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Abstract
Objective—This review will summarize current indications, limitations and outcomes of
bariatric surgery in adolescents, as well as provide an overview of the physiologic effects of
bariatric surgery on enteric hormones involved in regulating appetite, satiation and maintenance of
weight.

Results—Extreme obesity (BMI ≥ 99 percentile) now affects 4% of children and adolescents in
the United States. Traditional dietary and behavioral weight management methods have no
demonstrated efficacy for extremely obese children and adolescents, in contrast with bariatric
surgery which has produced significant and sustainable weight loss and associated improvements
in comorbid diseases for the extremely obese. Roux-en-Y gastric bypass (RYGB) and
laparoscopic adjustable gastric banding (LAGB) are the most commonly performed bariatric
surgical procedures in adolescents, but vertical sleeve gastrectomy may be a promising new option
for selected extremely obese adolescents. A mean weight loss of 37–40% is achieved in
adolescents after RYGB, with LAGB showing similar results, albeit attained at a slower rate.

Conclusion—Alterations in the enteric hormones involved in the gut–brain axis that regulates
appetite and energy expenditure may play a role in both the anorexigenic and weight-reducing
effects of certain bariatric surgical procedures. In particular, RYGB induces a rise in both fasting
and post-prandial peptide tyrosine–tyrosine which could contribute to the more rapid and greater
degree of weight loss than is seen with LAGB. Limitations of bariatric surgery however include
the potential for post-operative morbidity and mortality, as well as possible weight regain in a
small proportion of patients.
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1. Introduction
Obesity has reached epidemic proportions in the United States and worldwide. In the last
three decades, obesity prevalence in adults (defined as BMI ≥ 30 kg/m2) has doubled [1,2],
while obesity prevalence (defined as BMI ≥ 95th percentile for age and gender) has tripled
in adolescents age 12–19 [3]. Alarmingly, not only the prevalence but the severity of obesity
has increased in both adults and children. Seven percent of women and three percent of men
now have a BMI ≥ 40 kg/m2 [1,2], while four percent of adolescents are extremely obese
(defined as BMI ≥ 99th percentile) [4]. Ninety-four percent of children with a BMI ≥ 99th
percentile have excess adiposity and thirty-three percent have three or more cardiovascular
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disease risk factors [4]. Longitudinal analysis of children with a BMI ≥ 99th percentile
indicate that 100% remain extremely obese, with an average adult BMI of 43 kg/m2 [4].
Though multidisciplinary behavioral programs have resulted in modest and sustained
decreases in BMI and health risks in less severely obese children, behavioral or dietary
interventions have not resulted in significant or sustained improvements in BMI for
extremely obese children and adolescents [5,6].

Over the past decade, bariatric surgery has gained increasing acceptance as a treatment
modality for adolescents with extreme obesity and significant comorbid diseases who have
failed conventional dietary or behavioral interventions. This review will summarize the
indications for, and outcome of bariatric surgery in adolescents and highlight the physiologic
changes occurring post-operatively that may contribute to decreases in appetite and food
intake, leading to durable reduction in weight.

2. Overview of bariatric surgery in adolescents
Bariatric surgery has been performed in adolescents since the 1970s and 1980s [7]. From
1996 to 2000 the annual rate of bariatric surgery in adolescents remained constant with
approximately 200 cases per year [8]. However, from 2000 to 2003, the annual volume of
cases increased threefold, reflecting a growing recognition of both the increasing prevalence
and severity of adolescent extreme obesity and acceptance of bariatric surgery as a safe and
effective weight loss tool for selected extremely obese adolescents.

2.1. Indications
Indications and contraindications for considering bariatric surgery in adolescence have been
extensively reviewed elsewhere [7,9]. Briefly, because of the unique psychosocial, physical,
behavioral and emotional needs of adolescents and their families, adolescent bariatric
surgery should take place within the context of a pediatric multidisciplinary center and more
conservative patient selection criteria are advocated. Typically, bariatric surgery has been
recommended only for adolescents with a BMI ≥ 40 kg/m2 with a major comorbidity
(diabetes, obstructive, pseudotumor cerebri) or BMI ≥ 50 kg/m2 with or without major
comorbidities [10]. Prior attempts at weight loss through behavior or dietary changes must
be well documented. Multidisciplinary evaluation by pediatric specialists is advised to
ensure that the patient and family understand the risks and benefits and meet selection
criteria [11]. Guidelines based on strict BMI cut-point of 40 or 50 kg/m2 may however
eventually be replaced by BMI guidelines based on the 99th percentile for BMI, as this may
be a more precise cut-point to identify extremely obese teens with high likelihood of having
significant cardiovascular and dysmetabolic risk factors, as well as persistence of extreme
obesity into adulthood [4,12].

