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A B S T R A C T

Background: The composition of the bile acid (BA) pool is closely associated with obesity and is modified by
gut microbiota. Perturbations of gut microbiota shape the BA composition, which, in turn, may alter impor-
tant BA signaling and affect host metabolism.
Methods:We investigated BA composition of high BMI subjects from a human cohort study and a high fat diet
(HFD) obesity prone (HF-OP) / HFD obesity resistant (HF-OR) mice model. Gut microbiota was analysed by
metagenomics sequencing. GLP-1 secretion and gene regulation studies involved ELISA, qPCR, Western blot,
Immunohistochemistry, and Immunofluorescence staining.
Findings: We found that the proportion of non-12-OH BAs was significantly decreased in the unhealthy high
BMI subjects. The HF-OR mice had an enhanced level of non-12-OH BAs. Non-12-OH BAs including ursodeox-
ycholate (UDCA), chenodeoxycholate (CDCA), and lithocholate (LCA) were decreased in the HF-OP mice and
associated with altered gut microbiota. Clostridium scindens was decreased in HF-OP mice and had a positive
correlation with UDCA and LCA. Gavage of Clostridium scindens in mice increased the levels of hepatic non-
12-OH BAs, accompanied by elevated serum 7a-hydroxy-4-cholesten-3-one (C4) levels. In HF-OP mice,
altered BA composition was associated with significantly downregulated expression of GLP-1 in ileum and
PGC1a, UCP1 in brown adipose tissue. In addition, we identified that UDCA attenuated the high fat diet-
induced obesity via enhancing levels of non-12-OH BAs.
Interpretation: Our study highlights that dysregulated BA signaling mediated by gut microbiota contributes to
obesity susceptibility, suggesting modulation of BAs could be a promising strategy for obesity therapy.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Obesity is a highly prevalent health problem worldwide, and is
considered a risk factor for type 2 diabetes, non-alcoholic fatty liver,
hypertension, cardiovascular diseases, and cancer. In addition to
genetic regulation, environmental factors such as, excessive high-cal-
orie food intake and sedentary lifestyle play an important role in obe-
sity development [1]. Overweight/obese individuals have different
metabolic status. For example, a proportion of overweight/obese
individuals can maintain healthy metabolic phenotypes (HO) and
might not be at an increased risk for metabolic complications of obe-
sity [2]. Meanwhile, susceptibility to obesity can vary considerably
among individuals despite being exposed to similar diets, lifestyles,
and other similar environmental conditions. This has also been
observed in rodents fed the same high fat diet (HFD) which show dif-
ferent susceptibilities to obesity: some of them are sensitive to HFD
induced obesity (obesity prone, OP), whereas others are not (obesity
resistant, OR) [3]. Previous studies showed that feeding C57BL6 mice
with high fat diet could generate the OP/OR model [4,5]. The hetero-
geneity between the OP/OR model is still largely unknown and of
great significance in obesity research. Many investigators have
searched for candidate factors that render individuals susceptible to
diet-induced obesity. Studies comparing obesity-prone and obesity
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Research in context

Evidence before this study

Subjects may show different metabolic status and different sus-
ceptibility to obesity even under similar diets, lifestyles, and
other environmental conditions. BAs have been recognized as
important signaling molecules to modulate glucose and energy
metabolism. The effects of the changes of BA composition medi-
ated by the gut microbiota on obesity susceptibility remain
poorly understood, requiring continued research efforts.

Added value of this study

Our current findings support a novel BA-gut microbiota axis as
a contributor to obesity susceptibility. The level of non-12-OH
BAs relative to total BAs (non-12-OH BA%) was significantly
increased in high BMI subjects with “metabolically healthy”
phenotype from a human cohort study. Compared with the
HFD obesity prone (HF-OP) mice, higher non-12-OH BA levels
were observed in HFD obesity resistant (HF-OR) mice, with
attenuated metabolic disorders and enhanced GLP-1 expression
in ileum and PGC1a, UCP1 expression in brown adipose tissue.
The changes of BA compositions were associated with altered
gut microbiota. Clostridium scindens, which was significantly
decreased in HF-OP mice, played a potential role in enhancing
the non-12-OH BA levels. Finally, we identified that treatment
with UDCA in HFD mice enhanced the non-12-OH BA% and
attenuated the HFD-induced obesity phenotype.

Implications of all the available evidence

The ratio of non-12-OH BAs to 12-OH BAs is mechanistically
involved in the metabolic status of obesity. Our study highlights
that shifting BA synthetic pathways (between classical and
alternative pathways) alters host metabolism and affects sus-
ceptibility to obesity, suggesting that modulation of BA compo-
sition could be a promising strategy for obesity management.
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resistant subjects have been reported, the proposed anti-obesity
mechanisms include: (1) expression of uncoupling protein 1 (UCP1)
and uncoupling protein 2 (UCP2) in brown fat are elevated in OR
mice when given HFD [6]. (2) OR mice have increased fat oxidation
ability in response to increased fat intake [7]. (3) Transcriptomic and
metabolomic profiling of OP and OR rats revealed that OP rats have
increased activity of the Krebs cycle as well as, increased activity of
the sympathetic nervous system [8]. (4) an attenuated level of central
dopamine was shown to be present in animals with a predisposition
to dietary obesity [9]. However, definitive reasons for obesity resis-
tance are still largely unknown.

BAs are synthesized in hepatocytes from cholesterol, stored in the
gallbladder, and released into the intestine to facilitate absorption of
dietary lipids and vitamins. BAs are initially synthesized in liver via two
different pathways. The classical pathway is initiated by cholesterol 7a
-hydroxylase (CYP7A1), and then sterol-12a -hydroxylase (CYP8B1) to
produce cholic acid (CA). CYP8B1 activity determines the ratio of CA to
CDCA [10]. The alternative pathway is initiated by sterol-27-hydroxy-
lase (CYP27A1) to form 27-hydroxycholesterol which in turn, is further
hydroxylated by oxysterol 7a-hydroxylase (CYP7B1), generating CDCA,
and subsequently muricholic acids (MCAs) are synthesized in the liver
of mice [11]. Dysregulation of BAs has been associated with obesity
[12]. Increased 12a-hydroxylated BAs levels were found to be associ-
ated with insulin resistance and type 2 diabetes (T2DM) [13,14].
Recently, BAs have been recognized as important signaling molecules
that regulate numerous metabolic processes, including glucose, lipid,
and energy homeostasis. The membrane G protein-coupled receptor 5
(TGR5) and the Farnesoid X receptor (FXR) are the two major receptors
of BAs that regulate metabolism [15]. TGR5 and FXR signaling affect
many different metabolic processes in the host. For example, TGR5 sig-
naling induces intestinal glucagon like peptide-1 (GLP-1) release, lead-
ing to improved glucose homeostasis [16]. In addition, TGR5 is
expressed in brown adipose tissue (BAT) and muscle, where its activa-
tion can promote energy expenditure and attenuate diet induced obe-
sity by conversion of inactive thyroxine (T4) into active thyroid
hormone (T3) [17]. TGR5 is also expressed in macrophages, deletion of
TGR5 in macrophages contributes to inflammation and diet induced
obesity [18]. FXR is involved in the regulation of BA synthesis as well as
multiple glucose and lipid metabolic pathways [19]. FXR agonist obeti-
cholic acid was found to improve obesity-related metabolic disorders
[20]. FXR is activated mainly by the primary BAs, CDCA and CA, while
the most potent agonists for TGR5 are LCA and deoxycholic acid (DCA).
In addition, TaMCA, TbMCA, and UDCA have been identified as antago-
nists of FXR [11].

