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Mechanisms Responsible for Excess Weight Loss after Bariatric Surgery
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Abstract

Obesity has increased alarmingly in the United States and is increasing in many countries of the world.
Because obesity is an important risk factor for type 2 diabetes and other chronic diseases, it is important to
develop approaches to counter the rapid increase in adiposity. One approach is bariatric surgery, the most
successful clinical intervention known for treating obesity. Surgery can result in impressive weight loss and
improvement of obesity-related comorbidities. Yet the mechanisms responsible for this remarkable effect of
surgery remain controversial. It is now clear that caloric restriction, per se, does not explain all the reduction
in stored fat mass after surgery. A number of gastrointestinal hormones, including glucagon-like peptide
(GLP)-1, peptide YY, oxyntomodulin, GLP-2, glucose-dependent insulinotropic polypeptide, ghrelin, and others,
can play roles in energy homeostasis and could be involved in bariatric-surgery-related weight loss and weight
loss maintenance. Vagal innervation may play a role. In addition, there may be other yet-uncharacterized
factors that could participate. This review discusses the possible roles of these hormonal mechanisms in
various types of bariatric surgery to help elucidate some of the potential mechanisms at play in short-term
and long-term post-bariatric surgery weight loss. Understanding such mechanisms could lead to new and
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efficacious means to control or even reduce the epidemic of obesity.

Introduction

Obesity is a worldwide epidemic that results in
increased risk for type 2 diabetes, cardiovascular disease,
cancer, osteoarthritis, nonalcoholic fatty liver disease,
polycystic ovary syndrome, sleep apnea, depression, and
reduced life expectancy! Sixty-six percent of Americans
are overweight or obese, and it is estimated that, if current
trends continued, by 2048, all Americans would be

overweight or obese.? Moreover, the prevalence of child
obesity has increased to alarming levels, with 17% of
children and adolescents ages 2-19 years in the United
States being obese.®> The problem of obesity is not limited
to the United States; according to the International
Association for the Study of Obesity, there are 525 million
obese adults worldwide and almost twice that number
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overweight, which means that around 1.5 billion adults
are overweight or obese and at risk for chronic diseases.*

Adiposity is controlled by a complex physiological system
involving multiple feedback signals. Therefore, despite
decades of sustained research, therapeutic options for
obesity treatment are relatively limited. They include
lifestyle interventions (such as diet, exercise, and behavioral
changes), pharmacotherapy (orlistat for long-term treatment
and phentermine and other sympathomimetics for
short term) and surgical approaches (bariatric surgery).
Both lifestyle interventions and drug therapy usually
result in modest weight loss of 5-10%: meta-analyses
show a decrease of approximately 2.5 kg at 24 months
for diet, exercise, and lifestyle® and additional 2.8 kg
compared with placebo for orlistat.” A great challenge
to obesity management is maintaining the weight loss.
Over the long term, one-third to two-thirds of dieters
subsequently regain more weight than they lost on their
diets.® While drug-treated patients are more likely to
maintain weight losses, weight regain often occurs when
medication is stopped.’

In contrast to these latter disappointing outcomes, bariatric
surgery can be a very effective approach to weight loss.
It is to date the most successful intervention for obesity.
The weight loss range is 12% to 39% of presurgical body
weight or 40-71% excess weight loss (EWL).1*2 Moreover,
bariatric surgery results in long-term maintenance
of weight loss, as well as improvement in all obesity-
related comorbidities.”® In addition, bariatric surgery is the
only approach to reversing type 2 diabetes mellitus,
normalizing blood glucose even without significant
weight loss."

Because of efficacy, the number of bariatric surgery
procedures is growing exponentially. It seems obvious
that restriction of movement of food through the gastro-
intestinal tract might limit food intake and reduce fat
storage, at least in the short term. However, the reduction
in adiposity often exceeds that expected by the reduction
in food intake per se. Mechanisms that result in impressive
loss of stored fat due to surgery are far from totally
understood. Therefore we have chosen to bring together
much of the evidence related to bariatric surgery and
loss of adiposity. We have limited this review to weight
loss; there are excellent reviews related to bariatric surgery
and normalization of glycemia.!*!> There is little question
that it is of great importance to understand the mechanisms
associated with weight loss and bariatric surgery, in the
hope that, eventually, therapeutic approaches that are
less invasive than surgery itself can be developed.

Bariatric Surgical Procedures

Based on the nature of intervention, bariatric surgery
procedures can be divided in two main groups: purely
gastric restrictive versus gastric bypass (GB) with
intestinal transposition (Table 1; Figure 1).

Gastric Restrictive (Laparoscopic Adjustable
Gastric Banding, Vertical Banded Gastroplasty,
Sleeve Gastrectomy)

Laparoscopic adjustable gastric banding (LAGB) is the
most commonly performed bariatric surgery procedure
performed worldwide. Together with the second most
common, laparoscopic Roux-en-Y gastric bypass (RYGB),
they accounted for 82% of the bariatric surgeries
performed worldwide in 2008 (Table 2). It is estimated
that 112,200 adjustable gastric banding (AGB) surgeries
were performed in 2008 in the United States and
168,597 worldwide.’* In LAGB, an adjustable silicone
band is placed around the stomach just below the
gastroesophageal junction, physically reducing gastric
size and resulting in a pouch with an initial volume of
about 15 ml. The lumen of the band is connected via tubing
to a subcutaneous port, and injection of saline allows
the band to be adjusted” (Figure 1D). Average weight
loss post-LAGB, according to a meta-analysis, is 42.6%
EWL at 1 year, 50.3% at 2 years, and 55.2% at >3 years
postsurgery.’> Another report indicates 59% EWL at 8
years post-LAGB.!®

Procedure Description

Purely gastric

restrictive
Adjustable silicone band is placed around
a
AGB/LAGB stomach to create a 15 ml pouch
VBG Rows of staples to create a stomach
pouch and a band to allow food passage
SG Resection of great curvature to create a

tubular stomach

GB with intestinal
transposition

15-30 ml gastric pouch + rerouting
of nutrient flow through gastrojejunal
anastomosis

GB/RYGB?

Distal gastrectomy with the stomach
anastomosed to distal ileum; proximal
ileum is anastomosed to terminal ileum

BPD/BPD with
duodenal switch?

Proximal jejunum is anastomosed to the

JIB ) )
terminal ileum

4 A version of the main procedure.
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Vertical banded gastroplasty (VBG) reduces stomach
size by using both staples and a band to create a small
gastric pouch. The pouch has a small opening through
which food can enter the rest of the stomach. Vertical
banded gastroplasty was introduced in 1980 and, in

its original form, had a relatively higher complication
rate and lower success rates in weight loss than other
procedures. MacLean’s modification of the standard open
Mason procedure resulted in a decrease in complication
rate and a good weight loss, but the procedure is

Figure 1. (A) RYGB, (B) biliopancreatic diversion with duodenal switch, (C) SG, and (D) LAGB. (Reproduced with permission from Annual

Review of Medicine.?)
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Procedure Ranking | Percentage

LAGB 1 42.3
Laparoscopic standard RYGB 2 39.7
Open standard RYGB 3 5.7
Laparoscopic SG 4 5.1
Laparoscopic ang—limb 5 34
and very-long-limb GB

All others (<1% per type of surgery) - 4.1

@ Adapted from Pories and colleagues.™

infrequently used.”?° In 2008, VBG accounted for 1.1% of
total bariatric surgeries performed worldwide.!®

Sleeve gastrectomy (SG) was initially introduced as the first
step of the duodenal switch procedure but is now used as
a standalone procedure, frequently in the laparoscopic
approach. The greater curvature of the stomach is resected,
producing a tubular stomach that resembles the size and
shape of a banana* (Figure 1C). The resection of the
stomach fundus and antrum produce major endocrine
changes. Thus SG shares several elements with GB and
intestinal transposition procedures (discussed later),
including postprandial increases in intestinal hormones
such as glucagon-like peptide (GLP)-1 and peptide
YY (PYY), as well as changes in ghrelin. As a result of
technical efficiency and good EWL (approximately 66%
at 3 years), the number of SGs performed has an upward
trend: the percentage of SG performed worldwide has
increased from none in 2003 to 5.4% in 2008.1¢

Gastric Bypass and Intestinal Transposition (Roux-
En-Y-Gastric Bypass, Biliopancreatic Diversion,
Jejuno Ileal Bypass)

In this group of procedures, stomach restriction is
combined with rearrangement of various portions of the
gastrointestinal tract such that nutrients are diverted toward
the lower intestine while the upper intestine is bypassed.

Gastric bypass was first introduced in the 1960s.2
Since then, there have been numerous advances in the
technique, access, surgical equipment, and short-term
and long-term outcomes. The most common version,
laparoscopic RYGB, is the second most frequently performed
bariatric surgery procedure, accounting for 39.7% of the
344,221 bariatric surgeries performed worldwide in 2008.¢

In RYGB, the gastric volume is restricted by creating a
15-30 ml gastric pouch, while nutrient flow is rerouted
from the stomach directly into the proximal jejunum
through a gastrojejunal anastomosis, resulting in three
limbs: a biliopancreatic limb (from ligament of Treitz to
jejuno-jejunostomy, transmits bile and pancreatic juices
to the jejuno-jejunostomy), an alimentary limb (jejunal
Roux-en-Y limb anastomosed to the stomach) and a
common channel (from enteroenterostomy to ileocecal
valve??* Figure 1A). In a meta-analysis of weight loss
post-bariatric surgery, Buchwald and colleagues!! showed
that GB resulted in an average weight loss of 43.5 kg,
or approximately 61.6% EWL. Assessment was made
at the time of changes in comorbidities (e.g., diabetes,
cardiovascular disease), usually less than 2 years. However,
in most studies included in the meta-analysis, weight
loss outcome was not statistically different between
assessments made at 2 years or less or more than 2 years.
Another meta-analysis by Garb and associates'? shows
an average of 62.6% EWL for laparoscopic GB.

Biliopancreatic diversion (BPD), devised by Scopinaro,®
consists of a distal gastrectomy with a long Roux-en-Y
reconstruction where the enteroenterostomy is placed
at a distal ileal level. Thus the bypassed portion of the
duodenum includes the point of entry for biliary and
pancreatic secretions, leading to a delayed mixing of food
with biliopancreatic secretions.

More frequently performed than the Scopinaro procedure
is BPD with duodenal switch, a version in which the
Roux limb is anastomosed not to the stomach but to the
duodenum, thus preserving the pylorus® (Figure 1B).
Biliopancreatic diversion results in impressive weight
loss of ~70% EWL, maintained at long-term follow-ups.
However, it is not often performed, representing only 2%
of total bariatric surgery procedures.!?

Jejuno ileal bypass (JIB), a procedure in which proximal
jejunum is anastomosed to the terminal ileum, was the
first surgical approach to obesity treatment.?® Jejuno
ileal bypass is not used anymore because of numerous
and sometimes severe side effects, such as protein
malnutrition, vitamin and mineral deficiencies, renal failure,
liver disease, and even death.”’ However, information
derived from the changes in gastrointestinal hormones
after JIB can be applied to increase knowledge about
how currently used bariatric surgery operations work.

Most of the weight loss post-bariatric surgery occurs
in the first 2 years after surgery, but there is some
information regarding long-term weight loss. In the
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Dutch Bariatric Surgery Group study, maximum weight
loss of 70% EWL was achieved on average by 17 months,
but only 45% of EWL was maintained 8 years after GB.®
After laparoscopic gastric banding, average EWL was
reported to be 30% at 9 or more years” and 50% at 8 years.!®

Clearly, bariatric surgery is a highly efficacious approach
to causing weight loss. It is therefore of great interest
to examine putative mechanisms that may synergize
reduced flow of nutrients through the gastrointestinal
tract to understand why surgery is so effective.

Mechanisms of Weight Loss

Malabsorption

It was initially thought that bariatric surgery results in
weight loss only due to restriction of caloric intake and
malabsorption produced by diversion of nutrients from
the duodenum (in the bypass type). Indeed, as a result
of decreased food intake, reduced absorptive area, and
decreased gastrointestinal secretions, as well as side
effects of surgery such as vomiting and food intolerance,
malnutrition is present in 30-70% of bariatric surgery
patients. Malnutrition includes protein—calorie deficiency,
vitamins (especially fat soluble vitamins but also BI2 and
Q), iron, calcium, and zinc.?® However, Pilkington and
coworkers® showed that, during weight loss, fecal energy
content did not change in obese men and women after
JIB, Condon and colleagues® reported that only 21-31%
of weight loss could be attributed to fat malabsorption,
and Bueter and associates®> found no increase in fecal
mass, fecal calorie content, or inflammation in a rat
model of RYGB.

These latter studies argue that malabsorption and inflam-
mation are not the primary mechanisms explaining
weight loss after bariatric surgery.

