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Abstract
Background Serum bile acids (BAs) are elevated after meta-
bolic surgeries including Roux-en-Y gastric bypass (RYGB),
ileal transposition (IT), and duodenal-jejunal bypass (DJB).
Recently, BAs have emerged as a kind of signaling molecules,
which can not only promote glucagon-like peptide-1 (GLP-1)
secretion but can also regulate multiple enzymes involved in
glucose metabolism. The aim of this study was to investigate
whether expedited biliopancreatic juice flow to the distal gut
contributes to the increased serum GLP-1 and BAs and bene-
fits the diabetes control after DJB.
Methods DJB, long alimentary limb DJB (LDJB), duodenal-
jejunal anastomosis (DJA), and sham operation were per-
formed in diabetic rats induced by high-fat diet (HFD) and
low dose of streptozotocin (STZ). Body weight, food intake,
oral glucose tolerance, insulin tolerance, glucose-stimulated
insulin and GLP-1 secretion, fasting serum total bile
acids (TBAs), and lipid profiles were measured at indicated
time points.
Results Compared with sham operation, DJA, DJB, and
LDJB all achieved rapid and dramatic improvements in glu-
cose tolerance and insulin sensitivity independently of food
restriction and weight loss. DJB and LDJB-operated rats ex-
hibited even better glucose tolerance, higher fasting serum
TBAs, and higher glucose-stimulated GLP-1 secretion than

the DJA group postoperatively. No difference was detected
in insulin sensitivity and glucose-stimulated insulin secretion
between DJA, DJB, and LDJB groups.
Conclusions Expedited biliopancreatic juice flow to the distal
gut was associated with augmented GLP-1 secretion and in-
creased fasting serum TBA concentration, which may partly
explain the metabolic benefits of DJB.

Keywords Duodenal-jejunal bypass . Type 2 diabetes
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Introduction

Duodenal-jejunal bypass (DJB) is a stomach-preserving
procedure that was initially designed to explore the
weight-independent anti-diabetic effects of gastric bypass
surgery [1]. It has been proven effective in glycemic
control in various type 2 diabetes mellitus (T2DM) rat
models [1–3]. Exclusion of the proximal intestine [4],
increased glucagon-like peptide-1 (GLP-1) secretion [5],
and decreased SGLT1-mediated glucose absorption [3]
have been suggested as possible explanations for the di-
abetic control after DJB. However, the underlying mech-
anisms are still far from completely elucidated.

Recently, bile acids (BAs) have emerged as potential
glucose-lowering mediators of metabolic surgeries. Patti
et al. reported that serum total bile acids (TBAs) were
increased in patients with prior gastric bypass surgery,
and the TBA concentration was positively correlated with
peak GLP-1 levels while inversely correlated with 2-h
postprandial blood glucose [6]. Cummings et al. found
that elevated serum BAs after ileal transposition (IT) sur-
gery was associated with decreased endoplasmic reticu-
lum stress, which may further lead to improved glucose
homeostasis by suppressing inflammation, improving
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insulin sensitivity and islets function [7]. Similarly, serum
TBAs were also elevated within weeks after DJB surgery
[2, 8].

As the chief constituents of bile, BAs are synthesized from
cholesterol in hepatocytes. BAs were previously well-
established for their important roles in dietary lipid absorption
and cholesterol homeostasis, yet recently, they have emerged
as signaling molecules with systemic endocrine functions [9].
By activating the farnesoid X receptor (FXR), BAs can not
only suppress gluconeogenesis [10] but can also inhibit the
expression of multiple lipogenetic genes [11]. Additionally,
BAs are also capable of inducing GLP-1 release from
enteroendocrine cells via activating the G protein-coupled re-
ceptor TGR5 located on the plasma membrane [12].

