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Abstract

ACKGROUND: World Health Organization has

reported four million people die every year due to

obesity comorbidity, and the prevalence of obesity
is keep increasing, especially after COVID-19. Obesity
has been defined as a chronic disease involving adipose
tissue dysfunction which leads to metabolic diseases
and psychosocial consequences. The review article will
highlight some recent researches regarding the new
conceptual framework that integrates both metabolic drives,
as well as to summarize the numerous discussions about
the current understanding of hypothalamic control of food

intake and energy homeostasis.

CONTENT: Obesity apparently is not simply regulated
only by food and exercise. Hypothalamus takes part in

controlling energy intake and expenditure via appetite
regulation. Hedonic control in cortical and subcortical brain
areas process cognitive, reward, information, and executive
function. Managing metabolic adaptation, browning the
white adipose tissue, and preserving lean mass can be
another strategy to safely manage obesity.

SUMMARY: Obesity need to be managed in a multimodal

strategy including neurophysiology and physiology
approach, together with environment support. Thus, a
weight regain can be prevented. Commitment from both
scientific and regulation point of view can shed a light to

eradicate obesity.
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Introduction

Obesity has been known as a risk for a lot of metabolic
diseases including type 2 diabetes mellitus (T2DM),
hypertension, coronary heart disease, and certain forms of
cancer for a long time. Still, the prevalence of obesity keep
increasing and become the 21% century public health threat,
which in the end will be a burden for public health and
economic consequences.(1) Lifestyle intervention including
energy-restriction, exercise, and behavioural therapy have
been always the main strategies to manage obesity. These
treatment result in clinically relevant weight loss (WL) up
to 10% in the short term.(2) Somehow, only 15% individuals
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can maintain the WL for one year after lifestyle intervention.
(3) Therefore, regain weight to the initial weigh or even
more become a challenge and considered as a relapsing
condition.(4,5)

Growing evidence suggests that in obese, the energy
homeostasis system was dysregulated. That’s how the same
calorie intake will yield different output in obese individuals
compare to the lean. Thus, we need to elucidate how to
reset this disorder. This will not be simple since many
forces such as genetic, developmental, and environmental
affect the energy homeostasis system. Energy balance can
no longer be sees as the sum of energy intake (EI) versus
energy expenditure (EE). The interaction of macronutrition
substrate (carbohydrate, protein, and fat), hormonal and
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enzymatic processes, and oxidation rates will determine
how much the energy accumulation in our body. The surplus
of energy will be deposited as fat mass, and the deficit
will otherwise burn the fat mass.(6) Some studies showed
different result by sustained caloric restriction (CR) depend
on how the calories distributed between fat mass and lean
mass. Most pharmacotherapies also face the problem of lean
mass loss.(6-8)

While this review aims to explore the multi mechanisms
involved in obesity and give the perspective of managing
obesity personally beyond current appetite regulation, but
the primary goal of this review is to give spotlight for some
recent researches regarding the new conceptual framework
that integrates both metabolic drives, whether generated by
real or perceived nutrient needs, as well as hedonicdrives to
eat, which is generated by factors other than nutrient needs),
given the numerous discussions summarizing current
understanding of hypothalamic control of food intake and
energy homeostasis.(9,10)

Obesity Pathogenesis and
The Compensatory Theory of Relapse

In a general way, obesity is defined as an excess body fat
mass. Reliable body fat mass analysers require sophisticated
tools which are limited (magnetic resonance imaging (MRI)
or dual energy X-ray absorptiometry). As a consequence,
people use simpler measurement to define obesity such
as body mass index (BMI) or waist circumference (WC).
WHO classified BMI <18.5 kg/m? as underweight, BMI
18.5-24.9 kg/m? as normal weight, while obese adults BMI
can be subclassified further into class 1 (BMI 30 to <35
kg/m?), class 2 (BMI 35 to <40 kg/m?), and class 3 (BMI
>40 kg/m?).(11)

In the most basic levels, obesity pathogenesis was
explained as the exceed amount of calories intake compared
to EE. Thus, obesity creates negative paradigms associated
to laziness, self-indulgence, lack of will power, etc. While
pathogenesis of obesity actually is far more complex than
that, which integrates genetic, developmental, molecular,
behavioural, environmental, and socioeconomic factors.
This is the reason why obesity is so difficult to treat.(1)

In the evolutionary physiology, centuries ago when
food was scarce, human body was designed to preserve
energy in the form of body fat as a factor of survival. Now,
as the food are very easy to get, our body seems to keep
the survival mode and utilize calories in efficient ways.
Thus, our body appears to be biologically predisposed to
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excessive weight gain. When we have excess calories, the
brain by adipocyte-autonomous processes will impose it on
the passive adipocytes, and save the calories in adipocyte
tissue (AT). Some debates arisen on how far the adipocyte-
autonomous processes can activate the passive adipocytes,
and partitioning calories to yield a higher fractional
deposition of calories as fat. This theory leads to an
isocaloric diet, where individuals consume a diet in which
caloric intake and EE are matched, means the ingested
calories will match the amount expenses by the lean mass,
and there will be energy balance.(1)

Recent studies show that diet composition (the
specific types and quantities of micronutrition including
carbohydrates, sugars, and fatty acids) contributes different
caloric content, and the varied composition of diet itself
may powerfully affect palatability and hedonic motivation
of feeding. Somehow there is still a debate about how
significant the contribution of the diet composition itself
compared to dietary’s secondary metabolic consequences
(e.g., effects of insulin on circulating nutrient levels).(1)
Weight change is also affected by interindividual variability
of energy metabolism. Some determinants associated to
individuals’ susceptibility to weight gain including: First,
inter-individual variance of energy metabolism, which is
the total of EE and non-protein respiratory quotient (RQ).
Age, genetic, gender, ethnicity, glucose tolerance, body
composition and size will also take part in EE variability.
Second, individual variety in short-termadaptation inrespond
to acute changes of EI, or so-called adaptive thermogenesis.
There are two metabolic phenotypes in respond to these,
which is the thrifty phenotype that efficiently save energy
either in energy surplus (overfeeding) or deficit (fasting),
and the spendthrift phenotype that maintains higher EE in
fasting condition while expend more energy in overfeeding
situation. Third, individual variability in thermogenesis
capacity in respond to many stimuli such as food intake,
heat or cold exposure, physical work, emotional state, or
pharmacological treatment. This is associated with the
individual’s brown adipose tissue (BAT) activation. Lastly,
the great variability in causal link between EI and EE or
known as energy sensing. Some individuals may sense
to increase or decrease their EE than is truly needed by
consuming more (or less) food than required.(12)

Our body was initially designed to survive, especially
in the scarce of food. Thus, WL will induce physiological
adaptations to bring back the homeostasis both appetite
control system and EE. This normalization to lower body
weight significantly induce a reduction in total energy
expenditure (TEE), by declining resting and non-resting
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EE. There will be alteration in fat mass (FM) and fat-
free mass (FFM), as result of adaptive thermogenesis or
metabolic adaptation which can be sustained up to 6 years.
This phenomenon has been associated to the risk of relapse,
while EE reduction with the risk of weight regain in the
long term still become controversial issues if this metabolic
adaptation are exaggerated because there is no evidence of
metabolic adaptation in the level of resting metabolic rate
(RMR). WL shown consistent data to upregulate the hunger
hormone ghrelin, and downregulate the satiety hormone
glucagon-like peptide 1 (GLP-1), total peptide YY (PYY),
and cholecystokinin (CCK).(13—19) These increase the
drive to eat which sustained in the long term, even after
partial weigh regain.(13,20)

One of the most challenge in managing obesity is
the weight regain, or relapse, as described in Figure 1,
named the Compensatory Theory. Physiological adaptation
occurred in WL regards as the effort of body to fight back
against WL and to bring back the weight to its original state
by increasing orexigenic drive to eat and reduced EE. The
Compensatory Theory propose that there is a physiology
difference in EE and homeostatic appetite markers between
reduced-obese subjects and non-obese, although they have
same BMI. Therefore, when the body sense a negative
energy balance, metabolic adaptation is likely due, though
there are not enough evidence this phenomenon cause
weight regain.

Therefore, a new theory (the Normalization Theory)
was coined. The Compensatory Theory states there no

Compensation Theory
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metabolic adaptation or improved appetite control in
reduced-obese state, since either reduce-obese and non-
obese has identical homeostatic appetite markers and EE
physiology, and a normalization towards WL accompanied
by EE reduction and hunger increased.(5)

WL usually followed by
mechanisms such as changes in sympathetic activity. Some

some physiological
studies showed the impact of low sympathetic activity in
skeletal muscle and AT to weight gain, but if the impact
seems not significant in short-term. Somehow the long-term
modulation effect needs to dig further. Another alteration
including insulin sensitivity, gut microbiota, and brain signal
can modulate the weight regain in long-term or relapse.
Understanding the metabolic differences among individuals
lead to personalized therapy and prevention for obesity.(12)

Neurobiology of Nutrition and Obesity

Going back in time, the struggle for nourishment led to the
formation of human biological structure and function. For
autonomic, endocrine, and peripheral cellular processes
to result in an internal energy-saving state, the regulatory
system must be effective. Nutrient-depletion signals
thus strongly activate neural mechanisms that modulate
appetitive, ingestive, and foraging behaviors. To maintain
this regulatory system, powerful effector mechanisms for
metabolism and EI are needed, as well as redundant and
complex nutrient sensing and monitoring mechanisms, a
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Figure 1. The difference between
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flexible integrative mechanism, and the ability to learn from
and adapt to changing internal and external conditions.
The hypothalamus was identified as the primary brain
region in mid-1900s classical studies that regulated energy
balance and food intake, to determine when we need to eat
and what nutrient we need. Electrical stimulation on the
ventromedial hypothalamus or electrical stimulation of
the lateral hypothalamus produced either weight gain or
appetite, thus given the terms "satiety center" and "feeding
center", respectively. Recent research from the Genome-
Wide Association Study (GWAS) demonstrated the
participation of some genes expressed in the central nervous
system (CNS) that associated with BMI were located in the
hypothalamus.(21)

The most significant advance over the first finding
is the understanding that the hypothalamus is closely
linked to internal and external world representations,
rather than functioning independently. Therefore, it can be
viewed as the ultimate integrator of dietary data from the
internal milieu as well as the external environment. The
hypothalamus can be considered the central processor in the
regulation of appetite, together with the hindbrain and the
corticolimbic system. Since the hindbrain or brainstem has
all the necessary components to detect sensory information
mediated by vagal afferents and circulating substances, as
well as to produce motor output related to food ingestion,
digesting, and absorption, it is primarily concerned with
meal-size management.(22) But the brainstem alone
is unable to adapt food intake to outside demands, like
anticipating a food shortage, on its own.(23)

The interaction between nutrient and the nervous
system happens in a variety of ways. At the very beginning
of the ingestive process, human recognize the cues for
potential food in the environment through visual, olfactory,
and auditory signals. These inputs generate gustatory and
retronasal olfactory signals that are specific to nutrients,
and by comparing this signal to the stored information
from previous experience, human will decide to accept or
reject the food. Food is processed by the gastrointestinal
tract (GIT) when it is swallowed, which involves a series
of signals produced by chemo- and mechano-sensors.
Through primary afferent nerves and/or hormones or
so-called the gut-brain axis, these signals provide the
brain with information about the quantity and qualitative
characteristics of incoming nutrients. Some of the more
recently identified hormones, like GLP-1 and PY'Y, have the
potential to suppress food intake over the long term
and energy balance, which makes them appealing targets for
medication development.(24)
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After ingested, the micro- and macro-nutrient might
affect the neurological system. Micronutrient and other
particular substances found in food will refer as functional
food to impact general structure and function of the nervous
system. While macronutrient enters the pathways of energy
metabolism and storage interact with the neurological
system directly or through the production of peptide
hormones to lead the brain to sense the availability of fuels
both in the short and long term. These nutrient-sensing
pathways integrate with the brain's integrative circuits,
autonomic, behavioural, and endocrine output systems
to form the homeostatic system, which governs energy
balance by controlling intake and expenditure as described
in Figure 2. The homeostatic can be biased other factors,
including as gender-related reproductive cycles, circadian
and circannual rhythms, and relative life span stages.(25)
Finally, it should be noted that all the aforementioned
interactions between internal and external signals and the
nervous system are susceptible to epigenetic modification
and genetic predisposition.

The brainstem and hypothalamus are closely
linked to the corticolimbic system, which comprises the
hippocampus, amygdala, basal ganglia, and vast cortical
areas. This system provides the emotional, cognitive, and
executive support for ingestive behavior. There is growing
recognition that the neurobiology of economics, reward,
and decision-making plays a significant role in determining
how much food is consumed.(26) The three sections exhibit
bi-directional interconnections and, to a certain degree,
reflect an evolutionary hierarchy. For an organism to make
informed judgments regarding its dietary choices, it is
imperative that it possesses precise and reliable information
pertaining to the availability of nutrients both inside its
internal environment and in the external surroundings.
Sensors inside the body keep track of what nutrients each
cell, muscle, and organ need and let the brain know when
they're running low. Then the organism must know where
to find certain nutrients and be able to balance its need for
these nutrients with the time and work needed to get them in
order to plan its long-term nutrition.

