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Regular physical activity and exercise training have long
been known to cause adaptations to white adipose tissue
(WAT), including decreases in cell size and lipid content
and increases in mitochondrial proteins. In this article,
we discuss recent studies that have investigated the
effects of exercise training on mitochondrial function, the
“beiging” of WAT, regulation of adipokines, metabolic
effects of trained adipose tissue on systemic metabolism,
and depot-specific responses to exercise training. The
major WAT depots in the body are found in the visceral
cavity (VWAT) and subcutaneously (scWAT). In rodent mod-
els, exercise training increases mitochondrial biogenesis
and activity in both these adipose tissue depots. Exercise
training also increases expression of the brown adipocyte
marker uncoupling protein 1 (UCP1) in both adipose tissue
depots, although these effects are much more pronounced
in scWAT. Consistent with the increase in UCP1, exercise
training increases the presence of brown-like adipocytes
in scCWAT, also known as browning or beiging. Training
results in changes in the gene expression of thousands
of scWAT genes and an altered adipokine profile in both
scWAT and vWAT. Transplantation of trained scWAT in
sedentary recipient mice results in striking improvements
in skeletal muscle glucose uptake and whole-body meta-
bolic homeostasis. Human and rodent exercise studies
have indicated that exercise training can alter circulating
adipokine concentration as well as adipokine expression in
adipose tissue. Thus, the profound changes to WAT in re-
sponse to exercise training may be part of the mechanism
by which exercise improves whole-body metabolic health.

Of the numerous benefits of physical activity on health,
one of the most important is the ability of exercise to

improve whole-body glucose homeostasis. In fact, physical
exercise is widely accepted as a clinical modality to prevent
type 2 diabetes and decrease blood glucose concentrations
in people with type 2 diabetes. Exercise training improves
whole-body glucose homeostasis and insulin sensitivity,
and adaptations in skeletal muscle are considered central
to this effect because this tissue is responsible for the
majority of glucose disposal (1). Although skeletal muscle is
important to the beneficial effects of physical activity on
metabolic homeostasis, exercise training also results in
adaptations to numerous other tissues, including white
adipose tissue (WAT).

WAT: DEPOT-SPECIFIC EFFECTS ON METABOLIC
HEALTH

WAT plays a role in lipid storage, hormone production,
immune function, and local tissue architecture (2) and is
classified into two major depots: visceral (WWAT) and sub-
cutaneous (scWAT). vWAT refers to the adipose tissue that
surrounds the internal organs, whereas scWAT is primarily
found around the thighs and buttocks. The specific type of
adipose tissue that accumulates in the body is critically
important with regard to health risks. An accumulation of
vWAT is associated with insulin resistance, an increased risk
of type 2 diabetes, dyslipidemia, progression of atheroscle-
rosis, and mortality (3-5), whereas an accumulation of
scWAT is associated with improved insulin sensitivity and
a reduced risk for developing type 2 diabetes (6,7).

An important area of investigation has been to de-
termine the factors responsible for the differences in vVWAT
and scWAT that result in their distinctly different effects on
metabolic health. Transplantation of scWAT or vVWAT from
donor mice into the subcutaneous or visceral cavity of
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recipient mice has been used to delineate whether differ-
ences in metabolic function of sSc(WAT and vWAT were due to
anatomic location or intrinsic differences of these adipose
tissue depots (8). This study showed that mice transplanted
with vWAT in either the visceral or subcutaneous cavity had
no improvements in metabolic health. In contrast, mice
transplanted with scWAT into the visceral cavity had in-
creased insulin sensitivity, decreased body weight, decreased
fat mass, and decreased circulating glucose and insulin con-
centrations 12 weeks after transplantation. Mice trans-
planted with scWAT into the subcutaneous cavity also had
lower body weights and increased insulin sensitivity but not
to the extent of the mice transplanted with scWAT in the
visceral cavity. These findings suggest that scWAT exerts
beneficial effects on metabolic health (8).