2.2. Surgical options for adolescents
Historically, both the jejunoileal bypass (JIB) (Fig. 1a) and the biliopancreatic diversion
(BPD) (Fig. 1b) were performed in adolescents in the 1970s and 1980s [13,14]. Both have
since been abandoned, due to the large malabsorptive component of these procedures and
high risk of nutritional complications, morbidity and mortality that resulted from bypassing
the majority of the small intestine [14–16]. The modified biliopancreatic diversion with
duodenal switch (BPD-DS) (Fig. 1c) which preserves a cuff of duodenum and lengthens the
common small intestinal channel, has also been performed in a small number of adolescents
[17]. However, the BPD-DS also carries an increased risk of malabsorptive complications
and requires life-long nutritional supplementation. It is therefore only rarely performed,
typically in adolescents at the highest extremes of BMI. A small number of adolescents also
received vertical banded gastroplasty (VBG) (Fig. 1d) in the 1980–1990s [18]. However,
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due to modest weight loss and higher risk of post-surgical complications, this procedure is
also no longer performed in adolescents.

The two main surgical options for adolescents at present include the Roux-en-Y gastric
bypass (RYGB) and the laparoscopic adjustable gastric banding (LAGB). The RYGB
remains the most commonly performed procedure, comprising 90% of adolescent bariatric
surgery cases in the United States in 2003 [8]. However, the first stage of the BPD-DS, the
vertical sleeve gastrectomy (VSG) is gaining increasing interest due to a predictably lower
risk of nutritional complications and weight loss performance that is potentially comparable
to other procedures (discussed below) [17].

RYGB (Fig. 1e) has been used for surgical weight loss in adolescents since the 1980s and
remains the most common bariatric procedure performed in obese adolescents [8,19,20].
Technically, a small 20–30 ml gastric pouch is fashioned just below the gastroesophogeal
junction. This excludes the fundus and body of the stomach, which may have important
physiologic considerations, as discussed in Section 3. The roux limb is typically 75–150 cm
in length and is anastomosed to the gastric pouch. The surgery therefore includes both a
restrictive, as well as a mildly malabsorptive component by excluding the body of the
stomach and duodenum from the flow of ingested nutrients. In addition, following this
procedure, there is little to no gastric phase of digestion, gastric emptying is accelerated, and
ingested nutrients more quickly transit to the intestine and colon.

The LAGB (Fig. 1f) procedure in contrast involves only a restrictive component. A device
consisting of a synthetic band with an inner inflatable balloon is placed around the proximal
stomach, just below the gastroesophageal junction. The inner balloon diameter can be
modified by injection of saline into a subcutaneous port to adjust the degree of gastric
restriction. Thus, once the band is inflated, the device partitions the stomach into a small
gastric pouch above the band with the larger gastric fundus, body, and antrum below the
band. Once nutrients have passed through the partition, there is no alteration in the
physiology of digestion. The LAGB is completely reversible as no part of the intestinal tract
is divided.

The VSG (Fig. 1g) is the first stage of the BPD-DS, and involves a vertical gastrectomy,
using a 12–16mm diameter internal bougie (a soft flexible cylindrical instrument
temporarily inserted within the stomach) to form a narrow lesser curve gastric tube. No
portion of the intestinal tract is bypassed, but the fundus and greater curve of the stomach is
removed which may have important physiological effects on appetite and satiety as will be
discussed in this review (Section 3). Vertical sleeve gastrectomy has been attracting much
interest recently, due to the several reports demonstrating excellent weight loss results and
comorbidity resolution. Most agree that there is a much reduced risk of nutritional
complications, even without the need for life-long supplementation with vitamins and
minerals, as prescribed with other procedures [17]. It has been performed in only a few
adolescents to date, but is likely to be increasingly applied, given that adolescents have very
poor reported adherence to nutritional supplementation [19], and may be at higher risk of
nutritional deficiencies after more malabsorptive procedures [21].

2.3. Outcomes of bariatric surgery in adolescents
Long-term outcomes in adolescents after RYGB indicate that, in general, a mean weight loss
of 37–40% is achieved [22,23]. The longest follow-up to date was provided by a
retrospective analysis of 33 adolescents followed for up to 21 years after various
modifications of gastric bypass surgery [24]. In this cohort with mean BMI 52 kg/m2 and
mean age of 16 years, an average BMI of 38 kg/m2 was maintained at a mean of 14 years
after surgery. However 5 (15%) patients regained all or most of their lost weight. In general,
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it is difficult to ascertain the degree of weight regain in adolescent patients after RYGB from
data reported in the literature, in part due to the bias represented by the variable number of
patients who are lost to follow-up. The prevalence of weight regain may be as high as 20%
[22–24].