Choosing which food can be helpful food or potentially
dangerous food are key survival behaviors, and caudal
brainstem areas play an important part in these processes.
The basic representations of gustatory input in the rostral
portions of the nucleus tractus solitarius (NTS) and taste
receptor cells on the tongue and palate as the most significant
for guiding food intake and selection. The gustatory and
trigeminal systems serve as gatekeepers at the alimentary
canal's entrance. The four traditional taste modalities are
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innate detectors for acceptable foods (sweet), dangerous
or poisonous foods (bitter and sour), and particular needs
(salt, water). There is also growing evidence supporting
a preference for fat, namely polyunsaturated fatty acids.
(27,28) Thus, many of the features of ingested meals can be
sent to the caudal brainstem via sequential and simultaneous
neuronal and hormonal routes. Macronutrient content,
caloric density, osmolarity, and possible toxicity are among
them.(29)

Every single cell in the body possesses an evolved fuel-
sensing machinery made up of nutrition sensors, including
mechanistic Target of Rapamycin (mTOR) and AMPK
(adenosine monophosphate-activated protein kinase). Then
the critical question is how individual cells' nutritional
status is transmitted to other cells, tissues, organs, and most
importantly, the brain.

Larger lipids, or chylomicrons, are absorbed by
the intestinal lymph system, skip the liver, and enter the
bloodstream directly. In contrast, absorbed glucose, proteins,
and tiny lipids are first transported to the liver through the
hepatic portal vein prior entering the general circulation. All
of the body's tissues subsequently use or store the nutrients
that are in circulation; the brain, in one way or another,
helps to coordinate this nutritional flux and keeps an eye on
the organism's overall and maybe specific tissue nutritional
status.

The other aspect of energy balance regulation that
can be controlled by the brain, at least in part, is EE, in
addition to EI. Each of the several elements that make up
whole-body EE (basal metabolism, thermic action of food,
thermogenesis to regulate body temperature, and physical
activity) has its own brain regulators and effector pathways.
Ithas been hotly debated whether excess energy, for instance,
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after a bigger than usual meal, is automatically burned off
by enhanced basal metabolism and thermogenesis, in the
same way that excess water is eliminated by the kidneys.

The discovery of the hormone leptin, that is produced
by AT in proportion to adipose mass and acts in the brain to
reduce food intake, activate EE, and affect development and
reproduction, was the main factor driving this expansion.
Leptin serves as an efficient means of communicating to
the brain the state of the body's energy reserves. It is now
understood that AT is not an inert organ but instead secretes a
wide range of endocrine and paracrine hormones, commonly
referred to as adipokines, which affect immunological
response, metabolism, and other end points. These signals
connecting the communication between the brain and
other tissues including AT (30), myokines, the hormones
that appear to act on the brain, are secreted by muscle in
response to exercise or metabolic stress, and the liver via
metabolic hormone fibroblast growth factor-21 (FGF21).
In addition to promoting changes in EE, food intake and
selection, glucose, and lipid homeostasis and growth,
FGF21 acts on peripheral tissues and the brain.(31) All the
macronutrients (glucose, amino acids, and fatty acids); gut
hormones (ghrelin, GLP-1); and numerous other hormones
(Ieptin, insulin, and FGF21) have comparatively easy access
to the brain and are involved in energy balance regulation
and food intake control.(32)

The identification of brown fat-like adipocytes, also
called beige or brite adipocytes, within traditional white fat
storage depots has increased interest in the function of fat
tissue in regulating energy balance and in using it as a tool to
prevent and cure obesity. The ideal circumstances and cues
for beiging white fat depots are being studied assiduously
by researchers in the hopes of effortlessly increasing EE.
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Figure 2. Neural control of food intake and energy balance.(29) (Adapted with permission from International Life Sciences Institute).
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Until a new pill of this kind becomes accessible, we will
have to use the antiquated method of burning off extra EI,
which is exercise.

Since the body does not aim to maintain constant levels
of each end point, EI and spending are strictly speaking
managed but not regulated processes. On the other hand,
energy homeostasis is the phrase used to describe how body
weight is controlled to maintain consistent levels through
the management of intake and expenditure. While eating
behavior receives most of the focus, poor regulation of
body weight and energy balance, not poor eating controls,
is the primary cause of obesity. Obesity can undoubtedly
result from consuming too much food, but only if the
regulatory system does not make up for the higher EI by
either raising EE proportionately or limiting food intake at
following meals. Body weight can be protected by a healthy
regulatory system up to a certain extent, which is frequently
defined as a small range. Both humans and animals have
behaviorally established the concept of setpoint regulation.
Adaptive adjustments in food intake and EE quickly restore
body weight to pre-perturbation values when periods of
either under- or overfeeding cause artificial perturbations in
body weight.(33)

EE, Fat Oxidation and
Lean Mass Preservation

Beyond appetite management, EE, fat oxidation, and lean
mass preservation are significant factors that determine WL
and WL maintenance. In addition to being risk factors for
weight gain, poor EE and decreased fat oxidation also lead
to resistance to WL. A booster of EE, fat oxidation, or both
is therefore expected to contribute to better body weight
management and prefer FM loss over lean mass loss in any
pharmaceutical treatment.(34)

Variability in the WL and its maintenance can be
affected by variations in physical activity and adherence
to the prescribed treatment, although these are not the
ultimate. Homeostatic regulation refers to the process by
which body weight, or more accurately, body energy stores,
are maintained in a stable state by activating intricate
physiological processes in response to perturbations
in energy balance. A higher body weight is frequently
defended by changes in the homeostatic control of both EI
and EE because obesity patients typically have changed
body weight homeostatic regulation.(1) As a result, EE is
significantly decreased concurrently with WL. Lean mass,
or the metabolically active tissues, is declining, and this
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is mostly responsible for the EE drop brought on by WL.
Fifteen percent to 40% of the WL implies losses in lean
mass, even if lifestyle changes and WL treatments already
on the market can result in significant FM decreases. For
every kilogram of lost muscle mass, the amount of energy
used during rest is decreased by roughly 13 kcal/day.(6-8)

EEissuggestedasthemaindriver of EI(35), as therapies
that only alter EE typically produce less-than-expected WL
because changes in EE are typically followed by adaptation
in EL.(36) Somehow, in the long-term, low levels of TEE,
appear to be associated with appetite dysregulation, where
hunger is actually increased and the satiety is poor, finally
lead to hyperphagia. Human body can effectively match EI
to expenditure better at high energy flow. According to this
theory, the desire to eat does not decrease proportionately
even though EE is kept low enough. On the contrary, a
strategy which has been demonstrated to support effective
WL maintenance is the maintenance of high TEE through
increasing voluntary or spontaneous physical activity (or
addressing inactivity). As such, the reduced EE brought
on by WL may, in part, counteract the effects on EI that
appetite-regulating medications have.(37,38)

The majority of EE is produced in mitochondria
ATP.
Naturally, mitochondrial proton leak about 20-30% of

by oxidative phosphorylation, which produces
resting EE which majority in liver and muscle. This makes
the efficiency of ATP conversion to energy varies in part
of the energy consumption from the ATP generation and
releases it as heat. TEE and the response to diet-induced WL
somehow, are linked to such variations in mitochondrial
efficiency. The adenine nucleotide translocases (ANT),
ANTT1 in muscles and ANT?2 in other tissues, and uncoupling
protein 1 (UCP1) in BAT are linked to the basal component
of the mitochondrial proton leak. The inducible part of
the leak is caused by activating ANT, UCP1, UCP2, and
UCP3, with UCP3 being the most plentiful UCP in skeletal
muscle. Muscle-specific overexpression of UCP3 result
in WL in mice, but in other species the contribution
of both UCP2 and UCP3 to thermogenesis is assumed to
be minimal. Instead, it's possible that UCP2/3's primary
roles include controlling reactive oxygen species (ROS),
promoting the transport of fatty acids inside mitochondria,
and adjusting hormone. On the other hand, ANT1 may be
a viable pharmaceutical target for raising EE because it
catalyzes over half of the basal mitochondrial proton leak in
muscles. Nevertheless, chemical mitochondrial uncouplers
have been the main focus of pharmacologically increased
proton leak and decreased mitochondrial efficiency thus
far.(39)
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Recent data shows that lean body mass also
contributes to the motivation to eat and the achievement
of energy balance, despite the AT feedback signals, such as
leptin, provide the biochemical connection between daily
energy intake and long-term energy needs. It is crucial to
differentiate between two aspects of FFM's involvement
in the drive to eat: first, its comparatively passive role on
EI, which is mediated by energy-sensing mechanisms that
translate FFM-induced energy needs to EI, and second, its
more active role in the drive to eat, which is mediated by
feedback signals between FFM deficit and EI. Lower FFM
will result in lower EE. The loss of FFM after dieting or
sedentary should therefore be seen in conjunction with
the body's attempt to restore FFM through overeating in
order to prevent weight gain and fatness. Thus, treatment
for obesity should not only focusing on WL but also to
maintain effectively. Current therapies including calorie
restriction and appetite suppressant showed promising
result for WL, but to maintain this success, further EE and/
or fat oxidation regulation with preservation of lean mass is
needed. Furthermore, by targeting EE increase during WL
can increase the rates of WL.(40)

Metabolic Flexibility and
Metabolic Adaptation

The capacity to react or adjust to conditional variations
in metabolic demand is known as metabolic flexibility.
This broad idea has been used to emphasize the metabolic
inflexibility of obesity and T2DM due to insulin resistance
and the mechanisms controlling fuel selection between
fatty acids and glucose. Recent studies on exercise
physiology identified plausible processes that underlie
modified fuel metabolism in individuals with diabetes and
obesity. With the aim of preventing and treating metabolic
disease, advances in omics technology have further driven
basic and clinical-translational research to further examine
mechanisms for enhanced metabolic flexibility in skeletal
muscle and AT.

One of the main causes of metabolic inflexibility
that can occur in a variety of tissues and organs is insulin
resistance both in skeletal muscle and liver. There has been a
thorough study of the molecular mechanisms behind insulin
resistance. These mechanisms include poor mitochondrial
fatty acid oxidation and excess buildup of lipid metabolites,
including ceramides and diacylglycerol.(41-43)

Skeletal muscle accounting for 60-80% of the
increase in glucose metabolism as response to insulin, then
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skeletal muscle become one of the causal role of insulin
resistance.(44,45) When there is no corresponding rise in
insulin release from the pancreatic beta cells, the quantity
of glucose entering the muscle cells and adipocytes from
the bloodstream is decreased, together with a lessened
suppression of hepatic glucose production would raise blood
glucose levels. According to the reasoning, diabetes arises
when and if beta cells are unable to secrete more insulin in a
suitable amount to compensate for this insulin resistance.
Through a finely regulated mechanism of absorption,
esterification, and release of FFAs (also known as
triacylglycerol (TAG) cycling), white adipose tissue (WAT)
buffers circulating free fatty acids (FFAs) for peripheral
tissues, including the liver and skeletal muscle. Glycerol
kinase is among many other requirements for this process.
It is noteworthy that BAT also experiences TAG cycling, but
unlike WAT, which is tied to TAG cycling primarily with
supply and storage for peripheral tissues, BAT's metabolic
flexibility is more closely associated with TAG cycling
linked with combustion within the cell. A normal-weight
healthy lady can have the same amount of WAT as an obese
man with T2DM, despite the fact that both the absence and
excess (in obesity) of WAT are linked to metabolic problems.
Therefore, obesity-driven metabolic problems are not solely
caused by the WAT bulk, emphasizing the significance of
healthy and metabolically adaptive WAT.(46)
Energy demand and EE can rise sharply in
response to physical exercise. When compared to RMR,
rigorous exercise can raise EE up to 25-fold. For many
years, researchers have focused on the physiology and
biochemistry of fuel choices during exercise on youthful,
normal-weight individuals usually have a high degree of
metabolic flexibility when choosing their fuel. The desire
to enhance athletic performance has also played a major
role in the development of these theories and the research
efforts made to better understand fuel metabolism during
exercise. There are different routes and processes involved
in metabolic flexibility. Therefore, fuel selection, EE, or
metabolic flexibility could be effective targets for therapy,
to the degree that a specific target could be activated perhaps
can be a solution for obesity and diabetes. Whether changing
fuel choices without also raising energy demands can be
beneficial in the context of obesity or nutrient overload is a
major point of contention in this as simulate in Figure 3.(47)
Our body stored most energy in the form of fat, and less
fraction in the form of protein and carbohydrate. Somehow
in energy balance, almost 100% of carbohydrate is used
for daily turnover (intake and oxidation), thus change
in carbohydrate proportion will soon change the rate of
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Figure 3. Short-term substrate balance in response to perturbation of energy balance.(40) (Adapted with permission from The

