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Abstract

Objective: This study was initiated to investigate the effects of Roux-en-Y gastric bypass
(RYGB) surgery on hepatic glucose metabolism and hepatic expression of protein tyrosine
phosphatase 1B (PTP1B) in obese rats. Methods: Body weight, glucose, intraperitoneal glu-
cose, insulin, and pyruvate tolerance tests were performed pre- and postoperatively, and
plasma lipid, insulin and glucagon-like peptide 1 (GLP-1) were measured. The mRNA levels of
G6Pase, Pepck, Gsk-3B and Gys-2, and the expression levels of PTP1B mRNA, protein, and
other components of the insulin signaling pathway were measured by using RT-PCR and west-
ern blotting. The intracellular localization of PTP1B and hepatic glycogen deposition was also
observed. Results: RYGB surgery-treated rats showed persistent weight loss, significantly im-
proved glucose tolerance, pyruvate tolerance, and dyslipidemia, as well as increased insulin
sensitivity, hepatic glycogen deposition and increased plasma GLP-1 in obese rats. RT-PCR
analyses showed Pepck, G6Pase, and Gsk-3 mRNA to be significantly decreased, and Gys-2
MRNA to be significantly increased in liver tissue in the RYGB group (p < 0.05 vs. high-fat diet
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(HFD) or HFD + sham group); in addition, the expression of PTP1B were significantly decreased
and insulin signaling were improved in the RYGB group (p < 0.05 vs. HFD or HFD + sham
group). Conclusion: RYGB can improve hepatic glucose metabolism and down-regulate PT-
P1B in obese rats. An increased circulating GLP-1 concentration may be correlated with the

effects following RYGB in obese rats. © 2017 The Author(s)
Published by S. Karger GmbH, Freiburg

Introduction

Obesity is a worldwide epidemic metabolic disease and is known as a critical risk factor
for various chronic diseases, such as type 2 diabetes (T2D), hypertension, hyperlipidemia,
and fatty liver disease [1]. It is reported that the number of individuals who are overweight
and obese reached 2.1 billion in 2013, up from 857 million in 1980 [2].

Traditional treatment strategies, such as lifestyle intervention and pharmacotherapy, are
unreliable and often do not achieve persistent results. Bariatric surgery is considered the
most effective treatment for morbid obesity [3]. Among common bariatric procedures, Roux-
en-Y gastric bypass (RYGB) surgery is considered the most effective procedure for producing
long-term weight loss and metabolic improvement in obese patients. Glucose homeostasis
has been reported to be improved prior to marked increases in weight loss and insulin sensi-
tivity in both rodents and humans, particularly in the context of T2D [4, 5], suggesting that
the benefit effects of RYGB may not completely depend on food restriction and malabsorption.
Previous studies have shown that RYGB promotes the secretion of incretins, such as glucagon-
like peptide 1 (GLP-1), and improves the metabolic homeostasis [6-9]. However, the specific
mechanisms mediating these changes are still incompletely understood.

The liver is the main target organ involved in insulin-dependent maintenance of normal
glucose homeostasis through inhibition of hepatic glucose production (HGP) [10]. Obesity is
usually accompanied by insulin resistance and impairs the role of insulin in the regulation of
HGP, thereby contributing to hyperglycemia in obese animals and humans [11]. He et al. [12]
found that improving hepatic insulin sensitivity played a key role in remission of T2D in long-
term studies. Previous studies have shown that RYGB can significantly reduce HGP by influ-
encing hepatic gluconeogenesis and glycogen synthesis in type 2 diabetic rats [13, 14]. In
addition, Flynn et al. [15] demonstrated that RYGB could reduce hepatic gene expression
relevant to lipid metabolism in diet-induced obesity (mice obviously. Hepatic gluconeogenic
and glycolytic pathways are predominantly regulated by the transcription factor forkhead
box 01 (Fox01), one of the major intracellular targets of insulin, through inhibition of tran-
scriptional activation of relevant key enzymes [16, 17]. However, Akt-dependent FoxO1
phosphorylation is selectively impaired in ob/ob mice with hepatic insulin resistance [18].
Furthermore, overexpression of FoxO1 facilitates hepatic glucose production, indicating a
critical role of Fox01 in the regulation of glucose homeostasis [19].

