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Indole-3-acetic acid alleviates DSS-induced colitis by promoting the production
of R-equol from Bifidobacterium pseudolongum
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ABSTRACT

Background: Inflammatory bowel disease (IBD) is characterized by immune-mediated, chronic
inflammation of the intestinal tract. The occurrence of IBD is driven by the complex interactions of
multiple factors. The objective of this study was to evaluate the therapeutic effects of IAA in colitis.
Method: C57/BL6 mice were administered 2.5% DSS in drinking water to induce colitis. IAA,
Bifidobacterium pseudolongum, and R-equol were administered by oral gavage and fed a regular
diet. The Disease Activity Index was used to evaluate disease activity. The degree of colitis was
evaluated using histological morphology, RNA, and inflammation marker proteins. CD45+ CD4+
FOXP3+ Treg and CD45+ CD4+ IL17A+ Th17 cells were detected by flow cytometry. Analysis of the
gut microbiome in fecal content was performed using 16S rRNA gene sequencing. Gut microbiome
metabolites were analyzed using Untargeted Metabolomics.

Result: In our study, we found IAA alleviates DSS-induced colitis in mice by altering the gut
microbiome. The abundance of Bifidobacterium pseudolongum significantly increased in the IAA
treatment group. Bifidobacterium pseudolongum ATCC25526 alleviates DSS-induced colitis by
increasing the ratio of Foxp3+T cells in colon tissue. R-equol alleviates DSS-induced colitis by
increasing Foxp3+T cells, which may be the mechanism by which ATCC25526 alleviates DSS-
induced colitis in mice.

Conclusion: Our study demonstrates that IAA, an indole derivative, alleviates DSS-induced colitis
by promoting the production of Equol from Bifidobacterium pseudolongum, which provides new
insights into gut homeostasis regulated by indole metabolites other than the classic AHR pathway.
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1. Introduction
induction colitis mouse models, germ-free (GF)

Inflammatory bowel disease (IBD) is characterized
by immune-mediated chronic inflammation of the
intestinal tract, including Ulcerative Colitis (UC)
and Crohn’s Disease." The number of IBD patient
are over 1 million in the USA and 2.5 million in
European countries, and the annual cost of the
therapy in each patient is beyond 25,000$ in
Western world,” The high annual costs burden
the healthcare system. However, the effects of cur-
rent treatments are limited.’

The occurrence of IBD is driven by the complex
interaction of multiple factors, including immuno-
logical, microbiome, and environmental factors, as
well as genetic risk."* In genetic or chemical

mice exhibit milder colitis, indicating the impor-
tance of the gut microbiome in IBD progression.*”
Gut dysbiosis occurs in patients with IBD, espe-
cially in those with active disease.*® Fecal micro-
biota transplantation (FMT) from a healthy donor
appears to be a new therapeutic option for UC
treatment in several clinical trials.”® The gut
microbiome may maintain homeostasis through
metabolites such as short-chain fatty acids
(SCFAs) and bile acids.*® The functions of these
metabolites involve regulation of gut immunity
and barrier maintenance.’

Tryptophan is an essential amino acid obtained
from diet and can be metabolized into bioactive
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molecules mainly through three pathways (the
kynurenine, serotonin, and indole pathways),
among which the indole pathways are catalyzed
by the gut microbiome to produce a series of indole
metabolites.'® Indole metabolites can bind and
activate the aryl hydrocarbon receptor (AhR),
which induces the expression of downstream cyto-
kines to maintain gut homeostasis.'" However, the
effects of indole metabolites on gut homeostasis are
not yet fully understood. Indole-3-acetic acid
(TAA) is an indole metabolite. Most studies have
focused on the effects of IAA on liver disease.'*”*
In our study, we found that IAA can alleviate DSS-
induced colitis by promoting the production of
Equol from Bifidobacterium pseudolongum, which
provides new insights into gut homeostasis regu-
lated by indole metabolites.

