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Purpose: Sleeve gastrectomy (SG) is the most currently popular operation for obesity and related metabolic disorders. The aim of this
study was to compare the effect of antrum preservation SG (AP-SG) and antrum resection SG (AR-SG) on the body composition,
glycemic control and bone mineral density (BMD) in mice.
Methods: Sham, AP-SG and AR-SG operation were performed on obese and T2D C57BL/6J mice (8 in each group). Body weight,
food intake, and fasting glucose (FG) levels were measured at the 0, 2, 4, 6 and 8 weeks post-operatively. Oral glucose tolerance test
(OGTT) was performed preoperatively and at the eighth postoperative week. The body fat content and total body BMD were evaluated
by dual-energy x-ray absorptiometry. After being euthanized, the femurs were harvested and analyzed by micro-CT.
Results: The improvements in body weight, food intake, FG, glycemic control and body fat were statistically significant following
AP-SG and AR-SG. Both AP-SG and AR-SG groups decreased total body BMD and regional BMD in the distal femur compared to
the sham group. No significant difference of FG was observed in AP-SG and AR-SG group postoperatively, but AR-SG showed
significantly superior OGTT glucose AUC than AP-SG. Except for a lower BMD, AR-SG achieved superior outcomes in body fat and
glycemic control than AP-SG.
Conclusion: Antrum resection SG shows a lower percentage of body fat and better glycemic control than antrum preservation SG.
However, antrum resection SG has a higher risk of having a lower bone mass. Further human clinical trials are needed to confirm this
finding.
Keywords: sleeve gastrectomy, antrum preservation, antrum resection, body fat, bone mineral density

Introduction
Bariatric surgery is the most effective treatment for morbid obesity. It improves obesity-related metabolic disorders, the
weight-related quality of life, and decreases the overall mortality.1,2 Nowadays, sleeve gastrectomy (SG) has become the
most popular bariatric procedure that has been recognized for its effective clinical results.3–5 Current evidence suggests
that in addition to food intake restriction, the accelerated gastric emptying and neurohormonal factors after SG may also
be involved in the mechanisms of weight loss.6,7

Despite its popularity, SG is not well standardized, and there is still controversy concerning the antrum preservation
or resection among the surgeons. The most conservative surgeons prefer to begin the resection at 5–7 cm from the
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pylorus. Other surgeons performed the radical resection of the antrum with 2–2.5 cm from the pylorus. Supporters of
antrum resection SG (AR-SG) believe that a radical antrum resection causes more restriction leading to maximum weight
loss.8 Opponents argue that antrum preservation SG (AP-SG) can preserve the contractile function and physiological
gastric emptying, in order to avoid increased intragastric pressure and reduce the incidence of postoperative
complications.9

To date, several studies have evaluated the effect of AP-SG and AR-SG on weight loss outcome. Obeidat et al found that
radical antrum resection safely enhanced the restrictive effect and achieved greater and better weight loss compared to antrum
preservation.10 In the meta-analysis of McGlone et al, it concludes that AR-SG is associated with better medium-term weight
loss compared to AP-SG without increased risk of surgical complications.11 However, some scholars reported that there was
no difference between AP-SG and AR-SG regarding excess weight loss percentage.12–14 In addition, several studies have
focused on the effect of AP-SG and AR-SG on glycemic control, showing conflicting results.12,15 More evidence is required
on the matter of the antrum size and its relation to weight loss and glycemic control.

Fracture risk seems to be increased in patients undergoing bariatric surgery.16 Bone loss has been reported as early as
6 months after SG.17 Misra and Nogués et al found that SG had a significant bone loss in the femoral neck, hip and spine
over 12-month follow-up.18,19 Progressive skeletal unloading, calcium and vitamin D deficiency caused by malabsorption
have been reported to be responsible for bone loss and the development of osteoporosis.20 However, there is a lack of
evidence on the matter of the antrum size and its relation to bone mineral density (BMD).

The aim of this study was to compare the effect of AP-SG and AR-SG on the body composition, glycemic control and
BMD in C57BL/6J Mice with obesity and type 2 diabetes.

Materials and Methods
Animals
All animal experiments were approved by the Animal Care and Use Committee of Nanjing Drum Tower Hospital,
Nanjing Medical University (permission number: 2021AE0033). We have complied with all relevant codes of ethics.

