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Overexpression of the transcriptional coactivator peroxi-
some proliferator-activated receptor � coactivator 1� (PGC-
1�), like exercise, increasesmitochondrial content and inhib-
its muscle atrophy. To understand these actions, we tested
whether PGC-1� or its close homolog, PGC-1�, influences
muscle protein turnover. In myotubes, overexpression of either
coactivator increased protein content by decreasing overall pro-
tein degradation without altering protein synthesis rates. Ele-
vated PGC-1� or PGC-1� also prevented the acceleration of
proteolysis induced by starvation or FoxO transcription factors
and prevented the induction of autophagy and atrophy-specific
ubiquitin ligases by a constitutively active FoxO3. In mouse
muscles, overexpression of PGC-1� (like PGC-1�) inhibited
denervation atrophy, ubiquitin ligase induction, and transcrip-
tion by NF�B. However, increasingmuscle PGC-1� levels phar-
macologically by treatment of mice with 5-aminoimidazole-4-
carboxamide 1-�-D-ribofuranoside failed to block loss ofmuscle
mass or induction of ubiquitin ligases upon denervation atro-
phy, although it prevented loss ofmitochondria. This capacity of
PGC-1� and PGC-1� to inhibit FoxO3 and NF�B actions and
proteolysis helps explain how exercise preventsmuscle atrophy.

The mass of a muscle and its functional capacity are deter-
mined by the balance between rates of protein synthesis and
protein degradation. The rapid, debilitating loss of muscle that
occurs upon inactivity, nerve damage, and in many systemic
diseases (e.g. diabetes, cancer, sepsis, or renal failure) is charac-
terized by an increased rate of protein degradation (1, 2) and
coordinated changes in the expression of a set of atrophy-re-
lated genes, which have been termed “atrogenes” (3, 4).Many of
these genes are induced by the FoxO family of transcription
factors (5, 6), which is activated in atrophying muscles. In fact,
activated FoxO3 alone stimulates overall protein degradation
by both the ubiquitin-proteasome and the autophagic-lysoso-

mal systems (7, 8) and induces fiber atrophy (5). Two FoxO-
induced genes are particularly important in enhancing proteol-
ysis, the muscle-specific ubiquitin ligases, Atrogin1/MAFBx
and MuRF1 (5, 9, 10), and muscles that lack either of these
ligases show reduced fiber atrophy upon denervation (9).
Another transcription factor that plays an essential role inmus-
cle atrophy is NF�B. Although activation of the NF�B pathway
is sufficient to induce muscle wasting (11, 12), its precise role
and the factors that control its activity in muscle are still poorly
understood.
Despite appreciable recent progress in understanding the

biochemical basis of atrophy, no pharmaceutical agents are
available to inhibit this highly debilitating process. Exercise can
protect against disuse atrophy as well as various systemic types
of muscle wasting (13–15), but the mechanisms by which con-
tractile activity reduces atrophy remain unclear. In principle,
contractile activity may somehow enhance protein synthesis,
suppress overall protein breakdown, and/or block the atrophy-
related transcriptional program. Understanding exactly how
exercise protects against atrophy may suggest novel means to
inhibit the loss of muscle mass in bed-ridden individuals when
exercise is impractical or impossible. Such information may
lead to improved rehabilitation methods and allow restoration
of muscle function in many disease states or in the frail (sar-
copenic) elderly.
Peroxisome proliferator-activated receptor � coactivator 1�

(PGC-1�)4 is a transcriptional coactivator that appears to be a
link between muscle activity, energy metabolism, and the con-
trol of fiber size (16). The two homologous family members,
PGC-1� and PGC-1�, are potent coactivators of gene tran-
scription, although they lack DNA-binding activity. Instead,
they dock on transcription factors such as ERR�, PPAR�, or
NRF-1 and influence their function. The expression of PGC-1�
in muscle increases acutely and chronically with exercise (17–
20), and its mRNA decreases during disuse atrophy and various
other types of muscle wasting (4, 16). On the other hand, over-
expression of either PGC-1� or its close homolog, PGC-1�,
results in a substantial increase in muscle mitochondrial con-
tent (18, 21–23) and resistance to fatigue (22, 23), which are
both characteristic responses to repeated exercise. Importantly,
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overexpression of PGC-1� in adult muscle fibers reduces the
capacity of denervation, fasting, and even activated FoxO3 to
cause rapid fiber atrophy (16). Recently, transgenic mice over-
expressing PGC-1� in muscle was shown to both extend lifes-
pan and prevent themuscle wasting characteristic of agedmice
(24). Because protein degradation increases markedly during
various types of rapid atrophy, and overexpression of PGC-1�
can inhibit muscle wasting, it seemed likely that PGC-1� and
perhaps PGC-1� can inhibit overall protein degradation. One
major goal of this studywas to test this hypothesis and to exam-
ine the alternative possibility that these coactivators might
enhance rates of protein synthesis in muscle.
Because genetic overexpression of PGC-1� can inhibit atro-

phy (16, 24), it seems likely that one or more agents that raise
cell levels of PGC-1� could be of therapeutic benefit to retard
muscle wasting in bedridden patients, the frail elderly, and
patients suffering from various catabolic conditions. One phar-
macological agent that increases PGC-1� content is 5-amino-
imidazole-4-carboxamide 1-�-D-ribofuranoside (AICAR), an
activator of AMP-activated protein kinase and other AMP-sen-
sitive enzymes. AICAR, which has been used in human clinical
trials and in experimental studies (25), has been shown to elicit
in sedentary animals some of the same adaptations as occur
with exercise training. Mice treated with AICAR for many days
or weeks have increased resistance to fatigue upon running
(26), increasedmuscle levels of GLUT4 glucose transporter (27,
28), increased mitochondrial content (29–31), and, impor-
tantly, increased PGC-1� content (26, 28, 31), which presum-
ably causes these effects.
On the other hand, AICAR may potentially exacerbate atro-

phy, because AICAR treatment of cultured myotubes for 1 day
or less has been reported to induce Atrogin1 and MuRF1
expression, activate protein degradation, and induce loss of
protein (32, 33). Such reports seem inconsistent with the ability
of PGC-1� to retard atrophy in vivo (16). Therefore, we inves-
tigated whether treatment with AICAR, by raising levels of
PGC-1�, might be a useful approach to inhibit muscle wasting
in vivo. Such studies are also of interest because of the possibil-
ity that control of mitochondrial content and function are
linked to the proper regulation of skeletal muscle mass (16, 24).
In fact, loss of mitochondria and therefore endurance
appears to be an important but poorly characterized compo-
nent of muscle atrophy that would be valuable to block
pharmacologically.
The primary goals of this study were to examine 1) whether

