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Abstract

Body weight originates from a complex interplay between energy intake and
expenditure. Regulation of body weight involves multiple internal systems, as well as
external influences and environmental cues. Obesity is a worldwide pandemic affecting
millions of individuals from a very young age. Bariatric surgery has proven to be a very
effective way of losing morbidly excess body weight and maintaining healthier BMI
ranges in the long term.

Bariatric surgery implements considerable hormonal changes before any
difference in BMI is detected (Rubino et al, 2004), suggesting that endocrine effects are
a principal mechanistic action of RYGB and sleeve surgery. Gastric band surgery has
been largely discontinued, as fundal surface area manipulation alone has not proven to
be very effective at long-term control of energy intake and expenditure.

Functional imaging offers a unique opportunity to understand appetite and
satiety changes in real time, and postprandially. Hormones concentrations may be
measured and compared with adiposity, behavior, neural circuitry, and surgical
intervention.

Bariatric surgery is a new field of study, beseeching more research and invoking
great interest in the clinical fields of cardiovascular disease, diabetes mellitus, and
osteoarthritis. The effects of obesity on political impression, career outcomes,
socioeconomics, and lifestyle have been implicated in the most recent national elections
and are of great importance in the quest to fully understand the impact of obesity on
our lives.

viil



Introduction

At least 400 million adults are obese globally. Obesity rates have more than
doubled in the last two decades in countries such as the United States, Australia, and
England (WHO, 2015).

Adiposopathy is the idea of “sick fat”, an excess of adipose tissue in the body that
may be a prelude for preventable diseases or further illness. The most prevalent
consequences of obesity include diabetes mellitus, cardiovascular diseases, and some
cancers. There is also a negative impact on quality of life that must be taken into
consideration.

Surgical management of weight loss is an emerging field with much room for
improvement. The number of articles about bariatric surgery available on PubMed has
doubled in the last 5 years - illustrating the urgency to understand the mechanistic
differences among the surgical options for treatment of obesity. Within the last few
years, traditional bariatric surgery involving a gastric band has been replaced by newer
techniques in many major hospital systems (Aarts et al., 2014). Reduction of energy
intake as a result of surgical intervention is currently the driving force behind
improvement of glycemic control (Munzberg et al.,, 2015).

Current theories spanning the relationships between hormones and obesity are
overwhelming, and measured only by body fluid samples and metrics. Hormone
secretions vary greatly throughout the gastrointestinal tract and blood samples are not
always reliable and accurate. Furthermore, creating experimental loss of function

models is not possible in humans, limiting understanding of regional hormonal effects.



To better elucidate the role of hormones in obesity, functional imaging is a new
tool in body weight research. The concept of the body set point has greatly benefited
from neuroimaging tools, which can offer real-time interpretations in a non-invasive
manner. Functional magnetic resonance imaging (fMRI) in particular measures
immediate blood flow alterations to detect activated brain areas. These blood signals
can be correlated with activation in the gastrointestinal tract for a thorough
understanding of the body’s multifaceted responses to hunger and satiety. Correlating
neural responses with biological parameters can help elucidate many of the mysteries
surrounding overeating and weight management. The increased prevalence for
conducting bariatric surgery has dictated the need to understand its widespread
impacts on the psychological comorbidities that exist in obese patients, the physiology
of energy balance, and the putative mechanisms of change in weight set point following
bariatric procedures. fMRI can currently be used as a research tool, with potential to

develop into a diagnostic or even therapeutic device.



Obesity Demographics

Obesity is derived from the Latin word obesitas, meaning "stout, fat, or plump.”
Obesity can be defined using the Body Mass Index (BMI), a parameter developed by
Adolphe Quetelet in the 1800s in an attempt to standardize the dynamic between mass

and height (Eknoyan, 2008; Locke et al., 2015). The

BMI Classification

illustration below defines the body mass index using <18 underweight
18-25 normal weight

25-30 overweight

kg-meters and pound-inches classification, for a

30-35 obese
historical ‘normal’ group (World Health 35-40  severely obese

> 40 very severely obese
Organization, 2015). Table 1. BMI Classification

United States BMI classifications were modified in 1998, shifting the
normal/overweight distinction from BMI 27.8 to BMI 25 for men, and from BMI 27.3 to
BMI 25 for women (Table 1). This resulted in the reclassification of 29 million

Americans from healthy to overweight

BMI = massyg = massp x 703 (Kuczmarski and Flegal, 2000). This
heightm? heightin?

represents 11% of the national

population, not entirely accounting for the increase in obesity during this time period
(1994 US census = 263 million). National obesity rates increased from 14.5% to 30.9%
from 1971 to 2000 (Flegal et al., 2002). The year 2000 marked the first time in human
history when the overweight portion of the population outnumbered the underweight

portion (Caballero, 2007).



The World Health Organization (WHO, 2015) formally recognized obesity as a
global epidemic in 1997. According to the WHO, at least 500 million adults (greater
than 10% worldwide) are obese, defined by a BMI greater than 30. In 2013, 42 million
children worldwide under the age of 5 were overweight or obese (from 32 million in
1990), with a projected increase to 70 million by 2025. A greater proportion of the
world’s population lives in countries where overweight and obesity classifications are
more fatal than underweight classification. Obesity is more common among women, in
urban settings, and in higher income countries. Obesity is rapidly increasing prevalence
in low- and middle- income countries. Overweight and obese BMI classifications
represent major risk factors for a number of chronic diseases, either caused by
increased fat mass (osteoarthritis and other musculoskeletal disorders, obstructive
sleep apnea, career and social discrimination) or caused by an increased number of fat
cells (Pool, 2001), such as diabetes mellitus type 2, certain types of cancer (endometrial,
breast and colon), cardiovascular diseases, and non-alcoholic fatty liver disease (WHO,
2015). As shown in Figure 1, the magnitude of risk can vary greatly with genetic
differences (Caballero, 2007). Excess body adiposity can further alter gene expression
of crucial process such as inflammation and cell cycle division (Merhi et al.,, 2015).
Overweight and obesity are linked to more deaths worldwide than underweight (WHO,

2015).

