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Abstract. The mechanism(s) responsible for p,-adrenergic receptor-mediated skeletal 
muscle and cardiac hypertrophy remains undefined. This study examined whether 
calcium influx through L-type calcium channels contributed to the development of 
cardiac and skeletal muscle (plantaris; gastrocnemius; soleus) hypertrophy during an 
&day treatment with the p,-adrenergic receptor agonist clenbuterol. Concurrent 
blockade of L-type calcium channels with nifedipine did not reverse the hypertrophic 
action of clenbuterol. Moreover, nifedipine treatment alone resulted in both cardiac 
and soleus muscle hypertrophy (6% and 7%0, respectively), and this effect was additive 
to the clenbuterol-mediated hypertrophy in the heart and soleus muscles. The hyper- 
trophic effects of nifedipine were not associated with increases in total p-adrenergic 
receptor density, nor did nifedipine reverse clenbuterol-mediated p-adrenergic recep- 
tor downregulation in either the left ventricle or soleus muscle. Both nifedipine and 
clenbuterol-induced hypertrophy increased total protein content of the soleus and left 
ventricle, with no change in protein concentration. In conclusion, our results support 
the hypothesis that p,-adrenergic receptor agonist-induced muscle hypertrophy is 
mediated by mechanisms other than calcium influx through L-type calcium channels. 
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he in uiun administration of P,-adrenergic receptor 
agonists has been shown to promote skeletal muscle T hypertrophy and cardiac hypertrophy [ 1-5). The 

mechanism(s) responsible for this growth response remains 
undefined. Elevation of intracellular cAMP levels and cal- 
cium influx through L-type calcium channels are two sig- 
naling events coupled to P,-adrenergic receptor activation. 
In various cell types, elevated cAMP levels have been 
shown to exert a growth inhibitory action (6). Furthermore. 

P,-receptor stimulation in adult rat ventricular myocytes has 
been reported to evoke only a minor increase in intracellular 
CAMP accumulation (7). By contrast, calcium-dependent 
mechanisms are a prerequisite for the growth-promoting 
action of several growth factors (8, 9) and P,-adrenergic 
receptor agonists have been reported to promote calcium 
influx through L-type calcium channels via a CAMP- 
independent mechanism ( 1  0). Thus, the following study 
tested whether calcium influx through L-type calcium chan- 
nels contributed to the development of hypertrophy induced 
by clenbuterol, a P,-adrenergic receptor agonist. 
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Materials and Methods 

All experiments were performed in accordance with the 
guidelines of the Canadian Council on Animal Care (1 1) 
and the University's Ethics and Research Committee. 
Thirty-seven female Sprague-Dawley rats (Charles River, 
St. Constant, Quebec) with an initial body weight of = 160 
g were studied. Rats were housed individually in standard 
cages in an environmentally controlled facility (1  2: 12-hr 
1ight:dark cycle, -21°C) and had free access to food and 
water. After an acclimatization period in the animal care 
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facility, 34 animals were randomly divided into four groups: 
control, nifedipine (L-type calcium channel blocker), clen- 
buterol (selective P,-adrenergic receptor agonist), and 
nifedipine plus clenbuterol. Animals treated with nifedipine 
received the drug by intraperitoneal injections twice daily 
at a dose of 5 mgkg (12) whereas untreated rats received 
the corresponding volume of the vehicle (1% Tween 80) 
for 9 days. Animals treated with clenbuterol received the 
drug intermittently (3 days on, 2 days off, 3 days on) in 
their food (ProLab RMH 4018; ground to a fine powder) 
at a dose of 4 mgkg diet (4). Animals treated with nifed- 
ipine plus clenbuterol received the nifedipine treatment for 
24 hr before and throughout the clenbuterol treatment to 
block L-type calcium channels prior to P-adrenergic agonist 
administration. 

Following treatment, the animals were injected intra- 
peritoneally with sodium pentobarbital at a dose of 50 mg/ 
kg, and the soleus, plantaris, gastrocnemius, and heart 
muscles were removed, weighed , frozen in liquid nitrogen, 
and stored at -80°C until analysis. Total protein concentra- 
tion (Bradford protein assay) was measured in homogenates 
of the left ventricle and soleus muscles. P-adrenergic recep- 
tor density of the left ventricles and the soleus was mea- 
sured in triplicate using a radioligand binding technique (3). 
A saturating ['251]-iodocyanopindolol concentration and 
(-)-alprenolo1 (10 pM) were used to determine total and 
nonspecific binding. Statistical significance ( P  < 0.05) was 
assessed using a two-way analysis of variance followed by 
a Tukey HSD posthoc test when necessary. 

