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| eat, therefore | am:
the gut-brain axis and
appetite control

Abstract

Traditionally, obesity has been viewed as a simple disease of excess calorific intake in the

context of a sedentary lifestyle. However, while an increase in energy consumption without
corresponding expenditure is a key force in the initial development of obesity, a number of
homeostatic mechanisms conspire to maintain high adiposity in individuals who are already
overweight. Both central neuronal mechanisms and peripheral endocrine signals drive
increased appetite and reduced metabolic rate in the obese. This prevents weight loss from
occurring as quickly as one would expect, and makes sustained weight loss of more than
15% almost impossible. Currently, the most effective therapy for obesity is bariatric surgery.
While previously believed to effect weight loss through malabsorption, restriction of
stomach capacity or both, it is now shown that these operations fundamentally change the
internal milieu of obese individuals, favouring weight loss and a reduction in appetite via
cumulative changes in neuroendocrine signalling. This has led to some exploration of
Daniel O'Reilly methods to directly affect the final common pathways in the brain and more efficiently
RCS! senior staff writer produce weight loss.
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Introduction

Obesity is fast becoming a global epidemic. For the first time in
human history, more people are dying as a result of relative
calorie excess than of calorie deficit.! In developing nations,
obesity and malnutrition coexist to create a ‘double burden’ of
disease on already stretched health systems.? The traditional
medical approach of prescribing increased exercise and reduced
calorie intake, although shown to produce modest, clinically
significant weight loss (usually around 5-10%), is often difficult
for patients to adhere to in the first instance? and is prone to
recidivism. The interest this creates in pharmacological and
surgical means of treating obesity has resulted in greater
understanding of how our appetite is regulated.

Acquisition of calories and nutrients necessary for survival creates
a powerful selection pressure on an organism. Evolution has
thereby resulted in a complex homeostatic network in individual
organisms to regulate appetite and prevent acute changes in
adiposity.* In humans, powerful neuroendocrine interplay exists
between the digestive system, which initially receives and absorbs
nutrients ingested by the organism, the adipose organ, a large
endocrine organ involved in both energy storage and
anorexigenic signalling, and the brain, the centre of behaviour.®
Greater understanding of the crosstalk between these three
systems is required in order to facilitate the treatment of the
obese patient, and ultimately to reduce the level of obesity and

its concomitant complications in the future.

The lipostat hypothesis

Despite our general tendency to get bigger when calories are no
object, individually mammals tend to ‘guard’ their weight. A
number of experiments illustrate this: animals were either overfed
or underfed for a relatively short time frame, then allowed an ad
libitum diet. The animals exhibited compensatory behavioural and
metabolic changes to restore their original weight, suggesting
that there is a sliding set point, which internally monitors weight
gain and loss and prevents drastic changes. This ‘lipostat’ is
situated — like many homeostatic regulatory centres — in the
hypothalamus.®

The lipostat purposefully integrates the peripheral signals of
dietary intake and the central signals of satiety, and translates
them into appropriate behavioural, metabolic and appetite
changes, which maintain weight at its typical level. This is
important from a homeostatic perspective: a 1% miscalculation
of calorific intake or expenditure (around 20kcal a day, equivalent

to a single serving of cabbage) would result in the accumulation

of an extra Tkg a year or >50kg over the average adult lifespan.*
It also means that once the set point has been driven upwards (as
in obesity), the lipostat modifies energy expenditure and calorie
intake to maintain our internally determined weight. Therefore,
the traditional medical mantra of ‘eat less, move more’ may not
be sufficient for long-term, meaningful weight loss in those who

are clinically overweight/obese.

Peripheral signals: signs of dietary intake

Three separate organs act as peripheral nutrient sensors to the
hypothalamic centres involved in appetite: the stomach/small
intestine, the pancreas and the adipose organ. Each contributes
either to acute appetite regulation (satiety following a meal) or
the long-term control of eating. Signals may be endocrine, neural
or neuroendocrine in nature, and can be produced by direct
sensing of the relevant constituents of food (e.g., fatty acids) or
by mechanotransduction (stretch of the viscera leading to
relevant hormone release or neural afferent firing).” This gives the
central integrating regions of the brain a sense of the volume and
type of meal that has been ingested.

