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Am J Physiol Endocrinol Metab 305: E405–E415, 2013. First pub-
lished June 11, 2013; doi:10.1152/ajpendo.00057.2013.—Enhance-
ment of proton leaks in muscle tissue represents a potential target for
obesity treatment. In this study, we examined the bioenergetic and
physiological implications of increased proton leak in skeletal muscle.
To induce muscle-specific increases in proton leak, we used mice that
selectively express uncoupling protein-1 (UCP1) in skeletal muscle
tissue. UCP1 expression in muscle mitochondria was �13% of levels
in brown adipose tissue (BAT) mitochondria and caused increased
GDP-sensitive proton leak. This was associated with an increase in
whole body energy expenditure and a decrease in white adipose tissue
content. Muscle UCP1 activity had divergent effects on mitochondrial
ROS emission and glutathione levels compared with BAT. UCP1 in
muscle increased total mitochondrial glutathione levels �7.6 fold.
Intriguingly, unlike in BAT mitochondria, leak through UCP1 in
muscle controlled mitochondrial ROS emission. Inhibition of UCP1
with GDP in muscle mitochondria increased ROS emission �2.8-fold
relative to WT muscle mitochondria. GDP had no impact on ROS
emission from BAT mitochondria from either genotype. Collectively,
these findings indicate that selective induction of UCP1-mediated
proton leak in muscle can increase whole body energy expenditure
and decrease adiposity. Moreover, ectopic UCP1 expression in skel-
etal muscle can control mitochondrial ROS emission, while it appar-
ently plays no such role in its endogenous tissue, brown fat.

UCP1; reactive oxygen species; proton leak; glutathione; redox;
obesity

THE ETIOLOGY OF OBESITY involves the complex interplay be-
tween genetic and environmental factors, and currently is at the
forefront of human health issues. In 2010, obesity surpassed
smoking as the leading contributor to the overall disease
burden in the United States and is now a major factor in deaths
associated with preventable disease (22, 49). Concomitant
metabolic disorders include type 2 diabetes mellitus (T2DM),
metabolic syndrome, liver steatosis, and chronic inflammation
(35). The most common treatments include a hypocaloric diet,
increased physical activity, a very limited repertoire of medi-
cations, and bariatric surgery. The long-term success rate for
current treatments is low, pointing to the need for the devel-
opment of alternative treatment strategies (16, 50). In recent
years, brown adipose tissue (BAT) has emerged as a promising
target for novel therapeutics. The primary function of BAT is
to convert energy stored in adipose triacylglycerols into heat

for the purpose of thermoregulation. BAT thermogenesis can
also be activated by excessive caloric intake, which has been
referred to as diet-induced thermogenesis (43).

Recent studies have unequivocally identified BAT in adult
humans, and its abundance is inversely correlated with BMI
and age (10, 18, 46, 47, 51). BAT thermogenesis is dependent
on uncoupling protein-1 (UCP1) (11, 40, 41). UCP1, found in
the mitochondrial inner membrane, uncouples the oxidation of
fuels, mainly fatty acids, from the production of ATP, and the
energy associated with fuel oxidation is simply released as
heat. Estimates indicate that the activation of thermogenesis in
BAT in adult humans may contribute to 15–20% toward whole
body energy expenditure (46a, 49). Hence, UCP1 activation
could serve as a potential therapeutic approach for the treat-
ment of obesity.

Other uncoupling proteins, namely UCP2 and UCP3, which
share �58% homology with UCP1, have been identified and
characterized in other tissues. UCP3 is expressed in skeletal
muscle and BAT, whereas UCP2 is more ubiquitously ex-
pressed (e.g., stomach, spleen, pancreas, brain, and immune
cells) (41). Both UCP2 and UCP3 are expressed at levels that
are estimated to be at two orders of magnitude lower than that
of UCP1 in BAT (1, 41). Unlike UCP1, UCP2 and UCP3 do
not have thermogenic functions but use inducible leak mech-
anisms to control mitochondrial reactive oxygen species (ROS)
emission and signaling. Small increases in membrane potential
induce a rise in mitochondrial ROS emission, which in turn is
thought to activate proton leak through UCP2 and UCP3 (2, 3,
26, 31, 38, 45). Previous studies have also shown that UCP1
can control mitochondrial ROS emission (24, 36). However,
recent observations have found that activation of UCP1 by
either cold exposure or long-chain fatty acids actually increases
mitochondrial ROS emission (30, 44). These findings are
consistent with divergent physiological functions of UCPs.

