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Abstract

Background This study aimed to investigate the influence of
new biliopancreatic diversion (NBPD) and duodenal-jejunal
bypass (DJB) surgery on blood glucose, lipids, gastrointesti-
nal hormones, and insulin in Goto-Kakizaki (GK) rats, an
animal model for type 2 diabetes, in order to elucidate the
mechanisms underlying the therapeutic effect of these types
of surgery on this clinical condition.

Methods Thirty 30 male GK rats (SPF) aged 12 weeks were
randomly assigned into three groups (n =10 per group): sham
group, NBPD group, and DJB group. Body weight, random
plasma glucose, fasting plasma glucose (FPG), oral glucose
tolerance (OGT), blood lipids, plasma insulin, glucagon like
peptide-1 (GLP-1), and gastric inhibitory polypeptide (GIP)
were measured before and after surgery.

Results NBPD surgery improved glucose tolerance, de-
creased fasting free fatty acids, triglycerides, and cholesterol.
It also increased fasting and postprandial GIP, but caused no
change in GLP-1. DJB surgery produced results similar to
NBPD surgery except for causing a decrease in postprandial
GLP-1 and insulin, and a larger increase in fasting GIP.
Conclusions Moving the biliopancreatic duct outlet to the
mid-jejunum (NBPD surgery) improves glucose tolerance
and increases GIP, but does not change GLP-1. Adding
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duodenal bypass (DJB surgery) increases fasting GIP and de-
creases postprandial GLP-1.
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Introduction

Obesity has long been known to be a risk factor for the devel-
opment of type 2 diabetes mellitus (T2DM), and is one of the
components of the pre-diabetic condition known as “metabol-
ic syndrome.” A variety of different types of bariatric surgery
for severe obesity have been shown to alleviate or cure T2DM
[1-6] However, the improvement in glucose homeostasis and
T2DM that occurs after these surgeries seen before weight
loss is noticeable, and this sequence of events suggests that
an alteration in gastrointestinal hormones caused by by-
passing portions of the digestive tract is also involved in the
anti-diabetic effect.

In recent years, the Roux-en-Y gastric bypass (RYGB) has
been accepted by the International Diabetes Federation and
the American Diabetes Association as a treatment for T2DM
[7]. In this surgical technique, the duodenum, the proximal
portion of the jejunum, and approximately 90 % of the stom-
ach are removed from the nutrient flow. The remaining portion
of the jejunum is connected to the stomach remnant, and bile
acids and pancreatic digestive enzymes then flow into the
digestive chain through the incised duodenal-jejunal portion
of the intestine, which has been connected to the jejunum at a
level distal to the ligament of Treitz. A variety of studies con-
firm that GB can improve T2DM and reduce mortality in
T2DM patients [8, 9]. However, the exact mechanisms under-
lying the therapeutic effect of RYGB on T2DM are not clear,
because the effects of the weight loss caused by the decrease
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in stomach size, the changes in nutrient absorption caused by
removal of the duodenal-jejunal portion of the intestine, and
the changes in GI hormone release and carbohydrate/fat/pro-
tein absorption caused by introducing bile and digestive en-
zymes downstream from the normal site have not been clearly
separated from each other.

Goto-Kakizaki (GK) rats are a polygenic non-obese model
for spontaneous T2DM that was developed from selective in-
breeding of Wistar rats [ 10]. In a previous study, we showed that
moving the biliopancreatic duct entrance from the duodenum to
the jejunum, without any other changes to the digestive tract,
improved glucose tolerance in GK rats, that is, improved toler-
ance without the reduction in gastric capacity and alterations in
the intestinal digestive route seen when the Roux-en-Y proce-
dure is combined with gastric bypass [11, 12].

In the current study, we compare the effects of moving the
pancreatic-biliary fluid entry to the distal jejunum, both with
and without bypass of an incised duodeno-jejunal segment, on
glucose metabolism, plasma lipids, insulin sensitivity, and GI
hormone release.

