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Abstract Administration of the b2-agonist clenbuterol

has been shown to reduce the expression of b2-adreno-

ceptor (AR) mRNA in fast-twitch fiber-rich (extensor

digitorum longus, EDL) muscle without changing that in

slow-twitch fiber-rich (soleus, SOL) muscle in rats. How-

ever, the regulatory mechanism for muscle fiber type-

dependent down-regulation of the expression of b2-AR

mRNA induced by clenbuterol is still unclear. Therefore,

mRNA expression of transcriptional and post-transcrip-

tional regulatory factors for b2-AR mRNA levels in fast-

twitch fiber-rich (EDL and plantaris, PLA) and slow-twitch

fiber-rich (SOL) muscles in clenbuterol-administered

(1.0 mg/kg body weight/day for 10 days, subcutaneous)

rats was studied by real-time reverse transcription-poly-

merase chain reaction. Administration of clenbuterol sig-

nificantly reduced expression of b2-AR mRNA in EDL

and PLA muscles without changing that in SOL muscle.

Administration of clenbuterol also significantly reduced

the mRNA expression of transcriptional regulatory factor

(glucocorticoid receptor) and mRNA stabilizing factor

(Hu antigen R) in EDL and PLA muscles without

changing those in SOL muscle. These results suggest that

muscle fiber type-dependent effects of clenbuterol on

expression of b2-AR mRNA are closely related to the

down-regulation of mRNA expression of transcriptional

and post-transcriptional regulatory factors for b2-AR

mRNA levels.
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Introduction

The b2-agonist clenbuterol (4-amino-a(t-butyl-amino)-

methyl-3,5-dichlorobenzyl alcohol) has been used as a non-

steroidal anabolic drug for sports doping. It has been

reported that administration of clenbuterol induces skeletal

muscle hypertrophy and inhibits skeletal muscle atrophy

[1–8]. These clenbuterol-induced phenomena are caused by

the increased rate of protein synthesis and/or reduced rate

of proteolysis via the b2-adrenoceptor (AR) [5, 9–12].

These findings show that the b2-AR is responsible for both

the skeletal muscle hypertrophy and anti-atrophy effects of

clenbuterol. However, it has been reported that chronic

administration of b-agonists down-regulates the density

and/or mRNA expression of b2-AR [1, 13]. Recently, we
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have reported that clenbuterol reduced the expression of

b2-AR mRNA in fast-twitch fiber-rich muscle, extensor

digitorum longus (EDL) muscle, without changing that in

slow-twitch fiber-rich muscle, soleus (SOL) muscle, sug-

gesting that these effects depend on muscle fiber types [1].

However, the mechanisms of this fiber type-dependent

decrease are still unknown.

Some reports have shown that cAMP response ele-

ment binding protein (CREB) and the glucocorticoid

receptor (GR) regulate the expression level of b2-AR

mRNA as transcriptional regulatory factors [14–17].

First, it is well known that positive autoregulation of the

b2-AR gene occurs through receptor-mediated elevation

of the concentration of cyclic adenosine monophosphate

(cAMP), followed by phosphorylation and activation of

CREB [14, 16]. Second, the steroid hormone–GR com-

plex also binds to the b2-AR gene, and activates tran-

scription, showing that GR modulates the expression of

b2-AR mRNA [16, 17].

On the other hand, Hadcock et al. [18] showed that one

mechanism for down-regulation of b2-AR mRNA is

destabilization of b2-AR mRNA. It is well known that b2-

AR mRNA contains an AU-rich element (ARE) within the

30-untranslated region (30-UTR) that can be recognized by

several mRNA binding proteins, including Hu antigen R

(HuR), AU-rich element binding/degradation factor1

(AUF1), and heterogenous nuclear ribonucleoprotein A1

(hnRNP A1) [19–22]. These proteins are known to play an

important role in the regulation of b2-AR mRNA stability

[19–30].

The findings mentioned above support the hypothesis

that clenbuterol-reduced expression of b2-AR mRNA may

be related to expression of transcriptional and post-tran-

scriptional regulatory factors for b2-AR mRNA levels in

skeletal muscles. In this study, therefore, we examined the

effects of clenbuterol on expression of CREB, GR, HuR,

AUF1, and hnRNP A1 mRNAs in fast-twitch fiber-rich

(EDL and plantaris: PLA) and slow-twitch fiber-rich (SOL)

muscles in rats.

