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ABSTRACT

Accumulating evidence suggests that the bile acid regulates type 2 diabetes mellitus (T2DM)
through gut microbiota-host interactions. However, the mechanisms underlying such interactions
have been unclear. Here, we found that glycoursodeoxycholic acid (GUDCA) positively regulates
gut microbiota by altering bile acid metabolism. GUDCA in mice resulted in higher taurolithocholic
acid (TLCA) level and Bacteroides vulgatus abundance. Together, these changes resulted in the
activation of the adipose G-protein-coupled bile acid receptor, GPBAR1 (TGR5) and upregulated
expression of uncoupling protein UCP-1, resulting in elevation of white adipose tissue thermo-
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genesis. The anti-T2DM effects of GUDCA are linked with the regulation of the bile acid and gut
microbiota composition. This study suggests that altering bile acid metabolism, modifying the gut

microbiota may be of value for the treatment of T2DM.

Introduction

Type 2 diabetes mellitus (T2DM) is a complex
polygenic disease associated with insulin resistance
and pancreatic B-cell dysfunction’. In spite of the
uncertainty surrounding the pathogenesis of
T2DM, more and more studies have found that
bile acids (BAs) and gut microbiota may be
involved. In recent years, the gut microbiota is
shown to play an important part in the biotrans-
formation and reabsorption of BAs, and acts on
host glycolipid and energy metabolism through co-
metabolism of BAs®. Sun et al’ showed that intest-
inal flora and bile acid metabolic pathways are the
key mechanisms mediating the hypoglycemic
effects of metformin. Therefore, the modulation
of host lipid metabolism disorders by BAs-gut
microbiota co-metabolism has become a new
model for early intervention in type 2 diabetes.
Co-metabolic networks between BAs-gut micro-
biota and the host is considered therapeutic targets
for various metabolic diseases. It has been found*
that dysbiosis of the intestinal flora leads to

a decrease in secondary bile acid production and
thus a decrease in activation of bile acid receptors,
which further leads to dysregulated glucose metabo-
lism and T2DM disease. Many bacteria, especially
some Clostridium perfringens, have been shown to
be active in the conversion of primary bile acids to
secondary bile acids®. Bile acids and microbiota
interact in a bidirectional manner. Through their
ability to promote the development of bacteria asso-
ciated with bile acid metabolism as well as curb the
growth of bile-sensitive germs, bile acids reshape the
microbial community in the intestine. When the
flow of bile is blocked, bacteria overgrow and over-
take the small intestine in biliary obstruction, and
the administration of bile acid can reverse the
phenotype®. These studies suggest a dynamic inter-
action between host bile acids and microbial popu-
lations in the gut. Therefore, monitoring the
composition of bile acids and gut microbiota in
human can provide potential help for early diagnosis
and treatment of T2DM.

After transplantation of intestinal flora from
patients with polycystic ovary syndrome into mice
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using fecal transplantation technique, it was found
that the mice showed some degree of disruption of
ovarian function and disturbance in the metabolic
conversion of bile acids in vivo, Treatment with
glycine deoxycholic acid (GDCA) could alter bile
acid metabolism and intestinal flora to improve the
disease’. Therefore, targeting bile acids to modu-
late bile acid-gut microbiota could be a potential
treatment for metabolic diseases. The efficacy of
glycoursodeoxycholic acid (GUDCA) therapy to
delay = disease = progression  has  been
demonstrated®®, and oral supplementation of
GUDCA may have potential translational value in
the clinical management of T2DM?, but whether
GUDCA can improve glucolipid metabolism in
diabetes through modulation of bile acid-gut
microbiota metabolism has not been reported.

In the present study, we investigated the differ-
ences of bile acids and intestinal microflora in type
2 diabetic patients with normal controls by meta-
bonomics-high-throughput sequencing. Then, the
effects of GUDCA on glucose and lipid metabolism

in db/db mice were further studied and the under-
lying mechanisms were elucidated. Results showed
that GUDCA is effective at intervening T2DM by
modulating bile acids-gut microbiota, which pro-
viding insights into the mechanism of its action as
well as guiding future studies about its prospective
applications in the therapy of metabolic disorders.

Results

Bile acids and gut microbiota alterations between
T2DM patients and healthy controls

To investigate how bile acids and intestinal flora
are altered in the organism of T2DM patients, we
collected serum from 30 patients and stool from 15
patients. In two independent cohorts (Figure 1(a);
Table S1), 29 bile acids were detected. Orthogonal
projections to latent structures- discriminant ana-
lysis (OPLS-DA) showed that there was a trend to
differentiate the bile acid metabolic profile between
the T2DM and normal groups (Figure 1(b)).