PGC-1� and its much less studied homolog PGC-1� actually
influence muscle mass through effects on rates of protein syn-
thesis or breakdown in skeletal muscle and 2) whether overex-
pression of PGC-1� or AICAR treatment can protect against
denervation (disuse) atrophy in vivo when muscles lose
mitochondrial content. Using both myotubes in culture and
adult mousemuscles, we demonstrate that overexpression of
PGC-1� or PGC-1� can enhance growth of myotubes and
inhibit atrophy of adult muscles by slowing protein degrada-
tion and blocking the activation of proteolysis by FoxO3.
However, raising levels of PGC-1� with AICAR fails to pre-
vent atrophy, though it still may yield the physiological ben-
efits of increased mitochondrial content.

EXPERIMENTAL PROCEDURES

Cell Culture—C2C12 myoblasts (American Type Culture
Collection) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
and penicillin/streptomycin. Myoblasts were differentiated to
myotubes and subsequently maintained in low serum media
(DMEM plus 2% horse serum) as described previously (34).
Infection with adenoviruses expressing PGC-1�, PGC-1�, or
GFP was on the third or fourth day with differentiation
medium, when myotubes were fully formed. For those cultures
that were infected with a second adenovirus (caFoxO3 or GFP),
the first virus was removed from the myotubes at 24 h, the
cells were washed once, and the second virus was added in
fresh differentiation medium. The adenoviruses expressing
GFP, PGC-1�, PGC-1�, and caFoxO3 have been described
previously (5, 21).
Protein Synthesis—Myotubes were incubated with L-[3,5-

3H]tyrosine (4 �Ci/ml, PerkinElmer Life Sciences) for 2 h.
Then, cells were washed, and proteins were precipitated with
10% trichloroacetic acid and pelleted by centrifugation. The
pellet was solubilized with 0.1 N NaOH, and the amount of
radioactivity was measured by scintillation counting. The total
protein was measured using Coomassie Plus (Pierce). Protein
synthesis was expressed as [3H]tyrosine incorporated into tri-
chloroacetic acid-insoluble proteins per microgram of protein.
Protein Degradation—As in our prior studies, long-lived

cell proteins were labeled with L-[3,5-3H]tyrosine (4 �Ci/ml,
PerkinElmer Life Sciences) for 24–28 h (7, 34). The cells were
washed and infected with adenoviruses in chase medium
(DMEM plus 2% horse serum) plus high amounts of nonradio-
active tyrosine (2 mM) to limit reincorporation of the [3H]ty-
rosine. This chase also allows degradation of short-lived pro-
teins. Starting 48 h after infection, the cells were washed and
fresh chase media were added. Aliquots of culture medium
were taken at specified times for quantitation of [3H]tyrosine
release. Proteins were precipitated with trichloroacetic acid
(10% final concentration) and pelleted. Radioactivity in the tri-
chloroacetic acid-soluble supernatant was measured using liq-
uid scintillation counting. At the end of the chase period, cells
were solubilized in 0.2 N NaOH, and the radioactivity was mea-
sured. Total radioactivity is the sumof the residual radioactivity
in the cells and the trichloroacetic acid-soluble radioactivities
at different time points. Protein breakdown was expressed as
[3H]tyrosine released over time as a percentage of total [3H]ty-
rosine incorporated. These rates of breakdown of long-lived
proteins were highly linear for at least 4 h.
Proteasomal and lysosomal proteolysis rates were deter-

mined precisely as done before (7) by treating cells with 1 �M

bortezomib (kindly provided by Millennium Pharmaceuticals)
and 0.1 �M concanamycin A (Wako), respectively. The inhibi-
tors were added 1 h prior to measuring protein degradation, at
the same time as HBSS (Cellgro) was added.
Luciferase Reporter Assays in Muscle Cell Cultures—Nearly

confluent myoblasts were transfected using FuGENE 6 (Roche
Applied Science) with a Renilla luciferase plasmid (pRL-TK,
Promega, Madison, WI) and with either the 3.5-kb Atrogin1
promoter (5) or the 5-kb MuRF1 promoter cloned into pGL3
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basic plasmids (Promega), which encode for firefly luciferase.
The following day, the medium was shifted to differentiation
medium to induce myotube formation. Three days later, myo-
tubes were infected withGFP, PGC-1�, or PGC-1� adenovirus.
One day later, the medium containing the first adenoviruses
was removed, the cells were washed, and fresh media contain-
ing GFP or caFoxO3 adenoviruses was added. Twenty-four
hours later, myotubes were lysed in 1� passive lysis buffer and
analyzed using the Dual-Luciferase Reporter Assay System
(Promega). To control for transfection efficiency, firefly lucif-
erase activity was divided by Renilla luciferase activity.
Mitochondrial Enzyme Activities—Myotubes or muscles

were homogenized on ice in a solution of 0.1% Triton X-100,
100 mM KH2PO4, 2 mM EDTA, pH 7.2. Then, total protein was
measured using Coomassie Plus (Pierce). Citrate synthase
activity was determined spectrophotometrically at 30 °C as
done by Srere (35), and succinate dehydrogenase activity was
measured at 37 °C as done by Green and Narahara (36).
Western Blotting—Muscles were homogenized with a Poly-

tron in ice-cold lysis buffer (1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris (pH 7.5), 150 mM NaCl,
and a protease inhibitor mixture (Roche Applied Science)).
Total protein wasmeasured using a BCA Protein or Coomassie
Plus Assay Kit (Pierce). Then, equal amounts of total protein
per lane were separated by SDS-PAGE, transferred to polyvi-
nylidene difluoride membranes, and immunoblotted with spe-
cific primary antibodies. Primary antibodies were obtained
from Abcam (�-actin, NRF-1, and succinate dehydrogenase),
BDPharmingen (cytochrome c), SantaCruz Biotechnology (F1-
ATPase and PGC-1�), Dr. Stewart Lecker (Atrogin1) (37), and
Regeneron Pharmaceuticals (MuRF1) (9). Secondary antibod-
ies were conjugated to alkaline phosphatase. Band intensities
were analyzed using ImageJ software (National Institutes of
Health).
Muscle Denervation—After anesthesia, hair was removed,

and the skin disinfected from the lateral surface of the hind
limb. A small (�5 mm) incision was made in the skin approxi-
mately mid-femur. With blunt dissection, the sciatic nerve was
exposed, and a 2-mm sectionwas removed. The skinwas closed
with surgical glue (Vet Bond).
DNA Transfection of Adult Muscle—Tibialis anterior mus-

cles of adult male CD1 mice (28–32 g) were transfected by
electroporation of plasmids precisely as described previously
(5). In many experiments, denervation was performed at the
same time as the electroporation. Muscles were analyzed 5 or
10 days later. No gross evidence for necrosis or inflammation as
a result of the transfection procedure was noted.
To determine the effects on muscle fiber size, 30 �g of PGC-