To determine the effectiveness of the nifedipine treat- 
ment, systolic blood pressure was measured in three other 
animals using the tail cuff method. Rats were treated with 
nifedipine (5 mg/kg) twice (1-day treatment), and blood 
pressure responses were monitored over the next 24 hr. 
These results were analyzed using a repeated measures 
ANOVA followed by a Tukey HSD posthoc test. 

Results 
To ascertain the effectiveness of the nifedipine treat- 

ment, blood pressure responses were monitored in three 
control animals who received a 1-day treatment. There was 
a significant decrease in blood pressure, which was main- 
tained for several hours following the last nifedipine injec- 
tion (Fig. 1). 

Clenbuterol administration resulted in a significant in- 
crease of hindlimb skeletal muscle (plantaris 24%; gastroc- 
nemius 17%; soleus 12%) and heart (16%) weight (Table I) 
and total protein content. All the increases in muscle weight 
reported in this study were paralleled by increases in protein 
content, such that protein concentrations were unchanged 
(Table 11). 

In nifedipine-treated animals there was a modest but 
significant increase in soleus (7%) and heart (6%) weight. 
The administration of clenbuterol to nifedipine-treated rats 
did not reverse the growth-promoting action of clenbuterol 
on skeletal and cardiac muscle (Table I). Moreover, in the 
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Figure 1. Blood pressure responses of animals treated one day with 
nifedipine. *Indicates significant nifedipine effect, P < 0.05, and + 
indicates P = 0.08. 

soleus and heart, nifedipine and clenbuterol exerted an ad- 
ditive effect on muscle growth (Table I). This phenomenon 
was not observed in the gastrocnemius and plantaris 
muscles. 

Chronic treatment with clenbuterol significantly re- 
duced total p-adrenergic receptor density in the soleus 
muscle (26%) and left ventricle (23%) whereas nifedipine 
had no effect (Fig. 2). The co-administration of nifedipine to 
the P,-agonist treated animals did not reverse the clen- 
buterol-induced p-adrenergic receptor downregulation. 

Discussion 
The dose regimen of nifedipine used in the present 

study resulted in a significant decrease in blood pressure 
that was maintained for several hours (Fig. l), thus demon- 
strating the efficacy of this treatment to block L-type cal- 
cium channels. The decrease in systolic blood pressure ob- 
served was consistent with the previously reported effects of 
this drug in normotensive animals (13). 

The increases in cardiac and skeletal muscle wet weight 
and protein content with P,-adrenergic agonist treatment 
were consistent with previous results (1-5). The nifedipine 
treatment did not inhibit the effects of clenbuterol suggest- 
ing that calcium influx through L-type calcium channels 
may not contribute to muscle hypertrophy induced by p2- 
adrenergic receptor stimulation. However, the possibility of 
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Table 1. Effects of Nifedipine and Clenbuterol on Body and Muscle Mass 

Mass 

Body (g)" Gastrocnemius (rng)" Plantaris (rng)" Soleus (mg)a*b Heart (mg)"rb 
- .- Group n 

585 (52) 
626 (54) 
684 (47) 

Nifedipine and Clenbuterol 8 214 (9) 1226 (46) 250 (1 9) 103 (9) 716 (16) 

Control 9 198(10) 1022 (72) 198 (20) 85 (9) 
Nifedipine 9 199 (12) 1054 (84) 210 (23) 90 (8) 
Clenbuterol 8 214 (6) 1204 (46) 253 (1 6) 95 (1 1) 

Note. Means (Standard Deviations). a significant clenbuterol main effect P c 0.05 and significant nifedipine main effect P < 0.05. 

Table II. Effects of Nifedipine and Clenbuterol on Muscle Protein Concentration 

Group n Soleus (mg/g) Left ventricle (mg/g) 

Control 9 242 (91) 128 (30) 
Nifedipine 9 217 (59) 135 (41) 
Clenbuterol 7 216 (54) 11 8 (46) 
Nifedipine and Clenbuterol 8 21 8 (68) 139 (28) 

Note. Means (Standard Deviations). 

a partial blockade by nifedipine, temporally or spatially, 
resulting in a residual amount of available channels suffi- 
cient to maintain the hypertrophic response, or the possibil- 
ity of the presence of a redundant pathway cannot be totally 
excluded. 

