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Abstract
Background Single-anastomosis duodeno-ileal bypass with sleeve gastrectomy (SADI-S) has launched a huge challenge to
classic Roux-en-Y gastric bypass (RYGB). Our objective was to compare diabetes remission and micronutrient deficiency in a
mildly obese diabetic rat model undergoing SADI-S versus RYGB.
Methods Thirty adult male mildly obese diabetic rats were randomly assigned to sham (S), SADI-S, and RYGB groups. Body
weight, food intake, fasting plasma glucose (FPG), oral glucose tolerance test (OGTT), plasma insulin, GLP-1, and ghrelin levels
were measured at indicated time points. Meanwhile, insulin sensitivity and pancreatic β cell function were assessed during
OGTT. Finally, plasma micronutrient evaluation and islet β cell mass analysis were performed after all animals were sacrificed.
Results As compared to sham, the SADI-S and RYGB groups achieved almost equivalent efficacy in caloric restriction and FPG
control without excessive weight loss. During OGTT, the SADI-S and RYGB groups also provided comparable effects on
glycemic excursion, insulin sensitivity, and β cell function; however, only rats in the RYGB group showed significant changes
in gut hormones, whereas the three groupswere found to exhibit no significant difference inβ cell mass. In addition, only vitamin
E in the RYGB group was deficient as compared with the SADI-S and S groups.
Conclusion In mildly obese diabetic rat, SADI-S and RYGB procedures have comparable efficacy in diabetes remission and risk
of micronutrient deficiency. These data show that each of the surgery accomplishes diabetes improvements through both
overlapping and distinct mechanisms requiring further investigation.

Keywords Roux-en-Y gastric bypass . Single-anastomosis duodeno-ileal bypass . Diabetes remission .Micronutrient

Introduction

Diabetes is one of the most common chronic conditions. In
particular, type 2 diabetes’ prevalence has increased continu-
ously over the past decades. Rapid economic growth,
prolonged life expectancy, and lifestyle changes have signifi-
cantly increased the prevalence of type 2 diabetes (T2D)
[1–3], which highlights the significance of research and

development of new therapies. Compared with pharmaceuti-
cal and behavioral approaches, bariatric surgery has a better
outcome in T2D treatment. Therefore, it was adopted within
the treatment modalities for T2D by international diabetes
organizations [4].

Roux-en-Y gastric bypass (RYGB), one of the most com-
monly performed bariatric surgeries, has demonstrated a fa-
vorable effect on remission, or even resolution of comorbid
disease states in obese patients, particularly those with T2D.
However, this surgery can lead to miscellaneous postoperative
complications, which are associated with the changes of gas-
trointestinal anatomy, including marginal ulcers at the top
anastomosis, internal hernia, dumping syndrome, and exclud-
ed stomach cannot be checked in a regular examination,
resulting in the tumorigenesis in the stomach which cannot
be easily found punctually. As a result, these hurdles impair
the popularization of this surgery in areas with high incidence
of gastric cancer, such as Asia.
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Single-anastomosis duodeno-ileal bypass with sleeve gas-
trectomy (SADI-S) was first described in 2007 by Sanchez-
Pernaute, Torres et al. [5] as a simplification of the
biliopancreatic diversion with duodenal switch (BPD/DS),
which is a kind of procedure with technical complexity and
high risk of long-term nutritional deficiencies. SADI-S begins
with the creation of a sleeve gastrectomy (SG) (over a 54 F
bougie) and preserving the pylorus, but replaces the Roux-en-
Y reconstruction with one anastomosis comprised of a single-
anastomosis duodeno-ileal bypass with a longer 250- to 300-
cm common channel [6]. The rationale for this procedure is
being able to address certain limitations of RYGB. First of all,
the preservation of the pyloric valve prevents occurrence of
dumping syndrome associated with RYGB; On the other
hand, the loop structure maintains the contact between pan-
creatic enzymes, bile salts, and food, eliminating the forma-
tion of ulcers and strictures at anastomosis and even inner
hernia related to RYGB.