The intestinal microbiota has been regarded as a “metabolic
organ”, which plays an important role in regulating host metabo-
lism. In addition to facilitating nutrition absorption and energy
harvesting, gut microbiota produces large amounts of small mole-
cule metabolites. BAs are one important class of metabolites mod-
ified by gut microbiota. Germ-free mice are resistant to high fat
induced obesity, and when conventionalized with normal micro-
biota the germ-free mice harvest more energy from the diet and
increase body fat content quickly [21]. It has been shown that the
gut microbiota has profound effects on BA metabolism. Primary
BAs are metabolized into secondary BAs by the actions of the gut
microbial enzymes through deconjugation, dihydroxylation, and
dehydrogenation of BAs in the distal small intestine and colon
[11]. TaMCA and TbMCA have been identified as FXR antagonists,
and gut microbiota regulates intestinal FGF15 signaling through a
FXR-dependent pathway [22]. Intestinal-specific deletion of FXR
protected mice from HFD-induced liver steatosis and obesity [23].
Therefore, intestine-selective FXR inhibition was found to
improve obesity-related metabolic dysfunction [24]. Although
recent studies have revealed a significant relationship between
gut microbiota and obesity, the exact molecular mechanisms are
yet to be elucidated, especially the role of specific gut microbial
species and their metabolites in the regulation of obesity lipid
metabolism and the development of obese phenotype.

With the advent of DNA sequencing and metabolomics technologies,
we are beginning to recognize the mechanistic link between intestinal
microbiota and metabolic dysregulation. In the present study, we ana-
lysed serum BA profiles in high BMI subjects with or without metabolic
disorders using a targeted metabolomics approach. We further analysed
BA profiles in serum, liver, and feces of the HF-OP/HF-OR mice and con-
trol mice with normal diet (N). Among the three groups of mice, we
identified distinct serum BA profiles which were presumably derived
from different gut microbiota compositions. Therefore, gut microbiota
was analysed in mice of N, HF-OP, and HF-OR groups and correlation
analysis between BA and gut microbiota was performed. We also
assessed the GLP-1 expression in the ileum and UCP1 and PGC1a
expression in BAT as well as the effect of different BAs on GLP-1 secre-
tion in vitro. Moreover, BA profiles were analysed after UDCA adminis-
tration in HFD mice. Identification of specific BAs in combination with
specific types of gut microbiota may provide new diagnostic and thera-
peutic strategies for obesity control.

2. Materials and methods

2.1. Study participants and definitions in the cross-sectional study

The study participants were recruited from the Shanghai Obesity
Study (SHOS), which was designed to investigate the occurrence and
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development of metabolic syndrome and its related diseases. Sub-
jects with high BMI were selected according to the BMI � 25 kg/m2.
The exclusion criteria were: type 1 diabetes, pregnancy, gallstones,
severe diabetic complications (diabetic retinopathy, diabetic neurop-
athy, diabetic nephropathy, and diabetic foot), severe hepatic dis-
eases including chronic persistent hepatitis, liver cirrhosis with
abnormal hepatic transaminase; severe organic diseases, including
cancer, coronary heart disease, renal diseases, thyroid diseases; infec-
tious diseases; alcoholism; and continuous medication (including
weight loss or psychotropic medication, use of drugs known to affect
BA metabolism), acute infection or injury prior to enrolment. A total
of 183 subjects with high BMI were included. Anthropometric meas-
urements (e.g., weight and height), sex, age, personal health history,
and current medications were recorded. Clinical characteristics were
examined, including glucose, systolic and diastolic blood pressures
(SBP and DBP), triglycerides (TG), total cholesterol (TC), high-density
lipoprotein (HDL), low-density lipoprotein (LDL), alanine aminotrans-
ferase (ALT), and aspartate aminotransferase (AST). “Metabolically
healthy” was defined as having all of the following: fasting glucose <

6¢1 mmol/L, 2 h glucose � 7¢8 mmol/L, and having no history of dia-
betes; blood pressure with SBP/DBP < 140/90 mmHg; fasting plasma
TC < 5¢18 mmol/L, TG < 1¢7 mmol/L and HDL � 0¢9 mmol/L with no
history of high cholesterol and no previous history of cardiovascular
disease. Failure to meet all the criteria was defined as “metabolically
unhealthy” [25]. According to this definition, 183 subjects with high
BMI were further divided into two groups, including 121 subjects in
healthy high BMI (HHB) group and 62 subjects in unhealthy high BMI
(UHB) group in the study. The study was approved by the ethics com-
mittee of Shanghai Jiao Tong University Affiliated Sixth People’s Hos-
pital and all participants provided written informed consent.
2.2. Animal study

Animal experiments were approved by the ethics committee of
Shanghai Jiao Tong University and performed following the guide-
lines of the center of Laboratory Animals at Shanghai Jiao Tong Uni-
versity (Shanghai, China). C57BL/6 mice (Specific pathogen-free
grade, male, three weeks old) were purchased from Shanghai Labora-
tory Animal Co. Ltd. (SLAC, Shanghai, China) and allowed one week of
acclimatization. The mice were maintained under specific pathogen-
free conditions in a controlled facility with free access to chow and
water (temperature 20�22 °C, humidity 45§5%, 12 h light/dark
cycle).
2.2.1. Animal experiment 1
Male Mice were randomly divided into two groups with different

diets for 82 weeks: (1) normal diet group (n = 8): mice were fed chow
diets consisting of: 10% fat, 71% carbohydrate, and 19% protein; (2)
high fat diet (HFD) group (n = 32): mice were fed with diets consist-
ing of: 45% fat, 36% carbohydrate, and 19% protein. Mice were indi-
vidually housed and body weight and food intake were measured
once a week during the experiments. Average daily food intake (g/
day/mouse) was calculated and converted to kcal/day/mouse accord-
ing to the calorie content of the diet. Feces samples were collected at
different time points (weeks 4, 18, 46, and 82) for BA assessment.
After 82 weeks of feeding, mice with body weight gain in the upper
quartile during the feeding period were designated as the high fat
obesity prone group (HF-OP group, n = 8), while those in the lower
quartile were designated as the high fat obesity resistant phenotype
(HF-OR group, n = 8). The mice were fasted overnight and then anes-
thetized for harvesting blood. The blood was centrifuged at 3000 g
for 10 min for serum isolation. Liver samples, intestinal tissues and
contents, white and brown fat tissues were collected immediately
after euthanasia. All samples were stored at �80 °C until used for
analysis.
2.2.2. Animal experiment 2
For the UDCA supplement experiment, 15 male mice were ran-

domly divided into three groups with different diets: normal diet
group (n = 5) (10% fat, 71% carbohydrate, and 19% protein), HFD group
(n = 5), and HFD+0.5%UDCA group (HFD: 60% fat, 21% carbohydrate,
19% protein). Body weight and food intake were recorded once a
week during the experiments. After 8 weeks of feeding, mice were
fasted overnight and then sacrificed. The harvested blood was centri-
fuged at 3000 g for 10 min for serum isolation. Liver, adipose tissues,
intestinal tissues and contents were carefully collected and kept in
liquid nitrogen before storage at �80 °C.

2.3. Biochemical analysis

For human study, the levels of serum glucose, TG, TC, HDL, LDL,
AST, and ALT were measured using an automatic biochemical analy-
ser (Hitachi 7600, Tokyo, Japan). For animal experiment, serum glu-
cose, TG, AST, and ALT were measured using an automatic
biochemical analyser (Hitachi 7600, Tokyo, Japan). Serum TC, HDL
and LDL were measured using a commercial biochemical kit
(ab65390, Abcam, Cambridge, United Kingdom). The liver TG and TC
content were detected using a triglyceride assay kit and total choles-
terol assay kit (A110-1�1, A111-1�1, Jiancheng Bioengineering Insti-
tute, Nanjing, China).