Protein tyrosine phosphatase 1B (PTP1B), a key negative regulator of the insulin
signaling pathway, is widely expressed in insulin-sensitive tissues and is localized on the
endoplasmic reticulum (ER) [20]. The physiological role of PTP1B in hepatic glucose homeo-
stasis involves decreasing the phosphorylation of tyrosine residues in the insulin receptor
and insulin receptor substrate (IRS) [21]. Several studies have shown that insulin sensitivity
is enhanced in response to increased IRS1-mediated Akt/Foxo1l signaling in the liver and
skeletal muscle of PTP1B-null mice. Moreover, PTP1B-deficient mice exhibit obvious
suppression of HGP, enhancement of glucose disposal, and resistance to weight gain on a
high-fat diet (HFD) [22].

KARGER

192



/ECZCZLS Obes Facts 2017;10:191-206

The European Journal of Obesity DOI: 10.1159/000470912 © 2017 The Author(s). Published by S. Karger GmbH, Freiburg
www.karger.com/ofa

Mu et al.: Roux-en-Y Gastric Bypass Improves Hepatic Glucose Metabolism Involving
Down-Regulation of Protein Tyrosine Phosphatase 1B in Obese Rats

Therefore, the effects on regulating glucose homeostasis as well as the influence of PTP1B
following RYGB in obese rats may uncover a potentially important way for preventing and
treating obesity. In this study, we performed RYGB surgery in HFD-induced obese rats to
investigate the effects of RYGB on hepatic glucose metabolism and hepatic expression of
PTP1B.

Material and Methods

Animal and Model

Male Sprague-Dawley (SD) rats (101.2 + 12.3 g) were provided by the Laboratory Animal Center of
Chongqing Medical University and maintained under a 12-hour light/12-hour dark cycle at a constant
temperature of (22 + 2 °C). Water and food were provided ad libitum, except in experiments requiring fasting.
All animal experiments conformed to the National Institutes of Health guidelines and were approved by the
local ethics committee of Chongqging Medical University. 70 rats were randomly allocated to the normal
control group (low-fat diet (LFD) group, n = 8) consuming a standardized diet (#D12450B; 3.85 kcal/g, 10%
from fat; Research Diets, New Brunswick, NJ, USA) and obesity modeling animal group (n = 62) for the HFD
(#D12451; 4.73 kcal/g, 45% from fat; Research Diets). Rats in the HFD group having body weights at least
20% higher than those in normal control rats were considered to be obese rats [23]. At the end of 13 weeks,
28 obese rats induced by HFD were randomly divided into three groups: obesity model group (HFD group, n
= 8), sham Roux-en-Y gastric bypass group (HFD + sham group, n = 8), and Roux-en-Y gastric bypass group
(HFD + RYGB group, n = 12). The HFD + sham group were re-anastomosed at the original transection site of
small bowel. The HFD + RYGB group received transection and bypass surgery, while the LFD and HFD groups
did not receive surgical intervention.

Surgical Procedures

In the HFD + RYGB group, the stomach was transected using surgical scissors, and the distal stomach
was anastomosed with a hand-sewn suture. The gastric pouch was then connected to the jejunum to create
a gastric pouch with approximately 5% of the volume of the stomach [24]. The small bowel was transected
to produce a 15-cm biliopancreatic limb, a 10-cm Roux limb, and a 33-cm common channel. Gastro-jeju-
nostomy and jejuno-jejunostomy were performed using interrupted sutures (PDS 6-0), and the muscle layer
and skin were closed using 4-0 silk. Rats in the HFD + sham group underwent similar pre-operative and
postoperative care as RYGB rats. Additionally, the incision in the gastrointestinal tract was performed as in
RYGB rats; however, the incision was re-anastomosed at the original transection site. All rats with surgical
procedure were anesthetized with 5% pentobarbital sodium solution (50 mg/kg) and injected intramuscu-
larly with ceftriaxone (100 mg/kg) as a prophylactic antibiotic at the beginning; 0.25% bupivicaine (0.5 ml)
were used to alleviate postoperative pain, and normal saline (50 ml/kg) were used for fluid resuscitation
before and after surgery. After surgery, animals were housed individually and fasted for 24 h; body weight
and food consumption were measured daily. Then the animals were allowed to eat a liquid diet and had
access to water ad libitum for 2 days. At the 4th day, animals were allowed to eat regular chow to ensure
adequate healing of the gastrointestinal anastamoses. At 8 weeks after surgery, all rats were sacrificed and
the liver tissues were collected and stored at =80 °C for further analysis.

