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Abstract
Bariatric surgery alters the gastrointestinal hormonal milieu leading to improved glucose
homeostasis, though the mechanism leading to these changes is poorly understood. Ileal
transposition (IT) is a procedure that is neither restrictive nor malabsorptive but nevertheless
produces profound improvements in glucose regulation. Ileal transposition involves a short
segment of distal ileum being transposed to the proximal jejunum in an isoperistaltic direction
thereby avoiding any gastric resection or intenstinal bypass.

Methods—Diet-induced obese rats underwent either Ileal Transposition (IT), or Sham
procedures. The Sham operated rats were pair fed to the IT surgical group to control for the effects
of reduced food intake. Body composition data was recorded at specific time points, and glucose
tolerance tests were performed at 5 and 6 weeks both in the presence and absence of Exendin 9–
39, a known glucose-like peptide 1 (GLP-1) receptor antagonist. A subset of Naïve rats were also
maintained for comparison.

Results—IT and Sham operated rats had no differences in food intake and body weight however,
IT rats had a significant decrease in their body fat composition (P<0.05). No difference existed in
glucose tolerance when exposed to an intrapertioneal glucose load, however, IT rats showed
markedly improved glucose tolerance when submitted to an oral glucose tolerance test (p<0.001).
Blocking GLP-1 receptors reversed these important improvements in rats with IT surgery.

Conclusions—The present work recapitulates what is seen in rodents and humans that IT
improves glucose tolerance and body composition. The present data provide compelling evidence
that these improvements are a product of increased GLP-1 secretion that results from placing the
key GLP-1 secreting cells closer to chyme coming from the stomach. Such data support the notion
that rather than restriction or malabsorption, the underling molecular mechanisms that mediate the
potent improvements produced by bariatric procedures involve increased activation of GLP-1
signaling.
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Introduction
Along with the continued escalation in rates of obesity has come an increase in the
prevalence of obesity related comorbidites such as diabetes, hypertension, hyperlipidemia,
and certain cancers1,2. Diabetes is associated with its own comorbidites, namely heart
disease, kidney failure, blindness, and peripheral neuropathies3,4,5. Despite numerous
pharmaceutical advancements in the management of diabetes, bariatric surgery still remains
the most effective therapy to produce sustained weight loss and improved glucose control in
obese patients6,7. These findings have sparked much interest to identify the mechanisms that
lead to improved glucose regulation after bariatric surgery that might lead to other strategies
to manage glucose intolerance that results from obesity.

The procedure that has received the most research attention is the Roux-en-Y Gastric Bypass
(RYBG). In a RYGB, a small gastric pouch is made by stapling distal to the esophago-
gastric junction. The excluded stomach is left in place, but remains in discontinuity. A
gastro-jejunal anastamosis is performed to provide outlet for the newly created gastric
pouch. This procedure is often described as both “restrictive” and “malabsorptive”. Often
this description is taken as identification of its main mechanisms of action. However, a great
deal of evidence makes it unlikely that RYGB exerts its potent actions solely as a result of
physical restriction and caloric malabsorption29,30,31.

A number of alternative hypotheses have been proposed to explain the potent effects of
RYGB. One possibility is that because less digested chyme is routed closer to the ileum,
nutrient activation of key endocrine cells in the ileum would be greater in RYGB. In support
of this hypothesis is that RYGB in both people and rodents is associated with much greater
secretion of L-cell products such as GLP-1 and PYY8,9,10. GLP-1 acts to reduce glucose
excursion by inhibiting glucagon secretion, while simultaneously stimulating insulin
secretion in a glucose-dependent manner. Additionally, along with other components of the
“ileal brake,” GLP-1 inhibits gastric emptying and reduces food intake11.

