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Abstract

Background Duodenal—jejunal bypass (DJB), which is not
routinely applied in metabolic surgery, is an effective surgi-
cal procedure in terms of type 2 diabetes mellitus resolution.
However, the underlying mechanisms are still undefined.
Our aim was to investigate the diabetic improvement by
DJB and to explore the changes in hepatic insulin signaling
proteins and regulatory enzymes of gluconeogenesis after
DJB in a non-obese diabetic rat model.

Methods Sixteen adult male Goto—Kakizaki rats were ran-
domly divided into DJB and sham-operated groups. The body
weight, food intake, hormone levels, and glucose metabolism
were measured. The levels of protein expression and phos-
phorylation of insulin receptor-beta (IR-3) and insulin recep-
tor substrate 2 (IRS-2) were evaluated in the liver. We also
detected the expression of key regulatory enzymes of gluco-
neogenesis [phosphoenoylpyruvate carboxykinase-1 (PCK1),
glucose-6-phosphatase-alpha (G6Pase-«)] in small intestine
and liver.

Results DJB induced significant diabetic improvement with
higher postprandial glucagons-like peptide 1, peptide Y'Y,
and insulin levels, but without weight loss. The DJB group
exhibited increased expression and phosphorylation of IR-f3
and IRS-2 in liver, up-regulated the expression of PCK1 and
Go6Pase-« in small intestine, and down-regulated the expres-
sion of these enzymes in liver.
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Conclusions DIB is effective in up-regulating the expression
of the key proteins in the hepatic insulin signaling pathway
and the key regulatory enzymes of intestinal gluconeogenesis
and down-regulating the expression of the key regulatory
enzymes of hepatic gluconeogenesis without weight loss.
Our study helps to reveal the potential role of hepatic insulin
signaling pathway and intestinal gluconeogenesis in amelio-
rating insulin resistance after metabolic surgery.

Keywords Duodenal—jejunal bypass - Bariatric surgery -
Gluconeogenesis - Hepatic insulin signaling -
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Introduction

Bariatric surgery induces profound and durable amelioration
of obesity-related comorbid conditions, which provides a
new strategy against type 2 diabetes mellitus (T2DM) [1].
As a metabolic procedure, duodenal—jejunal bypass (DJB)
has also been proven effective for the treatment of T2DM in
rats [2-5]. Moreover, DJB helps to improve glucose toler-
ance and is an effective treatment for obese or non-obese
T2DM subjects [4-6]. The foregut hypothesis has been
proposed to explain the role of excluding foregut in diabetes
improvement after DJB surgery [2, 7]. However, the mech-
anisms that mediate the anti-diabetic effects after DJB sur-
gery remain poorly understood.

T2DM is a complex glucose metabolic disease.
Improvement in glucose metabolism after bariatric surgery
may be achieved via many potential pathways associated
with the effects of surgical intervention (Fig. 1). Multiple
studies have shown that bariatric surgery improves insulin
sensitivity in obese diabetic or obese nondiabetic subjects
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[8, 9]. Previous studies have also demonstrated that hepatic
insulin resistance (reduction of hepatic glucose production)
may be attributed to changes of hepatic insulin signaling [10,
11]. In accordance, the key proteins in the insulin signaling
pathway such as insulin receptor (IR) and insulin receptor
substrate (IRS) have been found to be down-regulated in the
liver of diabetic rodents and humans [12—-14].

Roux-en-Y gastric bypass (RYGB) up-regulates the ex-
pression and phosphorylation of proteins, such as IR and
IRS, in hepatic insulin signaling pathway of obese diabetic
rat [15]. In contrast, Gavin et al. have found that DJB does
not lead to an increase in skeletal muscle insulin signal
transduction 3 weeks after surgery in Goto—Kakizaki (GK)
rat [16]. However, in non-obese diabetic rats, changes in the
levels of the key proteins in hepatic insulin signaling path-
way after DJB have not been investigated.