a b C e Control = T2DM
é 800
£ 600-
s !
3 = 400 - '
E 9
=
o <
= A T2DM o
Control ® Control £
e S
I~
@
(7]
£
i
: E) 7 ORI S S S NS LS 00 20D IS I o
P PO VS O&CO SO ELY
—=—— © S
d e f
ROC curve I Control [N T2DM *  Control T2DM
| | | \ \ 50
100- ‘ _Kiebsici [ 3 .
GUDGA <_esidtn preumonic« ol =
s_Bacteroides_vulgatus [N 8 =
80 o_Bifidobacteriales : c &
g I 1 coctrcese S 30 8
= 60 g_Bifidobacterium c .
> c_Actinobacteria 3 = -
:‘5 s_Akkermansia; muciniphila © 20— . .t . . — =
c 40 J f_Akkermansiaceae g . u 5 ot i
3 " AUC area=0.63 o_Verrucomicrobiales % 10- N - s :- : : =,
20 95%Cl: 0.50-0.77 g__Akkermansia: £ P e 2: . ' .
0 p<0.05 ¢_Verrucomicrobiae &’ = *‘ M ii .
[ »_errucomicrobiota 0
R _prevotella © 2 & & P & L L 2 2
0 T T T T I ¢ Frcvoteliacear : @‘S\\ °®Ib S’o é\\\(\\f Q«Q e&‘& 'Q® od‘o Q}t’% ~oé‘\°
0 20 40 60 80 100 R ;_abcteroides S Pl S
e | &’ L o7
100% - Specificity% ‘ ' d1_Tannereliaceze : @b § é\e} OG\,W_@.Z?{&@/ &S § NP @e;%/
& W O P OO
—4 -2 0 2 4 ‘b(bo o & @ & @ P '\@\ (béw o
& ©
LDA SCORE (log 10) F LS TS
© & & &
<® & v <

Figure 1. Profile of the bile acids and gut microbiota in individuals with T2DM. a Sex proportions and FBG distribution in T2DM and
Control. b OPLS-DA plot of bile acids levels in T2DM (blue) and Control (orange). ¢ Determination of serum bile acids in T2DM and
Control group. P values were analyzed by two-tailed Mann-Whitney U-test and data were presented as medians. d ROC of GUDCA in
predicting T2DM. AUC: area under curve. e Analysis with the linear discriminant analysis (LDA). Green indicates enriched taxa in the
T2DM group. Red indicates enriched taxa in the Control group. f Different species abundance of T2DM and Control based on

metagenomics data. n=15 individuals/groups. *p<<0.05, **p<<0.01.



Qualitative and quantitative analysis of bile acid
species indicated that deoxycholic acid (DCA),
lithocholic acid (LCA) and glycodeoxycholic acid
(GDCA) were considerably elevated in the T2DM
group compared with the control group in the
serum. Notably, we observed that glycoursodeoxy-
cholic acid (GUDCA) was significantly decreased
in T2DM group (Figure 1(c)). In addition, we per-
formed a receiver-operating characteristic (ROC)
analysis and observed that the proportion of
GUDCA had good performance in predicting
T2DM subjects (AUC = 0.63, 95%CI:0.50-0.77, p
<<0.05) (Figure 1(d)). ACE, Chaol, and Shannon
indices revealed no notable differences between the
two groups in terms of a diversity (Figure S1(a)).
Notably, the B-diversity of microbial communities
in the T2DM group was significantly lower com-
pared to the normal group, indicating that the
T2DM individual communities were more homo-
geneous (p < 0.05; Figure S1(b)). Analysis with the
linear discriminant analysis (LDA) suggested that
Akkermansia muciniphila was keystone species in
the normal group while Klebsiella pneumoniae was
considered as the potential biomarker for the
T2DM (Figures 1(e)). Detection of abundances at
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the species level further supported the above obser-
vation, in other words, less abundance of
B. vulgates and A. muciniphila but more of
K. pneumoniae was showed in T2DM group

(Figure 1(f)).

GUDCA regulates blood glucose and lipid levels

To explore the impact of GUDCA on metabolic
diseases, db/db mice were gavaged with GUDCA
for 8 weeks and their glucose and lipid levels were
observed. We found that there was no alteration in
food intake, water intake and body weight gain
(Figures S2(a-b)). After GUDCA supplementation,
db/db+GUDCA mice showed a significant
decrease in blood glucose at weeks 2 and 8
(Figure 2(a)). At the same time, glucose tolerance
test (GTT) and insulin tolerance test (ITT) results,
insulin levels, and HOMA-IR indices in db/db
+GUDCA mice were decreased compared with
db/db+Veh group (Figures 2(b-d), S2(c)).
Research also indicated that lipid levels (TC, TG)
in serum had significantly decreased in db/db
+GUDCA mice compared with db/db mice.
(Figure 2(e)). Furthermore, we found that
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Figure 2. GUDCA supplementation had therapeutic effects in improving glucose tolerance. a Fasting blood glucose. b, ¢ OGTT, ITT and
AUC. Vehicle or GUDCA-treated (100 mg/kg/d) mice on db/db mice for 8 weeks. n=10 mice in m/m group, n=9 mice in db/db+veh and
db/db+gudca groups. All P values were analyzed by two-tailed Student’s t-test, **p< 0.01 versus m/m; #p< 0.05, ##p< 0.01 versus db/
db+veh. All data are presented as the mean + sd. d HOMA-IR. E TC and TG in the serum. f Serum active GLP1 levels. =8 mice/group.
All P values were analyzed by two-tailed Student’s t-test, *p< 0.05, **p< 0.01. All data are presented as the mean + sd.
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GUDCA was able to reduce the level of serum
GLP-1 compared with db/db+Veh group.