Alternative procedures provide a way to more directly test the role of the hindgut as a target
for the beneficial effects of RYGB. One such procedure is ileal transposition (IT). In an IT, a
short segment of ileum is transposed in an iso-peristaltic direction with an intact mesentery
to the proximal jejunum, with no resection or bypass of any small bowel. Additionally the
stomach is left intact, avoiding any gastric restriction14. Despite this lack of intestinal bypass
or gastric restriction, IT results in improved glucose regulation, decreased body weight, and
decreased daily food intake resultant from the early delivery of chyme to the ileum. As
predicted, IT is associated with much greater secretion of GLP-1 just as is observed in
RYGB10,15,34. The current experiments sought to directly test whether the improved glucose
regulation seen after IT are the result of the enhanced GLP-1 secretion.

MATERIALS AND METHODS
Animals and Experimental Design

All experiments were done under approved protocol by the Institutional Animal Care and
Use Committee of the University of Cincinnati. All animals were adult male Long-Evans
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rats (Harlan Laboratories, Indianapolis, IN, USA, 200–250gm) which were singly housed,
and maintained on a high fat diet (HFD, 41% fat by kcal/g; Research Diets, New Brunswick,
NJ, USA) for 8 weeks prior to surgery. They were housed the University of Cincinnati
Metabolic Diseases Institute, and kept on a strict 12 hour light/dark cycle, 50–60%
humdiity, 25C, and allowed ad libitum access to water. In the initial postoperative period, all
animals were kept on a liquid diet in the form of Osmolyte 1Cal (1kcal/ml; Abbott
Nutrition) for 5 days, after which the solid high fat diet was resumed. In this time period,
they were administered 10ml of Normal Saline once daily, and analgesia (0.1 mg
Buprenorphine 0.1mg subcutaneous, Buprenex) daily, and as needed. All Sham animals
were pair fed to the average daily food intake of the IT group from the previous.

All rats underwent an oral glucose tolerance test (oGTT) 7 weeks after surgery. This was
followed shortly thereafter by repeated oGTT in the presence of a known GLP-1 receptor
antagonist, Exendin 9–39 ( Tocris Biosciences, 25nmol/kg IP). An intraperitoneal glucose
tolerance test was performed at 10 weeks postoperatively.

Surgeries
The animals were randomized into two surgical groups of 10 animals each prior to the start
of surgeries. All animals were weighed prior to surgery, their abdomens clipped of excess
hair, and administered Gentamicin (3mg subcutaneous) for preoperative antibiotic coverage.
Adequate anesthesia was maintained by inhaled Isoflourane and tested via tail pinch. After
induction of anesthesia, all rats underwent a midline laparotomy.

In the IT surgical group, the distal ileum was located by measuring backward from the
ileocecal valve after identification of the cecum. A 10cm segment was transected from 12 to
2cm proximal to the ileocecal valve. This segment was maintained on moistened gauze
while the two remaining ends of the ileum were anastamosed with 7-0 Vicryl in a running
fashion. The small bowel was then run in a retrograde fashion until the Ligament of Treitz
was identified. Once located, the jejunum was transected 5cm distal to this location. The
previously transected ileum was then interposed in an isoperistaltic fashion, and both ends
were anastamosed with 7-0 silk with a running stitch. This resulted in three intestinal
transections and anastamoses. Sham animals also underwent three identical intestinal
transections however the ileum was not transposed, and instead left in its original anatomic
location with three subsequent anastamoses.

Oral Glucose Tolerance Test
The first oral glucose tolerance test was performed at 7 weeks postoperatively. Animals
were fasted for 6 hours at the onset of the light cycle, in clean cages to avoid coprophagia.
Baseline blood samples were obtained via tail bleed for the measurement of blood glucose
and insulin levels. Glucose was administered via oral gavage (1gm, 25% D-Glucose), and
blood glucose levels were collected at 15, 30, 45, 60, and 120 minutes respectively via the
One Touch Glucometer (LifeScan, CA, USA).

