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Exercise Increases and Browns
Muscle Lipid in High-Fat Diet-Fed Mice
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Buer Sen, Zhihui Xie, David Tyson, Janet Rubin and Maya Styner*

Department of Medicine, Division of Endocrinology and Metabolism, University of North Carolina at Chapel Hill,
Chapel Hill, NC, USA

Muscle lipid increases with high-fat feeding and diabetes. In trained athletes, increased
muscle lipid is not associated with insulin resistance, a phenomenon known as the
athlete’s paradox. To understand if exercise altered the phenotype of muscle lipid,
female C57BL/6 mice fed CTL or high-fat diet (HFD for 6 or 18 weeks) were further
divided into sedentary or exercising groups (CTL-E or HFD-E) with voluntary access to
running wheels for the last 6 weeks of experiments, running 6 h/night. Diet did not affect
running time or distance. HFD mice weighed more than CTL after 18 weeks (p < 0.01).
Quadriceps muscle TG was increased in running animals and in sedentary mice fed HFD
for 18 weeks (p < 0.05). In exercised animals, markers of fat, Pliin1, aP2, FSP27, and
Fasn, were increased significantly in HFD groups. Ucp7 and Pgcia, markers for brown
fat, increased with exercise in the setting of high fat feeding. Fndc5, which encodes
irisin, and CytC were sensitive to exercise regardless of diet. Plin5 was increased with
HFD and unaffected by exercise; the respiratory exchange ratio was 15% lower in the
18-week HFD group compared with CTL (p < 0.001) and 10% lower in 18 weeks HFD-E
compared with CTL-E (p < 0.001). Increased Ucp7 and Pgcla in exercised muscle of
running mice suggests that a beige/brown fat phenotype develops, which differs from
the fat phenotype that induces insulin resistance in high fat feeding. This suggests that
increased muscle lipid may develop a “brown” phenotype in the setting of endurance
exercise training, a shift that is further promoted by HFD.

Keywords: intramyocellular lipid, running, exercise, brown adipose tissue

INTRODUCTION

Accumulation of muscle lipid has been associated with obesity, insulin resistance, and diabetes
(1-3). High-fat diet and lipid infusion both increase muscle lipid (4). Diet-induced weight loss has
been shown to decrease muscle lipid while also improving insulin sensitivity, further supporting a
negative association of muscle fat with metabolic parameters (3). In direct contrast to these negative
associations of muscle lipid, muscle of endurance-trained athletes — who are insulin sensitive — also
has been shown to harbor increased muscle lipid, a phenomenon referred to as the athlete’s paradox
(5). The muscle lipid quantity in a trained athlete has been noted to be even greater than that of
obese and diabetic subjects (6). The paradox of known high muscle lipid in athletes, as well as in
diabetic patients, remains poorly understood.

Upon initiation of exercise, there is an increase in uptake and oxidation of lipids in skeletal
muscle (7). When exercise intensity increases, fuel selection appears to shift toward an increase in
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carbohydrate and decrease in fat utilization. By contrast, endur-
ance training is associated with a shift toward an enhanced lipid
utilization (7). During short-term maximal exercise, muscle ATP
synthesis is principally achieved via breakdown of creatine phos-
phate and during the conversion of glucose units, derived mostly
from glycogen. Contribution of carbohydrate fuels increases with
rising exercise intensity, simultaneous with a reduction in lipid
oxidation. Conversely, during sustained exercise at fixed moder-
ate intensity, carbohydrate oxidation rates decline as fat oxida-
tion rates increase (8). Brown adipose tissue, initially noted in
hibernating mammals and human infants, functions to dissipate
energy in the form of heat through non-shivering thermogenesis
(9). Recently, inducible brown fat depots (beige fat) have been
discovered within the white adipose tissue of adult humans (10).
On exposure to cold or p-adrenergic stimulation these beige/
brite fat cells express high levels of mitochondrial uncoupling
protein UCP1 and fat globules become multilocular (11), char-
acteristics of the brown fat phenotype. Irisin, a muscle-derived
hormone induced by exercise, also activates UCP1 expression
and browning of white adipose tissue (12): co-activator PPAR-y
co-activator-1 o (PGCl-a) stimulates irisin and transgenic
mice with overexpression of PGCla exhibit increased energy
expenditure despite no changes in food intake or activity (12).
Overall, there is evidence that fat depots can alter phenotype to
serve functional demands.

