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SUMMARY

Exercise affects whole-body metabolism through adaptations to various tissues, including adipose tis-
sue (AT). Recent studies investigated exercise-induced adaptations to AT, focusing on inguinal white
adipose tissue (WAT), perigonadal WAT, and interscapular brown adipose tissue (iBAT). Although
these AT depots play important roles in metabolism, they account for only ~50% of the AT mass in
amouse. Here, we investigated the effects of 3 weeks of exercise training on all 14 AT depots. Exer-
cise induced depot-specific effects in genes involved in mitochondrial activity, glucose metabolism,
and fatty acid uptake and oxidation in each adipose tissue (AT) depot. These data demonstrate that
exercise training results in unique responses in each AT depot; identifying the depot-specific adapta-
tions to AT in response to exercise is essential to determine how AT contributes to the overall bene-
ficial effect of exercise.

INTRODUCTION

AT consists of two primary tissue types, white adipose tissue (WAT) and brown adipose tissue (BAT). WAT is
composed of mature adipocytes containing a unilocular fat droplet and the stromal vascular fraction (SVF),
which is composed of multiple cell types including progenitor cells and immune cells. WAT is primarily
involved in functions of energy storage, hormone production, local tissue architecture, and immune func-
tion (Tran and Kahn, 2010). WAT can be broadly categorized into two different types: visceral WAT (VWAT)
and subcutaneous WAT (scWAT). VWAT surrounds the internal organs, and an excess accumulation of
VWAT has been associated with metabolic impairments (Tran and Kahn, 2010). scWAT is primarily found
around the thighs and buttocks, and a predisposition for storage of lipids in this region over storage in
VWAT has been linked with insulin sensitivity and a reduced risk of type 2 diabetes (Tran et al., 2008).
This suggests that there are distinct physiological functions of these two classes of WAT.

Although WAT is typically classified as VWAT or scWAT, these types of AT can be further classified based on
the specific location of the AT depot. In the mouse, which has been widely studied, there are six VWAT de-
pots: perigonadal WAT (pgWAT), mesenteric WAT (mWAT), perirenal WAT (prWAT), retroperitoneal WAT
(roWAT), cardiac WAT (cWAT), and triceps-associated WAT (triWAT). For scWAT, there are three major de-
pots in the mouse: inguinal WAT (ingWAT), anterior subcutaneous WAT (asWAT), and interscapular WAT
(isSWAT). The function of each scWAT and VWAT depot, as well as how they respond to various stimuli, has
not been thoroughly investigated.

BAT is composed of adipocytes that house multilocular fat droplets and an abundance of mitochondria.
BAT is a thermogenic energy-expending tissue that helps to regulate body temperature (Rothwell and
Stock, 1983). In the mouse there are five major BAT depots: interscapular BAT (iBAT), mediastinal BAT
(mBAT), perirenal BAT (prBAT), axillary BAT (aBAT), and cervical BAT (cBAT). The function of each BAT
depot has not been investigated. Combining all the types of AT, there are a total of 14 different AT depots
in the body (3 scWAT, 6 vWAT, and 5 BAT). The anatomical distribution of these depots can be seen in
Figure 1A.

Emerging evidence suggests that exercise results in major adaptations to AT, which play a role in the meta-
bolic effects of exercise on health (Bostrom et al., 2012; Stallknecht et al., 1991; Stanford et al., 2015b,
2015¢, 2018; Trevellin et al., 2014). Most studies of exercise have focused on the three most commonly
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Figure 1. Changes in Adipose Tissue Depot Mass After Chronic Exercise
(A) Images of each adipose tissue depot from sedentary and exercise-trained mice.

(B and C) (B) Body weight and (C) tissue weight of each adipose tissue depot from sedentary and exercise-trained mice. Data are presented as means + SEM
(n = 8/group; *p < 0.05).

studied AT depots in rodents; ingWAT, pgWAT, and iBAT. These investigations suggest that these major
classes of AT have a varying response to exercise. Exercise training increases mitochondrial activity in
pgWAT and ingWAT (Stallknecht et al., 1991; Stanford et al., 2015¢c; Sutherland et al., 2009; Trevellin
etal., 2014; Wu et al., 2014). Other studies have shown that exercise causes a beiging, or an increased pres-
ence of brown-like adipocytes, in ingWAT in rodents (Bostrom et al., 2012; Cao et al., 2011; Petrovic et al.,
2010; Stanford et al., 2015¢; Trevellin et al., 2014). We found that transplantation of exercise-trained in-
gWAT improves the glucose metabolism of recipient mice, whereas transplantation of exercise-trained
pgWAT has no effect on the whole-body glucose metabolism (Stanford et al., 2015¢). Studies investigating
the effect of exercise on iBAT have resulted in conflicting findings showing both increases (Yoshioka et al.,
1989) and decreases (Ignacio et al., 2012; Wu et al., 2014) in mitochondrial activity with exercise training.
Taken together, these data suggest that ingWAT, pgWAT, and iBAT each have distinct responses to exer-
cise training.
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Figure 2. Exercise Decreases Genes Involved in Glucose Metabolism and Increases Genes Involved in Fatty Acid
Oxidation in asWAT

(A) Expression of genes involved in mitochondrial activity and beiging.

(B and C) (B) Glucose metabolism and (C) fatty acid oxidation in asWAT. Data are presented as means + SEM (n = 8/
group; *p < 0.05, **p < 0.01).

The effects of exercise training have only been studied in these three major AT depots, which account for
only ~50% of the AT mass in a mouse. In the current study, we examined the effects of exercise on the
expression of genes involved in mitochondrial activity, beiging, glucose metabolism, and fatty acid oxida-
tion in each of the 14 AT depots. We found that exercise induces specific adaptations to scWAT, vWAT, and
BAT, and also induces depot-specific effects within each class of AT. These data indicate that each AT
depot has a unique metabolic response to exercise training.

