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ABSTRACT

Exercise training results in adaptations to numerous organ systems and offers protection against
metabolic disorders including obesity and type 2 diabetes, and recent reports suggest that adipose
tissue may play a role in these beneficial effects of exercise on overall health. Multiple studies have
investigated the effects of exercise training on both white adipose tissue (WAT) and brown adipose
tissue (BAT), as well as the induction of beige adipocytes. Studies from both rodents and humans
show that there are exercise training-induced changes in WAT including decreased cell size and
lipid content, and increased mitochondrial activity. In rodents, exercise training causes an increased
beiging of WAT. Whether exercise training causes a beiging of human scWAT, as well as which
factors contribute to the exercise-induced beiging of WAT are areas of current investigation. Studies
investigating the effects of exercise training on BAT mass and function have yielded conflicting
data, and hence, is another area of intensive investigation. This review will focus on studies aimed at
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elucidating the mechanisms regulating exercise training induced-adaptations to adipose tissue.

Introduction

Regular physical exercise has beneficial effects on overall
metabolic health including improvements in glucose tol-
erance, insulin sensitivity, and the lowering of circulating
lipid concentrations.'” While improvements in systemic
glucose homeostasis have largely been attributed to
adaptations in skeletal muscle and liver, exercise training
likely results in alterations to almost all tissues in the
body. Investigations aimed at understanding the effects
of exercise training on many of these non-muscle tissues
have been much more limited; however, in recent years
there has been increased interest in investigating the
effects of exercise training on adipose tissue.

Adipose tissue

Adipose tissue is a critical modulator of energy metabo-
lism. There are 3 distinct types of adipocytes in humans
and rodents; white adipocytes, brown adipocytes, and
beige adipocytes. White adipose tissue (WAT) is primar-
ily composed of white adipocytes and the stromal vascu-
lar fraction (SVF), which is comprised of multiple cell
types including progenitor cells and immune cells. WAT
is comprised of unilocular adipocytes that can store large
amounts of triglycerides as chemical energy. WAT is

also involved in hormone production, immune function,
and local tissue architecture,” and increases in white adi-
pose tissue mass (adiposity) are directly associated with
increased rates of metabolic diseases such as type 2 dia-
betes and obesity.” Importantly, the location of the adi-
posity within the body plays a significant role in
determining the degree of impaired systemic metabo-
lism. WAT has been classified into 2 major depots: vis-
ceral (VWAT) and subcutaneous (sc(WAT). vVWAT refers
to the adipose tissue that surrounds the internal organs,
while sc(WAT is the adipose tissue found around the
thighs and buttocks. An accumulation of vVWAT is asso-
ciated with insulin resistance, increased risk of type 2
diabetes, and mortality, whereas a predisposition for
preferential accumulation of scWAT correlates with
improved insulin sensitivity and a reduced risk to
develop metabolic disease and type 2 diabetes.””

In contrast to WAT, brown adipose tissue (BAT) is
made up of multilocular brown adipocytes that contain
numerous mitochondria that function to mediate adaptive
thermogenesis and protect against hypothermia and obe-
sity.® BAT is characterized by high levels of expression of
uncoupling protein 1 (UCP1), the protein responsible for
non-shivering thermogenesis, as well as high levels of
expression of many other genes including PRDMI6,
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PGCla, Type 2 Deiodinase (DIO2), and CIDEA, all of
which play a role in energy metabolism and mitochondrial
biogenesis. BAT oxidative metabolism has been shown to
be a significant contributor to whole body energy expendi-
ture.>'* The relatively recent “re-discovery” of BAT in
adult humans and its known role in adaptive thermogene-
sis has made activation of this tissue a prominent focus of
metabolic research. The amount of BAT in humans has
been shown to vary with age, BMI, and gender, com-
pounding the complexity of these studies.'" '

Beige adipocytes are found interspersed within the
WAT,*16 specifically the subcutaneous WAT (scWAT),
in response to various stimuli including cold exposure
and B-adrenergic stimulation. Beige cells come from a
Myf5- lineage distinguishing them from BAT, but can,
upon stimulation, express high levels of UCP1 and con-
tribute to non-shivering thermogenesis."” These cells
also possess distinct beige adipocyte cell surface markers
such as Tmem26 and CDI137'° and are capable of
increased fuel oxidation and thermogenesis compared to
white adipocytes.'® Ablation of beige adipocytes makes
mice more prone to obesity and insulin resistance,'® sug-
gesting that these adipocytes are important in the regula-
tion of systemic energy metabolism.