Caloric Restriction Per Se

Caloric restriction per se was another mechanism postulated
for bariatric-surgery-induced weight loss (reduction in
food intake due to stomach size reduction). Caloric intake
is dramatically reduced after bariatric surgery (to 200-
300 kcal/day), and it is likely that it is primarily
responsible for the initial postsurgical weight loss.
Obese subjects lost equivalent amounts of weight
compared to surgery when placed on matched reduced
caloric diets for 1 or 2 weeks.3*3 However, the amount of
long-term weight loss that results from caloric restriction
is small compared with bariatric surgery, typically 5-10%,
and it takes longer to achieve®® A 10% weight loss took
6 weeks for RYGB patients versus 30 weeks for patients

in a nonsurgical group (hypocaloric diet and lifestyle
intervention).*® Comparisons between weight loss via
surgery versus weight loss via diet-exercise-behavioral
intervention must be carefully interpreted given that
surgery dramatically reduces caloric intake while other
types of interventions are harder to enforce. However,
there is evidence indicating that a negative energy balance
via caloric restriction is not responsible for all the weight
loss in bariatric surgery and for maintenance of that
weight loss. Pair feeding of sham-operated diet-induced
obese rats to a RYGB group resulted in less durable
weight loss.¥” Bariatric surgery results not only in
decreased food intake, but also in changes in frequency
of food intake (fewer snacks, less food per meal) and
in food preference. Post surgery, patients have reduced
preference for sweet and fat taste and for high-calorie
foods.® Behavioral and electrophysiological studies
in rats showed that GB alters central taste processing
for sweet taste?’ These latter findings suggest that
additional mechanisms come into play in bariatric-
surgery-induced weight loss. Indeed in both restrictive
and bypass procedures, but especially in bypass type,
changes in gastrointestinal hormones and in enteral
neural connections occur, and these changes may play
important roles in weight loss achieved.

Changes in gastrointestinal hormones resulting from
bariatric surgery may not totally explain the effects of
bariatric surgery on weight loss. It does appear likely that
they explain some of the remarkable effects of surgery
on weight loss. Therefore we reviewed herein much of
the evidence in this field in an attempt to assess the
role of hormonal changes on bariatric-surgery-induced
adiposity reduction, remembering that this is a fast-
moving area of research and that we can only provide a
“snapshot” of available findings.

Gastrointestinal Hormone Changes after
Bariatric Surgery

The gastrointestinal tract, the largest endocrine organ
in the body, is a complex neuroendocrine system. More
than 30 known peptide hormone genes are expressed
in the digestive tract, with more than 100 different
hormonally active peptides produced.®® Because they
may play important roles in weight loss following
surgery, it is of interest to review changes in hormones
that have been investigated in relation to bariatric surgery.
For each signal, it is important to examine the effects
of bariatric surgery on changes in hormone levels at
basal and after meals and compare these changes with
changes induced by food restriction weight loss to ferret
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out the role of surgery. Additionally, it is important
to show that either reversal of observed changes or
simulation of such changes can reiterate the effects of
surgery. It is extremely difficult to accomplish the latter
goals because of the different types of surgery involved,
the many possible candidates promoting weight loss,
and the effects on food intake and energy utilization.
A summary of what we know so far follows.

Glucagon-Like Peptide-1

Glucagon-like peptide-1 is a 30 amino acid peptide released
from L-cells in response to meal ingestion. L-cell
stimulation increases not only GLP-1 but also GLP-1-
related peptides, all derived from the same proglucagon
molecule: glicentin, oxyntomodulin, intervening peptide-2,
and GLP-2, as well as PYY and perhaps glucose-dependent
insulinotropic polypeptide (GIP)#4* GLP-l-releasing cells
are located throughout the intestine, with a greater
concentration in distal ileum and colon. In the upper
intestine, colocalization of GLP-1 with GIP has been
found,** while, in the lower intestine, GLP-1 colocalizes
with PYY* Thus it is very possible that any intervention
that stimulates GLP-1-producing cells (bariatric surgery
or secretagogues) would increase levels of these other
hormones as well.

After release, GLP-1 is rapidly degraded by the ubiquitous
enzyme dipeptidyl peptidase (DPP) 4. Glucagon-like
peptide-1 is involved in multiple ways in glucose
homeostatic regulation, as well as in energy balance
through effects on satiety and food intake. Together with
GIP, GLP-1 is a major insulinotropic hormone responsible
for the incretin effect, enhancement of insulin secretion
by oral glucose versus an isoglycemic intravenous load.
Over the long term, GLP-1 increases beta-cell mass
by stimulating beta-cell growth and proliferation and
by inhibiting apoptosis. Glucagon-like peptide-1 also
improves plasma glucose by inhibiting glucagon secretion
and by slowing of gastric emptying and intestinal
motility. Via the latter two actions, GLP-1 has a major
role in the “ileal break” (the phenomenon whereby the
presence of nutrients in distal gut results in a decrease in
gastrointestinal motility); this, in turn, contributes to a
feeling of fullness and reduces hunger and food intake*>4
Glucagon-like peptide-1 appears to promote insulin-
independent glucose disappearance, an effect that may be
mediated via a portal vein GLP-1 sensor. The mechanism
of this latter effect is not known, but it is possible that
portal presence of GLP-1 activates portal vein receptors
that, in turn, via neural connections, result in increased
glucose uptake in target organs such as liver, muscle,

or adipose tissue.*”#8 By acting on the central nervous
system, GLP-1 inhibits food and water intake and
promotes satiety. In the brain, GLP-1 is synthesized by
a population of neurons in the nucleus of the solitary
tract; their fibers project to other areas of the brain, in
particular, the paraventricular and arcuate nucleus of
the hypothalamus® It is possible that peripheral GLP-1
also acts in the central nervous system by binding to
GLP-1 receptors that are abundant in the so-called “leaky”
areas of the blood-brain barrier (subfornical organ, area
postrema, median eminence, and pituitary) by crossing
the blood-brain barrier or by activating peripheral sensors
that, in turn, communicate with brain areas involved
in satiety and food intake regulation.”® Indeed, a meta-
analysis of studies investigating the effect of pharmaco-
logical dose intravenous GLP-1 on food intake found
that GLP-1 reduced ad libitum caloric intake by 12% in
normal or obese humans?® subcutaneous administration
of recombinant GLP-1 to obese humans reduced caloric
intake by 15% and produced weight loss.> The GLP-1
agonist, exenatide, which has a longer disappearance
half-time than the native compound, inhibits food intake
and promotes weight loss in many patients.*

A majority of studies indicate that plasma levels of GLP-1
can increase after bariatric surgery, but the effect on
fasting plasma GLP-1 varies by surgery: increases in fasting
plasma GLP-1 after RYGB, JIB, or SG;>*% no change after
LAGB;®% or even a decrease after AGB or RYGB.5®

Perhaps more important than the fasting plasma GLP-1
to glucose homeostasis and food intake are postprandial
plasma levels. Postprandial plasma GLP-1 increments
have been reported as early as 2 days after RYGB* and
1 week post-BPD;® plasma GLP-1 is elevated as late as
3 years after RYGB® or 20 years after JIB.>* There may
be a progressive postprandial plasma GLP-1 increase after
bariatric surgery, at least up to 24 months. Le Roux and
coworkers® showed significant increases in plasma GLP-1
area under the curve (AUC) at 3 months and then at
12 and 24 months post-RYGB.%? In contrast, Korner and
colleagues®® found no difference in 30 min plasma
GLP-1 levels between 26 and 52 weeks post-RYGB, a
finding that was supported by long-term studies of
Vidal and associates.®

Surgical procedures with intestinal rearrangement
(RYGB, BPD, and JIB, compared with AGB and VBG)
result in larger increases in plasma GLP-1. The GLP-1
postprandial plasma levels were higher in RYGB than
in AGB 6-36 months after surgery, even though weight
loss in the two groups was the same. Importantly, the
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increase in the RYGB group was higher than the lean
controls, suggesting a supraphysiological change in
hormone secretion pattern post-bariatric surgery.®
Similar results were reported in other studies,%®
suggesting that the satiety effect of GLP-1 might be
involved in the higher weight loss observed with RYGB.
Fasting and postprandial plasma levels of GLP-1 were
more increased 6 months after BPD than after VBG.”
Korner and colleagues® found that postprandial GLP-1
did not change at 26 or 52 weeks after LAGB. However,
Carroll and coworkers® showed that, 6 months after
AGB, postprandial GLP-1 increased to levels comparable
to those of a lean control group. The GLP-1 levels
increase after SG as well. Peterli and colleagues,® in a
longitudinal study looking at GLP-1 increases after RYGB
or SG, found that postprandial plasma GLP-1 was higher
in the RYGB group than in the SG group at 1 week
postsurgery. However, by 3 months, the groups had
similar levels of GLP-1.

Why does GLP-1 increase after bariatric surgery? Isbell
and associates® measured plasma GLP-1 in response
to meal test before and 4 days after RYGB or after 4 days
of a reduced-calorie diet to match surgery group in
nonsurgical obese subjects. Both groups lost similar
amounts of weight, but plasma GLP-1 response was
increased only in the surgical group. A similar finding
was reported by Laferrére and coworkers,® and Marfella
and colleagues™ found similar postprandial GLP-1
increases post-BPD or a 10 kg weight loss through diet,
but the interprandial plasma GLP-1 levels were higher
in the BPD group. Available evidence suggests that a
greater exposure of distal gut to nutrients post-bariatric
surgery could result in higher GLP-1 secretion from the
L-cells. Indeed, in animal models, ileal transposition, a
procedure in which a portion of the ileum is transposed
to the jejunum, thus changing the normal distribution
of the endocrine cells, results in higher plasma levels of
GLP-1 and PYY as well as weight loss.”! Findings also
support the hypothesis that direct delivery of nutrients to
the lower intestine might play a role. McLaughlin and
associates’ report a case of a patient with hyperinsulinemic
hypoglycemia and increased plasma GLP-1 levels after
RYGB. Insertion of a gastrotomy tube in the remnant
stomach and thus a change in nutrient delivery from the
distal gut to the more physiological proximal gut resulted
in reversal of abnormal GLP-1 and insulin secretion.

It seems clear that GLP-1 plasma levels are higher after
surgery than after equivalent diet-induced weight loss.
DPP-4 inhibition could also play a role in the increased
GLP-1 levels seen after bariatric surgery. DPP-4 activity

was significantly decreased (and GLP-1 increased) after
GB but not after caloric restriction.”? But Lugari and
coworkers™ reported increased plasma DPP 4 activity
post-BPD. Dipeptidyl peptidase 4 activity is different in
diabetic patients versus non-diabetic patients, and this
could explain why patients with and without diabetes
post-RYGB have the same amount of weight loss but
different GLP-1 profiles.”>”® It does not appear that
reduction in DPP 4 activity explains the postsurgery
increase in GLP-1.

It is not sufficient to demonstrate increase in GLP-1 after
surgery; it is not clear what role the hormone plays in
bariatric-surgery-induced weight loss. Procedures with
greater increases in plasma GLP-1 (RYGB, BPD) also
have greater weight loss.®®> However, when patients post-
BPD and post-VBG were compared at 6 months, despite
significantly increased plasma levels of GLP-1 (19 times),
the weight loss in the two groups was the same®
suggesting that GLP-1 plays only a modest role in the
weight loss. Morinigo and colleagues” compared plasma
GLP-1 levels and weight loss 6 weeks after RYGB and
found that patients with or without diabetes had similar
weight loss despite the fact that GLP-1 was increased
in patients without diabetes and not increased in patients
with diabetes. In contrast, de Carvalho and associates,””
in a study investigating oral glucose tolerance test (OGTT)
plasma GLP-1 levels 9 months after RYGB found that
patients with abnormal glucose metabolism had higher
levels of GLP-1 than normal glucose tolerance patients.
These data do not make it possible to determine whether
GLP-1 determines the weight loss process or is a result
of it, and if the presence or absence of diabetes before
bariatric surgery influences the relationship between
GLP-1 and weight loss.

In attempts to clarify the role of GLP-1 in bariatric-
surgery-induced weight loss, a number of researchers
looked at changes in GLP-1 in relation to food intake,
hunger, and satiety. Borg and coworkers™® found increases
in postprandial plasma GLP-1 at 1, 3, and 6 months after
RYGB as well as reduction of hunger and increases in
satiety but no changes in nausea or aversion to food.
Morinigo and colleagues” found three-fold increases
in plasma GLP-1 levels 6 weeks after RYGB but no
correlation between GLP-1 changes and eating behavior.
On the other hand, different findings were reported by
Le Roux and associates® in a prospective study looking
at postmeal levels of several gut hormones, including
GLP-1, at 2, 4, 7, and 42 days after RYGB. The authors
also measured hunger and satiety in “responders”
(patients with significant weight loss postsurgery) and
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“nonresponders” (patients with poor weight loss or
weight regain). In all subjects, plasma GLP-1 increased
immediately after surgery, and GLP-1 increases were
significantly correlated with decreases in hunger score
and increases in fullness score. Suboptimal responses
to GLP-1 were associated with patients who had poor
weight loss. Blockade of gut hormone release with
somatostatin during a meal increased food intake in
a GB group but not in a weight-loss-matched gastric
banding group, suggesting that the GLP-1 response
contributes to changes in food intake in the GB group
but not in the banding group. It is important to mention,
however, that somatostatin suppresses other gut
hormones, such as PYY, GLP-2, and oxyntomodulin,
and that any of these other hormones could contribute to
the observed effects during the blockade. Interestingly,
in a subsequent longitudinal study, the same group
found increased satiety at 18 and 24 months post-RYGB
without significant increases in plasma GLP-1.8

While GLP-1 increases after surgery, it remains to be
proven that this increase plays an important role in
the extra effects of bariatric surgery on weight loss,
beyond reduction in food intake. Glucagon-like peptide-1
remains an excellent candidate via effects on satiety
and food intake; increased peripheral GLP-1 as a result
of nutrient rerouting to the lower intestine could be
activating vagal afferents from the hepatoportal area
and other parts of the gastrointestinal system or could
activate brain neurons involved in satiety and food intake
regulation via “leaky” areas of the blood-brain barrier.
More research is necessary, with direct blockade of GLP-1
increase or signaling during bariatric surgery, in order to
demonstrate a causal relationship between increases
in GLP-1 and bariatric surgery weight loss. Nevertheless,
as of this date, increased GLP-1 has not been firmly
implicated in the beneficial effects of bariatric surgery
per se.