1�-IRES-GFP plasmid was injected. This plasmid was con-
structed by mutating the PGC-1� plasmid using PCR to add
an XmaI restriction site just prior to the Kozak sequence and
a NotI restriction site just prior to the STOP codon. After
restriction digest, this PGC-1� sequence was inserted into
the pIRES-hrGFPII plasmid (Stratagene). The coding region
was sequenced to confirm proper insertion.
In reporter experiments, 10 �g of the expression vector

(PGC-1�, PGC-1�, or GFP) with 10 �g of the 3.5-kb Atrogin1
promoter reporter construct (5) and 10 �g of pRL-TK (Pro-

mega) vectors were coinjected. Luminescence measurements
in muscles transfected with reporter constructs were per-
formed similarly to those done in myotubes, except that the
harvested muscles were manually homogenized in lysis buffer.
Muscle Fiber Cross-sectional Area—Tibialis anteriormuscles

transfected with PGC-1�-IRES-GFP plasmids were cryosec-
tioned (10 �m), and then the transverse sections were fixed
with 4% paraformaldehyde. Fluorescent images were collected
in the Nikon Imaging Center at HarvardMedical School. Using
ImageJ, cross-sectional areas were measured in fibers express-
ing GFP and in an equal number of non-transfected fibers from
the same muscle as we have done previously (5).
AICAR Treatment—AICAR (Toronto Research Chemical,

Inc.) was prepared fresh daily in sterile phosphate-buffered
saline (1 g of AICAR/20 ml). Mice were injected intraperitone-
ally with 500 mg of AICAR/kg of body weight/day for 2 weeks.
Then, the muscles of one hind limb were denervated. AICAR
treatment was continued for an additional 2 weeks until the
muscles were collected. Therefore, muscles were treated with
AICAR for a total of 4 weeks.
Statistics—Data are presented asmean� S.E. Statistical signif-

icance was assessed using paired Student’s t test (for comparisons
of only denervated versus innervated muscles) or analysis of vari-
ance (for multiple comparisons) followed by the Tukey’s honestly
significant difference procedure, where appropriate. A p value of
�0.05 was considered significantly different.

RESULTS

PGC-1� or PGC-1� Overexpression Inhibits Protein Degra-
dation without Affecting Protein Synthesis in Myotubes—To
test if PGC-1� or its close homolog, PGC1-�, can influence
muscle growth, protein synthesis, or protein degradation, dif-
ferentiated C2C12 myotubes were infected with adenoviruses
expressing either coactivator. As expected (18, 21, 38, 39),mito-
chondrial content increased in the myotubes as illustrated by
increased citrate synthase activity (Fig. 1A). By 62 h after infec-
tionwith the adenoviruses, the levels of citrate synthase activity
were nearly twice those in myotubes infected with a control
(GFP-encoding) adenovirus (p � 0.001). Thus, infection of cul-
tured muscle cells with either a PGC-1�- or PGC-1�-encoding
adenovirus resulted in similar relative increases in mitochon-
drial content with similar time courses.
We therefore compared the effects of the two coactivators on

rates of cell growth and protein turnover. Two days after infec-
tion, the total protein content per well, which is proportional to
cell size but can be measured with greater precision, was
increased by �25% with either PGC-1-expressing adenovirus
but not a control virus expressing GFP (Fig. 1B). However, to
our surprise, the overexpression of either PGC-1� or PGC-1�
had nomeasurable effect on the overall rate of protein synthesis
inmyotubes, measured as the incorporation of [3H]tyrosine for
2 h into protein at 24 or 48 h after infection (Fig. 1C). Alterna-
tively, the increase in myotube protein content could have
resulted from a fall in overall proteolysis. To test this possibility,
we measured the overall rates of degradation of long-lived pro-
teins, which comprise the bulk of cell proteins. After labeling
cell proteins with [3H]tyrosine for 24 h,myotubeswere infected
with the PGC-1�-, PGC-1�-, or GFP-expressing adenoviruses.
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The rate of protein degradation measured 48 h later had
decreased by 15–25% below levels in control cells (Fig. 2,A and
C). Though relatively small, this reduction in proteolysis after
PGC-1 overexpression was highly reproducible (p � 0.01) and
sufficient to account fully for the increase in protein content
(i.e. cell mass) in 2 days (see “Discussion”).
Next, we examinedwhether either PGC-1� or PGC-1� could

inhibit not only basal protein degradation but also the en-
hanced proteolysis characteristic of atrophying muscles. To

stimulate protein degradation, either constitutively active
FoxO3 (caFoxO3) was overexpressed for 24 h or serum was
removed from the culture media. The FoxO3 transcription fac-
tor can increase the rate of protein degradation (7), and this
effect accounts for its ability to cause rapid fiber atrophy (5).
Both PGC-1� and PGC-1� overexpression blocked completely
the increase in overall degradation rate by caFoxO3 (Fig. 2A) as
well as the rapid increase in proteolysis induced by deprivation
of serum from the culture media for 2 h (Fig. 2C). Interestingly,
in these various conditions, PGC-1� and PGC-1� decreased
protein degradation and increased myotube protein content to
the same degree.
Importantly, these inhibitory effects of PGC-1 do not involve

a down-regulation or phosphorylation of FoxO3 levels, because
overexpression of PGC-1� did not prevent the accumulation of
caFoxO3, which is mutated at the three AKT phosphorylation
sites (Fig. 2B). Although both PGC-1s blocked the catabolic
actions of FoxO3, caFoxO3 expression did not inhibit PGC-1�
actions, such as its ability to induce the expression of nuclear
respiratory factor-1 (NRF-1) content (Fig. 2B), a transcription
factor that is necessary for the production of mitochondria by
PGC-1� (24, 38).
PGC-1� and PGC-1� Inhibit Both Proteasomal and Autoph-

agic/Lysosomal Degradation—The two main proteolytic sys-
tems in mammalian tissues are the ubiquitin/proteasome and
the autophagic/lysosome. caFoxO3 stimulates both systems in
skeletal muscle (7, 8), but most of the resulting increase in pro-
teolysis in myotubes results from enhanced autophagy, as also
occurs with serum deprivation (7). Therefore, to account for
the inhibition of protein degradation by the PGC-1 coactivators
(Fig. 2, A and C), some suppression of lysosomal proteolysis
seems necessary, as has been suggested to occur in the muscles
of aged PGC-1� transgenic mice (24).

