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Obesity is a complex disorder that is linked to many coexisting disorders. Recent epidemiological data
have suggested that the prevalence of obesity is at an all-time high, growing to be one of the world's
biggest problems. There are several mechanisms on how individuals develop obesity which includes
genetic and environmental factors. Not only does obesity contribute to other health issues but it also
greatly affects the quality of life, physical ability, mental strength and imposes a huge burden in terms of
healthcare costs. Along with that, obesity is associated with the risk of mortality and has been shown to
reduce the median survival rate. Obesity is basically when the body is not able to balance energy intake
and output. When energy intake exceeds energy expenditure, excess calories will be stored as fat leading
to weight gain and eventually obesity. The therapeutic market for treating obesity is composed of many
different interventions from lifestyle intervention, surgical procedures to pharmacotherapeutic ap-
proaches. All of these interventions have their respective benefits and disadvantages and are specifically
prescribed to a patient based on the severity of their obesity as well as the existence of other health
conditions. This review discusses the genetic and environmental causes of obesity along with the recent
developments in anti-obesity therapies.

© 2019 Diabetes India. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Obesity is said to be a complex medical condition caused by
excessive accumulation of fat in the body due to increased intake of
energy-rich foods and lack of physical activity. This condition is
associatedwith amyriad of non-communicable diseases and health
problems such as high blood cholesterol, metabolic syndrome,
atherosclerosis, type II diabetes, high blood pressure and even
cancers. Obesity is commonly diagnosed by assessing an in-
dividual's body mass index (BMI), waist to hip ratio (WHR) and
waist to height ratio (WtHR) [1]. Obesity is defined by having a BMI
�30 kg/m2 while individuals who are severely or morbidly obese
have either a BMI �40 kg/m2 or a BMI of 35e40 kg/m2 and obesity-
related co-morbidities [2]. Obesity is one of the biggest growing
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problems of the world, which is turning out to be a major issue
towards health and a very costly one too. The Milken Institute es-
timates the healthcare costs for obesity in the US to be approxi-
mately 480.7 billion [3]. In the US, obesity is prevalent in 39.8% of
adults and 18.5% of youths based on a recent survey conducted on
obesity rates from 2015 to 2016 [4]. TheWorld Health Organization
(WHO) had estimated that 13% of the world's populationwas obese
in 2016 and has tripled since 1975 [5]. Based on 57 prospective
studies amounting to a total of 894,576 subjects within Western
Europe and North America, severe obesity is positively correlated
with mortality and that the median survival rate could be lowered
by 10 years [6]. The vivid rise in obesity can be attributed to genetic
factors as well as environmental factors such as the constant
availability of calorie-rich foods and the increasing trend of
sedentary lifestyles lacking physical activity. In addition to elevated
health risks, obesity can also lead to social expulsion and emotional
distress due to physical limitation. Obese childrenwere found to be
socially isolated as they could not keep up with the physical fitness
of other children leading to them having reduced self-esteem [7].
Several interventions targeting obesity are readily available, from
lifestyle changes, pharmacotherapeutic approaches to bariatric
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Abbreviations

5-HT2c 5-Hydroxytryptophan 2c
ACC American college of cardiology
AgRP Agouti-related peptide
AHA American heart association
ALMS1 Alstrom syndrome protein 1
BAT Brown adipose tissue
BBS genes Bardet-Biedl syndrome
BMI Body mass index
CB1 Cannabinoid receptor type 1
COR I Contrave obesity research I
COR II Contrave obesity research II
DBP Diastolic blood pressure
FDA Food and drug administration
FTO Fat mass and obesity-associated
GLP-1R Glucagon-like peptide 1 receptor
GLUT4 Glucose transporter type 4
GPD1L Glycerol-3 phosphate dehydrogenase 1-like
HbA1c Hemoglobin A1c
HDL High-density lipoprotein
HIF-1a Hypoxia-inducible factor
IRS1 Insulin receptor substrate 1
IRS2 Insulin receptor substrate 2
Irx3 Iroquois homebox gene 3
JAK2 Janus kinase 2

LDL Low-density lipoprotein
LEPR Leptin receptor
MCR4 Melanocortin-4 receptor
mIU/L: Milli-international units per litre
NPY Neuropeptide Y
CART Cocaine- and amphetamine-regulated transcript
POMC Pro-opiomelanocortin
SBP Systolic blood pressure
SH2B1 Src homology 2 B adapter protein 1
SNORD115 Small nucleolar RNA, C/D Box 115
SNORD116 Small nucleolar RNA, C/D Box 116
SNPs Single nucleotide polymorphisms
T3 Triiodothyronine
T4 Thyroxine
TOS The obesity society
TSH Thyroid stimulating hormone
UCP1 Uncoupling protein 1
CIDEA Cell death inducing DFFA like effector A
PGC1a Peroxisome proliferator-activated receptor gamma

coactivator 1a
VPS13B Vacuolar protein sorting-associated protein 13B
WAT white adipose tissue
WHO World health organization
WHR Waist to hip ratio
WtHR Waist to height ratio
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surgical procedures. However, major limitations in these inter-
ventional approaches have resulted in adverse side effects and
relapse of weight gain. The current review discusses the causes of
obesity, genetic mechanisms involved, conventional and future
approaches for the treatment of obesity as well as an update on
ongoing clinical trials.