Intraperitoneal Glucose Tolerance Test (IPGTT) and Intraperitoneal Pyruvate Tolerance Test (IPPTT)

Rats were fasted for about 16 h before intraperitoneal injection of glucose (2 g/kg body weight) or
sodium pyruvate (2 g/kg body weight) after 12 weeks of HFD consumption and at 5 weeks postsurgery.
Blood samples were obtained via the tail vein before (0 min) and at 15, 30, 60, and 120 min after glucose or
pyruvate administration to measure blood glucose levels using a glucometer (Roche Accu-Chek; Roche Diag-
nostics GmbH, Grenzach-Wyhlen, Germany).

Insulin Tolerance Test (ITT)

Rats were fasted for about 4 h before intraperitoneal injection of recombinant human insulin (1 U/kg
body weight) after 13 weeks of HFD consumption and at 6 weeks postsurgery. Blood samples were obtained
via the tail vein before (0 min) and at 30, 60, 90, and 120 min after insulin administration to measure blood
glucose levels using a glucometer (Roche Accu-Chek).
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Table 1. Sequences of primers used in this study

Gene Acc. number Sequence (5'—3) length, bp Temperature, °C
Pepck NM_198780.3 forward CGCTGGATGTCAGAAGAGG 378 57.6
reverse CAGTGAGTTCCCACCGTAT 56.5
Gé6pase NM_013098.2 forward TCCGTGCCTCTGATAAA 128 51.9
reverse CCACGAAAGATAGCGAGA 53.8
Gsk-3f NM_032080.1 forward CCTGCCCTCTTCAACTTTACCA 152 61.1
reverse TGTCCACGGTCTCCAGCATTA 61.2
Gys-2 NM_013089.2 forward GAAGAGTTTGTCCGAGGCTGTC 133 60.5
reverse TGAAACACCCGAAACCAGAGAG 61.6
Ptp1b NM_012637.2 forward GAAACGGATGGTGGGTGGA 132 60.8
reverse CACACGTTGACCAGGAAGGG 60.8
GAPDH NM_017008.4 forward GCTGAGTATGTCGTGGAG 286 54.6
reverse TCT TCTGAGTGGCAGTGAT 55.6
Quantitative RT-PCR

Total RNA was extracted from liver tissue by using Trizol reagent (TaKaRa, Kusatsu, Japan) and
converted into cDNA using a PrimeScript RT reagent kit (TaKaRa). Specific primers were synthesized and
purchased by TaKaRa; the primer sequences are shown in table 1. Quantitative PCR analysis was performed
with One Step SYBR Green (Bio-Rad, Hercules, CA, USA) in a RT-PCR apparatus (Applied Biosystems, Foster
City, CA, USA). Each reaction was performed in triplicate. The delta-delta Ct method was used to determine
the fold change for each group. The mRNA levels were quantified by normalization to GAPDH and expressed
relative to the levels in the LFD group.

Western Blotting

Proteins were extracted from liver tissues, and the protein concentrations were determined using
Enhanced BCA protein assays (Beyotime, Beijing, China). The proteins were isolated by electrophoresis on
8% or 10% sodium dodecyl sulfate polyacrylamide gels and transferred onto PVDF membranes (Millipore,
Billerica; MA, USA). The membranes were blocked and then incubated with the following primary antibodies
overnight at 4 °C: anti-Akt, anti-phospho-Akt, anti-IRS1, anti-phospho-IRS1, anti-Foxo1, anti-phospho-Foxo1
(1:1,000; Cell Signaling Technology, Danvers, MA, USA), anti-PTP1B (1:200; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), and anti-f-actin (1:5000; Proteintech, Rosemont, IL, USA). Membranes were then washed in
Tris-buffered saline + Tween 20 and incubated with peroxidase-conjugated Affinipure goat anti-mouse
IgG(H+L) or anti-rabbit IgG(H+L) (1:5,000; Proteintech) for 1.5 h. Protein expression was detected using a
Western Bright ECL kit (Advansta, Menlo Park, CA, USA). Densitometric analysis was performed using
Quantity One software (Fusion-Capt, Marne-la-Vallée, France).

