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Abstract: Bile acid plays an important role in regulating blood glucose, lipid and energy metabolism. The present
study was implemented to determine the effect of duodenal-jejunal bypass (DJB) on FXR, TGR-5expression in termi-
nal ileum and its bile acid-related mechanism on glucose and lipid metabolism. Immunohistochemistry was used to
detect relative gene or protein expression in liver and intestine. Firstly, we found that expression of FXR in liver and
terminal ileum of DJB group was significantly higher than that in S-DJB group (P<0.05). In addition, DJB dramati-
cally increased the activation of TGR-5 in the liver of rats. Furthermore, PEPCK, G6Pase, FBPase 1 and GLP-1 were
up-regulated by DJB. In conclusion, these results showed that bile acid ameliorated glucose and lipid metabolism

through bile acid-FXR and bile acid- TGR-5 signaling pathway.
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Introduction

It is known that bile acid plays a role in regulat-
ing blood glucose, lipid and energy metabolism.
In the past, bile acid was only considered as an
amphipathic molecule that came from liver,
which promoted the absorption of cholesterol,
fat-soluble vitamins and lipid [1]. Bile acid and
its semi synthetic derivatives promote gluca-
gonlike peptide-1 (GLP-1) secretion through
activating G-protein-coupled receptor for bile
acids (TGRD) in ileal L cells, and finally up-regu-
late insulin to boost proliferation and inhibit
apoptosis of beta cell [2]. The mechanism
underlying the effect of bile acid is that it
increases the levels of intracellular cyclic ade-
nosine monophosphate (CAMP) and changes
the ATP/ADP ratio, which ultimately leads to the
calcium influx [3].

As animportant receptor for bile acid, Famesoid
X Receptor (FXR), mainly expressed in liver and
intestinal, is widely involved in the regulation of
carbohydrate and lipid metabolism. FXR is an
orphan nuclear receptor with typical nuclear
receptor structure including amino terminal
highly conserved DNA binding domain (DBD),
carboxy terminal ligand binding domain (LBD),

amino terminal ligand-independent transcrip-
tion activation region (AF-1), carboxy terminal-
dependent activation region (AF-2), hinge region
etc. [4, 5]. Reports have identified that human
FXR gene is located on chromosome 12 (12g-
23.1) and FXR gene in mice is composed of
76997 base pairs containing 11 exons and 10
introns [6]. FXR-a is mainly expressed in liver,
intestine, kidney and adrenal cortex, and its
expressions in liver and small intestine are con-
sistent. Enterohepatic circulation of bile acid
and feedback regulation of bile acid synthesis
are significantly regulated by FXR-a [7]. In tis-
sue, FXR-«a activates the toxic accumulation of
bile acids to protect the body [8]. Meanwhile,
FXR-a in liver leads to an increase binding of
bile acids that secreted into bile canaliculus by
hepatocytes, and finally promotes the outflow
of bile [9]. In addition, activation of FXR-a in
intestine increases the expression of ileal bile
acid binding protein (I-BABP), bile acid trans-
porter protein (OST), grown factors and fibro-
blast grown factor 19 (FGF-19, FGF-15 in mou-
se) [10]. Furthermore, FXR-a in liver and intes-
tine could even induced the expression of short
heterodimer complex (SHP), a typical nuclear re-
ceptor that does not bind to DNA and suppress-
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es the activity of several other nuclear recep-
tors [11]. CYP7A1 is a regulator of liver receptor
homolog-1 (LRH-1) and hepatic nuclear factor-
4a (HNF-4a). SHP can inhibit CYP7AL negative
feedback regulation of bile acid biosynthesis
[12]. However, it should be emphasized that
FXR-a-dependent signaling pathway in vivo is
not limited to the liver and small intestine.
Dramatic activity of FXR-a in kidney and adre-
nal gland of rats can be detected, indicating
that FXR-oo signaling in these tissues are
reserved [13].

Bile acid-FXR signaling promotes glycogen syn-
thesis and inhibits gluconeogenesis. Zhang et
al. found decreased phosphoenolpyruvate car-
boxylase kinase and glucose-6-phosphatase
gene in diabetic mice given GW4064 (a farneso-
id X receptor agonist) [14]. What’s more, Yama-
gata et al. found that increased concentration
of bile acid inhibited the expression of gluco-
neogenesis related genes through bile acid-
FXR-SHP pathway [15]. Increased SHP evoked
by bile acid competitively occupied Foxol and
HNF-1 binding sites that normally occupied by
CREB binding protein (CBP), which up-regulated
PEPCK, G6Pase and fructose 1, 6-bisphospha-
tase (FBPase-1) gene, and finally inhibited hepa-
tic gluconeogenesis. Dong et al. reported that
glycogen deposition in liver of IRS-1 and IRS-2
knockout mice was not completely affected.
They supposed that some other transduction
pathways, different form insulin signaling path-
way, may regulate glycogen synthesis in vivo.

