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Statins inhibit HMG-CoA reductase, a key enzyme in cholesterol synthesis, and are widely used to treat hyper-
cholesterolemia. These drugs can lead to a number of side effects in muscle, including muscle fiber breakdown;
however, the mechanisms of muscle injury by statins are poorly understood. We report that lovastatin induced
the expression of atrogin-1, a key gene involved in skeletal muscle atrophy, in humans with statin myopathy, in
zebrafish embryos, and in vitro in murine skeletal muscle cells. In cultured mouse myotubes, atrogin-1 induc-
tion following lovastatin treatment was accompanied by distinct morphological changes, largely absent in
atrogin-1 null cells. In zebrafish embryos, lovastatin promoted muscle fiber damage, an effect that was closely
mimicked by knockdown of zebrafish HMG-CoA reductase. Moreover, atrogin-1 knockdown in zebrafish
embryos prevented lovastatin-induced muscle injury. Finally, overexpression of PGC-1a, a transcriptional
coactivator that induces mitochondrial biogenesis and protects against the development of muscle atrophy,
dramatically prevented lovastatin-induced muscle damage and abrogated atrogin-1 induction both in fish and
in cultured mouse myotubes. Collectively, our human, animal, and in vitro findings shed light on the molecu-
lar mechanism of statin-induced myopathy and suggest that atrogin-1 may be a critical mediator of the muscle

damage induced by statins.

Introduction

Statins (HMG-CoA reductase inhibitors) are among the most
commonly prescribed medications in developed countries, with
almost 500,000,000 prescriptions dispensed as of 2001 (1). They
impair cholesterol production by inhibiting the synthesis of meva-
lonate, the rate-limiting step in the cholesterol biosynthetic path-
way. Statins are generally well tolerated but can produce a variety
of skeletal muscle-associated, dose-dependent adverse reactions,
ranging from muscle pain to muscle cell damage and severe rhab-
domyolysis (2). The frequency of rhabdomyolysis is low, with a
reported incidence of approximately 1 per 10,000; however, fatali-
ties have been reported (1, 3, 4). Symptomatic muscle weakness
and pain are much more frequent but difficult to quantitate, since
objective measures of muscle damage such as elevation of creatine
kinase in the serum of patients are usually absent (5, 6). Unfortu-
nately, fear of muscle toxicity remains a major impediment pre-
venting patients and their physicians from complying with statin
therapy guidelines, and less than half of patients with indications
for statins currently receive this therapy (7, 8).

Littleis known about the molecular mechanisms by which HMG-CoA
reductase inhibitors produce skeletal muscle injury (2, 9, 10). Since
mevalonate is an important precursor not only of cholesterol but
also of ubiquinone (coenzyme Qjo [CoQjo]), dolichols, and other
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isoprenoids (11), muscle toxicity could be mediated by many differ-
ent intracellular pathways. Indeed, inhibition of squalene synthase
and squalene epoxidase, distal enzymes specific to only cholesterol
biosynthesis, does not cause toxicity in cultured muscle cells (12, 13).
Furthermore, recent experiments suggest that statins affect mito-
chondrial function (14). Interestingly, CoQ1o, a component of the
inner mitochondrial membrane required for oxidative phosphoryla-
tion, is prenylated; thus, its synthesis is inhibited by statins (15-17).
Skeletal muscle mass is determined by the competing processes of
protein synthesis and protein breakdown. Rapid loss of muscle mass
occurs in response to food deprivation and in many major disease
states (e.g., cancer cachexia, diabetes, uremia, cardiac failure, sepsis)
and also with disuse (18, 19). In these conditions, muscle protein is
rapidly mobilized through a common cellular mechanism involv-
ing similar biochemical and transcriptional adaptations, including
activation of the ubiquitin proteasome pathway (UPP), the main
intracellular system for protein degradation (20, 21). Among the
UPP components induced in atrophying muscle is the ubiquitin-
protein ligase or E3, atrogin-1/MAFbx (22, 23). Atrogin-1 is induced
early during the atrophy process, and the rise in atrogin-1 expression
precedes the loss of muscle weight (22). Animals lacking atrogin-
1 are resistant to muscle atrophy following denervation (23), sug-
gesting that atrogin-1 targets key muscle protein(s) for destruction,
though the identity of these component(s) is still unclear. Recent
studies have demonstrated induction of atrogin-1 in other dying or
involuting tissues. For example, it is induced in cardiac muscle in
failing hearts (24, 25), in uterine smooth muscle in the postpartum
period as the uterus involutes to its resting size (26), and in dying
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Atrogin-1 is induced in human biopsy samples from patients
with statin-induced muscle injury. Total RNA was extracted
from human quadriceps muscle biopsies, and atrogin-1 mRNA
was quantitated by real-time PCR as described in Methods.
*P =0.017, difference between groups by 1-way ANOVA.

stromal tumors responding to imatinib treatment (27). We reasoned
that since atrogin-1 plays a key role in activating protein breakdown
in a wide range of tissues, especially skeletal muscle, it might also
mediate part of their sensitivity to statins.

Distinct muscle beds have different susceptibilities to protein loss
and atrophy. In rodents, type II, intermittently used, pale muscle
fibers are atrophy prone while type I dark muscles are relatively resis-
tant (28-31). These dark fibers/muscles have a high volume of mito-
chondria, high capillary density, and high oxidative enzyme capacity
(32,33) while the pale fibers/muscles are largely glycolytic. It is likely
that the decreased mitochondrial number/function in pale, glyco-
lytic muscle enhances susceptibility to muscle damage and wasting,.
The PGC-1 family of transcriptional coactivators has been recently
discovered to activate a transcriptional program of mitochondrial
biogenesis and oxidative metabolism and is critical in the mainte-
nance of glucose, lipid, and energy homeostasis in muscle and other
tissues (34, 35). In skeletal muscle, PPARy coactivator 1o (PGC-1ar)
functions as a critical metabolic sensor of calcium-induced contrac-
tile activity (36-39). Its expression is induced by both short-term
and chronic exercise in rodents and humans (39, 40). Transgenic
expression of PGC-1a. in fast-twitch, glycolytic muscles transforms
the type IIb muscle fibers into a more oxidative phenotype (41).
PGC-1a therefore appears to be an important mediator in regulat-
ing mitochondrial metabolic properties in skeletal muscle and is a
prime candidate for a regulator that might protect against muscle
damage and atrophy through its ability to augment mitochondrial
number and function. Indeed, rodent muscles show a large decrease
in PGC-1a. mRNA during atrophy induced by denervation as well
as by cancer cachexia, diabetes, and renal failure (21). Furthermore,
in transgenic mice overexpressing PGC-1a., denervation and fast-
ing caused a much smaller decrease in muscle fiber diameter and a
smaller induction of atrogin-1 than in control mice (42).