Though operated in different manners, Roux-en-Y
gastric bypass (RYGB) [13], IT [14], DJB [1, 2], and
biliopancreatic diversion (BPD) [15] could all result in
dramatic alleviation of T2DM. We find that all these
procedures share a common feature of enabling prema-
ture delivery of BAs to the distal ileum. The terminal
ileum is not only an important location of L cells [16]
but also the primary site for BA reuptake, where about
95 % of BAs are reabsorbed and then transported to the
liver via portal circulation [9]. In this study, we per-
formed duodenal-jejunal anastomosis (DJA), DJB, and
long alimentary limb DJB (LDJB) on diabetic rats in-
duced by high-fat diet (HFD) and low dose of
streptozotocin (STZ). These three procedures are identi-
cal in excluding the proximal intestine and in expediting
nutrient transits to the distal gut, while different in di-
verting the biliopancreatic juice. The aim of this design
was to investigate whether expedited biliopancreatic flow
to the distal gut contributes to the elevated serum GLP-1
and BAs and the diabetes control after DJB surgery.

Materials and Methods

Animals

All animal procedures were approved by the Animal
Care and Utilization Committee of Shandong University.
Eight-week-old male Wistar rats were purchased from
Laboratory Animal Center of Shandong University (Ji-
nan, China). The rats were housed in individual cages
under constant ambient temperature and humidity in a
12-h light/dark cycle. After 1 week of acclimation,
T2DM was induced as previously described [17]: The
rats were firstly fed a HFD (40 % of calorie as fat,
Huafukang Biotech Company, China) for 4 weeks to in-
duce insulin resistance; then, a low dose of STZ
(35 mg/kg) (Sigma, USA) was injected intraperitoneally
to induce a diabetic state. Seventy-two hours after STZ

injection, non-fasting blood glucose was measured in du-
plicate with a glucometer (Roche Diagnostics, Germany).
The rats were considered diabetic if their non-fasting
blood glucose exceeded 16.7 mmol/l.

Perioperative Diet Protocols

Rats undergoing operations were restricted to 10 % of
Ensure (Abbott Laboratories, USA) for 2 days and then
fasted overnight preoperatively. Within the first 24 h af-
ter operation, the rats could only get access to water.
Then, the rats were fed 10 % of Ensure for 3 days,
followed by a standard rodent chow until end of the
study. The reason why we changed the feeding regime
of all rats from HFD to standard rodent diet after oper-
ation is because postoperative HFD feeding could impair
the improved glucose tolerance and insulin sensitivity
after DJB [18]. Body weight and food intake were
tracked for 12 weeks after surgery.

Surgical Procedures

Forty diabetic rats were randomly allocated into sham opera-
tion, DJA, DJB, and LDJB groups (with ten rats in each
group). All surgeries were conducted under anesthesia with
10 % of chloral hydrate (3 ml/kg).

Sham operation: Duodenum was transected at 0.5 cm
distal to the pylorus, and jejunum was transected at
10 cm distal to the ligament of Treitz; then, re-
anastomosis was made in situ (Fig. 1a).
DJA: Duodenum was transected at 0.5 cm distal from the
pylorus, and the stump was closed with a 7-0 silk suture
(Ningbo Medical Needle, China). Then, the proximal du-
odenum was connected to the jejunum at 10 cm distal to
the ligament of Treitz in an end-to-side fashion. DJA
surgery does not expedite biliopancreatic flow to the ter-
minal ileum (Fig. 1b).
DJB: DJB surgery was performed as previously de-
scribed [19]: Duodenum was transected at 0.5 cm
distal to the pylorus, and the stump was closed.
Then, jejunum was transected at 10 cm distal to
the ligament of Treitz, and the distal jejunum was
connected to the proximal duodenum in an end-to-
end fashion (duodenojejunal anastomosis). Finally,
the biliopancreatic limb was anastomosed to the al-
imentary limb at 15 cm distal to the duodenojejunal
anastomosis in a Roux-en-Y fashion. DJB shortens
the distance between duodenal papilla and the ter-
minal ileum by 15 cm (Fig. 1c).
LDJB: LDJB was identical to DJB except that the
biliopancreatic limb was anastomosed to the alimentary
limb at 30 cm distal to the duodenojejunal anastomosis.
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LDJB shortens the distance between duodenal papilla and
the terminal ileum by 30 cm (Fig. 1d).

