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Abstract

The prevalence of obesity, and the cluster of serious metabolic diseases it is associated with,
continues to rise globally, and hopes for effective treatment with drugs have been considerably set
back. Thus, success with bariatric surgeries to induce sustained body weight loss and effectively
cure most of the associated co-morbidities appears almost “miraculous” and systematic
investigation of the mechanisms at work has gained momentum. Here, we will discuss the basic
organization of gut-brain communication and review clinical and pre-clinical investigations on the
potential mechanisms by which gastric bypass surgery leads to its beneficial effects on energy
balance and glucose homeostasis. Although a lot has been learned regarding changes in energy
intake and expenditure, secretion of gut hormones, and improvement in glucose homeostasis, there
has not yet been the “breakthrough observation” of identifying a key signaling component
common to the beneficial effects of the surgery. However, given the complexity and redundancy
of gut-brain signaling and gut signaling to other relevant organs, it is perhaps more realistic to
expect a number of key signaling changes that act in concert to bring about the “miracle”.

Keywords

Bariatric surgery; Roux-en-Y gastric bypass; metabolic syndrome; type-2 diabetes; GLP-1; PYY;
ghrelin; insulin; amylin; vagus nerve; energy homeostasis; satiation; glucose homeostasis

1. Introduction

The prevalence of obesity and the metabolic syndrome is rapidly increasing, with the
prospect that more than half of the adult population will be overweight or obese in 2015, and
every third child born today will develop diabetes later in life [1]. The strong correlation
between obesity and development of type 2 diabetes, cardiovascular disease, gall bladder
disease, osteoarthritis, sleep and mental disorders make it the major health problem. Current
treatment of obesity targets both energy intake and expenditure. It includes dieting and
exercise (life style changes), as well as surgery, drugs, plant extracts, and many scientifically
undocumented remedies. Most of these treatments are not very effective, with a typical
maximal weight loss of less than 10%, and are not able to stop the epidemic. Obesity
surgery is presently the most effective treatment with sustained weight loss of up to 50%. It
implicates gut-brain signaling by vagal afferent and hormonal mechanisms as an important
factor in the development and prevention of obesity. Among the different types of bariatric
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surgery, Roux-en-Y gastric bypass (RYGB) is the most effective in causing sustained weight
loss and normalization of glucose homeostasis and will be the focus of this review.

As shown schematically in Fig. 1, the potential mechanisms leading to the beneficial effects
of RYGB are likely complex and involve a number of organs and communicating pathways.
Not only the gut-brain axis, but also the gut-adipose tissue, gut-liver, gut-pancreas, and gut-
muscle axes are involved. At the origin are the immediate surgery-induced changes within
the gut itself (see below) that directly or indirectly change hormonal and sensory neural
signaling from the gastrointestinal tract to these other organs. The brain is likely a key
recipient of humoral and neural signals from the altered gut and is the ultimate orchestrator
of changed food intake and preference. Changes in the quantity and composition of food
intake, in turn, cause further changes in gut functions and signaling to the brain and other
organs. Circulating signals also reach the liver, pancreas, white and brown adipose tissue,
and muscle. Functional changes in these organs largely determine substrate utilization and
energy expenditure and generate another set of humoral and neural signals to the brain, gut,
and to each other. Together with information from the gut, they determine changes in
autonomic and endocrine outflow to all relevant organs. Thus, there are up to several loops
involved in the information flow from primary surgical effect to the ultimate functional
consequence. At a more detailed level there are almost countless potential signaling steps
leading to the ultimate functional consequence (Fig. 2). Given this complexity, it is not
surprising that the critical change(s) bringing about the beneficial effects of RYGB have not
yet been identified. However, the rapidly increasing number of studies in patients and
animal models has led to a number of leading candidate mechanisms.

We would like to dedicate this review to the pioneering work of Henry S. Koopmans (1944
—2010). He was one of the first to recognize the potential powerful effects of surgical gut
manipulations on the control of food intake and regulation of energy balance and the first to
carry out intestinal bypass surgery in rats. In a series of papers published in the late seventies
and early eighties [2—6], he laid much of the groundwork for understanding the principal
characteristics of modern bariatric surgeries.

2. Effects of RYGB on energy balance

One of the fundamental problems with dieting-induced weight loss is the induction of
adaptive responses including hypo-metabolism and increased appetite [7]. This natural
biological response to starvation is very strong and occurs even when losing excess weight
by obese subjects, in which starvation is perceived rather than real [8-10]. Thus, the
substantial weight loss after RYGB could be expected to trigger the same adaptive
responses. The following discussion of the available literature demonstrates that the reverse
appears to happen after RYGB-induced weight loss - reduced appetite and increased energy
expenditure relative to the weight lost. This almost “too good to be true” outcome begs for a
mechanistic explanation. Understanding these mechanisms will hopefully lead to the
identification of the essential surgical element(s) or even better, “knifeless” approaches with
drugs and/or behavioral modifications in the treatment and prevention of obesity and
metabolic disease.

2.1. Body weight and body composition

Loss of excess body fat and body weight, reversal of obesity, is the intended outcome of any
bariatric surgery, and RYGB is the most effective surgical type for large and sustained body
weight loss in obese subjects [11]. Typically, three phases of RYGB-induced weight loss
can be distinguished. An initial phase of rapid weight loss is mainly due to severely reduced
energy intake, partly caused by nonspecific effects of the surgery (see below). A second
phase of much slower weight loss is often seen after food intake has returned to near normal
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levels. A third phase is characterized either by stable body weight at about 20-40% below
the obese level, observed in most rat RYGB models [12,13] (Fig. 3A), or by slow weight
regain as observed in many human RYGB patients [14] and in rat gastric sleeve [15] and
jejunoileal bypass models[16]. In animal models, sham surgery is followed by a small and
transient drop in body weight and, depending on the type of diet, by a return to preoperative
levels or by reaching even higher levels. In our “reversal of obesity” model that most closely
mimics the humans situation, rats are fed a high-energy diet throughout the experiment, and
the difference in body weight between sham-operated and RYGB animals can be as much as
200 g at 5 months after surgery [13] (Fig. 3A).

Loss of body weight is mainly due to loss of fat mass, with a proportionately smaller loss in
lean mass. Nevertheless, in a meta-analysis on a large number of cohorts losing weight by
dietary restriction, behavioral modification, and various types of bariatric surgeries showed
that relative loss of fat free mass (loss of fat free mass per total weight loss) was positively
correlated (R? = 0.31) to the degree of caloric restriction, and exercise attenuated this
relationship [17]. Growth hormone treatment for 6 months after RYGB has also reduced loss
of fat free mass [18].