2. Results
2.1. IAA alleviates DSS-induced colitis in mice

To evaluate the effect of IAA on colitis, mice were
pretreated with IAA for two weeks and then orally
treated with 2.5% DSS for seven consecutive days
(Figure 1(a)). We found that IAA improved body
weight and Disease Activity Index (DAI) scores
compared to the DSS group (Figure 1(b-c)).
Colon length also significantly increased in the
IAA group (Figure 1(d-e)). The pathological scores
in colon tissues also suggested a protective effect of
TAA against colitis (Figure 1(f-g)).

Furthermore, proinflammatory cytokines were
also detected to assess the degree of inflammation
in colon tissue, and we found that the mRNA
levels of proinflammatory cytokines (TNF-a, IL-
1B, CXCL1, CXCL2, MCP-1, and CD68) in colon
tissue were increased after DSS administration,
and the mRNA levels of TNF-a and MCP-1
were significantly reduced after IAA treatment
(Figure 1(h)). TH17 and regulated T cells are
crucial in the development of IBD,'” we then
measured the ratio of TH17 (CD45+ CD4+
IL17A+), and regulated T cells (CD45+ CD4
+FOXP3+) in CD4+ T cells in colon tissue after
TAA administration. As shown in Figure 1(i), the
proportion of Tregs was significantly increased in
the TAA treatment group compared with vehicle
control mice; however, the proportion of IL17

cells in colon tissue was not affected after IAA
administration.

In addition, the mechanical and mucosal bar-
riers are important components of the gut barrier.
Next, we assessed the effects of IAA on the
mechanical and mucosal barriers; however, the
mRNA levels of the tight junction proteins claudin
and occludin and the protein level of claudin did
not change after IAA treatment. The mRNA levels
of mucins Mucl, Muc2, Muc3 and the protein level
of Muc2 was also not affected by IAA administra-
tion (Figure 1(j-k)).

Furthermore, we tested the safety of IAA. As
showed in Figure S1, there was no significant dif-
ference of the body weight between control and
sole IAA group (Figure S1A). There was also no
significant difference in colon length between the
two groups (Figure S1(b - ¢)). The administration
of TAA alone did not induce any colon damage
(Figure S1(d)).

These results indicate that IAA alleviates DSS-
induced colitis in mice, mainly by suppressing the
immune inflammatory response, rather than
improving the mucosal barrier.

2.2. IAA alleviates DSS-induced colitis in mice
through gut microbiome

Alterations in the gut microbiome are associated
with IBD development.'® We further explored
whether the protective effect of IAA on colitis was
mediated by the modulation of the gut microbiome.
Bacterial 16sSRNA sequencing results of cecal con-
tents showed that IAA administration increased the
a-diversity of gut microbiome in DSS-induced coli-
tis mice, especially the Shannon diversity index
(Figure 2(a—c)), indicating that IJAA may exert its
protective effect by altering gut microbiome. The
following experiments were designed to test this
hypothesis. Mice were pretreated with antibiotic-
containing drinking water for consecutive 14 days,
and then orally treated with 2.5% DSS for 7 days by
gavage with IAA or PBS (Figure 2(d)). We found
that the protective effect of IAA on DSS-induced
colitis diminished after gut microbiome elimination.
As shown in Figure 2(e-h), there were no significant
differences in body weight, DAI score, and colon
length between the two groups. The protective effect
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Figure 1. IAA alleviates DSS-induced colitis in mice. (a) Experimental design. Relative mRNA expression of inflammatory factors and
mucosal protective factors in colon tissue. (b) Percentage change of body weight during the whole experimental time. (c) Disease
activity index evaluated at sacrifice. (d — e). Representative images and length of the colon. (f - g) the image of H&E staining of the
colon and pathological score. (h) Relative mRNA expression of inflammatory factors in colon tissue. (i) the proportion of CD45+ CD4+
IL17A+ Th17 cells and CD45+CD4+Foxp3+ Treg cells in colon tissue. (j) Relative mRNA expression of mucosal protective factors in
colon tissue. (k) The immunohistochemistry staining of MUC2 protein and Claudin protein in colon tissues. Data are expressed as mean
+SE, n=5-12,*p<<0.05, *p<<0.01.
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Figure 2. IAA alleviates DSS-induced colitis in mice through gut microbiome. (a - c) the a-diversity of gut microbiome in fecal content.
(d) Experimental design. (e) Percentage change of body weight during the whole experimental time. (f) Disease activity index
evaluated at sacrifice. (g — h) Representative images and length of the colon. (i - j) the image of H&E staining of the colon and
pathological score. (k) the relative abundance of species in fecal content of DSS+AB and DSS+AB-+IAA group. (I — n) the alpha diversity
in fecal content of DSS+AB and DSS+AB-+IAA group. Data are expressed as mean+SE, n = 6-10,*p<<0.05, **p<<0.01.