(Figure 2(f)).

Liver lipid profiles, oxidative stress and
histopathology

The levels of serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) were
decreased after GUDCA supplementation, indicat-
ing that liver function impairment was improved in
db/db mice to some extent (Figure S2(d)). TC and
TG levels in the livers of mice fed with GUDCA

were decreased significantly compared with the db/
db+Veh group (Figure S2(e)). Diabetes, for
instance, is a result of oxidative stress, which
plays an integral role in the development of
a wide range of diseases. We found that the SOD
levels were significantly decreased and MDA levels
were significantly increased in db/db mice com-
pared with m/m mice, indicating that a certain
degree of oxidative damage existed in the liver
tissues of db/db mice. At the same time, GUDCA
administration was able to improve the oxidative
stress damage to some extend by elevating GSH
and decreasing MDA levels (Figure 3(a)).
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Figure 3. The physiological changes in m/m, db/db+veh and db/db+gudca. a Oxidative stress in liver. All p values were determined by
two-tailed Student’s t-test, *p< 0.05, **p< 0.01. All data are presented as the mean + sd. n=6 mice/group. b Representative images of
H&E staining of Liver, scale bars, 25um ¢ Representative images of H&E staining of WAT, scale bars, 50um. d Electron microscope of

lleum, Scale bars,50000x.



However, there is no significantly increased in SOD
and CAT in liver after GUDCA administration.
GUDCA-treated mice displayed improved mor-
phology in their livers. A histological examination
of liver specimens found cellular swelling and lipid
vacuoles in the db/db group as compared to the m/
m group. Hepatocytes in the GUDCA group were
more normal in structure, with intact cell morphol-
ogy and significantly fewer vacuoles, tending to be
normal hepatocytes (Figure 3(b)). The above
observations indicate that GUDCA could reduce
oxidative stress injury to a certain extent and have
a protective effect on liver tissue.

Dynamic change of BAs profile in serum

Ultra-performance liquid chromatography tandem
mass spectrometry (UPLC-MS/MS) was utilized to
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assess serum BAs profiles in the mice. As can be
seen from the results of the OPLS-DA model,
a clear separation between the m/m mice and db/
db+Veh mice were observed. Similarly,
a separation trend between the db/db+Veh group
and db/db+GUDCA group was also discovered
(Figure 4(a)). As a result of the serum BA profiles
of the OPLS-DA, there was a significant difference
between groups db/db+Veh and db/db+GUDCA
because TLCA ranked higher in the VIP scores
(Figure 4(b)). A summary of serum BA concentra-
tions is shown in Table S2. Results showed that
TCA. GCA. TCDCA. TDCA were significantly
increased in db/db+Veh group. Compared with
the m/m group, the ratios of PBAs to SBAs (PBA/
SBA ratio) were elevated in db/db mice. Further,
the levels of secondary BAs, conjugated BAs and
taurine BAs increased, whereas PBA/SBA ratio
decreased after GUDCA treatment (Figure 4(c-
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Figure 4. Dysregulated BA profiles in m/m, db/db+veh and db/db+gudca. a Orthogonal partial least squared-discriminant analysis
(OPLS-DA) scores plot of serum BA profiles showing the group of m/m (blue) group, db/db+veh (red) and db/db+gudca (green). b the
variable importance in projection (VIP) scores from OPLS-DA model based on the serum BA profiles between the db/db+veh and db/
db+gudca group. ¢, d, e Profiles of BAs in the db/db+veh group. *p< 0.05, **p< 0.01. All data are presented as the mean * sd.
f Heatmap of spearman correlation association between serum BAs and blood indicators from three groups. *p< 0.05.
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d)).In addition, we found that UDCA. LCA.
TCDCA. TUDCA. GUDCA. TLCA, isoLCA,
T-a-MCA were significantly increased in the db/
db+GUDCA group and furthermore, all these dif-
ferential BAs belonged to the category of non-12a-
OH BAs (Figure 4(e)). 10 of the 29 bile acids
detected in db/db+Veh group were upregulated
and 19 were downregulated, and an increase in 18
bile acids could be observed after GUDCA admin-
istration, with significant differences in metabolite
levels among three groups (Figure S3). Then,
Spearman correlation analysis were executed to
illuminate the coefficients between serum BAs
and serum indicators for the three groups. In gen-
eral, a majority of the BAs were significantly nega-
tively correlated with GLP-1. Moreover, PBA/SBA
had a positive correlation with blood biochemical
parameters, including TC. TG. LDL. HDL.
GLU. INS (Figure 4(f)).