In our rat model, RYGB rats, 3-4 months after surgery, lost about equal absolute amounts of
fat mass and fat free mass compared to pre-surgical (obese) levels. However, their fat free
mass was not significantly different from chow-fed un-operated control rats of the same age
(Fig. 3B). Importantly, the loss of fat mass was accompanied by a complete normalization of
plasma leptin levels, indicating loss of all excess fat mass (Fig. 3C).

2.2. Food intake

2.2.1. Energy intake—Auvailable data from animal models and human studies suggest
decreased energy intake to be the major cause of the observed weight loss after RYGB, at
least during the early post-surgery period. This conclusion is supported by direct
measurements of food intake [13,19,20] and by the fact that pair-feeding causes similar
initial weight loss [20-23]. However, although not consistently reported, effects on nutrient
absorption, feed efficiency, and energy expenditure also need to be considered, particularly
after the initial weight loss phase (see below).

There is a substantial reduction in calorie intake during the first few days after RYGB
surgery in most human studies and animal models. In animal models, the contribution of
non-specific, surgical trauma-related mechanisms to this early hypophagia can be estimated
by comparing calorie intake in RYGB and sham-operated animals, but only if true sham
surgery is employed. When using a complete liquid diet (Ensure), energy intake in sham-
operated rats decreases as much as 50% during the first 3 days and then gradually recovers
to normal levels within about 10 days[13]. Full RYGB surgery results in >90% suppression
of liquid Ensure intake during the first 3 days and gradual recovery to about 50% of normal
daily intake by 10 days. Because different investigators use different feeding strategies after
surgery, comparisons are made difficult, but a substantial initial reduction of 20-50% is
generally observed [19,20,23,24]. After the initial strong suppression, food intake typically
stabilizes at levels 20% below or near the energy intake of sham-operated rats, which often
allows discontinuing pair-feeding after 3—4 weeks[23].

2.2.2. Meal patterns—We have studied meal patterns with both liquid and solid foods and
consistently found decreased meal sizes and slower eating rates (Fig. 4A,B). Two to three
weeks after RYGB surgery, liquid meal size was reduced as much as 60%. Mean meal
duration was not different and meal frequency increased, strongly suggesting that the initial
hypophagia is due to an inability to consume beyond a threshold volume and speed. These
profound changes in liquid meal patterning are likely due to the negative impact of dumping.

Physiol Behav. Author manuscript; available in PMC 2012 November 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Berthoud et al.

Page 4

Under normal conditions, dumping is prevented by feedback control of gastric emptying, but
after RYGB, there is no mechanism to retain fluids or solids in the gastric pouch. Ingested
food reaching the pouch is rapidly squeezed into the anastomosed mid-jejunum, limited only
by the size of the stoma. Human RYGB patients show typical signs of the dumping
syndrome by exhibiting severe nausea, light-headedness, flushing, and diarrhea after
ingestion of 100 g oral glucose [25]. Although the dumping syndrome is typically observed
with sugary foods, aversive effects of fatty foods have also been noted, as almost one third
of the RYGB patients consciously avoided fatty foods, mainly due to not feeling good after
eating them [26-28]. In support of this interpretation, we have noticed that some RYGB rats
consumed very large amounts of Ensure on one day, only to abstain completely from Ensure
intake the next day, suggesting negative consequences, and subsequently conditioned
avoidance of large meals.

It is not clear how the signal leading to avoidance is generated and mediated to the brain.
Specifically, it is not clear whether it is caused by over-stimulation of physiological satiation
mechanisms thought to be mediated mainly by mechano- and chemosensory vagal afferents,
or recruitment of pain mechanisms typically mediated by dorsal root afferents and spinal
pathways [29,30]. Signaling within both of these neural pathways could be exaggerated
through a process of sensitization caused by mechanical and chemical stress via elevated
proinflammatory cytokines such as tumor necrosis factor-alpha [31]. High fat diets are
known to cause a state of low chronic inflammation in various tissues, including the
gastrointestinal tract [32,33].

In a study with RYGB patients, it was found that intraluminal pressure as measured with a
sensor lowered into the Roux limb was negatively correlated with meal size, suggesting
involvement of vagal or dorsal root mechanosensory afferents [34]. In our rat model, we
found exaggerated neural activation in the dorsal vagal complex and paraventricular nucleus
of the hypothalamus after ingestion of a given size liquid meal, 10 days after RYGB surgery
(Fig. 4C,D). Thus, exaggerated vagal afferent signaling may be at the origin of reduced meal
size and may even act beyond individual meals to reduce total food intake.

2.2.3. Macronutrient choice and hedonic eating—RYGB surgery in human subjects
has been reported to change food preferences. In one study, RYGB patients showed
heightened acuity for sweet taste, with some patients complaining that the food was too
sweet [35], but in another study there was increased acuity for bitter and sour tastes and a
trend towards reduction in salt and sweet detection [36]. In other human studies, preference
for high-carbohydrate foods [37] and high-fat foods [26,37,38] was decreased after RYGB.
In addition, RYGB patients were reported to lose the desire or motivation to eat [37].

We have observed similar changes in food preference in our rat model. When given a choice
of complete diets low or high in fat, RYGB rats showed a gradual shift in preference for the
low fat diet (Fig. 5D). In searching for potentially underlying mechanisms for this shift, we
have systematically investigated the role of taste-guided hedonic behavior in RYGB, sham-
operated, and never obese, age-matched control rats. In the brief access lick test, rats have
successive 10 s access to corn oil emulsions of increasing concentrations, minimizing
postingestive consequences such as conditioned acceptance. We found that compared to
never obese chow-fed control rats, sham-operated obese rats avoided low concentrations of
corn oil and strongly preferred the highest concentrations and that this right-shift in the
concentration-response curve was completely reversed 3-5 months after RYGB surgery
(Fig. 5B,D). These results suggest that the shift in long-term acceptance of diets with
different fat content may be due to changes in hedonic processing. This interpretation was
supported by similar findings with sucrose, for which we not only demonstrated a right-shift
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of the concentration-response relationship in the brief access test (Fig. 5A), but also in the
taste reactivity test (Fig. 5C), assumed to be a measure of hedonic impact or ‘liking’ [39].

