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Abstract
As the obesity epidemic continues, more Americans are getting fatter, having more weight-related problems such as

cardiovascular disease, and are experiencing new metabolic dysfunctions. For over 50 years, the adipose tissue (AT),

commonly referred to as fat, has been of interest to academic and clinical scientists, public health officials and individuals

interested in body composition and image including much of the average public, athletes, parents, etc. On one hand,

efforts to alter body shape, weight and body fat percentage still include bizarre and scientifically unfounded methods. On

the other hand, significant new scientific strides have been made in understanding the growth, function and regulation of

anatomical and systemic AT. Markers of transition/conversion of precursor cells that mature to form lipid assimilating

adipocytes have been identified. Molecular ‘master’ regulators such as peroxisome proliferator-activated receptor gamma

and CCAAT-enhancer-binding proteins were uncovered and regulatory mechanisms behind variables of adiposity defined

and refined. Interventions including pharmaceutical compounds, surgical, psychosocial interventions have also been

tested. Has all of the preceding research helped alleviate the adverse physiologies of overweight and/or obese people?

Does research to date point to new modalities that should be the focus of efforts to rid the world of obesity-related

problems in the 21st century? This review provides a general overview of scientific efforts to date and a provocative view

of the future for adiposity.
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Introduction

The obesity pandemic is growing at an alarming rate with
2009 estimates of US$60 billion per year of medical costs
in the USA alone.1 Obesity has both personal and economic
costs.2 Obesity increases the risk of diabetes, heart disease,
fatty liver and certain types of cancer3,4 and the inter-
relationships of these co-morbidities, referred to as meta-
bolic syndrome, point to the complexity of this issue.5

Obese adults and children appear to have lower quality of

life ratings due to health related issues indicating psychosocial
impact as well. Thus, the human and economic costs of
obesity and its co-morbidities have, by necessity, resulted
in vast research efforts in lipid and energy metabolism
with additional heavy research emphasis on insulin func-
tion. Despite the impressive increase in understanding of
various aspects of lipid metabolism, definitive treatments
to combat obesity and its co-morbidities have not
emerged. Remediation efforts for long-term, safe and sus-
tained weight loss have not been very efficacious,
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independent of the type of intervention. The most scientifi-
cally valid strategy to avoid obesity is currently prevention;
the ‘don’t get fat’ concept. But this has done little to address
the crisis faced by millions who already have excess body fat
and body weight.

Physiological processes to promote energy balance have
been targeted to expedite the process of fat/weight loss in
the fight against obesity through various weight loss proto-
cols and medications. While not covered in this review,
surgical, medical, physical activity and psychosocial inter-
ventions also have an extensive range of applications, but
few prove to be successful in maintaining healthy weight
and fat composition long term.6 Therefore, the purpose of
this review is to first highlight the various pharmacotherapy
intervention strategies to remediate obesity,7 including
major lipid metabolism-related processes that may be
regulated (include food intake [usually centrally acting
anorectics or severe caloric restriction], fat digestion and
absorption inhibitors, and direct regulation of adipogenesis,
lipogenesis and lipolysis). Then some innovative treatment
strategies based on bioactive edibles and more recent devel-
opments in adipose tissue (AT)/fat cells biology are
discussed.

Current treatments for obesity

Historically, antiobesity medications have been plagued
with either ineffectiveness or significant side-effects that
warrant discontinuing the treatment.8,9 For example, exces-
sive thyroid hormone or amphetamines were previously
used to treat obesity. Heart disease was a significant
side effect of the drug combination fenfluramine and
phentermine resulting in withdrawal of the medication.10

Physiological processes involved in lipid deposition and
break down are necessary for energy balance and energy
availability in humans and animals. Excess energy intake
eventually causes excessive storage of lipids and dysregula-
tion of lipid metabolism and development of obesity.11

While excess energy intake is the starting point of obesity,
obesity appears to result from a complex relationship
between energy and fat intake, blood glucose, insulin and
metabolic memory of fat synthesis.12 Classical pharmaco-
logical approaches for obesity treatments include drugs
that inhibit food intake through the central nervous
system and compounds that block the absorption of lipids
in the gastrointestinal tract. In some cases during drug
discovery for centrally acting antidepressants and other
psychosomatic compounds, workers noted that such com-
pounds also affected food intake. This led to further work
with such compound as food-intake regulators.13,14

Pharmacological approaches to prevent excess fat de-
position would be an obesity prevention strategy rather
than a treatment and have been conducted in farm
animals. Extensive work in regulating lipid metabolism
was done with immature, growing farm animals in an
effort to decrease fat deposition.15 These studies have pro-
vided much needed insight into AT growth regulation,
and have resulted in successful strategies to maximize lean
tissue growth while minimizing adipose accretion in

growing animals. Currently used strategies include dietary
manipulation, genetic selection, and environmental optim-
ization. In addition, this research led to the development
of pharmaceutical compounds, including growth hormone
(GH) and beta-adreno-receptor agonists (BAA), for the pro-
motion of lean tissue growth while limiting adiposity.
Epinephrine was implicated early in activating lipolysis.
This endogenous catecholamine/neurotransmitter, a BAA,
binds to membrane G protein-coupled adrenergic receptors
(GPCRs) and activates hormone-sensitive lipase (HSL) and
perilipin via cAMP action.12,15,16 Perilipin is bound to lipid
droplets; HSL is translocated to lipid droplets followed by
adipose triacyl-glycerol lipase (ATGL). The combination of
these enzymes results in the break-down of triacylglycerides
and the release of non-esterified fatty acids into the blood
stream.16 Isoproterenol, clenbuterol, and ractopamine are
synthetic/exogenous BAA and demonstrate strong lipolytic
effects when administered to animals.17,18 However, these
BAA compounds also attenuate de novo fatty acid synthesis
via transcriptional regulation of fatty acid synthase.19