Short mid-term follow-up data have shown that SADI-S
surgery is a safe procedure with favorable weight loss out-
comes, fewer anastomotic complications, and better correction
rate on T2D with morbid obesity as compared with RYGB
[6–9]. However, the majority of diabetic patients in China are
overweight (BMI between 24 and 28 kg/m2) [2], and the effect
of SADI-S on low BMI diabetic subjects remains unclear. Due
to the differences in surgical design, we hypothesize that the
effects of diabetes remission and the postoperative malnutrition
may be different and achieved through different mechanisms in
mildly obese diabetic subjects.

To test this hypothesis, we measured glucose fluctuation,
hormone response, insulin sensitivity, pancreas β cell func-
tion, residualβ cell mass, and micronutrient level in a high-fat
diet (HFD) and streptozotocin (STZ)-induced mildly diabetic
rat model undergoing SADI-S or RYGB, in order to provide
experimental data about treatment effect and potential
mechanism.

Materials and Methods

Animals

Male Wistar rats (age, 8 weeks; weight, 160–180 g), adopted
from the Shanghai Laboratory Animal Research Center
(Shanghai, China), were housed in individual cages with con-
trolled temperature (24 ± 2 °C), humidity (40–70%), and light/
dark cycle (12 h light/12 h dark, with light on at 7:00 a.m.).
The rats were fed anHFD (40% of calories as fat) rodent chow
and tap water for a period of 8 weeks, and then injected with
STZ intraperitoneally (40 mg/kg). After 72 h of injection,
animals with the non-fasting basal plasma glucose of ≥
16.7 mmol/L were considered diabetic and selected for further
studies [10].

Thirty HFD and STZ-induced mildly obese diabetic rats
were randomly assigned into three groups: the SADI-S group
(n = 10), RYGB group (n = 10), and sham (S) group (n = 10),
according to the procedure undergone. The study protocol was
reviewed and approved by the Institutional Animal Care and
Utilization Committee (IACUC) of Fudan University Pudong
Medical Center.

Surgical Procedures

Preoperative preparation and postoperative care are the same
as we reported previously [11]. SADI-S surgery (Fig. 1) [12]
was performed by simulating the procedure which was com-
pleted on humans. We selected 10 rats for the pilot study and
measured the length of the small intestine as 80 ± 5.7 cm, so
we chose 40 cm as a common channel. For sleeve gastrecto-
my, we just followed the protocol referring to Xu B [13]. First,
the gastrocolic and gastrosplenic ligaments were carefully
separated for exposure of the whole stomach and duodenum.

Fig. 1 Diagram of a typical SADI-S/OADS
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Then, two thirds to three quarters of the stomach on the greater
curvature were removed and the cutting line was closed by
running suture (Fig. 2a). Next, we performed an intermittent
embedding suture of the cutting line. And then, the duodenum
was transected just distal to the pylorus. Duodenal stump was
sutured and ligated using a 5-0 silk suture, followed by a 3-
mm longitudinal incision on the jejunum 40 cm up from the
ileocecal junction. An end-to-side anastomosis was made to
connect the jejunum to the proximal duodenal (Fig. 2b).

RYGB surgery was completed using a rat protocol refer-
ring to Xiong Zhang [14]. In brief, the jejunum was transected
15 cm from the Treitz ligament to create the biliopancreatic
limb. Then, a 4-mm enterotomy was performed 15 cm down
from the distal jejunum incision and connected to the
biliopancreatic limb by a side-to-side anastomosis (Fig. 2c).
The rat stomach was divided cambered about 3 mm below the
gastroesophageal junction to create a small stomach pouch.
The stomach remnant was subsequently closed by continuous
running suture. Last, the gastrojejunal anastomosis was per-
formed (Fig. 2d).

In the S group, rats underwent the same abdominal inci-
sions and transections of the small bowel followed by re-su-
turing. And as a result, the anatomic structure was not
changed.