Methods
Experimental animals

Thirty male GK rats (SPF) aged 10 weeks and weighing 290—
320 g were purchased from Shanghai Slack Experimental
Animal CO., Ltd, and maintained in the Experimental
Animal Center of Fujian Medical University. All animals were
housed in the barrier system of the Experimental Animal
Center of Fujian Medical University in a 12-h light/12-h dark
cycle. Animals were allowed to accommodate to the environ-
ment for 2 weeks before entering the study and given ad
libitum access to water and food. Rats were fed with food
containing 5 % fat at 20-25 g/day. At the age of 12 weeks,
GK rats were randomly assigned into three groups: group A:
duodenal-jejunal bypass (DJB) surgery; group B: new
biliopancreatic diversion (NBPD) surgery; group C: sham sur-
gery. This study was approved by the Institutional Animal
Care and Use Committee of Fujian Medical University,

Surgical procedures

All animals were anesthetized by inhalation of sevoflurane.
The two procedures used are similar to those previously re-
ported [1, 11], and a diagram of these procedures is shown in
Fig. 1. [Reviewer 2, comment 2]

DJB group In this group, a segment including the bilioenteric
confluence (containing the biliopancreatic duct), duodenum,
and proximal jejunum was incised and reattached to the distal
jejunum. To obtain this segment, the duodenum was cut

@ Springer

Fig. 1 A schematic diagram of new biliopancreatic diversion and
duodenal bypass surgeries. a New biliopancreatic diversion. End-to-end
duodenoduodenostomy at 0.5 cm proximal to and 0.5 cm distal to the
major duodenal papilla, followed by transfer of the intestinal segment
containing the major duodenal papilla to the proximal jejunum (20 cm
from the ligament of Treitz) [11]. b Duodenal-jejunal bypass. The
duodenum was separated from the stomach, and bowel continuity was
interrupted at the level of the distal jejunum, (10 cm from the ligament of
Treitz). The distal of the two limbs was directly connected to the stomach
(gastrojejunal anastomosis) and the proximal limb carrying the
biliopancreatic to the alimentary limb at a distance of 10 cm from the
gastrojejunal anastomosis (Roux-en-Y reconstruction) [1]

0.5 cm below the pylorus, the jejunum was cut at 10 cm distal
to the ligament of Treitz, and the duodenal end of the segment
was closed. The remaining end of the jejunum was anasto-
mosed with the remaining end of the duodenum (end-to-end
anastomosis), and the jejunal end of the duodenal-jejunal seg-
ment was reconnected with the remaining jejunum by end-to-
side anastomosis at 20 cm distal to the ligament of Treitz
(Fig. 1b). The operation time was 4545 min.

NBPD group In this group, only the bilioenteric confluence
was incised from the duodenum and attached to the distal jeju-
num. The segment of the duodenum containing the
biliopancreatic confluence was incised by transections made
0.5 cm proximal to and 0.5 cm distal to the this confluence.
The proximal end of the segment was closed, and the proximal
and distal ends of the remaining duodenum anastomosed end-
to-end. The incised [Reviewer 2, comment 1] duodenal segment
containing the bilioenteric confluence was anastomosed with
the jejunum 20 cm distal to the ligament of Treitz (end-to-side
anastomosis) (Fig. 1a). The operation time was 40+5 min.

Sham group In the sham group, the duodenum was cut at
0.5 cm below the pylorus and then anastomosed in situ. The
operation time was 20+ 3 min.

Detection
Fasting body weight At 1 week before surgery and 4 and

12 weeks after surgery, rats were fasted overnight and then
weighed.
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Postprandial body weight At 1 week before surgery and 1, 6,
and 12 weeks after surgery, rats were also weighed without
fasting.

Fasting plasma glucose At 1 week before surgery and 4 and
12 weeks after surgery, rats were fasted overnight and blood
was collected from the tail vein for the measurement of plasma
glucose with a glucometer.