2.4. BAs analysis

BAs are amphiphilic molecules consisting of a 24-carbon steroid
core and a short aliphatic side chain [26]. BAs in serum, liver, and
feces were measured according to previously reported methods [27]
and the detailed analytical methods are shown in the Supplemental
Methods. Serum C4 was detected based on mass spectrometry meth-
ods as described previously [28] and the detailed method was shown
in Supplemental Methods. BAs were quantified using ultra-perfor-
mance liquid chromatography (UPLC)-triple quadrupole time-of-
flight mass spectrometry (Waters Corp., Milford, MA, USA). Raw data
obtained from UPLC-MS were analysed and quantified using Target-
Lynx version 4¢1 applications manager (Waters Corp., Milford, MA).
All the calibration standards solutions were mixed at appropriate
concentrations and run after every ten samples for quality control.
Classification of BAs and their structure information are shown in
Table S1.

2.5. Sequencing of the whole microbial genome

The microbial genomic DNA samples were extracted using the
DNeasyPowerSoil kit (Qiagen, Inc., Netherlands). The quantity and
quality of extracted DNAs were measured using a NanoDrop ND-
1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) and agarose gel electrophoresis, respectively. The quality
checked DNA sample was used to construct metagenome shotgun
sequencing libraries by using the Illumina TruSeq Nano DNA LT
Library Preparation Kit. Each library was sequenced by the Illumina
HiSeq X-ten platform (Illumina, USA) with PE150 strategy at Personal
Bio- technology Co., Ltd. (Shanghai, China). Raw sequencing reads
were processed by FastQC (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/) to conduct quality control. The sequencing
adapters were removed from sequencing reads using Cutadapt
(v1.2.1). Low-quality reads, reads with ambiguous bases were
removed using a sliding-window algorithm. The sequencing reads
were aligned to the host genome and host genome reads were
removed. Then quality-filtered reads were de novo assembled to con-
struct the metagenome for each sample. Scaffolds/Scaftigs sequences
were constructed by megahit (https://hku-bal.github.io/megabox/) of
not less than 300 bp were selected for each sample and used to pre-
dict corresponding protein sequence by the MetaGeneMark database

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://hku-bal.github.io/megabox/


4 M. Wei et al. / EBioMedicine 55 (2020) 102766
(http://exon.gatech.edu/GeneMark) [29]. Quality-filtered data were
submitted and compared to the Kyoto Encyclopaedia of Genes and
Genomes (KEGG) database and the EggNOG database. The functions
of proteins were predicted and annotated. The number of bacterial
reads and relative abundances were classified by the NCBI-NT data-
base and MEGAN (http://ab.inf.uni-tuebingen.de/software/megan5/).
Lefse analysis were conducted using the online website (http://hut
tenhower.sph.harvard.edu/galaxy/) with a = 0¢05, the threshold of
LDA score was at 2¢0.

2.6. Gavage of Clostridium species in conventional mice

Clostridium scindens (ATCC 35704) was purchased from the
American Type Culture collection and was identified by its 16 s
ribosomal sequence. The strain was cultured using Brain Heart
Infusion (BHI) broth under anaerobic conditions (Bactron300
Anaerobic Chamber Glovebox, Shel Lab Inc., USA). Mice were pur-
chased from the Laboratory Animal Services center of The Chinese
University of Hong Kong, Hong Kong. The animal experiment
received approval from the Committee on the Use of Human &
Animal Subjects in Teaching & Research at Hong Kong Baptist
University. Animal experiment followed the Animals Ordinance
guidelines, Department of Health, Hong Kong SAR. Twenty-one
male C57BL/J mice were divided into three groups (n = 7 per
group). After confirming its activity in vitro, one treatment group
was gavaged daily with 100 ul of live C.scindens PBS suspension
(108 CFU/ml). One treatment group was given 100 ul heat-killed
C.scindens PBS suspension (108 CFU/ml). Control mice received an
equivalent volume of PBS. Mice were fed normal diet (10% fat,
71% carbohydrate, and 19% protein) throughout the experiment.
After two weeks of gavage, the mice were sacrificed and liver tis-
sue were collected for BA analysis.

2.7. RNA isolation and quantitative reverse transcription PCR

Total RNA was isolated using Trizol reagent (Invitrogen, CA, USA).
The cDNA templates were obtained from 500 ng of purified RNA
using iScript Reverse Transcription Supermix for RT-PCR (Bio-rad,
CA). 1 £ SYBR Green Master Mix buffer (Takara, Otsu, Japan) was
used for quantitative RT-PCR and assays were performed on a Roche
lightCycler 480 II PCR machine. Gene specific primers are listed in
Table S2. Targeted gene levels were normalized to housekeeping
gene levels (GAPDH) and the results were analysed using the DDCT
analysis method [30].

2.8. Immunohistochemistry and immunofluorescence staining

To assess the histological features of liver, epididymal adipose tis-
sue, and brown adipose tissue, the formalin-fixed tissue samples
(n = 3 per group) were embedded in paraffin and stained with routine
haematoxylin and eosin (H&E). For immunofluorescence staining of
ileum tissues (n = 5 per group), the fresh tissues were embedded in
OCT compound (Sakura, USA) and cut into frozen intestinal sections.
The slides were treated with TGR5 antibody (ab72608, Abcam, RRID:
AB_2112165) and GLP-1 (ab23468, Abcam, RRID:AB_470325), and
were then exposed to Alexa Fluor 488 goat Anti-mouse IgG
(ab150117, Abcam, RRID:AB_2688012) and Alexa Fluor 594 goat
Anti-rabbit IgG (ab150080, Abcam, RRID:AB_2650602). Nuclei were
stained with 4, 6-diamidino-2-phenylindole-dihydrochloride (DAPI,
Sigma chemical). After PBS washing, slides were mounted using Pro-
longTm Gold Antifade Mountant (Life Technologies) and were photo-
graphed with a fluorescence microscope camera (Zeiss, Oberkchen,
Germany). For immunohistochemistry staining of UCP-1 in BAT (n = 3
per group), brown adipose tissues were fixed in 4%
paraformaldehyde and embedded in paraffin according to the stan-
dard procedures. Then slides were deparaffinized, rehydrated, and
stained with UCP-1 antibody (23673�1-AP, RRID:AB_2828003, Pro-
teintech, China). Images were acquired using a digitalized microscope
camera (Nikon, Tokyo, Japan) and results were quantified using
ImageJ software.

2.9. Cell culture and ELISA

The mouse colon cell line STC-1 (RRID:CVCL_J405) and the human
cecum cell line NCI-H716 (RRID:CVCL_1581) were purchased from
ATCC. The cells were cultured in RPMI 1640 growth medium supple-
mented with 10% fetal bovine serum (Gibco, USA) at 37 °C, 5% CO2.
The cells were plated into a 24 well plate with an appropriate density
and then exposed to vehicle (DMSO, control, less than 0¢1%), or
DMSO+25uM BAs. After incubation, the culture supernatants were
collected for ELISA. The secreted GLP-1 was detected according to the
manufacturers’ instructions by ELISA kits (Millipore, MA, USA). Serum
FGF15 levels were detected using a commercial mouse Fibroblast
Growth Factor 15 ELISA Kit (CSB-EL522052MO, CUSABIO, Wuhan,
China).

2.10. Western blot analyses

Brown adipose tissues and liver tissues were lysed in RIPA buffer
with protease inhibitors. The concentrations of the protein were
quantified with the BCA protein assay kit (#23225, Thermo, Califor-
nia, USA). Equal amounts of protein were electrophoresed on 10%
SDS-page gels and transferred to a PVDF membrane. The membranes
were blocked at room temperature with 5% non-fat milk and the
membranes were incubated with antibodies against UCP1 (1:1000,
#14670, RRID:AB_2687530, Cell Signalling Technology, Beverly, MA),
peroxisome-proliferator-activated receptor g coactivator 1alpha
(PGC1a) (1:1000, 66369�1-Ig, RRID:AB_2828002, Proteintech,
China), CYP7B1 (1:1000, ab138497, RRID:AB_2828001, Abcam, Cam-
bridge, United Kingdom), CYP8B1 (1:1000, ab191910, RRID:
AB_2828000, Abcam, Cambridge, United Kingdom), FXR (ab28480,
RRID:AB_726991, Abcam, Cambridge, United Kingdom), FGF15
(sc398338, RRID:AB_2827999, Santa Cruz, CA) and beta-actin
(1:1000, #3700, RRID:AB_2242334, Cell Signalling Technology, Bev-
erly, MA) at 4 °C overnight. The membranes were washed three times
with TBST buffer and followed by a 2 h incubation at room tempera-
ture with HRP conjugated secondary antibody (1:5000, #7074, RRID:
AB_2099233, #7076, RRID:AB_330924, Cell Signalling Technology,
Beverly, MA). The signals were detected using an ECL kit (Bio-Rad,
CA).