Oral Glucose Tolerance Test (OGTT)

OGTT was performed preoperatively and at 2 and 12 weeks
postoperatively. After an overnight fast, blood glucose was
measured at 0, 15, 30, 60, 120, and 180 min after oral glucose
administration (1 g/kg).

Insulin Tolerance Test (ITT)

ITT was conducted to evaluate systemic insulin sensitivity
preoperatively and at 2 and 12 weeks after operation. After
overnight fasting, blood glucose was measured in conscious

rats at 0, 30, 60, 120, and 180 min after intraperitoneal injec-
tion of human insulin (0.5 IU/kg).

Serum Insulin, GLP-1, TBAs, and Lipid Profiles

At 2 and 12 weeks postoperatively, the rats were fasted over-
night and then orally administrated with 20 % of glucose
(1 g/kg). At baseline, 15, 30, 60, and 120 min after glucose
gavage, blood samples were collected from the retrobulbar
venous plexus of sedative rats into chilled EDTA tubes con-
taining a dipeptidyl peptidase IV inhibitor. After centrifuga-
tion (3000 rpm) at 4 °C for 15 min, the supernatant was im-
mediately collected.

Aliquots of fasting serum samples were immediately ana-
lyzed for TBAs and lipid profiles using an automatic biochem-
ical analyzer (Hitachi, Japan). The rest samples were stored at
−80 °C for future analysis. Serum insulin and total GLP-1
concentration in response to oral glucose administration were
measured by enzyme-linked immunosorbent methods
(Millipore, USA).

Statistical Analysis

All quantitative data were reported as mean±standard
deviation (SD). Areas under the curves (AUC) for OGTT
(AUCOGTT) and ITT (AUCITT) were calculated by trap-
ezoidal integration. To test for the differences between
groups at a specific time point, one-way analysis of var-
iance (ANOVA) followed by Bonferroni post hoc com-
parisons was used; To compare the global insulin and
GLP-1 concentration after glucose gavage between
groups, mixed model ANOVA followed by Bonferroni
post hoc comparisons was used. All statistical calcula-
tions were performed using SPSS version 19.0, and
P<0.05 indicates significant difference.

Results

There were ten rats in each experimental group preoperatively.
When the study was ended at 12 weeks after operation, the
number of rats alive in sham, DJA, DJB, and LDJB groups
were 9, 8, 8, and 9, respectively. The causes of death included
diabetes complications (n=1), anastomotic leakage (n=4),
and intestinal obstruction (n=1).

Body Weight and Food Intake

As shown in Fig. 2, there was no significant difference in body
weight and daily food intake between the four groups both
preoperatively and postoperatively. Because of perioperative
food restriction and surgical and anesthetic stresses, the body

Fig. 1 Illustration of operations. a Sham operation. In the sham
operation, duodenum is transected at 0.5 cm distal to the pylorus, and
jejunum is transected at 10 cm distal to the ligament of Treitz; then, re-
anastomosis is made in situ. b DJA. DJA surgery is similar to DJB and
LDJB in excluding the proximal intestine and expediting ingested
nutrients to the distal gut except that it does not accelerate
biliopancreatic flow to the lower intestine. c DJB. DJB shortens the
distance between duodenal papilla and terminal ileum by 15 cm. d
LDJB. LDJB shortens the distance between duodenal papilla and
terminal ileum by 30 cm
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weight of all groups minimized at 1 week postoperatively and
almost restored to their preoperative values at 2 weeks post-
operatively (Fig. 2a).

Effects of Surgeries on Glucose Homeostasis

There was no significant difference in AUCOGTT between
groups preoperatively. DJA, DJB, and LDJB groups all exhib-
ited better glucose tolerance than the sham group postopera-
tively. Notably, the AUCOGTT of DJB and LDJB groups were
both statistically lower than that of DJA group after operation.
Though LDJB further shortened the distance between duode-
nal papilla and terminal ileum by 15 cm in comparison with
DJB, we observed no difference in AUCOGTT between the two
groups (Fig. 3a).