Changes in intestinal mucosal barrier

The levels of diamine oxidase (DAO) and D-lactic
acid (D-LA) in the serum of mice in db/db+Veh
group were increased significantly (p <0.01) com-
pared with the m/m group. The DAO and D-LA
levels in the db/db+GUDCA group were 20.8% and
24.3% lower than in the db/db+Veh group (p <
0.01), respectively (Figure S4(a)). Transmission
electron microscopy was applied to inspect the
function of ileum in mice. The results revealed
that the microvilli in the m/m group were intact
and tightly arranged, whereas the microvilli were
disorganized and incomplete in the db/db group,
with coupled microvilli that were dislodged into
the intestinal lumen. Surprisingly, the mice treated
with GUDCA had lower injury in ileum, which
indicated GUDCA could improve the abnormal
intestinal mucosal barrier and protect the imbal-
ance of intestinal homeostasis (Figure 3(d)).

The structure of the gut microbiota

The Venn diagram showed that 7971 OTUs were
shared across the three groups (Figure S4(b)).
There was significant difference between db/db
+Veh and db/db+GUDCA group in a diversity,
as indicated by the decrease of chao-1 indices and
observed_species (Figure 5(a)). The p-diversity

indicated that the composition and abundance
of microbiota after GUDCA administration
tended to the m/m mice, which was significantly
different from the db/db+Veh group (p <0.05;
Figure 5(b)). Linear discriminant analysis (LDA)
displayed that the db/db+Veh group was charac-
terized by Pseudomonas corrugata and
Arthrobacter citreus, then Bacteroides vulgatus
was considered as the key species in the db/db
+GUDCA group (Figure 5(c)). Meanwhile, in the
analysis of species abundance in each group, we
found that the abundance of Pseudomonas corru-
gata decreased and Bacteroides vulgatus increased
in db/db+GUDCA group compared with the
model group (Figure 5(e)). In addition, we ana-
lyzed the levels of short-chain fatty acids in the
feces by using gas chromatography. The results
revealed that the levels of acetic acid and propio-
nic acid decreased in the db/db+Veh group, and
GUDCA administration was able to reverse the
trend of decreasing acetic acid and propionic acid
(Figure S4(c)). The Firmicutes and Bacteroidota
are the dominant phylum in the intestine that
produce SCFAs, and in this study, the relative
abundance of the Firmicutes and Bacteroidota
was found to be elevated in the GUDCA group
compared to the model group (Figure 5(d)).

Spearman correlation analysis of intestinal flora
and bile acids (Figure 5(f)) showed that
Faecalibacterium_prausnitzii correlated with mul-
tiple bile acids. Bacteroides vulgatus had positively
correlated with the levels of TLCA, non 12a-OH
BAs, and Pseudomonas corrugata had a positive
correlation with elevated relative abundance of
12a-OH/non 12a-OH BAs, PBA/SBA in db/db
+Veh group mice. KEGG analysis revealed that
lipid metabolism and carbohydrate metabolism
were the key metabolic pathways influenced by
the gut microbiota changes found in the mice.

GUDCA ameliorated metabolism by promoting fat
thermogenesis

In order to investigate whether GUDCA can
improve obesity in db/db mice by affecting adipose
function, white adipose from mice was taken for
study. The white adipocytes in the db/db group
were swollen and ruptured with increased lipid
droplets, surprisingly, the cell morphology was
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Figure 5. GUDCA modulates the composition of gut commensal bacteria. a a-diversity of the gut microbiota, as indicated by the
Shannon, Chao1 indices and observed species. b Principle coordinate analysis (PCOA) plot generated using OTU metrics based on the
Binary-Jaccard similarity for m/m, db/db+veh and db/db+gudca groups. ¢ Taxonomic cladogram generated from LEfSe of metage-
nomic sequencing data. Blue indicates enriched taxa in the m/m group. Red indicates enriched taxa in the db/db+veh group. Green
indicates enriched taxa in the db/db-+gudca group. d the relative abundance of phylum level in the db/db+veh group. e Dysregulated
gut microbiota in the db/db+veh group. *p< 0.05, **p< 0.01. P values were determined by two-tailed Mann-Whitney U-test and data
are presented as the mean +sd. f Heatmap of spearman correlation coefficients between serum BAs and blood biochemical
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Figure 6. GUDCA ameliorated metabolism by promoting fat thermogenesis. A: Western blot analysis of UCP1 and PGC-1 in white
adipose tissues. B: Relative mRNA expression of TGR5. *p< 0.05, **p< 0.01. All data are presented as the mean + sd.

intact and the adipocytes were not ruptured after
GUDCA administration (Figure 3(c)). UCP1 was
significantly higher in the db/db+GUDCA group
compared with the db/db+Veh group (p <0.01).
Also, we found that PGC-1a in the white adipose
tissue of db/db+Veh mice was decreased compared
with the m/m group (p <0.05), and GUDCA had
a tendency to elevate PGC-la but no significant
difference (p > 0.05; Figure 6(a)). In addition, we
also found elevated expression of white adipose
TGR5 on mRNA (Figure 6(b)).

Discussion

The close association between bile acid metabolism
and gut microbiota plays an important role in the
regulation of immune function, maintenance of
host nutrient metabolism and energy balance, and
health of the organism'’. Currently, the research of
gut microbiota and bile acid metabolism for the
treatment and prevention of metabolic diseases,
including obesity, diabetes, inflammation and
NAFLD'"'?, has become a research direction. In
this study, we investigated the differences between
bile acids and gut microbiota in type 2 diabetes
mellitus and normal subjects by means of metabo-
lomics-high-throughput sequencing, and then
further investigated the effects of GUDCA on glu-
colipid metabolism in db/db mice and elucidated
the potential mechanisms.