The underlying mechanisms for the various metabolic
effects of transplanting scWAT and vWAT are likely to be
related to the distinct molecular properties of these adipose
tissue depots. Subcutaneous and visceral adipocytes have
been shown to develop from different progenitor cell lines,
have the capacity to differentiate at varying rates, and
develop distinct cell-autonomous properties, establishing
unique gene expression profiles (9,10). Compared with
vWAT, scWAT has higher expression of many genes involved
in glucose homeostasis and insulin action (e.g., Glutl, Igf-1,
Igfbp3, Ppary), as well as genes involved in lipid metabolism
(e.g., Hsl, B-adrenergic receptors, hydroxymethylglutaryl CoA
synthase) (11). sc(WAT also has increased expression of
PRDM16, a transcriptional coregulatory protein responsible
for the development of brown adipocytes in both brown
adipose tissue (BAT) and scWAT. Expression of PRDM16
in vVWAT, however, is minimal. The deletion of PRDM16 in
scCWAT results in the scWAT adopting the metabolic and
morphological characteristics of vVWAT (12). Mice deficient
in adipose tissue PRDM16 develop altered fat distribution
with an increased accumulation of scWAT. PRDM16-
deficient scWAT mice also exhibit an increased expression
of inflammatory genes and increased macrophage accu-
mulation when fed a high-fat diet, similar to that of
vWAT. Taken together, these studies demonstrate intrin-
sic differences between VWAT and scWAT depots. These
distinct properties could account for the different effects
of these adipose depots on metabolic health (12,13). Al-
though PRDM16 is clearly an important gene with regard
to the differences in the metabolic phenotypes of sc(WAT
and vWAT, additional genes are likely to confer these
differential characteristics.

EXERCISE TRAINING-INDUCED ADAPTATIONS TO
WAT

Exercise training, defined as repeated bouts of exercise over
a period of days, weeks, or even years, can have profound
effects on WAT morphology and biochemical properties.
Exercise training can decrease adipocyte size (14,15) and re-
duce lipid content (14,15), resulting in decreased adiposity.
Studies have shown that exercise training can increase ex-
pression of several key metabolic proteins, incuding GLUT4
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and PGC-la, among others (14-18). Of note, many of
these metabolic adaptations to adipose tissue can occur
independently of significant changes in weight loss (14,16).
The exercise-induced reduction in adipocyte size and lipid
content as well as increased GLUT4 and PGC-1a occurs in
both scWAT and vWAT (15,17,18,19). Additionally, there
are exercise training-induced adaptations specific to each
adipose tissue depot. Here, we discuss various adaptations
to adipose tissue as a result of exercise training as well as
distinct exercise-specific adaptations to scWAT and vWAT.

Exercise Training Causes a Beiging of scWAT

Recent studies have demonstrated that a number of con-
ditions result in the presence of brown fat-like adipocytes
in scWAT. These adipocytes have been termed “adaptive
brown fat cells,” “recruitable brown fat cells,” “beige cells,”
or ‘brite cells” (20-22), and the increased presence of the
these cells within the scWAT is referred to as “browning” or
“beiging.” Beige cells are distinct from white adipocytes in
that they express uncoupling protein 1 (UCP1) and have
a multilocular morphology. They also have a distinct molec-
ular signature, induding the expression of Thx1, Tmem26,
and Cd137, gene markers not expressed in mature brown
or white adipocytes (23). Beige cells are found interspersed
in the WAT of humans and rodents (19-22), and beiging
occurs predominantly in scWAT. In mice, beiging occurs
in response to a number of stimuli, induding cold expo-
sure (21), B3-selective adrenergic agonists (22), exercise
(16,18,24-26), and exposure to an enriched environment
(26). The factors involved in the determination of beige ad-
ipocyte fate are not fully understood, and a number of
different theories have been hypothesized, induding that
beige adipocytes 1) are derived from the maturation of
a brown adipocyte precursor within WAT (21), 2) differenti-
ate from an existing white adipocyte precursor (27,28), 3)
transdifferentiate from an existing white adipocyte (29-31),
and 4) are derived from a distinct smooth muscle cell pre-
cursor (32). Beiging results in more metabolically active
cells, making these cells an attractive obesity therapeutic
(22), although the increased heat production that can occur
in these cells is not favorable as a treatment strategy.