To determine how PGC-1� and PGC-1� may influence the
two proteolytic systems, myotubes in normal medium
(DMEM) or in an autophagy-inducing “starvation” medium
were treated with agents that block selectively and nearly com-
pletely proteasome function (bortezomib/Velcade) or lysoso-
mal acidification (concanamycin A). Rates of proteolysis were
thenmeasured, and the contributions of proteasomes and lyso-
somes were determined by subtracting the absolute rates of
proteolysis with either inhibitor present from that in untreated
cultures as in our prior studies (7). The starvationmediumused
was Hanks’ balanced salt solution (HBSS), which contains
serum, the same inorganic salts, and 20% of the glucose as the
standardmedium, DMEM, but lacks pyruvate and amino acids.
After incubation of the myotubes in HBSS, the rate of degrada-
tion of long-lived proteins was 93% faster than in DMEM (Fig.
2D). In the standard medium, where rates of proteolysis are
low and the PGC-1�-induced inhibition is small, we were
unable by this approach to definitively resolve which proteo-
lytic system PGC-1� inhibits. However, in HBSS, where the
absolute rates of proteolysis are much higher, PGC-1� over-
expression clearly inhibits the lysosomal degradative process
and also the proteasomal process.
PGC-1� and PGC-1� Suppress Induction of Ubiquitin

Ligases by FoxO—The ubiquitin ligases Atrogin1 and MuRF1
are expressed only in muscle and are highly induced during

FIGURE 1. Overexpression of PGC-1� or PGC-1� in C2C12 myotubes
increases mitochondrial content and total protein content without alter-
ing protein synthetic rate. A, fully differentiated myotubes were infected at
various times with adenoviruses expressing PGC-1�, PGC-1�, or GFP before
all being collected at the same time after differentiation. Activity of citrate
synthase, a mitochondrial enzyme, was determined spectrophotometrically
from cell homogenates. *, p � 0.001 versus GFP. B, myotubes were infected
with PGC-1�, PGC-1�, or GFP adenoviruses. Total protein per well of a 6-well
plate was measured 48 h later. *, p � 0.001 versus GFP. C, protein synthetic
rate was determined by measuring the incorporation of [3H]tyrosine for 2 h at
the indicated times after adenoviral infection. No statistically significant dif-
ferences were found.
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various forms of atrophy (9, 10, 40). Also,muscles lacking either
ligase show reduced weight loss upon denervation or glucocor-
ticoid treatment (9), and ones lacking MuRF1 are defective in
the breakdown of myofibrillar components (41). To determine
if PGC-1� or PGC-1� can inhibit the induction of these ligases,

myoblasts were transfected with an
Atrogin1 or a MuRF1 promoter
luciferase plasmid construct. After
differentiation, myotubes were in-
fected with PGC-1�, PGC-1�, or
control (GFP) adenoviruses and
24 h later with either caFoxO3 or
control adenovirus. Infection with
caFoxO3 increased the Atrogin1
promoter activity 8.3-fold (Fig. 3A)
and the MuRF1 promoter activity
2.6-fold (Fig. 3B). However, the
induction was strongly inhibited by
overexpression of PGC-1� or
PGC-1� (p� 0.05). Presumably, the
ability of these coactivators to blunt
the induction of these critical ubiq-
uitin ligases accounts, in part, for
the blockage of caFoxO3-induced
proteasome-mediated degradation
(cf. Fig. 2, A and C).
Overexpression of PGC-1� Blocks

Atrophy in Denervated Adult
Muscle—This ability to inhibit pro-
tein breakdown and atrogene in-
duction in cultured myotubes
implies that increased expression of
either PGC-1� or PGC-1� should
inhibit atrophy of adult muscle, as
we previously reported for PGC-1�.
To examine this possibility, we first
determined how the endogenous
levels of PGC-1� and the content of
mitochondria change during dener-
vation atrophy. Muscles of one hind
limb in adult mice were denervated
by removing a section of the sciatic
nerve. As expected, 10 days later the
mass of the tibialis anterior (TA)
had decreased by 28% (Fig. 4A, p �
0.001) below that of the contralat-
eral, innervated TA. Furthermore,
the concentration of both PGC-1�
protein and several mitochondrial
proteins, F1-ATPase, cytochrome c,
and succinate dehydrogenase, de-
creased by 40–50%, as measured by
Western blot (Fig. 4B, p � 0.05).
Accordingly, the enzymatic activity
of citrate synthase decreased by 22%
(p � 0.001) and that of succinate
dehydrogenase decreased by 27%
(p � 0.001). Because the Western

blot and enzyme activity data are calculated permilligram of total
protein, both PGC-1� and mitochondrial content decreased at a
faster rate thanthecontractileproteinsandoverallmusclemass. In
fact, therewas no change in the concentration of actin at this time.
Presumably, this loss of mitochondria contributes to the decrease