Effects of exercise on WAT

It is well established that aerobic or endurance exercise
training, defined as repeated bouts of exercise over a period
of days, weeks, or years, increases white adipose tissue lipol-
ysis and free fatty acid mobilization,"”** decreases adipos-
ity,lg’20 and increases the expression of several metabolic
proteins including GLUT4 and PGCla.'*** Exercise train-
ing-induced decreases in adipocyte size and lipid content,
and increases in GLUT4 and PGCla expression have been
observed in both sScWAT?*** and vWAT.'******* Impor-
tantly, many of these metabolic adaptations to adipose tissue
can occur independently of significant weight loss *° dem-
onstrating that adipose tissue can be an important contribu-
tor to metabolic health, independent of changes in body
weight. In addition, we have recently reported that trans-
plantation of sc(WAT from exercise-trained mice into the
visceral cavity of sedentary recipient mice results in
improved glucose homeostasis in the recipient mice,”" also
demonstrating that training-induced changes in adipose tis-
sue can have important metabolic effects on organism
health.

Exercise and the beiging of white adipose tissue

Numerous stimuli including cold exposure,'* 3-selective
adrenergic agonists,'> and exposure to an enriched environ-
ment” have been shown to induce the beiging of adipocytes.

In the last several years there have also been a number of
reports showing that exercise training in the mouse results
in an increased presence of beige adipocytes in
SCWAT.>"***>?7 In rodent studies, 3-4 weeks of exposure
to an enriched environment, which included the presence of
a running wheel, resulted in the emergence of beige cells in
sCWAT.*?” These beige cells were identified by an increase
in multilocular adipocytes and an increase in Ucpl, Prdm16
and other markers of BAT or beiging.>*” In another study,
exercise training by swimming mice for 90 min per day for
30 d resulted in a significant beiging of scWAT as evidenced
by increases in Ucpl and Prdm16.>° Our work demonstrated
that exercise training by voluntary running in a cage con-
taining a wheel for only 11 d resulted in a marked upregula-
tion of numerous beige adipocyte marker genes including
Ucpl, Prdmle6, Cidea, Elovi3, Pgcla, Ppary, Cox8b, Dio2,
otopetrin, and Thx1.>' The wheel cage-trained mice had
dramatically increased UCP1 immunofluorescence and the
presence of multilocular cells in the sc(WAT, all of which are
consistent with the beiging of scWAT.*" Thus, exercise
training in rodents increases the presence of beige adipo-
cytes in the subcutaneous adipose tissue depots.

Although mice clearly respond to exercise training with
an increase in beiging of scWAT, from a physiological per-
spective, there are several reasons that exercise-induced
beiging seems counterintuitive.>**° First, it is surprising
that exercise training would lead to the induction of a ther-
mogenic, heat-producing cell type such as beige cells, since
the contracting muscles generate significant amounts of
heat during exercise.** Second, exercise is an energy-con-
suming process, so it is perplexing that exercise would
induce the expression of cells that inherently increase energy
expenditure, resulting in even greater fuel requirements for
the organism. Finally, during exercise, skeletal muscle is sup-
plied with energy from other tissues, specifically free fatty
acids released from WAT; thus it is puzzling that exercise
would result in adaptations to the scWAT that result in the
burning of residual fat stores, potentially making less sub-
strate available for the working skeletal muscle.”’ One
hypothesis to explain the exercise-induced beiging of
scWAT is that exercise training-induced decreases in cell
size and lipid content in sc(WAT decreases insulation of the
body, necessitating increased heat production and resulting
in the beiging of sc(WAT.***" While this is an intriguing
hypothesis, research aimed at directly addressing this ques-
tion and other hypotheses will be necessary to determine
the primary physiological function of exercise-induced
beiging.