Peptide YY or Peptide Tyrosine Tyrosine

Peptide YY is a 36 amino acid member of the polypeptide
family that also includes neuropeptide Y (found in the
brain) and pancreatic polypeptide. Though part of a
different peptide family, PYY has many similarities
with GLP-1. Like GLP-1, it is released by the L-cells of
the gastrointestinal tract, mainly in the ileum and colon,
as well as by the brain. Peptide YY is cosecreted from
L-cells with GLP-1 in response to meal stimulation
(probably by both direct contact with luminal nutrients
and via neural and endocrine mechanisms) and also
degraded by DPP 4. Peptide YY inhibits gastric emptying

and intestinal motility, being part of the “ileal brake”
together with GLP-1. Its active form PYY 3-36 inhibits
food intake by binding to Y-2 neuronal receptors and
inhibiting the release of neuropeptide Y.81-83

Most studies show that both fasting and postprandial
plasma levels of PYY increase after bypass-type
operations (RYGB and BPD)* but not after some of the
restrictive type (LGB, VBG)®® though one study found
increased postprandial PYY levels at 6 and 12 months
post-VBG compared with baseline.®®

A few studies compared PYY changes after the same
amount of weight was lost through various types of
bariatric surgery or via lifestyle intervention and drug
therapy. Valderas and colleagues® reported plasma PYY
AUC increasing after both RYGB and SG (though more in
the RYGB group) and decreasing in a nonoperated group.
Hunger decreased and satiety increased significantly in
the RYGB group, and satiety changes were correlated with
plasma PYY changes. Other studies found that RYGB
and SG result in similar weight loss and comparable
increases in postmeal PYY in plasma.>>%

Similar to GLP-1, plasma PYY has been reported to
be increased as early as 2 days after surgery for RYGB*
and as early as 1 week after SG. Plasma PYY levels
continue to rise progressively for at least 6 months
after surgery’® Twenty years after JIB, postprandial plasma
PYY levels were still elevated in surgical patients
compared with weight-matched nonsurgical obese.>*

Several studies investigated the relationship between
changes in PYY and eating behavior. Morinigo and
associates” found significantly increased postprandial
plasma PYY 6 weeks after RYGB compared with both
baseline and weight-matched obese subjects. Surprisingly,
the change in PYY (or GLP-1) did not correlate with
changes in eating behavior parameters.”> However, in
a follow-up study looking at hormone levels 1 year
after surgery, the authors found that a large plasma
PYY response to a meal predicted a better weight loss
outcome’. In a cross-sectional study comparing no-diabetic
lean, post-RYGB, post-gastric banding, and obese weight-
matched subjects, Korner and coworkers”? reported post-
prandial increases in plasma total PYY and PYY 3-36 that
were 2-4 times higher in RYGB than in all other groups.
The RYGB group also reported greater satiety. Their data
are consistent with the concept that the PYY rise promotes
increased satiety and earlier meal termination and
results in weight loss and maintenance of weight loss.
Subsequently, in a prospective study, the Korner group®
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showed that, at 1 year, there was greater weight loss
in RYGB compared with gastric banding (30% versus
15%) and that the plasma PYY AUC was greater in the
GB than in the banding group. Weight loss percentage
was not correlated with the PYY AUC, but this could
be explained by other hormones such as GLP-1 or ghrelin
also contributing to weight loss.*®

Little is known about the mechanism of PYY increase after
bariatric surgery and the consequences on the weight
loss process. Peptide YY increases after bariatric surgery
but not after no-surgical weight loss, indicating that
increases in PYY are related to the surgical procedure
and not to weight loss per se. Moreover, since PYY
plasma levels increase in GB (RYGB and BPD) but not
in restrictive operations (AGB and VBG), it has been
hypothesized that, in bypass-type operations, rapid
delivery of nutrients to the distal gut could stimulate
the L-cells with the resulting increases in GLP-1, PYY,
oxyntomodulin, GLP-2, and other hormones® Indeed,
studies in rodents showed that RYGB results in increases
in plasma GLP-2 and in proliferation of intestinal crypts;
in humans, RYGB increases plasma GLP-2, a possible
explanation for the absence of significant malabsorption
but the continuation of weight loss.®> Why then does PYY
increase in a “restrictive” surgery like SG? The answer
might be in transit time. While AG and VBG slow the
passage of nutrients, it appears that SG increases gastric
emptying, resulting in increased nutrient delivery and
stimulation of distal intestinal cells** Another hypothesis
is that SG is associated with incomplete digestion due to
decreased gastric acid secretion and that delivery to the
duodenum of higher pH undigested chyme could result
in increased PYY.*

Does increased PYY play a role in post-bariatric surgery
weight loss? Obese subjects have lower fasting and meal-
stimulated PYY levels than normal subjects,®® and
infusion of PYY 3-36 in humans has been shown to decrease
hunger score and food intake?® so it is plausible that
increased PYY levels contribute to weight loss.

Surgeries that result in higher plasma PYY levels, such as
RYGB and BPD, are associated with greater weight loss.!!
Association does not prove causality, but several lines
of evidence indicate that PYY may play a significant
role: Morinigo and coworkers” showed that a large
PYY response to a meal predicted a better weight loss
outcome. Similarly, Le Roux and colleagues® showed
that suboptimal PYY responses were associated with
patients who had poor weight loss or weight regain
at 25 months after RYGB. Infusion of blocking agent

somatostatin reduced hormonal response in post-RYGB
patients and resulted in a doubling of the food intake
the day of infusion. Interestingly, the same effect was
not observed in gastric banding patients, suggesting
that gut hormones do not play a role in weight loss
after these types of operations. An animal study may
shed some light into this issue: when GB surgery was
performed in diet-induced obesity wild-type and PYYKO
mice, there was no difference in weight loss between
surgery and sham-operated mice in the PYYKO mice,
though the wild-type lost weight with bariatric surgery.”

There is thus convincing evidence that PYY is one of the
major hormonal contributors to post-bariatric surgery
weight loss. Increased PYY resulting from bariatric
surgery (via increased direct delivery of nutrients to the
L-cells, decreased transit time, or high pH of undigested
chyme) results in satiety, decreased food intake, and
possibly changes in energy expenditure, leading to
weight loss both in the early phase and over long term.

Oxyntomodulin

Oxyntomodulin is co-secreted with GLP-1 and PYY
from the intestinal L-cells in response to food ingestion.
Cut from the larger proglucagon molecule, oxyntomodulin
contains the entire glucagon sequence and a C-terminal
extension. Like GLP-1 and PYY, it is an anorectic hormone;
it also inhibits gastric acid secretion and motility.”®
Oxyntomodulin administration reduces food intake in both
lean and obese individuals and reduces body weight.”*8
Oxyntomodulin plasma levels in response to OGTT
increased two-fold 1 month after GBP but not after
an equivalent amount of weight was lost via diet.”
The changes in oxyntomodulin correlated with changes
in GLP-1 and PYY, so it is difficult to distinguish its
effect from the effects of these other two hormones.
Based on preliminary data coming from studies looking
at changes in all products of the L-cells after bariatric
surgery, it appears that oxyntomodulin would synergize
with PY/GLP-1 to constitute a powerful hormonal trium-
virate that contributes to postsurgical weight loss.
At present, the possible involvement of this “L-cell
triumvirate” is the most compelling hypothesis explaining
the effects of bariatric surgery on weight reduction.

Glucagon-Like Peptide 2

Glucagon-like peptide-2 is a 33 amino acid hormone
secreted by L-cells in response to food intake, as well as
neural and endocrine factors. Like GLP-1, it is cut from
the larger proglucagon molecule. Glucagon-like peptide-2
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does not directly affect food intake and satiety. However,
GLP2 has an important enterotrophic role by increasing
crypt cell proliferation and increasing mucosal cell
mass via inhibition of apoptosis and plays a critical role
in response to enteral stress or injury!® Le Roux and
associates® showed that postprandial GLP2 plasma levels
were increased in obese humans 1 month after RYGB
surgery and peaked at 6 months. In a rodent study that
complemented the human study, the authors showed
that increased plasma GLP-2 levels were associated with
crypt proliferation and increased intestinal mass.

The possibility that GLP-2 might contribute to long-term
maintenance of weight loss via increasing the number of
cells producing GLP-1 and PYY, and via gut proliferation
that avoids malabsorption, offers an exciting area of
investigation into the mechanisms of bariatric surgery-
induced weight loss.

Glucose-Dependent Insulinotropic
Polypeptide

GIP is a 4- amino acid peptide secreted from the intestinal
K-cells (located mainly in the duodenum and proximal
jejunum) and released in response to nutrients, especially
lipids. Shortly after release, the active peptide is inactivated
by DPPV4. GIP has a strong insulinotropic action and,
together with GLP-1, accounts for the incretin effect.%!

GIP is much more involved than GLP-1 in lipid metabolism.
A growing amount of data indicates that GIP is involved
in lipid assimilation and storag, and thus can be directly
linked to obesity. GIP knockout mice are resistant to
development of obesity!” In animal models, antagonism
of GIP receptor was able to prevent or reverse obesity
and reduce hepatic and muscle lipid stores.® In humans,
acute infusion of GIP increased abdominal subcutaneous
adipose tissue blood flow, free fatty acid re-esterification,
and triacylglyceron.!%

There is more information after RYGB than after any other
type of surgery with respect to GIP changes. Plasma GIP
appears to decrease after RYGB; however, the results of
different studies are not always in concordance. Laferrere
and coworkers'® found increased plasma GIP in response
to an oral glucose load 1 month after RYGB in patients
with diabetes. In contrast, Whitson and colleagues™
measured no change in fasting plasma GIP 6 months
after RYGB in obese individuals with and without
diabetes, while Rubino and associates®” found decreased
fasting plasma GIP at 3 weeks in patients with diabetes

but no decrease in patients without diabetes. Contrary to
these reports, Bose and coworkers®” measured increased
plasma GIP during an OGIT at 1, 6, and 12 months
after RYGB in patients with diabetes.¥” However, in a
cross-sectional study, Korner and colleagues®” found
that postprandial levels of GIP were reduced in RYGB
compared with AGB or overweight controls, suggesting
that a comparatively lower GIP could account for greater
weight loss with RYGB (all subjects without diabetes).

More consistent is the GIP change after BPD. Salinari and
associates!®® showed that, 1 month after BPD, plasma
GIP AUC during an OGIT was decreased four times
and was not significantly different from that of a lean
control group.® Similar findings were reported by other
groups.®0107108 - Surprisingly, Nislund and coworkers®
found increased plasma GIP levels 20 years after JIB
compared with 9 months after surgery or compared with
obese nonsurgical or lean subjects, but this finding was
not replicated in other studies. With JIB, Lauritsen and
colleagues'® and Sarson and associates'® found that GIP
plasma levels were significantly reduced postsurgery.

There seems to be no decrease in GIP post-AGB or post-
VBG. Shak and coworkers® showed no change in fasting
plasma GIP at 6 or 12 months after AGB surgery, while
Guldstrand and colleagues'® found that, 1 year after
surgery, plasma GIP AUC post-oral glucose challenge
increased in VBG compared with JIB. No data regarding
SG effects on GIP in humans are available at the time
of this review.

From the current literature, an intriguing picture emerges
of GIP having a potentially important role in maintaining
weight loss after GB bariatric surgery. In the bypass-type
of bariatric surgery, exclusion of the upper portion of the
intestine, where the GIP-producing K-cells are located,
would result in decreased exposure to nutrients of the
K-cells, resulting in decreased levels of GIP. Lower GIP
could contribute to less fat accumulation and result in
weight loss or long-term weight loss maintenance.

Ghrelin

A 28 amino acid peptide secreted by X/A-like cells in the
stomach fundus and duodenum and, in smaller amounts,
in the jejunum and ileum, ghrelin is an orexigenic hormone
involved in short-term (meal-to-meal) and long-term
regulation of food intake.!"" Plasma ghrelin increases
preprandially and decreases after food intake.'? Ghrelin
secretion is stimulated by fasting and by hormones such
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as cholecystokinin (CCK) and gastrin and inhibited
by food intake, somatostatin, and growth hormone.!!
The mechanism of appetite stimulation by ghrelin involves
actions in the neuropeptide Y/Agouti-related peptide
neurons in the arcuate nucleus of hypothalamus.!®
Ghrelin is also involved in long-term regulation of energy
homeostasis. Obese people are reported to have 27%
lower fasting ghrelin than lean!™ and in obese, ghrelin
levels are less suppressed postprandially.!’® Chronic
administration of ghrelin in rodents resulted in adiposity:
peripherally administered ghrelin reduced fat utilization
while intracerebroventricular administration reduced
food intake.l®

The role of ghrelin in weight loss post-bariatric surgery
is difficult to assess. Studies employed different designs
(cross sectional or prospective), different surgeries (LAGB,
RYGB, BPD, or VGB), fasting or postprandial plasma
levels, different intervals postsurgery, various levels
of weight loss, as well as various assays to quantify
ghrelin measuring either total or active ghrelin. There are
currently over 100 original articles that look at ghrelin
changes with bariatric surgery in humans, as summarized
in several excellent systematic reviews¥7119 Only a
few studies are presented here, though all of them bring
important contributions to understanding the complex
changes in gastrointestinal hormones produced by
bariatric surgery.