2.3. Energy digestion efficiency

Not all energy ingested is absorbed - even under normal conditions, a significant percentage
of ingested energy is lost in the feces, particularly with high fiber diets [40,41]. As much as
20-25% of ingested energy is lost in the feces when rats eat regular rodent chow. Strategies
to reduce absorption of fats and increase fecal energy loss have long been used to treat
obesity [42]. Thus, a moderate degree of energy malabsorption not accompanied by
clinically significant problems could be seen as a welcome effect of RYGB. Most rat models
find increased fecal energy loss after RYGB [23] or jejunoileal bypass [16,43]. In a study
using regular chow diet before and after surgery, there was no increase in fecal energy loss,
but the loss was already high (~21 kcal/24 h) in sham-operated rats [19]. In another study,
fat absorption was quite drastically decreased from 93% to about 70% [24], while in another
study, total nutrient absorption was decreased from 95% to 90% [23] at about 3 months after
RYGB. We found a significant decrease in total nutrient absorption from 93% in sham-
operated rats to 85%, 3-5 months after RYGB, probably reflecting the shorter combined
length of the Roux and common limbs (unpublished observations).

There are several factors determining digestion efficiency. The decrease in absorptive
capacity due to shortening of the bowel is a major factor, particularly shortening of the
common limb, to which bile action is confined. This deficit appears to be maximal early
after surgery, before the absorptive surfaces of the Roux and common limbs increase
dramatically [16,44], probably due to trophic actions of GLP-2 [45]. Lack of mechanical
mixing and breakdown as well as acidification in the stomach can also lead to reduced
absorption, including micronutrients such as iron. Another potential factor is a change in the
gut microbiome. Changed microbiota composition and weakening of mucosal barrier
functions are causally linked to intestinal and adipose tissue inflammation and appear to play
major roles in the development of high-fat diet-induced obesity [46—48]. It has also been
proposed that the extra energy harvested from high fiber diets by the obesity associated
microbiome could contribute to a positive energy balance and lead to obesity [49]. If RYGB
reverses the bacterial profile from the obese to the lean state, it would be another welcome
mechanism to reduce availability of absorbable energy [50,51].

2.4. Energy expenditure and substrate utilization

As mentioned above, weight loss typically induces a state of increased fuel-efficiency
manifested by reduced energy expenditure, even after taking the lower body mass into
account. Therefore, the predicted decrease in energy expenditure, which goes beyond simply
tracking lean body mass, should be used to estimate the beneficial effects of bariatric
surgery. In addition, meaningful calculations of energy expenditure should be carried out
during steady state energy balance, not during rapid weight loss or gain. Longitudinal
studies conducted in RYGB patients generally support the conclusion that 12-24 months
after RYGB, energy expenditure is higher than expected [38,52-58]. In one study, energy
expenditure uncorrected for body mass and composition was about 10% higher at 26 months
after RYGB compared with age-matched lean control subjects (the difference not reaching
statistical significance) [58]. Considering that the RYGB patients had lost about 6 kg body
weight, of which as much as 30% could have been fat-free mass [17], the findings suggest
inappropriately high energy expenditure in RYGB patients.

In a normal chow-fed Wistar rat model, total 24 h energy expenditure corrected for body
weight was significantly increased by 13%, 2 months after RYGB compared to a weight-
matched, food restricted, sham-operated group [44]. In an obesity-prone Osborne-Mendel rat
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model maintained on high fat diet, total energy expenditure corrected by the 0.75 power of
body weight, was about 19% higher and resting energy expenditure was 31% higher, ten
weeks after RYGB, compared to high-fat restricted, weight-matched control rats, and this
increased energy expenditure was accompanied by significantly increased body temperature
[23]. Total energy expenditure per body weight to the 0.75 power was also significantly
higher by about 7% in RYGB rats compared with sham-operated (obese) rats [23]. In
contrast, significantly lower energy expenditure per animal was reported in normal chow-fed
Sprague Dawley rats with biliopancreatic diversion and vertical sleeve gastrectomy,
compared to both sham-operated and non-operated control rats [16]. This decrease appeared
to be maximal at 2 weeks after surgery, and gradually disappeared, so that 6 weeks after
surgery, the bypassed rats had similar energy expenditure to the much heavier controls [16].

In our first rat cohort, we found no difference in energy expenditure corrected for body
weight or lean mass between RYGB and sham-operated animals, 5 months after surgery.
The respiratory exchange rate was significantly increased in RYGB rats, probably reflecting
the higher intake of chow [13]. In another cohort (unpublished observations), total and
resting energy expenditure corrected for body weight was higher (~ 20%), 3 months after
RYGB compared with both sham-operated and pair-fed controls, but the differences were
not statistically significant.

Together, these limited observations indicate that RYGB surgery eventually leads to a
higher level of energy expenditure than expected on the basis of the much reduced body
weight including some lean mass, but that there might also be an initial response in the
opposite direction, seen after caloric restriction. Thus RYGB has the ability to somehow
ignore or counteract the strong biological signals causing hypo-metabolism and increased
hunger during prolonged food restriction as in dieting.

3. Potential role of gut and pancreatic hormones

The first suggestion that a humoral satiety factor is involved came from experiments with
jejunoileal bypass in rats. Fasted recipient rats infused intraperitoneally with bypass plasma
ate 32% less during the first hour of re-feeding than did recipients of sham-bypass plasma
[59]. Since the food suppressive effects of enteroglucagon (specifically its cleavage product,
GLP-1) was not known, and PY'Y had not been discovered at that time, the list of potential
candidates included bombesin, cholecystokinin, glucagon, and pancreatic polypeptide [59].
It is only with the ascent of experimental studies on modern gastric bypass surgery that
GLP-1, PYY, and ghrelin have risen to be the major hormonal candidates producing reduced
food intake and sustained weight loss. The possible mechanisms by which changes in gut
hormones lead to weight loss and T2DM remission have been reviewed previously [60-62]
and are only briefly reviewed here.

3.1. GLP-1 and PYY

Exaggerated GLP-1 and PY'Y responses to a mixed meal or oral glucose have been reported
in RYGB patients six weeks to 48 months post-surgery [19,58,63-66] (for a review of all
types of surgery, see [62]). In one longitudinal study, significantly elevated GLP-1 and PYY
responses to a mixed meal were apparent as early as 2 days after RYGB surgery [67].