Does exercise cause beiging of WAT in humans?

While it is well established that exercise training causes a
pronounced beiging of scWAT in rodents, the effects of



exercise training on beiging in human adipose tissue is
much less clear. One study compared scWAT from lean,
sedentary young men (VO,max = 40.5 £ 2.2 ml/kg/
min) with age and weight-matched endurance-trained
men (VO,max = 59.2 £ 3.6 ml/kg/min) and reported
no differences in UCPI1, PGCI1A, TMEM?26, CIDEA, or
CD137.”* In another study, male subjects with normogly-
cemia or hyperglycemia (pre-diabetes) participated in a
12 week exercise training program incorporating both
endurance exercise and strength training, and abdominal
subcutaneous adipose tissue biopsies were obtained
before and after training. The authors report that each
training group had a tendency for an increase in UCPI
mRNA in response to training, but that the increase was
statistically significant only when the authors combined
data from both groups (1.82-fold increase, P < 0.05, n =
24). Training did not increase the beiging markers
PRDM16 and CD137, but did increase the beige marker
TMEM26 when data from the 2 groups were combined.>
Our own preliminary studies show that 12 weeks of aero-
bic exercise training in young healthy male subjects sig-
nificantly increased UCPI and VEFGA mRNA
expression by approximately 2-fold, whereas other beig-
ing markers such as PGCla, ADRB3, and DIO2 were not
increased in the sSWAT of these subjects.”® It is possible
that the type of exercise, the ambient temperature in
which the exercise occurs, the pre-training BMI, and the
initial cardiorespiratory fitness levels of the subjects may
all be important factors in determining if exercise train-
ing in humans induces a beiging of WAT. Another
potential explanation is that similar to the variable effects
of cold on BAT activity in humans,'**? some individuals
may have a greater genetic propensity to increase beiging
of sc(WAT in response to exercise training. Additional
studies are needed to fully understand if beiging of
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scWAT is an important physiological response to exer-
cise in human subjects, and in subjects that demonstrate
beiging of sc(WAT, if there are metabolic consequences
to this adaptation.

Mechanisms regulating increases in beiging

Most non-exercise stimuli are believed to cause beiging
of sc(WAT through increased heat loss and compensatory
adrenergic stimulation.’®**° In the case of cold expo-
sure, heat loss causes increased thermogenic demand
resulting in augmented sympathetic tone and expression
of UCP1 to produce more heat.” Exercise increases sym-
pathetic innervation in scWAT,”” making it possible that
the increased sympathetic innervation could contribute
to the beiging of scWAT.>*” Interestingly, several addi-
tional or alternative mechanisms have been proposed to
be the underlying molecular mechanisms that cause the
beiging of scWAT with exercise in rodents.

A potential mechanism that has generated much
interest in this field is that exercise results in the
release of myokines from the contracting skeletal
muscles that signal the sc(WAT to induce expression of
beige adipocytes (Fig. 1).””°® Lactate is a well-estab-
lished myokine that could potentially function in this
regard, and most types of exercise increase circulating
lactate concentrations. Although not directly measured
as a response to exercise, increasing circulating lactate
concentrations, by either cold exposure or exogenous
administration, was shown to increase the beiging of
sCWAT as determined by increased Ucpl and Cidea
expression.”® In future studies, it will be interesting to
determine if lactate plays a fundamental role in the
beiging of WAT. In addition, to lactate several other
putative myokines that have been implicated in beiging
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Figure 1. Exercise and the beiging of scWAT. Exercise causes alterations in several factors from both muscle and brain that result in a

beiging of scCWAT.
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include irisin,”” meteorin-like 1,* myostatin,*' and
B-aminoisobutyric acid.** It has also been proposed
that exercise training results in secretion of hypotha-
lamic brain-derived neurotrophic factor (BDNF) that
signals the beiging phenotype.>

