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A decrease in skeletal muscle strength and functional exercise
capacity due to aging, frailty, and muscle wasting poses major
unmet clinical needs. These conditions are associated with numer-
ous adverse clinical outcomes including falls, fractures, and in-
creased hospitalization. Clenbuterol, a β2-adrenergic receptor
(β2AR) agonist enhances skeletal muscle strength and hypertro-
phy; however, its clinical utility is limited by side effects such as
cardiac arrhythmias mediated by G protein signaling. We recently
reported that clenbuterol-induced increases in contractility and
skeletal muscle hypertrophy were lost in β-arrestin 1 knockout
mice, implying that arrestins, multifunctional adapter and signal-
ing proteins, play a vital role in mediating the skeletal muscle
effects of β2AR agonists. Carvedilol, classically defined as a βAR
antagonist, is widely used for the treatment of chronic systolic
heart failure and hypertension, and has been demonstrated to
function as a β-arrestin-biased ligand for the β2AR, stimulating
β-arrestin-dependent but not G protein-dependent signaling. In
this study, we investigated whether treatment with carvedilol
could enhance skeletal muscle strength via β-arrestin-dependent
pathways. In a murine model, we demonstrate chronic treatment
with carvedilol, but not other β-blockers, indeed enhances contrac-
tile force in skeletal muscle and this is mediated by β-arrestin 1.
Interestingly, carvedilol enhanced skeletal muscle contractility de-
spite a lack of effect on skeletal muscle hypertrophy. Our findings
suggest a potential unique clinical role of carvedilol to stimulate
skeletal muscle contractility while avoiding the adverse effects
with βAR agonists. This distinctive signaling profile could present
an innovative approach to treating sarcopenia, frailty, and second-
ary muscle wasting.
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Reduced skeletal muscle strength presents a significant public
health problem across a variety of relatively common con-

ditions such as aging, malignancies (1), heart failure (2), chronic
kidney disease, and chronic obstructive pulmonary disease (3).
Multiple pharmacologic agents have been trialed in such cir-
cumstances including myostatin inhibitors (4), testosterone (5),
insulin like growth factor 1 (IGF1) analogs (6), and ghrelin
modulating agents (7, 8), have been evaluated in clinical trials,
but these agents have not demonstrated clear evidence of benefit
(9) and adverse side effects have limited their use (10, 11).
β-Adrenergic receptors (βARs) are members of the largest

family of cell surface receptors, G protein-coupled receptors
(GPCRs). βARs have important roles in a wide variety of
physiologic and pathologic processes, and chronic β2AR stimu-
lation in particular has previously been demonstrated to promote
anabolic, hypertrophic, and strength increasing responses in
skeletal muscle in response to agonist stimulation in several
species (12). Clenbuterol, a selective β2AR agonist, has been
shown to increase lean muscle mass and strength in patients with

chronic heart failure; however, arrhythmogenic side effects have
limited its use (13).
β-Arrestins (βarrs) are ubiquitously expressed proteins that

mediate GPCR desensitization, internalization, and ubiquitina-
tion. βarrs are also important intracellular scaffold proteins that
function as signal transducers to initiate signaling cascades in-
dependent of, or collaboratively with G proteins downstream
of GPCR activation (14, 15). Carvedilol is a commonly used
β-blocker displaying biased signaling properties as a functional
antagonist for G protein-mediated signaling while simulta-
neously functioning as an agonist for βarr-mediated signaling.
Other β-blockers, such as metoprolol and nadolol, function as
classical antagonists for both G protein and βarr-dependent
signaling (16, 17). Recently we demonstrated that the positive
effects of the balanced (i.e., unbiased) β2AR agonist clenbuterol
on skeletal muscle contractility and growth are dependent on
βarr1 (18). We, therefore, hypothesized that a βarr-biased ligand
such as carvedilol might serve as an attractive pharmacologic
agent in patients with frailty and diminished skeletal muscle
strength by inducing positive contractile and/or hypertrophic
responses in skeletal muscle without eliciting common side ef-
fects observed with β2AR agonists.