Increased fasting and meal-stimulated plasma levels of GLP-1 have been reported in three
animal models [19,21,68], but conclusions were limited by either single blood samples or
stressful tail blood sampling and gavaging techniques. We implanted chronic jugular
catheters for remote, stress-free, blood sampling in rats trained to consume a mixed meal
(Ensure) within a defined time window and a modern multiplex assay was employed. We
found significantly elevated meal-stimulated levels of active GLP-1 and total PY'Y, and
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increased basal levels of PYY [69] (Fig. 6A,B). GLP-1 and PYYY areas under the curve for
the 100 min postprandial period were more than 6-fold higher in RYGB rats, compared with
either sham-operated (obese) and chow-fed controls, 4-5 months post-surgery.

Given the considerable evidence that both peptides suppress food intake [70-74], that
GLP-1 strongly stimulates insulin secretion [60], and that PY'Y-deficient mice have an obese
phenotype [75], their robustly increased levels are prime candidates for mediating the
beneficial effects of RYGB on body weight and glucose homeostasis. In our rat model, basal
and postprandial PYY levels were not different between obese and lean rats but were
significantly elevated almost 3-fold 4 months after RYGB. The literature is controversial
regarding fasting and meal-stimulated PY'Y levels in obese subjects. Some studies find that
obese children [76] and adults [77] have significantly lower basal and meal-stimulated
circulating PYY levels. Children with the lowest fasting levels of PY'Y where the most
likely to succeed in a one year weight loss program, after which PY'Y levels were restored to
higher levels found in lean children [76]. Together with reduced satiety in the obese and the
fact that sensitivity to exogenous PY'Y remained intact [77], these findings suggest that low
PYY levels might be a major factor contributing to the development of obesity. However,
similar to our results in rats, other clinical studies did not report differences in fasted and
meal-stimulated PYY levels between obese and lean subjects [63,78,79]. Some of the
discrepant outcomes may be explained by assays detecting either total PY'Y [76] or
selectively PYY(3-36) [63,79]. Nevertheless, our finding of greatly increased fasting and
meal-stimulated PY'Y levels after RYGB agrees with clinical studies and confirms PYY as a
major candidate for the beneficial effects of RYGB.

However, a causal relationship between elevated GLP-1 and PY'Y levels and effectiveness
of RYGB has not yet been demonstrated. Once released, GLP-1 is rapidly cleaved by the
ubiquitous serine protease dipeptidyl-peptidase IV (DPP-1V), so that the half-life of
circulating GLP-1 is only a few minutes. However, there are two mechanisms that protect
GLP-1’s potency for remote signaling. First, sensory vagal nerve fibers innervating the gut
mucosa and expressing GLP-1 receptors [80] are in close anatomical contact to the base of
enteroendocrine cells [81]. Second, GLP-1 entering intestinal lymph appears to be protected
from rapid degradation and available for delayed release to the circulation [82].

Furthermore, GLP-1 is produced by a small group of neurons in the nucleus tractus solitarius
(NTS) in the caudal brainstem and released as a neuromodulator within the brainstem and
hypothalamus [83]. Because these neuronal GLP-1 projections receive input from the gut via
vagal afferents [84], likely including GLP-1 sensitive afferents from the intestinal mucosa
and the hepato-portal vein [85,86], they might be considered as an additional mechanism for
amplification of the rapidly fading peripheral GLP-1 signal.

A peripheral site of action of GLP-1, perhaps on vagal afferents in the mucosa [80,81], is
indicated by observations that reduced meal size induced by intraperitoneally administered
GLP-1 was abolished in rats with vagal de-afferentation [73]. However, the same group of
researchers found that the reduction of meal size by GLP-1 infusion into the hepatic portal
vein was not affected by sensory vagotomy, suggesting that intravenous GLP-1 may affect
food intake by acting in the brain [73]. Intracerebroventricular administration of GLP-1 or
its stable agonist Exendin-4 directly into the brain potently decreases, whereas the GLP-1
receptor antagonist Exendin-9 (Ex9) increases food intake [87]. GLP-1 injected locally into
the arcuate nucleus reduces hepatic glucose production but does not affect food intake,
whereas injection into the paraventricular nucleus of the hypothalamus suppresses food
intake [88]. Using hypothalamic slices from mice that express green fluorescent protein in
POMC neurons, it was demonstrated that GLP-1 directly stimulates arcuate nucleus POMC
neurons [89]. Furthermore, selective activation of GLP-1 receptors in the caudal brainstem
was sufficient to suppress food intake, gastric emptying, and core body temperature in rats
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[74], likely involving GLP-1 receptors on area postrema neurons projecting to both vagal
and sympathetic output systems [90].

In a mouse model of duodeno-jejunal bypass surgery with an intact stomach, peripheral
infusion of exendin 9-39 prevented the increased insulin secretion during an oral glucose
tolerance test, but not insulin sensitivity, and only minimally rescued surgery-induced
hypophagia. These results suggest that increased GLP-1 levels might account for the
enhancement of insulin secretion, but play a minor role in hypophagia after the bypass
procedure [91]. However, the presence of GLP-1 receptors in peripheral taste pathways
[92,93], suggests the possibility of increased modulation of taste functions by the elevated
circulating GLP-1levels after RYGB.

In addition to suppressing food intake, PY'Y may also affect lipid mobilization and energy
expenditure. Chronic infusion of PY'Y(3-36) in high-fat diet-induced obese mice not only
reduced food intake, but also prevented the expected (lower body weight) reduction of
energy expenditure and lowered the respiratory quotient, indicating increased fat oxidation
[94]. Thus, similar to RYGB, PYY(3-36) administration appears to simultaneously affect
energy intake and expenditure to achieve an overall catabolic impact.

To date, ghrelin is the only orexigenic gut hormone identified, and decreased ghrelin was the
first hormonal mechanism implicated in the beneficial weight-loss effects of RYGB. It was
initially observed that RYGB patients had substantially reduced plasma ghrelin levels
throughout the diurnal cycle despite weight loss, compared with diet-induced increases of
ghrelin levels in control subjects [95]. The possibility that decreased ghrelin levels may be
partly responsible for reduced hunger after RYGB was confirmed by other clinical studies
[96-98] and by the observation that postoperative weight loss is correlated with the
magnitude of the decrease in circulating ghrelin levels in a rat model for RYGB [99].
Several other clinical studies did not find significantly decreased fasting ghrelin levels after
RYGB compared to untreated obese subjects [58,63,100,101], but in some of these studies,
meal-induced suppression of ghrelin was enhanced[58,63]. In a recent prospective study,
fasting and postprandial ghrelin did show small decreases at 26 and 52 weeks after RYGB,
but these changes were not statistically significant [102]. Thus, although the effects of
RYGB on ghrelin are highly variable, a relative ghrelin deficiency compared with the
expected rise due to hypophagia and weight loss appears to be a common observation (see
also review by Pournaras [103]), keeping ghrelin on the list of major potential candidate
mechanisms for the beneficial effects on weight loss after RYGB.

