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Abstract
Background Roux-en-Y gastric bypass (RYGB) is an effective surgical treatment for type 2 diabetes mellitus (T2DM). The
present study aimed to investigate the effects of RYGB on glucose homeostasis, lipid metabolism, and liver morphological
adaption, as well as the changes in bile acids signaling and expression of its target regulatory factors involved in gluconeogenesis,
lipogenesis, and fatty acid β oxidation.
Methods Twenty adult male T2DM rats induced by high-fat diet and a low dose of streptozotocin were randomly divided into
sham and RYGB groups. The parameters of body weight, food intake, glucose tolerance, insulin sensitivity, serum lipid profiles,
and bile acids level were assessed to evaluate metabolic changes. Liver sections were stained with hematoxylin-eosin (H&E) and
oil red O to assess lipid accumulation. The mRNA and protein expression levels of farnesoid X receptor (FXR), small hetero-
dimer partner (SHP), key regulatory factors of gluconeogenesis, lipogenesis, and fatty acid β oxidation (phosphoenolpyruvate
carboxykinase (PEPCK), glucose-6-phosphatase (G6Pase), sterol regulatory element-binding protein-1c (SREBP-1c), peroxi-
some proliferator-activated receptor-α (PPAR-α)) were determined through RT-PCR and Western blotting, respectively.
Results RYGB induced significant improvements in glucose tolerance and insulin sensitivity, along with weight loss and
decreased food intake. RYGB also decreased serum TG, FFAs, and increased bile acids levels. The lipid droplets in the liver
were significantly decreased after RYGB. The RYGB group exhibited downregulated mRNA and protein expression levels of
PEPCK, G6Pase, and SREBP-1c and upregulated expression of FXR, SHP, and PPAR-α in the liver.
Conclusions RYGB ameliorates glucose and lipid metabolism accompanied by weight loss and calorie restriction. The liver
exhibited a marked improvement in lipid accumulation after RYGB. The bile acids level, FXR, and its target transcriptional factor
SHP expression were elevated. Meanwhile, our study demonstrated that the increased bile acids-FXR signaling, followed by the
reduced hepatic gluconeogenesis, lipogenesis, and increased fatty acid β oxidation may contribute to improved metabolic
conditions after RYGB.
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Introduction

Diabetes prevalence continues to increase worldwide, as
do the numerous associated comorbidities including car-
diovascular disease, metabolic syndrome, and even some
cancers [1, 2]. Globally in 2017, more than 451 million
people were diabetes and 5 million deaths happened as a
result of diabetes and its complications. Type 2 diabetes
mellitus (T2DM) comprises approximately 90% of all
cases of diabetes and represents a major health and eco-
nomic burden [3, 4]. The burden of T2DM on quality of
life as well as the economy has spurred the development of
numerous T2DM treatments that range from behavioral to
pharmacologic to surgical [5–7]. Currently, bariatric sur-
gery is recommended as the most effective treatment for
obese T2DM patients, defined by a body mass index (BMI)
greater than 35 kg/m2 [8–10]. A lot of clinical trials have
demonstrated the superiority of bariatric surgery in terms
of sustained weight loss and a significant improvement or
complete remission of the metabolic disorder compared
with lifestyle intervention and intensive medical therapy
[11–14]. Along with the rising prevalence of diabetes,
there has been a constant increase in the total number of
bariatric surgeries performed worldwide over the past
10 years [15]. However, the underlying mechanisms that
mediate the improvement of metabolic conditions that oc-
cur after bariatric surgery are still undetermined.

