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Abstract

Background Bariatric surgeries have been widely used in obe-
sity associated type II diabetes. However, the mechanisms of
surgical treatments for type II diabetes in non-obese patients
remain controversial. Our study aims to compare the effective-
ness of various bariatric surgeries in a non-obese diabetic rat
model.

Methods Goto-Kakisaki (GK) rats were used to compare the
outcome of total gastrectomy (TG), Roux-en-Y reconstruction
after total gastrectomy (RYTG), and Roux-En-Y gastric by-
pass (RYGB). Body weight, food and water intake, and glu-
cose level were monitored prior to and after surgery. Oral
glucose tolerance tests (OGTT) were performed, and key met-
abolic hormones were measured at selected time points.
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Results Despite a significant reduction in body weight in TG
and RYTG groups, their glucose metabolic rate was not im-
proved. RYGB rats, with only moderate reduction in food
intake and body weight, had significantly improved glucose
metabolism. Insulin and ghrelin were significantly reduced in
TG and RYTG groups, but remained unchanged in RYGB
group.

Conclusions Our study demonstrated the effectiveness of
RYGB surgery in treating type II diabetes in non-obese dia-
betic rats. These results suggest an important role of gastric
system in regulating glucose homeostasis.
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Introduction

Type II diabetes is a chronic disease characterized by hyper-
glycemia and insulin resistance. Globally, the rate of type II
diabetes has been rapidly increasing over the years. In clinical
treatments for type II diabetes, major approaches are pharma-
ceutical interventions for food restriction and stimulation for
insulin secretion. In addition, bariatric surgeries have been
widely used in obesity-associated type II diabetes. The most
common bariatric surgeries include gastric banding, gastric
bypass, laparoscopic sleeve gastrectomy (LSG), and
biliopancreatic diversion (BPD). The purpose of these surger-
ies is to limit food intake and nutrient absorption, which in
turn reduce body weight and fat tissue mass, thereby promot-
ing glucose metabolism and insulin sensitivity. A meta-
analysis study indicated improved glycemic control in
83.8 % of morbidly obese patients after gastric bypass and
47.8 % after gastric banding [1].
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Total gastrectomy (TG), or total gastrectomy with a Roux-
en-Y reconstruction (RYTQG), involves complete removal of
the entire stomach, which is usually performed in patients with
stomach cancer [2]. However, despite reduced food intake and
body weight, previous studies indicate that patients with TG
often had even higher risk of developing diabetes, which
could be triggered by postprandial hyperglycemia [3]. In con-
trast, patients undergoing Billroth’s operation I and Roux-en-
Y anastomosis had significantly improved glycemic control
[4]. Based on these evidences, it is proposed that hormones
secreted by the gastrointestinal tract may play an important
role in maintaining glucose balance. Roux-en-Y gastric by-
pass (RYGB) is the most popular bariatric surgery [5]. Com-
pared to TG and RYTG, RYGB surgery does not completely
remove the stomach, but reduces it to a smaller pouch. The
smaller stomach is connected directly to jejunum, bypassing
the rest of the stomach and duodenum. By partially reducing
stomach size and rerouting nutrients to distal intestine, RYGB
often leads to significantly improved glucose metabolism and
insulin sensitivity in the patients [6]. However, with remark-
able success of bariatric surgeries in obesity-related diabetes,
their effectiveness on treating type II diabetes in non-obese
patients remains controversial.

In our study, we used a non-obese diabetic rat model, Goto-
Kakisaki (GK) rats, which spontaneously develop mild hyper-
glycemia at an early age due to impaired pancreatic [3-cell
development [7]. Three surgical procedures were compared
for their effectiveness in regulating glucose metabolism, in-
cluding TG, RYTG, and RYGB. Food and water intake, glu-
cose level, and key metabolic hormones, such as insulin,
glucagon-like peptide 1 (GLP-1), and ghrelin were measured
prior to and after surgery. Oral glucose tolerance tests (OGTT)
were performed to characterize glucose clearance rate.