In our RYGB rat model, we did not detect decreases in fasting ghrelin levels compared to
both sham-operated obese and lean control rats but the postprandial suppression of plasma
ghrelin levels was significantly greater after RYGB (Fig. 6C). Furthermore, the expected
counter-regulatory increase of ghrelin levels caused by hypophagia and weight loss after
RYGB was not observed.

As suggested by Cummings [61], ghrelin secretion may be decreased after RYGB because
of denervation of autonomic input to ghrelin cells in the stomach. The finding that fasting
ghrelin levels precipitously decreased only one day after RYGB and then returned to normal
levels may be interpreted as the acute effect of removal of a tonic stimulatory neural input
[104]. Clearly, the entire gastric remnant containing most ghrelin cells is almost completely
vagotomized and sympathectomized (Fig. 7). Preliminary studies showed smaller fasting-
induced increases of plasma ghrelin in subdiaphragmatic vagotomized rats, and an acute
suppression with atropine treatment in intact rats [105], and ghrelin does not stimulate food
intake in patients with vagotomy [106], suggesting that vagal efferents may be involved in
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the tonic increase of ghrelin in the empty stomach. However, more selective vagotomies,
both in terms of vagal branches supplying specific targets and separating afferents from
efferents, as well as vagal stimulation studies of the vascularly perfused stomach will be
necessary to shed more light on the mechanisms involved. The need for more mechanistic
studies is also indicated by disparate findings regarding vagal involvement of prandial
ghrelin suppression. While in humans, vagal stimulation by means of modified sham feeding
was able to enhance ghrelin suppression by oral fat intake [107], vagotomy was without any
effect on basal levels or on re-feeding-induced suppression of ghrelin in rats [105]. In light
of the recent finding that electrical stimulation of sympathetic nerves supplying the upper
abdominal viscera increases ghrelin concentration in portal blood, it is possible that the
sympathetic nervous system may be more involved in the ghrelin spike during meal
anticipation than the vagal system[108]. This interpretation is supported by the observation
that noradrenalin stimulates ghrelin secretion through p1-adrenergic receptors [109,110] and
that fasting-induced rises in circulating ghrelin levels are blocked in mice treated with
reserpine to deplete adrenergic transmitters [110]. In addition, there is some evidence for
cholinergic modulation of noradrenaline realease from sympathetic terminals in the stomach
via nicotinic receptors [111,112]. Because the sympathetic innervation of the stomach is
mainly provided via the periarterial plexus of the left gastric artery [113,114] entering the
stomach near the cardia, it is eliminated in the bypassed part of the stomach and might
explain low ghrelin levels observed by some studies.

Ghrelin O-acyl transferase (GOAT), the enzyme responsible for ghrelin acylation, has
recently gained much attention as an important modulator of ghrelin function and a
promising target for anti-obesity drug development [115,116]. It will be interesting to
examine changes in GOAT activity in the stomach and other tissues after RYGB.

Together, lack of ghrelin secretion remains an attractive explanation for the success of
RYGB in decreasing food intake and deserves further study. At this time it appears more
likely that ghrelin suppression is due to interference with neural inputs to ghrelin cells rather
than nutrient regulation.

3.3 Other hormones and satiety factors

Increased cholecystokinin signaling at CCK-1 receptors on vagal afferents could plausibly
explain the drastically reduced meal size discussed above. However, few attempts have been
made to measure meal-stimulated CCK release and plasma levels after RYGB and the
findings are inconsistent. There were no changes in plasma CCK levels 6 months after
surgery in morbidly obese patients [117] and 3 months after RYGB in high-fat diet-induced
obese rats[21]. In contrast, both basal and meal-stimulated levels of CCK were elevated 20
years after jejunoileal bypass in massively obese patients [118]. Because it was recently
demonstrated that CCK-58 has greater potency than CCK-8 in suppressing food intake
[119], it will be interesting to look for levels of CCK-58 after RYGB.

Apolipoprotein A-1V (ApoA-1V), Oleylethanolamide (OEA), and N-
acetylphosphatidylethanolamide (NAPE) are phospholipids secreted by the fed small
intestine shown to act as satiety factors [120-122]. Increased secretion of these factors could
potentially explain RYGB-induced early satiety and hypophagia. Interestingly, secretion of
ApoA-IV was found to be increased several-fold, mainly from the bypassed small intestine,
17 months after RYGB[123]. OEA and NAPE production after RYGB have not yet been
looked at. OEA mediates fat-induced satiety by engaging type-alpha peroxisome
proliferator-activated receptors (PPAR-alpha), possibly located on vagal afferents, and
activation of the brain oxytocin system [124-126]. Interestingly, we found a majority of
meal-induced c-Fos positive neurons in the paraventricular nucleus of the hypothalamus in
RYGB rats to express oxytocin (unpublished observations). Another fatty acid
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ethanolamide, anandamide, is best known to be a cannabinoid receptor-1 (CB1R) agonist
and as such stimulates food intake[127]. Both OEA and anandamide are degraded by the
fatty acid amide hydrolase (FAAH), and FAAH-deficiency promotes energy storage and
appetite, suggesting that the accumulation of anandamide and its anabolic effects are
dominant over the catabolic effects of OEA [128]. Because anandamide is down-regulated
in muscle and liver in rats, reduced peripheral CB1R signaling may be involved in the
metabolic improvements after RYGBJ[20].

Another factor overproduced by the Roux limb might be glucose [91]. In a mouse model of
duodeno-jejunal bypass (without any gastric restriction), the two key gluconeogenic
enzymes glucose-6-phosphatase and PEPCK were upregulated in the nutrient limb, possibly
resulting in augmented glucose release into portal blood and overstimulation of a portal
glucose sensor signaling satiety to the brain[129]. Ablation of sensory nerves in the hepatic
portal vein in bypassed mice significantly attenuated hypophagia during the first 10 days
after surgery [91].

Serum bile acid concentration is also elevated after RYGB [130] and bile acid signaling may
be changed. Increased bile acid signaling has been demonstrated to induce energy
expenditure via the cyclic-AMP-dependent thyroid hormone activating enzyme type 2
iodothyronine deiodinase [131] and to stimulate the secretion of GLP-1 [132]. Furthermore,
circulating GLP-1 and PY'Y levels were positively, while ghrelin was negatively correlated
with levels of bile acids after a mixed test meal in human subjects [133].

