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Abstract
Colitis develops via the convergence of environmental, microbial, immunological, and genetic factors. The medicine 5-ami-
nosalicylic acid (5-ASA) is widely used in clinical practice for colitis (especially ulcerative colitis) treatment. However, the 
significance of gut microbiota in the protective effect of 5-ASA on colitis has not been explored. Using a dextran sulfate 
sodium (DSS)-induced colitis mouse model, we found that 5-ASA ameliorated colitis symptoms in DSS-treated mice, accom-
panied by increased body weight gain and colon length, and a decrease in disease activity index (DAI) score and spleen index. 
Also, 5-ASA alleviated DSS-induced damage to colonic tissues, as indicated by suppressed inflammation and decreased tight 
junction, mucin, and water–sodium transport protein levels. Moreover, the 16S rDNA gene sequencing results illustrated 
that 5-ASA reshaped the disordered gut microbiota community structure in DSS-treated mice by promoting the abundance 
of Bifidobacterium, Lachnoclostridium, and Anaerotruncus, and reducing the content of Alloprevotella and Desulfovibrio. 
Furthermore, 5-ASA improved the abnormal metabolism of bile acids (BAs) by regulating the Farnesoid X receptor (FXR) 
and Takeda G-protein-coupled receptor 5 (TGR5) signaling pathways in DSS-treated mice. In contrast, 5-ASA did not pre-
vent the occurrence of colitis in mice with gut microbiota depletion, confirming the essential role of gut microbiota in colitis 
treatment by 5-ASA. In conclusion, 5-ASA can ameliorate DSS-induced colitis in mice by modulating gut microbiota and 
bile acid metabolism. These findings documented the new therapeutic mechanisms of 5-ASA in clinical colitis treatment.
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Abbreviations
Abx  Antibiotics mixture
AQPs  Aquaporins
ASBT  Apical sodium-dependent bile acid transporter
BA  Bile acid
BSH  Bile salt hydrolase
DSS  Dextran sulfate sodium

DAI  Disease activity index
ENaC  Epithelial sodium channel
FGF15  Fibroblast growth factor 15
FXR  Farnesoid X receptor
NF-κB  Nuclear factor-kappa B
NLRP3  NOD-like receptor pyrin domain containing 3
Nrf2  Nuclear erythroid 2-related factor 2
SCFAs  Short-chain fatty acids
TGR5  Takeda G protein-coupled receptor 5
UC  Ulcerative colitis
5-ASA  5-Aminosalicylic acid

Introduction

Inflammatory bowel diseases have brought about severe 
economic and medical stress [1]. Ulcerative colitis (UC) 
is a typical inflammatory bowel disease, and the incidence 
and prevalence of UC have been rising worldwide in recent 
years [2]. Various factors can induce UC, including genetic 
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variation, excessive pro-inflammatory cytokines, gut barrier 
dysfunction, and environmental factors [3].

In recent years, the gut microbiota has been proved to 
play an essential role in the pathogenesis of colitis [4]. 
Researchers found that gut microbiota dysbiosis is a driv-
ing force in UC development. Clinically, UC patients had 
decreased abundances of Firmicutes and Actinobacteria 
phyla and increased contents of Proteobacteria and Bacte-
roidetes phyla [5, 6]. Usually, the imbalanced intestinal flora 
will lead to metabolic dysfunction and immune disorders, 
as reflected by profiles of bacterial metabolites. Among 
them, bile acids (BAs), short-chain fatty acids (SCFAs), and 
tryptophan metabolites are three types of the most affected 
intestinal metabolites [7]. BAs are bi-directionally regula-
tory molecules connecting intestinal microbiota and hosts 
[8]. In colitis, intestinal barrier damage reduces the entero-
hepatic circulation of BAs and affects the BA transforma-
tion, further worsening UC symptoms [9, 10]. SCFAs (like 
acetic acid, propionic acid, and butyric acid) are fermented 
products transformed by intestinal bacteria from various 
carbohydrates [11]. In the intestine, SCFAs provide energy 
resources for colonic cells and maintain intestinal immune 
homeostasis [12]. The reduced abundance of butyrate-pro-
ducing bacteria (e.g., Clostridium perfringens) was observed 
in UC patients, accompanied by a decreased butyric acid 
level [6]. In a clinical experiment, the serum levels of trypto-
phan metabolites had a negative correlation with the disease 
activity [13]. Thus, maintaining a healthy gut microbiota 
community should be beneficial to preventing or attenuating 
UC occurrence.

As a recommended drug for UC treatment by the Ameri-
can College of Gastroenterology [14], 5-aminosalicylic acid 
(5-ASA) is a hydrogen peroxide scavenger with the ability to 
inhibit neutrophil chemotaxis and scavenge reactive oxygen 
species [15, 16]. Meanwhile, 5-ASA can attenuate colitis by 
inducing T lymphocyte apoptosis and modulating inflamma-
tory mediators [17]. In the previous studies, 5-ASA acted 
on intestinal mucosa by activating peroxisome proliferator-
activated receptors γ or blocking the nuclear factor-kappa 
B (NF-κB) pathway [18–20]. Furthermore, 5-ASA could 
change the intestinal bacteria structure in UC patients [21]. 
However, it remains unknown whether gut microbiota is nec-
essary for the 5-ASA-mediated treatment of colitis.

Based on the clinical use of 5-ASA [22], we designed 
the experiment by oral administration of 5-ASA 
(100 mg  kg−1  day−1) to mice with a dextran sulfate sodium 
(DSS)-induced colitis and a germ-depletion experiment to 
examine the impact of 5-ASA on the intestinal flora, bacte-
rial metabolites, and potential signaling pathways. In sum-
mary, this study aimed to explore how the gut microbiota 
was involved in the colitis treatment by 5-ASA and provide 
new theoretical support and ideas for further treatment of 
colitis using 5-ASA.