These adiposopathies, or pathologies due to increased adiposity, greatly
diminish quality of life and life expectancy, in addition to negatively impacting society

as a whole.
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Figure 1. A meta-analysis of BMI associations with single base pair mutation loci, demonstrating

the wide range of genetic effects associated with high BMI (Locke et al., 2015).



Obesity: Economic Impact, Relevance

The American Medical Association classified obesity as a chronic disease in 2013
(Yanovski and Yanovski, 2014). Yet as early as the 1930s, life insurance companies
were using body weight data to determine premiums, as the association between excess
weight and premature death was already apparent. A direct link was proposed
between obesity and cardiovascular disease in the 1950s. By the year 2000, 65% of the
country’s adult population had a BMI above 25, and 30% had a BMI greater than 30
(Caballero, 2007). Beyond central adiposity (BMI), liver fat and visceral fat are directly
associated with metabolic syndrome, characterized by increased blood pressure, high
blood sugar level, increased risk of heart disease, stroke and diabetes (Du et al., 2015;

Faria et al, 2015).

Today, obesity is associated with 112,000 deaths per year in the United States.
Over two-thirds of the adult population is overweight or obese (Chang et al, 2014). A
two-stage Markov cohort state transition model estimates that childhood overweight or
obesity in Germany costs an additional $20,446 excess in lifetime (Sonntag et al., 2015).
In Michigan, the diurnal saliva samples from 269 children (mean age 50.8 months, SD
6.3) revealed blunted stress responses and increased levels of alpha amylase associated

with increased BMI (Miller et al,, 2015).



Limitations of BMI Categorization

More recently, Body Adiposity Index (BAI) has been proposed to more
accurately reflect an individual’s state of excess adiposity (Bergman et al., 2011; Dias et
al, 2013). While BMI is a ratio taking mass and height into account, it does not select
for age, gender, muscle mass, bone density, type of fat tissue, or percent trunk fat. BMI
is particularly inaccurate given athletic buildup of lean body mass (Bergman et al.,
2011; Freedman et al., 2012). BAI proportionality was developed from associations of
hip circumference and height with body fat percentage as measured by dual energy x-

ray absorptiometry (DEXA) scans (Bergman et al.,, 2011; Freedman et al.,, 2012).

Hip circumference (cm)

—18
Height (m)"®

Body Adiposity Index (BAI) =

% Adiposity = 0.93 x BAI - 14.89

Since BAI as an exponent is actually a variable, it can be adjusted to reflect the
nonlinear relationship between weight and height first postulated by Quetelet
(Eknoyan, 2008). The relationship between BAI and adiposity percent does not appear
to differ between genders (Bergman et al, 2011). Still, other studies report that BMI in
conjunction with waist circumference is a better indicator of body adiposity than is BAI

alone (Freedman et al,, 2012; Geliebter et al., 2013; Yu et al., 2015).

As obesity is a major contributor to many diseases, treating obesity potentially
improves heath in many other domains. Long-term research has shown that obesity

requires persistent treatment and aggressive lifestyle changes. The US Preventive



Services Task Force recommends that physicians offer high-intensity, multicomponent
behavioral interventions (Yanovski and Yanovski, 2014). In conjunction with obesity
medical intervention, this is the most effective non-invasive method for clinically

significant weight loss.



Treatments

(a) Lifestyle (b) Medication (c) Surgery

Medical consensus today suggests that obesity is largely preventable. Increased
physical activity alone can significantly decrease excess body weight, as well as greatly
decrease the incidence of weight-related diseases. A transition from sedentary to active
energy expenditure is highly recommended, and largely resolves problems of childhood
obesity, such as multiple fractures, breathing difficulties, hypertension, insulin
resistance and various adult onset physical disabilities (WHO, 2015). Regular physical
activity (60 minutes/day for children and 150 minutes/week for adults) is strongly
encouraged. Recent evidence also suggests that food intake in obese individuals

decreases after physical exercise compared to that in lean subjects (Thivel et al., 2014).

A healthy lifestyle also consists of increased consumption of fruits, vegetables,
legumes, whole grains and nuts, coupled with limited energy intake from fats and
sugars. Currently, excess energy intake in the United States is primarily composed of
carbohydrates. Sugar-sweetened beverages represent nearly 25% of daily food energy
intake for young adults (Caballero, 2007). Although increased sugar consumption was
introduced in the early 1900s as a means to combat malnutrition and poverty, today it
causes very harmful effects such as increased BMI and malnourishment. Global food
production is expected to reach 3,000 kcal per capita by the year 2030, greatly more
than consumption levels (Caballero, 2007). This readily available dietary energy results
in health imbalances and extreme disparities such as malnourishment and obesity in

the same household (WHO, 2015). Mindful eating is necessary in order to decrease



excess carbohydrate consumption in lieu of more nutritious options. Obese individuals
consistently underestimate their food consumption, as measured by calorimetry and by
direct observation (Abbot et al., 2008). Reducing consumption of processed foods,
which often contain high quantities of sugar, fat and salt, is shown to greatly reduce
excess body weight in adults (Canfi et al., 2011) and children (Looney and Raynor,

2012).