Surprisingly, nifedipine treatment was associated with 
an increase in soleus (7%) and heart (6%) weight and total 
protein. Moreover. the co-administration of nifedipine and 
clenbuterol was additive in promoting cardiac and soleus 
muscle hypertrophy. This was not observed in the plantaris 
and gastrocnemius muscles, which could be due to differ- 
ences in calcium channels of fast- and slow-twitch muscles. 
For instance, cardiac isoforms of calcium channels have 
been observed in the slow soleus muscle (14). 

The mechanism(s) implicated in this effect of nifed- 
ipine on the heart and soleus muscles remains unknown. 
One potential mechanism could be a reflex activation of the 
sympathetic system due to the decrease in blood pressure. 
resulting in norepinephrine release (1 5 ,  16). Furthermore. 
regulation of the calcium-dependent proteinases (calpains I 
and 11) and their specific inhibitor calpastatin, has been 
suggested to be involved in protein turnover (17), and could 
contribute to this response. 

An increased blood volume in the muscles due to the 
vasodilatory effects of the drugs could also contribute to the 
weight changes observed in this study. However, if this 
were the primary mechanism involved, similar changes 
would have been observed in the plantaris and gastrocne- 
mius muscles. Furthermore, clenbuterol-induced increases 
in muscle mass have been reported to parallel changes in 
contractile force (18), and clenbuterol has been shown to 
increase protein content in cultures established from rat 
muscle cells (19), suggesting a direct effect on muscles. As 
for the nifedipine treatment, tissue was collected between 7 
and 14 hr after the last injection, at a time when the acute 
effect was low (Fig. 1) and thus unlikely to cause a 6%-7% 
increase in the soleus and heart weights. 
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Previous studies have demonstrated that chronic treat- 
ment with a &-adrenergic agonist causes P-adrenergic re- 
ceptor downregulation (2). By contrast, in cardiac myo- 
cytes, calcium channel antagonist therapy has been shown 
to promote an increase in p-adrenergic receptor density 
(20). Therefore, the additive effect of the L-type calcium 
channel blocker and the &-adrenergic receptor agonist on 
muscle hypertrophy could be due to an antagonistic effect of 
nifedipine on clenbuterol-induced P-adrenoceptor down- 
regulation. However, whereas chronic treatment with clen- 
buterol significantly reduced the p-adrenergic receptor den- 
sity in the soleus and the left ventricle, nifedipine treatment 
had no effect. Moreover, the administration of nifedipine to 
clenbuterol treated rats did not reverse clenbuterol-mediated 
P-adrenergic receptor downregulation (Fig. 2). These re- 
sults strongly suggest that a change in @-adrenergic receptor 
density is not responsible for the additive effect of nifed- 
ipine and clenbuterol on muscle growth. 

In conclusion, our studies provide evidence that mecha- 
nisms other than calcium influx through L-type calcium 
channels are involved in P,-adrenergic receptor-mediated 
cardiac and skeletal muscle hypertrophy. By contrast, ni- 
fedipine was capable of promoting muscle hypertrophy, and 
this growth-promoting action occurred in the absence of any 
change in p-adrenergic receptor density. The hypertrophic 
effect was greatest when nifedipine and clenbuterol were 
co-administered as compared to either drug alone. The com- 
bined effect of nifedipine and clenbuterol was also found to 
be independent of any change in @-adrenergic receptor den- 
sity. Thus, additional studies are required to elucidate the 
mechanism(s) implicated in P,-adrenergic receptor- 
stimulated muscle hypertrophy. 

The contributions of Dr. Guy Rousseau of the Department of Pathol- 
ogy, Dr. Michel Bouvier of the Department of Biochemistry, and Martin G. 
Latour of the Department of Kinesiology, Universitk de Montkal, are 
gratefully acknowledged. 



1. Wong K, Boheler KR, Bishop J, Petrou M, Yacoub MH. Clenbuterol 
induces cardiac hypertrophy with normal functional. morphological, 
and molecular features. Cardiovasc Res 37:115-122, 1998. 

2. Kim YS, Sainz RD, Summers RJ, Molenaar P. Cimaterol reduces 
P-adrenergic receptor density in rat skeletal muscles. J Anim Sci 
70: 1 15-122, 1992. 

3. Murphy RJL, Gardiner PF, Roussedu G, Bouvier M, Btliveau L. 
Chronic P-blockade increases skeletal muscle p-adrenergic-receptor 
density and enhances contractile force. J Appl Physiol 83:459465, 
1997. 

4. Murphy RJL, BCliveau L, Seburn KL, Gardiner PF. Clenbuterol has a 
greater effect on untrained than previously trained skeletal muscle. Eur 
J Appl Physiol 73:304-310, 1996. 