Irisin

One search for a secreted protein that could cause beig-
ing in scWAT stemmed from studies in transgenic mice
with increased skeletal muscle PGCla expression.”’”
These mice were shown to have beige adipocytes within
their scWAT, an effect that was further amplified when
mice were exercise trained.”’ Irisin was identified as a
polypeptide cleaved from the membrane protein Fibro-
nectin type III domain-containing protein 5 (Fndc5a),
and 8 weeks of voluntary wheel-cage running of mice
increased circulating irisin concentrations. Inhibition of
irisin by injection of a neutralizing FNDC5 antibody
reduced the training-induced beiging. This study also
demonstrated that a 10 wk endurance training program
in young healthy male subjects increased plasma irisin
by 2-fold. These data indicated that chronic exercise in
both mice and humans significantly increase blood irisin
concentrations, and in mice, this increase significantly
contributes to the beiging of scWAT.*’

While these intriguing data suggested a role for irisin in
response to exercise training in both mice and humans,
results from several follow up studies came to varying con-
clusions.””*****® These studies have all addressed the ques-
tions of whether exercise training increases circulating irisin
concentrations and some of the investigations determined if
exercise-induced increases in irisin cause a beiging of
scWAT in humans. A combined endurance and strength-
training program in male subjects had no effect on circulat-
ing irisin concentrations,” although interestingly, and as
discussed above, these training programs only resulted in
modest, if any increase in beiging of scWAT. Another study
examined the effects of 8 weeks of either endurance or
strength training exercise on circulating irisin in young men
who were overweight or obese. Endurance aerobic exercise
training did not increase circulating irisin concentrations,
whereas resistance exercise resulted in a significant increase
in irisin concentrations.*” In contrast, strength training for
12 wks in women ages 20-32 y that resulted in increased
lean body mass and improved strength did not result in
changes in circulating irisin concentration.”” In another
study, young, healthy women preformed vibration exercise,
a moderate intensity exercise that resembles shivering.
While a single bout of vibration exercise resulted in a statisti-
cally significant ~2-fold increase in circulating irisin, there
was no effect of 6 wks of vibration exercise on serum irisin
concentrations.**

One possible reason for the discrepancies in the effects of
exercise training on circulating irisin concentrations is the
technique used to measure irisin. Studies have indicated
that human irisin antibodies used in commercial ELISA kits
may not accurately detect irisin®*’ because the antibody
used was measuring the transmembrane domain of FNDC5
and not the secreted irisin peptide. This may have resulted
in an inaccurate measurement of circulating irisin concen-
tration in response to exercise. More recently, studies have
used mass spectrometry to quantify the amount of circulat-
ing irisin post-exercise in humans.*>*° This technique allows
for quantification of circulating human irisin in an anti-
body-independent manner. Using this technique circulating
irisin was increased by both acute exercise (35% increase; P
< 0.001) *° and chronic exercise (1.2-fold in human subjects
after 12 wks of aerobic interval training; P < 0.05).**>° Thus,
studies have shown that both resistance*” and endurance
exercise ****° can increase circulating irisin in human sub-
jects. The function of the exercise-induced increase in circu-
lating irisin has been difficult to determine in human
subjects. While cell culture experiments have indicated that
incubation of mouse or rat pre-adipocytes with irisin
increases markers of beiging including Ucp1,”>"* irisin did
not increase beiging of isolated human preadipocytes.”
Thus, more studies are needed to determine if irisin func-
tions as an exercise-induced myokine responsible for the
beiging of scWAT in human subjects. As will be discussed
below, this interesting molecule has been implicated as a
mediator of other putative myokines and their metabolic
functions.