Significance

We recently demonstrated that the effects of the β2AR agonist
clenbuterol to enhance skeletal muscle strength and hyper-
trophy are mediated via β-arrestin1-dependent signaling. The
present study reports the unique ability of carvedilol, pre-
viously identified as a β-arrestin-biased agonist at the β2AR, to
enhance skeletal muscle contractility. This observation was
unique among βAR antagonists tested as metoprolol and
nadolol failed to stimulate skeletal muscle contractility. Our
findings provide insight into the mechanism of carvedilol’s
effect on skeletal muscle contractility and demonstrate the
unconventional potential utility of a commonly used pharma-
cologic agent for a previously unappreciated clinical use. We
hypothesize that the observed β-arrestin-dependent signaling
pathway could be targeted in various clinical conditions asso-
ciated with decreased functional exercise capacity.
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To test this hypothesis, we generated skeletal muscle (sm)-
specific βarr1 knockout mice (KO) utilizing the Cre-loxP system
and studied the effect of carvedilol on skeletal muscle contrac-
tility and performance. We assessed and compared the effects of
carvedilol with those from the β2AR agonist clenbuterol and the
βAR antagonists nadolol and metoprolol. In addition to con-
firming the role of βarr1 in β2AR-mediated skeletal muscle
contractility, we demonstrate a unique salutary effect of carve-
dilol on skeletal muscle strength that was not reproduced with
other βAR antagonists.

Results
Carvedilol Enhances Skeletal Muscle Contractility. To determine the
role of βarr1-dependent signaling on skeletal muscle contractil-
ity, βarr1Flox mice (18) served as the wild type (WT) controls
and were treated continuously for 2 wk with βAR antagonists
(carvedilol, metoprolol, or nadolol), a β2AR agonist (clenbuterol),
or vehicle via implanted s.c. alzet osmotic pumps. We measured
contractile force of isolated extensor digitorum longus (EDL)
muscle suspended in an organ bath chamber supplemented with
20% oxygen to maintain physiological skeletal muscle pO2 as
previously described (18, 19). Contractile properties measured
included twitch, tetanic force, and fatigue, in addition to the
muscle weight of EDL muscle excised from mice following 2 wk of
treatment. EDL muscles coded in a blinded manner were excised
and underwent contractility testing for force–frequency relation-
ship. The vehicle-treated group was compared to all treatments for
statistical analysis.
The absolute nonnormalized contractile amplitude at each fre-

quency and for each treatment group is presented in Fig. 1 A–E
and contractile amplitude normalized by cross-sectional area
(CSA) is presented in Fig. 1 F–J. Wild type βarr1Flox mice treated
with clenbuterol show enhanced EDL muscle contractility with
increasing stimulation frequency as determined by absolute
nonnormalized force (Fig. 1A) and when force is normalized to
CSA (Fig. 1F; P < 0.001). This level of increase in force gener-
ation produced by clenbuterol was similar to the level we pre-
viously observed in EDL muscles from C57/B6 mice treated with
clenbuterol (18).
We next assessed the effect of the βarr-biased ligand carvedilol

on EDL muscle contractility. The β-blocker, carvedilol, induced
enhancement of the force–frequency response, both in absolute
terms (Fig. 1B; P < 0.001) and when normalized to CSA com-
pared to vehicle treatment (Fig. 1G; P < 0.001). When force
generation was normalized by CSA, carvedilol-induced en-
hancement of the force–frequency response (Fig. 1G) reached
levels similar to that observed in clenbuterol-treated mice
(Fig. 1F). The effect of carvedilol was most prominent at stim-
ulation frequencies above 200 Hz (Fig. 1B; P < 0.05), frequencies
that typically result in decreases in force generation in WT and
clenbuterol-treated EDL muscles (Fig. 1A). Taken together,
these data demonstrate that carvedilol stimulates enhancement
of EDL contractility when measured as absolute force genera-
tion (Fig. 1B) or when normalized for the smaller muscle size
(Fig. 1G) observed in carvedilol-treated animals.
To assess whether the effect observed with carvedilol was

unique among βAR antagonists, we tested the effects of two
other βAR antagonists, the β1AR selective antagonist metoprolol
and the nonselective βAR antagonist nadolol, on skeletal muscle
contractility. In contrast to the positive contractile effect ob-
served with carvedilol treatment, EDL muscles isolated from
metoprolol-treated mice showed a decrease in force generation
in force–frequency experiments compared to vehicle-treated
control (Fig. 1 C and H; P < 0.01). Similar to the effect ob-
served with metoprolol, mice treated with nadolol also demon-
strated significantly reduced contractile responses compared to
vehicle (Fig. 1 D and I; P < 0.001).