In the present study, we demonstrate that statins induce marked
induction of atrogin-1 expression in human skeletal muscle, cul-
tured muscle cells, and an animal model of statin myopathy in
zebrafish. Furthermore, in the absence of atrogin-1, cells and ani-
mals are resistant to the toxic effects of statins. Forced overexpres-
sion of PGC-1a suppresses statin-induced atrogin-1 expression
and protects from statin-induced muscle damage. We conclude
that atrogin-1 mediates part of statin’s effects in muscle and that
inhibition of atrogin-1 function might protect against the detri-
mental effects of these agents.
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Results

Statin toxicity in human muscle biopsies is associated with atrogin-1 expression.
Since the muscle-specific ubiquitin protein ligase atrogin-1 is
commonly induced in diverse states of muscle wasting (20, 21),
we examined its expression in statin-treated patients with symp-
toms of muscle pain or weakness. We measured by real-time PCR
atrogin-1 levels in 19 human quadriceps muscle biopsies from 5
patients undergoing knee replacements (controls), from 6 patients
with muscle pain but not being treated with HMG-CoA reductase
inhibitors, and from 8 patients with muscle pain/damage con-
comitantly being treated with these medications (Supplemental
Table 1; supplemental material available online with this article;
doi:10.1172/JCI32741DS1). Interestingly, atrogin-1 expression was
significantly higher in the statin-treated muscle samples (Figure 1).
Though the subjects were not strictly sex-matched, we observed
generally higher atrogin-1 mRNA levels in both males and females
who had been administered HMG-CoA reductase inhibitors, sug-
gesting that the difference was not sex-related (Supplemental Fig-
ure 1). These human data point to a potential role for atrogin-1 in
the muscle toxicity of statin medications.

Lovastatin causes atrogin-1 induction in cultured myotubes. To begin to
study the effects of HMG-CoA reductase inhibitors on muscle cells,
we treated differentiated C2C12 myotubes with various concentra-
tions of the HMG-CoA reductase inhibitor lovastatin. Compared
with control myotubes treated with an equal volume of vehicle, in
the presence of increasing concentrations of lovastatin, myotubes
became progressively thinner and appeared to have more cytoplas-
mic vacuolation, changes in cell contour, and frank disruption or
loss of myotubes (Figure 2). The reduction in myotube size was
quantitated by measurement of myotube thickness. This effect was
clearly visible at low lovastatin concentrations, in the range of those
typically found in patients administered this medication (43, 44).
Morphological changes were visible in the myotube cultures after
24 hours of treatment, with almost complete loss of myotubes by
S days (Figure 2B). These effects were not unique to lovastatin, as
similar results were seen when cultures were treated with another
HMG-CoA reductase inhibitor, cerivastatin (data not shown).

Since lovastatin caused a reduction in myotube size and integ-
rity, we next measured whether it led to induction of genes acti-
vated in muscle undergoing atrophy. Since atrogin-1 is the most
highly induced gene in atrophying muscle from diverse causes
(20,21), we measured its expression in these lovastatin-treated myo-
tube cultures. Using real-time PCR, we found that atrogin-I mRNA
was dramatically and rapidly induced by lovastatin in a time- and
concentration-dependent manner (Figure 3A). At the highest lov-
astatin concentration (10 uM), atrogin-1 mRNA was significantly
increased at 6 hours and induced as much as 6-fold by 36 hours
of treatment. We also assessed atrogin-1 protein levels and found
that the mRNA increases were mirrored by increases in protein.
At low lovastatin concentration (1.0 uM) for 48 hours, atrogin-1
induction was about 1.5-fold, and at high concentration (10 uM),
itincreased about 2.5-fold compared with nontreated control cells.
This amount of atrogin-1 activation was similar to that found in
myotubes atrophying due to dexamethasone treatment (ref. 45;
Figure 3B). We next measured rates of protein breakdown in these
lovastatin-treated myotube cultures since induction of atrogin-1
has been correlated with enhanced proteolysis (46). As with dexa-
methasone, a known inducer of atrogin-1, proteolytic rate, and
muscle atrophy (45-47), lovastatin led to a consistent 5-10%
increase in the rate of bulk muscle proteolysis compared with con-
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changes in the atrogin-1-containing
primary myotubes compared with
C2C12 cells. Interestingly, primary
myotubes lacking atrogin-1 had less
damage than control cells at similar
lovastatin concentrations (Figure 4B).
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In the atrogin-1 null cells treated with
0.25 and 1.0 uM lovastatin, little
change in myotube size was noted
whereas in the control cultures, tube
diameter decreased by as much as 50%
after 2 days of exposure to drug. These
results clearly demonstrate that atro-
gin-1 is an important factor in lovas-
tatin-induced myotube damage.
Lovastatin promotes damage of muscle
fibers in zebrafish embryos. We next
sought to develop an in vivo model to
further study effects on muscle of lov-
astatin administration. Since whole-
body muscle fibers can be stained in
zebrafish embryos at 48 hours post
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Figure 2

Lovastatin causes reduction in myotube diameter. C2C12 myotube morphology and mean diameter
following treatment with lovastatin at various concentrations (A) or for various times (B). Control (0 uM)
cultures were treated with reagent vehicle alone. Original magnification, x100.

trol cultures (Figure 3C). These experiments suggest that statin-
induced muscle injury mediated by atrogin-1 shares mechanistic
features with atrophying muscle in which rates of muscle protein
breakdown are generally increased.