Materials and Methods
Animals

Sixty male GK rats were purchased from Shanghai SLAC
Laboratory Animal Inc. The rats were all 11-week old and
weighed around 400 g. The rats were housed in specific-
pathogen-free (SPF) grade animal laboratory in the Center of
Experimental Animals, Second Military Medical University.
The animal room has air filter and gradient pressure isolation
system, with temperature controlled between 22 and 24 °C,
and relative humidity between 50 and 60 %. The room has
automatic 12-h light/12-h dark cycle. No more than five rats
were housed in each cage. Unless preoperative fasting, the rats
had free access to food and water. Water was contained in jars
with scaled drops. Experimental diet for diabetic rats (M04-F)
was purchased from Shanghai SLAC Laboratory Animal Inc.,
with standard GB14924.2-GB14924.6. The diet contained
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protein 18.8 %, raw fat 16.2 %, and carbohydrate 65 %, with
total energy 379 Kcal per cup. The diet was sterilized using
%0Co radiation.

Surgical Procedures

The rats were divided into five groups (»=8 per group): total
gastrectomy (TG), Roux-en-Y total gastrectomy (RYTG),
Roux-en-Y gastric bypass (RYGB), sham operation (SO),
and non-operated control (NC). The rats were fasted for 12 h
prior to surgery. The procedures were performed under anes-
thesia (1 % sodium pentobarbital). TG, with or without Roux-
en-Y reconstruction (RYTG), was performed as previously
described [8]. The whole stomach was removed, with esoph-
agus being directly connected to duodenum. Roux-en-Y gas-
tric bypass (RYGB) was performed using protocol described
previously [9]. Sham operation (SO) was performed by mid-
line laparotomy, with abdominal incision length and stitching
procedures similar to other surgical groups. Body weight and
food and water intake were monitored weekly before and after
surgery. All procedures were performed in accordance with
the guidelines of Tongji University of Shanghai, China.

Metabolic Parameter Measurements and Oral Glucose
Tolerance Test (OGTT)

Glucose, glucagon-like peptide 1 (GLP-1), insulin, and ghrel-
in level were measured before and after surgery at selected
time points. Glucose was measured using One Touch Ultra®
glucose meter and test trips (Johnson & Johnson), with around
20 puL blood collected from the tail vein. Ghrelin, GLP-1, and
insulin were measured using Ghrelin (Rat, Mouse) radioim-
munoassay (RIA) kit, GLP-1 (Rat, Mouse) RIA kit (Phoenix
Pharmaceuticals, Inc. USA), and Insulin (Rat, Mouse)
enzyme-linked immunosorbent assay (ELISA) kit (Phoenix
Pharmaceuticals, Beijing, Co., Ltd.), respectively. For measur-
ing hormone levels, 1-3 mL of blood samples was collected
from each rat through angular vein under anesthesia after 12 h
of fasting. For OGTT, after 12 h of fasting, 25 % glucose
solution was gavage fed to each rat, at 1 g glucose per kilo-
gram body weight. Glucose level was then determined at in-
dicated intervals.

Statistics

Data are expressed as mean+S.E. The significance of differ-
ence in mean values was evaluated by two-way ANOVA
followed by a Bonferroni post-test. Comparison of area under
the curve (AUC) among the groups was analyzed by one-way
ANOVA followed by a Bonferroni post-test. p<0.05 was con-
sidered statistically significant. All statistical analyses were
carried out using GraphPad Prism 5.0.
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Results
Measurements of Physiological Parameters

GK rat is a genetic model of spontaneous diabetes, exhibiting
impaired glucose metabolism, hyperglycemia, and
hyperinsulinemia from early age. Prior to surgery, food and
water intake, body weight, and glucose level were similar
among the five groups of rats. The procedures posed severe
metabolic challenges in all the treated groups. One week after
surgery, food and water intake, body weight, and glucose level
all significantly decreased, except the NC group (Fig. 1). The
decrease in food and water intake was especially pronounced
in RYTG and TG groups, with roughly 90 % reduction
(Fig. 1a, b). Two weeks after surgery, SO and NC rats gradu-
ally resumed their normal food and water intake, and their
body weight steadily increased. Their plasma glucose returned
to their preoperative level, although SO rats remained slightly
lower than the NC rats. Compared to SO and NC rats, food
and water intake for RYTG and TG rats remained significantly
lower after surgery.