Body weight, food intake, fasting plasma glucose,
and oral glucose tolerance test

In all groups, body weight, daily food intake, and fasting plas-
ma glucose (FPG) after a 6-h fast were measured 1 week be-
fore and after STZ administration, and 1, 4, and 8 weeks after
surgery. A handheld glucometer (Roche One Touch®Ultra,
Germany) was employed to directly measure the FPG level
with a drop of blood obtained by tail nipping.

Oral glucose tolerance test (OGTT) was done in each indi-
vidual rat 1 week before and after STZ administration, 4 and
8 weeks after surgery. Before OGTT, the rats were deprived of
food (but not water) for 12 h. During OGTT, each rat was
given a bolus of 2 g/kg hypertonic glucose (50% w/v) by oral
gavage. Blood samples were collected by tail nipping, and
glucose concentration in the samples were measured directly
by the handheld glucometer, as described above, before and at
15, 30, 60, 120, and 180 min after receiving the hypertonic
glucose solution.

Hormone, Vitamin, and Mineral Determination

In order to measure serum insulin, ghrelin, and GLP-1 levels,
additional blood samples (400 μl) were taken from each

Fig. 2 Surgical procedures for
SADI-S and RYGB in the rat
model. a In the SADI-S group,
two thirds to three quarters of the
stomach was excised and the
duodenum was transected just
distal to the pylorus. The arrow
shows cutting line. b And then, a
3-mm enterotomy was performed
40 cm up from the ileocecal
junction and an end-to-side
anastomosis (yellow arrow) was
made to connect the jejunum to
the proximal duodenal. c In the
RYGB group, the jejunum was
transected 15 cm from the Treitz
ligament. Then, a 4-mm
enterotomy was performed 15 cm
down from the distal jejunum
incision and connected to the
biliopancreatic limb by a side-to-
side anastomosis (yellow arrow).
d Next, the rat stomach was
divided cambered about 3 mm
below the gastroesophageal
junction and gastrojejunal
anastomosis (yellow arrow) was
performed
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animal before and at 15 and 30 min after giving an oral glu-
cose bolus during OGTT 1 week after STZ administration and
8 weeks after surgery. These blood samples were also collect-
ed by tail nipping into chilled 1.5-mL Eppendorf tubes
(Axygen Scientific Inc., Union City, CA, USA) containing a
dipeptidyl peptidase IV (DPP-IV) inhibitor (EMD Millipore,
Billerica, MA, USA) in an ethylene diamine tetraacetic acid
(EDTA) solution. Blood samples for micronutrient analysis
were collected from the abdominal aorta at 8th week postop-
eratively after euthanizing rats and stored in EDTA tubes.
After centrifugation at 4 °C for 10 min at 3000 rpm, plasma
was immediately extracted and stored at − 80 °C until further
analysis. Enzyme-linked immunosorbent assay (ELISA) kits
were used for measuring serum insulin (Mercodia
Corporation, Sweden), ghrelin (Phoenix Pharmaceuticals,
USA), active GLP-1 (EMD Millipore, Billerica, MA, USA),
and vitamin (BIOSH, Shanghai, China). Mineral were detect-
ed by atomic absorption spectrophotometer (Thermo, MA,
USA).

Insulin Sensitivity and β cell Function

Insulin sensitivity and β cell function were analyzed during
OGTT. Insulin sensitivity was indicated by homoeostasis
model assessment-IR (HOMA-IR) and ISI M, calculated as
[Ins0 (μIU/ml) × Glu0 (mmol/l)/22.5] and [10,000/(Glu0
(mg/dl) × Ins0 (μIU/ml) × average glucose OGTT (mg/dl) ×
average insulin (μU/ml) OGTT)1/2], respectively. β cell func-
tion was assessed by the HOMA-B calculated as [20 × Ins0
(μIU/ml)]/[Glu0 (mmol/l)- 3.5], Disposition Index 0 min (DI

0), 15 min (DI 15), and 30 min (DI 30), calculated as HOMA-
B×(1/HOMA-IR), (InsAUC30/GluAUC30) × ISIM and
(InsAUC120/GluAUC120) × ISI M, respectively.