RESULTS
Effects of Exercise Training on Body Mass and Adipose Tissue Mass

To determine the effect of 3 weeks of exercise training on each AT depot, mice were euthanized and 14
different AT depots were rapidly dissected from sedentary and exercise-trained mice (Figure 1A). Exercise
training significantly decreased body mass in mice by ~10% (Figure 1B). Exercise training decreased the
mass of two scWAT adipose tissue depots (ingWAT and isWAT), one VWAT depot (pgWAT), and two
BAT depots (iBAT and prBAT) (Figure 1C). There was no effect of exercise on the mass of the other depots.

Exercise Regulation of scWAT

We determined the effects of exercise training on gene expression in the three distinct scWAT depots, as-
WAT, isWAT, and ingWAT (Figures 2, 3, and S1). For asWAT, there was an interesting response pattern to
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Figure 3. Exercise Increases Mitochondrial Activity, Glucose Metabolism, and Genes Involved in Fatty Acid Oxidation in ingWAT

(A-D) (A) Expression of genes involved in mitochondrial activity and beiging, (B) glucose metabolism, and (C) fatty acid oxidation. (D) Protein expression of
UCP1 in ingWAT. Data are presented as means + SEM (n = 8/group; *p < 0.05, **p < 0.01, ***p < 0.001).

(E and F) (E) Basal OCR in adipocytes differentiated from sedentary and trained ingWAT and (F) bioenergetic profiles of adipocytes differentiated from
sedentary and trained ingWAT. Data are presented as means + SEM (n = 5/group; ***p < 0.001).

(G-1) (G) Images and (H) quantification of NADH autofluorescence and (I) NADH-positive area in ingWAT. Data are presented as means + SEM (n = 3/group;
*p < 0.05 compared with baseline; #p < 0.05 compared with day 5). Figure 3G: scale bar, 50pum.

(J-L) Protein expression of (J) HK2, (K) GLUT1, and (L) GLUT4 in ingWAT. Data are presented as means + SEM (n = 8/group; *p < 0.05).

(M-0O) (M) Glucose uptake in differentiated adipocytes isolated from sedentary and trained ingWAT. Data are presented as means = SEM (n = 3/group;
**p < 0.01). Protein expression of (N) CD36 and (O) FATP1 in ingWAT. Data are presented as means = SEM (n = 8/group; **p < 0.01).

exercise training. Exercise training had no effect on the expression of mitochondrial or beiging marker
genes (Figure 2A), decreased the expression of many genes involved in glucose metabolism (Figure 2B),
and increased the expression in multiple genes involved in fatty acid oxidation and metabolism (Figure 2C).
In contrast to asWAT, with the exception of a decrease in one gene involved in glucose metabolism (Eno1),
there was no effect of exercise training on the expression profile for mitochondrial, beiging, glucose meta-
bolism, and fat metabolism genes in isWAT (Figures STA-S1C).

We found that the most robust effects of exercise training in the scWAT class occurred in the ingWAT
depot. There were significant changes in numerous genes involved in mitochondrial function and beiging
(Figure 3A) and glucose metabolism (Figure 3B), and a change in the expression of three genes involved in
fatty acid oxidation (Figure 3C). Given the striking changes in this scWAT depot, we used this depot to
determine functional adaptations that occur in response to exercise training. Consistent with gene expres-
sion changes, we found that exercise training increased UCP1 protein expression in ingWAT (Figure 3D). To
determine if changes in mitochondrial gene expression resulted in changes in function, we used three ap-
proaches: expression of mitochondrial proteins, oxygen consumption via seahorse, and measurements of
NADH autofluorescence in ingWAT. Oxygen consumption rate (OCR) was measured in adipocytes differ-
entiated from the SVF of ingWAT. Exercise-trained ingWAT had a significantly higher basal OCR (Figures
3E and 3F), ATP turnover, and maximal respiratory capacity than sedentary ingWAT (Figure 3F). To deter-
mine the effects of exercise training on mitochondrial function in ingWAT in vivo, we measured NADH au-
tofluorescence in mice pre-exercise, and on days 5 and 11 of a voluntary wheel running exercise-training
regimen. The NADH-positive area and NADH autofluorescence were significantly increased after 5 days
of exercise training in ingWAT. After 11 days of exercise training, the NADH-positive area and NADH auto-
fluorescence doubled in size and intensity and was significantly increased in the ingWAT compared with
sedentary mice and mice after 5 days of exercise (Figures 3G-3I).

To determine if changes in genes involved in glucose metabolism resulted in changes in function, we
measured the expression of proteins involved in glucose metabolism in ingWAT and glucose uptake in
SVF-derived adipocytes. Three weeks of exercise training significantly increased the protein expression
of HK2, GLUT1, and GLUT4 in the ingWAT (Figures 3J-3L). Basal glucose uptake was significantly increased
in adipocytes differentiated from the SVF of exercise-trained ingWAT compared with sedentary ingWAT
(Figure 3M), indicating that exercise training increases glucose uptake and metabolism in SVF-derived
adipocytes from ingWAT.

Exercise training significantly increased the expression of three genes involved in fatty acid oxidation in
ingWAT (Figure 3C). To determine if exercise increased the expression of proteins involved in fatty acid
uptake and oxidation we measured the proteins involved in fatty acid uptake, CD36 and FATP1, in ingWAT.
Exercise training did not alter CD36 expression (Figure 3N), but did increase FATP1 in ingWAT (Figure 30).
Together, these data indicate that each scWAT depot responds differently to exercise and asWAT and
ingWAT are the scWAT depots most sensitive to exercise-induced adaptations.