FIGURE 2. PGC-1� or PGC-1� overexpression inhibits overall protein degradation by slowing both pro-
teasomal and lysosomal degradation. A, after labeling with [3H]tyrosine, C2C12 myotubes were infected
with adenoviruses expressing PGC-1�, PGC-1�, or GFP (1st Virus). 24 h later, the myotubes were given fresh
media containing a second adenovirus (2nd Virus). *, p � 0.05 versus GFP-GFP; **, p � 0.05 versus GFP-caFoxO3.
B, myotubes were infected with PGC-1� and caFoxO3 adenoviruses as in A. Protein levels were determined by
Western blot. C, myotubes were incubated with [3H]tyrosine and 1st Virus as in A. 24 h later, fresh medium was
added either with (control) or without serum. *, p � 0.05 versus GFP-control; **, p � 0.05 versus GFP-No serum.
In D: Top panel, myotube proteins were labeled with [3H]tyrosine for 24 h and then infected with GFP or PGC-1�
adenoviruses for 48 h. Fresh DMEM (control) or HBSS (starved) medium, both containing 2% horse serum, was
then added with or without the proteasome (bortezomib � Bortz) or lysosomal (concanamycin A � ConcA)
inhibitors. Rates of proteolysis were determined 1 h later as described previously. Middle panel, the amount of
proteolysis sensitive to each inhibitor represented the amount of proteasome or lysosome-mediated degra-
dation and was calculated from data in the top panel by subtracting the rates of proteolysis in cells treated with
the inhibitors from those of untreated cells. Bottom panel, the PGC-1�-induced decrease in proteolysis was
calculated by subtracting the amount of lysosomal or proteasomal protein degradation rate (i.e. the inhibitor-
sensitive component) in the PGC-1�-overproducing cells from that in the controls (GFP-expressing).
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in exercise capacity during disuse atrophy (42) and suggests addi-
tional benefits of maintaining high levels of PGC-1� and PGC-1�
to counter these effects.
Because overexpression of PGC-1� or PGC-1� in cultured

myotubes have a similar capacity to inhibit protein degradation
and block FoxO actions, we tested whether in adult muscle
overexpression of PGC-1� has the same ability to inhibit den-
ervation atrophy as PGC-1� overexpression (16). An IRES
bicistronic expression plasmid encoding both PGC-1� and
GFPwas electroporated bilaterally into TAmuscles at the same
time that the sciatic nerve of one hind limb was sectioned. Ten
days later, the muscles were collected and cryosectioned, and
the areas of fibers were determined by fluorescence micros-
copy. Interestingly, the median cross-sectional area of the
innervatedTA fibers overexpressing PGC-1�was 10% less than
the area of those that were not transfected (Fig. 5A). This result
agrees qualitatively with the observed smaller skeletal muscle
fibers in transgenic animals with life-long overexpression of
PGC-1� or PGC-1� andmay reflect a switch to more oxidative
fibers, which are typically smaller than glycolytic fibers (16, 23).
On the denervated limb, muscle fibers overexpressing PGC-1�
had a 43% greater median area than those that were not over-
expressing PGC-1� (Fig. 5B). Consequently, the innervated and
denervated muscle fibers that were transfected with PGC-1�

had nearly the same median size. Thus, the coactivator pro-
tected muscle fibers from the loss of size typically seen with
denervation atrophy.
To test whether PGC-1� or PGC-1� inhibits denervation

atrophy in vivo by reducing the induction of atrophy genes like
Atrogin1, as it does in cultured myotubes (Fig. 3A), we electro-
porated the Atrogin1 promoter luciferase construct into TA
muscles together with either GFP, PGC-1�, or PGC-1� plas-
mids at the same time as these muscles were denervated. Both
PGC-1� and PGC-1� prevented the increase in transcription
off the Atrogin1 promoter that occurs following denervation
(Fig. 5C, p� 0.05). In addition, both coactivators decreased the
lower levels of Atrogin1 transcription in the contralateral
innervated muscles. Presumably, these effects result from the
ability of these coactivators to inhibit Atrogin1 transcription
induced by activated FoxO3 in the denervated muscle (16).
There is growing evidence that disuse and other types of

muscle atrophy, as well as the wasting in dystrophic muscles
(43), ismediated in part by theNF�Bpathway. Activation of the
NF�B pathway (e.g. in muscles of transgenic mice) has been
shown to induce muscle wasting, while inhibition of NF�B
greatly slows disuse atrophy (11, 12, 44). Because PGC-1� and
PGC-1� can inhibit many of the atrophy-inducing effects of

FIGURE 3. PGC-1� or PGC-1� inhibits caFoxO3-induced Atrogin1 or
MuRF1 promoter activity in myotubes. A, myoblasts were transfected with
pRL-TK and an Atrogin1 promoter luciferase reporter plasmids and allowed to
differentiate for 3 days. Myotubes were then infected with adenoviruses (1st)
expressing GFP, PGC-1�, or PGC-1�. 24 h later, the myotubes were infected
with a second adenovirus (2nd) expressing either GFP or caFoxO3. Extracts
were collected 24 h later and analyzed for luciferase activity. *, p � 0.05 versus
GFP-GFP; **, p � 0.05 versus GFP-caFoxO3. B, cells were prepared and data
analyzed precisely as in A except that myoblasts were transfected with a
MuRF1-promoter reporter in place of the Atrogin1 reporter.

FIGURE 4. PGC-1� and mitochondrial content decrease in TA muscle 10
days after denervation. A, weight of the TA decreased 10 days after cutting
the sciatic nerve (denervated). *, p � 0.001, n � 6. B, PGC-1� and mitochon-
drial proteins were decreased in denervated TA. Protein levels were quanti-
fied by Western blot. Equal amounts of total protein were loaded per lane. *,
p � 0.05. C, the activity of the mitochondrial enzymes, citrate synthase and
succinate dehydrogenase, decreased in the denervated TA. *, p � 0.001.
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FoxO in muscle, we tested whether these coactivators might
also inhibit NF�B-dependent transcription.Muscles were elec-
troporated with an NF�B luciferase reporter plasmid together
with PGC-1�, PGC-1�, or GFP plasmids into the contralateral
denervated and control TA muscles. Five days later in the
innervated TA muscle, overexpression of PGC-1� had de-
creased the NF�B reporter activity by 95%, while overexpres-
sion of PGC-1� had decreased activity by 65% (Fig. 5D, p �
0.001). Similarly in the denervated muscles, NF�B activity also
was decreased profoundly (p � 0.001) by both PGC-1� and
PGC-1�.
One surprising observation was that denervation for 5 days

did not increase the transcription of an NF�B reporter in TA

muscles (Fig. 5D), as was expected
due to the role of NF�B in atrophy
(11, 44) as is found in the soleus dur-
ing atrophy induced by cast immo-
bilization (45). Because NF�B activ-
ity may play a more important role
inmusclewasting at times later than
5 days denervation, as well as in the
anti-gravity muscles containing
more oxidative fibers (44, 45), we
tested the effect of PGC-1� or
PGC-1� overexpression on NF�B
activity in the soleus 10 days after
denervation. Unlike the TA, which
is composed of �65% oxidative
fibers and 35% glycolytic fibers,
the soleus contains only oxidative
fibers (46). In the soleus at 10 days,
each coactivator dramatically in-
hibited NF�B activity in a similar
way as at 5 days in the TA (Fig.
5D), and again denervation did not
increase the muscle’s NF�B activ-
ity. Therefore, the basal amount of
NF�B activity appears to be suffi-
cient for denervation atrophy
for up to 10 days. In any case,
the marked inhibition of NF�B
actions by both PGC-1s seems to
play a major role in their ability to
retard muscle atrophy.
AICAR Treatment Maintains