Some of the potential mechanisms of action of bariatric
surgery include alterations in hormone secretion, gut mi-
crobiota, and bile acids recycling [16–18]. It is well-
known that an increase in plasma bile acids is observed
after bariatric surgery, and which is frequently proposed
to explain the positive metabolic effects of bariatric sur-
gery [19]. Farnesoid X receptor (FXR), belongs to a fam-
ily of nuclear hormone receptors and is highly expressed
in the liver, was the first identified bile acid receptor that
regulates various elements of bile acids, glucose, and lipid
metabolism. Additionally, it was demonstrated that activa-
tion of FXR by agonists in the liver was associated with
resolution of hyperglycemia and hyperlipidemia, which is
expected as a therapeutic target for metabolic disorders
[20–22]. Roux-en-Y gastric bypass (RYGB), as the stan-
dard metabolic procedure, is the major clinically per-
formed bypass surgery over the past decades [23].
However, it is unclear how RYGB influences the expres-
sion of FXR and its related factors in the liver and re-
solves metabolic disorders. Therefore, the aims of the
study were to evaluate the expression of FXR and its
related factors after RYGB and to clarify the relationship
between bile acids signaling and metabolic improvement
in a T2DM rat model. The results of this investigation
may help to provide new insights into the underlying
metabolic mechanisms of diabetes resolution after RYGB.

Materials and Methods

Animals and Diet Protocols

This animal study was approved by the Animal Care and
Utilization Committee of Guangzhou Red Cross Hospital.
Twenty 6-week-oldmale Sprague-Dawley (SD) rats were pur-
chased from Sino-British Sippr/BK Lab Animal Ltd.
(Shanghai, China). All animals were kept in individual cages
under controlled ambient temperature (24 ± 2 °C) and humid-
ity in a 12-h light/dark cycle. All rats had ad libitum access to
tap water and food unless otherwise stated. All rats were fed a
high-fat diet (HFD) (60% fat, 20% carbohydrate, 20% protein,
as a total percentage of calories; Research Diets, Inc., NJ,
USA) for 4 weeks to induce insulin resistance, followed by
an intraperitoneal injection of streptozotocin (STZ) (35mg/kg)
(Sigma, USA) to induce a diabetic state. Rats with non-fasting
blood glucose ≥ 16.7 mmol/l after 72 h, measured in duplicate
from tail vein blood with a glucometer (Sinocare Inc.,
Changsha, China), were considered diabetic and randomly
assigned to the sham (n = 10) or RYGB group (n = 10). One
week after the STZ injection, sham or RYGB surgery was
performed.

Surgical Procedures

After a 24-h fast, the rats were anesthetized with an intra-
peritoneal injection of 1% sodium pentobarbital solution
(5 ml/kg). RYGB operations were initiated by a 4-cm mid-
line incision. The stomach was divided 5 mm below the
gastro-oesophageal junction from the lesser to greater curva-
ture horizontally. The proximal stomach was closed by a 4-0
silk suture (Ningbo medical needle, China) in a simple
interrupted suture technique to create a small gastric pouch,
and the distal stomach was closed in a similar fashion. Then
jejunum was transected 10 cm distal to the ligament of
Treitz and the stump was ligated with a 4-0 silk suture.
The distal limb of jejunum was brought up to the small
gastric pouch, and a 7-mm incision was made on the
antimesenteric border of the bowel wall and anterior gastric
wall along with greater curvature, respectively. The distal
limb of the jejunum was anastomosed to the small gastric
pouch with a side-to-side gastrojejunostomy. The proximal
limb of the jejunum carrying the biliopancreatic juices was
reconnected downward to the Roux limb at a distance of
15 cm from the gastrojejunostomy with a side-to-side
jejunojejunostomy. Both the gastrojejunostomy and
jejunojejunostomy were performed in a simple interrupted
varus suture technique with an about 7 mm of anastomosis
using a 5-0 silk suture (Ningbo medical needle, China).
Sham surgeries involved the same abdominal incisions and
gastrointestinal transections as those in the RYGB group,
and reanastomosis was performed at the same sites.

OBES SURG (2019) 29:2912–2922 2913



The rats were fed non-residue diets postoperatively at 24 h
and followed by standard rodent chow (10% fat, 70% carbo-
hydrate, 20% protein, as a total percentage of calories;
Research Diets, Inc., NJ, USA) at four postoperative days
until the study ended.

In all groups, body weight and food intake were measured
daily during the first 2 weeks after surgery and then once a
week. All rats were starved overnight and euthanatized at
8 weeks postoperatively. Liver biopsies were fixed in formalin
for routine histology examination or stored at − 80 °C after
flash frozen in liquid nitrogen for quantitative real-time RT-
PCR and Western blotting.