To confirm that the salutary effect of carvedilol on skeletal
muscle function is mediated through its action on βARs, we
tested the force–frequency relationship in EDL muscle from
animals cotreated with both carvedilol and nadolol (Fig. 1 E and J).
The enhanced EDL contractility observed with carvedilol treatment
was abrogated in the presence of nadolol cotreatment and also
resulted in diminished contractile response compared to EDL
treated with vehicle, indicating that the enhanced contractile effect
seen with carvedilol could be blocked by another antagonist com-
peting for βARs (Fig. 1 E and J; P < 0.001 compared to carvedilol
alone). These observations suggest the EDL contractility increase in
response to carvedilol was unique among the three βAR antagonists
tested.

Carvedilol Enhances Skeletal Muscle Contractility but Does Not Lead
to Hypertrophy of Skeletal Muscle. We examined the effects of
βAR antagonists on βAR-mediated hypertrophic response of
EDL muscles after chronic administration of drugs by measuring
the wet and dry weights after drug treatment. We observed an
increase of normalized EDL wet weight with chronic treatment of
clenbuterol compared to the vehicle treatment (6.1 ± 0.2 mg/cm vs.
5.2 ± 0.2 mg/cm normalized by tibia length, SI Appendix, Table S1;
P < 0.05) in concordance with previous reports (18, 20, 21). Despite
the enhanced EDL contractility determined by the force–frequency
relationship (Fig. 1 B and G), carvedilol treatment was associated
with a decreased EDL wet weight normalized by tibia length by
17% compared to vehicle treatment (4.3 ± 0.2 mg/cm vs. 5.2 ±
0.2 mg/cm normalized by tibia length, SI Appendix, Table S1; P <
0.01). Neither metoprolol nor nadolol affected EDL muscle weight,
and nadolol blocked the effects of carvedilol treatment to reduce
EDL weight (SI Appendix, Table S1). There was no significant
decrease in EDL dry weight within the carvedilol-treated group
compared to vehicle-treated controls.
Next, we normalized absolute force by both EDL wet and dry

weights (Fig. 2). Contractile forces normalized either to wet or
dry weight from wild-type βarr1Flox mice showed an increase in
EDL muscle contractility when treated with clenbuterol (Fig. 2 A
and F; P < 0.001). Enhanced EDL contractility was also observed
when mice were treated with carvedilol regardless of whether the
force data were normalized by wet (Fig. 2B; P < 0.001) or dry
weight (Fig. 2G; P < 0.001). This effect of carvedilol on poten-
tiating muscle contractility was not observed for two other
β-blockers, metoprolol and nadolol, and could be abolished with
the concomitant administration of carvedilol with nadolol
(Fig. 2 C–E and H–J).
To further investigate the effects of carvedilol on skeletal

muscle fiber composition and fiber size hypertrophy, we analyzed
the fiber sizes and types in histological cross-sections of muscles
labeled with anti-dystrophin, BF-F3 (major histocompatibility
complex [MHC] IIB), Sc-71 (MHC IIA), and BA-F8 (MHC I)
from carvedilol-treated mice and vehicle-treated control (22) (SI
Appendix, Fig. S1A). We failed to identify a change in the relative
numbers and sizes of three fiber types in carvedilol-treated EDL
muscle compared to the vehicle-treated control (SI Appendix,
Fig. S1 B–D). In particular, carvedilol administration did not
alter the abundance of fast glycolytic fibers (IIb and IIx) in EDL
muscle (SI Appendix, Fig. S2E). Similarly, the diameters of the
fibers did not increase in carvedilol-treated muscles, in contrast
to the diameters of type IIa and IIx fibers seen in clenbuterol-
treated muscles (SI Appendix, Fig. S1 B and D). Taken together,
these data indicate that although carvedilol and clenbuterol both
enhance contractility in EDL muscles, these agents modulate
skeletal muscle hypertrophy and remodeling in distinct ways
(20, 23).