Along with reduced food and water intake, the body weight
for RYTG and TG rats remained low and even continued
decreasing weekly, with almost 100 g lower than the SO and
NC rats at 8 weeks after surgery (Fig. 1c). However, the sig-
nificant reduction in body weight in TG and RYTG rats was
not associated with reduced glucose level. As shown in

Fig. 1 Physiological parameters. A .
Food (a) and water (b) intake was Food intake
monitored weekly before and 30+

after surgery. Body weight was
measured weekly (c). Fasting
plasma glucose level was
monitored at indicated time points
(d). n=28 rats per group

grams

Fig. 1d, the glucose level in TG and RYTG rats, with initial
reduction shortly after surgery, slowly increased, and eventu-
ally reached comparable levels to SO and NC rats at 8 weeks.
The food intake and body weight remained significantly lower
in RYGB rats after surgery (Fig. 1a, c¢), which is also accom-
panied by significantly reduced plasma glucose level
(Fig. 1d), compared to other four groups of rats.

Oral Glucose Tolerance Test (OGTT)

As an important indicator for glucose metabolism and insulin
sensitivity, OGTT was performed on the rats at three time
periods: before surgery, 4 and 8 weeks after surgery. All the
rats were fasted for 12 h prior to the tests. Following gavage
feeding of 25 % glucose solution at 1 g glucose/kg body
weight, plasma glucose level was determined at selected in-
tervals. Before surgery, the plasma glucose level gradually
increased after glucose administration, peaked at 30 min,
and then slowly returned to the basal level at 2 h post gavage
feeding (Fig. 2a).

OGTT was then performed at 4 and 8 weeks after surgery.
Before glucose administration, basal glucose level in TG,
RYTG, and RYGB rats was significantly lower, compared to
SO and NC rats. During OGTT, the glucose level in TG and
RYTG rats reached comparable level to SO, NC rats, and TG
rats had even higher level at time points from 45 min to 2 h.
The glucose level in RYGB remained significantly lower
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throughout the test, compared to the rest of the rats (Fig. 2b).
This effect was better presented by calculating area under the
curve (AUC), indicating improved glucose metabolic signal-
ing in RYGB group, but a compromised metabolic profile for
TG rats (Fig. 2d).

The difference in OGTT among the five groups was even
more pronounced at 8 weeks after surgery. RYGB rats
showed even more significant reduction in blood glucose
at all the time points, indicating markedly improved glucose
tolerance, compared to NC and SO groups. TG and RYTG
rats, in contrast, showed significantly increased glucose level
during OGTT, especially between 45 min and 2 h, indicating
more compromised glucose tolerance (Fig. 2c). This result
was also confirmed by calculating AUC, showing significant
increase in TG and RYTG, but around 30 % reduction in
RYGB rats (Fig. 2e).

Plasma Hormone Levels

In order to further identify the mechanism by which glucose
tolerance was altered in the treated rats, three hormones,
glucagon-like peptide 1 (GLP-1), insulin, and ghrelin, were
measured before, and at 2, 4, 6, and 8 weeks after surgery

(data listed in Table 1). For SO and NC rats, GLP-1 and insu-
lin remained unchanged for all the five time points, while
ghrelin gradually increased weekly. At 2 weeks after surgery,
TG, RYTG, and RYGB rats all had significantly higher GLP-
1, with RYTG rats showing the highest response. However,
GLP-1 level in TG rats gradually decreased after 2 weeks, and
eventually fell to lower level than SO and NC groups. RYTG
and RYGB rats maintained significantly higher level of GLP-
1, compared to other groups. Insulin level in SO, NC, and
RYGB groups was similar, and remained unchanged through-
out the test, while TG and RYTG rats had significantly lower
insulin after surgery. Ghrelin was significantly decreased in
TG and RYTG groups, compared to SO and NC groups, with
almost 90 % reduction at 8 weeks after surgery. Ghrelin in
RYGB rats had a temporary increase at 2 weeks after surgery,
but then returned to similar level to SO and NC rats for the rest
of the time points.

Discussion

Our study compared the effectiveness of TG, RYTG, and
RYGB on glycemic control and metabolic hormone
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Fig. 2 Oral glucose tolerance tests (OGTT). Following 12 h of fasting,
OGTT was performed before surgery (a), and at 4 weeks (b) or 8 weeks
(c) after surgery, by administering 1 g glucose per kilogram body weight
through gavage feeding. Blood samples were collected through tail vein
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at indicated intervals. Area under the curves (AUC) was calculated for
OGTT performed at 4 weeks (d) or 8 weeks (e) after surgery. *P<0.05;
**P<0.01; ***P<0.001; n=8 rats per group
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Table 1  Plasma GLP-1, insulin, and ghrelin concentration before and after surgeries

GLP-1 (pmole/L)