Oral Glucose Tolerance Test and Insulin Tolerance
Test

An oral glucose tolerance test (OGTT) and an insulin toler-
ance test (ITT) were performed at baseline and at two and
eight postoperative weeks. For the OGTT, the rats were ad-
ministered 20% glucose (1 g/kg) by oral gavage after an over-
night fast. Blood glucose was measured using a glucometer at
baseline and 30, 60, 90, and 120 min after the glucose admin-
istration. For the ITT, the rats were injected intraperitoneally
with human insulin (0.5 IU/kg) after an overnight fast, and
blood glucose was measured in the same manner as OGTT.

Serum Lipid Profiles and Bile Acids Level

After an overnight fast, blood samples were collected from the
tail veins of the conscious rats and placed into chilled tubes
containing EDTA solution, and serum was immediately ex-
tracted. Serum total bile acids, total cholesterol (TC), triglyc-
erides (TG), and free fatty acids (FFAs) were measured using
enzymatic colorimetric assays (NJJCBIO, Nanjing, China).

Liver Histological Analysis

Histological changes in the liver were evaluated using
hematoxylin-eosin (H&E) and oil red O staining under a light
microscope. A part of the liver sample was embedded in par-
affin, and 3-μm-thick sections were stained with H&E. Frozen
liver sections were stained with oil red O to reveal intracellular
lipids. For assessment of histological changes, a pathologist
who was blinded to other details evaluated all histological
sections under microscopy (× 400).

Quantitative Real-Time RT-PCR

Total RNA was extracted with TRIzol (Invitrogen, Carlsbad,
CA, USA). Quantitative real-time reverse-transcription PCR
(RT-PCR) was performed in a Light Cycler System (Roche
Diagnostics,Mannheim, Germany). Analyses were performed
on 1 μg cDNA using the SYBR® Premix Ex Taq Master Mix

(Takara, Japan), in a total PCR reaction volume of 10 μl,
containing 0.2–0.6 μM of each primer. The following primer
pairs were used: FXR:5′-CCACGACCAAGCTATGCAG-
3′(forward), 5′-TCTCTGTTTGCTGTATGAGTCCA-3′(re-
verse); SHP:5′-GCAGCACTGCCTGGAGTC-3 ′(for-
ward),5′-GTGTGCAATGTGGCAGGA-3′(reverse); PEPCK:
5′-GCCTGTGGGAAAACCAACCT-3′ (forward), 5′-CACC
CACACATTCAACTTTCCA-3′ (reverse); G6Pase: 5′-
CCCAGACTAGAGATCCTGACAGAAT-3′ (forward), 5′-
GCACAACGCTCTTTTCTTTTACC-3′(reverse); SREBP-
1c:5′-ACAAGATTGTGGAGCTCAAGG-3′ (forward),5′-
TGCGCAAGACAGCAGATTTA-3′ (reverse); PPAR-α:5′-
TGCGGACTACCAGTACTTAGGG-3′ (forward),5′-GGAA
GCTGGAGAGAGGGTGT-3′ (reverse); β-actin: 5′-ACGG
TCAGGTCATCACTATCG-3 ′ (forward), 5 ′-GGCA
TAGAGGTCTTTACGGATG-3′ (reverse).

Western Blotting

Total protein in the liver tissue was extracted with RIPA lysis
buffer containing protease inhibitors (Beyotime, Shanghai,
China), and the concentration of protein was determined using
a BCA Kit (Beyotime, Shanghai, China). An equal amount of
protein was separated using 10% SDS-PAGE (Beyotime,
Shanghai, China). Then, the separated proteins were trans-
ferred onto polyvinylidene fluoride membranes (Millipore,
USA). Proteins were detected using antibodies against the
following: phosphoenolpyruvate carboxykinase (PEPCK),
glucose-6-phosphatase (G6Pase) (Santa Cruz Biotechnology,
Santa Cruz, USA), farnesoid X receptor (FXR), small hetero-
dimer partner (SHP), sterol regulatory element-binding pro-
tein-1c (SREBP-1c), peroxisome proliferator-activated
receptor-α (PPAR-α) (Abcam, USA), and β-actin (Cell
Signaling Technology, USA). After incubation at 4 °C over-
night with a primary antibody, the membranes were incubated
with HRP-conjugated secondary antibody (Cell Signaling
Technology, USA) for 60 min. Protein bands were assessed
using ECL reagents (Thermo Scientific, USA) and detected
by ImageQuantLAS-4000 mini (GE, USA). The band inten-
sity was assessed with ImageJ software (http://rsb.info.nih.
gov/ij, National Institutes of Health, USA).