Materials and methods

Experimental procedures and animal care

The experimental procedure used in this study is shown

in Fig. 1. Briefly, clenbuterol (dose = 1.0 mg/kg body

weight/day) was administered to rats for ten consecutive

days during the experimental period. The EDL, PLA, and

SOL muscles were isolated and weighed on the day after

the final day of clenbuterol administration [1].

Male 7-week-old Sprague–Dawley rats (CLEA Japan,

Tokyo) were pre-fed for 5 days to allow adaptation to their

new environment [1, 31]. Rats were maintained at a con-

trolled temperature (23–25�C) and relative humidity (50–

60%), with fixed light–dark cycles (8:00–20:00 (light) and

20:00–8:00 (dark)) [1, 31, 32]. Animal food (CE-2 cubic

type; CLEA Japan) was given to each rat under diet-

restricted feeding (feeding chow = 30 g/day) and distilled

water was given ad libitum [1]. All rats were weighed daily

during the experimental period. After the adaptation

period, the rats were randomly divided into two groups,

the clenbuterol-administered (n = 10, the initial body

weight = 279 ± 2 g, mean ± standard error of the mean

(SEM)) and the control (n = 10, the initial body

weight = 278 ± 2 g, mean ± SEM) groups.

All experimental and animal care procedures were

approved by the Committee on Animal Care Use at

Waseda University and followed the Guiding Principles for

the Care and Use of Animals in the Field of Physiological

Sciences established by the Physiological Society of Japan

[1, 31–35] and also American Physiological Society Ani-

mal Care Guidelines. We performed procedures with the

least possible pain or discomfort to the rats [1, 31–34].

Administration of clenbuterol to rats

Clenbuterol hydrochloride (Sigma, St Louis, MO, USA)

was dissolved in 0.9% NaCl solution as a vehicle to obtain

a clenbuterol concentration of 0.1% [1, 31]. In the

0

Grouping Isolation and weighing
of skeletal muscles

10 (days)-5 5

Prefeeding Clenbuterol administration
(dose=1.0 mg/kg body weight/day, s.c.)

Analyses

Fig. 1 Experimental procedure used in this study. After a 5-day-

adaptation period, the rats were randomly divided into the clenbu-

terol-administered group and the control group. Clenbuterol

(dose = 1.0 mg/kg body weight/day) was administered to the cervi-

cal portion of the back by subcutaneous (s.c.) injection (8:00–8:30)

for ten consecutive days. In the control group rats, an equivalent

volume of 0.9% NaCl solution was administered in the same manner.

Skeletal muscles were isolated and weighed on the day after the final

day of clenbuterol administration
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clenbuterol-administered group, clenbuterol (dose =

1.0 mg/kg body weight/day) was administered to cervical

portion of the back via a subcutaneous (s.c.) injection

(8:00–8:30) for ten consecutive days [1]. In the control

group, an equivalent volume of 0.9% NaCl solution was

administered in the same manner [1, 31].

Sample storage

Isolated and weighed skeletal muscles were cut at both

ends and preserved in RNAlater solution (Ambion, Austin,

TX, USA) to stabilize RNA [1]. The samples were stored at

-20�C after incubation at 4�C overnight until they could

be used for RNA extraction [1].

Analysis of mRNA expression by real-time quantitative

reverse transcription-polymerase chain reaction

RNA was extracted from stored muscle samples by use of

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according

to the manufacturer’s procedure [1, 32]. RNA concentra-

tion was determined by measuring absorbance at 260 nm

(U-3310 Spectrophotometer; Hitachi, Tokyo, Japan) [1, 32,

34].

The extracted RNA was subjected to single-stranded

cDNA synthesis using a high-capacity cDNA reverse

transcription kit (Applied Biosystems, Foster City, CA,

USA) according to the manufacturer’s procedure [1, 32,

34]. In the real-time quantitative polymerase chain reaction

(PCR), synthesized cDNA was added to a Power SYBR

Green PCR Master Mix (Applied Biosystems) containing

200 nM PCR primer (forward and reverse) [1]. The relative

amount of each mRNA was calculated and normalized by

the value of 18S rRNA gene. The oligonucleotide

sequences for the primers are shown in Table 1. Amplifi-

cation was performed using an ABI Prism 7000 sequence

detection system (Applied Biosystems).

Statistical analysis

Experimental data were presented as the mean ± SEM.

The differences between two groups were tested by a

Student’s t test and considered significant when p value was

\0.05.