Pancreatic Islet Immunohistochemistry Staining

Pancreatic β cells were quantified by insulin immunostaining.
After euthanizing rats at 8 weeks after surgery, the whole
pancreas was excised and rinsed in phosphate-buffered saline
(PBS), and then fixed in 4% paraformaldehyde solution for
24 h. The fixed tissues were embedded in paraffin and sec-
tioned at a thickness of 2 mm using a microtome before being
mounted onto slides. When doing the immunohistochemistry
staining, we rehydrated, permeabilized, and blocked the tis-
sues slides for 10 min in normal goat serum (CWBiotech,
Beijing, China). We incubated them overnight at 4 °C in a
primary rabbit anti-rat insulin antibody (Cell Signaling
Technology, Danvers, MA, USA) at 1:400 dilution, and then
incubated them with Boost IHC Detection Reagent (HRP,
Rabbit) (Cell Signaling Technology, Danvers, MA, USA) at
37 °C for 30 min. Sections then were stained with 3,3-diami-
nobenzidine (DAB) for 1–10 min, and immersed in distilled
water to terminate DAB staining, counterstained with

hematoxylin for 2–5 min, differentiated by 0.5% hydrochloric
acid alcohol, and dehydrated with sequential ethanol washes
of 1 min each starting with 95% ethanol, followed by 100%
ethanol and finishing with a dimethylbenzene wash. Finally,
the slides were sealed.

Analysis of Islet β cell Mass

Rat pancreases were sliced systematically through the head-
to-tail axis in a thickness of 2 μm each section, and every
200μm, one section was selected. A total of five sections were
collected from each pancreas. Rat pancreatic slices were
stained with an anti-insulin antibody. Images of the slices were
captured by a Leica APERIO AT TURRO. All β cell clusters
(islets) were defined as positive pixel, and the rest of the pan-
creas area was identified as negative pixel. Analyses of β cell
percentage were performed using the Image Scope Version
12.3.3.5048 software (Leica Microsystems Inc., Germany).
Β cell mass was calculated by number positive/total number
(positive + negative) multiplied by pancreas weight.

Statistical Analysis

Data analysis was performed using SPSS 22.0 (IBM
Corporation, Armonk, NY, USA). The results were presented
as mean ± SEM. Areas under curves (AUC) of OGTT excur-
sions were calculated by trapezoidal integration. Statistical
analysis was performed using two-way or one-way analysis
of variance with Bonferroni or Sidak test for multiple compar-
isons. P < 0.05 was regarded as statistically significant.

Results

Food Intake and Weight

Food intake and weight of each rat were measured 1 week
before and after STZ administration, 1, 4, and 8 weeks after
operation. After STZ administration, animal with non-fasting
plasma glucose level above 16.7 mmol/L was considered di-
abetic and selected for further studies. Meanwhile, body
weight of selected animals dropped sharply. These animals
were randomized into three groups, all of which had a com-
parable baseline in food intake and weight. Then, the SADI-S,
DJB, or sham procedure was performed, and significant de-
crease in food intake for SADI-S and RYGB groups was ob-
served, as compared with the S group (Fig. 3a).

Before surgical procedure, weight in all three groups was
comparable. As mentioned, after surgery, rats in the SADI-S
and RYGB groups exhibited decreased food intake; however,
they did not lose more weight as compared with the S group at
the endpoint of the study, implying both kinds of bariatric
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surgery would not cause excessive weight loss in mildly obese
diabetic rat models (Fig. 3b).

FPG and OGTT

To gain insight into the mechanism underlying how SADI-S
and RYGB procedures affect glucose metabolism, the FPG
levels and glucose tolerance of all the rats were measured
1 week before and after STZ administration, 1 (only FPG),
4, and 8 weeks after operation. We found that rats had a com-
parably impaired glucose tolerance after 8 weeks HFD feeding
(Fig. 4c). Then, after administration of STZ, FPG increased
and glucose tolerance deteriorated obviously in all three
groups (Fig. 4a, b, d).

