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Abstract

Purpose Sleeve gastrectomy with duodenojejunal bypass (SG-DJB) is expected to become a popular procedure in East Asia.
The aim of this study was to evaluate the effects of duodenojejunal bypass on glucose metabolism in a rat model of sleeve
gastrectomy (SG).

Methods Twenty-four Sprague—Dawley rats were divided into two groups: SG-DJB and SG alone. 6 weeks after surgery,
body weight, feed intake, and metabolic parameters were measured, and oral glucose tolerance tests (OGTT) were performed.
The mRNA expression of factors related to gluconeogenesis and glucose transport was evaluated using jejunal samples. Pro-
tein expression of factors with significantly different mRNA expression levels was evaluated using immunohistochemistry.
Results Body weight and metabolic parameters did not significantly differ between the two groups. During the OGTT, the
SG-DJB group showed an early increase in serum insulin followed by an early decrease in blood glucose compared with the
SG group. Expression levels of glucose transporter 1 (GLUT1) and sodium-glucose cotransporter 1 (SGLT1) mRNA and
protein in the alimentary limb (AL) were greater in the SG-DJB group than in the SG group.

Conclusions The additional effects of duodenojejunal bypass on glucose metabolism after SG may be related to increased
expression of GLUT1 and SGLTI in the AL.
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Introduction

Obesity is a global health problem with increasing preva-
lence [1]. Diabetes, a disease associated with obesity, is
also prevalent worldwide, and has been predicted to steadily
increase [2]. One treatment for obesity, bariatric surgery, not
only results in weight loss but also causes long-term remis-
sion of diabetes more effectively than intensive medical ther-
apy [3]. The Roux-en-Y gastric bypass (RYGB) and sleeve
gastrectomy (SG) are the most commonly performed bariat-
ric procedures [1]. The RYGB is superior to SG for achiev-
ing diabetes remission [4]; however, RYGB has typically
been avoided in Japan owing to concerns regarding gastric
cancer occurrence in the excluded portion of the stomach.
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Because of this, Kasama et al. developed the SG with duo-
denojejunal bypass (SG-DJB) procedure in which the limbs
of the small intestine are reconstructed in the same manner
as for the RYGB [5]. The SG-DJB has been shown to achieve
significant weight loss and diabetes remission for a 5 years
follow-up period [6]. Recent studies have also demonstrated
that this procedure can improve diabetes in non-morbidly
obese patients and in morbidly obese patients with type 1
diabetes [7, 8]. A Japanese multicenter study was conducted
using the ABCD score to compare the antidiabetic effects of
SG-DJB with that of SG alone. The ABCD scoring system
predicts the likelihood of diabetes remission using age, body
mass index, serum C-peptide level, and the duration of dia-
betes as predictors [9, 10]. This comparison demonstrated
that SG-DJB resulted in greater improvements in diabetes in
obese patients with lower ABCD scores (<5) or insulin use
than SG alone. As a result, the SG-DJB has been approved
in Japan as a highly advanced medical treatment for diabe-
tes since March 2018 and is expected to become a popular
bypass procedure in many East Asian countries.
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In this study, we investigated the additional effects of
duodenojejunal bypass (DJB) on glucose metabolism in a
rat model of SG.

Materials and methods
Animals

Twenty-four 3-week-old male Sprague—Dawley rats were
purchased from Charles River Japan, Inc. (Yokohama,
Japan) and housed in individual cages under pathogen-
free conditions. They were given free access to water and a
high-fat diet with 60% of its calories from fat (Research Diet
D12492; Research Diets Inc., New Brunswick, NJ, USA) for
6 weeks. The rats were maintained in a climate-controlled
room at 24-26 °C and 50-60% humidity with a 12 h light/
dark cycle. Rats were randomly assigned to undergo SG-DJB
or SG alone. Their body weight and feed intake were meas-
ured weekly after surgery. All applicable institutional and/
or national guidelines for the care and use of animals were
followed. This study was approved by the Animal Commit-
tee of Oita University and confirmed to the Guidelines for
Animal Experimentation of Oita University.