Myostatin

Myostatin, also known as growth and differentiation fac-
tor 8 (GDF8), is a member of the TGF-p super family. In
skeletal muscle, myostatin inhibits muscle cell growth
and differentiation,”*>> and myostatin knockout mice
have an increased muscle mass and decreased fat mass.”
Interestingly, these knockout mice have a dramatic
increase in beiging of scWAT.”" Incubation of cells cul-
tured from the stromal vascular fraction of scWAT and
incubated with media conditioned with skeletal muscle
from myostatin knockout mice resulted in a marked
beiging of the SVF cells. These data suggest a unique role
for myostatin as a muscle myokine that inhibits the beig-
ing of sSc(WAT.>"’

Meteorin-like (Metrnl)

Metrnl was identified from primary myotubes overex-
pressing PGCla4*’, the PGCla splice isoform that had
been shown to regulates muscle hypertrophy and energy
expenditure.®® Increasing circulating Metrnl by 5-6-fold



in mice by injection of adenoviral vectors increased
whole-body energy expenditure, an effect associated with
an increase in beiging of scWAT.*" In addition, adminis-
tration of an anti-Metrnl antibody partially prevented
cold-induced beiging of scWAT, suggesting that Metrnl
could be an important hormone mediating the beiging
phenotype. A single bout of downhill running of mice, a
form of exercise that has a large component of eccentric
contractions that causes significant muscle damage,
increased Metrnl mRNA expression by 3-fold in triceps,
but not quadriceps muscles, 6 hours post-exercise. These
animals also had a significant increase in circulating
Metrnl 24 hours post-exercise, and similarly, young
healthy male human subjects who underwent a single
bout of combined resistance and aerobic exercise had a
significant increase in circulating Metrnl concentrations
both 1 and 4 hours post-exercise. Interestingly, wheel-
cage exercise training in mice, which is well established
to cause beiging of scWAT, did not increase Metrnl
expression. Taken together, these intriguing data suggest
that Metrnl functions in the beiging of sc(WAT and
responds to resistance forms of exercise in mice and
humans. In future work, it will be important to deter-
mine if Metrnl mediates the effects of beiging that occurs
with exercise training.

B-Aminoisobutyric acid

Another molecule that has recently been suggested to play a
role in the beiging of scWAT in response to exercise is
B-Aminoisobutyric Acid (BAIBA).* BAIBA was identified
as a potential myokine by LC-MS metabolic profiling of
human myocytes that overexpressed PGCle. Incubation of
primary SVF cells isolated from mouse WAT with BAIBA,
and addition of BAIBA to the drinking water of mice signifi-
cantly increased expression of the beiging genes Ucpl and
Cidea. Three weeks of exercise training in mice by voluntary
wheel-cage running and 20 wks of supervised submaximal
aerobic exercise training (HERITAGE Family Study) in 80
human subjects resulted in a significant increase in circulat-
ing BAIBA.** Human pluripotent stem cells that were
exposed to BAIBA while undergoing differentiation to
mature white adipocytes had an increased expression of the
beiging markers UCPI, CIDEA, and PRDM16. These data
suggest that exercise in both mice and human subjects
results in a significant increase in circulating BAIBA, and in
rodents and isolated human cells, this increase may play a
role in increased beiging of sScWAT.

Brain-Derived neurotrophic factor (BDNF)

BDNF is a secreted factor released from the hypothalamus
and is a key element in energy homeostasis.”” BDNF has
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also been identified as a molecule that can increase beiging
of scWAT in mice.”> Mice that were exposed to 4 weeks of
voluntary wheel-cage exercise, an enriched environment
(which included the presence of mazes and toys), or both
exercise and an enriched environment had an increased
beiging of scWAT.* The mice that were exposed to both a
wheel-cage and an enriched environment had a significant
upregulation of hypothalamic BDNF and a greater beiging
of scWAT. Overexpression of BDNF using adenovirus also
led to increased beiging of scWAT, while inhibition of
BDNF using miR-Bdnf during exercise training significantly
inhibited the training-induced beiging of scWAT. These
data indicate an important role for exercise training-induced
hypothalamic BDNF in the beiging of scsWAT.*