Transgenic induction of proton leak in muscle of mice due to
an approximately twofold increase in UCP3 expression en-
hances fat oxidation in muscle and moderately mitigates obe-
sity (6, 7). Moreover, increased muscle mitochondrial uncou-
pling and UCP3 mRNA correlate with rapid weight loss in
human obesity (15, 19). Ectopic expression of UCP1 in skeletal
muscle of mice decreases circulating insulin, glucose, and
cholesterol and decreases adiposity. These changes are associ-
ated with increased energy expenditure (9, 28). In addition,
UCP1 expression in muscle protects mice from high-fat diet-
induced obesity and promotes a fast-to-slow fiber type switch
(glycolytic to oxidative) (9). However, the role of UCP1 in
regulating ROS production through redox changes at the mi-
tochondrial level remains a subject of debate. Thus, the induc-
tion of slight increases in mitochondrial uncoupling in muscle

Address for reprint requests and other correspondence: M.-E. Harper,
Dept. of Biochemistry, Microbiology and Immunology, Faculty of Medi-
cine, Univ. of Ottawa, 451 Smyth Rd., Ottawa, ON, Canada K1H 8M5
(e-mail: mharper@uottawa.ca).

Am J Physiol Endocrinol Metab 305: E405–E415, 2013.
First published June 11, 2013; doi:10.1152/ajpendo.00057.2013.

0193-1849/13 Copyright © 2013 the American Physiological Societyhttp://www.ajpendo.org E405

Downloaded from journals.physiology.org/journal/ajpendo (001.251.255.169) on May 9, 2022.

mailto:mharper@uottawa.ca


has been hypothesized to serve as a potential means to treat
obesity and regulate ROS production (4, 8).

Using a mouse model that selectively expresses UCP1 in
muscle [driven by the muscle creatine kinase (MCK) promoter,
hereafter referred to as transgenic (Tg)], we tested whether
increased proton leak in muscle mitochondria could mitigate
oxidative stress through ROS control while decreasing adipos-
ity through increased energy expenditure. Here, we demon-
strate that the expression of UCP1 in skeletal muscle mito-
chondria at levels �13% of that in BAT mitochondria in-
creased mitochondrial proton leak. This was associated with an
increase in whole body energy expenditure and a decrease in
adiposity. Most important is the finding in Tg skeletal muscle
that GDP-mediated inhibition of leak through UCP1 elevated
ROS production. In contrast, GDP had no effect on ROS
emission in BAT mitochondria of wild-type (WT) or Tg mice.
The latter indicates the importance of metabolic context pro-
vided by unique, but as yet poorly understood, tissue-specific
differences between BAT and skeletal muscle.

MATERIALS AND METHODS

Mice. Tg mice were previously developed using cDNA coding
RAT UCP1 under the control of a muscle-specific creatine kinase
promoter, inserted into single cell embryos of B6D2F1 mouse strains,
and have since been back-crossed into the C57Bl/6J mouse line at
least eight times (9). Mice were ad libitum fed a standard chow diet
(44.2% carbohydrate, 6.2% fat, and 18.6% crude protein; T.2018-
Harlan). Some groups of mice were cold exposed (4°C) without
housing materials but given free access to water and food. All
experiments were approved by the Animal Care Committee at the
University of Ottawa in accordance with the guidelines of the Cana-
dian Council of Animal Care and were conducted on male mice aged
7–12 wk. All mice were genotyped prior to experimentation.

Whole body, tissue, and organ weights. Whole body, tissue, and
organ weights were collected from ad libitum-fed Tg and WT litter-
mates. BAT, skeletal muscle, white adipose tissue (gonadal), liver,
kidney, and heart were all extracted, blotted, and weighed. Mice were
not fasted prior to measurements.

Food intake. Daily food intake and body weight changes were
determined over a 1-mo period with individually housed mice starting
at 4 wk of age. Measurements were taken twice weekly. Mice were ad
libitum-fed the standard chow diet (as above).

Indirect calorimetry. Mice were individually housed in a four-
chamber Oxymax open-circuit indirect calorimeter (Columbus Instru-
ments, Columbus, OH). Mice were provided with water and their
standard diet, and chambers were supplied with air at 0.5 l/min and
maintained at room temperature (22–23°C) with the normal light-dark
cycle (light 0600–1800, dark 1800–0600). Concentrations of O2 and
CO2 were measured in each chamber for 60 s every 4 min with a
sample line purge time of 2 min, as previously described (12). Data
collection began after a 2-h acclimatization period. Following initial
measurements of 24 h at room temperature the ambient temperature
was decreased to 4°C, and measurements continued for another 24 h.
Measurements began 1 h after the temperature decreased.