Obesity Society).

oxidation, not as in fat or protein. Fat have a role as buffer in
any surplus or deficit in EIL.(40)

Usually, obese people struggle with their body weight
before achieving significant WL by therapies, and this
is upsetting. Most of them also regain their initial body
weight within five years of starting treatment, with 30%
to 50% of the body weight is typically restored within a
year (48), even with bariatric surgery. Overall, one of the
main obstacles to treating obesity is often preventing body
weight regain (relapse). Combined, alterations in muscle
mass, organ size, and FM contribute about 60% of the EE
decreases in response to WL, leaving the 40% of the EE
decline unexplained.(8) The decrease in energy required
to maintain weight-bearing activities at a lower weight
and the decreased thermic effect of meals due to a lower
EI should be considered. However, an additional ~40% can
be accounted by higher energy efficiency, or the amount
of energy used per unit of metabolic mass; this process is
referred to as metabolic adaptation, adaptive thermogenesis,
or metabolic slowdown. Decreases in plasma leptin
concentrations, reduced thyroid and sympathetic nervous
system (SNS) activity, enhanced mitochondrial coupling
of oxidative phosphorylation, and increased mitochondrial
biogenesis are some of the possible mechanisms underlying
metabolic adaptation. Reductions in total daily EE of 6%
to 10% are typically attributed to metabolic adaptation
to WL. This adaptation has been observed in response to
a variety of behavioral interventions, such as lifestyle
changes, medication, and surgical therapies for obesity.
Metabolic adaptation is thought to be a significant obstacle
to the maintenance of WL and can last for several years

following WL. However, there is still a lack of data that
clearly connects the level of long-term metabolic adaptation
to WL recovery. Pharmacological tactics should target at
preserving lean mass or inhibiting metabolic adaption to
offer extra advantages for managing EI and resulting in
greater and longer-lasting WL.(40)

Adipose Tissue in Control of Metabolism

AT consist of adipocytes, pre-adipocytes, macrophages,
endothelial cells, fibroblasts, and leucocytes. AT plays a
significant role in the control of metabolism throughout
the body. By acting as a fuel reserve, AT regulates lipid
mobilization and retains body heat. Neutral TGs are
effectively deposited as excess energy in AT via the
lipogenic route. But neutral TG accumulation in adipocytes
enlarges lipid droplets, leading to the growth of AT and
eventual obesity. On the other hand, when food is scarce,
there is a stimulation of EE, or when the storage of neutral
TGs exceeds the capacity of adipocytes, TGs retained in
adipocytes are hydrolysed via the lipolytic pathway into
glycerol and fatty acids. The blood can then carry the free
glycerol and fatty acids from AT and allow them to enter the
muscle, liver, and other organs, influencing lipid distribution
and the overall energy balance of the organism.(49)

Due to its delicate actions at the organ and systemic
levels, AT is essential for controlling glucose homeostasis
and energy levels across the entire body. AT regulates the
body's lipid mobilization and distribution and stores energy
in the form of lipid. AT on the other hands also functions
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as an endocrine organ in addition to a passive fuel reserve.
By circulating and transmitting information to other
metabolically active organs like the brain, liver, muscle,
and pancreas through endocrine processes, these bioactive
substances produced by AT modify systemic metabolism.
(50-52) Among these are the adipokines (cytokines made
by AT), which are linked to obesity and metabolic diseases
associated with obesity. These include leptin, adiponectin,
visfatin, resistin, apelin, vaspin, hepcidin, chemerin, omentin,
and many more with their function as in Figure 4.(53,54)
Adipokines primarily exert their effects by attaching to their
specific receptors on target cell membranes and initiating
specific intracellular signalling cascades. A substantial body
of research has established a connection between the onset
of obesity and related illnesses and abnormalities in the
synthesis, assembly, secretion, and signalling transduction
of adipokines.(55,56)

The most common cell type in AT are adipocytes,
commonly referred to as fat cells. origins, morphologies,
mitochondrial abundance, and expression of thermogenic
genes are all different between white, brown and beige
adipocyte. The predominant adipocyte type in WAT is
white, with a size range of 25-200 um, a unilocular lipid
droplet, few mitochondria, and a low rate of oxidative
stress. Accordingly, white adipocytes have a large capacity
to store TGs, which are energy molecules, and they shield
vital organs like the liver and muscles from lipotoxicity.
Subcutaneous adipocytes differ from visceral adipocytes in
rodents and humans in terms of their developmental origins
and metabolic characteristics, even if white adipocytes
originate from resident cells of mesenchymal origin in white
fat.(57-59) Subcutaneous WAT is protective against the
development of obesity and associated metabolic diseases in
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mice, but visceral fat, which includes mesenteric, gonadal,
epicardial, retroperitoneal, omental, and peri-renal fat pad, is
considered to be more harmful. Transplanting subcutaneous,
but not visceral, AT enhances insulin sensitivity and glucose
tolerance in animals, providing evidence in favor of this.
The distribution of fat rather than total FM is probably a
major factor in the development of obesity and related
disorders.(60)

Originally, it was believed that brown adipocytes were
a lineage deriving from Myf5" progenitors that resembled
skeletal muscle, but recently has the complexity of adipocyte
identification and origin been taken that Myf5" precursors
are not the only source of brown adipocytes. While cervical
BAT is partly formed from Myf5~ precursors, peri-renal
and peri-aortic BAT are entirely from Myf5™ precursors,
while interscapular and subscapular BAT are derived from
the Myf5" lineage. Furthermore, it has been demonstrated
that interscapular and retroperitoneal WAT include Myf5*
precursors, which can differentiate into some white or
beige adipocytes. Brown adipocytes are specialized cells
that release heat as a by-product of stored energy and
have a multilocular shape, an abundance of mitochondria,
and an enrichment of UCP1.(61) The inner mitochondrial
membrane contains UCP1, which separates ATP generation
from fuel oxidation. Brown adipocyte clusters are primarily
found in abdominal locations, such as the peri-renal region of
baby infants, and the interscapular and peri-renal regions of
rodents, where they are highly vascularized and innervated.
Recent researches using 18F-fluorodeoxyglucose (FDG)
positron emission tomography-computed tomography
(PET-CT) scans have found the adult human BAT in
the supraclavicular and lower neck regions. Uncertainty
surrounds the properties of the recently discovered brown
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fat in adult humans. Since human brown fat expresses
the beige marker CD137, TMEM?26, and TBXI, and
because cAMP stimulation significantly increases UCPI,
it has characteristics with mouse beige adipocytes.(62)
On the other hand, a different study revealed that brown
markers, such as miR-206, miR133b, LHXS8, and ZIC1,
are also expressed in the supraclavicular BAT, indicating
the presence of both beige and brown adipocytes in adult
people.(63)

With multilocular and UCPI
expression, beige adipocytes are a unique subset of

shape positive
brown-like thermogenic adipocytes that mostly develop
from Myf5™ progenitor cells as white adipocytes.(62) The
majority of beige adipocytes are located in subcutaneous
white fat, with a minor amount being present in visceral fat.
The process known as browning or beiging of WAT involves
the recruitment and activation of beige adipocytes, which
is notably induced by cold stress or by a 3-adrenoceptor
agonist that imitates cold stress.(64) When combined,
beige adipocytes can be differentiated from other sources,
transdifferentiated from mature white adipocytes, or
produced from beige progenitor lineage. It is yet unknown
what molecular processes underlie trans differentiation and
the commitment of the beige progenitor lineage.
Adipogenesis, the process by which committed
preadipocytes differentiate into mature adipocytes, is
crucial for the formation of adipose tissue and maintaining
systemic energy balance. The primary regulator of
adipogenesis is peroxisome proliferator-activated receptor
(PPAR)y, a member of the nuclear receptor superfamily.
(51) A deficit of PPARYy leads to lipodystrophy because it
is unable to activate adipogenic programs in fibroblasts, but
overexpression of PPARY is adequate to induce adipocyte
differentiation. Furthermore, adipogenesis is regulated
by PPARy-dependent mechanisms by other factors or
pathways, such as pro-adipogenic factors like C/EBPs and
Kriippel-like factors (KLFs) and anti-adipogenic factors like
GATA transcription factors. Moreover, PPARy is essential
for differentiation maintenance and also adipogenesis.(51)
By lipogenesis and lipolysis, respectively, AT as
an energy-storing organ releases fatty acids and stores
TGs. Overall, eating activates the lipogenic pathways and
increases the AT's TGs capacity store, whereas fasting
activates the lipolytic pathway, which facilitates the
breakdown of TGs and the release of fatty acids from the AT.
Lipogenesis includes TG production and de novo fatty acid
synthesis from acetyl-coenzyme A (acetyl-CoA). The rate-
limiting enzyme of lipogenesis, acetyl-CoA carboxylase
(ACC), is expressed when glucose is present. It reduces de
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novo lipogenesis and enhance fatty acid B-oxidation, and
also triggers the release of pancreatic insulin. Additionally,
glucose supplies its own metabolite, acetyl-CoA, as the
substrate for the de novo synthesis of fatty acids.

The catabolic process known as lipolysis, in contrast
to lipogenesis, releases free fatty acids and glycerol when
TGs held in adipocytes are broken down. Fasting triggers
lipolysis, which provides free fatty acids (FFA) for oxidation
in response to energy requirements in other organs and
glycerol for hepatic gluconeogenesis. To be noted, glycerol
can be utilized as a substrate for gluconeogenesis in the
liver, but not fatty acids. Fatty acids can be further broken
down in the liver through a process known as ketogenesis
to form a class of compounds known as ketone bodies that
supply energy to the brain when there is a high fatty acid
content and reduced availability of carbohydrates. It has
been demonstrated that a number of hormones control the
lipolytic pathway. Reduced insulin levels in the suppress
lipogenesis and activate lipolytic pathway during fasting.
Moreover, increased levels of circulating glucagon during
fasting are invariably linked to the induction of the cAMP-
dependent protein kinase A (PKA) pathway and adipocyte
lipolysis.

Through its substantial effects on energy storage,
endocrine function, and adaptive thermogenesis, AT plays
a major role in regulating systemic metabolic homeostasis.
Obesity and illnesses associated to it are linked to the AT
dysfunction as a causative factor. In order to identify new
and promising therapeutic targets for the prevention and
treatment of illnesses connected to obesity, it is crucial to
comprehend the biology and pathology of AT. Specifically, a
wealth of data regarding the recently identified thermogenic
and endocrine functions of AT strongly implies that targeting
AT specifically as a therapeutic method is both viable and
workable.(56)

Browning of WAT

Brown and beige fat provide a novel approach to combat
obesity and related illnesses by dissipating energy in
the form of heat. The expression of UCP1 in beige fat is
extremely low under thermoneutral conditions in rodents,
in contrast to brown fat, which has relatively high
thermogenic activity and enrichment of UCP1 in this
condition. This low expression level of UCP1 in individual
beige adipocytes may also contribute to the low number
of beige adipocytes.(62) However, exposure to cold or
administration of P3-adrenoceptor or PPARy agonists
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significantly increases the expression of UCPI in beige
fat.(62)

Over the past ten years, many studies have been
conducted to try browning the WAT as anti-obesity strategy.
It is hypothesized that the browning process is caused by
a complex interaction of hormonal components. These
variables include hormones secreted by other metabolically
active organs and chemicals generated locally inside AT.
Norepinephrine is the most important and well-researched
stimulator of adaptive thermogenesis. It is released from
sympathetic nerve endings and binds to brown adipocyte
surface P-adrenergic receptors to trigger a variety of
thermogenic processes, such as upregulating intracellular
and mitochondrial oxidation, stimulating
inducing UCP1
transcription. Though in knock-out mice models for BAT

lipolysis
circulating triglyceride uptake, and
activation both B1- and B2-adrenergic receptor activations
can compensate for the loss of the f3-adrenergic receptor,
but still the B3-adrenergic receptor is the most significant
adrenergic receptor implicated in BAT activation.(65)

Thyroid hormones are thought to be non-sympathetic
activators of BAT because they function through the thyroid
receptor. Comparing animal studies to euthyroid controls,
it was shown that hypothyroid mice had much lower
interscapular BAT activities whereas hyperthyroid mice
had significantly higher BAT activities. In BAT, thyroid
hormones have the ability to directly and indirectly promote
the transcription of the UCP1 gene.(66)

In response to cold stimulation, the body will attempt
to maintain homeostasis through non-shivering (skeletal
muscles) and shivering (BAT activation) thermogenesis. It's
interesting to note that it was also discovered that exposure
to cold stimulates the release of the brown adipokine FGF21
from BAT and the myokine irisin from muscle. In adaptive
thermogenesis, irisin and FGF21 both encourage the
browning of white adipocytes.(67,68) These outcomes show
how muscle, BAT, and WAT work together to coordinate
cold-induced adaptive thermogenesis.(69)

The primary regulator of glucose metabolism, insulin
plays a vital function in facilitating the uptake of glucose
from the bloodstream into the skeletal muscle, liver, and AT.
Furthermore, insulin plays a critical role in both the inducible
beige adipocyte and classical brown adipocyte stages of
development. It was discovered that beige adipocytes'
ability to differentiate was impaired by insulin shortage,
but this inhibitory impact could be overridden by more
potent stimuli such adrenergic activation. In conjunction
with leptin, insulin acts on pro-opiomelanocortin (POMC)
neurons to cause browning.(70)

Indones Biomed ]. 2024; 16(1): 1-22

Since the GIT is the organ responsible for breaking
down food and absorbing nutrients and energy, it is able
to detect changes in nutrient status and emit a variety of
hormones to keep the body's energy balance. Numerous
GI hormones can control feeding behavior and metabolic
processes involving the activation of BAT and the browning
of WAT. They can also send signals of hunger or satiety to
the CNS and SNS via the gut-brain axis. Generally speaking,
orexigenic gut hormones frequently suppress BAT activity,
whereas anorexigenic gut hormones typically boost BAT.