2. Energy imbalance and obesity

As briefly discussed above, one of the most common causes of
obesity is the increased intake of energy-dense foods coupled with
the lack of physical activity. An active adult male and female require
approximately 2500 and 2000 calories respectively per day how-
ever, most individuals consume half this amount of calories in just
one meal [8]. When calorie intake exceeds energy output, the extra
calories will be stored as fat, which leads to excess weight and
obesity. Foods that contain high amounts of carbohydrates and fats
are the main culprits for causing obesity along with the lack of
physical activity. It has been found that only a minor surplus in
overall energy balance, by 7e10 kcal above the required amounts
can lead to an increase in BMI [9].

The lack of physical activity has been said to affect hormone
levels such as insulin whereby its unstable levels are associated
with weight gain [1]. Insulin sensitivity, which is described by how
sensitive an individual is to the effects of insulin and research has
suggested that a lack of physical activity can lead to a decrease in
insulin sensitivity. Insulin sensitivity is commonly determined by
measuring fasting insulin levels whereby elevated fasting insulin
levels (>25 mIU/L) indicates reduced insulin sensitivity. This is
because the pancreas works harder to secrete higher amounts of
insulin to compensate for insulin insensitivity, which results in
hyperinsulinaemia [10]. The lack of physical activity coupled with
obesity causes the accumulation of intracellular lipids within the
skeletal muscle and liver thus impairing insulin signaling,
decreasing uptake and utilization of glucose by the skeletal muscles
and the weakening of insulin-regulated prevention of hepatic
glucose production [11,12]. In 2013, Roberts and colleagues re-
ported that a single aerobic exercise session was able to acutely
improve insulin sensitivity by more than 50% for up to 72 h [13].
Additionally, Damirchi and colleagues also identified that a 6-week
aerobic exercise program had improved insulin sensitivity in men
with metabolic syndrome therefore, proving the association be-
tween lack of physical activity and insulin insensitivity [14].

3. Genetic mutations and obesity

3.1. Prader-Willi syndrome

Research has helped us understand that underlying genetic
syndromes are closely associated with obesity. One of the genetic
syndromes associated with obesity is Prader-Willi syndrome,
which is a rare condition known to cause a range of physical
symptoms, behavioural problems and intellectual impairment.
Some of the symptoms of Prader-Willi syndrome are excessive
appetite and overeating, learning difficulties, short-tempered and
stubborn, lack of sexual development and stunted growth [15]. This
syndrome affects approximately 1 in 10,000 to 30,000 individuals
globally due to faults in genomic imprinting with the loss of
function of paternally expressed genes on chromosome 15. This
condition occurs due to the deletion of the paternal chromosome
region 15q11 e q13 and during maternal disomy 15 [16]. The genes
responsible are paternally activated via genomic imprinting hence,
a functional copy of the paternal genes is required to avoid this
syndrome [17]. Individuals with this disorder exhibit a paternal
deletion of the snoRNA of the SNORD116 and SNORD115 genes. This
was also seen in mice whereby paternal deletion of these genes
resulted in hyperphagia and obesity [16]. Prader-Willi syndrome is
the most common genetic cause of morbid obesity in children. The
reduced muscle tone in individuals suffering from Prader-Willi
syndrome contributes to a decreased metabolic rate and lack of
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physical activity. This along with the increased appetite causes a
chronic imbalance between energy intake and output, resulting in
obesity [16]. In comparisonwith obese subjects, those with Prader-
Willi syndrome had lower energy expenditure and decreased lean
body mass. Additionally, the energy expenditure of these in-
dividuals at rest was significantly suppressed by 16% compared to
the obese subjects [18]. In 2006, Holsen and colleagues conducted
an interesting study on post-meal brain responses to food stimu-
lation images in subjects with Prader-Willi syndrome [19]. Results
showed that there was higher brain activation primarily in the
medial prefrontal cortex, insula, orbitofrontal cortex and the hip-
pocampus towards food stimulation images post-meal for the
subjects affected by Prader-Willi syndrome compared to the control
group. All of these brain regions are associated with increased
eating behaviour [19].