Normal PGC-1� and Mitochon-
drial Content in Denervated Mus-
cles but Does Not Inhibit Muscle
Weight Loss—Because overexpres-
sion of PGC-1� and PGC-1� can
inhibit protein degradation and
reduce atrophy, and because
AICAR treatment of rodents has
been shown repeatedly to increase
PGC-1� content (26, 28, 31), we
tested whether treatment with
AICAR could inhibit denervation
atrophy. Adult mice were injected

daily with AICAR for 2 weeks. Then the muscles of one hind
limb were denervated, and AICAR treatment continued for an
additional 2 weeks (500mg/kg). This dosage and duration were
reported previously to enhance expression of genes for oxida-
tive metabolism and to increase running endurance in mice
(26). Accordingly, AICAR administration was effective at
increasing the muscle’s content of PGC-1� and mitochon-
drial proteins, cytochrome c, and succinate dehydrogenase
by 35–60% in the innervated gastrocnemius (Fig. 6A, p �
0.05). Moreover, this treatment completely prevented the
decrease in PGC-1�, cytochrome c, and succinate dehydro-
genase proteins that is typically seen after denervation (cf.
Fig. 4B).

FIGURE 5. Electroporation of PGC-1� in mouse muscle inhibits fiber atrophy, and both PGC-1� and
PGC-1� decrease Atrogin1 promoter activity and NF�B activity. Frequency histograms (right) showing the
distribution of cross-sectional areas of innervated (A) or 10-day denervated (B) muscle fibers of the TA. Muscles
were electroporated with PGC-1�-IRES-GFP plasmids at the same time as denervation. Transfected fibers were
identified in transverse sections by GFP expression (left). Scale bar represents 30 �m. Tibialis anterior (TA) or
soleus muscles of adult mice were co-electroporated with the pRL-TK and Atrogin1 promoter (C) or NF�B
binding (D) luciferase reporter plasmids together with GFP (control), PGC-1�, or PGC-1� plasmids. Five or ten
days later, muscles were collected and luciferase activity was measured. *, p � 0.05 versus innervated GFP-
transfected fibers; **, p � 0.05 versus denervated GFP-transfected fibers.
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Sectioning the sciatic nerve on one side resulted in a 38–51%
loss ofmass of fourmuscles on the lower limbon that side (Fig. 6B,
p � 0.01). These muscles (the gastrocnemius, TA, plantaris, and
soleus) are composed of a broad range of fiber types with the gas-
trocnemius containing �40% oxidative fibers, whereas the soleus
contains 100% oxidative fibers (46). AICAR treatment had no
effect on the final body weight (AICAR 36.3� 0.8 g versus vehicle
37.6�1.3g)or themassof anyof the innervatedor thedenervated

muscles (Fig. 6A). Furthermore,
AICAR treatment failed, despite rais-
ing PGC1-�, to reduce the induction
of Atrogin1 or MuRF1 protein in the
denervated muscles just as it failed to
influence the associated loss of mus-
cle weight (Fig. 6C, p � 0.05).
This inability of AICAR treat-

ment to block atrophy seems to be
due to its inability to prevent atro-
gene induction in a similar fashion
as PGC-1 overexpression. However,
additional differences between
these treatments were also found.
Surprisingly, the levels of NRF-1, a
transcription factor that enhances
the expression of the vast majority
of nuclear-encoded mitochondrial
proteins and also the proteins
encoded in the mitochondrial
genome (47), decreased by 45% with
AICAR treatment in the innervated
muscle and even more (by 80%) fol-
lowing denervation (Fig. 6D, p �
0.05). This fall in NRF-1 with AICAR
was unexpected given that NRF-1
expression is induced by PGC-1� (24,
38), as we confirmed in myotubes
(Fig. 3C). It isnoteworthy that,despite
the decrease in NRF-1, the lack of
contractile activity, and the enhanced
autophagy, AICAR treatment could
prevent the usual fall of PGC-1� con-
tent and mitochondria in the dener-
vated muscle. Possibly, this inability
of AICAR treatment to induce (or
evenmaintain) NRF-1may somehow
contribute to its failure to block FoxO
action and atrophy. In any case, the
failure ofAICAR toblock atrophy in a
similar fashion to PGC-1� and
PGC-1� overexpression emphasizes
that the effects of PGC-1� on mito-
chondrial content and cell mass
involve distinct mechanisms that can
be dissected.

DISCUSSION

PGC-1� or PGC-1� Overexpres-
sion Inhibits Muscle Protein Degra-
dation by Multiple Mechanisms

—PGC-1 coactivators have previously been shown to influence
muscle fiber type, oxidative capacity, substrate utilization, and
angiogenesis (48). To this list, we cannowadd control ofmuscle
protein degradation, and in this way each coactivator may
increase muscle protein content and size. The present findings
reveal for the first time that overexpression of the transcrip-
tional coactivators PGC-1� or PGC-1� slows protein degrada-

FIGURE 6. AICAR treatment for 4 weeks increases PGC-1� and mitochondrial content but has no effect on
muscle mass or expression of ubiquitin ligases. A, levels in the gastrocnemius muscle of PGC-1� protein and
the mitochondrial proteins, cytochrome c, and succinate dehydrogenase (SDH), increase with AICAR treat-
ment, and decrease with denervation. *, p � 0.05 versus innervated vehicle-treated muscle, n � 6. B, 2 weeks
after denervation, the weights of several muscles decreased similarly with or without AICAR treatment. *, p �
0.01 versus innervated vehicle-treated muscle. C, the levels of the ubiquitin ligases Atrogin1 and MuRF1 pro-
teins in the gastrocnemius muscle increased after denervation similarly with or without AICAR treatment. *, p �
0.05 versus innervated vehicle-treated muscle. D, the content of NRF-1 protein decreased with AICAR treatment
and with denervation. *, p � 0.01 versus innervated vehicle-treated muscle, in contrast to the induction of
NRF-1 following PGC-1 overexpression (cf. Fig. 2B).
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tion both in normal and atrophyingmuscle. In fact, in myotube
cultures, PGC-1� and PGC-1� enhanced the growth of the cul-
ture by suppressing overall proteolysis, even without causing
significant change in rates of protein synthesis. Importantly,
these coactivators suppress bothmajor proteolytic systems, the
autophagic/lysosomal and the proteasomal pathways. The
ubiquitin-proteasome system and autophagy seem to degrade
distinct components of the muscle. Myofibrillar proteins are
degraded primarily by the ubiquitin-proteasome pathway, and
the ubiquitin ligase, MuRF1, is crucial in these responses (41),
while autophagy can degrade organelles such as mitochondria.
Therefore, inhibition of bothmajor pathwayswould allow spar-
ing of most muscle proteins. The effects on proteolysis demon-
strated here can explain our previous findings that overexpres-
sion of PGC-1� inhibits muscle wasting induced by
denervation, starvation, and even caFoxO3 expression (16).
Although the percent decrease in the overall protein degra-