Variable Effects of Exercise on vVWAT Depots

The effects of exercise training on gene expression were determined in the six VWAT depots (cWAT,
roWAT, triWAT, prWAT, mWAT, and pgWAT) (Figures 4, 5, 6, S2, and S3). For c(WAT, exercise training
had a minimal effect on the expression of mitochondrial genes, with the only gene increased being
Nrf1. There was also no effect of exercise training on the expression of genes involved in glucose meta-
bolism or fatty acid oxidation and uptake in cWAT (Figures S2A-S2C). In rpWAT, exercise training
increased the expression of two genes involved in mitochondrial activity (Nrf1, Nrf2), decreased the
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Figure 4. Effects of Exercise on Gene Expression in prWAT
(A-C) (A) Expression of genes involved in mitochondrial activity and beiging, (B) glucose metabolism, and (C) fatty acid oxidation in prWAT.
Data are presented as means + SEM (n = 8/group; *p < 0.05, **p < 0.01).

expression of three genes involved in glucose metabolism (Aldoa, Tpl1, Pgam?2), decreased the expression
of one gene involved in fatty acid metabolism (Fabp3), and increased the expression of one gene involved
in fatty acid metabolism (Acsl5) (Figures S2D-S2F).

triWAT is the VWAT depot closest to the triceps skeletal muscle, a muscle that is highly recruited with
numerous adaptations in response to wheel running exercise (Belter et al., 2004; Hokari et al., 2010; Stan-
ford etal., 2015a). Although we hypothesized that the AT depot closest in anatomical proximity to the work-
ing muscle would be significantly affected by exercise training, there was no effect of training on the
expression of genes involved in mitochondrial activity, beiging, glucose metabolism, or fatty acid oxidation
in triWAT (Figures S3A-S3C). Similar to gene expression data, exercise did not alter citrate synthase (CS),
HK2, GLUT1, GLUT4, CD36, FATP1, or pHSL/HSL protein expression in triWAT (Figures S3D-S3J). These
data suggest that the primary function of the triWWAT may not be to provide fuel to the nearby muscle in
response to exercise.

The three VWAT depots that were the most affected by exercise were prWAT, mWAT, and pgWAT. Inter-
estingly, these three classes of VWAT each responded to exercise very differently. Exercise training in
prWAT decreased the expression of 3 genes involved in mitochondrial activity (Nrf1, Nrf2, Prdm16), 2 genes
involved in glucose metabolism (Gpi1, Eno3), and 10 genes involved in fatty acid oxidation (Fabp5, Ffar4,
Fabp3, Acsl1, Acsl3, Acsl4, Acsl5, Gpd1, Gpd2, Gyk) (Figures 4A-4C). This depot was the only AT depot that
did not have any increase in gene expression in response to exercise training. For mMWAT, the AT depot
considered to be the most similar to human visceral WAT (Catalano et al., 2010; Chusyd et al., 2016), there
was no effect of exercise on altering the expression of mitochondrial or beiging genes (Figure 5A). There
was also no exercise-training-induced change in the expression of genes involved in glucose metabolism
(Figure 5B). The expression of genes involved in fatty acid oxidation and elongation were significantly
increased in mWAT after exercise training (Elovl3, Fabp5, Fabp3, Gpd2) (Figure 5C). Similar to gene expres-
sion data, there was no change in CS, HK2, GLUT1, or GLUT4 protein expression (Figures 5D-5G). There
was no change in protein expression of fatty acid transporters CD36 or FATP1, or indicators of lipolysis
pHSL or HSL (Figures 5H-5J).

The strongest effects of exercise training in the VWAT depots were in the pgWAT depot. Exercise training
increased the expression of several mitochondrial and beiging genes (Cpt1, Nrf1, Nrf2, Prdm16), but had
no effect on Ucp1 or Cidea in pgWAT (Figure 6A). Unique from other AT depots, we found that exercise
training had opposing effects on genes involved in glucose metabolism in pgWAT, with some genes
increased by training (Glut4, Pgam2, Pkm) and others decreased (Pfkp, Aldoa) (Figure 6B). Exercise training
increased the expression of genes involved in fatty acid oxidation and uptake in pgWAT (Fabp3, Acsl1,
Acsl3, Acsl4, Acsl5, Gyk) (Figure 6C).
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Figure 5. Exercise Increases Genes Involved in Fatty Acid Oxidation in mMWAT

(A-C) (A) Expression of genes involved in mitochondrial activity and beiging, (B) glucose metabolism, and (C) fatty acid
oxidation in mWAT.

(D-J) Protein expression of (D) CS, (E) HK2, (F) GLUT1, (G) GLUT4, (H) CD36, (I) FATP1, and (J) pHSL/HSL in mWAT.
Data are presented as means + SEM (n = 8/group; *p < 0.05, ***p < 0.001).

To determine if exercise training altered mitochondrial function in pgWAT, OCR was measured in adipo-
cytes differentiated from the SVF of pgWAT. Exercise training resulted in a significantly higher basal OCR
compared with SVF-derived adipocytes from sedentary mice (Figures 6D and 6E), but there was no differ-
ence in ATP turnover or maximal respiratory capacity when comparing trained versus sedentary SVF-
derived adipocytes from pgWAT (Figure 6E). Exercise training had no effect on the HK2 or GLUT1 protein,
but significantly increased GLUT4 (Figures 6F-6H) in pgWAT. Exercise training did not affect proteins
involved in fatty acid uptake (CD36, FATP1) or lipolysis (pHSL, HSL) (Figures 61-6K). Together these data
indicate that exercise training increases basal mitochondrial activity and GLUT4 in pgWAT, but has little
effect on genes or proteins involved in fatty acid metabolism.