Materials and methods

Reagents

Dextran sulfate sodium (DSS, MW: 36–50 kDa) was pur-
chased from MP Biochemicals (Santa Ana, CA, USA). 
5-Aminosalicylic acid (5-ASA) was bought from MP Bio-
medicals (Santa Ana, CA, USA). The primary antibodies 
of anti-β-Actin, anti-phosphorylation-ERK, and anti-ERK 
were purchased from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). Antibodies of anti-phosphorylation-
JNK, anti-JNK, anti-IL-1β, and anti-NLRP3 (NOD-like 
receptor pyrin domain containing 3) were manufactured 
by Cell Signaling Technology (Danvers, MA, USA). 
Antibodies of anti-FGFR4 and anti-TGR5 were provided 
by Abcam (Cambridge, MA, USA). Antibodies of anti-
FXR, anti-ASBT, and anti-ZO-1 were purchased from 
ABclonal Technology (Wuhan, China). Cholic acid (CA), 
deoxycholic acid (DCA), ursodeoxycholic acid (UDCA), 
and tauroursodeoxycholic acid (TUDCA) were provided 
by Sigma-Aldrich (St. Louis, MO, USA). Tauro-α-
murocholicacid (TαMCA) and Tauro-β-murocholicacid 
(TβMCA) were obtained from TRC (Toronto, Canada). 
Tryptamine and indole were bought from Sigma-Aldrich 
(St. Louis, MO, USA). Acetate, propionate, butyrate, and 
pentanoic acid were purchased from Aladdin (Shanghai, 
China). All other chemicals were of the highest grade 
available.

Animal experiment

Male BALB/c mice (6-week-old, 18 − 22 g) were pur-
chased from the Hubei Provincial Center for Disease Con-
trol and Prevention (Wuhan, China). All mice were housed 
in a temperature-controlled environment (23 ± 2 °C) under 
a 12-h light–dark cycle with food and water ad libitum. 
After 1 week of adaptive feeding, the mice were ran-
domly divided into four groups (n = 8): Ctrl group, DSS 
group, 5-ASA group, and DSS + 5-ASA group. Mice drank 
sterilized water with 3% DSS solution (DSS group and 
DSS + 5-ASA group) or without (Ctrl group and 5-ASA 
group) for 1 week. Meanwhile, mice in the 5-ASA group 
and DSS + 5-ASA group were intragastrically treated with 
5-ASA (100 mg·kg−1·day−1, dissolved in 2% cyclodextrin) 
during the week, and mice in both the Ctrl group and the 
DSS group were given vehicle solution (2% cyclodextrin) 
by gavage. After the treatment, mice were euthanized by 
ethyl ether, and the major tissues were collected and kept 
at −80 °C for further analysis.

For the antibiotic treatment, male BALB/c mice were 
separated into four groups (n = 8): Ctrl group, DSS group, 
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DSS + Abx group, and DSS + 5-ASA + Abx group. In brief, 
mice in the DSS + Abx group and DSS + 5-ASA + Abx 
group were treated with an antibiotic mixture (Abx) 
(0.5 mg  ml−1 vancomycin, 0.5 mg  ml−1 metronidazole, 
1  mg   ml−1 neomycin sulfate, and 1  mg   ml−1 ampicil-
lin, dissolved in drinking water) for 2 weeks. Then, all 
mice were separately given sterilized water (Ctrl group), 
water supplemented with 3% DSS (DSS group), DSS and 
Abx (DSS + Abx group), or DSS and Abx and 5-ASA 
(100  mg   kg−1   day−1, dissolved in 2% cyclodextrin) 
(DSS + 5-ASA + Abx group) for another 1 week. After the 
treatment, all mice were euthanized, and the major tissues 
were collected, as mentioned above.

All experimental animal procedures were performed fol-
lowing the NIH Guide for the Care and Use of Laboratory 
Animals and the requirement of the Ethical Experimentation 
Committee of Hubei University of Chinese Medicine and the 
National Act on Use of Experimental Animals (Permission 
ID: SYXK2020-0002).

Measurement of disease activity index (DAI) score 
and spleen index

We recorded the body weight, anal bleeding, and stool 
consistency of mice daily during the animal experiment. 
Meanwhile, we evaluated the DAI score based on the rules 
provided in Supplementary Methods. The body weight was 
recorded before sacrifice. After sacrifice, the spleen tissue 
of mice was collected and weighed. The spleen index was 
calculated according to the ratio of spleen weight to body 
weight.

RNA extraction and quantitative reverse 
transcription‑polymerase chain reaction (RT‑qPCR)

Total RNA was isolated from colon and liver tissues using 
Trizol reagents (SummerBio, Beijing, China). The isolated 
RNA (500 ng) was reverse transcribed into cDNA using 
a first-strand cDNA synthesis kit (SummerBio, Beijing, 
China). The RT-qPCR amplification was performed as fol-
lows: 95 °C for 10 min; 40 cycles of amplification (95 °C for 
10 s, 60 °C for 30 s). The primer sequences of target genes 
were indicated in Supplementary Table 1, interleukin-1β (Il-
1β), cyclooxygenase 2 (Cox-2), interleukin-6 (Il-6), toll-like 
receptor 4 (Tlr4), tumor necrosis factor-α (Tnf-α), epithelial 
sodium channel beta (Enac-β), Enac-γ, zonula occludens 
protein 1 (Zo-1), aquaporin 4 (Aqp4), Aqp2, Mucin 3 (Muc-
3), Farnesoid X Receptor (Fxr), apical sodium-dependent 
bile acid transporter (Asbt), cholesterol 7α-hydroxylase 
(Cyp7a1), sterol 12α-hydroxylase (Cyp8b1), cytochrome 
sterol 27-hydroxylase (Cyp27a1), and glyceraldehyde-
3-phosphate dehydrogenase (Gapdh). Each primer pair 
was considered specific when the melting curve displayed a 

single sharp peak. All mRNA levels were normalized using 
Gapdh as an internal reference. The relative gene expression 
was calculated using the  2(−ΔΔCt) method.

Western blot

Total proteins from colon and liver tissues were lysed and 
extracted with RIPA buffer (Beyotime, Shanghai, China). 
Samples were separated using a sodium dodecyl sul-
fate–polyacrylamide gel and transferred to a polyvinylidene 
difluoride (PVDF) membrane for separation. After block-
ing with 5% skim milk in TBST for 1 h, the membranes 
were incubated with primary antibodies overnight at 4 °C. 
Next, the membranes were exposed to a secondary antibody 
ligated with horseradish peroxidase (HRP) (Cell Signaling 
Technology, MA, USA) for 1 h. Finally, the protein bands 
were detected by enhanced chemiluminescence (ECL) 
(Sigma-Aldrich, MO, USA), and the band densitometry was 
analyzed using Image J2x software (National Institute of 
Health, Bethesda, MD, USA).

