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Clenbuterol, a ␤2-adrenergic agonist, reduces mitochondrial content
and enzyme activities in skeletal muscle, but the mechanism involved
has yet to be identified. We examined whether clenbuterol-induced
changes in the muscles’ metabolic profile and the intrinsic capacity of
mitochondria to oxidize substrates are associated with reductions in
the nuclear receptor coactivator PGC-1 alpha and/or an increase in the
nuclear corepressor RIP140. In rats, clenbuterol was provided in the
drinking water (30 mg/l). In 3 wk, this increased body (8%) and
muscle weights (12–17%). In red (R) and white (W) muscles, clenbuterol induced reductions in mitochondrial content (citrate synthase:
R, 27%; W, 52%; cytochrome-c oxidase: R, 24%; W, 34%), proteins
involved in fatty acid transport (fatty acid translocase/CD36: R, 36%;
W, 35%) and oxidation [␤-hydroxyacyl CoA dehydrogenase (␤HAD): R, 33%; W, 62%], glucose transport (GLUT4: R, 8%; W,
13%), lactate transport monocarboxylate transporter (MCT1: R, 61%;
W, 37%), and pyruvate oxidation (PDHE1␣, R, 18%; W, 12%).
Concurrently, only red muscle lactate dehydrogenase activity (25%)
and MCT4 (31%) were increased. Palmitate oxidation was reduced in
subsarcolemmal (SS) (R, 30%; W, 52%) and intermyofibrillar (IMF)
mitochondria (R, 17%; W, 44%) along with reductions in ␤-HAD
activity (SS: R, 17%; W, 51%; IMF: R, 20%; W, 57%). Pyruvate
oxidation was only reduced in SS mitochondria (R, 20%; W, 28%),
but this was not attributable solely to PDHE1␣, which was reduced in
both SS (R, 21%; W, 20%) and IMF mitochondria (R, 15%; W, 43%).
These extensive metabolic changes induced by clenbuterol were
associated with reductions in PGC-1␣ (R, 37%; W, 32%) and increases in RIP140 (R, 23%; W, 21%). This is the first evidence that
clenbuterol appears to exert its metabolic effects via simultaneous and
reciprocal changes in the nuclear receptor coactivator PGC-1␣ and the
nuclear corepressor RIP140.
mitochondria; oxidative capacity
CLENBUTEROL, A ␤2-ADRENERGIC agonist, induces skeletal and
cardiac muscle hypertrophy, due to increased protein synthesis
and a concomitant decrease in protein degradation in this tissue
(2, 46, 50). This ␤2-adrenergic agonist is a commonly prescribed bronchodilator treatment for asthmatic patients, while
its anabolic properties have led to its illegal use in animal meat
production and doping in sports. Nevertheless, it has been
found that the treatment with this clenbuterol provoked deleterious effects on the cardiovascular system (1) and bone mass
(12), as well as impairing exercise performance (16, 32). The
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mechanistic bases of the maladaptations induced by clenbuterol in skeletal muscle remain largely unknown.
Chronic administration of clenbuterol induces the transition
from slow to fast muscle fiber types (35, 49, 53, 56) and
reduces skeletal muscle oxidative capacities (14, 66), as indicated by the reductions in citrate synthase (CS) and cytochrome-c oxidase (COX) activities in skeletal muscle (49, 53,
66). The ability to oxidize fatty acids is likely also impaired, as
shown by the clenbuterol-induced downregulation of carnitine
palmitoyltransferase (CPT-I) mRNA (58) and skeletal muscle
mitochondrial volume (14, 66). To compensate, skeletal and
cardiac muscle may become more reliant on glycolytic metabolism, as clenbuterol increased GLUT4 protein and glucose
transport (14), the activities of glycolytic enzymes (35, 49, 53),
and the rate of glucose oxidation (58). Thus, although there is
substantial evidence that clenbuterol markedly alters mitochondrial content and fuel selection in skeletal muscle, on the basis
of changes in metabolic enzymes, it remains unclear how these
metabolic effects of clenbuterol are mediated. It is possible that
this ␤2-adrenergic agonist may exert its effects by altering the
content of nuclear receptor coactivators and/or corepressors in
skeletal muscle, resulting in rapid and large changes in the
muscle substrate metabolism.
It is well known that in skeletal muscle, peroxisome proliferator-activated receptor ␥ coactivator 1-␣ (PGC-1␣) induces
mitochondrial biogenesis and the expression of genes involved
in oxidative phosphorylation and fatty acid oxidation (4, 42,
45), as well as fatty acid oxidation in isolated mitochondria (5,
6, 26). Conversely, the receptor interacting protein 140
(RIP140), a nuclear receptor corepressor, has recently been
shown to contribute to the upregulation of muscle fast-twitch
fiber content and the reduction of OXPHOS gene expression,
mitochondrial content, and fatty acid oxidation (55, 69). Moreover, nuclear receptor-regulated genes are direct targets for
repression by RIP140, as this nuclear encoded corepressor
suppresses PGC-1␣ activity (21). Clearly, the metabolic effects
mediated by RIP140 are significant, but its effects are reciprocal to those of PGC-1␣, while also interacting with PGC-1␣.
This suggests that simultaneous and possibly reciprocal
changes in RIP140 and PGC-1␣ may well have a profound
impact on mitochondrial content and oxidative capacity in
skeletal muscle.
Mitochondria in skeletal muscle are present in two distinct
locations, below the sarcolemma and between myofibrils;
therefore, these subpopulations have been termed subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondria, respectively. Previous studies have suggested that SS and IMF
mitochondria have different functional roles (31) and can
respond differently to physiological stimuli (9, 37). However,
it remains unclear whether clenbuterol-mediated reductions in
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the activities of mitochondrial enzymes are solely attributable
to reductions in muscle mitochondrial content or whether these
changes also occur in SS and/or IMF mitochondria. Similarly,
it is also unknown whether clenbuterol influences the intrinsic
capacity of substrate oxidation by SS and/or IMF mitochondria, and whether such changes are associated with concurrent
changes in PGC-1␣ and/or RIP140.
Whether clenbuterol-induced changes in RIP140 and/or
PGC-1␣ are key molecular mechanisms associated with altering muscle fiber composition and reducing OXPHOS genes,
mitochondrial density, and substrate metabolism, has not yet
been determined (cf. Ref. 46). Nevertheless, the clenbuterolinduced increase in fast-twitch muscle fibers and the downregulation of muscle oxidative capacity (14, 35, 53, 62) mirror
some of the observations in PGC-1␣-null mice (22, 44) and in
mice overexpressing RIP140 in skeletal muscle (55, 69).
Therefore, we hypothesize that the metabolic effects of this
␤2-adrenergic agonist are induced via reductions in PGC-1␣
and/or increases in RIP140. To examine these possibilities, we
have examined whether 1) the clenbuterol-induced effects on
substrate metabolism are attributable to a reduction in markers
of muscle mitochondrial content and/or a reduction in the
intrinsic capacity of mitochondria to oxidize fatty acids and/or
pyruvate, and 2) whether these effects are associated with the
repression of PGC-1␣ and/or the upregulation of RIP140.
METHODS

