit the development of UC in mice. For example, the

polyphenol extract of Thymus vulgaris L. could protect the intestinal

epithelial barrier, modulate the intestinal microbiota, and inhibit

the TLR4/NF-kB-NLRP3 inflammatory vesicle pathway to improve

UC in mice (10). Intestinal flora metabolites are closely related to

the maintenance of the intestinal barrier and the balance of the

intestinal immune microenvironment. Short-chain fatty acids

(SCFAs) have been shown to have immunomodulatory effects by

reducing the production of pro-inflammatory factors to reduce the

inflammatory response and mitigate the development of UC

(11, 12).

Arecoline is the active ingredient of betel nut, and its

pharmacological action has important effects on the nervous,

cardiovascular, endocrine, and digestive systems (13–15). Some

studies have shown that arecoline can increase inflammatory cell

infiltration in the oral epithelium and affect the synthesis of various

inflammatory mediators, thus leading to the development of oral

epithelial fibrosis (16, 17). More importantly, long-term stimulation

by arecoline may lead to further development of oral squamous cell

carcinoma (18, 19). One study found that consumption of betel nut

induces the peripheral blood mononuclear cells (PBMC) to secrete

inflammatory cytokines such as IL-1b, IL-8, TNF-a, and IL-6,

leading to their increased circulation (20). In long-term studies,

arecoline has great research significance for its role in the body (21).

However, it remains unexplored whether the development of UC is

affected by arecoline.

In this study, the effect of arecoline on dextran sodium sulfate

(DSS)-induced UC was investigated. We assessed the clinical signs

by observing the colonic length, weight change, and disease activity
Frontiers in Immunology 02
index of mice, and the inflammatory response based on their

colonic pathological changes and the concentrations of colonic

tissue inflammatory factors. We also performed 16S rRNA

sequencing on fecal samples and untargeted metabolomics

analysis on serum samples to explore the specific mechanism of

arecoline action on UC. The results suggest that arecoline may

exacerbate DSS-induced UC by affecting the intestinal microbiota

and its metabolites.
Materials and methods

Animal experimental design

We purchased 18 C57BL/6 male mice (age: 6–8 weeks) from

Jiangsu Jicuiyaokang Biotechnology Co (Nanjing, China). The mice

were housed at the Jiangxi Academy of Sciences, Royo Biotech Co.,

Ltd. (Nanchang, China). They were housed at a temperature of 25°C

with a 24-h light-dark cycle. Mice had ad libitum access to food and

water. After 7 days of acclimation, the mice were divided into three

groups (n=6 per group): (1) Control group that was allowed ad

libitum access to food and water; (2) DSS group: ad libitum diet was

allowed for 1–7 days and 3% DSS (Meilunbio, Dalian) was added to

the drinking water for 8–14 days; (3) Arec group: ad libitum diet

was allowed for 1–7 days, 3% DSS was added to the drinking water

for 8–14 days, and 5 mg/kg arecoline (Yuanye, Shanghai) was

administered daily by tube feeding.
Colonic length and histological analysis

Mice were killed after anesthesia, and their colon was dissected

out and its length measured. Colon samples were preserved and

fixed in 4% paraformaldehyde solution and then embedded in

paraffin. The colon tissue was cut into 4-µm–thick sections, and

then the colon sections were stained using hematoxylin and eosin

(H&E). The stained slides were examined under an inverted

microscope and photographed.
Assessment of disease activity index

Throughout the experiment, the mice were weighed daily and

fecal conditions were recorded. The stool properties and body

weight were scored together, and the scores were summed and

recorded as the DAI (22). Assessment was performed according to

the following scoring criteria:
weight change: 0, no weight loss; 1, weight loss of 1–5%; 2,

weight loss of 5–10%; 3, weight loss of 10–15%; 4: weight

loss of >15%.

stool consistency: 0, normal; 2, dilute stool; 4, diarrhea.

blood in the stool: 0, no blood; 2, visual pellet bleeding; 4, severe

bloody stool and blood around the anus.
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Enzyme-linked immunosorbent assay

Colon tissue stored at -80°C was thawed and mixed with

phosphate-buffered saline (PBS) at a volume of 1:9 by weight and

placed in a tissue grinder for homogenization, followed by

centrifugation at 3000×g for 4 min at 5°C. We quantified the

supernatant after centrifugation for quantitative ELISA

(Shenkebio, Wuhan) of TNF-a, IL-1b, and IL-6 according to the

manufacturer’s instructions.