In combination, these pharmacological effects of GPCR-
ligands/beta-agonists lower fat deposition in growing
animals and stimulate net protein deposition in skeletal
muscle.15,20 Even in growing animals, these BAA lose effec-
tiveness within 3–4 weeks likely through beta adrenergic
receptor down-regulation upon chronic stimulation.19

While BAA may be useful for short term regulation of
lipid deposition in growing animals, the use of highly
potent BAA for any long-term human applications to
remediate obesity would appear to be too risky and is
not approved by the US Food and Drug Administration
(FDA).

Similar to BAA, administration of GH to growing, finish-
ing pigs resulted in increased lipolysis, attenuation of
de novo fatty acid biosynthesis and increased lean gain.
Surya et al.21 utilized various modes of GH administration
in a short-term study to evaluate rates of lipolysis and
hepatic glucose production in obese subjects. They found
that only pulsatile GH administration regimen would
augment rates of lipolysis. In addition, GH had no effects
on hepatic glucose production, but pulsatile and continuous
GH infusions both impaired insulin sensitivity. These
results indicate that human responses to exogenous GH
administration mirror those reported in animal studies,
but do not lead to any immediate long-term treatment
paradigms.

Effective long-acting drugs have been eagerly searched
out and developed, often with disappointing results. Lack
of efficacy or unacceptable side-effects have derailed many
of these drugs in translational work/clinical trials.22

The potential of developing effective and safe centrally
acting antiobesity drugs has received wide attention and
major discovery and development research investments by
pharmaceutical companies. To date, obesity medications
are not cures and should only be considered treatments.
Furthermore, information to date suggests permanent
consequences to AT growth even after ‘treatment’ which
implies we may be limited to prevention and treatments
without the possibility of a cure. Hence issues of long-term
efficacy, safety and minimal deleterious side-effects after
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prolonged use have been primary factors in the translation
of discovery research to clinical practice.

The drug orlistat, which inhibits fat absorption, has been
for several years the only remaining drug approved by the
FDA for long-term use in the treatment of obesity (for
newer compounds, see below). Orlistat provides modest
reduction of weight gain but side-effects including blood
pressure lowering and negative implications of undigested
fat in the gastrointestinal tract mean this medication is not
appropriate for many individuals. The effect of this drug
specifically on the gut microbiome has not been extensively
evaluated which may have significant implications as
new research suggests that the gut microbiome differs
(shift from bacteroidetes to firmicutes) between mice fed
on high- or low-fat diets.23 Curiously, preventing fat absorp-
tion to decrease energy uptake as antiobesity pharma-
cotherapy may result in similar, but yet unexplored effects
on gastointestional bacteria akin to high-fat diets per se.
Thus, with the apparent limited application of orlistat the
urgent need for new therapeutic approaches to treat
obesity remains.24

Initial excitement for the potential use of leptin as a cure
for obesity was tempered by the lack of effectiveness in
much of the obese population. Once the role of leptin in
food intake was established,25 extensive work has been
done with adipokines such as leptin and adiponectin and
the brain leptin receptors. These studies have clearly out-
lined the role of such key adipokines in energy metabolism
and food intake;26 however, translation of such knowledge
to clinical strategies has not been easy. For example,
simple administration of leptin has not been fruitful in over-
coming energy balance dysregulation.22 Bray27 and Heal
et al.22 have reviewed the efficacy and the safety of available
antiobesity drugs and newly emerging drug candidates
including neuropeptide Y (NPY), Y2, Y4 agonists, mono-
amine reuptake inhibitors, melanin concentrating hormone1
receptor antagonist, MC4 agonists, amylin-leptin agonists,
ghrelin agonists, 5-HT 2C agonists, 5-HT6 antagonists, com-
bination therapies and others. As such, these are not
reviewed in this paper.

Initial data in rodents suggested that a combination of
leptin and amylin (also known as islet amyloid polypeptide)
together induced substantial weight loss by acting on appe-
tite and energy expenditure.28 – 30 The aim now is to evaluate
the safety and long-term efficacy of this combined therapy
because both leptin and amylin have been shown to affect
the cardiovascular system. Indeed, a combined treatment
of rats with leptin and amylin reduced blood pressure, an
effect that is more specific to leptin.31

In summary, the modes of action of candidate drugs
reviewed here are not completely elucidated and issues of
efficacy and the development of long-term side-effects are
relatively common.22,27 Unfortunately, many more candi-
date drugs fail clinical trials and are removed from potential
use than those that remain for development.22,27

Potential new treatment strategies

While the classic target of reducing net energy availability
have not provided successful treatments of obesity, better

molecular understanding of AT now provides us with
alternative targets. The AT research field was markedly
altered since the discovery of leptin and other adipokines,
qualifying AT as an endocrine organ. Since then, a
number of new factors and mechanisms have been ident-
ified, providing different pharmaceutical targets.

