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KEYWORDS Abstract Ulcerative colitis (UC) is a chronic inflammatory bowel disease caused by many factors
Ulcerative colitis; including colonic inflammation and microbiota dysbiosis. Previous studies have indicated that
Celastrol; celastrol (CSR) has strong anti-inflammatory and immune-inhibitory effects. Here, we investigated
Gut microbiota; the effects of CSR on colonic inflammation and mucosal immunity in an experimental colitis model,
Treg/Th balance; and addressed the mechanism by which CSR exerts the protective effects. We characterized the ther-
Metabolomics apeutic effects and the potential mechanism of CSR on treating UC using histological staining,

intestinal permeability assay, cytokine assay, flow cytometry, fecal microbiota transplantation
(FMT), 16S rRNA sequencing, untargeted metabolomics, and cell differentiation. CSR administra-
tion significantly ameliorated the dextran sodium sulfate (DSS)-induced colitis in mice, which was
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evidenced by the recovered body weight and colon length as well as the decreased disease activity
index (DAI) score and intestinal permeability. Meanwhile, CSR down-regulated the production of
pro-inflammatory cytokines and up-regulated the amount of anti-inflammatory mediators at
both mRNA and protein levels, and improved the balances of Treg/Thl and Treg/Th17 to maintain
the colonic immune homeostasis. Notably, all the therapeutic effects were exerted in a
gut microbiota-dependent manner. Furthermore, CSR treatment increased the gut microbiota
diversity and changed the compositions of the gut microbiota and metabolites, which is probably
associated with the gut microbiota-mediated protective effects. In conclusion, this study provides
the strong evidence that CSR may be a promising therapeutic drug for UC.

Introduction

Ulcerative colitis (UC) is one of the two major forms of inflam-
matory bowel diseases (IBDs), which is featured with diffuse
inflammation in the colonic mucosa. With the poor life quality
and the high morbidity and risk of colitis-related colorectal
cancer, UC has become a public health threat [1,2]. The cur-
rent treatment strategies for UC include oral and/or topical
S-aminosalicylic acid, local and systemic corticosteroids, and
a combined therapy with anti-tumor necrosis factor (TNF)
and immunomodulator, depending on the severity, distribu-
tion, and pattern of the disease. Among these treatment strate-
gies, S5-aminosalicylic acid is the recommended first-line
medication for induction and maintenance therapy [3,4]. Due
to the low remission rate of new drugs or the secondary loss
of therapeutic effects, the majority of patients unresponsive
to these therapies will eventually undergo surgery [5].

The pathogenesis of UC still remains unclear. Several fac-
tors, including the genetic susceptibility, dysregulated immune
responses, imbalanced gut microbiota, and environmental
exposure, have been reported to be implicated [6]. The imbal-
ance between T helper (Th) cells and regulatory T (Treg) cells
has been proven to be correlated with the occurrence and
severity of UC [7]. During UC progression, Th1 and Th17 cells
are usually accumulating and exerting pathogenic effects by
releasing  the  pro-inflammatory  cytokines including
interferon-y (IFN-y) and interleukin-17A (IL-17A), respec-
tively. While Treg cells are down-regulated, which inhibit the
activities of Thl and Th17 cells through intercellular commu-
nication [8—13].

It has been strongly implicated that in addition to the gut
microbiota-derived signals, the composition and function of
gut microbiota have been altered markedly in patients with
UC [14]. The gut microbiota and its metabolites exert bidirec-
tional effects on each other. Dysbiosis of gut microbiota is able
to skew the balance of Treg/Thl7 cells, trigger exaggerated
inflammatory responses, and alter the gut microbiota-derived
metabolites in UC [15]. The gut microbiota-derived metabo-
lites exert important and diverse effects on host physiology
and are detectable in a wide range of biological tissues [15—
17]. The reduction of several gut microbiota-derived metabo-
lite classes is the focus of severe inflammation as well as UC,
of which the prominent members are short-chain fatty acids
(SCFAs), bile acid derivatives, and tryptophan metabolites
[14]. The metabolites are reported to be protective in colitis
through expanding the pool of intestinal Treg cell [18], produc-
ing antimicrobial peptides [19,20], and maintaining the muco-
sal immunity and homeostasis [21,22]. Therefore, maintaining
the homeostasis of gut microbiota might be a promising ther-
apeutic strategy for UC.

Celastrol (CSR) is the major component of a herb used in
Traditional Chinese Medicine for several centuries, which is
isolated from the root xylem of Tripterygium wilfordii. With
strong antioxidant, anti-inflammatory, and anti-cancer proper-
ties, accumulating evidence has indicated the medicinal useful-
ness of CSR in disparate clinical fields, including rheumatoid
arthritis, IBDs, systemic lupus erythematosus, osteoarthritis,
and allergy, as well as cancer and neurodegenerative disorders
[23]. In the mouse model of dextran sodium sulfate (DSS)-
induced colitis, the results have revealed that CSR ameliorates
acute intestinal injury and prevents the loss of intestinal epithe-
lial homeostasis via suppressing colonic oxidative stress,
inhibiting NLRP3 inflammasome and IL-23/IL-17 pathway,
reducing inflammatory cytokines, attenuating neutrophil infil-
tration, and up-regulating E-cadherin expression [24,25].

However, the intrinsic therapeutic mechanism of CSR on
UC still needs to be clarified. Given the vital role of gut micro-
biota dysbiosis and immune dysregulation in the pathogenesis
of UC, we sought to address the potential impacts of CSR on
gut micro-ecosystem and immune system in DSS-induced col-
itis in mouse model.

Results

CSR administration ameliorates DSS-induced colitis

To investigate the therapeutic effects of CSR (Figure S1A) on
UC, DSS-induced colitis model was established in this study.
Mice were treated with 3.0% DSS in the drinking water, and
CSR suspended in saline was administered by oral gavage
for 7 days (Figure 1A). Compared to the DSS+ group, CSR
administration ameliorated DSS-induced colitis in the
DSS+CSR+ group, as evidenced by the remarkably reduced
body weight loss (Figure 1B), and improved colon length (Fig-
ure 1C). Furthermore, the disease activity index (DAI) score
based on the assessment of stool consistency, bloody stool,
and weight loss was concord with the aforementioned results,
validating the curative effect of CSR on UC (Figure 1D). To
test the intestinal permeability, the mice were gavaged with flu-
orescein isothiocyanate conjugated dextran (FITC-dextran)
4 h before being euthanized. Compared to the DSS+ group,
mice in the DSS+CSR+ group exhibited a decreased serum
level of FITC-dextran, indicating the relatively intact epithelial
barrier (Figure 1E). Additionally, hematoxylin and eosin
(H&E) staining was performed to evaluate the extent of colon
injuries. Compared to DSS-induced colitis in the mice of the
DSS+ group, the distorted crypts, lost goblet cells, epithelial
injury, and the infiltrating inflammatory cells in the mucosa
and submucosa were remarkably alleviated in the mice of the
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Figure 1 CSR attenuates DSS-induced experimental colitis in mice