10



Treatments

(a) Lifestyle (b) Medication (c) Surgery

In the United States, there are three medications currently approved for
treatment of obesity. Orlistat (tetrahydrolipstatin, Xenical, Alli) is the saturated
derivative of lipstatin, and was the first over the counter anti-obesity drug to be
recommended by the US government (Saul, 2007). It inhibits pancreatic lipases,
preventing assimilation of ingested fat. Examination of 10,000 obese individuals
prescribed Orlistat for the duration of at least a year revealed an average weight loss of
2.9 kg, along with reduction in blood pressure (2 mmHg) and total cholesterol.
However, HDL levels were slightly lowered and gastrointestinal side effects were
prominent, including steatorrhea, fecal incontinence and urgent bowel movements.
Orlistat reduced diabetes mellitus incidence from 9% to 6.2% (Padwal et al., 2004).
Absorption of fat soluble vitamins and nutrients is greatly reduced during use, as fat
soluble vitamins are mostly esterified with a free fatty acid, therefore requiring

hydrolysis by cholesterol ester hydrolase.

Lorcaserin (Belviq, Lorgess, APD-356) is an anorexigenic drug, which has
serotonergic properties. It is a selective 5-HT2c receptor agonist (Leonhart, 2013),
hence targeting the brain’s choroid plexus, hippocampus, cerebellum, amygdala, and
hypothalamus. Activated 5-HT2c receptors in turn activate pro-opiomelanocortin
(POMC) production, which prompts satiety. In general, serotonin receptors regulate
mood and endocrine secretion (Millan, 2005). Due to hallucinogenic properties at high

doses, Lorcaserin is classified as a Schedule IV drug (Leonhart, 2013). A 12-week,

11



randomized, double-blind study of 469 subjects without diabetes mellitus showed that
lorcaserin caused an average weight loss of 3.6 kg over one year. Fasting insulin and
fasting glucose levels were greatly reduced, as was blood pressure and total cholesterol
(Bays, 2011). Adverse side effects of Lorcaserin include headaches, upper respiratory
tract infections, dizziness, and nausea. Early clinical trials found causality between
medication duration and heart valve problems, but a year long Phase III clinical trial
found no significant increase in heart valve problems due to daily intake of Lorcaserin
(Bays, 2011). Earlier drugs, such as fenfluramine/phentermine, presented higher
activation of the heart’s 5-HT2g receptors, and led to heart valve damage (Yanovski and

Yanovski, 2014).

The third medication available in the United States, Qsymia®, is a combination of
phentermine and topiramate (Yanovski and Yanovski, 2014). Phentermine is a
noradrenergic sympathetic amine, and works best in short-term treatment of obesity.
Topiramate is a sulfamate-substituted monosaccharide currently FDA approved for
treatment of seizure disorders and prevention of migraine headaches. Data from
clinical trials suggest a promotion of weight loss as well as improvement of
adiposopathic consequences, which lead to metabolic diseases. According to the clinical
trials data, combined administration of the two in appropriate doses presented no
contraindications (Bays and Gadde, 2011). Studies indicated up to 9kg lost in weight
per year with continuous use (Yanovski and Yanovski, 2014). Adverse effects include
insomnia, irritability, and anxiety, expected central nervous system stimulatory
symptoms, and did not differ between short-term and long-term therapy. Long-term

use of Qsymia® is often prescribed off-label, and has been associated with heart

12



problems (Yanovski and Yanovski, 2014). Paradoxically, no weight loss medications
have demonstrated a favorable effect on cardiovascular morbidity and mortality rates

(Yanovski and Yanovski, 2014).

The effects of these medications on long-term obesity-related illnesses are not
fully investigated. In 2011, less than 3 million people used obesity drugs in the US, a
small fraction of the obese subset in the country (Yanovski and Yanovski, 2014). The
research on obesity-related medications is limited, as clinical drug trials were not
always previously recorded, and tend to have short durations of study period with high
attrition rates. Sometimes, adverse effects are not apparent in the durations granted to
pre-approval trials, or in small populations. Furthermore, most users of prescription
weight loss medications are women of child bearing age, thus further research is greatly
needed. Topiramate, for instance, increases risk of oral clefts in offspring according to
one study (Yanovski and Yanovski, 2014). Given these limitations of curative therapies,
the most effective treatment for obesity is a low-risk preventive or inhibitive measure,

preventing obesity from the onset.

Treatments

(a) Lifestyle (b) Medication (c) Surgery

Today, the most effective treatment for obesity is bariatric surgery. Over
200,000 operations are performed each year in the United States (Chang et al,, 2014).
Results are very promising, with significant long-term weight loss, improvement in

obesity-related medical conditions, and decreased mortality rates. Insurance

13



companies tend to approve coverage of bariatric surgery in cases where BMI = 40, or
BMI > 35 along with presence of co-morbidities, such as diabetes, respiratory illness,
hypertension, cardiovascular disease, stroke, sleep apnea, and osteoarthritis (Herder et

al., 2014; Khaodhiar et al.,, 1999).

The goal of therapeutic interventions, whether medical or surgical, is to improve
patient health and quality of life. In addition to BMI, many factors must be taken into
account to ensure an accurate benefit vs risk analysis of surgical options. Non-weight
loss medications may be contributing to the high BMI of a patient, such as selective
serotonin reuptake inhibitors for smoking cessation and depression. This type of
antidepressant tends to increase appetite while decreasing metabolic rate (Cockerill et

al, 2014).

Bariatric surgery is associated with long-term weight loss, drastic improvement
in obesity-related conditions, and decreased mortality rates (Chang et al,, 2014; Herder
et al, 2014). Bariatric surgery is the most effective intervention available for diabetes

mellitus, resolving approximately 83% of cases (Spector and Shikora, 2010).

14



Surgery Types

Obesity is accompanied by chronic inflammation, prompting comorbidities such
as insulin resistance, diabetes mellitus, and cardiovascular diseases. Numerous
invasive interventions have been developed and therapeutically implemented.
Bariatric surgeries allow restoration of hepatic and peripheral insulin sensitivity and
often alleviate diabetes mellitus symptoms very soon after surgery (Lindegaard et al.,
2015). The bariatric surgery types discussed here are the laparoscopic adjustable
gastric band (band), the Roux-en-Y gastric bypass (RYGB), and the sleeve gastrectomy
(sleeve) surgeries. Although a 29% reduction in BMI has been observed 9 months after
jejunoileal bypass surgery (Naslund, Gryback et al., 1997), recent studies have indicated
that jejunoileal bypass is not an appropriate operation for morbidly obese patients due
to malnourishment and will not be integrated into the discussion.

