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Abstract
Background The feasibility of a side-to-side jejunoileal anas-
tomosis (SJA) to control type 2 diabetes mellitus (T2DM) was
studied in non-obese diabetic Goto–Kakizaki (GK) rats.
Methods Seventeen 14-week-old male GK rats were divided
into three groups: SJA bypassing 60 % of the small bowel
length, sham-operated jejunoileal bypass (Sham group), and
control animals. Rats were observed for 10 weeks after sur-
gery. Fasting blood glucose (FBG) levels and oral glucose
tolerance test (OGTT) were measured before and after the
procedure.
Results Animals with SJA exhibited normalization of FBG
levels from the 1st and up to the 10th postoperative week
when the experiment terminated. OGTT compared with
sham-operated and control groups was also significantly bet-
ter at 3 and 8 weeks postoperatively.
Conclusions A simple SJA, diverting the food and
biliopancreatic secretion to the distal small bowel, was able
to normalize both FBG levels and OGTT in a non-obese dia-
betic rat model.
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Introduction

Surgical treatment of type 2 diabetes mellitus has been
discussed during the Diabetes Surgery Summit Consensus
conference in Rome. It was agreed that bariatric procedures
are able to induce long-term remission of type 2 diabetes
mellitus (T2DM) in morbidly obese patients [1] and that best
results are obtained from those operations that are diverting
food and biliopancreatic secretions to the distal small bowel,
such as the gastric bypass [2] and the biliopancreatic diversion
[3]. At this historical meeting, the need of new metabolic
procedures focused on the management of diabetes was also
stressed [4]. Since then, a number of new operations have
been developed and utilized in obese and non-obese diabetic
patients, under strict ethical considerations [5–7]. Such oper-
ations are still considered investigational and should be very
cautiously applied on diabetic patients.

For enhancing weight loss in morbidly obese patients, the
addition of a side-to-side jejunoileal anastomosis to sleeve
gastrectomy has previously been described from our group
[8]. The very successful results in diabetic remission, ob-
served following this procedure in morbidly obese diabetic
patients, lead us to the assumption that diverting and acceler-
ating the food transmission into the distal small bowel with a
simple jejunoileal anastomosis, in non-obese diabetic patients
where weight loss is not the main goal, will act therapeutically
by stimulating the L cells of the ileum for incretins production.
Therefore, side-to-side jejunoileal anastomosis (SJA) was per-
formed in Goto–Kakizaki (GK) rats in order to determine
whether this food-diverting procedure is able to induce diabe-
tes control in a non-obese animal model and establish a
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suitable experimental setting for further studies of the
mechanism/s for diabetes control.

Experimental Materials and Methods

Animals and Diets

Nine to 10 week-old male diabetic, normolipidemic GK rats
were purchased from BCharles River^ Research Models and
Services (Boston, USA). All animals were housed in individ-
ual cages under standard conditions (constant ambient temper-
ature of 22 °C and humidity of 60% in a 12-h light/dark cycle)
in the animal house, Heraklion University Hospital, with free
access to water. Animals were fed with a 2 % fat and 16.5 %
protein rat chow diet (Kounker, Athens, Greece) before oper-
ation. The animal experiment in this study was approved by
the Ethics Committee of the Medical School, University of
Crete, and received permission from Heraklion Regional Vet-
erinary Service. All applicable institutional and/or national
guidelines for the care and use of animals were followed.

Experimental Design

Rats were allowed 4 weeks for acclimation before the exper-
iment. After that, 17 rats randomly underwent one of the fol-
lowing procedures: SJA, 11 animals; sham side-to-side
jejunoileal anastomosis (SSJA): 4 animals; or no intervention
(controls): 2 animals. Weight, fasting glucose, cholesterol, tri-
glycerides, and oral glucose tolerance test (OGTT) were mea-
sured at intervals according to the experimental schedule.

The operative times (time from the beginning of the mid-
line abdominal incision to the end of suturing of the abdomi-
nal incision) of SJA and SSJA groups were accurately record-
ed. Moreover, the time of first postoperative defecation (an
indicator of postoperative recovery time) and all postoperative
complications were extensively recorded.