Finally, amylin, a hormone co-secreted with insulin from pancreatic beta cells and strongly
implicated in the control of food intake, was significantly increased postprandially in our
RYGB rats (Fig. 6F). Systemic administration of amylin suppresses food intake and chronic
infusion attenuates the development of diet-induced obesity in rodents [134] (and see [135]
for a recent review). Furthermore, preclinical and clinical studies suggest that amylin
agonism restores leptin responsiveness in diet-induced obesity [136], and enhances the
anorexic actions of PYY[3-36] [137]. Thus, amylin could play an important role in RYGB-
induced anorexia and weight loss by its own effects on satiation, by synergizing with
elevated PYY levels, and by restoring leptin sensitivity in the face of rapidly decreasing
circulating leptin levels.

3.4 Glucose homeostasis

One of the hallmarks of RYGB is the rapid resolution of diabetes which appears to be at
least partially independent of weight loss [138-140], but the mechanisms involved have
been elusive [for an in-depth discussion see [141]]. Rubino and colleagues have
demonstrated the usefulness of rat models by providing strong evidence for the involvement
of an anti-incretin factor released from the upper intestine upon luminal contact with
nutrients [142,143]. The upper intestinal hypothesis suggests that after RYGB less of this
hypothetical anti-incretin is released because nutrients are no longer in contact with the
upper intestine, resulting in improved insulin secretion. In contrast, the lower intestinal
hypothesis suggests that the accelerated delivery of food to the Roux limb leads to
exaggerated secretion of GLP-1, which strongly stimulates insulin secretion [144]. It seems
clear that the improvement of glycemic control not only depends on increased insulin
secretion, but equally on heightened insulin sensitivity. However, the responsible
mechanisms are not well understood.

Although our diet-induced obese rats were not diabetic, their fasting glucose levels were
slightly but significantly elevated. Postprandial glucose and insulin areas under the curve as
well as HOMA-insulin resistance were about 2-fold higher compared with lean rats (Fig.
6D-F). This pre-diabetic state was fully prevented or reversed, 4 months after RYGB [69].
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The increased early insulin response to a meal is consistent with a role for elevated GLP-1
after RYGB, but additional experiments with measurements of meal-induced hormone
profiles at earlier time points after surgery will be necessary to sort out contributions of
weight loss-dependent and independent effects on insulin secretion and insulin sensitivity.
Computation of the HOMA index for insulin resistance showed that sham-operated, obese
rats were significantly more insulin-resistant than both RYGB and lean controls. HOMA-IR
significantly correlated with body weight change and absolute body weight.

4. Potential role of sensory and motor nerves

Besides hormones and other circulating factors, the gut communicates with the brain
through primary visceral afferent nerve fibers comprised in the vagus and the dorsal root/
spinal cord pathway. In return, the brain can affect gut function through the sympathetic and
parasympathetic autonomic nervous systems (Fig. 1). Compared with the sympathetic motor
and dorsal root afferent innervation via the spinal cord, the vagal innervation of the gut and
associated organs has been studied much more thoroughly and will be the focus of the
following discussion.

As shown in Fig. 7, not all three major vagal branches are equally affected by RYGB. The
ventral and dorsal gastric branches distributing on the large gastric remnant are clearly cut
by the gastrostomy procedure. Because some of these branches, traveling along the lesser
curvature, also cross the pyloric sphincter and reach the proximal duodenum and parts of the
pancreas [145-149], these areas are also partially vagotomized after RYGB surgery. Both
vagal preganglionic efferent and afferent fibers are affected. However, the common hepatic
branch originating from the left subdiaphragmatic trunk and innervating parts of the distal
antrum, pylorus, proximal duodenum, and pancreas [30,146-150] should remain completely
intact after RYGB. Similarly, the two celiac vagal branches traveling with the superior
mesenteric artery and its subsidiaries, and supplying most of the small and large intestines
from the distal duodenum on downwards should remain intact. Special care must be taken
not to damage the dorsal celiac branch when carrying out the gastrostomy, as it exits the
dorsal trunk very close to the gastric cardia. In a rat model, it was found that when the dorsal
neurovascular bundle (near the division of the dorsal gastric and celiac branches) was
intentionally transected, the RYGB procedure produced less suppression of food intake and
body weight loss, but did not affect levels of GLP-1 and PY'Y [151]. However, there was no
independent histological or functional verification of exactly which vagal fibers (entire
dorsal vagal trunk or selectively the dorsal gastric or dorsal celiac branch) had been cut.

4.1. Sensory nerves

All three abdominal vagal branches (common hepatic, gastric, and celiac) carry satiety
signals from various gut regions and the portal vein/liver to the brainstem [91,152-154], and
much of this innervation remains intact after RYGB. There is evidence that vagal sensory
fibers innervate the hepatic portal vein [155-157] and that glucose and GLP-1 sensors in the
hepatic portal vein send a signal through the vagal hepatic branch to the brain [85,86]. It has
been suggested that this sensor is responsible for food intake suppression caused by glucose
derived from intestinal gluconeogenesis [129], and in a mouse model, capsaicin
deafferentation of the hepatic portal vein resulted in rescue of initial hypophagia after
RYGB surgery [91]. If increased signaling through such vagal afferents is involved, we
expect that RYGB-induced hypophagia is at least partially rescued by specific elimination of
afferent fibers in the common hepatic branch. We have recently tested this prediction in
high-fat diet-induced obese Sprague Dawley rats that had undergone either RYGB alone, or
RYGB in combination with common hepatic vagal branch transection [158]. However, we
did not find any difference in body weight and composition, energy intake and expenditure,
and food choice over the five months postsurgical observation period [158], suggesting that
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vagal afferents projecting through the common hepatic branch are not important for RYGB-
induced weight loss. Furthermore, if the hepatic portal vein glucose sensor is important for
RYGB-induced hypophagia as claimed by Troy et al.[91], its signals to the brain are not
mediated by vagal afferents within the common hepatic branch. Because a small portion of
vagal hepatic portal vein innervation is mediated by fibers originating from the right
subdiaphragmatic trunk by way of the periarterial plexuses along the celiac and hepatic
arteries [157], we cannot rule out their possible role. Also, because efferent fibers in the
common hepatic vagal branch have been implicated in the control of hepatic glucose
production and other liver functions [159,160], it is theoretically possible that their
inadvertent transection may have occluded the expected effect of sensory fiber transection.
The most parsimonious explanation for the findings of Troy et al. [91] is that the hepatic
portal glucose sensor signals to the brain via dorsal root afferents and the spinal cord, but
this speculation remains to be demonstrated.