Histological analysis

Colon tissues were fixed with 4% paraformaldehyde, embed-
ded in paraffin, and sectioned into 5 μm slides. After the 
deparaffinization with xylene and the rehydration with 
gradient ethanol, slides were stained for histopathologi-
cal examination using a hematoxylin and eosin (H&E) 
staining kit (Beyotime, Shanghai, China). The production 
of glycosylated mucins in colon tissues was assessed by 
immunofluorescence staining with fluorescein isothiocy-
anate conjugated-wheat germ agglutinin (WGA-FITC) 
(Sigma-Aldrich, St. Louis, MO, USA). The acidic mucins 
were detected using an Alcian blue staining kit (Vectorlabs, 
Beijing, China). The expressions of ZO-1 and ENaC-γ were 
analyzed by immunohistochemical staining. The photomi-
crographs were captured using a Leica DMIL microscope 
equipped with a DFC450C digital camera (Leica Microsys-
tems, Wetzlar, Germany). The histological score of H&E 
staining was evaluated according to Supplementary Table 2 
[23]. Quantification of Alcian blue and WGA-FITC staining 
was calculated by Image J2x software (National Institute of 
Health, Bethesda, MD, USA).

Quantification of intestinal metabolites in feces

To quantify the contents of BAs in feces, we homogenized 
50 mg of the fecal sample with 1 mL of water–methanol–for-
mic acid solution (25:74:1, V/V/V) containing d5-CA and 
d4-TCA as internal standards with a final concentration 
of 0.2 μg·ml−1. The standards of BAs were dissolved in 
methanol. To determine the contents of SCFAs, we homog-
enized 50 mg of the fecal sample with 1 ml of 50% (V/V) 
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methanol-aqueous solution (containing 0.2% HCl). To detect 
the contents of tryptophan catabolites, we homogenized 
50 mg of the fecal sample with 1 ml of pre-cooled methanol. 
After the homogenization using a KZ-II grinding machine 
(Servicebio, Wuhan, China), the fecal mixtures were centri-
fuged at 12,000×g for 15 min at 4 °C. Then, the supernatant 
was collected and filtered through a 0.22 μm aqueous or 
organic membrane. After that, all samples were used for 
gas chromatography–mass spectrometry (GC–MS) or liquid 
chromatography–mass spectrometry (LC–MS) analysis. The 
detailed analytical conditions were provided in Supplemen-
tary Methods.

16S rDNA gene sequencing

Genomic DNA from fecal samples was extracted following 
the protocol of Fast DNA™ SPIN Kit (MP Biomedicals, 
CA, USA), which was used for amplification of the V3–V4 
hypervariable region of the 16S rDNA gene. The sequencing 
of 16S rDNA gene amplicon was performed on an Illumina 
MiSeq platform (Illumina, San Diego, CA, USA) by Beijing 
Allwegene Tech, Ltd (Beijing, China). The detailed informa-
tion about library construction, bacterial abundance analysis, 
and functional prediction of fecal samples was described in 
the Supplementary Methods.

Statistical analysis

GraphPad Prism 8.2 software (La Jolla, CA, USA) was 
adopted for statistical analysis. Data were presented as 
mean ± standard deviation. Differences among groups were 
analyzed by a two-way analysis of variance (ANOVA) fol-
lowed by the Bonferroni post hoc test. For all statistical tests, 
P < 0.05 was considered significance.

Results

5‑ASA relieves symptoms of colitis in DSS‑treated 
mice

We first assessed whether 5-ASA relieved symptoms of 
colitis in DSS-treated mice. As indicated in Fig. 1a and 
Supplementary Fig. 1a, we observed a continuous loss of 
body weight in DSS-treated mice (P < 0.01, vs. Ctrl group), 
but 5-ASA inhibited this downward trend (P < 0.01, vs. 
DSS group). After DSS treatment for 5 days, the DSS-
treated mice exhibited typical symptoms of colitis, includ-
ing diarrhea, hematochezia, and weight loss, which were 
displayed by the higher disease activity index (DAI) score 
(P < 0.05 or P < 0.01, vs. Ctrl group) (Fig. 1b and Supple-
mentary Fig. 1b). In contrast, the DAI score of mice in the 
DSS + 5-ASA group was distinctly decreased compared 

to the DSS group (P < 0.01) (Fig. 1b and Supplementary 
Fig. 1b). Also, 5-ASA suppressed the shortening of colon 
length and the increase of spleen index (P < 0.05 or P < 0.01, 
vs. DSS group) (Fig. 1c − e). The histochemical results indi-
cate that 5-ASA alleviated damage to the villous membrane 
and increased the thickness of muscle layers in colon tis-
sues of DSS-treated mice (Fig. 1f), as was evidenced by 
the restored histopathological score (P < 0.01, vs. DSS 
group). The WGA-FITC and Alcian blue staining suggest 
that 5-ASA partly lessened the destruction of glycosylated 
and acidic colonic mucins in DSS-treated mice (P < 0.01, 
vs. DSS group) (Fig. 1g and h). From the above results, 
5-ASA significantly improved the colitis-related symptoms 
in DSS-treated mice.

5‑ASA restrains colonic inflammation and gut 
barrier impairment in DSS‑treated mice

Next, we assessed the inhibitory effect of 5-ASA on colonic 
inflammation and gut barrier integrity in DSS-treated colitis 
mice. By RT-qPCR analysis, we found that the mRNA levels 
of Il-1β, Cox-2, Il-6, Mcp-1, and Tlr4 were higher in colon 
tissues of DSS-treated mice than those of the Ctrl group 
(P < 0.05) (Fig. 2a). On the contrary, 5-ASA suppressed the 
transcription of these pro-inflammatory cytokines (P < 0.05, 
vs. DSS group) (Fig. 2a). To investigate which signal path-
ways regulated the above inflammatory indicators, we 
examined the mitogen-activated protein kinases (MAPKs) 
and NLRP3, both of which were found to be responsible 
for the occurrence of colitis [24]. Though 5-ASA failed to 
inhibit the changes of p38 and ERK1/2 MAPKs in colon 
tissues of DSS-induced colitis (Data not shown), it statis-
tically reversed the upregulations of NLRP3, IL-1β, and 
p-JNK at protein levels (Fig. 2b and c). Diarrhea is another 
typical colitis symptom, associated with the imbalanced 
transportations of electrolytes and water fluid [25]. As 
shown in Fig. 2d, 5-ASA blocked the mRNA reductions 
of water–sodium transport-related mediators in colon tis-
sues of DSS-treated mice, including Enac-β, Enac-γ, Aqp2, 
and Aqp4 (P < 0.05, vs. DSS group). Also, 5-ASA partly 
attenuated DSS-induced disruption of gut barrier integrity, 
as indicated by the increments of tight-junction proteins and 
mucoproteins at mRNA levels in DSS-treated mice, such as 
Zo-1 (P < 0.05, vs. DSS group) and Muc-3 (Fig. 2e). Immu-
nohistochemical staining of ZO-1 and ENaC-γ confirmed 
the improvement of 5-ASA on gut barrier destruction and 
water–electrolyte disturbance in DSS-treated mice (Fig. 2f 
and g). By WB analysis, 5-ASA up-regulated the protein 
expression of ZO-1 in DSS-treated mice (Supplementary 
Fig. 1c). The results demonstrated that 5-ASA ameliorated 
the colonic inflammation and gut barrier damage in DSS-
induced colitis.
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Fig. 1  Effect of 5-ASA on pathological symptoms of DSS-induced 
colitis. DSS-treated BALB/c mice were intragastrically administered 
with 5-ASA (100  mg·kg–1·day–1) for 1  week. a Body weight gain. 
b Disease activity index score. c–e Colon photograph (c), Colon 
length (d), and Spleen index (e) of mice among four experimen-
tal groups. f−h Morphological analysis of colonic tissues by hema-
toxylin & eosin (H&E) staining (f) (scale bar = 200  μm, magnifica-
tion of the microphotograph, × 100), Alcian blue staining (g) (scale 