A lot of work has gone into trying to figure out which
brain circuits control the sympathetic outflow to BAT. By
targeting the high-order neurons in the CNS and secreting
different neuropeptides like orexin, melanin-concentrating
hormone (MCH), cocaine- and amphetamine-regulated
transcript (CART), and corticotropin-releasing hormone
(CRH), the LH and PVN work in tandem with the ARC
to serve as a metabolic integrator and regulator. In fact,
sympathetic fibers that originate in the hypothalamus
extensively innervate both BAT and WAT.(71)

It is plausible to assume that these neural circuits have
a similar involvement in the regulation of WAT browning.
Numerous investigations have demonstrated that although
stimulation of POMC neurons stimulates WAT browning,
activation of AgRP neurons in the hypothalamus slows
the browning process. These two opposing effects show
that whole-body metabolism, including fat browning, is
regulated by AgRP/NPY and POMC neurons in the ARC,
which may also sense the body's energy state.(71,72)

Research has demonstrated that after being exposed to
cold, inguinal WAT expresses more FGF21. Both paracrine
and autocrine processes play a role in the production of
FGF21 in WAT, which leads to the local upregulation of
PPARY coactivator-1 alpha (PGC-1a), a co-activator of
peroxisome proliferator-activated receptor, and an increase
in thermogenesis. A protein called PGC-1la is involved in
regulating a number of outcomes in skeletal muscle after
exercise, such as enhanced energy and glucose metabolism.
(73) It's interesting to note that PGC-1 is also activated by
exposure to insulin or irisin; these hormones have a definite
interaction with FGF21 during exercise. Shivering intensity
is positively correlated with irisin-induced activation of
extracellular signal-related kinase (ERK) and p38 mitogen-
activated protein kinase (p38 MAPK).(68,74) There is a
direct correlation between exercise intensity and FGF21.
These PGC-1B inducers have the effect of promoting
adaptive thermogenesis by causing WAT to brown.
Following FGF21 action, PPAR-gamma activation in WAT
and the irisin effect's induction of the MAPK and ERK
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pathways constitute the primary mechanism. Pre-adipocytes
undergo development into mature white adipocytes as a
result, at which point they become suitable for browning.
(75,76)

Leptin serves as an excellent model for how WAT
communicates energy status signals to the hypothalamus in
the central nervous system, which in turn influences whole-
body metabolism and directly influences the browning of
white adipocytes. Browning is further promoted by bone
morphogenetic protein-4 (BMP-4), an additional significant
adipose-derived component. The particular conversion of
mesenchymal progenitors to beige adipocytes is stimulated
by transgenic production of BMP-4, indicating a significant
function of BMP-4 in browning.(77)

The hormone catecholamines is involved in the
control of browning. It's interesting to note that alternatively
activated macrophages (M2) in AT have been observed to
produce norepinephrine for BAT activation in addition
to sympathetic nerve synapses.(78) Another important
organ that releases adrenaline and norepinephrine into the
bloodstream for systemic effects on several organs,
including AT, is the adrenal gland. Moreover, a number
of observational studies showed that individuals with
pheochromocytomas have higher BAT FDG uptake
activity, which decreases after removal.(79,80) Therefore,
by use of adrenergic receptors, these catecholamine-
releasing cells and organs may as well control BAT activity
and WAT browning. Some hormonal factors secreted from
different organs and tissues play roles in browning WAT
were described in Figure 5.

In conclusion, pharmacological and nutritional
stimulation of beige cells is a viable anti-obesity and anti-
diabetic method to treat metabolic disorders, considering
the scarcity of BAT in human adults. Furthermore, finding
nutritional components that promote WAT browning also
seems like a good strategy. According to available data,
hormones also have a significant impact in mediating the
browning effects of numerous dietary components. For
instance, capsaicin and capsinoids with well-established
WAT browning properties can stimulate Ca?" influx by
activating the transient receptor potential cation channel,
subfamily V, member 1 (TRPV1), which in turn activates
the Ca*"/calmodulin-dependent protein kinase I and AMP-
activated kinase. This, in turn, stimulates the deacetylation
of PPARy and PRDMI16 by sirtuin-1, which in turn
stimulates the synthesis of BMP8b and UCP1.(81) Similar
to this, eicosapentaenoic acid and docosahexaenoic acid,
which are rich in @3 polyunsaturated fatty acids (PUFAs)
and fucoxanthin, can also cause UCP1 expression in WAT
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by upregulating the expression of f3-adrenergic receptors,
which in turn increases WAT sensitivity to adrenergic
stimulation in adipocytes. The WAT browning levels may
not only be determined by hormonal pathways, but they
may also indicate the energy condition of the entire body.
For example, despite the fact that exercise has been shown
to raise EE and browning of WAT (68), a study comparing
the BAT volume and activity of athletes and non-athletes
revealed that the former tended to be less active. This shows
that when there is an energy deficit, as occurs with prolonged
exercise, brown fat may adjust by decreasing.(82)

Hormonal Factors in
The Control of EI and EE

Obesity is the single biggest risk factor for premature
disability and death, yet the prevalence of obesity is still
astronomically high. Constant body adiposity is maintained
by CNS systems that adjust EI and expenditure in response
to variations in body energy reserves; key regulators of
these systems are the adipocyte-derived hormone leptin
and its receptor (LepR). Similar to insulin resistance, a
number of mechanisms have been proposed to disrupt
the action of leptin and obstruct the systems that regulate
body energy homeostasis in order to promote or maintain
obesity. However, it is unclear how important a role each of
these mechanisms plays in this process. These mechanisms
include feedback inhibition, inflammation, gliosis, and
endoplasmic reticulum stress. Adipokine leptin governs a
number of bodily processes, including hunger, weight, the
maturity of the reproductive axis, and the neuroendocrine
responses to fasting. It is also widely accepted that leptin
controls glucose homeostasis in the brain. However,
common obesity may augment (rather than impair) LepR
signalling, indicating that lesions other than the initial LepR
signal must be the cause of any obesity-associated problems
in leptin function. Additionally, it's feasible that some of the
modifications in hypothalamus function linked to obesity
are mediated by elevated LepR signalling.(83)

The synthesis of leptin and the control of the body's
stored energy is largely dependent on AT. Gaining insight
into how leptin acts on the CNS to regulate AT, and how
the sympathetic nervous system (SNS) influences AT
metabolism, offers a new way to address the obesity issue.
The brain controls the metabolism of BAT, WAT, and Beige
AT (BeAT), and in turn, these tissues communicate with
the brain via sensory innervation and hormone release
regarding the state of energy storage. The cloning of Lep3
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Figure 5. Hormonal factors in the control of browning of white adipose tissue. POMC: proopiomelanocortin; AgRP: hypothalamic
agouti-related peptide; BDNF: brain-derived neurotrophic factor; GH: growth hormone; NPY: neuropeptide Y; CRH: corticotropin-
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cholecystokinin.(72) (Adapted with permission from Walter de Gruyer GmbH).

sparked a renewed interest in this reciprocal relationship
between the brain and adipose depots. The proof that mature
humans have functional brown adipocytes has also sparked
fresh research on BAT's neuronal control. Although leptin's
function in controlling energy balance is widely recognized,
its significance in the neuronal regulation of BAT, WAT, and
BeAT remains unclear. There are numerous thorough and
current reviews available on the leptin-sensitive neurons
that maintain energy balance or the neuronal control of
AT.(29,84-90)

Ghrelin affects systemic metabolism by triggering
orexigenic neuronal circuits. It has been linked to a wide
range of central and peripheral actions, including promoting
gastric acid secretion and gut motility, regulating sleep,

taste perception and reward-seeking behavior, controlling
glucose metabolism, inhibiting brown fat thermogenesis,
reducing stress and anxiety, preventing muscle atrophy, and
enhancing cardiovascular processes like vasodilatation and
cardiac contractility.(91-93)

Early on in the study of ghrelin, it was proposed as a
meal initiation or hunger hormone, informing the CNS of the
GI fuel level to adjust food intake and EE. This function is
supported by the fact that ghrelin is generated in the gastric
fundus's oxyntic glands (94), and the elevated blood levels
of the hormone correlate with higher feelings of hunger (95).
Ghrelin’s receptor is found in the hypothalamus neurons
that control appetite and satiety. This conventional and
constrained understanding of ghrelin as a hunger hormone,
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however, has recently come under scrutiny. A growing body
of research indicates that ghrelin plays a more intricate
function in controlling hunger and metabolism and suit
better to be called as satiety hormone.(96)

GLP-1 is a complex hormone with a wide range of
pharmacological applications. GLP-1 has a wide range of
metabolic actions, including modulating the proliferation
of rodent beta cells, increasing natriuresis and diuresis,
delayed stomach emptying, inhibiting food intake, glucagon
secretion suppressing, and stimulating insulin secretion in
a glucose-dependent manner. GLP-1 also affects learning
and memory, reward behavior, palatability, and cardio-
and neuroprotective benefits in addition to reducing
inflammation and apoptosis. GLP-1 receptor agonists,
biochemically altered for increased potency and prolonged
action, are effectively used in clinical practice to treat
T2DM, and a number of GLP-1-based pharmacotherapies
are being evaluated in clinical settings to treat obesity.

Pancreatic beta-cells co-synthesize and co-release
insulin, the pancreatic hormone amylin. For a very long
time, it was believed that the only amylin that was suitable
for controlling metabolism came from the pancreas. But
new research indicates that amylin is also expressed in the
CNS, namely in regions like the lateral hypothalamus that
are involved in metabolic regulation. Amylin reduces EI,
modifies nutrient consumption, and increases EE to control
nutrient fluxes globally. The role of amylin as a satiation
signal has received the most research attention. In fact,
long-term amylin administration lowers total EI, which
ultimately causes a decrease in body weight. These results
served as the foundation for the creation of amylin analogs,
which could be a novel method of treating overweight in
obese people.(97-99)

Endocrine Mechanisms Connecting
Exercise To BAT Metabolism

Activating BAT and/or generating browning in WAT may
have therapeutic implications because of its high metabolic
activity and capacity to oxidize fats and glucose, making
it a desirable target for obesity and T2DM therapy.(100)
Additionally, adipokines (also known as batokines) secreted
by brown and beige adipocytes have endocrine, paracrine,
and autocrine activities that may have positive metabolic
consequences (such as enhancing insulin sensitivity).
(101) Exercise is supposed to decrease BAT activity and
WAT browning since it promotes EE and heat production.
Exercise-induced WAT browning, via some hormones
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secretion at least in rodents, even though the impact of
exercise on traditional BAT is still debatable.(102) Figure
6 describe how exercise can induce secretion of different
metabolites to help browning the WAT, while on the
contrary the brown and beige adipocytes also secrete
signaling factors like myostatin and 12,13-diHOME that
can influence skeletal muscle metabolism.(103)

Heart-secreted natriuretic peptides (NPs) are
primarily responsible for controlling diuresis, natriuresis,
and vasodilatation in order to maintain blood pressure.
(104) Moreover, NPs have a role in the stimulation of
lipolysis in WAT (105) and the oxidation of fat in human
skeletal muscle (106). Additionally, NPs in BAT and WAT
browning, specifically atrial NP (ANP) and B-type NP
(BNP), facilitate energy dissipation. Exercise causes the
heart muscle to contract, which in turn triggers the release
of NPs. ANP levels have been shown to rise in circulating
levels in a number of investigations following acute
moderate- and high-intensity endurance exercise in various
groups. Similarly, in healthy males, both acute and chronic
endurance exercise result in an increase in plasma BNP
levels.(107-109)