Animals and Clenbuterol Administration
Thirty-two Sprague-Dawley male rats (38 – 41 days old) were
purchased from Charles River (St. Constant, Quebec, Canada). The
rats were housed on a 12:12-h light-dark cycle, in an air-conditioned
room. Following a 3- to 7-day acclimation period, rats were randomly
divided into two treatment groups. The control group (n ⫽ 16) was
provided with standard chow and water ad libitum for 3 wk, while the
clenbuterol group (n ⫽ 16) was provided with standard chow and
treated for 3 wk with clenbuterol (Sigma-Aldrich, St. Louis, MO)
administered via the drinking water (30 mg clenbuterol/l), as has been
done previously by others (50, 51, 54, 61). Body weight and the
amount of water consumed were recorded twice each week. After 3
wk, the animals were anesthetized (65 mg of pentobarbital sodium/
100 g body wt), and hindlimb muscles were excised. The pooled red
and white portions of the three gastrocnemius and three tibialis
anterior muscles from two animals were used fresh for the preparation
of mitochondria to examine mitochondrial metabolism. The other red
and white muscle of the remaining one tibialis anterior and a small
portion of the mitochondrial sample were rapidly frozen in liquid
nitrogen and stored at ⫺80°C until further analysis for enzyme
activities and protein content. All treatments were approved by the
University of Guelph Committee on Animal Care.
Isolation of Subsarcolemmal and Intermyofibrillar Mitochondria
Subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondria
were obtained from the three gastrocnemius and three tibialis anterior
muscles from two animals. To obtain sufficient tissue, it was necessary to pool the respective red and white portions from each of these
three muscles, as we have reported previously (6, 27); in total, eight
different pools were created for each treatment group. Differential
centrifugation was used to obtain SS and IMF mitochondrial fractions
using previously reported procedures in our laboratory (25–27, 30,
70). Briefly, fresh muscle was homogenized in buffer (in mM: 100
KCl, 50 Tris·HCl, 5 MgSO4, 5 EDTA, 1 ATP, pH 7.4) and centrifuged (800 g, 10 min) to yield the SS mitochondria in the supernatant
fraction. The SS mitochondria were pelleted twice (9,000 g, 10 min)