In vivo assessments of glucose metabolism using positron emission
tomography. Imaging was performed using an Inveon small animal
scanner (Siemens, Knoxville, TN). Mice were weighed, and blood
glucose concentration was determined using an ACCU-CHEK Ad-
vantage glucometer (Roche, Laval, QC, Canada) and a drop of
saphenous vein blood. Briefly, glucose concentration was determined
prior to in vivo glucose uptake measurements using fluoro-2-deoxy-
[18F]glucose ([18F]FDG). Then mice were anesthetized with 1.5–2.5%
isoflurane and injected intravenously with � 1 mCi [18F]FDG in a
100-�l volume, and underwent an 80-min dynamic scan (constant rate

of infusion 1.66 �l/min). An adrenergic stimulant, norepinephrine
(NE) (1 mg/kg body wt) was administrated intraperitoneally 20 min
after start of the 80-min scanning protocol, and the rate of [18F]FDG
uptake was measured. Following conclusion of the 80-min scan, blood
glucose concentration was again measured as described above. Data
analysis was performed using the Inveon Research Workplace soft-
ware to determine the standardized uptake values (SUVs), defined as
tissue FDG activity concentration/injected activity � body weight
(g/ml), based on regions of interest (ROI) drawn semiautomatically
around the hindlimb muscles, interscapular BAT, and heart.

Immunoblotting. Protein was diluted to in Laemmli buffer and
electrophoresed on a one-dimensional denaturing 8% or 12% gel
under reducing conditions. Electrophoresed proteins were transferred
at 100 V for 1 h at room temperature. Membranes were then blocked
with Tris-buffered saline containing 1% (vol/vol) Tween-20 (TBS-T)
and 5% (wt/vol) nonfat powdered skim milk and then probed with
primary anti-UCP1 antibody (1/5,000; Sigma, St. Louis, MO), or
anti-MHC I and II antibodies (1/5,000 and 1/1,000, Abcam, Cam-
bridge, MA). SDH (1/4,000, Santa Cruz Biotechnology, Santa Cruz,
CA) and �-tubulin (1/5,000, Abcam) served as the loading control.
Next, membranes were then washed and probed with secondary
antibodies (horseradish peroxidase conjugated, 1/2,000) for 1 h at
room temperature. Membranes were then exposed to an enhanced
chemiluminescent substrate for visualization (ECL Kit; Thermo Sci-
entific, Waltham, MA) (30, 37).

Mitochondrial isolation. All steps were performed on ice or at 4°C.
Mitochondria were isolated from interscapular BAT and skeletal
muscle as described (14, 30). Briefly, hindlimb, and forelimb muscles
were excised and immediately placed in ice-cold basic medium (BM)
[140 mM KCl, 20 mM HEPES, 5 mM MgCl2, 1 mM EGTA, 10 mM
pyruvate, and 2 mM malate (pH 7.0)]. Muscle was then cleaned of
connective tissue and fat, blotted dry, weighed, and then minced on
Teflon plates. The muscle was then placed in homogenization medium
(BM � 1 mM ATP, 1 U subtilisin A, and 1% BSA, wt/vol) and
homogenized using the Potter-Elvehjem method. Muscle homogenate
was then spun at 800 g to pellet debris and connective tissues,
followed by a 9,500-g spin at 4°C for 9 min. Subsequently, the pellet
was resuspended in 1 ml of BM and allowed to sit on ice for 5 min to
induce myofibril repolymerization. The volume was topped up to 30
ml with BM and the suspension was centrifuged at 800 g for 9 min at
4°C to remove myofibers. The supernatant was collected and centri-
fuged at 9,500 g for 9 min at 4°C to pellet mitochondria. Protein
content was determined by a Bradford assay.

Following extraction, BAT was cleaned of white fat and connective
tissue, minced on Teflon plates, and homogenized in a 250 mM
sucrose buffer containing 0.2% (wt/vol) BSA using the Potter-Elve-
hjem method. The homogenate was spun at 8,500 g for 9 min at 4°C.
The pellet was resuspended in ice-cold buffer (250 mM sucrose and
0.2% wt/vol BSA) and spun at 800 g for 9 min at 4°C to remove debris
and nuclei. The supernatant was kept and centrifuged at 8,500 g for 9
min at 4°C to yield a mitochondrial pellet. The pellet was resuspended
in ice-cold reaction buffer containing 125 mM sucrose, 20 mM Tris
base, 2 mM MgCl2, 4 mM KH2PO4, and 1 mM EDTA (pH 7.2).
Protein content was determined using a Bradford assay.