of TAA on colon tissue was also substantially
blunted by antibiotics (AB) (Figure 2(i-j)). We
also analyzed the bacteria of cecal contents by
16sRNA sequencing, we found after the treatment
of antibiotics. The alpha diversity was significantly
decreased both in DSS+AB and DSS+AB+IAA
group(Figure 2(l-n)). Furthermore, there was also
no significant difference in the relative abundance of
species between the two groups(Figure 2(k)). These
results indicate that IAA exerts a protective effect on
the colon by altering the gut microbiome

2.3. Bifidobacterium pseudolongum ATCC25526
alleviates DSS-induced colitis through increasing
the Foxp3™T cells

We further investigated how IAA protects against
DSS-induced colitis through the gut microbiome.
The gut microbiome in cecal contents between DSS
and DSS+IAA groups was analyzed using LEfSe

Differential Analysis. As shown in Figure 3(a), the
abundance of Bifidobacterium pseudolongum
(B. pseudolongum) was significantly higher in the
IAA group than in the DSS group. To further
explore the potential role of B. pseudolongum in
colitis, mice were administered two subgroups of
B. pseudolongum (ATCC25526 or ATCC25865) by
gavage for two weeks, and 2.5% DSS was adminis-
tered orally for 7 consecutive days (Figure 3(b)).
We found that mice gavaged with ATCC25526
showed a significantly higher body weight and
lower DAI score than mice gavaged with PBS
(Figure 3(c-d)). The colon length of mice gavaged
with ATCC25526 was significantly longer than that
of mice gavaged with PBS (Figure 3(e-f)). The
result of colon tissue pathological H&E staining
indicated lower tissue damage, as evaluated by
inflammation damage, inflammation infiltration,
and crypt damage in the ATCC25526 gavage
group (Figure 3(g)). Moreover, we found that the
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Figure 3. Bifidobacterium pseudolongum ATCC25526 alleviates DSS-induced colitis through increasing the Foxp3+T cells. (a) The LEfSe
differential analysis of gut microbiome between DSS(DS) and DSS+IAA (DI) group.(b) Experimental design.(c) Percentage change of
body weight during the whole experimental time.(d) Disease activity index evaluated at sacrifice.(e — f) Representative images and
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ratio of regulated T cells (CD45+ CD4+FOXP3+)
in CD4+ T cells of colon tissue was significantly
increased in the ATCC25526 group compared with
that in the PBS group, however, the proportion of
regulated T cells in the ATCC25865 group did not
increase significantly compared with that in the
PBS group (Figure 3(h)). Interestingly, the serum
and colon tissue level of IL10 in the ATCC25526
group was not significantly higher than that in the
PBS group; however, gavage of mice with
ATCC25865 significantly increased the serum
level of IL10 but not in colon tissue (Figure 3(i)).