bar = 100  μm, magnification of the microphotograph, × 200), and 
Wheat germ agglutinin labeled with FITC (WGA-FITC) staining (h) 
(scale bar = 200  μm, magnification of the microphotograph, × 100). 
Black arrow indicates a muscular layer. Quantification of Alcian blue 
and WGA-FITC staining by Image J2x software. DAI disease activ-
ity index. Data were represented as mean ± SD (n = 8). *P < 0.05, 
**P < 0.01, vs. Ctrl group; #P < 0.05, ##P < 0.01, vs. DSS group
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Fig. 2  Inhibition of 5-ASA administration on colonic inflammation 
and structural destruction in DSS-induced mice. DSS-treated BALB/c 
mice were intragastrically administered with 5-ASA (100 mg·kg–

1·day–1) for 1 week. After the treatment, all mice were euthanized, 
and colon tissues were collected for further analysis. a The mRNA 
expressions of intestinal inflammation-related indicators were ana-
lyzed by RT-qPCR. b Protein levels of NLRP3, IL-1β, p-JNK, and 

JNK were assayed by Western blot. c Quantification of band intensity 
using Image J2x software. d, e Expression of water–sodium trans-
port and gut barrier in colon tissues at mRNA level by qRT-PCR. 
f,  g Immunohistochemical analysis of ZO-1 (f) and ENaC-γ (g) in 
colon tissues (scale bar = 100 μm, magnification of the microphoto-
graph, × 200). Data were presented as mean ± SD (n = 8). *P < 0.05, 
**P < 0.01, vs. Ctrl group; #P < 0.05, ##P < 0.01, vs. DSS group
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5‑ASA improves gut microbiota structure 
in DSS‑treated mice

To investigate the effect of 5-ASA administration on the gut 
microbiota community of DSS-treated mice, we character-
ized the gut microbiota structures of 32 samples among 
four experimental groups based on V3 − V4 variable regions 
by 16S rDNA gene sequencing. As shown in Supplemen-
tary Table 3, we obtained 2,862,967 sequencing reads in 
total. After removing 85,456 low-quality reads, 2,777,511 
remained, clustered in 1497 operational taxonomic units 
(OTU) with similarities above 97%. Then, we evaluated 
species diversity within microbiome samples by PD whole 
tree, Shannon index, Observed species, and Chao1 index. 
There was no statistical significance among four experimen-
tal groups (Fig. 3a and Supplementary Fig. 2a–c). However, 
four distinct clusters were on the Partial Least Squares Dis-
criminant Analysis (PLS-DA) plot, indicating the differ-
ent microbial structures among four experimental groups 
(Fig. 3b).

Next, we analyzed the relative abundances of gut micro-
biota among four experimental groups. At phylum levels, 
we detected the decreased contents of Firmicutes and ele-
vated abundances of Bacteroidetes and Proteobacteria in 
DSS-treated mice, which failed to be reversed by 5-ASA 
treatment (Fig. 3c and Supplementary Fig. 2d). At family 
levels, 5-ASA remarkably reduced Desulfovibrionaceae and 
Lactobacillaceae abundances, but increased the contents of 
Ruminococcaceae, Bacteroidaceae, and Bacteroidales S24-7 
group in DSS-treated mice (Fig. 3d). Next, we screened 28 
genera with the most changed abundances based on heat-
map analysis among the experimental group. As suggested 
in Fig. 3e, we detected the changed abundances of the DSS 
group’s bacteria. Some of them were up-regulated, such 
as Alloprevotella, Coprococcus 1, Escherichia-Shigella, 
Enterorhabdus, and Desulfovibrio. And the others were 
down-regulated, like Lachnoclostridium, Roseburia, and 
Anaerotruncus. In contrast, 5-ASA treatment restored most 
of them to normal levels. And the levels of Bifidobacterium 
and Romboutsia in colitis mice were increased only in the 
DSS + 5-ASA group.

We used linear discriminant analysis effect size (LEfSe) 
to identify the characteristic bacterial taxa among four 
experimental groups. As revealed in Fig. 4a, one bacte-
rial taxon in the Ctrl group was different from those of the 
other three experimental groups. The specific taxa numbers 
in the DSS group, 5-ASA group, and DSS + 5-ASA group 
were seven, nine, and nine. Furthermore, we conducted 
linear discriminant analysis (LDA) to identify the bacte-
rial taxa with the most remarkable abundance differences 
(Fig.  4b): (1) g_Lachnoclostridium, g_Anaerotruncus, 
s_mouse_gut_metagenome, g_mouse_gut_metagenome, 
and g_Eubacterium_xylanophilum for the Ctrl group; 

(2) g_Odoribacter, g_Desulfovibrio, f_Desulfovibrion-
aceae, o_Desulfovibrionales, and c_Deltaproteobacteria for 
the DSS group; (3) p_Firmicutes, f_Lachnospiraceae, c_
Clostridia, o_Clostridiales, and g_Roseburia for the 5-ASA 
group; (4) p_Bacteroides, c_Bacteroidia, o_Bacteroidales, 
g_Bacteroides, and f_Bacteroidaceae for the DSS + 5-ASA 
group. The above results indicated that 5-ASA partly 
reversed gut microbiota dysbiosis in DSS-treated mice.