Intraperitoneal glucose tolerance
An intraperitoneal glucose tolerance test was performed at 10 weeks postoperatively. All
animals underwent a 6 hour fast at the onset of the light cycle, after which baseline blood
samples were obtained via tail bleed, 1.5gm/kg glucose was administered IP as a 25% D-
glucose solution. Blood samples were collected via tail bleed at 15, 30, 45, 60, and 120
minutes via the One Touch Glucometer.
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GLP-1R antagonism
An oral glucose tolerance test was repeated in a similar fashion to the initial oral glucose
tolerance experiment, with a 6 hour fast prior to onset of baseline measurements. After
baseline samples were collected, all animals received the highly specific and sensitive
peripheral GLP-1 receptor antagonist Exendin 9–39 (25nmol/kg) IP, 10 minutes prior to oral
gavage of 1gm of glucose. Glucose measurements were taken at 15, 30, 45, 60, and 120
minutes.

Insulin assay
Blood samples were obtained from all glucose tolerance tests at 15, 30, and 60 minutes.
Plasma was isolated after blood was centrifuged for 20 minutes. Plasma samples were then
analyzed using the rat insulin Elisa kit (Crystal Chem Inc, IL, USA) via the manufacturer’s
instructions.

Body Composition
Body composition analysis was performed preoperatively, then at 30 days and 45 days for
fat mass and lean mass quantification with the Echo MRI (Echo MRI Whole Body
Composition Analyzer, Echo Medical Systems, TX, USA).

Statistical analysis
All data was assessed using GraphPad (Prism, San Diego, CA, USA) and is expressed as
mean +- SEM. At the conclusion of our study, 9 animals remained in each group, with 1
animal from each surgical group lost during the acute postoperative recovery period. These
animals were excluded from any statiscal calculation. Body weights, daily food intake,
insulin, and glucose measurements were analyzed using repeated measures ANOVA with a
Bonferroni post hoc test where appropriate. Body composition data was analyzed using a t-
test.

Results
Body Weight

There was no statistically significant difference between IT and Sham-PF animals with
regard to body weight, though the Sham-PF animals did recover from surgery earlier as
indicated by the quicker recovery to preoperative body weight, and earlier start to their
regaining of weight. Compared to Naive animals, both had statistically significant weight
changes beginning on POD#4 (Figure I).

Food Intake
Given that the Sham animals were pair-fed to the IT surgical group, there were no
statistically significant differences in their food intake. Both groups compared to the Naive
animals did not demonstrate a difference in food intake (Figure II).

Body Composition
There were no statistically significant changes seen between all groups (IT, Sham-PF, and
Naive) prior to the onset of surgical interventions. At 5 weeks post operatively, the IT
surgical group demonstrated a significant decrease in fat mass, which persisted at repeat
analysis in 7 weeks (Figure III). Naive animals showed a significant increase in fat mass,
and no animals had a significant change in their lean mass (Figure IV).
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Glucose Tolerance
In response to 1gm of oral glucose, the IT animals did have a statistically significant
response in their glucose tolerance, namely at the 45, 60, and 120 minute time points (p <
0.05) (Figure V). In regards to 1.5gm/kg of IP glucose, there was no statistically significant
difference in glucose tolerance (Figure VI). When the Sham-PF and IT animals had an oral
glucose tolerance test repeated in the presence of the known GLP-1R antagonist Exendin 9–
39, the improvement in glucose tolerance that was previously seen was negated at all time
points except 120 minutes (Figure VII).

Discussion
It has long been known that bariatric surgery causes improvement in glucose homeostasis,
both acutely, and in long term human studies6,16,17,18. Similar to previous studies, we have
shown that IT results in preferential loss of fat mass, compared to both naïve, and pair-fed
sham group. When exposed to oral glucose loads, IT animals show improved glucose
tolerance. However, that effect is less obvious when glucose is delivered IP and therefore
does not engage the GI tract. This outcome points to the importance of GI signaling in the
improved glucose regulation. In our hands, independent of food intake and body weight,
early exposure of the distal gut to the nutrient-rich chyme of the stomach after an oral
glucose load causes a GLP-1 dependent improvement in glucose tolerance. We have
demonstrated the novel ability to reverse this improved oral glucose tolerance by inhibiting
the GLP-1 receptor with Exendin 9–39. This indicates that the majority, if not all of the
glucose regulation improvements seen after IT, is the result of increased GLP-1R activation,
a direct result of increased GLP-1 secretion from the ileal L cells. Also, this implies that
GLP-1 receptor activation is due to intraluminal factors, and not by circulating hormones.

