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DIPOSE TISSUE IS AN UNDERAPPRECIATED AND MISUNDERSTOOD ORGAN.

Capable of more than doubling in mass and then returning to baseline,!

white adipose tissue (WAT) continues to play an essential role in the devel-
opment of humans. WAT efficiently stores sufficient energy to free us from con-
stantly seeking food, permitting us to devote our physical and mental efforts to-
ward building civilization. Brown adipose tissue (BAT) consumes glucose and
triglycerides, generating heat. An organ designed for nonshivering thermogenesis,
BAT has enabled mammals to thrive in the current Cenozoic era. Once thought to
be physiologically irrelevant in adult humans, long-term activation of BAT has
been hypothesized to contribute to wide-ranging health benefits in tissues as di-
verse as the gastrointestinal, cardiovascular, and musculoskeletal systems.? High-
lighting the developments from the past 5 to 10 years, this review discusses the
two principal facets of human adipose tissue: its functional roles related to triglyc-
eride storage, as well as its excess in obesity, and its far-reaching, complementary
physiological roles in the endocrine system.

STRUCTURE AND DISTRIBUTION OF ADIPOSE-TISSUE DEPOTS

Too many people are confident that they know what fat is: an undesired body ap-
pendage that they strive to reduce over their entire lives. For those who struggle
to lose weight, fat is often a source of misery, not marvel. Among medical profes-
sionals, it had been disregarded to the extent that fat has merited little attention
in curricula and does not even feature in atlases of anatomy. Fortunately, the past
three decades have witnessed a revolution in our understanding of and perspective
on this tissue.> Fat is not one entity; it is a collection of related but different ana-
tomical and functional adipose-tissue depots.*> Derived principally from the meso-
derm,® human WAT begins to develop in the second trimester of pregnancy, and
by birth, both visceral and subcutaneous depots are well established. BAT first
arises during the late second trimester and protects newborns from cold as they
develop the ability to shiver. In lean adults, the entire WAT depot ranges from 20 to
30 kg in women (30 to 40% of total body mass) and 10 to 20 kg in men (15 to 25%
of total body mass).”

Fat mass can be estimated rapidly and in many persons with the use of inex-
pensive methods such as skinfold calipers, waist circumference, or body-mass
index (BMI). Assessments are more accurate with bioimpedance analysis and dual-
energy x-ray absorptiometry, and very precise calculations may be accomplished by
means of computed tomography (CT) and magnetic resonance imaging (MRI).?
The relative amounts and distribution of adult human BAT are predictably influ-
enced by allometric scaling. Adult mice, a common model for studies of vertebrate
physiology, weigh 20 to 50 g, and BAT is 2 to 5% of their body mass. Humans are
three orders of magnitude larger, so our lower ratio of surface area to volume and
greater insulation from muscle and WAT reduce the need for BAT thermogenesis.
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The distribution of adult human BAT is also
much more restricted, found only in certain ana-
tomical depots in the neck, shoulders, posterior
thorax, and abdomen.’ A unifying feature is that
these depots drain directly into the systemic
circulation and may lead to more rapid distribu-
tion of warmed blood to the rest of the body.

Quantification of active BAT is challenging
and relies on whole-body, noninvasive imaging
with the use of either positron-emission tomog-
raphy—CT or MRI.® The maximum detectable
BAT mass in humans appears to be approxi-
mately 1 kg, and in adults 20 to 50 years of age,
it ranges from 50 to 500 g, or 0.1 to 0.5% of
total body mass, and 0.2 to 3.0% of total adipose
tissue mass.’ The amount of BAT also varies ac-
cording to sex, and it has an inverse association
with age and BML." As discussed below, how
much further BAT mass can be increased in
humans and whether a larger proportion could
affect energy balance or metabolic health re-
main to be determined.