As shown in Fig. 3b, the values of AUCITT were sim-
ilar between groups preoperatively. At 2 and 12 weeks
postoperatively, DJA, DJB, and LDJB groups all exhib-
ited lower values of AUCITT than the sham group, indi-
cating improved systemic insulin resistance. Unlike the
differential improvements in glucose tolerance, DJA,
DJB, and LDJB groups showed comparable values of
AUCITT postoperatively.

Effects of Surgeries on Glucose-Stimulated Insulin
and GLP-1 Secretion

In order to verify whether augmented insulin secretion con-
tributes to the improved glucose tolerance after surgeries, we
measured the serum insulin concentration after an oral glucose
load at 2 and 12 weeks postoperatively. Although DJA, DJB,
and LDJB groups experienced better glucose control than the
sham group, we did not detect significantly increased serum
insulin in these three groups (Fig. 4a, b).

At 2 weeks postoperatively, the LDJB group exhibited
markedly higher global and peak GLP-1 concentration than
the sham and DJA groups. And, the DJB group showed higher
GLP-1 than the two groups at 15 min after glucose gavage. As
a procedure not changing biliopancreatic flow, DJA did not
result in elevated serum GLP-1 (Fig. 4c).

At 12 weeks postoperatively, the DJB group exhibited sta-
tistically higher global GLP-1 concentration than the sham
group and higher peak GLP-1 concentration than the sham
and DJA groups. The LDJB group displayed both higher
global and peak GLP-1 concentration than the sham and
DJA groups. GLP-1 also trended to increase in the DJA group;
however, it did not reach statistical difference (Fig. 4d). We
detected no statistical difference in GLP-1 concentration

Fig. 2 Body weight and food intake of rats. a Body weight of rats before
and after operation. bDaily food intake of rats before and after operation.
No significant differencewas detected in both bodyweight and daily food

intake between sham, DJA, DJB, and LDJB groups preoperatively and at
any measured time points postoperatively

Fig. 3 Effects of surgeries on glucose tolerance and insulin tolerance. a
AUCOGTTof rats preoperatively and at 2 and 12 weeks postoperatively. b
AUCITT of rats preoperatively and at 2 and 12 weeks postoperatively.

*P<0.05 vs. sham group by one-way ANOVA; #P<0.05 vs. DJA
group by one-way ANOVA. AUCOGTT area under the curve for OGTT
test, AUCITT area under the curve for ITT test
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between DJB and LDJB groups at both 2 and 12 weeks post-
operatively (Fig. 4c, d).

Effects of Surgeries on Fasting Serum TBAs

At 2 and 12 weeks after operation, the DJA group displayed
similar fasting serum TBAs to the sham group, while DJB and
LDJB groups exhibited significantly higher fasting serum
TBAs than both sham and DJA groups (Fig. 5).

Effects of Surgeries on Fasting Serum Lipid Profiles

Fasting serum lipid profiles were tested at 12 weeks after
operation. The LDJB group demonstrated statistically lower
serum cholesterol (CHO) than the sham group. DJA, DJB, and
LDJB groups all displayed decreased fasting serum triglycer-
ides (TGs) and free fatty acids (FFAs) compared with the
sham group (Fig. 6).

Discussion

Gastric bypass surgeries could achieve profound amelioration
of T2DM [20, 21]. The anti-diabetic mechanisms not only
include postoperative calorie restriction and weight loss but
also involve weight-independent effects exerted by anatomi-
cal and physiological alterations of small intestine postopera-
tively [22]. BForegut hypothesis^ and Bhindgut hypothesis^
are two prevailing theories to elucidate the weight-
independent anti-diabetic mechanisms. The foregut hypothe-
sis suggests that exclusion of proximal intestine from contact
with ingested nutrients prevents the secretion of an undefined
signal that promotes insulin resistance and diabetes [4]. While
the hindgut hypothesis posits that expedited nutrient transits to

Fig. 4 Serum insulin and GLP-1 secretion in response to oral glucose
gavage. a, b Serum insulin concentration after an oral glucose
administration (1 g/kg) at 2 and 12 weeks after operation. c, d Serum
GLP-1 concentration after an oral glucose administration (1 g/kg) at 2 and