Significant improvements in comorbidities after gastric bypass have been well documented
for obstructive sleep apnea [23,25], hypertension [23], and diabetes [22]. Interestingly, as in
adults, glycemic control in patients with diabetes improves almost immediately after
surgery, preceding any significant weight loss. This suggests that alterations in gastric
hormones that augment insulin secretion (the incretins) may be altered by gastric bypass, as
will be reviewed below (Section 3.3). Importantly for the patient, preliminary data suggest
that quality of life and depressive symptoms after RYGB in adolescents dramatically
improve, close to the level of normal controls [7].

As the LABG is not yet FDA approved in the U.S., the largest series of outcome data come
from Australia [26,27]. In the largest Australian series of 41 patients, mean BMI was lower
(42 kg/m2) than mean BMI seen typically in gastric bypass cohorts (typically >50 kg/m2)
[26]. Also, only five patients had a significant comorbidity such as type 2 diabetes mellitus,
obstructive sleep apnea or hypertension. Three-year follow-up data was available for 18
patients in this series and a weight loss of 30% was documented. All five patients with
significant comorbidities demonstrated improvement in their disease severity. Two
complications were reported including band slippage, requiring repositioning and one tubing
leak requiring revision.

A recent study of 24 adolescents (mean BMI 49 kg/m2 and age range 14–20 years old)
undergoing LAGB in the United States reported a sustained 42% excess weight loss at 2 and
3 years post-surgery [28]. However the complication rate was 29% with 25% of adolescents
having gastric pouch enlargement. Two patients required band repositioning. Comparisons
of LAGB and RYGB indicate that they achieve similar degree of weight loss at longer time
intervals [29], but short-term results are greater in gastric bypass in the first 1–3 years [30].
Despite good short-term results of LAGB, there remains concern about the longevity of the
band device in adolescents who can be expected to live much longer with the device in place
[7].

There are no short or long-term safety and efficacy outcomes for VSG in adolescents.
However, short-term outcomes (up to 3 years) and safety profile of VSG are excellent for
adults [31,32]. Resolution of comorbidities, including diabetes, hypertension, dyslipidemia
and sleep apnea are similar to those seen with other restrictive procedures. In particular, the
higher degree of weight loss (range of reported excess weight loss of 33–83%) and reduced
complexity of surgery make this an attractive option for the super-super obese patient, in
whom a Roux-en-Y gastric bypass may be more technically challenging due to severe
abdominal adiposity and limited intraabdominal surgical domain.

2.4. Complications of bariatric surgery in adolescents
The true incidence of morbidity and mortality after bariatric surgery in adolescents is
difficult to calculate due to the small numbers of patients who have been studied. In adults, a
recent large systematic review of the literature calculated an overall early mortality (≤30
days post-operative) of 0.3–1% for RYGB, compared with 0.02–0.4% for LAGB [8,33].
Reassuringly, however, no in-hospital perioperative deaths were found for adolescents when
a large U.S. database was queried; length of stay for adolescents was also significantly
shorter compared with adults [8].
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Nonfatal complication rates in adolescents may also be less common and less severe than
reported in adults. In a series of 36 adolescents undergoing RYGB, 2 (6%) had severe and 4
(11%) had moderate complications [22]. Severe complications were defined as sequelae
lasting more than 30 days. These included a case of beriberi (vitaminB1 deficiency) with
persistent neurological symptoms and a late death secondary to dehydration from C. difficile
colitis, several months after surgery. LAGB complications in adolescents appear comparable
to those in adults, occurring in about 10–29% of adolescents undergoing LAGB. The most
common are gastric erosion, band slippage or dilated gastric pouch [28].

The main long-term risks of bariatric surgery in adolescents are nutritional in nature. With
LAGB, these are related to reduced intake of food and with RYGB, both reduced intake and
mild malabsorption occurring as a result of bypassing the stomach (diminishing gastric
digestion) and the duodenum (a main site for calcium and iron absorption) [21]. Therefore,
the most commonly reported nutritional deficiencies after RYGB are vitamin B12 [34], iron
[34,35], and vitamin D [36], if adherence to daily vitamin supplementation is not
maintained. Currently, recommended supplementation includes a high potency chewable
multivitamin, calcium citrate with vitamin D, vitamin B12, and iron in menstruating
females. Vitamin B1 deficiency leading to beriberi has also been reported in several
adolescents [37], therefore many programs now supplement with vitamin B1 in the first
several months after surgery, when the risk appears to be highest due to low intake and
occasional post-operative nausea and vomiting. Adolescents have a variable but low rate of
adherence to supplementation and therefore may potentially be at higher risk for
development of nutritional deficiencies [19]. Annual monitoring for iron deficiency anemia,
calcium, vitamin B12, vitamin D and parathyroid hormone is recommended.