Fat tissue plays a central role in energy distri-
bution. All food eaten by mammals consists of
just three macronutrients: carbohydrates, proteins,
and fats. Even though individual meals can have
widely varying proportions of these three fuels,
the human body is capable of metabolic flexibil-
ity, which is the ability of mitochondria to alter
their substrate preference for fat as compared
with carbohydrate oxidation.'? Recent research
has shown that dysfunctional mitochondria lead
to insulin resistance in skeletal muscle, not
because of impaired flexibility in response to
substrate availability but because of an overall
decrease in substrate oxidation.!? Therefore,
overfeeding of any one of the macronutrients
— carbohydrates, proteins, or fats — ultimately
leads to a positive energy balance and weight
gain.® The contribution of macronutrient com-
position to energy expenditure and the develop-
ment of obesity and metabolic disease is an area
of active debate.’ The primary function of WAT
is to store energy in the form of triglycerides, yet
there are substantial, clinically relevant physio-
logical differences among the various WAT de-
pots.> Metabolic health risks are therefore due
at least as much to the location of excess triglyc-
eride storage as to the overall fat mass of the
body.’® WAT is commonly separated into visceral
fat and subcutaneous fat, which confer negative
and neutral or positive metabolic effects, respec-

tively."” Visceral fat can be divided into multiple
distinct regions with different metabolic risks.
The locations of the WAT and BAT depots'®* are
shown in Figure 1.

On the basis of microscopic anatomy and cell
physiology, it is more appropriate to refer to fat
as adipose tissue because it is composed of mul-
tiple distinct cell types. There are the adipocytes
themselves but also the stromal vascular fraction
— fibroblasts, blood and blood vessels, macro-
phages and other immune cells, and nerve tissue.
Relatively recent forms of technology involving
single-cell and single-nucleus RNA sequencing,
which are becoming an integral part of mapping
tissues and their complexity, have identified nu-
merous cell subtypes that play critical roles in
regulating adipogenesis, thermogenesis, and in-
terorgan communication.” In addition, the vari-
ous proteins and proteoglycans in the extracel-
lular matrix play an active role in the function of
both WAT and BAT.'%%*

Many features of adipose-tissue depots, such
as location, size, and metabolic behavior, are in-
fluenced by genetic background and sex.”” Beyond
that, adipose tissue is a dynamic organ. The
widely held belief that humans are born with all
the fat cells they will ever have, which are ca-
pable only of enlarging or shrinking, is now
understood to be incorrect. Innovative use of
isotopic labeling has enabled researchers to
measure new adipogenesis. These studies showed
that adipogenesis continues throughout life, with
a median turnover rate of 8% per year, indicat-
ing an entire replacement of the adipocytes in
the body every 15 years.”® For perspective, this
rate is similar to that of osteocytes and faster
than the turnover of many cardiomyocytes.”
Adipocyte precursor cells, known as preadipo-
cytes, are present in the stromal vascular frac-
tion and perivascular tissue, which are capable
of self-renewal.*® Growth of the adipocytes comes
both from hypertrophy, the enlargement of cell
size, and hyperplasia, the increase in cell num-
ber.3! The balance among hypertrophy, hyperpla-
sia, fibrosis, and lipolysis in both visceral and
subcutaneous WAT is associated with different
risks for progression to physiological dysfunc-
tion.>> The newfound diversity and capability
have led to the recognition that mammalian
adipose tissue is a “polychromatic” organ. In
addition to white and brown, there are distinct
thermogenic adipocytes, termed “beige/brite,”
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Figure 1 (facing page). Human Adipose Tissues.