Bioenergetic determinations of isolated mitochondria. The ener-
getics of mitochondria isolated from BAT and skeletal muscle were
tested using a Seahorse XF24 Analyzer (Seahorse Biosciences, North
Billerica, MA) as previously described (34, 42). Mitochondria from
BAT and skeletal muscle were diluted to 0.05 and 0.2 mg/ml and then
plated in quintuplicates in a 24-well XF24 assay plate. Mitochondria
were attached to the plate surface by centrifugation in a swing bucket
rotor at 2000 g for 20 min at 4°C. No more than 50 �l of mitochon-
drial sample was loaded into the individual wells. Reaction medium
[70 mM sucrose, 220 mM mannitol, 2 mM HEPES, 1 mM EGTA, 10
mM pyruvate, 2 mM malate, 0.2% BSA, 10 mM KH2PO4 (pH 7.2)]
was then added to a final volume of 400 �l, and mitochondria were
incubated for 10 min at 37°C prior to analysis.
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To investigate UCP1-mediated uncoupling, mitochondria were
sequentially treated with oligomycin, GDP, and antimycin A (Ant A).
Following the measurement of state 4 respiration (10 mM pyruvate
and 2 mM malate without added adenylates), oligomycin (final con-
centration of 2.5 �g/ml) was added to induce state 4o (nonphospho-
rylating, proton leak-dependent) respiration. GDP was then titrated to
a final concentration of 0.2 mM or 1 mM to inhibit UCP1-dependent
respiration following previous titrations to determine the optimal
concentration for maximal inhibition. Finally, Ant A (final concen-
tration of 4 �M) was added to assess any O2 consumption not
associated with the respiratory chain. We also measured coupled
respiration in isolated mitochondria. Following the measurement of
state 4 O2 consumption, mitochondria were treated with ADP (final
concentration of 0.1 mM was determined by previous titrations to be
sufficient) to measure state 3 respiration. Mitochondria were then
treated with oligomycin to induce state 4o, followed by carbonylcya-
nide-p-trifluoromethoxyphenylhydrazone (FCCP; final concentration
of 8 �M) and then by Ant A (final concentration of 4 �M). All
respiration values were corrected for background respiration using
Seahorse XF24 software and O2 consumption not associated with
aerobic respiration (O2 consumed after addition of maximal Ant A).
Data were expressed as fold changes relative to state 4 respiration
rates.

Mitochondrial ROS emission. Mitochondria isolated from BAT and
skeletal muscle were tested for ROS emission using the fluorometric
probe 2,7-dichlorodihydrofluorescein-diacetate (H2-DCFDA; Invitro-
gen, Burlington, ON, Canada). Mitochondrial preparations were di-
luted to 0.5 mg/ml in reaction buffer (20 mM Tris base, 125 mM
sucrose, 2 mM MgCl2, 4 mM KH2PO4, 1 mM EDTA) containing 20
�M H2-DCFDA and warmed to 37°C for �5 min, and then baseline
ROS measurements were taken. The sequential treatment of mito-
chondria with substrate (5 mM pyruvate, 3 mM malate), oligomycin
(1.3 �g/ml), and GDP (1 mM) was employed and ROS levels were
measured. The rate of ROS genesis was measured by fluorescent
changes in H2-DCFDA over a period of �5 min using the BioTEK
Synergy MX microplate reader (BioTek, Winooski, VT) and Gen5
software (Biotek). Data were normalized to background fluorescence
and mitochondrial protein. Results were expressed as fold change
from the substrate only condition.

Total glutathione measurements. Total mitochondrial glutathione
(GSH � GSSG) was measured using high-performance liquid chro-
matography (Agilent, Mississauga, ON, Canada) (32). Briefly, iso-
lated mitochondria from BAT or skeletal muscle were diluted to 0.5
mg/ml in 0.1% perchloric acid solution and incubated on ice for 10
min. Precipitate was then removed by centrifugation, and the super-
natant was collected and injected into the HPLC. GSH and GSSG
were separated in an Agilent Binary Pump 1100 series HPLC system
equipped with a Pursuit C18 column (150 � 4.6 mm, 5 �m; Agilent
Technologies, Santa Clara, CA) and operating at a flow rate of 1
ml/min. The mobile phase consisted of 0.1% (vol/vol) trifluoroacetic
acid diluted in ddH2O: HPLC-grade methanol (90:10). GSH and
GSSG were detected at 215 nm. Retention times of GSH and GSSG
were determined by injecting known standards. Samples were quan-
tified using Agilent ChemStation software.

Measurement of protein carbonyls. To determine whether muscle-
specific expression of UCP1 induced oxidative damage, we measured
the total amount of protein carbonyl adducts in gastrocnemius muscle
using the Oxyblot assay kit (Millipore, Billerica, MA). Muscle was
placed in ice-cold homogenization (HM) buffer containing 20 mM
Tris·HCl (pH 7.4), 1% Triton X-100, 50 mM NaCl, 250 mM sucrose,
50 mM NaF, 5 mM sodium pyrophosphate, 2% �-mercaptoethanol, 4
mg/l leupeptin, 50 mg/l trypsin inhibitor, and 0.1 mM benzamidine.
The muscle was homogenized on ice for a minimum of 20 passes
using the Tissue Tearor (BioSpec, Bartlesville, OK). The sample was
then centrifuged at 14,000 g for 20 min at 4°C. The supernatant was
kept and the pellet discarded. A Bradford assay was conducted using
standards that included 2 �l of HM buffer to correct for background

reactions. Protein carbonyls were measured according to the kit
manufacturer’s instructions.

Statistics. Statistical analyses involved Student’s t-tests or two-way
ANOVAs with Fischer post hoc tests using Excel software (Microsoft,
Redmond, WA) and Statsview 5.0 software (SAS Institute, Cary, NC),
respectively. Data are presented as means � SE.