Surgeries Before 2 weeks

NC 24.06+2.85 2643.62

SO 23.8+3.04 24.79+3.67

TG 24.5+3.69 33.53£4.46%**
RYTG 24.24+2.34 40.4642.65%**
RYGB 25.06+4.01 31.76+£2.57**
Insulin (mIU/L)

Surgeries Before 2 weeks

NC 1.14+0.23 1.13+0.2

SO 1.1+0.17 1.13+0.23

TG 1.13+0.29 0.64+£0.26%**
RYTG 1.11+0.26 0.67+£0.2%**
RYGB 1.11£0.29 1.16+0.34
Ghrelin (pg/mL)

Surgeries Before 2 weeks

NC 1255.77+136.67 1517.43+198.1
SO 1302.67+107.87 1480.41£196.65
TG 1298.96+129.98 338.28+£16.29%**
RYTG 1318.65+146.38 316.08+£8.69%**
RYGB 1330.77+£124.96 1935.54:£222 81%**

4 weeks 6 weeks 8 weeks
24.93+2.19 23.35+2.45 24.51+1.90
23.11+2.48 23.88+2.53 24.71+2.52
30.2945.03** 26.56+2.85 20.89+3.03
34.26+3.96 31.65+3.25 27.85+2.13

35.9+4 38%** 332543 11%%* 29.84+4 45%*
4 weeks 6 weeks 8 weeks
1.14+0.22 1.11£0.17 1.12+0.21
1.17+0.17 1.16+0.18 1.16+0.21
0.79+0.13** 0.70+0.11%* 0.64+0.11%%*
0.81+0.2* 0.72+0.16** 0.69+0.13%*%*
1.24+0.28 1.23+0.24 1.26+0.31

4 weeks 6 weeks 8 weeks

1782.53+187.31 1896.3+168.64 2040.99+184.54

1769.31+£131.25 1854.9+£126.08 2038.76+171.33
285.88+£17.14%** 224.91+£13.33%*** 200.04£18.41%***

285.44+17.49%**
1751.08+176.72

215.55+12.39%**

1856.09+£187.99

182.26+16.227%**
2031.8+186.8

£p<0.05; **p<0.01; **%p<0.001

production in a non-obese diabetic rat model, GK rats. TG and
RYTG completely removed the stomach in the rats, which
significantly reduced their food and water intake, which led
to dramatic decrease in body weight. However, their glucose
metabolic profile was not improved. During OGTT at 4 and
8 weeks after surgery, TG and RY TG rats showed even slower
glucose clearance rate, compared to SO and NC rats. Their
compromised glucose metabolism was accompanied by sig-
nificantly reduced insulin and ghrelin production. RYGB rats,
with partially limited stomach size, only had a mild reduction
in food intake and body weight. However, RYGB rats had
significantly lower glucose level and better glucose tolerance
after surgery, compared to other groups. The improved meta-
bolic profile in RYGB rats was associated with higher GLP-1
production, but insulin and ghrelin level was not significantly
altered, compared to SO and NC rats.

As a genetically diabetic animal model, GK rats exhibit
similar features to non-obese type II diabetes patients, evi-
denced by reduced {3-cell mass and alterations in microenvi-
ronment in islets [10]. Therefore, it is a valuable tool to inves-
tigate the effect of various surgeries on glucose metabolism
and insulin signaling in non-obese subjects. Interestingly, de-
spite the improved glucose metabolism in RYGB rats, their
insulin level was not altered, indicating the elevated glucose
clearance rate in RYGB rats may not be solely dependent on
increased insulin secretion from the (3-cells. Both TG and

RYTG rats had about 50 % reduction in insulin, compared
to SO and NC rats. Impaired insulin secretion was previously
reported in mice undergoing TG, which is consistent with our
observation [11]. It is possible that reduced food intake caused
by TG/RYTG led to impaired glucose-stimulated insulin pro-
duction from the (3-cells, suggesting potential gastro-
pancreatic signaling.