16S rRNA sequencing

Mice fecal samples were collected after excretion and stored

immediately in liquid nitrogen. We extracted genomic DNA by the

Cetyltrimethylammonium Bromide (CTAB) method. The purity

and concentration of DNA was assessed using 2% agarose gel

electrophoresis; the DNA samples were diluted in sterile water to

1 ng/ml. After electrophoretic detection, the DNAwas purified using

magnetic beads and quantified by enzyme marker. Electrophoretic

detection was again performed using 2% agarose gels, followed by

recovery of target bands using Qiagen’s gel recovery kit (Qiagen,

Germany). We used TruSeq® DNA PCR-Free sample preparation

kit to construct libraries. Libraries were constructed and quantified

by Qubit and Q-PCR, and the qualified libraries were sequenced

using NovaSeq6000. 16S rRNA sequencing was provided by

Metware Biotechnology Co., Ltd. (Wuhan, China).

The data was efficiently processed by FLASH (v1.2.11) and Qiime

(v1.9.1). The valid data were clustered using the Uparse algorithm

(USEARCH v7) to assign sequences with a similarity ≥97% to the same

operational taxonomic units (OTUs). Taxonomic information was

annotated using the Mothur algorithm of the SILVA v138.1 (http://

www.arb-silva.de/) database. The Shannon index, Simpson index, ACE

index, and Chao1 index were calculated using R software (v4.1.2) and

QIIME (v1.9.1) to assess alpha diversity. We also performed principal

co-ordinate analysis (PCoA) and analysis of similarities (ANOSIM) to

assess beta diversity using QIIME and R software. Last, LEfSe analysis

using LEfSe software was used to screen for LDA score ≥4.

Untargeted metabolomics

After thawing and vortexing the samples, 50 mL sample and 300

mL extract containing the internal standard (acetonitrile:

methanol=1:4, V/V) were added to the centrifuge tube. The

sample was again vortexed for 3 min and centrifuged at 12,000

rpm for 10 min at 4°C. Then, the 200 mL supernatant was collected

and placed at -20°C for 30 min, followed by re-centrifuging at

12,000 rpm for 3 min at 4°C. This supernatant was collected for LC-

MS analysis (Metware Biotechnology Co., Ltd., Wuhan, China).

Samples were collected and analyzed according to the LC-MS

system machine instructions. Meanwhile, we annotated the

identified metabolites using the Kyoto Encyclopedia of Genes and

Genomes (KEGG) compound database (http://www.kegg.jp/kegg/

compound/) and then mapped the annotated metabolites to the

KEGG pathway database (http://www.kegg.jp/kegg/pathway.html).
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Orthogonal partial least squares discriminant analysis of the three

groups of differential serum metabolites was performed by R

software. VIP (VIP>1) and P-value (P<0.05, Student’s t-test) were

used for differential metabolite screening in both groups. For

multiple group analysis, VIP (VIP>1) and P-value (P-value<0.05,

ANOVA) were used for differential metabolite screening.

Statistical analysis

Data are expressed as arithmetic mean ± standard error of the

mean (SEM). Data were analyzed and counted using GraphPad

Prism 8.0. Statistically significant differences between the groups

were assessed by one-way analysis of variance (ANOVA). Bivariate

correlations were calculated using Pearson’s r coefficient. Heat maps

were constructed using R software (v4.1.2). We investigated the

correlation between gut microbiota and serum metabolites using

Spearman’s correlation analysis. P<0.05 was considered to indicate

statistically significant differences.
Results

Effect of arecoline on clinical symptoms of
colitis in mice

We used 3% DSS solution to induce colitis in mice to establish

the UC model, which was used to study the effect of arecoline on

colitis. Details of the study groups are presented in Figure 1A. By

measuring the colon length of the three groups of mice, we found

that mice in the DSS group had a shorter colon length than those in

the control group (P<0.01); however, the shortening of the colon

was more severe in the Arec group (P<0.001) (Figures 1B, C). With

respect to weight loss, there was a significant difference in weight

between the arecoline and control groups at day 14 (P<0.01);

furthermore, arecoline exacerbated the weight loss in the DSS

group mice (Figure 1D). We used the DAI scores to analyze body

weight change and fecal properties (blood in stool and stool

consistency) in all mice, and arecoline aggravated the clinical

signs of DSS-induced acute ulcerative colitis in mice (Figure 1E).
Effect of arecoline on the inflammatory
response in mice colon