Surgical Techniques

Before operations, rats were fasted overnight for 12 h. Rats
were anesthetized with ketamine hydrochloride 50 mg/ml
(Molteni Farmaceutical, Firenze, Italy) during the surgery.
SJA procedure (Fig. 1) involved (1) a 4-cmmidline abdominal
incision, (2) measurement of the length of the entire small
intestine from the Treitz ligament to the ileocecal valve, (3)
estimation of the length of small bowel equal to 20 % of its
entire length, (4) identification of a point distal to the Treitz
ligament at a distance equal with 20 % of the total bowel
length, (5) identification of a point proximal to the Ileocecal
valve at a distance equal with 20 % of the total bowel length,
(6) side-to-side anastomosis between jejunum and ileum at the
measured points distal to the Treitz and proximal to the

ileocecal valve using 6–0 polydioxanone monofilament ab-
sorbable sutures (PDS; Johnson and Johnson, USA), (7) clo-
sure of the abdominal incision using 4–0 polyglycolic acid
absorbable sutures (Safil Braun, Tuttlingen Germany), and
(8) closure of the skin incision with subcuticular suture with
the same suturing material.

Sham operations were performed by the same abdominal
incisions and same jejunoileal anastomosis. Thereafter, the
anastomosis was taken down with restoration of the small
bowel continuity using 6–0 PDS sutures.

Rats had free access to water 2 h after surgery as well as
free access to food 24 h postoperatively. Food intake was not
limited. Both groups were fed the same perioperative diet.
Weight was measured every 7 days until the 10th week when
the study was terminated.

Biochemical Tests

Blood glucose, cholesterol, and triglycerides were measured
using a quantitative instrument (Accutrend Plus, Roche Diag-
nostic, Mannheim, Germany). Before operation and every

Fig. 1 Side-to-side jejunoileal anastomosis. In the experimental animals,
60 % of the small bowel length was bypassed

OBES SURG (2016) 26:1010–1015 1011



week postoperatively, from the 1st until the 10th when the
experiment was terminated, blood samples were collected af-
ter 12 h overnight fast from the tail’s vein of conscious rats, for
measuring of serum glucose levels. Cholesterol and triglycer-
ide levels were measured before operation and at the third and
the eighth postoperative weeks. OGTTwas performed preop-
eratively and at 3 and 8 weeks after surgery. After an overnight
fast, rats were administrated with 1 g/kg glucose by oral ga-
vage and blood glucose levels were measured before, 30, 60,
and 120 min after the oral gavage.

Statistical Analysis

All statistical analyses were performed with SPSS 17.0. Data
was expressed as median and range. All p values are two-
tailed. Because of the small animal numbers in the three
groups, data were compared using non-parametric tests for
different population. Mann–Whitney U tests were used for
comparisons between groups and Wilcoxon paired test for
intra-group comparisons. p<0.05 was considered statistically
significant.

Results

Operation Time, Postoperative Recovery Time,
and Postoperative Complications

All operations were successful. However, compared with
SJA, the operation time 47.5 min (range 25–60 min) vs
89.5 min (range 45–105 min) of SSJA was longer (p<0.01).
There was no significant (NS) differences in postoperative
recovery time for SJA, 2 days (range 1–3 days) vs SSJA,
2 days (range 1–2 days) (p=0.9). One SJA rat died from in-
testinal obstruction, due to torsion of the anastomosis along
the longitudinal axis, at day 32 after the operation. Neither
deaths nor complications were observed in the sham-
operated and control groups.

Small Bowel Lengths

At 14 week, the measured average intestinal length of SJA
animals from Treitz ligament to the ileocecal valve was
89 cm (range 70–118 cm) and for SSJA animals 84 cm (range
65–95 cm) (p=0.57 NS).

Weight and Postoperative Weight Loss

At week 0, the median weight for the three groups was as
follows: SJA 358 g (range 354–366 g), SSJA 355.5 g (range
345–360 g), and controls 360 g (range 355–365 g). The p-
values for the differences between groups were SJAvs Sham

SJA p=0.32, SJAvs controls p=0.9, and SSJAvs controls p=
0.36, all NS.

Animals in SJA group experienced loss of weight from the
first and up to 4 weeks after the operation. The median%TWL
observed at that time point was 7.2%. The weight of the rats in
this group was stabilized thereafter but remained reduced
comparing with the pre-operative values (p<0.001) until the
end of the experiment (Fig. 2).