3. Impact of bariatric surgery on gastrointestinal mediators of appetite and
satiation

The gastrointestinal (GI) system plays a critical role not only in the digestion and absorption
of nutrients, but also in alerting the central nervous system of the influx of nutrients after
ingestion of meals. This occurs both through vagal nerve stimulation as well as via hormonal
mediators, some of which are also expressed in the CNS [38–40].

Stimuli received from the gastrointestinal tract predominantly function as short-term
satiation signals, causing termination of meals. These mediators include primarily
cholecystokinin, insulin, PYY3–36 and the incretins, gastric inhibitory peptide (GIP) and
glucagon-like peptide-1. The notable exception is ghrelin, an orexigenic hormone secreted
by the stomach, which causes increased ingestion of food when administered prior to meals
[41]. The primary organs secreting these short-term mediators of satiety are the stomach,
pancreas, small and large intestine. Within the intestine, specialized enteroendocrine cells
monitor the content of the chyme as it proceeds along the intestine, reacting to specific types
of nutrients (carbohydrates, fat or proteins) to synthesize and secrete specific GI peptides.
Long-term signaling of excess adiposity, including leptin and circulating insulin, can
modulate the sensitivity of the vagal and hindbrain responses to these short-term
gastrointestinal signals [42].

Bariatric surgical procedures, in particular those which bypass portions of the alimentary
tract, have the potential to cause favorable alterations in these mediators of appetite and
satiety. A growing body of the literature has also explored the alterations in GI hormone
secretion following bariatric surgery in humans. However, results are very diverse and
comparisons across groups are complicated by different bariatric procedures performed, and
different research methodologies, including varying sample sizes and hormone assays.
Further, the majority of these studies have been performed in adults and very scant data is
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available in adolescents. This review will summarize the available data on the impact of the
most common bariatric surgical procedures on the gastro-enteric hormonal axis.

3.1. Ghrelin
Ghrelin is a 28 amino acid acylated peptide synthesized predominantly in endocrine A/X
cells located in the gastric fundus [43]. Ghrelin is expressed to a lesser degree in numerous
other tissues, particularly the upper small intestine [44]. However, the stomach appears to be
the most significant source of ghrelin, as circulating levels fall up to 65% after gastrectomy
[45]. Up to 45% of total ghrelin levels can be maintained after total gastrectomy in humans,
presumably due to secretion by other sites in the gut, such as the upper small intestine [44–
46].

Ghrelin is cleaved from a precursor peptide, preproghrelin and undergoes post-translational
modification by acylation of the serine-3 residue at the amino terminus [47]. This acylation
is required for ghrelin to bind to its growth hormone secretagogue receptor (GHS-R1a).
GHS-R1a is expressed in a multitude of tissues, including the hypothalamus, pituitary,
stomach, small intestine, pancreas, colon, liver, kidney, adipose tissue, myocardium [48].
Not surprisingly, ghrelin has been linked to a diverse array of activities, including intestinal
motility, regulation of pancreatic secretions, glucose metabolism, immunity, inflammation,
and cardiac function [49–51].

The orexigenic potential of ghrelin was first suggested by a preprandial rise in plasma
ghrelin levels during fasting, and a rapid decrease post-prandially [52,53]. Administration of
ghrelin directly increases food intake in both rodents and humans [41,54,55]. Blocking the
action of ghrelin in animal models induces an expected anorexigenic effect [56,57].

Ghrelin is believed to exert its orexigenic effects in large part by stimulating the GHS-R on
the neuropeptide Y (NPY) and Agouti-related protein (AgRP)-expressing neurons in the
hypothalamic arcuate nucleus [58–60]. Interestingly, weight gain persists when ghrelin is
given to NPY knockout mice, suggesting that additional mechanisms for the ghrelin-related
increase in weight may be present [41]. Intact vagal nerve function appears to be required
for the orexigenic action, as vagotomised rodents fail to demonstrate an increase in feeding
when stimulated by ghrelin [61]. Ghrelin may decrease PYY3–36 and glucagon-like peptide
1 (GLP-1)-mediated inhibition of food intake and gastric emptying [62]. Ghrelin also
directly increases gastric emptying, intestinal motility and acid secretion in rodents [63,64].
In addition to stimulating food intake, ghrelin may also directly promote development of
excess adiposity. This may be due in part to direct stimulation of adipogenesis [65], or
suppression of adiponectin expression, as shown in vitro in brown adipocyte tissue [66].