It has been demonstrated that the characteristics
of BA show significant changes in patients with type
2 diabetes'>'. In present study, we used multivari-
ate statistical analysis of serum bile acids in type 2
diabetes and found a significant decrease in GUDCA

in the serum of diabetic patients compared to nor-
mal subjects, which can be used as a potential mar-
ker for clinical diagnosis and treatment. We also
found that there was a dynamic interaction between
bile acids and microbial populations in the intestine.
Using metformin to treat patients with T2DM, Sun
et al’found that levels of GUDCA increased in the
gut, which was in line with our research. They also
indicated that metformin was able to reduce
Bacteroides fragilis in the gut, however, we found
that a corresponding decrease in Bacteroides vulga-
tus occurred in the intestine of type 2 diabetic
patients. The use of bile acids as targeted agents for
the treatment of hepatobiliary diseases has become
a hot research topic in recent years after UDCA was
approved by the U.S. Food and Drug
Administration (FDA) for the treatment of primary
cholangitis'®. Feeding cholic acids (CA) to rats was
able to significantly alter the microbiota at the phy-
lum level, leading to an increase in Firmicutes and
a corresponding decrease in Bacteroidota °.
A short-term study of UDCA revealed that it was
able to increase hepatic triglyceride (TG) levels'” and
tauroursodeoxycholic acid (TUDCA) has been
shown to be effective in preventing inflammation
and improving insulin sensitivity'>'°.
Supplementation with glycoursodeoxycholic
acid (GUDCA) can come to inhibit the intestinal
FXR axis, which can reduce blood ceramide levels
and thus reduce atherosclerosis in ApoE-/- model
mice on a high cholesterol diet®. In this study,
GUDCA treatment was found to be therapeutically
effective in the metabolic disorders of db/db mice.
GUDCA decreased blood glucose and reduced
serum alanine aminotransferase (ALT) and



aspartate aminotransferase (AST) levels in db/db
mice,  indicating  that GUDCA  has
a hepatoprotective effect. GUDCA was associated
with glucose control*', which was also indicated in
our study. We also found that GUDCA signifi-
cantly reduced the serum and liver levels of TC
and TG in db/db mice after continuous adminis-
tration. Insulin resistance is a key pathogenic factor
in the development of diabetes mellitus, so,
improving insulin resistance plays an important
role in the treatment of diabetes mellitus®*. The
findings indicated that serum insulin levels were
elevated in db/db mice, GUDCA decreased serum
insulin levels and HOMA-IR in db/db mice. High
levels of insulin concentrations could be attributed
to increased insulin secretion or decreased insulin
clearance®, oxidative stress is considered to be one
of the most critical mechanisms of insulin
resistance®*. Elevated levels of oxidative stress
may be a major deleterious factor contributing to
insulin resistance, 3-cell dysfunction, impaired glu-
cose tolerance, and dyslipidemia®~’. In this study,
SOD activity decreased and MDA content
increased in the liver of db/db mice compared
with the normal group was found, and then
GUDCA could increase GSH and decrease MDA
content, effectively improving oxidative stress
damage and reducing insulin resistance in the
organism.

Changes in the composition of the BA pool are
associated with metabolic disorders®®. In our
experiments, serum bile acids in db/db mice under-
went significant changes, mainly in the upregula-
tion of UDCA with its taurine and glycine
conjugates (TUDCA, GUDCA) and LCA with its
conjugates (isoLCA, TLCA) after eight weeks of
GUDCA intervention. TLCA, an agonist of
TGR5, made the largest contribution in the db/db
+Veh group and db/db+GUDCA group. TGR5 is
a receptor that positively regulates energy metabo-
lism, and studies have shown that secondary bile
acids have a higher affinity for TGR5 than primary
bile acids. By activating TGR5 are able to induce
GLP-1 secretion in the intestine and thermogenic
energy expenditure in brown fat and skeletal mus-
cle, thereby improving glucose and energy
homeostasis®”. Thus, we hypothesized that after
administration of GUDCA, GUDCA is changed
to UDCA in vivo by choline hydrolase (BSH),
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UDCA is rapidly metabolized to LCA by bacterial
hydroxysteroid dehydrogenase. Exogenous supple-
mentation of GUDCA to regulate glucolipid meta-
bolism may be associated with increased TLCA.