Results

Effects of clenbuterol on the weight of, RNA

concentration in, and RNA content of PLA muscle

No significant effects of clenbuterol on body weight were

observed as reported previously [1]. As shown in Fig. 2,

Table 1 Oligonucleotide

sequences used for PCR
Gene Direction of

oligonucleotide

Sequences

b1-AR Forward 50-CTG CTA CAA CGA CCC CAA GTG-30

Reverse 50-AAC ACC CGG AGG TAC ACG AA-30

b2-AR Forward 50-GAG CCA CAC GGG AAT GAC A-30

Reverse 50-CCA GGA CGA TAA CCG ACA TGA-30

b3-AR Forward 50-TCT GTG TAA CTG CCA GCA TCG A-30

Reverse 50-TGG TAA CCA GCG TGC CGT AA-30

CREB Forward 50-CTA GTG CCC AGC AAC CAA GT-30

Reverse 50-GGA GGA CGC CAT AAC AAC TC-30

GR Forward 50-TAC CAC AGC TCA CCC CTA CC-30

Reverse 50-AGC AGG GTC ATT TGG TCA TC-30

HuR Forward 50-AGG TTT GTC CAG AGG GGT TG-30

Reverse 50-TTT GTT CTG GTT GGG ATT GG-30

AUF1 Forward 50-GGG CCA AAG CCA TGA AAA C-30

Reverse 50-CAA CCT CAC CAA AAC CAC CA-30

hnRNP A1 Forward 50-CTT TGC TAA ACC ACG AAA CCA AG-30

Reverse 50-CAC TTC TCT GGC TCT CCT CTC C-30

18S rRNA Forward 50-GTG CAT GGC CGT TCT TAG TTG-30

Reverse 50-AGC ATG CCG AGA GTC TCG TT-30
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the weight (0.40 ± 0.01 g) of, RNA concentration

(1.19 ± 0.06 mg/g) in, and RNA content (0.48 ±

0.03 mg) of PLA muscle in the clenbuterol-administered

group were 1.18 (p \ 0.001), 1.31 (p \ 0.05), and 1.55

(p \ 0.01) times higher than those (0.34 ± 0.01 g, 0.91 ±

0.01 mg/g, and 0.31 ± 0.04 mg, respectively) in the

control group. These results were qualitatively simi-

lar to our previous findings for EDL muscle [1]

(Table 2), and clearly showed that the effects of clen-

buterol on muscle hypertrophy were greater in fast-

twitch fiber-rich muscle than in slow-twitch fiber-rich

muscle.
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Fig. 2 Effects of clenbuterol on the weight of, RNA concentration in,

and RNA content of PLA muscle. The values are shown as

mean ± SEM (n = 10/group). Open bars, control group; closed
bars, clenbuterol-administered group. Values in parentheses are

values for the clenbuterol-administered group relative to the control

group. Statistics: *p \ 0.05, **p \ 0.01, and ***p \ 0.001 (vs. the

control group)
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Fig. 3 Effects of clenbuterol on

expression of b1, b2, and b3-AR

mRNAs in EDL, PLA, and SOL

muscles. The values are shown

as mean ± SEM (n = 10/

group). The relative amount of

each mRNA was calculated and

normalized by the value of 18S

rRNA gene. Open bars, control

group; closed bars, clenbuterol-

administered group. Values in

parentheses are values for the

clenbuterol-administered group

relative to the control group.

Statistics: **p \ 0.01 (vs. the

control group)
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Effects of clenbuterol on expression of b1, b2,

and b3-AR mRNAs in skeletal muscles

Figure 3 shows the effects of clenbuterol on expression of

b1, b2, and b3-AR mRNAs in EDL, PLA, and SOL

muscles. Expression of b2-AR mRNA in EDL and PLA

muscles was 0.69 (p \ 0.01) and 0.67 (p \ 0.01) times

lower in the clenbuterol-administered group than in the

control group, respectively (Fig. 3). The smaller effects of

clenbuterol on expression of b2-AR mRNA in PLA

muscle were comparable with those in EDL muscle

(Fig. 3). In contrast, there were no significant differences

of expression of b2-AR mRNA in SOL muscles between

both groups (Fig. 3). These findings support the previous

suggestion that the effects of clenbuterol on expression of

b2-AR mRNA depend on muscle fiber types [1]. How-

ever, there were no significant differences of expression

of b1 and b3-AR mRNAs in these muscles between both

groups (Fig. 3).

Effects of clenbuterol on expression of transcriptional

factor mRNAs in skeletal muscles

The effects of clenbuterol on the expression of CREB and

GR mRNAs in EDL, PLA and SOL muscles were shown in

Fig. 4. There were no significant differences of the

expression of CREB mRNA in these skeletal muscles

between both groups (Fig. 4). Expression of GR mRNA in

EDL and PLA muscles was 0.70 (p \ 0.01) and 0.80

(p \ 0.05) times lower in the clenbuterol-administered

group than in the control group, respectively (Fig. 4).