dation rates observed here with overexpression of either coac-
tivator may seem small, these changes can completely explain
the 25% increase in total cell protein content that we observed
in 48 h (Fig. 1B). Thus, in Fig. 2A, PGC-1� or PGC-1� overex-
pression decreased the rate of degradation from 1.73%/h to
1.26%/h. Because the degradation of the bulk of cell proteins
behaves as a simple first-order process (7), we can calculate that
the difference in mean rates of protein degradation (0.47%/h)
with either PGC-1 result in an apparent rate constant of
4.71 � 10�3/h. Over 48 h this would lead to a 25% greater
amount of cell protein, without any change in overall protein
synthesis. Because rapid muscle atrophy is characterized
primarily by an increased rate of protein degradation (49, 50),
our findings can explain one way that exercise, which increases
PGC-1� content (17, 19), is effective at inhibiting atrophy.
This ability of PGC1s to suppress overall protein degrada-

tion, even in the face of activated FoxOs or NF�B, as may occur
with disuse or low insulin or insulin-resistant states and also
muscular dystrophies (43), while raisingmitochondrial content
and oxidative defenses (51), must have broad implications for
maintenance of muscle function and metabolism. Recently,
Wenz et al. (24) presented dramatic evidence that transgenic
mice overexpressing PGC-1� in muscle lived significantly lon-
ger than control mice, and showed less age-related pathology,
including a resistance of the loss of muscle mass (sarcopenia)
characteristic of aged organisms. It seems likely that the present
findings account at least in part for the maintenance of muscle
mass in the aged mice. On the other hand, reduced autophagic
and proteasomal proteolysis might actually be expected to con-
tribute to the age-related accumulation of abnormal proteins,
as has been reported to occur in liver of aged rodents (52),
although such selective degradation of short-lived proteinsmay
be regulated independently (53). An interesting related ques-
tion for future research is whether these coactivators have sim-
ilar effects on proteolysis in other cell types. Such studies would
be of particular interest in liver, where PGC-1� functions and is
regulated oppositely as in muscle; i.e. in fasting PGC-1� is
induced in liver (54) (although its expression falls inmuscle (4)),
and PGC-1� functions synergistically with FoxO1 in promot-
ing gluconeogenesis in the liver but inhibits FoxO actions in
muscle (Figs. 2 and 3).

Multiple Actions of PGC-1� and PGC-1� in Muscles—As
would be expected from their extensive structural similarities,
PGC-1� and PGC-1� were found to have quite similar effects
on the several metabolic properties of muscles studied here,
including induction of mitochondrial components (Fig. 1),
inhibition of protein degradation (Fig. 2), transcription of Atro-
gin1 andMuRF1 by FoxOs (Figs. 3 and 5), and reducing dener-
vation atrophy (Fig. 5). However, these coactivators differ in
theirmodes of regulation and have some distinct functions. For
example, PGC-1� expression is highly responsive to exercise,
whereas PGC-1� is not (18, 19). Mitochondria produced in
myotubes upon overexpression of PGC-1� have less proton
leakage and thus have more tightly coupled oxidative respira-
tion than those induced by PGC-1� (21). Finally, transgenic
PGC-1� overexpression promotes a shift toward type I muscle
fibers (22), whereas overexpression of PGC-1� promotes a shift
toward type IIx (23). Not surprisingly then, PGC-1� and
PGC-1� do not target the exact same transcription factors (55),
although they appear to bind similarly to several transcription
factors such aswith ERR� andNRF-1,which both controlmito-
chondrial genes, or with PPAR�, which regulates genes for fatty
acid oxidation (55). Most likely, the ability of PGC-1� and
PGC-1� to influence similarly muscle proteolysis and atrophy
is through their similar interactions with FoxO and perhaps
some other transcription factors.
Because FoxO transcription factors play such a central role in

numerous types of atrophy (5–8), our results canmost likely be
explained by PGC-1� and PGC-1� directly inhibiting FoxO-
induced transcription, as we had suggested previously (16).
However, we show here that these coactivators also have the
capacity to profoundly inhibit the functioning of NF�B, which
is also necessary for rapid atrophy (11, 44). It was surprising
therefore to find that transcription induced fromNF�Bbinding
sites, unlike FoxO-induced transcription, did not increase after
denervation. Thus the basal NF�B activity is sufficient for it to
trigger atrophy. At present, however, it is unclear what specific
aspects of the atrophy program are activated by NF�B. Several
recent studies have reported that in other tissues PGC-1�
actually stimulates FoxO-induced transcription. Housley et
al. demonstrated that PGC-1� stimulates the GlcNAcylation
of FoxO1, which increases its transcriptional activity (56).
Also, a previous study (57) showed in endothelial cells that
PGC-1� can directly enhance FoxO3-dependent transcrip-
tion. Thus, in both these cell types, PGC-1� activates transcrip-
tion by FoxO, unlike in muscle where PGC-1� and FoxO3 have
opposing actions, e.g. on protein degradation, myotube protein
content, Atrogin1 transcription, andmuscle atrophy. Together,
these observations suggest that the ability of PGC-1s to inhibit
the actions of FoxO requires a muscle-specific factor that is
sensitive to both PGC-1� and PGC-1�.
Another noteworthy finding is that, during denervation atro-