The first report of ghrelin changes after bariatric surgery
is that of Cummings and colleagues.’”® They measured
24 h plasma profile of ghrelin 9-31 months post-RYGB
and compared them with body mass index (BMI)-
matched obese subjects who lost weight via dieting and
with lean volunteers. After surgery, fasting, postprandial,
and interprandial plasma ghrelin was lower compared
with the obese or lean subjects: 77% lower than in normal
weight controls and 72% lower than in obese weight-
matched controls. There were no meal-related fluctuations
and no diurnal fluctuations. These results were replicated
in other cross-sectional studies.’’'?* In longitudinal studies,
ghrelin has been shown to be changed as early as 1 day
after surgery. However, different types of surgery appear
to have opposite effects on fasting and postprandial
ghrelin: GB operations tend to reduce ghrelin, while
restrictive ones increase or do not change ghrelin (with the
exception of SG). Ghrelin plasma levels were already
reduced 1 day after RYGB'* or SG but not after LAGB.1?®

Decreased fasting plasma ghrelin levels were found
at 1 week, 3 months, and 6 months after RYGB and
maintained to 2 years after surgery.®>!20-12 It appears

that RYGB results in permanent suppression of plasma
ghrelin—most of the studies indicate that ghrelin levels
are not changed in response to a meal®'® or that the
postsurgery plasma ghrelin AUC is reduced.®® Though,
in many studies, plasma levels of ghrelin are reduced
after RYGB, some longitudinal studies have found
no change in fasting and postprandial plasma levels
immediately after surgery (2-42 days)®” or in 1, 3, and
6 months™® or even in 24 h profile!®® Others have found
increases at 6, 7, and 12 months®*3132 or in consecutive
measurements up to 1 year.® Dadan and associates'** found
that fasting plasma ghrelin decreased 1 day after RYGB,
increased by day 7 though still lower than baseline, and
were not different from baseline at 1 and 3 months.

It is possible that diabetes status affects ghrelin changes.
Whitson and coworkers™ found that postprandial plasma
ghrelin increased post-RYGB in patients without diabetes
but not in diabetes patients.

Twenty-four-hour ghrelin plasma concentrations were
increased after BPD, and they lacked normal pulsatility.!®
However, BPD with duodenal switch, in which the gastric
fundus is resected, resulted in a decrease in plasma
ghrelin.’® Other investigators also found reductions in
ghrelin after BPD.12

In contrast to RYGB, gastric banding does not appear to
reduce plasma ghrelin levels, which are not changed®
or are increased.®®'¥ In a prospective study that followed
bariatric surgery patients for 52 weeks, fasting ghrelin
plasma levels were increased at 26 and 52 weeks after
LAGB,® while, in another prospective study, fasting plasma
ghrelin was decreased one day after LAGB, was back to
baseline at 7 days and 1 month, and increased from
baseline at 3 months.!**

Similarly, fasting ghrelin plasma levels are increased
after VBG.128136138 Foschi and coworkers'” showed that
VBG restores the mechanism of ghrelin regulation by
nutrients since, after VBG, ghrelin was suppressed by a
liquid test meal.

A special case of restrictive surgery with respect to ghrelin
is represented by SG. Levels of ghrelin are reduced
1 day after SG and maintained low at 6 months.!»
Karamanakos and colleagues® showed that fasting ghrelin
plasma levels were reduced at 1, 3, 6, and 12 months
after SG and that, in addition, postprandial suppression
of ghrelin was increased after surgery. Similar findings
were reported by Peterli and associates.”® In a prospective
study, Bohdjalian and coworkers'® showed that fasting
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ghrelin plasma levels are decreased at 6 months and
stay decreased 5 years after SG.

The mechanism of plasma ghrelin changes after bariatric
surgery is not completely understood. Based on the location
of ghrelin-producing cells, the restrictive component of
bariatric surgery procedures, by reducing access of nutrients
to ghrelin-producing cells, should decrease ghrelin levels
and presumably result in satiety. On the other hand,
it has been shown that weight loss by caloric restriction
paradoxically results in increasing plasma levels of
ghrelin, both in the fasting and in the postprandial
state!?® Frithbeck and colleagues'®!*! have conducted
a series of studies in which changes in ghrelin were
investigated when the same amount of weight was lost
via RYGB, AGB, BPD, or diet. They found that surgeries
that conserve the contact of nutrients with the stomach
fundus (AGB, BPD) or weight loss via diet do not result
in fasting plasma ghrelin decreases, while those that
do not conserve the fundus (RYGB, gastrectomy) lead
to a decrease in fasting plasma ghrelin. To test the
hypothesis that nutrient contact with stomach fundus
affects plasma ghrelin levels and the outcome of bariatric
surgery, Pérez-Romero and associates'? performed
a prospective longitudinal 2-year study comparing
patients who underwent either of two surgical procedures:
RYGB that preserves food contact with stomach fundus
(ringed RYGB) and one that does not (modified RYGB).
There was no significant difference between groups,
indicating that ghrelin increase does not depend
exclusively on the contact with gastric fundus.

It has been suggested that the effect of bariatric surgery
on the integrity of vagal fibers involved in ghrelin secretion
might explain the interstudy differences. Sundbom and
coworkers'? measured fasting plasma ghrelin post-RYGB
and plasma levels of pancreatic polypeptide, an indicator
of vagal functionality. They found a remarkable correlation
between variations in the two peptides, suggesting that
certain surgical procedures that compromise vagus
integrity might have an effect on ghrelin levels. However,
Perathoner and colleagues® showed that, when patients
with RYGB either did or did not have the anterior vagal
trunk transected during surgery, there was no difference
in postoperative weight loss, parameters of satiety
assessment or plasma ghrelin between the two groups,
discounting vagal involvement.

What is the evidence that plasma ghrelin changes
are involved in bariatric-surgery-induced weight loss?
Roux-en-Y gastric bypass and SG, procedures that result
in ghrelin decrease, lead to better weight loss than LAGB,

in which ghrelin increases. However, despite significantly
different ghrelin, weight loss with different surgeries
can be identical Couce and associates** compared
fasting plasma ghrelin and weight loss in patients after
laparoscopic RYGB or after other laparoscopic gastro-
intestinal surgery. Plasma ghrelin fell in both groups
2 h after surgery and continued to be lower 10 days
after surgery in the RYGB group but not in the control.
However, by 6 months, plasma ghrelin levels were no
longer low in RYGB or in the control group despite
significant weight loss (body weight increased in the
control). Busetto and coworkers*® investigated whether
fasting plasma ghrelin before LAGB was a predictor of
weight loss 2 years after surgery. Patients were divided
into two groups; one group that had higher ghrelin
levels than expected based on BMI and the other
group had normal ghrelin levels. Both groups had
similar EWL percentages after surgery without any
significant differences in band management. Uzzan and
colleagues® showed that, 1 year after LAGB, serum
ghrelin levels as well as ghrelin expression in cells of
gastric fundus are increased despite significant weight
loss. Other investigators have looked at the correlation
between changes in ghrelin and how they correlate
with changes in eating behavior. Dixon and associates'”
performed an experiment in which plasma ghrelin and
satiety visual analog scales were compared in AGB
patients who attended blind crossover breakfast tests,
one with optimal band restriction and one with reduced
restriction. Patients with optimal restriction experienced
greater satiety, but there was no difference in ghrelin
levels between the two groups. In RYGB patients,
Christou and coworkers'?! looked at fasting plasma ghrelin
in those who achieved successful weight loss (EWL 72%)
and less than ideal weight loss (EWL 27%) 3 years after
surgery. There was no difference between fasting or
postprandial levels in the two groups and no correlation
between ghrelin levels and their visual analog scale score.

From data presented here, it remains unclear whether
ghrelin is involved in bariatric surgery weight loss.
The type of surgery, time point after surgery, and integrity
of vagal nerve might all play a part in determining the
levels of ghrelin after surgical intervention. If ghrelin
levels are decreased postintervention, it is possible that
this has a contribution to weight loss, but low ghrelin
levels is not a consistent outcome in bariatric surgery.
It is possible that the change in ghrelin with bariatric
surgery is an epiphenomenon and that other factors
are involved in both the changes in hormone and in
weight loss. Despite early excitement regarding the role
of ghrelin, it seems that ghrelin is unlikely to be a major

J Diabetes Sci Technol Vol 5, Issue 5, September 2011

1274

www.journalofdst.org



Mechanisms Responsible for Excess Weight Loss after Bariatric Surgery

lonut

player in bariatric-surgery-induced weight loss, though
further research is needed to determine the precise effect
of this hormone on energy homeostasis changes after
bariatric surgery.

Other Hormones

Obestatin: The Anti Ghrelin?

Obestatin, a 23 amino acid peptide, is derived from the
preproghrelin precursor. Obestatin is present in many
tissues, including the gastrointestinal tract (gastric mucosa,
duodenum, jejunum, colon, pancreas). Initially identified
as a product of the ghrelin gene with opposite effects
to those of ghrelin, obestatin is now believed to have
many more actions, some of them similar to those of
ghrelin. Fasting significantly reduces obestatin levels,
and postprandial concentrations are inversely correlated
with BMIL!26M7 The actions of obestatin in humans, as well
as its role in regulation of food intake and energy
homeostasis, are still controversial. Obestatin was reported
to decrease food and water intake and body weight and
to decrease intestinal motility in rodents;'¥” however,
later studies could not replicate these effects.*® Little is
known about obestatin’s involvement in post-bariatric
surgery weight loss. Haider and colleagues®’ showed
that obestatin is lower in obese patients compared with
lean controls and is increased 6 months after AGB.
In contrast, Roth and associates!?® found that obestatin
levels did not change 2 years after RYGB in spite of the
massive weight loss of 62.5% EWL.

Cholecystokinin

Cholecystokinin (pancreozymin) is produced in I-cells
of the small intestine, mainly in the duodenum and
in smaller amounts in the rest of the small intestine.
Cholecystokinin stimulates pancreatic exocrine secretion
and gall bladder contraction and inhibits gastric
emptying and food intake.®®5! No changes in fasting
or postprandial CCK were seen after RYGB, VBG, or
JIB.52132153 One study found that, 120 days after VBG,
the plasma CCK response to an acidified meal was faster
and with a higher peak than before surgery, though the
total AUC was not different.!® Ockander and coworkers'>®
found an increased density of CCK cells in the duodenal
mucosa of patients post-JIB, but the significance of this
finding is not clear.

Apolipoprotein A4 and Enterostatin

Apolipoprotein A4 and enterostatin are two peptides
secreted from the intestine during digestion and absorption
of lipids and act as signals to reduce food intake.’®"1%

Fasting plasma concentration of apolipoprotein A4 was
found to be increased after GB."*®

Neurotensin and Motilin

Neurotensin, is a neuropeptide secreted by N-cells of ileum
in response to fat and a stimulator of pancreatic and
intestinal secretion and inhibitor of motility. Motilin
functionally counteracts neurotensin and is secreted by
M-cells. The levels of both peptides are altered in obesity,
and it has been shown that gastric banding normalizes
their plasma concentration. However, it is not known
whether they play a role in bariatric-surgery-induced
weight loss.’

Vasoactive Intestinal Peptide

Vasoactive intestinal peptide (VIP) is present in mesenteric
ganglia and submucous and myenteric plexus of the
intestinal wall, with the highest concentration in colon and
ileum. VIP can affect gastrointestinal motility and intestinal
secretions and thus influence nutrient absorption.!®
No changes in plasma VIP have been found after either
RYGB or VBG.!»

Vagus Nerve

The vagus nerve and the neural connections between
the intestine and the brain might play a significant role
in bariatric surgery weight loss. Many gastrointestinal
hormones are released in response to neural as well
as nutrient or peptide signals, and hormonal effects
could be mediated via a neural pathway. The vagus
nerve innervates most of the gastrointestinal tract, so
afferent sensory fibers are in close proximity to ghrelin-
producing cells, L-cells of the intestine and other endocrine
cells.!'®! Cholecystokinin acts through vagal receptors,'*
and GLP-1 receptors have been found on the nodose
ganglia.®?1% In addition, GLP-1 might act via vagal fibers
to inhibit stomach motility’® and to reduce spontaneous
meal size.!®

During bariatric surgery, different surgical techniques
impact vagal innervation in various ways. Vagotomy has
been shown to block ghrelin’s effects on food intake,!6®
so it is possible that sectioning the branch of vagus
nerve that innervates stomach fundus during bariatric
procedures results in weight loss via a lack of ghrelin
action. To test the hypothesis that vagal denervation
might result in additional weight loss, Angrisani and
colleagues'®” performed LAGS with and without truncal
vagotomy. At 12 or 18 months postsurgery, there was
no difference in BMI and EWL between the two groups.
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Similar results were reported by Martin and Earle!*®
for LAGB and by Perathoner and associates® for RYGB.
In contrast, Kral and coworkers'® had found that
adding truncal vagotomy to VBG improved weight loss
(51% versus 34% EWL). Moreover, in the study of
Angrisani and colleagues,'”” even though there was no
statistically significant weight difference between the
two groups, patients with truncal vagotomy required less
band adjustment and reported less hunger than the intact
vagus group. In a rodent study, Bueter and associates!”’
showed that preservation of the paraesophageal bundle
of the vagus nerve during GB resulted in lower body
weight and reduced food intake. Glucagon-like peptide 1
and PYY levels were increased after surgery, though they
were not different with or without vagal preservation,
suggesting that perhaps the hormones’ action via the
vagal pathway might mediate the weight loss.