3.2. Bardet-Biedl syndrome

Another rare genetic disorder linked to obesity is the Bardet-
Biedl syndrome. Characteristics of this condition include obesity,
renal abnormalities, learning difficulties, polydactyl and retinop-
athy. In North America and Europe, the prevalence of this disorder
is 1 in 140,000 to 160,000 [20]. Bardet-Biedl syndrome is an
autosomal recessive disorder, which causes abnormalities in hy-
pothalamic action of leptin, the satiety hormone. The Bardet-Biedl
genes are responsible for producing Bardet-Biedl proteins, which
act as essential regulators of leptin receptor trafficking. Hence the
loss of function of these genes can lead to leptin resistance [21].
Leptin is a hormone expressed by adipocytes that acts within the
central nervous system to reduce food intake and elevate energy
expenditure in response to weight gain [22]. Population studies
conducted on the French-Caucasian population identified four
single nucleotide polymorphisms (SNPs) within three (BBS2, BBS4
and BBS6) of the twelve BBS genes identified up to date. It was
identified that an SNP, rs4784675 within the BBS2 gene and an SNP,
rs221667 within the BBS6 gene were significantly different in allele
frequency between lean and obese adults. Additionally, an SNP,
rs7178130 within the BBS4 gene and two SNPs, rs6108572 and
rs221667 within the BBS6 gene were found to be linked with
childhood obesity [23].

3.3. Alstrom syndrome

Alstrom syndrome is also an autosomal recessive genetic dis-
order caused by a mutation in the ALMS1 gene, located on chro-
mosome 2p13. Characteristics of this disorder are childhood
obesity, hyperinsulinemia, type 2 diabetes, hypertriglyceridemia
and hearing loss, amongst others. The prevalence of this extremely
rare genetic disorder has been reported as more than 900 in-
dividuals worldwide [24]. Colin and colleagues discovered that
mice with an insertion mutation on the ALMS1 gene in mice led to
body weight gain and early hyperinsulinemia [25]. In 2014, Favar-
etto and colleagues further proved this by identifying that sup-
pression of the glucose transporter type 4 (GLUT4) via mutation of
ALMS1 increased fat pad size and elevated expression of lipogen-
esis enzymes in mice causing adipose tissue enlargement as seen in
obesity [26]. Leptin levels of individuals suffering from Alstrom
syndrome are also significantly higher compared to unaffected
obese controls suggesting leptin resistance [27].

3.4. Cohen syndrome

Cohen syndrome is an autosomal recessive genetic disorder that
can result in abnormal fat storage, obesity, intellectual disability,
microcephaly and retinal dystrophy. An accurate prevalence of this
disorder has not been determined but it is speculated to occur in
less than 1000 individuals globally based on diagnosis reports [28].
This disorder is caused by mutations in the VPS13B gene located on
chromosome 8q22.2, which produces essential proteins that are
part of the Golgi apparatus [29]. The exact mechanism on how this
disorder results in obesity is not fully understood but mutations in
this gene would ultimately result in glycosylation defects. Glyco-
sylation is a process that occurs in the Golgi apparatus where car-
bohydrate molecules are attached to newly synthesized proteins
for sorting and vesicle-mediated transport of proteins within the
cell. It can be suggested that the defect in the VPS13B gene can
affect proteins playing an important role in the cellular mechanism
of adipogenesis [30]. In a study conducted by Limoge and col-
leagues in 2015, Cohen syndrome fibroblasts that are VPS13B-
deficient were isolated from patients suffering from the disorder.
Results showed that adipogenesis and adipocyte differentiation
were more apparent in these fibroblasts compared with the control
fibroblasts [31]. The supernatant of the adipocytes in the Cohen
syndrome fibroblasts had long thread-like projections and was
stickier when aspirated indicating adipogenic differentiation. Adi-
pogenic differentiation is characterized by the synthesis and
release of proteoglycans that provides lubrication, and help cells to
obtain more space and move about as they swell with fat.
Furthermore, lipogenic and adipogenic genes were found to be
elevated in the Cohen syndrome cells as compared to the control
cells. A similar observationwas noticed for the triglyceride content.
All of these indications suggest that a defective VPS13B gene is
linked to abnormal fat accumulation and differentiation as seen in
patients with Cohen syndrome [31].