Exercise Decreases Mitochondrial Activity and Glucose Uptake in iBAT

We determined the effects of exercise training on gene expression in the five distinct BAT depots (mBAT,
prBAT, aBAT, cBAT, and iBAT) (Figures 7 and S4). Exercise training had a minimal effect on the expression
of genes involved in mitochondrial activity, glucose metabolism, or fatty acid oxidation and metabolism in
mBAT (Figures S4A-S4C), prBAT (Figures S4D-S4F), or aBAT (Figures S4G-S4l). For cBAT, we found that
there was a minimal effect of exercise training on the expression of mitochondrial or beiging markers
and genes involved in glucose metabolism (Figures S4J and S4K), but an increase in several genes involved
in fatty acid oxidation in cBAT (Ffar4, Fabp3, Acsl1, Gpd1, Gyk) (Figure S4L).

The tissue most affected by exercise training in the BAT class was iBAT. Exercise increased the expres-
sion of multiple mitochondrial genes (Cidea, Cd36, Cs, UcpT), genes involved in glucose metabolism
(Glut4, Hk2, Enol, Eno3), and those involved in fatty acid oxidation (Fabp3, Acsl1, Acsl3, Gpd1, Gyk)
in iBAT (Figures 7A-7C). There was no effect of exercise training on UCP1 protein expression (Figure 7D).
To determine if changes in mitochondrial gene expression resulted in changes in function, we used
three approaches: expression of mitochondrial proteins, oxygen consumption via seahorse, and mea-
surements of NADH autofluorescence in iBAT. OCR was measured in adipocytes differentiated from
the SVF, and SVF-derived adipocytes from exercise-trained iBAT had a significantly lower OCR
compared with sedentary mice (Figures 7E and 7F), but no difference in ATP turnover or maximal res-
piratory capacity (Figure 7F). These data suggest that exercise decreases the basal OCR of iBAT,
whereas it does not decrease its maximal respiratory capacity or alter its ability to be recruited or
influenced by various stimuli. To determine the effects of exercise on iBAT in vivo, we measured
NADH autofluorescence in mice pre-exercise, and on days 5 and 11 of a voluntary wheel running. Inter-
estingly, after 5 days of exercise training, the NADH-positive area and NADH autofluorescence tended
to be increased compared with the sedentary mice, whereas after 11 days of exercise training the
NADH-positive area and NADH autofluorescence were significantly decreased compared with both
the pre-exercise and 5 days of exercise-training values. These data suggest that short-term exercise
training (5 days) might acutely increase mitochondrial activity, but 11 days of exercise training decreases
the basal mitochondrial activity of iBAT (Figures 7G-71).

Exercise training increased genes involved in glucose metabolism in iBAT (Figure 7B), but had no effect on
protein expression of HK2, GLUT1, or GLUT4 (Figures 7J-7L). Basal glucose uptake was significantly
decreased in adipocytes differentiated from the SVF of exercise-trained iBAT compared with sedentary
iBAT (Figure 7M). Interestingly, and similar to what has been observed in human subjects, these data indi-
cate that exercise training decreases basal glucose uptake in iBAT (Motiani et al., 2017; Vosselman et al.,
2015). Expression of genes involved in fatty acid oxidation was increased after exercise training in iBAT (Fig-
ure 7C), but proteins involved in fatty acid transport (CD36 and FATP1) were not changed (Figures 7N and
70). There was a significant decrease in the pHSL/HSL ratio, indicating a decrease in lipolysis (Figure 7P).

DISCUSSION

The beneficial effects of exercise on metabolic health have typically been attributed to adaptations to skel-
etal muscle, but recent studies have demonstrated that exercise training results in marked adaptations to
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Figure 6. Exercise Increases Mitochondrial Activity and Genes Involved in Fatty Acid Oxidation in pgWAT
(A-C) (A) Expression of genes involved in mitochondrial activity and beiging, (B) glucose metabolism, and (C) fatty acid oxidation in pgWAT. Data are
presented as means + SEM (n = 8/group; *p < 0.05, ***p < 0.001).
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Figure 6. Continued

(D and E) (D) Basal OCR in adipocytes differentiated from sedentary and trained pgWAT and (E) bioenergetic profiles of adipocytes differentiated from
sedentary and trained pgWAT. Data are presented as means + SEM (n = 5/group; ***p < 0.001).

(F-K) Protein expression of (F) HK2, (G) GLUT1, (H) GLUT4, (I) CD36, (J) FATP1, and (K) pHSL/HSL in pgWAT. Data are presented as means = SEM (n = 8/
group; **p < 0.01). Data are presented as means + SEM (n = 8/group).

AT, including dramatic changes in the gene expression profile (Stanford et al., 2015¢; Trevellin et al., 2014).
Most studies of exercise training have focused on a select few AT depots, whereas this dataset provides a
comprehensive analysis of the effects of exercise on the gene expression profile of 14 distinct AT depots in
mice. These data demonstrate that training results in very distinct depot-specific adaptations. Even within a
single class of AT, the various depots responded quite differently to the exercise-training stimulus. This
suggests that the different AT depots function differently to the metabolic demands of regular physical
training.

