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Abstract
Background Sleeve gastrectomy plus side-to-side jejunoileal
anastomosis (JI-SG), a relatively new approach to bariatric
surgeries, has shown promising results for treating obesity
and metabolic comorbidities. This study investigated the fea-
sibility and safety of JI-SG in weight loss and diabetes remis-
sion compared with sleeve gastrectomy (SG) and Roux-en-Y
gastric bypass (RYGB).
Methods Forty 10-week-old male Zucker diabetic fatty rats
were randomly assigned to four groups: control, SG, JI-SG,
and RYGB. Their body weights, food intake, and levels of gut
hormones (ghrelin, insulin, and glucagon-like peptide-1
(GLP-1)) and lipids were measured.
Results Rats in the SG, JI-SG, and RYGB groups demonstrat-
ed lower food intake and more weight loss 2 weeks postoper-
atively compared with control rats. Furthermore, rats in the JI-
SG group achieved more weight loss (mean 242.7±11.2 g)
compared with those in the SG and RYGB groups (SG, 401.4
±15.1 g and RYGB, 298±12 g, both P<0.01). All surgery
groups demonstrated a decreased fasting insulin, serum

glucose, lipid levels, and increased GLP-1 postoperatively.
The JI-SG group had lower fasting ghrelin levels than the
RYGB group (168±19.8 ng/L vs. 182±16.7 ng/L, P<0.01)
and higher fasting GLP-1 levels than the SG group (1.99±
0.11 pmol/L vs. 1.71±0.12 pmol/L, P<0.01) at 12 weeks
postoperatively. Over the experimental period, the ghrelin
levels slowly increased in all surgical groups but remained
lower than the preoperative and control levels.
Conclusions JI-SG induced higher ghrelin and GLP-1 levels
and improved glycemic control in Zucker diabetic fatty rats.
Compared with SG and RYGB, JI-SG appeared to be a sim-
ple, relatively safe, and more effective procedure for treating
type 2 diabetes and obesity in this animal model.
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Introduction

Bariatric surgery, including sleeve gastrectomy (SG) and
Roux-en-Y gastric bypass (RYGB), has been shown to im-
prove control of type 2 diabetes and provide long-term bene-
fits [1, 2]. Recently, SG has been used increasingly for its
simplicity, safety, and lower rate of postoperative nutritional
deficiencies. However, SG is generally considered less effec-
tive for weight loss, diabetes control, and metabolic improve-
ments than RYGB [3, 4]. To improve its effectiveness, an
additional type of intestinal bypass surgery combined with
traditional SG, sleeve gastrectomy plus side-to-side
jejunoileal (JI-SG), has recently been investigated and has
shown promising results in weight loss and improvement of
the type 2 diabetes remission rate [5, 6].
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The two combined surgeries in JI-SG involve two physio-
logical changes. The first is the removal of the gastric body
and fundus of the stomach, which decreases stomach volume.
Studies have confirmed that SG effectively leads to weight
loss and type 2 diabetes remission [7, 8]. The other is side-
to-side anastomosis of the ileum and jejunum, which moves
food more quickly into the terminal ileum, without excluding
or resecting any segments of the digestive tract. According to
the hindgut theory, this process of expediting nutrient delivery
to the hindgut yields better glycemic control [9]. Based on
these findings, combined surgery with JI-SG has been
established as a relatively new bariatric procedure. Melissas
et al. performed laparoscopic JI-SG in 27 patients and ob-
served more weight loss and a higher rate of diabetes resolu-
tion with JI-SG compared to SG [10]. Long-term follow-up
and animal studies are needed to ensure the feasibility and
safety of this new procedure.

The Zucker diabetic fatty (ZDF) rat has been studied ex-
tensively as a model for type 2 diabetes and presents similar
features of the metabolic symptoms of type 2 diabetes [11,
12], including progressive insulin resistance, hyperglycemia,
hyperinsulinemia, and hyperlipidemia [13, 14], that are anal-
ogous to the progression of obesity and diabetes in humans
[15, 16]. The aim of this study was to further assess the feasi-
bility and safety of JI-SG to induce weight loss and diabetes
remission using an obese ZDF rat model. JI-SGwas compared
with SG and RYGB in terms of body weight, food intake,
glycemic control outcomes, and levels of gut hormones, in-
cluding ghrelin, insulin, glucagon-like peptide 1 (GLP-1), and
lipids for 12 weeks postoperatively.