4. Association of genes and obesity

4.1. Leptin gene

Early research has identified that the hypothalamus plays an
important role as a regulator of appetite and body weight but only
in 1994, Zhang and colleagues had discovered that leptin was the
hormone responsible for fat accumulation, appetite and energy
expenditure and metabolism [32,33]. In response to nutrient
depletion, leptin levels increase, which stimulates the expression of
pro-opiomelanocortin (POMC) in the arcuate nucleus of neurons of
the hypothalamus. The post-translational modification of POMC
generates melanocortin peptides that modulate the function of the
central nervous system, skin and adrenal gland through the acti-
vation of melanocortin receptors [34]. Leptin also acts to inhibit the
orexigenic pathways expressing the melanocortin antagonist
agouti-related peptide (AgRP) and neuropeptide Y (NPY). In brief,
leptin activates POMC neurons to produce a-melanocyte-stimu-
lating hormone that activates the melanocortin-4 receptor (MCR4)
located on downstream neurons. This induces satiety and increases
energy expenditure [22]. In contrast, leptin inhibits the AgRP
neurons resulting in elevated feeding behaviour and decrease in
energy expenditure [35]. The leptin-melanocortin pathway is
essential in balancing food intake and energy expenditure. One of
the mutations involved in the dysfunction of this pathway is the
adapter protein Src homology 2 B adapter protein 1 (SH2B1). This
gene is responsible for activating Janus kinase 2 (JAK2) and
recruiting the insulin receptor substrate 1 (IRS1) and IRS2 to the
leptin receptor (LEPR)-JAK2 complex [36]. Hence, SH2B1 is an
important regulator of leptin sensitivity whereby the deletion of
this gene can result in impaired leptin signaling and obesity [37].
Besides that, another mutation within the leptin gene known as
p.N103K, which causes a change in amino acid from asparagine to
lysine at position 103 of the protein. This missense mutation leads
to a significant reduction in leptin activity resulting in severe
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obesity [38]. Other mutations within the leptin gene that have been
identified thus far are R105W and L72S which are associated with
severe obesity [39].

4.2. GPD1L gene

In addition to the leptin gene, a novel gene that is linked to
obesity was identified by Hao and colleagues in 2017 [40]. Glycerol-
3 phosphate dehydrogenase 1-like (GPD1L) gene is negatively
correlated with obesity and BMI where it is upregulated during
periods of weight loss and downregulated in response to weight
gain. The GPD1L gene is located on chromosome 3p22.3 and en-
codes for the protein, glycerol-3 phosphate dehydrogenase 1-like
(GPD1L), and is said that GPD1L within adipose tissues is impor-
tant in the mechanism of obesity [40]. It was found that adipose
tissues are poorly oxygenated in obese individuals and the expan-
sion of adipose tissue due to excessive calorie intake elevated ox-
ygen consumption and developed a state of hypoxia within the
adipocyte [41]. In response to low oxygen levels, the hypoxia-
inducible factor (HIF)-1a is activated causing an inflammatory
response within the adipose tissue. In the long-term, this state of
inflammatory can progress to insulin resistance, glucose intoler-
ance and hyperinsulinemia [41]. Similar outcomes were seen in
mouse models whereby overexpression of adipocyte specific HIF-
1a led to severe obesity, increased inflammation of adipose tissues,
insulin resistance and greater white adipose tissue mass [42]. In
contrast, HIF-1a knockout mice showed better protection against
the high fat diet-induced obesity along with reduced fat formation
[43]. In 2013, Kelly and colleagues discovered that GPD1L is a
regulator of HIF-1a stability and a direct target of the so-called
“master miRNA” of the hypoxic response, miR-210. Knockdown
and overexpression studies of GPD1L further proved this as it
resulted in the increase or decrease of HIF-1a activity respectively
[44,45]. During a state of hypoxia, HIF-1a activity is increased thus
stimulating the build-up of miR-210 which directly binds to and
suppresses GPD1L protein expression. This further reduced the
activity of prolyl hydroxylases which in turn, promotes HIF-1a
protein expression leading to inflammation of adipose tissue,
obesity and insulin resistance [44]. The GPD1L gene could possibly
serve as a potential therapeutic target given that it is negatively
correlated with obesity.

4.3. Irx3 gene

Recently the association of Iroquois homebox gene 3 (Irx3) and
obesity was described by Smemo et al. [46]. The author has
demonstrated that genetic deficiency of Irx3 expression in the full
body and hypothalamus results in a 30% reduction in body weight.
He has also demonstrated that promoters of Irx3 directly interacts
with fat mass and obesity-associated (FTO) gene inmultiple species
including humans [46]. Understanding the exact role of Irx3 in
energy balance and its mechanism through the involvement of
regulating the POMC neurons is important [47]. It has been re-
ported that Irx3 is depleted in fasted conditions, similar to POMC/
CART, and in contrast to AgRP/NPY. This further strengthens evi-
dence of Irx3 expression in the POMC neurons in the arcuate nu-
cleus [47,48]. Several studies demonstrated the involvement of Irx3
genes in subcutaneous white adipose tissue (WAT) and brown
adipose tissue (BAT). Zao et al. have reported that Irx3 gene
expression in BAT and WAT had increased in response to b-adren-
ergic stimulation. Further, they have also demonstrated the knock-
down of Irx3 gene resulted in the reduction in UCP1, CIDEA and
PGC1a gene expression which are all involved in uncoupling heat
production. This result suggests a strong association of Irx3 gene
and thermogenesis [49]. However, these results are contradictory
to the previously published results that reported Irx3 knockout in
mice were protected against obesity [46] and overexpression of
Irx3 in human adipocytes showed diminished thermogenesis [49].
The reasons for the discrepancy are totally unknown [50].