The gut microbiota plays an irreplaceable role in
human physiology and pathology’. Microbial dys-
biosis includes imbalance in the distribution of bac-
terial populations and impaired bacterial metabolic
activity, which can increase intestinal permeability
and thus lead to multiple disorders’"**. In
a correlation analysis between bile acids and gut
microbiota, the abundance of B. vulgatus was
found to be positively correlated with TLCA. BSH
is present in B. vulgatus, and BSH catalyzes the
hydrolysis of conjugated bile salts to form amino
acids and free bile acids, thus serving to maintain
the balance of bile acid metabolism>’. White fat is
a type of adipose tissue in the human body, and the
accumulation of large amounts of white fat leads to
obesity. Virtue** showed that indole-3-carboxylic
acid (I3CA) and indole, tryptophan metabolites of
gut microbiota, can significantly inhibit miR-181
expression thereby regulating white fat for weight
loss. A study by Wu found that intestinal HIF-2a-
specific knockdown could promote white fat ther-
mogenesis and improve obesity by modulating the
intestinal lactate-B. vulgatus-bile acid-adipose TGR5
signaling pathway”®. Several researches have sug-
gested that GUDCA can ameliorates diseases by
regulating FXR>*%?°, Nevertheless, in present
research, we found that GUDCA could activate
TGRS expression on mRNA in white adipose tissue
and promote white adipose thermogenesis. Further,
we hypothesized that GUDCA may provide a new
target and intervention strategy for the prevention
and treatment of obesity and related metabolic dis-
eases by regulating the TLCA-B.vulgatus-adipose
TGRS5 signaling pathway to promote adipose ther-
mogenesis and improve glucolipid metabolism.
However, we still need to do a lot of experiments
to test our hypothesis.

There are several limitations in our study.
First, all subjects in the study were recruited in
a single region. Different dietary can have an
impact on the composition of the gut microbiota.
Moreover, the number of feces samples was small,
which make the data are not representative
enough. Second, it remains unclear whether
altered GUDCA level directly mediates changes
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in gut microbiota on diabetes prevention. To
understand how gut microbiota protects against
diabetes as a result of GUDCA-related bacteria,
future studies in germ-free mouse fecal micro-
biota transplantation need to be conducted.
Third, there is a disparity in gut microbiota com-
position between mice and humans®”*®, which
makes it difficult to clarify how GUDCA influ-
ences gut microbiota in humans. In addition,
GUDCA’s safety and effectiveness, however,
remain to be determined in the future due to
the lack of clinical evidence. In conclusion,
GUDCA supplementation modulates the abun-
dance of gut microbiota, upregulate beneficial
bacteria, and alter the bile acid metabolic profile
to some extent. Additionally, GUDCA can also
activate white fat TGR5 and increase lipid ther-
mogenesis. GUDCA signaling is expected to be
a prospective target for the therapy of human
metabolic diseases.

Materials and methods
Human subjects

Human serum samples were collected from 30 peo-
ple with T2DM and 50 healthy subjects. For serum
extraction, all blood samples were centrifuged for 20
minutes at 3500 rpm after 30 minutes at room tem-
perature.15 individuals with T2DM and 15 controls
were recruited to collect feces. Feces samples were
collected with a sterile spoon and stored at — 80°C
until analysis. All of the subjects enrolled satisfied the
diagnostic criteria by American Diabetes Association
(ADA) in 2021: FPG>7.0 mmol/L or 2-h PG >11.1
mmol/L or A1C > 6.5%. The exclusion criteria were:
type 1 diabetes; gestational diabetes; pregnancy; no
antibiotic and probiotics use within 3 months; gas-
trointestinal diseases; mental illness; and alcoholism.
Clinical parameters were determined at The Fourth
Affiliated Hospital of Xinjiang Medical University.
The demographic characteristics, lipid analysis and
insulin relative indicators of cohort involved in the
research are listed in Supplementary Table 1. The
study protocol was approved by the Ethics
Committees of Xinjiang Medical University
(Permission number:20140304-133). All partici-
pants provided written informed consent.

Mice

Male C57BL/Ksj-db/db mice (35-45g, 6-8 weeks
old) and C57BL/Ksj-m/m mice (20-23 g, 6-8 weeks
old) were purchased from Changzhou Cavens
Model Animal Co.,Ltd with the permission num-
ber SCXK 2016-0010. After two weeks of adaptive
feeding under a 12 h light/dark cycle at 21 +2°C
with enough food and water, the mice were ran-
domly divided into 3 groups. The study protocol
followed international ethical guidelines and was
approved by the Animal Care and Use Committee
of Xinjiang Medical University.

The m/m mice (n =10) and db/db mice (n = 10)
were fed a standard chow diet and drinking water
with vehicle for 8 weeks. At the same time, ten db/db
mice were fed a standard chow diet and given 100
mg/kg/d GUDCA (Sigma-Aldrich, Cat# 06863) by
gavage for 8 weeks. Weekly measurements of body
weight, food and drink intake, and blood glucose
were taken during experiments. Stool samples were
collected during the last week and stored at-80°C
until the analysis. All mice were fasted and water
was available for 16 hours before death. The blood
samples were collected and centrifuged at 3500rpm
for 15 min at 4°C to obtain the serum. Liver, ileum,
and white adipose were immediately collected after
excision. The tissues were stored at—80°C until
further analysis or in 4% paraformaldehyde and
2.5% glutaraldehyde for histological and transmis-
sion electron microscopy studies.