A. Schematic diagram illustrating the experimental design. B. Body weight change of each group (n = 10). C. Measurement of the length
of colons harvested from mice in each group (n = 10). D. The effect of CSR on DAI of mice in each group (n = 10). E. Mice in each
group received an oral gavage of FITC-dextran (0.5 mg/g) and the serum FITC-dextran concentration was determined 4 h later (n = 5). F.
H&E staining sections and histological scores of colon tissues from mice in each group (n 5). Scale bars, 1 mm (top) and 100 pm
(bottom). G. The expression levels of Occludin, Cdhl, Zo-1, and Muc?2 in colon tissues from mice in each group (n = 5). H. The expression
levels of pro-inflammatory cytokine genes in colon tissues from mice in each group (n = 5). I. The expression levels of anti-inflammatory
cytokine genes in colon tissues from mice in each group (n = 5). J. T-bet "CD4 " (Thl) cells and ROR-yt " CD4" (Th17) cells in the
spleen, MLN, and LPL of mice from the control, DSS+, and DSS+CSR+ groups were analyzed by flow cytometry and their percentages
were shown in the bar charts (n = 5). K. Foxp3"CD4" (Treg) cells in the spleen, MLN, and LPL of mice from the control, DSS+, and
DSS+CSR+ groups were analyzed by flow cytometry and their percentages were shown in the bar charts (n = 5). Data were presented as
mean = SEM. The one-way ANOVA with Tukey’s test was applied to test the significant differences among different groups. *, P < 0.05;
¥* P < 0.01; ** P < 0.001. CON, control; CSR, celastrol; DSS, dextran sodium sulfate; DAI, disease activity index; FITC, fluorescein
isothiocyanate; H&E, hematoxylin and eosin; MLN, mesenteric lymph node; LPL, lamina propria lymphocyte; SEM, standard error of
the mean; ANOVA, analysis of variance; FDS-A, forward scatter-area.

DSS+CSR+ group. These phenomena indicated that CSR
controlled colon inflammation and maintained epithelial bar-

inhibited the expression of Occludin, Cdhl, Zo-1, and Muc2,
which were rescued by CSR treatment (Figure 1G, Fig-

rier integrity well (Figure 1F), which was further confirmed
by Alcian blue staining revealing the intensity of goblet cells
(Figure S1B). Since tight junction plays a vital role in main-
taining the barrier of epithelia in colon, we next assessed the
expression of tight junction-related genes/proteins. Data
revealed that DSS up-regulated the expression of Claudin2,

ure S1C). Immune cells and the secreted inflammatory cytoki-
nes are important mediators for immune homeostasis in the
gut. Hence, we examined these mediators in the colon tissues.
The pro-inflammatory cytokine genes, including 7/-1f, 1l-17a,
Ifn-y, 1l-6, and Tnf-a, and the proteins such as IFN-y and
TNF-a in colon were down-regulated, while the
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anti-inflammatory cytokine genes 7gf-f and [l-10 were up-
regulated in colon tissues of mice in the DSS+CSR+ group
(Figure 1H and I, Figure SI1C). The frequencies of
IFN-y"CD4" and IL-17A"CD4™ T cells in the spleen and
mesenteric lymph node (MLN) in DSS+CSR+ group were
reduced (Figure S1D). Meanwhile, the percentages of
T-bet "CD4" and ROR-yt"CD4" T cells in the spleen,
MLN, and colonic lamina propria lymphocyte (LPL), were
down-regulated, while the percentages of Foxp3"CD4" T
cells were up-regulated in the spleen, MLN, and colonic LPL
of mice in the DSS4+CSR+ group (Figure 1J and K).

Paneth cells are an important source of antimicrobial pep-
tides in the intestine which secrete several antimicrobial pep-
tides, such as Lysozyme, Reglll, cryptdin4, and cryptdin5.
gRT-PCR was performed to test the expression of the anti-
microbial peptides. And the results showed that the levels of
these antimicrobial peptides were up-regulated in both the
DSS+ and DSS+CSR+ groups. In addition, the mRNA level
of Reglll in the DSS+ group was higher than that in the
DSS+CSR+ group (Figure SIE). Together, these results indi-
cate that CSR can prevent DSS-induced colitis.

CSR promotes the differentiation of Treg cells in vitro

To further explore whether CSR directly regulates T cell differ-
entiation, naive CD4™ T cells were isolated from the spleen of
the wild-type (WT) mice and co-cultured with different con-
centrations of CSR under the corresponding conditions for
Thl, Thl7, and Treg cell differentiation in vitro. The results
showed that CSR had no effect on the differentiation of
IFN-y"CD4™" T cells and IL-17A"CD4™ T cells in the indi-
cated CSR concentrations. However, Foxp3 " CD4" T cells
were elevated when the concentration of CSR was 4 puM
(Figure S2).

CSR alleviates colitis in a gut microbiota-dependent manner

To investigate whether gut microbiota mediates the protective
effects of CSR on DSS-induced colitis, the WT mice were trea-
ted with quadruple antibiotic cocktail (ABX) for gut micro-
biota depletion before DSS treatment (Figure 2A). Following
the 3-week ABX treatment, the gut microbiota including
Eubacteria, Lactobacillus, mouse intestinal Bacteroides
(MIB), and Eubacterium rectale-Clostridium coccoides were
significantly decreased in the fecal samples of ABX-treated
mice compared to those of the untreated mice (Figure S3A),
which was consistent with the previous research [26]. More-
over, there was no difference in the morphology of liver, kid-
ney, intestine, and colon, and the serum levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
blood urea nitrogen (BUN), and creatinine (CRE) after ABX
treatment compared to the untreated mice, indicating the
non-organ toxicity of ABX treatment (Figure S3B and C).
Impressively, the therapeutic effects of CSR were disappeared
after gut microbiota depletion. The mice in the ABX+DSS+
group and those in the ABX+DSS+CSR+ group displayed
no significant difference in the following indices: body weight
(Figure 2B), colon length (Figure 2C), DAI score (Figure 2D),
intestinal permeability (Figure 2E), histological changes and
scores (Figure 2F), the intensity of goblet cells (Figure S4A),
the expression levels of tight junction-related genes/proteins

(Figure 2G, Figure S4B), the expression levels of pro-
inflammatory cytokine genes (Figure 2H), and the expression
levels of anti-inflammatory cytokine genes (Figure 21). In addi-
tion, the percentages of T-bet " CD4", ROR-yt"CD4™", and
Foxp3"CD4" T cells in the spleen, MLN, and colonic
LPL (Figure 2J and K), as well as the percentages of
IFN-y"CD4" and IL-17A"CD4™ T cells in the spleen and
MLN (Figure S4C), showed no significant difference between
the ABX+DSS+ group and ABX+DSS+CSR+ group. These
results demonstrate that the protective effects of CSR on coli-
tis is gut microbiota-dependent.