Statistical Analysis

Quantitative data are presented as mean ± standard deviation
(SD). Areas under curves (AUC) for OGTT (AUCOGTT) and
ITT (AUCITT) were calculated by trapezoidal integration. For
measurements conducted over time, a two-way analysis of
variance (ANOVA) with repeated measures was used. For
measurements made at one-time point, a Student’s t test was
used for unpaired comparisons. P < 0.05 represented a statis-
tically significant difference. SPSS Version 20.0 was used for
the statistical analysis.
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Results

Metabolic Parameters

As shown in Fig. 1, there were no significant between-
group preoperative differences in body weight, food in-
take, OGTT, and ITT. In the sham and RYGB groups, body
weight reached its lowest value at 1 week postoperatively
and was nearly restored to the preoperative values at
2 weeks postoperatively, while the body weight increase
in the RYGB group was blunted from week 2 postopera-
tively. The postoperative body weights in the RYGB group
were significantly lower than those in the sham group at
week 4 (Fig. 1a). Daily food intake in the RYGB group
was significantly decreased postoperatively between
weeks 1 and 8 compared with that in the sham group
(Fig. 1b).

The rats in the RYGB group showed significant im-
provements in glucose tolerance at postoperative weeks 2
and 8, as demonstrated by the lower values of AUCOGTT

(Fig. 1c). Compared with the sham group, the RYGB group
demonstrated lower postoperative values of AUCITT at
weeks 2 and 8, indicating improved systemic insulin sen-
sitivity (Fig. 1d).

As shown in Fig. 2a, the fasting total bile acids were
similar between the sham and RYGB groups before the
operation. However, the RYGB group demonstrated

significantly higher levels of fasting total bile acids than
the sham group at both 2 and 8 weeks after the operation.
There were no preoperative differences in the fasting se-
rum TC, TG, and FFAs concentrations between the sham
and RYGB groups. The fasting serum level of TC de-
creased slightly in the RYGB group at postoperative weeks
2 and 8, but there was no significant difference between the
sham and RYGB groups (Fig. 2b). At postoperative weeks
2 and 8, the rats in the RYGB group showed significantly
lower fasting serum levels of TG and FFAs than those in
the sham group (Fig. 2c, d).

Histological Changes in the Liver

The liver in the RYGB group (Fig. 3b) exhibited a marked
improvement of steatosis characterized by decreased hepa-
tocyte ballooning compared with the sham group (Fig. 3a).
Similarly, the liver in the RYGB group (Fig. 3d) also ex-
hibited a marked alleviation of lipid accumulation charac-
terized by sparser lipid droplets compared with the sham
group (Fig. 3c).

Expression of Key Transcriptional Factors Related
to Bile Acids

The mRNA expression levels of FXR and SHP in the
liver were significantly increased in the RYGB group

Fig. 1 Bodyweight, food intake, AUCOGTT, and AUCITT. aBodyweight
of the rats before and after surgery. The RYGB group showed significant
weight loss compared with the sham group from postoperative week 4. b
Food intake of the rats before and after surgery. Food intake of the RYGB
group was significantly decreased compared with that of the sham group
from postoperative week 1. cNo difference in the preoperative AUCOGTT

values was observed between the sham and RYGB groups. However, the

AUCOGTT values were significantly reduced in the RYGB group
compared with the sham group at postoperative weeks 2 and 8. d There
was no significant preoperative difference in AUCITT between the sham
and RYGBgroups. However, the AUCITT values for the rats in the RYGB
group were decreased at postoperative weeks 2 and 8 compared with the
sham group. Asterisk indicates P < 0.05 vs. the sham group
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compared with the sham group (Fig. 4a). In addition, the
protein expression levels of FXR and SHP in the liver

were also markedly increased in the RYGB group com-
pared with the sham group (Fig. 4b), which was