AT-derived adipokines and cytokines

The endocrine secretions of AT include numerous proteins.
Some of these, including leptin and adiponectin affect food
intake and energy homeostasis in multiple tissues while
others, such as tumor necrosis factor (TNF)-a and inter-
leukin (IL)-6, induce recruitment of macrophages into AT
by largely unknown mechanisms. As such, mechanisms
involved in maintenance of normal energy homeostasis
are linked to obesity, inflammation, insulin resistance and
the metabolic syndrome. While many additional details
about the cross communication/crosstalk among adipo-
cyte-released adipokines, chemokines and target tissues
are emerging, we have not exploited these findings for
the development of effective therapeutic agents against
obesity and associated morbidities. Moreover, once estab-
lished, obesity cannot really be cured but only treated.
Importantly, the roles of many identified compounds have
not been elucidated and may provide the essential key
needed for successful obesity treatment.

Targeting the adipocyte

Successfully targeting the adipocyte to prevent adipose
accumulation requires understanding of AT development
and expansion. It is well known that AT growth during
obesity occurs through both adipocyte hypertrophy and
hyperplasia,32,33 which provides opportunities to limit AT
expansion at the cellular level. In addition, increasing adipo-
cyte apoptosis re-programming of adipose progenitors to
become brown-like adipocytes capable of oxidizing fatty
acids provide intriguing possibilities.

Although the transcriptional cascade controlling adipo-
genesis has been well characterized over the past two
decades and the mechanisms by which key adipogenesis
regulators such as peroxisome proliferator-activated
receptor gamma (PPARg) and CCAAT/enhancer binding
protein a (CEBPa) act are now being fully elucidated,34,35

only a little is known about adipocyte hyperplasia during
normal AT growth and in diet-induced obesity. A new
area of research on AT expansion is now emerging with
the characterization of adipocyte progenitor cells. The
factors that control the recruitment and the proliferation of
these cells in response to excess nutrients are not known.
Indeed, in the last four years, many studies have identified
a stem cell population within white AT that could differen-
tiate to mature adipocytes both in vitro and in vivo.36,37

These cells were shown to proliferate within white AT
depots in response to excess nutrients,38 but the factors or
the cells that impact their expansion are unknown. It is
also unknown if the characteristics of human adipose pro-
genitors are the same as in mice and if their response to
excess nutrients is the same. Understanding the mechanisms
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that regulate adipose progenitor cell proliferation/recruit-
ment should provide additional targets that may be useful
in the prevention, rather than the treatment, of obesity.

Other cell types within AT

Historically, AT was considered homogenous, but is known
to consist of several different cell types – all that contribute
to the respective transcriptome and proteome of the tissue.
Mature adipocytes, stromal vascular cells (fibroblasts, prea-
dipocytes and non-differentiated mesenchymal stem cells),
endothelial cells, macrophages, and other undefined cells
are present in varying percentages and in a depot-specific
manner.39 Adipokines, cytokines, and chemokines are pro-
duced and released by these different cells for communi-
cation and interaction among these cells and with other
tissues.40 Recently, the agouti signaling protein, a secreted
protein linked to obesity,41 was detected in mature adipo-
cytes as well as in non-lipid containing cells within connec-
tive tissue.42 Preadipocytes were shown to play a pivotal
role in the development of insulin resistance via increasing
cytokine/chemokine expression.40 To better understand
the role of adipokines in AT and in obesity, both the secret-
ing cell and the target cell needs to be identified. Of late,
numerous studies have indicated mature adipocytes could
dedifferentiate spontaneously, in vitro, and the subsequent
progeny cells (fibroblast-like) had the ability to re-
differentiate into lipid-assimilating fat cells.43 – 47 These
studies indicate that mature adipocytes are not the termin-
ally differentiated cell type once thought and they might
be one of the precursor cells committed to repeated adipo-
genesis. Yet, the dedifferentiation phenomenon of mature
adipocytes is still being explored in vivo and the regulation
of the cellularity of mature adipocytes has not yet been
examined. It remains to be shown whether it is possible to
induce mature adipocytes to lose their lipid and prevent
their progeny cells to re-assimilate lipids. Moreover, as
recent evidence suggests, progeny cells may serve as a
source of stem cells for a variety of applications.48,49

Targeting skeletal muscle: AT and muscle interaction

Special attention has also been given to developing progeni-
tor cells within and between muscles. Studies have shown a
positive correlation between the amounts of AT interspersed
around and between skeletal muscle (determined with com-
puted tomography) and insulin resistance.50 In contrast, no
similar relationship was found between subcutaneous AT
and insulin sensitivity in the same individuals. The cellular
composition of skeletal muscle is dominated by myocytes,
which are heterogeneous in metabolic and contractile charac-
teristics. Interactions between different cell types in the
tissue – especially between adipocytes and myocytes –
involve numerous factors with autocrine/paracrine and
endocrine action. It is well established that adipocytes act
as secretory cells51 and myocytes produce and release a
variety of bioactive compounds induced by contraction.52