Fecal microbiota transplantation mitigates colitis

To gain deeper insight into the protective effects of CSR about
how it regulates the gut microbiota, we conducted a fecal
microbiota transplantation (FMT) experiment. Fecal micro-
biota from the mice of the DSS—CSR—, DSS+CSR— and
DSS+CSR+ groups were transferred into DSS-induced colitic
mice, respectively (Figure 3A). Compared to the mice with
FMT from the DSS—CSR— group, the mice with FMT from
the DSS4+CSR— group showed the more serious weight loss
(Figure 3B) and colon shortening (Figure 3C), higher DAI
score (Figure 3D), higher intestinal permeability (Figure 3E),
higher histology score (Figure 3F), less goblet cells (Fig-
ure S5A), and lower expression levels of tight junction-
related genes/proteins (Figure 3G, Figure S5B), which were
completely reversed in the mice with FMT from the
DSS+CSR+ group. Representative microscopic H&E staining
and Alcian blue staining pictures are shown in Figure 3F and
Figure S5A. Furthermore, compared to the mice with FMT
from the DSS—CSR— group, the frequencies of Thl and
Th17 cells and the expression levels of pro-inflammatory cyto-
kine genes were increased, while the expression levels of anti-
inflammatory cytokine genes were decreased in the mice with
FMT from the DSS+CSR— group. Again, all the aforemen-
tioned disease-modifying tendencies were reversed in the mice
with FMT from the DSS+CSR+ group (Figure 3H-K, Fig-
ure S5B and C). These FMT results indicate that gut micro-
biota in mice from the DSS+CSR+ group is responsible for
the alleviated colitis.

CSR significantly influences the gut microbiota

It has been reported that gut microbiota plays important roles
in maintaining intestinal homeostasis and T cell functions.
High-throughput sequencing analysis of the 16S rRNA gene
in fecal bacterial DNA isolated from the mice in the control,
DSS+, and DSS+CSR+ groups was performed to investigate
whether CSR alters gut microbiome. We initially measured the
gut microbial alpha diversity through different indices, includ-
ing observed species, Chao, ace, and PD_whole tree indices,
and found that, compared to the DSS+ group, the mice in
the DSS+CSR+ group harbored a microbiota with higher
alpha diversity (Figure 4A). To further explore the diversity
of the gut microbiota, we measured the beta diversity and then
performed a principal coordinate analysis (PCoA) using the
binary-jaccard distance and unweighted-unifrac distance algo-
rithms. The obvious clustering separation between operational
taxonomic units (OTUs) reveals the different community
structures among the three groups, indicating that these
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Figure 2 Effects of CSR on DSS-induced colitis after pretreatment with ABX

A. Schematic diagram illustrating the experimental design. B. Body weight change of each group (n = 10). C. Measurement of the length
of colons harvested from mice in each group (n = 10). D. The effect of CSR on DAI of mice in each group (n = 10). E. Mice in each
group received an oral gavage of FITC-dextran (0.5 mg/g) and the serum FITC-dextran concentration was determined 4 h later (n = 5).
F. H&E staining sections and histological scores of colon tissues from mice in each group (n = 5). Scale bars, I mm (top) and 100 pm
(bottom). G. The expression levels of Occludin, Cdhl, Zo-1, and Muc?2 in colon tissues from mice in each group (n = 5). H. The expression
levels of pro-inflammatory cytokine genes in colon tissues from mice in each group (n = 5). I. The expression levels of anti-inflammatory
cytokine genes in colon tissues from mice in each group (n = 5). J. T-bet "CD4 " (Thl) cells and ROR-yt"CD4 " (Th17) cells in the
spleen, MLN, and LPL of mice from the ABX+, ABX+DSS+, and ABX+DSS+CSR+ groups were analyzed by flow cytometry and
their percentages were shown in the bar charts (n = 5). K. Foxp3"CD4" (Treg) cells in the spleen, MLN, and LPL of mice from the
ABX+, ABX+DSS+, and ABX+DSS+CSR+ groups were analyzed by flow cytometry and their percentages were shown in the bar
charts (n = 5). Data were presented as mean = SEM. The one-way ANOVA with Tukey’s test was applied to test the significant
differences among different groups. *, P < 0.05; **, P < 0.01; *** P < 0.001. ABX, antibiotic cocktail.

communities are different in composition and structure
(Figure 4B).

Subsequently, we evaluated the gut microbiota in all sam-
ples to find possible compositional differences among the three
groups. At the phylum level, the most abundant phyla were
Bacteroidetes and Firmicutes in all samples. Additionally,
the ratio of Firmicutes to Bacteroidetes (F/B) showed no sig-
nificant difference among the three groups (Figure S6A). Tax-
onomic compositions of the three groups were also compared
at the class/order/family level (Figure S6B-D). At the genus

level, the three groups displayed obviously differential taxo-
nomic compositions (Figure S6E). The differential bacterial
genera with higher relative abundance in three groups were
analyzed. Alloprevotella and Odoribacter displayed relatively
higher abundance in the DSS+ and DSS+4+CSR+ groups,
whereas the unidentified_Lachnospiraceae was more abundant
in the control group (Figure S6F).

To confirm which bacteria were changed by CSR treat-
ment, we conducted high-dimensional class comparisons using
the linear discriminant analysis (LDA) of effect size (LEfSe),
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Figure 3  Fecal transplants from CSR-treated mice confer the protection for colitic mice

A. Schematic diagram illustrating the experimental design. B. Body weight change of each group (n = 10). C. Measurement of the length
of colons harvested from mice in each group (n = 10). D. The effect of CSR on DAI of mice in each group (n = 10). E. Mice in each
group received an oral gavage of FITC-dextran (0.5 mg/g) and the serum FITC-dextran concentration was determined 4 h later (n = 95).
F. H&E staining sections and histological scores of colon tissues from mice in each group (n = 5). Scale bars, | mm (top) and 100 pm
(bottom). G. The expression levels of Occludin, Cdhl, Zo-1, and Muc?2 in colon tissues from mice in each group (n = 5). H. The expression
levels of pro-inflammatory cytokine genes in colon tissues from mice in each group (n = 5). I. The expression levels of anti-inflammatory
cytokine genes in colon tissues from mice in each group (n = 5). J. T-bet "CD4™ (Thl) cells and ROR-yt"CD4 " (Th17) cells in the
spleen, MLN, and LPL from mice with FMT from the DSS—CSR—, DSS+CSR—, and DSS+CSR+ groups were analyzed by flow
cytometry and their percentages were shown in the bar charts (n = 5). K. Foxp3 " CD4" (Treg) cells in the spleen, MLN, and LPL from
mice with FMT from the DSS—CSR—, DSS+CSR—, and DSS+CSR+ groups were analyzed by flow cytometry and their percentages
were shown in the bar charts (n = 5). Data were presented as mean + SEM. The one-way ANOVA with Tukey’s test was applied to test
the significant differences among different groups. *, P < 0.05; **, P < 0.01; *** P < 0.001. FMT, fecal microbiota transplantation.