However, no significant differences of expression of GR

mRNA in SOL muscle were observed between both groups

(Fig. 4). These results clearly show that the effects of

clenbuterol on expression of GR mRNA depend on muscle

fiber types.

Effects of clenbuterol on expression

of post-transcriptional regulatory factor

mRNAs in skeletal muscles

Figure 5 shows the effects of clenbuterol on expression of

HuR, AUF1, and hnRNP A1 mRNAs in EDL, PLA, and

SOL muscles. Expression of HuR mRNA in EDL and PLA

muscles was 0.79 (p \ 0.01) and 0.82 (p \ 0.05) times

lower, respectively, in the clenbuterol-administered group

than in the control group (Fig. 5). However, no significant

effect of clenbuterol on expression of HuR mRNA in SOL

muscle was observed (Fig. 5). Expression of AUF1 mRNA

in EDL and PLA muscles was 0.73 (p \ 0.001) and 0.76

(p \ 0.01) times lower, respectively, in the clenbuterol-

administered group than in the control group (Fig. 5).

However, there was no significant difference between

expression of AUF1 mRNA in SOL muscle in these groups

(Fig. 5). Expression of hnRNP A1 mRNA in EDL and PLA

muscles was 0.66 (p \ 0.01) and 0.70 (p \ 0.001) times

lower, respectively, in the clenbuterol-administered group

than in the control group (Fig. 5). However, there was no

significant difference between expression of hnRNP A1

mRNA in SOL muscle in these groups (Fig. 5). Thus,

clenbuterol significantly reduced expression of HuR,

AUF1, and hnRNP A1 mRNAs in EDL and PLA muscles

without changing those in SOL muscle, showing that the

effects of clenbuterol on expression of these post-
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transcriptional regulatory factor mRNAs are specific to

fast-twitch fiber-rich muscles such as EDL and PLA

muscles.

Discussion

The purpose of this study was to elucidate the effects of the

b2-agonist, clenbuterol (dose = 1.0 mg/kg body weight/

day for 10 days, s.c.) on mRNA expression of transcrip-

tional (CREB and GR) and post-transcriptional (HuR,

AUF1 and hnRNP A1) regulatory factors for b2-AR mRNA

levels in fast-twitch fiber-rich (EDL and PLA) and slow-

twitch fiber-rich (SOL) muscles in rats. The results are

summarized in Table 2 and suggest that muscle fiber type-

dependent effects of clenbuterol on expression of b2-AR

mRNA are closely related to the decrease of mRNA

expression of transcriptional and post-transcriptional reg-

ulatory factors for b2-AR mRNA levels.

Our previous study showed that clenbuterol increased

the weight of, RNA concentration in, and RNA content of

EDL muscle without changing those in SOL muscle [1].

This study also demonstrated that clenbuterol increased the

weight of, RNA concentration in, and RNA content of PLA

muscle (Fig. 2). These results clearly suggest that the

effects of clenbuterol on the synthesis rate of muscle pro-

tein are greater in fast-twitch fiber than in slow-twitch

fiber, and there are no differences between the effects of

clenbuterol on the weight of and RNA concentration in

fast-twitch fiber-rich muscles between extensor (EDL) and

Table 2 Summary of results

Parameters Muscles

EDL PLA SOL

Weight æa æ (1.18) NSa

RNA concentration æa æ (1.31) NSa

RNA content æa æ (1.55) NSa

b1-AR mRNA NS NS NS

b2-AR mRNA � (0.69) � (0.67) NS

b3-AR mRNA NS NS NS

CREB mRNA NS NS NS

GR mRNA � (0.70) � (0.80) NS

HuR mRNA � (0.79) � (0.82) NS

AUF1 mRNA � (0.73) � (0.76) NS

hnRNP A1 mRNA � (0.66) � (0.70) NS

Up arrow: significantly higher in the clenbuterol-administered group

than in the control group. Down arrow: significantly lower in the

clenbuterol-administered group than in the control group. NS, not

significant between both groups. Values in parentheses are values for

the clenbuterol-administered group relative to the control group
a Our previous data [1]
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expression of HuR, AUF1, and

hnRNP A1 mRNAs in EDL,
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The amount of each mRNA was
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(vs. the control group)

124 J Physiol Sci (2010) 60:119–127

123



flexor (PLA) muscles. This study also showed that clen-

buterol reduced the expression of b2-AR mRNA in EDL

and PLA muscles without changing that in SOL muscle

(Fig. 3), clearly supporting our previous suggestion that the

effects of clenbuterol on expression of b2-AR mRNA

depend on muscle fiber type [1].