2.11. Statistical analysis

Results are presented as mean § SD. Statistical significance was
analysed using the unpaired Student’s t-test. The Mann-Whitney U
test was used for BA data analysis because most of the data were not
normally distributed. Statistical analyses were calculated using
GraphPad prism 8.0 (GraphPad software, La Jolla, CA, USA) and SPSS
version 17.0 (IBM SPSS, Chicago, IL, USA). Correlations between BAs
and microbiome abundances were performed using Spearman’s cor-
relation analysis with the post hoc correction using the FDR method.
The (OPLS-DA) was performed using SIMCA version 13.0 (Umetrics,
Umea, Sweden). Partial least squares-discriminant analysis (PLS-DA),
Principal component analysis (PCA) and heatmaps depicting spear-
man correlation or metabolic profile were generated using R studio
(RStudio, Boston, MA, USA). Differences between experimental
groups were considered significant at p<0¢05.
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3. Results

3.1. Non-12-OH BAs were significantly decreased in the unhealthy high
BMI subjects

In the cross-sectional study, including 121 healthy high BMI sub-
jects (HHB) and 62 unhealthy high BMI subjects (UHB), we observed
that there were significant differences in the clinical characteristics
between the HHB and UHB group. Briefly, BMI, glucose, TC, and TG
were significantly increased in UHB group (Table S3). Serum BA pro-
files were examined in both groups. The levels of HCA, HDCA, GHDCA,
UDCA, CDCA, and GUDCA were significantly decreased in the UHB
group, and all these BAs belonged to non-12-OH BAs. Meanwhile, the
levels of DCA, GDCA, TLCA, TDCA, and TCA were elevated in the UHB
group, and most of these BAs belonged to 12-OH BAs. (Table S4). The
proportions of BA species were further analysed and the results
showed that UHB subjects had significantly lower non-12-OH BAs
proportion while total BA concentrations were not changed between
the two groups (Fig. 1a). The proportions of CA species and DCA spe-
cies were obviously increased in UHB group, whereas the proportions
of CDCA species and UDCA species were decreased compared with
HHB subjects (Fig. 1a). Logistic regression analysis showed that the
proportion of non-12-OH BAs was significantly associated with the
presence of healthy high BMI after adjustment for age and gender
(OR 1¢129, 95% CI: 1¢083�1¢176, p<0¢01) (logistic regression). In
addition, we performed a receiver-operating characteristic (ROC)
analysis and found that the proportion of non-12-OH BAs had good
performance in predicting healthy high BMI subjects (AUC
area = 0¢87, 95% CI: 0¢82�0¢93, p<0¢01, a cut-off value of 66¢1 with a
sensitivity of 78¢5% and a specificity of 91¢9%) (ROC curve analysis)
(Fig. 1b). These results suggested that altered non-12-OH BA compo-
sition may be involved in different obesity metabolic status.
3.2. The different physiological features of HF-OP and HF-OR mice

To determine the role of non-12-OH BAs in different obesity sta-
tus, we established an animal model. After feeding with HFD, the
body weights of HF-OP group mice were significantly different from
that of the HF-OR group (Fig. 2a), while there were no significant dif-
ferences in food intake between HF-OP and HF-OR groups (Fig. 2b).
Compared with normal diet fed mice at each time point, HF-OP mice
showed bodyweight gain progressively from the 4th week to the
82nd week of HFD. However, HF-OR mice showed a slower rate of
weight gain and the body weight was significantly lower at the 82nd
Fig. 1. Serum BA analysis from HHB and UHB group. (a) Total BA concentrations and major B
taurine-conjugated, and glycine-conjugated BAs. The proportions of BA species were calcula
n = 62 in UHB group. HHB: healthy high BMI group; UHB: unhealthy high BMI group. **p<0�
AUC: area under curve.
week compared with HF-OP group. Relative to normal diet mice
group, HF-OP mice showed hypertrophy of adipocytes from epididy-
mal white adipose tissue, higher lipid content in BAT, and more lipid
droplets accumulation in liver, while the changes were mild in the
HF-OR group (Fig. 2c). In addition, the HF-OP mice had significantly
higher serum fasting glucose, insulin, ALT, AST, TG, TC, HDL-c, and
LDL-c levels than the normal diet mice (Fig. 2d). However, lower
serum glucose, AST, TG, and TC levels were observed in HF-OR group
compared with HF-OP mice, suggesting HF-OR mice had a healthier
overweight/obesity phenotype (HO status). Similarly, the liver TG
and TC content was elevated in HF-OP group and HF-OR group, with
a higher level in HF-OP group (Fig. S1).
3.3. Dysregulated BAs profiles in HF-OP group and a relative expansion
of non-12-OH BAs proportion in the HF-OR group

BAs play an important role in obesity as signaling molecules. To
assess the BAs profile in the three groups of mice, ultra-performance
liquid chromatography quadruple time of flight mass spectrometry
(UPLC/QTOFMS) was applied to acquire their serum BAs profiles. We
observed a clear separation between the normal diet group and HF-
OP group mice from the orthogonal partial least squared-discrimi-
nant analysis (OPLS-DA) model established with the identified serum
BAs. Similarly, a separation trend between the HF-OP group and HF-
OR group was also observed (Fig. 3a). The variable importance in pro-
jection (VIP) scores from OPLS-DA model indicated that UDCA was
the top BA that resulted in the group separation between the HF-OP
and HF-OR group (Fig. 3b, 95%CI shown in Table S5). The concentra-
tions of serum BAs are summarized in Table S6. We found that UDCA,
CDCA, LCA, bMCA and vMCA were significantly decreased in the HF-
OP group and furthermore, all these differential BAs belonged to the
non-12-OH BA class. In addition, TCA was increased in HF-OP group
and unconjugated BAs were decreased in HF-OP group compared
with N group. However, there were no significant differences in con-
jugated and total BAs among the three groups (Fig. 3c). To elucidate
the association of serum BAs and blood biochemical parameters,
Spearman correlation heatmap analyses were performed for the
three groups. We found that most of the differential BAs had a signifi-
cantly negative correlation with body weight or serum TG. Moreover,
UDCA had a negative correlation with serum TC, and CDCA had a neg-
ative correlation with fasting glucose (Fig. 3d). Similar results were
observed in the livers of the HF-OP group mice, where we found that
UDCA, CDCA, LCA, and vMCA were significantly decreased in HF-OP,
whereas bMCA, TaMCA, and TbMCA were significantly increased in
A ratio of the subjects from the HHB and UHB group. BA species include unconjugated,
ted as follows: concentrations of BA species / Total BA £ 100%. n = 121 in HHB group,
01 (Mann�Whitney U test). (b) ROC of non-12-OH BAs% in predicting healthy high BMI.