Fig. 2 Serum total bile acids level (a) and lipid profiles (b, c, d) before
and after operation. a Serum total bile acids level was significantly
increased in the RYGB group compared with the sham group at
postoperative weeks 2 and 8. b Serum level of TC decreased slightly in
the RYGB groups postoperatively, but there was no significant difference
between the sham and RYGB groups. c Serum level of TG was lower in

the RYGB group than in the sham group at both 2 and 8 weeks
postoperatively. d Serum level of FFAs was lower in the RYGB group
than in the sham group at both 2 and 8 weeks postoperatively. TC total
cholesterol; TG triglycerides; FFAs free fatty acids. Asterisk indicates
P < 0.05 vs. the sham group

Fig. 3 Representative microscopic images (× 400) showed histological
changes in the liver. The hematoxylin-eosin (H&E) stained sections (a, b)
showed hepatic steatosis at eight postoperative weeks. The hepatocyte in
the RYGB group (b) exhibited marked improvement of steatosis charac-
terized by decreased hepatocyte ballooning compared with the sham

group (a). The oil red O stained sections (c, d) showed lipid accumulation
of the liver at eight postoperative weeks. The hepatocyte in the RYGB
group (d) exhibited marked alleviation of lipid accumulation character-
ized by sparser lipid droplets compared with the sham group (c)
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consistent with the results of the corresponding mRNA
expression in the liver.

Expression of Key Regulatory Factors
of Gluconeogenesis, Lipogenesis, and Fatty Acid β
Oxidation

The mRNA expression levels of PEPCK and G6Pase in the
liver were significantly decreased in the RYGB group com-
pared with the sham group (Fig. 5a). In addition, the pro-
tein expression levels of PEPCK and G6Pase in the liver
were also markedly reduced in the RYGB group compared
with the sham group (Fig. 5b), which was consistent with
the results of the corresponding mRNA expression in the
liver.

The mRNA expression level of SREBP-1c in the liver was
significantly decreased in the RYGB group compared with the
sham group (Fig. 5c). The protein expression level of SREBP-
1c in the liver was also markedly decreased in the RYGB
group compared with the sham group (Fig. 5d), which was
consistent with the result of the corresponding mRNA expres-
sion in the liver.

The mRNA expression level of PPAR-α in the RYGB
group was significantly increased in the RYGB group com-
pared with the sham group (Fig. 5c). The protein expression
level of PPAR-α in the liver was also markedly increased in
the RYGB group compared with the sham group (Fig. 5d),
which was consistent with the result of the corresponding
mRNA expression in the liver.

Discussion

The prevalence of bariatric surgery continues to increase
across the globe. All bariatric procedures currently performed
are demonstrated effective in the treatment of T2DM and its
comorbidities compared to non-surgical interventions [24].
Recent bariatric surgery worldwide survey showed that the
most commonly performed procedure in 2014 was sleeve gas-
trectomy (SG) (45.9%), followed by RYGB (39.6%), and ad-
justable gastric banding (AGB) (7.4%) [25]. Despite SG hav-
ing a steep increase all around the world, RYGB still repre-
sented the most performed procedure over the past decades.
RYGB was formerly the most prevalent bariatric surgery until
recently surpassed by SG, and it has been reported with the
most significant and sustained improvement of metabolic dis-
orders in many clinical trials [26]. It has also been proven
effective in diabetic control in various T2DM rat models
[27–29]. Consistent with these findings, our present study
demonstrated the safety and efficacy of RYGB in HFD/STZ-
induced diabetic rats.

Rapid and sustained weight loss and caloric restriction ef-
fects after RYGB have been shown in various T2DM rat
models [28–30]. In the present study, RYGB also reduced
weight and food intake from postoperative week 2 compared
with the sham group, and this effect persisted until the study
ended, indicating the rapid and sustained effects of RYGB on
weight loss and caloric restriction. Comprised of gastric tran-
section and intestinal bypass, it has been well demonstrated
that RYGB limits stomach capacity and decreases digestion.