One of the master transcriptions factors that exercise
upregulates in skeletal muscle is PGC-la. The protein
fibronectin type III domain-containing 5 (FNDCS) is
expressed more when PGC-la is active. Following
cleavage, FNDC5 is released into the bloodstream as
irisin, which attaches to adipocyte surfaces to promote
WAT browning and increase UCP1 expression, at least in
mice.(110) Following acute exercise, a number of human
investigations have demonstrated an increase in circulating
serum irisin and FDNCS5 gene expression in skeletal
muscle. For example, in both trained and untrained healthy
adults, a 50-min cycling bout at 80% of maximum oxygen
consumption (VO,max) was able to enhance circulating
irisin 10 min after exercise. The activation of irisin secretion
may be significantly influenced by the intensity of exercise.
(111) Indeed, thermogenic stimulation increases the release
of FGF21 in mouse brown adipocytes. WAT browning is
induced by FGF21 via PGC-la activation.(112) FGF21
can stimulate BAT thermogenesis and UCP1 expression by
autocrine, paracrine, and endocrine actions. It's interesting
to note that in healthy men, there has been a reported
positive correlation between circulating FGF21 and BAT
volume.(113)

Exercise can cause a 100-fold rise in circulating IL-
6. The primary factors that mediate the IL-6 response to
acute exercise are exercise intensity and duration, muscle
injury, and the type of muscular contraction (eccentric or
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concentric). Meteroin-like protein production and secretion
are stimulated by PGC-1la expression in skeletal muscle,
which is a splice variant of the gene encoding PGC-la.
Meteorin-like binds to its receptor in AT and stimulates M2
macrophages in an eosinophil-dependent manner, releasing
IL-4 and IL-13. This, in turn, causes WAT browning and
the expression of genes encoding the mitochondrial and
thermogenic programs through the release of norepinephrine.
In response to cold, skeletal muscle as well as beige and
brown adipocytes generate meteorin-like substances.
Musclin is a blood-stream-generated peptide synthesized
by skeletal that can interact to certain common receptors
since it has some structural similarities with NPs.(114)
In skeletal muscle, myocilin stimulates mitochondrial
biogenesis. Furthermore, it has been proposed that
musclin contributes to browning since it is a PPARy
agonist.(115)

Amember of the transforming growth factor-f (TGF-p)
superfamily, growth differentiation factor-15 (GDF15) is
a protein whose receptor is mostly expressed in the brain
and in WAT.(87) While the liver is the primary source of
GDF15 in circulation, it is also expressed in the skeletal
muscle, BAT, and WAT, among other tissues. In reaction to
thermogenic exercise, brown and beige adipocytes produce
GDF15, which targets BAT macrophages and reduces local
inflammation.(116) Exercise has been shown to raise GDF15
circulating levels following both a high-intensity (117) and a
moderate-intensity (118) session. In young males of normal
weight, an increase in plasma GDF15 during recovery and
immediately following a 60-minute aerobic workout (67%

of VO, max) was reported.
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Figure 6. Endocrine mechanisms
relating exercise to BAT metabolism
and WAT browning in humans.
ANGPTL-4:  angiopoietin-like ~ 4;
VEGF-A: vascular endothelial growth
factor A; BDNF: brain-derived
neurotrophic factor; IL-6: interleukin-6;
BAIBA:  B-Aminoisobutyric  acid;
Fstl-1: follistatin-like 1; FGF21:
fibroblast growth factor 21; GDF15:
growth  differentiation  factor 15;
12,13-diHOME: 12,13-dihydroxy-
9Z-octadecenoic acid.(103) (Adapted
with  permission from  Springer
Science+Business Media).
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Another member of the TGF- superfamily, growth
differentiation factor-8, or myostatin, was identified as a
myokine early in the 1990s.(119) Since the primary function
of myostatin is to limit muscle growth, its reduction
significantly promotes muscular growth. Loss of myostatin
activity leads not only to hypertrophy of the muscles but
also to reduced fat accumulation and browning of the WAT.
The activation of the AMPK enzyme and the subsequent
induction of PGC-1a and FNDCS5 cause the induction of
WAT browning via myostatin inhibition.(120) Myostatin
appears to be a key player in the inhibition of WAT browning.
Exercise, whether acute or chronic, affects myostatin
expression and levels in the blood, though the kind and
intensity of the exercise appear to have an impact as
described in Figure 6.(121) Human myostatin circulating
levels are lowered by prolonged exercise.(122) On the other
hand, myostatin levels in the blood rise sharply following
high-intensity exercise. Significantly, the myostatin action
on BAT provides evidence that exercise stimulates the
release of both browning inhibitors and pro-browning
chemicals.(121)

Skeletal muscle, the liver, and other tissues such WAT
and BAT can all release follistatin after acute high exercise
such as cycling or sprinting.(123) Follistatin neutralizes
the biological activity of numerous TGF-f superfamily
members, such as activins and myostatin, by binding to
them.(123) Consequently, it has been determined that
follistatin-mediated inhibition of myostatin signaling plays
a key role in muscle development, differentiation, and
metabolism. Follistatin probably stimulates muscle growth
and BAT development in addition to inhibiting myostatin
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activity by directly triggering precursor cells and Myf5
expression.(124)

Exercise together with an enriched environment,
such as one with mazes and toys, cause mice to release
BDNF, which causes WAT to brown in both situations.
(125) PGC-1a and FNDCS5 expression appear to be partially
mediating the effects of BDNF.(126) While the acute effects
of strength training are yet unknown, numerous studies
have demonstrated an increase in BDNF circulating levels
following both moderate and high-intensity acrobic exercise
across diverse populations.(127-130) There is debate
regarding the impact of exercise on circulating levels of
adiponectin. While some studies, indicate an increase solely
in trained people, others claim that adiponectin plasma
levels remain unchanged following exercise.(131-133)
On the other hand, in obese young females, continuous
endurance exercise may raise adiponectin levels.(134)

There is still debate, however the leptin response
to exercise appears to be consistent throughout the data
published in the literature. Exercise of any intensity or high
appears to have no effect on leptin levels, or to slightly
lower them. Following a session of aerobic and resistance
training, circulating VEGF-A has been found to rise in both
men and women, while some studies did not find any effect.
Although the research is still in its early stages, it's possible
that VEGF-A secretion brought on by exercise also plays
a role in BAT activation and/or WAT browning. Exercise
in humans also regulates the synthesis of ANGPTL4 in
addition to dietary status. Acute endurance exercise was
found to raise circulation levels of ANGPTL4 in males in
good health, with the liver serving as the primary source of
secretion.(135)

B-Aminoisobutyric acid (BAIBA) is an amino acid
that is not a protein that is generated by the highly active
mechanism of valine catabolism in skeletal muscle.(136)
Skeletal muscle cells release BAIBA in reaction to PGC-
la activity.(137) BAIBA promotes the expression of
thermogenic genes in WAT, which speeds up the browning
process. Both human-induced pluripotent stem cells and
white adipocytes produced from human pluripotent
cell lines showed comparable effects. Because muscle
absorption of P-hydroxybutyrate is higher than hepatic
synthesis during exercise, circulating quantities of this
compound are typically lowered.(138) However, elevated
blood levels of B-hydroxybutyrate are frequently seen
after vigorous exercise or during extended exercise. It is
noteworthy that the amount of training and nutrition appear
to have an impact on how the ketone bodies react to
exercise.(139)
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Therapeutic Perspective in
Obesity and Related Complications

Drugs acting on both reducing food intake and increasing
EE may have a more potent effect to produce synergistic
WL. Increasing thermogenesis appears to have positive
metabolic effects that are at least somewhat independent
of WL. Indeed, BAT is highly effective in eliminating
circulating glucose, fats, and lipoproteins rich in triglycerol.
As a result, in human, an acute increase in BAT activity can
have an immediate impact on glucose and lipid homeostasis,
which is anticipated to enhance metabolic health over time.
(140,141)

Overall, improvements in metabolism can result from
browning of WAT, and BAT activation in both body weight-
dependent and body weight-independent ways; however,
the evidence for antidiabetic effects seems greater than for
the treatment of obesity in humans. Browning of WAT and
BAT activation, however, might be helpful as an adjuvant
therapy to assist prevent weight rebound or in conjunction
with other weight-reducing medications to accomplish even
more weight reduction.

Therefore, many efforts have been done to explore
new agents that can induce WAT browning for example via
januse kinase inhibitors. Novel medicines working through
PPAR may target post-translational modifications (PTMs) as
an alternative to traditional agonism. In states of obesity and
insulin resistance, there is an increase in the phosphorylation
of PPAR at serine 273 by cyclin-dependent kinase 5 and
extracellular signal-regulated kinase, which leads to a
dysregulation of adipocyte gene expression. Inhibitors of
this phosphorylation included the well-known anticancer
medication Gleevec, which was found to modulate WAT
browning in mice. A cyclin-dependent kinase 5 inhibitor
called Roscovitine can similarly cause WAT browning in
mice by preventing PPAR phosphorylation at serine 273
but have not been proved in human. It's interesting to note
that the phosphodiesterase inhibitor sildenafil, which is
used to treat erectile dysfunction and pulmonary arterial
hypertension, short-term application causes overweight
subjects' WAT to begin to form beige adipocytes; however,
this effect does not seem to be mediated through a direct
action on AT.(142)

Aside from cold stimulation, mirabegron is arguably
the most sophisticated and powerful pharmacological
activator of human BAT found to date. Humans treated
with chronic mirabegron administration have the ability
to stimulate BAT's thermogenic potential and somewhat
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increase the protein expression of markers for brown
adipocytes in subcutaneous WAT, indicating a potential
for browning. Despite being an approved medication,
mirabegron is not yet meant to treat obesity or diabetes. In
actuality, elevated blood pressure and heart rate are linked to
the large doses necessary to produce a discernible increase
in EE.(143,144)

If browning can be caused with FGF21 analogs after
a suitable stimulation, it is possible to postulate a favorable
effect. Furthermore, the FGFRI1/KLB complex, which
consists of the FGF receptor type 1 and the beta klotho
cofactor, is the functional target of FGF21. The activity of
recombinant FGF21 in mice is largely mimicked by the use
of FGF21 agonist antibodies that selectively activate this
complex, for example the agonist antibodies BFKB8488
and NGM313 that are being studied in clinical trials.
By UCPI-dependent mechanisms, FGF21 recombinant
analogs, and the FGFR1/KLB complex agonist antibodies
cause increased BAT thermogenesis and browning.(145)

Another promising result in many human studies
were showed by GLP-1R agonism to decrease food intake
and increase WL in a multitude of studies.(146,147)
GLP-1 analogs have a wide range of pleiotropic effects
on metabolism, depends on the kind of molecule (native
or recombinant long-acting) and the mode of delivery.
GLP-1 receptor (GLP-1R) agonists can regulate blood
glucose, promote WL by decreasing food intake and gastric
motility, increase cell proliferation, decrease inflammation
and apoptosis, enhance cardiovascular function, and
neuroprotection. There is a significant and continuous effort
to better enhance the action profile of recombinant GLP-1R
analogs in order to improve therapeutic outcome and patient
compliance. Through SNS pathways, GLP-1R agonists
stimulate brown fat and raise EE in rodents without affecting
locomotor activity. Through processes reliant on SNS
activation, central GLP-1 infusion also reduces peripheral
lipid storage in white adipocytes from lean mice; these
effects are attenuated in mice fed a high-fat diet (HFD).(148)
These analogs, which have improved pharmacokinetics
and sustained action, are successful in treating T2DM. For
the treatment of diabetes and obesity, novel peptides that
combine the pharmacology of GLP-1 with those of other gut
peptides are being evaluated clinically. We can be cautiously
optimistic that enhanced GLP-1-based pharmacology can
one day be safely employed to further lower body weight
in comparison to currently existing GLP-1R agonists, even
though long-term clinical research are still ongoing. GLP-1
has been identified as a pleiotropic hormone since it was
discovered, and it has a wide range of metabolic roles beyond
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its traditional classification as an incretin hormone. GLP-1
is a hormone with several positive effects, which makes it
a promising candidate for pharmacological treatments of
diabetes, obesity, and neurodegenerative diseases.(149)

Liraglutide, the only GLP-1R agonist, has been
licensed for the treatment of obesity.(150) Long-term
liraglutide (1.8 or 3 mg daily) therapy of obese human
participants led to decreased WL and EI, a slight shift in
favor of fat oxidation, and decreased EE as measured by
calorimetry. First purposed to treat T2DM, GLP-1 also
acts on regulating hunger, inflammation, islet function,
and cardiovascular pathology. As a result, more orally
bioavailable agonists, allosteric modulators, and unit
molecular multi-agonists that target the GLP-1R have been
developed (151), including the recent favorite semaglutide
(Ozempic, Rybelsus, Wegovy). Anyway, the safety and
responsible prescription of semaglutide and another GLP-
1R agonists to treat obesity should be further investigated.