Immunohistochemistry and Histopathological Examinations

Paraffin-embedded liver tissues samples were sectioned into 5-pum-thick slices. After antigen recovery
and blocking, the sections were incubated with anti-PTP1B antibodies (1:50; Santa Cruz Biotechnology)
overnight at 4 °C, followed by incubation with secondary antibodies (Zhongshan Golden Bridge Inc., Beijing,
China) for 30 min at 37 °C. Sections were then stained with DAB (3,3'-diaminobenzidine) and counterstained
with hematoxylin. A Nikon Eclipse 80i microscope (Tokyo, Japan) was used to visualize the expression and
intracellular localization of PTP1B. The sections also were stained with hematoxylin and eosin (H&E) or
Periodic Acid-Schiff (PAS) in accordance with routine techniques. Dual X-ray absorptiometry (DEXA) was
used to determine body composition in each group.
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Table 2. Changes in plasma levels of biochemical indexes in each group of rats (mean + SD, n = 6)

LFD HFD HFD + sham HFD + RYGB
ALT, U/l 50.53 £10.80 53.93 +12.84 54.75 £ 10.96 60.35 + 15.68
AST, U/1 112.5+15.97 121.9 £ 14.35 125.1 £ 16.69 137.7 £19.98
Total cholesterol, mmol/1 1.92 £0.27 2.63 + 0.34* 2.58+0.43 2.09 £ 0.28#
Triglycerides, mmol/l 1.14 +0.32 1.73 £ 0.38* 1.94 +0.44 1.34 + 0.36#
HDL-C, mmol/1 142 +£0.16 1.29+0.23 1.24 +0.20 1.37£0.19
LDL-C, mmol/1 2.02+0.47 2.68 + 0.38* 2.59+0.37 2.16 £ 0.29#
HOMA-IR 8.85 + 1.68 1490 £ 1.71%* 15.47 £ 2.62 9.91 + 1.02#

*p < 0.05 compared with the LFD group; #p < 0.05 compared with HFD group and the HFD + sham group.

Blood Biochemical Analysis

All rats were fasted overnight, and the blood samples were collected from the angular vein and centri-
fuged at 3,000 rpm for 10 min at 4 °C for analysis of alanine transaminase (ALT), aspartate transaminase
(AST), and plasma lipid profiles using an automatic analyzer Vitros5.1 FS (Ortho-Clinical Diagnostics, Inc.,
Raritan, NJ, USA). Plasma insulin and GLP-1 levels were measured using commercially available enzyme-
linked immunosorbent assay (ELISA) kits (Assay Biotech, Sunnyvale, CA, USA) in accordance with the manu-
facturer’s instructions. Homeostasis model assessment of insulin resistance (HOMA-IR) scores were calcu-
lated as the fasting blood glucose level multiplied by the serum insulin level divided by 22.5 [25].

Statistical Analysis

All data were analyzed using SPSS 19.0 software (IBM Corp., Armonk, NY, USA) and were expressed as
means * standard deviations (SDs). One-way analysis of variance were used to determine differences among
treatment groups. Linear regression analysis was performed to determine the relationship between PTP1B
and HOMA-IR or plasma GLP-1 levels. Differences or associations with p values of less than 0.05 were
considered statistically significant.