Random plasma glucose At 1 week before surgery and 1, 6,
and 12 weeks after surgery, blood was collected from the tail
vein, and plasma glucose was measured with a glucometer.

Oral glucose tolerance test At 1 week before and 4 and
12 weeks after surgery, rats were fasted over night and
intragastrically treated with oral 50 % glucose at 2 g/kg.
Blood was collected at 30, 60, 120, and 180 min for the mea-
surement of plasma glucose.

Blood lipid measurement At 2 weeks before surgery and
4 weeks after surgery, rats were fasted overnight, and blood
was collected from the orbital vein. At 1 week before surgery
and 6 and 12 weeks after surgery, blood was collected from
the orbital vein without previous fasting. The blood samples
were centrifuged, and the serum harvested for the measure-
ment of triglycerides (TG), cholesterol (Chol), and free fatty
acids (FFA) with a P800 automatic biochemical analyzer and
supporting reagents.

Fasting insulin, gastric inhibitory polypeptide, and
glucagon-like peptide-1 At 1 week before surgery and
4 weeks after surgery, rats were fasted overnight, and blood
was collected from the orbital vein. After centrifugation at
3000 rpm for 10 min at 4 °C, the plasma was harvested and
stored at —20 °C. Fasting insulin (INS), gastric inhibitory
polypeptide (GIP), and glucagon-like peptide-1 (GLP-1) were
measured with corresponding ELISA Kkits.

Postprandial INS, GLP-1, and GIP At 2 weeks before sur-
gery and 2 and 10 weeks after surgery, blood was collected
from the orbital vein without fasting and centrifuged at
3000 rpm for 15 min at 4 °C. Plasma was collected and stored
at —20 °C. INS, GIP and GLP-1 were measured with corre-
sponding ELISA kits. Rat ELISA kit for insulin was pur-
chased from Alpco (Salem, NH, USA). Rat GIP and GLP-1
ELISA kits were from DRG (Marburg, Germany).

Statistical analysis

All data were presented as mean = standard deviation. Group
difference at a given time point was examined by analysis of
variance (ANOVA). Time effect was tested by generalized
estimation equation (GEE). Bonferroni’s correction was per-
formed for post hoc tests if any significant result among
groups or time points had been revealed. Statistical analysis
was considered significant as the two sided p value<0.05.
SPSS 22.0 statistics software (IBM Corp., Armonk, NY,
USA) was used for statistical analyses.

Results

Table 1 summarizes differences among the three groups of rats
in weight, fasting blood glucose, random blood glucose, fasting
GLP-1, fasting GIP, fasting insulin, and OGT measured before
surgery. Except for fasting GIP, the baseline parameters in the
three groups of rats were similar. The fasting GIP in the DJB
group, however, was higher than that in the sham group.
Postoperative changes of weight, fasting blood glucose,
random glucose, fasting GLP-1, fasting GIP, and fasting insu-
lin are illustrated in Fig. 2. Body weight in rats increases
throughout their lifetime, and body weight in all three groups
increased during the 12-week period after surgery, although
the increase in weight in the DJB group occurred so slowly
that it did not become statistically significant until 12 weeks
(Fig. 2a). Increases in fasting insulin and fasting GIP levels

Table 1  Comparison of baseline weight, fasting blood glucose, random glucose, OGTT, GIP, GLP-1, and insulin among the three groups
Sham (n=10) DIJB (n=10) NBPD (n=10) P

Weight, g 315.12+13.06 319.82+12.51 301.31+22.10 0.106
Fasting blood glucose, mmol/L 6.55+0.48 6.79+0.69 6.95+0.47 0.290
Random glucose, mmol/L 16.16+2.07 18.03+3.88 17.87+3.79 0.396
Fasting GLP-1, ng/ml 2.77+0.58 2.77+0.70 2.66+0.30 0.872
Fasting insulin, ng/ml 0.46+0.04 0.44+0.02 0.45+0.02 0.456
Fasting GIP, pg/ml 6.09+2.84 10.87+5.78% 6.59+2.11 0.020
OGTT, mg/dl 6.83+0.41 6.84+0.42 6.74+0.84 0.850