and resuspended in buffer (in mM: 220 sucrose, 70 mannitol, 10
Tris·HCl, 1 EDTA). IMF mitochondria in the 800-g pellet were then
resuspended and treated with protease (P5380, 0.025 ml/g tissue;
Sigma, Oakville, ON, Canada). After 5 min, the samples were pelleted
(5,000 g, 5 min), resuspended, and recentrifuged (800 g, 10 min).
Thereafter, the resulting supernatant was centrifuged twice (9,000 g,
10 min), and the final pellet was resuspended in the same buffer as
used for the SS mitochondrial suspension. For protein determinations
by Western blot analysis, it was necessary to further purify SS and
IMF mitochondria to remove contamination from other subcellular
compartments, as we have done previously, using a Percoll gradient
(4, 13, 28, 70).
Mitochondrial Palmitate and Pyruvate Oxidation
Oxidation rates of palmitate and pyruvate were determined in
freshly obtained mitochondria separate assays, as we previously have
described (70). Briefly, modified Krebs Ringer buffer (in mM: 115
NaCl, 2.6 KCl, 1.2 KH2PO4, 10 NaHCO3, 10 HEPES, pH 7.4) was
gassed with a mixture of 5% CO2-95% O2 for 15 min and then
supplemented with 5.0 mM ATP, 1.0 mM NAD⫹, 25 M cytochrome c, 0.1 mM coenzyme A, 0.5 mM malate, and 0.5 mM
L-carnitine. Mitochondria were incubated (37°C, pH 7.4) in this buffer
and supplemented with palmitate complexed to BSA (18, 25) (75 M,
0.5 Ci of [1-14C] palmitate) or pyruvate (70) (75 M, 0.4 Ci of
[1-14C]-pyruvate). 14CO2 released during the incubations was trapped
in benzethonium hydroxide. 14CO2 contained in the buffer was released via the addition of 1 M sulfuric acid and was also trapped in
benzethonium hydroxide. The 14C-acid-soluble products in mitochondria were extracted in a 2:1 chloroform:methanol solution (15 min),
supplemented for the last 15 min of extraction with 2 M KCl:HCl
(1:1). After centrifugation (5,000 g, 15 min) the aqueous layer, with
the radiolabeled acid-soluble products, was removed. Standard liquid
scintillation counting procedures were used to determine 14C in the
samples, from which rates of palmitate and pyruvate oxidation were
determined. Mitochondrial protein was measured by BCA method,
and palmitate and pyruvate oxidation were calculated as the rate per
milligram mitochondrial protein.
Enzyme Activity in Muscle Homogenates and Mitochondria
The activities of CS, ␤-hydroxyacyl CoA dehydrogenase (␤-HAD)
and lactate dehydrogenase (LDH) were determined in muscle homogenates and isolated mitochondria. Specifically, red and white portions
of muscle (6 –10 mg) were homogenized in 100 vol/wt of a 100 mM
potassium phosphate buffer. CS and ␤-HAD activity was measured
spectrophotometrically in muscle homogenates and isolated SS and
IMF mitochondria using the method of Srere (59) and Bergmeyer (8).
LDH activity was measured similarly, as we have reported previously
(70), using 0.15 mM NADH in a 50-mM imidazole buffer solution
(pH 7.4) with 5 mM DTT and adding pyruvate to final concentration
of 4 mM for reaction.
Protein Isolation and Western Blotting of Muscle and Mitochondria
Muscle samples were homogenized as we have previously described (5, 20, 25, 26), using lysis buffer (1% Triton X-100, 50 mM
Tris·HCl, 1 mM EDTA, 1 mM EGTA, 50 mM sodium fluoride, 10
mM sodium beta-glycerol phosphate, 5 mM sodium pyrophosphate, 2
mM dithiothreitol, pH 7.5) containing 10 g/ml of pepstatin A,
aprotinin, and leupeptin, 1 mM Na orthovanadate, and 0.177 mg/ml of
phenylmethylsulfonyl fluoride. Whole muscle and purified mitochondrial proteins were separated using standard SDS-PAGE procedures
(7.5–12% polyacrylamide gels) and transferred to a polyvinylidene
difluoride membrane. The sample proteins were measured by the BCA
method. Equal quantities were loaded for detecting the same protein,
although for different proteins, the amount loaded did vary (range:
10 – 40 g). Membranes were blocked with 7.5% BSA for 1 h and
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incubated overnight with antibodies specific for, cytochrome-c oxidase (COXIV; Invitrogen, Burlington, ON, Canada), PGC-1␣ (Calbiochem, La Jolla, CA), fatty acid translocase/CD36 (FAT/CD36, gift
from N. N. Tandon, Otsuka Maryland Medical Laboratories, Rockville, MD), monocarboxylate transporter (MCT1, 2, 4, Qiagen, Tokyo,
Japan), pyruvate dehydrogenase E1 alpha subunit (PDHE1␣; Molecular Probes, Eugene, OR), and GLUT4 (Millipore, Temecula, CA).
Membranes were incubated for 1 h at room temperature with
secondary antibodies. Blots were quantified using chemiluminescence and the Chemigenius 2 Bioimaging System (SynGene,
Cambridge, UK). All blots were stained with Ponceau-S to ensure
equal loading of protein. This was confirmed by scanning these
blots (data not shown).
PGC-1␣ mRNA
PGC-1␣ mRNA was determined in red and white tibialis anterior
(TA) muscle using real-time PCR, as we have previously reported (6,
26). Briefly, 50 mg of red and white TA were homogenized in 1 ml of
TRIzol reagent, and RNA was isolated using Tripure reagent (Invitrogen) and Qiagen column (Qiagen) method, according to the manufacturer’s instructions. Reverse transcription was carried out using
first-strand cDNA synthesis kit for RT-PCR (Roche Diagnostics,
Laval, Quebec, Canada). Real-time PCR was performed using a 7500
real-time PCR system (Applied Biosystems, Foster City, CA) using
SYBR Green qPCR Supermix-UDG (Invitrogen). Relative PGC-1␣
RNA levels were calculated using the ⌬CT (cycle threshold) method
using 7500 System SDS software (Applied Biosystems). 18S ribo-
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somal RNA was used as endogenous control. The following primer
sets were used: PGC-1␣ forward, 5=-CGATGACCCTCCTCACACCA-3=, and PGC-1␣ reverse, 5=-TTGGCTTGAGCATGTTGCG-3=;
18 S forward, 5=-GTTGGTTTTCGGAACTGAGGC-3=, and 18 S
reverse, 5=-GTCGGCATCGTTTATGGTCG-3=.
Statistics
All data are presented as the means ⫾ SE. Two-way repeatedmeasures ANOVA was used to analyze the differences between the
groups and at the different time points for the volume of water intake
and body weights. A two-way ANOVA was also used to analyze the
differences between the groups (control vs. clenbuterol) for muscles
(red, white) and for mitochondria (SS, IMF). When appropriate, post
hoc comparisons were performed using the Bonferroni procedure. A
one-way (time) repeated ANOVA was used to analyze the data of
clenbuterol administration relative to body weight in the clenbuteroltreated group.
RESULTS