Retatrutide (LY3437943), the most recent triple G
agonist (glucose-dependent insulinotropic polypeptide,
glucagon-like peptide 1, and glucagon receptors). The
combination leverage the anorectic and anti-diabetic
effects of GLP-1 with the ability of Gcg to increase EE,
Superior to mono- or dual-incretin receptor agonism alone.
Retatrutide showed a promising results in its phase 2 trials
to significantly reduce body weight about 7.2 % in the 1
mg group, 12.9 % in the combined 4-mg group, 17.3 % in
the combined 8-mg group, and 17.5 % in the 12-mg group,
compared to 1.6 % in the placebo group, although the long-
term safety especially its outcome on cardiovascular still
need to be studied.(152)

Fumagalin, a naturally occurring substance extracted
from Aspergillus fumigatus in 1949, was known to inhibit
angiogenesis. Fumagillin's molecular target was discovered
to be methionine aminopeptidase type 2 (MetAP2) in 1997.
(153) Studies on humans and rodents show that fumagillin
and compounds related to fumagillin reduce appetite and
food consumption. Furthermore, it has been proposed
that MetAP2 inhibitors reduce angiogenesis in AT, which
could result in fat mass loss. In fact, prolonged fumagillin
administration causes a decrease in the mass and density
of adipose blood vessels in mice with diet-induced obesity
(DIO).(154) But this impact is also observed in response to
CR, suggesting that vascular remodeling linked to smaller
fat cells may be the cause of this phenomenon. MetAP2
inhibitors have an influence on intracellular signaling
pathways, particularly ERK 1/2, which explains some of
their reported decrease of cholesterol.(155) It has also been
observed that fumagillin and fumagillin analogs raise levels
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of adiponectin and FGF21 while concurrently lowering
leptin levels in conjunction with decreased fat mass.
(156) However, it is still unclear how fumagillin causes a
persistent reduction in food intake and body weight in both
people and rodents. Collectively, these new findings reveal
physiological and behavioral networks that control energy
balance and are regulated by fumagillin.(157)

Figure 7 summarises the essence of this study, in
which EI involving the gut-brain axis, that is influenced
by different factors, such as including genetic, hormonal,
environmental, and behavioral components, may lead
to obesity. Sustained WL thus should target EE, WAT
browning, and lean mass preservation.
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Figure 7. Modifiable and unmodifiable factors in obesity.
Energy intake involving the gut-brain axis, which influenced by
different factors including genetic, hormonal, environmental, and
behavioral components, and lead to obesity. Sustained weight loss
thus should target energy expenditure, WAT browning, and lean
mass preservation. Blue arrow: inducing; Red arrow: inhibiting;
Green arrow: possibility for treatment strategies.

Conclusion

Steady-state body weight can be achieved by different
factors including genetic, hormonal, environmental, and
behavioral components. Since we cannot change the genetic
factors, high-quality and sustained WL thus should targeting
EE, fat oxidation, and lean mass preservation. Sedentary,
pro-adipogenic lifestyle choices are still the challenge
until recently, lead to the quiescence of brown and beige
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adipocytes, which then mask as white fat cells. Therefore,
any possibility of treatment to induce browning the WAT
will be preferred. Thereupon, we should first reconsidering
energy expenditure as a driver for WL maintenance rather
than for weight reduction.

Authors Contribution

AM drafted and wrote the manuscript, NMD edited the
manuscript, and AW proposed and concepted the manuscript
topic, as well as gave critical suggestions to the final draft.
All authors have agreed with the final revisions of the
manuscript.

References

1. Schwartz MW, Seeley RJ, Zeltser LM, Drewnowski A, Ravussin E,
Redman LM, et al. Obesity pathogenesis: An endocrine society
scientific statement. Endocr Rev. 2017; 38(4): 267-96.

2. Blackburn G. Effect of degree of weight loss on health benefits. Obes
Res. 1995; 3(Suppl 2): 211s—6s.

3. Kraschnewski JL, Boan J, Esposito J, Sherwood NE, Lehman EB,
Kephart DK, et al. Long-term weight loss maintenance in the
United States. Int J Obes. 2010; 34(11): 1644-54.

4. Bray GA, Kim KK, Wilding JPH, World Obesity Federation. Obesity:
A chronic relapsing progressive disease process. A position
statement of the World Obesity Federation. Obes Rev. 2017; 18(7):
715-23.

5. Martins C, Dutton GR, Hunter GR, Gower BA. Revisiting the
Compensatory Theory as an explanatory model for relapse in
obesity management. Am J Clin Nutr. 2020; 112(5): 1170-9.

6.  Willoughby D, Hewlings S, Kalman D. Body composition changes
in weight loss: Strategies and supplementation for maintaining
lean body mass, a brief review. Nutrients. 2018; 10(12): 1876. doi:
10.3390/nul0121876.

7. 1Ida S, Kaneko R, Imataka K, Okubo K, Shirakura Y, Azuma K, et
al. Effects of antidiabetic drugs on muscle mass in type 2 diabetes
mellitus. Curr Diabetes Rev. 2021; 17(3): 293-303.

8. Bosy-Westphal A, Kossel E, Goele K, Later W, Hitze B, Settler U,
et al. Contribution of individual organ mass loss to weight loss-
associated decline in resting energy expenditure. Am J Clin Nutr.
2009; 90(4): 993-1001.

9.  Berthoud HR. Metabolic and hedonic drives in the neural control
of appetite: Who is the boss? Curr Opin Neurobiol. 2011; 21(6):
888-96.

10. Berthoud HR. Mind versus metabolism in the control of food intake
and energy balance. Physiol Behav. 2004; 81(5): 781-93.

11. CDC Centers for Disease Control and Prevention [Internet]. Defining
Adult Overweight and Obesity [updated 2022 Jun 3; cited 2023
Apr 5]. Available from: https://www.cdc.gov/obesity/basics/adult-
defining.html.

12. Piaggi P. Metabolic determinants of weight gain in humans. Obesity.
2019; 27(5): 691-9.

13. Sumithran P, Prendergast LA, Delbridge E, Purcell K, Shulkes A,
Kriketos A, et al. Long-term persistence of hormonal adaptations to



DOI: 10.18585/inabj.v16i1.2840

14.

15.

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

weight loss. N Engl J Med. 2011; 365(17): 1597-604.

Iepsen EW, Lundgren J, Holst JJ, Madsbad S, Torekov SS. Successful
weight loss maintenance includes long-term increased meal
responses of GLP-1 and PYY3-36. Eur J Endocrinol. 2016; 174(6):
775-84.

Nymo S, Coutinho SR, Jergensen J, Rehfeld JF, Truby H, Kulseng
B, et al. Timeline of changes in appetite during weight loss with a
ketogenic diet. Int J Obes. 2017; 41(8): 1224-31.

Nymo S, Coutinho S, Eknes P, Vestbostad I, Rehfeld J, Truby H, et al.
Investigation of the long-term sustainability of changes in appetite
after weight loss. Int J Obes. 2018; 42(8): 1489-99.

Coutinho SR, Rehfeld JE, Holst JJ, Kulseng B, Martins C. Impact
of weight loss achieved through a multidisciplinary intervention on
appetite in patients with severe obesity. Am J Physiol Endocrinol
Metab. 2018; 315(1): E91-8.

Coutinho SR, With E, Rehfeld JF, Kulseng B, Truby H, Martins
C. The impact of rate of weight loss on body composition and
compensatory mechanisms during weight reduction: A randomized
control trial. Clin Nutr Edinb Scotl. 2018; 37(4): 1154-62.

Coutinho SR, Halset EH, Gasbakk S, Rehfeld JF, Kulseng B, Truby
H, et al. Compensatory mechanisms activated with intermittent
energy restriction: A randomized control trial. Clin Nutr Edinb
Scotl. 2018; 37(3): 815-23.

Meyer-Gerspach AC, Wolnerhanssen B, Beglinger B, Nessenius F,
Napitupulu M, Schulte FH, ef al. Gastric and intestinal satiation in
obese and normal weight healthy people. Physiol Behav. 2014; 129:
265-71.

Locke AE, Kahali B, Berndt SI, Justice AE, Pers TH, Day FR, et al.
Genetic studies of body mass index yield new insights for obesity
biology. Nature. 2015; 518(7538): 197-206.

Berthoud HR. The caudal brainstem and the control of food intake and
energy balance. In: Stricker EM, Woods SC, editors. Neurobiology
of Food and Fluid Intake. New York: Kluwer Academic/Plenum
Publishers; 2004. p.195-240.

Kaplan JM, Seeley RJ, Grill HJ. Daily caloric intake in intact and
chronic decerebrate rats. Behav Neurosci. 1993; 107(5): 876-81.
Smith GP. The direct and indirect controls of meal size. Neurosci

Biobehav Rev. 1996; 20(1): 41-6.

Hays NP, Roberts SB. The anorexia of aging in humans. Physiol
Behav. 2006; 88(3): 257-66.

Murray E, Rudebeck P. The drive to strive: Goal generation based
on current needs. Front Neurosci. 2013; 7: 112. doi: 10.3389/
fnins.2013.00112.

Laugerette F. CD36 involvement in orosensory detection of dietary
lipids, spontaneous fat preference, and digestive secretions. J Clin
Invest. 2005; 115(11): 3177-84.

Gilbertson TA. Gustatory mechanisms for the detection of fat. Curr
Opin Neurobiol. 1998; 8(4): 447-52.

Morrison CD, Berthoud HR. Neurobiology of nutrition and obesity.
Nutr Rev. 2008; 65(12): 517-34.

Stern JH, Rutkowski JM, Scherer PE. Adiponectin, leptin, and fatty
acids in the maintenance of metabolic homeostasis through adipose
tissue crosstalk. Cell Metab. 2016; 23(5): 770-84.

Laeger T, Henagan TM, Albarado DC, Redman LM, Bray GA, Noland
RC, et al. FGF21 is an endocrine signal of protein restriction. J Clin
Invest. 2014; 124(9): 3913-22.

Berthoud HR, Morrison C. The brain, appetite, and obesity. Annu Rev
Psychol. 2008; 59(1): 55-92.

Harris RBS, Kasser TR, Martin RJ. Dynamics of recovery of body
composition after overfeeding, food restriction or starvation of
mature female rats. J Nutr. 1986; 116(12): 2536-46.

Dent R, McPherson R, Harper ME. Factors affecting weight loss

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.
S1.

52.

53.

Obesity: Physiology and Neurobiology Energy Regulation (Meiliana A, et al.)

Indones Biomed ]. 2024; 16(1): 1-22

variability in obesity. Metabolism. 2020; 113: 154388. doi:
10.1016/j.metabol.2020.154388.

Hopkins M, Blundell JE. Energy balance, body composition,
sedentariness and appetite regulation: Pathways to obesity. Clin Sci.
2016; 130(18): 1615-28.

Martin CK, Johnson WD, Myers CA, Apolzan JW, Earnest CP,
Thomas DM, et al. Effect of different doses of supervised exercise
on food intake, metabolism, and non-exercise physical activity: The
E-MECHANIC randomized controlled trial. Am J Clin Nutr. 2019;
110(3): 583-92.

Foright RM, Presby DM, Sherk VD, Kahn D, Checkley LA, Giles
ED, et al. 1s regular exercise an effective strategy for weight loss
maintenance? Physiol Behav. 2018; 188: 86-93.

Ostendorf DM, Caldwell AE, Creasy SA, Pan Z, Lyden K,
Bergouignan A, et al. Physical activity energy expenditure and total
daily energy expenditure in successful weight loss maintainers.
Obesity. 2019; 27(3): 496-504.

Brand MD, Pakay JL, Ocloo A, Kokoszka J, Wallace DC, Brookes
PS, et al. The basal proton conductance of mitochondria depends on
adenine nucleotide translocase content. Biochem J. 2005; 392 (Pt
2): 353-62.

Christoffersen B@, Sanchez-Delgado G, John LM, Ryan DH,
Raun K, Ravussin E. Beyond appetite regulation: Targeting
energy expenditure, fat oxidation, and lean mass preservation for
sustainable weight loss. Obesity. 2022; 30(4): 841-57.

Flier JS, Kahn CR, Roth J. Receptors, antireceptor antibodies and
mechanisms of insulin resistance. N Engl J Med. 1979; 300(8):
413-9.

Holland WL, Summers SA. Sphingolipids, insulin resistance, and
metabolic disease: New insights from in vivo manipulation of
sphingolipid metabolism. Endocr Rev. 2008; 29(4): 381-402.

Shulman GI. Unraveling the cellular mechanism of insulin resistance
in humans: New insights from magnetic resonance spectroscopy.
Physiology. 2004; 19: 183-90.

DeFronzo RA, Tripathy D. Skeletal muscle insulin resistance is the
primary defect in type 2 diabetes. Diabetes Care. 2009; 32(Suppl 2):
S157-63.

Petersen KF, Dufour S, Savage DB, Bilz S, Solomon G, Yonemitsu
S, et al. The role of skeletal muscle insulin resistance in the
pathogenesis of the metabolic syndrome. Proc Natl Acad Sci USA.
2007; 104(31): 12587-94.

Reitman ML, Gavrilova O. A-ZIP/F-1 mice lacking white fat: A
model for understanding lipoatrophic diabetes. Int J Obes Relat
Metab Disord. 2000; 24(Suppl 4): S11-14.

