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Gastric bypass surgery alters the mechanisms of
insulin resistance in the adipose tissue of GK rats
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Abstract. Roux-en-Y gastric bypass (RYGB) has become
an effective treatment for type 2 diabetes mellitus (T2DM).
However, the blood glucose mechanism involved remains
unclear. In this study, 60 male Goto-Kakizaki (GK) rats
were randomly divided into 6 groups (each with 10 rats): the
GB1/2 group (treated with gastric bypass surgery), the SO1/2
group (treated with sham operation) and the CO1/2 group
(with normal water consumption only). We tested expression
levels of tumor necrosis factor a (TNFa) mRNA, glucose
transporter 4 (GLUT4), peroxisome proliferator-activated
receptor y2 (PPARY2) and phosphatidylinositol-3-kinase
subunit p85a (PI3Kp85a) in the adipose tissues. We found
that the weight, fasting blood glucose and postprandial blood
glucose decreased in the GB group compared with the CO
group. A total of 20 and 30 days after surgery, PPARY2,
PI3Kp85a and GLUTH4 increased in the fat tissue in the GB
group compared with the CO group. However, 20 days after
surgery, TNFo mRNA decreased in fat tissue by 0.51 times in
the GB group compared with the CO group, and serum TNFa
levels showed no statistically significant difference. Fasting
blood glucose and GLUT4 membrane protein were negatively
correlated. In conclusion, RYGB may improve insulin resis-
tance and treat T2DM through upregulation of the PPARy2
protein, downregulation of TNFo mRNA transcription,
through the autocrine pathway, upregulation of PI3Kp85a
expression, upregulation of GLUT4 mRNA transcripts and by
inducing translocation of GLUT4 in adipose tissue.

Introduction

It has been reported that the incidence of diabetes has increased
to up to 9.7% of the population over the age of 20 in China
(almost 92.4 million in total) (1). Globally, China has become
the country with the fastest growth in diabetes incidence, over-
taking India. Type 2 diabetes mellitus (T2DM) patients account
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for 90% of all patients with diabetes, and the number of diabetes
patients overall has increased primarily due to the increase in
T2DM patients. Over the years, the clinical treatment of T2DM
has involved using traditional conservative therapy, including
drugs to stimulate insulin secretion and insulin replacement
therapy. However, according to a recent study, drug therapy and
insulin replacement therapy cannot delay the complications in
high-risk T2DM patients and cannot improve the prognosis (2).
A weight-loss surgeon discovered coincidentally that the blood
glucose in obese Roux-en-Y gastric bypass (RYGB) patients
with T2DM decreased to normal levels postoperatively and
was maintained in the long-term (3). Currently, as the medical
treatment of T2DM and control of complications is generally
ineffective, this discovery will undoubtedly bring a glimmer of
hope for the majority of T2DM patients.

The main clinical manifestations of T2DM include
damaged islet cell function and progressive increases of
insulin resistance (4). In the pathogenesis of T2DM, insulin
resistance is an important link, which is mainly caused by
decreasing the glucose uptake and use of the peripheral
tissues. In the course of peripheral tissue glucose utilization,
the transmembrane transport of glucose, which is mediated by
glucose transporter 4 (GLUT4), is the main rate-limiting step.

Certain studies have shown that peroxisome proliferator-
activated receptor y2 (PPARY2), tumor necrosis factor o
(TNFa) and GLUT4 are closely related to insulin resis-
tance (5-8). The expression of serum TNFa in patients with
T2DM was upregulated significantly (9,10). Upregulation of
GLUT4 may improve insulin resistance, while downregula-
tion of GLUT4 expression may induce or exacerbate insulin
resistance (11,12).

Currently, the mechanism of RYGB in the treatment of
T2DM has become an international hotspot for research.
However, its exact mechanism remains unclear. In this study,
we supposed that RYGB may improve blood glucose through
regulating certain fat factors and glucose transporter proteins.
Therefore, investigating the changes in PPARYy2, TNFa,
phosphatidylinositol-3-kinase subunit p85a (PI3Kp85a) and
GLUT4 expression following RYGB surgery is essential in
order to reveal the mechanism involved.