The volume of water consumed was similar in the control
and clenbuterol-treated animals (Fig. 1A) and increased
slightly over the 3-wk period (P ⬍ 0.05, Fig. 1A). Hence, total
clenbuterol intake also increased slightly (P ⬍ 0.05, Fig. 1B).
However, the clenbuterol intake per unit body weight decreased over a 3-wk period (P ⬍ 0.05, Fig. 1C), since the body

Fig. 1. Changes in the volume of water intake (A), clenbuterol intake (B), clenbuterol intake relative to body weight (C), and body weight (D) during the 3-wk
period, and effects of 3 wk of clenbuterol administration on muscle weights of tibialis anterior (TA) and gastrocnemius. Values are expressed as means ⫾ SE;
n ⫽ 12–15 for each group (A–D), while n ⫽ 7– 8 for each muscle (E). *P ⬍ 0.05, clenbuterol-treated vs. control animals. †P ⬍ 0.05, day 0 vs. day 21 in
clenbuterol group.
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weight increased over the 3-wk period. Compared with control
animals, the final body weight of the clenbuterol-treated rats
was slightly greater (6 – 8%) (P ⬍ 0.05, Fig. 1D), as were the
relative muscle weights (mg/g body wt) of the gastrocnemius
(⫹12%) and TA muscles (⫹17%) (P ⬍ 0.05, Fig. 1E).
Clenbuterol’s Effects on Selected Proteins in Muscle
We determined whether clenbuterol altered the muscle content of proteins involved in regulating mitochondrial biogenesis (PGC-1␣, RIP140), marker indices of mitochondrial
density (CS, COXIV), selected substrate transporters (FAT/
CD36, GLUT4, and MCT1, 2 and 4), and enzymes involved
in palmitate oxidation (␤-HAD) and pyruvate oxidation
(PDHE1␣).
Effects of clenbuterol on PGC-1␣ and RIP140 proteins in
muscle. After 3 wk of clenbuterol administration, PGC-1␣
mRNA (red muscle, 17%; white muscle, 22%) (P ⬍ 0.05,
Fig. 2A) and protein were reduced (red muscle, 37%; white
muscle, 32%) (P ⬍ 0.05, Fig. 2B). Conversely, clenbuterol
treatment increased RIP140 protein in both red (⫹23%) and
white (⫹21%) muscle (P ⬍ 0.05, Fig. 2C).
Effects of clenbuterol on CS and COXIV in muscle. Markers
of mitochondrial density were reduced in clenbuterol-treated
muscles. Specifically, this treatment decreased red (27%) and
white (52%) muscle CS activity (P ⬍ 0.05, Fig. 2D), as well as
COXIV protein in both red (24%) and white muscle (34%)
(P ⬍ 0.05, Fig. 2E).