Ghrelin levels are lower in obese individuals preprandially [67], but suppression after food
intake may be decreased [68]. The effect of weight loss on ghrelin secretory profiles remains
unclear. After dietary weight loss, ghrelin levels have been reported to increase [69,70] or
remain unchanged [71,72]. Similarly, the effect of gastric bypass on ghrelin levels is
inconclusive, with numerous reports of increases, decreases, or variable changes in ghrelin
profiles post-operatively. Studies are not always performed in a standardized fashion,
complicating direct comparisons. Variation often occurs in the use of different assays
measuring total serum ghrelin versus the biologically active acylated form of ghrelin or
variable timepoints of blood collection after surgery, with some studies measuring fasting
morning values and others measuring post-prandial secretion profiles.

Several authors have reported decreases in ghrelin secretion after RYGB. Cummings et al.
first reported a 77% decrease in 24 h ghrelin secretion profiles in five subjects following
RYGB compared with five normal weight controls (p < 0.001) and 72% decrease compared
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with five matched obese controls (p = 0.01) [69]. The RYGB patients were studied 9–31
months after surgery when they had reached a stable weight plateau. Total bioactive plasma
ghrelin levels, measuring the acylated form of the hormone, were measured. Based on this
suppression of ghrelin, it was postulated that ghrelin might contribute to the objective
reduction in appetite as well as weight loss following gastric bypass.

Fruhbeck et al. confirmed an early decrease in fasting morning ghrelin levels in obese
patients, occurring only 24 h after RYGB compared to an increase in ghrelin levels in
matched obese patients 24 h after LAGB or Nissen fundoplication [73]. At 6 months, they
likewise reported a significant decrease in fasting ghrelin levels in patients after RYGB, but
not after LAGB or conventional dietary weight loss [74]. The decrease in ghrelin was
independent of change in weight or insulin levels, and similar in magnitude to decreases
seen in control patients after total gastrectomy, suggesting that the decrease in ghrelin was
related to loss of contact of nutrients with the gastric fundus.

Korner et al. also reported that fasting levels of both total and bioactive ghrelin were
decreased in RYGB recipients and obese matched controls, compared with lean controls
[75]. However, suppression of the bioactive form of ghrelin after a standard test meal was
similar among all groups (44–47%). Other studies however have shown that the suppression
of ghrelin after meal or glucose challenge increases after RYGB compared with non-
operative obese controls or patients undergoing LAGB [76,77].

Only a single study has evaluated change in ghrelin after RYGB in an adolescent. A steady
decrease in peak and basal active ghrelin and insulin levels was observed from baseline to
14 months after RYGB in an adolescent with hypothalamic obesity secondary to radiation
therapy for craniopharyngeoma [78]. The patient also reported significantly reduced food
cravings as measured using visual analogue scales [78]. However, RYGB in this patient did
not affect overall ghrelin profiles. This patient also underwent an anterior hemi-vagotomy in
an attempt to limit vagally mediated insulin secretion.

Holdstock et al. in contrast reported significant increases in morning plasma ghrelin levels
at 6 and 12 months after RYGB in 66 adults subjects (meanBMI45 kg/m2) [79]. However,
secretion profiles after standard meal intake were not measured. Other groups have also
reported a rise in fasting ghrelin levels after RYGB [80], or an increase during the first 6
months of active weight loss, followed by a return to pre-operative baseline levels [81].

Finally, some studies have shown no difference in ghrelin levels pre or post-operatively. Le
Roux et al. evaluated 6 patients after RYGB compared to 15 lean and 12 matched obese
controls. They found that there was no difference between baseline or post-operative fasting
ghrelin levels 6–36 months after RYGB. Ghrelin levels remained significantly lower
compared to the lean controls. Although ghrelin levels were collected at various time points
after a test meal, only the fasting results were reported. Others have reported an increase
during the first 6 months during active weight loss, but a return to baseline pre-operative
levels after weight stabilization occurred [81]. No control groups of lean or non-operative
obese patients were included in this particular study.

Effects of LAGB, a purely restrictive procedure, on ghrelin are likewise inconclusive, with
several reporting an increase in fasting levels of ghrelin post-operatively [82,83] and others
reporting no changes in ghrelin compared to baseline levels [84]. When compared directly
with patients undergoing procedures that bypass or resect the fundus of the stomach (RYGB
or VSG), LAGB appears to be consistently associated with an increase in fasting ghrelin
levels [82,85]. Some studies have also reported an increase in suppression of ghrelin after
meal challenges in patients following LAGB, but to a lesser degree than reported after
RYGB [77].