DJB duodenal-jejunal bypass, NBPD new biliopancreatic diversion, GIP gastric inhibitory polypeptide, GLP glucagon like peptide-1, OGTT oral

glucose tolerance test

*indicates significantly different from Sham group, P<0.05
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were seen in all three groups at 4 weeks (Fig. 2e, ). Reduction
in fasting blood glucose in the sham and NBPD groups at
12 weeks and a decrease in random glucose in the DJB and
NBPD groups after 1 week were noted as well (Fig. 2b, c).

After surgery, compared to the sham group, the DJB group
had a lower body weight, random blood glucose, fasting in-
sulin, and a higher fasting blood glucose and fasting GIP. The
NBPD group had lower postoperative random glucose, and
fasting insulin, and higher postoperative fasting GIP than the
sham group. Of the two experimental groups, the postsurgical
fasting blood glucose and fasting GIP were lower in the
NBPD group than in the DJB group.

Changes in oral glucose tolerance test (OGTT) plasma glu-
cose levels of the three groups are illustrated in Fig. 3. The
time trends of OGTT in three groups were similar. OGTT
glucose levels peaked at 60 min and then rapidly declined.
No differences between preoperative and postoperative
OGTT glucose levels were seen in the sham group (Fig. 3a).
However, in both DJIB and NBPD groups, OGTT glucose
levels became reduced, with lower OGTT levels 12 weeks

after surgery (Fig. 3b, c). In terms of the group difference,
three groups had similar 60-min OGTT levels before surgery,
while a higher value was found in the sham group compared
to the NBPD group after 4 weeks, and a higher 60-min OGTT
level than the DJB group at 12 weeks.

Fasting FFA, TG, and Chol in the sham group did not
change after surgery; however, a significant increase in fasting
TG and a decrease in fasting Chol were found in the rats
receiving DIJB or NBPD. Fasting FFA in two experimental
groups changed in divergent ways, with a small but significant
decline in the NBPD group and increase in the DJB group
(Fig. 4a, c, e). Postprandial FFA, TG, and cholesterol in the
sham group were not influenced by the surgery. Postprandial
FFA in DJB and NBPD groups did not change after surgery
(Fig. 3b), but postprandial TG and cholesterol levels de-
creased (Fig. 3d and f). Although no differences among the
groups were revealed before surgery, rats receiving DJB or
NBPD had lower fasting cholesterol, postprandial TG, post-
prandial cholesterol, and higher fasting TG relative to the
sham rats.
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Fig. 3 OGTT changes with time in sham (a), DJB (b), and NBPD (c)
groups (n=10 per group). Data were presented as mean + standard
deviation and tested by generalized estimation equation

Postprandial GIP, GLP-1, and insulin are shown in Fig. 5.
GIP levels increased significantly in sham rats after surgery,
and levels at 10 weeks were still higher than values measured
before the surgery though they had decreased slightly. In the
DJB and NBPD groups, the postoperative GIP level at 2 weeks
was increased compared to the preoperative level and the level
in sham rats, and remained high at 10 weeks (Fig. 5a).
Although the postprandial GLP-1 in the sham group increased
2 weeks after the operation, the level at 10 weeks decreased to
the level lower than the pre-surgical level. A significant reduc-
tion in postprandial GLP-1 at week 10 was found in the DJB
group compared to the preoperative level, but the postprandial
GLP-1 level in the NBPD group was not changed by the
operation (Fig. 5b). Postprandial insulin in the three groups
changed in divergent ways. After an increase at 2 weeks, the
insulin decreased to preoperative level in the sham group. In
two experimental groups, the insulin level decreased 2 weeks
after the surgery, and was maintained at a stable level in the
DIJB group, but rose at 10 weeks in the NBPD group (Fig. 5c¢).