Effects of clenbuterol on proteins involved in fatty acid
metabolism. Key proteins involved in fatty acid oxidation
include the fatty acid transporter FAT/CD36 and the mitochondrial enzymes ␤-HAD. Clenbuterol reduced FAT/CD36 protein in red (36%) and white (35%) muscle (P ⬍ 0.05, Fig. 3A),
and ␤-HAD activity in red (33%) and white (62%) muscle
(P ⬍ 0.05, Fig. 3B).
Effects of clenbuterol on proteins involved in carbohydrate/
monocarboxylate metabolism. Important proteins implicated in
carbohydrate/monocarboxylate metabolism include the glucose transporter GLUT4 and selected MCTs, namely MCT1,
MCT2, and MCT4, as well as enzymes involved in lactate
(LDH) and pyruvate metabolism (PDHE1␣). Clenbuterol reduced muscle GLUT4 protein slightly in red (8%) and white
muscle (13%) (P ⬍ 0.05, Fig. 4A). Larger clenbuterol-induced
reductions were observed in the MCT1 protein content of red
(61%) and white muscle (37%) (P ⬍ 0.05, Fig. 4B). However,
MCT2 protein content was not altered by clenbuterol in either
type of muscle (P ⬎ 0.05, Fig. 4C). In contrast, clenbuterol
treatment increased MCT4 protein (31%, P ⬍ 0.05) and LDH
activity (25%, P ⬍ 0.05), but only in red muscle (Fig. 4, D and
E). Muscle PDHE1␣ protein was reduced by clenbuterol in red
(18%) and white muscle (12%) (P ⬍ 0.05, Fig. 4F).
Effects of Clenbuterol on Substrate Oxidation in
Mitochondria
Clearly, clenbuterol induced a myriad of metabolic changes
in the muscle, including a reduction in muscle mitochondrial

Fig. 2. Effects of 3 wk of clenbuterol administration on PGC-1␣ mRNA (A) and protein (B), RIP140 protein (C), CS activity (D), and COXIV protein (E) in
red and white muscle. Values are expressed as means ⫾ SE; n ⫽ 5– 8 for each muscle. *P ⬍ 0.05, clenbuterol treated vs. control animals.
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Fig. 3. Effects of 3 wk of clenbuterol administration on FAT/CD36 protein (A) and
␤-HAD activity (B). Values are expressed as
means ⫾ SE; n ⫽ 6 – 8 for each muscle. *P ⬍
0.05, clenbuterol treated vs. control animals.

content, and generally, reductions in substrate transporters and
enzymes involved in regulating fatty acid and pyruvate metabolism (see summary in Fig. 5). In view of all these many
coordinated reductions in the oxidative metabolic profile of
clenbuterol-treated muscles, synchronous reductions in fatty
acid and pyruvate oxidation would be expected at the level of
whole muscle. However, because it is also possible that clenbuterol altered the intrinsic capacity of palmitate and/or pyruvate oxidation in mitochondria, we examined the effects of this
␤2-adrenergic agonist on substrate oxidation in isolated SS and
IMF mitochondria.
Palmitate oxidation in isolated mitochondria. Regardless of
muscle fiber type, clenbuterol administration decreased the
rates of palmitate oxidation in isolated SS mitochondria (red:

30%; white: 52%; P ⬍ 0.05) and in IMF mitochondria (red:
17%; white: 44%; P ⬍ 0.05) (Fig. 6, A and B).
Pyruvate oxidation in isolated mitochondria. Clenbuterol
treatment decreased the rate of pyruvate oxidation in SS
mitochondria of both red (20%) and white (28%) muscles
(P ⬍ 0.05, Fig. 6, C and D). In contrast, the rate of pyruvate
oxidation was not changed in IMF mitochondria in either
red or white muscle after 3 wk of clenbuterol administration.
Effects of Clenbuterol on Proteins in Mitochondria
To discern the basis for the changes in palmitate and pyruvate oxidation by mitochondria, we examined the clenbuterol-

Fig. 4. Effects of 3 wk of clenbuterol administration on the proteins involved in carbohydrate/monocarboxylate metabolism [GLUT4 (A), MCT1 (B), MCT2 (C),
MCT4 (D) protein, LDH (E) activity, and PDHE1␣ (F) protein]. Values are expressed as means ⫾ SE; n ⫽ 5– 8 for each muscles. *P ⬍ 0.05, clenbuterol treated
vs. control animals.
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were a number of novel observations, including 1) marked
reciprocal changes in PGC-1␣ and RIP140, as well as
2) impairments in the intrinsic rates of both palmitate and
pyruvate oxidation in isolated mitochondria. In view of the
established roles of PGC-1␣ and RIP140 in skeletal muscle,
the present results strongly suggest that clenbuterol induces a
myriad of metabolic changes in both red and white skeletal
muscle via the concomitant reciprocal changes in the nuclear
receptor coactivator PGC-1␣ and the corepressor RIP140.
Effect of Clenbuterol on Metabolic Adaptations in Whole
Muscle and Mitochondria

Fig. 5. Summary of clenbuterol-induced changes in nuclear proteins, mitochondrial content, and proteins involved in fatty acid and carbohydrate/
monocarboxylate metabolism.