As mentioned above, exercise training results in
an increased expression of beige adipocytes in sc(WAT
(16,18,24-26). In rodent studies of 3-4 weeks of expo-
sure to an enriched environment, which included the
presence of a running wheel, beige cells emerged in
scWAT marked by an increase in Ucpl, Prdm16, and other
markers of BAT or beiging (25,26). Our recent study dem-
onstrated that only 11 days of exercise training by volun-
tary wheel running results in a marked upregulation of
brown and beige adipocyte marker genes, including Ucpl
and Prdm16 (Fig. 1A and B) (16). In fact, the analysis by
quantitative PCR showed that although expression of
Prdm16 mRNA in sedentary scWAT was approximately
one-half that of intrascapular BAT, 11 days of exercise
training increased Prdm16 mRNA expression in scWAT
to a level similar to that observed in BAT (Fig. 1A). Several
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Figure 1—Exercise training increases the beiging of scWAT. A-C: Mice were housed in wheel cages for 11 days of exercise training, and
scWAT was analyzed. Prdm16 (A) and Ucp1 (B) mRNA of trained scWAT was increased compared with sedentary scWAT, and Prdm16
expression was increased to the expression level of BAT (n = 7/group). “P < 0.05, ***P < 0.001. (C) Hematoxylin-eosin staining revealed the
presence of multilocular droplets in the trained subcutaneous adipose tissue (solid arrowheads indicate the presence of multilocular
droplets; open arrowheads indicate blood vessels). Adapted with permission from Chechi et al. (31). A.U., arbitrary unit.

other genes known to be indicative of brown or beige adi-
pocytes such as Cidea, Elovi3, Pgcla, Ppary, Cox8b, Dio2, and
otopetrin were also significantly increased with exercise
training as well as the beige-specific marker Thx1. We found
that 11 days of training dramatically increased UCP1 immu-
nofluorescence and resulted in the presence of multilocular
cells in the sc(WAT from the trained mice (Fig. 1C), all con-
sistent with the beiging of scWAT. The number of blood
vessels also increased in the scWAT from trained mice, con-
sistent with microarray data indicating an increase in
markers of vascularization (e.g., Vegfa, Pdgf, Angptl2).

The cause of the exercise training-induced beiging has
been the focus of several investigations. Of note, most
nonexercise stimuli, including cold exposure and numer-
ous pharmaceutical agents, are believed to cause beiging
of scWAT through increased heat loss and possible compen-
satory adrenergic stimulation (33). This heat loss results
in increased thermogenic demand resulting in increased
sympathetic tone and expression of UCP1 to increase heat
production (33). It is clear that exercise does not work
through this mechanism. Although the function of beiging
as a result of exercise training is not fully understood, one
hypothesis is that the decrease in cell size and lipid content
in scWAT that occurs with exercise training decreases insu-
lation of the body, necessitating increased heat production
through the beiging of scWAT (33,34). Several hypotheses
have been proposed for the underlying molecular mecha-
nisms that cause the beiging. For example, because exercise
is known to increase sympathetic innervation in scWAT,

the increased sympathetic innervation could contribute to
the beiging of scWAT (33,35), or exercise-induced adapta-
tions to other tissues may be responsible for the beiging of
scCWAT. One study concluded that exercise training-induced
beiging occurs in response to increased secretion of hypo-
thalamic brain-derived neurotrophic factor (26), whereas
other studies have suggested that various myokines released
from skeletal muscle during exercise can be responsible for
beiging (36). These myokines include irisin (25), meteorin-
like 1 (37), myostatin (38), and B-aminoisobutyric acid (39).
Although all these hypotheses are intriguing, further inves-
tigation is needed to fully elucidate the mechanism respon-
sible for the exercise-induced beiging of scWAT.

Exercise Training Increases Mitochondrial Activity in
WAT

It has long been established that exercise training induces
mitochondrial adaptations in adipose tissue. In one study,
mitochondrial activity, as measured by activity of the
respiratory chain enzyme cytochrome ¢ oxidase and tri-
carboxylic acid cycle enzyme malate dehydrogenase, was
significantly increased in vWAT in response to 8 weeks of
swim training in rats (17). Of note, this increase was exer-
cise specific because cold exposure over the same 8-week
period did not result in increased activity of cytochrome c
oxidase and malate dehydrogenase in the vVWAT (17). Al-
though most prior studies have measured mitochondrial
activity by determining expression of mitochondrial genes
and mitochondrial enzyme activity (17,18,24), we recently
assessed mitochondrial function in trained scWAT by
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measurement of oxygen consumption rates (OCRs) using
respirometry. Eleven days of training by voluntary wheel-
running exercise significantly increased basal rates of OCR
in scWAT, directly demonstrating an increase in mito-
chondrial activity (Fig. 24) (16,40).