TGR5 is a specific G-protein coupled receptor of
bile acid. Recently, TGR5 has been determined
to be a bile acid activated membrane receptor
[16]. TGRS, initially considered to be an isolat-
ed G-protein-coupled receptor, is a G-protein
coupled receptors (A) subfamily. Until recently,
it has been re-classified as a downstream fac-
tor of G-protein coupled receptor of bile acid.
The cDNA of TGR5 was dependently cloned by
Kawamata et al. It is encoded by an exon of a
gene encoding and locates in human 2935
chromosome or mice 1¢3 chromosome.

Bile acid-TGR5 signaling promotes glycogen
synthesis and inhibits gluconeogenesis. Bile
acid maintains metabolic balance through acti-
vating TGR5-cAMP signaling. When ligand binds
to TGRS on cell membrane, released TGR5 en-
docytosis GasS subunit and activated adenylate
cyclase induce intracellular cAMP production
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and protein kinase A (PKA) activation, and final-
ly regulate cell and gene expression [17]. In
recent years, clinical and animal studies show-
ed that gastric bypass surgery significantly
increased serum bile acid concentration and
dramatically changed the proportion of each
component of bile acids [18]. When recognized
by TGR5 and FXR-a receptor in liver, bile acids
induces liver glycogen synthesis, inhibits gluco-
neogenesis, ameliorates body’s insulin sensi-
tivity and controls glucose metabolism. How-
ever, it is not clear that whether bile acid could
affect glucose and lipid metabolism through
TGR5 and FXR after duodenal-jejunal bypass
(DJB). In the present study, we detected levels
of TGR5 and FXR-« in liver and ileum after DJB
to elucidate this unknown mechanism.

Methods and materials
Materials

30% Acr-Bis (29:1), N,N,N’,N’-Tetramethylethy-
lenediamine, and primary antibody dilution buf-
fer were obtained from Beyotime Biotechnology
Corporation (Shanghai, China). PEPCK (H-130)
antibody (1:200, No. sc-13063) was purchased
from Santa Cruz Biotechnology, Inc. (Delaware,
USA). G6Pase (C-16) PAK, FBPase Goat-anti-
Mouse antibody were obtained from Abcam
(Cambridge, MA, USA). Horseradish peroxidase-
conjugated AffiniPure Goat Anti-Rabbit IgG was
from Bioworld Technology, Inc. (St. Paul, MN,
USA). Super UltraSensitiveTM SP (Rabbit) IHC
Kit was from Maixin Bio. (Fuzhou, China).

Animals

The induced T2DM sprague-dawley rats (SD
rats) were randomly divided into 3 groups as
follows: (1) DJB group: Rats were im-plemented
with DJB, with same method described above.
(2) Sham operation (S-DJB) group: Rats were
implemented with sham operation, with same
method described above. (3) Control group:
Rats were only given liquid diet without
operation.

Total protein extract

Total Protein Extraction Kit (BestBio Inc., Shang-
hai, China) was used according to the operation
manual and incubated on ice for further use.
100 mg tissue sample was cut (1 mm*1 mm)
with ophthalmic scissors and mixed with total
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Figure 1. FXR expression in ileal tissue. A. FXR expression in S-DJB group. B. FXR expression in DJB group. Compared
with S-DJB group, immunohistochemical staining showed a significantly increased staining area of ileal tissue FXR
in DJB group 16 weeks after operation (*P<0.05).
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Figure 2. FXR expression in liver. A. FXR expression in S-DJB group. B. FXR expression in DJB group. Compared with
S-DJB group, immunohistochemical staining showed a significantly increased staining area of liver FXR in DJB group

16 weeks after operation (‘P<0.05).

protein extracts. Then, the mixture was milled
with a tissue homogenizer or cracked with
ultrasonic cracking apparatus until no visible
tissue solids. After cracked on ice for 20 min,
the mixture was centrifuged (1200 rpm, 5 min).
The supernatant was sucked into a pre-chilled
tube for further use or storage in 80°C.

Western blot

0.8 ml protein solution was added to the stan-
dard configuration (20 mg BSA) and sufficiently
dissolved to formulate the protein standard (25
mg/ml). The procedure was implemented se-
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quentially: SDS electrophoresis, block, transfer,
primary and secondary antibody (as describe in
1.1) incubation and blot.