Since exercise browns white adipose depots (12) and sympa-
thomimetics, which stimulate brown adipose tissue formation,
both increase muscle lipid (13), we hypothesized that exercise
might result in an analogous browning of muscle lipid. As such,
the muscle lipid contributing to the athlete’s paradox might repre-
sent an increase in brown fat. We also hypothesized that increased
lipid in the diet through high fat feeding, as seen in humans
(14), would potentiate muscle lipid accumulation in exercised
muscle, thus increasing the amount of muscle fat susceptible to
“browning.”

To test our hypotheses, we studied the effect of running
exercise on white and brown adipose tissue markers in skel-
etal muscle in an exercising rodent model. Mice provided
voluntary access to running wheels run for up to 6 h nightly,
a level consistent with endurance training (15-17). We were
able to demonstrate a phenotypic switch in response to run-
ning exercise: markers of brown fat increased in the setting of
exercise. Interestingly, high-fat diet (HFD) feeding both short
term and long term, causing an overall increase in muscle lipid,
significantly augmented our ability to measure exercise-induced
browning of muscle lipid.

MATERIALS AND METHODS

Short-term High-Fat Diet

The UNC IACUC approved the use and care of animals. Eight-
week-old female C57BL/6 mice (n = 20) were assigned to one of
two diets for a period of 6 weeks: control diet (PicoLab Mouse
Diet 20, Item #5058) or ad libitum short-term HFD feeding high-
fat diet consisting of 45% calories from fat (#D12451, Research
diets). At the beginning of the experiment, mice were further
divided into exercisers (with voluntary access to running wheels)

or non-exercisers for a 6-week period. Female C57BL/6 mice
were used because this gender and strain has been shown to be
highly motivated to exercise daily when provided with access to
running wheels (16). The groups were as follows: control or CTL
(n =5), HFD (n = 5), Control Exercise or CTL-E (n = 5), and
HFD Exercise or HFD-E (n = 5).

Long-term High-Fat Diet

Four-week-old C57BL/6 female mice were fed regular chow diet
(n = 14) or HFD (#D12451, Research diets) (n = 14) beginning
at age of 4 weeks. After 12 weeks, control mice were allocated to
low-fat diet (#D12450B, Research Diets); the high-fat diet group
was maintained on HFD (#D12451, Research diets). The mice
were further divided into sedentary (CTL n =7, HFD n =7) or
exercise groups (CTL-E n =7, HFD-E n = 7). The exercise group
was provided access to voluntary running wheels. The chow and
LFD diets are marginally different in fat content (13.427% kcal
of fat in ctrl; 10% kcal of fat in LFD). Both experiments (short
term and long term) are analyzed and reported separately, but
the results are similar as would be expected for this small change
in fat content.

Exercise Intervention

Mice assigned to the exercise intervention had voluntary access
to running wheels. Female C57BL/6 mice readily perform volun-
tary wheel running up to 7 h nightly and can be compared with
sedentary control animals housed in identical conditions without
wheel access (17, 18). Exercise wheels are equipped with a Mity
8 Cyclocomputer (model CC-MT400), which records distance,
average speed, running time, and maximum speed. Quadriceps
muscles were harvested after 6 weeks of running.

Calorimetry

Indirect calorimetry (TSE Systems) metabolic cages were utilized
to evaluate oxygen consumption, carbon dioxide expenditure, and
activity by infrared counts of animal movement. Whole-chamber
temperature (72°F/22.2°C) and humidity were regulated. Mice
were placed in the calorimetry cages for 24 h in order to acclimate
to their new surroundings. After 24 h, calorimetry instrumenta-
tion was used to evaluate energy expenditure in mice. The result-
ing respiratory exchange ratios (RERs) and energy expenditure
values were calculated from these measurements. Calorimetry
testing was performed for 48 h.