We observed by HE staining of colonic sections that the colonic

structure was intact in the control group and severely disrupted in

the DSS group, with destruction of the crypt and disappearance of

glands, more severe disruption of the intestinal structure, and

intestinal inflammation. The Arec group showed more

aggregation of neutrophils than the other two groups

(Figures 2A). The results of ELISA showed that the levels of

inflammatory factors IL-6 (P<0.001), TNF-a (P<0.001), and IL-

1b (P<0.001) were significantly higher in the colonic tissue of the

Arec group than the DSS group (Figures 2B–D).
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Effect of arecoline on intestinal microbiota

It has been shown that the intestinal microbiota is related to

digestion, absorption, metabolism, immunity, and other functions,

and that dysbiosis of the intestinal flora is closely related to the

occurrence of many diseases such as tumors, diarrhea, obesity, and

cardiovascular and cerebrovascular diseases (23–25). Disruptions in

the balance of the gut microbiota have also been reported to have

many links to the development of UC (26, 27). Therefore, to

investigate the effects of arecoline and DSS on intestinal flora, we

sequenced 16S rRNA in fecal samples from all three groups and

analyzed the alpha and beta diversity indices of the mouse intestinal

microbiota. The Arec group had increased gut microbiota diversity

as compared to the DSS and control groups according to the

Shannon, Simpson, and ACE indices. According to the Chao1

index, the DSS group showed increased diversity of gut

microbiota and the Arec group showed decreased diversity of gut

microbiota compared to the control group (Table 1). OTU-based

weighted UniFrac distance PCoA analysis showed significant

differences in the gut microbiota composition of the three groups

of mice (P<0.001) (Figure 3A). ANOSIM showed the same results,

with significant differences between the control, DSS, and Arec

groups (Figures 3B–D). At the phylum level, the Arec group showed

an increase in the relative abundance of Bacteroidota and
Frontiers in Immunology 04
Firmicutes and a decrease in the relative abundance of

Proteobacteria and Actinobacteria compared to the DSS group.

The relative abundance of Proteobacteria and Bacteroidota

increased in the DSS group compared to the control group, while

the relative abundance of Firmicutes decreased significantly

(Figure 3E). At the genus level, the relative abundance of

Bacteroides and Odoribacter increased in the Arec group

compared to the DSS group, while the abundance of

Parasutterella, Allobaculum, Ligilactobacillus, Lactobacillus, and

Limosilactobacillus decreased significantly (Figure 3F).

In the analysis of LEfSe results, the taxonomic phylogram

showed that the main composition of the intestinal microbiota in

the three groups of mice was Bacteroidota, Firmicutes, and

Proteobacteria (Figure 4A). The LDA scores for the abundance of

taxonomic units indicated that Bacteroides in the Arec group had

higher LDA scores than in the DSS and control groups. By contrast,

the control group was dominated by Lactobacillus (Figure 4B). As

shown in Figures 4C–F, the population of Bacteroides and

Bacteroides acidifaciens was significantly increased in the Arec

group compared to the other two groups, while the population of

Ligilactobacillus and Lactobacillus almost disappeared. Therefore,

elevated abundance of Bacteroides and reduced abundance of

Lactobacillus may be the reason for arecoline treatment leading to

more severe colonic inflammation.
B

C D E

A

FIGURE 1

The effect of arecoline on clinical symptoms in mice with DSS-induced UC. (A) Establishment of a mouse UC model and treatment of arecoline.
(B) Representative images of the colon in the Arec, DSS, and control groups of mice. (C) Colonic length in mice. (D) Body weight changes of the
three groups of mice during the experiment. (E) Disease activity index of the three groups of mice. P<0.05 was statistically significant. *P<0.05,
**P<0.01, and ***P<0.001.
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Effect of arecoline on the metabolism of
intestinal flora