These results indicate that Bifidobacterium pseu-
dolongum ATCC25526 alleviates DSS-induced
colitis by increasing the ratio of Foxp3+T cells in
the colon tissue.

2.4. R-equol alleviates DSS-induced colitis through
increasing the Foxp3*-T cells

Gut homeostasis can be altered by the gut micro-
biome through its metabolites, which are key med-
iators between the gut microbiome and the host.'
To explore whether ATCC25526 ameliorated DSS-
induced colitis through metabolites, the cecal con-
tents from the DSS+PBS and DSS+ATCC25526
groups were collected for untargeted metabolomic
analysis. As shown in Figure 4(a), the metabolite
R-equol was significantly increased in the DSS
+ATCC25526 group. Equol is a small molecular
compound produced by the metabolism of soybean
isoflavones by the gut microbiome in the small
intestine and colon, with estrogen-like and antiox-
idant effects.'”'® Bifidobacterium breve and
Bifidobacterium longum are involved in the meta-
bolism of equol from daidzein in humans."”
Therefore, we speculated that ATCC25526 allevi-
ates DSS-induced colitis by producing equol from
soybean isoflavones in food.

The soy-free diet AIN93 was used to exclude the
interference of soy in the regular diet. As shown in
Figure 4(b), mice were pretreated with R-equol by
oral gavage for 1 week and then orally treated with
2.5% DSS for six consecutive days. Mice in the DSS
+R-equol group showed a significantly higher body
weight and lower DAI score than those in the DSS
group (Figure 4C-D). The colon length of mice
gavaged with R-equol was significantly longer
than that of mice in the DSS group (Figure 4(e)).

Pathological H&E staining of colon tissue indicated
lower tissue damage, as evaluated by inflammation
damage, inflammation infiltration, and crypt
damage in the DSS+R-equol group than in the
DSS group (Figure 4(f)). Furthermore, the ratio of
regulated T cells (CD45+ CD4+FOXP3+) in CD4+
T cells of colon tissue was significantly higher in
the DSS + R-equol group than in the vehicle group
(Figure 4(g)). However, the serum level of IL10 in
the DSS+R-equol group was not significantly
higher than that in the vehicle group
(Figure 4(h)). These results suggest that R-equol
alleviates DSS-induced colitis by increasing Foxp3
+T cells, which may be the mechanism by which
ATCC25526 alleviates DSS-induced colitis in mice.

2.5. Bifidobacterium pseudolongum ATCC25526
alleviates DSS-induced colitis through increasing
the Foxp3*-T cells by R-equol

To further explore whether B.pseudolongum
ATCC25526 alleviates DSS-induced colitis through
R-equol, mice were pretreated with B.pseudolongum
ATCC25526 or PBS for 2 weeks by oral gavage with
an AIN 93 diet or regular diet, and 2.5%DSS was
administered orally for 6 days (Figure 5(a)). The
difference in the use of diets, including AIN 93 and
regular diet, was used to evaluate whether B.pseudo-
longum ATCC25526 still relieved experimental coli-
tis without soybean isoflavones. As shown in
Figure 5(b), there was no difference in body weight
between the DSS+PBS and DSS+ ATCC25526
groups. The DAI score and colon length were also
not improved in the DSS+ATCC25526 group fed
the AIN93 diet compared with the DSS+PBS group
(Figure 5(c-e)). However, the pathological scores of
colon tissue were significantly lower in the DSS
+ATCC25526 group than in the DSS+PBS group
in the AIN93 diet (Figure 5(f)). The serum level of
IL17 and IL10 were not notably increased in the DSS
+ATCC25526 group compared with those in the
DSS+ATCC25526 group (Figure 5(g)). The ratio of
regulated T cells (CD45+ CD4+FOXP3+) in CD4+
T cells of colon tissue was not increased in the DSS+
ATCC25526 group compared with that in the DSS
+PBS group (Figure 5(h)). These results suggest that
the AIN93 diet diminished the protective effect of
ATCC25526 in DSS-induced colitis.
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In the ATCC25526 treatment groups, compared
with the AIN93 diet, mice fed a regular diet showed
significantly lower DAI scores and longer colon
lengths (Figure 5(c-e)). However, there was no differ-
ence in the pathological scores of colon tissue between
the regular diet and AIN93 diet groups (Figure 5(f)).
The serum level of IL10 in the regular diet group was
significantly higher than compared in the AIN93 diet
(Figure 5(g)). Moreover, the ratio of regulated T cells
(CD45+CD4+FOXP3+) in CD4+ T cells of the colon
tissue was also higher in the regular diet group than in
the AIN93 diet group (Figure 5(h)).