Carvedilol Enhances Tetanic Force of Skeletal Muscle. To rigorously
characterize the effect of various βAR antagonists on skeletal
muscle function, we analyzed tetanic contractile forces at 160 Hz
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and 300 Hz. βarr1Flox mice treated with clenbuterol showed
enhanced tetanic force at both 160-Hz and 300-Hz stimulation
frequency compared to vehicle-treated mice (Fig. 3 A and B;

P < 0.01). Carvedilol-treated βarr1Flox mice showed an en-
hanced tetanic response at 300 Hz (156.6 ± 15.8 mN) compared
to vehicle control (119.3 ± 8.8 mN; Fig. 3B; P < 0.05) but not at
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Fig. 1. β-Arrestin-biased agonist carvedilol enhanced contractility of skeletal muscle. Force–frequency curves for EDL muscles from βarr1Flox mice after 2 wk
of clenbuterol (1 mg/kg/day) (A and F), carvedilol (1 mg/kg/day) (B and G), metoprolol (10 mg/kg/day) (C and H), nadolol (10 mg/kg/day) (D and I), nadolol
(10 mg/kg/day) combined with carvedilol (1 mg/kg/day) (E and J) compared to vehicle (10% DMSO, 300 mM ascorbic acid in saline solution) treatment. The
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160 Hz. In contrast, mice treated with nadolol or metoprolol
did not exhibit any enhancement in EDL tetanic contraction
compared to vehicle (Fig. 3 A and B). The enhanced response
to tetanic stimulation with carvedilol was abolished by
cotreatment with nadolol (Fig. 3B; P < 0.001 vs. carvedilol
alone).

β-Arrestin 1 Mediates Carvedilol-Enhanced Skeletal Muscle Contractility.
To determine the contribution of βarr1 to skeletal muscle con-
tractility, we generated skeletal muscle-specific βarr1 KO mice
(βarr1smKO) by crossing βarr1Flox mice with mice expressing
myogenin cre recombinase (24) to delete βarr1 in skeletal muscle
specifically (Fig. 4A). βarr1smKO mice were then treated with βAR
antagonists (carvedilol and metoprolol), the βAR agonist (clenbu-
terol), or vehicle for 2 wk via implanted osmotic pump. We then
excised the EDL muscles and measured the force–frequency rela-
tionships. Absolute nonnormalized contractile amplitude at each
frequency and for each treatment group are presented in Fig. 4B
(βarr1Flox mice) and Fig. 4C (βarr1smKO mice). We observed that
both clenbuterol- and carvedilol-stimulated enhancement of EDL
contractility was abolished in βarr1smKO mice (Fig. 4C). We found
that drug treatment also notably affected muscle size and weight in
both βarr1Flox mice and βarr1smKO mice (SI Appendix, Table S1).
Since skeletal muscle force is a function of both muscle mass and
the intrinsic contractile properties of the muscle, we compared the
specific force normalized by either CSA (Fig. 4 D and E) or EDL
muscle wet weight (Fig. 4 F and G). Clenbuterol and carvedilol
treatments enhanced the absolute contractile force of skeletal
muscle (Fig. 4B), and when normalized by either CSA (Fig. 4D)
or wet weight (Fig. 4F). The nonnormalized effects of carvedilol
and clenbuterol were abolished in βarr1smKO mice (Fig. 4C),
and were markedly diminished (carvedilol) or completed ab-
rogated (clenbuterol) when normalized to CSA (Fig. 4E) or wet
weight (Fig. 4G).
Vehicle-treated βarr1smKO mice showed decreased EDL

contractility as measured by the force–frequency relationship
compared to vehicle-treated βarr1Flox mice (P < 0.01 for ab-
solute; P < 0.001 for normalized by CSA). Clenbuterol-treated
βarr1smKO mice showed no increase in EDL contractility either