12 weeks postoperatively. The illustrations in the rectangles indicate
significant differences in global GLP-1 concentration between groups
by mixed model ANOVA. *P<0.05 vs. sham group by one-way
ANOVA; #P<0.05 vs. DJA group by one-way ANOVA

Fig. 5 Fasting serum TBAs. Fasting serum TBAs were tested at 2 and
12 weeks after operation. *P<0.05 vs. sham group by one-way ANOVA;
#P<0.05 vs. DJA group by one-way ANOVA. TBAs total bile acids
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the distal gut may benefit glucose homeostasis by increasing
GLP-1 secretion [23]. In this study, we established DJA and
LDJB on the basis of DJB to alter the drainage path of
biliopancreatic juice. These three procedures excluded the
same length of proximal intestine and identically expedited
nutrients flow to the distal gut. This design enabled us to
investigate the additional roles of biliopancreatic juice diver-
sion in diabetes control after DJB beyond the classical foregut
hypothesis and hindgut hypothesis.

Compared with sham operation, DJA, DJB, and LDJB sur-
geries all dramatically improved glucose tolerance in the dia-
betic rats independently of weight loss and food restriction.
Rubino et al. once performed a procedure similar to DJA to
verify the foregut hypothesis and proved it effective in glyce-
mic control [4]. And, our study provided further evidence that
the glucose-lowering effect of DJAwas preserved but mildly
attenuated in comparison with DJB and LDJB. Though LDJB
further expedited biliopancreatic flow to the distal gut than
DJB, we found no difference in AUCOGTT between the two
groups. However, if LDJB was performed by anastomosing
the biliopancreatic limb to the alimentary limb at 10 cm prox-
imal to the ileocecal valve, it would produce better anti-
diabetic effects than the conventional DJB [24]. Based on
the above findings, we hypothesize that expedited transits of
biliopancreatic juice to the lower intestine might partly con-
tribute to the metabolic outcomes of DJB.

GLP-1 is an incretin hormone secreted from intestinal en-
docrine L cells, which are mainly located in the epithelium of
distal ileum and colon [25]. GLP-1 regulates glucose homeo-
stasis via multiple ways, such as stimulating insulin secretion,
suppressing glucagon secretion, and promoting proliferation
and inhibiting apoptosis of β cells [26]. Nutrient ingestion has
been regarded as the primary physiologic stimulus for GLP-1
secretion [27]. While recently, BAs are also proved capable of
stimulating GLP-1 secretion by activating the TGR5 receptors
[12, 28]. And, intrajejunal taurocholic acid infusion could in-
crease plasma GLP-1 response via a glucose-dependent man-
ner [29]. Kohli et al. found that diverting bile from common

bile duct to jejunum with an artificial catheter increased post-
prandial GLP-1 concentration in diet-induced obese rats [30].
Consistent with their findings, our study demonstrated that
DJB and LDJB-operated animals displayed higher glucose-
stimulated GLP-1 concentration than the sham and DJA
groups postoperatively. Because of the anatomical changes
after DJB and LDJB, a portion of bile might progress down
the biliopancreatic limb to the lower intestine before mixed
with ingested nutrients, thus leading to increased availability
of undiluted BAs in the distal intestine lumen with the poten-
tial to stimulate GLP-1 release [31]. Other segments of intes-
tine might also mediate the GLP-1 elevation after surgeries, as
L cells are widely distributed throughout the gastrointestinal
tract [25]. Though DJA did not alter BA flow, GLP-1 still
trended to increase in that group at 12 weeks after operation,
which might be attributed to premature delivery of ingested
nutrients to the distal intestine. Taken together, we hypothe-
size that accelerated transits of both BAs and nutrients to
the distal gut may synergistically contribute to the increased
GLP-1 after DJB.