RESULTS

Ectopic expression of UCP1 in skeletal muscle decreases
adiposity and increases metabolic rate. Immunoblot analysis
for UCP1 in mitochondrial preparations confirmed the pres-
ence of UCP1 in muscle of Tg mice (Fig. 1A). Quantification
of band densities revealed that levels of UCP1 were �13% of
those in BAT mitochondria. Expression of UCP1 in muscle
decreased body weight by �29% (Fig. 1B). Analysis of tissue
weights showed �51% and 62% decreases in gonadal white
adipose tissue (gWAT) and skeletal muscle (hindlimbs and
forelimbs), respectively, of Tg compared with WT mice (Fig.
1, C and D). Despite the decrease in skeletal muscle weight, no
differences in fiber type were detected (Fig. 1E). Tg mice also
showed an �46% decrease in BAT weight (Fig. 1F). Linear
body size was decreased in Tg vs. WT mice (Fig. 1G). Thus,
expression of UCP1 in muscle, even at levels much lower than
that found in BAT, had effects on body size and composition.

Next, we examined the impact of muscle-specific UCP1 ex-
pression on whole body energetics. Tg mice showed an �24%
increase in food intake compared with WT mice (Fig. 2A). Whole
body energy expenditure was also increased. O2 consumption
rates were 30 and 26% higher in Tg mice in the light and dark
cycles, respectively, compared with WT mice, even after
values were normalized to lean muscle mass (Fig. 2B). We also
tested O2 consumption in WT and Tg mice exposed to cold
(4°C) for 24 h, since UCP1 overexpression was associated with
decreased amounts of interscapular BAT (IBAT). As expected,
cold exposure elevated whole body O2 consumption in both
WT and Tg mice (Fig. 2C). However, O2 consumption re-
mained significantly higher in the Tg mice than in WT mice.
Thus, ectopic UCP1 expression in muscle does not compro-
mise cold-induced thermogenesis. We also calculated the re-
spiratory exchange ratio (RER) to determine if there were any
alterations in the oxidation of fat vs. carbohydrates during the
light and dark phases. RER values were similar between WT
and Tg mice in the light phase (Fig. 3A). However, during the
dark phase, Tg mice displayed a higher RER, indicating in-
creased relative use of carbohydrates (vs. fats) when mice are
typically awake and feeding. These differences in RER were
abolished in mice exposed to cold (Fig. 3B). Thus, our results
indicate that UCP1 expression in skeletal muscle 1) increases
whole body energy expenditure, 2) does not compromise
cold-induced BAT thermogenesis, and 3) increases carbohy-
drate oxidation (vs. fats) in the nocturnal phase of the day.

Ectopic UCP1 expression in muscle increases glucose
metabolism. Given our indirect calorimetry findings, we next
measured in vivo muscle glucose uptake to determine whether
uncoupling of oxidative phosphorylation by UCP1 in muscle
led to an increased reliance on glucose in this tissue. Glucose
clearance from the blood was measured in real-time using
[18F]FDG radiotracer and microPET imaging. Basal glucose
uptake rate was measured dynamically for 20 min followed by
an injection with the adrenergic agonist norepinephine (NE).
Prior to the injection, glucose uptake rates in skeletal muscle,
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heart, and IBAT were assessed. There were no significant
differences in the rates of glucose uptake between IBAT and
heart tissues prior to NE treatment (Fig. 4A). However, muscle
in Tg mice displayed a significantly higher rate of glucose
uptake pre-NE treatment. We also calculated the rate of glu-
cose uptake in muscle, heart, and IBAT after injection of NE.
Following NE injection, the rate of uptake into all tissues,
skeletal muscle, IBAT, and heart were slightly decreased for
both WT and Tg mice (Fig. 4B). This effect could simply have
been due to the saturation of GLUT4 transport activity in
response to increased glycogenolysis. However, Tg muscle
cleared more glucose than WT muscle after NE treatment (Fig.
4B). As in the baseline results of Fig. 4A, it is important to
point out that there was no change in blood glucose levels
between WT and Tg mice before and after NE treatment (Fig.

4C). As expected, though, NE elevated circulating glucose
levels in both WT and Tg mice. Representative images of both
WT and Tg mice are shown (Fig. 4D).