To determine whether atrogin-1 expression is necessary for lovas-
tatin-mediated damage, we made use of primary myotubes gener-
ated from mice lacking atrogin-1 (23). Since atrogin-1 null mice are
resistant to muscle atrophy (23), we hypothesized that myotubes
lacking atrogin-1 might also be resistant to lovastatin-induced dam-
age. Primary myotubes derived from these mice were morphologi-
cally identical to cells from atrogin-1 wild-type control littermates
(Figure 4B). These myotubes indeed contained no atrogin-1 protein,
and the control primary myotubes activated atrogin-1 expression
after dexamethasone treatment or FoxO adenoviral infection (45)
in a similar manner to the immortalized C2C12 myotubes (Fig-
ure 4A). Lovastatin treatment caused very similar morphological
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fertilization (hpf) (48) and zebraf-
ish are amenable to rapid genetic
manipulations, we subjected zebrafish
embryos to lovastatin. Embryos were
treated with lovastatin from 20 hpf
to 32 hpf at different concentrations
(0-5 uM). As in mammalian muscle
cell culture, lovastatin led to clear
dose-dependent muscle phenotypes,
demonstrated by longitudinal muscle
fiber staining with an antibody to
myosin heavy chain (Figure 5). Muscle
damage at low lovastatin concentra-
tion (0.025-0.05 uM) was evidenced by
bowing, gap formation, and fiber dis-
ruption (class 1 changes). At higher lov-
astatin concentration (0.05-0.5 uM),
fiber damage was more severe. Fiber
thinning and attenuation of staining
with the MHC antibody was frequent-
ly seen (class 2 changes). At maximal
lovastatin concentration (1.0-5.0 uM),
damage beyond the muscle was observed, with the development of
irregular somite boundaries (class 3 changes). Using this classifica-
tion, we found that class 3 changes were observed in over 60% of
embryos subjected to 5 uM lovastatin; however, more than 50% of
embryos treated with concentrations 10-fold lower (i.e., 0.05 uM) still
demonstrated milder, class 1 defects (Figure 5B).

To confirm that lovastatin’s effect on zebrafish muscle was due
to the inhibition of HMG-CoA reductase rather than to another
off-target effect, we knocked down the zebrafish HMG-CoA reduc-
tase gene (z-HMG-CoA reductase) in zebrafish embryos using both
missense and antisense morpholino oligonucleotides targeting the
ATG region of the gene (ATG morpholino). Depletion of z-HMG-
CoA reductase showed similar effects as lovastatin treatment in
zebrafish muscle fibers (Figure 6). As further documentation of
the role of z-HMG-CoA reductase in maintaining zebrafish muscle
fiber morphology, we also depleted active z—HMG-CoA reductase by
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Figure 3

Lovastatin induces expression of both atrogin-1 mRNA and protein in cultured myotubes. (A) Atrogin-1 mRNA expression was measured by
real-time PCR in samples of total RNA extracted from C2C12 myotubes treated with 0, 1, 2.5, 5.0, and 10 uM lovastatin for 6 hours, 20 hours,
and 36 hours, respectively. (B) C2C12 myotubes were treated with lovastatin for 48 hours at the indicated concentrations, protein lysates were
prepared, and immunodetection using polyclonal anti—atrogin-1 antibody was performed as described in Methods. Atrogin-1 band intensity was
quantitated by densitometry. Atrogin-1 expression induced by dexamethasone (5 uM) (45) was used as a positive control. (C) Protein degrada-
tion was measured as described in Methods. Rates are presented as the percentage increase from proteolytic rate in nontreated control cultures.

Dexamethasone (10 uM) was used as a positive control.

creating a splicing morpholino oligonucleotide against the com-
mon splice site of both splice variants of the HMG-CoA reductase
gene in zebrafish (Supplemental Figure 2). This mutant showed
an abnormal muscle fiber structure similar to the z-HMG-CoA
reductase knockdown (ATG morpholino) and wild-type embryos
treated with lovastatin (Supplemental Figure 2).

Atrogin-1 knockdown prevents statin-induced and HMG-CoA reductase
knockdown—induced muscle injury in zebrafish embryos. Since atrogin-1
is strongly induced in mammalian muscle cultures following lov-
astatin administration, we measured to determine whether it is
also induced in lovastatin-treated zebrafish. Mouse and zebrafish
atrogin-1 are 75% identical and 86% similar at the amino acid level,
and polyclonal antibodies to the mammalian protein recognize the

A

zebrafish form (z-atrogin-1). As in mammalian cells, the zebrafish
homolog of atrogin-1 was clearly and dose dependently elevated
upon lovastatin treatment in the fish at both the mRNA (Figure 7A)
and protein levels (Figure 7B). To determine whether atrogin-1 is
required for the morphological effects of lovastatin on zebrafish
muscle, we produced an antisense morpholino oligonucleotide
against the atrogin-1 gene. Injection of this morpholino effectively
knocked down endogenous atrogin-1 expression in zebrafish embry-
os (Figure 7C). No significant gross or histological abnormalities
were observed in z-atrogin-1-depleted embryos (Figure 7D). Wild-
type embryos and z-atrogin-1-depleted embryos were then treated
with lovastatin (0-1.0 uM). We detected significant rescue of the
muscle damage phenotype in the z-atrogin-1-depleted embryos
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Figure 4

Myotubes from atrogin-1 null (-/-) mice
are resistant to lovastatin-induced dam-
age. (A) Atrogin-1 protein expression is
absent in atrogin-1 null (-/—) myotubes.
Myoblasts derived from atrogin-1 knock-
out mice (—/—) and corresponding wild
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Original magnification, x100.
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Lovastatin treatment disrupts myofiber structure in zebrafish embryos. (A) Zebrafish embryos (20 hpf) were treated with concentrations of lov-
astatin ranging from 0.025 to 5.0 uM for 12 hours. Embryos were fixed and stained with antimyosin heavy chain antibody (F59) as described
in Methods. Representative somite phenotypes are shown. All panels are side views, anterior, left. Original magnification, x200. (B) Quantita-
tion of muscle damage. Morphological phenotypes shown in A were grouped into 3 classes: class 1 changes include bowing, gap formation,
and blocked/disrupted fibers; class 2 changes include irregular fibers and diffuse appearance; class 3 changes are typified by irregular somite
boundaries. Percentage of embryos displaying specific class defects as a function of lovastatin concentration are shown. Numbers of embryos
quantitated are 151, 178, 163, 185, 189, and 180 for the lovastatin concentrations of 0, 0.025, 0.05, 0.5, 1.0, and 5 uM, respectively.