In DJB and LDJB groups, elevated serum GLP-1 was not
paralleled by increased insulin secretion. Likewise, in Goto-
Kakizaki (GK) diabetic rats, serum insulin was also un-
changed shortly after DJB [19, 32, 33] but was markedly
increased at 24 weeks after operation [19]. On the contrary,
DJB-operated obese Zucker rats exhibited increased GLP-1
while decreased serum insulin at 1 month after operation [2].
These findings suggest that insulin changes after DJB are
confusing, which may vary in different rat models or at differ-
ent postoperative periods, and are not necessarily paralleled
with serum GLP-1 levels. In our study, DJA, DJB, and LDJB
groups all displayed comparable insulin levels to the sham
group postoperatively, which has two implications: First, the
glycemic control early after these surgeries was not dependent
on augmented insulin secretion but dependent on improved
insulin sensitivity, as evidenced by lower values of AUCITT;
second, altered biliopancreatic juice flow may not contribute
to the improved insulin resistance after surgeries. Possible

Fig. 6 Fasting serum lipid profiles. Serum CHO (a), TG (b), and FFAs (c) were measured after an overnight fast at 12 weeks postoperatively. *P<0.05
vs. sham group by one-way ANOVA. CHO cholesterol, TG triglycerides, FFAs free fatty acids
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explanations why DJA, DJB, and LDJB comparably im-
proved insulin sensitivity might include that they resulted in
similar postoperative FFA concentration, they excluded the
same length of foregut, and/or they identically expedited nu-
trient flow to the distal gut.

Our study demonstrated that BAs were increased after DJB
and LDJB while not after DJA. Elevated BAs were also ob-
served after other kinds of metabolic surgeries including
RYGB [6, 34] and IT [7, 35]. More recently, accumulating
evidences point to an important role of BAs in mediating
systemic glucose, lipid, and energy homeostasis. Specifically,
BAs could inhibit the expression of multiple genes involved in
gluconeogenesis [10], decrease serum triglycerides and pre-
vent hepatic fat accumulation [11], and increase energy expen-
diture in brown adipose tissues [36]. So, the higher circulating
BAs might partly explain why DJB and LDJB surgeries
showed better anti-diabetic effects than DJA. Though BAs
are also capable of preventing diet-induced weight gain [36],
the higher serum BA concentration was not accompanied by
corresponding lower body weight in DJB and LDJB-operated
rats.

BAs are synthesized from cholesterol in hepatocytes, upon
secreted into intestine lumen, about 95 % of BAs are
reabsorbed at the terminal ileum and then transported to liver
[9]. Incomplete clearance by the liver would result in spillover
of small amounts of BAs into the systemic circulation [37],
and the circulating BA concentration is well correlated with
that in the portal vein [38]. The fact that BAs were elevated
after DJB and LDJB while not after DJA implies a link be-
tween altered biliopancreatic flow and increased serum BAs.
Animal studies on ITsurgery provided surrogate evidence that
premature delivery of bile to the interposed ileum resulted in
early reabsorption of BAs and short-circuited enterohepatic
BA recycling [35]. In addition, postoperative changes in gut
motility and intestinal flora might also contribute to increased
BA reuptake [6]. And, the elevated serum BAs after metabolic
surgeries might not result from increased BA production, as
the genes responsible for BA biosynthesis including Cyp7α1,
Cyp8β1, Cyp27α1, and Cyp7β1 are all downregulated after
IT surgery [39].

We have to admit that our study has some limitations. First,
based on our results, we can only speculate that expedited
biliopancreatic flow to the distal gut contributed to the diabe-
tes control after DJB, while we cannot figure out whether it
was merely mediated by BAs or also mediated by other con-
stituents in the biliopancreatic juice. Second, this study did not
provide detailed information on the intrinsic mechanisms re-
sponsible for the elevated serum BAs after DJB, which will be
investigated in our future studies.

In summary, our study demonstrated that DJA, DJB, and
LDJB surgeries could all achieve rapid and dramatic improve-
ments in glucose tolerance and insulin sensitivity indepen-
dently of weight loss and food restriction. As procedures that

can expedite biliopancreatic flow to the lower intestine, DJB
and LDJB surgeries resulted in better glucose tolerance,
higher fasting serum TBAs, and higher postprandial GLP-1
than the DJA operation. DJA, DJB, and LDJB surgeries did
not differ from each other in alleviating systemic insulin resis-
tance and regulating insulin secretion. Our study suggests that
expedited biliopancreatic flow to the distal gut may benefit the
glycemic control after DJB by increasing serum GLP-1 and
TBAs.
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