Adipokines and myokines facilitate bidirectional cross-talk
between AT and skeletal muscle but also with other
organs and tissues.53 Trayhurn et al. noted that several

proteins identified as adipokines are also components of
the myokinome.53 Therefore, they established the term
‘adipo-myokine’ for these proteins. Examples are IL-6, IL-8
and monocyte chemoattractant protein-1 (MCP-1), all
having different functions depending on the physiological
situation (exercise, lack of physical activity, inflammation,
etc.). Processes such as lipolysis and insulin sensitivity are
controlled by myokines and adipokines. Several adipokines
and myokines are suggested to have reciprocal effects54 and
are involved in the recruitment of muscle stem cells into the
adipogenic lineage and vice versa.55

Molecular mechanisms involved in the conversion of
muscle stem cells into the adipogenic lineage include,
among others, PPARs as well as muscle-derived factors
like myostatin.54 On the other hand, the activation of a
myokine, called irisin, by the transcription factor peroxisome
proliferator-activated receptor gamma coactivator-1a56 can
stimulate of white AT to metabolically active AT designated
‘beige’ AT.57 Beige adipocytes express low basal levels of
mitochondrial uncoupling protein (UCP-1) but express
high levels of UCP-1 and exhibit high respiration rates fol-
lowing cyclic AMP stimulation.57 Furthermore, the differen-
tiation of beige adipocytes protects prolactin
receptor-deficient mice from high-fat-induced obesity.58

Irisin induces changes in AT s by inducing beige adipocytes
which have thermogenic function, making irisin a promis-
ing target for the development of therapeutic strategies
against obesity. Further study of factors that regulate beige
adipocyte differentiation per se is a promising area of
research that may impact the study of obesity.

Alternative approaches for a cure/obesity
intervention

Long-term weight gain may be accounted for by a small
extra increment of daily energy intake above daily require-
ments without any compensating exercise bouts.27,59 This
input/output model may not be the complete answer to
obesity in its later clinical manifestations. It is apparent
that, while challenging, simply targeting input and output
with pharmaceutical interventions may be inadequate. Just
as it took years of seemingly inconsequential calorie
excess to accumulate the weight, losing the weight by see-
mingly insignificant caloric reduction should be considered
as a long-term proposition as well. Despite extensive
explorations into long-term energy balance mechanisms in
humans and animals, we appear not to fully understand
how to prevent this slight, persistent creep-up effect in
food intake except via exceptional discipline. Recent work
has shown that longterm, consistent increases in food
intake apparently results in extensive metabolic re-modeling
in both subcutaneous and visceral AT establishing a state
of obese adipose, characterized by the development of
blood vessel networks, increase in extracellular matrix,
inflammation, cytokine secretion and cross talk with other
tissues.60,61 This would likely result in a more complex
clinical state where loss and gain of fat depots is not
simply a function of energy balance. One may speculate
that the process of obesity development may include
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counterbalancing between various central and peripheral
tissues regulatory systems involved in energy balance.60,61

Thus, it would appear that a much more successful
approach to weight gain, obesity and associated morbidity
issues requires either comprehensive approaches or preven-
tion. A model for a pharmacological prevention approach
may be the use of BAA in growing (farm) animals to coun-
teract fat gain in the first place. In pigs, this is accomplished
by lowering fat synthesis and repartitioning dietary
energy to lean tissue deposition.19,62 Preventive tactics
such as local or statewide ordinances or legislation specify-
ing serving sizes of fast food items and contents of food
items are likely to meet stiff opposition because of privacy
rights and constitutional protections against unwarranted
interference by governments into private decisions. This
approach is presently utilized in New York City, NY on
some food/fast-food items; however, outcomes of such
governmental actions remain unknown.

New role of edibles/diets in obesity
prevention and remediation:
bio-active compounds

The discovery of bio-active molecules in certain spices, nuts
and other edible plant materials provided new opportu-
nities for orally active antiobesity agents. Most of the bio-
active compounds are able to inhibit adipogenesis and/or
lipogenesis leading to reduced adiposity and inflammation
as described below. For example, Park et al.63 have recently
reported that piperine, a component of black pepper, in-
hibits adipogenesis by antagonizing PPARg activity in cul-
tured 3T3-L1 cells. Commonly seen in pharmaceutical
compounds, some bioactives appear to have greater efficacy
in vitro than in vivo. Nonetheless, another pepper com-
pound, capsiate, has shown small effects when consumed
by people64 and appears to act on very different pathways
than those previously targeted. This compound appears to
target the transient receptor potential vanilloid subtype 1
(TRPV1) receptors in the gastrointestinal tract but not
those associated with taste perception found in the oral
cavity. In addition, bioactive substances such as omega-3
polyunsaturated fatty acids or polyphenols have proven
their efficacy on reducing adiposity and AT inflammation
when used in mice fed a high-fat diet.65 – 67 The exact mech-
anism by which these compounds reduce adiposity is not
completely understood but their effect on inflammation
and metabolic homeostasis is believed to be mediated (at
least in part) via the antioxidant properties of these mol-
ecules. Central nutrient sensing mechanisms, such as inter-
mediates in fatty acid biosynthesis, may be an additional
potential approach of controlling obesity. For example,
Lane and co-workers have reported studies on hypothala-
mic malonyl-CoA and carnitine palmitoyltransferase 1 in
the putative treatment of obesity.68 Unfortunately, previous
drugs affecting food intake and absorption are generally
ineffective long term regardless of whether the target is
food intake, nutrient uptake or metabolic disruption.
However, a few dietary supplement ingredients have been
documented to have direct/different mechanisms of action