5. Endocrinal disorders and obesity

5.1. Hypothyroidism

Hypothyroidism is a disorder whereby the underactive thyroid
gland is unable to produce sufficient thyroid hormone required for
energy and metabolism. Thyroid hormones are essential for regu-
lating basal metabolism, thermogenesis, food intake, and highly
involved in the metabolism of lipids and glucose. Thyroid
dysfunction can result in a lowered metabolic rate and resting
energy expenditure and shows a strong correlation with weight
gain [51]. In contrast, thyroid stimulating hormone (TSH) has also
been found to be increased in obese individuals [52]. In 2001,
Tagliaferri and colleagues reported that obese subjects exhibited
low free T4 with a moderate increase in T3 and free T3 amongst 108
obese subjects with subclinical hypothyroidism [53]. Resting en-
ergy expenditure per kilogram of fat-free mass was also signifi-
cantly lower in the patients suffering from subclinical
hypothyroidism [53]. Some pediatric obese patients have also
exhibited the characteristics of Hashimoto's thyroiditis, an auto-
immune disorder where thyroid autoantibodies are produced by
the immune system causing chronic inflammation and an under-
active thyroid gland [54]. From a clinical perspective, many cases of
thyroid failure go undiagnosed and these individuals will continue
to gain weight. On the contrary, not all obesity cases should be
deemed as caused by hypothyroidism as there are in fact lean in-
dividuals suffering from overt hypothyroidism. Hence, it is impor-
tant to measure circulating plasma levels of both thyroid hormones
and autoantibodies in addition to elevated serum TSH to ensure an
accurate diagnosis of the patient [51].

5.2. Cushing's syndrome

Besides that, Cushing's syndrome, which is characterized by the
overproduction of cortisol by the adrenal glands [55]. The high level
of cortisol in the blood causes the body to feel as though it is under
chronic stress. Cushing's syndrome can result from two different
modes; 1) Iatrogenic Cushing's syndrome caused by the overuse of
cortisol medication and, 2) Ectopic Cushing's syndrome caused by a
tumour in either the adrenal gland that produces excess cortisol or
the pituitary gland that secretes additional adrenocorticotropic
hormone resulting in over-secretion of cortisol from the adrenal
gland. Normally functioning cortisol supports the body in response
to changes in the environment and stress by mobilizing nutrients
such as carbohydrates, proteins and fats, and changing the body's
response to inflammation as well as inducing the liver to raise
blood sugar and regulating the body's water capacity [56]. Obesity
is a common characteristic of Cushing's syndrome and was re-
ported in 9.33% of subjects of 150 patients investigated based on a
study conducted by Tiryakioglu and colleagues in 2010 [57]. They
further reported that upon treatment for Cushing's syndrome,
there was a 5.5% reduction in body weight [57]. Given that, cortisol
is responsible for supporting the body during stress and inflam-
mation or in other words, “to protect the body”, these actions in-
crease appetite, store excess fat and breakdown quick forms of
energy like collagen, skin and muscle [58].

6. Management of obesity

Given that obesity is an increasingly prevalent disorder having
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strong associations with a number of chronic comorbidities,
reduced quality of life and survival as well as increased health care
costs. Patients with obesity are at a higher risk towards type 2
diabetes, cardiovascular and musculoskeletal disorders and certain
cancers [59]. Both surgical and non-surgical interventions are
available for patients suffering from obesity.

6.1. Lifestyle intervention

Lifestyle interventions in treating obesity could be regarded as a
safer method compared to pharmacotherapy and surgical proced-
ures. The essential components for an effective and comprehensive
lifestyle intervention include; 1) appropriate counseling sessions
from a trained team of practitioners, 2) reduced-calorie diet; 3)
increased physical activity and, 4) behavioural strategies to ensure
adherence to diet and activity programs. Jensen and colleagues had
reported suitable non-surgical and non-drug strategies for weight-
loss and weight maintenance based on the guidelines for the
management of overweight and obesity in adults developed by the
American Heart Association (AHA), American College of Cardiology
(ACC) and The Obesity Society (TOS) [60]. The guidelines denote
four key aspects; counseling, diet regime, physical activity and
behavioural therapy. Medical practitioners and trained interven-
tionist are responsible for prescribing a tailored diet plan and
physical activity regimen based on the severity of obesity and other
obesity-related coexisting diseases. Another important aspect of
the program is the recording of data. Patients are encouraged to
regularly record their food intake, physical activity and weight.
Subsequently, patients are able to review their progress with the
trained interventionist regularly, who are able to provide guidance
on goal-setting, encouragement and solutions to any problems
encountered [62,63]. A comprehensive program prescribed by a
trained interventionist as such showed ameanweight loss of 5e8%.
It was also found that 60e65% of subjects had achieved a weight
loss of 5% from their initial weight [61]. The Look Ahead trial, which
composed of 5145 subjects, also determined that intensive lifestyle
interventionwas able to improve weight loss, fitness, quality of life,
glucose control as well as contributing to a reduction in healthcare
costs [63]. Severely obese individuals had shown a weight loss of
about 9% from their initial body weight after 1 year of the intensive
lifestyle intervention. Along with that, improvements in cardio-
vascular risk factors were also observed. After 1 year, subjects had
increased high-density lipoprotein (HDL) levels and reduced low-
density lipoprotein (LDL), triglycerides, blood pressure and hemo-
globin A1C (HbA1c) levels [64].