Fig. 2. The physiological changes in the N, HF-OP and HF-OR group. (a) Body weights and daily energy intake (b) at different time points. Data are expressed as mean § SD (n = 8 per
group). **p<0�01 (unpaired Student’s t-test) compared with N group. (c) Representative images of H&E staining of eWAT, BAT and Liver sections. Scale bars, 100mm. eWAT: epidid-
ymal white adipose tissue. (d) Serum parameters. Data are expressed as mean § SD (n = 8 per group). *p<0�05 and **p<0�01 (unpaired Student’s t-test).
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HF-OR group (Fig. 3e and Table S7). Interestingly, although there
were no significant changes of non-12-OH/12-OH ratios between N
and HF-OP group, we found that the ratios of non-12-OH/12-OH BAs
in liver were significantly increased in the HF-OR group compared
with the HF-OP group, while total BAs showed no significant differ-
ences (Fig. 3e). The proportion of non-12-OH BA was increased in the
HF-OR group (Fig. 3f). To determine the basis for the altered BAs pro-
file, we performed mRNA analysis of liver tissue to evaluate the
expression of enzymes responsible for both classical and alternative
BA synthesis. Whereas gene expression for both Cyp7a1 and Cyp27a1
were not significantly altered, Cyp8b1 expression was significantly
decreased in the HF-OR group compared with the normal diet (N)
group. Meanwhile, Cyp7b1 expression in the HF-OP group was
decreased by half compared with the N group and the HF-OR group
(Fig. 3g). Consistently, western blot results showed that CYP7B1ex-
pression was reduced in HF-OP group while CYP8B1 expression was
downregulated in the HF-OR group (Fig. 3h). BA synthesis is not only
regulated by the hepatic FXR/SHP pathway, but also by intestinal
FXR/FGF15 signaling. We detected Fxr/Shp mRNA expression in liver
and found that Fxr expression was significantly downregulated in
HF-OP group compared with N group, suggesting that impaired FXR
pathway might be involved in HF-OP group. However, Shp expression
was increased in HF-OR group compared with HF-OR group, implying
hepatic FXR activation (Fig. 3g). There were no significant changes of
Pxr and Lxr mRNA expression in the liver of mice in both HF-OP and
HF-OR groups (Fig. S2). In addition, we examined the impact of intes-
tinal FXR signaling and found that the expression of FGF15 was sig-
nificantly increased in the ileum tissue of the HF-OP group mice,
whereas there were no significant changes in FXR expression
(Fig. 3i). Accordingly, serum FGF15 was also significantly increased in
the HF-OP group mice (Fig. 3j).

3.4. Dynamic change of BAs profile in feces

To explore the dynamic changes of fecal BAs, we collected the
feces at the chosen time points of 4, 18, 46, and 82 weeks and
measured the BA profile in the stool samples from the N, HF-OP and
HF-OR groups. Partial least-square discriminant analysis (PLS-DA) of
the fecal BA profiles were performed. The results showed that there
was a large overlap of BA profiles among the three groups at week 4.
HFD (HF-OP group+ HF-OR group) and normal diet group began to
separate at week 18. At week 46, the BA profile from the HF-OP group
was gradually separated from that of the HF-OR group. Finally, the
HF-OP group displayed an obvious separation from both the N and
HF-OR groups at week 82. In contrast, the scatter plot distribution of
HF-OR group was close to that of the N group at week 82 (Fig. 4a).
The PLS-DA model at week 82 explained the 44% variation (PC1: 27%,
and PC2: 17%). Fecal BA concentrations at week 82 were analysed,
and the results showed that the levels of LCA, UDCA, HDCA, and
CDCA were significantly decreased in the HF-OP group compared
with N and HF-OR group, while CA was increased in the HF-OP group
compared with the HF-OR group (Table S8). In addition, we found
that the composition percentage of UDCA, LCA, and CDCA in the HF-
OP group were significantly decreased compared with the N and HF-
OR groups at week 82 (Fig. 4b). Of note, we also observed that ratios
of non-12-OH/12-OH BAs in HF-OR group were significantly
increased at week 82 compared with the HF-OP group.

3.5. Dysregulated BAs were associated with gut microbiota

The gut microbiota is tightly associated with metabolic disorders,
including obesity. Additionally, the gut microbiota has a great impact
on BA composition. We speculated that the dysregulated BA profile
was associated with differences in the gut microbiota. Whole-
genome shotgun metagenomics sequencing was performed to com-
pare the fecal microbiota compositions of mice in the N, HF-OP, and
HF-OR groups at week 82. Whole-gene counts and a diversity
(including Simpson, Chao1, ACE, and Shannon index) were found to
be unchanged (Fig. S3a, b). The phyla relative abundances did not
show any significant differences between the three groups (Fig. S3c).
The plot from the PLS-DA analysis at the species level showed that
the gut microbiota composition was significantly different among the



Fig. 3. Dysregulated BA profiles in the HF-OP group and relative expansion of non-12-OH BAs composition in the HF-OR group. (a) Orthogonal partial least squared-discriminant
analysis (OPLS-DA) scores plot of serum BA profiles showing the groupings of N (blue) group, HF-OP (red) and HF-OR (green). (b) VIP scores of OPLS-DA based on the serum BA pro-
files between the HF-OP and HF-OR group. A BA with VIP more than 1 was considered important in the discrimination between the groups. (c) Dysregulated BAs in the HF-OP group.
The data are presented as the mean § SD. *p<0�05 and **p<0�01 (Mann�Whitney U test). (d) Heatmap of spearman correlation coefficients between serum BAs and blood bio-
chemical parameters from all samples in the three groups (n = 24, 8 samples per group). The gradient colours represent the correlation coefficients, with red color being more posi-
tive and blue color indicating more negative. *p<0�05 (Spearman’s correlation with the post hoc correction using the Holm method). (e) Differential BAs in liver tissue with a
relative expansion of non-12-OH BA composition in HF-OR group. The data are presented as the mean § SD. *p<0�05 and **p<0�01 (Mann�Whitney U test), ns showed no
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Fig. 4. The time-dependent alteration of the fecal BAs profile. (a) Partial least squares-discriminant analysis (PLS-DA) analysis of the fecal BAs profile from different time points of
the three groups (n = 8 per group). (b) Dysregulated BAs in feces of N, HF-OP and HF-OR groups at week 82. The data are presented as the mean § SD. **p<0�01 (Mann�Whitney U
test). n = 8 per group.
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three groups (Fig. 5a). There was an obvious separation between the
HF-OR and HF-OP groups (Fig. S3d). The top 20 VIP scores from PLS-
DA analysis between the HF-OP and HF-OR groups indicated that the
species Clostridium scindens and Clostridium hylemonae were the top
2 gut microbiota that resulted in the group separation between the
HF-OP and HF-OR groups (Fig. 5b). In addition, the species C. scindens
and C. hylemonae were labelled in the volcano plots (Fig. 5c). C. scin-
dens and C. hylemonae, both members of the Clostridium XIVa cluster,
are important bacterial species for BA metabolism because they have
high levels of BA bioconversion activity [31]. We found that C. scin-
dens and C. hylemonae were significantly decreased in the HF-OP
group compared with the N and HF-OR group (Fig. 5d). To further
elucidate the main altered microbes, a Linear discriminant analysis
effect size (Lefse) method was performed to compare gut microbiota
between the HF-OP and HF-OR groups. Akkermansia muciniphila has
been reported to be involved in diet-induced obesity and inversely
correlates with body weight [32]. The results showed that species
Akkermansia muciniphila and uc_Atopobiaceae were increased in HF-
OR group, whereas the species Turicibacter H121 and Romboutsia ilea-
liswere increased in the HF-OP group (Fig. S4). To visualize the corre-
lation of gut microbiota and BA abundances, Spearman correlation
was conducted between the main secondary BA abundances (% total)
in feces and the relative abundances of differential bacteria species
identified above. We found that C. scindens had significantly positive
correlations with UDCA, LCA, and DCA, and C. hylemonae had a signifi-
cant positive correlation with UDCA (Fig. 5e). These results suggested
that gut microbiota dysbiosis may impose a substantial impact on BA
composition. We further performed KEGG pathway analysis of gut
microbial gene sequencing. There was an obvious separation of KEGG
function as noted by the PLS-DA model among the three groups (Fig.
S5a). To identify differential functional pathways, Lefse analysis of
KEGG functional pathways was performed. The results showed that
significance. (f) Pie graphs show the mean percentage of non-12-OH BAs in the liver among t
ble for BA synthesis in liver among the three groups. The data are presented as the mean § S
(n = 4 per group) and CYP7B1 (n = 4 per group) in liver were detected by western blot. Data
The expression of FXR and FGF15 in ileum were detected by western blot. Data are presente
detected by ELISA. Data are presented as the mean § SD. **p<0�01 (unpaired Student’s t-test
regulation of lipolysis in adipocytes, biosynthesis of unsaturated fatty
acids, and secondary BA biosynthesis were enriched in the normal
diet group, while olfactory transduction, nitrogen metabolism, and
glutathione metabolism were enriched in the HF-OR group. Glutathi-
one is involved in improving obesity related oxidative stress [33],
and might be associated with glycine conjugated BA metabolism. Fur-
ther, the HF-OP group gained more function of protein digestion and
absorption and was prone to Cushing’s syndrome as well as, endo-
crine and metabolic diseases, all of which suggests a link to obesity
(Fig. S5b). KEGG pathway enrichment analysis showed that baiB, a
key enzyme of the BA 7a-dehydroxylation pathway, was significantly
enriched in the HF-OR group compared with the HF-OP group (Fig.
S5c). To identify the role of intestinal C. scindens in BA regulation, we
analysed the BA profile of mice that underwent C. scindens gavage
after confirming its activity in vitro (Fig. S6). Interestingly, we found
that C. scindens significantly enhanced the levels of TUDCA, TCDCA,
TbMCA, and TCA in liver, especially the levels of non-12-OH BAs
(Fig. 5f and Table S9). In addition, serum 7a‑hydroxy-4-cholesten-3-
one (C4), the BA precursor, was significantly elevated in C. scindens
treated mice, suggesting that it played an important role in regulation
BA de novo synthesis.