Panel A shows the principal human adipose-tissue de-
pots from the frontal (left) and sagittal (center) planes.
Brown or beige depots are shown in brown, subcutane-
ous white fat in orange, and visceral white fat in yellow.
Panel A also shows CT scans, with axial views of the
abdomen (right), in two men with the same waist circum-
ference but different partitioning of the adipose-tissue
depots. Orange indicates subcutaneous fat, green retro-
peritoneal visceral fat, and yellow mesenteric visceral
fat. The volumes of fat refer to the sum of both the left
and right sides of the body.?° Panel B shows the three
principal types of adipocytes and their known physio-
logical roles. Panel C shows the molecular mechanisms
for thermogenesis in the adipose tissue. The upper dia-
gram on the left shows the tricarboxylic acid (TCA) cy-
cle and its interaction with the electron transport chain
(ETC), composed of coenzyme Q (CoQ), cytochrome C
(Cyt €), and complexes | through IV. In all cells with mito-
chondria, these two systems generate a proton-based
(H") electrochemical gradient (Ap) that enables the cells
to generate ATP through F F -ATPase. In brown and
beige/brite adipocytes, stimulation of B-adrenergic
(B-AR) signaling activates tissue-specific uncoupling
protein 1 (UCP1), which dissipates the electrochemical
gradient and uncouples TCA and the ETC from ATP pro-
duction. Instead, there is an increase in the rates of the
associated exergonic reactions of TCA and the ETC,
which generates heat.® Other thermogenic processes
include hydrolysis of ETC-generated ATP when the mito-
chondrial adenine nucleotide translocator (ANT) shut-
tles ATP from the mitochondrial matrix into the inter-
membrane space, where mitochondrial creatine kinase
B (CKB) catalyzes the conversion of creatine to phospho-
creatine, which is then hydrolyzed by tissue-nonspecific
alkaline phosphatase (TNAP), generating heat through
superstoichiometric futile cycling. The mitochondrial
inner membrane also uses succinate dehydrogenase
(SDH), part of ETC complex Il and one of the enzymes
of the TCA cycle, to oxidize succinate and produce re-
active oxygen species that drive thermogenic respira-
tion.?? BAT denotes brown adipose tissue, e~ electron,
PCr phosphocreatine, and P, inorganic phosphate. The
lower diagram shows triglyceride—fatty acid futile cycling,
seen in white adipose tissue.??* CoA denotes coenzyme A.

which have features of both white and brown
adipocytes, and pink adipocytes in breast tis-
sue,**3* as well as fat in the bone marrow and
dermis, each with a distinct physiological role.*?3¢

FUNCTION AND COMMUNICATION

WAT has three commonly understood and re-
lated macroscopic functions. It stores food calo-
ries, creates a layer of thermal insulation, and
provides mechanical protection, which is impor-
tant for resisting infection and injury.*” Insulin

is the principal driver of fuel absorption and
storage, with adipose tissue responsible for 5%
of insulin-mediated glucose uptake in adults who
are lean and 20% in those who are obese.*® Until
three decades ago, these physiological roles were
all that most people considered when thinking
about WAT, but the discoveries of white adipo-
cyte—derived hormones such as leptin and adipo-
nectin made clear that WAT is also an endocrine
organ®* (Fig. 2). Beyond these hormones, adipo-
cytes and the other resident cell types produce
dozens of other adipokines that affect local and
distant physiology, such as proinflammatory tu-
mor necrosis factor & (TNF-«), monocyte chemo-
tactic protein 1, and the sex hormone estrogen.*
WAT as a mesodermal organ communicates its
functional status at the autocrine, paracrine, and
endocrine levels. For example, pregnancy re-
quires a sufficient long-term supply of energy,
and WAT is essential for the proper function of
the reproductive system, which includes the se-
cretion of regulatory and sex hormones and
lactation. Too little WAT, as seen in anorexia
nervosa and lipodystrophies, interrupts menstru-
ation.” Too much WAT leads to early puberty.*
WAT also uses interorgan signaling to coordi-
nate the storage and consumption of nutrients
with the liver and skeletal muscle.”

The discovery of leptin three decades ago*®
heralded a new era in obesity medicine but not
as originally anticipated. Leptin does not induce
satiety, but low leptin levels signal low energy
stores and starvation. People with obesity have
leptin resistance such that exogenous adminis-
tration does not lead to appetite suppression or
weight loss, except in persons with congenital
leptin deficiency, which is extremely rare. Various
studies of the effects of leptin have led to new
insights regarding the control of food intake by
the hypothalamus and other brain regions.