(Figure 7, D-F). Interestingly, the muscle defects caused by the
z-HMG-CoA reductase knockdown were also significantly reduced
in the z-atrogin-1 knockdown (Figure 6B). These data demonstrate
that the role of atrogin-1 in mediating the effects of lovastatin is by
pathways dependent on HMG-CoA reductase function.

FoxO3a activity is suppressed following lovastatin treatment. Prior stud-
ies have shown that suppression of IGF-1/PI3K/AKT signaling
leading to dephosphorylation, nuclear translocation, and activa-
tion of FoxO3 are key events in atrogin-1 induction (45). We there-
fore examined the effects of statin administration on this path-
way in muscle cell culture and in zebrafish. Treatment of C2C12
myotubes with lovastatin led to a dose-dependent reduction of
phosphorylated signaling intermediates, including phospho-AKT,
phospho-FoxO3, and phospho-p70S6K (Figure 8A). We then mea-
sured the effect of lovastatin on FoxO-dependent activation of the
atrogin-1 promoter in zebrafish embryos. Embryos were injected
with a proximal fragment of the atrogin-1 promoter linked to
luciferase or the same fragment with the FoxO sites mutated (45).
0.5 uM lovastatin stimulated the reporter luciferase activity more
than 7-fold while stimulating the FoxO-less reporter only 3-fold
(Figure 8B). Taken together, these studies suggest that, as in con-
ditions of muscle atrophy, statin-induced atrogin-1 transcription
is mediated by FoxO dephosphorylation and activation. Since lov-
astatin treatment still led to a small amount of luciferase activity
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even in the absence of FoxO-binding sites in the mutated atrogin-1
promoter reporter, additional signaling pathways may also be
important in mediating the effects of statins in muscle.
PGC-1o.prevents muscle damage by lovastatin. Since atrogin-1 is strong-
ly activated following lovastatin treatment and in other models of
muscle atrophy PGC-1a expression both prevents atrogin-1 induc-
tion and reduces atrophy (42), we assessed the effects of PGC-1a
expression on statin-induced muscle injury in zebrafish. Injection of
cDNA bearing PGC-1a. into zebrafish embryos led to robust protein
expression (Supplemental Figure 3) and dramatically prevented mus-
cle damage by lovastatin (Figure 9, A and B). Expression of PGC-1a.
in zebrafish embryos completely inhibited the lovastatin-induced
expression of zebrafish atrogin-1 protein (Figure 9C) and protected
from fiber-size reduction (Figure 9D). To monitor mitochondria dur-
ing these treatments, cells from embryos exposed to lovastatin and
overexpressing PGC-1a were incubated with a fluorescent dye taken
up by functional mitochondria (MitoTracker; ref. 49). Fluorescence
intensity of zebrafish cells following treatment with lovastatin was
shifted to the left, signifying less mitochondria function or content
in these cells (Figure 9E and Supplemental Figure 4A). Interestingly,
cells overexpressing PGC-1a were significantly more fluorescent and
were less affected by lovastatin treatment (Figure 9F and Supplemen-
tal Figure 4B). Expression of PGC-1o. in cultured muscle cells using
adenoviral vectors also protected from lovastatin toxicity (Figure 10A).
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Targeted knockdown of zebrafish HMG-CoA reductase has a muscle phenotype similar to that with lovastatin treatment and can be rescued by
zebrafish atrogin-1 knockdown. (A) Myosin heavy chain staining of representative control, HMG-CoA reductase, and combined HMG-CoA reduc-
tase/atrogin-1 knockdown in zebrafish embryos. Original magnification, x200. (B) Quantitation of muscle damage. Classes of morphological
phenotypes are as described in Figure 5 legend. MS1 and MS2 are missense controls for morpholinos MO1 and MO2, respectively. Note that in
each case, the injection of morpholinos against atrogin-1 almost completely abolishes the damage caused by HMG-CoA reductase knockdown.
Number of embryos quantitated in each bar are 231, 182, 197, and 202 for control, and 220, 204, 240, and 215 for the atrogin-1 knockdown.

In the presence of PGC-1a, 5 uM lovastatin caused almost no change
in myotube integrity or size. Likewise, PGC-1a. completely sup-
pressed atrogin-1 induction in these cultures while inducing expres-
sion of mitochondrial oxidative phosphorylation genes (Figure 10B).
Taken together, these experiments show that as in models of atrophy,
PGC-1a expression protects against muscle damage, presumably by
suppressing FoxO function (42) and augmenting mitochondrial
number and/or function.

Discussion

Through a combination of complementary in vitro, animal, and
human experiments, this report provides the first evidence that
statins induce muscle damage by induction of the muscle-spe-
cific E3 ubiquitin ligase atrogin-1. Since little was known about
the mechanisms by which statins induce muscle damage, we
hypothesized that statin toxicity might share features of an atro-
phic response seen in other muscle-wasting disease states. In these
conditions, a common series of transcriptional changes is found in
muscle (20). Coordinated regulation of atrophy-related genes (atro-
genes), including atrogin-1, promotes increased muscle protein deg-
radation by the ubiquitin proteasome pathway. This study on the
induction and functional role of atrogin-1 following statin admin-
istration suggests that important features of the atrophic response
are also present in this form of muscle injury. Not only does statin
treatment lead to increased atrogin-1 expression, but rates of pro-
tein breakdown are also increased in lovastatin-treated muscle cells.
Furthermore, the experiments shown here and performed by others
(50) demonstrate suppression of IGF-1 signaling after statin treat-
ment. This suggests a common mechanism for the induction of

6 The Journal of Clinical Investigation

atrogin-1 following statin treatment and in muscle atrophy, where
suppression of IGF-1 signaling leads to FoxO dephosphorylation,
nuclear localization, and transcription of the atrogin-1 gene (45).
Interestingly, atrogin-1 is not simply a marker of muscle atrophy
and damage, as its expression has not been shown to be affected in
various stages of Duchenne muscular dystrophy (51). Though the
fact that lovastatin-induced muscle damage is markedly reduced
in atrogin-1 knockout cells suggests a direct mechanistic role for
atrogin-1 in statin myopathy, identification of atrogin-1 targets
and function will ultimately be required to fully understand the
process. We are now exploring whether the expression of other
atrogenes, for example MuRF-1, another muscle-specific ubiquitin
ligase, is also induced during statin muscle toxicity.