Materials and methods

Animal grouping. The experimental animals [§-week-old
Goto-Kakizaki (GK) rats] were all purchased from SLAC, Ltd.
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(Shanghai, China). When the 60 male GK rats were adapted
to the environment after two weeks, they were randomly
divided into 6 groups (n=10). The surgery group 1 (GBl),
sham operation group 1 (SO1) and control group 1 (COl)
were monitored 20 days after RYGB surgery, while GB2,
SO2 and CO2 were monitored 30 days after RYGB surgery.
The animals were housed in a SPF animal experiment center
in Shengjing Hospital of China Medical University, and the
feeding conditions were as follows: a normal day-and-night
cycle, temperature 25+1°C, relative humidity 45+2%, with
free access to water. The animal studies were agreed with the
China Medical University Animal Research Committee.

Modeling. The GK rats underwent a 12-h fast and 4-h water
deprivation prior to surgery and then were anesthetized with
10% chloral hydrate (3 ml/100 g intraperitoneal injection). We
performed a 2.5-cm long incision in the middle upper abdomen.
Gastric bypass surgery was performed in the surgery groups,
in which approximately 10% of the stomach was kept at the
end and the rest was removed, then the far end was closed.
The jejunum was cut off 10 cm from the Treitz ligaments, and
the distal intestinal loop lined residual gastrojejunostomy.
End-to-side anastomosis was performed 10 cm away from the
anastomosis at the proximal bowel and jejunum. In the sham
groups, the cutting and in-situ anastomosis was performed
using the equivalent anesthesia method and position, with the
gastrointestinal tract anatomy unchanged. A similar surgical
procedure was performed to ensure the same length of time,
and consistency with 0/7 thread. The abdominal cavity was
flushed by a 3 ml solution with 800,000 units penicillin. Free
access to water was provided after the rats regained conscious-
ness from anesthesia and free food after 24 h. Free access to
water was provided in the control group.

Western blotting. Total protein from cells was extracted in lysis
buffer and quantified using the Bradford method. In total, 50 ug
of protein was separated by SDS-PAGE (12%). After transfer-
ring to polyvinylidene fluoride (PVDF) membranes (Millipore,
Billerica, MA, USA), the membranes were incubated overnight
at 4°C with antibodies against PPARY2, PI3Kp85a and GLUT4
(1:1000; Abcam, Ltd., MA, USA). Following incubation with
peroxidase-coupled anti-mouse IgG (Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) at 37°C for 2 h, bound proteins
were visualized using ECL (Pierce Biotechnology, Rockford,
IL, USA) and detected using Bio Imaging Systems (UVP Inc.,
Upland, CA, USA). The relative protein levels were calculated
based on B-actin protein as a loading control. The experiments
were repeated 3 times independently.

Real-time PCR. Expression of TNFa, PI3Kp85a and GLUT4
mRNA were assayed using the TagMan assay according to the
manufacturer's instructions (Applied Biosystems, Foster City,
CA, USA). Specific RT primers and TagMan probes were used
to quantify the expression of TNF-a, PI3Kp85a and GLUT4.
For quantification of cell samples, RT-PCR analysis was
performed in three independent experiments, each using three
independent samples.

Statistical methods. The experimental data were expressed as
the means + standard deviation and statistics were analyzed
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using SPSS 13.0 for Windows software. A t-test was used to
compare the weight change prior to and following surgery.
The single-factor analysis of variance was used to compare
the change between groups and within the groups. The linear
correlation analysis was used to compare the correlation
between two indicators. P<0.05 was considered to indicate a
statistically significant difference.

Results

Body weight and blood glucose decreased following RYGB
surgery. Twenty and 30 days after RYGB, the body weight
of the rats decreased to 247.54+4.44 g and 244.54+3.48 g,
respectively. The loss of weight was approximately 10%, and
the difference was statistically significant when compared with
the preoperative weight (P<0.01). However, the difference of
body weight in the GB1 and GB2 groups was relatively stable
and showed no significant difference (P>0.05). The weight in
the GB group decreased significantly compared with the SO
and CO groups, and the difference was statistically significant
(P<0.01). The concentration of fasting and postprandial 2-h
blood glucose in the GB group decreased significantly as
compared to the SO and CO groups, and the difference was
statistically significant (P<0.01). The blood glucose levels
continued to decline at 20 days post-operation, but the differ-
ence was not statistically significant when compared with
that in the 30 days post-operation group (P>0.05). The serum
TNFa after 20 and 30 days showed no significant difference,
and was almost equal between the GB, SO and CO groups
(Table I).