in the absolute force (Fig. 4C) or force normalized to wet weight
(Fig. 4G), but did demonstrate a slight increase in contractile
force when normalized by CSA (Fig. 4E; P < 0.05) compared to
vehicle-treated βarr1smKO mice. Consistent with our previous
work with a global βarr1 KO mice, we observed reduced force of
muscles from clenbuterol-treated βarr1smKO compared to
clenbuterol-treated βarr1Flox mice (P < 0.001). βarr1smKO
mice treated with carvedilol showed decreased absolute non-
normalized or normalized by weight EDL contractility compared
to vehicle-treated βarr1smKO mice (Fig. 4 C and G; P < 0.001).
In contrast, when normalized to CSA (Fig. 4E), we observed a
small enhancement in contractile force in response to carvedilol
treatment compared to the vehicle treatment (P < 0.001).
However, this carvedilol-stimulated enhanced contractile force
in βarr1smKO mice was markedly diminished relative to the
effect of carvedilol in βarr1Flox mice treated with carvedilol (P <
0.001) in either nonnormalized or normalized conditions, con-
firming the vital role of βarr1 in carvedilol-stimulated enhanced
skeletal muscle contractility. Metoprolol treatment decreased
contractility in the βarr1Flox mice but did not affect contractility
in βarr1smKO mice compared to vehicle control (Fig. 4 C, E,
and G). We also observed muscles from carvedilol-treated
βarr1smKO mice were smaller than vehicle-treated mice, con-
sistent with our observations in βarr1Flox mice (SI Appendix,
Table S1). While the effect of carvedilol on enhancing contrac-
tile force was lost in βarr1smKO mice (Fig. 4 C and G), when
force is normalized to CSA a small increase in contractility at
high stimulation frequencies was observed due to the effect of
carvedilol on skeletal muscle size (Fig. 4E). Taken together, our
data show that β2AR-mediated clenbuterol and carvedilol-
induced increases in force–frequency contractility are mediated
by βarr1 specifically in skeletal muscle.

β-Arrestin 1 Is Required for Carvedilol-Mediated Tetanic Force of
Skeletal Muscle. We next analyzed additional measures of skele-
tal muscle contractility in EDL muscles from βarr1smKO mice
following drug treatment. Muscle weight and the contractile re-
lationships of EDL muscle from βarr1Flox and βarr1smKO mice
are summarized in SI Appendix, Table S1. As expected, enhanced
EDL tetanic responses mediated by clenbuterol compared to
vehicle control in βarr1Flox mice were eliminated in βarr1smKO
mice exhibiting a marked reduction compared to βarr1Flox mice
treated with clenbuterol (Fig. 5 A and B; P < 0.001 at 160 Hz and
P < 0.01 at 300 Hz). Consistent with our findings on contractility,
the enhanced contractile effect of carvedilol was abolished in
βarr1smKO mice treated with carvedilol as seen by the marked
reduction in EDL tetanic contractility at 300 Hz compared to
βarr1Flox mice treated with carvedilol (Fig. 5B; P < 0.001).
Metoprolol treatment showed no enhancement in contractility
responses compared to vehicle treatment in EDL muscle from
either βarr1Flox or βarr1smKO mice (Fig. 5 A and B). We ob-
served that the clenbuterol-induced hypertrophic response was
abolished in EDL from βarr1smKO mice (SI Appendix, Table S1;
P < 0.01). There was no significant difference found in muscle
weights from either βarr1Flox or βarr1smKO mice when carve-
dilol or metoprolol was administrated (SI Appendix, Table S1).
Taken together, these data indicate that βarr1 is essential in
mediating the β2AR-stimulated enhancement in contractile
properties of skeletal muscle, and among several well-known
β-blockers, carvedilol shows unique properties as a contractile
agent for skeletal muscle.

Discussion
In this study, we investigated the hypothesis that the β-blocker
carvedilol, a βarr-biased agonist at the βAR could enhance
skeletal muscle contractile function. We examined the contrac-
tile properties of EDL skeletal muscle after chronic adminis-
tration of the βAR-βarr-biased agonist carvedilol in βarr1Flox
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Fig. 3. Effects of βAR ligands on EDL tetanic force. Contractile properties
and muscle weights of EDL muscles from βarr1Flox mice were examined after
2 wk of carvedilol (1 mg/kg/day), metoprolol (10 mg/kg/day), nadolol
(10 mg/kg/day), nadolol (10 mg/kg/day) combined with carvedilol (1 mg/kg/
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ascorbic acid in saline solution). The absolute forces at 160 Hz (A) and at
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represent the mean ± SEM for n independent EDL muscles as marked in the
figure. Statistical comparison was performed by using a one-way ANOVA
with Tukey’s (carvedilol alone vs. carvedilol with nadolol) and Dunnett’s
multiple comparison test (vs. vehicle treatment).
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and βarr1smKO mice. Remarkably, we observed that carvedilol
stimulates an increase in contractile force in EDL to a similar
extent as that observed with the classic β2AR agonist clenbuterol.
This increase was not observed with two other βAR antagonists,
metoprolol and nadolol, and was inhibited by cotreatment with
nadolol, demonstrating that the action of carvedilol was medi-
ated through βARs. Carvedilol-induced increase in tetanic force
was abrogated in βarr1smKO mice, demonstrating cell-type
specificity for this βarr1-dependent response. Taken together,
these data provide strong evidence that carvedilol, a widely used