and looked for differences in the predominance of bacterial groups was shown in the comparison heatmap (Figure 4E).
communities among the three groups (Figure 4C and D). Similarly, the genera Alloprevotella and Butyricicoccus dis-
The results showed that Odoribacter and Marinifilaceae were played a relatively higher abundance in the DSS+CSR+
the key types of bacteria resulting in the gut microbiota dys- group, while the genus Odoribacter was significantly enriched
biosis in the DSS-induced colitic mice. However, Prevotel- in the DSS+ group, which was consistent with the LEfSe
laceae, Alloprevotella, Paraprevotella, and Butyricicoccus results. In conclusion, CSR treatment significantly alters the
displayed a relative enrichment in the DSS+CSR+ group, gut microbiota diversity and composition.

which might be associated with the CSR-mediated alleviation Next, we compared the gut microbiomes between mice

of colitis. Based on the OTU abundance at the genus level, from the DSS—CSR— and DSS—CSR+ groups. We measured
the inter-group difference of gut microbiota among the three the gut microbial alpha diversity through different indices,
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Figure 4 CSR treatment significantly alters the gut microbiota diversity and composition

A. Alpha diversity boxplot (observed species, Chao, ace, and PD_whole tree). B. PCoA using binary-jaccard and unweighted-uniFrac of
beta diversity. C. Taxonomic cladogram from LEfSe, depicting taxonomic association between microbiota communities from the control,
DSS+, and DSS+CSR+ groups. D. LDA score computed from features differently abundant among the control, DSS+, and
DSS+CSR+ groups. E. Heatmap of selected most differently abundant features at the genus level. Blue represents less abundant, white
represents intermediate abundance, and red represents the most abundant. Each block represents an individual mouse. PCoA, principal
coordinate analysis; LDA, linear discriminant analysis; PCo, principal coordinate; LEfSe, linear discriminant analysis of effect size.
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including observed species, Chao, PD_whole tree, and Simp-
son, and found that mice in the DSS—CSR+ group harbored
a microbiota with higher alpha diversity than that of the
DSS—CSR— group (Figure S7A). Unweighted-unifrac,
unweighted-¢_test, and unweighted-two_wilcox were used to
measure the gut microbial beta diversity. The results showed
that the DSS—CSR+ group harbored a microbiota with signif-
icantly higher beta diversity than that of the DSS—CSR—
group (Figure S7B). To further explore the diversity of the
gut microbiota, we performed a PCoA using the unweighted-
unifrac distance of beta diversity. The clustering separation
between OTUs revealed the different community structures
of the two groups (Figure S7C). Based on the OTU abundance
at the genus level, the inter-group difference of gut microbiota
among the two groups was shown in the comparison heatmap
(Figure S7D). Similar to the DSS+CSR+ group, the genera
Alloprevotella and Prevotellaceae displayed a relatively higher
abundance in the DSS—CSR+ group, which might be associ-
ated with the CSR-mediated alleviation of colitis.

CSR significantly alters gut metabolome

Metabolites are the major executors of gut microbiota in the
pathogenesis of inflammatory diseases [27]. Hence, to address
the role of CSR in affecting gut metabolites, we performed
non-target metabolomics analysis on the isolated feces of mice
from the DSS+ group and the DSS+CSR+ group. Partial
least-squares discrimination analysis (PLS-DA) and hierarchi-
cal clustering revealed that the metabolomic profile of the
DSS+CSR+ mice was remarkably different from that of the
DSS+ mice (Figure SA and B). Under both the negative and
positive ion modes, a total of 24 metabolites were more abun-
dant in the DSS-+CSR+ mice than in the DSS+ mice (Figure 5C
and D). Then the influences of these metabolites on the differen-
tiation of naive CD4™" T cells were explored in vitro, and we
found that pyruvate and adenosine showed their potential func-
tions. In details, pyruvate down-regulated the differentiation of
IFN-y"CD4" T cells and IL-17A"CD4™ T cells (Figure 6A
and B), and adenosine up-regulated the differentiation of
Foxp3"CD4™ T cells in vitro (Figure 6C). In summary, CSR
administration obviously alters the metabolome in colon, which
in turn affects the differentiation of naive T cells.

Furthermore, metabolites in mice from the DSS—CSR—
and DSS—CSR+ groups were measured. PLS-DA and hierar-
chical clustering revealed that the metabolomic profile of the
DSS—CSR+ group was significantly different from that of
the DSS—CSR— group (Figures S§A and B). Under both the
negative and positive ion modes, a total of 46 metabolites were
more abundant in the DSS—CSR+ group than in the
DSS—CSR— group. However, these differential metabolites
were not completely consistent with those identified between
the DSS+ and DSS+CSR+ groups. According to the afore-
mentioned results, CSR indeed alters the compositions of the
gut microbiota and metabolites directly. However, it is also
possible that the alleviation of colitis may play a certain regu-
latory role on the gut microbiota and metabolites.

Discussion

UC is a subtype of IBDs, which is characterized by chronic
recurrent inflammation of the colonic mucosa. The clinical

manifestations are recurrent abdominal pain, and loose and
bloody stools. Currently, drugs applied in the treatment are
challenged by insufficient effects, drug dependence, adverse
reactions, and high costs. Thus, it is worthy of in-depth inves-
tigation to find new UC therapies with better performance.
CSR, with prominent anti-inflammatory and antioxidant
effects, is anticipated to be an effective element in Tripterygium
wilfordii, which has been “clinically” tested in the Traditional
Chinese Medicine for thousand years. In this study, we system-
atically studied the therapeutic effects of CSR on DSS-induced
colitis in mice and its potential mechanism (Figure 7).

The symptom of DSS-induced colitis in mice is similar to
that of human UC, and the DSS-induced colitis model is a
well-acknowledged and widely-used animal model for studying
UC currently [28]. DSS-induced colitis in mice reveals the typ-
ical UC features, including inflammation that starts from the
distal colon and then involves in the proximal colon, body
weight loss, shortening of colon length, mucosal ulcers, and
infiltration of inflammatory granulocytes [29]. In this study,
we found that CSR significantly affected the intensity of
intestinal inflammation and reversed the imbalances of Treg/
Th17 and Treg/Thl in the intestinal mucosa. These results
are similar to those reported in previous studies, where the
beneficial effects of CSR on the Th17/Treg cell-mediated
responses have been revealed in the animal models of autoim-
mune arthritis and autoimmune encephalomyelitis [30,31].