Muoio DM. Metabolic inflexibility: When mitochondrial indecision
leads to metabolic gridlock. Cell. 2014; 159(6): 1253-62.

Wadden TA, Butryn ML, Byrne KJ. Efficacy of lifestyle modification
for long-term weight control. Obes Res. 2004; 12(Suppl):
151S-628.

Frayn K. Adipose tissue as a buffer for daily lipid flux. Diabetologia.
2002; 45(9): 1201-10.

Scherer PE. Adipose tissue. Diabetes. 2006; 55(6): 1537-45.

Rosen ED, Spiegelman BM. Molecular regulation of adipogenesis.
Annu Rev Cell Dev Biol. 2000; 16(1): 145-71.

Parimisetty A, Dorsemans AC, Awada R, Ravanan P, Diotel N,
Lefebvre d’Hellencourt C. Secret talk between adipose tissue and
central nervous system via secreted factors—An emerging frontier
in the neurodegenerative research. J Neuroinflammation. 2016;
13(1): 67. doi: 10.1186/s12974-016-0530-x.

Lago F, Goémez R, Goémez-Reino JJ, Dieguez C, Gualillo O.
Adipokines as novel modulators of lipid metabolism. Trends
Biochem Sci. 2009; 34(10): 500-10.

19



The Indonesian Biomedical Journal, Vol.16, No.1, February 2024, p.1-93

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

20

Andrade-Oliveira V, Camara NOS, Moraes-Vieira PM. Adipokines
as drug targets in diabetes and underlying disturbances. J Diabetes
Res. 2015;2015: 81612. doi: 10.1155/2015/681612.

Deng Y, Scherer PE. Adipokines as novel biomarkers and regulators
of the metabolic syndrome. Ann NY Acad Sci. 2010; 1212(1): E1-
19.

Luo L, Liu M. Adipose tissue in control of metabolism. J Endocrinol.
2016; 231(3): R77-99.

Laviola L, Perrini S, Cignarelli A, Natalicchio A, Leonardini A,
De Stefano F, et al. Insulin signaling in human visceral and
subcutaneous adipose tissue in vivo. Diabetes. 2006; 55(4): 952-61.

Berry DC, Stenesen D, Zeve D, Graff JM. The developmental origins
of adipose tissue. Development. 2013; 140(19): 3939—49.

Chau YY, Bandiera R, Serrels A, Martinez-Estrada OM, Qing W, Lee
M, et al. Visceral and subcutaneous fat have different origins and
evidence supports a mesothelial source. Nat Cell Biol. 2014; 16(4):
367-75.

Fabbrini E, Tamboli RA, Magkos F, Marks—Shulman PA, Eckhauser
AW, Richards WO, et al. Surgical removal of omental fat does not
improve insulin sensitivity and cardiovascular risk factors in obese
adults. Gastroenterology. 2010; 139(2): 448-55.

Cannon B, Nedergaard J. Brown adipose tissue: Function and
physiological significance. Physiol Rev. 2004; 84(1): 277-359.

Wau J, Bostrom P, Sparks LM, Ye L, Choi JH, Giang AH, et al. Beige
adipocytes are a distinct type of thermogenic fat cell in mouse and
human. Cell. 2012; 150(2): 366-76.

Jespersen NZ, Larsen TJ, Peijs L, Daugaard S, Homee P, Loft A, et al.
A classical brown adipose tissue mRNA signature partly overlaps
with brite in the supraclavicular region of adult humans. Cell
Metab. 2013; 17(5): 798-805.

Harms M, Seale P. Brown and beige fat: Development, function and
therapeutic potential. Nat Med. 2013; 19(10): 1252-63.

Galitzky J, Carpéné C, Bousquet-Mélou A, Berlan M, Lafontan
M. Differential activation of Bl-, f2- and B3-adrenoceptors by
catecholamines in white and brown adipocytes. Fundam Clin
Pharmacol. 1995; 9(4): 324-31.

Weiner J, Kranz M, Kl6ting N, Kunath A, Steinhoff K, Rijntjes E, et
al. Thyroid hormone status defines brown adipose tissue activity
and browning of white adipose tissues in mice. Sci Rep. 2016; 6(1):
38124. doi: 10.1038/srep38124.

Fishman RB, Dark J. Sensory innervation of white adipose tissue. Am
J Physiol. 1987; 253(6 Pt 2): R942-4.

Bostrom P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, et al. A
PGCl-a-dependent myokine that drives brown-fat-like development
of white fat and thermogenesis. Nature. 2012; 481(7382): 463-8.

Meiliana A, Dewi NM, Wijaya A. Current progress in adipose tissue
biology: Implications in obesity and its comorbidities. Indones
Biomed J. 2020; 12(2): 85-101.

Dodd GT, Decherf S, Loh K, Simonds SE, Wiede F, Balland E, et al.
Leptin and insulin act on POMC neurons to promote the browning
of white fat. Cell. 2015; 160(1-2): 88—104.

Ruan HB, Dietrich MO, Liu ZW, Zimmer MR, Li MD, Singh JP, et al.
O-GlcNAc transferase enables AgRP neurons to suppress browning
of white fat. Cell. 2014; 159(2): 306-17.

Hu J, Christian M. Hormonal factors in the control of the browning
of white adipose tissue. Horm Mol Biol Clin Investig. 2017; 31(1):
1-13. doi: 10.1515/hmbci-2017-0017.

Summermatter S, Shui G, Maag D, Santos G, Wenk MR, Handschin
C. PGC-1la improves glucose homeostasis in skeletal muscle in an
activity-dependent manner. Diabetes. 2013; 62(1): 85-95.

Zhang Y, Xie Y, Berglund ED, Coate KC, He TT, Katafuchi T, et
al. The starvation hormone, fibroblast growth factor-21, extends

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Print ISSN: 2085-3297, Online ISSN: 2355-9179

lifespan in mice. eLife. 2012; 1: e00065. doi: 10.7554/eLife.00065.

Hondares E, Iglesias R, Giralt A, Gonzalez FJ, Giralt M, Mampel T, et
al. Thermogenic activation induces FGF21 expression and release
in brown adipose tissue. J Biol Chem. 2011; 286(15): 12983-90.

Zhang X, Zhang QX, Wang X, Zhang L, Qu W, Bao B, ef al. Dietary
luteolin activates browning and thermogenesis in mice through an
AMPK/PGCla pathway-mediated mechanism. Int J Obes. 2016;
40(12): 1841-9.

Qian SW, Tang Y, Li X, Liu Y, Zhang YY, Huang HY, et al. BMP4-
mediated brown fat-like changes in white adipose tissue alter
glucose and energy homeostasis. Proc Natl Acad Sci USA. 2013;
110(9): E798-807.

Nguyen KD, Qiu Y, Cui X, Goh YPS, Mwangi J, David T, et al.
Alternatively activated macrophages produce catecholamines to
sustain adaptive thermogenesis. Nature. 2011; 480(7375): 104-8.

Kuji I, Imabayashi E, Minagawa A, Matsuda H, Miyauchi T. Brown
adipose tissue demonstrating intense FDG uptake in a patient with
mediastinal pheochromocytoma. Ann Nucl Med. 2008; 22(3): 231—
5.

Iyer RB, Guo CC, Perrier N. Adrenal pheochromocytoma with
surrounding brown fat stimulation. Am J Roentgenol. 2009; 192(1):
300-1.

Baskaran P, Krishnan V, Ren J, Thyagarajan B. Capsaicin induces
browning of white adipose tissue and counters obesity by activating
TRPV1 channel-dependent mechanisms. Br J Pharmacol. 2016;
173(15): 2369-89.

Singhal V, Maffazioli GD, Ackerman KE, Lee H, Elia EF, Woolley
R, et al. Correction: Effect of chronic athletic activity on brown fat
in young women. PLoS One. 2016; 11(8): ¢0160129. doi: 10.1371/
journal.pone.0160129.

Pan WW, Myers MG. Leptin and the maintenance of elevated body
weight. Nat Rev Neurosci. 2018; 19(2): 95-105.

Miinzberg H, Morrison CD. Structure, production and signaling of
leptin. Metabolism. 2015; 64(1): 13-23.

Friedman J. 20 years of leptin: Leptin at 20: An overview. J
Endocrinol. 2014; 223(1): T1-8.

Labbé SM, Caron A, Lanfray D, Monge-Rofarello B, Bartness
TJ, Richard D. Hypothalamic control of brown adipose tissue
thermogenesis. Front Syst Neurosci. 2015; 9: 150. doi: 10.3389/
fnsys.2015.00150.

Miinzberg H, Qualls-Creeckmore E, Berthoud HR, Morrison CD, Yu
S. Neural control of energy expenditure. Handb Exp Pharmacol.
2016; 233: 173-94.

Caron A, Richard D. Neuronal systems and circuits involved in the
control of food intake and adaptive thermogenesis. Ann NY Acad
Sci. 2017; 1391(1): 35-53.

Contreras C, Gonzalez-Garcia I, Martinez-Sanchez N, Seoane-
Collazo P, Jacas J, Morgan DA, et al. Central ceramide-induced
hypothalamic lipotoxicity and ER stress regulate energy balance.
Cell Rep. 2014; 9(1): 366-77.

Allison MB, Myers MG. 20 years of leptin: Connecting leptin
signaling to biological function. J Endocrinol. 2014; 223(1): T25—
35.

Rizzo M, Rizvi AA, Sudar E, Soskic S, Obradovic M, Montalto G,
et al. A review of the cardiovascular and anti-atherogenic effects of
ghrelin. Curr Pharm Des. 2013; 19(27): 4953-63.

Nagaya N, Uematsu M, Kojima M, Ikeda Y, Yoshihara F, Shimizu W,
et al. Chronic administration of ghrelin improves left ventricular
dysfunction and attenuates development of cardiac cachexia in rats
with heart failure. Circulation. 2001; 104(12): 1430-5.

Okumura H, Nagaya N, Enomoto M, Nakagawa E, Oya H, Kangawa
K. Vasodilatory effect of ghrelin, an endogenous peptide from the



Obesity: Physiology and Neurobiology Energy Regulation (Meiliana A, et al.)

DOI: 10.18585/inabj.v16i1.2840

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

stomach. J Cardiovasc Pharmacol. 2002; 39(6): 779-83.

Kojima M, Kangawa K. Ghrelin: Structure and function. Physiol Rev.
2005; 85(2): 495-522.

Tschop M, Wawarta R, Riepl RL, Friedrich S, Bidlingmaier M,
Landgraf R, ef al. Post-prandial decrease of circulating human
ghrelin levels. J Endocrinol Invest. 2001; 24(6): RC19-21.

Miiller TD, Nogueiras R, Andermann ML, Andrews ZB, Anker SD,
Argente J, et al. Ghrelin. Mol Metab. 2015; 4(6): 437-60.

Hay DL, Chen S, Lutz TA, Parkes DG, Roth JD. Amylin:
Pharmacology, physiology, and clinical potential. Pharmacol Rev.
2015; 67(3): 564—600.

Jorsal T, Rungby J, Knop FK, Vilsbell T. GLP-1 and amylin in the
treatment of obesity. Curr Diab Rep. 2016; 16(1): 1. doi: 10.1007/
s11892-015-0693-3.

Boyle CN, Lutz TA, Le Foll C. Amylin — Its role in the homeostatic
and hedonic control of eating and recent developments of amylin
analogs to treat obesity. Mol Metab. 2018; 8: 203-10.

Betz MJ, Enerbiack S. Targeting thermogenesis in brown fat and
muscle to treat obesity and metabolic disease. Nat Rev Endocrinol.
2018; 14(2): 77-87.

Villarroya F, Cereijo R, Villarroya J, Giralt M. Brown adipose tissue
as a secretory organ. Nat Rev Endocrinol. 2017; 13(1): 26-35.

Lehnig AC, Stanford KI. Exercise-induced adaptations to white and
brown adipose tissue. J Exp Biol. 2018; 221(Suppl 1): jeb161570.
doi: 10.1242/jeb.161570.

Mendez-Gutierrez A, Osuna-Prieto FJ, Aguilera CM, Ruiz JR,
Sanchez-Delgado G. Endocrine mechanisms connecting exercise to
brown adipose tissue metabolism: A human perspective. Curr Diab
Rep. 2020; 20(9): 40. doi: 10.1007/511892-020-01319-7.

Volpe M. Natriuretic peptides and cardio-renal disease. Int J Cardiol.
2014; 176(3): 630-9.

Lafontan M, Moro C, Berlan M, Crampes F, Sengenes C, Galitzky J.
Control of lipolysis by natriuretic peptides and cyclic GMP. Trends
Endocrinol Metab. 2008; 19(4): 130-7.

Engeli S, Birkenfeld AL, Badin PM, Bourlier V, Louche K, Viguerie
N, et al. Natriuretic peptides enhance the oxidative capacity of
human skeletal muscle. J Clin Invest. 2012; 122(12): 4675-9.