Expression of Pgcla often is used as a marker for mito-
chondrial biogenesis. A single bout of exercise has been
shown to increase expression of Pgcla mRNA in both
sc(WAT and vWAT (18), suggesting that an increase in
Pgcla after exercise training could be the accumulation of
the individual exercise sessions that result in the increased
mitochondrial biogenesis in WAT. Two-weeks of swim
training in mice resulted in a significant increase in Pgcla
expression in sc(WAT and vWAT (18). To determine the
mechanism for this increase, mice were exercised in the
presence or absence of a (-blocker to inhibit adrenergic
stimulation. Of note, the presence of a 3-blocker inhibited
Pgcla expression in vWAT but not scWAT, indicating that
the mechanism for increased Pgcla expression with exer-
cise training, and presumably mitochondrial biogenesis, is
different in each adipose tissue depot (18).

Endothelial nitric oxide synthase (eNOS) has been
proposed to function in training-induced increases in
mitochondrial biogenesis in scWAT (24). Thirty days of
swim training in wild-type mice significantly increased
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Figure 2—Exercise training increases mitochondrial biogenesis in
WAT. A: OCR was significantly increased in trained scWAT (11 days
of wheel cage running) compared with scWAT from sedentary mice
(n = 7/group). P < 0.01. Adapted with permission from Chechi
et al. (31). B: Genes involved in mitochondrial biogenesis after 30
days of exercise training in SCWAT in wild-type (WT) and eNOS /"~
mice (n = 8) *P < 0.05, **P < 0.01 relative to sedentary controls;
TP < 0.05, 1tP < 0.01 relative to WT mice. Adapted with permis-
sion from Craig et al. (15).
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mitochondrial biogenesis in scWAT as suggested by an in-
creased expression of Pgcley, Nrfl, Tfam, and CoxIV and
mitochondrial DNA content. In contrast, exercise training
in eNOS™/~ mice failed to increase expression of these
genes or mitochondrial DNA content (Fig. 2B) (24), and
there was no beiging of scWAT in the eNOS™’~ mice.
Adrenergic stimulation by norepinephrine treatment of
wild-type mice significantly increased expression of
Pgcla and cytochrome ¢, and this effect was significantly
attenuated in eNOS ™/~ mice. Because it has been hypoth-
esized that exercise-induced beiging occurs through in-
creased sympathetic innervation, it is interesting that
eNOS ™/~ mice do not have an increase in beiging in re-
sponse to either exercise or adrenergic stimulation. This
indicates that although some effects of exercise on scWAT
are mediated by sympathetic innervation, a second mech-
anism independent of sympathetic drive may be essential
in the regulation of mitochondrial number and activity
(18,24,41). Although these data point to an important
role of exercise and regulation of mitochondrial activity
in scWAT, it is important to note that these effects were
observed in mice that were whole-body knockouts, not
adipose tissue—specific deletions in eNOS; thus, this effect
may not be adipose tissue specific (24,41).

All these studies consistently demonstrated that exercise
training has marked effects on mitochondrial gene expres-
sion and activity in scWAT. Moreover, the changes in
mitochondrial gene expression in scWAT occurred in re-
sponse to various modalities of exercise, including swimming,
treadmill running, and voluntary wheel running, as well as
various training durations ranging from as few as 11 days
to up to 8 weeks. Further investigation is needed to fully
determine the molecular mechanisms underlying exercise
training-induced mitochondrial regulation and how this reg-
ulation is specific to each adipose tissue depot.

Exercise Training Has Profound Effects on scCWAT
Gene Expression

We recently determined the effects of exercise training on
the complete gene expression profile of scWAT (16). The
goal of this experiment was to determine the degree of
plasticity of sc(WAT in response to training and to deter-
mine whether other cellular functions are altered with ex-
ercise training. Compared with the scWAT from sedentary
mice, exercise training by voluntary wheel running signifi-
cantly increased the expression of 1,844 genes and signifi-
cantly decreased the expression of 1,156 genes. Gene set
enrichment analysis (P < 0.05 and Q < 0.25) showed that
exercise training resulted in significant increases in sc(WAT
genes involved in metabolism, mitochondrial biogenesis,
oxidative stress and signaling, membrane transport, cell
stress, proteolysis, apoptosis, replication, and glycoproteins.
Furthermore, genes involved in Wnt signaling and Pgcla-
related pathways were significantly increased in sc(WAT with
exercise training. Remarkably, the number of genes upregu-
lated by exercise training in scWAT was substantially greater
than what has been reported to be increased in skeletal
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muscle with exercise training (42-44). This degree of plas-
ticity in scWAT suggests that scWAT plays a prominent
role in whole-body adaptations to exercise training.