The metabolites of the intestinal microbiota regulate all bodily

functions. We analyzed the differential metabolites of the three

groups of mice sera by performing untargeted metabolomics assays
Frontiers in Immunology 05
on their sera. In the positive ion mode, OPLS-DA showed a

significant separation of metabolites in the three groups

(Figure 5A). In addition, the metabolites were significantly

separated between the DSS and control groups (Figure 5B) and

between the Arec and DSS groups (Figure 5C). As shown in

Figure 5D, the clustering analysis of different metabolites between
B C D

A

FIGURE 2

Histopathological sections of mouse colon with changes in inflammatory factors. (A) H&E stained images of mouse colon tissue (magnification 40×,
200×). (B–D) The concentration of inflammatory factors including TNF-a, IL-6, and IL-1b in the colonic tissue of mice in the DSS and Arec groups.
P<0.05 was statistically significant. ***P<0.001.
TABLE 1 Alpha diversity parameters assessed by the Shannon, Simpson, Chao1, and ACE indices.

Group Shannon Simpson Chao1 ACE

Arec 6.275 0.945 833.626 834.783

DSS 5.839 0.962 783.965 793.998

Control 5.562 0.947 765.866 782.761
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the Arec group and DSS group in positive-ion mode showed that

there were 114 differential metabolites between the two groups, with

25 up-regulated and 89 down-regulated ones. As shown in

Figure 5E, the top 20 metabolic pathways including Nicotinate

and nicotinamide metabolism, Metabolic pathways, and Glyoxylate

and dicarboxylate metabolism were obtained using KEGG pathway

enrichment analysis based on the different metabolite results

between the Arec and DSS groups.

We performed a joint analysis for intestinal flora and differential

metabolites. Pentostatin, nifedipine, LPC (20:1/0:0), ergothioneine, and

other metabolites increased with increasing abundance of
Frontiers in Immunology 06
Proteobacteria and Firmicutes and decreased with increasing

abundance of Bacteroidota and Actinobacteria (Figure 6).
Discussion

Ulcerative colitis is a chronic idiopathic inflammatory disease

caused by an imbalance of immune mechanisms and environmental

factors, which often manifests clinically as diarrhea, bleeding, and

malabsorption, and is a significant threat to people’s physical and

mental health (2, 3). The clinical signs and pathological changes in
B

C D

E F

A

FIGURE 3

Arecoline and DSS interventions affect changes in intestinal flora. (A) PCoA analysis of OTU-based weighted UniFrac distances showed microbial
differences between the groups. (B–D) OTU-based ANOSIM inter-group variation analysis. (E) Gut microbial composition of the three groups of
mice at the portal level. (F) Intestinal microbial composition of the three groups of mice at the genus level. P<0.05 was statistically significant.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1197922
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhao et al. 10.3389/fimmu.2023.1197922
mice in the DSS group after 7 days of induction with 3% DSS

indicated the success of our UC model. Our experiments revealed

that 5 mg/kg arecoline aggravated the symptoms of colitis induced

by DSS, and the Arec group showed higher DAI scores and showed

more severe weight loss as well as shortening of the colon than the

DSS and control groups. Pathological examination of the intestinal

tract of mice showed that the DSS group had reduced crypts,

mucosal breakdown, and inflammatory cell infiltration; moreover,

the breakdown of the intestinal barrier and inflammatory cell

infiltration were more severe with the addition of arecoline.

We also detected a significant increase in pro-inflammatory

factors (IL-6, IL-1b, and TNF-a) in the Arec group by ELISA.
Frontiers in Immunology 07
Among them, the pro-inflammatory effect of IL-6 stems from its

ability to prevent T-cell apoptosis, but it also affects the pro-ablative

and repair functions of the epithelial barrier (28). TNF-a promotes

T-cell proliferation and differentiation and aggravates intestinal

inflammation (29). Studies have shown that elevated IL-1b
correlates with the severity of acute inflammation and that

inhibition of IL-1b expression alleviates the symptoms of colitis

(30). These experimental results suggest that arecoline promotes the

expression of inflammatory factors and aggravates UC; therefore,

we investigated its mechanism of action in more depth.