Surgical procedures

The diet-induced obese rats underwent surgery for SG or
SG-DIJB under anesthesia with 3-4% sevoflurane after over-
night food deprivation. SG was performed as previously
described [11, 12]. In brief, a 3 cm upper abdominal inci-
sion was made, and the greater curvature of the stomach was
incised from the antrum to the fundus across the forestomach
and glandular stomach. Approximately 90% of the forestom-
ach and 70% of the glandular stomach were removed. The
residual stomach was continuously sutured along the inci-
sion line using polydioxanone sutures (5-0 PDS®; Ethicon,
Tokyo, Japan). SG-DJB was also performed as previously
described [13]. In brief, after the SG procedure, the duode-
num just distal to the pylorus was transected, and its distal
end was closed with 5-0 PDS®. The alimentary limb (AL)
was created by transection of the jejunum 10 cm from the
ligament of Treitz and connection of the distal end to the
pylorus by continuous suturing with 5-0 PDS®. The bili-
opancreatic limb (BPL) was created by jejunojejunal anas-
tomosis with continuous 5-0 PDS® sutures at 15 cm distal
to the duodenojejunal anastomosis [14, 15].

Biochemical tests
All blood samples were collected 6 weeks after the opera-

tion. Blood glucose was evaluated immediately after sample
collection using a commercial test kit (Accu-Chek; Sanko
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Junyaku Co., Ltd., Tokyo, Japan). Whole blood samples
were centrifuged at 4 °C for 15 min at 1500 X g, and the
supernatant was collected. Glycoalbumin, albumin, total
cholesterol (TC), triglyceride, and free fatty acid (FFA) lev-
els were estimated using an H7180 automatic biochemical
analyzer (Hitachi, Tokyo, Japan). Enzyme-linked immuno-
sorbent assay (ELISA) kits were used to evaluate plasma
levels of active ghrelin (active ghrelin ELISA kit; Mitsubishi
Chemical Medience, Tokyo, Japan) and glucagon-like pep-
tide-1 (GLP-1, rat GLP-1 ELISA kit; Shibayagi, Gunma,
Japan). To prevent the degradation of these hormones, total
blood was treated with dipeptidyl dipeptidase (DDP)-IV
inhibitor immediately after collection. Serum insulin levels
were also analyzed with a commercially available ELISA kit
(rat insulin ELISA kit; Shibayagi). Total bile acids (TBA)
were analyzed by the LC-MS/MS method using a Promi-
nence UFLCXR system (Shimadzu Corporation, Kyoto,
Japan) coupled with an API4000 mass spectrometer (AB
Sciex, Framingham, MA, USA). To evaluate insulin resist-
ance, the homeostasis model assessment ratio (HOMA-
R) was calculated as follows: HOMA-R =fasting glucose
(mmol/l) X fasting insulin (uU/ml)/22.5 [16].

Oral glucose tolerance test (OGTT)

An OGTT was performed 6 weeks after surgery to evalu-
ate glucose metabolism. After 24 h of fasting, the rats were
given 2 g/kg glucose orally. Blood glucose was measured
in the conscious rats with a commercial test kit (Accu-
Chek; Sanko Junyaku Co., Ltd.) before and 15, 30, 60, and
120 min after glucose administration. Serum insulin levels
were simultaneously tested using the rat insulin ELISA kit
described previously. The area under the curve (AUC) for
the OGTT was calculated by trapezoidal integration.