that affect adipocyte differentiation, activation and lipolysis
without resorting to stimulants. For example, rats overfed
medium chain triglycerides for six weeks showed signifi-
cantly decreased overall weight, fat pad weight and adipo-
cyte size (but similar adipocyte number) compared with a
cohort fed a similar amount of fat as long chain triglycer-
ides.69 In addition, composition of dietary macronutrient
ingredients may affect adiposity through alternative pro-
cesses such as increased thermogenesis and fatty acid oxi-
dation – similar to the Atkins diet (high fat-pro-ketosis
diet) to promote a fat reducing state.70 Medium chain trigly-
cerides (C8 and C10) have been used for years as an alternate
(and rapid) energy source for parenteral and prenatal nutri-
tion but have also been tested for weight loss.69,71 – 81 Table 1
lists some recent ingredients and putative mechanisms with
human clinical evidence.69,71 – 91 In the absence of more
novel approaches to remediate obesity than hitherto
applied, the only options to avoiding obesity is disciplined
eating or addressing the obesity issue with long-term,
calorie-restricted weight loss programs and avoidance of
the rebound effect.

Updates to antiobesity drugs with a link
to diabetes

Weight loss is especially important but also more challen-
ging for subjects with type 2 diabetes, than those without
diabetes.92 Current guidelines from the American Diabetes
Association recommend that individuals with type 2
diabetes achieve modest weight loss (5–7%) to improve
glycemic control and reduce cardiovascular risk.93 Thus,
weigh loss is especially important and can help patients
with type 2 diabetes. While lifestyle interventions (caloric
reduction and physical activity) can help achieve healthy
weights, effective weight loss has been more consistently
observed in individuals using antiobesity medications.
Such drugs are typically prescribed to obese patients with
a body mass index (BMI) .30 kg/m2 or to overweight
patients with BMI , 30 kg/m2 with at least one co-morbid
condition. Most antiobesity medications affect body weight
via biological mechanisms that suppress appetite and a
few of these drugs affect those mechanisms that regulate
nutrient absorption. Major antiobesity drugs include pram-
lintide, AOD9604, oleoyl-estrone, trk-beta antagonists and
melanin concentrating hormone and the newly approved
drugs, phentermine/topiramate (QsymiaTM, VIVUS, Inc.,
Mountain View, CA, USA) and lorcaserin (Belviqw, Arena
Pharmaceuticals GmbH, Zofingen, Switzerland), all of
which can reduce obesity and to some extent reduce some
co-morbid conditions.

Until recently, very limited options for obesity treatment
have been available. The FDA recently approved two new
medications for weight loss. The first, Belviq (lorcaserin
HCl) was approved in June 2012, and second, QsymiaTM

(phentermine and topiramate), was approved in July 2012.
These two drugs are the first to be approved in 13 years.
Lorcaserin is a selective serotonin receptor agonist that
works specifically on appetite signals in the brain. A
recent double-blind placebo-controlled randomized trial
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that lasted over one-year, named BLOOM-DM (Behavioral
Modification and Lorcaserin for Obesity and Overweight
Management in Diabetes Mellitus) evaluated effects of this
drug in 604 obese and overweight participants with type 2
diabetes.94 Lorcaserin use for up to one year in obese and
overweight patients with type 2 diabetes was associated
with statistically significant weight loss (5% versus 1.5%
for placebos), and significant improvements in glycemic
control. Previous clinical trials also demonstrated that lorca-
serin decreased body weight in non-diabetic overweight
and obese individuals.95

QsymiaTM is a newly approved medication for chronic
weight management in adults who are obese, or overweight
with at least one weight-related co-morbidity such as hyper-
tension, type 2 diabetes mellitus or dyslipidemia. This drug
is a combination of phentermine, a sympathomimetic amine
approved by the FDA in 1959 and topiramate extended
release, a fructose monosaccharide derivative, and an antie-
pileptic drug approved in 1996 with caloric reducing effects.
In a recent randomized controlled trial, QsymiaTM, in
conjunction with lifestyle modification produced statisti-
cally significant weight loss, compared with placebo.
Importantly, this combined therapy also led to better
improvements in in co-morbidities compared with other
antiobesity treatments.96 The combination’s efficacy of
these two drugs exceeded the maximal response achieved
with either individual agent alone at equivalent doses,
likely because each is targeting a different mechanism(s)
that impacts energy balance.

Gene/hormone therapy

The fact that most pharmacological alternatives used to treat
type 2 diabetes and obesity eventually fail suggests that a
targeted approach may be more effective in achieving
results that are more durable. Furthermore, the lifelong com-
mitment of these drugs raises the risk for toxicity and resist-
ance. Gene therapy may offer the possibility for a targeted
approach without the requirement for a daily treatment.
During the last few years several genes have been identified
that are related with biochemical pathways that regulate
glucose and lipid metabolism with potential for gene thera-
peutic strategies (including suppression of enhancement of
targeted gene or protein expression) that may be used for
the treatment of obesity and type 2 diabetes.