Fig. 4 Relative mRNA and protein expression levels of the key
transcriptional factors related to bile acids in the liver. a The hepatic
mRNA expression levels of FXR and SHP in the RYGB group were
significantly higher than those in the sham group at eight postoperative
weeks. b The protein expression levels of FXR and SHP were

significantly increased in the RYGB group compared with the sham
group at eight postoperative weeks. β-actin was used as an internal
control. FXR farnesoid X receptor; SHP small heterodimer partner.
Asterisk indicates P < 0.05 vs. the sham group
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However, it is now accepted that RYGB engenders weight
loss and metabolic improvement by mechanisms other than
restriction and malabsorption [31]. The multifactorial mecha-
nisms promoting weight loss following RYGB include re-
duced energy intake, reduced hunger, and reduced neural re-
sponsiveness to food cues, all of which are influenced by a
series of gastrointestinal tract-derived signals [32].

RYGB has also been proven to be an effective therapy
for glycemic control or remission of diabetes in various
T2DM rat models and diabetic patients [11, 13, 28, 29].
Despite the effects of weight loss and caloric restriction
after RYGB, many studies have demonstrated that the re-
mission of diabetes is a direct consequence of physiologi-
cal remodel of surgery rather than a secondary effect of
weight loss and caloric restriction [33, 34]. Current guide-
lines recommend that bariatric surgery be considered for
peop le wi th T2DM and a BMI > 35 kg /m2 [8 ] .

Interestingly, more and more studies have indicated that
RYGB in non-severely obese patients (BMI of 30–35 kg/
m2) may also be superior to medical therapy with respect to
T2DM remission and glycemic control [35, 36]. Even in
mild-moderate obesity subjects, RYGB not only leads to
significant improvement of glucose homeostasis but also
helps patients meet other biochemical goals of diabetes
management (i.e., hemoglobin A1C, lipid profiles, and
blood pressure) [37–39]. Consistent with these results,
the present study provided evidence that RYGB improved
glucose tolerance and insulin sensitivity, supported by the
lower AUCOGTT, and AUCITT values in the RYGB group.
Although the effects of body weight loss and caloric re-
striction might explain some of the improvements in dia-
betes remission after RYGB, numerous basic and clinical
studies have demonstrated multifactorial and complex
mechanisms, such as resolve of hepatic steatosis, changes

Fig. 5 Relative mRNA and protein expression levels of the key
regulatory factors of gluconeogenesis, lipogenesis, and fatty acid β
oxidation in the liver. a The mRNA expression levels of PEPCK and
G6Pase in the RYGB group were significantly decreased compared
with those in the sham group at eight postoperative weeks. b The
protein expression levels of PEPCK and G6Pase were significantly
decreased in the RYGB group compared with the sham group at eight
postoperative weeks. c The mRNA expression level of SREBP-1c in the
RYGB group was significantly decreased compared with those in the
sham group at eight postoperative weeks. The mRNA expression level
of PPAR-α in the RYGB group was significantly increased compared

with those in the sham group at eight postoperative weeks. d The protein
expression level of SREBP-1c was significantly decreased in the RYGB
group compared with the sham group at eight postoperative weeks. The
protein expression level of PPAR-α was significantly increased in the
RYGB group compared with the sham group at eight postoperative
weeks. β-actin was used as an internal control. PEPCK phosphoenolpyr-
uvate carboxykinase, G6Pase glucose-6-phosphatase. SREBP-1c sterol
regulatory element-binding protein-1c, PPAR-α peroxisome
proliferator-activated receptor-α. Asterisk indicates P < 0.05 vs. the sham
group
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in hormone secretion, gut microbiota, and bile acids signal,
all of which may be the important mediators [16, 40, 41].