Comparison of the three scWAT depots suggests a very different response to training for each depot. Sur-
prisingly, we did not detect any change in gene expression in isSWAT in response to exercise training,
although exercise training resulted in a decrease in the mass of this tissue. The other scWAT depots,
ingWAT and asWAT, were very responsive to exercise training, albeit very differently. Exercise training
in ingWAT significantly increased mitochondrial, beiging, and glucose metabolic markers genes, with little
effect on fatty acid metabolism genes. In remarkable contrast to ingWAT, exercise training in asWAT re-
sulted in no change in mitochondrial and beiging genes, decreases in glucose metabolic genes, and in-
creases in fatty acid metabolic genes. The opposing responses may stem from the very different anatomical
locations of these depots, with asWAT located between the scapulae descending from the neck to the
axillae and the ingWAT spreading from the dorsolumbar region to the gluteal region (Cinti, 2001). These
unique locations may lead to differing blood flow responses to exercise, which may also translate to the AT
depots supplying fatty acids to different surrounding tissues. These anatomical locations, varying blood
flow, and prominence to surrounding tissues may also play a role in the functions of the AT depots across
classes. For example, initially we hypothesized that the increases in mitochondrial function and glucose
metabolism were prominent in the ingWAT because of its close proximity to the working muscle during
exercise. However, when we examined other adipose depots such as the triWAT, there were no changes
in these metabolic genes. This suggests that anatomical contiguity to working muscle may not be a primary
factor in the response to exercise training.

Multiple studies have indicated an important role of ingWAT in response to exercise (Bostrom et al., 2012;
Caoetal, 2011; Stanford et al., 2015b, 2015¢; Trevellin et al., 2014), whereas one recent study indicated that
ingWAT could be dispensable for the metabolic health benefits of mice after exercise. Mice that had in-
gWAT surgically removed still exhibited whole-body metabolic benefits of exercise, including improved
glucose tolerance and increased skeletal muscle mitochondrial gene expression (Peppler et al., 2018).
These data are intriguing, but it is unclear if there were adaptations to the other scWAT depots that
occurred in the absence of ingWAT that may have contributed to the metabolic benefit, particularly
because the ingWAT accounts for only ~30% of the total fat mass in a mouse. It is also difficult to determine
how to interpret these data in a clinical setting because a human subject would likely not have a compara-
ble complete loss of ingWAT mass and exercise-induced adaptations to ingWAT are observed in human
studies (Stanford et al., 2015b).

Exercise training in rodents increases mitochondrial activity in pgWAT and ingWAT (Stallknecht et al.,
1991; Stanford et al., 2015¢; Sutherland et al., 2009; Trevellin et al., 2014; Wu et al., 2014) and causes a
beiging of ingWAT (Bostrom et al., 2012; Cao et al., 2011; Petrovic et al., 2010; Stanford et al., 2015¢; Tre-
vellin et al., 2014). In rodents, beige cells can be induced by a variety of stimuli including B3-selective
adrenergic agonists (Ishibashi and Seale, 2010), cold exposure (Petrovic et al., 2010), exercise (Bostrom
et al., 2012; Cao et al., 2011; Stanford et al., 2015b, 2015¢c; Sutherland et al., 2009; Trevellin et al.,
2014), and an enriched environment (Cao et al.,, 2011). Upon stimulation, beige adipocytes have a high
expression of UcpT, have increased fuel oxidation, and contribute to non-shivering thermogenesis (Sha-
balina et al., 2013; Wu et al., 2012). The beiging of ingWAT by non-exercise stimuli such as cold exposure,
environmental factors, or pharmaceuticals is believed to be induced through a heat-compensatory mech-
anism in which adrenergic stimulation results in the up-regulation of UCP1 to compensate for heat loss
(Cannon and Nedergaard, 2004; Cousin et al., 1992; Ghorbani et al., 1997; Ghorbani and Himms-Hagen,
1997), but this mechanism does not make sense in the context of exercise-induced beiging, as exercise
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Figure 7. Exercise Decreases Mitochondrial Activity and Glucose Metabolism, and Increases Genes Involved in Fatty Acid Oxidation in iBAT
(A-D) (A) Expression of genes involved in mitochondrial activity and beiging, (B) glucose metabolism, and (C) fatty acid oxidation in iBAT. (D) Protein
expression of UCP1 in iBAT. Data are presented as means + SEM (n = 8/group; *p < 0.05, **p < 0.01).

(E and F) (E) Basal OCR in adipocytes differentiated from sedentary and trained iBAT and (F) bioenergetic profiles of adipocytes differentiated from
sedentary and trained iBAT. Data are presented as means + SEM (n = 5/group; ***p < 0.001).

(G-L) (G-1) (G) Images and (H) quantification of NADH autofluorescence and (I) NADH-positive area in iBAT. Data are presented as means + SEM (n = 3/
group; *p < 0.05). Protein expression of (J) HK2, (K) GLUT1, and (L) GLUT4 in iBAT. Data are presented as means + SEM (n = 8/group; *p < 0.05). Figure 7G:
scale bar, 50pm.

(M-P) (M) Glucose uptake in differentiated adipocytes isolated from sedentary and trained iBAT. Data are presented as means + SEM (n = 3/group). Protein
expression of (N) CD36, (O) FATP1, and (P) pHSL/HSL in iBAT. Data are presented as means + SEM (n = 8/group; *p < 0.05).

increases heat production (Saugen and Veollestad, 1995). One explanation for the exercise-induced beig-
ing of ingWAT is that exercise decreases adipocyte size and lipid content in ingWAT, thus decreasing in-
sulation of the body and necessitating heat production, resulting in the beiging of ingWAT (Lehnig and
Stanford, 2018; Nedergaard and Cannon, 2014; Stanford and Goodyear, 2016). This is a logical explana-
tion because both ingWAT and isWAT decrease in mass after exercise. However, the exercise-induced
beiging of WAT was only observed in the ingWAT, and not the other scWAT depots (asWAT, isWAT).
It is possible that because this depot is the scWAT depot with the largest mass, a decrease in ingWAT
mass would have the biggest effect on insulation, thus necessitating heat production. Interestingly, in
studies looking at the effects of cold exposure on different AT depots (de Jong et al., 2015), some markers
of beiging (Ucp? and Cidea) were also increased in isWAT and asWAT, but other markers, such as
Prdm16, were only increased in ingWAT (de Jong et al., 2015). These data suggest that ingWAT
has the most significant beiging response after cold exposure. This same study showed that ingWAT
and triWAT had a similar response to cold; both ingWAT and triWAT had an increase in Ucpl,
Prdm16, and Cidea to nearly the same extent (de Jong et al., 2015). This similar response of ingWAT
and triWAT to cold was not seen in response to exercise. Together these data indicate that whereas
cold causes similar beiging adaptations to all the scWAT depots and triWAT, exercise induces a differen-
tial response to each AT depot.