Male C57BL/6J mice (4–6 weeks old) were obtained from the animal core facility of Nanjing Medical University
(Jiangsu, China). The mice were housed in specific pathogen-free units of the Animal Center at Nanjing Drum Tower
Hospital (with a 12 hours day/12 hours night cycle, 23 ± 1°C, 60–70% humidity) and fed a 60% high-fat diet (HFD;
D12492, Research Diets, Inc., USA). The mice were induced T2DM by a high-fat diet for 4 months. Random blood
glucose levels were measured with a hand-held glucose meter (OneTouch UltraVue, New Jersey, USA). Mice with a
random blood glucose level >16.0 mmol/L in 3 consecutive days were considered to be diabetic. The diabetic mice were
randomly assigned into sham group, AP-SG and AR-SG group (n = 8 in each group). Body weight, food intake, and
fasting glucose (FG) levels were measured preoperatively and postoperatively at the second, fourth, sixth and eighth
week. Oral glucose tolerance test (OGTT) was performed preoperatively and at postoperative eighth week. Two-hour
OGTT with gavage of 50% D-glucose solution (2 g/kg) were performed in all groups and plasma glucose levels were
measured at 0, 15, 30, 60, 90 and 120 min after gavage by tail bleeding in conscious mice. Eight weeks after surgery, the
body fat content and bone mineral density were measured by dual-energy X-ray absorptiometry (DEXA) (XR-36;
Norland Medical Systems, Fort Atkinson, WI, USA). The visceral white adipose tissue (WAT) and femurs were
harvested for subsequent experiments.

Sleeve Gastrectomy Surgical Procedure
Mice were fasted overnight and anesthetized with isoflurane (2% for induction, 1% for maintenance). Under sterile
conditions, a single 2 cm epigastric laparotomy was performed. As shown in Figure 1A, a standard technique for SG was
performed. The stomach was externalized. For sham group, a similar length incision was made in the anterior gastric wall
and then sutured using a 6-0 absorbable thread. In the antrum preservation group, the resection line started 1 cm from the
pyloric ring (yellow arrow). In the antrum resection group, the resection line started as close as possible near the
gastroduodenal junction (green arrow). Seventy percent of the stomach was removed and the incision site was sutured
with 7-0 absorbable thread using a running suture. The serosal layer was inverted and sutured for reinforce. Abdominal
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closure was performed using 3-0 silk suture with a continuous suture technique. After allowing 24h for the anastomoses
to heal, the animals were kept on a liquid diet for 3 days before being returned to HFD for 8 more weeks. Body shapes
was represented 8 weeks after operation in Figure 1B. The size and confirmation of antral resection were performed at the
end of the study (Figure S1).

Histological Analysis
After mice were euthanized, their visceral WAT was fixed in 4% paraformaldehyde (PFA). The samples were then
embedded in paraffin blocks and cut into 5-μm coronal slides by a microtome (Thermo Scientific, MA, USA). Tissue

Figure 1 Sleeve gastrectomy (SG) alleviates obesity and glucose metabolic disorders in obese and T2D model. (A) Illustration of sham, antrum preservation SG (AP-SG) and
antrum resection SG (AR-SG) operation. The resection line started 1 cm from the pyloric ring (yellow arrow). The resection line started as close as possible near the
gastroduodenal junction (green arrow). D = duodenum; A = antrum; S = stomach. (B) Eight weeks after operation, representative appearances of mice in sham, AP-SG and
AR-SG group are recorded. Illustrates changes in body weight (C), food intake (D), fasting glucose level (E) after operation. Oral glucose tolerance test (OGTT) results
preoperative (F) and postoperatively (G), and area under the curve (AUC) for glucose level (H) are presented. Data (n = 8) are shown as mean ± SD. *Significant AP-SG
compared with sham (P < 0.05). ^Significant AR-SG compared with sham (P < 0.05). #Significant AR-SG compared with AP-SG. aP< 0.05.
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sections from sham, AP-SG and AR-SG group were stained by hematoxylin and eosin (H&E) (Beyotime, Shanghai,
China). Quantitative analysis of adipocyte size was performed using Image J (version 1.8.0).

Micro-Computed Tomography (Micro-CT) Analysis
After fixed in 4% PFA, the microstructure and bone mineral density of mouse femurs were analyzed by a micro-CT
scanner (mCT80; Scanco Medical AG, Bassersdorf, Switzerland) with 80-μm voxel resolution. The images were then
reconstructed to perform three-dimensional histomorphometric analysis with a Scanco Medical software. Mean/density
(mg HA/ccm), bone volume (BV, mm3), bone volume per tissue volume (BV/TV, %) were acquired by Scanco Medical
software.