Bariatric surgery can lead to alleviation of hyperlipidemia
and hepatic steatosis [42, 43], while these improvements seem
largely dependent on surgery-induced weight loss. Recently,
Gero et al. reported that plasma TC, TG, and low-density
lipoprotein cholesterol (LDL-C) levels after RYGB were sig-
nificantly decreased compared with the preoperative levels
[44]. Carswell et al. showed that plasma TC and LDL-C levels
were reduced from 1month up to 4 years post-RYGB, and TG
level was reduced postoperatively from 3months up to 4 years
compared with the preoperative levels [45]. RYGB could im-
prove lipid metabolism in the early postoperative period
(3 months) when the sufficient weight loss was not gained.
Therefore, RYGB may influence lipid metabolism regardless
of weight change. Our present study also demonstrated that
the serum lipid profiles were improved after RYGB at 2 weeks
postoperatively. We further investigated hepatic steatosis after
RYGB, in accordance with previous studies [46, 47]; there
was ameliorated hepatic fat accumulation in HFD/STZ-
induced diabetic rats at 8 weeks after RYGB, which may
contribute to alleviated insulin resistance, as the liver fat con-
tent is positively correlated with hepatic insulin resistance in
both diabetic and non-diabetic subjects. However, the precise
mechanism by which RYGB ameliorated hyperlipidemia and
hepatic steatosis has not been determined.

Bile acids were previously well-known for their important
roles in intestinal digestion and absorption of dietary fat, ste-
roids, drugs, and lipophilic vitamins. Recent findings show
that bile acids are also important signaling molecules involved
in the regulation of glucose, lipid, and energy metabolism
[48]. Bile acids directly activate its receptor FXR, which reg-
ulates a network of genes involved in bile acid, glucose and
lipid metabolism [49]. Our research also showed that fasting
serum bile acids were increased after RYGB, and the elevated
bile acids level may contribute to the improvement of insulin
resistant and hepatic steatosis.

FXR belongs to the nuclear receptor superfamily of
transcription factors and is the receptor most dedicated to
signaling by bile acids [48, 49]. Small heterodimer partner
(SHP), also known as nuclear receptor subfamily 0 group
B member 2, which encodes the SHP protein and is a key
target gene of FXR. Indeed, most of the suppressive effects
of FXR on genes encoding components are predominantly
mediated through induction of SHP [50]. To explain the
effect of metabolic improvement after RYGB in relation
to bile acids, we further investigated the effects of RYGB
on the expression of FXR and its target transcriptional
factor SHP. Consistent with the elevated serum bile acids
level, the expression of FXR and its target transcriptional
factor SHP were significantly increased in the RYGB
group, which suggested that the bile acids signal in the
liver appeared to be enhanced after RYGB.

The possibility that FXR activation inhibits hepatic gluco-
neogenesis to lower fasting plasma glucose has been exten-
sively investigated in vitro and in vivo models; bile acids
administration and FXR activation decreased fasting plasma
glucose level in diabetic mice [21]. PEPCK and G6Pase are
key regulatory enzymes of gluconeogenesis, and regulation of
these enzymes is important in the control of endogenous glu-
cose production. It is well-known and documented that the
impaired suppression of gluconeogenesis in the liver promotes
hepatic glucose production and aggravates insulin resistance
[51]. In this study, the mRNA and protein expression levels of
PEPCK and G6Pase were decreased in the liver after RYGB,
which may contribute to the improved insulin sensitivity and
glucose tolerance resulting from RYGB. Given that a majority
of studies concluded that FXR activation repressed PEPCK
and G6Pase in primary hepatocytes and in liver cell lines by
inducing SHP, the downregulation of hepatic gluconeogenesis
may be involved in the enhance bile acids-FXR signaling after
RYGB.