A low-calorie diet based on the guidelines of National Heart,
Lung and Blood Institute provides a reduction of 500e1000 kcal per
day and can contribute to a weight loss of 0.5e1 kg per week.
Specific care should be taken to ensure that all recommended di-
etary allowances are obtained by the patient. As mentioned above,
interventionists or nutritionists are essential for providing dietary
education and for a successful weight loss. Patients should be
taught to read nutrient labels to understand the caloric contribu-
tion of fats, proteins and carbohydrates. Additionally, patients
should be advised to avoid overconsumption of high caloric foods
that are high in fats and carbohydrates [65].

6.2. Surgical intervention

Weight loss surgery is also commonly known as bariatric sur-
gery which includes a variety of procedures with the outcome of
promoting weight loss. This is achieved by reducing the size of the
stomach thus, restricting the amount of food that can be held by the
stomach and malabsorption of nutrients [66]. Long-term studies
have identified that bariatric surgeries can lead to long-termweight
loss, improvements in cardiovascular risk factors and diabetes, and
a reduction in mortality from 40% to 23% [67]. Bariatric surgery is
prescribed mainly for individuals whose BMI is� 40 kg/m2 or in-
dividuals with a BMI of 35e40 kg/m2 and a serious coexisting
medical disorder such as type 2 diabetes or hypertension [66].

The common bariatric procedures include the adjustable gastric
band, biliopancreatic diversion with duodenal switch, laparoscopic
Roux-en-Y gastric bypass and sleeve gastrectomy. The adjustable
gastric band procedure involves the placement of an inflatable
band around the upper segment of the stomach that creates a small
pouch as a stomach above the band. Biliopancreatic diversion with
duodenal switch involves two parts, a portion of the stomach is first
removed creating a tubular pouch and then a large segment of the
small intestine is bypassed. The sleeve gastrectomy procedure is
where 80% of the stomach is removed leaving a small tubular pouch
as the stomach. As for the Roux-en-Y gastric bypass, a small
stomach pouch is first created by dividing the upper and lower
stomach. Then, the bottom end of the small intestine is connected
to the smaller upper stomach pouch. Lastly, the top portion of the
small intestine is connected to the small intestine further down the
tract in order for the digestive enzymes and stomach acids from the
bypassed stomach and upper portion of the small intestine to mix
with the food. The adjustable gastric band and sleeve gastrectomy
involve gastric restrictionwhich reduces the volume of the stomach
thus inducing early satiety. On the other hand, the biliopancreatic
diversion with duodenal switch involves the bypass of various
lengths of the small intestine resulting in nutrient malabsorption.
The Roux-en-Y gastric bypass is known as the gold standard of
bariatric surgeries. It involves both gastric restriction and a short
segment bypass. Both, the biliopancreatic diversion with duodenal
switch and the Roux-en-Ygastric bypass also involve the re-routing
of the food stream which causes changes in the gut hormones
leading to induction of satiety and hunger suppression [66,68,69].

6.3. Antiobesity drugs and its recent developments

Obesity is the central cause of the development of comorbid
conditions like hypertension, cardiometabolic diseases, and type-2
diabetes mellitus. The pharmacological approach to weight loss
remains an opportunity for many researchers alongside non-
pharmacological management. Development of centrally acting
sympathomimetics, such as phentermine and diethylpropion was
initiated way back in the 1950s and 1960s [70,71]. Later in the
1970s and 1980s, fenfluramine and dexfenfluramine (serotonin (5-
HT)-releasing agents) were introduced as an obesity therapy.
However, 5-HT releasing agents had the potential to develop pul-
monary hypertension. In the early 1990s, fenfluramine and phen-
termine combination results in better efficacy than monotherapy
[72]. This combination results in cardiac valvulopathy [73] led to
the withdrawal of fenfluramine and dexfenfluramine. These sym-
pathomimetic agents were approved by the FDA for short-term use
(up to 12 weeks). Phentermine is the most widely prescribed
obesity medication in the USA between 2008 and 2011 [74]. A
placebo-controlled trial of phentermine (30mg/day) was con-
ducted for 36 weeks in 108 women. Women took the drug
continuously reported a 12.2 kg body weight loss as compared to
intermittent group (13 kg) vs placebo reported 4.8 kg loss. Other
sympathomimetics are less frequently prescribed than phenter-
mine. In the late 1990s, Sibutramine, a dual monoamine
(noradrenaline and serotonin)-reuptake inhibitor, was introduced
to clinical practice [75,76]. It demonstrated a modest weight loss by
increasing energy expenditure and decreasing energy intake.
However, the serious cardiovascular risk was reported in the post-
marketing clinical trial [77] leading to the suspension of marketing.
Role of cannabinoid CB1 receptors in appetite was well established
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[78]. In the mid-1990s, Rimonabant, a CB1 receptor antagonist was
developed. It has consistently demonstrated aweight loss of 4e5 kg
in four major clinical trials [79e82]. Rimonabant was approved as
an anti-obesity agent in Europe in 2006. Later in 2008, it was sus-
pended due to reports of serious psychiatric problems (such as
depression, anxiety, and suicide). This led to the termination of
development programmes that were involved in other CB1 antag-
onists such as taranabant, surinabant, otenabant and ibipinabant
[83].