Statin toxicity in skeletal muscle could also, in principle, be the
result of other processes including necrosis or autophagy. Light
microscopic findings in patients with statin myopathy are vari-
able and not pathognomonic (52), but muscle from statin-treated
rats often demonstrates mitochondrial damage and multilamel-
lar structures suggestive of autophagic vacuole formation (53,
54).Indeed, recent data suggest that atrophying muscle generally
activates autophagic proteolytic pathways (J. Zhao, A. Goldberg,
and M. Sandri, unpublished observations).

The role of atrogin-1 in mediating statin muscle toxicity is not
yet clear. As a ubiquitin protein ligase, it likely targets for degrada-
tion 1 or a set of key muscle proteins important for maintaining
myofiber integrity. Tintgnac and colleagues have reported MyoD,
the transcriptional activator critical for muscle development, as
an atrogin-1 target (55); however, atrogin-1 knockout animals
develop adult muscle normally, and MyoD levels actually rise upon
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denervation instead of fall. For these reasons, MyoD is unlikely to
be a key physiological substrate that can explain the development
of muscle atrophy or statin toxicity. Likewise, Li and coworkers
recently found calcineurin in cardiac cells to be degraded in an
atrogin-1-dependent manner (25); however, atrogin-1 knockout
animals show no cardiac abnormalities or tendency toward cardiac
hypertrophy, and in skeletal muscle, calcineurin signaling seems to
affect fiber type more than fiber size (56).

It has been unclear whether the effects of statin administration
are a consequence of HMG-CoA reductase inhibition or another
nonspecific effect of the agents. The fact that structurally diverse
statins can produce myopathy in patients suggests that toxicity
is the result of inhibition of this enzyme. Our studies in fish, in
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Figure 7

Atrogin-1 knockdown reduces lovastatin-induced
muscle damage in zebrafish embryos. Zebrafish
embryos (20 hpf) were treated with lovastatin (0.5 uM)
for 12 hours. Atrogin-1 mRNA was measured by
PCR (A) and zebrafish atrogin-1 protein by West-
ern blotting (B). Five embryos were used for each
analysis. (C) Western blot probed for atrogin-1
using protein lysates (20 ug/lane) derived from con-
trol zebrafish embryos, zebrafish embryos injected
with morpholino against atrogin-1, adult zebrafish
muscle, adult zebrafish kidney, and adult zebrafish
liver. Five embryos were used for each analysis.
(D) Myosin heavy-chain staining of representative
control and atrogin-1 knockdown embryos. Note
that suppression of atrogin-1 protects from statin-
induced damage. Original magnification, x200. (E)
Quantitation of muscle damage. Classes of morpho-
logical phenotypes are as described in Figure 5 leg-
end. Note that at each lovastatin concentration, the
injection of morpholinos against atrogin-1 almost
completely abolishes the damage caused by lov-
astatin. Numbers of embryos quantitated are 235,
182, 197, and 202 for the controls and 220, 204,
240, and 215 for the atrogin-1 knockdowns at lov-
astatin concentrations of 0, 0.05, 0.5, and 1.0 uM,
respectively. (F) Muscle fiber diameter was mea-
sured following myosin heavy-chain staining as
described in Methods. At least 500 fibers were
measured at each lovastatin concentration. Results
were graphed as the ratio of mean experimental
fiber size + SEM/mean control fiber size + SEM.
Control fiber size: 7.60 + 0.19 uM.

N atrogin-1 KD

0.5 1
lovastatin (uM)

which knockdown of the HMG-CoA reductase gene leads to a muscle
phenotype closely resembling that seen following statin treatment,
strongly argues that statin-induced muscle toxicity is indeed the
result of HMG-CoA reductase inhibition. Nevertheless, it is clear
that the pharmacodynamics of these agents, for example, their
muscle penetration and volume of distribution, can result in vary-
ing muscle toxicity profiles in any given patient. Some statins, such
as cerivastatin, have especially marked toxicity in skeletal muscle
and have been removed from clinical use (1, 4). It has been suggest-
ed that more hydrophilic inhibitors, e.g., pravastatin, may be less
toxic (14, 57); however, other studies have not found a clear connec-
tion between lipophilicity and toxicity (58, 59). Several nitrogen-
containing bisphosphonates, such as alendronate and risedronate,
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Lovastatin suppresses IGF-1 signaling. (A) Lovastatin suppresses PIBK/AKT/FoxO signaling in C2C12 myotubes. C2C12 myotubes were treated for
24 hours with vehicle (v) or lovastatin at the indicated concentrations. Protein lysates were prepared and subjected to immunoblot analysis with vari-
ous antibodies. (B) Lovastatin induces the atrogin-1 promoter in a FoxO-dependent manner in zebrafish embryos. Embryos at the 1-cell stage were
injected with the 0.4-kb atrogin-1 promoter reporter with the FoxO sites present or mutated (45). Embryos were grown in the presence of 0.5 uM
lovastatin and luciferase activity measured in embryo lysates 48 hours later. Constitutively active FoxO3a was coinjected as a positive control.

are also known to inhibit enzymes of the mevalonate pathway (60).
These drugs might also prevent biosynthesis of isoprenylated com-
pounds essential for posttranslational modification of key muscle
proteins. It has been noted that a certain number of patients treat-
ed with these compounds exhibit severe muscle pain (61). These
data also support the notion that drugs that affect the mevalonate
pathway, such as HMG-CoA reductase inhibitors and this class of
bisphosphonates, can induce muscle damage.