Adiponectin regulates glucose and lipid me-
tabolism and promotes a metabolic profile that is
antiatherogenic, antiinflammatory, and insulin-
sensitizing.* Advances in understanding adi-
pose tissue as an endocrine organ have been
supported by the identification of non—peptide-
signaling species that have local and systemic
effects. Bioactive lipids such as 12,13-dihydroxy-
9Z-octadecenoic acid (12,13-diHOME) and
12-hydroxyeicosapentaenoic acid (12-HEPE) are
released by BAT and stimulate glucose and fatty
acid uptake in BAT and muscle, thereby support-
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Figure 2 (facing page). White and Brown Adipokines.

Panel A lists the categories of factors released by white
adipose tissue (WAT) as mediators of its autocrine,
paracrine, and endocrine signaling. At left is a depic-
tion of the various cell types and components of WAT.
On the right are the organ systems affected by WAT adi-
pokines. In Panel B, the top image on the left is brown
adipose tissue (BAT) collected from a depot near the
longus colli muscle in the neck and stained with hema-
toxylin and eosin.** The bottom image, a transmission
electron micrograph of a brown adipocyte, shows the
densely packed mitochondria responsible for thermo-
genesis, as wells as lipid droplets, the central nucleus,
and a red corpuscle.® On the right are the organs affect-
ed by the listed BAT adipokines.***® ApoE denotes apo-
lipoprotein E, BMP8b bone morphogenetic protein 8b,
CCL2 C-C motif chemokine ligand 2, CETP cholesteryl
ester transfer protein, CXCL8 C-X-C motif chemokine
ligand 8, 12,13-diHOME 12,13-dihydroxy-9Z-octadece-
noic acid, DPP-4 dipeptidyl peptidase 4, ECM extracel-
lular matrix, EE energy expenditure, EPDR1 ependymin-
related protein 1, FGF21 fibroblast growth factor 21,
12-HEPE 12-hydroxyeicosapentaenoic acid, HIF1la hypoxia-
inducible factor le, IGF1 insulin-like growth factor 1,
IGFBP2 insulin-like growth factor—binding protein 2,
LPL lipoprotein lipase, MCP-1 monocyte chemoattrac-
tant protein 1, miR99b microRNA 99b, Nrg4 neuregulin 4,
PAI-1 plasminogen activator inhibitor 1, RBP4 retinol-
binding protein 4, SLIT2-C SLIT2 C-terminal protein,
and TNF-a tumor necrosis factor a.

ing ongoing thermogenesis.® BAT also releases
exosomal microRNAs that can regulate gene ex-
pression in other tissues such as the liver.>

WAT and, more recently, BAT have been iden-
tified as integral and regulatable components of
lipoprotein and bile acid metabolism. Triglyceride-
rich lipoproteins, in the form of chylomicrons
from a meal, and liver-derived very-low-density
lipoprotein deliver their lipid payloads to WAT
and BAT. Studies in rodents have shown that
prolonged BAT activation leads to changes in
liver cholesterol homeostasis, bile acid metabo-
lism, and the composition of the microbiome.*
More than a decade after the discovery of BAT as
a functional tissue in adult humans,> there is
nascent evidence suggesting that BAT activation
may also lower the risk of atherosclerosis and
drive the consumption of glucose and lipids by
skeletal muscle.”*

Both WAT and BAT participate in immuno-
modulation, the suppression and activation of
the immune system, and each tissue releases its
distinct profile of mediators of the complement
system.*”’ Obesity leads to WAT-derived proin-

flammatory cytokines such as TNF-«, inter-
leukin-18, interleukin-6, and interferon-y. These
compounds activate and recruit macrophages,
which can increase from less than 10% to
nearly 40% of the total number of cells in adi-
pose tissue.® Dendritic cells and B cells join to
induce the expansion of CD4 and CD8 T cells.
One important consequence of the resulting
adipocyte insulin resistance and macrophage
activation is increased fatty acid release, which
ultimately drives hepatic gluconeogenesis and
hyperglycemia.>® In contrast, BAT is particularly
resistant to obesity-induced inflammation,” and
in rodent models, BAT has been found to ex-
press high levels of programmed death ligand 1,
which reduce T-cell activation®® and may improve
insulin sensitivity.