Results

HFD-Induced Obesity and Glucose Intolerance in Rats

As expected, SD rats fed an HFD for 12 weeks gained more weight than control rats fed
an LFD (fig. 1A). Rats in the HFD group exhibited obvious glucose intolerance (fig. 1B) and
reduced insulin sensitivity (fig. 1D, table 2). The areas under the curve (AUCs) of GTT and ITT
were increased by 21% and 24%, respectively, compared with those in rats of the LFD group
(fig. 1C,E). After 20 weeks of HFD consumption, the plasmalevels of triglycerides, total choles-
terol, and low-density lipoprotein cholesterol (LDLC) were increased, whereas high-density
lipoprotein cholesterol (HDLC) levels were not significantly decreased. Additionally, HOMA-IR
values were increased compared with those in rats fed an LFD (table 2).

Effects on Body Weight, Adiposity, and Hepatic Glycogen Accumulation Following RYGB in

Obese Rats

In our study, the rate of perioperative mortality was 33% for RYGB surgery. The main
causes of death were gastrointestinal anastomotic leak, intestinal ischemia necrosis, and
bowel obstruction. No rats died in the HFD + sham group. There were 8 rats in each group at
the endpoint for the subsequent analysis. RYGB caused 17% weight loss, while sham surgery
only caused 3.8% weight loss in rats fed an HFD at the second week after surgery (fig. 2A). At
the end of the study period, the body weights of rats subjected to RYGB had decreased by
15%, whereas those in rats subjected to sham surgery had increased by 8.2% (fig. 2A,B). To
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Fig. 1. HFD-induced obesity and glucose intolerance in rats. Changes in body weight in LFD (n = 8) and HFD
(n = 28) groups (A) was recorded every week. GTTs (n = 5) (B and C) and ITTs) (n = 5; D and E) were per-
formed at 12 and 13 weeks of HFD consumption, respectively. Data are presented as mean * SD, *p < 0.05
and **p < 0.01 compared with the LFD group.

examine the effects of RYGB on body composition after surgery, we performed DEXA analysis
in each of the groups. As shown in figure 2C,D, the body fat ratio in the HFD and HFD + sham
groups was markedly increased compared with that in rats of the LFD group (25.6 + 4.3%,
22.8 £ 3.3% vs. 17.9% * 4.1%) and was dramatically decreased to 14.4% * 4.11% at the 8
weeks after RYGB surgery (p < 0.05). We also collected epididymal fat samples in each group
and found that the fat mass was significantly decreased after RYGB (fig. 2E). Similarly, H&E
staining of liver tissues showed signs of hepatic steatosis in obese rats; RYGB appears to alle-
viate these symptoms (fig. 3F). Furthermore, the parameters of the lipid metabolism (triglyc-
erides, total cholesterol, and LDL-C) were markedly decreased after RYGB surgery (p < 0.05),
while the HDL-C level in RYGB group was not significantly different after surgery compared
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with the other three groups (table 2). Taken together, these data suggest that RYGB could
produce sustained substantial weight loss and significantly reduce adiposity and dyslip-
idemia in obese rats.

Effects on Glucose Homeostasis and Insulin Sensitivity Following RYGB in Obese Rats

As shown in figure 3A, non-fasting blood glucose levels were permanently decreased at
2 weeks and close to the LFD group at 4 weeks after RYGB, while sham surgery did not induce
these significant changes. Moreover, fasting glucose levels were decreased by 12% in rats in
the HFD-RYGB group compared with those of rats in the HFD and HFD + sham groups (p <
0.05) (fig. 3B). Rats in the HFD-RYGB group exhibited lower blood glucose at 15, 30 or 60min
following GTT and ITT compared with those in the HFD + sham group (p < 0.05) (fig. 3C-F).
In addition, we calculated HOMA-IR as an indicator of insulin sensitivity and found that
HOMA-IR scores in obese rats were significantly decreased after RYGB compared with those
of rats in the HFD and HFD + sham groups (p < 0.05) (table 2). Fasting plasma insulin levels
were significantly increased in obese rats compared with those in the LFD group and signifi-
cantly decreased after RYGB when compared with the HFD and HFD + sham groups (fig. 3G).
In addition, fasting plasma GLP-1 levels in the HFD and HFD + sham groups were significantly
decreased compared with thatin the LFD group, and were dramatically increased in the RYGB
group in comparison with those in the HFD and HFD + sham groups (fig. 3H). These data
suggest that glucose intolerance and insulin resistance were significantly ameliorated in
obese rats after RYGB surgery.