3.6. Altered BA composition was accompanied by reduction of GLP-1
levels and energy expenditure in HF-OP group mice

TGR5, a G protein-coupled receptor, can be activated by several
BAs, and LCA is the most potent natural agonist for TGR5 [34,35].
Activation of TGR5 in enteroendocrine cells resulted in enhanced
GLP-1 release, which helps to improve pancreatic b cell functions
and insulin resistance. Next, we showed that ileum GLP-1 was
decreased significantly in the HF-OP group using immunofluorescent
staining techniques (Fig. 6a). Further, the results were confirmed
he three groups. (g) The relative mRNA levels of Fxr, Shp and critical enzymes responsi-
D. **p<0�01 (unpaired Student’s t-test). n = 5 per group. (h) The expression of CYP8B1
are presented as the mean § SD. *p<0�05 and **p<0�01 (unpaired Student’s t-test). (i)
d as the mean § SD. *p<0�05 (unpaired Student’s t-test). (j) Serum FGF15 levels were
).



Fig. 5. Altered BA profiles were associated with gut microbiota. (a) Partial least-square discriminant analysis (PLS-DA) at species level identified by metagenomic sequencing. The
HF-OP group is shown in red, the HF-OP group is shown in green, and the N group is shown in blue. PC1 and PC2 account for 18% and 8% respectively. n = 5 per group. (b) VIP scores
of top 20 species in PLS-DA model between HF-OP and HF-OR group. (c) Visualization of differentially expressed species-level bacteria by volcano plots. Red dots represent signifi-
cantly high abundance in the HF-OP group compared with the HF-OR group; blue dots represent significantly low abundance in the HF-OP group compared with the HF-OR group.
(d) The abundance of Clostridium scindens and Clostridium hylemonae were significantly decreased in the HF-OP group. Data are presented as the mean § SD. **p<0�01 (unpaired
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using real-time PCR. The Glucagon (the precursor of GLP-1) mRNA
levels were significantly downregulated in the HF-OP group, whereas
the Tgr5 mRNA expression did not differ in the ileum among the
three groups (Fig. 6b). Moreover, we performed an ELISA assay to
assess the effects of BAs on GLP-1 secretion in vitro. The results
showed that non-12-OH BAs such as CDCA, UDCA, LCA, and their tau-
rine conjugates displayed a stronger potential to enhance GLP-1
secretion significantly in the enteroendocrine cell lines STC-1 and
NCI-H716 compared with 12-OH BAs (Fig. 6c). TGR5 is expressed in
BAT and it is reported that activation of TGR5 by BAs triggers an
increase in energy expenditure and attenuates diet-induced obesity.
We observed that the BAT marker, UCP1, was significantly decreased
in the BAT of HF-OP mice as noted by immunohistochemical staining
(Fig. 6d, e). Confirmed by western blot, expression of key thermo-
genic gene expressions in BAT, including UCP1 and PGC1a, were
markedly downregulated in mice from the HF-OP group (Fig. 6f).

3.7. UDCA treatment attenuated diet-induced obesity

To further confirm the beneficial effects of non-12-OH BAs medi-
ated by gut microbiota, we fed HFD mice with 0¢5% UDCA (w/w),
which was the most decreased BA detected in HF-OP group. Com-
pared with mice in the HFD group, mice in the HFD+UDCA group
showed a greater reduction in body weight gain (Fig. 7a). In addition,
serum biochemical parameters were also improved in the HFD
+UDCA group. Mice in the HFD group had higher fasting glucose,
insulin, TC, HDL-c, and LDL-c levels compared with the N group,
whereas the HFD+UDCA group displayed lower fasting glucose, insu-
lin, TC, and LDL-c levels compared with HFD group (Fig. 7a). Levels of
AST and ALT revealed no significant differences between the HFD
group and the HFD+UDCA group, which suggested that the UDCA
dose did not provoke liver inflammation or damage. The heatmap of
serum BA profiles showed that oral supplementation with UDCA sig-
nificantly increased non-12-OH BAs, CDCA, TLCA, LCA, and TUDCA
levels, while the amounts of 12-OH BAs, CA, TCA, and TDCA were
decreased (Fig. 7b). We found that the HFD+UDCA group had a signif-
icantly increased serum non-12-OH BA proportion (Fig. 7c). The prin-
cipal component analysis (PCA) scores plot showed that HFD
changed serum BA profiles and that the HFD+UDCA group displayed
a distinct serum BA profile (Fig. 7d). To determine the basis for the
altered BA profile, liver enzyme mRNAs responsible for BA synthesis
including Cyp7a1, Cyp8b1, Cyp27a1, and Cyp7b1 were detected by
qPCR. Compared with the HFD group, the HFD+UDCA group had a
substantial reduction of Cyp8b1 mRNA expression while there was a
significant increase in Cyp7b1 mRNA expression (Fig. 7e). The results
were further confirmed by western blot (Fig. 7f). CYP8B1 is a critical
enzyme for synthesis of CA, one of the main subtypes in the class of
12-OH BAs. CYP7B1 is a critical enzyme contributing to non-12-OH
BA synthesis. Therefore, our data suggested that UDCA treatment
mainly increased the alternative BAs synthesis pathway and sup-
pressed the classical BA synthesis pathway and thus, contributed to
the non-12-OH BAs proportion expansion.