The above results indicate that when soybeans
were removed from the diet, the protective effect of
B.pseudolongum on the gut was weakened, and they
failed to increase the number of Tregs. After soy-
beans were added to the diet, the elevated effect of
B. pseudolongum on Tregs was restored.

3. Discussion

Our study demonstrated the potential protective
effects of IAA on DSS-induced colitis in mice. In
this study, we focused on the effect of IAA on



intestinal immunity, especially in Foxp3*-T regu-
latory cells. Tregs are key mediators in the regula-
tion of immune tolerance in the intestinal tissue
and can maintain immune homeostasis through
multiple pathways. Transfer treatment of Tregs in
mice can alleviate colitis, indicating the potential
protective effect of Tregs in IBD.?* In our study, the
proportion of Tregs in the intestinal tissue was
significantly increased after IAA administration in
a DSS-induced colitis mouse model, suggesting
that TAA improves colitis by affecting Tregs to
regulate intestinal immunity. IL-10 secreting
Tregs are a subgroup of Treg cells that mainly
rely on the secretion of the anti-inflammatory cyto-
kine IL-10 to regulate intestinal immunity.*'
However, in our study, the trend of serum IL-10
was not consistent with that of Tregs, indicating
that the increased Tregs in our study may not be
IL-10 secreting Tregs.

The gut microbiome plays an important role in
shaping the Treg cell pool. The number of Tregs in
GF mice was lower than that in specific pathogen-
free (SPF) mice. The mechanism mainly involves
the TCR repertoire of Tregs in the gut
microbiome.”>** In addition, the gut microbiome
can also modulate Treg homeostasis through meta-
bolites such as bile acids®* and short-chain fatty
acids (SCFAs).? In our study, the use of antibiotics
abolished the protective effect of IAA against coli-
tis, indicating an important role of IAA in the gut
microbiome for intestinal protection. Furthermore,
we found that the abundance of B. pseudolongum
in feces after IAA administration was significantly
increased. B. pseudolongum is a species of
Bifidobacterium that is considered an anti-
inflammatory bacterium in osteomyelitis.*®
Moreover, B. pseudolongum has the potential to
alleviate intestinal barrier function by modulating
the PPARy/STAT3 pathway in DSS-induced
colitis.”” However, the mechanisms by which
B. pseudolongum alleviates colitis are not fully
understood.

The gut microbiome may maintain homeos-
tasis through its metabolites. In our study, we
found that R-equol was significantly increased in
feces after B. pseudolongum treatment. When
soybeans were removed from the diet, the pro-
tective effect of B.pseudolongum on the gut was
weakened, and the number of Tregs failed to
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increase. Equol is a metabolite produced by the
metabolism of soybean isoflavones by the gut
microbiome, which has estrogen-like effects.'”
The structure of equol is similar to that of 17-B-
estradiol, which can bind to two estrogen
ligand-bound nuclear receptors, ERa and B,**
and the membrane-bound G protein-coupled
receptor 30(GPR30).”’ Research has shown that
estrogen can promote the differentiation of
Tregs, as decreased levels of Tregs are associated
with spontaneous abortion.”® Moreover, ERa
can bind to the promoter of Foxp3, which is
a vital transcription factor for Treg differentia-
tion, and upregulates its expression.’’ In the gut
tissue, ERP is the most abundant isoform in
both sexes.”>?? Mice with ERB deficiency are
more susceptible to inducible colitis.>*
Activation of ERP ameliorates DSS-induced coli-
tis and upregulates the proportion of Treg cells
among CD4+T cells.” Therefore, we speculate
that the protective effect of equol may act as an
ER agonist to improve intestinal resistance to
injury by increasing the proportion of Tregs
among CD4+ T cells.