MRI

For the long-term HFD experiment, MRI technology was used
to evaluate whole body composition (including fat, lean tissue,
and water) in vivo 3 weeks after initiation of exercise intervention
(15 weeks after initiation of the experiment). Body composition
was assessed using MRI (EchoMRI, Houston, TX, USA) to deter-
mine fat and lean mass percentages, as described previously (19).

RNA Isolation from Muscle

Total RNA from quadriceps muscle was isolated and 1 pg
was reverse transcribed and analyzed via real-time PCR, as
described previously (18). The quadriceps muscle was selected
due to its known exercise response compared with other muscles
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in the lower limb (20, 21). Ten microliters of cDNA from each
experimental condition were pooled and diluted 1:10 to 1:10,000
to generate a five-point standard curve. A non-template control
was added to each PCR reaction. Standards and samples were
run in duplicate and PCR products normalized to GAPDH
amplicons.

Triglyceride Assay
Muscle tissue homogenate was assayed for triglyceride content
using a commercially available colorimetric assay from Cayman
(Cayman #10010303). Manufacturer protocol specifies the use of
whole tissue homogenates and, therefore, lipids are not isolated
prior to us of this TG assay.

Western Blotting

Protein was isolated and blotted, as described previously (22).
Briefly, muscle homogenates (15-20 pg) were loaded onto a
polyacrylamide gel for chromatography and transferred to PVDF
membrane. After blocking, primary antibody to UCP1 (U6382
SIGMA) was applied overnight at 4°C. Secondary antibody
conjugated with horseradish peroxidase was detected with ECL
plus chemiluminescence kit (Amersham Biosciences, Piscataway,
NJ, USA).

Statistical Analysis

Statistical significance was evaluated by unpaired t-test (two
groups) or two-way ANOVA with correction for multiple
comparisons via a Tukey post hoc test (GraphPad Prism 6.05).
Exercise and dietary intervention (HFD) were used as the analy-
sis variables.

RESULTS

Effects of Diet and Exercise on Body
Weight, Body Composition, and
Calorimetry

Animal weight and running distance are shown in Figure 1.
When mice were switched to a HFD along with beginning the
running intervention (6-week HFD/6-week exercise), there were
no differences in weight gain due to diet or exercise (Figure 1A).
By contrast, runners on the CTL diet weighed significantly more
than sedentary CTLs after 6 weeks. The type of diet had no effect
on the average running distance per day (Figure 1B).

To understand if running could alter the fat content of mice
obese at the beginning of the exercise intervention, we performed
a long-term diet experiment: mice were begun on HFD 12 weeks
prior to separation into exercise and sedentary groups (18-week
HFD/6-week exercise). In the long-term HFD experiment, a sig-
nificant weight difference was achieved between the HFD-fed and
CTL mice by the last 3 weeks of the experiment (Figure 1C, Final
weight CTL 22.8 + 1.6, HFD 27.2 + 2.0, p < 0.0001). Perigonadal
fat pads weighed more in 18-week HFD (0.84 + 0.26 g) vs. CTL
animals (0.33 & 0.11 g) (p = 0.009). Once again, neither diet nor
weight affected the daily distance run (Figure 1D). Additionally,
body composition wasanalyzed using MRI 3 weeks prior to harvest
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FIGURE 1 | Body weight and running distance during the short-term
and long-term HFD experiments. (A) Weight in grams. (B) Average
running distance in kilometer per day. (C) Weight in grams in long-term HFD
experiment. (D) Average running distance in kilometer per day in long-term
HFD experiment. (E) Calorimetry was used to measure the respiratory
exchange ratio (RER) in the long-term, 18-week HFD, experiment 3 weeks
after initiation of exercise. During calorimetry testing, mice did not have
access to running wheels. (F) Fat mass via MRI (grams). (G) Lean mass via
MRI (grams). Results expressed as means + SEM. Statistical significance
designated on graphs as follows: @ = trend (p-value <0.10); *p-value <0.05;
*p-value <0.01; **p-value <0.001; ***p-value <0.0001. @Significant for diet
effect by two-way ANOVA. PSignificant for exercise effect by two-way
ANOVA.