Quantitative real-time polymerase chain reaction
(qRT-PCR) of mRNA expression of factors related
to gluconeogenesis and glucose transport

in the jejunum

All rats were sacrificed 6 weeks after surgery. Tissue sam-
ples were collected from the AL, BPL, and common channel
(CC) from the SG-DJB group. For rats in the SG group, tis-
sues were obtained from the sites corresponding to the AL,
BPL, and CC of the SG-DJB group. Namely, we created the
AL by transection of the jejunum 10 cm from the ligament
of Treiz in the SG-DJB group. Therefore, we collected the
jejunal samples 17.5 cm distant from the ligament of Treiz
in the SG group, corresponding to the center of AL in the
SG-DIJB group. We collected the samples corresponding to
BPL and CC in the same manner. Tissues were immediately
frozen in liquid nitrogen, and total RNA isolation was per-
formed as previously described [17]. cDNA was synthesized
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from purified total RNA using a Verso cDNA synthesis
kit (Thermo Fisher Scientific, Waltham, MA, USA). The
mRNA expression was assessed by qRT-PCR using KAPA
SYBR FAST gPCR Kit Master Mix (2x) Universal (Kapa
Biosystems, Inc., Woburn, MA, USA) with a LightCy-
cler 96 system (Roche Diagnostics, Lewes, East Sussex,
UK). Primer pairs were as follows: glucose-6-phosphatase
(G6pase), 5'-ctaccttgcggctcactttc-3' (forward) and 5'-atc-
caagtgcgaaaccaaac-3' (reverse); phosphoenolpyruvate car-
boxykinase (PEPCK), 5'-atacggtgggaactcactge-3' (forward)
and 5'-tgccttcggggttagttatg-3’ (reverse); farnesoid X receptor
(FXR), 5'-cagccacagatctcctecte-3' (forward) and 5'-tetttgt-
cacaggcatctcg-3' (reverse); glucose transporter 1 (GLUT1),
5'-gtgctcggatecctgeagttcg-3' (forward) and 5'-gggatggactcte-
catagcggtg-3' (reverse); glucose transporter 2 (GLUT?2),
5'-caatttcatcatcgecctcet-3' (forward) and 5'-tgcagcaatttegt-
caaaag-3' (reverse); sodium-glucose cotransporter 1
(SGLT1), 5'-gactgattctcggctteetg-3' (forward), and 5'-gtgag-
gagggagatgaccaa-3' (reverse). The mRNA expression levels
were normalized to that of rat glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Primer3 was used to design the
primers [18]. The mRNA expression in the SG-DJB group
was expressed in relation to the mean expression in the SG
group [19].

Histological analyses

Jejunal samples collected from the AL, BPL, and CC, and
the corresponding portions were fixed in formalin, embed-
ded in paraffin, and sectioned at a thickness of 3 um for his-
tological analyses. The sections were placed on glass slides,
deparaffinized, and stained with hematoxylin and eosin for
the measurement of villus height, and stained with specific
antibodies for immunohistochemistry. The mucosal length
was measured under microscopy [20].

Since the qRT-PCR results demonstrated that mRNA
expression of GLUT1 and SGLT1 was significantly
increased in the AL, anti-GLUT1 (ab115739; Abcam plc.,
Cambridge, MA, USA) and anti-SGLT1 (ab14685; Abcam
plc.) were used as primary antibodies. Binding was detected
using the VECTASTAIN Elite ABC kit (Vector Laborato-
ries, Inc., Burlingame, CA, USA) according to the manufac-
turer’s instructions.

Statistical analyses

Data are expressed as means + standard error of the mean
(SEM). All data were analyzed using the Mann—Whitney
U test. Differences were considered statistically significant
if p<0.05. Statistical analyses were performed using the
SPSS statistical software program, version 20 (IBM Corp.,
Armonk, NY, USA).

Results
Body weight and food intake

All rats in both groups survived the surgery. There were
no significant differences in body weight between the two
groups at the any point after surgery (Fig. 1a). Food intake
was significantly lower in the SG-DJB group at 2 and 3
weeks after surgery than in the SG group but from 4 weeks
after surgery did not differ between groups (Fig. 1b).