EXERCISE AND ADIPOKINES

Secreted proteins make up ~10-15% of encoded proteins
of the human genome (45) and include serum proteins,
extracellular matrix proteins, digestive enzymes, and milk
proteins. In contrast, growth factors, cytokines, and hor-
mones are in low abundance, but these types of secreted
molecules are considered highly bioactive (46). Adipose tissue
secretes cytokines and other molecules termed “adipokines,”
factors that can modulate inflammation, lipid and glucose
metabolism, blood pressure, and atherosclerosis (47).

Several studies in humans and rodents investigated the
effects of exercise training on adipokine expression and
secretion. Two of the most well-studied adipokines are
leptin and adiponectin (48-50). Leptin is secreted by adi-
pocytes and helps to regulate energy balance by acting as
an appetite suppressant. Circulating leptin is correlated to
changes in adiposity, and exercise training-induced decreases
in adiposity result in decreased circulating leptin in both
rodents and humans (51-56). Although this correlation
between adipose tissue mass and leptin has been very well
established, the role of exercise training on adipose tissue
depot-—specific expression of leptin is unclear. Adiponectin
is another well-studied adipokine but in contrast to leptin,
adiponectin concentrations in the circulation are inversely
correlated to fat mass (57,58). Adiponectin modulates glu-
cose and fatty acid regulation and increases insulin sensitiv-
ity (57,58). Because adiponectin is inversely correlated to fat
mass and related to improved insulin sensitivity, it has been
hypothesized that exercise increases circulating adiponectin
concentrations. However, studies in both rodent models and
humans have not come to a consensus on the effects of
exercise training on adiponectin concentrations.

There have also been conflicting data on the effects of
exercise training on the regulation of adipokine expression
within scWAT. Human subjects who underwent varying
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lengths of exercise training (4-12 weeks) showed increased
leptin, adiponectin, IL-6, and TNFa mRNA expression in
scWAT (59,60), whereas other studies showed little change
in adipokine mRNA expression (60-62). The function of
the exercise training-induced adipokines and how exercise
regulates the concentration of circulating adipokines are
topics of intense investigation. It is possible that increased
expression of these adipokines may function to enhance
free fatty acid supply to working skeletal muscle (50-52) or
play a yet-to-be-identified role in the regulation of whole-
body glucose homeostasis.

TRANSPLANTATION OF scWAT FROM TRAINED
MICE IMPROVES METABOLIC HOMEOSTASIS

As stated above, exercise training increases metabolic
activity and mitochondrial function of adipose tissue, alters
adipokine expression within adipose tissue, and affects
circulating concentrations of adipokines. In general, the
training-induced changes in adipose tissue are more pro-
nounced in sc(WAT. These findings have led us to hypoth-
esize that trained sc(WAT could have beneficial metabolic
effects on whole-body metabolism (16). To test this hy-
pothesis, sedentary recipient mice were transplanted with
scWAT from donor mice trained by voluntary wheel run-
ning for 11 days. Control mice were transplanted with
scWAT from sedentary mice or sham operated. Transplan-
tation of sc(WAT from exercise-trained or sedentary mice
was not associated with changes in body weight, food in-
take, energy expenditure, or spontaneous activity in the
recipient mice. However, 9 days posttransplantation, sig-
nificant improvement was seen in glucose tolerance in mice
transplanted with scWAT from trained mice compared with
both sham-operated mice and mice transplanted with
scWAT from sedentary mice (Fig. 3A). This dramatic effect
on glucose tolerance was transient because there was no
significant improvement in glucose tolerance 4 weeks after
transplantation (Fig. 3B). In addition to the marked im-
provement in glucose tolerance, mice transplanted with
trained scWAT exhibited a decrease in fasting blood glucose,
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Figure 3—Transplantation of trained scWAT improves glucose tolerance and increases whole-body insulin sensitivity. A and B: Mice
were transplanted with 0.85 g scWAT from trained or sedentary mice or were sham operated. For glucose tolerance tests (GTTs), mice
were injected with glucose 2 g/kg body weight i.p. A: GTT at 9 days posttransplantation. B: Glucose area above baseline (AAB) at 9, 14,
and 28 days posttransplantation. Data are mean = SEM (n = 5-12/group). **P < 0.01, **P < 0.001. Adapted with permission from