PPARy2 protein expression increased following RYGB
surgery. A total of 20 days after RYGB surgery, the PPARY2
protein expression was increased by 1.36 times as compared
to the CO group and the difference was statistically signifi-
cant (P<0.01). Thirty days after surgery, the PPARY2 protein
expression was increased by 1.35 times and the difference
was also significant (P<0.01). The PPARY2 protein expression
between the SO and CO groups showed no statistical signifi-
cance (P>0.05). The PPARYy2 protein expression also showed
no significant difference between the GB1 and GB2 groups
(P>0.05; Fig. 1).

TNFa mRNA expression decreased following RYGB surgery.
A total of 20 days after surgery, the TNFo mRNA expression
was decreased by 0.51 times as compared to the CO group
and the difference was statistically significant (P<0.01). A
total of 30 days after surgery, TNFo mRNA expression was
decreased by 0.42 times as compared to the CO group and
the difference was also statistically significant (P<0.01). The
TNFoa mRNA expression between the SO and CO groups
was not statistically significant (P>0.05). The TNFo mRNA
expression was also not significant between the GB1 and GB2
groups (P>0.05; Fig. 2).

PI3Kp85a mRNA and protein expression increased following
RYGB surgery. A total of 20 days after surgery, PI3Kp85a
mRNA expression was increased by 1.89 times as compared
to the CO group and the difference was statistically significant
(P<0.01). A total of 30 days after surgery, PI3Kp850 mRNA



MOLECULAR MEDICINE REPORTS 6: 1111-1116, 2012 1113

Table I. Comparison of body weight, blood glucose and TNFa.
Body weight (g) Blood glucose

Groups Pre-operation Post-operation Fasting 2-hour TNFa
COl 273.8+3.83 273.27+2.89 11.2+1.03 22.1+£1.05 129.05+0.77
SO1 275.3+£2.52 274.64+2.32 10.7£1.09 21.8+1.04 129.44+3 .04
GBI 275.0£2 .91 247 544 442> 6.6+0.58" 7.6+0.6° 129.84+5.54
CcOo2 273.2+2.97 273.29+2.98 11.0+£1.33 22.3+1.23 129.10+1 .47
SO2 275.8+4.06 275.52+4 .34 10.8+1.13 21.4+1.09 128.84+2.27
GB2 275.7+£3.31 244 .54+3 480 6.2+0.48" 6.0+£0.5° 128.83+0.85

“P<0.01 compared with the pre-operation group. "P<0.01 compared with the CO and SO groups, respectively. TNFo., tumor necrosis factor o;

CO, control; SO, sham operation.
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Figure 1. PPARY2 protein expression after RYGB surgery. "P<0.01 when
compared with the CO and SO groups after the same amount of time.
PPARY2, peroxisome proliferator-activated receptor y2; RYGB, Roux-en-Y
gastric bypass; CO, control; SO, sham operation; GB, gastric bypass.

expression was increased by 1.85 times and the difference
was also statistically significant (P<0.01). PI3Kp85a mRNA
expression between the SO and CO groups was not statisti-
cally significant (P>0.05). PI3Kp85a mRNA expression also
showed no significant difference between the GB1 and GB2
groups (P>0.05; Fig. 3).

A total of 20 days after surgery, PI3Kp85a protein expres-
sion was increased by 1.05 times as compared to the CO group
and the difference was statistically significant (P<0.01). A
total of 30 days after surgery, PI3Kp85a protein expression
was increased by 0.95 times and the difference was also
statistically significant (P<0.01). PI3Kp85a protein expres-
sion between the SO and CO groups was not statistically
significant (P>0.05). PI3Kp85a protein expression was also
not significantly different between the GBI and GB2 groups
(P>0.05; Fig. 4).