The beneficial effects of PGC-1a. expression in reducing statin-
induced skeletal muscle injury, both in cell culture and in zebraf-
ish, suggest that either mitochondrial number or improved mito-
chondrial function may be central to maintaining muscle integrity.
Indeed, compromised mitochondrial function has been linked to
muscle atrophy associated with many catabolic states. Insulin resis-
tance in skeletal muscle correlates with decreased mitochondrial
oxidative capacity and ATP synthesis and decreased expression of
genes that control mitochondrial activity (62, 63). As in models of
muscle atrophy, PGC-1a expression also prevents atrogin-1 induc-
tion following statin exposure by suppressing expression or func-
tion of forkhead transcription factors that are critical to the induc-
tion of atrogin-1 (42, 45). Our results suggest that other agents that
increase PGC-1a action or activity, for example, metformin, might
be useful in preventing or countering the detrimental effects of
statins in muscle. The observation that statin myotoxicity seems to
affect type II, glycolytic myofibers more than type I, oxidative fibers
(54, 64, 65) could be explained by the protective effect of PGC-1a.
expression and mitochondrial density, which is greater in oxidative
fibers. On the other hand, endurance exercise, which also increases
the expression of PGC-1a, seems to increase the likelihood of toxic
reactions to statin therapy in clinical practice (66-68).

About a third of patients with statin-induced myopathy appear
to respond to high-dose CoQio administration (P.S. Phillips,
unpublished observations). CoQjo is a critical component of the
oxidative phosphorylation machinery that resides in the mitochon-
drial inner membrane. HMG-CoA reductase activity is required
for endogenous CoQ o synthesis since the molecule is prenylated.

8 The Journal of Clinical Investigation

Others have reported that, in vitro, statins inhibit geranylgeranyl-
ation (69), and so it is tempting to speculate that this arm of the
HMG-CoA reductase biosynthetic pathway is required to maintain
muscle function. PGC-1a expression leading to increased mito-
chondrial mass might then reduce the effect of statins by increas-
ing the pool of mitochondrial CoQoand placing less of a require-
ment on new (statin-inhibitable) CoQ;o production.

Patients with statin-induced muscle injury represent a heteroge-
neous group, ranging from those with overt muscle necrosis (rhab-
domyolysis) to those with muscle pain and no serum creatine kinase
elevation. They also present variably clinically, and the resolution
of their symptoms after cessation of statin therapy can be variable
in time course as well. It is conceivable that polymorphisms in the
atrogin-1 gene or promoter might explain differences in susceptibil-
ity, clinical presentation, or course in patients with statin myopathy.
To explore this further, it will be important to better define the tran-
scription factors and cofactors such as PGC-1a, NF-kB, and FoxO
that regulate atrogin-1 expression as well as the upstream signaling
pathways that impinge on them and identify how statins affect these
events. Such studies should shed additional light on the molecular
mechanisms of statin-induced myopathy and enable the stratifica-
tion of patients who might be susceptible to such injury.

Methods

Plasmids, viral constructs, antibodies, and signaling inhibitors. Polyclonal anti-
atrogin-1 antibody was used as described (26). Antibodies directed against
FoxO3 and phosphorylated FoxO3 were from Upstate Biotechnology. Rab-
bit polyclonal anti-phospho-AKT (Ser473) and anti-phospho-p70S6K
(Thr389), anti-AKT, and anti-p70S6K were purchased from Cell Signaling.
Anti-GAPDH antibodies were from Santa Cruz Biotechnology Inc.

Muscle biopsies. Muscle was obtained from 3 groups of patients whose char-
acteristics are detailed in Supplemental Table 1. The statin-treated group
included 4 subjects with statin-induced myopathy and 4 with statin-induced
rhabdomyolysis as commonly defined (6). The nonstatin myopathy group
included 6 statin-naive subjects with undefined myopathy. Both of these

groups underwent percutaneous muscle biopsies of the vastus lateralis muscle
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Figure 9

PGC-1a expression reduces lovastatin-induced atrogin-1 expression and muscle damage in zebrafish embryos. (A) Myosin heavy chain staining
of representative zebrafish embryo somites following injection of 100 pg PGC-1a cDNA or vehicle in the presence or absence of 0.5 uM lovastatin
for 12 hours (left box) or morpholino oligonucleotides against z-PGC-1a (right box). Note that suppression of atrogin-1 protects from statin-
induced damage and that suppression of PGC-1a has a similar muscle phenotype as lovastatin treatment. Original magnification, x200. (B)
Quantitation of muscle damage. Classes of morphological phenotypes are as described in Figure 5. Note that at each lovastatin concentration,
the injection of PGC-1a cDNA almost completely abolishes the damage caused by lovastatin. Number of embryos quantitated are 137, 112, 139,
and 122 for the controls and 120, 103, 108, and 107 for the PGC-1a—injected embryos at the lovastatin concentrations of 0, 0.05, 0.5, and 1.0 uM,
respectively. (C) Western blot of atrogin-1 following 0.5 uM, 12 hours lovastatin treatment in zebrafish embryos injected or not with 100 pg
PGC-1a cDNA. (D) Muscle fiber diameter was measured following myosin heavy chain staining as described in Methods in embryos injected
with atrogin-1 morpholinos or PGC-1a. cDNA. At least 500 fibers were measured at each lovastatin concentration. Results were graphed as
the ratio of mean experimental fiber size + SEM/mean control fiber size + SEM. Control fiber size: 7.58 + 0.10 uM. (E) Mitochondrial function is
diminished by lovastatin treatment of zebrafish embryos. Cells from zebrafish embryos treated with varying concentrations of lovastatin (0—1 uM)
were stained with MitoTracker, and fluorescence intensity, reflecting mitochondrial function, was detected by fluorescence-activated cell sorting.
Representative data of mean fluorescence intensity from 3 independent experiments are shown. (F) PGC-1a augments mitochondrial stain-
ing and protects against lovastatin’s effects in zebrafish embryos. Embryos were injected with PGC-10. cDNA as described in Methods, then
treated with lovastatin (0.5 uM) for 24 hours. As in E, dispersed embryonic cells were stained with MitoTracker and detected by FACS. Data are
presented as percentage of mean fluorescence intensity in vehicle-treated embryos.