Bariatric Surgery and Gut Microflora

Evidence suggests that intestinal microbiota may play an
important role in obesity and that bariatric surgery results
in important changes in gut microbial community.
The Firmicutes and Bacteroidetes are dominant, but their
proportions are different in obese versus lean: there
is a 50% reduction in Bacteroidetes on obesity and
a proportional increase in Firmicutes.”! Firmicutes and
lactic acid bacteria are decreased post GB, while Bacteroides/
Prevotella and E. coli are increased, an indicator of
adaptation to starvation-like conditions. Another bacteria,
Faecalibacterium  prausnitzii, which is negatively correlated
with inflammatory markers, has been reported to be
changed after GB."7>173

Bariatric Surgery and Type 2 Diabetes
Remission

Although not the focus of this article, the impressive
effect of bariatric surgery on type 2 diabetes remission
deserves special mention. Pories and coworkers!* were
among the first to draw attention to the astonishingly
beneficial effect of bariatric surgery on glucose homeostasis
and to the almost “magical” diabetes remission. Almost all
(829%) of type 2 diabetes patients with adequate follow
up after RYGB maintained normal levels of plasma
glucose at an average 7.6 years postsurgery. Numerous
subsequent studies have confirmed their findings.

It was initially thought that the improved glucose
homeostasis after surgery is the obvious result of weight
loss, as significant weight loss improves insulin resistance
and contributes to diabetes management. Subsequent studies

have shown that the improvement in glucose homeostasis
after bariatric surgery often occurs before significant
weight loss. In addition, the positive effect of surgery on
glucose tolerance exceeds that after an equivalent amount
lost via diet and exercise.® Interestingly, a limited
number of pilot studies have examined the effects of
bariatric surgery in nonobese patients. Geloneze and
colleagues'™ showed that, 6 months after duodenojejunal
exclusion, nonobese patients with diabetes did not
have any significant change in body weight, yet they
had significant reductions in fasting glycemia and
hemoglobin Alc. Similar results were reported 12 months
after laparoscopic SG with duodenojejunal bypass in
nonobese patients with diabetes with little weight loss.'”
It is likely that, in nonobese individuals, energy
homeostasis is less impaired than in obese individuals;
therefore bariatric surgery will not result in significant
weight loss. Despite similar weight, glucose homeostasis
is markedly improved by bariatric surgery, suggesting
an additional mechanism for glycemia improvement
versus weight reduction per se. There appears to be
a distinct pattern in type 2 diabetes resolution after
various types of surgeries: AGB seems to have less of
an effect than the diversion types (RYGB and BPD) in
which the nutrient flow is rerouted, intestinal continuity
is disrupted, and the neuroendocrine connections of
the gut with other organs are modified.!™ In these two
latter types in particular, it has been postulated that an
increase in nutrient delivery to distal gut results in an
increase in hormones levels such as GLP-1 that positively
impacts glucose homeostasis.”*'”® This hypothesis, termed
the “hindgut” theory contrasts with the “foregut” theory,
in which bypassing of the duodenum results in the
exclusion from nutrient contact and subsequent release
of a putative diabetogenic hormone. This, in turn, would
result in lower levels and/or action of this factor, leading
to improvements in glucose homeostasis. Whether this
factor is an “antiincretin,”®! gut glucagon,’”” or a yet
undiscovered duodenal factor remains to be determined.
It is possible that a factor impairing glucose utilization
evolved over time as protection against postprandial
hypoglycemia.

Concluding Remarks

So how does bariatric surgery result in weight loss?
Although caloric restriction seems to be the dominant
mechanism in the early period, over the long term,
reduction in body weight and maintenance of weight loss
appear to be due to both a primary caloric restriction and
to the rearrangement of hormonal and neural elements
of gastrointestinal tract, resulting in secondary changes
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in food intake (increased satiety, increased satiation,
appetite suppression, aversive conditioning due to negative
side effects).

Both exclusion of proximal intestine and increased
nutrient delivery to the lower gut are probable mechanisms
for inducing the hormonal changes associated with
bariatric surgery. Stimulation of L-cells results in
increases in PYY, GLP-1, and oxyntomodulin and results
in decreased food intake. Exclusion of proximal gut leads
to decreased levels of GIP (with favorable effects on fat
deposition), lower ghrelin (less appetite), possibly lower
gut glucagon, and a decrease in a yet undiscovered
gut “x factor” that is obesogenic and diabetogenic. It is
likely that several mechanisms are responsible for the
bariatric surgery changes, including the concerted action
of all modified enteral endocrine signals. Synergistic
action of increased PYY and GLP-1 and possible other
L-cells products, combined with reductions in GIP and
ghrelin, the trophic role of GLP-2, all may contribute to a
negative energy balance and consequent weight loss.
In addition, modified neural signaling from the enteric
nervous system and to various organs and tissues can
contribute to hormonal changes directly or via enhancing
or inhibiting hormonal actions. Of course, if there is a
yet-unidentified factor, the role of the now-known factors
could be less than expected.

The search for the mechanisms underlying the astonishing
effects of bariatric surgery recapitulates the history of
endocrinology, ~wherein unexplained  physiological
mechanisms lead to identification of important hormones
and neural mechanisms. Research into mechanism of action
of bariatric surgery offers exciting new opportunities to
define the role of well-known hormones, explore the effect
of less characterized ones, and perhaps discover new
molecules involved in body weight regulation that may
be useful for the treatment of patients. It is important to
recognize that this research is an ongoing process, and
we are likely just beginning to understand much about
the role of the gastrointestinal tract in body weight
regulation. It appears likely that additional not-yet-
identified signals will emerge, and those signals may be
even more important in explaining the effects of bariatric
surgery. One is reminded of the effects of pancreatectomy
observed serendipitously by von Mering and Minkowsky,
ultimately resulting in the discovery and isolation of
insulin. The effect of bariatric surgery on body weight
is a phenomenon as striking as pancreatectomy was
on the blood sugar in dogs. Careful research and
application of the scientific method, with well-defined
animal models and human research, will ultimately

allow us to disentangle this puzzle and develop new
and important therapies.

The so-called “obesity epidemic” requires that the
scientific and clinical research communities understand
and exploit the mechanisms of bariatric surgery in the
hope that therapies can be developed wherein surgery
becomes unnecessary.

Funding:

Drs. Ionut and Bergman are supported by grants from the National
Institutes of Health (NIDDK 29867 and NIDDK 27619).

References:

1. Pi-Sunyer X. The medical risks of obesity. Postgrad Med.
2009;121(6):21-33.

2. Wang Y, Beydoun MA, Liang L, Caballero B, Kumanyika SK.
Will all Americans become overweight or obese? estimating the
progression and cost of the US obesity epidemic. Obesity (Silver
Spring). 2008;16(10):2323-30.

3. Ogden C, Carroll M; Centers for Disease Control and Prevention.
NCHS health e-stat. Prevalence of obesity among children and
adolescents: United States, trends 1963-1965 through 2007-2008.
http://[www.cdc.gov/nchs/datalhestat/obesity child 07 08/obesity
child_07_08.htm. Accessed November 22, 2010.

4. International Association for the Study of Obesity. Obesity:
understanding and challenging the global epidemic. 2009-2010 report.
http:/fwww.iaso.org/site_media/uploads/TASO_Summary Report 2009.pdf.
Accessed November 22, 2010.

5. Brown T, Avenell A, Edmunds LD, Moore H, Whittaker V, Avery L,
Summerbell C. Systematic review of long-term lifestyle interventions
to prevent weight gain and morbidity in adults. Obes Rev.
2009;10(6):627-38.

6. Torgerson JS, Hauptman J, Boldrin MN, Sjostrém L. XENical in
the prevention of diabetes in obese subjects (XENDOS) study: a
randomized study of orlistat as an adjunct to lifestyle changes for

the prevention of type 2 diabetes in obese patients. Diabetes Care.
2004;27(1):155-61.

7. Rucker D, Padwal R, Li SK, Curioni C, Lau DC. Long term
pharmacotherapy for obesity and overweight: updated meta-
analysis. BM]J. 2007;335(7631):1194-9.

J Diabetes Sci Technol Vol 5, Issue 5, September 2011

1277

www.journalofdst.org



Mechanisms Responsible for Excess Weight Loss after Bariatric Surgery

lonut

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Mann T, Tomiyama AJ, Westling E, Lew AM, Samuels B,
Chatman J. Medicare’s search for effective obesity treatments:
diets are not the answer. Am Psychol. 2007;62(3):220-33.

. Bray GA, Ryan DH. Drug treatment of the overweight patient.

Gastroenterology. 2007;132(6):2239-52.

Butner KL, Nickols-Richardson SM, Clark SF, Ramp WK,
Herbert WG. A review of weight loss following Roux-en-Y gastric
bypass vs restrictive bariatric surgery: impact on adiponectin and
insulin. Obes Surg. 2010;20(5):559-68.

Buchwald H, Avidor Y, Braunwald E, Jensen MD, Pories W,
Fahrbach K, Schoelles K. Bariatric surgery: a systematic review
and meta-analysis. JAMA. 2004;292(14):1724-37.

Garb J, Welch G, Zagarins S, Kuhn J, Romanelli J. Bariatric surgery
for the treatment of morbid obesity: a meta-analysis of weight
loss outcomes for laparoscopic adjustable gastric banding and
laparoscopic gastric bypass. Obes Surg. 2009;19(10):1447-55.

Maggard MA, Shugarman LR, Suttorp M, Maglione M, Sugerman H]J,
Livingston EH, Nguyen NT, Li Z, Mojica WA, Hilton L, Rhodes S,
Morton SC, Shekelle PG. Meta-analysis: surgical treatment of
obesity. Ann Intern Med. 2005;142(7):547-59.

Pories WJ, Swanson MS, MacDonald KG, Long SB, Morris PG,
Brown BM, Barakat HA, deRamon RA, Israel G, Dolezal JM,
Dohm L. Who would have thought it? An operation proves to be
the most effective therapy for adult-onset diabetes mellitus. Ann
Surg. 1995;222(3):339-50.

Thaler JP, Cummings DE. Minireview: hormonal and metabolic
mechanisms of diabetes remission after gastrointestinal surgery.
Endocrinology. 2009;150(6):2518-25.

Buchwald H, Oien DM. Metabolic/bariatric surgery Worldwide
2008.0Obes Surg. 2009;19(12):1605-11.

Belachew M, Legrand M]J, Vincent V. History of Lap-Band: from
dream to reality. Obes Surg. 2001;11(3):297-302.

Weiner R, Blanco-Engert R, Weiner S, Matkowitz R, Schaefer L,
Pombhoff I. Outcome after laparoscopic adjustable gastric banding -
8 years experience. Obes Surg. 2003;13(3):427-34.

Nocca D, Aggarwal R, Blanc P, Gallix B, Di Mauro GL, Millat B,
Seguin des De Hons C, Deneve E, Rodier JG, Tincani G,
Pierredon MA, Fabre JM. Laparoscopic vertical banded gastroplasty.
A multicenter prospective study of 200 procedures. Surg Endosc.
2007;21(6):870—4.

Morino M, Toppino M, Bonnet G, Rosa R, Garrone C. Laparoscopic
vertical banded gastroplasty for morbid obesity. Assessment of
efficacy. Surg Endosc. 2002;16(11):1566-72.

Shi X, Karmali S, Sharma AM, Birch DW. A review of laparoscopic
sleeve gastrectomy for morbid obesity. Obes Surg. 2010;20(8):1171-7.

Mason EE, Ito C. Gastric bypass in obesity. Surg Clin North Am.
1967,47(6):1345-51.

Crookes PF. Surgical treatment of morbid obesity. Annu Rev Med.
2006;57:243—64.

Elder KA, Wolfe BM. Bariatric surgery: a review of procedures
and outcomes. Gastroenterology. 2007;132(6):2253-71.

Scopinaro N. Biliopancreatic diversion: mechanisms of action and
long-term results. Obes Surg. 2006;16(6):683-9.

Griffen WO Jr, Bivins BA, Bell RM. The decline and fall of the
jejunoileal bypass. Surg Gynecol Obstet. 1983;157(4):301-8.

Singh D, Laya AS, Clarkston WK, Allen M]J. Jejunoileal bypass:
a surgery of the past and a review of its complications. World ]
Gastroenterol. 2009;15(18):2277-9.

Mathus-Vliegen EM; Dutch Bariatric Surgery Group. Long-term
weight loss after bariatric surgery in patients visited at home
outside the study environment. Obes Surg. 2006;16(11):1508-19.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Kinzl JF, Lanthaler M, Stuerz K, Aigner F. Long-term outcome
after laparoscopic adjustable gastric banding for morbid obesity.
Eat Weight Disord. 2011. Epub ahead of print.

Pilkington TR, Gazet JC, Ang L, Kalucy RS, Crisp AH, Day S.
Explanations for weight loss after ileojejunal bypass in gross
obesity. Br Med J. 1976;1(6024):1504-5.

Condon SC, Janes NJ, Wise L, Alpers DH. Role of caloric intake in the
weight loss after jejunoileal bypass for obesity. Gastroenterology.
1978;74(1):34-7.

Bueter M, Lowenstein C, Olbers T, Wang M, Cluny NL, Bloom SR,
Sharkey KA, Lutz TA, le Roux CW. Gastric bypass increases
energy expenditure in rats. Gastroenterology. 2010;138(5):1845-53.

Isbell J]M, Tamboli RA, Hansen EN, Saliba J, Dunn JP, Phillips SE,
Marks-Shulman PA, Abumrad NN. The importance of caloric
restriction in the early improvements in insulin sensitivity after
Roux-en-Y gastric bypass surgery. Diabetes Care. 2010;33(7):1438—42.