Gut microbiota dysbiosis plays a vital role in the pathogen-
esis of UC [32,33], and various therapeutic microbial manipu-
lations (such as antibiotics, probiotics, prebiotics, and
microbiota transplantation) have been proved to be a promis-
ing treatment strategy [34-36]. To reveal the underlying thera-
peutic mechanism of CSR, we investigated whether gut
microbiota contributes to its protective effects. Notably, there
was no significant difference in the severity of colon inflamma-
tion between the ABX+DSS+ group and the
ABX+DSS+CSR+ group, indicating that the protective
effects of CSR disappear after depleting gut microbiota. Sub-
sequently, we conducted FMT to explore whether the protec-
tive effects of CSR are attributed to gut microbiota and are
transferable. In contrast to the feces from the DSS+CSR—
mice, the feces from the DSS+CSR+ mice alleviated the
inflammatory response and rectified the imbalances of Treg/
Thl and Treg/Th17 in DSS-induced colitic mice. The in vitro
experiments confirmed that, without the participation of gut
microbiota, CSR indeed lost its role in regulating the differen-
tiation of Thl, Th17, and Treg cells. Therefore, the immune-
mediating action of CSR is due to its influence on the gut
microbiota.

According to the literature, UC patients show a decrease in
the biological diversity of gut microbiota composition, which
is called dysbiosis and characterized by the loss of beneficial
bacteria and the expansion of pathogenic bacteria [15]. For
instance, the relative abundances of beneficial bacterial species
in UC patients, such as Prevotella copri and the butyrate-
producing bacterium Faecalibacterium prauznitzii, have been
shown to decrease remarkably. In this study, to further clarify
the influence of CSR on the structure and composition of gut
microbiota, the 16S rRNA sequencing was conducted. The
alpha diversity indices, including observed species, Chao,
ace, and PD_whole tree, revealed that the mice in the
DSS+CSR+ group harbored a higher diversity than those in
the DSS+ group. The beta diversity analysis revealed that



296 Genomics Proteomics Bioinformatics 20 (2022) 288-303

A Class -6 DSS+_neg -8~ DSS+CSR+ _neg Class - DSS+_pos -8 DSS+CSR+_pos
20 20
10 10
& g
9 5
3 g
8 >
s =
3 I
S
o S -10
T -0 4
-20
-20
-30
i 0 20 20 20
PCo1 (30.04%) PCo1 (27.41%)
R2Y: 0.93, Q2Y: 0.46 R2Y: 0.92, Q2Y: 0.31
B DSS+_neg DSS+CSR+ _neg DSS+_pos DSS+CSR+ _pos
I EEEE——
Zscore e —— —— 1-{4-hydroxyphenyl)-2-phenylethan-1
4 ISTINESS Aéen%\f\“exw ol g e e
: . Niivladenosine
g’ﬁ%ﬁ%‘s songwh% enne
2 ity - ouamicscd t S NahiNASCetc Acid
— —+ — = Glycine anhydride r § N e oxicized
- R g Phenyibutyric acil
0 — fhascose hhenylbu
; 2indoxyl suiphate ~ %aminasalic«ﬁic acid
BE (16101140 iy
-2 Suifoacetic é 17N
i £ oot s he-ncelol
N;AsetyiL phenylalanine — — e
-4 yipara CITHIAG
= : SRR e = 181868
[‘9#7' TGy N-propyitiouea e
i - L
— ENoleabr A ayanone
K N-ameinykoH-purin -amine Sifethonybenzaldenyde
ﬁ\misno’i (i nszqg%n)\?am St
Keopiern = {10
Prosiagiancin F1 — M350
— - o fﬁﬁiﬁm = GOHICIN302
35175 Dihycroxy-6-androsten-17-one = COMONILRS oo acid
= - pyruvate Morphdlinose
Koo alactosamine 4-sulfate - ratine
SR S
\SlevGIy‘cKr‘r e ac;:? oacd 1o 1%035
ik ' Cor 13
i egy:ap osphatidic aci ﬁg;\lny Glutathione
Biievelonolactone -E{;:rﬂompha»eIhy\)-N‘-(4—u|Ioropheny!)wea
fraconic acid = K1 Methanandamide phosphate
flmrss Bro.Le
- BpareThechionde
5 stitesio
(13 Eenzglamino)outy-2-methoxyphenol
— By
= —] TATIEN20
Sty
' Hydroau
- Shitihyianol
{ngob%g&"ﬁ Cacd
Zeath 7 ducosice
= = agsloside A
C AR epam-a7
BLArgnine
£ 8000 ® DSS+_neg
& -
o ®= DSS+CSR+_neg =5
~ 60004 s .
= 40004 * . £ * i
% — =
c = i ° .
2000 L i - - - ]
L - o & -
= T - .
400+ i‘ .
B .
t . .-, . =+
2004 - H
o

Analyte relative concentratiol
.
[

15001 * DSS+_pos . .
® DSS+CSR+_pos —- —
1000 . :
- 4]

500+ 2E s e $ s
*k Xk o X3 P . _I_ .
N . o ® <" X e et o i .

Analyte relative concentration (x 10°)




Li M et al | CSR Alleviates UC by Altering Gut Microbiota 297

A Control Pyruvate Adenosine
1 E .. E
Z 3 3 . 3 S 40
w 38.12 1 21.63 1 31.43 <
A 1 E : E 8 30
] ] ] [
E E e, E tg 20
E E| .. . 3 [a)
] i ¥ j i L 10
T . o
_ i E =
Ty,
é E ; § 1007 n.s
4] ] = 80-
: 75.69 J 54.52 J []
3 3 6ol
E E + 90
] ] )
] ] 401
3 3 3 +Q
< 20
] ] ] )
d d 4 = ol
T oy m iy Ty T L L) my L] T 00 *&\) e,(\0
c El 3 3 —~ 80
O 4 L | - =
e 4 4 8 607
] 3 q +
] ] ] < 40
] ] ] Q 20
q q E
E oo
- PR . . \\(} \\6@ é\Q\o
Tr—r e A LA e e S & 9O
O oV ¢
» CD4

Figure 6  The influence of pyruvate and adenosine treatments on T cell differentiation in vitro