Orlistat was approved by the FDA in 1998 for the treatment of
obesity. It reduces fat absorption from the gut by ~30% by inhibiting
the gastrointestinal lipase [84]. It is available in two strengths
60mg and 120mg. Orlistat (120mg) is approved for use in adults
and adolescents (12e16 years). In a clinical trial, orlistat (120mg),
35%e73% of participants achieved 5%weight loss at 1 year whereas,
10% weight loss was achieved in 14%e41% of participants. The trial
was continued to 2nd year with a weight-maintenance diet. Par-
ticipants lost approximately 2.5 kg (z2.5% of initial weight for
60mg orlistat) and approximately 3.3 kg (z3.3% of initial weight
for 1120mg orlistat) more body weight respectively as compared to
placebo [85e88]. Orlistat 120mg treatment for 1 year exhibits
significant improvements in cardiovascular risks factors including
reduction in SBP and DBP, fasting glucose and cholesterol [89,90].
This effects may be related to the weight reduction or independent
to weight reduction [91]. The major limitation is that orlistat is
associated with gastrointestinal adverse events due to its primary
mechanism of action. The adverse events may be decreased by co-
administering orlistat with fiber-containing supplements [92]. In
Europe during 2011e2012, Orlistat was the only approved anti-
obesity agent for long-term clinical use [93].

Lorcaserin, a selective 5-HT2c receptor agonist was initially
rejected in 2010 due to concerns about tumour growth in preclin-
ical studies but, the drug was approved by the FDA in June 2012 on
the basis of 2 large clinical trials in nondiabetic patients along with
a 3rd smaller trial in type 2 diabetes [94e97]. In these trials, par-
ticipants received lorcaserin (10mg) with low-intensity nutritional
and exercise counseling. Participants with lorcaserin for 2 years had
an average weight loss of 5.6 kg as compared to 2.4 kg loss in par-
ticipants receiving placebo [97]. In addition to body weight loss in
non-diabetic participants, it demonstrated a significant reduction
in total cholesterol, LDL, triglycerides, and blood pressure [98].
Lorcaserin led to decreased body weight and HbA1c in diabetes
patients [96]. Reported adverse effects in trials are dizziness,
headache, fatigue, and nausea [98]. Although statistically insignif-
icant incidences of hypertension and valvulopathy were recorded,
the FDA has requested to assess the long-term cardiovascular ef-
fects in a post-approval trial [99]. In 2015, a pilot study was con-
ductedwith lorcaserin and phentermine combination. The addition
of phentermine resulted as much as twice the amount of weight
loss as compared to the lorcaserin alone [100].

Glucagon-like peptide 1 receptor (GLP-1R) agonists liraglutide
has shown aweight loss of up to 10 kg in patients in 2-year duration
[101,102]. In a double-blind, placebo-controlled trial for 20-weeks,
liraglutide (1.2, 1.8, 2.4, or 3.0mg) subcutaneously administered
once daily, or orlistat (120mg) three times a day orally. Mean
weight loss with liraglutide 1.2e3.0mg was 4.8 kg, 5.5 kg, 6.3 kg,
and 7.2 kg compared with 2.8 kg with placebo and 4.1 kg with
orlistat. In addition to weight loss, it has reduced blood pressure in
all doses and reduced the prevalence of prediabetes with
1.8e3.0mg per day. More common and transient adverse effects
are vomiting and nausea which rarely led to discontinuation of
liraglutide [103].