Leptin

Deregulation of the glucose–insulin axis is associated
with a leptin-deficit and insufficient hypothalamic leptin
signaling.97,98 Transgene over-expression of leptin antagon-
izes leptin insufficiency thereby producing hyperleptinemia
and suppressing, over several weeks, weight gain, adiposity
and blood insulin levels in normal adult rats.99,100

Furthermore, a single intramuscular injection of a recombi-
nant adeno-associated virus (AAV) vector encoding mouse
leptin (rAAV-leptin) in ob/ob mice (genetically deficient in
leptin) lead to normalization of hyperglycemia and appetite
and repressed obesity and blood insulin in obese mice, for
up to the 6-month duration of the experiment.101 In a
recent study using db/db mice (a naturally diabetic mouse
with a genetic defect in the receptor for the fat-lowering
hormone leptin) neurons were transplanted into the hypo-
thalamus partially restoring leptin responsiveness and ame-
liorating hyperglycemia and obesity.102

Adiponectin

Adiponectin is an adipocyte-secreted adipokine that regu-
lates fatty acid oxidation and glucose uptake103 via AMP-
activated protein kinase (AMPK)-dependent pathway.104

AMPK is an enzyme also involved in energy control, appe-
tite regulation, adipocyte differentiation and myogenesis.105

Short-term over-expression of AMPK in the liver by
adenovirus-mediated transfer reduces blood glucose levels
and results in a switch from glucose to fatty acid utilization
to supply energy needs.106 Studies showed that adiponectin
decreases insulin resistance by decreasing triglyceride
content in muscle and liver in obese mice and decreased
adiponectin is closely related with insulin resistance.107

Transgenic expression of human adiponectin decreased the
excessive fat accumulation of subcutaneous and visceral
fat in mice fed a high-calorie diet.108 Adiponectin gene
therapy might provide s new treatment for insulin resistance
and obesity. However, while several examples exist that show
the potential for gene based therapy, more studies are
required to understand the gene and metabolic networks in
which these targets are involved and the impact of using
viral vectors before gene therapy can be applied to humans.

Glucose transporter 4

Several studies aimed at up-regulating the expression of
glucose transporter 4 (GLUT-4) have yielded some

Table 1 Sampling of new dietary supplement ingredients for weight loss products with adipocyte mechanisms of action

Ingredient Mechanism Human study results References

African mango seed extract (Irvingia

gabonensis)

PPAR-g, leptin and adiponectin gene

expression changes

4–13 kg weight loss at 10 weeks 140%

increase in adiponectin at 10 weeks

82,83,91

Veldt grape extract (Cissus quadrangularis) Anti-inflammatory 4–8 kg weight loss at 8 weeks 83–85

Brown seaweed extract

(Fucoxanthin) þ Pomegranate seed oil

UCP, PPARg gene expression changes;

inhibition of G3PD activity in adipocytes

6 kg weight loss at 16 weeks 86,87

Green coffee extract (chlorogenic acid),

decaffeinated

Decreased glucose absorption; inhibition of

hepatic glucose-6-phosphatase

5 kg weight loss at 8–12 weeks 88–90

Medium chain triglycerides Increased thermogenesis and fatty acid

oxidation; decreased fat deposition

Various 69,71–81

PPARg, peroxisome proliferator-activated receptor gamma
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interesting possibilities. Over-expression of GLUT4 in skel-
etal muscle of GLUT4þ/2 mice normalized insulin sensi-
tivity and glucose tolerance.109 Furthermore, it increased
glucose utilization, glycogen synthesis and decreased body
weight.110 Over-expression of GLUT4 in the AT of muscle-
specific GLUT4-deficient mice circumvents glucose intoler-
ance and diabetes.111

Adipose triglyceride lipase

ATGL is newly identified lipase which is expressed at high
levels in white AT and muscle tissue. Age-associated
changes in ATGL expression in white AT are depot and
species dependent with an increase noted in rat brown fat
tissue.112,113 In pigs and young rats, caloric restriction/
fasting resulted in increased ATGL expression in several
ATs whereas fasting produced no change in ATGL
expression in white ATs of older rats (7- and 13-month
old).112,113 Possibly, nutritional regulation of ATGL
expression in white AT is impaired with age. The impor-
tance of ATGL was further demonstrated by silencing adi-
pocyte ATGL gene expression which almost completely
abolished basal and TNF-a-induced adipocyte lipolytic
rate in 3T3-L1 adipocytes.114 Furthermore, the lipolytic
rates in cells with silenced HSL or CGI-58 (an ATGL coacti-
vator) were restored by over-expression of ATGL indicating
a predominant role for it.114 The most exciting results
demonstrated that, in mice, over-expression of ATGL in
adipocytes increased lipolysis and reduced adipocyte
lipid content and attenuated diet-induced obesity.115

Collectively these studies indicate that ATGL is a most
promising candidate gene for potentially reducing obesity.