Spleen naive CD4 ™" T cells from C57BL/6 mice were cultured under Thl, Th17, or Treg skewing condition in the presence or absence of
pyruvate or adenosine. A. IFN-y"CD4 " (Th1) cells from the cotrol, pyruvate-treated, and adenosine-treated groups were analyzed by
flow cytometry, and their mean proportions were shown in the bar chart. B. IL-17A"CD4 " (Th17) cells from the cotrol, pyruvate-treated,
and adenosine-treated groups were analyzed by flow cytometry, and their mean proportions were shown in the bar chart. C. Foxp3 " CD4 "
(Treg) cells from the cotrol, pyruvate-treated, and adenosine-treated groups were analyzed by flow cytometry, and their mean proportion
were shown in the bar chart. Data were presented as mean £ SEM. The one-way ANOVA with Tukey’s test was applied to compare the
differences among different groups. *, P < 0.05; ** P < 0.01; *** P < 0.001; n.s., not significant.

the DSS+CSR+ mice displayed an apparent clustering separa-
tion from the DSS+ mice through PCoA, indicating that CSR
treatment markedly transforms the biological community
structures. Furthermore, the LEfSe analysis among the con-
trol, DSS+, and DSS+CSR+ groups revealed that Odoribac-
ter and Marinifilaceae were the key types of bacteria in the
DSS+ group. Meanwhile, four signature bacterial taxa, includ-
ing Prevotellaceae, Alloprevotella, Paraprevotella, and Butyrici-
coccus, displayed a relative enrichment in the DSS4+CSR-+
group. Given that the dysbiosis in patients with IBD is related
to the decrease in the number of SCFA/butyrate-producing

bacteria [37], the obtained results may indicate a favorable
action of CSR on the course of UC. Moreover, the Prevotel-
laceae genus, with the most predominance and the highest
LDA score in the DSS+CSR+ group, has been reported to
be associated with the remission of IBD [38]. Additionally,
Alloprevotella has been reported to be related to the decreased
lifetime of cardiovascular disease [39], which strengthens the
importance of the present findings.

A previous study has illuminated that the metabolites of gut
microbiota, such as SCFAs, impose a profound impact on
inflammation of IBD [40]. We used untargeted metabolomics

<

Figure 5 CSR treatment significantly alter gut metabolome

A. PLS-DA of metabolomic profile. B. Hierarchical clustering of metabolites. C. Relative concentration of metabolites under the negative
ion mode in the DSS+ group and DSS+CSR+ group. D. Relative concentration of metabolites under the positive ion mode in the
DSS+ group and DSS+CSR+ group. Data were pooled in one independent experiment and presented as mean = SEM. The Student’s
t-test was applied to compare the differences among two groups. *, P < 0.05; **, P < 0.01; *** P < 0.001. pos, positive; neg, negative;
PLS-DA, partial least-squares discrimination analysis.
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Figure 7 Schematic depicting the protective effects of CSR on DSS-induced colitis

analysis to investigate the potential alteration in metabolome
after CSR treatment. The results showed that the concentra-
tions of pyruvate, L-ascorbate, and adenosine were higher in
the DSS+CSR+ group. Pyruvate is a key metabolite of micro-
bial cells and the end product of glycolysis, as well as the major
metabolite of amino acid and protein metabolism. This acid
could prevent hydrogen peroxide-induced apoptosis and
enhance the metabolism of fatty acid [41,42]. Fatty acid, with
the effects of anti-inflammation and promoting autophagy, is
obviously decreased in patients with UC. Moreover, indole-
3-pyruvate has also proved to alleviate the inflammation of
colon in experimental colitic mice [43]. L-ascorbate could
attenuate the production of endotoxin-induced inflammatory
mediators by inhibiting mitogen-activated protein kinase
(MAPK) activation and NF-xB translocation, and these two
signal pathways are activated in IBD [44]. It has also been
reported that coordination of ENT2-dependent adenosine
transport and signaling could dampen mucosal inflammation
[45]. All in all, the up-regulated pyruvate, L-ascorbate, and
adenosine might perform their anti-inflammatory effects in a
certain way in colitis.

In conclusion, our data demonstrated that CSR ameliorates
colon inflammation in a gut microbiota-dependent manner.
Although the anti-inflammatory and immunosuppressive
properties of CSR have been well described and discussed
[25], its effects on the gut microbiota have been not studied.
Our study revealed that the underlying protective mechanism
of therapeutic action of CSR is associated not only with the
rectification of the Treg/Thl and Treg/Th17 balances and
the down-regulation of inflammatory cytokines but also with
the modulation of microbiota structure and metabolome.
Although the exact role of gut microbiota needs to be further
investigated, this study opens up a new direction in the study
of traditional medicines.

Materials and methods

Reagents

CSR was purchased from Chem Faces (Catalog No.
CFN99198, Wuhan, China).

Animals

Male BALB/c mice (8 weeks old, 18-22 g) were purchased
from the Experimental Animal Center of Huazhong University
of Science and Technology (Wuhan, China). These animals
were socially housed at relatively constant humidity (40%—
60%), temperature (22 °C-24 °C), and a 12-h light/dark cycle,
and maintained on a normal chow diet with free access to
water. All mice were allowed for 1 week housing before the
experiment, and then randomly separated into three groups:
normal control, DSS+, and DSS4+CSR+. The acute experi-
mental colitis model was induced according to a previous study
[46]. Briefly, mice in the DSS+CSR+ and DSS+ groups were
administrated with 3.0% (W/V) DSS (molecular weight:
36,000-50,000 Da; Catalog No. 160110, MP Biomedicals,
Santa Ana, CA) supplemented in filter-purified drinking water
for consecutive 7 days, coupled with administration of CSR
(1 mg/kg) and equal amount of saline by oral gavage once
daily, respectively. Similarly, the normal control group was
given distilled water with equal amount of saline by oral gav-
age once daily. During the DSS treatment, the morbidity, body
weight, stool consistency, and stool occult blood of mice were
daily monitored. The severity of colitis was measured by DAI
score as previously described [47]. The colon length was mea-
sured when the mice were euthanized by excessive pentobarbi-
tal sodium.
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Depletion of the gut microbiota

For the gut microbiota depletion experiment, mice were ran-
domly divided into three groups: ABX+, ABX+DSS+, and
ABX+DSS+CSR+. Mice in these three groups were treated
with an ABX, including 1 g/l ampicillin (Catalog No.
A830931, Macklin, Shanghai, China), 1 g/l neomycin (Catalog
No. N6063, Sigma, St. Louis, MO), 1 g/l metronidazole (Cata-
log No. M813526, Sigma), and 0.5 g/l vancomycin (Catalog No.
V871983; Macklin), in drinking water for 3 weeks. Subse-
quently, the mice in ABX+DSS+ and ABX+DSS+CSR+
groups were treated with 3% DSS in drinking water for consec-
utive 7 days, coupled with administration of CSR (1 mg/kg) and
equal amount of saline by oral gavage once daily, respectively;
the mice in the ABX+ group were given distilled water with
equal amount of saline by oral gavage once daily for 7 days.