Xanthakos Page 7

Pathophysiology. Author manuscript; available in PMC 2012 January 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Some data suggest that the vertical sleeve gastrectomy also results in a significant and
sustained decrease in fasting plasma ghrelin. Langer et al. compared fasting plasma ghrelin
levels in 10 patients after VSG and 10 patients after LAGB [85]. VSG significantly reduced
plasma ghrelin levels at day 1, as well as 1 and 6 months after surgery, compared with no
change in plasma ghrelin at day 1 and significant increases at 1 and 6 months after LAGB.
Weight loss during the first 6 months was significantly greater in the VSG (61±16%)
compared with LAGB (30±13%). Longer-term data following weight stabilization was not
reported. The decreased in post-operative ghrelin levels in VSG compared with increase in
LAGB has been confirmed by other studies [86].

In summary, the effect of RYGB, LAGB and VSG on ghrelin secretion and ghrelin-
mediated changes in appetite after surgery remain inconclusive. However, RYGB may result
in greater suppression of post-prandial ghrelin levels than LAGB. Initial reports in patients
after VSG also suggest that ghrelin undergoes a sustained decrease in plasma levels. While it
is tempting to speculate that VSG and RYGB result in superior weight loss results due to a
decrease in the secretion of ghrelin or an increase in post-prandial suppression, which could
reduce hunger and food intake, this has not been conclusively demonstrated [87]. Also, it is
unknown whether changes in ghrelin levels precede or accompany significant post-operative
weight regain which can occur in up to 10–20% of patients after bariatric surgery. A single
study has reported a 7 kg/m2 increase in BMI in an adult 1 year following VSG, in spite of
stably decreased plasma ghrelin levels [86].

3.2. The pancreatic polypeptide family: PYY3–36 and PP
Peptide tyrosine–tyrosine (PYY) is a 36 amino acid peptide, which together with NPY and
pancreatic polypeptide (PP) belongs to a family of pancreatic polypeptides implicated in
regulation of appetite. PYY is synthesized and released from endocrine L cells in distal
ileum and colon in response to ingestion of carbohydrates and lipids, and proportionally in
response to caloric intake [88]. Increases in PYY secretion occur before nutrients reach the
distal intestine which implies additional neuroendocrine signaling from the proximal gut
[89]. PYY is secreted as PYY1–36 and then cleaved to PYY3–36 by dipeptidyl peptidase IV
(DPP-IV) [90].

It is thought that PYY exerts its central effect on appetite, by crossing the blood–brain
barrier to activate receptors in the arcuate nucleus of the brain. Four subtypes of
hypothalamic receptors have been identified that bind to the pancreatic polypeptide family:
Y1, Y2, Y4, Y5 [91]. PYY1–36 is believed to function as an orexigenic agonist of the Y1 and
Y2 receptors when administered centrally, while PYY3–36 binds to Y2 receptors on neurons
in the hypothalamus [92,93]. Stimulation of Y2 receptors may inhibit NPY-expressing
neurons leading to anorexigenic downstream effects [94,95].

The effects of PYY, in particular PYY3–36, in regulating appetite remain somewhat
controversial, as highlighted in a recent review [96]. When injected centrally into the
paraventricular nucleus or cerebral ventricles in rodents, PYY and PYY3–36 are associated
with an orexigenic hyperphagic response and gain of weight [97,98]. However, when
administered peripherally to rodents and humans, PYY3–36 appears to reduce food intake,
though results have not been replicated widely in rodents [93,99–101].

Nonetheless, intravenous infusion of PYY3–36 in 12 obese and 12 lean human subjects in a
placebo-controlled double-blinded, crossover study let to a 30% decrease in food intake in
both obese and lean subjects at a single meal and a significant decrease in cumulative 24 h
caloric intake [99]. Moreover, PYY3–36 infusion reduced the plasma level of ghrelin as well,
which may have enhanced its anorexigenic effect. Endogenous fasting and post-prandial
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levels of PYY have also been shown to be significantly lower in obese subjects, correlating
negatively with BMI (r = −0.84, p < 0.001) [99].

Numerous studies have reported increases in post-prandial total PYY and PYY3–36
responses after RYGB compared with lean or obese non-operative controls [75,102]. Korner
et al. also demonstrated that post-prandial PYY and PYY3–36 response in the RYGB group
was also increased two- to four fold compared with LAGB, in addition to lean and obese
non-operative controls (all weight stable) [77]. Further, patients reported significantly
greater satiety scores after RYGB, than LAGB patients or non-operative controls. In
contrast, LAGB did not result in an increase in PYY response or satiety scores following the
test meal and was indistinguishable from the obese and lean controls. These results were
independently confirmed by le Roux et al. [84]. Thus, this post-operative increase in PYY
secretion may be unique to RYGB, and not induced by the purely restrictive LAGB
procedure. However, a single series of 12 patients undergoing VBG (also purely restrictive)
reported an increase in fasting and post-prandial PYY after surgery to levels comparable to
those measured lean controls [103].