Inhibition of Gluconeogenesis and Promotion of Glycogen Synthesis in the Liver Following

RYGB in Obese Rats

PTTs reflect changes in hepatic glucose production [26]. Therefore, we performed PTTs
and found that pyruvate tolerance was dramatically improved by RYGB, but not by sham
surgery, in obese rats (p < 0.05) (fig. 4A,B). Furthermore, PAS staining of liver tissue showed
asignificant reduction in glycogen storage in the HFD and HFD + sham groups compared with
LFD group, while it dramatically increased in the HFD + RYGB group after surgery (fig. 2G).
Next, we examined the effects of RYGB on the expression levels of genes related to gluconeo-
genesis and glycogen synthesis. The mRNA levels of hepatic Pepck, G6pase, and Gsk-3f in the
HFD and HFD + sham groups were significantly higher than those in the LFD group, but these
levels showed a substantial decrease in the HFD + RYGB group compared with the HFD and
HFD + sham groups at the end of this study (fig. 4C-E). However, the mRNA levels of Gys-2 in
the HFD and HFD + sham groups were significantly lower than those in the LFD group, while
the Gys-2 mRNA level apparently increased in the HFD + RYGB group compared with the HFD
and HFD + sham groups at the end of this study (fig. 4F). These results suggested that RYGB
improved glucose homeostasis through inhibition of gluconeogenesis and promotion of
glycogen synthesis.

Effects on the Expression of PTP1B and Insulin Signaling Components in Liver Following

RYGB in Obese Rats

PTP1B has been recognized as a critical negative regulator of the leptin and insulin
signaling pathways [20]. Thus, we examined PTP1B expression to determine the effects of
RYGB surgery in the liver in our model. The PTP1B mRNA and protein levels in the HFD and
HFD + sham groups were significantly higher than those in the LFD group (fig. 5A-C), while
they were apparently decreased in the HFD + RYGB group compared with those in the HFD
and HFD + sham groups (fig. 5A-C). These changes in the patterns of PTP1B protein expression
were further confirmed by immunohistochemical analysis showing that PTP1B protein was
predominantly localized in the cytoplasm (fig. 5D). As it is well known that PTP1B is an
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important negative regulator of insulin signaling in vivo, we next examined the insulin
signaling pathway, and the results showed that the phosphorylation of IRS1, Akt, and Foxo1
in the HFD and HFD + sham groups was significantly lower than those in the LFD group;
Compared to the HFD and HFD + sham groups, the phosphorylation of IRS1, Akt, and Foxo1
was significantly increased in the HFD +RYGB group (fig. 5B,C). Additionally, there was a
strong negative correlation between plasma GLP-1 levels and PTP1B protein expression
(r?=0.395; p = 0.005) and a strong positive association between HOMA-IR scores and PTP1B
expression (r? = 0.348; p = 0.010) in liver tissue.

Discussion

Human observations and animal studies have demonstrated that RYGB surgery leads to
long-term weight loss and metabolic improvement in obese subjects. Interestingly, RYGB
surgery improves T2DM in glucose homeostasis by enhancing insulin sensitivity and reducing
hepatic glucose output, even before significant weight loss is achieved [27]. Therefore,
exploring the molecular pathways through which RYGB exerts its beneficial effects would
facilitate the continued development of noninvasive anti-obesity therapies to complement
the therapeutic effects of surgery.

HOMA-IR [25] is widely applied to measure insulin sensitivity and islet beta cell function.
In this study, we used the HOMA-IR to confirm the hypothesis that insulin resistance was
improved following RYGB in obese rats and found that HOMA-IR scores were nearly doubled
in HFD-fed rats compared with those in control rats; importantly, this effect was reversed
following RYGB surgery. Additionally, glucose intolerance, insulin resistance, and hepatic
lipid content were significantly reduced in obese rats after RYGB. These results demonstrated
that RYGB could effectively improve the systemic glucose homeostasis and dyslipidemia of
these obese rats.