Materials and Methods

Animals and Diets

Forty male 10-week-old ZDF rats were purchased form Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, Chi-
na). All animals were housed under standard conditions (con-
stant temperature and humidity with a 12-h light-dark cycle)
in the animal center at Tongji University with free access to
water and food. All animals were fed with a 6.5 % fat rat chow
diet (Purina 5008, Vital River Laboratory Animal Technolo-
gy) for 3 weeks preoperatively. The Animal Care and Utiliza-
tion Committee of Tongji University approved all animal ex-
periments in this study.

Experimental Design

Forty ZDF rats were divided equally into four groups: sham-
operated (control), SG, JI-SG, and RYGB. The rats’ body
weight, food intake, and blood glucose levels were monitored
weekly postoperatively. Blood glucose levels were analyzed

with a hand-held glucometer (Accu-Chek; Roche Diagnostics,
Shanghai, China) after an overnight fast. Ghrelin, insulin,
GLP-1, and lipids were measured preoperatively and on the
second, fourth, sixth, eighth, tenth, and twelfth postoperative
week. The operation times (from the midline abdominal inci-
sion to complete skin closure) of all rats were recorded.

Biochemical Tests

Blood samples were collected from the tail vein into tubes that
contained chilled ethylenediaminetetraacetic acid and
dipeptidyl peptidase 4 inhibitor. Following centrifugation
(1000×g) at 4 °C for 15 min, serum was immediately separat-
ed and stored at −80 °C until analysis. Lipids and gastrointes-
tinal hormones (ghrelin, GLP-1, and insulin) were measured
using enzyme-linked immunosorbent assay kits (USCN Life
Science Inc., Wuhan, China).

Surgery

Preoperative Care

Rats were fed a nonresidue diet for 2 days and fasted for 12 h
preoperatively. Rats were also given prophylactic antibiotics
30 min preoperatively and immediately after closure (genta-
micin, 10 mg/kg; North China Pharmaceutical Group Corp.,
Hebei, China). Rats were anesthetized with ketamine
(75 mg/kg body weight, Hengrui Medicine Co., Ltd., Jiangsu,
China) during surgery.

SG

SG was performed by dissection of the greater curvature, in-
cluding the lower part of the stomach and the forestomach
with ligation of the short gastric vessels, according to a previ-
ously described technique [17]. The operative specimen, in-
cluding most of the forestomach, was removed. The gastric
wound was closed with a continuous invaginating
extramucosal suture with a 5–0 silk thread (Ningbo Medical
Needle Co., Ltd., Ningbo, China).

JI-SG

SG was performed first and then side-to-side anastomosis be-
tween the jejunum (20 cm distal to the ligament of Treitz) and
the distal ileum (20 cm proximal to the ileocecal valve) was
performed (Fig. 1). Stabilizing continuous bowel-to-bowel
suturing with 5–0 silk on each side of the anastomosis for a
distance of approximately 10 cm was used to prevent twisting
of the bowel and reduce the possibility of mechanical
obstruction.
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RYGB

Gastric bypass was completed using a standard rat protocol
[18]. The midportion of the stomach of animals allocated to
gastric bypass was freed from adhesions on the greater and
lesser curvature. Horizontal section of the stomach was per-
formed, leaving only a small rim of glandular stomach on the
proximal part. The distal and proximal stomachs were closed
using 5–0 sutures (Ningbo Medical Needle). Jejunal section
was performed 15 cm from the ligament of Treitz;
gastrojejunal anastomosis and jejunoileal anastomosis were
then performed. Finally, the abdominal wound was closed.

Control Group

Rats in the control group underwent sham operation in which
the same abdominal incisions and gastrointestinal incision
were performed, but removal was not performed. For consis-
tency with the more complex surgical techniques, an interval
of 20 min was observed before closing the gastric incision
with a continuous extramucosal technique using a 5–0 suture
(Ningbo Medical Needle).