Metabolic parameters and hormones

There were no significant differences in metabolic parame-
ters, including glucose, glycoalbumin, albumin, TC, triglyc-
eride, FFA, ghrelin, GLP-1, insulin, TBA, and HOMA-R,
between the SG and SG-DJB groups (Table 1). However,
TBA was more than twofold greater in the SG-DJB group
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Table 1 Metabolic parameters and hormones 6 weeks after surgery

SG SG-DJB p value
Glucose (mg/dl) 117.4+2.8 126.1+2.6 0.061
Glycoalbumin (ng/ml) 85+0.4 8.8+0.4 0.799
Albumin (g/ml) 3.6+0.1 3.8+0.1 0.178
TC (mg/dl) 58.1+3 61.8+3.4 0.319
Triglyceride (mg/dl) 36.3+5.7 389+29 0.160
FFA (LEQ/) 284.3+21.3 2703+125 0977
Ghrelin (fmol/ml) 4.8+0.8 4.4+0.9 0.078
GLP-1 (ng/ml) 30.9+4.7 31.6+3.0 0.583
Insulin (ng/ml) 0.86+0.18 097+0.32  0.622
TBA (umol/l) 9.46+2.6 203+5.2 0.085
HOMA-R 6.71+1.01 544+1.12  0.105

SG sleeve gastrectomy, SG-DJB sleeve gastrectomy with duodenoje-
junal bypass, TC total cholesterol, FFA free fatty acid, GLP-1 gluca-
gon-like peptide-1, TBA total bile acids, HOMA-R homeostasis model
assessment for insulin resistance

than in the SG group, suggesting that the bypass procedure
resulted in the TBA increase.

OGTT

The OGTT revealed an early decrease in blood glucose in
the SG-DJB group resulting in a significantly lower glucose
level in the SG-DJB group at 60 min after glucose adminis-
tration than in the SG group (Fig. 2a). There were no signifi-
cant between-group differences in the AUC for glucose, but
the SG-DJB group tended to have a smaller AUC than the
SG group (Fig. 2b, p=0.053). The serum insulin level was
significantly higher at 15 min after glucose administration in
the SG-DJB group than in the SG group (Fig. 2c¢).

The mRNA expression of factors related
to gluconeogenesis and glucose transport
in the jejunum

The mRNA expression of GLUT1 and SGLT1 in the AL was
significantly greater in the SG-DJB group than in the SG
group (Fig. 3a). There were no significant between-group
differences in expression of any factors in the BPL and CC
(Fig. 3b, c¢). The mRNA expression of G6pase in the CC was
higher in the SG-DJB group than that in the SG group, but
this difference was not significant (p =0.299).

Histological analyses

The SG-DJB group had significantly greater villus height
of the AL than did the SG group, but there were no signifi-
cant differences in the BPL and CC between the two groups
(Table 2).
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Fig.2 Oral glucose tolerance test (OGTT) 6 weeks after sleeve gas-
trectomy (SG) or sleeve gastrectomy with duodenojejunal bypass
(SG-DJB). a Changes in blood glucose, b area under the curve (AUC)
for glucose, and ¢ changes in serum insulin. Glucose and insulin lev-
els were measured before and 15, 30, 60, and 120 min after oral gav-
age with glucose solution (2 g/kg). *p <0.05 versus the SG group

Because qRT-PCR demonstrated that mRNA expression
of GLUT1 and SGLT1 was significantly increased in the AL
of rats in the SG-DJB group, immunohistochemical staining
for GLUT1 and SGLT1 were performed on AL samples.
Both GLUT1 (Fig. 4a, b) and SGLT1 (Fig. 5a, b) stained
more intensely in the SG-DJB group than in the SG group.

Discussion

In humans, improvement in glucose tolerance is observed
from the early postoperative period after RYGB, even before
decreases in body weight occur [21]. There have been many
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Fig.3 The mRNA expression of factors related to gluconeogenesis
and glucose transport in the alimentary limb (AL), biliopancreatic
limb (BPL), and common channel (CC). Glucose 6-phosphatase
(G6pase), phosphoenolpyruvate carboxykinase (PEPCK), farnesoid X
receptor (FXR), glucose transporter 1 (GLUT1), glucose transporter
2 (GLUT2), and sodium-glucose cotransporter 1 (SGLT1) in the
jejunum were quantified by qRT-PCR and expressed relative to their
mean expression level in the SG group. *p <0.01