Fat mass and obesity-associated protein

Fat mass and obesity-associated protein (FTO) is widely
expressed in fetal and adult tissues and abundantly
expressed in the brain.116 FTO gene was first found to be
strongly associated with obesity using a genome-wide
search in 2007116 and appears to be involved in energy
homeostasis by the control of energy expenditure.117 Lack
of FTO in mice leads to postnatal growth retardation and
a significant reduction in AT and lean body mass,117 while
over-expression of FTO leads to obesity in mice.118

It would be worthwhile to determine whether effective
therapies can be best achieved by suppressing, rather than
enhancing gene expression. FTO is widely expressed in
fetal and adult tissues and in the brain.116

Peroxisome proliferator-activated receptor g

Suppression of PPARg expression in white AT could
possibly limit the extent of depot lipid storage by negating
preadipocyte differentiation. Two feasible approaches
may be the over-expression of delta-like 1 (DLK1)/Pref1
or the use of specific micro-RNA to suppress PPARg
expression.119 – 122 Over-expression of DLK1, which blocks
PPARg expression, has been used in experimental protocols
to establish a role for this transcription factor in adipogen-
esis of fat cell lines in culture. Most recently, miR-27a was

identified as a negative regulator of adipocyte differen-
tiation by suppressing PPARg expression in 3T3-L1
cells.120 It was also reported that levels of miR-27a in
mature adipocytes of obese mice were much lower than
those noted in lean mice.120 While the long-term effects
and exogenous administration regimens of appropriately
targeted vectors to utilize these novel aspects of regulation
of preadipocytes in animals/humans have not been devel-
oped, the specificity of targeting the master regulator for
adipogenesis (PPARg) may indeed have minimal side-
effects and high efficacy.120

Angiopoietins

A novel potential agent for the treatment of obesity has
arisen from the study of a family of proteins structurally
similar to angiopoietins but identified and designated
‘angiopoietin-like proteins’ (ANGPTLs).123 ANGPTL1–7
are encoded by seven genes and possess some structures
characteristic of angiopoietins.123 Several ANGPTLs regu-
late angiogenesis, but ANGPTL3, and -4 influence AT
metabolism by directly inhibiting lipoprotein lipase activity
independent of angiogenic effects.124 ANGPTL4 is a
signal protein secreted into the blood in many forms to
modulate many physiological activities.125 Consideration
of ANGPTL4 as a potential agent to treat obesity and type
2 diabetes is based on numerous and varied studies. In
particular, animal studies have provided great insight
into ANGPTL4. Porcine ANGPTL4 was cloned and
mapped to chromosome 2q21!q24 region and many
other QTL and functional genes associated with back fat
thickness are also located in close proximity on this chromo-
sosme.126 Several studies indicate that ANGPTL4 is
expressed to the greatest degree in AT.126,127 Expression pro-
filing analysis of porcine AT shows a significant influence of
age on AT ANGPTL4 expression.128 Furthermore, 80%
caloric restriction (8 days) significantly up-regulated
porcine AT ANGPTL4 expression.129 And, treatment of
pigs with melanocyte-stimulating hormone via intracerebro-
ventricular canulation markedly up-regulated porcine AT
ANGPTL4 expression within 24 hours.130 Finally, in
related studies a novel target gene induced by PPAR-g
ligands (i.e. PPAR-g angiopoietin related [PGAR]) encoding
a novel member of the angiopoietin family of secreted
proteins was characterized and designated PGAR. The
expression of PGAR is primarily restricted to ATs and
placenta and is consistently elevated in genetic models of
obesity.131 Clearly, the evidence is considerable that
ANGPTL4 represents a potential agent for treatment of
obesity.

While several examples exist that show the potential for
gene-based therapies, more studies are required to under-
stand the gene and metabolic networks in which these
targets are involved and the impact of using viral vectors
before gene therapy can be applied to humans.

Metabolically healthy obese

While it is well established that obesity clearly increases the
risk for type 2 diabetes and metabolic syndrome, it has been

................................................................................................................................................
497



Experimental Biology and Medicine Volume 238 May 2013

reported that 20–30% of obese subjects remain at low risk
for these disorders. These are referred to as ‘metabolically
healthy obese (MHO)’ and typically exhibit insulin sensi-
tivity comparable to healthy non-obese subjects. MHOs
also have lower incidence of liver steatosis and heart
disease compared with most metabolically unhealthy
obese patients. Recent studies suggest that protection
against development of hepatic steatosis, ectopic fat depo-
sition, inflammation of visceral AT, and AT dysfunction con-
tributes to healthy obesity.132 – 134 Taken together these
findings clearly indicate that obesity is a complex metabolic
condition that cannot be simply attributed to increased fat
mass. Moreover, detailed studies of AT cellularity and
inflammation, as well as ectopic fat accumulation will
further enhance our understanding of the link between
obesity and metabolic disorders.