Gut plays a major role in glucose uptake and is involved
in the regulation of glucose homeostasis [17, 18]. It has been
recognized that glucose-6-phosphatase (G6Pase) and phos-
phoenolpyruvate carboxykinase (PCK), the two key regula-
tory enzymes of gluconeogenesis, are expressed in the small
intestine [19-21]. Recent studies have shown that intestinal
gluconeogenesis (IG) contributes to the control of glucose
and energy homeostasis [22, 23]. Interestingly, Troy et al.
have found that IG is enhanced in the remodeled gut after
enterogastric anastomosis under fasting state, accompanied
by increased hepatic insulin sensitivity. Their finding further
supports the idea that the enhancement of IG contributes to

the amelioration of insulin resistance [24]. However, no
study has been conducted to investigate the effects of met-
abolic surgery on IG in non-obese diabetic subjects.

In this study, we explored whether expressions of he-
patic insulin signaling proteins and key regulatory enzymes
of IG were up-regulated in non-obese type 2 diabetic rat
after DJB surgery. We determined the changes in protein
expression and phosphorylation of insulin receptor-beta
(IR-P) and IRS-2 in the liver. Meanwhile, protein expres-
sion of phosphoenoylpyruvate carboxykinase-1 (PCK1)
and G6Pase-« in the small intestine and the liver was also
measured. Homeostasis model assessment insulin resis-
tance (HOMA-IR) was also calculated to evaluate insulin
resistance [25]. Our results might provide new insight in
elucidating the metabolic mechanisms of diabetes resolu-
tion after DJB surgery.

Materials and Methods
Animal Model and Diet Protocol

This animal study was approved by the Animal Care and
Utilization Committee of Shandong University. Nine-week-
old male GK rats (National Rodent Laboratory Animal
Resources, Shanghai, China) were acclimated to experiment
conditions. All rats were kept in individual cages under
standard conditions (constant ambient temperature at
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22 °C and humidity at 60 % on a 12-h light/dark cycle) in
Shandong University and were fed with 5 % fat rat chow diet
(National Rodent Laboratory Animal Resources, Shanghai,
China) and water ad libitum before operation. After 2 weeks
of acclimatization, 16 GK rats were randomized to two
groups: the DJB group and the sham-operated DJB group.

Surgical Techniques

All rats were given non-residue diet for 2 days and fasted
overnight pre-operatively. During surgery, the rats were
anesthetized with 10 % chloral hydrate solution.
Subsequently, DJB was performed as described previously
[2]. Specifically, it involved (Fig. 2b) (1) a 4-cm midline
epigastric incision, (2) transection of the duodenum just
distal to the pylorus and suture of its proximal end using
7-0 silk suture (Ningbo medical needle, China), (3) transec-
tion at the plane of the distal jejunum (10 cm from the
ligament of Treitz), (4) connecting the distal limb to the
pylorus, and (5) a jejunojejunal anastomosis (connecting
the proximal limb with jejunum at 10 cm distally).

Sham surgeries involved (Fig. 2a) the same abdominal
incisions and gastrointestinal transections. Furthermore, no
removal was made, and all reanastomosis were done in the
same sites as in the DJB procedures. In addition, the operation
time of'rats in the sham group was prolonged in order to obtain
similar operative stress as that of the rats in the DJB group.

All rats were allowed free access to water at 2 h
postsurgery. Twenty-four hours after surgery, all rats were
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Fig. 2 Operations and intestinal sampling locations. a Sham opera-
tion. The locations of four removed segments (jejunum 1, jejunum 2,
ileum 1, and ileum 2) of intestine in sham-operated rats corresponded to
those of DJB rats. b Duodenal—jejunal bypass (DJB). The locations of
four removed segments (jejunum 1, jejunum 2, ileum 1, and ileum 2) of
intestine are shown in the figure. The length of each segment is 10 cm
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given non-residue diet (Ensure, Abbott, USA) for 3 days.
Then, normal diet (5 % fat rat chow diet, National Rodent
Laboratory Animal Resources, Shanghai, China) was not
limited. Weight and food intake were recorded everyday in
the first 2 weeks and then once every 2 weeks for the
following times. All postoperative complications were
recorded carefully.