in the long-term experiment. After 3 weeks of running, at which
time point MRI and calorimetry testing was performed - ani-
mal weights were as follows: CTL (21.53 + 0.5 g; CTL), CTL-E
(21.6 +0.7), HFD (25.6 + 1.4 g), HFD-E (22.2 + 0.69). Fat mass
by MRI was doubled by the 18-week HFD group (4.8 + 0.4 g)
compared with the 18-week HFD-E group 2.1 + 0.3 g (Figure 1F,
p < 0.001). Lean mass was higher in the 18-week HFD group
relative to CTL (Figure 1G, p < 0.01) but was not significantly
altered by exercise (Figure 1G).
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Three weeks prior to harvest, calorimetry was performed in
the long-term HFD experiment to ascertain fuel source. The RER
indicated that fat was the principal fuel source in animals fed
a HFD (Figure 1E, 0.94 vs. 0.79, p < 0.01). Running exercise
did not significantly alter RER (Figure 1E); however, metabolic
cage testing was performed in the absence of running wheels
for a 48-h period, 3 weeks prior to sacrifice. Reversal of BAT-
associated thermogenesis can occur rapidly in as little as 60 min
(23). Thus, during calorimetry testing, exercise-induced brown-
ing effects are likely reversed early in the process. Diets were
maintained during calorimetry testing and, thus, dietary effects
persist. This limitation may prevent assessment of changes in
RER due to running.

Running Exercise Increases

Muscle Lipid and Fat Markers

In order to understand the effect of running on muscle lipid, we
measured triglyceride content in the quadriceps muscle. Muscle
TG increased significantly in response to running, but not to diet

in the short-term HFD experiment (Figure 2A, p < 0.05 for an
exercise effect by two-way ANOVA). After 18 week of high fat
feeding, muscle TG was substantially increased in HFD groups,
accompanying the obesity (Figure 2C, p < 0.05 for a diet effect
by two-way ANOVA). In the HFD-fed runners, there was a trend
for further increases in muscle TG above the non-running cohort
(Figure 2C).

We evaluated muscle mRNA expression of fat and lipogenesis
markers, including Plinl, aP2, fat-specific protein 27 (Fsp27), and
fatty acid synthase (Fasn). In the short-term experiment where
diet and running measures were concurrently introduced, there
was an increase in Plinl, aP2, Fsp27, and Fasn in exercisers in
CTL and HFD groups (Figure 2B). Fasn was 2.3 + 0.2 in CTL-E
vs. 1.0+ 0.3in CTL and 4.0 + 1.4 in HFD-E vs. 0.5 + 0.1 in HFD
(Figure 2B, p < 0.05 for an exercise effect by two-way ANOVA).
Western blot of aP2 confirmed effects of exercise to increase fat
genes in the setting of HFD (Figures 5A,C, p < 0.05). Overall, the
combination of HFD and exercise caused significant increases in
fat markers by 6 weeks (Figure 2A).
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FIGURE 2 | Running exercise effect on triglyceride and fat formation markers in skeletal muscle. (A) Triglyceride content of quadriceps muscle normalized
to mg of protein. (B) Skeletal muscle MRNA expression of FASN, aP2, FSP27, and FASN relative to GAPDH. (C,D) Triglyceride content and gene expression for
18wk experiment. Results expressed as means + SEM relative to CTL. Statistical significance designated on graphs as follows: @ = trend (p-value <0.10); *p-value
<0.05; **p-value <0.01; **p-value <0.001; ***p-value <0.0001. Significant for diet effect by two-way ANOVA. Significant for exercise effect by two-way ANOVA.
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In the long-term experiment, where the high-fat diet was deliv-
ered for 12 weeks prior to institution of exercise for a subsequent
6 weeks, FSP27 and Plinl were both increased with exercise, in
both diet groups (Figure 2D, p < 0.05 for an exercise effect by
two-way ANOVA). Exercise did not affect the fat markers aP2
and Fasn in the long-term HFD experiment and this differed from
the short-term experiment (Figure 2D). These differences may
be due to age of mice, or the accrued effects of 18 weeks of HFD.