Campos GM, Rabl C, Peeva S, Ciovica R, Rao M, Schwarz JM,
Havel P, Schambelan M, Mulligan K. Improvement in peripheral
glucose uptake after gastric bypass surgery is observed only
after substantial weight loss has occurred and correlates with the
magnitude of weight lost. ] Gastrointest Surg. 2010;14(1):15-23.

Hofse D, Jenssen T, Bollerslev J, Ueland T, Godang K, Stumvoll M,
Sandbu R, Reislien ], Hjelmesaeth ]. Beta cell function after
weight loss: a clinical trial comparing gastric bypass surgery and
intensive lifestyle intervention. Eur J Endocrinol. 2011;164(2):231-8.

Del Genio F, Alfonsi L, Marra M, Finelli C, del Genio G,
Rossetti G, del Genio A, Contaldo F, Pasanisi F. Metabolic and
nutritional status changes after 10% weight loss in severely obese
patients treated with laparoscopic surgery vs integrated medical
treatment. Obes Surg. 2007;17(12):1592-8.

Guijarro A, Suzuki S, Chen C, Kirchner H, Middleton FA,
Nadtochiy S, Brookes PS, Niijima A, Inui A, Meguid MM.
Characterization of weight loss and weight regain mechanisms
after Roux-en-Y gastric bypass in rats. Am J Physiol Regul Integr
Comp Physiol. 2007 Oct;293(4):R1474-89.

Kenler HA, Brolin RE, Cody RP. Changes in eating behavior after
horizontal gastroplasty and Roux-en-Y gastric bypass. Am J Clin
Nutr. 1990 Jul;52(1):87-92.

Gastric bypass surgery alters behavioral and neural taste functions
for sweet taste in obese rats. Am J Physiol Gastrointest Liver Physiol.
2010;299(4):G967-79.

Rehfeld JF. A centenary of gastrointestinal endocrinology. Horm
Metab Res. 2004;36(11-12):735-41.

Brubaker PL. Minireview: update on incretin biology: focus on
glucagon-like peptide-1. Endocrinology. 2010;151(5):1984-9.

Baggio LL, Drucker DJ. Biology of incretins: GLP-1 and GIP.
Gastroenterology. 2007;132(6):2131-57.

Mortensen K, Petersen LL, Orskov C. Colocalization of GLP-1 and GIP
in human and porcine intestine. Ann N Y Acad Sci. 2000,921:469-72.

Eissele R, Goke R, Willemer S, Harthus HP, Vermeer H, Arnold R,
Goke B. Glucagon-like peptide-1 cells in the gastrointestinal
tract and pancreas of rat, pig and man. Eur ] Clin Invest.
1992;22(4):283-91.

Nauck MA. Unraveling the science of incretin biology. Eur J
Intern Med. 2009;20 Suppl 2:5303-8.

Holst JJ, Vilsbell T, Deacon CF. The incretin system and its role in
type 2 diabetes mellitus. Mol Cell Endocrinol. 2009;297(1-2):127-36.

Dardevet D, Moore MC, Neal D, DiCostanzo CA, Snead W,
Cherrington AD. Insulin-independent effects of GLP-1 on canine
liver glucose metabolism: duration of infusion and involvement
of hepatoportal region. Am ] Physiol Endocrinol Metab.
2004;287(1):E75-81.

J Diabetes Sci Technol Vol 5, Issue 5, September 2011

1278

www.journalofdst.org



Mechanisms Responsible for Excess Weight Loss after Bariatric Surgery

lonut

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Ionut V, Hucking K, Liberty IF, Bergman RN. Synergistic effect
of portal glucose and glucagon-like peptide-1 to lower systemic
glucose and stimulate counter-regulatory hormones. Diabetologia.
2005;48(5):967-75.

Burcelin R, Serino M, Cabou C. A role for the gut-to-brain GLP-1-
dependent axis in the control of metabolism. Curr Opin Pharmacol.
2009;9(6):744-52.

Kanse SM, Kreymann B, Ghatei MA, Bloom SR. Identification and
characterization of glucagon-like peptide-1 7-36 amide-binding
sites in the rat brain and lung. FEBS Lett. 1988;241(1-2):209-12.

Verdich C, Flint A, Gutzwiller JP, Niaslund E, Beglinger C,
Hellstrom PM, Long SJ, Morgan LM, Holst JJ, Astrup A. A meta-
analysis of the effect of glucagon-like peptide-1 (7-36) amide on
ad libitum energy intake in humans. J Clin Endocrinol Metab
86:4382-4389, 2001.

Naslund E, King N, Mansten S, Adner N, Holst JJ, Gutniak M,
Hellstrom PM.. Prandial subcutaneous injections of glucagon-like
peptide-1 cause weight loss in obese human subjects. Br J Nutr.
2004;91(3):439-46.

Valverde I, Puente ], Martin-Duce A, Molina L, Lozano O,
Sancho V, Malaisse WJ, Villanueva-Pefacarrillo ML. Changes in
glucagon-like peptide-1 (GLP-1) secretion after biliopancreatic
diversion or vertical banded gastroplasty in obese subjects. Obes
Surg. 2005;15(3):387-97.

Néaslund E, Grybdack P, Hellstrom PM, Jacobsson H, Holst JJ,
Theodorsson E, Backman L. Gastrointestinal hormones and gastric
emptying 20 years after jejunoileal bypass for massive obesity. Int J
Obes Relat Metab Disord. 1997;21(5):387-92.

Peterli R, Wolnerhanssen B, DPeters T, Devaux N, Kern B,
Christoffel-Courtin C,  Drewe ],  von Fliie M, Beglinger C.
Improvement in glucose metabolism after bariatric surgery:
comparison of laparoscopic Roux-en-Y gastric bypass and
laparoscopic sleeve gastrectomy: a prospective randomized trial.
Ann Surg. 2009;250(2):234-41.

Shak JR, Roper J, Perez-Perez GI, Tseng CH, Francois F,
Gamagaris Z, Patterson C, Weinshel E, Fielding GA, Ren C,
Blaser MJ. The effect of laparoscopic gastric banding surgery on
plasma levels of appetite-control, insulinotropic, and digestive
hormones. Obes Surg. 2008;18(9):1089-96.

Rubino F, Gagner M, Gentileschi P, Kini S, Fukuyama S, Feng J,
Diamond E. eary effect of the Roux-en-Y gastric bypass on
hormones involved in body weight regulation and glucose
metabolism. Ann Surg. 2004;240(2):236-42.

Reinehr T, Roth CL, Schernthaner GH, Kopp HP, Kriwanek S,
Schernthaner G. Peptide YY and glucagon-like peptide-1 in morbidly
obese patients before and after surgically induced weight loss.
Obes Surg. 2007;17(12):1571-7.

Le Roux CW, Welbourn R, Werling M, Osborne A, Kokkinos A,
Laurenius A, Lonroth H, Fiandriks L, Ghatei MA, Bloom SR,
Olbers T. Gut hormones as mediators of appetite and weight loss
after Roux-en-Y gastric bypass. Ann Surg. 2007;246(5):780-5.

Guidone C, Manco M, Valera-Mora E, Taconelli A, Gniuli D, Mari
A, Nanni G, Castagneto M, Calvani M, Mingrone G. Mechanisms
of recovery from type 2 diabetes after malabsorptive bariatric
surgery. Diabetes. 2006;55(7):2025-31.

Laferrere B. Effect of gastric bypass surgery on the incretins.
Diabetes Metab. 2009;35(6 Pt 2):513-7.

Le Roux CW, Borg C, Wallis K, Vincent RP, Bueter M, Goodlad R,
Ghatei MA, Patel A, Bloom SR, Aylwin SJ. Gut hypertrophy after
gastric bypass is associated with increased glucagon-like peptide
2 and intestinal crypt cell proliferation. Ann Surg. 2010;252(1):50—6.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Korner J, Inabnet W, Febres G, Conwell IM, McMahon D],
Salas R, Taveras C, Schrope B, Bessler M. Prospective study of gut
hormone and metabolic changes after adjustable gastric banding
and Roux-en-Y gastric bypass. Int J Obes (Lond). 2009;33(7):786-95.

Vidal J, Nicolau ], Romero F Casamitjana R, Momblan D,
Conget I, Morinigo R, Lacy AM. Long-term effects of Roux-en-Y
gastric bypass surgery on plasma glucagon-like peptide-1 and
islet function in morbidly obese subjects. ] Clin Endocrinol Metab.
2009;94(3):884-91.

Le Roux CW, Aylwin SJ, Batterham RL, Borg CM, Coyle F
Prasad V, Shurey S, Ghatei MA, Patel AG, Bloom SR. Gut hormone
profiles following bariatric surgery favor an anorectic state, facilitate
weight loss, and improve metabolic parameters. Ann Surg.
2006;243(1):108-14.

Holdstock C, Zethelius B, Sundbom M, Karlsson FA,
Edén Engstréom B. Postprandial changes in gut regulatory peptides
in gastric bypass patients. Int ] Obes (Lond). 2008;32(11):1640-6.

Korner J, Bessler M, Inabnet W, Taveras C, Holst JJ. Exaggerated
glucagon-like peptide-1 and blunted glucose-dependent insulino-
tropic peptide secretion are associated with Roux-en-Y gastric
bypass but not adjustable gastric banding. Surg Obes Relat Dis.
2007;3(6):597-601.

Carroll JF, Franks SF, Smith AB, Phelps DR. Visceral adipose tissue
loss and insulin resistance 6 months after laparoscopic gastric
banding surgery: a preliminary study. Obes Surg. 2009;19(1):47-55.

Laferrere B, Teixeira J, McGinty ], Tran H, Egger JR, Colarusso A,
Kovack B, Bawa B, Koshy N, Lee H, Yapp K, Olivan B. Effect of
weight loss by gastric bypass surgery versus hypocaloric diet on
glucose and incretin levels in patients with type 2 diabetes. J Clin
Endocrinol Metab. 2008;93(7):2479-85.

Marfella R, Barbieri M, Ruggiero R, Rizzo MR, Grella R,
Mozzillo AL, Docimo L, Paolisso G. Bariatric surgery reduces
oxidative stress by blunting 24-h acute glucose fluctuations in
type 2 diabetic obese patients. Diabetes Care. 2010;33(2):287-9.

Strader AD, Vahl TP, Jandacek RJ, Woods SC, D’Alessio DA,
Seeley RJ. Weight loss through ileal transposition is accompanied
by increased ileal hormone secretion and synthesis in rats. Am J
Physiol Endocrinol Metab. 2005;288(2):E447-53.

McLaughlin T, Peck M, Holst J, Deacon C. Reversible hyper-
insulinemic hypoglycemia after gastric bypass: a consequence
of altered nutrient delivery. ] Clin Endocrinol Metab.
2010;95(4):1851-5.

Alam ML, Van der Schueren BJ, Ahren B, Wang GC, Swerdlow NJ,
Arias S, Bose M, Gorroochurn P, Teixeira ], McGinty ], Laferrere B.
Gastric bypass surgery, but not caloric restriction, decreases
dipeptidyl peptidase-4 activity in obese patients with type 2
diabetes. Diabetes Obes Metab. 2011;13(4):378-81.

Lugari R, Dei Cas A, Ugolotti D, Barilli AL, Camellini C,
Ganzerla GC, Luciani A, Salerni B, Mittenperger F, Nodari S,
Gnudi A, Zandomeneghi R. Glucagon-like peptide 1 (GLP-1)
secretion and plasma dipeptidyl peptidase IV (DPP-IV) activity
in morbidly obese patients undergoing biliopancreatic diversion.
Horm Metab Res. 2004;36(2):111-5.

Morinigo R, Lacy AM, Casamitjana R, Delgado S, Gomis R,
Vidal J. GLP-1 and changes in glucose tolerance following
gastric bypass surgery in morbidly obese subjects. Obes Surg.
2006;16(12):1594-601.

Whitson BA, Leslie DB, Kellogg TA, Maddaus MA, Buchwald H,
Billington CJ, Ikramuddin S. Entero-endocrine changes after gastric
bypass in diabetic and nondiabetic patients: a preliminary study. J
Surg Res. 2007;141(1):31-9.

J Diabetes Sci Technol Vol 5, Issue 5, September 2011

1279

www.journalofdst.org



Mechanisms Responsible for Excess Weight Loss after Bariatric Surgery

lonut

77.

De Carvalho CP, Marin DM, de Souza AL, Pareja JC, Chaim EA,
de Barros Mazon S, da Silva CA, Geloneze B, Muscelli E, Alegre SM.
GLP-1 and adiponectin: effect of weight loss after dietary restri
ction and gastric bypass in morbidly obese patients with normal

93.

Cummings DE, Overduin J, Foster-Schubert KE. Gastric bypass
for obesity: mechanisms of weight loss and diabetes resolution.
J Clin Endocrinol Metab. 2004;89(6):2608-15.

. ) ) 94. Melissas J, Koukouraki S, Askoxylakis J, Stathaki M, Daskalakis M,
and abnormal glucose metabolism. Obes Surg. 2009;19(3):313-20. Perisinakis K, Karkavitsas N. Sleeve gastrectomy: a restrictive

78. Borg CM, le Roux CW, Ghatei MA, Bloom SR, Patel AG, procedure? Obes Surg. 2007;17(1):57-62.

Ayl\t/v.m bSI ) Progressw(: rlset 1r(1:1 gx:tthormoge le\;el's aftletr Rctl)ux-te.n;Y 95. Chandarana K, Gelegen C, Karra E, Choudhury Al Drew ME,
%as réc ypZaOSS 65;3g(§)e;150 g; adaptation and explains altered satiety. Fauveau V, Viollet B, Andreelli F, Withers DJ, Batterham RL. Diet and
rJ Surg. ’ A gastrointestinal bypass-induced weight loss: the roles of ghrelin

79. Morinigo R, Moizé V, Musri M, Lacy AM, Navarro S, Marin JL, and peptide yy. Diabetes. 2011;60(3):810-8.
ijllﬁ?;eO Y?(, hcua r?;;}lt]aa r?; s{:t,iet\}flliaflte rJ ' gigfcagb;r;:;e Slﬁegi?;e;’ 96. Zac-Varghese S, Tan T, Bloom SR. Hormonal interactions between
morbidly obese subjects. ] Clin Endocrinol Metab. 2006;91(5):1735-40. gut and brain. Discov Med. 2010;10(55):543-52.