Biochemical Tests
Hormones

At 2 and 20 weeks postoperation, blood samples were
collected from the tail vein of conscious rats into chilled
tubes containing a dipeptidyl peptidase IV inhibitor in
EDTA solution at baseline and 30, 60, and 120 min after
1 g/kg glucose gavage. After centrifugation (1,006 x g) at
4 °C for 15 min, serum was immediately extracted and
stored at —80 °C. Insulin secretion was measured using
enzyme-linked immunosorbent assay (ELISA) Kkits
(Millipore, MA, USA). Gut hormones involving glucagon-
like peptide 1 (GLP-1), peptide YY (PYY), and glucose-
dependent-insulinotropic peptide (GIP) were measured
using ELISA kits (Uscn Life Science Inc., Wuhan, China).

Oral Glucose Tolerance Test

Oral glucose tolerance test (OGTT) was performed at 2, 4,
8, 12, 16, and 20 weeks after surgery. Blood glucose was
measured in conscious rats at baseline and at 10, 30, 60,
120, and 180 min after the administration of 1 g/kg glucose
by oral gavage using a glucometer (Roche One Touch®
Ultra, Lifescan, Johnson & Johnson, Milpitas, CA, USA).

Insulin Tolerance Test

Insulin Tolerance Test (ITT) was performed at 2, 4, 8§, 12,
16, and 20 weeks postoperation by measuring glucose levels
at baseline and at 10, 30, 60, 120, and 180 min after
injection of 0.5 IU/kg human insulin intraperitoneally in
conscious and fasted rats.

Homeostasis Model Assessment Insulin Resistance

At 2 and 20 weeks postoperation, HOMA-IR was calculated to
evaluate insulin resistance according to the formula: HOMA—
IR=fasting insulin(mU/L) x fasting glucose(mmol/L)/22.5 [25].
Western Blotting

All rats were sacrificed at 20 weeks postoperation. Tissue

sampling was performed in anesthetized rats (a peritoneal
injection of 10 % chloral hydrate solution). The small
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intestine was rapidly removed and rinsed with 0.9 % sodium
chloride at 4 °C. Four segments (jejunum 1, jejunum 2,
ileum 1, and ileum 2) of intestine of rats in the DJB group
were removed and separated (Fig. 2a, b). The length of each
segment was 10 cm. Meanwhile, the corresponding seg-
ments of intestine of sham-operated rats were obtained,
too. Subsequently, the mucosa was scraped off with a cold
spatula at 4 °C as previously described [19]. The liver was
also rapidly removed, immediately frozen in liquid nitrogen,
and stored at —80 °C until analysis.

Thirty milligrams of liver tissue and intestinal (jejunum
1, jejunum 2, ileum 1, and ileum 2) mucosa tissue was
resuspended in Laemmli sample buffer -containing
100 mM dithiothreitol (Beyotime, Shanghai, China). Then,
the samples were heated at 100 °C for 3 min and centrifuged
at 4 °C for 10 min (13,000 rpm). Protein extracts were
resolved on 10 % SDS-PAGE gels (Beyotime, Shanghai,
China) and then transferred to PVDF membranes (Millipore,
MA, USA). Proteins were detected by the following anti-
bodies: anti-G6Pase-o, anti-IR-f3, anti-p-IR-f3, anti-IRS-2,
anti-p-IRS-2, anti-f3-actin (Santa Cruz, CA, USA), and anti-
PCK1 (Abcam, MA, USA) antibodies. After incubation at
4 °C overnight with primary antibody, the membranes were
incubated with horseradish peroxidase (HRP)-conjugated
secondary antibody (Santa Cruz, CA, USA) for 1 h. Then,
HRP activity was assessed using ECL solution (Millipore,
MA, USA) and exposed to film. The image was scanned,
and the band intensity was quantified with the Imagel
software (http://rsb.info.nih.gov/ij; National Institutes of
Health, Bethesda, MD, USA).