5‑ASA affects the production of intestinal 
metabolites in DSS‑treated mice

To investigate the effect of 5-ASA administration on 
metabolite production in the intestinal tract of DSS-
treated mice, we detected the levels of BAs, SCFAs, and 
tryptophan catabolites in fecal samples by LC–MS or 
GC–MS. As indicated in Fig. 5a and b, 5-ASA remarkably 
decreased the total BAs and primary BAs but increased the 
secondary BAs in feces of DSS-treated mice (P < 0.05 or 
P < 0.01, vs. DSS group). Then, we quantified the fecal 
contents of individual BAs in mice of each group. Among 
these BAs, the productions of CA, TαMCA, and TβMCA 
were increased, whereas the levels of TUDCA and UDCA 
were reduced in DSS-treated mice as compared to the Ctrl 
group (P < 0.05 or P < 0.01) (Fig. 5c). Conversely, 5-ASA 
statistically reversed the BA changes in DSS-treated mice 
(P < 0.05, vs. DSS group). Though the systemic decrease 
of SCFAs (acetic acid, propionic acid, butanoic acid, and 
pentanoic acid) in feces of DSS-treated mice, 5-ASA 
administration did not affect their production (Fig. 5d). 
Additionally, 5-ASA restored the decreased indole in DSS-
treated mice to an average level (P < 0.05, vs. DSS group) 
(Fig. 5e). Based on the above, 5-ASA notably remodeled 
gut microbiota-related metabolite profiles, especially for 
bile acids.

5‑ASA regulates BA metabolism‑related mediators 
and signaling pathways in DSS‑treated mice

To explore the regulatory effect of 5-ASA on the entero-
hepatic circulation of BAs in DSS-treated mice, we ana-
lyzed the expressions of BA metabolism-related mediators 
in the colon by RT-qPCR and Western blot. As suggested in 
Fig. 6a, 5-ASA elevated the mRNA levels of Fxr, Fgf15, and 
Asbt in colon tissues of DSS-treated mice (P < 0.05, vs. DSS 
group), which were decreased in the DSS group (P < 0.05, 
vs. Ctrl group). Expressions of Tgr5 and Ost-α at mRNA 
levels had no changes among the four experimental groups 
(Fig. 6a). Furthermore, the attenuated protein expressions 
of FXR and ASBT in DSS-treated mice were reversed by 
5-ASA treatment (Fig. 6b, c). However, the protein expres-
sion of TGR5 in colons was varied without significance 
among these four groups (Fig. 6b and c). Considering that 
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Fig. 3  Alterations in diversity and composition of gut microbiota in 
DSS-treated mice with 5-ASA administration. DSS-treated BALB/c 
mice were intragastrically administered with 5-ASA (100 mg·kg–

1·day–1) for 1 week. After the treatment, all mice were euthanized, 
and fecal samples were collected for 16S rDNA gene sequencing. 

a  PD whole tree for α diversity. b Partial Least Squares Discrimi-
nation Analysis (PLS-DA) for β diversity. c Alteration of microbial 
composition at family levels. d Representative genera among four 
experimental groups. Data were presented as mean ± SD (n = 8)
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the reabsorption of bile acids mainly occurred in the ileum, 
we detected the expressions of ASBT and FXR in ileum 
tissues. Still, we found no changes among the four experi-
mental groups (Data not shown).

Using RT-qPCR, we analyzed the transcriptional lev-
els of bile acid-associated proteins and inflammatory 
cytokines. As shown in Fig. 7a, b, 5-ASA suppressed the 
hepatic expressions of BA-synthesis enzymes (Cyp7a1, 

Cyp27a1, and Cyp8b1) and pro-inflammatory cytokines 
(Il-1β and Tnf-α) at mRNA levels in DSS-treated mice 
(P < 0.05, vs. DSS group). However, the promoting effect 
on FXR was not observed in hepatic tissue of 5-ASA-
treated colitis mice (Fig. 7b). Moreover, the protein lev-
els of upstream signaling pathways responsible for BA 
synthesis were assayed among experimental groups. As 
depicted in Fig. 7c, 5-ASA reversed the over-expression 

Fig. 4  Identification of characteristic taxa with the greatest differ-
ence among four experimental groups. DSS-treated BALB/c mice 
were intragastrically administered with 5-ASA (100 mg·kg–1·day–1) 
for 1 week. After the treatment, all mice were euthanized, and fecal 
samples were collected for 16S rDNA gene sequencing. a Analysis 

of characteristic taxa among four experimental groups by linear dis-
criminant analysis (LDA) effect size (LEfSe). b Characteristic taxa 
using LDA with a threshold score > 3.0. Bar length of LDA repre-
sents the impact of characteristic taxa in individual groups



 L. Huang et al.

1 3

460 Page 10 of 18

of BA receptors (TGR5) (P < 0.01, vs. DSS group) in the 
liver of DSS-treated mice. Though 5-ASA slightly ele-
vated the protein level of fibroblast growth factor recep-
tors (FGFR4), there was no statistically significant differ-
ence between the DSS group and the DSS + 5-ASA group) 
(P = 0.1827). Also, 5-ASA largely inhibited the hepatic 
activation of MAPKs, as indicated by the increased phos-
phorylation of p-JNK and p-ERK in DSS-treated mice 
(Fig. 7d).

To explore the association of gut microbiota with BA 
metabolism in DSS-treated mice, we studied the relation-
ship between the most changed intestinal bacteria with 
physiological indices, individual BAs, and BA metabo-
lism-related mediators. Spearman's correlation analysis 
indicated that most altered bacteria at genus levels were 
negatively or positively correlated with physiological 
indicators, BA synthesis, BA receptor (FXR), and BA 

transporter (ASBT). The result suggested a vital role of 
gut microbiota in the occurrence of colitis (Supplementary 
Fig. 3).

5‑ASA fails to improve colitis symptoms 
in DSS‑treated mice with gut microbiota depletion

To confirm the pivotal role of gut microbiota in 5-ASA-
initiated treatment of colitis, we treated mice with Abx to 
deplete the intestinal flora (Fig. 8a). Two weeks later, RT-
qPCR was used to assay the concentrations of gut bacteria 
(Primer sequences displayed in Supplementary Table 4). The 
Abx almost destroyed all bacteria and individual bacteria in 
the intestine of mice (Supplementary Fig. 4). Compared to 
the DSS group, 5-ASA did not reverse the changes in DAI 
scores and colon length in DSS-treated mice (Fig. 8b and 
Supplementary Fig. 5). Moreover, 5-ASA failed to rescue 

Fig. 5  Effect of 5-ASA on pro-
ductions of fecal BAs, SCFAs, 
and tryptophan metabolites in 
DSS-treated mice. DSS-treated 
BALB/c mice were intragastri-
cally administered with 5-ASA 
(100 mg·kg–1·day–1) for 1 week. 
After the treatment, all mice 
were euthanized, and fecal sam-
ples were collected for LC–MC 
or GC–MS analyses. a Quanti-
fication of total BAs in feces. b 
Quantification of primary BAs 
and secondary BAs in feces. 
c Quantification of individual 
BAs in feces. d Quantification 
of SCFAs in feces. e Quantifica-
tion of tryptophan catabolites 
in feces. Data were presented as 
mean ± SD (n = 6). *P < 0.05, 
**P < 0.01, vs. Ctrl group; 
#P < 0.05, ##P < 0.01, vs. DSS 
group
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the damage to the gut barrier structure of DSS-treated mice, 
such as the reduction of muscle layers and the attenuation of 
glycosylated and acidic colonic mucins (Fig. 8c−e).