4. Discussion

In the study, we examined the role of BA signaling mediated by
the gut microbiota and how changes in BA composition affect host
metabolism. There are many enzymes in the liver involved in the syn-
thesis of BA from cholesterol. Among them, CYP7A1 is the rate-limit-
ing enzyme for BA synthesis, whereas CYP8B1 determines the ratio of
Student’s t-test). (e) Spearman correlations of the relative BA abundance (% total) in feces wit
of N (n = 5), HF-OP (n = 5) and HF-OR (n = 5). The gradient colours represent the correlation c
*p<0�05 (Spearman’s correlation after the post hoc correction using the FDR method). (f) Th
gavage (n = 7 per group). The data are presented as the mean § SD. Vehicle: PBS group; KCS:
n�Whitney U test).
CA to CDCA [11]. We found that mice in the HF-OR had a significant
reduction of CYP8B1, thereby causing relative expansion of the non-
12-OH BAs proportion in the HF-OR group. Recently, several studies
have reported that depletion or downregulation of CYP8B1 may exert
beneficial effect to host metabolic status. CYP8B1�/- mice are resistant
to western diet-induced obesity and hepatic steatosis and insulin
resistance by reducing lipid absorption [36]. It has been shown that
loss of CYP8B1 in mice improved glucose tolerance by increasing
GLP-1 secretion [37]. Moreover, Li. et al. showed that depletion of a
liver-enriched long non-coding RNA could downregulate CYP8B1
expression and increased the conjugated MCA/CA ratio, thus enhanc-
ing apoC2 expression and improving lipid metabolism [38]. In mouse
liver, CDCA is converted to a- and b-MCA. Our results also showed
that TaMCA and TbMCA, as potential FXR antagonists, were signifi-
cantly increased in the liver of the mice from HF-OR group compared
with the mice from HF-OP group, leading to intestinal FGF15 signal-
ing inhibition once they were released into intestine. CYP8B1 has
been shown to be downregulated in mice that have undergone verti-
cal sleeve gastrectomy (VSG), a popular weight-loss surgery to com-
bat morbid obesity, and this TGR5 dependent regulation contributes
to BA pool shifts after VSG [39]. Depletion or downregulation of
CYP8B1 expression would eliminate or decrease the amount of 12-
OH BAs formed and thus increase the non-12-OH/12‑hydroxy BAs
ratio. CA is a highly efficient BA in mixed micelle formation for die-
tary fat and cholesterol absorption, altered BA composition consisting
of increased MCA and UDCA make the BA pool more hydrophilic, thus
resulting in reduced fat absorption [40]. A previous study using germ-
free and conventional mice showed that altered BA hydrophobicity
through BSH deconjugation induced the transcriptional expression of
key genes involved in lipid metabolism and transportation [41]. It
has also been reported that TDCA, derived from CA, is more likely to
increase micelle size and aggregation number, due to a lowering of
the relative hydrophilic-lipophilic balance (HLB) [42]. Another study
showed that trihydroxy-TCA proved superior in promoting choles-
terol uptake compared to dihydroxy-TCDCA [43]. BAs promote lipid
absorption by increasing paracellular transport, epithelial membrane
fluidity, and opening of tight junctions [44]. Furthermore, altered BA
profiles were associated with cholesterol metabolism, as evidenced
by the fact that some secondary BAs were positively correlated with
plasma simvastatin concentration, predicting individual responses to
statin treatment [45].

Additionally, CYP7B1, a key enzyme in the alternate pathway of
BA synthesis, was increased in the HF-OR group compared with the
HF-OP group. Cold exposure has been reported to trigger a metabolic
program and enhance energy expenditure, and this process is par-
tially mediated by CYP7B1 [46]. Lower hepatic CYP7B1 expression
was observed in obese patients with T2DM, and knockout of CYP7B1
significantly downregulated UCP-1 expression in BAT, suggesting
that CYP7B1 derived BAs might exhibit higher TGR5 receptor activa-
tion ability. Conversely, AAV-mediated CYP7B1 overexpression in the
liver caused higher energy expenditure in BAT and more O2 con-
sumption in vivo [46]. Similarly, in the present study, UCP-1 and GLP-
1 expression were downregulated in the HF-OP group, and we
showed that non-12-OH BAs showed a stronger ability to enhance
GLP-1 secretion in vitro.

BA synthesis is regulated not only by intestinal FXR/FGF15 signal-
ing, but also by negative feedback of hepatic FXR/SHP pathway. We
therefore examined intestinal and hepatic FXR signaling. FGF15, pro-
duced by ileal enterocytes after FXR activation, is secreted into the
portal vein to reach the liver, where it binds to FGFR4/b-Klotho
h the relative abundance of differential microbial species from the samples in the group
oefficients, with red color being more positive and blue color indicating more negative.
e BA profile in the mouse liver and serum C4 levels after 2 weeks Clostridium scindens
heat-killed C. scindens group; LCS: live C. scindens group. *p<0�05 and **p<0�01 (Man-



Fig. 6. GLP-1 levels in ileum and energy expenditure were decreased significantly in HF-OP group. (a) Representative immunofluorescent images showing TGR5(red), GLP-1(green)
in the ileum tissue of N, HF-OP and HF-OR groups. Scale bars, 50 mm. GLP-1 positive cells count was expressed as counts per mm2 of mucosal area. Five fields of view were chosen
randomly per sample to calculate mean count and area, values are presented as mean § SD. n = 5 per group. The count and area were analysed using image J software. *p<0�05 and
**p<0�01 (unpaired Student’s t-test). (b) The GLP-1 precursor Glucagon and Tgr5mRNA in ileum tissue were measured using real-time PCR assay. Data are presented as the mean §
SD. *p<0�05 and **p<0�01 (unpaired Student’s t-test). n = 4 per group. (c) GLP-1 secretion was detected in STC-1 and NCI-H716 cells using ELISA with treatment of BAs, and data
were obtained from 3 independent experiments. *p<0�05 and **p<0�01 (unpaired Student’s t-test). (d) Representative UCP1 immunostaining of BAT sections from the three
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Fig. 7. UDCA treatment attenuated obesity induced by high fat diet. (a) UDCA improved the metabolic profile: changes of body weight and serum paraments. Data are presented as
the mean § SD. n = 5 per group. *p<0�05 and **p<0�01 (unpaired Student’s t-test), HFD group vs N group; #p <0�05 and ##p<0�01 (unpaired Student’s t-test), HFD+UDCA group vs
HFD group. (b) Heatmap of serum bile acids profile of normal diet group (N), high fat diet group (H) and high fat diet + UDCA group (HU). The gradient colours in the heatmap
depicted the z-scale value of serum bile acids concentration. (c) The mean percentage of 12-OH bile acids and non-12 bile acids in serum from all the samples of the three group
(n = 5 per group). (d) The principal component analysis (PCA) analysis of serum bile acids. n = 5 per group. N: normal diet group; H: high fat diet group; HU: high fat diet group
+0�5%UDCA group. (e) Relative mRNA levels of Cyp7a1, Cyp8b1, Cyp27a1 and Cyp7b1 in liver detected by q-PCR assay. All data are presented as the mean § SD. n = 4 per group.
*p<0�05 (unpaired Student’s t-test). (f) The expression of CYP8B1 and CYP7B1 in liver of three group mice were detected by western blot. Data are presented as the mean § SD.
n = 3 per group. *p<0�05 (unpaired Student’s t-test).
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receptor complex to inhibit CYP7A1 activity [47]. In the study, we
observed that HF-OP mice had increased FGF15 levels. However, the
expression of Cyp7a1 only had a downregulated trend in HF-OP
group without statistical significance. One possible mechanism to
explain this phenomenon is that inhibition of intestinal FGF15 signal-
ing on CYP7A1 is partially abolished by dysregulated hepatic FXR sig-
naling, which leads to less feedback inhibition of CYP7A1. It has been
reported that levels of FXR protein and mRNA were decreased in
patients with NAFLD [48]. Accordingly, we observed that Fxr was
decreased in the HF-OP group mice with obvious hepatic steatosis.
FXR activation lowers hepatic lipids accumulation, due to reducing
the lipogenic genes and their regulators including fatty acid synthase
(FASN), stearoyl-COA desaturase (SCD), and sterol regulatory ele-
ment-binding protein-1c (SREBP-1c) [49]. FXR plays an essential role
in glucose homeostasis because FXR-null mice develop severe fatty
liver and elevated circulating free fatty acids, leading to peripheral
insulin resistance [50]. Reduced Fxr expression and its most potential
agonist CDCAmight have a dual effect in aggravating metabolic disor-
der in HF-OP mice, thus contributing to the obesity prone phenotype.