Mitochondrial bioenergetics. We then tested the energetics
of mitochondria from muscle and BAT and focused on UCP1-
mediated proton leak. Mitochondria from muscle and BAT of
WT and Tg mice were analyzed simultaneously in quintupli-
cate per biological replicate. As shown in Fig. 5A, proton leak
in skeletal muscle mitochondria from Tg mice displayed high
sensitivity toward GDP inhibition compared with mitochondria
from WT mice. Indeed, a significant decrease in proton leak
was observed following an acute incubation (3 min) in 0.1 mM
GDP. No further decreases in proton leak were observed
following addition of more GDP (bringing the total concentra-
tion up to 0.2 mM). Importantly, exposure to 0.1 mM GDP

Fig. 1. UCP1 expression in muscle and effects on body composition. A: mRNA and protein measurement of UCP1. B: body weight. C: gonadal white adipose
tissue (gWAT) weight. D: skeletal muscle (pooled limbs) weight. E: assessment of gastrocnemius muscle fiber type composition. MHC I and II band intensities
were quantified using Image J software and normalized to �-tubulin loading control; n � 4, means � SE, Student’s t-test. F: interscapular brown adipose tissue
(BAT) weight. G: body length (cm). WT, wild-type; Tg, transgenic muscle creatine kinase (MCK)-UCP1; n � 9, means � SE, Student’s t-test. n.s., not
significant.
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Fig. 2. Ectopic UCP1 expression increases energy expenditure without compromising acute adaptation to cold. A: daily food intake (g·day	1·g body wt	1) over
a period of 4 wk; n � 4, means � SE, Student’s t-test. B: measurement of whole body energetics in WT and Tg mice housed at room temperature (22–23°C).
V̇O2 (ml·kg	1·h	1) was measured by indirect calorimetry. V̇O2 was calculated for both light and dark cycles and was normalized to lean muscle mass. C: V̇O2

(ml·kg	1·h	1) of WT and Tg mice exposed to cold (4°C) for 24 h. Experiment and data analysis were conducted as described in B; n � 9, means � SE, Student’s
t-test.
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lowered leak by up to �80%, suggesting that UCP1 accounts
for a large proportion of proton leak when ectopically ex-
pressed in muscle (Fig. 5A). We also tested proton leaks
through UCP1 in BAT mitochondria and found that prepara-
tions from WT and Tg mice displayed similar sensitivities to
GDP inhibition (progressive decrease in leak from 0.5 to 1 mM
GDP addition) (Fig. 5A). Thus, UCP1 expression in muscle
does not compromise BAT mitochondrial uncoupling. We also
tested the responsiveness of skeletal muscle mitochondria from
WT and Tg mice to ADP stimulation. Expression of UCP1 in
muscle mitochondria did not affect the response of muscle
mitochondria to ADP, indicating that UCP1 expression does
not compromise coupled respiration in this tissue (Fig. 5B).

Impact of ectopic UCP1 expression on mitochondrial redox
state. Recently, we showed that, relative to muscle mitochon-
dria, BAT mitochondria have a far more oxidizing redox
environment, and these differences were associated with UCP1
activation in BAT (30). Hence, we next determined whether

expression of UCP1 in muscle alters mitochondrial ROS emis-
sion and redox. Treatment of muscle mitochondrial prepara-
tions from Tg mice with GDP led to a significant increase in
the rate of ROS emission (Fig. 6A). This effect was absent in
muscle mitochondrial preparations from WT mice. On the
other hand, GDP treatment did not elevate the rate of ROS
production from BAT mitochondria (Fig. 6A). Ectopic expres-
sion of UCP1 in muscle also affected mitochondrial total
glutathione levels. Indeed, expression of UCP1 induced a
dramatic �7.6-fold increase in total glutathione levels (Fig.
6B). No changes in total mitochondrial glutathione levels were
observed in BAT between WT and Tg mice, indicating again
that UCP1 expression in muscle does not perturb BAT physi-
ology. Given the robust change in total mitochondrial gluta-
thione levels in Tg muscle, we decided to test whether the
ectopic UCP1 expression was associated with oxidative dam-
age. Specifically, we measured total protein carbonyl adducts,
which are generated by lipid peroxidation. No change in total

Fig. 4. UCP1 expression in muscle increases the rate of glucose uptake. WT and Tg mice were anesthetized and injected with [18F]FDG tracer at a constant rate
of infusion (1.66 �l·MBq	1·min	1) and imaged using PET for 80 min. At 20 min following injection of [18F]FDG, mice were injected with norepinephine (NE)
at a dose of 1 mg/kg body wt. Pre-NE, values before NE treatment; post-NE, values after NE treatment. Mean standardized uptake values (SUV) � [18F]FDG
uptake/injected activity � body weight (g/ml) as determined from regions of interest in hindlimb and forelimb muscle of Tg and WT mice. Rate of glucose uptake
was measured post-NE injection. Rate of glucose uptake was determined pre-NE (A) and post-NE (B) in muscle, IBAT, and heart. C: blood glucose levels were
measured pre- and postinjection of NE. Statistical analysis was done using two-way ANOVA with Fischer post hoc test; n � 5. D: coronal [18F]FDG PET images
collected from WT and Tg mice; n � 5, means � SE, Student’s t-test.
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protein carbonyls was observed between WT and Tg gastroc-
nemius muscles (Fig. 6C). Thus, our observations indicate that
UCP1 lowers mitochondrial ROS production in a GDP-sensi-
tive manner but only when it is expressed in muscle tissue.