Immunohistochemistry

To dewax and hydrate, paraffin-section was
soaked in xylene (5 minx2), absolute ethanol,
95% ethanol, 75% ethanol and PBS for 5 min
respectively. To antigen retrieval, tissue sec-
tions was soaked in sodium citrate buffer (PH
6.0) and incubated in microwave with a gradi-
ent of temperature control (heated 5 min,
cooled 15 min, heated 3 min and cooled 20
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Figure 3. TGR-5 expression in liver. A. TGR-5 expression in S-DJB group. B. TGR-5 expression in DJB group. Compared
with S-DJB group, immunohistochemical staining showed a significantly increased staining area of liver TGR-5 in DJB

group 16 weeks after operation (*P<0.05).
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Figure 4. Effect of DJB on PEPCK and G6Pase expression in liver.

min accordingly). DBA staining chromogenic
reagent (0.1 ml/ piece, 3-10 min) was thor-
oughly washed until brown precipitate was
seen with microscopy. Then hematoxylin was
used for counter-staining (5-30 min). Each
batch of immunohistochemistry has known
positive control (the use of PBS instead of anti-
body in blank control). Positive expression
showed a yellow or brown granular distribution.
Immunohistochemistry was assessed accord-
ing to the cellar location of protein. Two inde-
pendent experimental results were assessed
to judged yin and yang pathology in immunohis-
tochemistry. The ratio of positive cells in 100
tumor cells of three randomly selected visual
field (x100) (each slice) was counted with
microscope (x400). The average percentages
of three fields were used for judgment.
Integrated positive rate and positive cells stain-
ing intensity score were both used to determine
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the positive case (Sinirope criteria). Positive
rate scores were as follows: O point (positive
cells <5%), 1 point (positive cells accounted for
5% to 25%), 2 points (positive cells accounted
for 25% to 75%) and 3 points (positive cells
accounted for 75% to 100%). Positive staining
intensity scores were as follows: O point (no
staining), 1 point (weak staining), 2 points
(moderate staining) and 3 points (strong stain-
ing).Those with positive cells <5% and any
intensity score were judged as negative. Those
with positive cells >5% were judged as positive.
The multiplication of two score was judged as -
(0 point), + (1-4 points), ++ (5-8 points) and +++
(9-12 points).

Statistical analysis

All results were expressed as mean + SD. Data,
under requirements of a normal distribution
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Figure 5. Effect of DJB on PBPase and PKA expression in liver. 16 weeks after DJB, PBPase and PKA expression
in DJB group were increased and higher than that in S-DJB group (with no statistically significant differences). The
results showed aregulation role of DJB on expression and activity of PBPase and PKA.

and homogeneity of variance, were converted
and statistically analyzed. Statistical analyses
were performed using one-way analysis of vari-
ance (ANOVA). Bonferroni analysis was used in
pairwise comparisons between two groups.
Bands of western blot were analyzed with
Image J 1.47. IBM SPSS Statistics 20.0 was
used to finish all statistical analyzes. P values
less than 0.05 were considered statistically
significant.

Result

Effect of DJB on FXR activity in ileum tissue of
T2DM rats

In our previous study, we elucidated the mecha-
nism of elevated serum bile acid after DJB in
T2DM rats. After DJB, increased bile acid was
caused by bile acid reabsorption rather than its
synthesis. There were no significant changes in
hepatic bile acid synthesis enzyme CYP7A1 and
CYP27A1. But the expression of bile acid trans-
porter ASBT, OST and I-BABP increased. Herein,
immunohistochemical method was used to
detect FRX expression in ileal tissue. 16 weeks
after operation, the level of FXR in DJB group
was dramatically higher than that in S-DJB
group, suggesting that DJB could promote the
activation of FXR in ileal tissue (Figure 1).

Effect of DJB on FXR activity in liver of T2DM
rats

Activation of FXR in intestine induces FGF19
(FGF15 in mouse) expression and secretion,
which leads to a better control on hepatic lipid
and glucose metabolism. Herein, we examined
liver FXR activity and its effect on glucose met-
abolic pathway. Immunohistochemical staining
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was used to detect liver FXR expression. Com-
pared with S-DJB group and control group, FXR
in DJB group was significantly increased 16
weeks after DJB, indicating that DJB could up-
regulate bioactivity of liver FXR (Figure 2).

Effect of DJB on TGR5 activity in liver of T2DM
rats

We implemented immunohistochemical stain-
ing to further examine the effect of high con-
centration bile acid on glucose metabolic sig-
naling. Compared with S-DJB group, TGR5 was
significantly up-regulated in DJB group 16
weeks after operation. The results showed that
DJB could enhance activity of liver TGR-5 to fur-
ther regulate glucose metabolism (Figure 3).