Statistical Analyses
SPSS software (version 26.0) and GraphPad Prism software (version 8.4) were used for the statistical analysis. One-way
ANOVA analysis was used to compare surgical groups. The data were presented as mean values ± SD. P < 0.05 was
considered statistically significant.

Results
Body Weight, Food Intake and Glucose Level
There were no significant differences in body weight and food intake among all groups preoperatively. Throughout the
postoperative period, AP-SG and AR-SG showed significantly lower body weight and food intake compared with sham
(P < 0.05) (Figure 1C and D). Furthermore, AR-SG group had markedly reduced body weight and food intake compared
to AP-SG group. There were no significant differences in FG and OGTT result among all groups preoperatively.
Throughout the postoperative period, FG level declined significantly in AP-SG and AR-SG groups when compared
with the preoperative level (P < 0.05) (Figure 1E). At postoperative 8-week, FG levels declined significantly from
preoperative level by 39.7 ± 14.1% and 43.3 ± 14.4% in AP-SG and AR-SG groups, respectively, but no significant
difference was observed in FG between AP-SG and AR-SG group (P = 0.598). Compared preoperatively (Figure 1F),
postoperative AP-SG and AR-SG groups showed significant improvements in glycemic control (P < 0.001) (Figure 1G).
However, AR-SG group showed significantly superior OGTT glucose AUC when compared with AP-SG and sham group
(P =0.004 and P < 0.001, respectively) (Figure 1H). Sham group preoperative and postoperative results did not differ
significantly.

Body Fat
Similar to the changes in the glycemic control, AP-SG and AR-SG group had significantly lower body fat compared with
sham group (P = 0.002 and P < 0.001, respectively) (Figure 2A and B), and a significant reduction was observed in AR-
SG group than AP-SG group (P = 0.017). Two months after operation, mice of all groups were euthanized. The visceral
WAT is shown in Figure 2C, the adipose tissues of AR-SG group were smaller than sham and AP-SG group. Moreover,
histology analyses of adipose tissue sections revealed that smaller adipocyte size in AR-SG group than sham and AP-SG
(P < 0.001 and P = 0.001, respectively) (Figure 2D and E).

Bone Mineral Density
Inspired by the encouraging effects of AP-SG and AR-SG on body fat, we further investigated their effects on BMD.
Figure 3A and B illustrated that both AP-SG and AR-SG groups decreased total body BMD compared with sham group.
Moreover, AR-SG induced greater BMD loss than AP-SG (P = 0.023). Consistent with the total body BMD, AR-SG
group showed significant osteoporosis bone loss in mouse distal femurs when compared with sham and AP-SG groups
(Figure 3C). Quantitative analysis of bone parameters showed that the Mean density was significantly decreased in AR-
SG group compared with sham and AP-SG groups (P < 0.001 and P = 0.028, respectively) (Figure 3D). In addition, other
parameters, such as BV and BV/TV also showed that AR-SG group lost more bone mass than sham and AP-SG groups
(Figure 3E and F).
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Discussion
Nowadays, SG has been widely used as a stand-alone bariatric procedure. Numerous studies have documented significant
weight loss and glucose improvement after SG. In this study, we demonstrated the changes in body weight, glycemic
control and BMD after AP-SG and AR-SG. The major findings of the present study were that AR-SG achieved a lower
percentage of body fat, a better glycemic control and a lower BMD compared to AP-SG.

The alteration in gastric motility induced by SG plays a role in the treatment of morbid obesity. After SG, the
remaining gastric volume is considerably reduced and the gastric emptying reflex is modified. Both AP-SG and AR-SG
can accelerate gastric emptying, and accelerated gastric emptying is able to enhance satiety signals, which leads to

Figure 2 Antrum resection sleeve gastrectomy (AR-SG) induces significant body fat reduction than antrum preservation sleeve gastrectomy (AP-SG) in vivo. (A and B)
Body fat content after AP-SG and AR-SG are measured by dual-energy X-ray absorptiometry. (C) Visceral adipose tissue after 8 weeks post-operation. (D) Hematoxylin and
eosin images of visceral adipose tissue are visualized using an optical microscope. Scale bars: 100 μm. (E) Diameter of adipocytes of visceral adipose tissue in sham, AP-SG
and AR-SG groups. *Significant AP-SG compared with sham (P < 0.05). ^Significant AR-SG compared with sham (P < 0.05). #Significant AR-SG compared with AP-SG.
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reduced food intake and body weight.21,22 Based on the results in this study, we assumed that AR-SG had a smaller
volume and faster gastric emptying than AP-SG, which was indicated by a volumetric CT scanning.23 An important
consequence of increased gastric emptying after SG is altered secretion of gastrointestinal hormones, in particular, GLP-
1.24 Several studies have reported that increased gastric emptying contributes to glycemic control through upregulating
GLP-1.23–25 Besides, Casella et al reported that improvement in insulin sensitivity correlated highly with both GLP-1 and
body weight.25 Our findings go line with Nocca and Michalsky et al studies,8,26 where statistically significant improve-
ment of body weight and glycemic control in AR-SG. Notably, for the AUC changes observed in AP-SG and AR-SG—
while statistically significant—the magnitude of difference between the two groups was modest. In this study, a GLP-1
and gastric emptying assessment should be conducted for further evaluation.