An increase in total PYY AUC after meal challenge has also been confirmed during the first
6 months of acute weight loss period after RYGB, suggesting that the PYY increase occurs
independently of weight loss after RYGB [104]. Fasting morning plasma PYY as well as the
area under the curve after a standardized meal challenge was observed to rise progressively
at 1, 3 and 6 months after RYGB in six patients. Post-prandial satiety, measured by visual
analogue scores, also increased significantly by 1 month after surgery and was maintained to
6 months post-operatively.

In summary, RYGB appears to result in a dramatic increase in post-prandial rise in PYY,
which is not seen after LAGB. Based on animal models, it is speculated that a more rapid
delivery of nutrients to the distal ileum may trigger the rapid rise in PYY after RYGB [105].
This could potentially contribute to a decrease in appetite and intake after RYGB, and
potentially be a factor in the more rapid and greater degree of weight loss that is typically
achieved with RYGB.

3.3. The incretins: glucagon-like peptide 1, gastric inhibitory peptide and oxyntomodulin
The incretins are peptides released by the intestine in response to nutrient intake that
augment or enhance glucose-stimulated insulin secretion. Although they have generated
intense interest as a potential therapeutic targets for diabetes, the incretin hormones also
have been implicated in regulation of appetite, as extensively reviewed recently [106]. These
hormones, which include GLP-1, GIP and oxyntomodulin, are produced by post-
translational processing of preproglucagon by prohormone convertase enzymes in the
pancreas, intestine and brain (brainstem and hypothalamus) [107].

GLP-1 is secreted by intestinal endocrine L cells, predominantly in the ileum and colon.
GLP-1 is released into the circulation proportionally to calories ingested, in particular after
meals rich in lipids and glucose or other carbohydrates [108]. Oral (but not intravenous)
glucose administration stimulates a biphasic release of GLP-1 in humans, with an early rapid
rise within 10–15 min, followed by a longer second rise 30–60 min after ingestion [109]. As
secretion of GLP-1 from the distal intestine precedes direct contact with nutrients,
stimulation by autonomic nervous system or earlier release of GIP from the proximal small
intestine is likely to trigger the rapid early release of GLP-1 from the distal intestine [110–
113]. In contrast, the delayed rise in GLP-1 is believed to be caused by direct contact with
intraluminal nutrients [114].
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The primary action of GLP-1 is to enhance pancreatic secretion of insulin in response to oral
glucose ingestion [115]. However, recent studies have also implicated GLP-1 in regulation
of body weight and appetite. Plasma GLP-1 is reduced in obese subjects while diet-induced
weight loss increases GLP-1 levels [116]. Although leptin stimulates release of GLP-1,
obese individuals are often leptin resistant, which may account for lower levels of GLP-1 in
obese individuals [117]. Antagonism of GLP-1 receptor increases food intake, while
administration of GLP-1 in rodents peripherally or centrally inhibits food intake [106].
Inhibition of food intake by GLP-1 has been demonstrated in both lean and overweight
humans [118], and the anorexogenic effects are preserved in obesity [119]. This appears to
be mediated through activation of proopiomelanocortin neurons in the arcuate nucleus [120].

RYGB induces an exaggerated rise in post-prandial GLP-1 plasma levels, compared with
both lean and obese controls [84]. In contrast, no increase in GLP-1 following LAGB has
been reported [84]. As with PYY, it is speculated that a more rapid delivery of nutrients to
the distal ileum may trigger the rapid rise in GLP-1 after RYGB [105]. Fasting GLP-1 levels
also have been documented to rise significantly in comparison to baseline levels, when
sampled during the phase of acute weight loss at 1, 3 and 6 months after RYGP in a small
series of six patients with no controls [104]. This study also documented an exaggerated rise
in GLP-1 after a standardized test meal, but did not include lean or obese controls. In
addition to potential anorexic effects, the rise in GLP-1 levels after meal challenge may
increase post-prandial insulin release, contributing to the rapid improvement in glycemic
control seen in diabetic patients, typically occurring before significant weight loss has
occurred.

Gastric inhibitory peptide is secreted by K cells in the proximal small intestine, mainly
duodenum and jejunum [121]. Like GLP-1, GIP is secreted in response to meals,
particularly those rich in fat or glucose [106]. The GIP receptor is widely expressed in the
intestinal tract, adipose tissue, several areas of the brain and numerous other organs [106].
GIP functions similarly to GLP-1 in the pancreas, increasing insulin secretion in response to
glucose stimulation. However, GIP may also have unique functions related to anabolic
effects and increased lipolysis. GIP receptor knockout mice resist both high fat diet-induced
obesity and hyperphagia-induced adiposity (when crossbred with leptin deficient ob/ob
mice) [122]. However, energy expenditure in GIP receptor knockout mice was also
increased and fat was preferentially oxidized [122].