induced changes in selected metabolic proteins in highly purified SS and IMF mitochondria.
Mitochondrial CS and COXIV. The activity of CS was
reduced in SS mitochondria of red (21%) and white (35%)
muscle (P ⬍ 0.05, Fig. 7, A and B), as well as in IMF
mitochondria of red (7%) and white (36%) muscle (P ⬍ 0.05,
Fig. 7, A and B). In contrast, COXIV protein was not reduced
by clenbuterol treatment in either SS or IMF mitochondria of
red or white muscles (P ⬎ 0.05, Fig. 7, C and D).
Mitochondrial proteins involved in fatty acid oxidation.
Clenbuterol decreased FAT/CD36 protein in IMF [but not in
SS mitochondria (P ⬎ 0.05)] in both red (36%) (Fig. 4B) and
white (58%) muscle (P ⬍ 0.05, Fig. 8A). ␤-HAD activity was
reduced by clenbuterol in both SS and IMF mitochondria in red
and white muscle (red muscle: SS, 17%; IMF, 20%; white
muscle: SS, 51%; IMF, 57%, P ⬍ 0.05, Fig. 8, C and D,
respectively).
Mitochondrial proteins involved in pyruvate oxidation. Consistent with previous reports (3, 70), we were only able to
detect MCT1 and MCT4 in SS mitochondria, whereas MCT2
is present in both SS and IMF mitochondria. Clenbuterol
treatment increased MCT1 protein, not MCT4 protein, in SS
mitochondria from red (⫹19%) and white (⫹15%) muscle
(P ⬍ 0.05, Fig. 9, A–D). MCT2 was not altered, either in SS or
IMF mitochondria of either muscle type (P ⬎ 0.05, Fig. 9, E
and F). Clenbuterol reduced the PDHE1␣ protein in mitochondria of both red (SS, 21%; IMF, 15%; P ⬍ 0.05, Fig. 9G) and
white muscle (SS, 20%; IMF, 43%; P ⬍ 0.05, Fig. 9H).
DISCUSSION

We examined, in red and white skeletal muscles, whether the
␤2-adrenergic agonist clenbuterol altered markers of muscle mitochondrial content, metabolic proteins, and substrate metabolism
and whether these changes were associated with 1) the repression
of PGC-1␣ and/or 2) the upregulation of RIP140. Along with
confirming previous studies showing that clenbuterol reduces
proteins involved in fatty acid and pyruvate metabolism, there

In the present study, the expected clenbuterol-induced increases in muscle and body weight confirm previous observations (49 –51, 53, 56). In addition, reductions in mitochondrial
proteins (CS, PDHE1␣, ␤-HAD, COXIV) concur with previously reported, clenbuterol-induced changes (14, 49, 50, 53,
66), which suggest that skeletal muscle mitochondrial content
was reduced. However, this interpretation requires some care
since several of these marker proteins can also be reduced
within mitochondria (57, 68), as was observed for CS and
␤-HAD activity, and for PDHE1␣ protein in the present study.
This makes it difficult to establish whether the reductions in
mitochondrial markers in muscle necessarily reflect a reduction
in mitochondrial content. Nevertheless, given that whole muscle COXIV was reduced while mitochondrial COXIV was not
reduced suggests strongly that clenbuterol did reduce the mitochondrial content of skeletal muscle, as has been reported
previously (14, 49, 53). In view of these observations, COX IV
rather than CS, the most commonly used marker of muscle
mitochondrial content, would seem to be a more suitable
marker for determining muscle mitochondrial content. While
reasons for different responses in CS, ␤-HAD, and PDHE1␣
compared with COXIV are not known, it appears that these
enzymes (CS, ␤-HAD, and PDHE1␣) are, for unknown reasons, more susceptible to clenbuterol treatment than COXIV.
Taken altogether, in the present study, the effects of clenbuterol on body and muscle weights and muscle mitochondrial
content and proteins are comparable to those reported previously.
Palmitate Oxidation
At the level of whole muscle, clenbuterol treatment reduced
the fatty acid transporter FAT/CD36, an effect that is likely
attributable to reductions in PGC-1␣ (5, 6). The reduction in
FAT/CD36 is expected to reduce fatty acid uptake into skeletal
muscle, as we have previously shown (36, 60). Moreover, in
both SS and IMF mitochondria, clenbuterol treatment also
decreased their intrinsic rate of palmitate oxidation, effects that
would reduce whole muscle fatty acid oxidation as clenbuterol
also reduced mitochondrial content in skeletal muscle. The
reductions in mitochondrial fatty acid oxidation are likely the
result of impairments in multiple biochemical processes, as we
have observed reductions in marker enzymes found in both
␤-oxidation (␤-HAD) and the Krebs cycle (CS). Alterations in
these steps have been implicated in changing rates of mitochondrial fatty acid oxidation (4, 29, 37, 40). The reduction in
the mitochondrial intrinsic capacity for fatty acid oxidation
may also be associated with clenbuterol-induced ultrastructural
changes in muscle mitochondria (62), although the extent of
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Fig. 6. Effects of 3 wk of clenbuterol administration on palmitate (A, B) and pyruvate
(C, D) oxidation in subsarcolemmal (SS) and
intermyofibrillar (IMF) mitochondria in red (A,
C) and white (B, D) muscle. Values are expressed as mean ⫾ SE; n ⫽ 6 – 8 for each
mitochondria. Each independent observation
was based on the pooling of muscles from two
rats as noted in METHODS. *P ⬍ 0.05, clenbuterol treated vs. control animals.

this effect is difficult to quantify. Taken altogether, it is evident
that 3 wk of clenbuterol administration exerts pleiotropic
effects on fatty acid metabolism, including 1) reduced number
of fatty acid transporter proteins in skeletal muscle, 2) alterations in mitochondrial structure, and reductions in 3) skeletal
muscle mitochondrial content and 4) the mitochondrial enzymes involved in the regulation of fatty acid oxidation.