The GLUT4a mRNA, membrane protein and total protein
expression increased following RYGB surgery. A total of 20
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Figure 2. TNFo mRNA expression after RYGB surgery. "P<0.01 when
compared with the SO group after the same amount of time. TNFa., tumor
necrosis factor a; RYGB, Roux-en-Y gastric bypass; SO, sham operation; GB,
gastric bypass.
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Figure 3. PI3Kp850 mRNA expression after RYGB surgery. "P<0.01 when
compared with the SO group after the same amount of time. PI3Kp85a,
phosphatidylinositol-3-kinase subunit p85a; RYGB, Roux-en-Y gastric
bypass; SO, sham operation; GB, gastric bypass.

days after surgery, GLUT4a mRNA expression was increased
by 1.24 times as compared to the CO group and the difference
was statistically significant (P<0.01). A total of 30 days after
surgery, GLUT4a mRNA expression was increased by 1.29
times as compared to the CO group and the difference was also
statistically significant (P<0.01). GLUT4a mRNA expression
between the SO and CO groups was not statistically significant
(P>0.05). GLUT4a mRNA expression in the GB group was
also not significant after 20 and 30 days (P>0.05; Fig. 5).
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Figure 4. PI3Kp85a protein expression after RYGB surgery. "P<0.05 when
compared with the CO and SO groups after the same amount of time.
PI3Kp85a, phosphatidylinositol-3-kinase subunit p85a; RYGB, Roux-en-Y
gastric bypass; CO, control; SO, sham operation; GB, gastric bypass.
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Figure 5. GLUT4 mRNA expression after RYGB surgery. "'P<0.01 when
compared with the SO group after the same amount of time. GLUT4, glucose
transporter 4; RYGB, Roux-en-Y gastric bypass; SO, sham operation; GB,
gastric bypass.

A total of 20 days after surgery, the membrane GLUT4
protein expression was increased by 0.95 times as compared
to the CO group and the difference was statistically significant
(P<0.01). Thirty days after surgery, the membrane GLUT4
protein expression was increased by 0.80 times as compared to
the CO group and the difference was also statistically signifi-
cant (P<0.01). The membrane GLUT4 protein expression
between the SO and CO groups was not statistically signifi-
cant (P>0.05). The membrane GLUT4 protein expression in
the GB group was also not significant after 20 and 30 days
(P>0.05; Fig. 6).

A total of 20 days after surgery, the total GLUT4 protein
expression was increased by 1.22 times as compared to the CO
and SO groups and the difference was statistically significant
(P<0.05). Thirty days after surgery, the total GLUT4 protein
expression was increased by 1.35 times as compared to the
CO and SO groups and the difference was also statistically
significant (P<0.05). The total GLUT4 protein expression was
not significant after 20 and 30 days (P>0.05; Fig. 7).
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Figure 6. The membrane GLUT4 protein expression after RYGB surgery.
“P<0.05 when compared with the CO and SO groups after the same amount
of time. GLUTH4, glucose transporter 4; RYGB, Roux-en-Y gastric bypass;
CO, control; SO, sham operation; GB, gastric bypass.
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Figure 7. The total GLUT4 protein expression after RYGB surgery. 'P<0.05
when compared with the CO and SO groups after the same amount of time.
GLUTH4, glucose transporter 4; RYGB, Roux-en-Y gastric bypass; CO, con-
trol; SO, sham operation; GB, gastric bypass.

The correlation coefficient between fasting plasma glucose
and GLUTH4 protein was equal to 0.618 and P<0.01. Fasting
plasma glucose and GLUT4 protein were negatively corre-
lated, and the difference was statistically significant.

Discussion

T2DM conventional treatment negatively impacts the patient's
quality of life and requires long-term use of drugs. RYGB
provides a new method of therapy for T2DM patients, which has
changed the T2DM conventional treatment, improved patient



MOLECULAR MEDICINE REPORTS 6: 1111-1116, 2012

quality of life and reduced the diabetes-related mortality (13).
At present, increasing numbers of T2DM patients are selecting
RYGB treatment (14). The possible mechanisms involved
in RYGB are as follows: i) reducing food intake; ii) weight
loss; iii) intestinal-insulin shaft mechanism. However, related
studies indicated that dietary restrictions could not improve
the blood glucose long-term. RYGB postoperative glucose
was reduced earlier than weight loss, indicating that weight
loss and reducing the food intake may not be the real cause of
RYGB improving glucose levels. However, the exact mecha-
nism involved remains unclear (15-18).