In this study, we found that UDCA treatment could upregulate the
expression of CYP7B1 and downregulated CYP8B1. Different BAs
have differential effects on BA signaling. Consistent with our results,
it has been reported that low dose (0.1% and 0.3%) UDCA
groups. Scale bars, 50 mm. (e) Quantification of UCP1 immunostaining average optical den
(unpaired Student’s t-test). (f) The expression of UCP1 (n = 8 per group) and PGC-1a (n = 7 p
**p<0�01 (unpaired Student’s t-test).
administration increased CYP7B1 expression and downregulated
CYP8B1 expression [51], suggesting that UDCA might play an impor-
tant role in promoting changes in non-12-OH/12-OH bile BA ratio.
Another study showed that UDCA administration stimulated BA syn-
thesis by reducing FGF15, accompanied by elevated serum C4 [52].
UDCA and LCA are derived from CDCA via gut microbiota metabolism.
We found that two members of the Clostridium XIVa cluster, C. scin-
dens and C. hylemonae species were approximately twofold lower in
the HP-OP group compared with the N and HF-OR group. In addition
to 7a/b-dehydroxylating activity, 7a/b-hydroxysteroid dehydrogen-
ases were detected among members of the genus Clostridium includ-
ing C. scindens [53], suggesting that the epimerization of CDCA to
UDCA might be mediated by these bacteria. In addition, 7a/
b-hydroxysteroid dehydrogenases have higher affinities for dihy-
droxy-BAs (CDCA) than for trihydroxy-BAs (CA) [53]. These studies
supported our finding that there was a significantly positive correla-
tion between bacteria with UDCA, LCA, and DCA. Furthermore, baiB,
encodes BA CoA ligase, a key enzyme for 7a-dehydroxylation to pro-
duce LCA from CDCA [53]. Oral supplementation of CDCA increased
human brown adipose tissue activity with increased energy expendi-
ture via TGR5 [54]. Among the natural endogenous BAs, LCA is con-
sidered the most potent ligand for TGR5 [55]. Binding of an agonist to
the TGR5 receptor in enteroendocrine L cells stimulated GLP-1
sity. Data are presented as the mean § SD. n = 3 per group. *p<0�05 and **p<0�01
er group) in BAT were detected by western blot. Data are presented as the mean § SD.
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release, thereby affecting metabolic homeostasis [56]. GLP-1, is an
incretin secreted by enteroendocrine L cells and plays a critical role
in obesity by alleviating hepatic steatosis via induction of fatty acid
oxidation and reduction of lipogenesis [57]. UDCA has been proven
to have clinical effects for treating various hepatic diseases including
non-alcoholic steatohepatitis [58]. We found that UDCA not only
enhanced GLP-1 release in vitro, but also alleviated HFD-induced
obesity by oral administration. In agreement with our study, Mura-
kami et al. previously showed that UDCA stimulated GLP-1 secretion
in healthy subjects [59]. In addition to exhibiting affinity for TGR5,
UDCA has been considered an FXR antagonist, and inhibition of FXR
in enteroendocrine cells could also enhance GLP- 1 secretion [60,61].
Gavage with a mixture of UDCA and LCA reduced hyperlipidaemia,
and treatment with a bacterial strain capable of elevating UDCA, LCA
and succinate levels, could alleviate obesity, hyperglycaemia, and
hepatic steatosis in HFD-fed mice [62]. C. scindens has been shown to
be associated with resistance to Clostridium difficile infection in a sec-
ondary BA dependent manner [63]. Meanwhile, C. scindens has also
been shown to be associated with ameliorated chronic inflammatory
enteropathy [64]. And in strain background obesity prone or obesity
resistant mice,
C. scindens showed strong negative correlation with body weight
[65]. Our previous study showed that oral gavage of C. scindens in
C57BL/6 J mice reduced FGF15 expression in the ileum and increased
serum C4 levels as well as CYP7A1 expression [28]. It has been shown
that inhibition of intestinal FXR/FGF15 signaling exerts beneficial
effects on obesity associated metabolic dysfunction [24]. Additionally,
CYP7A1 is regulated more strongly by intestinal FXR/FGF15 pathway
while CYP8B1 is more sensitive to FXR activation in liver [66]. Injec-
tion of FGF15 in wild-type mice significantly suppressed CYP7A1
expression but did not affect CYP8B1 [66]. A previous study showed
that germ free (GF) mice had reduced FGF15 levels and predomi-
nantly increased non-12-OH BAs [22]. Meanwhile, CYP7A1 and
CYP7B1 were increased in GF mice compared with conventionally
raised mice whereas CYP8B1 was not [22]. As reported in our previ-
ous study [28], after C. scindens gavage, CYP7A1 expression was sig-
nificantly increased while there was no obvious change in CYP8B1
expression. Taken together, these studies suggest that inhibition of
intestinal FGF15 signaling enhances hepatic BA synthesis, especially
via the alternative pathway. We also observed significantly increased
serum C4 concentrations, and BAs, especially non-12-OH BAs in the
liver of the C. scindens treated mice model. In addition, reduced Clos-
tridia has been observed in the intestines of humans with obesity and
type 2 diabetes [67]. A recent important finding has been reported
that colonization with Clostridia protects against obesity via T cell-
mediated regulation of the microbiota and downregulation of CD36,
a receptor responsible for uptake of long-chain fatty acids (LCFs) [68].

When energy intake exceeds energy expenditure, causing an
imbalance of energy metabolism, obesity is likely to develop. There-
fore, increasing energy expenditure is a potential strategy for control-
ling obesity. We observed that UCP-1 expression was significantly
decreased in the HF-OP group. It has been shown previously that
UCP1 activity had a determinative role for obesity development in
mice [69]. Thermogenesis mediated by UCP-1 protein in brown adi-
pose tissues can combat obesity and UCP1 expression can be regu-
lated by BA. For example, CDCA, LCA, and other TGR5 agonists
increase UCP1 expression in brown adipocytes, implying TGR5 is crit-
ical to mediate the process [54]. Another study showed that adding
BA to HFD reduced adiposity and hepatic lipogenesis and improved
glucose tolerance in WT but not in UCP-1 KO mice [70]. Moreover,
the GLP-1 receptor is expressed in BAT, and the GLP-1 receptor ago-
nist liraglutide stimulates BAT thermogenesis and adipocyte brown-
ing by enhancing UCP-1 expression [71]. In the present study, we
found that UCP1 and PGC1a were significantly downregulated in the
HF-OP group mice. The PGC1a ! UCP1 signaling pathway is medi-
ated by TGR5 as evidenced by the fact that administration of BA
mimetic (INT-777, specific agonist for TGR5) increased mitochondrial
counts and induced UCP-1 exclusively in TGR5+/+ mice but not TGR5
knockout mice [72], thus, illustrating that this process was TGR5
dependent. BAs metabolized by bacterial 7a-dehydroxylation were
found to have a much stronger activation effect on TGR5 than pri-
mary BAs, and TGR5 activation is one of the proposed mechanisms to
ameliorate obesity. Interestingly, TGR5 knockout had decreased
CYP7B1 expression [73], suggesting that TGR5 signaling might regu-
late the expression of CYP7B1.

There are several limitations in this study. First, metabolic cages
were not used to measure calorimetry to calculate energy expendi-
ture. Second, we did not measure short chain fatty acids in the intes-
tinal contents, which may also affect GLP-1 secretion. In addition,
lipids excretion in feces were not investigated. Further studies would
be required to fully understand the mechanistic link between the gut
microbiota dysbiosis-induced changes of BA composition with meta-
bolic status.

To summarize, in this study we found that changes in BA signaling
mediated by gut microbiota altered host metabolism and contributed
to obesity status. The close links between BAs and metabolic status
raises the possibility that modulation of BAs could be a promising
strategy for obesity therapy.
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