Statistical Analysis

All statistical analyses were performed using SPSS version
13.0. The results were reported as mean + SD. Areas under
curves (AUC) for OGTT (AUCOGTT) and ITT (AUCITT)
were calculated by trapezoidal integration. Statistical analy-
sis was evaluated using Student's #-test. P<0.05 represented
statistically significant difference in all cases.

Fig. 3 Body weight and food

Results
General Evaluation of Surgery

All operations were successful. There was no significant
difference in the body weight between the DJB group and
the sham group postoperation (Fig. 3a). Meanwhile, no
significant difference was observed between the two groups
in food intake at any time point after surgery (Fig. 3b). Two
DJB rats were found dead due to intestinal obstruction on
the 5th and 12th day after operation, respectively. Moreover,
one rat in the sham group died from intraperitoneal infection
17 weeks after surgery.

Glucoregulatory Hormones

As shown in Fig. 4a, b, higher GLP-1 levels were detected
in the DJB group than in the sham group 2 and 20 weeks
postoperation after oral glucose gavages. Furthermore, at
20 weeks postoperation, the rats in the DJB group showed
higher fasting GLP-1 levels than those in the sham group. In
addition, DJB surgery induced higher levels of fasting and
glucose-stimulated PYY secretion at 2 and 20 weeks
postoperation (Fig. 4c, d). However, the serum levels of
GIP in the DJB group were comparable with those in the
sham group (Fig. 4e, ).

At 2 weeks postoperation, postprandial insulin levels in
the two groups were similar (Fig. 5a). However, at 20 weeks
postoperation, the DJB group showed significantly higher
levels of insulin than those in the sham group at any mea-
suring time (0, 30, 60, and 120 min) (Fig. 5b).

Glucose Metabolism

There were no significant differences in AUCogrr and
AUC 1 between the two groups preoperation. However, the
rats in the DJB group demonstrated significant improvement
in glucose tolerance and insulin tolerance, as shown by lower
AUCqogrrand AUC,tr values than those in the sham group, at
2,4,8, 12, 16, and 20 weeks after operation (Fig. 5c, d).
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Compared with the sham-operated rats, the DJB groups
showed lower fasting glucose levels at 2, 4, 8, 12, 16, and
20 weeks after surgery (Fig. 5e¢). Moreover, at 2 and
20 weeks postoperation, the DJB group showed significant-
ly lower HOMA-IR levels than those of the sham group
(Fig. 51), indicating that hepatic insulin resistance was ame-
liorated after DJB surgery.

Effect of DJB on the Expression of Key Proteins
in the Hepatic Insulin Signaling Pathway

The expression of IR-f protein in liver was detected
20 weeks after operation. In the DJB rats versus sham, both
the expression and the phosphorylation levels of IR-3 were
significantly higher than those in the sham group (Fig. 6a).
In addition, as shown in Fig. 6b, the DJB group showed
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Time after gavage (minutes)

higher levels of expression and phosphorylation of IRS-2 in
liver than the sham group at 20 weeks postoperation.

Effect of DJB on the Expressions of the Key Regulatory
Enzymes of Gluconeogenesis

At 20 weeks postoperation, the DJB rats exhibited lower
levels of PCK1 expression in liver than the sham-operated
rats (Fig. 6¢). Similarly, a significant difference in the ex-
pression of hepatic G6Pase-x was observed between the
two groups (Fig. 6d).