We also investigated whether perilipin subtypes were affected
by diet and/or exercise, as a recent study suggested that differ-
ential expression of perilipin 3 and perilipin 5 might explain
differential lipid oxidation efficiency in skeletal muscle in humans
(24). Perilipin 1 or Plinl, the most abundant of the perilipins
(25, 26), rose in response to exercise, more significantly in the
HFD-fed runners (Figures 2B,D and 3). Plin5 was increased
more significantly in response to HFD (Figure 3, p < 0.0001 for
a diet effect by two-way ANOVA). Plin5 was suggested to rise
in muscle of physically active humans compared with sedentary
subjects (24); however, in our mice, exercise did not alter Plin5.
We also evaluated Plin3 expression as its deletion has been shown
to impair lipid oxidation in human myotubes (24): we found no
differences in Plin3 expression in response to diet or exercise in
murine muscle. With regard to lipid energetics, the ARF-like
GTPase ARFRP]I is involved in lipid droplet growth and regula-
tion of lipolysis. In our experiment, exercise failed to regulate
ARFRPI or ATGL that is also involved in lipolysis.

Running Exercise Increases Markers of

Brown Adipose Tissue in Skeletal Muscle

To characterize the muscle lipid, we evaluated muscle mRNA
expression of markers associated with brown adipose tissue.
These included Fndc5, the transcript for irisin, Pgcla (regulator of
mitochondrial function), UcpI (uncoupling protein found in the
mitochondria of brown adipose tissue), and CtytC (component in
the electron transport chain of mitochondria). In the short-term

PLIN1 PLIN3 PLIN5 ATGL ARFRP1

i

Relative Expression
3]
L
o

o
1

FIGURE 3 | Effects of diet and exercise on lipid droplet-associated
markers. Skeletal muscle MRNA expression of ATGL, Plin3, Plin5, and
ARFRP1 relative to GAPDH in the 18-week HFD mice. Results expressed as
means + SEM relative to CTL. Statistical significance designated on graphs
as follows: @ = trend (p-value <0.10); *p-value <0.05; *p-value <0.01;
***p-value <0.001; ***p-value <0.0001. 2Significant for diet effect by two-way
ANOVA. bSignificant for exercise effect by two-way ANOVA.

experiment, Fndc5 expression increased with exercise in both
CTL and HFD groups (Figure 4A, p < 0.05 for exercise effect
via two-way ANOVA). Pgcla increased in HFD-E by 5.3-fold
(Figure 4A, p < 0.05 for HFD-E vs. HFD) (Figure 4A). Ucpl
was increased 8.1-fold in HFD-E and was downregulated in the
HFD-control mice by 0.13-fold (Figure 4A, p < 0.01 for HFD-E
vs. HFD). CytC increased significantly due to exercise in both
CTL and HFD groups (Figure 4A, p < 0.05 for an exercise effect
by two-way ANOVA).