PTP1B has been implicated as a negative regulator of the insulin signaling pathway.
Biochemical, genetic, and pharmacological studies have shown that PTP1B dephosphorylates
the auto-phosphorylated insulin receptors and IRSs, serving as a molecular brake to suppress
insulin signaling [22, 28, 29]. Clinical data have also shown that there is a close association
between PTP1B variants and the prevalence of obesity or T2DM [30]. Thus, PTP1B may be a
potential drug target for the enhancement of insulin sensitivity in obese patients or patients
with T2DM [30, 31]. In the present study, we found that in obese rats the expression of PTP1B
was significantly decreased following RYGB, and this decrease in PTP1B expression was well
correlated with HOMA-IR scores. Our findings suggest that changes in hepatic PTP1B
expression following RYGB in the obese rats are involved in the improvement of systemic
glucose homeostasis.

Despite these findings, the exact mechanisms through which bariatric surgery amelio-
rates hepatic insulin resistance are still unclear. Hepatic glucose metabolism is mainly regu-
lated by insulin. Insulin binds to insulin receptors and subsequently induces the phosphory-
lation of IRSs and the activation of the phosphoinositol 3-kinase(PI3K)-AKT signaling

Fig. 2. Effects on body weight, adiposity and hepatic glycogen accumulation following RYGB in obese rats.
A Changes in body weight after surgery (n = 8). B Representative body appearance of rats at the endpoint.
C Quantified body fat composition based on DEXA analysis (n = 3). D Representative DEXA image of rats at
the endpoint. E Epididymal adipose tissues. F H&E staining of liver tissue (original magnification, 100x).
GPAS staining for hepatic glycogen content (original magnification, 400x). Data are presented as mean # SD,
*p < 0.05 compared with the LFD group; #p < 0.05 compared with the HFD group and the HFD + sham group.
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pathway. As a major mediator of the effects of insulin, the PI3K-AKT pathway promotes
glycogen synthesis and stimulates glucose transport [32]. Gsk-3[3 is phosphorylated and inac-
tivated by PI3K-AKT activation, subsequently preventing the phosphorylation of glycogen
synthase and increasing glycogen content in the liver [33]. Simultaneously, PI3K-AKT acti-
vation phosphorylates Foxo1 proteins and decreases the expression of gluconeogenic genes,
such as Pepck and G6pase [16]. Sun et al. [34] found that duodenal-jejunal bypass could signif-
icantly downregulate the expression of the key regulatory enzymes of hepatic gluconeo-
genesis without weight loss in diabetic GK rats. However, Gerhard et al. [35] reported that
hepatic GS gene expression and glycogen content were not different between nondiabetic and
diabetic patients, and no remission were observed in patients with diabetes after RYGB. This
is supposed to be due to the dysregulated FGF19-CYP7A1-BA pathway in diabetic patients. In
the present study, we found that Pepck and G6pase gene expression were significantly
decreased in obese rats following RYGB and caused improvement of pyruvate tolerance.
Moreover, glycogen deposition was enhanced, Gsk-3f expression was decreased, and Gys-2
expression was increased in rats in the HFD +RYGB group compared with the HFD and the
HFD + sham groups. Thus, these results indicated that hepatic glucose metabolism in obese
rats was significantly improved following RYGB through reduction of gluconeogenesis and
enhancement of glycogen synthesis. The role of PTP1B in various metabolic states has been
further confirmed by genetic deletion of PTP1B in mice, and it resulted in resistance to weight
gain, increased energy expenditure, and retention of insulin sensitivity, even when consuming
an HFD [22, 36]. In addition, PTP1B can also terminate leptin signal transduction by dephos-
phorylating JAK2 [37]. In this study, we showed that chronic HFD consumption upregulated
the expression of PTP1B in obese rats, while it was significantly reversed after RYGB.
Moreover, the hepatic insulin signaling pathway was impaired in obese rats, as shown by
decreased phosphorylation of IRS-1, Akt,and Foxo1. These effects were ameliorated following
RYGB, restoring the activation of these proteins as shown in previous studies [5]. Our data
indicated that reduced hepatic PTP1B expression in obese rats following RYGB may closely
related to the amelioration of hepatic insulin resistance.