Bile acid analysis

Bile acids were quantified with a UPLC/MS-MS sys-
tem (Agilent, Thermo Fisher Scientific, USA) with an
ESI source *°. Taurochenodeoxycholic acid (TCDCA-
d4) was used as internal standards. An Acquity BEH
C18 column (100 mm x 2.1 mm id., 1.7 ym, Waters
Corp.) was used at the temperature of 45°C, and the
flow rate of 0.4 ml/min for liquid chromatography
separation. The solvent of the mobile phase was
a mixture of 0.1% acetic acid in water and acetonitrile.
The gradient elution was applied and MS detection
proceeded in negative mode. A Q Exactive Focus mass
spectrometer (Thermo Fisher Scientific) was applied
for assay development in Parallel Reaction
Monitoring (PRM) mode™.



Multivariate analysis

Orthogonal projections to latent structures-
discriminant analysis (OPLS-DA) was used to
determine taxonomic changes, and VIP (variable
importance) scores were adopted to rank the
ability of different taxa to discriminate between
different groups*'. The results of the differential
metabolite screening were visualized as a volcano
plot. Then, the Euclidean distance matrix was
calculated, and the differential metabolites were
clustered by the complete chain method and pre-
sented as a heat map. Receiver operating charac-
teristic (ROC) curve were plotted and calculated
its area under the curve to obtain potential bio-
markers (performed using the vegan package in
R 3.4.0).

DNA extraction and preparation

Genomic DNA from human and mouse stool sam-
ples was extracted using Magnetic Soil and Stool
DNA Kit (Tiangen biotech Co. Ltd., Beijing,
China). Degradation and contamination of DNA
were monitored on 1% agarose gels. DNA concen-
trations were measured using a NanoDrop system
(Thermo Fisher Scientific), and the DNA molecu-
lar size was estimated by agarose gel
electrophoresis.

Metagenomics sequencing

Metagenomics sequencing was measured as pre-
viously described®’. In brief, the V3-V4 region of
the bacterial rRNA gene was amplified by polymerase
chain reaction (PCR; 98°C for 1 min, followed by 30
cycles of 98°C for 10 s, 50°C for 30 s and 72°C for 30
s and a final extension at 72°C for 5 min) using the
primers 515F (5-GTGCCAGCMCCGCGGTAA-3’)
and 806 R(5-GGACTACHVGGGTWTCTAAT-3).
Mixture PCR products was purified with GeneJET
Gel Extraction Kit (Thermo Scientific). Sequences
with a primary band size between 400-450bp was
selected and then cut the gum to recover the target
bands. Sequencing libraries were constructed using
[lumina TruSeq DNA PCR-Free Library Preparation
Kit (Illumina, USA). The library quality was tested on
the Qubit@ 2.0 Fluorometer (Thermo Scientific) and
Agilent Bioanalyzer 2100 system. At last, the library
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was sequenced on an Illumina NovaSeq platform and
250 bp paired-end reads were generated.

Metagenomics analysis

Paired-end reads from the original DNA fragments
are merged by using FLASH (https://www.flash.cn/).
Paired-end reads was assigned to each sample accord-
ing to the unique barcodes. Sequences were analyzed
using QIIME (http://giime.org/) software package,
and in-house Perl scripts were used to analyze
alpha- (within samples) and beta- (among samples)
diversity. Sequences with>97% similarity were
assigned to the same OTUs. We pick
a representative sequence for each OTU and use the
RDP classifier to annotate taxonomic information for
each representative sequence. Alpha diversity ana-
lyses (ACE and Shannon) were calculated using
Mothurb.1.30.1 (http://.mothur.org/). The relative
abundance was evaluated using the vegan package
of R software. A heatmap based on the relative
OTU abundance was generated using the gplot pack-
age of R software and the color of the heatmap is
displayed as logarithmic values. Analyses of principal
coordinate analysis (PCoA) by Bray-Curtis dissimi-
larity was performed using Mothurb.1.30.1 (http://.
mothur.org/)***>. KEGG pathway was performed
using in KEGG Pathway Database (http://www.
kegg jp/kegg/pathway.html)*®.Spearman correlation
analysis was performed, and only correlations with
P <0.05 and r > 0.5 are displayed.

Metabolic assays

Glucose tolerance tests were performed after 16—
18 h fasting. Blood glucose concentrations were
measured with a glucometer, and blood samples
were taken from the tail tip at 0, 15, 45, 90 and 120
min after oral glucose (2 g/kg body weight). For
the insulin tolerance test, insulin (0.75 U/kg body
weight) was administered via intraperitoneal
injection after 4 h fasting and tail sampling was
performed at 0, 40, 90 and 120 min. All of the ITT
and GTT tests were performed at indicated times.

Biochemical analyses

The total triglyceride (TG), total cholesterol (TC),
high-density lipoprotein cholesterol (HDLC), low-
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density lipoprotein cholesterol (LDLC), alanine
transaminase (ALT) and aspartate transaminase
(AST) levels in the plasma and the hepatic TC
and TG levels were measured with commercially
available kits (Jiancheng Institute of Biotechnology,
Nanjing, China). The levels of Diamine oxidase
(DAO) and D-lactic acid (D-LA) in the serum
were assayed using commercially available kits
(Sino Best Biological Technology Co., Ltd.,
Shanghai, China). Insulin (mlbio Co, Ltd.,
Shanghai, China) was determined by enzyme-
linked immunosorbent assay kits for mice. The
levels of superoxide Dismutase (SOD), glutathione
(GSH), malondialdehyde (MDA) and catalase
(CAT) in the liver were assayed to evaluate the
oxidative stress using commercially available kits
(Solarbio Co, Ltd., Beijing, China).