OBESITY AS A COMPLICATION
OF TOO MUCH WAT

The overweight and obesity pandemics affect
more than 70% of the U.S. population® and are
projected to increase in prevalence over the next
30 years.*® In parallel, there has been a rise in
obesity-related conditions such as type 2 diabe-
tes, precocious puberty, cardiovascular disease,
and several cancers.®* Even more troubling is the
observation that the rates of obesity are increas-
ing much faster among children than among
adults and that obese children are more likely to
become obese adults at high risk for severe
health complications (Fig. 3).%* Adequate re-
sponses to the clinical and societal sequelae of
these trends require a more accurate under-
standing of the specific effects of the different
WAT and BAT depots. Current assessments across
adult and pediatric populations often use BMI
exclusively, which, at minimum, requires adjust-
ments for age, sex, and genetic and ethnic back-
grounds.®® BMI cannot provide information about
WAT distribution or the predispositions of spe-
cific depots for their distinctive pathophysiology
or the likelihood of a response to targeted thera-
pies. Going forward, it will be particularly im-
portant to conduct large studies of epidemio-
logic trends that go beyond BMI and incorporate
other estimates of the distribution of WAT de-
pots, including waist circumference,® in order
to better understand the role of WAT distribu-
tion in obesity-related metabolic disease.
Although it is correct to attribute the increas-
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Figure 3 (facing page). Complications of Obesity.
Complications of obesity and diseases associated with
it are shown in adults® (Panel A) and children® (Panel
B). Covid-19 denotes coronavirus disease 2019, GERD
gastroesophageal reflux disease, NAFLD nonalcoholic
fatty liver disease, NASH nonalcoholic steatohepatitis,
and PCOS polycystic ovary syndrome.

ing rates of obesity to excessive triglyceride stor-
age in WAT, that picture is too simplistic and
impedes the development of treatment strate-
gies. Since the start of the obesity pandemic in
the 1970s, the principal contributing causes and
their individual influence remain unknown. The
roles of portion sizes, specific food classes, par-
ticular ingredients, and changes in patterns of
activity are being investigated.® Concomitantly,
it is useful to conceptualize obesity as a disease
of the brain that is manifested as an excess of
WAT and dysfunctional BAT. Studies have shown
the pernicious cycles that accelerate the develop-
ment of obesity once a person has begun to gain
weight.®® The hypothalamic region of the brain
is of increasing interest because it integrates mul-
tiple physiological signals from the body, trans-
mits them to different brain regions, and coor-
dinates the regulation of diverse processes,
including body temperature and feeding. Studies
in rodents have mapped the neuronal pathways
that interpret signals from feeding and from the
WAT itself regarding its mass and then integrate
those signals into homeostatic and hedonic mes-
sages, which interpret the availability of energy
stores and the emotional meaning of specific
foods, respectively.”” Besides the WAT, obesity
also disrupts the ability of the hypothalamus to
stimulate BAT energy expenditure.”” Obesity can-
not be viewed simply as a failure of willpower.
Instead, it is a complex interplay among hun-
dreds of genes, socioeconomic demands, and
personal decision making that ultimately leads
to a long-term increase in average caloric intake
over energy expenditure.®®

Connections among obesity, its metabolic
complications, and genetic influences have be-
come more established through genomewide
association studies. These large-scale global
population studies have identified new genetic
loci in the central nervous system, indicating a
potentially genetic component of aspects of life-
style, as well as insulin resistance, linking cen-

tral obesity to metabolic dysregulation and, ulti-
mately, the risk of cardiovascular disease.®
However, it is critical to appreciate the distinc-
tion between the heritability of obesity and the
effect of any one gene. Genetic influences on
obesity are substantial, up to 70% on the basis
of studies involving populations of predomi-
nantly European origin,”®’* but this strong effect
should not be misinterpreted to mean that there
is a single “fat gene.” Currently, only 20% of the
entire phenotypic variation in obesity can be ex-
plained by the thousands of loci identified so
far.”” Adding further complexity is the effect of
epigenetics — heritable yet reversible changes in
gene function that do not involve the DNA code
itself. Obesity and even dietary components can
have profound phenotypic effects.” Efforts are
now being focused on how the mechanisms by
which the genes and the associated physiologi-
cal pathways affect short- and long-term energy
imbalances and the subsequent health complica-
tions.