In our study, RYGB postoperative fasting blood glucose
dropped to normal and the postprandial blood glucose
decreased markedly as compared to the control group and
sham operation group. It was confirmed that the RYGB not
only reduced fasting blood glucose, but also reduced the
postprandial blood glucose. Twenty and 30 days after surgery,
TNFa mRNA expression was decreased and GLUT4 mRNA,
PI3Kp85a, PPARY2, and membrane and total GLUT4 protein
expression were all elevated in postoperative adipose tissue.
However, serum TNFa levels did not change significantly.
Increased PPARY2 may inhibit the expression of TNFa
mRNA, reduce TNFa expression in the fatty tissue, and not
only increase PI3K expression through an autocrine manner
and promote the translocation of GLUT4, but also increase the
total GLUTA4 protein in the fat cells, thereby improving insulin
resistance (19,20).

We suggest that increasing PPARY2 protein, inhibiting
TNFa transcription, upregulating PI3Kp85a mRNA and
protein, promoting GLUT4 protein translocation and upregu-
lating total GLUT4 protein are the possible mechanisms by
which RYGB improves insulin resistance and reduces fasting
blood glucose in adipose tissue.

Adipose tissue is a target tissue of insulin action. Many fat
factors are closely related to insulin resistance (21). PPARYy is
specifically expressed in adipose tissue and the possible mech-
anism by which PPARY improves insulin resistance may be
as follows: i) PPARy promotes fat cell differentiation. By this
mechanism, activated PPARY is capable of promoting white
adipose cell differentiation and increasing the number of small
fat cells and decreasing the number of large fat cells. Small fat
cells respond more strongly to insulin and promote glucose
uptake more easily. ii) PPARy enhances the insulin signal
transduction. PI3K is the key kinase that mediates transport of
glucose into the target cells. The pathway, which is mediated
by PI3K, is the main method of insulin signal transduction.
The physiologically active PPARY is capable of upregulating
PI3Kp85a expression and promoting signal transduction,
thereby improving insulin resistance. iii) PPARy inhibits the
lipid metabolism. PPARY is involved in the expression and
regulation of related genes in lipid metabolism. Activated
PPARYy may decrease fatty acids, which are transferred to the
muscles and liver tissue. Adipose synthesis is then reduced,
thereby improving insulin resistance.

TNFa is an adipose factor that is secreted from adipose
tissue to cause insulin resistance. The mechanism by which
TNFa affects adipose tissue insulin resistance may be as
follows: i) TNFa inhibits tyrosine phosphorylation of insulin
receptor substrate 1, thereby inhibiting PI3K activity and
impairing the insulin signaling pathway (22,23); ii) TNFa
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promotes the decomposition of fat cells and increases free fatty
acids; iii) TNFa affects GLUT4 mRNA and protein expres-
sion (24-26); iv) TNFa synergizes other cytokines (7,10,27).
In ob/ob mice and Zucker obese rats, TNFa mRNA is over-
expressed and neutralizing TNFa is capable of alleviating
insulin resistance (28).

GLUTH4 protein is the main effector molecule in insulin-
mediated glucose uptake and improving insulin resistance.
Overexpression of GLUT4 protein may alleviate insulin
resistance (29,30). The animals with overexpression of GLUT4
protein may have improved glucose uptake and utilization,
and this may significantly increase insulin sensitivity. Abel
et al (31) selectively reduced the GLUT4 expression in fat cells
by recombinant DNA technology and found that insulin-stimu-
lated glucose uptake capacity reduced significantly in fat cells.

Our results showed that PPARYy expression was elevated
following RYGB in adipose tissue and then TNFa mRNA
transcription was reduced, while the serum TNFa concentra-
tion was normal. The possible mechanism is that TNFa plays
a role through a paracrine or autocrine method (31). While
increasing the PI3Kp85a expression, the switch of GLUT4
from vesicles to the cell membrane was increased. At the same
time, reducing TNFa content in adipose tissue may alleviate
the inhibition effect on GLUT4 mRNA and increase the total
GLUT4 content, thereby increasing glucose transport and
insulin sensitivity.

In short, RYGB may improve insulin resistance and treat
type 2 diabetes through upregulation of PPARY2 protein,
downregulation of TNFo mRNA transcription, upregula-
tion of PI3Kp85a expression, induction of the translocation
of GLUT4, upregulation of GLUT4 mRNA transcripts and
increased total GLUT4 content in adipose tissue. However, the
mechanism by which PPARY2 protein is upregulated requires
further study.
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