βAR antagonist can induce an increase in tetanic force in skel-
etal muscles. This effect of carvedilol is unique among βAR
antagonists tested and is directly attributable to the ability of
carvedilol to function as a biased agonist on βarr-dependent
signaling downstream of the βAR.
βARs are ubiquitously expressed receptors that have vital

functions in cardiovascular, pulmonary, and skeletal muscle
physiology (25, 26). Although both βAR subtypes are expressed
in skeletal muscle, β2ARs are the more prevalent βAR subtype,
comprising over 90% of all βARs in skeletal muscle (27, 28).
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Upon activation with epinephrine, β2ARs stimulate multiple
signaling pathways leading to anabolic and hypertrophic re-
sponses in skeletal muscles (12). Since this property is not shared
by carvedilol it is likely that it is mediated through stimulation
of G proteins. In skeletal muscle, activation of these signaling
pathways has been shown to increase synthesis of contractile
proteins and decrease proteasomal and lysosomal proteolysis
(29). Activation of the β2AR can enhance both structural and
functional characteristics of regenerating skeletal muscle such
that it has been suggested that β2AR agonists may serve as useful
agents in the prevention and treatment of skeletal muscle
weakness and wasting secondary to aging and certain disease
processes (30–32). One such agent, the selective β2AR agonist
clenbuterol, has been shown to increase skeletal muscle weight
(21) and has been proposed as an improved therapeutic alter-
native relative to anabolic steroids or IGF1 for skeletal muscle
wasting disorders (26, 33). While the use of clenbuterol to en-
hance skeletal muscle mass in patients with chronic heart failure
has been investigated (13), its use for this indication is not cur-
rently approved by the US Food and Drug Administration.
βarrs are important intracellular scaffold proteins that mediate

GPCR desensitization and internalization and promote in-
tracellular signaling independent of or in concert with G protein
activation. Our own work has established that carvedilol func-
tions as a βarr-biased agonist at the β2AR (17) and that increases
in skeletal muscle strength induced by the β2AR agonist clen-
buterol are dependent upon βarr1 (18). In this study, we ob-
served that the βarr-biased carvedilol induces increases in skeletal
muscle contraction mediated via βARs and βarr1. Though the
detailed mechanisms of βarr’s effects on skeletal muscle contrac-
tion are not clearly understood, there are several plausible mecha-
nisms to consider.
GPCR–arrestin complexes have been shown to initiate non-

desensitized signaling at the plasma membrane by coupling with
ion channels, specifically the transient receptor potential cation
channel subfamily (TRP). A βarr-biased agonist of the angio-
tensin II receptor type 1 receptor (AT1R) stimulates acute cat-
echolamine secretion through coupling with the TRPC3 by
recruiting of TRPC3 or phosphoinositide-specific phospholipase
C to the AT1R–βarr1 signaling complex (34). Angiotensin
stimulation also leads to recruitment of βarr1 to the TRPV4 that
results in ubiquitination and internalization of TRPV4 (35).
These data provide a functional link between βarrs and TRP
channels and might explain a potential mechanism by which

βarrs could regulate Ca2+ influx in skeletal muscle, and by ex-
tension skeletal muscle contractility. Additionally, D3 dopamine
receptors regulate axon initial segment excitability modifying
CaV3 voltage dependence to suppress high-frequency action
potential generation in a β-arrestin-dependent manner (36, 37).
In this way, these types of βarr-mediated fast communication
pathways could also provide an explanation for how βarrs con-
tribute to skeletal muscle contractility.
In our study, we observed that carvedilol was unique among