using a Bergstrom needle. The control group included 5 statin-naive sub- Cell culture. Mouse myoblast cell line C2C12 was purchased from ATCC
jects who volunteered muscle at the time of knee arthroplasty. Muscle from  and maintained in DMEM containing 10% fetal bovine serum (HyClone) and
subjects in all 3 groups was snap-frozen in liquid nitrogen for subsequent  penicillin (100 U) and streptomycin (50 ug/ml) (Invitrogen). When C2C12
analysis. All subjects signed a consent form approved by the institutional  cells reached 90% confluence, medium was replaced with differentiation
review board of Scripps Mercy Hospital. medium of DMEM supplemented with 2% horse serum (ATCC) to induce
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myotube formation. Cells were used for experiments in 4-5 days after differ-
entiation. Lovastatin (>98% purity) (mevinolin, Sigma-Aldrich) was prepared
as a 50-mM stock solution in DMSO as reagent vehicle, further diluted in
DMSO, and added into the medium. The final volume DMSO in medium
was not more than 0.125%, and no obvious cytotoxicity was observed. Equal
volume of reagent vehicle was used for all experiments, and reagent vehicles
only served as controls. Each experiment was performed at least 3 times. Pri-
mary mouse myoblasts from atrogin-1 null mice (Regeneron) were isolated
as follows: muscle was removed from the hind limbs of 2-week-old mice.
After treatment with 0.1% collagenase D and Dispase II (Roche), the isolated
cells were plated on collagen-coated (type I, Roche) dishes. Myoblasts were
subsequently enriched and cultured in F-10 nutrient medium with 20% fetal
calf serum and 2.5 ng/ml bFGF (Invitrogen). Myotubes were induced in dif-
ferentiation medium. All media contained 1x Primocin (InvivoGen). The cul-
tures were maintained at 37°C, under 5% and 8% CO; air humidified atmo-
sphere for myoblasts and myotubes, respectively. Cultures were ready to use
in assays on day 2 in differentiation medium when the myotubes had formed
and were contracting. The present experiments using mice were reviewed and
approved by the Institutional Animal Care and Use Committee of Beth Israel
Deaconess Medical Center and Harvard Medical School.

Myotube fiber size. Size was quantified by measuring a total of 200 tube
diameters as described in ref. 45. In brief, muscle fiber size from 4 random
fields at x100 magnification was measured using IMAGE software (Scion).
All data were expressed as mean + SEM. Comparisons were made by using
Student’s ¢ test, with P < 0.05 considered statistically significant.

Quantitative PCR. Atrogin-1 mRNA levels were determined by real-time
PCR using the Applied Biosystems 7500 real-time PCR analyzer according
to the method recently described by others (70, 71). Multiplexed amplifica-
tion reactions were performed using 18S rRNA as an endogenous control
(18S rRNA primers/VIC-labeled probe; Applied Biosystems, 4310893E)
using the TagMan One Step PCR Master Mix reagents Kit (4309169,

10 The Journal of Clinical Investigation

Figure 10

PGC-1a reduces lovastatin-induced atrogin-1 expression and muscle
damage in C2C12 myotubes. (A) C2C12 myotubes infected for 68 hours
with control adenovirus or adenovirus bearing PGC-1a were visualized
by GFP. 5 uM lovastatin or vehicle was present for the final 48 hours.
Original magnification, x100. (B) Western blot for atrogin-1 in control-
infected or PGC-1a—infected C2C12 myotube cultures in the presence
of increasing concentrations of lovastatin (0-5 uM) for 48 hours. Expres-
sion of mitochondrial electron transport proteins cytochrome oxidase 1V
and cytochrome ¢ were monitored by immunoblot. Note that lovastatin-
induced atrogin-1 expression in the presence of PGC-1a is suppressed.

Applied Biosystems). The following settings were used: stage 1 (reverse
transcription), 48°C for 30 minutes; stage 2 (denaturation), 95°C for 10
minutes; and stage 3 (PCR), 95°C for 15 seconds and 60°C for 60 seconds
for 40 cycles. The sequences of the forward, reverse, and double-labeled
oligonucleotides for atrogin-1 were as follows: forward, 5'-CTTTCAA-
CAGACTGGACTTCTCGA-3'; reverse, 5'-CAGCTCCAACAGCCTTAC-
TACGT-3'; TagMan probe, sequence, 5'- FAM-TGCCATCCTGGATTC-
CAGAAGATTCAAC-TAMRA-3'. Fluorescence data were analyzed by
SDS1.7 software (Applied Biosystems). The C; (threshold cycle) values for
each reaction were transferred to a Microsoft Excel spreadsheet, and calcu-
lation of relative gene expression was performed from these data accord-
ing to published algorithms (TagMan Cytokine Gene Expression Plate 1
protocol, Applied Biosystems). All RNA samples were analyzed in triplicate,
with the mean value used in subsequent analyses.

Western blotting. Cultured cells after treatment were collected at specific
times and solubilized in RIPA lysis buffer: Tris-HCI (50 mM), pH 7.4, NaCl
(150 mM), NP-40 (1%), sodium deoxycholate (0.5%), SDS (0.1%) (Bos-
ton Bioproducts), protease (Roche), and phosphatase (Sigma-Aldrich)
inhibitor cockrtail. Proteins were separated by SDS-PAGE, transferred
to PVDF membranes, and visualized by Western blotting using alkaline
phosphatase-based CDP-star chemiluminescent detection according to
the manufacturer’s protocol (Applied Biosystems). Zebrafish embryos were
homogenized in SDS sample buffer (30 embryos/30 ul of sample buffer)
with microfuge pestle until the lysate became uniform in consistency and
a stringy mass was no longer observed. The lysate was boiled for 5 minutes,
and centrifuged supernatant was processed for Western blotting (72).

Measurement of proteolytic rate. Differentiated C2C12 myotubes were incu-
bated with 3H-tyrosine (5 wCi/ml media) for 20 hours to label cell proteins
and switched to medium containing 2 mM unlabeled tyrosine, vehicle,
lovastatin, or dexamethasone for another 20 hours. After replacement, an
aliquot of medium was collected once per hour for 4 hours. The collected
media was treated with TCA (10% w/v final concentration) to precipitate
protein. Since the high concentration of unlabeled tyrosine in the media
prevents reincorporation of 3H-tyrosine into new protein, the radioactiv-
ity in the supernatant represents degraded protein from the pool of prela-
beled, intracellular, long-lived proteins. Proteolytic rate was defined as the
percentage of released radioactivity per hour calculated from the period
of 20 hours to 24 hours of lovastatin or dexamethasone treatment, when
SH-tyrosine release is linear over time. These rates were compared with pro-
teolytic rates in parallel cultures treated with vehicle alone. All measurements
were done in triplicate and then independently repeated at least twice.