Glucose Metabolism

Glucose

Animals in the control group and those in SJA and SSJA
groups have no statistically different fasting glucose levels
before the procedures. SJA: median 213.5 mg/dl (range
181–260), controls: median 308 mg/dl (range 280–336), and
Sham: median 235 mg/dl (range 219–248). SJA vs Sham p=
0.4 NS, SJA vs controls p=0.062 NS, and Sham vs controls
p=0.074 NS.

However, compared with sham-operated rats and controls,
the fasting glucose levels were significantly lower in the SJA
group (p<0.01) from the 1st postoperative week and contin-
ued to be within normal range up to the 10th week when the
experiment was terminated (Fig. 3).

OGTT

Prior to the procedures, no statistical difference in OGTTwas
found among all experimental groups. At 120 min following
administration of 1 g/kg glucose by oral gavage, the median
plasma glucose levels were 301.5 mg/dl (range 261–480 mg/
dl) for SJA, 409 mg/dl (range 327–439 mg/dl) for Sham
group, and 378 mg/dl (range 300–457 mg/dl) for the control
group. SJA vs Sham p=0.076 NS, SJA vs control p=0.052
NS, and Sham vs control p=1.00 NS.

However, all rats in the side-to-side jejunoileal bypass
group showed a significant improvement in glucose tolerance
test at 120 min following administration of 1 g/kg glucose by
oral gavage at 3 and 8 weeks postoperatively [273.5 (57–382)
mg/dl; p=0.02 and 95.5 (70–241)mg/dl; p=0.005, respective-
ly]. On the contrary, no significant changes were observed
either in Sham [414 (188–510)mg/dl; p=0.72 NS and 414
(188–510)mg/dl; p=0.07 NS, respectively] or in the control
[383 (346–420)mg/dl; p=0.66 NS and 457.5 (400–515)mg/
dl; p=0.18 NS, respectively] groups (Fig. 4).

Cholesterol and Triglycerides Levels

Serum cholesterol and triglycerides levels had no difference
prior to surgery among all experimental groups. No significant
differences in those parameters were observed following SJA
or Sham procedures.
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Discussion

This experiment study on a non-obese diabetic rat model
showed that by diverting food and biliopancreatic secretion
to the distal small bowel, by a simple jejunoileal anastomosis,
glucose homeostasis is restored. Many pathophysiological
mechanisms may be contributing to diabetes remission ob-
served in this non-obese rat model. It is noticeable that none
of the animals in this study developed diarrhea or other symp-
toms and signs of malabsorption, following this procedure.
However, even without sleeve gastrectomy, simple jejunoileal
anastomosis resulted in minimal weight loss. In the animal
model following bypass of 60 % of the small bowel length,
%TWL of 7.2 % were observed the first 4 postoperative
weeks, followed by weight stabilization.

Nevertheless, the weight loss seen postoperatively in the
animals can be explained by the fast transmission of food in
the distal small bowel and the release of incretins which are
known to result into satiety signals and therefore in reduction
of calorie intake [9–11]. To test this hypothesis, further studies
are in progress in our institution.

Although there is no question that durable weight loss im-
proves insulin sensitivity which contributes to diabetes control
[12], the weight loss observed in the SJA animals cannot fully

explain the rapid remission of diabetes. Other mechanisms are
very likely to be responsible for diabetes control, following
side-to-side jejunoileal bypass. Our previous studies showed a
positive effect in glucose homeostasis following operation
with fast transmission of the food into the distal gut, such as
the sleeve gastrectomy [9, 13]. The present study suggests that
the effective improvement of T2DM at early stage after the
SJA is mediated by rapid improvement in insulin sensitivity
independent of weight loss [4, 8, 14]. It can be speculated that
the GLP-1 and PYY released from the gut is the possible
mechanism for diabetes control, apart from the weight loss
that occurred postoperatively [9, 10].

Four possible anti-diabetic theories have been developed to
explain the postoperative diabetes remission: (a) the weight
loss hypothesis [12], (b) the ghrelin hypothesis [15], (c) the
foregut hypothesis [16], and (d) the hindgut hypothesis [17].