By contrast, DJB surgery induced higher expressions of
PCK1 and G6Pase-« in small intestine. Figure 7 shows the
changes of PCK1 and G6Pase-« in jejunum 1, jejunum 2,
ileum 1, and ileum 2 at 20 weeks postoperation. The rats in
the DJB group showed higher levels of PCK1 expression in
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the four segments of small intestine than the sham-operated
rats (Fig. 7a). Increases in the expression levels of G6Pase-x
were detected in all four intestinal segments, but statistically
significant differences were detected between the two
groups only, in jejunum 1 and ileum 2 (Fig. 7b).

Discussion

Duodenal—jejunal bypass surgery has been proven effective
in the control of diabetes for non-obese type 2 diabetic
subjects [2, 5, 6, 26]. However, the underlying molecular
mechanisms are still unclear. In the present study, we inves-
tigated the effects of DJB to further understand the mecha-
nisms of diabetic improvement after metabolic surgery in
GK rats. To our knowledge, this is the first study on the
changes of hepatic insulin signaling proteins and key

Time after operation (weeks)

regulatory enzymes of intestinal gluconeogenesis after
DJB surgery in a non-obese T2DM rat model.

The present study provided evidence that DJB surgery
induced sustained anti-diabetic effects, supported by the
lower HOMA-IR, OGTT, and ITT values in the DJB group.
However, no differences in the insulin levels were observed
between the two groups at 2 weeks after operation.
Moreover, the DJB group did not show lower body weight
or less food intake than the sham group. Similarly, previous
studies showed that DJB procedure improves glucose toler-
ance without weight loss [2, 4]. Therefore, improved insulin
sensitivity and diabetes improvement after DJB may be
independent of weight loss. Furthermore, our data suggest
that the early improvement in insulin sensitivity is due to the
amelioration of hepatic insulin resistance.

In addition, we evaluated the levels of several intestinal
hormones. Rats in the DJB group demonstrated increased
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Fig. 6 Effect of DIJB on the
expression of key proteins in
the hepatic insulin signaling
and the key regulatory enzymes
of hepatic gluconeogenesis. a, b
Effect of DJB on IR-f3 and IRS-
2 expression and their
phosphorylation states. DJB
rats showed higher expression
and phosphorylation of IR-f3 in
liver than those of sham group
at postoperative week 20.
Compared with sham-operated
rats, significant increases
occurred in expression and
phosphorylation of IRS2 in
liver in DJB rats at
postoperative week 20. ¢, d
Effect of DJB on key regulatory
enzymes of hepatic
gluconeogenesis (PCK1 and
G6Pase-«). At postoperative
week 20, DJB rats exhibited
lower expression of PCK1 and
G6Pase-« in liver than the
sham-operated rats. *p<0.05;
**p<0.01

glucose-stimulated GLP-1 and PYY levels. Similar results
have been found on rats after other metabolic surgeries
[27-29]. Furthermore, previous studies have shown that
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elevated GLP-1 and PYY can ameliorate insulin resistance
[28, 29]. Although Salinari et al. have observed a decrease
in GIP levels after bariatric surgery [30], no differences in
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Fig. 7 Effect of DJB on the expression of the key regulatory enzymes
of intestinal gluconeogenesis. a Effect of DJB on expression of PCK1
in small intestine. At 20 weeks postoperation, DJB rats showed higher
expression of PCK1 in the four segments of small intestine (jejunum 1,
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DJB on expression of G6Pase-« in small intestine. DJB rats exhibited
higher expression of G6Pase-« in jejunum 1 and ileum 2 than sham-
operated rats. *p<0.05; **p<0.01
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plasma GIP levels between DJB and sham groups are ob-
served in our study, which is consistent with the results of
some previous studies [31, 32]. These results indicate that
GIP may not be involved in the anti-diabetic effect after
bypass of the foregut.