The gastric band bariatric surgery is a simple procedure involving an elastic
band fitted across the opening of the stomach, creating a 15 mL pouch (Spector and
Shikora, 2010). Itis a reversible procedure. The band is a useful short-term tool, but is
associated with complications such as migration, erosion, prolapse, and slippage in the
longer term (Domienik-Karlowicz et al., 2015; Gonzalez-Heredia et al, 2014; Tran et al.,
2013). Target weights often remain unachieved (Gonzalez-Heredia et al., 2014) and
revisions are required. Band procedures have given way to newer bariatric surgery
types. Band removal and conversion to RYGB does not result in increased morbidity.
However, the safety of band conversion to sleeve is contested, as it has been associated
with major complications and mortality (Fernando Santos et al., 2014) yet also deemed

safe (Gonzalez-Heredia et al,, 2014).
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RYGB surgery is the current gold standard of bariatric surgeries. A small pouch
is created starting from the proximal stomach to the jejunum. This jejunostomy
redirects nutrients, resulting in malabsorption (Spector and Shikora, 2010) as well as
restriction (Colquitt et al., 2014) as the duodenum and proximal jejunum are bypassed
(Rubino et al, 2004). There is a 16% internal hernia complication incidence. About
113,000 RYGB surgeries are performed each year in the United States (Livingston,
2010) including 80,000 women of childbearing age (Altieri et al., 2014). By
comparison, in 2001, only 33,000 RYGB surgeries were performed nationwide
(Livingston, 2010). RYGB patients are at risk for malnourishment due to decreased
absorptive area, decreased hydrochloric acid secretion and reduced dietary intake
(Snyder-Marlow et al.,, 2010).

Of the surgical interventions considered here, the sleeve surgery is the most
extreme. 60-80% of the stomach is removed longitudinally. The remaining stomach
tissue forms the shape of a sleeve, also referred to commonly as a “banana” (Figure 2).
Stomach capacity is about 300 mL. The removal of the fundus serves to
neurohormonally restrict food ingestion via decrease of ghrelin secretion. Sleeve
surgery retains the pylorus, whereas RYGB does not preserve it. Sleeve surgery cannot
be revised. There is less malabsorption after sleeve surgery as compared to that after
RYGB, yet weight loss is comparable (Snyder-Marlow et al., 2010). There are currently

less than a decade of sleeve surgery prognoses available for consideration.

16



Figure 3. Sleeve gastrectomy (St. Anthony's Medical Center, 2015).

A review of 164 studies summarized bypass and sleeve weight loss 5 years
postsurgery as 12 to 17 BMI units for a mean age of 44.5 years (Chang et al, 2014).
Noted co-morbidities included diabetes mellitus (26% of co-morbidities), hypertension
(47%), dyslipidemia (28%), cardiovascular diseases (7%), and sleep apnea (25%;
(Chang et al, 2014). About 17% of cases experienced complications, and about 7% of
these cases required reoperation. Gastric bypass surgery is linked to more weight loss
and greater occurrence of complications. Sleeve gastrectomy data suggest weight loss
of similar efficiency. Gastric banding has decreased mortality rates and complication
rates, but less weight loss and higher incidence of reoperation (Chang et al., 2014;

Domienik-Karlowicz et al., 2015).
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Intestinal Hypertrophy

Intestinal hypertrophy post-RYGB surgery stimulates increased glucose
metabolism, increasing energy expenditure and accounting for most of the resolution of
diabetes 2 in this patient population (Korner et al.,, 2009; le Roux et al., 2010; Munzberg
etal, 2015; Saeidi et al., 2013). There is strong evidence of glucose transporter-1
upregulation, as well as increases in basolateral glucose uptake and aerobic glycolysis.
Glucose is redirected toward tissue growth pathways following exposure of the Roux
limb to undigested nutrients. In rats, Glucagon-like peptide-2 (GLP-2) levels
demonstrate a 91% increase after RYGB surgery, and crypt cell proliferation is
significant. GLP-2, a proteolytic cleavage of pro-glucagon that resembles GLP-1, is
transported to the brain where it binds to the Neuropeptide Y/Agouti-related peptide
or POMC receptors in the hypothalamus to elicit satiety. Human GLP-2 levels 6 months
after RYGB surgery peaked at 168% of pre-operative levels, strongly suggesting
restoration of absorptive surface area (le Roux et al,, 2010). Current research, although
limited, indicates no correlation between intestinal hypertrophy and sleeve
gastrectomy surgery (Mumphrey et al., 2015). Sleeve gastrectomy and RYGB both show
increased levels of fibroblast growth factors 19 and 21 after surgery (Cummings et al.,
2012; Jansen et al., 2011). In mice, these growth factors stimulate increased energy
expenditure via thermogenesis in brown adipose tissue (Watanabe et al., 2006). Energy
intake relative to output is the main determinant for weight gain or loss, even after
bariatric surgery (Ortega et al., 2012). While it is difficult to distinguish biological need
from behavioral modification in humans, animal models are useful for the study of

energy intake and output after bariatric surgery.
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Energy Intake and Expenditure