As seen previously, IT results in increased circulating levels of GLP-110,15. Though many of
the breakdown products of ingested energy such as carbohydrates, protein, and fat are
known to stimulate GLP-1 secretion, the exact stimulus for its dramatic upregulation after
bariatric surgery is as yet unidentified11–13. Despite having identical concentrations and
amounts of nutrients ingested in our animals, altering the timing of exposure of these
nutrients to the ileal segment induced a physiologically significant difference in activation of
the GLP-1 receptor. Given the surgical design of IT, this increased activation must come
from signals either created by, or leading to, early activation of the ileal enteroendocrine
cells. In performing a gastrojejunostomy to allow for outlet of the newly created gastric
pouch in RYGB, the distal gut is similarly “prematurely” activated. Although the
aformentioned components of the nutrient rich chyme leaving the stomach all have the
potential to be the sole stimulus for the improvements in glucose tolerance, it has been
difficult to tease out the respective contributions of each of these factors. Identifying a
narrower subset of catalysts for these changes, could help to direct research efforts towards
the exact metabolic circuitry that is altered in bariatric surgery, leading to the observed
phenotypic changes.

Another component of the nutrient rich chyme entering the small bowel are bile acids.
Similar to the known increased GLP-1 levels post surgical intervention, and considerable
evidence exists regarding increased bile acids levels post gastric bypass19. Bile acids have
long been understood to contribute to the metabolism of plasma lipids, and have been
targeted in the treatment of hyperlipidemia20. Carefully examining all of the bariatric
surgeries that most effectively treat diabetes, common elements include delivery of the
biliopancreatic secretions far more rapidly to the distal gut than in non-altered anatomy. In
the case of RYGB, the length of the alimentary limb has been shown to be directly
proportional to weight loss noted in super obese individuals32,33. Stated differently, the more
distally biliopancreatic secretions are diverted, the greater the phenotypic changes.
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Duodenal-Jejunal Bypass (DJB) and Jejunoileal Bypass (JIB) both deliver nutrients to the
distal gut sooner as well, but in all surgical approaches there is profound variability in this
premature delivery given the lack of standardization of the length of the alimentary limb21.
In the case of RYGB, it is primarily surgeon preference which determines alimentary (Roux)
limb length, and can vary from 75–200cm. On the other hand, the biliopancreatic limb has a
more uniform length (30–40cm), thought variability is seen here is well. When examining
this as a percentage of bypassed intestine, gastric nutrients are typically only “short
circuited” 30–40cm in a RYGB, where the accepted total length of small intestine is
generally considered to be about 6 meters in humans. This represents only a small though
notable change in total distance that nutrients must travel. On the other hand, the
biliopancreatic secretions including bile acids, bypass on average about 100–150cm, a far
larger percentage. Given this, the drastic changes seen in hormonal profiles after bariatric
surgery could be due to the change in the bile flow, rather than nutrients.

Evidence of bile acids acting as candidate hormones for the noted ileal hormone changes is
centered on recent evidence linking the G-protein coupled bile acid receptor TGR5 to GLP-1
secretion. TGR5 has been known to induce type 2 thyroid deiodinase to increase energy
expenditure, and is differentially expressed in various tissues, though most prominently
noted in muscle and brown adipose tissue. In vitro, it has been demonstrated that bile acids
induce GLP-1 release, through TGR5, likely through a cAMP mediated mechanism.
Additionally, alterations in gene expression of TGR5 modulated GLP-1 secretion in a
similar manner22. More recently in a series of experiments by Engelstoft et al. using both
pharmacological and gain and loss of function models in vivo, bile acids were shown to
induce GLP-1 secretion in a dose dependent manner. This increased GLP-1 resulted in
improved glucose tolerance as one would expect. This evidence suggests that bile acids also
play a role in the hormonal changes seen after bariatric surgery. RYGB, IT, DJB, and JIB all
exhibit elements in their surgical design that cause markedly earlier exposure of bile acids to
the distal gut. Many also include bypass of some portions of the foregut.