How does excess adipose tissue lead to dis-
ease? Like no other cells, white adipocytes are
adept at enlarging and can swell from a diam-
eter of 30 to 40 wm to more than 100 uwm, an
increase in volume by a factor of more than 10.
Starting in early adulthood, lean U.S. adults
spend the next decades challenging their adipo-
cytes by gaining on average 0.5 kg (1.1 Ib) per
year, with even higher weight increases among
the overweight and obese,”* putting an enor-
mous demand on the WAT depots to store tri-
glycerides by the fifth and sixth decades of life.”

Anatomical location and genetics largely de-
termine the proportional increase in adipocyte
size and number and the physiological responses.
For example, people whose subcutaneous depots
maintain smaller adipocytes have fewer meta-
bolic complications.*! Furthermore, in people who
are genetically predisposed to impaired catechol-
amine-mediated lipolysis, white adipocytes be-
come very large, a situation exacerbated by a
genetic inability to recruit new adipocytes.”® As
obesity progresses, preadipocyte differentiation
becomes dysfunctional, leading to reduced insu-
lin signaling, glucose uptake, and adiponectin
release by the mature adipocytes.”””® Ultimately,
hypertrophic WAT growth and expansion re-
strict the ability of oxygen to diffuse from the
capillaries into the adipocytes.”” This hypoxia con-
stitutes a biologic red alert for the cells, altering
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the expression of more than 1000 genes and
triggering a series of interconnected responses
that ultimately lead to local resistance to both
insulin and adrenergic signaling, increased in-
flammation, and cellular damage. Failure of the
adipose tissue to continue expanding leads to
overflow and subsequent deposition of triglycer-
ides throughout the body, with ectopic accumu-
lation in the liver and skeletal muscle. The extent
of this lipotoxicity is an important determinant
of the development of metabolic dysregulation,
type 2 diabetes, and cardiovascular disease.”

This milieu leads to immune-system dysfunc-
tion and is thought to contribute to increased
morbidity and mortality from infectious disease,
currently highlighted by the worrisome epide-
miologic reports about people with obesity and
coronavirus disease 2019.%° Obesity is also as-
sociated with an increased risk of many types of
cancer, including cancer of the breast, uterus,
ovary, esophagus, stomach, colon or rectum,
liver, gallbladder, pancreas, kidney, thyroid, and
meninges, as well as multiple myeloma,®! but the
precise mechanisms are currently unclear. Three
causative agents identified so far are hyperinsu-
linemia, factors released during chronic inflam-
mation, and increased estrogen production. Given
the scope of disorders, the question that arises
is whether excess stored triglycerides are ever
benign. A metabolically healthy obese pheno-
type has been postulated, which has been asso-
ciated with several aspects of adipocyte func-
tion, such as the release of specific adipokines.®
Whether obese persons who are metabolically
healthy are nevertheless on an inexorable path
toward metabolic disease remains to be deter-
mined.®