Multiple studies have examined the effects of exercise on pgWAT and determined that exercise training
induces mitochondrial activity (Stallknecht et al., 1991) and expression of GLUT4 and PGC-1a (Craig
etal., 1981; Hirshman et al., 1989; Stallknecht et al., 1991; Sutherland et al., 2009). Our data support these
findings, as we observed an increase in mitochondrial activity and GLUT4 protein expression. However, hu-
mans do not have a pgWAT depot; the most prominent VWAT depot in humans is the mWAT, but this
depot is understudied in rodents. We determined that exercise training had a minimal effect on mWAT,
with the exception of a 50-fold increase in the expression of Elovl3, an enzyme that regulates the recruit-
ment and elongation of lipids (Westerberg et al., 2006). Although further studies will be necessary, it is
possible that the training-induced increase in ElovI3 occurs to increase the de novo lipogenesis as a means
to replace the lipids that are utilized during exercise (May et al., 2017).

The prWAT is a VWAT depot that had decreased expression of genes involved in mitochondrial activity,
glucose metabolism, and fatty acid oxidation in response to exercise training. Previous studies in rodents
indicated that prWAT behaved similarly to pgWAT in response to a high-fat diet (Takahashi and Ide, 2000)
or growth factors such as fibroblast growth factor 21 (Fisher et al., 2012). However, our data reveal that
pgWAT and prWAT have opposing gene expression responses to exercise training. The reason for the
different response of prWAT to exercise training is unclear, but it is interesting to note that exercise training
induces a distinct response in prWAT compared with other AT depots. This previously unidentified role for
exercise to affect prWAT may indicate that this is an important tissue to examine in human subjects in
response to exercise.

Previous studies investigating the effects of exercise on BAT in rodents have only examined iBAT (De Mat-
teis et al., 2013; Ignacio et al., 2012; Motiani et al., 2017; Wu et al., 2014; Yoshioka et al., 1989). Studies on
exercise in BAT have often conflicting; some studies show that exercise increases mitochondrial gene
expression in BAT (Dewal and Stanford, 2018; Ignacio et al., 2012; Stanford and Goodyear, 2016; Yoshioka
et al., 1989), whereas others indicate that exercise decreases mitochondrial activity in BAT (De Matteis
et al., 2013; Motiani et al., 2017; Vosselman et al., 2015; Wu et al., 2014). Our data demonstrate that in
mice, exercise increases the expression of mitochondrial genes in iBAT but decreases mitochondrial activ-
ity. It is not clear why expression of genes involved in mitochondrial activity is increased in iBAT, whereas
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mitochondrial activity itself is decreased. BAT is a thermogenic tissue involved in heat production and en-
ergy expenditure (Rothwell and Stock, 1983). Exercise is also a thermogenic activity, resulting in an increase
in both muscle and core body temperature (Saugen and Vallestad, 1995). As an increase in both BAT ac-
tivity and exercise can raise the core body temperature, the thermogenic role of BAT might not be needed
during exercise. In fact, it has been suggested that BAT is “hypoactive” during exercise (Cannon and Ne-
dergaard, 2004; Dewal and Stanford, 2018). Although this argues against a role for BAT's activation by ex-
ercise, BAT is regulated by the sympathetic nervous system (SNS). Exercise also stimulates the SNS and
corresponding catecholamine release. It is possible that exercise increases sympathetic input to increase
mitochondrial activity, but there is a post-translational regulation in BAT that decreases mitochondrial and
thermogenic activity because an increase in thermogenic activity would not be required during exercise at
room temperature.

Recent studies have shown that exercise training decreases the ability of iBAT to take up glucose in humans
(Motiani et al., 2017; Vosselman et al., 2015). Our data in mice also indicate that exercise training decreases
BAT glucose uptake and that exercise decreases lipolysis in iBAT. Although glucose uptake is decreased
with training, we find that another aspect of BAT metabolism is upregulated by exercise, that is, iBAT endo-
crine function. We found that exercise alters the endocrine function of iBAT mice, as both acute and chronic
exercise increased the release of the signaling lipid 12,13-dihydroxy-9Z-octadecenoic acid (12,13-diHOME)
(Stanford et al., 2018). Thus, whereas exercise training may down-regulate substrate utilization and energy
expenditure in iBAT, other functions may be activated in this class of AT.

In conclusion, exercise training induces beneficial effects to AT, and each depot has a unique and specific
response to this physiological stimulus. Defining the specific adaptation of each AT depot in response to
exercise may help identify novel therapeutic targets to combat obesity and metabolic disease. Future
studies will establish the detailed physiological function of each of these exercise-induced adaptations,
and also help to understand the role that all these depots play in the metabolic response to exercise
training in humans. Given the rapidly increasing prevalence of obesity and type 2 diabetes, as well as
the detrimental consequences of a sedentary lifestyle on human health, exercise studies investigating
the regulation of AT depots to combat obesity, type 2 diabetes, and other diseases will be critical.