Compared to conventional colitis mice, the gut micro-
biota-depleted colitis also exhibited colonic inflamma-
tion, as reflected by the elevated mRNA levels of Il-1β, 

Fig. 6  Regulatory effect of 5-ASA on BA metabolism-related media-
tors and signaling pathways in colonic tissue of DSS-treated mice. 
DSS-treated BALB/c mice were intragastrically administered with 
5-ASA (100 mg·kg–1·day–1) for 1 week. After the treatment, all 
mice were euthanized, and the colon tissues were collected for fur-
ther analysis. a Colonic mRNA levels of Fxr, Tgr5, Asbt, Fgf15, and 

Ost-α were analyzed by RT-qPCR. b Colonic protein levels of FXR, 
TGR5, and ASBT were assayed by Western blot. c Quantification of 
band intensity in b using Image J2x software. Data were presented as 
mean ± SD (n = 6–8). *P < 0.05, **P < 0.01, vs. Ctrl group; #P < 0.05, 
##P < 0.01, vs. DSS group

Fig. 7  Regulatory effect of 
5-ASA on BA metabolism-
related mediators and signaling 
pathways in hepatic tissue of 
DSS-treated mice. DSS-treated 
BALB/c mice were intragastri-
cally administered with 5-ASA 
(100 mg·kg–1·day–1) for 1 week. 
After the treatment, all mice 
were euthanized, and the gut 
and liver tissues were collected 
for further analysis. a mRNA 
levels of Fxr and bile acid-
synthesis enzymes (Cyp7a1, 
Cyp27a1, and Cyp8b1) in liver 
tissues. b mRNA levels of pro-
inflammatory cytokines (Il-1β 
and Tnf-α) in liver tissues. c 
Protein levels of BA receptors 
(FGFR4 and TGR5) in liver tis-
sues. d Phosphorylated levels of 
JNK and ERK in liver tissues. 
Quantification of band intensity 
using Image J2x software. Data 
were presented as mean ± SD 
(n = 8). *P < 0.05, **P < 0.01, 
vs. Ctrl group; #P < 0.05, 
##P < 0.01, vs. DSS group
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Fig. 8  Effect of 5-ASA on physiological indices and intestinal dam-
age of DSS-treated mice with depleted gut microbiota. a Mice were 
treated with Abx (1.0 mg·ml–1 ampicillin, 1.0 mg·ml–1 neomycin sul-
fate, 0.5 mg·ml–1 vancomycin, and 0.5 mg·ml–1 metronidazole) for 
4 weeks, followed by the administration of DSS or DSS + 5-ASA. b 
Disease activity index score (DAI). c−e Morphological analysis of 
colonic tissues by hematoxylin & eosin (H&E) staining (e) (scale 
bar = 200 μm, magnification of the microphotograph, × 100), Alcian 

blue staining (f) (scale bar = 100 μm, magnification of the micro-
photograph, × 200), and Wheat germ agglutinin labeled with FITC 
(WGA-FITC) staining (g) (scale bar = 200 μm, magnification of the 
microphotograph, × 100). Black arrow indicates a muscular layer. 
Quantification of Alcian blue and WGA-FITC staining by Image 
J2x software. f mRNA expressions of intestinal inflammation-related 
mediators were analyzed by RT-qPCR. Data were presented as 
mean ± SD (n = 8). **P < 0.01, vs. Ctrl group
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Cox-2, Il-6, Mcp-1, and Tlr4 (Fig. 8f). Of note, the anti-
inflammatory effect of 5-ASA disappeared in colon tis-
sues of DSS-treated mice with Abx treatment (Fig. 8f). 
To examine the impact of gut microbiota depletion on 
bile acid metabolism in DSS-treated mice, we detected 
the BA-related regulators in colon tissues. As indicated in 
Fig. 9a, 5-ASA failed to reverse the changed mRNA levels 
of Fxr, Asbt, and Ost-β in germ-depleted colitis mice, and 
so did the protein changes of FXR and ASBT (Fig. 9b, 
c). Similar results were also observed in liver tissues, in 
which 5-ASA failed to suppress the mRNA alterations of 
Cyp7a1, Cyp27a1, Cyp8b1, Fxr, and FGFR4 (Supplemen-
tary Fig. 6a, b). The mRNA and protein levels of colonic 

TGR5 remained unchanged among four experimental 
groups (Fig. 9). The above evidence further confirmed 
the importance of gut microbiota and FXR-related BA 
metabolism in the treatment of 5-ASA on colitis.

Discussion

To date, researchers have paid great attention to the treat-
ment of colitis for its threats to modern people's daily 
lives. Inspired by the critical role of gut microbiota in 
the pathogenesis of colitis, fecal microbial transplanta-
tion, probiotics, and prebiotics were applied to restore the 
destructed intestinal flora structure of colitis patients [6]. 
Though 5-ASA is the first-line drug for colitis therapy, no 
solid evidence reveals the significance of gut microbiota 
in 5-ASA-initiated pharmacological effect on colitis. This 
study documented that 5-ASA ameliorated DSS-induced 
colitis in mice by regulating imbalanced gut microbiota 
and subsequent bile acid metabolism.

Colitis results in persistent and recurrent mucosal 
inflammation in the colon, and is characterized by weight 
loss, diarrhea, and hematochezia [26]. In this study, 5-ASA 
reduced the DAI score and increased the colon length in 
DSS-treated mice, suggesting the therapeutic effect of 
5-ASA on colitis symptoms (Fig. 1a−d). Also, 5-ASA 
improved the spleen hypertrophy of DSS-induced colitis 
mice, as indicated by the decreased spleen index (Fig. 1e). 
It was consistent with a previous study that reported the 
rapid lymphocyte proliferation and size increase in the 
spleen of UC mice, implying that 5-ASA might reduce 
intestinal inflammation by affecting systemic immunity. 
Indeed, we observed that 5-ASA statistically down-regu-
lated the protein level of NLRP3 and mRNA expressions 
of pro-inflammatory cytokines in colon tissues of DSS-
treated mice (Fig. 2a−c). The COX-2 can produce reactive 
oxygen species to stimulate intestinal macrophage activa-
tion, causing a high expression of NLRP3 in the colon 
[27]. In turn, the activated NLRP3 triggers the secretion of 
IL-1β and other inflammatory cytokines [28]. In addition, 
phosphorylation of JNK prompts the expression of Il-1β 
and Il-6 in DSS-induced UC [29]. Overactivation of these 
cytokines will further exacerbate the abnormal immune 
responses in the colon [30]. Reversely, 5-ASA suppressed 
the above inflammatory responses in DSS-induced colitis. 
In addition, the interaction of 5-ASA with DSS has not 
been reported. Based on these findings, we propose that 
5-ASA can exert a therapeutic effect on colitis by sup-
pressing colonic inflammatory infiltration and inflamma-
some activation.