βAR antagonists tested (metoprolol and nadolol) in its ability to
stimulate contractile responses in skeletal muscles. We found
that carvedilol can stimulate an increase in skeletal muscle
contractility, both in absolute terms as well as when normalized
for muscle weight or size. In contrast to the biased agonist sig-
naling properties observed with carvedilol, metoprolol functions
as a classic antagonist of βARs with no effects on skeletal muscle
contractility. Interestingly, carvedilol failed to induce an increase
in skeletal muscle weight or fiber type switching, suggesting the
positive contractile βarr1-dependent signaling pathways of car-
vedilol are independent of prohypertrophic and remodeling
signaling pathways induced by clenbuterol-stimulated β2AR
downstream signaling. This is further supported by the finding
that carvedilol may preserve skeletal muscle fatigability, whereas
clenbuterol was observed to reduce time to fatigue in skeletal
muscle. Although this observation did not reach statistical sig-
nificance in our study, the finding is intriguing and could be a
demonstration of a unique pattern of enhanced skeletal muscle
performance induced by carvedilol compared to clenbuterol. A
larger sample size would be necessary to confirm this finding.
Taken together, these results further demonstrate that the ef-
fects observed with carvedilol are directly attributable to βarr1-
dependent signaling and suggest possible clinical potential for
carvedilol in the treatment of reduced skeletal muscle strength
related to aging or other muscle-wasting disorders.
Decreased skeletal muscle strength contributes to increased

disability, fatigue, diminished quality of life, and reduced sur-
vival. In particular, decreased skeletal muscle strength associated
with aging and other pathologic conditions presents a significant
medical problem associated with high morbidity and costs and
without adequate therapeutic options currently. Aged muscle
mass declines by 30 to 50% accompanied by a decrease in muscle
strength and an increase in fatigability, and an increase in the
susceptibility to contraction-induced damage (38). Further, it has
been demonstrated that lower and declining skeletal muscle
strength is associated with increased mortality independent of
muscle mass (39). Loss of skeletal muscle strength occurs in
association with malignant disease and with multiple chronic
nonmalignant diseases, including heart failure, kidney disease,
chronic obstructive pulmonary disease, neurological disease,
AIDS, and rheumatoid arthritis (2, 3, 7). Clinically, treatment
with carvedilol has been associated with a partial reversal of
skeletal muscle loss in patients with severe chronic heart failure
(40). Additionally, espindolol (the s‐enantiomer of pindolol), an
agent that functions clinically as a nonselective βAR antagonist
but which displays weak, partial agonism for both G protein and
βarr-dependent signaling at the β2AR in vitro, has been shown to
reverse weight loss, improve fat-free mass, and maintain fat loss
in cachectic cancer patients (41). These results are consistent
with our hypothesis that βarr-dependent signaling downstream
of the βAR may impart unique positive clinical outcomes in
skeletal muscle.
There are some limitations of this study that should be con-

sidered. First, while it is likely the effects of carvedilol are me-
diated through the β2AR, we have not directly determined the
specific βAR subtype responsible for the effects of carvedilol. We
have observed the ability of carvedilol to enhance skeletal muscle
contractility can be inhibited by the nonselective βAR antagonist
nadolol. Combined with the previous observation that the β2AR
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Fig. 5. Carvedilol-mediated enhanced skeletal muscle tetanic force requires
β-arrestin 1. The absolute forces at 160 Hz (A) and at 300 Hz (B) of EDL
muscles from βarr1Flox and βarr1smKO mice were examined after 2 wk of
carvedilol (1 mg/kg/day), metoprolol (10 mg/kg/day), and clenbuterol
(1 mg/kg/day) in the vehicle (10% DMSO, 300 mM ascorbic acid in saline
solution). Data represent the mean ± SEM for n independent EDL muscles as
marked in the figure. Statistical comparison was performed by using a one-
way ANOVA with Tukey’s multiple comparison test (vs. vehicle treatment).
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subtype makes up >90% of all βARs in skeletal muscle (28, 42)
and a lack of a previous reported role for β1ARs in mediating
skeletal muscle contractility, we hypothesize the effects we ob-
serve with carvedilol on skeletal muscle contractility are pri-
marily mediated via the β2AR.
Second, there is evidence in support of alternative explana-

tions that other β-blockers may attenuate cachexia in specific
situations (4, 43, 44). While of potential interest from a clinical
standpoint, in this study we found that carvedilol enhances
skeletal muscle contractility. This is a unique observation among
βAR antagonists, and appears to be a direct result of carvedilol’s
ability to stimulate signaling via βarr, which is a distinctive sig-
naling property of carvedilol among βAR antagonists (17). More
clinical studies will likely provide more insight on the roles of
β-blockers on skeletal muscle contractility.
GCPR signaling bias, also known as functionally selective