A limited number of studies have examined the effect of bariatric surgery on gastric
inhibitory peptide. These have generally reported a decrease in fasting and post-stimulatory
GIP profiles after RYGB [123,124], although at 3 weeks post-operative, the decrease in GIP
was only seen in patients with diabetes mellitus [125].

Like GLP1 and GIP, oxyntomodulin is produced by post-translational processing of
preproglucagon. Oxyntomodulin is a 37 amino acid peptide, with close sequence homology
to glucagon, but with an 8 amino acid c-terminal extension. Oxyntomodulin is released from
intestinal L cells, also in proportion to nutrients ingested [126]. Given centrally or
peripherally, oxyntomodulin results in decreased weight gain in rodents [127,128]. This
reduction in caloric intake after oxyntomodulin administration has been replicated in normal
weight humans [129]. Oxyntomodulin has also resulted in weight loss in overweight
humans, when administered for 4 weeks subcutaneously three times a day [130]. This may
occur in part due to suppression of ghrelin [128,129]. Oxyntomodulin may also have an
effect on weight reduction by increasing spontaneous physical activity in both humans and
rodents [128,131]. No studies of bariatric surgery to date have directly examined the
potential effect of altered oxyntomodulin activity.
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3.4. Cholecystokinin
Cholecystokinin (CCK) is rapidly released from gastrointestinal tract after nutrient
ingestion, in particular after meals rich in fat and protein [126]. One of the most studied of
the GI hormones, CCK has many physiologic functions that cumulatively promote digestion,
terminate meals and reduce appetite [132,133]. CCK stimulates gall bladder contractions
and secretion of pancreatic enzymes and delays gastric emptying [134,135]. When
administered to humans and animals, CCK inhibits food intake by reducing meal size and
duration [136]. It is believed to exert its anorexigenic effect primarily through the CCK-A
receptor, found in the pancreas, on vagal afferents and enteric neurons as well in the nucleus
of the solitary tract, area postrema and dorsomedial hypothalamus in the brain [137]. CCK-
A receptor antagonists increase caloric intake and reduce satiety [138].

Limited data is available on changes in CCK after RYGB or the purely restrictive
procedures, LAGB or VBG. Kellum et al. evaluated changes in CCK after RYGB and VBG
[139]. Serum levels of CCK were measured after a standard glucose or protein–fat meal, but
were not found to be altered by either procedure. This was confirmed by another recent
study in 2004, evaluating changes in fasting CCK after RYGB [125]. Therefore it does not
appear that CCK mediates any anorexigenic effects after RYGB.

4. Conclusion
The epidemic rise in pediatric obesity, in particular extreme obesity, has led to an increasing
recognition and acceptance of bariatric surgery which has been demonstrated to be a safe
and effective tool for weight loss in selected extremely obese adolescents. Both RYGB and
LAGB achieve comparable long-term sustained weight reduction in adolescents, although
RYGB appears to achieve greater and more rapid weight loss in the short and intermediate
term (1–3 years). Bariatric surgery appears to induce alterations in several of the enteric
hormones involved in the gut–brain axis that regulates appetite and energy expenditure.
Fasting and post-prandial increases in PYY and GLP-1 may potentially contribute to the
more rapid degree of weight loss seen in RYGB than LAGB. The role of ghrelin in
modulating appetite suppression and weight loss after gastric bypass remains inconclusive.
Well-designed prospective studies with appropriate control groups (including controlled
comparisons of different bariatric procedures) and more objective quantification of appetite
suppression and energy expenditure are necessary to better delineate the role of ghrelin and
the other enteric hormones in the physiologic effects of bariatric surgery. VSG may be a
promising surgical option for extremely obese adults and adolescents that may provide a
similar degree of weight loss and comorbidity resolution as RYGB but without
malabsorptive risk. However, the effects of VSG on appetite and satiation-regulating enteric
hormones remain to be determined in prospective studies. Similarly, a proportion of adult
and adolescent patients do regain weight after bariatric surgery and it remains unclear if
differences in baseline or post-operative enteric hormones predict long-term response to
bariatric surgery. Likewise, no prospective comparative studies of enteric hormone changes
after bariatric surgery in adolescents have been performed to date.
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Fig. 1.
Operations for surgical weight loss: (a) jejunoileal bypass, (b) biliopancreatic diversion, (c)
biliopancreatic diversion with duodenal switch, (d) vertical banded gastroplasty, (e) Roux-
en-Y gastric bypass, (f) laparoscopic adjustable gastric band and (g) vertical sleeve
gastrectomy.
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