As the study of UC has become more advanced, a large number

of studies have shown that intestinal microorganisms play a central
B

C

D

E

F

A

FIGURE 4

Results of LEfSe analysis of gut microbiota in the Arec, DSS, and control groups. (A) Taxonomic cladogram showing the main constituent taxa of the
three groups of mouse intestinal microorganisms. (B) The distribution of LDA values in the histogram shows the species with LDA score greater than
4. (C–F) Difference maps of representative intestinal microorganisms three groups of mice.
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role in the development of UC (31, 32). Hence, we collected fecal

samples from mice for 16S rRNA sequencing to examine their

intestinal flora composition. The sequencing results showed

significant differences in the gut microbial composition of the

three groups. At the phylum level, the relative abundance of

Proteobacteria was significantly increased after DSS treatment

compared to the control group, consistent with previous studies.

The study showed that the ratio of Firmicutes to Bacteroides (F/B)

was reduced in the gut of UC patients (33), consistent with our
Frontiers in Immunology 08
experimental results, and the reduction of F/B was more significant

with the addition of arecoline, which aggravated the dysbiosis of the

intestinal flora caused by DSS.

At the genus level, arecoline exacerbated the effect of DSS on

beneficial bacterial genera in the intestinal tract. Lactobacillus is a

well-known beneficial genus in the intestine and has a protective

effect on the gut in colitis (34, 35). The abundance of Lactobacillus

was significantly reduced in the DSS group relative to the control

group, and almost disappeared after the use of arecoline.
B

C

D

E

A

FIGURE 5

Arecoline regulates serum metabolism in positive-ion mode. (A–C) OPLS-DA based analysis showing differences among the Arec, DSS, and control
groups; differences between the DSS and control groups, and differences between the Arec and DSS groups. (D) Heat map reflects the differential
metabolites between the Arec and DSS groups (high levels in red, low levels in green). (E) KEGG enrichment maps of differential metabolites in the
Arec and DSS groups.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1197922
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhao et al. 10.3389/fimmu.2023.1197922
Furthermore, the abundance of Limosilactobacillus (36, 37) and

Ligilactobacillus (38, 39), which have antimicrobial and immune as

well as intestinal barrier-enhancing abilities, were inhibited by DSS.

Limosilactobacillus has been shown to influence the NF-kB
signaling pathway to inhibit inflammation and prevent the

development and progression of colitis (40). In addition,

Limosilactobacillus also increases the induction and production of

PD-1+ T follicular helper cell-dependent IgA, which alters the gut

microbiome and prevents DSS-induced colitis and intestinal

ecological dysbiosis (41). These results suggest that arecoline

further exacerbates DSS-induced colitis by decreasing the

abundance of beneficial bacterial genera in the mouse intestine,

thereby exacerbating the development of colitis.

In addition, the relative abundance of Bacteroides in the

intestine of DSS-treated mice was significantly increased in our

assay, which is consistent with previous results of studies regarding

the potential role of symbiotic Bacteroides in the induction of

colonic inflammation in mice (42). It has also been reported that

enterotoxigenic Bacteroides fragilis (ETBF) in Bacteroides increases

the permeability of intestinal epithelial cells and disrupts epithelial

barrier function by secreting enterotoxins, while ETBF colonization

leads to acute or chronic inflammation of the intestine (43, 44).

Therefore, based on our experimental results, it can be inferred that

an increase in the relative abundance of Bacteroides may lead to the

development of UC. The abundance of Odoribacter significantly

increased with the use of DSS in our study, which was contrary to

previous studies which reported that Odoribacter was more

abundant in healthy individuals than in those with colitis (45).

However, there are also many studies suggesting that Odoribacter

may act as a conditional pathogenic agent and that its increased

relative abundance may be positively associated with the occurrence

of UC (46, 47). These results suggest that arecoline increases the

relative abundance of conditionally pathogenic bacteria, thereby

exacerbating DSS-induced colitis.
Frontiers in Immunology 09
We analyzed the main components of intestinal microbiota of

the three groups of mice by LEfSe analysis, in which the probiotic

Lactobacillus obtained a higher score in the control group and the

conditional pathogenic bacteria Bacteroides was higher in the Arec

group. These results further corroborate our inference.