Discussion

The effect of NBPD (that is, distal biliopancreatic fluid entry)
in T2DM rats on blood glucose and lipids was to decrease
random glucose levels, triglyceride, FFA, and cholesterol
levels. Of the two gastrointestinal hormones examined, fasting
and postprandial GIP levels increased greatly, but fasting and
postprandial GLP-1 levels did not change. Glucose homeosta-
sis was improved in these T2DM rats by relocating the
biliopancreatic fluid entry site, for random glucose levels de-
creased, fasting insulin levels increased less with time than in
sham-treated rats, and OGTT was improved by 12 weeks after
surgery. Fasting and postprandial lipid metabolism also
changed, as one might expect from moving the entry of bile
acids, which are needed for absorption of dietary lipids, to a
location distal to the normal location. The effect of NBPD in
this T2DM model (improvement of glucose homeostasis,
changes in plasma lipids, and increases in GIP levels) was
caused solely by the change in the entry point for
biliopancreatic fluid.

The effect of DJB (that is, of adding duodenal-jejunal bypass
to distal biliopancreatic fluid entry), was to slow the rat’s normal
body weight increase, increase fasting GIP, and decrease post-
prandial GLP-1 and insulin levels, the other results being the
same as to those seen with distal biliopancreatic fluid entry
alone. The slower increase in body weight is not surprising
because removing the duodenum and proximal jejunum from
the nutrient flow removes a considerable area normally available
for the absorption of food. The major effect of adding duodenal-
jejunal bypass to the distal biliopancreatic fluid entry was a
change in endocrine output—increased fasting GIP and de-
creased postprandial GLP-1 and insulin.

GIP and GLP-1 are the two major GI hormones affecting
glucose homeostasis. GIP is secreted by K cells in the proxi-
mal duodenum upon stimulation by partially digested food
[13, 14]. GLP-1 is secreted by L cells in the lower ileum when
stimulated by nutrients. Both increase insulin secretion and
delay gastric emptying, but GIP induces and GLP-1 inhibits
glucagon secretion.

Both fasting and postprandial GIP were increased by mov-
ing the biliopancreatic fluid entry downstream. The increase in
postprandial GIP might have occurred because the increase in
undigested food in the duodenum that occurred when
biliopancreatic fluid entry was diverted to the jejunum stimu-
lated GIP production by duodenal K cells. However, when the
duodenum itself was removed from having contact with undi-
gested food, the increase in postprandial GIP still occurred, so
this explanation is incorrect. Increased GIP might be in-
volved in the improvement in glucose homeostasis seen
in our T2DM model, either by facilitating insulin secre-
tion, an activity compromised in T2DM patients [15], or
by delaying stomach emptying, a process found to be
accelerated in diabetic rats [16].
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Fig. 4 Changes in fasting free fatty acid (a), fasting triglyceride (b),
fasting cholesterol (c¢), postprandial free fatty acid (d), triglyceride (e),
and cholesterol (f) in the 3 groups (n=10 per group). Data were

Postprandial GLP-1 levels were unchanged by moving the
biliopancreatic fluid entry site, but the addition of duodenal-
jejunal bypass decreased postprandial GLP-1 in a manner
similar to that seen in sham rats. Han et al. [17] reported that
moving the entry point for biliopancreatic fluid and an accom-
panying by-passed duodenal-jejunal segment to a more distal
location increased fasting GLP-1/ Ileal transposition with or
without biliopancreatic fluid entry relocation has been report-
ed in other studies to increase glucose-stimulated GLP-1 [6,
17-20]. However, GLP-1 has a 2-min half-life, and results
obtained during the 15-30-min period after oral glucose stim-
ulation of fasted rats cannot properly be compared to our re-
sults, which were obtained on non-fasted, ad libitum-fed rats.