Zebrafish lines and maintenance. Adult zebrafish (Danio rerio) were main-
tained as described under standard laboratory conditions at 28.5°C in a
14-hour light/10-hour dark cycle (73) Developmental stages were deter-
mined by embryo morphology and hpf (74). To examine the effects of statin,
the embryos at 20-24 hpf were immersed in the embryonic water (500 uM
NacCl, 170 uM KCl, 330 uM CaCl,, 330 uM MgSQ,) at a concentration of
0.005-10 uM of lovastatin (mevinolin; Sigma-Aldrich) including 0.003%
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1-phenyl-2-thiourea (Sigma-Aldrich) to inhibit pigmentation in 24-well
plate. After 32 hpf, the embryos were fixed by 4% paraformaldehyde in PBS.

Antibody staining. Whole zebrafish staining: zebrafish embryos were fixed
by 4% paraformaldehyde in PBS overnight. After fixation, the embryos were
washed by PBS and stored for at least 1 hour at -20°C in methanol and per-
meabilized for 30 minutes at -20°C in acetone. Embryos were incubated with
blocking buffer (1% BSA, 0.1% Tween-20 in PBS), and incubated with diluted
primary antibody, anti-slow twitch myosin F59 (1: 200; Developmental Stud-
ies Hybridoma Bank [DSHB], Department of Biological Sciences, University
of Towa) (75, 76) in blocking solution overnight at 4°C. Staining was detected
by using goat anti-mouse TRITC secondary antibody (1:200; Southern Bio-
technology Associates) in blocking solution for 4 hours at room tempera-
ture (48). For cross-sectional staining, embryos were fixed overnight in 4%
paraformaldehyde (PFA) and cryoprotected by overnight incubation with
increasing concentrations of sucrose (up to 30%). Samples were embedded in
OCT compound and then equilibrated to -80°C. Sections (10-um thick) were
collected on SuperFrost/Plus slides and dried. Sections were rehydrated in
PBS and blocked for 1 hour in blocking bufter (1% BSA, 0.1% Tween in PBS).
Sections were incubated overnight at 4°C with primary antibody diluted in
blocking buffer. Sections were stained with antibody as above.

Antisense morpholino oligonucleotides sequence and injection. Morpholino
antisense oligonucleotides (MOs) were designed and synthesized by Gene
Tools LLC. MOs were used for knockdown of the z-atrogin-1, z-HMGCoA
reductase. The sequences are 5'"TTGTCCAAGAAACGGCATTGCAAG-3'
for targeting ATG sequence of z-atrogin-1 and 5'-AAAGCCACCATCATG-
TACCTGTCTG-3' for targeting splicing sequence of z-atrogin-1; 5'-ATTC-
GGAAAAGTCTCGTCAGCATGG-3" and S'-GTGATGACCTGCTCAAT-
GTCCATGC-3' for targeting ATG sequences of z-HMGCoA reductases;
S'-ATTCCGAAAACTCTCCTCACGATGG-3" and 5'- GTCATCACCTCCT-
CAATCTCCATCC-3' for control S-mispair MOs; and 5'-CCTGATTA-
CACCTGTCCCACGCCAT-3" and 5'-CCAGCCCCTGAATGACGGCACG-
GAA-3' for targeting ATG sequences of z-PGC-1a. For injections, MOs
were diluted to 250 uM. MOs were injected at 4 ng per embryo into 1 cell-
stage embryos at the yolk and cytoplasm interface.

In vivo atrogin-1 promoter reporter assay. Zebrafish embryos (20 per condi-
tion) were injected with a mixture of DNA including the atrogin-1 pro-
moter luciferase construct (45) and a control thymidine kinase promoter
sea pansy luciferase construct (50 pg total DNA/embryo, 25:1 ratio) with
or without 50 pg constitutively active FoxO3a as a positive control (45).
Total injected cDNA was adjusted to 100 pg per embryo with empty vec-
tor cDNA. Half the embryos not coinjected with caFoxO3a were incu-
bated in water containing lovastatin (0.5 uM). Injections were performed

at the 1 cell-stage at the yolk-cytoplasm interface. Embryos were then
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homogenized in Passive Lysis Buffer (Promega) at 48 hpf. The luciferase
activity was determined using a luminometer normalized using sea pansy
luciferase activity under the control of the thymidine kinase promoter.

Mitochondrial staining and FACS analysis. Embryos were treated with lov-
astatin (0. 0.5, 1.0 uM, at 20-32 hpf) or treated with the combination of
lovastatin (0.5 uM) following PGC-1a. (or vehicle) cDNA injection (100 pg/
embryo, at 1-cell stage). 0.003% 1-phenyl-2-thiourea (Sigma-Aldrich) was
added at 20 hpf. After phenotypes were observed, 100 embryos from each
condition were dechorionated by protease and homogenized for 3-5 minutes
in 0.9x PBS/10% FBS, then centrifuged at 1,000 g for 5 minutes, digested
by Trypsin/EDTA, and dispersed at room temperature. After adding 1 ml
of 0.9x PBS/10% FBS, dispersed cells were filtered (100-um pore size) and
washed twice with 0.9x PBS/10% FBS. Cells were incubated in 100 nM Mito-
Tracker Red CMXRos (Invitrogen) in 0.9x PBS/10% FBS for 15 minutes in
the dark. The cells were washed twice with 0.9x PBS/1% FBS and subjected
to FACS analysis. EPICS XL (Beckman Coulter) was used for fluorescence
detection (absorption 578 nm, emission 599 nm), and data were analyzed
with Expo32ADC software. We counted 10,000 cells for each condition.

Statistics. All values are expressed as mean + SEM. One-way ANOVA was
used to identify significant differences in multiple comparisons. A level of
P <0.05 was considered statistically significant.
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