Ohba H, Takada H, Musha H, Nagashima J, Mori N, Awaya T, et al.
Effects of prolonged strenuous exercise on plasma levels of atrial
natriuretic peptide and brain natriuretic peptide in healthy men. Am
Heart J. 2001; 141(5): 751-8.

Aengevaeren VL, Hopman MTE, Thijssen DHJ, van Kimmenade RR,
de Boer MJ, Eijsvogels TMH. Endurance exercise-induced changes
in BNP concentrations in cardiovascular patients versus healthy
controls. Int J Cardiol. 2017; 227: 430-5.

Pathak V, Aris R, Jensen BC, Huang W, Ford HJ. Effect of 6-min
walk test on pro-BNP levels in patients with pulmonary arterial
hypertension. Lung. 2018; 196(3): 315-9.

de Oliveira M, Mathias LS, Rodrigues BM, Mariani BG, Graceli
JB, De Sibio MT, et al. The roles of triiodothyronine and irisin in
improving the lipid profile and directing the browning of human
adipose subcutaneous cells. Mol Cell Endocrinol. 2020; 506:
110744. doi: 10.1016/j.mce.2020.110744.

Dinnwald T, Melmer A, Gatterer H, Salzmann K, Ebenbichler C,
Burtscher M, et al. Supervised short-term high-intensity training on
plasma irisin concentrations in type 2 diabetic patients. Int J Sports
Med. 2019; 40(3): 158-64.

Fisher FM, Kleiner S, Douris N, Fox EC, Mepani RJ, Verdeguer F, et
al. FGF21 regulates PGC-1a and browning of white adipose tissues
in adaptive thermogenesis. Genes Dev. 2012; 26(3): 271-81.

Soundarrajan M, Deng J, Kwasny M, Rubert NC, Nelson PC, El-Seoud
DA, et al. Activated brown adipose tissue and its relationship to

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Indones Biomed ]. 2024; 16(1): 1-22

adiposity and metabolic markers: An exploratory study. Adipocyte.
2020; 9(1): 87-95.

Subbotina E, Sierra A, Zhu Z, Gao Z, Koganti SRK, Reyes S, ef al.
Musclin is an activity-stimulated myokine that enhances physical
endurance. Proc Natl Acad Sci USA. 2015; 112(52): 16042—7.

Jeremic N, Chaturvedi P, Tyagi SC. Browning of white fat: Novel
insight into factors, mechanisms, and therapeutics. J Cell Physiol.
2017; 232(1): 61-8.

Campderros L, Moure R, Cair6 M, Gavalda-Navarro A, Quesada-
Lopez T, Cereijo R, et al. Brown adipocytes secrete GDF15 in
response to thermogenic activation. Obesity. 2019; 27(10): 1606—
16.

Galliera E, Lombardi G, Marazzi MG, Grasso D, Vianello E,
Pozzoni R, et al. Acute exercise in elite rugby players increases the
circulating level of the cardiovascular biomarker GDF-15. Scand J
Clin Lab Invest. 2014; 74(6): 492-9.

Kleinert M, Clemmensen C, Sjoberg KA, Carl CS, Jeppesen JF,
Wojtaszewski JFP, ef al. Exercise increases circulating GDF15 in
humans. Mol Metab. 2018; 9: 187-91.

McPherron AC, Lawler AM, Lee SJ. Regulation of skeletal muscle
mass in mice by a new TGF-beta superfamily member. Nature.
1997; 387(6628): 83-90.

Shan T, Liang X, Bi P, Kuang S. Myostatin knockout drives browning
of white adipose tissue through activating the AMPK-PGCla-
Fndc5 pathway in muscle. FASEB J Off Publ Fed Am Soc Exp Biol.
2013;27(5): 1981-9.

Kabak B, Belviranli M, Okudan N. Irisin and myostatin responses to
acute high-intensity interval exercise in humans. Horm Mol Biol Clin
Investig. 2018; 35(3): 20180008. doi: 10.1515/hmbci-2018-0008.

Bagheri R, Moghadam BH, Church DD, Tinsley GM, Eskandari M,
Moghadam BH, et al. The effects of concurrent training order on
body composition and serum concentrations of follistatin, myostatin
and GDF11 in sarcopenic elderly men. Exp Gerontol. 2020; 133:
110869. doi: 10.1016/j.exger.2020.110869.

Singh R, Braga M, Reddy ST, Lee SJ, Parveen M, Grijalva V, ef al.
Follistatin targets distinct pathways to promote brown adipocyte
characteristics in brown and white adipose tissues. Endocrinology.
2017; 158(5): 1217-30.

Li JX, Cummins CL. Getting the skinny on follistatin and fat.
Endocrinology. 2017; 158(5): 1109-12.

Stanford KI, Goodyear LJ. Exercise regulation of adipose tissue.
Adipocyte. 2016; 5(2): 153-62.

Wrann CD, White JP, Salogiannnis J, Laznik-Bogoslavski D, Wu J,
Ma D, et al. Exercise induces hippocampal BDNF through a PGC-
1o/FNDCS pathway. Cell Metab. 2013; 18(5): 649-59.

Hung CL, Tseng JW, Chao HH, Hung TM, Wang HS. Effect of acute
exercise mode on serum brain-derived neurotrophic factor (BDNF)
and task switching performance. J Clin Med. 2018; 7(10): 301. doi:
10.3390/jcm7100301.

Simao AP, Mendonga VA, Avelar NCP, da Fonseca SF, Santos JM,
de Oliveira ACC, et al. Whole body vibration training on muscle
strength and brain-derived neurotrophic factor levels in elderly
woman with knee osteoarthritis: A randomized clinical trial study.
Front Physiol. 2019; 10: 756. doi: 10.3389/fphys.2019.00756.

Marinus N, Hansen D, Feys P, Meesen R, Timmermans A, Spildooren
J. The impact of different types of exercise training on peripheral
blood brain-derived neurotrophic factor concentrations in older
adults: A meta-analysis. Sports Med Auckl NZ. 2019; 49(10):
1529-46.

Devenney KE, Guinan EM, Kelly AM, Mota BC, Walsh C, Olde
Rikkert M, et al. Acute high-intensity aerobic exercise affects
brain-derived neurotrophic factor in mild cognitive impairment: A

21



The Indonesian Biomedical Journal, Vol.16, No.1, February 2024, p.1-93

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

22

randomised controlled study. BMJ Open Sport Exerc Med. 2019;
5(1): €000499. doi: 10.1136/bmjsem-2018-000499.

Jirimée J, Hofmann P, Jirimde T, Méestu J, Purge P, Wonisch M, et
al. Plasma adiponectin response to sculling exercise at individual
anaerobic threshold in college level male rowers. Int J Sports Med.
2006; 27(4): 272-17.

Jirimée J, Purge P, Jirimde T. Adiponectin is altered after maximal
exercise in highly trained male rowers. Eur J Appl Physiol. 2005;
93(4): 502-5.

Jirimée J, Purge P, Jurimde T. Adiponectin and stress hormone
responses to maximal sculling after volume-extended training
season in elite rowers. Metabolism. 2006; 55(1): 13-9.

Racil G, Ben Ounis O, Hammouda O, Kallel A, Zouhal H, Chamari
K, et al. Effects of high vs. moderate exercise intensity during
interval training on lipids and adiponectin levels in obese young
females. Eur J Appl Physiol. 2013; 113(10): 2531-40.

Ingerslev B, Hansen JS, Hoffmann C, Clemmesen JO, Secher NH,
Scheler M, et al. Angiopoietin-like protein 4 is an exercise-induced
hepatokine in humans, regulated by glucagon and cAMP. Mol
Metab. 2017; 6(10): 1286-95.

Shimomura Y, Honda T, Shiraki M, Murakami T, Sato J, Kobayashi
H, et al. Branched-chain amino acid catabolism in exercise and liver
disease. J Nutr. 2006; 136(1): 250S-3S.

Roberts LD, Bostrom P, O’Sullivan JF, Schinzel RT, Lewis GD,
Dejam A, et al. f-Aminoisobutyric acid induces browning of
white fat and hepatic f-oxidation and is inversely correlated with
cardiometabolic risk factors. Cell Metab. 2014; 19(1): 96-108.

Evans M, Cogan KE, Egan B. Metabolism of ketone bodies
during exercise and training: Physiological basis for exogenous
supplementation. J Physiol. 2017; 595(9): 2857-71.

Margolis LM, O’Fallon KS. Utility of ketone supplementation to
enhance physical performance: A systematic review. Adv Nutr.
2020; 11(2): 412-9.

O’Mara AE, Johnson JW, Linderman JD, Brychta RJ, McGehee S,
Fletcher LA, et al. Chronic mirabegron treatment increases human
brown fat, HDL cholesterol, and insulin sensitivity. J Clin Invest.
2020; 130(5): 2209-19.

Finlin BS, Memetimin H, Zhu B, Confides AL, Vekaria HJ, El Khouli
RH, et al. The B3-adrenergic receptor agonist mirabegron improves
glucose homeostasis in obese humans. J Clin Invest. 2020; 130(5):
2319-31.

Li S, Li Y, Xiang L, Dong J, Liu M, Xiang G. Sildenafil induces
browning of subcutaneous white adipose tissue in overweight
adults. Metabolism. 2018; 78: 106-17.

Baskin AS, Linderman JD, Brychta RJ, McGehee S, Anflick-Chames
E, Cero C, et al. Regulation of human adipose tissue activation,
gallbladder size, and bile acid metabolism by a B3-adrenergic
receptor agonist. Diabetes. 2018; 67(10): 2113-25.

Loh RKC, Formosa MF, La Gerche A, Reutens AT, Kingwell

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Print ISSN: 2085-3297, Online ISSN: 2355-9179

BA, Carey AL. Acute metabolic and cardiovascular effects of
mirabegron in healthy individuals. Diabetes Obes Metab. 2019;
21(2): 276-84.

Cuevas-Ramos D, Mehta R, Aguilar-Salinas CA. Fibroblast growth
factor 21 and browning of white adipose tissue. Front Physiol.
2019; 10: 37. doi: 10.3389/fphys.2019.00037.

Drucker DJ, Nauck MA. The incretin system: Glucagon-like
peptide-1 receptor agonists and dipeptidyl peptidase-4 inhibitors in
type 2 diabetes. Lancet. 2006; 368(9548): 1696-705.

Campbell JE, Drucker DJ. Pharmacology, physiology,
mechanisms of incretin hormone action. Cell Metab. 2013; 17(6):
819-37.

Nogueiras R, Pérez-Tilve D, Veyrat-Durebex C, Morgan DA, Varela

and

L, Haynes WG, et al. Direct control of peripheral lipid deposition
by CNS GLP-1 receptor signaling is mediated by the sympathetic
nervous system and blunted in diet-induced obesity. J Neurosci.
2009; 29(18): 5916-25.

Miiller TD, Finan B, Bloom SR, D’Alessio D, Drucker DJ, Flatt PR,
et al. Glucagon-like peptide 1 (GLP-1). Mol Metab. 2019; 30: 72—
130.

Astrup A, Rossner S, Van Gaal L, Rissanen A, Niskanen L, Al
Hakim M, et al. Effects of liraglutide in the treatment of obesity: A
randomised, double-blind, placebo-controlled study. Lancet. 2009;
374(9701): 1606—16.

Drucker DJ. Mechanisms of action and therapeutic application of
glucagon-like peptide-1. Cell Metab. 2018; 27(4): 740-56.

Jastreboff AM, Kaplan LM, Frias JP, Wu Q, Du Y, Gurbuz S, ef al.
Triple-hormone-receptor agonist retatrutide for obesity — A phase
2 trial. N Engl J Med. 2023; 389(6): 514-26.

Sin N, Meng L, Wang MQ, Wen JJ, Bornmann WG, Crews CM. The
anti-angiogenic agent fumagillin covalently binds and inhibits the
methionine aminopeptidase, MetAP-2. Proc Natl Acad Sci USA.
1997; 94(12): 6099—-103.

Lijnen HR, Frederix L, Van Hoef B. Fumagillin reduces adipose
tissue formation in murine models of nutritionally induced obesity.
Obesity. 2010; 18(12): 2241-6.

Datta B, Majumdar A, Datta R, Balusu R. Treatment of cells with
the angiogenic inhibitor fumagillin results in increased stability
of eukaryotic initiation factor 2-associated glycoprotein, p67, and
reduced phosphorylation of extracellular signal-regulated kinases.
Biochemistry. 2004; 43(46): 14821-31.

Hughes TE, Kim DD, Marjason J, Proietto J, Whitehead JP, Vath
JE. Ascending dose-controlled trial of beloranib, a novel obesity
treatment for safety, tolerability, and weight loss in obese women.
Obesity. 2013; 21(9): 1782-8.

An J, Wang L, Patnode ML, Ridaura VK, Haldeman JM, Stevens RD,
et al. Physiological mechanisms of sustained fumagillin-induced
weight loss. JCI Insight. 2018; 3(5): €99453. doi: 10.1172/jci.
insight.99453.