In conclusion, our study demonstrated that IAA,
an indole derivative, alleviates DSS-induced colitis
by promoting the production of Equol from
Bifidobacterium pseudolongum, which provides
a new insight into gut homeostasis regulated by
indole metabolites other than the classic AHR
pathway.

4, Material and methods
4.1. Animals and treatment

Healthy, 6-8-week-old male C57BL/6] mice were
purchased from Vital River Laboratory Animal
Technology (Beijing, China). Mice were maintained
on a 12/12h light-dark cycle with free access to
water and diet, and were reared for 1 week before
the experiments. The mouse colitis model was
induced by adding 2.5% DSS (molecular weight
36,000-50,000 kDa, MP Biomedicals, Santa Ana,
United States) to drinking water. Animal experi-
ments were conducted in accordance with the
Institutional Animal Care and Use Committee of
Capital Medical University and performed in accor-
dance with the ARRIVE guidelines.>
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DAI was used to evaluate disease activity, including
percentage of weight loss, fecal sparsity, and fecal
blood.”” The mice were deeply anesthetized with
pentobarbital by intraperitoneal injection (60 mg/
kg). Serum samples, cecal contents, and colon tis-
sues were collected.

4.2. Preparation of bifidobacterium
pseudolongum

Bifidobacterium pseudolongum was purchased
from the China General Microbiological Culture
Collection Center (CGMCC). One subgroup num-
ber was 1.2203 and the other subgroup number was
1.2285. The Dbacteria cultured in
Bifidobacterium Medium (Hope Bio-Technology
Co., Ltd., Qingdao, China) under an atmosphere
of 10% H,, 10% CO,, and 80% N, for 24 h. The
cultures were centrifuged at 1200 x g for 5 min at
4°C, washed twice with sterile anaerobic PBS, and
resuspended at a final concentration of 1 x 10°
CFU/200 pL under strict anaerobic conditions.

were

4.3. Histological and Immunohistochemical
Analysis

Colon tissues were removed after the mice were
deeply anesthetized. They were rinsed thoroughly
with phosphate-buffered saline for sectioning and
colon tissue pieces were fixed in 4% paraformalde-
hyde. The degree of colitis was evaluated by hema-
toxylin and eosin (H&E) staining. The degree of
tissue damage was evaluated using a pathological
scoring system (0-5 score): loss of the epithelial
surface, destruction of crypts, and infiltration of
immunocytes.

The staining of MUC2 (anti-MUC2, GB11344,
Servicebio, Wuhan, China) in colon tissue for
immunohistochemical analysis was performed fol-
lowing a standard protocol. MUC2-positive areas
were quantified calculating 10 fields per mouse.

4.4. Real-time quantitative polymerase chain
reaction (RT-PCR)

Total RNA was extracted from colon tissues using
TRIzol reagent (GenStar, Beijing, China). Reverse
transcription of each sample was performed using
the HiScript II 1st Strand cDNA Synthesis Kit

(R211; Vazyme, Nanjing, China). RT-PCR was per-
formed using the Taq Pro Universal SYBR qPCR
Master Mix (P211, Vazyme, Nanjing, China). The
primer sequences are listed in Supplementary
Material Table S2.