In the long-term experiment, Ucpl demonstrated a trend for
increase with exercise: CTL 1.0 + 0.6, CTL-E 62.7 + 48.7, HFD
5.0 +4.6,HFD-E 129.2 + 86.0 (Figure 4B, p-value = 0.09 for exercise
effect by two-way ANOVA). Other brown fat markers were unaf-
fected by either exercise or diet. The trend, but lack of a significance
for an effect of exercise to induce brown fat markers in older mice
may be due to the higher level or persistence of muscle lipid after
18 weeks of HFD. UCP1 rise in response to exercise was confirmed
by western blotting in the setting of HFD (Figure 5, p < 0.05).
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FIGURE 4 | Running exercise effect on markers of brown adipose
tissue in skeletal muscle. (A) Short-term HFD experiment skeletal muscle
mRNA expression of UCP1, PGC1a, Fndcb, and CytC relative to GAPDH.
(B) Results from long-term HFD experiment. Results expressed as

means + SEM relative to CTL. Statistical significance designated on graphs
as follows: @ = trend (p-value <0.10); *p-value <0.05; **p-value <0.01;

Hekke

p-value <0.001; **p-value <0.0001. aSignificant for diet effect by two-way

ANOVA. *Significant for exercise effect by two-way ANOVA.
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FIGURE 5 | Exercise increases UCP1 protein expression in skeletal
muscle in the setting of high fat feeding. (A) Western blots of skeletal
muscle UCP1 and aP2 of HFD-controls and runners in the short-term HFD
experiment. (B) UCP1. (C) aP2. Statistical significance designated on graphs
as follows: @ = trend (p-value <0.10); *p-value <0.05; **p-value <0.01;
***p-value <0.001; ***p-value <0.0001. aSignificant for diet effect by two-way

ANOVA. bSignificant for exercise effect by two-way ANOVA.

DISCUSSION

In this study of skeletal muscle, we found that running exercise
in mice increased muscle lipid. Exercise induction of muscle
lipid increase was most notable in the already increased muscle
lipid of mice fed with a high-fat diet. We found that Fasn, the
transcript for an enzyme that initiates de novo lipogenesis, was
increased in the setting of exercise. Our findings of increased
triglyceride, Plinl, and Fasn mRNA are consistent with prior
studies examining the effects of exercise on lipogenesis in skeletal
muscle (27, 28). This work suggests a potential mechanism that
could explain the athlete’s paradox, although additional investiga-
tion is required to confirm these effects in humans. Importantly,
we found that phenotypic markers of beige/brown fat, including
UCP1 and aP2 increased in muscle of exercisers, suggesting a
phenotypic switch to a beige/brown muscle lipid in the setting
of exercise.

Prior work has shown increased insulin sensitivity and oxida-
tive capacity in skeletal muscle of trained endurance athletes,
as opposed to the skeletal muscle of diabetics, which has lower
insulin sensitivity and oxidative capacity (5). During exercise,
fatty acids from the hydrolysis of muscle lipid contribute a sub-
stantial portion of the energy required for oxidative metabolism
(29). Thus, it has been proposed that the increased myocellular
TG in the setting of exercise serves as a fuel for the metabolic
needs of exercise (5). It has been proposed that pathologic muscle
lipid, such as that which accumulates in the setting of obesity or
diabetes, contains lipotoxic intermediates, and it is these, rather

than the absolute presence of lipid, which mediate insulin resist-
ance (30). Some studies have shown that exercise lowers lipotoxic
lipid intermediates diacylglycerol and ceramide (31, 32); however,
others did not find an effect of exercise training on diacylglycerol
and ceramide levels (33). At this time, there are insufficient
data with regard to the exercise effect on lipid intermediates
to explain the athletes paradox. It is notable that we found a
differential expression of Plin5 (increased by HFD) as opposed
to Plinl (increased by exercise). Plin5 is a lipid droplet protein
that promotes association of lipid droplets with mitochondria and
is expressed in oxidative tissues, including cardiac and skeletal
muscle (34). Plinl, on the other hand, is the most abundant
perilipin, which potently suppresses basal lipolysis and is present
in both white and brown adipose tissue (26, 34). Some have
proposed that exercise may increase turnover of muscle lipid and,
therefore, prevent accumulation of lipotoxic intermediate lipid
species (35). Lipid uptake has also been analyzed and exercising
mice were found to have similar levels of [pl mRNA and CD36
compared with non-exercisers, suggesting that lipid uptake does
not play a significant role in the athlete’s paradox (28). Moreover,
reduced lipolysis does not explain the increased muscle lipid in
the setting of exercise as we found Plin5 as well as ATGL to
be unaffected by exercise. Plin5 is the only perilipin to directly
bind ATGL Exercise has been shown to prevent lipolysis (36).
Based on the metabolic benefits of exercise (37), we propose that
exercise-associated muscle lipid might improve muscle function,
perhaps providing myocytes with high-quality energy storage
that is readily accessible for long distance muscle contraction.