DJB surgery does not delay gastric emptying and would
facilitate the entry of food into the terminal part of the small
intestine, where GLP-1 is synthesized and secreted; however,
in our study, GLP-1 was decreased rather than elevated.
NBPD surgery neither accelerates nor delays gastric empty-
ing, and although it did not alter GLP-1 levels, it improved
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glucose levels in T2DM rats. Therefore, the hindgut theory
that exclusion of the foregut removes foregut hormones that
would decrease secretion of GLP-1 cannot fully explain the
mechanism through which these surgeries alleviate T2DM. In
addition to changes in GIP and GLP-1, alterations in digestion
and absorption may be an explanation.

Cholesterol is increased in T2DM and obese patients [21].
In the present study, both NBPD and DJB lowered fasting and
postprandial serum cholesterol compared to levels seen in
control T2DM rats. The lower postprandial cholesterol levels
are due to the reduced duodenal absorption of cholesterol that
followed the distal diversion of biliopancreatic fluid. A long-
lasting reduction in cholesterol absorption may reduce blood
cholesterol and be the reason that the fasting cholesterol was
reduced.

Postprandial TG was similar in both treatment groups and
was lower than before surgery and than in the sham group.
This may be explained as follows: as the duration of interac-
tion between biliopancreatic juice and food is reduced and the
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gastrointestinal tract is shortened, the absorption of digestion
products of TG (FFA + glycerides) is reduced, and therefore,
the postprandial synthesis and storage of TG are reduced. The
reduction in post-prandial TG in the DJB group was similar to
that in the NBPD group. Thus, the diversion of biliopancreatic
fluid is the major factor causing to the reduction in postpran-
dial TG and exclusion of the upper small intestine plays a
minor, if any, role. However, it is confusing that the fasting
TG after surgery in the NBPD group and DJB group was
significantly higher than in the sham group and than the post-
prandial TG. Thus, we speculate that the insulin sensitivity
increases after surgery, which reduces the degradation of TG
at fasting status and increases the re-esterification of FFA,
leading to the increase in serum TG.

FFA levels are closely related to the occurrence and develop-
ment of T2DM, and re-esterification of FFA is significantly
compromised in T2DM patients [22]. Our results showed that,

at 4 weeks after surgery, the fasting FFA in NBPD and DJB
groups was lower than in control T2MP rats. This may be relat-
ed to reduced degradation of TG and increased re-esterification
of FFA, both of which may increase insulin sensitivity.

The RYGB surgery thatis used to treat both obesity and T2DM
may affect plasma glucose in three ways: (1) reducing gastric
capacity and food intake, leading to an improvement in plasma
glucose similar to that seen in the diet control used in the manage-
ment of early T2DM,; (2) diverting biliopancreatic juice and
changing the location of the mixing of biliopancreatic juice and
food, thus affecting digestion and absorption of food; (3) shorten-
ing the small intestine and causing more rapid entry of undigested
food into the ileum.

The non-obese T2DM rats used in our study allowed us to
study the effects of changing the location of entry of
biliopancreatic fluid and shortening the small intestine without
the confounding effects from obesity or the reduction in stom-
ach size that is performed during RYGB. Diverting the entry
of biliopancreatic fluid to a more distal location improves
glucose tolerance and increases GIP. Adding the shortening
of the small intestine increased fasting GIP and decreased
postprandial GLP-1.

These results may be explained as follows: (1) the distal diver-
sion of biliopancreatic fluid causes incomplete digestion and ab-
sorption of food and reduces fasting FFA and postprandial TG,
which may improve lipid metabolism and decrease insulin resis-
tance. The increase in insulin sensitivity may reduce the degrada-
tion of TG into FFA during fasting status and thus decrease the
FFA-induced damage to islet cells, leading to an improvement of
insulin sensitivity, which forms a virtual cycle [23]. The increase
in insulin sensitivity may improve glucose metabolism and lower
plasma glucose; (2) the postsurgical increase in GIP secretion then
inhibits gastric emptying, which delays the digestion and absorp-
tion of food and improves plasma glucose.
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