DISCUSSION

Skeletal muscle makes up �40% of total adult body weight
in humans, is responsible for �20% of resting metabolic rate,
is a major site for both carbohydrate and fatty acid oxidation,
and as such has been posited as a target for obesity treatment
(20). Proton leaks in muscle can account for up to �50% of
resting muscle respiration and �10% of the whole body resting
metabolic rate (20, 21). Thus, by slight activation of proton
leak in muscle, whole body energy expenditure could be
significantly increased. In the present study, we found that
UCP1 expression in muscle decreased mouse body weight,
adiposity, and the weight of a number of tissues including
skeletal muscle. Although a trend for increased type I fiber
content in gastrocnemius muscle was observed, it did not reach
statistical significance. In a previous report, ectopic UCP1

expression in muscle was found to induce fiber type switching
in gastrocnemius muscle; specifically, there was an increased
proportion of oxidative (type I) vs. glycolytic (type II) fibers.
However, in the latter study, mice were much older (ages
10–30 wk) than ours (ages 7–12 wk). (9). In addition, UCP1
levels in the latter study were much higher than in the present
study: levels in muscle were roughly equal to those in BAT (9).
The fact that Tg mice had an �51% decrease in white adipose
mass that coincided with increased energy expenditure and
food intake reveals clearly a hypermetabolic state in these
mice. These results are in agreement with previously published
work showing that mice expressing UCP1 in muscle are
hyperphagic (9). However, unlike the previous study, our mice
were much younger (7–12 wk), as opposed to �20 wk, and our
Tg mice had a significant decrease in adipose tissue compared
with WT mice. Moreover, there are differences in genetic
background (C57BL/6J vs. B6D2F1). Finally, our study was
limited to males. Kattarle et al. (23) recently established that
UCP1 expression in muscle protects against weight gain when
mice are fed a low-carbohydrate/high-fat diet, but these differ-
ences are abolished with a high-carbohydrate-high-fat diet.
They postulated that under a low-carbohydrate-high-fat diet
skeletal muscle uncoupling through UCP1 promotes a healthier
phenotype through selective macronutrient handling. This is
consistent with our finding that Tg mice had increased muscle
glucose uptake in vivo (as assessed by PET) and preferential
glucose vs. fat utilization at the whole body level at night when
mice are active and feeding. Our findings are also in line with
previous reports showing that UCP1 expression in muscle
increases insulin sensitivity and enhances glucose clearance
and GLUT4 activity (17, 28). However, previous studies had
limited mitochondrial bioenergetics analyses to support the
whole body alterations.

Indeed, our findings show that the ectopic expression of
UCP1 in muscle increases whole body O2 consumption in both
light and dark phases of the day. RER was found to be higher
in Tg mice in the dark phase, indicating preferential use of
carbohydrates to support energy metabolism. These data are
consistent with the decrease in adiposity and the increase in
muscle glucose uptake. Furthermore, these observations sup-
port previously published results showing that UCP1 expres-
sion in muscle increases whole body energy expenditure (9, 25,
28). In postprandial states, skeletal muscle typically metabo-
lizes glucose, storing it as glycogen or using it to produce ATP.
By contrast, caloric restriction, exercise, or starvation induces
a metabolic switch toward increased use of fatty acids to
support energy metabolism. It is interesting to note that, during
dark phases (wake cycles), compared with WT mice, Tg mice
rely more on glucose to satisfy energy demands, whereas no
differences in fatty acid use in sleep cycles (light phases) are
observed. These data indicate that more glucose is oxidized in
the Tg mice, consistent with their increased consumption of the
high-carbohydrate chow and increased O2 consumption rates.
The latter increases are associated with increased proton leak in
muscle of Tg mice. It is also interesting to note that Tg mice
exposed to cold temperatures (4°C) were able to further in-
crease their O2 consumption rates. This result suggests that
increasing UCP1-specific leak in muscle does not compromise
cold-induced thermogenesis.

In this study, we also measured the energetics of mitochon-
dria isolated from muscle of WT and Tg mice. These determi-
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nations were performed in parallel with determinations in BAT
mitochondria. To assess the amount of proton leak associated
with UCP1 in muscle or BAT mitochondria, we measured the
rate of O2 consumption under state 4 conditions followed by
titration of GDP, a well-characterized UCP1 inhibitor (13, 39).
Notably, we found that 0.1 mM was sufficient to inhibit UCP1
in muscle, whereas up to 1 mM was required for BAT mito-
chondria, reflecting differences in the amount of UCP1 ex-
pressed in these tissues (i.e., UCP1 ectopically expressed in
muscle is �87% lower than in BAT). Our measurements
revealed that UCP1 accounts for �80% of the proton leak in
Tg muscle mitochondria. This is in contrast to BAT mitochon-
dria where incubation in 1 mM GDP decreased leak by only
�40%. However, UCP1 is not expected to be fully activated,
since BAT mitochondria were isolated and studied in the
absence of added fatty acids. As well, the expression of UCP1
in muscle did not compromise oxidative phosphorylation in
this tissue. Indeed, ADP stimulated respiration in muscle mi-
tochondrial preparations from WT and Tg mice. In contrast,
ADP did not stimulate respiration in BAT mitochondria. This
observation is not surprising, since BAT does not contain high
amounts of ATP synthase and relies largely on glycolysis to
meet ATP demands (27). Thus, despite the presence of UCP1,
muscle mitochondria can still actively generate ATP.