Gut hormones such as CCK, PYY, GLP-1, and ghrelin can affect food intake by acting
through vagal afferents [90,161-163]. Particularly GLP-1 and PY'Y, secreted from the
proximal small intestine and colon, are likely acting in a paracrine fashion on mucosal vagal
afferent nerve endings supplied by the paired celiac branches [164]. In addition, jejunal lipid
infusions in rats also suppress food intake through a vagal-dependent mechanism [165].
Undigested nutrients directly entering the jejunum after RYGB are highly likely to
excessively stimulate vagal afferents, sending stronger signals to the brain. In addition to
chemical stimuli, mechanical overstimulation of the Roux and/or common limbs may
generate exaggerated activation of vagal afferent mechanosensors, as discussed above [34].
This possibility is supported by our preliminary observation of exaggerated meal-induced
neural activation in the nucleus of the solitary tract of RYGB rats (Fig. 4). To further test
this hypothesis, we are currently combining RYGB surgery with selectively lesions of the
sensory fibers in the celiac vagal branches innervating the jejunum, ileum, cecum, and
colon.

Finally, it is also possible that over-stimulated vagal tension and stretch sensors in the
gastric pouch send stronger signals to the brainstem and are partly responsible for RYGB-
induced hypophagia and weight loss. In the rat and mouse, the highest density of
intramuscular arrays (IMASs), thought to function as stretch sensors, is found in the gastric
fundus [166]. Therefore, selective elimination of afferent fibers in the paired gastric
branches could be expected to prevent early meal termination after RYGB surgery, possibly
leading to higher total food intake. There are also a few reports suggesting that dorsal root/
spinal afferents from the gut and portal vein contribute to the satiation process [167-170].

Vagal deafferentations do produce subtle increases in meal size [152,171,172], but because
there is partial compensation by more frequent meals, it does not result in excessive body
weight gain. From these observations it would appear that, compared to systems in the
hypothalamus, vagal afferents play only a secondary role in the control of long-term food
intake and energy balance. However, the methodologies used to manipulate vagal afferents
are rudimentary at best, as they do not allow selective ablation or stimulation of functionally
specific neurons. For example, given that ghrelin [161] and hyperglycemia [173] can
suppress, while gastric distension and CCK [174] can increase firing activity of specific
populations of vagal afferents, simply cutting or stimulating both populations should
theoretically lead to cancellation of their central effects. By learning more about the
functional specificity of vagal afferents and the availability of more selective tools to
manipulate them, they can still be a worthwhile target for prevention or treatment of obesity.
This view is enforced by emerging evidence that the impressive efficiency of bariatric
surgery may, at least in part, be related to changes in gastrointestinal hormones acting on
vagal afferents.
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4.2. Autonomic (motor) innervation

Although vagal motor outflow does not directly affect food intake and energy expenditure, it
can indirectly influence energy balance in several ways. First, the strength of vagal afferent
signals from the stomach is a major determinant of satiation and hunger through control of
gastric emptying and accommodation [30,146,147,159,160,175-177]. Through its control of
intestinal transit time and motility, absorption rate and exposure of enteroendocrine cells to
nutrients is determined, ultimately leading to changes in gastrointestinal and pancreatic
hormone levels involved in satiation and hunger. Second, vagal motor innervation of the
pancreas is in a strong position to indirectly affect energy balance by modulating secretion
of islet hormones. Cephalic-vagal stimulation affects mainly the early meal-related release
of insulin and is important for normal glucose tolerance [178,179]. Early or acute phase
insulin secretion is suppressed in obese subjects and restored after RYGB [180], but vagal
mediation has not been investigated under these conditions. The vagal preganglionic
neurons projecting to interlobular pancreatic ganglia were identified by tracing [181], and
functional studies in the rat demonstrated that they reach the pancreas mainly via the gastric
and hepatic-gastroduodenal vagal branches [147,148,182,183]. Thus, damage to the gastric
vagal branches as inflicted by RYGB could be expected to have a negative role on glucose
homeostasis. Because improvement of glucose homeostasis is one of the hallmarks of
RYGB, there must be rapid compensation through vagal input to the pancreas via the
gastroduodenal branch or the increased incretin release.

As briefly discussed above, the role of autonomic (motor) innervation in modulating the
release of gastrointestinal hormones is not completely understood. That gastrin release is
strongly stimulated by vagal stimulation has been known for many years, but the role of the
motor vagus in the release of ghrelin, CCK, GIP, GLP-1, PYY, ApoA-1V, and OEA is
controversial [105,106,184,185], and the involvement in the beneficial effects of RYGB is
unclear.

5. Conclusions and perspectives

Since the pioneering work of Henry S. Koopmans and colleagues thirty years ago, it is only
recently that the “power of the gut” in co-determining energy homeostasis has come back
into focus. The disappointment with finding effective drugs vis-a-vis the near “miraculous”
healing by gastric bypass surgery of a cluster of diseases known as metabolic syndrome has
brought back gastrointestinal physiology and gut-to-brain communication into the scientific
limelight. Gastroenterologists, endocrinologists, neuroscientists, psychologists and surgeons
alike, have come together to find out how the “miracle” works. Although a “smoking gun”
has not yet been identified, there has been considerable progress in identifying the myriad of
changes induced by bariatric surgeries.

Among the major candidate mechanisms, the lower gut hormones GLP-1 and PYY likely
play a critical role, because they have the potential to affect energy balance by acting on
both the food intake and energy expenditure side of the equation, and to affect glucose
homeostasis by acting on both insulin secretion and insulin sensitivity. However, other gut
hormones and factors such as ghrelin, CCK, ApoA-1V, OEA, and NAPE appear to gain
interest as well. For all of these mediators of RYGB’s (and other bariatric surgeries’)
beneficial effects, scientists feverishly look for answers to the following questions. (1) What
mechanism(s) lead to changes in their secretion after surgery? This includes the potential
roles of the gut microbiome, immune-signaling, inflammatory responses, autonomic
innervation, and accelerated delivery of undigested chime to the lower gut. (2) How do these
hormones and factors communicate with other relevant organs such as the brain, liver,
muscle, and adipose tissue? This includes direct humoral communication and the role of
sensory nerves. (3) What are the functional consequences of these changes in signaling from
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the gut to other organs? This includes characterization of the neural circuits affected and
their behavioral, autonomic, and endocrine outputs. In addition, these mechanisms must be
studied at the physiological and behavioral level as a function of time after surgery to

ca

pture the adaptive character of the “healing” process.