However, the FPG and OGTT excursions of the SADI-S
and RYGB groups decreased significantly and promptly as
compared with the S group at 1, 4, and 8th week post-opera-
tion. In addition, there was no statistically significant differ-
ence in FPG and OGTT between the SADI-S and RYGB
groups at any time point.

Hormone Measurements

In the STZ-induced rat models with β cell deficiency, plasma
insulin level is a quantitative biomarker of pancreatic β cell
quantity and activity. As a result, RYGB does not conserve
and SADI-S decreases the proportion of the stomach fundus.
Meanwhile, since both of them belong to a intestinal rear-
rangement procedure, hormones like ghrelin and GLP-1 levels
are supposed to change after surgery.

Plasma insulin, GLP-1, and ghrelin levels response to hy-
pertonic glucose fluctuation correspondingly, whereas OGTT
results were comparable in the three groups and without time
dependent fluctuation preoperatively (Fig. 5a, c, e). Eight
weeks after surgery, insulin, GLP-1, and ghrelin secretion in

the S group maintained a similar pattern; however, rats in the
bariatric surgery group displayed a time-dependent insulin
secretion increase at 15 (S versus SADI-S: P < 0.05) and 30
(S versus RYGB, P < 0.05) min in the OGTT (Fig. 4b).
Compared with the S and SADI-S groups, GLP-1 secretion
(Fig. 5d) increased at 30 min (P< 0.001) in the RYGB group.
In addition, RYGB decreased ghrelin level obviously (Fig. 4f)
at 0 (S versus RYGB: P< 0.01; SADI-S versus RYGB: P<
0.05), 15 (S versus RYGB: P< 0.05), and 30 (S versus RYGB:
P< 0.01) min.

Insulin Sensitivity and β cell Function

Effect of SADI-S and RYGB on insulin sensitivity and β cell
function was assessed during OGTT. Hepatic and peripheral
insulin sensitivities were evaluated by HOMA-IR and ISI M,
respectively. HOMA-IR decreased and ISI M increased to a
similar extent in both the SADI-S and RYGB groups after
surgery, and this improvement was not observed in the S
group after surgery (Fig. 6a, b). Measurements of β cell func-
tion included HOMA-B, DI 0, DI 15, and DI 30. HOMA-B in
the SADI-S and RYGB groups both increased to a similar
extent after surgery (Fig. 6c), but DI 0 after insulin sensitivity
correction did not show obvious changes pre- and post-
operation in the three groups (Fig. 6d). However, DI 15 and
DI 30 in the SADI-S and RYGB groups both significantly
increased to a similar extent after surgery, while no similar
result in the S group was found (Fig. 6e, f). This phenomenon
implies SADI-S and RYGB have a comparable effectivity in
improving insulin secretion ability and rhythm.

Pancreas Islet β cell Mass

To determine whether SADI-S or RYGB has a beneficial
effect on β cell preservation, we quantified the pancreatic

Fig. 3 Food intake and body weight 1 week before and after STZ
administration, 1, 4, and 8 weeks after surgery. a Food intake did not
show significant difference in the three groups before operation.
Although food intake decreased obviously in the surgery group than
that in the S group, there was no significant difference between the
SADI-S and RYGB groups postoperatively. b The change of bodyweight

in the three groups showed a similar pattern. Even animals in the SADI-S
and RYGB groups consumed less food than those in the S group after
operation, but they did not loss excessive weight at 8th week postopera-
tively. All values are shown as means ± SEM.(*P < 0.05, **P < 0.01,
***P < 0.001, comparing with the S group)
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β cell mass at the end of this experiment. Unfortunately,
we did not find that the amount of retained β cells in the
three groups was significantly different (Fig. 7a–d).