Signals from the periphery are almost all stimulated by dietary
intake. A variety of mechanisms highlight the complexity of
appetite regulation; the major determinants of satiety from the
periphery, however, are anorexigenic (stimulate feelings of

fullness).®

Anorexigenic (appetite-suppressing) signals

Simple neuronal mechanisms act via the vagus nerve. Stretch of
the stomach increases the rate of vagal afferent firing, which is
processed initially in the nucleus tractus solitarius before
projecting to the hypothalamus. As the stomach stretches and
mechanotransduction increases, the feeling of fullness increases
proportionally.®

Neuroendocrine mechanisms also increase the activity of the
vagus nerve, either via receptors (e.g., CCK1 receptors
responding to cholecystokinin and leading to increased vagal
afferent firing) or by increasing gastric stretch, such as the
reduction of intestinal motility by peptide tyrosine tyrosine (PYY).
The central role of the vagus nerve in communicating satiety
signals from the gut is underlined by evidence that vagotomies in
animal models often result in a loss of anorexigenic hormone
signalling, resulting in overfeeding and weight gain.?

Hormones also act centrally to produce feelings of satiety.
Glucagon-like peptide 1 (GLP-1), perhaps better known as an

incretin since the addition of exenatide to the pharmacopoeia for
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diabetes, has an important role in generating central satiety.
Delivery of GLP-1 antagonists centrally promoted overeating in
experimental rodent models;'® additionally, the SCALE study
recently illustrated that the GLP-1 analogue ‘liraglutide’ produced
meaningful weight loss as an adjunct to diet and exercise."
Pancreatic peptide (PP) also acts centrally via Y4 receptors and
increases proportionally with the calorie content of ingested food
boluses.”

Two hormones increase proportionally with fat mass: insulin, a
pancreatic hormone secreted in response to food ingestion, and
leptin, an adipokine directly secreted from adipose tissue. These
hormones act as acute and chronic negative feedback loops.”
Mice lacking leptin (ob/ob) are indistinguishable from their
heterozygote littermates at birth, but quickly gain weight
through massive overeating. Rarely, human obesity has been
shown to be associated with a loss of leptin function; however, in
the vast majority of patients leptin is massively oversecreted.'?
This has important implications for how the hormone is sensed
centrally and reduces the lipostat’s ability to appreciate total fat

mass.

Orexigenic signals

There is a single orexigenic signal secreted in the periphery:
ghrelin, a peptide secreted from the stomach, acts on its receptor
(GHS-R) to stimulate appetite. Ghrelin levels are highest while
fasting and are higher in individuals who are chronically fasted
(such as those with anorexia nervosa and people on weight loss
diets). Ghrelin acts throughout the gut-brain axis to increase

gastric motility, gastric acid secretion and calorific intake.”

Central signals: our hedonistic brain

The brain is the integrative centre of the whole organism, allowing
appropriate responses to both external and internal stimuli. Two
important groups of neurons have been identified: an orexigenic
group, Agouti-related peptide/neuropeptide Y neurons
(AgRP/NPY); and, an anorexigenic group, pro-opiomelanocortin
neurons (POMC). AgRP neurons are stimulated by ghrelin and
inhibited by PYY, leptin and insulin. In POMC neurons the inverse
is true.’® This bimodal system of antagonistic neurons integrates
peripheral signals, producing an appropriate feeling of hunger or
fullness. The result is a sensitive homeostatic sensor, which
monitors input and modulates output by multiple efferent
pathways, such as the paraventricular hypothalamus, dorsomedial
hypothalamic nucleus and the limbic system.™

This acts via a second order set of neurons to alter metabolism by
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regulating thyroid hormone signalling, and behaviour via
efferents to higher cortical centres.’>'¢ The cortex also plays a
role, with modifications in taste, smell and memory, all driven by
activity in the arcuate nucleus and circulating appetite-regulating

hormones.'”

Alterations in signalling in the obese patient

So why, in spite of such overwhelmingly complex homeostatic
machinery, do people become obese? As individuals gain fat
mass, levels of insulin and leptin secretion increase. As is seen in
type Il diabetes mellitus (T2DM), high circulating levels of insulin
result in tissue becoming resistant to its effects, and failure of
peripheral tissues to uptake glucose.'® A similar process occurs in
the central nervous system in regards to leptin: as higher levels
accumulate in the blood, the brain ceases to respond
appropriately, negating leptin’s influence as a satiety signal.'?
Subsequently, as patients increase their energy expenditure
(exercise) or reduce calorie intake (diet) in order to lose weight,
GLP-1, PYY and other anorexigenic hormones are suppressed in
favour of ghrelin secretion.? This acts via central mechanisms,
resulting in changes in behaviour and metabolism that prevent
effective weight loss, making it difficult for patients to attain

sustained and clinically meaningful changes in fat mass.

Bariatric surgery: anatomical or biochemical
intervention?