The potential rewards from this inquiry are huge. It will not only lead to identification of the
essential component(s) of successful surgery, but also to the development of novel drugs and

be

havioral modifications in the fight against the metabolic syndrome.
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Fig. 1. Schematic diagram showing flow of information potentially involved in the physiological

and behavioral consequences of gastric bypass surgery

Communication by circulating hormones, metabolites, and other factors is depicted by

double lined arrows, communication by sensory nerves by dotted lined arrows, and

autonomic and endocrine outflow by solid line arrows. Note that the arrangement allows
learning to take place, as ingestion of different foods produces different consequences in the

altered gut that are in turn sensed by the brain.
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Simplified schematic diagram showing the major transduction sites and mechanisms for the

detection of ingested food and its macronutrient components. Ordinary enterocytes are

shown in light gray and enteroendocrine cells and their hormonal outputs in darker gray.
Note that the molecular machinery given for a particular epithelial cell is not completely
known and does not, therefore, define specific fixed configurations. In particular, it is not

clear to what extent ordinary enterocytes and certain enteroendocrine cells express the

different types of G protein-coupled receptors of the T1R and T2R families, the amino acid-

sensing calcium receptor and GPCR6, and the fatty acid transporters FATP4, CD36,

GPR119, and GPR120. After release of nutrients and hormones into the lamina propria, they

are taken up by capillaries and sent to the brain and other organs through the general

circulation and/or the lymphatic system. Circulating nutrients and hormones have access to
the brain at all levels. Hormones and transmitters in the lamina propria can also interact with
relevant receptors on mucosal endings of vagal afferent neurons and enteric neurons as well
as dorsal root afferents. Vagal afferent information reaches the brain through the nucleus
tractus solitarius and area postrema in the caudal brainstem and is then disseminated to
hypothalamus and forebrain as indicated by gray arrows. Note that intestinal epithelial cells
can also communicate with each other through paracrine or humoral mechanisms, and with

other organs involved in energy balance regulation such as the pancreas, liver, adipose

tissue, and muscle, through humoral mechanisms.
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Fig. 3. RYGB induces significant loss of body weight and fat mass with relatively minor effects
on lean mass

A: Body weight of high-fat exposed RYGB (black circles, n = 5) and sham-operated (open
circles, n = 6), as well as chow-fed control rats (open triangles, n = 6). B: Body composition
as assessed by whole body magnetic resonance relaxometry (NMR), showing fat and lean
mass before and after 14 weeks exposure to high-fat diet (left two bars), and for RYGB rats
(dark gray bars), sham-operated (obese) rats (light gray bars), and non-operated, age-
matched, chow-fed lean rats (white bars). C: Fasting plasma leptin levels at 3 months after
surgery. Bars that do not share a common letter are significantly different from each other (P
< 0.05; based on ANOVA followed by Fisher’s LSD posthoc test).
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Fig. 4. RYGB-induced decrease of meal size and accompanying exaggerated meal-induced
neural activation in the nucleus of the solitary tract

A: Typical liquid (Ensure) meal pattern, 2—3 weeks after RYGB or sham operation. B:
Average meal size and meal frequency during the acute (weeks 2-3) and chronic (weeks 18—
20) phases after RYGB (dark bars) or sham-surgery (white bars). Bars that do not share the
same letters are significantly different from each other (p<0.05), based on two-way
ANOVA). C: Examples of meal-induced c-Fos induction in the dorsal vagal complex of the
caudal brainstem, 10 days after RYGB or sham-operation. D: Quantitative analysis of
exaggerated c-Fos response in the NTS and area postrema. * p, 0.05 based on t-test.
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Fig. 5. Roux-en-Y gastric bypass surgery changes hedonic evaluation of food stimuli

A, B: Lickometer responding for different concentrations of sucrose (A) and corn oil (B).
The number of licks/10s was measured in series of ascending concentrations of sucrose
solutions and corn oil emulsions. Outbred Sprague-Dawley rats with either Roux-en-Y
gastric bypass surgery (RYGB, filled circles; n = 9) or sham surgery (sham, open circles; n =
11), and non-operated, chow-fed, lean controls (lean, open triangles; n = 7). *p < 0.05,
RYGB compared with sham/obese and, # p < 0.05, lean compared with sham/obese rats,
based on ANOVA and Bonferroni adjusted multiple comparisons. C: Number of positive
hedonic reactions (‘liking’) in response to tasting 3 different sucrose concentrations. Bars
that do not share the same letter are significantly different from each other (p < 0.05, based
on ANOVA and Bonferroni adjusted multiple comparisons). D: Gradual development of
high-fat avoidance in RYGB rats. Total calorie intake from chow and high fat diet in two-
choice paradigm, showing the gradual increase of chow intake from in RYGB rats is shown
in left panel and the corresponding fat preference is shown in the right panel. * p< 0.05
compared with both lean and sham rats.
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Fig. 6. Roux-en-Y gastric bypass surgery changes gut hormone secretion and glucose
homeostasis

GLP-1, PYY, ghrelin, glucose, insulin, and amylin responses to a mixed meal in RYGB
(black circles), sham-operated, obese rats (open circles), and chow-fed lean controls (open
triangles). Overnight food-deprived rats consumed 5 ml (~5 kcal) of Ensure delivered at
Iml/min and jugular vein blood was sampled remotely at the times indicated. * p < 0.05
between sham and RYGB rats; # p < 0.05 between sham and lean rats; + p < 0.05 between
RYGB and both other groups. Areas under the curve (AUC) are shown in the bar graphs at
the right, with bars that do not share a common letter significantly (p < 0.05) different from
each other.
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Fig. 7. Roux-en-Y gastric bypass surgery and vagal innervation of the gut and associated organs
The nutrient limb of the Roux-en-Y gastric bypass consisting of the small gastric pouch and
the anastomosed jejunum is shown on the right (shaded). The bilio-pancreatic limb including
the large gastric remnant with attached duodenum and proximal jejunum is shown on the

left. Note that the stomach remnant is depicted at a much reduced size for clarity. The

ventral (anterior) and dorsal (posterior) vagal trunks and their branches are shown as solid
and dotted lines, respectively. The relative density and distribution of enteroendocrine cells
secreting peptide hormones or transmitters are depicted by different symbols as indicated.
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