A role for FXR in regulating lipid metabolism and allevi-
ating hepatic steatosis has been well delineated in recent years
[52]. Liver lipid content is mainly regulated by SREBP-1c,
which is a critical transcription factor that regulates lipid bio-
synthesis and regulates the expression of several genes in-
volved in de novo lipogenesis [53]. Watanabe et al. reported
that the activation of FXR by bile acids induced SHP expres-
sion and suppressed the expression of SREBP-1c [54]. In
addition, activation of FXR induces the expression of
PPAR-α, which is a key regulator of fatty acid β oxidation
and stimulates the rate-limiting enzyme expression in fatty
acid β oxidation [55]. Thus, activation of FXR can suppress
hepatic de novo lipogenesis and promotes fatty acid β oxida-
tion, limiting hepatic lipid accumulation. In this study, liver fat
accumulation was significantly alleviated in the RYGB group
than the sham group. Similarly, the mRNA and protein ex-
pression levels of FXR, SHP, and PPAR-α in the liver were
significantly increased in the RYGB group compared with the
sham group. The mRNA and protein expression level of
SREBP-1c was significantly lower in the RYGB group than
the sham group. Therefore, elevated bile acids followed by the
activation of FXR and induction of SHP in the liver may
contribute to resolved liver fat accumulation after RYGB
through changed mRNA and protein expression involved in
lipogenesis and fatty acid β oxidation.

RYGB alters the enterohepatic bile acid circulation,
resulting in increased serum bile acids level as well as upreg-
ulated FXR signaling. Recent rodent studies also reported that
bile acids are increased after SG and that FXR is essential for
the positive effects of bariatric surgery on weight loss and
glycemic control [56]. As bile acid signaling through FXR
has been demonstrated to be a critical mediator of the benefi-
cial effects of bariatric surgery, the potential downstream tar-
gets responsible for these effects have also gained attention. A
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series of studies suggested that gut microbiota influences glu-
cose and lipid metabolism via bile acids—dependent modula-
tion of FXR signaling. One hypothesis is that bile acid signal-
ing regulates metabolism via alterations in gut microbiota
[57]. Another FXR target gene of interest is the gut-derived
hormone fibroblast growth factor-15/19 (FGF15/19) (in
mouse and human ortholog FGF19), which has been identi-
fied as an important potential mediator of the beneficial effects
of bariatric surgery [58]. However, the exact route by which
bile acids-FXR signaling contributes to glucose and lipid ho-
meostasis remains unclear. Bozadjieva et al. have hypothe-
sized that although bile acids and FXR signaling are potent
mediators of metabolic function, unidentified downstream tar-
gets are the main mediators behind the benefits of bariatric
surgery [59]. Further studies should be required to determine
the concrete mechanism and develop pharmacotherapies that
target these signaling pathways to treat metabolic disorders
associated with T2DM.

The preliminary study about the change of bile acids
signaling after RYGB has some limitations. Firstly, we
did experiment in a rodent model which was different from
humans, although this HFD/STZ-induced diabetic rat is a
generally accepted T2DM rat model. Secondly, we
changed the feeding regime from HFD to normal chow in
both groups postoperatively which might produce better
anti-diabetic and anti-fat accumulation effects in RYGB-
operated rats compared with continual HFD. Thirdly, we
only studied the FXR expression in the liver, as some stud-
ies reported that the changed FXR expression in the intes-
tine might also contribute to the improved metabolism after
RYGB. The last but not the least, although the expression
of FXR and its related factors were accordingly changed
after RYGB, this study did not functionally evaluate the
FXR pathway using the antagonists. Further experimental
and clinical studies are necessary to investigate the rela-
tionship between bile acids signaling and metabolic im-
provement in the future.

The present study demonstrated improvements in glucose
homeostasis and lipid metabolism after RYGB accompanied
by the elevated bile acids level, FXR, and its target transcrip-
tional factor SHP expression. We also demonstrated that
gluconeogenic enzymes and key transcriptional factor of lipo-
genesis were attenuated, and a key regulator of fatty acid β
oxidation was increased in the liver after RYGB. Taken to-
gether, the findings in the current study suggest that the in-
crease of plasma bile acids level followed by the activation of
FXR and induction of SHP, which may result in improvement
of hepatic insulin sensitivity and hepatic steatosis through reg-
ulating the key factors involved in hepatic gluconeogenesis,
lipogenesis and fatty acid β oxidation. These results suggest
that the effects of RYGB on metabolic improvement may be
associated with the influence of the bile acids-FXR pathway in
the liver in a T2DM rat model.
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