Our group recently investigated redox environment differ-
ences in muscle and BAT mitochondria (30). We found that, in
contrast to muscle, mitochondria from BAT had a more oxi-
dized 2GSH/GSSG, which was associated with higher ROS
production (�250% higher compared with muscle mitochon-
dria). Interestingly these differences were attributed to UCP1
(30). BAT mitochondria from mice housed at room tempera-
ture produced high amounts of ROS, which were increased by
the addition of the UCP1 activator oleate (30, 44). Moreover,
cold acclimation of mice further increased BAT ROS produc-
tion, and this was associated with oxidation of the glutathione
pool (30). Given these previous observations, we decided to
test the effect of UCP1 expression in muscle on mitochondrial
redox. Surprisingly, ectopic expression of UCP1 in muscle
mitochondria did not alter the rate of ROS production before or
after the addition of oligomycin. However, the rate of ROS
emission increased substantially following the addition of
GDP. This result is in stark contrast to what we and others have
observed in BAT mitochondria (e.g., GDP addition does not
significantly enhance mitochondrial ROS production) (30, 44,
48). This would indicate that the expression of UCP1 in muscle
alters the physiological function of the protein. It is interesting
to note that the alteration in UCP1 function is not limited to
skeletal muscle. Clarke et al. (5) showed that UCP1 expression
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in thymus suppressed ROS production when mitochondria
isolated from thymus were incubated with specific electron
transport chain substrates. Moreover, Keipert et al. (24) also
measured superoxide production fluorometrically using Am-
plex Red in Tg mice overexpressing UCP1 in skeletal muscle;
they showed that superoxide production was significantly di-
minished. However, superoxide production was not assessed
under state 4o conditions (nonphosphorylating respiration),
and muscle ROS production was not compared with that in
BAT mitochondria. Whether or not UCP1 is involved in
quenching mitochondrial ROS production in BAT mitochon-
dria has been enthusiastically debated for a number of years.
Indeed, our group and others have shown that UCP1 activation
in BAT increases mitochondrial ROS production (30, 44),
whereas others have concluded the opposite (36). It is impor-
tant to point out that, unlike UCP3, UCP1 does not seem to be
regulated by glutathionylation in BAT mitochondria (33). This
could be attributed to low amounts of glutaredoxin-2 (Grx2) in
BAT mitochondria; Grx2 is, however, expressed in high
amounts in muscle (29, 30). Due to tissue-specific differences
and to UCP1 and UCP3 sequence similarities, it is possible that
UCP1 in muscle is regulated in a fashion similar to UCP3.
Nonetheless, the differential function of UCP1 ROS control in
BAT vs. other tissues is an interesting topic that warrants
further study. It is also interesting to note that expressing UCP1
in muscle substantially increased the total amount of glutathi-
one in muscle mitochondria. This observation clearly illus-
trates the fundamental link between uncoupling, ROS, and
glutathione in skeletal muscle. Thus, our findings illustrate that
1) proton leak in muscle is required to control mitochondrial
ROS emission, and 2) UCP1 can lower mitochondrial ROS
emission when it is expressed in skeletal muscle.

In conclusion, muscle is a metabolically dynamic tissue in
which energy demands and fuel types can change rapidly and
drastically. The activation of proton leaks in this tissue has
been proposed as a potential means for treating obesity, type 2
diabetes, and other metabolic diseases (20). In this study, we
elucidated the metabolic consequences of artificially stimulat-
ing proton leaks by the ectopic expression of UCP1 in muscle.
Clearly, excessive proton leaks could have adverse functional
consequences in muscle, such as mitochondrial membrane
potential collapse and metabolic dysfunction (impaired ATP
production). Here, we demonstrate that artificially expressing
UCP1 to just over a tenth of the levels normally found in BAT
resulted in increased mitochondrial proton leak and whole
body energy expenditure as well as decreased adiposity. Im-
portantly, this did not compromise the capacity for ADP-
induced coupled respiration in muscle mitochondria or adap-
tive thermogenesis at the level of the whole body. Ectopic
UCP1 induced a striking increase in mitochondrial glutathione
levels. Intriguingly, we also found that when UCP1 is ex-
pressed in muscle it plays a role in regulating mitochondrial
ROS emission, whereas in BAT mitochondria it does not. This
observation leads to the question of whether or not the unique
metabolic/proteomic signatures of different tissues are key
determinants for the function of uncoupling proteins. Further
studies to address this question are clearly warranted.
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