Previous studies suggested that the effects of RYGB on glucose metabolism may be
explained by altered secretion of gastrointestinal peptides, such as GLP-1 [33]. As an incretin,
GLP-1 is released from L cells of the small intestine becoming physiologically active by the
activation of GLP-1 receptors [38]. Glucose homeostasis has been shown to be tightly regu-
lated by GLP-1, and continuous infusion with a potent GLP-1 receptor antagonist was shown
to disrupt glucose tolerance [39]. Liraglutide, a long-acting GLP-1 analogue, has been shown
to attenuate myofibril and mitochondria injury in skeletal muscle of patients with T2DM
through PTP1B and the PI3K/Akt signaling pathway [40]. Moreover, Kanoski et al. [41]
reported that liraglutide reduces the expression of PTP1B, which could explain the effects of
this compound on the enhancement of STAT3 phosphorylation after liraglutide-leptin
co-administration. Our study showed that plasma GLP-1 levels in RYGB group rats were
significantly higher than those in the HFD and HFD + sham groups. Additionally, we found
that PTP1B expression was correlated with plasma GLP-1 levels. Thus, these results suggest
that increased GLP-1 levels are associated with the metabolic changes after RYGB in obese
rats.

Fig. 3. Effects on hepatic glucose homeostasis and insulin resistance following RYGB in obese rats. A Nonfast-
ing blood glucose levels. B Fasting blood glucose levels at 8 weeks after surgery. C and D GTTs were per-
formed at 5 weeks after surgery. E and F IITTs were performed at 6 weeks after surgery. G Plasma insulin
levels. H Plasma GLP-1 levels. Data are presented as means + SD (n = 8 for A, B, G and H; n = 5 for C-F). *p <
0.05 compared with the LFD group; #p < 0.05 compared with the HFD group and the HFD + sham group.
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Fig. 4. Inhibition of gluconeogenesis and promotion of glycogen synthesis in the liver following RYGB in
obese rats. A and B Intraperitoneal PTTswere performed at 5 weeks after surgery (n = 5). C-F Quantitative
RT-PCR was used to analyze the mRNAs levels of Pepck, G6pase, Gsk-3f, and Gys-2 (n = 8). Data are presented
as means * SD. *p < 0.05 compared with the LFD group; *p < 0.05 compared with the HFD group and the HFD
+ SHAM group.
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Fig. 5. Effects on the expression of PTP1B and insulin signaling components in the liver following RYGB in
obese rats. A Quantitative RT-PCR was used to analyze the mRNA levels of PTP1B in the liver (n = 8). B West-
ern blotting of PTP1B and components of the insulin signaling pathway in the liver. C Quantification of west-
ern blotting results (n = 6). D Immunohistochemical staining was used to determine the intracellular local-
ization and expression of PTP1B in the liver (original magnification, 400x). Data are presented as means *
SD. *p < 0.05 compared with the LFD group; #p < 0.05 compared with the HFD group and the HFD + sham
group.

However, our study has several limitations. Although the relative mRNA expression of
Pepck, G6Pase, Gsk-3f, and Gys-2 generally reflect their protein expression, we did not measure
their protein expression. Secondly, we did not model abody weight-matched group to address
the particular mechanism of RYGB on obesity. Nevertheless, compared to the HFD and HFD +
sham groups, the decreased expression of PTP1B in the livers of RYGB-treated obese rats is
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associated with improved glucose homeostasis and insulin sensitivity following RYGB
surgery. Despite its limitations, our study provides important information with respect to the
effects of obesity and RYGB on PTP1B and hepatic glucose metabolism.

In summary, RYGB could inhibit gluconeogenesis, promote hepatic glycogen synthesis,
ameliorate metabolic disturbances such as dyslipidemia, and increase insulin sensitivity by
reducing adiposity and losing weight in obese rats. The improvement of hepatic glucose
metabolism and downregulation of PTP1B in obese rats following RYGB provided a new way
of thinking on prevention and treatment of obesity. Increased circulating GLP-1 concentra-
tions might be correlated with the effects following RYGB in obese rats, but further studies
concerning the particular mechanisms has to be awaited.
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