Effect of DJB on PEEPCK, G6Gpase in liver and
intestine of T2DM rats

In order to investigate the effect of DJB on the
PEEPCK, G6Gpase expression in liver, the PEE-
PCK and G6Gpase were examined by using
western blot assay. The result indicated that 16
weeks after DJB, PEPCK and G6Pase expres-
sion in DJB group were significantly increased
compared to that in S-DJB group and control
group (Figure 4, P<0.05). The results showed
an increase activity PEPCK and G6Pase after
DJB.

Effect of DJB on FBPase-1 and PAK expression
in liver and intestine of T2DM rats

The FBPase-1 and PAK were also examined by
using western blot assay. The result indicated
that 16 weeks after DJB, PBPase and PKA
expression in DJB group were also increased
compared to that in S-DJB group (but with no
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statistically significant differences, P>0.05,
Figure 5). The results showed aregulation role
of DJB on expression and activity of PBPase
and PKA.

Discussion

Bile acid-FXR-TGR-5 signaling pathway could
directly regulate gluconeogenesis. Recently,
Cariou et al. reported impaired glucose toler-
ance and insulin sensitivity in FXR knockout
mice [20]. In addition, they used synthetic FXR
agonist or induced FXR overexpression to con-
trol blood glucose levels by suppressing hepat-
ic gluconeogenesis and glycogen synthesis,
which further determined the regulated role of
FXR on glucose metabolism. Our study showed
that ameliorated insulin sensitivity after DJB
was tightly linked to the involvement of FXR and
TGR-5 signaling pathway. As an important re-
ceptor of bile acid, FXR, mainly expresses in
liver and intestine, extensively involves in the
regulation of carbohydrate and lipid metabo-
lism [21, 22]. I-BABP, OST, grown factors and
FGF19 in intestine can be up-regulated by
FXR-o signaling [23, 24]. SHP, an inhibitor to
some other nuclear receptor, could directly
bind to DNA after induced by FXR-a [10]. In-
creased bile acid concentration regulates glu-
coneogenesis-related gene expression throu-
gh bile acid-FXR-SHP pathway. Moreover, in-
creased SHP by bile acid competes with CREB
to bind FOX01 and HNF-4 sites [16, 25]. And
the resultant expression of PEPCK, G6Pase
and FBPase 1 controls liver gluconeogenesis
[26-28]. The negative regulative role of SHP on
CYP7A1 feedback affects the biosynthesis of
bile acid [31]. Meanwhile, CYP7A1 could further
regulate LRH-1 and HNF-4a to inhibit the key
enzyme during the synthesis of bile acid, which
makes an influence on the initially bile acid syn-
thesis [29]. Combined with our study, FXR in
DJB group was increased. However, there was
no significant change in levels of bile acid syn-
thesis enzyme and transporter proteins in both
DJB group and S-DJB group. The results sug-
gested that increased blood glucose after DJB
may be FXR-independent. Furthermore, FXR
possibly improved FGF19 secretion and finally
ameliorated insulin sensitivity. But we also
found that FXR expression was increased along
with increase of ABST and I-BABP, which indi-
cated the evoked role of FXR, induced by
increase bile acid reabsorption, on ileal bile
acid binding protein and bile acid Transporter

15783

protein. Then the metabolism was further regu-
lated by these up-regulated proteins. Consistent
with increased TGR-5 after DJB in our study,
some reports also showed that bile acid-TGR-5
pathway affected intestinal secretion of GLP-1,
causing insulin secretion and pancreatic beta
cells proliferation [30, 31]. This conclusion sup-
ported our theory. Firstly, DJB changed the an-
atomy of intestine to increase reabsorption of
bile acid and incite the expression of TGR-5. In
addition, TGR-5 promoted the release of GLP-1
by intestinal T cells to further control glucose
metabolism. GLP-1 is mainly produced and
released L cells from the distal jejunum and
ileal [32]. GLP-1 can stimulate glucose-depen-
dent beta cells proliferation and insulin secre-
tion and inhibit the apoptosis of beta cells [33].
Herein, we found that DJB could improve STZ-
induced T2DM rats rapidly, effectively and per-
sistently. Moreover, its improvement on diabe-
tes was body weight-independent. Increased
bileacidlevelafter DJBmaybetheunderlyingme-
chanism to regulate glucose metabolism. Our
study confirmed that bile acid-FXR and bile
acid-TGR-5 signaling pathway were extremely
important in ameliorating glucose metabolism.
DJB could accelerate the contact between bile
acid and terminal ileum to improve the early
sense of bile acid change, which finally promot-
ed the secretion of GLP-1 and FGF19/15 and
ameliorated the insulin sensitivity. However,
the precise mechanism remains to be further
studied.
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