4.5. Flow cytometry

Fresh colon tissue was dissociated into a single-cell
suspension for the detection of the T cell propor-
tion by flow cytometry. Briefly, the tissue was cut
into pieces and incubated with RPMI 1640 medium
(BBI, Shanghai, China), which contained 5 mmol/L
DTT (Beyotime Biotechnology, Shanghai, China),
1 mmol/L EDTA (TGREGA, Beijing, China), and
5% HyClone™ fetal bovine serum (Cytiva, United
States) for 40 min at 37°C. After washing with
medium twice, the colon tissue was incubated
with 1 mg/mL collagenase I and 0.1 mg/mL
DNase I in RPMI 1640 medium for 30 min, and
the cell suspension was then filtered through a 70
tm nylon mech into a 50 ml centrifuge tube. After
centrifugation at 500 g for 10 min, the supernatant
was aspirated. The cell pellet was a single cell that
we needed. Details of the straining method are
described in an article by Han 2022.>® After sample
preparation, a Flow Cytometer (BD Biosciences)
was used for sample analysis. The FlowJo_V10 soft-
ware was used for data analysis. Tregs were identi-
fied as CD45+ CD4+ FOXP3+ cells. Th17 cells
were identified as CD45+ CD4+ IL17A+.

4.6 Analysis of Inflammatory cytokines

The IL10 and IL17A level in mouse serum were
detected using ELISA kits (IL10:HEA056Mu,
IL17A:HEA063Mu, Cloud-Clone, Wuhan, China)
according to the manufacturer’s instructions.

4.7. 16S rRNA gene sequencing and analysis

The analysis of the gut microbiome was performed
as in our previous study.”® After DNA samples
were extracted from cecal contents, the V3-V4
hypervariable regions of 165 rRNA genes were
amplified, and PCR was conducted using Phusion
High-Fidelity PCR Master Mix (New England
Biolabs, USA). Sequencing libraries were generated
using the Illumina TruSeq DNA PCR-Free Library
Preparation Kit (Illumina, USA), following the
manufacturer’s recommendations, and index



codes were added. Library quality was assessed on
a Qubit@ 2.0 Fluorometer (Thermo Scientific) and
Agilent Bioanalyzer 2100 system. Finally, the
library was sequenced on an Illumina Nova Seq
platform and 250 bp paired-end reads were gener-
ated. Sequences with>97% similarity were
assigned to the same OTUs.

4.8. Untargeted metabolomics

Tissues (100 mg) were individually ground with
liquid nitrogen, and the homogenate was resus-
pended in prechilled 80% methanol by vortexing.
The samples were incubated on ice for 5 min and
then centrifuged at 15,000 g at 4°C for 20 min.
Some of the supernatant was diluted to a final
concentration of 53% methanol using LC-MS
grade water. The samples were subsequently trans-
ferred to fresh Eppendorf tubes and centrifuged at
15,000 g at 4°C for 20 min. Finally, the supernatant
was injected into the LC-MS/MS system analysis.>

UHPLC-MS/MS analyses were performed using
a Vanquish UHPLC system (ThermoFisher,
Germany) coupled with an  Orbitrap
Q ExactiveTMHF-X mass spectrometer (Thermo
Fisher, Germany) at Novogene Co., Ltd. (Beijing,
China). Statistical analyses were performed using
statistical software R (R version R-3.4.3), Python
(Python 2.7.6 version), and CentOS (CentOS
release 6.6). These metabolites were annotated
using the KEGG, HMDB, and LIPID Map
databases.

5. Statistical analysis

All results are shown as mean +SEM (Prism §;
GraphPad Software). The data were analyzed by
unpaired t-test using SPSS software (SPSS 19.0,
Chicago, USA). At least three independent
experiments were performed for each group. p
<0.05 was considered statistically significant.
Metabolites with VIP>1 and p-value <0.05,
and fold change >2 or FC<0.5 were considered
differential metabolites. Volcano plots were used
to filter metabolites of interest based on log2
(Fold Change) and -logl0(p-value) of metabo-
lites using ggplot2 in R language.
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