Previous reports have suggested that muscle lipid associated
with the athlete’s paradox can be augmented by diet composition
(38, 39). Endurance runners, for instance, had three times the
amount of muscle lipid in the tibialis anterior muscle after eating
a high-fat diet vs. a normal fat diet (39). Both a high-fat diet and
exercise are known to increase muscle lipid and this rise is likely
additive when both are combined (4, 5). Our data support that
exercise increases muscle lipid, and that the substitution of fat
calories in the diet augments the exercise effect.

In our study of muscle lipid, the most significant change meas-
ured due to exercise was the increase in UCPI, which supports
that the muscle fat became more brown. While there are other
uncoupling proteins, there is little to suggest that these have an
impact on energy expenditure (40, 41). Almind et al. (42) noted
that 129 mice, protected from diet-induced obesity due to differ-
ences in energy expenditure, showed higher UCP1 expression in
mitochondria of brown adipocytes found within muscle. Thus, the
browning of an ectopic fat depot appears to protect from obesity.

Increased expression of PGCla in skeletal muscle has been
shown to stimulate the expression of Fndc5, encoding for irisin
(12). Irisin, considered to be a humoral factor from muscle that
stimulates browning of fat in white adipose tissue, at least in mice
(12). Our results suggest that exercise-induced browning, per-
haps even dependent on PGCla stimulated irisin, is recapitulated
within the muscle lipid of our running mice: we measured small
but significant increase in levels of the irisin transcript in CTL-E
and HFD-E in our short-term HFD experiment.

Since brown adipose tissue and skeletal muscle share devel-
opmental origins and brown adipocyte progenitors have been
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noted in human skeletal muscle (43, 44), it is plausible that the
muscle fat could be browned. Low levels of UCPI mRNA have
been identified in human muscle biopsies, also hinting at the
presence of brown adipocytes that potentially arise from myocyte
precursors (11, 43). Alternatively, UCP1 may represent a novel
expression of this metabolic regulator in skeletal muscle, a
site that has been demonstrated to significantly contribute to
adaptive thermogenesis (45). Our study showed an increase in
markers consistent with the brown adipose phenotype in muscle
of running mice concurrently fed a HFD. Additionally, Plinl,
increased in muscle of runners in our experiment, has been
shown to regulate thermogenesis in brown adipose tissue (46).
This suggests that dietary-induced muscle lipid can be altered by
exercise to have different consequences than white phenotypic
lipid stores. Interestingly, in one study where obese and sedentary
humans were started on a mild exercise regimen, examination of
muscle showed that the muscle lipid, while unchanged in amount,
was dispersed into smaller droplets (47). As this change in lipid
droplet size was associated with an increase in oxidative capac-
ity and insulin sensitivity (47), this may suggest that even mild
exercise can alter the phenotype of muscle lipid.

The main limitation of this study is the inability to distinguish
between intramyocellular and extramyocellular lipid; this distinc-
tion will be important for future studies. Lipid localization with
histology, staining for UCP1 and magnetic resonance imaging
is planned for future studies as well. Additionally, calorimetry
cages do not contain running wheels and, therefore, calorimetry
testing was solely able to assess the effects of diet - as opposed to
exercise — on the RER.

In conclusion, this work puts forth a potential mechanism that
could explain the athlete’s paradox, although additional investiga-
tion is required to confirm these effects in human clinical trials.
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