Chechi et al. (31).
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insulin, and cholesterol concentrations 9 days posttrans-
plant. In contrast to these marked effects of transplanting
scWAT from trained mice, there was no effect of transplant-
ing vWAT from trained mice, demonstrating that the ben-
eficial metabolic effects of transplanting exercise-trained
adipose tissue is depot specific.

To understand the mechanisms underlying the effects of
transplanting exercise-trained scWAT, a number of control
experiments were performed (16). An additional cohort of
mice transplanted with a cell-size control was studied to
determine whether the improvements in glucose tolerance
were due to the decreased adipocyte size resulting from
exercise training or exercise-specific adaptations to the
scWAT. These mice were transplanted with scWAT from
6-week-old sedentary mice with the same-sized adipocytes
as scWAT from trained 12-week-old mice. Interestingly,
the mice transplanted with the cell-size control had
a worsening in glucose tolerance compared with all other
groups. These data indicate that the improved glucose
tolerance is due to exercise-specific adaptations to sc(WAT
and not merely transplantation of smaller adipocytes.
We also showed that there was no effect of transplanting
trained scWAT on glucose uptake into the transplanted
adipose tissue. However, measurements of insulin-
stimulated glucose disposal in vivo revealed increased
rates of glucose uptake into oxidative skeletal muscles
and BAT in mice transplanted with trained scWAT. The
finding that transplantation of trained scWAT results in
short-term improvements in glucose tolerance, along with
data showing that this transplantation increases glucose
uptake in other tissues in the body, suggests that trained
sc(WAT has endocrine effects. These endocrine effects
would likely be mediated by the release of adipokines
from the trained scWAT. The specific adipokine(s) released
from trained adipose tissue and responsible for increasing
glucose uptake in muscle and BAT have not yet been iden-
tified, but interestingly, microarray analysis revealed nu-
merous putative secreted proteins that are increased in
scWAT from exercise-trained mice (16). Although in recent
years a major focus of research has been on the concept
that skeletal muscle is a source of circulating factors
(myokines) that function in tissue-to-tissue communica-
tion, these experiments suggest that adipose tissue from
exercise-trained mice is also a source of circulating factors
(adipokines), and these exercise-induced adipokines may
have beneficial effects on systemic metabolism (Fig. 4).

CONCLUSIONS AND FUTURE DIRECTIONS

Exercise training results in profound changes to WAT,
including increased expression of genes involved in mito-
chondrial biogenesis, increased mitochondrial activity, in-
creased beiging of scWAT, and an altered adipokine profile
of WAT. An emerging concept from these studies is that
exercise training-induced adaptations to scWAT contribute
to the improved systemic metabolic homeostasis that occurs
with regular exercise. These effects could be due to novel
training-induced adipokines originating from the trained
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Figure 4— Exercise training-induced adipokines have an endocrine
effect and improve whole-body metabolism. We propose a model
whereby exercise causes WAT to release adipokines, which can act
in an endocrine manner to improve metabolism in skeletal muscle,
liver, and BAT or in an autocrine or paracrine manner to improve
WAT function.

adipose tissue. It will be important to define these putative
adipokines and understand their function in tissues
throughout the body. Future studies are also needed to
determine whether these dramatic effects of exercise train-
ing on adipose tissue, which have been performed primarily
in rodent models, occur in human subjects. Given the
alarming prevalence of obesity and type 2 diabetes and
the vast negative ramifications of both a sedentary lifestyle
and type 2 diabetes on population health, human exercise
studies will be critical to gain further insight into the func-
tion of novel adipokines and define their role in glucose
metabolism and their impact on human health. Exercise-
induced adipokines may have additional benefits on overall
health beyond glucose metabolism and could be interesting
novel therapeutic targets for obesity, type 2 diabetes, and
other diseases.
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