Human studies report that energy intake (i.e., ingestion) is reduced to half of
pre-operative levels within 6 months of RYGB surgery, and stabilizes at about 40% (of
initial) after a few years. Metabolizable energy (i.e., net absorption) after surgery is
further reduced with a decrease in the efficiency of fat absorption. Human studies
indicate a substantial decrease in fat absorption efficiency after RYGB, averaging a 22%
decrease in noted studies (Odstrcil et al., 2010). In consideration of total metabolizable
energy (total intake less the amount malabsorbed), the contribution of malabsorption

to total energy levels after surgery is relatively small (Odstrcil et al., 2010).
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Figure 3. Reward calculations incorporate many different signals. (Berthoud, 2011)
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The biomechanisms of food intake include internal and external cues that
provoke a decision of whether to eat or stop eating (Figures 3 and 4). There are signal
processing components that individuals are aware of, as well as inside processes.
Previous reward food cues, for example, can intensify hunger and initiate ingestion
(Figure 4). The homeostatic regulators of energy balance in the hypothalamus-brain
stem axis also emphasize a certain level of adiposity and body weight for the
individual. These are governed by genetic and environmental cues that influence
hormonal and neural feedback mechanisms. Berthoud demonstrates the complexity of
varying signals from the external and internal milieu. As shown in Figure 3, this
investigation takes into account changes in food intake, autonomic and endocrine
responses, nutrient partitioning, energy expenditure, and hormonal and neural

mechanisms that contribute to adaptive energy expenditure:
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Figure 4. Energy expenditure relies on multiple factors that span the genetic and environmental milieu.
(Berthoud, 2011)

20



Since energy expenditure is so closely associated with body weight and food
intake, the next logical step is to examine changes to energy expenditure as a result of
bariatric surgery. Of great interest is the body’s internal, non-caloric reaction to the

significant weight change, and any adherence to a weight set-point after surgery.

In rat studies, animals undergoing sleeve gastrectomy demonstrated an
adherence to pre-surgery body weight when permitted access to unlimited food
(Stefater et al, 2011). However, in pregnant rats that received sleeve gastrectomy, the
animals gained weight after surgery but returned to pre-pregnancy weight after
delivery (Grayson et al., 2013). In RYGB rats, food intake was artificially increased via
central melanocortin-3/4 receptor signaling blockade, which resulted in increased body
weight. When the blockade was removed, the rats returned to their lower body weight
(Munzberg et al., 2015). This indicates that rats are able to increase food intake

physically, but respond to cues that enable them to adhere to a pre-surgery set point.
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Neuroimaging

Set point regulation is not completely understood. The therapeutic potential of
bariatric surgery hinges upon a greater understanding of how the body adheres to a
pre-surgery set point. Neuroimaging offers a unique opportunity through which neural
responses to food and food stimuli can be monitored. It is a non-invasive, low-risk tool
that can nonetheless measure sensitive real time changes in the body and brain.
Neuroimaging can be used to detect changes in real time, and can be paired with visual,
auditory, olfactory, and tactile stimuli in order to simulate realistic outcomes. Data can
be normalized within and between subject populations, and selected regions of interest
(ROI) can average signal activation across populations for a greater confidence interval
and lower deviation across results. Relevant results include activations in areas such as

premotor planning, visual and gustatory sensory input, and reward pathway.

Functional MRI scanning can detect regional changes in blood oxygenation levels
as determined by blood oxygen level dependent contrast imaging (BOLD signals).
Increased perfusion of oxygenated blood denotes increased neuronal activity for given
brain regions. These BOLD signals are easily quantified using software that
distinguishes these findings from coincidences using voxel limits, a type of pixel that
quantifies the magnitude of BOLD signaling in very small slices of the brain (Carnell et

al, 2012; Carnell et al., 2014).

A recent study using neuroimaging suggests a set point commonality amongst
RYGB patients after surgery. Female RYGB patients were compared with obese women

who did not undergo bariatric surgery. Stimuli included food and non-food visual cues.
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Hunger and satiety were rated using a visual analog scale at regular intervals. As
compared to the RYGB group, the obese group demonstrated stronger functional
connectivity in the frontal region and higher hypothalamic activation during
presentation of food cues. Furthermore, RYGB patients had lower scores of hunger and
higher scores of satiety on the visual analog rating as compared to the non-surgery
obese group. These findings strongly suggest that surgery can alter the pre-surgery set

point (Frank et al., 2014).
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Further Investigation of Brain Peptides

Select basomedial hypothalamic peptides can reliably indicate hunger states
because of their strong impact on homeostatic regulation. Agouti-related peptide
(AgRP) is a paracrine signaling molecule similar to Agouti signaling peptide (25%
amino acid homology). It is synthesized in the neurons of Neuropeptide Y (NPY)-
containing cell bodies of the arcuate nucleus in the hypothalamus. AgRP is usually co-
expressed with NPY (Loh et al, 2015). It functions to decrease energy expenditure
(metabolism) and increase appetite by inhibiting sensations of satiety (Flier, 2004).
The appetite-stimulating effect is inhibited by leptin and enhanced by ghrelin. When
leptin is secreted by adipocytes in response to food intake, AgRP prevents release of
orexigenic peptides. NPY/AgRP neurons express ghrelin receptors that can stimulate
NPY and AgRP co-secretion. AgRP stimulates the hypothalamic-pituitary-
adrenocortical axis to release ACTH, cortisol and prolactin (Bugarith et al.,, 2005).
Further investigation of the relationship among AgRP secretion, satiety, and hunger

may help elucidate set point changes that occur after surgery.