In another study, endurance exercise by 30 d of volun-
tary wheel-cage running significantly increased Fndc5
expression in the brain, corresponding with in increased
hippocampal BDNF.®’ This increase was impaired in
Pgcla” mice,” indicating that the increase in BDNF
was mediated through the PGCla/FNDC5 pathway. It
had been previously shown that increased FNDC5*
leads to increased irisin, which increases the beiging of
scWAT. To determine if increased peripheral FNDC5
resulted in an increase in hippocampal BDNF, an adeno-
viral vector containing FNDC5 was overexpressed in the
liver. This resulted in an increase in circulating irisin,
increased hippocampal BDNF, and an increased beiging
of scWAT. While it is clear that increased activation of
this pathway (PGCla/FNDC5/BDNF) results in an
increase in beiging of scWAT, it is not clear whether the
increase is a result of the increased circulating irisin, or
of the resultant increase in BDNF.®

Taken together, these studies indicate that there are
several secreted factors that have been reported to con-
tribute to the exercise-induced beiging of sc(WAT. How
these molecules interact, as well as how they may be reg-
ulated in response to exercise in humans, is still a subject
of much interest and investigation.

Exercise effects on brown adipose tissue activity

Several investigations have examined the effects of exer-
cise training on BAT, with conflicting results (Fig. 2).
Some studies have demonstrated increased BAT activity
with exercise,’' ® others showed no change in BAT
activity,””7® while a third set of studies reported a
decrease in BAT activity with exercise.”>”"”*

Exercise increases BAT activity

Studies in rats have demonstrated that 6-8 wks of swim
training for 2-3 hours per day resulted in increased blood
flow to BAT and increased responsiveness to
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Figure 2. Exercise and BAT. The effects of exercise on BAT function and activity, as well as potential factors that may influence these

effects, remain elusive.

norepinephrine stimulation.”*** Another study demon-
strated that 8 wks of exercise training by swimming signifi-
cantly increased BAT mitochondrial activity in rats.®’ In
this study, rats were subjected to an exercise training proto-
col where they swam in a thermoneutral (31-33°C), 1 gal-
lon, plastic barrel for up to 75 minutes per day. While
training did not alter total body weight or food intake, retro-
peritoneal adipose tissue mass was significantly decreased in
response to exercise. Examination of the BAT revealed a sig-
nificant increase in type 2 deiodinase (dio2) and mitochon-
drial respiration in trained rats indicating increased BAT
activity. Other studies have shown that exercise training in
mice by either treadmill running or wheel-cage exposure for
6 wks results in moderate increases in mitochondrial protein
content (1.6-fold), cytochrome oxidase activity (3-fold), and
oxygen consumption in BAT (2.6-fold),”” as well as
increased expression of Ucpl and other BAT-specific genes
including Dio2, Prdm16, Pgcla.*”> Exercise training via
treadmill exercise for 8 wks (15 m/min, for 40 min per day,
5 days/wk) also significantly increased the number adipose
progenitor cells in BAT (defined as Lin-;CD29+;CD34+;
Scal+;CD24).°” The BAT adipose progenitor cells isolated
from trained mice differentiated into brown adipocytes that
expressed significantly more UCP1 when compared to BAT
adipose progenitor cells isolated from sedentary mice.**”
These data suggest that exercise training may increase BAT
adipogenesis, enhance oxidative phosphorylation, and
increase energy expenditure in BAT.