phy, mitochondrial content decreases to a greater extent than
overall cell protein andmyofibrillar components. This selective
destruction of mitochondria implies that the muscles are not
just losing mass, but are undergoing remodeling to a different
phenotype, apparently adapting to less contractile activity. Loss
of mitochondria during disuse atrophy has been reported pre-
viously (42, 58, 59) and probably results from both reduced
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production of newmitochondria because of the lower PGC-1�
content and enhanced degradation by autophagy (7, 8). Evi-
dence is mounting for selective degradation of particular mus-
cle components during atrophy. For example, the ubiquitin
ligase MuRF1 is responsible for an ordered, progressive loss of
the thick but not the thin filament during atrophy (41). Further-
more, mitochondria seem to be targeted directly for FoxO3-
induced autophagy by BNIP3 (8, 60). Even though we have
shown that both the proteasomal and the lysosomal degrada-
tive pathways can be inhibited by PGC-1� during atrophy, it
remains to be determined whether PGC-1� overexpression
protects all muscle components equally or whether it specifi-
cally reduces degradation of particular organelles or proteins.
Maintaining PGC-1� Content with AICAR Maintains Mito-

chondria but Does Not Inhibit Atrophy—The present findings
imply that types of exercise or pharmacological agents that
raise muscle PGC-1� or PGC-1� could have therapeutic bene-
fit in blocking various types of muscle wasting and the associ-
ated loss of mitochondria. However, the mode of increasing
PGC-1� or PGC-1� content is clearly critical. To increase
PGC-1� and mitochondrial content, we treated mice with
AICAR to test if this well characterized agent or related ones
might be useful to inhibit disuse atrophy. The treatment regi-
men used here increased PGC-1� and mitochondrial enzymes
to a similar extent as has been observedwith chronic endurance
exercise (19, 61). However, this treatment did not alter the loss
of muscle weight or the induction of the atrophy-related genes,
Atrogin1 orMuRF1, following denervation, despite its ability to
prevent mitochondrial loss. Thus, two main deleterious effects
of disuse appear to be dissociated by AICAR, even though
PGC-1�or PGC-1�overexpression inhibits both processes, the
loss of mitochondria and presumably endurance from the loss
of myofibrillar mass and presumably strength.
This lack of effect with AICAR on muscle mass may have

multiple explanations. First, because AICAR also alters the
activity of proteins other than PGC-1� (62), these other pro-
teins may counteract the inhibitory effects of PGC-1� on
FoxOs. AICAR is an analog ofAMPand functions principally as
an allosteric activator of AMP-activated protein kinase (63).
AMP-activated protein kinase increases PGC-1� content by
phosphorylating PGC-1�, which leads then to positive feed-
back regulation of its transcription (28) possibly through the
binding of the transcription factor upstream stimulatory fac-
tor-1 to the PGC-1� promoter region (64). However, AMP-ac-
tivatedproteinkinasecanalsophosphorylatemanyotherproteins,
andAICAR can activate otherAMP-sensitive kinases (62). In fact,
in cultured myotubes AICAR treatment causes an up-regulation
of Atrogin1 and MuRF1 mRNA, increases protein degradation,
and causes a loss of protein content (32, 33), thus mimicking the
effects of energy restriction and fasting. If AICAR had similar
actions in adult muscle, they would clearly enhance atrophy and
could counter any beneficial effects of PGC-1�. Thus, identifica-
tion of molecules that are more selective inducers of PGC-1� or
PGC-1� might still be beneficial in reducing wasting.

Secondly, the protection against muscle wastingmay require
a larger increase in PGC-1� (or PGC-1�) than is achievable
with AICAR, which only prevented the atrophy-associated fall
in PGC-1�. In other words, only high amounts of PGC-1� or

PGC-1� as seen after electroporation of expression plasmids or
use of adenoviruses may be protective against disuse atrophy,
whereas normal or low levels of PGC-1 may be ineffective in
influencing proteolysis. In support of this, 1 week of chronic
contractile activity prior to 1week of denervation is sufficient to
prevent the loss of mitochondrial content (and presumably
PGC-1� content) but does not prevent denervation atrophy
(59). Furthermore, muscles without PGC-1� (as inmuscle-spe-
cific PGC-1� knock-out mice) are similar in size and lose mass
in response to denervation at the same rate as muscles from
control mice (65). Therefore, activating PGC-1� or PGC-1�
may still be an excellent approach to inhibit protein breakdown
and atrophy, but possible therapeutic agents may have to
increase PGC-1 levels significantly above normal levels to influ-
ence muscle size and FoxO function.
Another possible reason that AICAR treatment did not

inhibit muscle atrophy is that this treatment did not actually
mimic all the transcriptional effects of PGC-1�. In fact impor-
tant differences seem likely, because we found that the tran-
scription factor NRF-1 did not rise after AICAR treatment (Fig.
6D), although it did increase when PGC-1� was induced with
adenovirus (Fig. 2B). NRF-1 is necessary for the transcription of
the vast majority of mitochondrial genes, both in the nucleus and
in themitochondria (47).Up-regulatingPGC-1�bygeneticmeans
(38) or by exercise (66, 67) results in a substantial increase in
NRF-1 expression, whereas denervation, which lowers PGC-1�
levels, was found to lower the content of NRF-1 protein (Fig. 6C).
Perhaps lowering the amount of cellular NRF-1 may somehow
limit the ability of PGC-1� to inhibit FoxO function and to reduce
muscle atrophy. These findings thus support prior arguments that
AICAR, while inducing some of the adaptations seen with exer-
cise, is not an exercise mimetic (68, 69).
Thus, NRF-1 or another protein whose expression is regulated

by PGC-1� or PGC-1� could be the link between PGC-1� and
ratesofproteindegradation. Interestingly,NRF-1binds to thepro-
moter region of many genes, not just those necessary for mito-
chondrial production (70), and some of these same genes (such as
some proteasome subunits, BNIP3, and cathepsin L) are highly
up-regulated during muscle atrophy when protein degradation is
accelerated (3).Thus, the ability ofPGC-1 to increaseNRF-1 levels
could contribute to its effects on protein degradation.
Despite its inability to maintain muscle size during atrophy,

AICAR or related agentsmay still be useful therapeutically dur-
ing disuse or in other catabolic states to improve one aspect of
muscle function. The loss of muscle mass during atrophy
results in the loss of peak force production (42, 71). In addition,
the atrophied muscles fatigue more readily than control mus-
cles, probably due to the loss of mitochondrial content (42).
Because AICAR treatment maintained mitochondrial content
for 2 weeks after denervation, AICAR could still be an effective
treatment to maintain muscle endurance in catabolic states or
bed-ridden patients.
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