The arcuate nucleus contains two distinct groups of neurons. A second
basomedial hypothalamic peptide closely linked with homeostatic regulation, and
consequently set point, originates from the pro-opiomelanocortin (POMC) and the
cocaine and amphetamine regulated transcript (CART) expressing neurons. These
neurons have stimulatory inputs to the ventromedial nucleus (feeling of fullness), and
inhibitory inputs to the lateral hypothalamus (food motivation, attraction to eating

behavior). In the dual center hypothesis of eating, a combination of these two centers
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contributes to overall healthy levels of eating. Studies demonstrate hyperphagia in rats
following lateral hypothalamus lesions, while lesions of the ventromedial nucleus result
in increased plasma insulin levels and overproduction of leptin, leading to leptin
desensitization and overeating (Flier, 2004). The POMC/CART neurons oppose the
effects of NPY/AgRP neurons. In addition to feeding and regulation of energy
expenditure, the peripheral component of the NPY system, namely, white adipose tissue
and osteoblasts in the periphery, has been identified as a contributor to whole body

energy homeostasis (Loh et al, 2015).
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Hormones

A complex interplay of neurotransmitters, hormones, secretory factors and
genes can contribute to greater energy intake than expenditure. An imbalance between
energy intake and expenditure leads to overweight and obesity. While some of these
systems have been meticulously explored, many questions still remain. Weight loss
therapies focusing on calorie restriction are largely ineffective. An overview of recent
research regarding central (CNS) and peripheral (body) factors is implicated in obesity.

Bariatric surgery has been extremely effective in treating diabetes mellitus, and
is currently being considered as a preventive process as well (Herder et al., 2014;
Munzberg et al., 2015). It is important to understand the role that appetite hormones
play in micro niches of the stomach and intestines. Hormones are released during,
prior to, in lack of, and after ingestion of nutrients. Bariatric surgery may offer
decreased gastrointestinal lumen surface area (sleeve, RYGB), leading to malabsorption.
Removal of the fundus in particular leads to a significant decrease in ghrelin secretion,
and subsequently, appetite.

Gastrointestinal hormone changes are divided into three categories: obtunded
responses (ghrelin/leptin), normal release (motilin, adiponectin), and increased
secretion (PYY). Gastrointestinal hormones are numerous and complex; here, each

category of hormone is examined in connection to bariatric surgery effects.

26



Hormones: NPY

As mentioned previously, the neuropeptide Y system promotes feeding
(appetite) and reduces energy expenditure. Other family members, peptide YY (PYY)
and pancreatic polypeptide (PP), mediate satiety levels in an extensive network of
homeostatic regulation.

As the hypothalamus is the center of appetite control and energy balance, nuclei
crosstalk is often complex and seemingly contradictory, appearing at times to promote
opposite physiological effects. Feeding stimuli from NPY neurons and orexigenic
stimuli from AgRP neurons activate downstream pathways via distinct receptors (a
potential regulating mechanism in itself) and communication with the paraventricular
nucleus, ventromedial nucleus, dorsomedial hypothalamus, and lateral hypothalamic
area (Loh et al,, 2015). NPY neurons also co-express the inhibitory neurotransmitter,
gamma-aminobutyric acid (GABA).

NPY is a 36 amino acid peptide abundantly found in the central and peripheral
nervous system. It is expressed in the hypothalamus, cerebral cortex, brainstem,
adrenal glands, white adipose tissue, and osteoblasts (Loh et al, 2015). PYY and PP are
produced in the intestinal L cells and pancreatic PP cells, respectively. Although largely
co-expressed, all three are ligands for separate G-protein coupled receptors, inhibiting
secondary messenger system cAMP production in target cells, which include the liver,
skeletal muscle, immune cells, and pancreas (Loh et al., 2015).

The blood-brain barrier is semi-permeable and arcuate nucleus (ARC) neurons
are able to respond rapidly to hormonal signals from the periphery, such as leptin,

insulin, ghrelin, and satiety factors PYY and PP by relaying signals to previously
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mentioned brain areas. Leptin from adipose tissue and insulin from pancreatic beta
cells circulate in proportion to whole body adiposity and inhibit NPY/AgRP neuronal
activity. They also stimulate POMC/CART neuronal activity in order to inhibit food
intake. By contrast, ghrelin from the stomach and duodenum activate the NPY/AgRP
neurons to promote food intake.

A distinct neural projection has been identified from ARC NPY/AgRP neurons to
oxytocin neurons in the PBN (Loh et al, 2015). Genetic deletion of NPY, AgRP, or both
has not resulted in feeding inhibition, suggesting compensatory mechanisms exist that
regulate and maintain energy expenditure and homeostasis (Figure 5). This mechanism
potentially involves NPY/AgRP GABA signaling as rat studies have shown a tendency
toward anorexia when GABA co-expression is lost. This may be due to a nausea signal
activated by the parabrachial nucleus (PBN). ARC NPY signaling has also been shown to
decrease brown adipose tissue thermogenesis by direct downregulation of uncoupling
protein-1. Targeting of uncoupling protein-1 has been suggested as a treatment option
for adult obesity. A role for NPY in energy homeostasis has been less well understood
(Lohetal, 2015).

The effects of bariatric surgery on the NPY system have been studied in animal
models. 6 weeks after surgery, sleeve populations demonstrate lower PYY, increased
hypothalamic NPY, and higher POMC levels than band populations (Kawasaki et al.,
2015). This supports the understanding that NPY promotes appetite and PYY regulates
satiety, as the lumen in sleeve surgery is much smaller than that of the band post-op
stomach. Both groups however show marked improvement over sham-operated

controls. There is ample evidence indicating that in addition to stomach alteration,
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sleeve surgery also modifies the neuronal circuitry involved in eating behavior, leading

to improved outcomes than in band surgery.
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Figure 5. The NPY signaling system involves multiple pathways implicated in feeding. Among others,
orexin directly interacts with NPY and POMC in a manner reciprocal to leptin. (Loh et al, 2015)

Hormones: Adiponectin

Adiponectin is the most abundant gastrointestinal hormone within plasma,
representing 0.01% of serum protein concentration. Adiponectin improves glycemic
control by regulating glucose uptake, decreasing gluconeogenesis and influencing fatty
acid oxidation. Adiponectin levels increase following weight loss (Coppola et al., 2009)
or bariatric surgery (Herder et al., 2014; Lindegaard et al., 2015; Malin et al, 2014
(Herder et al.,, 2014), most notably with RYGB and sleeve (Buzga et al,, 2014),

suggesting possible pathways involved in diabetes mellitus control. The hormone is
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reduced in instances of diabetes and increased in females relative to that in males (Lim
etal, 2014).