The gut barrier consists of epithelial tight junctions 
and a protective mucus layer produced by goblet cells 
[31]. The tight-junction protein ZO-1 maintains intestinal 

Fig. 9  Regulation of 5-ASA on BA-related mediators in colonic tis-
sue of Abx-treated colitis mice. BALB/c mice pre-treated with Abx 
for two weeks were administered with DSS (3%) or 5-ASA (100 
mg·kg–1·day–1) for 1 week. All mice were euthanized after the treat-
ment, and the colon tissues were collected for further analysis. a 
Colonic mRNA levels of Fxr, Tgr5, Asbt, and Ost-β were analyzed by 
RT-qPCR. b Colonic protein levels of FXR, TGR5, and ASBT were 
assayed by Western blot. c Quantification of band intensity using 
Image J2x software. Data were presented as mean ± SD (n = 6–8). 
*P < 0.05, **P < 0.01, vs. Ctrl group
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epithelial integrity, while numerous mucins synthesized by 
colonic goblet cells constitute the thick mucus barrier [32]. 
Colons with impaired epithelial barrier are often accom-
panied by intestinal crypt infection and mucin secretion 
reduction, producing inflammatory reactions caused by 
harmful bacteria [33]. In this study, 5-ASA increased the 
expression of Zo-1 and mucins in DSS-treated mice, indi-
cating the protective effect of 5-ASA on the damage to gut 
barrier integrity and mucus barrier (Fig. 1f−h, 2e−f and 
Supplementary Fig. 1c). An in vitro research validated that 
JNK mediated the degradation of ZO-1 in jejunal IPEC-
J2 cells [34]. Hence, 5-ASA might protect the intestinal 
barrier by attenuating colonic JNK. Meanwhile, intestinal 
barrier dysfunction in inflammatory bowel diseases (IBD) 
results in diarrhea via a leak-flux mechanism, which acts 
through epithelial sodium channel (ENaC) and Aquaporins 
(AQPs) [35]. The ENaC family and AQPs are in charge of 
water reabsorption in the colon, and the hindrance of these 
factors leads to incomplete aqueous reabsorption and diar-
rhea formation [36]. Here, we demonstrated that 5-ASA 
up-regulated the mRNA levels of colonic ENaC and AQPs 
in DSS-treated mice (Fig. 2d and g), consistent with the 
improvement of 5-ASA on the DAI score (Fig. 1b). In con-
clusion, 5-ASA could suppress epithelial tight junction and 
mucus barrier damage, and fluid–electrolyte metabolism 
disorder in DSS-treated mice.

To explore the role of gut microbiota in treating coli-
tis by 5-ASA, we compared the abundance alteration of 
intestinal flora in DSS-treated mice with or without 5-ASA 
administration. Though 5-ASA failed to affect the bacterial 
changes at phylum levels in DSS-induced colitis, it had a 
positive regulatory effect on various bacteria at family and 
genus levels (Fig. 3d, e, Supplementary Fig. 2d). Especially, 
5-ASA reduced the abundances of some harmful genera like 
Desulfovibrio and Alloprevotella, and raised the contents 
of several beneficial genera such as Lachnoclostridium and 
Bifidobacterium (Fig. 3e). Desulfovibrio is the main sulfate-
reducing and  H2S-generating bacteria in the human colonic 
microbiota. The rich sulfate groups of DSS (17%) provide 
sufficient substrates to boost Desulfovibrio growth [37]. 
Breakage of intestinal epithelium caused by sulfate accu-
mulation is a significant reason for DSS-induced UC [38]. 
Hence, the suppression of 5-ASA on Desulfovibrio sheds 
light on its therapeutic mechanism (Fig. 3d). Alloprevotella 
is a cancer-associated bacterium, which deteriorates the 
intestinal lining during UC occurrence [39]. Conversely, the 
Lachnoclostridium genus, belonging to the Lachnospiraceae 
family, was negatively associated with UC severity [39]. 
Lachnoclostridium is a butyric acid producer, protecting 
against human colon cancer [40]. Similarly, Bifidobacte-
rium is another bacterium responsible for producing SCFAs 
with anti-inflammatory properties in the intestinal tract [41, 
42]. The promotive effect of 5-ASA on Bifidobacterium 

and Lachnoclostridium may contribute to its inhibition of 
colonic inflammation. Some of these bacterial changes, 
such as the increased abundance of Bifidobacterium and the 
attenuated trend of Escherichia-Shigella, were also observed 
in UC patients after 5-ASA treatment [21].