Exercise does not alter BAT activity

Several other studies examining the effects of treadmill
running exercise in rats have come to a different

conclusion, indicating that exercise has no effect on BAT
activity. In one study, rats exercised on a treadmill for 45
d at either 24°C or 4°C. There was no change in BAT
activity or thermogenesis, measured through mitochon-
drial guanosine 5’-diphosphate binding (GDP) at either
temperature.”” Treadmill exercise training in rats for 33
d also did not affect BAT mitochondrial GDP binding,
alter energy expenditure or BAT-mediated thermogene-
sis.”® An additional treadmill exercise study in rats indi-
cated that 6 wks of training for 90 min/day, resulted in
no change in BAT mass or blood flow, and no change in
thermogenic activity.®® In contrast to the studies dis-
cussed in the previous section, these studies indicate that
exercise in rodents has little or no effect on BAT thermo-
genesis or mitochondrial activity regardless of ambient
temperature. These studies used different markers to
measure BAT activity and gene expression, which could
account for some discrepancies between the studies
showing an increase in BAT activity compared to the
investigations showing no effect of exercise training on
BAT activity.

Exercise decreases BAT activity

In contrast to these studies indicating that exercise
increases or has no effect on BAT activity, there have
been several studies indicating that endurance exercise
results in a decrease in BAT activity.”>”"”* In one study
rats swam 30 min/day for 21 d in “fast flowing water,"
causing the rats to swim vigorously. After 21 days, swim-
trained rats had decreased BAT activity compared to
sedentary rats.”* In another study treadmill running of
rats at 75-85% of VO,.x 60 min/day, 5 days/wk for 8



wks resulted in a significant decrease in body weight and
fat mass, as well as an increased beiging of the scWAT.
In contrast, BAT removed from these rats revealed a
“whitening” of BAT and the unilocular adipocyte area of
the BAT from trained rats was ~4x greater than from
sedentary rats. BAT from the trained rats also had signif-
icantly decreased PGCla and UCP1 protein expression,
and a marked reduction in fatty acid oxidation. These
data indicate that thermogenesis, determined by
increased UCP1 expression, is inversely regulated in
response to exercise training by BAT and scWAT.”" To
determine the effects of chronic exercise on BAT in
humans, BAT activity was measured in 24 lean, healthy
men, aged 18-35 who were either endurance-trained or
sedentary. To measure BAT activity, subjects were given
a mild cold exposure for 2 hrs and BAT activity was mea-
sured by ["*F]FDG-PET/CT scan. Cold-induced BAT
activity was significantly lower in the trained group com-
pared with the untrained group, indicating that regular
endurance exercise training is associated with decreased
cold-induced activity of BAT.”” Thus, these studies indi-
cate that exercise training in both rodents and humans
down-regulates BAT activity.

As can be surmised from the studies described above,
how BAT adapts to exercise training has not been clearly
established. From a physiological perspective, similar to
the increased beiging of scWAT with exercise, increased
BAT activity during exercise is counterintuitive. BAT is a
thermogenic tissue, and an increased heat production
may be redundant and metabolically wasteful during
exercise. This is not to say that exercise is not having any
effect on BAT; it could be altering a secreted factor or
perhaps just ‘turning off’ so as not to take energy from
working tissues (i.e. skeletal muscle). There are numer-
ous questions that have still not been addressed; making
this is an intriguing line of investigation for future
studies.

Summary

It is clear that exercise induces a beiging of scWAT in
rodents, and at least part of the underlying mechanism
for this effect may be mediated by skeletal muscle-
derived factors or myokines. These myokines, including
irisin, Metrnl, myostatin, BAIBA, and lactate, all increase
in response to exercise and under various conditions can
result in a beiging of scWAT. Despite these advances,
there are a number of unanswered questions. One
important question is whether beiging of sc(WAT in
humans is a physiological response to exercise training.
The function of beiging of sSc(WAT in response to exer-
cise training also remains a mystery. The effects of exer-
cise on BAT activity remain elusive, with several studies
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showing increased BAT activity, several studies demon-
strating no change in BAT activity with exercise, and sev-
eral studies showing decreased BAT activity. More work
is needed to fully elucidate exercise-induced metabolic
adaptations to adipose tissue, and to use this information
to elucidate novel therapeutic targets for obesity, type 2
diabetes, and other metabolic diseases.
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