Adiponectin is abundantly produced by adipocytes during caloric restriction and
thus correlates inversely with body fat percentage (Ukkola and Santaniemi, 2002) and
with BMI (Lindegaard et al., 2015). The mechanism(s) causing downregulation of
adiponectin in obese subjects is (are) not known. However, post translational pathways
have been suspected. Adiponectin is capable of forming low molecular weight (LMW)
trimers, middle molecular weight (MMW) hexamers and high molecular weight (HMW)
12-18-mers. Multimer formation is an important mechanism that regulates the
biological activity of adiponectin in that different target tissues respond to these
distinct oligomers. For example, of the three multimers, the HMW isoform is more
metabolically active and closely associated with peripheral insulin sensitivity. Hence,
depending on the metabolic status or disease condition the proportions of the
oligomers can change. In type-2 diabetics, HMW adiponectin selectively decreases.
Resveratrol, a polyphenolic stilbenoid derivative found in certain foods, e.g., grapes,
exhibits anti-diabetic properties and appears to protect against obesity-related
downregulation of adiponectin. Thiazolidinediones and resveratrol promote
multimerization via upregulation of disulfide bond (Liu and Liu, 2012). Reduction of
the high molecular weight form of adiponectin is associated with various metabolic
diseases states (Domienik-Karlowicz et al,, 2015), suggesting that enhancement of
adiponectin multimerization helps treat insulin resistance. After bariatric surgery,
patients show marked improvements in diabetes mellitus status, as measured by

various metabolic determinants. Rises in adiponectin levels are observed, mediating
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both insulin action as well as adipose mass, for up to two years after surgery (Malin et

al., 2014), particularly in the case of sleeve surgery (Buzga et al., 2014).

Hormones: The ‘Gut Clock’

As our understanding of the enteric nervous system grows, implications for the
body’s circadian rhythm must also be considered. Daily food intake is greatly influenced
by biological rhythms (Konturek et al.,, 2011). The suprachiasmatic nucleus serves as
the central pacemaker and communicates bidirectionally with tissues.

Transcriptional and translational feedback loops govern periodic activity of gut
segments via interstitial cells. Neuroendocrine cells of the gut mucosa produce
melatonin, affecting food intake and myoelectric rhythm. In addition to the regulatory
effects of melatonin on gastric motility, a recent study suggests that melatonin is
beneficial in alleviating abdominal pain and distention.

Disruption of circadian rhythm in the gut has been shown to result in
gastrointestinal pathology such as irritable bowel syndrome, gastroesophageal reflux
disease, peptic ulcers, as well as acceleration of aging and tumorigenesis of the liver and
gastrointestinal tract. Disruption of gastric rhythms can result in overeating and
subsequent excess weight gain (Konturek et al, 2011). Most notably, shifting of food
intake schedules strongly correlates with weight gain (Konturek et al., 2011).

Disruptions to the ‘gut clock’ have been shown to improve markedly following
weight loss or bariatric surgery, reestablishing eating patterns and behaviors and

gastric motility.
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Hormones: Ghrelin and Leptin

Ghrelin and leptin are complementary hormones influencing appetite. Ghrelin is
produced in the stomach for short-term control and is sensitive to stomach distention
(Wierup et al.,, 2007). Secreted mostly in the oxyntic region (Wierup et al., 2007),
ghrelin increases gastric emptying and stimulates appetite. Adipose cells for mediation
of long-term appetite control produce leptin. Leptin is greatly increased in obese
individuals, who are thought to be resistant to the hormone. Administration of leptin in
these individuals does not suppress appetite (Flier, 2004).

Leptin and ghrelin are produced peripherally and exhibit feeding and satiety
effects on the hypothalamus; namely, the arcuate nucleus to the lateral and
ventromedial hypothalamus (Boulpaep, 2003). As mentioned previously, the
NPY/AgRP neurons stimulate feeding and inhibit satiety, while the POMC/CART
neurons exert the opposite effects. Leptin inhibits the former two hormones and
stimulates the latter two (Flier, 2004). Thus, decreasing desire to eat. Higher plasma
leptin levels are generally correlated with prevention of cognitive decline, but severely
obese individuals tend to develop leptin resistance, leading to a decrease of leptin
control on feeding behavior (Alosco et al.,, 2015).

Following bariatric surgery, reduced inflammation and better glycemic control
are noted (Alosco et al., 2015; Arismendi et al.,, 2014; Domienik-Karlowicz et al., 2015).
The improved ghrelin and leptin levels 12 months after surgery have been shown to
influence cognitive improvements as well (Alosco et al., 2015). Prior to surgery,
increased leptin levels have correlated with worse attention and executive function

performance (inhibition, emotional eating, and snacking control); this is rectified after
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bariatric surgery in the same patient population. Increased ghrelin is also associated
with better attention and executive function (Alosco et al., 2015). Mechanisms may
include reduced inflammation and improved glycemic control (Alosco et al., 2015;
Arismendi et al, 2014). Bariatric surgery can potentially increase the brain’s sensitivity
to leptin by decreasing leptin resistance, leading to reduced risk of cognitive decline
and dementia (Alosco et al, 2015). Fasting plasma leptin levels decrease markedly
following bariatric surgery, sometimes within a week (Lindegaard et al.,, 2015). Sleeve
studies specifically manifest decrease of ghrelin and leptin levels one year after surgery,
with no significant difference in appetite (Buzga et al., 2014).

The ghrelin/leptin imbalance in obesity is greatly improved by bariatric surgery.
Leptin resistance is also decreased, with overall better brain health outcomes with

regards to inhibition and emotional eating, cognitive benefits and snacking control.