Table 2 Villus height of the jejunum 6 weeks after surgery

SG SG-DIB p value
AL (um) 658.0+28.8 814.8+57.4 0.024
BPL (um) 705.7+57.6 664.8+39.8 0.792
CC (um) 627.3+37.7 695.5+38.1 0.289

SG sleeve gastrectomy, SG-DJB duodenojejunal bypass with sleeve
gastrectomy, AL alimentary limb, BPL biliopancreatic limb, CC com-
mon channel

Fig.4 GLUT1 immunohistochemistry in AL sections (X 100). a SG
group and b SG-DJB group

studies of the potential mechanisms by which obesity sur-
gery may cause diabetes remission. Changes in metabolic
hormones and mediators such as ghrelin, GLP-1, and FXR,
changes in hepatic and intestinal gluconeogenesis, and alter-
ations to the distribution of gut microbiota are all potential
causes of the antidiabetic effects of RYGB, but the exact
mechanisms remain unclear [20, 22-27].

GLUT1 is a major glucose transporter expressed in most
cells, especially the brain and erythrocytes. It regulates
the basal uptake of glucose and is rarely expressed in the
jejunum [28-30]; however, it is overexpressed in a hypoxic
environment [29, 31]. GLUT?2 is also a glucose transporter;
it transports glucose from epithelial cells to the vascular
lumen through the basolateral membrane via facilitated dif-
fusion [32]. SGLT1 is one of the glucose transporters that
mediate glucose uptake from the brush-border membrane of
epithelial cells in the small intestine [32]. Since GLUT1 is
rarely expressed in the jejunum, glucose absorption in the
small intestine is usually regulated by SGLT1 and GLUT?2.
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Fig.5 SGLT1 immunohistochemistry in AL sections (x100). a SG
group and b SG-DJB group

SGLT1 transports glucose from the intestinal lumen to the
epithelial cells, and GLUT2 moves glucose from the epithe-
lial cells into the vascular lumen. In addition, SGLT1 acts
as a glucose sensor in the intestine and regulates secretion
of incretins such as gastric inhibitory polypeptide (GIP) and
GLP-1 that promote insulin secretion; therefore, the activa-
tion of SGLT1 leads to reductions in hyperglycemia [33].
In this study, we found that the expression levels of
GLUT!1 and SGLT1 in the AL were upregulated, while
GLUT?2 expression in the AL remained the same in the SG-
DJB group relative to expression levels in the SG group.
These expression patterns may be related to the additional
effects of DJB on glucose metabolism. Cavin et al. reported
similar results after RYGB in rats and in humans. They
demonstrated elevated expression of GLUT1, GLUT2, and
SGLT1 mRNA in the hypertrophic epithelial cells of the
AL 40 days after RYGB in rats compared with expression
levels in sham-operated controls [34]. They also demon-
strated an increase in the number of GLP-1 secreting cells
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in the jejunum in both rats and humans, with no significant
change in the mean density of the cells after RYGB. After
SG, GLUT1 expression was not elevated, but the number of
GLP-1 secreting cells and their density were both signifi-
cantly increased. They hypothesized that glucose consump-
tion was increased in the intestinal mucosa after RYGB, with
a resultant increase in uptake of glucose from the blood and
intestinal contents. In addition, intestinal absorption of glu-
cose was decreased in the SG mucosa. They concluded that
RYGB increased intestinal glucose disposal and SG delayed
glucose absorption.