signaling, is a burgeoning concept in pharmacologic design and
discovery (45). The concept—that a specific ligand could stim-
ulate a subset of a given receptor’s signal transducers and
thereby stimulate only desired downstream effects while avoiding
potential adverse effects—is currently being tested at various
stages of drug development across multiple GPCRs. The func-
tion of βarr1 in modulating β2AR signaling differs across disease
conditions. An in depth understanding of the molecular mech-
anism(s) by which β2AR stimulation augments skeletal muscle
performance may serve as the basis for drug discovery initiatives
focused on therapeutic agents that induce βarr1 signaling in the
treatment of age and disease-related skeletal muscle wasting. We
propose that these observations could lay the groundwork for
clinical trials investigating this question in selected clinical pop-
ulations. Our work highlights the potential for one such biased
ligand, carvedilol, that is well tolerated across a variety of clinical
populations, to target an unmet clinical need.

Materials and Methods
Animals. All animal experimental protocols were approved by the In-
stitutional Animal Care and Use Committee at Duke University Medical
Center and were performed in accordance with the standards established by
the US Animal Welfare Acts.

Skeletal Muscle-Specific Deletion of Targeted Gene. βarr1flox mice were
generated using recombineering techniques as previously described (18).
Two loxP cassettes were inserted into gene flanking coding exon 2. Breeding
of myogenin-cre mice (Tg[Myog-cre]1Eno, The Jackson Laboratory) with
βarr1flox mice led to generation of skeletal muscle specific deletion mice
(βarr1smKO). Littermate βarr1flox mice lacking Cre were used as WT control.

Chronic Drug Delivery Using Isotonic Pump. Twelve-week-old mice of either
sex of the following genotypes were used. After anesthetizing with isoflurane,
the animal with s.c. injection of ketamine/xylazine (100 and 2.5 mg/kg,
respectively), an s.c. osmotic pump (Alzet 2002: Durect), containing either
vehicle (10% dimethyl sulfoxide [DMSO] and 0.3 mM ascorbic acid), clen-
buterol (1 mg/kg/day), carvedilol (1 mg/kg/day), metoprolol (10 mg/kg/day),
and nadolol (10 mg/kg/day) was placed in the tissue immediately lateral to
the spine on the posterior of the animal. We used 10 times more dose of
metoprolol and nadolol considered to their affinities (46).

Measurement of the Contractile Property of EDL. The contractile property of
EDL was measured as previously described (18, 47). The isolated EDL was
suspended in modified Krebs buffer (118 mM NaCl, 4.8 M KCl, 1.2 mM
MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2, 25 mM NaHCO3, and 11 mM glucose,
pH 7.4) and bubbled with a premixed gas consisting of 20% O2, 5% CO2, and
balance N2 (19, 48). After the optimal length of the isolated EDL was set, the
twitch responses at 40 volts with a 0.5-ms square pulse and tetanus re-
sponses at 160 Hz with a 300-ms train were measured using LabChart
7 (ADInstruments). The force–frequency relationship was determined from
30-Hz up to 300-Hz trains at 40 volts with a 3-min rest between each train.
The amplitude for each treatment group was normalized by CSA or muscle
weight. Time to fatigue was determined to be the time the EDL took to
contract at 50% of the amplitude obtained at the initial 100-Hz stimulus for
300 ms.

Statistical Analyses. Data are presented as mean ± SEM. Statistical analysis
was performed using a one-way ANOVA with Tukey’s multiple compari-
son test. Statistical analysis was performed using a one-way ANOVA with
Dunnett’s multiple comparison test compared to its vehicle treatment con-
trol. Statistical analysis was performed using a two-way ANOVA with Sidak’s
multiple comparison test compared between βarr1Flox and βarr1smKO un-
der the same drug treatment. Statistical significance in each time point of
kinetic graphs was determined by using a two-way analysis with Sidak’s or
Tukey’s multiple comparison tests. For the statistical comparison of two
conditions, the one sample t test was used (Prism). The level of significance is
indicated as follows: ***P < 0.001, **P < 0.01, *P < 0.05.

Data Availability. All data generated or analyzed during this study are within
the paper and SI Appendix.
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