Hormones: Motilin

Motilin exhibits structural homology to ghrelin, an appetite stimulatory peptide
produced in the stomach (Asakawa et al., 2001). Motilin is located throughout the gut,
and increases gastric emptying and small bowel motility. Like ghrelin, it demonstrates
pro-kinetic properties, and is not secreted postprandially. Because motilin is not
secreted postprandially, it does not seem to affect loss of gastric function due to surgery
(Yamashita et al.,, 1997). Motilin and ghrelin are stored in the same secretory granules
(93%) of the duodenal and jejunal mucosa. Co-secretion is further supported by
evidence of parallel increases of ghrelin and motilin in plasma profiles (Wierup et al.,

2007).
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Motilin is increased in obese individuals following jejunoileal bypass (Naslund,
Melin et al., 1997) and other gastrectomies (Ohira, 1988). The rate of gastric emptying
is not significantly different (Naslund et al., 1997), lending credibility to the suggestion
that ghrelin may function independently of motilin (Wierup et al., 2007).

Gastric resection surgeries tend to be accompanied by loss of gastric motor
function. Gastric resection promotes reflux esophagitis, malabsorption, and dumping
syndrome, an unpleasant, unsettled feeling that can result in flatulence, heartburn,
emesis, abdominal cramps, nausea, and diarrhea. As one patient described dumping

syndrome, “a heart attack with food poisoning” (personal communication, 2014).

Hormones: GLP-1

Glucagon-like peptide-1 (GLP-1) is released from ileal L cells within minutes of
food ingestion. Its half-life is less than two minutes until degradation. GLP-1 is an anti-
hyperglycemic hormone, stimulating insulin secretion and suppressing glucagon
secretion, while increasing satiety signaling in the brain. Long-term GLP-1 receptor
activation is linked to weight loss (Baggio and Drucker, 2007).

GLP-1 can be induced in laboratory animals by inflammatory stimuli such as
treatments with endotoxin, interleukins 1 and 6, and circulating GLP-1 itself
(Lindegaard et al., 2015). Postprandial GLP-1 secretion is increased immediately after
RYGB surgery (Ohira, 1988), but does not sustain long term (Lindegaard et al., 2015).
By contrast, GLP-1 is increased one year after sleeve surgery (Kawasaki et al., 2015).
While interleukin 6 decreases after surgery (Figure 6), it is higher in diabetic patients

after surgery, suggesting a role in glycemic control. Most notably, interleukin 8 changes
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correlate positively with GLP-1 concentration (Lindegaard et al., 2015). Interleukin 8 is
closely associated with peripheral inflammation. It is especially relevant to the
pathogenesis of atherosclerosis and cardiovascular diseases. Pro-inflammatory
molecules such as interleukins 6 and 8 are secreted at high levels by adipose tissue
(Domienik-Karlowicz et al., 2015). RYGB surgery decreases fasting plasma
concentrations of pro-inflammatory cytokine interleukin 6 within a year after surgery,
or even earlier (Lindegaard et al, 2015). GLP-1 changes after surgery may be the
reason behind changes in taste bud reception, as GLP-1 receptors are found in
mammalian taste buds. A reduction in sweet gustational sensitivity is observed in GLP-
1 knockout mice, suggesting an important paracrine function of GLP-1 in bariatric

surgery (Martin et al., 2009).
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Figure 6. Postprandial cytokine and GLP-1 response before and after RYGB surgery (one week, three
months, one year; adapted from Lindegaard et al, 2015).
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Conclusion

Bariatric surgery involving resection of the gastrointestinal tract induces weight
loss through slowed emptying rate, decreased stomach capacity, malabsorption of fat,
and prohibited intake of calorie dense foods. This is a marked improvement upon
gastric band surgery, which does not exhibit many endocrine effects in comparison.
Bariatric surgery data suggest a major shift in hormonal secretions is imperative for
greater weight loss success.

Bariatric surgery has demonstrated a series of effects on many gastrointestinal
hormones. Noted here are the increase in NPY and decrease in PYY and PP, promoting
an appetite and satiety signaling pathway less conducive to overeating. Adiponectin, an
important protein found abundantly in the plasma, increases after weight loss or
bariatric surgery, assisting in better glycemic control. The suprachiasmatic nucleus’
regulation of eating schedules is severely disrupted in obesity, and restored within a
few months of surgical intervention. Increased melatonin production also assists in the
restoration of the ‘gut clock’ and gastric motility. Ghrelin levels are decreased following
all types of bariatric surgery and leptin resistance is decreased as well which leads to |
healthier hunger/satiety cycle. Motilin is increased after weight loss or bariatric
surgery, assisting in various components of the gastric motility and digestion pathway.
Finally, GLP-1 levels are increased, manifested by decreases in chronic inflammation by
various cytokines. Inflammatory reduction is associated with marked improvements in
obesity-related co-morbidities such as atherosclerosis and cardiovascular diseases.

Careful observation of biometrics immediately following bariatric surgery has

shown that hormonal changes occur rapidly and much earlier than changes in BMI
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values (Rubino et al., 2004). This is strong evidence that supports improvements of
endocrine dysregulation observed with RYGB and sleeve surgery. Gastric band surgery
is much less common, as lumen surface area and intestinal pathways are not modified.
Functional imaging technologies offer a rare glimpse into the gastrointestinal pathways
and disruptions hallmarked by obesity. fMRI studies have successfully demonstrated
correlations between neuronal secretions and appetite ratings, as well as BMI and other
weight metrics. There is great potential for elucidation of body mechanisms using
functional MRI and other imaging techniques.

Further research is proposed to measure hormonal changes before and after
bariatric surgery using neuroimaging. To understand the specific role of surgery, time
points must include immediate effects after surgery, prior to significant BMI changes, as

well as long term data.
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