Postoperative Care

All animals were given 5 mL prewarmed saline and placed in
warm conditions for revival. Rats were allowed water for 12 h
and a nonresidue diet 48 h postoperatively. On the third post-
operative day, a high-fat diet (preoperatively) and water were
not limited. Weight and food intake were measured weekly (at
5:00 p.m).

Statistical Analysis

All statistical analyses were performed according to standard
methods using the Statistical Package for Social Sciences soft-
ware (version 13.0; SPSS Inc., Chicago, IL, USA). Results

were expressed as mean±standard deviation. Statistical anal-
ysis was performed using one-way analysis of variance with
Bonferroni test for multiple comparisons and Student’s t test
for single comparisons. P<0.05 was considered statistically
significant.

Results

Operation Time and Postoperative Complications

All operations were successful. The operation times in the
control, SG, JI-SG, and RYGB groups were 32.2±8.9 min,
63.4±7.6 min, 94.7±9.8 min, and 119.2±8.6 min, respective-
ly. The operation time in JI-SG rats was shorter than that in
RYGB rats (P<0.01) and was longer than that in SG rats
(P<0.01). One rat each in the JI-SG and RYGB groups died
of anastomotic leaks on the second and fourth day postopera-
tively, respectively. One JI-SG rat was found dead at the tenth
postoperative week due to malnutrition and low weight. No
deaths or complications were observed in the control group.

Weight Loss and Food Intake

Postoperatively, SG, JI-SG, and RYGB rats achieved signifi-
cant weight loss compared to the control group by the fourth
postoperative week (Fig. 1). Thereafter, SG rats regained their
body weight but at a lower rate than the control rats. JI-SG rats
demonstrated the best weight control among the four groups,
and RYGB rats had better weight control than SG rats each
week (RYGB, 229.6±12.3 g; JI-SG, 303±18.2 g; and SG,
391.5±12.1 g vs. control, 421.5±19.1 g, P<0.01). Compared
with the control group, rats in all three surgery groups had a
significantly decreased food intake from 4 weeks postopera-
tively (P<0.01). Mean food intake of JI-SG rats was the low-
est of the four groups (Fig. 2) and that of RYGB rats and JI-SG
rats was lower than the SG group at all time points (P<0.01).

Glucose

Compared with the control group, fasting glucose levels were
significantly lower in the surgery groups (P<0.01). Blood
glucose levels were significantly lower in the JI-SG and
RYGB rats compared to SG rats (data from the fifth week,
6.4±2.4 μmol/L and 7.4±1.9 μmol/L vs. 8.5±1.3 μmol/L,
P<0.01) from 5 weeks postoperatively (Fig. 3). At 12 weeks
postoperatively, the glucose levels of JI-SG rats were also
lower than those of RYGB rats (data from the twelfth week,
6.2±2.5 μmol/L vs. 7.4±2.3 μmol/L, P<0.05) and reflected
good glucose control compared to preoperative measurements
(data from the twelfth week, 6.2±2.5 μmol/L vs. 12.4±
1.5 μmol/L, P<0.01).

Fig. 1 Body weight of rats in four groups 3 weeks preoperation and
12 weeks postoperatively. The body weight of surgery groups was
lower than that of the control group since 2 weeks after surgery. JI-SG
group has the lowest weight at 12th postoperative week. *P<0.01
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Glucose Metabolism-Related Hormones

Insulin

At 2 weeks postoperatively, the insulin level exceeded
preoperation values in the SG, JI-SG, and RYGB groups
(Fig. 4). Subsequently, insulin decreased to a greater
degree in the surgery groups than in the control. At
postoperative week 12, JI-SG and RYGB rats demon-
strated significantly lower levels of insulin than the pre-
operative levels. JI-SG rats had a lower level than
RYGB rats at 12 weeks postoperatively (4.49±1.3 mU/
L vs. 5±1.4 mU/L, P=0.034).

Ghrelin

At 2 weeks postoperatively, SG, JI-SG, and RYGB rats
achieved significantly lower fasting ghrelin levels than the

controls (Fig. 5). Although the ghrelin level did not signifi-
cantly differ between SG rats and JI-SG rats, both of these
groups had lower ghrelin levels than RYGB rats. Over the
experimental period, the ghrelin levels slowly increased in
all surgical groups but remained lower than the preoperative
and control levels.