Limitations of Study

An important limitation in this study is that only male mice were investigated, at one age and after a fixed
period and type of exercise-training program. It is possible that female mice or mice of a different age
would have a difference response to exercise, or that different training periods would elicit different re-
sponses in the AT depots. An additional limitation of this study is that gene expression was the only mea-
surement performed in all tissues. Future work will investigate the functional adaptations of each AT depot
in response to exercise.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods, four figures, and one table and can be found
with this article online at https://doi.org/10.1016/].isci.2018.12.033.
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Figure S1. Effects of exercise on gene expression in isWAT, Related to Figure 2,3.
Expression of genes involved in (A) mitochondrial activity and beiging, (B) glucose

metabolism, and (C) fatty acid oxidation in isSWAT. Data are presented as means +
S.E.M. (n=8/group; *P<0.05).

Figure S2. Effects of exercise on gene expression in cWAT and rpWAT, Related to
Figure 4-6. Expression of genes involved in mitochondrial activity and beiging, glucose
metabolism, and fatty acid oxidation in cWAT (A-C) and rpWAT (D-F). Data are
presented as means + S.E.M. (n=8/group; *P<0.05; **P<0.01).

Figure S3. Effects of exercise on triWAT, Related to Figure 4-6. (A) Expression of
genes involved in mitochondrial activity and beiging, (B) glucose metabolism, and (C)
fatty acid oxidation in triWAT. Protein expression of (D) CS, (E) HK2, (F) GLUTI, (G)
GLUTH4, (H) CD36, (I) FATPI, and (J) pHSL/HSL in triWAT. Data are presented as
means = S.E.M. (n=8/group).

Figure S4. Effects of exercise on gene expression in mBAT, prBAT, aBAT, and
cBAT, Relate to Figure 7. Expression of genes involved in mitochondrial activity and
beiging, glucose metabolism, and fatty acid oxidation in mBAT (A-C), prBAT (D-F),
aBAT (G-I), and cBAT (J-L). Data are presented as means + S.E.M. (n=8/group;
*P<0.05, **P<0.01).
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Supplementary Table 1: qPCR forward and reverse primer sequences for the genes

measured, Related to Figure 2-7.

Gene

Forward Primer Sequence

Reverse Primer Sequence

Cidea
Cptl
Cd36
Pgcla
Pgclb
Cs
Nrfl
Nrf2
Tfam
Ucpl
Prdm16
Glut4
Hk2
Gpil
Pfkl
Pfkm
Pfkp
Aldoa
Tpil
Pgkl
Pgaml
Pgam?2
Enol
Eno3
Pkm
Elovl3
Fabp5
Ffar4
Fabp3
Acsll
Acsl3
Acsl4
Acsl5
Gpdl
Gpd2
Gyk

GGTGGACACAGAGGAGTTCTTTC
AAAGATCAATCGGACCCTAGACA
TGG AGC TGT TAT TGG TGC AG

GAATCAAGCCACTACAGACACCG
TCCTGTAAAAGCCCGGAGTAT

GACTACATCTGGAACACACTCAATTCA

CAACAGGGAAGAAACGGAAA
AGGTTGCCCACATTCCCAAACAAG
GTCCATAGGCACCGTATTGC

AGGCTTCCAGTACCATTAGGT
ATCCACAGCACGGGTGAAGCCAT
ATCATCCGGAACCTGGAGG
AGAGAACAAGGGCGAGGAG
ATGGGCATATTCTGGTGGAC
CCATCAGCAACAATGTGCCTGG
CTGGTGCTGAGGAATGAGAA
AAGCTATCGGTGTCCTGACC
GCGACCACCATGTCTATCTG
TATGGAGGTTCTGTGACTGGA
GAGCCTCACTGTCCAAACTA
GACGATCTTATGATGTCCCACC
CTGCCTACCTGTGAAAGTCTC
CTTGCTTTGCAGCGATCCTA
CTGTGCCTGCCTTTAATGTG
CTGTGGAGATGCTGAAGGAG
GTGCTTTGCCATCTACACGGATG
GACGACTGTGTTCTCTTGTAACC
GTGACTTTGAACTTCCTGGTGCC
AGAGTTCGACGAGGTGACAGCA
ACACTTCCTTGAAGCGATGG
GGCCAACGTGGAAAAGAAAG
GCACCTTCGACTCAGATCAC
CGCCCCCATCTCCACTCCAG
CTCATCACGACCTGCTATGG
GCGGACTCATCACAATAGCA
CAAATGCAAGCAGGACGATG

CGAAGGTGACTCTGGCTATTCC
CAG CGA GTA GCG CAT AGT CA

TGG GTT TTG CAC ATC AAA GA
CATCCCTCTTGAGCCTTTCGTG

GCTCTGGTAGGGGCAGTGA
CGAGGGTCAGTCTTCCTCAGTAC
GCACCACATTCTCCAAAGGT
TTGCTCCATGTCCTGCTCTATGCT
CCCATGCTGGAAAAACACTT

CTGAGTGAGGCAAAGCTGATTT
ACATCTGCCCACAGTCCTTGCA
CGGTCAGGCGCTTTAGACTC
GGAAGCGGACATCACAATC
CCCGATTCTCGGTGTAGTTG
TGAGGCTGACTGCTTGATGCGA
TTCCTGTCAAAGGGAGTTGG
TCCCACCCACTTGCAGAAT
GAAAGTGACCCCAGTGACAG
CGGTGGGAGCAGTTACTAAA
CTTTAGCGCCTCCCAAGATA
GTACCTGCGATCCTTGCTGA
GACATCCCTTCCAGATGTTT
GAAGAGACCTTTTGCGGTGT
CTTCCCATACTTGGCCTTGA
CAACAGGACGGTAGAGAATGG
ATGAGTGGACGCTTACGCAGGA
TGTTATCGTGCTCTCCTTCCCG
CAGAGTATGCCAAGCTCAGCGT
TTGTCTCCTGCCCGTTCCACTT
GGCTCGACTGTATCTTGTGG
GTCTTGGAATCCTTCTCGCC
CCAGGTTTGTCTGAAGTGGG