Weight loss was observed in our study in the SJA animals.
Although the loss of weight was not extensive and up to 7.2 %
in rats, this may play a role in diabetes remission. Neverthe-
less, it has been proven that weight loss after surgery plays an
important role in the long-term improvement of glucose ho-
meostasis [10, 12]. However, control of glucose homeostasis
was evident from the early postoperative period and before
substantial weight loss in our patients and in the experimental
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Fig. 2 Body weight of rats in all
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animals, suggesting that other mechanisms are significantly
contributing in diabetic control [9, 18, 19].

The stomach was not altered with this operation; therefore,
the ghrelin theory cannot be confirmed from this study. Our
findings do not support the foregut hypothesis, since the prox-
imal jejunum remained intact and food was getting in contact
with the bowel mucosa.

Our findings might well be explained by the hindgut hy-
pothesis, from the rapid delivery of nutrients to the distal bow-
el, where the vast majority of the L cells which are producing
incretines such as GLP-1 and PYY [9, 18, 19].

Those enteropeptides are considered as extremely impor-
tant parameters for long-term remission of diabetes by reduc-
ing appetite, improving insulin sensitivity, inhibiting pancre-
atic β-cells apoptosis, and stimulating proliferation and differ-
entiation of insulin secreting β-cells. Additionally, GLP-1 in-
hibits gastric secretion and motility. This delays and protracts
carbohydrate absorption and contributes to a satiating effect
[20, 21]. Thus, GLP-1 is now being used in the clinic to
improve glucose tolerance and control T2DM [20].

Finally, following SJA in rats, cholesterol and triglyceride
levels remained unchanged until postoperative day 56. Longer
follow-up period is required to investigate if any change in
lipids profile will be statistically evidenced in this normolipi-
demic animal model. As shown in dyslipidemic diabetic pa-
tients, a period of several years is necessary following control
of the disease, to normalize the lipid profile [22].

We used Goto–Kakizaki rats, a non-obese effective and
economical diabetic experimental model [21, 23], in order to
investigate the safety of SJA and its effectiveness on diabetes
control. To our knowledge, studies on the effects of this novel
operation in animals or in non-morbidly obese diabetic pa-
tients have not been reported.

This procedure diverts food and biliopancreatic secretion to
the distal gut bypassing a significant part of the small intestine.
Although there is no blind bowel loop after SJA, the possibil-
ity of unpleasant pathophysiological consequences should not
be overlooked or underestimated. Micronutrient and

macronutrient deficiencies particularly for iron, zinc, vitamins
B and D, calcium, and albumins can bemanifested in the early
or late postoperative period [24, 25]. Bile salt diversion may
lead to malabsorption and diarrhea, improper balance of intes-
tinal bacteria, and alteration of microbiota [26, 27]. The pos-
sibility of small bowel bacteria overgrowth syndrome due to
the anatomical disturbance of the gut should also kept in mind
[28, 29]. This experimental study was not designed to inves-
tigate the above possible side effects. In fact, during the
10 weeks postoperative period of animal’s observation, none
of the rats developed any suspicious sign or symptom such as
diarrhea, loss of appetite, edema, abdominal distension, etc.

One animal died from intestinal obstruction in 32nd post-
operative day. Although in the rats no mesenteric defect man-
agement to prevent this complication was undertaken, if this
operation would be implemented in humans, closure of the
mesenteric defect below the distal loop is absolutely neces-
sary, as we have learned from the implementation of this pro-
cedure, with sleeve gastrectomy, in morbidly obese patients.

This experimental research is an interventional before and
after study and has a limitation. The comparisons with the
sham group and the control group are simply indicative and
confirmatory of the main goal which is largely the outcome
after the intervention. Therefore, the results of the comparison
among the three different groups must interpret with caution
because of the small-sized groups.

In conclusion, simple side-to-side jejunoileal anastomosis,
bypassing a large part of the mid small bowel for T2DM
control, is reported for the first time in experimental animals.
Experimental results and preliminary data from the implemen-
tation of this new procedure are encouraging. Further studies
are in progress in our institution in diabetic rats and diabetic
patients with BMI 25–35 kg/m2, in order to further evaluate
the safeness and effectiveness of this novel procedure.

Conflict of Interest The authors declare that they have no competing
interests.
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