Intestinal microbiota can regulate immunity, maintain the

intestinal environment, and provide energy to the body through

its metabolites (48). For example, tryptophan and its metabolites

can alleviate intestinal inflammation by reducing pro-inflammatory

factors such as IL-22, and IL-17 (49). The production of SCFAs is

essential for intestinal integrity, as they regulate intestinal pH and

influence intestinal mucus production, thereby increasing mucosal

immune function (50). In our study, metabolites such as

ergothioneine, pentostatin, LPC (20:1/0:0), Glu-glu, and

diadenosine tetraphosphate were reduced after arecoline

treatment when compared with the DSS group. Ergothioneine is a

common oxidant with strong antioxidant activity. It has been

shown that oral administration of ergothioneine can increase the

level of anti-inflammatory factors in the body and inhibit the TLR4/

MyD88/NF-kB signaling pathway, thus protecting from colonic

shortening and intestinal pathological damage in UC (51).

Ergothioneine is thought to be a metabolite of the probiotic

bacterium Limosilactobacillus, and the elevation of ergothioneine

was positively correlated with Limosilactobacillus abundance (52).

This is also consistent with the results of our combined gut

microbial and metabolite analysis, wherein the relative population

of Limosilactobacillus in the Arec group nearly disappeared, and

arecoline may have reduced the amount of ergothioneine in mice by

reducing the abundance of Limosilactobacillus. Pentostatin is a

purine antimetabolite commonly used in the treatment of

malignancies, which inhibits adenosine deaminase. Studies have

shown that pentostatin can affect the release of pro-inflammatory

factors and attenuate the effects of IL-10-/colitis (53). Our

combined microbial and metabolite report showed that
FIGURE 6

Heat map showing gut microbes associated with differential metabolites in the Arec and DSS groups (red indicates high levels, green indicates low
levels). *P<0.05 and **P<0.01.
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pentostatin levels increased with Proteobacteria and Firmicutes and

decreased with Bacteroidota. Therefore, the decrease in pentostatin

likely indicates that arecoline treatment increased the abundance of

Bacteroidota and decreased the abundance of Proteobacteria.

Diadenosine tetraphosphate is a metabolite produced under

stressful conditions such as hypoxia and injury, and is widely

found in prokaryotic and eukaryotic organisms for its role in

regulating immune responses, gene expression repair, and DNA

replication and synthesis (54). When DSS induced stress in mice,

diadenosine tetraphosphate was secreted. However, the use of

arecoline reduced the serum levels of diadenosine tetraphosphate,

and according to our combined microbial and metabolite analysis

report, it is possible that arecoline reduced the abundance of

Allobaculum and Lactobacillus and increased the abundance of

Bacteroides, resulting in a decrease of diadenosine tetraphosphate

in mice. According to the metabolic pathway enrichment analysis

based on the differential metabolite results, arecoline may aggravate

UC in mice by modulating gut microbiota to regulate nicotinate and

nicotinamide metabolism, metabolic pathways, and glyoxylate and

dicarboxylate metabolism, which are important metabolic

pathways. In summary, we suggest that arecoline regulates serum

metabolite production by directly affecting the abundance of

intestinal microbiota.
Conclusion

Our study shows that arecoline can aggravate the colonic

damage of DSS-induced UC and increase the release of

inflammatory factors. Based on our gut microbial sequencing

results, we can conclude that UC in arecoline-treated aggravated

mice may be mediated by modulation of the gut microbiota

resulting in a decrease in the abundance of beneficial intestinal

genera and an increase in the abundance of conditionally

pathogenic bacteria. Moreover, the combined microbial and

metabolite analysis showed that gut microbes were significantly

associated with differential serum metabolites, and arecoline

exacerbated UC in mice by affecting the abundance of intestinal

flora that regulated serum metabolite concentrations. However, the

exact mechanism of arecoline action needs to be further confirmed

by targeted metabolomics. In addition, further studies are needed to

investigate the effects of arecoline on patients with inflammatory

bowel disease.
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