An important result of the present study was that DJB
surgery up-regulated the expression and phosphorylation of
the proteins in the hepatic insulin signaling pathway, includ-
ing IR-f3 and IRS-2 in the liver in GK rats. There are very
few studies on changes of insulin signaling transduction
after metabolic surgery. Bonhomme et al. found that IR is
up-regulated in the liver after RYGB surgery in an obese
diabetic animal model and that RYGB induces a time-
related increase in p-IR and pIRS1/2 in liver [15]. Another
study has shown that the increased expression of IR-{3 and
IRS-1 in the myocardium after ileal transposition is associ-
ated with myocardial insulin sensitivity [33]. In contrast,
Gavin et al. have found that DJB does not increase glucose
disposal and insulin signal transduction in skeletal muscle
3 weeks after surgery in GK rats [16]. We speculated that the
different results between their study and ours might be
related with the time when insulin signal transduction was
detected. DJB may not induce a significant increase in the
expression of some proteins in the insulin signal pathway
early after surgery in GK rats. It has been proven that the
down-regulation of IRS-2 signaling is related to type 2
diabetes, especially insulin resistance [13, 34, 35]. Our re-
sults provided evidence to support that hepatic insulin sig-
naling was involved in the amelioration of hepatic insulin
resistance.

We also investigated the effect of DJB surgery on the key
regulatory enzymes of gluconeogenesis in GK rats. We
firstly detected the expression of PCK1 and Go6Pase-x in
the liver. PCKI1, also called phosphoenolpyruvate
carboxykinase, is well known for its exclusive function in
the regulation of gluconeogenesis [20, 36]. Previous studies
have demonstrated that the over-expression of PEPCK in
the liver of mice aggravates insulin resistance [37]. G6Pase
is the other crucial gluconeogenesis enzyme in the control of
glucose homeostasis [17]. Trinh et al. have found that the
over-expression of G6Pase in liver is sufficient to perturb
the regulation of endogenous glucose production and possi-
bly contributes to insulin resistance [38]. Given that hepatic
gluconeogenesis plays a role in the development of insulin
resistance, the down-regulation of hepatic gluconeogenesis
may be involved in the regulation of insulin resistance by
DJB surgery. As expected, our study displayed that DJB
surgery caused decreases in the protein expressions of
PCK1 and G6Pase-« in the liver of GK rats.

In the present study, we also observed changes in the key
regulatory enzymes of gluconeogenesis in the small intes-
tine after DJB surgery. The DJB rats showed higher levels of
PCK1 expression in the four segments of small intestine

than the sham rats. The expression of G6Pase-x increased in
all four intestinal segments, although statistical significant
differences were only detected in jejunum 1 and ileum 2
between the two groups. It is well accepted that the small
intestine also contributes to the endogenous glucose produc-
tion through the role of IG [17, 18]. Recently, a novel
function of IG in the control of glucose homeostasis has
been confirmed [22, 23]. Furthermore, Troy et al. have
found that enhanced intestinal gluconeogenesis after gastric
bypass is linked to improved insulin sensitivity in mice [24].
Our results indicated that DJB surgery increased the expres-
sion of PCK1 and G6Pase-c in the small intestine in GK
rats, and the results supported the hypothesis that the up-
regulated IG might be a potential contributor to ameliorate
insulin resistance after metabolic surgery.

However, the exact route by which IG contributes to glu-
cose homeostasis remains unclear. Mithieux has hypothesized
that the enhancement of 1G after gastric bypass contributes to
ameliorating insulin resistance [39], but this hypothesis has
been challenged [40]. In addition, another study showed that
hepatic vagal afferent fibers is not the only pathway to trans-
mit the hepatic glucose signaling to brain after RYGB in
Sprague-Dawley rats [41]. Further studies should be
conducted to determine the concrete mechanism.

In summary, we provided a valuable rat model for study-
ing the mechanisms of diabetes improvement in the absence
of weight loss. Our findings indicated that DJB up-regulated
the key regulatory enzymes of gluconeogenesis in small
intestine and the key proteins in the hepatic insulin signaling
pathway while down-regulating the key regulatory enzymes
of gluconeogenesis in liver in GK rats. These results support
the potential role of hepatic insulin signaling and IG in
ameliorating insulin resistance after metabolic surgery.
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