Among three primary intestinal metabolites in the colon 
of DSS-treated mice, 5-ASA did not affect the production of 
SCFAs, implying that SCFAs and their downstream signals 
were not involved in the rescue of colitis by 5-ASA (Fig. 5d). 
However, 5-ASA statistically increased the indole content in 
DSS-treated mice (Fig. 5e). Indole is a tryptophan catabolite 
that can inhibit quorum sensing and block virulence fac-
tors in non-indole-producing bacteria [43]. The increment 
of fecal indole by 5-ASA should be beneficial for colitis 
recovery. Noticeably, BAs were the most changed metabo-
lites in colitis mice with 5-ASA treatment (Fig. 5a–c). Intes-
tinal bacteria mainly influence the colonic BAs with bile 
salt hydrolase (BSH) and 7α-dehydroxylation activities [5, 
44]. BSH is in charge of deconjugation, and previous studies 
reported the BSH activity in Bacteroides and Bifidobacte-
rium [44, 45]. The 7α-dehydroxylation reaction is neces-
sary to convert primary BAs to secondary BAs [46, 47]. The 
enzymes involved in 7α-dehydroxylation are encoded by bile 
acid-inducible genes, which were previously identified in 
Romboutsia [48]. Recently, metagenome-screening research 
shows that Lachnospiraceae and Ruminococcaceae are the 
main bacteria that express enzymes with 7α-dehydroxylation 
activity [48]. 5-ASA elevated the Romboutsia, some Rumi-
nococcaceae family members (Anaerotruncus, Ruminococ-
caceae UCG-005, and Ruminococcaceae UCG-004) and two 
Lachnospiraceae family members (Roseburia and Lachno-
clostridium) in DSS-treated mice (Fig. 3e). Besides, Bac-
teroides belonging to the Bacteroidaceae family can also 
promote the transformation of primary BAs to secondary 
BAs by 7α-dehydroxylation [44]. These bacteria contribute 
to the increased production of secondary BAs (UDCA and 
TUDCA) after 5-ASA administration (Fig. 5c). As for the 
individual BAs, UDCA has been clinically used to prevent 
colitis complications and experimentally used to inhibit coli-
tis in mice [49, 50]. TUDCA was antagonistic to intestinal 
inflammation and displayed an inhibitory effect on experi-
mental colitis [51, 52]. A high level of CA promoted the pro-
liferation of abnormal intestinal crypts and the over-expres-
sion of colon carcinogenic genes [53, 54]. Interestingly, in 
a report, the researchers used a UDCA-5-ASA conjugate to 
prevent colon carcinogenesis in rats [55]. It is thus possible 
that 5-ASA alleviated colitis symptoms in mice by regulat-
ing the bacterial transformation of BAs.

BA receptors (like FXR and TGR5)-mediated signaling 
pathways affect the BA metabolism and systemic inflam-
mation in hosts. Among them, FXR governs the synthesis, 
secretion, and reabsorption of BAs in the liver and gut [56]. 
On the one hand, the hepatic FXR/SHP (Small heterodimer 



5‑Aminosalicylic acid ameliorates dextran sulfate sodium‑induced colitis in mice by modulating…

1 3

Page 15 of 18 460

partner) signaling controls the expressions of Cyp7a1 and 
Cyp8b1 by negative feedback regulation. On the other hand, 
the activation of intestinal FXR will promote the secretion 
of FGF15 (fibroblast growth factor 15). After FGF15 enters 
the blood, it binds to FGFR4 to inhibit the expressions of 
Cyp7a1 and Cyp8b1 [57, 58]. In parallel, our studies show 
that DSS treatment reduced FXR and FGFR4 expressions, 
which promoted BA synthetic enzymes' transcriptions 
(Cyp7a1, Cyp8b1, and Cyp27a1) and subsequent produc-
tion of total BAs in mice (Figs. 5, 6, and 7). On the contrary, 
5-ASA decreased the content of fecal BAs in DSS-treated 
mice by repressing the transcriptions of bile acid synthetic 
enzymes. Besides FXR, the hepatic TGR5 activation can 
trigger inflammatory responses by phosphorylating the ERK 
signaling [44]. Thus, the attenuated protein levels of hepatic 
TGR5 and p-ERK by 5-ASA should be helpful in relieving 
systemic inflammation in DSS-treated mice (Fig. 7c and 
d). Although, the enhanced TGR5 expression was benefi-
cial for the regeneration of intestinal epithelial cells [59]. 
However, the alteration of TGR5 in colon tissue was not 
significant after 5-ASA treatment (Fig. 6b). These data sup-
port the notion that 5-ASA affected the contents of fecal 
BAs by regulating the FXR and TGR5 signaling pathways 
in DSS-treated mice. In a clinical study, IBD was accom-
panied by a decreased level of ASBT [60], implying that 
5-ASA may reduce the fecal bile acid levels of DSS-treated 
mice by increasing ASBT expression and then promoting 
ASBT-dependent BA reabsorption. However, our result 
shows that 5-ASA elevated the mRNA and protein levels of 
ASBT in conventional colitis mice (Fig. 6a and b), not the 
gut microbiota-depleted colitis mice (Fig. 9a and b). This 
proved that the down-regulated effect of 5-ASA on intestinal 
bile acids should be initiated through its regulation of gut 
microbiota. Then, Spearman's correlation analysis revealed 
that these bile acid metabolism-related regulators correlated 
with the most altered bacterial genera in DSS-treated mice 
(Supplementary Fig. 3).

In a previous study, the authors found the regulation 
of 5-ASA on gut microbiota in UC patients, but they 
did not verify the role of intestinal flora in UC treat-
ment [21]. In this study, we further proved the neces-
sity of gut microbiota in the therapeutic effect of 5-ASA 
on colitis by conducting a germ-depletion experiment 
(Figs. 8 and 9). Noticeably, the inflammatory responses 
in colon tissues of DSS-treated mice were not suppressed 
by the antibiotic mixture (Fig. 8), suggesting that the 
DSS-induced colitis model should be convincible in 
the antibiotic-treated mice. In addition, 5-ASA failed to 
reverse the over-expression of pro-inflammatory factors 
in DSS-treat mice with germ-depleted (Fig. 8f), proving 
that 5-ASA had no direct anti-inflammatory effect on 
mouse colitis. We presume that 5-ASA may initiate an 

indirect therapeutic effect on colitis through two path-
ways: (1) 5-ASA affected the abundances or metabolic 
activities of gut microbiota, which then led to the changes 
of intestinal metabolites like bile acids and indole; (2) 
5-ASA was metabolized to new products (like N-acetyl-
5-ASA) by intestinal bacteria. Next, bile acids, indole, 
N-acetayl-5-ASA, and other intestinal metabolites dis-
played anti-inflammatory or additional pharmacological 
effects on colitis. For instance, 5-ASA was metabolized 
by gut microbiota mainly colonized in the colonic tract 
after the administration [61]. In a previous report, the 
mucosal concentration of N-acetyl-5-ASA was related 
to endoscopic activity in ulcerative colitis patients [62]. 
As expected, 5-ASA showed no regulatory effect on 
the changes of bile acid metabolism indicators in DSS-
induced colitis mice with germ depletion (Fig.  9 and 
Supplementary Fig. 6). From the above, we elucidated 
that reshaping the disordered gut microbiota community 
should benefit the BA metabolism and subsequent colitis 
alleviation.

In summary, our studies documented that 5-ASA 
improved colitis symptoms in DSS-treated mice, such as 
increased body weight gain and colon length, decreased 
DAI score and spleen index, and ameliorated gut barrier 
damage. The underlying molecular mechanisms of 5-ASA 
include: (1) reshaping of imbalanced gut microbiota struc-
ture; (2) restoring of bile acid metabolism; (3) mitigation 
of colonic inflammation. These findings provide new theo-
retical evidence for the clinical application of 5-ASA in 
colitis treatment.
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