GLP-1

RYGB, SG, and JI-SG rats demonstrated higher GLP-1
levels compared with control rats 2 weeks postopera-
tively (Fig. 6). However, the GLP-1 level of SG rats
did not significantly differ from that of control rats after
4 weeks postoperatively. By contrast, RYGB and JI-SG
rats had significantly higher GLP-1 levels than control
and SG rats throughout the 12-week period, as well as
compared with preoperative levels.

Fig. 3 Fasting plasma glucose
throughout 12 weeks
postoperation. The fasting plasma
glucose levels of rats in RYGB,
SG, and JI-SG groups were lower
than those in the control group
since 2 weeks postoperatively. JI-
SG obtained the lowest glucose
level among surgery groups at
12 weeks postoperatively.
*P<0.01

Fig. 2 Food intake in all groups 3 weeks preoperatively and 12 weeks postoperatively. The food intake in three groups (SG, JI-SG, RYGB) were less
than that of the control group since 2 weeks postoperatively. *P<0.01
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Lipids

Preoperative lipid levels demonstrated no significant differ-
ences among the groups (Fig. 7). Postoperative lipid levels
were significantly lower in the surgical groups (SG, RYGB,
and JI-SG) than in the control. The JI-SG and RYGB rats
achieved lower lipid levels compared with SG rats (93.5±
4.6 pg/mL vs. 116.2±4.6 pg/mL, P=0.012), and JI-SG rats
demonstrated the lowest lipid level overall at 12 weeks
postoperatively.

Discussion

Recently, many studies have demonstrated that bariatric sur-
gery effectively improves type 2 diabetes and brings long-
term advantages for patients [19–21]. A number of new bar-
iatric surgeries have been developed to obtain an optimal pro-
cedure for those with type 2 diabetes [10, 22, 23]. It has been

hypothesized that the stomach size and small bowel length are
evolutionary remnants of a low-calorie, fiber-rich diet. Ac-
cordingly, Santoro et al. proposed partial biliopancreatic di-
version of 3 m of the small bowel without excluding the du-
odenum [23]. Melissas et al. further exploited the relevant
mechanisms of this proposal using JI-SG surgery [10]. How-
ever, many aspects of JI-SG were unknown until recently. In
the present study, we performed JI-SG surgery on ZDF rats
and evaluated its antidiabetic, weight control, and intestinal
neuroendocrine effects.

Generally, compared with the control, all surgical groups
(SG, JI-SG, and RYGB) in this study demonstrated greater
weight loss, lower food intake, and lower fasting glucose,
insulin, ghrelin, GLP-1, and lipid levels. Weight loss has been
shown to play an important role in improving glucose homeo-
stasis [24]. JI-SG achieved the highest weight loss and lowest
food intake among these surgical procedures. The JI-SG and
RYGB groups demonstrated consistently better weight loss
results throughout the 12-week postoperative period and

Fig. 5 Fasting ghrelin in all
groups at 2, 4, 6, 8, 10, and
12 weeks postoperation. The
ghrelin levels in all groups (SG,
JI-SG, and RYGB) were lower
than those in the control group
since 2 weeks postoperatively and
continued to remain lower than
control group and their
preoperative levels after
12 weeks, *P<0.01. In addition,
the postoperative ghrelin levels in
SG and JI-SG groups were lower
than RYGB group, *P<0.01

Fig. 4 Fasting insulin secretion
of rats in all groups at 2, 4, 6, 8,
10, and 12 weeks postoperation.
Comparing with SO group, all
surgical groups had serum insulin
levels higher at 2 weeks
postoperation but lower at
4 weeks and remained lower
throughout the rest of 12-week
period. The insulin level of JI-SG
group was the lowest among all
groups at 12 weeks postoperation.
*P<0.01
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achieved a more sustained effect in the resolution of diabetes
than the SG and control groups. In our study, all surgery
groups exhibited a lower food intake after 4 weeks and signif-
icant weight loss 3 weeks postoperatively.