GLP-1 is a gut hormone secreted by the L cells of the distal
bowel in response to intestinal nutrients [12]. Previous study
suggests that GLP-1 promotes pancreas function and stimu-
lates insulin secretion by promoting proliferation and
inhibiting apoptosis of {3 cells [13]. GLP-1 also reduces insu-
lin resistance through activating on central GLP-1 receptors
[14]. A GLP-1 agonist, Exenatide (marketed as Byetta or
Bydureon), has been approved in clinic for managing type II
diabetes. However, in RYGB rats, increased GLP-1 level was
not associated with higher insulin secretion. Interestingly, sim-
ilar to RYGB rats, RYTG rats also had higher level of GLP-1
after surgery. The elevated GLP-1 in RYTG rats was not able
to recover their dramatically decreased insulin or ghrelin,
which further supports the importance of gastric system in
regulating glucose homeostasis. A previous clinic study
showed gastric bypass increased GLP-1 induced postprandial
insulin secretion in human [15]. Since our study focused on
hormone levels during fasting stage, future experiment will
investigate postprandial hormone secretion in the treated rats.
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Ghrelin is a peptide secreted from the fundus of the stom-
ach and the proximal intestine [16]. In response to food inges-
tion, ghrelin level increases prior to meals and decreases post-
prandially. The effect of RYGB on fasting or postprandial
ghrelin level has been inconsistent in previous studies. For
obese individuals, hyperinsulinemia and insulin resistances
are likely to be associated with reduced ghrelin production
[17]. In our study using non-obese diabetic rats, there was
an early onset of increased ghrelin level at 2 weeks post-
RYGB surgery, which gradually returned to the same level
as SO and NC rats (Fig. 2¢). Insulin level remained unchanged
in RYGB rats throughout the study, indicating the short-term
increase of ghrelin secretion was not triggered by insulin. In
TG and RYTG rats, ghrelin level was significantly reduced by
over 70 %, compared to SO and NC rats, indicating severely
inhibited appetite in these rats. In TG and RYTG rats, in ad-
dition to stomach removal, the significantly lower ghrelin lev-
el synergized to further reduce food intake. RYGB rats, with
smaller stomach pouch, were able to maintain normal level of
ghrelin production and pancreatic insulin secretion.

Regarding the mechanisms by which bariatric surgeries
modulate glucose metabolism, two major theories were pur-
posed previously, foregut and hindgut hypotheses. In “foregut
hypothesis”, the bariatric procedures exclude duodenum and
proximal jejunum from the delivery of nutrients, preventing
secretion of gastric molecules that could potentially trigger
insulin resistance [18, 19], although the specific target mole-
cules have not yet been characterized. As an alternative theory,
the “hindgut hypothesis” purposes that, the expedited delivery
of nutrients to the distal intestine activates physiological signal
and gastric hormone secretion, which promotes glucose me-
tabolism [12, 20, 21]. Potential candidate molecules
supporting the “hindgut theory” are GLP-1 and peptide tyro-
sine tyrosine (PYY) [22]. An elegant study conducted by
Rubino et al. compared these two theories by using two
models, duodenal-jejunal bypass (DJB) and
gastrojejunostomy (GJ), and showed DJB was more effective
in improving glucose metabolism [23]. Their results potential-
ly support a more dominant role of “foregut hypothesis”. Ac-
cording to “foregut hypothesis”, it is possible that RY GB may
promote glucose metabolism and insulin signaling by
rerouting the nutrients through the bowel. This is consistent
with our finding that RYGB rats had significantly increased
GLP-1, but insulin level remained unchanged. It is likely that
yet unknown factors secreted by the duodenum and proximal
jejunum may interfere insulin sensitivity. Therefore, our study
may also have provided evidence to further support the ‘fore-
gut theory’.

In summary, our study suggests better outcome of RYGB
in managing glucose homeostasis in a non-diabetic rat model,
compared to TG and RYTG. The dramatic weight loss in TG
and RYTG rats failed to improve their metabolic profile, likely
due to compromised gastric hormone secretion after complete
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stomach removal. RYGB, with partially remaining stomach
and moderate weight loss, showed significant improvement
in glucose metabolism. These results indicate the important
role of gastric system in metabolic signaling through regulat-
ing secretion of key hormones. For obesity-related diabetic
patients, bariatric surgeries are proven to be effective; howev-
er, for non-obese diabetic patients, the physiological regula-
tion by bariatric surgeries is far more complicated. Cautious
examination and evaluation is necessary regarding each bar-
iatric procedure in these patients. Our study, for the first time,
used animal model to provide insight for the selection of sur-
gical procedures in non-obese diabetic patients. Further study
is needed to determine the effect of bariatric surgeries on the
regulation on (3-cell function, insulin sensitivity and whole
body energy homeostasis.
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