80. Pournaras DJ, Osborne A, Hawkins SC, Mahon D, Ghatei MA, 97. Cohen M4, Ellis 5M, Le unx CW, Batterham RL, Park A ’

Patterson M, Frost GS, Ghatei MA, Bloom SR. Oxyntomodulin
Bloom SR, Welbourn R, le Roux CW. The gut hormone response . d red food intake in h Cli
following Roux-en-Y gastric bypass: cross-sectional and prospective }szulzlpre:?sesl &ppe{,lt;o%g Ore 8181c1eg 4(6);)6 71(r)11ta ¢ in humans. J Clin
study. Obes Surg. 2010;20(1):56—60. ndocrinot Metab. ct;88(10):4696-701.

81. Batterham RL, Cowley MA, Small CJ, Herzog H, Cohen MA, 98. Wynne K, Park AJ, Small CJ, Patterson M, El.l is SM, Murphy KG,

X . Wren AM, Frost GS, Meeran K, Ghatei MA, Bloom SR.

Dakin CL, Wren AM, Brynes AE, Low M]J, Ghatei MA, Cone RD, . . . .
. . e Subcutaneous oxyntomodulin reduces body weight in overweight
Bloom SR. Gut hormone PYY(3-36) physiologically inhibits food d ob biects: a double-blind domized lled trial
intake. Nature. 2002:418(6898):650—4 and obese subjects: a double-blind, randomized, controlled trial.

m : : 4 ’ ’ Diabetes. 2005;54(8):2390-5.

82. BDa.lltar'll;y?e GHi Pep t1d§ Yt\{(l-36)o§ndspep t12c(1]% 6\1{2{((53)-22 SPart L 99. Laferrere B, Swerdlow N, Bawa B, Arias S, Bose M, Olivan B,
Istribution, release and actions. €8 Jurg. 4 R Teixeira ], McGinty J, Rother KI Rise of oxyntomodulin

83. Vincent RP, le Roux CW. Changes in gut hormones after bariatric in response to oral glucose after gastric bypass surgery in
surgery. Clin Endocrinol (Oxf). 2008;69(2):173-9. patients with type 2 diabetes. J Clin Endocrinol Metab. 2010

84. Garcia-Fuentes E, Garrido-Sanchez L, Garcia-Almeida JM, Garcia- Aug;95(8):4072-6.

Arnes ], Gallego-Perales JL, Rivas-Marin ], Morcillo S, Cardona I, 100. Estall JL, Drucker DJ. Glucagon-like peptide-2. Annu Rev Nutr.

Soriguer F. Different effect of laparoscopic Roux-en-Y gastric 2006;26:391-411.

bypass and open biliopancreatic diversion of Scopinaro on serum 41 Nuuck MA, Bartels E, Orskov C, Ebert R, Creutzfeldt W. Additive

PYY and ghrelin levels. Obes Surg. 2008;18(11):1424-9. . . . . .
insulinotropic effects of exogenous synthetic human gastric

85. Hanusch-Enserer U, Brabant G, Roden M. Ghrelin concentrations inhibitory polypeptide and glucagon-like peptide-1-(7-36) amide
in morbidly obese patients after adjustable gastric banding. N Engl | infused at near-physiological insulinotropic hormone and glucose
Med. 2003;348(21):2159-60. concentrations. ] Clin Endocrinol Metab. 1993;76(4):912-7.

86. Rodieux F, Giusti V, D’Alessio DA, Suter M, Tappy L. Effects of 102. Miyawaki K, Yamada Y, Ban N, Thara Y, Tsukiyama K, Zhou H,
gastric bypass and gastric banding on glucose kinetics and gut Fujimoto S, Oku A, Tsuda K, Toyokuni S, Hiai H, Mizunoya W,
hormone release. Obesity (Silver Spring). 2008;16(2):298-305. Fushiki T, Holst JJ, Makino M, Tashita A, Kobara Y, Tsubamoto

87. Bose M, Teixeira J, Olivan B, Bawa B, Arias S, Machineni S, Y, {mnottl.cju T’ ]OIII.IOH T Selrtlo {) Iihlbﬁl?ridozg;gg;%g;g?étirzy
Pi-Sunyer FX, Scherer PE, Laferrére B. Weight loss and incretin polypeptide signaling prevents obesity. Nat Med. PON IR
responsiveness improve glucose control independently after gastric 103. Irwin N, Flatt PR. Evidence for beneficial effects of compromised
bypass surgery. | Diabetes. 2010;2(1):47-55. gastric  inhibitory  polypeptide action in obesity-related

88. Alvarez Bartolomé M, Borque M, Martinez-Sarmiento J, Aparicio E, gé%g?;&sg).f;zi_sqosmble therapeutic - implications. Diabetologia.
Herndndez C, Cabrerizo L, Ferndndez-Represa JA. Peptide YY 4 ’ ’
secretion in morbidly obese patients before and after vertical 104. Asmar M, Simonsen L, Madsbad S, Stallknecht B, Holst JJ,
banded gastroplasty. Obes Surg. 2002;12(3):324-7. Biilow J]. Glucose-dependent insulinotropic polypeptide may

89. Valderas JP, Irribarra V, Boza C, de la Cruz R, Liberona Y, eghancet'fatty .acid re}—lesterlﬁcziglp rkl’ 1“ s;(%)lc()l};gz;e)zglllgoagdomlnal
Acosta AM, Yolito M, Maiz A. Medical and surgical treatments adipose tissue 1n fean humans. LJ1abetes. 4 . e
for obesity have opposite effects on peptide YY and appetite: a 105. Laferréere B, Heshka S, Wang K, Khan Y, McGinty J, Teixeira J,
prospective study controlled for weight loss. J Clin Endocrinol Hart AB, Olivan B. Incretin levels and effect are markedly
Metab. 2010;95(3):1069-75. enhanced 1 month after Roux-en-Y gastric bypass surgery in obese

90. Karamanakos SN, Vagenas K, Kalfarentzos F, Alexandrides TK. patients with type 2 diabetes. Diabetes Care. 2007,30(7)1709-16.
Weight loss, appetite suppression, and changes in fasting and 106. Salinari S, Bertuzzi A, Asnaghi S, Guidone C, Manco M,
postprandial ghrelin and peptide-YY levels after Roux-en-Y gastric Mingrone G. First-phase insulin secretion restoration and
bypass and sleeve gastrectomy: a prospective, double blind study. differential response to glucose load depending on the route of
Ann Surg. 2008;247(3):401-7. administration in type 2 diabetic subjects after bariatric surgery.

91. Morinigo R, Vidal ], Lacy AM, Delgado S, Casamitjana R, Diabetes Care. 2009;32(3):375-80.

Gomis R. Circulating peptide YY, weight loss, and glucose 107. Mingrone G, Nolfe G, Gissey GC, laconelli A, Leccesi L,
homeostasis after gastric bypass surgery in morbidly obese Guidone C, Nanni G, Holst JJ. Circadian rhythms of GIP and
subjects. Ann Surg. 2008;247(2):270-5. GLP1 in glucose-tolerant and in type 2 diabetic patients after

92. Korner ], Tnabnet W, Conwell IM, Taveras C, Daud A, biliopancreatic diversion. Diabetologia. 2009;52(5):873—81.
Olivero-Rivera L, Restuccia NL, Bessler M. Differential effects 108. Sarson DL, Scopinaro N, Bloom SR. Gut hormone changes after
of gastric bypass and banding on circulating gut hormone and jejunoileal (JIB) or biliopancreatic (BPB) bypass surgery for morbid
leptin levels. Obesity (Silver Spring). 2006;14(9):1553-61. obesity. Int ] Obes.1981;5(5):471-80.

J Diabetes Sci Technol Vol 5, Issue 5, September 2011 1280 www.journalofdst.org



Mechanisms Responsible for Excess Weight Loss after Bariatric Surgery

lonut

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Lauritsen KB, Christensen KC, Stokholm KH. Gastric inhibitory
polypeptide (GIP) release and incretin effect after oral glucose
in obesity and after jejunoileal bypass. Scand ] Gastroenterol.
1980;15(4):489-95.

Guldstrand M, Ahrén B, Niaslund E, Holst JJ, Adamson U.
Dissociated incretin response to oral glucose at 1 year after
restrictive vs. malabsorptive bariatric surgery. Diabetes Obes
Metab. 2009;11(11):1027-33.

Kojima M, Kangawa K. Ghrelin: from gene to physiological
function. Results Probl Cell Differ. 2010;50:185-205.

Cummings DE, Purnell JQ, Frayo RS, Schmidova K, Wisse BE,
Weigle DS. A preprandial rise in plasma ghrelin levels suggests a
role in meal initiation in humans. Diabetes. 2001;50(8): 1714-9.

Nakazato M, Murakami N, Date Y, Kojima M, Matsuo H,
Kangawa K, Matsukura S. A role for ghrelin in the central
regulation of feeding. Nature. 2001;409(6817):194-8.

Tschop M, Weyer C, Tataranni PA, Devanarayan V, Ravussin E,
Heiman ML. Circulating ghrelin levels are decreased in human
obesity. Diabetes. 2001;50(4):707-9.

English PJ, Ghatei MA, Malik IA, Bloom SR, Wilding J. Food fails
to suppress ghrelin levels in obese humans. J Clin Endocrinol
Metab. 2002;87(6):2984.

Tschép M, Smiley DL, Heiman ML. Ghrelin induces adiposity in
rodents. Nature. 2000;407(6806):908-13.

Diniz Mde F, Azeredo Passos VM, Diniz MT. Bariatric surgery
and the gut-brain communication--the state of the art three years
later. Nutrition. 2010;26(10):925-31.

Beckman LM, Beckman TR, Earthman CP. Changes in gastro-
intestinal hormones and leptin after Roux-en-Y gastric bypass
procedure: a review. ] Am Diet Assoc. 2010;110(4):571-84.

Lee H, Te C, Koshy S, Teixeira JA, Pi-Sunyer FX, Laferrere B.
Does ghrelin really matter after bariatric surgery? Surg Obes
Relat Dis. 2006;2(5):538—48.

Cummings DE, Weigle DS, Frayo RS, Breen PA, Ma MK,
Dellinger EP, Purnell JQ. Plasma ghrelin levels after diet-
induced weight loss or gastric bypass surgery. N Engl J Med.
2002;346(21):1623-30.

Christou NV, Look D, McLean AP. Pre- and post-prandial plasma
ghrelin levels do not correlate with satiety or failure to achieve
a successful outcome after Roux-en-Y gastric bypass. Obes Surg.
2005;15(7):1017-23.

Leonetti F, Silecchia G, ITacobellis G, Ribaudo MC, Zappaterreno A,
Tiberti C, Iannucci CV, Perrotta N, Bacci V, Basso MS, Basso N,
Di Mario U. Different plasma ghrelin levels after laparoscopic
gastric bypass and adjustable gastric banding in morbid obese
subjects. J Clin Endocrinol Metab. 2003;88(9):4227-31.

Chan JL, Mun EC, Stoyneva V, Mantzoros CS, Goldfine AB. Peptide
YY levels are elevated after gastric bypass surgery. Obesity (Silver
Spring). 2006;14(2):194-8.

Frithbeck G, Diez Caballero A, Gil M]J. Fundus functionality
and ghrelin concentrations after bariatric surgery. N Engl ] Med.
2004;350(3):308-9.

Langer FB, Reza Hoda MA, Bohdjalian A, Felberbauer FX,
Zacherl J, Wenzl E, Schindler K, Luger A, Ludvik B, Prager G.
Sleeve gastrectomy and gastric banding: effects on plasma ghrelin
levels. Obes Surg. 2005;15(7):1024-9.

Roth CL, Reinehr T, Schernthaner GH, Kopp HP, Kriwanek S,
Schernthaner G. Ghrelin and obestatin levels in severely obese
women before and after weight loss after Roux-en-Y gastric
bypass surgery. Obes Surg. 2009;19(1):29-35.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Geloneze B, Tambascia MA, Pilla VF, Geloneze SR, Repetto EM,
Pareja JC. Ghrelin: a gut-brain hormone: effect of gastric bypass
surgery. Obes Surg. 2003;13(1):17-22.

Garcia de la Torre N, Rubio MA, Bordid E, Cabrerizo L,
Aparicio E, Herndndez C, Sdnchez-Pernaute A, Diez-Valladares L,
Torres AJ, Puente M, Charro AL. Effects of weight loss after
bariatric surgery for morbid obesity on vascular endothelial
growth factor-A, adipocytokines, and insulin. J Clin Endocrinol
Metab. 2008;93(11):4276-81.

Foschi D, Corsi F, Colombo F, Vago T, Bevilaqua M, Rizzi A,
Trabucchi E. Different effects of vertical banded gastroplasty and
Roux-en-Y gastric bypass on meal inhibition of ghrelin secretion
in morbidly obese patients. J Invest Surg. 2008;21(2):77-81.