Carbohydrate Metabolism
Clenbuterol also altered selected markers of carbohydrate
metabolism, including reductions in the monocarboxylate
transporter MCT1 and the glucose transporter GLUT4,
while increasing LDH activity and MCT4 content. The
small reduction in GLUT4 suggests there may have been a

Fig. 7. Effects of 3 wk of clenbuterol administration on CS activity (A, B) and cytochrome-c oxidase IV (COXIV) protein (C, D)
oxidation in SS and IMF mitochondria in red
(A, C) and white (B, D) muscle. Values are
expressed as means ⫾ SE; n ⫽ 6 – 8 for each
mitochondria. Each independent observation
was based on the pooling of muscles from two
rats as noted in METHODS. *P ⬍ 0.05, clenbuterol treated vs. control animals.
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Fig. 8. Effects of 3 wk of clenbuterol administration on FAT/CD36 protein (A, B) and
␤-HAD activity (C, D) in SS and IMF mitochondria in red (A, C) and white (B, D)
muscle. Values are expressed as means ⫾
SE; n ⫽ 5– 8 for each mitochondria. Each
independent observation was based on the
pooling of muscles from two rats as noted in
the METHODS. *P ⬍ 0.05, clenbuterol treated
vs. control animals.

reduction in glucose transport. In another animal model
(insulin-resistant obese Zucker rat), clenbuterol did not
affect GLUT4 protein and mRNA in red and white skeletal
muscle (38, 52) but improved glucose tolerance (64). On the
other hand, glucose uptake and transport were not different
in different muscle fiber types between clenbuterol-treated
obese and control obese rats (64 – 66). Another study demonstrated that a longer clenbuterol feeding period (6 wk)
increased GLUT4 and glucose transport only in fast-glycolytic muscle fibers, while no changes occurred in mixed
fibers or slow oxidative fibers (14). Taken altogether, it
appears that with clenbuterol administration, glucose utilization and its underlying mechanisms are not altered or are
changed only slightly.
The contrasting changes in MCT1 and MCT4 make it
difficult to predict with complete certainty how monocarboxylate transport may have been altered, other than possibly
increasing MCT4-facilitated lactate transport out of muscle
(10, 11, 15, 67), an effect that would be expected to be
important primarily during intense exercise, not at rest, as the
Km of MCT4 for lactate is high (⬃25 mM) (15). Moreover,
small reductions in PDHE1␣ in both SS and IMF mitochondria
cannot be solely associated with reduction in pyruvate oxidation, which occurred only in SS mitochondria. Nevertheless, it
does appear that the clenbuterol-induced changes in pyruvate
oxidation are less than those for fatty acids, and these changes
are targeted only to SS mitochondria. It remains unclear by
which enzymatic mechanisms clenbuterol induces reductions
in pyruvate oxidation and why this is only confined to SS
mitochondria.

Possible Mechanism of Action of Clenbuterol via PGC-1␣
and RIP140
Mechanisms involved in ␤2-adrenergic signaling in skeletal
muscle and the effects of ␤2-adrenergic agonists on muscle
growth and hypertrophy have been reviewed in detail recently
(46). Yet, the means by which the ␤2-adrenergic agonist
clenbuterol alters metabolism in skeletal muscle has remained
largely unexplored, except by inferences based solely on determinations of marker proteins (14, 35, 49, 53). However, the
metabolic changes observed in the present study provide strong
clues. Indeed, it appears that the ␤2-adrenergic agonist clenbuterol alters skeletal muscle metabolism, particularly fatty acid
metabolism and mitochondrial content via inducing changes in
muscle of key nuclear receptor cofactors, namely PGC-1␣ and
RIP 140.
It is well known that PGC-1␣ stimulates mitochondrial
biogenesis in skeletal muscle and induces the expression of
mitochondrial proteins, including activities of citrate synthase
and ␤-HAD and GLUT4, FAT/CD36, CPT-I, COXIV (5–7),
and PDHE1␣ proteins (34), as well as many other OXPHOS
genes (42, 43, 45). PGC-1␣ also upregulates the skeletal
muscle protein content of MCT1, while MCT2 and MCT4 are
not targets for this coactivator (7). Taken altogether, we have
found that clenbuterol reduced many of the PGC-1␣ targets in
concert with the clenbuterol-mediated reduction in PGC-1␣,
strongly suggesting that the metabolic effects of clenbuterol are
mediated, in part, via reductions in PGC-1␣, including the
reductions in mitochondrial fatty acid oxidation in SS and IMF
mitochondria, and pyruvate oxidation in SS mitochondria.
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Fig. 9. Effects of 3 wk of clenbuterol administration on MCT1 (A, B), MCT2 (C, D),
MCT4 (E, F) and PDHE1␣ (G, H) protein in
SS and IMF mitochondria in red (A, C, E, G)
and white (B, D, F, H) muscle. Values are
expressed as means ⫾ SE; n ⫽ 5– 8 for each
mitochondria. Each independent observation
was based on the pooling of muscles from
two rats as noted in the METHODS. *P ⬍ 0.05,
clenbuterol treated vs. control animals. ND,
not detected.