FMT

FMT was performed based on the protocol as previously
described [47]. Briefly, donor mice were randomly divided into
three groups including the DSS—CSR—, DSS+CSR—, and
DSS+CSR+ groups. The DSS+CSR+ and DSS+CSR—
groups were treated with DSS diluted in drinking water for
consecutive 7 days, coupled with administration of CSR
(1 mg/kg) and equal amount of saline by oral gavage once
daily, respectively; the DSS—CSR— group was given distilled
water with equal amount of saline by oral gavage once daily
for 7 days. After the 7-day treatments, the donor mice were
housed for another 5 days. Then, the stools from each donor
group were collected daily under a laminar flow hood in sterile
conditions. Then, the samples were pooled, and 100 mg of the
pooled sample was resuspended in 1 ml of sterile saline. The
solution was vigorously mixed for 10 s followed by centrifuga-
tion at 800 g for 3 min. Then, the supernatant was collected
and used as transplant material by oral gavage within
10 min to prevent changes in bacterial composition. Recipient
mice were randomly divided into three groups. Each group of
recipient mice were treated with DSS to induce colitis and
simultaneously administrated with 200 pl freshly prepared
supernatant per day for 7 days.

Intestinal permeability assay

Intestinal permeability was assessed by the FITC-dextran tra-
cer (molecular weight: 4000 Da; Catalog No. 68059, Sigma).
Mice were fasted overnight and then administered with 0.5 ml
FITC-dextran by oral gavage 4 h before being euthanized.
Then, blood samples were collected when mice were eutha-
nized, and the samples were centrifuged at 6000 g for 90 s. Con-
centration of FITC-dextran was determined using fluorescence
spectrometry at the excitation wavelength of 488 nm and the
emission wavelength of 520 nm within 5 min [48].

Histopathology and Alcian blue staining

The colons were emptied of fecal contents, opened longitudi-
nally along the mesenteric border, formed a Swiss-Roll from
the proximal to the distal end, and then placed in 4%
paraformaldehyde for 24 h. The Swiss-Rolls were transferred
to paraffin-embedded blocks to generate 5-pum-thick sections

for H&E staining followed by blind assessment by a patholo-
gist. The 5-pum-thick sections were also stained with Alcian
blue periodic acid following the standard protocol. Slices were
visualized under a light microscope (Catalog No. GSL-10/
GSL-120/MBS, Leica, Weztlar, Germany).

Mouse colonic LPL isolation

Mouse colons were opened longitudinally and washed with cold
phosphate-buffered saline (PBS) supplemented with 1 M Hepes
to remove the fecal contents. Pooled colons were cut into 0.5-cm
pieces and washed with 25 ml of hank’s balanced salt solution
(HBSS; Catalog No. C14175500BT, Gibco, Grand Island,
NY) containing 1 M Hepes and 500 mM ethylene diamine
tetraacetic acid (EDTA) on an orbital shaker at 100 r/min for
25 min at 37 °C. Then, the colon pieces were washed twice using
cold PBS supplemented with 1 M Hepes. After washing, the
colons were finely cut and digested with 10 ml Roswell Park
Memorial Institute (RPMI) 1640 (Catalog No. 11875-119,
Gibco) containing 1 mg/ml DNase [ (Catalog No.
10104159001, Roche, Mannheim, Germany) and 0.5 mg/ml
Type-D Collagenase (Catalog No. 11088858001, Roche) on
an orbital shaker at 100 r/min for 15 min at 37 °C. After diges-
tion, the colonic LPL cells were filtered through 100-pm strai-
ner, centrifuged at 1650 r/min for 5 min at 4 °C, and finally
resuspended in 500 pl PBS for flow cytometric analysis [49].

Flow cytometry

Flow cytometry was performed as described previously [50].
Briefly, single-cell suspensions were stained with indicated
antibodies diluted by PBS supplemented with 2% fetal bovine
serum (FBS) and 0.5% bovine serum albumin (BSA) for sur-
face markers. For the staining of intracellular cytokines
IFN-y and IL-17A, cells were incubated and stimulated with
200 ng/ml phorbol myristate acetate (PMA) (Catalog No.
BML-PE160-0005, Enzo, Farmingdale, NY), 1 ug/ml iono-
mycin (Catalog No. ALX-450-007-M001, Enzo), and 1 pg/ml
brefeldin A (Catalog No. 00-4506-51, eBioscience, Carlsbad,
CA) at 37 °C for 6 h. Then, the cultured cells were collected,
washed, stained for surface markers CD45 and CD4 for
20 min, fixed and permeabilized with fixation and permeabi-
lization buffer (Catalog No. 88-8824-00, ThermoFisher Scien-
tific, Waltham, MA) at room temperature for 30 min, and then
stained intracellularly with anti-IFN-y and anti-IL-17A anti-
bodies for 30 min. For Foxp3, T-bet, and ROR-yt staining,
the cells were stained for surface markers such as CD45 and
CD4, followed by fixation and permeabilization with fixation
and permeabilization buffer (Catalog No. 88-8824-00, Ther-
moFisher Scientific) at room temperature for 30 min. After
washes, the cells were then stained with anti-Foxp3, anti-
T-bet, or anti-ROR-yt antibody as instructed. All samples
were detected by flow cytometry (CytoFLEX LX, Beckman
Coulter, Pasadena, CA) and analyzed with the CytExpert 2.0
software. Antibodies used for flow cytometry included anti-
mouse CD45-FITC (Catalog No. 553080, BD Biosciences,
Franklin Lakes, NJ), CD4-PE/Cy7 (Catalog No. 552775, BD
Biosciences), IL-17A-PE (Catalog No. 561020, BD Bio-
sciences), IFN-y-APC (Catalog No. 562018, BD Biosciences),
ROR-yt-BV421 (Catalog No. 562894, BD Biosciences),
Foxp3-PE (Catalog No. 12-5773-82, ThermoFisher Scientific),
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T-bet-APC (Catalog No. 561264, BD Biosciences), and Fix-
able Viability Stain 510 (Catalog No. 564406, BD Biosciences).
Flow gating strategies for each cell population are shown in
Figure S9.

qRT-PCR

Total RNA was extracted from colonic tissues using RNAiso
Plus (Catalog No. 9109, TaKaRa, Dalian, China) according
to the manufacturer’s protocols. Then, cDNA was synthesized
using PrimeScript RT Master Mix (Catalog No. RRO36A,
TaKaRa), and analyzed to explore gene expression changes
using SYBR Premix Ex Taq (Catalog No. RR420A, TaKaRa).
The relative expression levels of genes in tissues were normalized
to ACTB. The sequences of all primers are listed in Table S1.