5. Palmer RM, Delday MI, McMillan DN, Noble BS, Bain P, Maltin CA. 
Effects of the cyclo-oxygenase inhibitor, fenbufen, on clenbuterol- 
induced hypertrophy of cardiac and skeletal muscle of rats. Br J Phar- 
macol 101:835-838, 1990. 

6. Hordijk PL, Verlaan I, Jalink K, van Corven EJ, Mmlenaar WH. 
CAMP abrogates the p21"-mitogeii-activated protein kinase pathway 
in fibroblasts. J Biol Chem 269:353&3538, 1994. 

7. Kuznetsov V, Pak E, Robinson RB, Steinberg SF. P,-adrenergic re- 
ceptor actions in neonatal and adult rat ventricular rnyocytes. Circ Res 
76:4G52, 1995. 

8. Calderone A, Thaik CM, Takahashi N, Colucci WS. Norepinephrine- 
stimulated DNA and protein synthesis in cardiac fibroblats are inbib- 
ited by nitric oxide and atrial natriuretic factor. Circulation 927384, 
1995. 

9. Takahashi N, Thaik CM, Calderone A, Colucci WS. a,-Adrenergic 
receptor-mediated hypertrophy and gene expression in cardiac myo- 
cytes are mediated by calcium influx. Circulation 921384, 1995. 

10. Clapman DE. Direct G protein activation of ion channels? Annu Rev 
Neurosci 17:441464, 1994. 

11. Canadian Council on Animal Care. Guide to the Care and Use of 
Experimental Animals. Ottawa: Canadian Council on Animal Care, 
1993. 

12. Lason W, Przewlocki R. The effect of chronic treatment with imipra- 
mine on the G proteins mRNA level in the rat hippocampus: An 
interaction with a calcium channel antagonist. Pol J Pharmacol 
45219-226, 1993. 

13. Ishii H, Itoh K, Nose T. Different anthypertensive effects of nifed- 
ipine in conscious experimental hypertensive and normotensive rats. 
Eur J Pharmacol 642-29 ,  1980. 

4. PCrton Y, Navarro J, Hamilton M, Bwth FW, Palade P. Chronic 
stimulation differentially modulates expression of mRNA for dihydro- 
pyridme receptor isoforms in rat fast twitch skeletal muscle. Biochem 
Biophys Res Commun 235:217-222, 1997. 

5 .  Ito K, Sat0 A, Shimamura K, Swenson RS. Reflex changes in syrn- 
patho-adrenal functions in response to baroreceptor stimulation in 
anesthetized rats. J Auton Nerv Syst 10:295-303, 1984. 

6. Zimmer HG. Catecholamine-induced cardiac hypertrophy: Signifi- 
cance of proto-oncogene expression. J Mol Med 75:849-859, 1997. 

17. Speck PA, Collingwwd KM, Bardsley RG, Tucker GA, Gilmour RS, 
Buttery PI. Transient changes in growth and in calpain and calpastatin 
expression in ovine skeletal muscle after short-term dietary inclusion 
of cimaterol. Biochimie 75917-923, 1993. 

18. Dodd SL, Powers SK, Vrabas IS, Criswell D, Stetson S, Hussain R. 
Effects of clenbuterol on contractile and biochemical properties of 
skeletal muscle. Med Sci Sports Exerc 28:669476, 1996. 

19. McMillan DN. Noble BS, Maltin CA. The effect of the P-adrenergic 
agonist clenbuterol on growth and protein metabolism in rat muscle 
cell cultures. J Anim Sci 70:3014-3023, 1992. 

20. Yonemochi H, Saikawa T, Takakura T, Ito S, Takaki R. Effects of 
calcium antagonists on P-receptors of cultured cardiac myocytes iso- 
lated from neonatal rat ventricle. Circulation 81: 1401-1408, 1990. 

A 
LEFT VENTRICLE 

60 

3 
E 40 m 

20 

0 + + 

* 

i 

B 
SOLEUS 

T 

* 

T 

t t 

* 

T 

+ 

+ 

* 

T I 

N C N&C 
Group 

Figure 2. p-Adrenergic receptor density (frnolhg protein) of (A) the 
left ventricles and (8) the soleus muscles of control (CON), nifedipine 
(N), clenbuterol (C), and nifedipine and clenbuterol (N&C) treated 
animals. Group means and standard deviations. 'Indicates signifi- 
cant clenbuterol main effect P < 0.05. 
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