Vitamin and Mineral Measurements

Postoperative vitamin and mineral deficiencies are one of the
long-term complications of bariatric surgery. In order to com-
pare the risk of vitamin and mineral deficiencies caused by
SADI-S and RYGB procedures, vitamin (A, B12, folic acid,

B1, B6, D, and E) and mineral (Ca, Fe, Se, Zn, Cu,Mg, and P)
were evaluated at 8th week post-operation. Most of the vita-
mins and minerals levels did not differ significantly in the
three groups. Although the levels of vitamin B6 and mineral
Cu in the RYGB group were lower than those in the SADI-S
group, their levels were not significantly different between the
RYGB and S groups (Fig. 8a, d). Only vitamin E level in the
RYGB group was significantly lower than those in the SADI-
S and S groups (Fig. 8b).

Fig. 4 Fasting plasma glucose and OGTT measurements. a Fasting
plasma glucose increased significantly in all three groups 1 week after
STZ injection, which decreased obviously in the surgery group compared
to the S group, as showed at 1, 4, and 8th week measuring point
postoperatively. Meanwhile, the SADI-S and RYGB procedures have
comparable effect in fasting plasma glucose control. b Area under curve
(AUC) calculated from OGTTwhich were done 1 week before and after
STZ administration, 4 and 8 weeks after surgery. Similar to fasting

glucose, AUC of the three groups increased sharply after STZ injection,
which declined vigorously in the SADI-S and RYGB groups
postoperatively, compared with the S group. What is more, there was
no significantly different effect on AUC between the SADI-S and
RYGB groups. c, d, e, and f show OGTT excursions 1 week before and
after STZ administration, 4 and 8 weeks after surgery, respectively. All
values are showed as means ± SEM (*P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.001, comparing with the S group)
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Discussion

This study compared the efficacy of SADI-S and RYGB in the
treatment of mildly obese diabetes and the risk of postopera-
tive micronutrient deficiency in a HFD and STZ-induced
mildly obese diabetic rat model, using the sham group as a
control. The study found that compared with sham, the SADI-
S and RYGB procedures achieved almost equivalent efficacy
in reduced food intake, but without significant weight loss as
shown at the last check point. What is more, SADI-S and
RYGB also provided comparable effectivity in decreased
FBG, as well as improvement of glycemic excursion, insulin
sensitivity, and β cell function during OGTT. Unexpectedly,
only rats in the RYGB group showed significant changes in
gut hormones, which was not found in the SADI-S and S
groups during OGTT. In addition, we found most of the

vitamin and mineral levels did not differ significantly in the
three groups. Only vitamin E level in the RYGB group was
significantly lower than those in the SADI-S and S groups.
These results imply that in mildly obese diabetic rat, SADI-S
and RYGB procedures have the comparable efficacy in dia-
betes remission and risk of micronutrient deficiency, and the
mechanisms of diabetes improvement underlying the two pro-
cedures should be overlapping and distinct.

Weight loss and metabolic syndrome improvement, espe-
cially diabetes, are the main efficacy of bariatric surgery.
RYGB has been widely accepted as a classic bariatric surgery,
while SADI-S is an emerging procedure. Although the current
report has shown that SADI-S not only has comparable mid-
term weight loss effect to RYGB but also has better type 2
diabetes resolution rate [9], long-term large-sample follow-up
data is still needed to support SADI-S as a standard bariatric

Fig. 5 Insulin (a and b), GLP-1 (c and d), and ghrelin (e and f) response
after hypertonic glucose challenge during OGTT. a, c, and e All three
groups showed a similar insulin, GLP-1, and ghrelin secrete pattern
(without time-dependent fluctuation) after glucose challenge during
OGTT preoperatively. b, d, and f Compared with the S group, insulin
secrete exhibited a time-dependent increase pattern in the SADI-S and