TREATMENTS FOR OVERWEIGHT
AND OBESITY

There are three ways to achieve a net negative
energy balance: reduce food consumption, reduce
nutrient absorption, and increase energy expen-
diture. All three ultimately converge on the com-
mon goal of reducing WAT triglyceride content.
Pharmacotherapy aimed at these different path-
ways has been extensively reviewed.®* Several
treatments currently approved by the Food and
Drug Administration for the treatment of obe-
sity directly involve adipose tissues. For example,

glucagon-like peptide 1 receptor agonists such
as liraglutide cause weight loss by means of ap-
petite inhibition and are even more effective
with exercise,® yet their beneficial effects may
also be mediated by stimulation of WAT lipolysis
and BAT thermogenesis.*® Potential new thera-
pies focusing on adipose tissue include bimagru-
mab, an inhibitor of the activin type II receptor,
which reduces WAT mass while increasing the
growth of skeletal muscle.”” The most effective
approach to weight loss that also results in
metabolic improvements is bariatric surgery.®
Although these operations reduce the complica-
tions of obesity through multiple mechanisms,
much of the effectiveness is due to the profound
loss of WAT mass.® Current studies are deter-
mining the mechanisms by which weight loss is
achieved, the long-term adverse effects, and the
durability of the various surgical interventions.

There is also the direct approach of removing
adipose tissue, but as intimated above, resecting
the wrong adipose-tissue depot could worsen the
metabolic effect. Noncosmetic liposuction of sub-
cutaneous fat does not lead to long-term weight
loss or improved health.”® Also, it is essential to
retain at least a modicum of adipose tissue. The
lipodystrophic syndromes associated with human
immunodeficiency virus infection and medica-
tions used to treat it, as well as more rare ge-
netic syndromes, have shown that too little WAT
leads to lipotoxic metabolic dysfunction and
leptin-deficient reproductive dysfunction.’**? In
certain circumstances, it is even beneficial to in-
crease adipose tissue mass. Thiazolidinediones
are medications that treat diabetes by activating
the nuclear receptor PPAR-y (peroxisome prolif-
erator—activated receptor y) and increasing the
number of smaller and more insulin-responsive
adipocytes that can more safely store triglyc-
erides.” By inducing hyperplasia instead of hy-
pertrophy, thiazolidinediones lead to a paradoxi-
cal improvement in a patient’s metabolic profile
while increasing adipocyte mass.

Could long-term BAT activation help treat
obesity or related metabolic diseases? In ro-
dents, the answer is unequivocally yes,”* but in
humans, the answer has yet to be determined.
As already discussed, humans have proportion-
ally less BAT than smaller mammals, but con-
temporary humans may have even less BAT than
is required to support their physiological and
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metabolic needs. BAT mass dramatically de-
creases with increased ambient temperatures,”
and aging also appears to induce BAT atrophy,’
raising the possibility that contemporary humans
who create a thermoneutral environment are
artificially lowering their BAT mass and its con-
tribution to energy balance and metabolic
health. Even the limited BAT present in adults
appears to have a substantial clinical effect, be-
cause retrospective and prospective studies show
an inverse association between BAT activity and
BML” In addition, a recent study showed that
persons with BAT had healthier blood glucose,
triglyceride, and high-density lipoprotein levels
than persons without BAT.? Those with BAT had
a lower prevalence of cardiometabolic diseases
such as type 2 diabetes, dyslipidemia, coronary
artery disease, cerebrovascular disease, conges-
tive heart failure, and hypertension.

Clinical trials are necessary to determine the
outcomes from long-term BAT activation, given
that studies in rodents suggest that activating
BAT could lead to compensatory food intake®® or
the opposite, suppression of appetite.” Initial
prospective clinical studies have shown that long-
term treatment with B3-adrenergic receptor ago-
nists increases BAT mass and browning of WAT

and is associated with improvements in insulin
sensitivity and cardiometabolic risk factors.!®

CONCLUSIONS

The riskiest approach to human adipose tissue is
to dismiss its importance. WAT lies at the heart
of the obesity pandemic, and its response to
excess calories has an effect on every organ sys-
tem, with profound effects on morbidity and
mortality worldwide. The past decade, and par-
ticularly the past 5 years, has seen an explosive
growth in our understanding of adipose tissue,
with work that recognizes human WAT and BAT
as organs that have anatomical, functional, and
genetic diversity. Going forward, fat will ideally
be appreciated for what it is, a polychromatic
tissue, which is as relevant and influential as
other organs for sustaining human health.
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