Rosuvastatin, an HMG CoA reductase inhibitor for the
cholesterol-lowering was tested for change in visceral adiposity in
middle aged (40e65 years) obese participants after 26 weeks of
treatment. The study, a randomized, double-blind and placebo-
control phase-3 clinical trial (RIVIERA) was conducted in 54 par-
ticipants [104]. The change in body weight was 0.2 and 0.5 kg in
rosuvastatin (10mg, once daily) and placebo groups respectively.
Visceral adipose tissue area measured by Computed Tomography in
rosuvastatin and placebo groups was �1.5 cm2 and 2.8 cm2

respectively [104].
A randomized double-blind, placebo control study of zonisa-

mide, a centrally acting drug with two different doses 200mg and
400mg was conducted in 225 participants. There were 134 women
(59.6%) and 91 men (40.4%) without diabetes mellitus participated
in the study. The change in body weight was �4.4 kg for 200mg of
zonisamide, �7.3 kg for 400mg of zonisamide vs �4.0 kg for pla-
cebo. The proportion of patients achieved with significant weight
loss (�5%) was 23%, 26% and 41% in placebo, 200mg, and 400mg
zonisamide respectively. However, it has reported higher in-
cidences of the nervous system, psychiatric and gastrointestinal
adverse events [105,106].

Besides monotherapy with available drugs, combination thera-
pies are also developed for the treatment of obesity. Based on two
Phase-3 clinical trials for 52 weeks EQUIP [107] and CONQUER
[108], Phentermine plus topiramate-extended release (ER) was
recommended for approval. The CONQUER trial, phentermine plus
topiramate-ER (7.5/46mg) combinationwas treated to participants
with BMI of 27e45 with at least 2 obesity-associated comorbid
conditions [108]. The weight loss in one year was ranged between
8.1 kg (7.8%) with the recommended dose (7.5/46mg) and 10.2 kg
(9.8%) with the higher dose (15/92mg) of phentermine/
topiramate-ER vs 1.4 kg (1.2%) with placebo [109]. In addition,
improvement in cardiovascular risk factors was observed with both
recommended and a higher dose [110]. The SEQUEL trial which is
an extension of CONQUER trial was continued with the 78% of
CONQUER participants who had completed the initial 56-weeks
and they were continued for 108 weeks. Eighty-four percent of
participants completed their second year of treatment with a
weight loss of 9.3% and 10.5% in the recommended and highest
dose respectively, vs 1.8% for placebo [111]. Further, it has demon-
strated a lower incidence of progression to type-2 diabetes and
reduced the cardiovascular risk factors. However, phentermine plus
topiramate-ER treatment observed a small increase in resting heart
rate in its top dose (56.1%) vs placebo (42.1%). This observation
leads to raising concerns regarding potential cardiovascular events
in long-term use of this combination [112].

Naltrexoneebupropion (sustained release- SR) combination of
obesity treatment was approved by the FDA in 2014. Four phase-3
multicentre, double-blind, placebo-controlled studies were con-
ducted for 56-weeks. Naltrexone/bupropion SR combination was
tested in obese or overweight subjects with at least one weight-
related comorbidity. In the Contrave Obesity Research (COR) I,
COR-II trials, 36%e42% of participants achieved� 5% weight loss
with the combination plus lifestyle modification compared to 17%e
18% with placebo plus lifestyle modification [113]. The COR-
Diabetes study, participants were type-2 diabetes with anti-
diabetic drugs were treated with naltrexone/bupropion SR (32/
360mg). Participants exhibited significant weight reduction (5.0%
vs 1.8%) and greater proportion of patients achieving 5% or more
weight loss (44.5% vs 18.9% of placebo). In addition, bupropion SR/
naltrexone SR resulted in the significantly greater reduction of
HbA1c (0.6%), cardiovascular risks and lipid profiles compared with
placebo [113e115].

Canagliflozin (300mg) and phentermine (15mg) was studied
for their efficacy in nondiabetic overweight and obese participants.
The randomized, double-blind and placebo control phase-2b clin-
ical trial was conducted in 335 participants for 26 weeks. Canagli-
flozin and phentermine were administered orally once daily. The



V.R.B. Vasanth Rao et al. / Diabetes & Metabolic Syndrome: Clinical Research & Reviews 13 (2019) 2112e21202118
combination demonstrated a significant weight loss of �5% and a
reduction in systolic blood pressure in comparison to placebo
control [116,117].

7. Conclusion

Successful treatment of obesity requires a multimodal
comprehensive approach including lifestyle and behavioural
modification. Lifestyle modification of increased energy expendi-
ture and reduced calorie consumption are the cornerstones of the
treatment approach. With significant lifestyle changes, weight loss
is a challenge for many patients due to a strict regulation of
adaptive physiologic response to counterbalance the energy intake
and expenditure [109]. Thus, successful body weight loss and
weight maintenance will require multiple approaches including
pharmacotherapy, lifestyle and behavioural approach. Presently,
five long-term and one short-term treatment option are available
by the FDA. Selection of suitable drug from the available treatments
should be based on the expected benefit-to-risk balance and
tailored to personalized therapy [118]. Tailoring of the treatment
should also be focused on the patient's behaviour and comorbidity.
The current anti-obesity drug research has not progressed to
personalized therapy to obtain successful clinical outcomes [114].
Multimodal approach with personalized therapy by recognizing
and targeting the phenotypes early in the treatment can get a
successful clinical response.
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