Serum active GLP-1 detection

Vehicle- or GUDCA- (100 mg/kg/d) treated mice
for 3 weeks received sitagliptin (25 mg/kg, DPP4
inhibitor) by gavage 1 h before serum collection
and oral glucose (2 g/kg) challenge 15 min before
serum collection’. Serum active GLP1 levels were
measured by GLP-1 ELISA assay kit (Shanghai
Enzyme-linked Biotechnology Co., Ltd).

Histological analysis

Liver and adipose tissues were fixed in 4% paraf-
ormaldehyde, and paraffin sections were cut, 3 mm
thick were stained with hematoxylin-eosin (HE)
and Sirius red. The stained samples were observed
with an optical microscope at 200x magnification.
Ileum was fixed in 2.5% glutaraldehyde for trans-
mission electron microscopy.

Fecal SCFA quantification

Vortex 1 mL of acetic acid, propionic acid and buty-
ric acid, dilute them with ultrapure water, and add
the appropriate amount to a centrifuge tube contain-
ing 2-ethylbutyric acid and mix. 600 pL ethyl acetate
and 120 pL IS (500 ug/mL 2-ethylbutyric acid) was
added to 20 mg of feces, and the sample was homo-
genized for 10min, and then centrifuged at
12000rpm at 4°C for 10min. An appropriate
amount of fecal supernatant was transferred to

a 1.5 mL EP tube and passed through a 0.22 pm filter
membrane, which was subsequently used to top up
the sample. The fecal SCFA analysis was performed
by gas chromatography (GC) analysis (Shimadzu,
2010plus). Chromatographic separation was
achieved on RTS-WAX column (30 m x 250 um x
0.25 pm; GL science) coupled to a flame ionization
detector (FID). The initial temperature was 100°C,
and the temperature was increased to 250°C at 20°C/
min and maintained for 1 min. The FID temperature
and inlet temperature were set at 230°C and 250°C,
respectively. An autosampler (AOC-20i) was
employed with an injection volume of 10 pL.

Real-time PCR analysis

Real-time qPCR analysis was performed using the
SYBR Green PCR master mix (Invitrogen) using
the ABI 7500 real-time PCR system (Applied
Biosystems). A standard phenol-chloroform
extraction was performed to isolate total RNA
from frozen tissues with Trizol reagent. cDNA
was synthesized from 2 pug of total RNA with a -
PrimeScript™ RT reagent Kit (Takara bio, Beijing,
China)®’. The sequences of the forward and reverse
primer for p-actin were 5-GGCTGTATTC
CCCTCCATCG-3 and 5-CCAGTTGG
TAACAATGCCATGT-3". The sequences of the
forward and reverse primer for TGR5 were 5’-
TGCTTCCTAAGCCTACTACT-3 and 5-
CTGATGGTTCCGGCTCCATAG -3’ respec-
tively. The amplification thermal cycling condi-
tions were as follows: 95°C for 30 s, 40 cycles at
95°C for 5 s and 60°C for 34 s.

Western blot analysis

UPC1 (1:5,000, Ab209483) and PGC-1a (1:1,000,
Ab188102) were purchased from Abcam Co.
Ltd., CA, USA. The primary antibody against
b-actin (1:10000, bs-0061 R) and secondary anti-
bodies against rabbit (1:50000, bs-0295 G-HRP)
were purchased from Bioss Co. Ltd., Beijing,
China. Adipose tissues were homogenized in
RIPA buffer with protease and phosphatase inhi-
bitors; the protein extracts were separated by
SDSPAGE electrophoresis and transferred to
a PVDF membrane. Membranes were blocked
with 5% nonfat milk for 2 h at room temperature



in TBST buffer (10 mM Tris, 150 mM NaCl, pH
7.6, and 0.1% Tween 20) and probed with pri-
mary antibodies overnight at 4°C. Membranes
were then incubated with horseradish peroxi-
dase-conjugated secondary antibodies. The pro-
tein bands were developed using an ECL kit
(Biosharp Co. Ltd., Anhui, China). The densito-
metry analysis of the bands was performed using
a gel documentation system (Gel Analyzer,
ShineTech, Beijing, China).

Statistical analysis

Statistical analyses were performed using SPSS
22.0, and results are presented as means + stan-
dard errors or means + standard deviation. Two-
tailed unpaired Student’s t-test and one-way
ANOVA with Tukey’s correction were used for
all comparisons of mice-related experiments, and
a Wilcoxon matched-pairs signed rank test was
used for clinical indicators in individuals with
T2DM. P values<0.05 were considered signifi-
cant. Correlation analysis of bile acid and gut
microbiota were investigated using nonpara-
metric Spearman’s test.
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