Immunohistochemistry

Colonic tissues were fixed, paraffin-embedded, and sectioned
(4 pm). The deparaffinized and rehydrated sections were sub-
jected to antigen retrieval using sodium citrate buffer. After
incubation with 10% normal goat serum (Catalog No.
WGAR1009-5, Servicebio, Wuhan, China) for 1 h, the sections
were incubated with primary antibody overnight at 4 °C. Anti-
bodies used for flow cytometry included anti-mouse Occludin
(Catalog No. DF7504, Affinity, Liyang, China), Zo-1 (Catalog
No. AF5145, Affinity), Claudin-2 (Catalog No. AFO0128,
Affinity), IFN-y (Catalog No. DF6045, Affinity), TNF-a (Cat-
alog No. AF7014, Affinity). The subsequent procedures were
performed according to the manufacturer’s instructions.

Fecal genomic DNA extraction and 16S rRNA sequencing

The mice used for gut microbiota sequencing were age-
matched litter mates. Fecal genomic DNA extraction and
16S rRNA sequencing were performed at Novogene (Beijing,
China). Total genome DNA from fecal samples was extracted
using the hexadecyltrimethylammonium bromide/sodium
dodecyl sulfate (CTAB/SDS) method. Concentration and pur-
ity of DNA were monitored on 1% agarose gels. According to
the concentration, DNA was diluted into 1 ng/ul using sterile
water. The V3-V4 variable regions of thel6S rRNA genes were
amplified using specific primers with the barcode. All PCR
reactions were carried out using Phusion High-Fidelity PCR
Master Mix (Catalog No. M0531S, New England Biolabs,
Lpswich, MA). The PCR products were then mixed with the
same volume of 1x loading buffer (containing SYBR green)
and detected by electrophoresis on 2% agarose gel. Different
PCR products were mixed in equidensity ratios. Then, mixed
PCR products were purified with GeneJET Gel Extraction
Kit (Catalog No. K0691, ThermoFisher Scientific). Sequenc-
ing libraries were generated using Ion Plus Fragment Library
Kit 48 rxns (Catalog No. 4471252, ThermoFisher Scientific)
following manufacturer’s recommendations. The library qual-
ity was assessed on the Qubit 2.0 Fluorometer (ThermoFisher
Scientific). At last, the library was sequenced on an Ion S5 XL
platform and 600 bp single-end reads were generated.

Untargeted metabolomics analysis

Untargeted metabolomics analysis was performed at
Novogene (Beijing, China). Fecal samples (100 mg) were

individually grounded with liquid nitrogen and the homoge-
nate was resuspended with prechilled 80% methanol and
0.1% formic acid by fully vortexing. The samples were
incubated on ice for 5 min and then were centrifuged at
15,000 r/min for 5 min at 4 °C. And then, the supernatant
was diluted to a final concentration containing 53% methanol
by liquid chromatograph mass spectrometer (LC-MS) grade
water. The samples were subsequently transferred to a fresh
Eppendorf tube and then were centrifuged at 15,000 g for
10 min at 4 °C for 10 min. Finally, the supernatant was
injected into the LC-MS system for analysis. LC-MS analysis
was performed using a Vanquish ultra-high-performance
liquid chromatography (UHPLC) system (ThermoFisher
Scientific) coupled with an Q Exactive Orbitrap series mass
spectrometer (ThermoFisher Scientific). The raw data files gen-
erated by UHPLC-MS were processed using the Compound
Discoverer 3.1 (ThermoFisher Scientific) to perform peak
alignment, peak picking, and quantitation for each metabolite.
Then, these metabolites were annotated using the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database, the
human metabolome database (HMDB), and the Lipidmaps
database. PCoA, PLS-DA, Volcano plots, and clustering heat-
maps were performed to show the relationship of metabolites
between two groups.

Isolation of naive CD4% T cells and in vitro induction of
differentiation

Total spleen T cells were purified by negative selection using
the mouse Naive CD4" T Cell Isolation Kit (Catalog No.
130-104-453, Miltenyi Biotec, Bergisch Gladbach, Germany)
and LS separation columns (Catalog No. 130-042-401, Mil-
tenyi Biotec) following the manufacturer’s instructions. Naive
CD4" T cells were seeded in 96-well plates coated with anti-
CD3 (Catalog No. 16-0032-85, ThermoFisher Scientific) and
anti-CD28 (Catalog No. 16-0281-85, ThermoFisher Scientific)
antibodies at 2 x 10° cells/well in RPMI 1640 medium (Cata-
log No. 11875-119, Gibco) containing 10% inactivated FBS
(Catalog No. 10099141, Gibco).

For Thl cell differentiation, naive CD4" T cells were cul-
tured with 10 ng/ml IL-12 (Catalog No. 402-ML-020/CF,
R&D, Minneapolis, MN) and 10 pg/ml anti-IL-4 (Catalog
No. BE0045, Bio X Cell, West Lebanon, NH). For Th17 cell
differentiation, naive CD4" T cells were cultured with
2 ng/ml TGF-f (Catalog No. 240-B-002/CF, R&D), 10 ng/ml
IL-6 (Catalog No. 406-ML-005/CF, R&D), 10 pg/ml anti-
IFN-y (Catalog No. BE005S5, Bio X Cell), 10 pg/ml anti-1L-4
(Catalog No. BE0045, Bio X Cell), and 10 pg/ml anti-IL-2
(Catalog No. BE0043-1, Bio X Cell). For Treg cell differentia-
tion, naive CD4" T cells were cultured with 2 ng/ml TGF-B
(Catalog No. 240-B-002/CF, R&D).

The effects of different concentrations of CSR, pyruvate
(Catalog No. P6033, Macklin), and adenosine (Catalog No.
A6218, Macklin) on the differentiation of Th1, Th17, and Treg
were assessed by flow cytometry after 72 h culture.

Statistical analysis

All experiments adopted randomization and blind data analy-
ses, and were designed to generate groups of equal size. In any
experiment, no data points were excluded from the analysis.
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The data of qRT-PCR were normalized to control to avoid
unwanted sources of variation. The statistical analysis was
undertaken only for studies where each group size was at least
n = 5. Data were presented as mean % standard error of the
mean (SEM), and statistical analysis was performed using
GraphPad Prism (GraphPad Prism version 6.0). Student’s
t-test was used to compare the means of two groups. And com-
parisons among multiple groups were performed with one-way
analysis of variance (ANOVA) with Tukey’s test. Post hoc test
was run only when F reaches P < 0.05, and the variance inho-
mogeneity is not significant. P < 0.05 was considered statisti-
cally significant. The declare group size was the number of
independent values, and statistical analysis was performed
using these independent values (technical replicates were not
treated as independent values).
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