RYGB groups postoperatively, but for GLP-1 and ghrelin, only the
RYGB procedure induced this pattern of increase (GLP-1) or decrease
(ghrelin) and no significant difference was found between the S and
SADI-S groups. All values are showed as means ± SEM (*P < 0.05,
**P < 0.01, and ***P < 0.001, RYGB versus S; #P < 0.05 and
###P < 0.001, RYGB versus SADI-S)
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procedure [6, 15]. In addition, excessive weight loss after
bariatric surgery is often one of the concerns of patients who
are considering surgery, especially for people with BMI ≤
28 kg/m2 or even normal weight metabolic syndrome.
Several studies have reported that people with low BMI did
not experience underweight after receiving RYGB [16–19],
and so far, there is no report of SADI-S for this population.
In this study, SADI-S and RYGB were compared for the first
time in a mildly obese rat model. Both of them significantly
reduced the food intake of rats when compared with sham
surgery; however, the rats in the bariatric surgery groups just
weighed slightly lower than those in the S group, which meant
the two procedures did not cause excessive weight loss. This
result has positive implications for the promotion of these
bariatric surgeries in mildly obese (BMI ≤ 30 kg/m2) and even
nonobese people with metabolic syndrome.

Except fear of excessive postoperative weight loss, micro-
nutrient deficiencies are also often patients’ concerns, which
have largely hindered the promotion of surgical treatment of
obesity and metabolic syndrome. Several scholars have

studied the micronutrient deficiencies after RYGB, and the
postoperative vitamins A, D, B12, and zinc deficiency have
been reported [19–22]. When comparing RYGB with SADI-
S, there were only statistical differences in nutritional out-
comes with calcium at 1 and 3 years and vitamin D at 1 year
[9]. In our study, seven vitamins (A, B12, folic acid, B1, B6,
D, and E) and seven minerals (Ca, Fe, Se, Zn, Cu, Mg, and P)
were tested at 8 weeks after surgery. Although the levels of
vitamins B6, E, and mineral Cu in the RYGB group were
lower than those in the SADI-S group, only the vitamin E
level in the RYGB group was lower than that in the S group.
The type of micronutrient deficiencies found in this animal
experiment and clinical study was different, which might be
related to different species; however, the results still indicated
that in this rat model, postoperative risk of SADI-S and RYGB
is not high and comparable.

Gastrointestinal hormone change induced by bariatric sur-
gery is always a hot topic. Because SADI-S and RYGB sur-
geries both involve gastric volume reduction and intestinal
diversion, we tested ghrelin (mainly secreted by the X/A-

Fig. 6 Effect of SADI-S and RYGB on insulin sensitivity and β cell
function during OGTT. a, b, and c Insulin resistance (HOMA-IR)
decreased, peripheral insulin sensitivity (ISI M) and basal insulin secretion
(HOMA-B) increased to a similar extent in both the SADI-S and RYGB
groups after surgery. There were no significant changes for all of the
above parameters in the S group. d, e, and f No obvious difference of

DI 0 was found between pre- and post-operation for all three groups.
However, DI 15 and DI 30 in the SADI-S and RYGB groups both
significantly increased to a similar extent after surgery, while no increase
in the S group was observed. All values are showed as means ± SEM
(*P < 0.05, **P < 0.01, and ***P < 0.001, pre-operation versus
post-operation)
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like cells in the oxyntic glands of the stomach fundus) and
GLP-1(released from the L-cells mainly distributing in the
terminal ileum). Ghrelin is an orexigenic hormone and GLP-

1 participates in the Bileal break^ by slowing gastric emptying
and intestinal motility. Ghrelin decreased and GLP-1 in-
creased after RYGB, which was related to the success or

Fig. 8 Vitamin and mineral at the end of the 8th week after surgery. a and
b No obvious difference was found for vitamins A, B1, B12, D, and folic
acid in the S, SADI-S, and RYGB groups. Although vitamin B6 and E in
the RYGB group were relatively deficient when compared with the
SADI-S group, only vitamin E level in the RYGB group was lower
than that in the S group. c and d There was no remarkable difference

about Fe, Zn, Mg, P, Ca, and Se levels among all the groups after surgery,
except for Cu level, which dropped after the RYGB procedure when
compared with the SADI-S group. All values are showed as means ±
SEM (*P < 0.05, RYGB versus S; #P < 0.05 and ##P < 0.001, RYGB
versus SADI-S)