Mancini MC, Costa AP, de Melo ME, Cercato C, Giannella-Neto D,
Garrido AB Jr, Rosberg S, Albertsson-Wikland K, Villares SM,
Halpern A. Effect of gastric bypass on spontaneous growth hormone
and ghrelin release profiles. Obesity (Silver Spring). 2006;14(3):383-7.

Holdstock C, Engstrom BE, Ohrvall M, Lind L, Sundbom M,
Karlsson FA. Ghrelin and adipose tissue regulatory peptides:
effect of gastric bypass surgery in obese humans. ] Clin
Endocrinol Metab. 2003;88(7):3177-83.

Sundbom M, Holdstock C, Engstrom BE, Karlsson FA. Early changes
in ghrelin following Roux-en-Y gastric bypass: influence of vagal
nerve functionality? Obes Surg. 2007;17(3):304-10.

Pardina E, Loépez-Tejero MD, Llamas R, Cataldn R, Galard R,
Allende H, Vargas V, Lecube A, Fort JM, Baena-Fustegueras JA,
Peinado-Onsurbe J. Ghrelin and apolipoprotein AIV levels show
opposite trends to leptin levels during weight loss in morbidly
obese patients. Obes Surg. 2009;19(10):1414-23.

Dadan ], Hady HR, Zbucki RL, Iwacewicz P, Bossowski A,
Kasacka I The activity of gastric ghrelin positive cells in
obese patients treated surgically. Folia Histochem Cytobiol.
2009;47(2):307-13.

Mingrone G, Granato L, Valera-Mora E, Iaconelli A, Calvani MEF,
Bracaglia R, Manco M, Nanni G, Castagneto M. Ultradian ghrelin
pulsatility is disrupted in morbidly obese subjects after weight
loss induced by malabsorptive bariatric surgery. Am ] Clin Nutr.
2006;83(5):1017-24.

Kotidis EV, Koliakos GG, Baltzopoulos VG, Ioannidis KN,
Yovos JG, Papavramidis ST. Serum ghrelin, leptin and adiponectin
levels before and after weight loss: comparison of three methods of
treatment--a prospective study. Obes Surg. 2006;16(11):1425-32.

Dixon AF, Dixon JB, O’Brien PE. Laparoscopic adjustable gastric
banding induces prolonged satiety: a randomized blind crossover
study. J Clin Endocrinol Metab. 2005;90(2):813-9.

Foschi D, Corsi F, Rizzi A, Asti E, Carsenzuola V, Vago T,
Bevilacqua M, Riva P, Trabucchi E. Vertical banded gastroplasty
modifies plasma ghrelin secretion in obese patients. Obes Surg.
2005;15(8):1129-32.

Bohdjalian A, Langer FB, Shakeri-Leidenmiihler S, Gfrerer L,
Ludvik B, Zacherl J, Prager G. Sleeve gastrectomy as sole and
definitive bariatric procedure: 5-year results for weight loss and
ghrelin. Obes Surg. 2010;20(5):535-40.

Frithbeck G, Diez-Caballero A, Gil M]J, Montero I, Gémez-Ambrosi J,
Salvador J, Cienfuegos JA. The decrease in plasma ghrelin
concentrations following bariatric surgery depends on the
functional integrity of the fundus. Obes Surg. 2004;14(5):606-12.

Frithbeck G, Rotellar F, Herndndez-Lizoain JL, Gil MJ, Gémez-
Ambrosi J, Salvador ], Cienfuegos JA. Fasting plasma ghrelin
concentrations 6 months after gastric bypass are not determined
by weight loss or changes in insulinemia. Obes Surg.
2004;14(9):1208-15.

J Diabetes Sci Technol Vol 5, Issue 5, September 2011

1281

www.journalofdst.org



Mechanisms Responsible for Excess Weight Loss after Bariatric Surgery

lonut

142.

143.

144.

145.

Pérez-Romero N, Serra A, Granada ML, Rull M, Alastrué A,
Navarro-Diaz M, Romero R, Ferndndez-Llamazares ]. Effects
of two variants of Roux-en-Y Gastric bypass on metabolism
behaviour: focus on plasma ghrelin concentrations over a 2-year
follow-up. Obes Surg. 2010;20(5):600-9.

Perathoner A, Weiss H, Santner W, Brandacher G, Laimer E,
Holler E, Aigner F, Klaus A. Vagal nerve dissection during pouch
formation in laparoscopic Roux-Y-gastric bypass for technical
simplification: does it matter? Obes Surg. 2009;19(4):412-7.

Couce ME, Cottam D, Esplen J, Schauer P, Burguera B. Is ghrelin
the culprit for weight loss after gastric bypass surgery? A negative
answer. Obes Surg. 2006;16(7):870-8.

Busetto L, Segato G, De Luca M, Foletto M, Pigozzo S, Favretti F,
Enzi G. High ghrelin concentration is not a predictor of less
weight loss in morbidly obese women treated with laparoscopic
adjustable gastric banding. Obes Surg. 2006;16(8):1068—74.

161.

162.

163.

164.

Berthoud HR, Shin AC, Zheng H. Obesity surgery and gut-brain
communication. Physiol Behav. 2011. Epub ahead of print.

Nakagawa A, Satake H, Nakabayashi H, Nishizawa M, Furuya K,
Nakano S, Kigoshi T, Nakayama K, Uchida K. Receptor gene
expression of glucagon-like peptide-1, but not glucose-dependent
insulinotropic polypeptide, in rat nodose ganglion cells. Auton
Neurosci. 2004;110(1):36-43.

Vahl TP, Tauchi M, Durler TS, Elfers EE, Fernandes TM, Bitner RD,
Ellis KS, Woods SC, Seeley R], Herman JF, D’Alessio DA. Glucagon-
like peptide-1 (GLP-1) receptors expressed on nerve terminals
in the portal vein mediate the effects of endogenous GLP-1 on
glucose tolerance in rats. Endocrinology. 2007;148(10):4965-73.

Holmes GM, Browning KN, Tong M, Qualls-Creekmore E,
Travagli RA. Vagally mediated effects of glucagon-like peptide 1: in
vitro and in vivo gastric actions. ] Physiol. 2009;587(Pt 19):4749-59.

165. Riittimann EB, Arnold M, Hillebrand JJ, Geary N, Langhans W.

146. Uzzan B, Catheline JM, Lagorce C, Airinei G, Bon C, Cohen R, Intrameal hepatic portal and intraperitoneal infusions of glucagon-
Perret GY, Aparicio T, Benamouzig R. Expression of ghrelin in like peptide-1 reduce spontaneous meal size in the rat via different
fundus is increased after gastric banding in morbidly obese mechanisms. Endocrinology. 2009;150(3):1174-81.
patients. Obes Surg. 2007,17(9):1159-64. 166. Le Roux CW, Neary NM, Halsey TJ, Small CJ, Martinez-Isla AM,

147. Zhang JV, Ren PG, Avsian-Kretchmer O, Luo CW, Rauch R, Klein C, Ghatei MA, Theodorou NA, Bloom SR. Ghrelin does not stimulate
Hsueh AJ. Obestatin, a peptide encoded by the ghrelin gene, opposes food intake in patients with surgical procedures involving
ghrelin’s effects on food intake. Science. 2005;310(5750):996-9. vagotomy. J Clin Endocrinol Metab. 2005;90(8):4521-4.

148. Gourcerol G, St-Pierre DH, Taché Y. Lack of obestatin effects on 167. Angrisani L, Cutolo PP, Ciciriello MB, Vitolo G, Persico F
food intake: should obestatin be renamed ghrelin-associated Lorenzo M, Scarano P. Laparoscopic adjustable gastric banding
peptide (GAP)? Regul Pept. 2007;141(1-3):1-7. with truncal vagotomy versus laparoscopic adjustable gastric

149. Haider DG, Schindler K, Prager G, Bohdjalian A, Luger A, l;andlg% al(I){ntiz: tlg?rlgags?zgzgsf E;prospectlve randomized trial.
Wolzt M, Ludvik B. Serum retinol-binding protein 4 is reduced urg s Relat LIs. OISO
after weight loss in morbidly obese subjects. ] Clin Endocrinol 168. Martin MB, Earle KR. Laparoscopic adjustable gastric banding
Metab. 2007;92(3):1168-71. with truncal vagotomy: any increased weight loss? Surg Endosc.

. L . 2011;25(8):2522-5.

150. Dockray GJ. Cholecystokinin and gut-brain signalling. Regul Pept.
2009;155(1-3):6-10. 169. Kral JG, Gortz L, Hermansson G, Wallin GS. Gastroplasty for

151. D’Alessio D. Intestinal hormones and regulation of satiety: the ObeSIt}{: lo.rl17g—1t?;m weight loss improved by vagotomy. World ]
case for CCK, GLP-1, PYY, and Apo A-IV. JPEN ] Parenter Enteral Surg. 1993;17(1):75-9.

Nutr. 2008;32(5):567-8. 170. Bueter M, Lowenstein C, Ashrafian H, Hillebrand J, Bloom SR,

152. Rubino F, Schauer PR, Kaplan LM, Cummings DE. Metabolic bOlbers T, Lutz T’ le I;foux gw{i Vaga'l I:p?ring' surgciical techcrlli?uef
surgery to treat type 2 diabetes: clinical outcomes and mechanisms ut r}ot stoma size affects bo .y we'1g t Joss in rodent model o
of action. Annu Rev Med. 2010;61:393-411. gastric bypass. Obes Surg. 2010,20(5):616-22.

153. Kellum JM, Kuemmerle JF, O'Dorisio TM, Rayford P, Martin D, /" éey dRE' Baélghe.d F'l Turnbaugh P'b_L‘l)Z“pi’“e CI;A*' K“‘glhtARg'
Engle K, Wolf L, Sugerman HJ. Gastrointestinal hormone responses So.r on JI e.s,lty a t.ers gut microbial ecology. Proc Natl Aca

. . ci U S A. 2005;102(31):11070-5.
to meals before and after gastric bypass and vertical banded
gastroplasty. Ann Surg. 1990;211(6):763-70. 172. Zhang H, DiBaise JK, Zuccolo A, Kudrna D, Braidotti M, Yu Y,

154. Foschi D, Corsi F, Pisoni L, Vago T, Bevilacqua M, Asti E, Parameswaran F, Crowell MD, Wing R, Rittmann BE, Krajmalnik-

Righi I, Trabucchi E. Plasma cholecystokinin levels after vertical Brown R. Human gut microbiota in obesity and after gastric
&Y e bypass. Proc Natl Acad Sci U S A. 2009;106(7):2365-70.

banded gastroplasty: effects of an acidified meal. Obes Surg. yP ’

2004;14(5):644-7. 173. Furet JB, Kong LC, Tap ], Poitou C, Basdevant A, Bouillot JL, Mariat D,

155. Ockander L, Hedenbro JL, Rehfeld JF, Sjolund K. Jejunoileal bypass C;rthle}r G If)cife J, Henegar AC’ R.l zkalla S, C.ler?‘em K. le.fezlenh;j
changes the duodenal cholecystokinin and somatostatin cell density. adaptation of human gut m1crob19ta to bariatric surgery-inauce
Obes Surg. 2003;13(4):584-90. weight loss.: links with metabolic and low-grade inflammation

markers. Diabetes. 2010;59(12):3049-57.

196 ;/X?;ctlisn;Ct.ralé)tlegiZSgrgig\:srs Slgriilg’eéggf).‘lfznstll‘l;lblcil‘slt;llsiggasstro 174. Geloneze B, Geloneze SR, Fiori C, Stabe C, Tambascia MA,

’ ' g ' ' Chaim EA, Astiarraga BD, Pareja JC. Surgery for nonobese type

157. Tso P, Liu M. Apolipoprotein A-1V, food intake, and obesity. 2 diabetic patients: an interventional study with duodenal-jejunal
Physiol Behav. 2004;83(4):631-43. exclusion. Obes Surg. 2009;19(8):1077-83.

158. Culnan DM, Cooney RN, Stanley B, Lynch CJ. Apolipoprotein 175. Navarrete SA, Leyba JL, Llopis SN. Laparoscopic sleeve gastrectomy
A-1V, a putative satiety/antiatherogenic factor, rises after gastric with duodenojejunal bypass for the treatment of type 2 diabetes
bypass. Obesity (Silver Spring). 2009;17(1):46-52. in non-obese patients: technique and preliminary results. Obes

159. Weiss H, Labeck B, Klocker ], Nehoda H, Mittermair R, Aigner E Surg. 2011;21(5):663-7.

. , 2 , , , Aigner F,
Gadenstitter M, Schwelberger H, Wetscher G. Effects of adjustable 176. Bose M, Olivan B, Teixeira J, Pi-Sunyer FX, Laferrére B. Do incretins
gastric banding on altered gut neuropeptide levels in morbidly play a role in the remission of type 2 diabetes after gastric bypass
obese patients. Obes Surg. 2001;11(6):735-9. surgery: what are the evidence? Obes Surg. 2009;19(2):217-29.

160. Englander EW, Greeley GH Jr. Postpyloric gastrointestinal 177. Knop FK. Resolution of type 2 diabetes following gastric bypass
peptides. In: Barrett KE, Johnson LR, Ghishan FK, eds. Physiology surgery: involvement of gut-derived glucagon and glucagonotropic
of the gastrointestinal tract. New York: Raven Press; 2006. signalling? Diabetologia. 2009;52(11):2270-6.

J Diabetes Sci Technol Vol 5, Issue 5, September 2011 1282 www.journalofdst.org