Summary

Despite our fairly detailed, and growing, understanding of
adipocytes, to date we have not yet been able to design clini-
cal treatments for obesity, insulin resistance and associated
morbidities. Once established, obesity cannot be cured –
only treated. In addition to weight loss protocols based on
caloric restriction, various remediation strategies against
obesity have also been studied, but are either ineffective
or cause substantial side-effects. Novel avenues based on
emerging understanding of body depot fat biology are
being explored in the attempt to find hitherto unknown
strategies which may be able to regulate the adverse symp-
toms of obesity or reverse obesity all together.
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6 Lagerros YT, Rössner S. Managing obesity – from childhood and
onwards. Int J Pediatr Obes 2011;6:74–8

7 Colon-Gonzalez F, Kim GW, Lin JE, Valentino MA, Waldman SA.
Obesity pharmacotherapy: what is next? Mol Aspects Med 2013;34:71–83

8 Misra M. Obesity Pharmacotherapy: current perspectives and future
directions. Curr Cardiol Rev 2012 [Epub ahead of print]

9 Lauer MS. Lemons for obesity. Ann Intern Med 2012;157:139–40
10 Griffen L, Anchors M. The ‘phen-pro’ diet drug combination is

not associated with valvular heart disease. Arch Intern Med
1998;158:1278–9

11 Hardie DG. Organismal carbohydrate and lipid homeostasis. Cold
Spring Harb Perspect Biol 2012;4:a006783

12 Miller RS, Becker KG, Prabhu V, Cooke DW. Adipocyte gene expression
is altered in formerly obese mice and as a function of diet composition.
J Nutr 2008;138:1033–8

13 Foltin RW. Effects of dietary and pharmacological manipulations on
appetitive and consummatory aspects of feeding in non-human
primates. Appetite 2005;45:110–20

14 Blundell JE. Serotonin manipulations and the structure of feeding
behaviour. Appetite 1986;7:39–56

15 Hausman GJ, Dodson MV, Ajuwon K, Azain M, Barnes KM, Guan LL,
Jiang Z, Poulos SP, Sainz RD, Smith S, Spurlock M, Novakofski J,
Fernyhough ME, Bergen WG. Board invited review: The biology and
regulation of preadipocytes and adipocytes in meat animals. J Anim Sci
2009;87:1218–46

16 Carmen GY, Victor SM. Signalling mechanisms regulating lipolysis.
Cellular signalling 2006;18:401–8

17 Mersmann HJ. Regulation of porcine adipose tissue lipolytic activity by
adrenergic agonists and antagonists. Comp Biochem Physiol C
1992;102:407–11

18 Mills SE. Biological basis of the ractopamine response. J Anim Sci
2002;80:E28–32

19 Halsey CH, Weber PS, Reiter SS, Stronach BN, Bartosh JL, Bergen WG.
The effect of ractopamine hydrochloride on gene expression in adipose
tissues of finishing pigs. J Anim Sci 2011;89:1011–9

20 Bergen WG, Johnson SE, Skjaerlund DM, Babiker AS, Ames NK,
Merkel RA, Anderson DB. Muscle protein metabolism in finishing pigs
fed ractopamine. J Anim Sci 1989;67:2255–62

21 Surya S, Horowitz JF, Goldenberg N, Sakharova A, Harber M,
Cornford AS, Symons K, Barkan AL. The pattern of growth hormone
delivery to peripheral tissues determines insulin-like growth factor-1
and lipolytic responses in obese subjects. J Clin Endocrinol Metab
2009;94:2828–34

22 Heal DJ, Gosden J, Smith SL. What is the prognosis for new
centrally-acting anti-obesity drugs? Neuropharmacology 2012;63:132–46

23 Hildebrandt MA, Hoffmann C, Sherrill-Mix SA, Keilbaugh SA,
Hamady M, Chen YY, Knight R, Ahima RS, Bushman F, Wu GD.
High-fat diet determines the composition of the murine gut microbiome
independently of obesity. Gastroenterology 2009;137:1716–24

24 Visscher TL, Seidell JC. The public health impact of obesity. Annu Rev
Public Health 2001;22:355–75

25 Friedman JM. Leptin at 14 y of age: an ongoing story. Am J Clin Nutr
2009;89:973S–9S

26 Clarke IJ. Models of ‘obesity’ in large animals and birds. Front Horm Res
2008;36:107–17

27 Bray GA. Medical therapy for obesity. Mt Sinai J Med 2010;77:407–17
28 Roth JD, Hughes H, Kendall E, Baron AD, Anderson CM. Antiobesity

effects of the beta-cell hormone amylin in diet-induced obese rats:
effects on food intake, body weight, composition, energy expenditure,
and gene expression. Endocrinology 2006;147:5855–64

29 Roth JD, Roland BL, Cole RL, Trevaskis JL, Weyer C, Koda JE,
Anderson CM, Parkes DG, Baron AD. Leptin responsiveness restored
by amylin agonism in diet-induced obesity: evidence from nonclinical
and clinical studies. Proc Natl Acad Sci USA 2008;105:7257–62

30 Trevaskis JL, Coffey T, Cole R, Lei C, Wittmer C, Walsh B, Weyer C,
Koda J, Baron AD, Parkes DG, Roth JD. Amylin-mediated restoration of
leptin responsiveness in diet-induced obesity: magnitude and
mechanisms. Endocrinology 2008;149:5679–87

................................................................................................................................................
498



Dodson et al. Research in adipocytes and obesity

31 Seth R, Knight WD, Overton JM. Combined amylin-leptin treatment
lowers blood pressure and adiposity in lean and obese rats. Int J Obes
(Lond) 2011;35:1183–92

32 Spalding KL, Arner E, Westermark PO, Bernard S, Buchholz BA,
Bergmann O, Blomqvist L, Hoffstedt J, Näslund E, Britton T, Concha H,
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