GCTTCAAACACCCAACATCCCATTGC

CTGCTCAATGGACTTTCCAG
TGAAGGAACAGCCCAACAG
GGCCCCAGCTTTCATTAGG



Llpe TGGCACACCATTTTGACCTG TTGCGGTTAGAAGCCACATAG
Lpl GATGCCCTACAAAGTGTTCCA AAATCTCGAAGGCCTGGTTG



Transparent Methods
Animals

Male 10-week-old C57BL/6 mice from Charles River Laboratory were fed a chow diet
(21% kcal from fat; PharmaServ9f5020) and housed at room temperature (22°C) on a 12-hour
light/dark cycle. All procedures were approved by the IACUC at The Ohio State University and

the Joslin Diabetes Center.

Mouse Training Protocol

Mice were divided into two groups: sedentary and exercise-trained. The exercise-trained
group was individually housed in wheel cages (24.5 cm in diameter and 8 cm in width; Nalgene),
allowing for voluntary access to physical activity ad /ib. The total number of wheel cage
revolutions was monitored daily and the accumulated running distance was calculated. Mice
were investigated after either 5 or 11 days of exercise training for NADH autofluorscence
experiments or after 3 weeks of exercise training for all other experiments. Mice ran an average
of 7+0.6 km/day or a total of a 35+1.1km over 5 days, 77+2.7km over 11 days, and or a total of
152+7km over a 3 wk period. Any mouse that ran 10% less than the average of the trained group
was excluded from analyses. The sedentary control mice were age-matched and maintained in
individual static cages without running wheels and treated identically to the wheel cage—housed
mice. After 3 weeks, mice were fasted overnight, removed from the cages, anesthetized 4 hours
following removal from static or wheel cage, sacrificed, and all 14 adipose depots (ingWAT,
pgWAT, iBAT, mWAT, rpWAT, triWAT, asWAT, prWAT, prBAT, mBAT, cBAT, cWAT,

iSWAT, and aBAT) were immediately removed, flash frozen in LN», and then stored at -80°C.



qPCR
Tissue processing and qPCR were performed as previously described (Lessard et al.,
2013). Sigma-Aldrich custom primers were used for genes of interest with the sequences shown

in Supplementary Table 1. All gPCR gene expression was normalized to the housekeeping gene

GAPDH.

Glucose Uptake in Isolated SVF Differentiated into Adipocytes.

The stromal vascular fraction (SVF) was isolated from ingWAT and iBAT from
sedentary and trained mice and was plated at equal cell number. The cells underwent adipogenic
differentiation (Stanford et al., 2015; Tseng et al., 2004), and 8 days post-differentiation cells
were serum starved for 3 hours in low glucose DMEM. Glucose uptake was determined by the
addition of [°*H]-2-deoxyglucose for 10 minutes on ice. Cells were washed with ice-cold saline

solution and harvested in 0.05 N NaOH to determine net accumulation of [*H]-2-deoxyglucose.

Oxygen Consumption Rates

Isolated SVF from ingWAT, pgWAT, and iBAT were seeded onto gelatin coated 24 well
plates and differentiated according to standard protocols. The cell plates and assay cartridges
have four ports allowing for drug delivery to individual wells during measurement of oxygen
consumption. Cells were serum starved for 1 hour, and oxygen consumption rates (OCR) were
measured in media containing 200uM palmitate plus 100uM albumin in a Seahorse XF24
instrument using the standard protocol of 3 minute mix, 2 minute wait, and 3 minute measure.
For the bioenergetic profile, cells were first given oligomycin to block ATP synthase, FCCP as

an uncoupler, and Rotenone to block Complex 1 of the ETC (all from Sigma).



NADH Autofluorescence and Image Analysis

After 5 and 11 days of exercise training, mice were anesthetized with Phenobarbital sodium
(90 mg/Kg, i.p.) and the skin covering the ingWAT or iBAT was opened to expose the AT. The
mice were mounted on their side or dorsally in dental cement, as previously described (Lauritzen
etal., 2008; Lauritzen et al., 2006). This was followed by 40 minutes of temperature and movement
stabilization period with mice placed on a heating pad to maintain core body temperature. After
40 minutes, basal pairs of images were obtained. The Zeiss Chameleon Multiphoton laser was used
at 710 nm for excitation of NADH. NADH fluorescence was collected and descanned between
410-650 nm as previously described (Huang et al., 2002). Adipose tissue sections were obtained
as TIF images with the Zeiss confocal software and were imported into Metamorph Software (V.
6.1, Universal Imaging Corp). Image stacks were created. The average area and intensity of NADH

positive structures were quantified .

Western Blotting

Tissue processing and immunoblotting were performed as previously described (Stanford
et al., 2015). The GLUT1, GLUT4, and CD36 (ThermoScientific), FATP1 (Santa Cruz),
hexokinase 2 (HK?2), citrate synthase (CS) and UCP1 (AbCam), HSL and pHSL(Ser565) (Cell
Signaling), and GAPDH (Pierce) antibodies were obtained from a commercial source. All data

was normalized to GAPDH antibody.

Statistics
The data are presented as the mean + SEM. Statistical significance was defined as p <

0.05 and determined by two-way Student t-tests. For Seahorse data, all plots represent 8—10



wells per time point per treatment group, and error bars are standard error of the mean (SEM).
Quantifications in bar plots are averages of four timepoints with 8—10 wells per time point, and
error bars are SEM. Statistical comparisons were done by Student's #-test. The number of

samples used to determine statistical significance is indicated in the figure legends.
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