Fig. 7 Pancreatic islet
immunohistochemistry staining
and analysis of β cell mass after
execution of animals. a, b, and c
Representative images of the S,
SADI-S, and RGB groups,
respectively showed insulin
immunohistochemical staining
(brown) from rats 8 weeks after
surgery. Scale bars, 300 μm. d
The results of planimetric
analyses using the Image Scope
Version 12.3.3.5048 software for
β cell mass are shown as means ±
SE. There was no obviously
difference about β cell mass
among the three groups. All
values are showed as means ±
SEM
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failure of weight loss and long-term weight maintenance
[23–25]. Our study yielded similar results, serum GLP-1
levels increased in rats and ghrelin levels decreased after
RYGB during OGTT, but not in the SADI-S and S groups.
This may be related to different modes of gastrointestinal re-
construction (Roux-en Y bypass and loop bypass), the pylorus
preserved or not, and degree of reduction in gastric volume.
Further research is needed to confirm this hypothesis, as well
as investigate changes of gastric emptying and intestinal mo-
tility after surgery.

Although the exact mechanisms by which bariatric surgery
drives clinical remission of T2D are not well understood, at-
tenuation of insulin resistance and improvement of β cell
function following surgery are considered to play an important
role [26, 27]. Reduced caloric intake and weight loss after
surgery increase insulin sensitivity, and early exposure of the
distal intestinal to nutrients results in a modification of gut
hormones, specifically incretins, leading to boosting of β cell
function (Bhindgut^ hypothesis) [28]. In present study, we
provided similar evidence that both SADI-S and RYGB im-
proved insulin resistance, insulin secretion rhythms, andβ cell
function under OGTT. Moreover, this effect might benefit
from elevated postoperative GLP-1 in the RYGB group.
Previous research reported that GLP-1 evidently also in-
creasesβ cell mass by promoting proliferation and neogenesis
while inhibiting apoptosis [9, 29], but we did not find that the
RYGB group retained more β cells by immunohistochemis-
try. This may be related to the dose of STZ, the rodent model,
and the time of detection, so the phenomenon needs further
investigation. Dutia et al. [30] showed increased insulin secre-
tion postoperatively was only linked to the oral glucose test
and not the isoglycemic intravenous glucose clamp, which
implied there were no major changes in intrinsic β cell func-
tion after RYGB. We did not detect β cell mass in RYGB
more than the other two groups, which might explain this
phenomenon to some extent. In addition, we did not find
increased GLP-1 expression in the SADI-S group either,
which seems to be inconsistent with the hindgut hypothesis,
so changes in gut-derived hormone after SADI-S warrant fu-
ture investigation.

Our study does have a few limitations. First, dumping syn-
drome is a more dangerous complication after RYGB. In the-
ory, SADI-S retains the pyloric and will effectively prevent
this complication. Second, gastrointestinal hormones changed
after bariatric surgery involve appetite, gastric emptying, and
bowel motility. However, due to the limitations of animal
models and experimental equipment, comparisons of the
above items were not reflected in this study. Further research
is needed in the future to address these issues. At last, because
of the different species, animal experimental research does not
equal clinical research, so more clinical controlled studies are
needed to identify the total effects and safety of the SADI-S.

In conclusion, we have found in the present study that,
without excessive weight loss, SADI-S and RYGB achieved
almost equal efficacy at caloric restriction and diabetes control
in mildly obese diabetic rats through overlapping and distinct
mechanisms. Future research needs to address related mecha-
nisms, such as how to prevent excessive weight loss and the
effects of different digestive tract reconstruction methods on β
cell function after bariatric surgery in mildly obese diabetic rats.
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