Our study showed that the AL villus height was longer in
the SG-DJB group than in the SG group, and that the expres-
sion of GLUT1 and SGLTI in the AL was enhanced after
SG-DJB compared with after SG alone. Mumphrey et al.
also demonstrated increased mucosal thickness of AL in the
RYGB model but not in the SG model [35]. The hypertro-
phy of the AL after RYGB has been reported previously in
numerous rat models [34, 36, 37]. le Roux et al. reported
that gut hypertrophy after RYGB was associated with the
increased expression of glucagon-like peptide 2 (GLP-2)
[36], which may be related to the epithelial hypertrophy in
the AL. The reason why the villus height was greater only in
the AL after the bypass surgery remains unclear, but it has
been suggested that the portion of AL that is first exposed
to undigested food may be related to the hypertrophy [38,
39]. Saedi et al. demonstrated the reprogramming of glucose
metabolism of AL through the upregulation of GLUT1 after
RYGB by exposure to undigested nutrients [37]. Cavin et al.
also demonstrated that a hypoxia-inducible gene HIF1 that
directly regulates GLUT1 was overexpressed in the hyper-
trophic epithelial cells of AL after RYGB [34]. They hypoth-
esized that oxygen supply might be insufficient to support
the massive hyperplasia in the AL, and suggested that the
villus hypertrophy may induce overexpression of GLUT1.
The addition of DJB to the SG procedure may induce hyper-
trophy of AL epithelial cells, and increase glucose transport
from the vascular and intestinal tract to epithelial cells and
glucose consumption by the epithelial cells; this may con-
tribute to the greater improvements in glucose metabolism
seen after SG-DJB than after SG alone. Moreover, the early
insulin secretion, possibly due to the activation of GLP-1
by overexpression of SGLT1, may also contribute to the
improved glucose metabolism of the SG-DJB group.

FXR may promote the secretion of GLP-1 via the activa-
tion of Takeda G-protein receptor 5 and contribute to the
improvement of glycometabolism [40]. Since the bypass
procedure increases TBA [41], we expected that FXR
expression would increase in the SG-DJB group; however,
this did not occur. FXR levels in the SG-DJB group were
comparable to those of the SG group in this study.

Troy et al. reported rapid improvements in insulin resist-
ance and f-cell function following enterogastric anastomosis
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(EGA) in a mouse gastric bypass model [27]. They demon-
strated that intestinal gluconeogenesis increased through the
activation of G6pase and PEPCK expression after EGA and
this improved glucose metabolism. They also showed that
gluconeogenesis was related to GLUT2 expression and the
hepatoportal sensor pathway. Goncalves et al. also demon-
strated that G6pase activity was increased in the duodenum
and AL after RYGB compared with its activity in sham-
operated controls [19]. However, the EGA model used by
Troy et al. did not have an AL, and the limb in which intes-
tinal gluconeogenesis was activated corresponded to the CC
in the RYGB model. Therefore, the molecular regulation of
intestinal gluconeogenesis after bypass procedure remains
unclear. In this study, there were no significant differences in
the mRNA expression levels of G6pase and PEPCK between
the SG and SG-DJB groups. Intestinal gluconeogenesis
was not related to the additional effects of DIB on glucose
metabolism in SG; however, our results do not exclude the
existence of intestinal gluconeogenesis after bypass surgery.

In this study, we investigated the additional effects of DIB
on glucose metabolism in the SG rat model using high-fat
diet-induced obese Sprague—Dawley rats. This model has
been used as a diabetic model, and it shows a hyperglycemic
status and insulin resistance [42, 43]. Our previous report
also showed hyperglycemia and insulin resistance in the
same rat model [44].

Miyachi et al. reported that the BPL plays an important
role in the control of glucose tolerance after DJB in a rat
model of diabetes [45]. Plasma bile acids and gut microbiota
may be involved in this process. The study showed that BPL
length was related to body weight and glycemic control, but
AL length was not. However, longer AL groups showed a
better tendency of glycemic control among the groups with
the same BPL length. Therefore, we consider that the AL
might also be related to glycemic control.

This study had some limitations. First, we measured
GLP-1 at only one time point after fasting. Serum GLP-1
levels drastically change depending on the timing of the
measurement in relation to food intake. Second, we did not
directly observe the kinetics of glucose uptake by the epithe-
lial cells through the GLUT1 and SGLT1 transporters. This
should be done in the further experiments.

In conclusion, increased expression of SGLT1 and
GLUT! in the AL may be related to the additional effects of
DIJB on glucose metabolism after SG.
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