In the present study, the marked increase in GLP-1 secre-
tion and significant improvement in insulin sensitivity and
glucose homeostasis after JI-SG and RYGB supports the hind-
gut hypothesis. Plasma levels of fasting ghrelin, GLP-1, and
lipids were significantly modified by surgical interventions.
SG, RYGB, and JI-SG induced fasting ghrelin and increased
the glucose-stimulated GLP-1 level from 2 weeks postopera-
tively. The JI-SG and SG groups demonstrated no difference
in ghrelin levels at 2 weeks postoperatively. Although the role
of ghrelin in diabetes remission remains controversial [25,
26], increasing evidence from recent studies supports the hy-
pothesis that decreased ghrelin levels are linked to a lower
food intake, weight loss, and improved insulin sensitivity
[27]. Furthermore, the JI-SG and RYGB groups had similar
levels of GLP-1 elevation at 12 weeks postoperatively. Both

the JI-SG and RYGB groups had significantly higher GLP-1
levels than the SG group.

JI-SG is believed to be a simple, relatively safe, and effec-
tive method for enhancing the neuroendocrine response of the
intestine to food consumption. The hindgut hypothesis states
that food will stimulate L cells in the ileum to secrete GLP-1,
which can improve glucose homeostasis [7]. The role of GLP-
1 in improving insulin sensitivity has been confirmed [28],
and GLP-1 analogs have been proposed for patients with type
2 diabetes [29]. Previous studies have also shown that SG and
RYGB procedures increase GLP-1 secretion [30]. After JI-SG
surgery, the undigested nutrients are more rapidly transferred
to the distal bowel through side-to-side jejunoileal anastomo-
sis. In addition, the JI-SG procedure removed approximately
70 % of the total stomach, which significantly promoted gas-
tric emptying [31]. Also, the JI-SG and RYGB groups dem-
onstrated higher glucose-stimulated GLP-1 levels than the SG
group postoperatively. Therefore, we speculate that side-to-
side jejunoileal anastomosis may enhance GLP-1 secretion.
Further experiments are required to confirm this hypothesis.

As a bypass procedure, JI-SG has a long operative time.
However, the JI-SG procedure was safe and feasible, with few
postoperative complications, which is similar to RYGB. A
recent clinical study has also reported that the JI-SG procedure
is safe and feasible [10]. Furthermore, we observed better
diabetic control induced by JI-SG than by SG in ZDF rats.
To our knowledge, comparisons of the effects of JI-SG, SG,
and RYGB surgeries in obese diabetic subjects have not been
performed. Our present animal study suggests that the JI-SG
procedure may be favorable in obese diabetic patients. Addi-
tionally, the JI-SG procedure may be an alternative surgery to
RYGB in diabetic patients.

A limitation of our study was that all findings originated
from an obese diabetic rat model, which does not necessarily
reflect the situation in humans. However, the ZDF rat provides
an effective and economical model to investigate the effects of

Fig. 7 Fasting lipid of rats in all groups at 2, 4, 6, 8, 10, and 12 weeks
postoperatively. The lipid level in RYGB, SG, and JI-SG groups was
lower than that of the control group since 2 weeks postoperatively.
*P<0.01

Fig. 6 Fasting serum GLP-1 se-
cretion of rats in all groups at 2, 4,
6, 8, 10, and 12 weeks
postoperation. The GLP-1 level
of rats in RYGB, SG, and JI-SG
groups was higher than that of the
SO group at 2 weeks
postoperation. Compared with
control group, SG group showed
no significant difference in GLP-1
level after 4 weeks
postoperatively. *P<0.01
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JI-SG surgery. Our study showed that JI-SG surgery achieved
similar amelioration of diabetes as RYGB and better results
than SG, although the procedures differed in anatomical and
some gut-hormone effects. Currently, the effects of JI-SG on
many other hormones remain unclear. Therefore, further stud-
ies are needed to study the effects of JI-SG on glucose
metabolism.

In conclusion, based on the present findings, JI-SG appears
to be a simple, relatively safe, and effective procedure for
treating obesity and metabolic comorbidities. JI-SG was very
effective in achieving durable weight loss, reducing fasting
ghrelin, and elevating glucose-stimulated GLP-1 associated
with type 2 diabetes. JI-SG was more effective than SG and
had similar metabolic effects as RYGB. Further clinical com-
parative studies and long-term follow-up in obese diabetic
patients are necessary to confirm our findings and to evaluate
the effectiveness of JI-SG surgery in humans.
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