To date, detrimental effects on bone metabolism in relation to SG have been described. At a median per year after SG,
Ieong et al observed a significant decrease in the femoral neck, femoral trochanter and total hip BMD following SG.27 In
the meta-analysis of 22 studies by Jaruvongvanich et al, it focused only on SG and found significant decreases in total hip
and femoral neck BMD and no significant change in lumbar spine BMD.28 But so far, no comparison of BMD has been

Figure 3 Antrum resection sleeve gastrectomy (AR-SG) causes significant bone mass reduction than antrum preservation sleeve gastrectomy (AP-SG). (A and B) Total body
bone mineral density (BMD) after sham, AP-SG and AR-SG are measured by dual-energy X-ray absorptiometry. (C) Micro-computed tomography reconstruction images of
cancellous bone in the distal femur. (D) Mean/density, (E) Bone volume (BV), and (F) Bone volume/tissue volume (BV/TV) in sham, AP-SG and AR-SG groups. *Significant
AP-SG compared with sham (P < 0.05). ^Significant AR-SG compared with sham (P < 0.05). #Significant AR-SG compared with AP-SG.
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reported between AP-SG and AR-SG. In this study, we not only evaluated total body BMD, but also assessed regional
BMD in the distal femur. Consistent with the total body BMD, AR-SG group showed significant bone loss in distal
femurs compared with AP-SG. Mechanisms involved are complex and multifactorial. The influence of mechanical
unloading on reduced bone mass represents the simplest explanation. Our results showed that AR-SG exhibited
significant weight loss than AP-SG. Due to a massive weight loss after SG, bone loss reflects a physiological adaptation
to lower gravitational load demands.29 Another mechanism might be calcium and vitamin D deficiency due to
malabsorption. In our study, food intake was markedly reduced in AR-SG, and we assumed that accelerated gastric
emptying likewise resulted in partial malabsorption. In addition, Gkastaris et al perceived that massive fat mass reduction
after SG may induce bone loss through changes in adipokines levels, but the specific mechanism is not well defined.30

The beginning of the gastric resection is still a controversial issue, and few studies tried to address the effect of antral
resection on the outcome of SG. The findings of this study provide a certain reference to for clinical surgeons. According
to our results, we found that weight loss and glycemic control were better in AR-SG. However, it should be noted that
AR-SG seemed to develop more severe osteoporosis. The European Calcified Tissue Society has recommended that
adequate daily calcium and vitamin D should be replenished after SG.31 This warrants serious consideration, especially
for SG with shorter pyloric antrum area.

There are some limitations to address. First, the number of mice was small and postoperative observation was short,
being only 8 weeks. Second, only the visceral WAT was used as a representative of white adipose tissue, more types of
white adipose tissues are needed for further investigation. Last but not least, the animal model is not exactly the same as
the clinical one. The small sample size could be interpreted as a pilot study. Further randomized clinical trials are
indicated to confirm this finding.

Conclusion
Despite limitations of our study, we can conclude that both AP-SG and AR-SG can achieve a significant improvement in
body weight and glycemic control, but AR-SG shows a lower percentage of body fat, a better glycemic control than AP-
SG. We can also conclude that AR-SG is at higher risk of having lower bone mass compared with AP-SG. Therefore,
more attention should be paid to BMD after SG, especially after AR-SG. A higher dose of calcium and vitamin D
supplements should be considered in AR-SG postoperatively.

Abbreviations
SG, sleeve gastrectomy; AP-SG, antrum preservation sleeve gastrectomy; AR-SG, antrum resection sleeve gastrectomy;
BMD, bone mineral density; FG, fasting glucose; OGTT, oral glucose tolerance test; HFD, high fat diet; DEXA, dual-
energy X-ray absorptiometry; WAT, white adipose tissue; PFA, paraformaldehyde; H&E, hematoxylin and eosin; BV,
bone volume; BV/TV, bone volume per tissue volume.
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