It is likely that the clenbuterol-induced effects on metabolism in skeletal muscle are also attributable, in part, to RIP140.
It has been found that RIP140 binds and represses a number of
nuclear receptors, including peroxisome proliferator-activated
receptors and estrogen-related receptors (17). Substantial evidence has indicated that RIP140 acts as a corepressor in
adipose and skeletal muscle to control the state of adiposity
(41), as well as muscle fiber types and metabolism (55). This
corepressor increases the glycolytic phenotype of skeletal
muscle and reduces its oxidative capacity (55), as well as

increasing glycolytic enzymes (PFK and LDH), while
downregulating GLUT4, COXIV, and ␤-HAD (69). It is
tempting to suggest that LDH activity in red muscle was
increased by RIP140, as we have shown when this corepressor is overexpressed in slow-twitch oxidative muscle (69).
However, in the present study RIP140 upregulation was not
associated with an LDH activity increase in white muscle,
possibly because this enzyme is already present at maximal
levels in white muscle. Nevertheless, RIP140 targets many
of the same genes as PGC-1␣.
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An important effect of RIP140 is its ability to suppress the
activity of PGC-1␣ (21). Therefore, the increase in RIP140
protein could suppress PGC-1␣ protein expression because
PGC-1␣ regulates the transcription of PGC-1␣ itself (23). In
this study, we speculate that the concomitant clenbuterolinduced reduction in muscle PGC-1␣ and the increase in
RIP140, contributed simultaneously, and possibly synergistically, to the reduction in muscle mitochondrial content and the
reduction in mitochondrial proteins, thereby altering substrate
oxidation. Such a dual mechanism might well account for the
large changes observed in mitochondrial content and fatty acid
metabolism in a short period of time (⬍3 wk).
In contrast to our observations, a recent report indicated that
clenbuterol increased PGC-1␣ mRNA in skeletal muscles (19,
47). Given that the long-term effect of clenbuterol is to transform skeletal muscle to a more glycolytic phenotype (14, 35,
46, 53, 58), these PGC-1␣ mRNA responses to ␤2-adrenergic
agonist treatment are perplexing and may reflect an acute stress
response that activates AMP-activated protein kinase (33),
which can upregulate PGC-1␣ (24, 39, 63). In contrast to these
unusual responses of clenbuterol treatment with respect to
changes in PGC-1␣ mRNA (19, 47), our present results are
consistent with studies showing that in skeletal muscle, clenbuterol decreases mitochondrial enzyme activity and contents
and increases glycolytic enzyme activity (present study; 35, 49,
53), and our observed reduction in PGC-1␣ protein and mRNA
is fully consistent with such changes. Also, long-term clenbuterol administration decreased ␤-adrenergic receptor concentration in skeletal muscle (64, 65), effects that may inhibit the
transcription of PGC-1␣, thereby contributing to reduced mitochondrial content and capacity in skeletal muscle. Thus,
clenbuterol-induced ␤2 adrenergic stimulation by a single
injection appears to increase PGC-1␣ transcription (24, 48),
whereas in the current study, 3 wk of clenbuterol administration decreases PGC-1␣ protein and mRNA, presumably via the
decreased ␤2 adrenergic stimulation due to long-term clenbuterol administration (64, 65). Further study is needed to
clarify the time course of change in PGC-1␣ transcription.
Perspectives and Significance
The results of the present study suggest that the long-term
therapeutic use of clenbuterol in asthmatic patients may need
reassessment, given that this ␤2-adrenergic agonist reduces
muscle mitochondrial content and reduces the intrinsic rates of
oxidation of fatty acids and carbohydrates. These effects also
provide a strong case against the (illegal) use of this drug in
athletes, as the clenbuterol-induced metabolic changes are
likely to have deleterious effects on exercise performances.
In summary, the present study has shown that clenbuterol
treatment decreased markers of mitochondrial content, and
proteins involved in fatty acid and pyruvate oxidation, at both
the whole muscle and isolated mitochondrial level. Since these
reductions were accompanied by an increase in the corepressor
RIP140 and a concomitant reduction in the coactivator PGC1␣, our observations suggest that the rapidly induced metabolic
effects of the ␤2-adrenergic agonist clenbuterol occur, in part,
via the concomitant and reciprocal changes in this nuclear
receptor coactivator and repressor.
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