An emerging therapy for obesity is bariatric surgery, particularly
the Roux-en-Y gastric bypass. This procedure was developed to
produce weight loss through restriction of total stomach volume
(producing earlier vagal stimulation by stretch) and
malabsorption.? However, it has since come to light that this
mechanism alone is unlikely to result in the sustained weight loss
seen in patients postoperatively. Some 85% of patients with
T2DM became normoglycaemic following the procedure,
independent of weight loss. This suggests that some change is
elicited in hormonal signalling and, ultimately, the gut-brain
axis."

Weight loss following a Roux-en-Y gastric bypass is dissimilar
physiologically from weight loss due to starvation, exercise or
dieting. With the traditional ‘eat less, move more’ paradigm,
ghrelin increases and GLP-1 and PYY decrease to create an
appetite-stimulating hormonal milieu. Following Roux-en-Y the
inverse is true.?’ The chance of a person having a significant
response to Roux-en-Y bypass, or losing a clinically significant

amount of weight following surgery, can be predicted with some
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accuracy by measuring these hormones. Leptin is reduced to
levels comparable to lean subjects, indicating a return to a
non-obese hormone profile.” Finally, non-specific inhibition of
hormone signalling with somatostatin allows for an increase in
appetite as tested by an ad libitum meal.?!

Unfortunately, this surgery also carries the risk of developing
malabsorption and dumping syndromes; thus, it is only reserved
for individuals with very high BMIs (40kg/m? without
comorbidities or 35kg/m? with comorbidities).?*?* Evidence is

beginning to accumulate for a less drastic operation, the sleeve

gastrectomy, which carries a lower risk of mortality and morbidity

but also has a reduced chance of producing sustained weight loss

and a change in obesity-related disease.?

Deep brain stimulation: neuromodulation of a final
common pathway

While the hormonal control elicited by gastric bypass is
impressive, researchers are now considering how best to
manipulate the final common pathway of satiety. Deep brain
stimulation (DBS) is currently indicated for a number of diseases
(notably Parkinson’s disease) with impressive reductions in
symptoms.? This intervention requires stereotactic placement of
electrodes in the brain (around the lateral hypothalamus), but
eliminates the risk of malabsorption.?¢ It is arguably more precise
than the Roux-en-Y by consistently affecting the final common
pathway.

Although research is only beginning in this intriguing approach
to a common illness, results are reasonably promising. A 2013
pilot study of bilateral implantation of DBS electrodes (developed
for Parkinson’s disease) into the lateral hypothalamic nuclei of
three patients with intractable obesity was performed safely and
had some evidence of efficacy. A major limiting factor of this
study was that the electrodes that are produced for Parkinson’s
neuromodulation are too large to target the specific areas of the
lateral hypothalamus associated with appetite;?” however, as the
technology develops, more success may emerge from this
approach to the treatment of obesity. Additionally, a wide range
of alternative targets is being explored — such as elements of the
brain’s reward circuitry (nucleus accumbens) — suggesting new

directions for the future of bariatric surgery.?

Conclusions
Obesity has historically been associated with poor health.
Hippocrates reportedly stated: “Corpulence is not only a disease

itself, but the harbinger of others”. In the modern era of energy-

(and calorie-) sparing devices for work and easy availability of

calorie-dense foods, a veritable epidemic of ‘corpulence’ has
emerged.?3° While the best solution to this problem is
prevention, there will inevitably be individuals who gain enough
weight to endanger their health.

Medical treatment of obesity has historically been simplistic and
has neglected the complexity of human biology and the powerful
homeostatic mechanisms to prevent sudden changes in
physiology. Prescription of diet and exercise will continue to be
the mainstay of treatment in the overweight, but an awareness of
the limitations of this strategy is an important consideration for
clinicians.

Understanding the gut-brain axis also allows for tailoring
treatment of the obese patient in novel ways, by using GLP-1
agonists as an adjunct for weight loss or utilising surgery
(bariatric or neurological) to fundamentally alter the
communication pathways between these organs, as discussed
above. Ultimately, this will produce a range of therapies that are:
a) effective; and, b) enduring in the fight against obesity,
reducing patient morbidity and mortality, and allowing

individuals to lead healthier, happier and longer lives.

Volume 9: Number 1. 2016 | Page 65



staff review

References

1.

Lozano R et al. Global and regional mortality from 235 causes of
death for 20 age groups in 1990 and 2010: a systematic analysis
for the Global Burden of Disease Study 2010. Lancet.
2012;380(9859):2095-128.

Boutayeb A. The double burden of communicable and
non-communicable diseases in developing countries. Trans R Soc
Trop Med Hyg. 2006;100(3):191-9.

Tadross JA, le Roux CW. The mechanisms of weight loss after
bariatric surgery. Int ] Obes (Lond). 2009;33(Suppl 1):528-S32.
Shin AC, Zheng H, Berthoud HR. An expanded view of energy
homeostasis: neural integration of metabolic, cognitive and
emotional drives to eat. Physiol Behav. 2009;97(5):572-80.
Berthoud HR, Morrison C. The brain, appetite, and obesity. Annu
Rev Psychol. 2008;59:55-92.