Prior hypotheses have suggested that the primary stimulus for improved glucose regulation
is avoidance of nutrient flow through the proximal small intestine, namely the duodenum23.
Dubbed the foregut hypothesis, it has been suggested that bypassing key portions of the
proximal gut avoids the secretion of an anti-diabetogenic signal, leading to improved insulin
sensitivity and secretion24. Such changes in foregut secretion cannot explain the
improvement in glucose tolerance seen in IT since it results in no change in foregut nutrient
exposure.

Previous experiments with IT have shown increased levels of the hormones secreted from
the distal gut, but these hormones are not exclusive to the distal ileum. GLP-1 is known to
be secreted from not only the ileal L-cells, but colonic enteroendocrine cells, neural cells in
the caudal regions of the nucleus of the solitary tract (NTS) and from pancreatic islet cells11.
GLP-1 receptors are found throughout the body, with effector organs including the
pancreatic islets, gastric acid secreting cells, cardiac myocytes, the hepatic portal region, and
several brain regions12. Though the major source of secreting GLP-1 is known to occur after
direct intraluminal stimulation of ieal L cells, secretion appears to occur prior to nutrient
arrival to these portions of the distal gut. Additionally, there is a subset of GLP-1 receptors
that are activated independent of GLP-1, likely through a vagally mediated response13. The
complex interaction of neural and alimentary signaling has yet to be clearly elucidated.

Our surgical model begins to demonstrate that early activation of the hindgut induces a
series of signals that ultimately result in increased GLP-1 receptor activation. Though this
may be as simple as increased secretion from the ileal L-cells resulting in in direct activation
of GLP-1 receptors, however, as yet there is no direct evidence to suggest this is the sole
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mechanism. Careful examination of our own data shows that at the 120min time point after
administration of Exendin 9–39 and an oral glucose load, there still remains a statistically
significant difference in glucose levels. Perhaps downstream early activation of the distal gut
induces an as yet unidentified signaling cascade that has late effects on baseline glucose
levels. Though a simple explanation of the residual difference in glucose levels could be
explained by the reported 30 minute half-life of Exendin 9–39, this difference could be an
indication of non-GLP-1 related effects of IT.35 Altering the exposure of nutrients in small
bowel may change the composition of nutrients reaching the colonic enteroendocrine cells,
resulting in the key signaling changes. Additionally, much attention has been given to the
composition of the intestinal flora, and its contributions to glucose regulation and
susceptibility to diet induced obesity25,26. Any alimentary surgery alters this microbial
environment, but the contributions that these alterations have in metabolic regulation or
enhanced GLP-1 secretion is unclear.

The notable exception is Sleeve Gastrectomy (SG). SG has gained increasing popularity
amongst surgeons and researchers alike, and some studies have shown comparable results to
RYGB when examining endpoints such as body weight and glucose tolerance27,28. If the
mechanism behind these changes is due clearly hindgut activation, the process by which SG
causes this is unclear. No intestine is bypassed or resected and the pylorus is left intact so
presumably gastric transit is likely largely unaffected. There is no obligate vagotomy, so
direct sympathetic/parasympathetic signaling affecting intestinal motility should also be
unchanged.

To clearly elucidate these mechanisms and the contributions of the hindgut, nutrients, and
bile acids to glucose regulation after bariatric surgery, more research is needed. With the
obesity afflicting nearly 1/3 of the adult population in the U.S. it is clear that the current
surgical solutions can never be the basis for helping more than a small percentage of those
afflicted. However, understanding the key mechanisms of these surgeries has enormous
benefits. Insight into how these surgeries produce such potent effects can allow for less
invasive and more scaleable therapies that range from simpler procedures that could be
performed endoscopically to effective medications that allow us to help a much larger
segment of the obese population.
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