Mitchel ]S, Keesey RE. Defense of a lowered weight maintenance
level by lateral hypothamically lesioned rats: evidence from a
restriction-refeeding regimen. Physiol Behav. 1977;18:1121-5.
Sam AH, Troke RC, Tan TM, Bewick GA. The role of the gut/brain
axis in modulating food intake. Neuropharmacology.
2012;63(1):46-56.

Ahima RS, Antwi DA. Brain regulation of appetite and satiety.
Endocrinol Metab Clin North Am. 2008;37(4):811-23.

Abbott CR et al. The inhibitory effects of peripheral administration
of peptide YY(3-36) and glucagon-like peptide-1 on food intake
are attenuated by ablation of the vagal-brainstem-hypothalamic
pathway. Brain Res. 2005;1044:127-31.

. Meeran K et al. Repeated intracerebroventricular administration of

glucagon-like peptide-1-(7-36) amide or exendin-(9-39) alters
body weight in the rat. Endocrinology. 1999;140:244-50.

. Pi-Sunyer X et al. A randomized, controlled trial of 3.0mg of

liraglutide in weight management. N Engl ] Med. 2015;373:11-22.

. Sader S, Nian M, Liu P. Leptin: a novel link between obesity,

diabetes, cardiovascular risk, and ventricular hypertrophy.
Circulation. 2003;108:644-6.

. Morton GJ, Cummings DE, Baskin DG, Barsh GS, Schwartz MW.

Central nervous system control of food intake and body weight.
Nature. 2006;443:289-95.

. Millington GW. The role of proopiomelanocortin (POMC) neurones

in feeding behaviour. Nutr Metab (Lond). 2007;4:18.

. Garfield AS et al. A neural basis for melanocortin-4

receptor-regulated appetite. Nat Neurosci. 2015;18(6):863-71.
doi:10.1038/nn.4011.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

Martin NM et al. Abnormalities of the
hypothalamo-pituitary-thyroid axis in the pro-opiomelanocortin
deficient mouse. Regul Pept. 2004;122:169-72.

Rolls ET. Processing in the brain and the control of appetite. Obes
Prev. 2010:41-56. doi:10.1016/B978-0-12-374387-9.00004-0.
Ryan AS. Insulin resistance with aging. ] Am Coll Nutr.
2010;6:551-63.

le Roux CW et al. Gut hormones as mediators of appetite and
weight loss after Roux-en-Y gastric bypass. Ann Surg.
2007;246:780-5.

Beckman LM, Beckman TR, Earthman CP. Changes in
gastrointestinal hormones and leptin after Roux en-Y gastric
bypass procedure: a review. | Am Diet Assoc. 2010;4:571-84.

le Roux CW et al. Gut hormone profiles following bariatric
surgery favor an anorectic state, facilitate weight loss, and

improve metabolic parameters. Ann Surg. 2006;243:108-14.

. Vincent RP, Le Roux CW. Changes in gut hormones after bariatric

surgery. Clin Endocrinol (Oxf). 2008;69:173-9.

Fried M et al. Interdisciplinary European guidelines on metabolic
and bariatric surgery. Obes Surg. 2014;24:42-55.

Caiazzo R, Pattou F. Adjustable gastric banding, sleeve
gastrectomy or gastric bypass. Can evidence-based medicine
help us to choose? | Visc Surg. 2013;150:85-95.

Universitaria C. Deep-brain stimulation of the subthalamic
nucleus or the pars interna of the globus pallidus in Parkinson’s
disease. N Engl | Med. 2001;345:956-63.

Halpern CH et al. Deep brain stimulation in the treatment of
obesity. | Neurosurg. 2008;109:625-34.

Whiting DM et al. Lateral hypothalamic area deep brain
stimulation for refractory obesity: a pilot study with preliminary
data on safety, body weight, and energy metabolism. |
Neurosurg. 2013;119:56-63.

Dupre DA, Tomycz N, Oh MY, Whiting D. Deep brain stimulation
for obesity: past, present, and future targets. Neurosurg Focus.
2015;38:1-9.

Percik R, Stumvoll M. Obesity and cancer. Exp Clin Endocrinol
Diabetes. 2009;117(10)563-6. doi:10.1007/978-1-4419-5515-9.
Ng M et al. Global, regional, and national prevalence of
overweight and obesity in children and adults during 1980-2013:
a systematic analysis for the Global Burden of Disease Study
2013. Lancet. 2014;384.

Page 66 | Volume 9: Number 1. 2016