It is well known that b2-AR regulates expression of

several genes including b2-AR itself through the sig-

naling pathway [14, 15, 36–38]. The transcriptional

responses of several genes including b2-AR to cAMP are

localized to the cAMP response element, which is con-

stituted by the palindromic sequence TGACGTCA in the

50-flanking region and recognized by CREB [14, 15, 39,

40]. This study clearly shows that clenbuterol did not

change the expression of CREB mRNA in skeletal

muscles (Fig. 4). Mak et al. [13] reported that the b-

agonist, isoproterenol reduced the density of b2-AR and

expression of b2-AR mRNA without any detectable

decline in the rate of transcription. These findings suggest

that the decrease of expression of b2-AR mRNA induced

by clenbuterol is not associated with the decline in the

abundance of CREB or even in the rate of transcription

in fast-twitch fiber-rich muscles. Furthermore, in this

study, statistical regression analyses showed that expres-

sion of b2-AR mRNA was not strongly correlated with

expression of CREB mRNA in EDL, PLA and SOL

muscles (data not shown).

On the other hand, glucocorticoid is associated with the

transcription of the b2-AR gene [17]. The GR–ligand

complex undergoes a conformational change resulting in

dissociation of heat shock protein 90 and unmasking of a

nuclear localization signal into the nucleus, where it binds

directly to glucocorticoid response element constituted by

the consensus sequence AGAACAnnnTGTTCT in the 50-
flanking region, and activates gene transcription including

b2-AR [17, 41, 42]. Our study clearly shows that clenbu-

terol reduced expression of GR mRNA in EDL and PLA

muscles (Fig. 4). Recently, we also showed that synthe-

sized glucocorticoid, dexamethasone-induced down-regu-

lation of expression of b2-AR mRNA in SOL muscle may

be related to the relatively much larger reduction in

expression of GR mRNA in SOL muscle than in EDL

muscle [32]. Furthermore, in the current study, the statis-

tical regression analyses showed that the positive correla-

tion between expression of b2-AR mRNA and expression

of GR mRNA in fast-twitch fiber-rich, EDL (r = 0.59) and

PLA (r = 0.67) muscles was stronger than that in slow-

twitch fiber-rich, SOL muscle (r = 0.41) (data not shown).

These findings suggest that the decrease of expression of

b2-AR mRNA induced by clenbuterol is closely associated

with the decline in expression of GR mRNA in fast-twitch

fiber-rich muscles. These findings also indicate that the GR

has an adaptable role in regulation of expression of b2-AR

mRNA in various situations caused by exposure to internal

and external stimuli.

Hadcock et al. [18] showed that one mechanism for

down-regulation of b2-AR mRNA is destabilization of b2-

AR mRNA rather than decline in the rate of transcription.

The regulation of stability and turnover of b2-AR mRNA

has been associated with the interaction with mRNA

binding proteins, including HuR, AUF1, and hnRNP A1

that often bind to AREs commonly located within their 30-
UTR [19–22]. HuR is ubiquitously expressed and a mem-

ber of the embryonic lethal abnormal vision family of

RNA-binding proteins [43, 44]. Overexpression of HuR

leads to stabilization [24, 25], and inverse reduction of

levels of HuR induces the decline in half-life [27, 28] of

mRNAs carrying AREs in their 30-UTR. These findings

suggest that HuR stabilizes mRNAs containing AREs

within their 30-UTR, including b2-AR mRNA. Our current

study showed that clenbuterol reduced expression of HuR

mRNA in EDL and PLA muscles (Fig. 5), strongly

suggesting that clenbuterol-induced down-regulation of

expression of HuR mRNA reduces the stability of b2-AR

mRNA, and consequently, reduces expression of b2-AR

mRNA in fast-twitch fiber-rich muscles.

On the other hand, overexpression of AUF1 leads to

degradation of mRNAs carrying AREs within their 30-
UTR, suggesting that AUF1 is involved mostly in degra-

dation of b2-AR mRNA and competes against the role of

HuR [26]. Our current study, however, showed that clen-

buterol reduced expression of AUF1 mRNA in EDL and

PLA muscles (Fig. 5), suggesting that clenbuterol-reduced

expression of AUF1 mRNA heightens the stability of b2-

AR mRNA in fast-twitch fiber-rich muscles. Although the

cause of these disagreements is uncertain, it is possible that

the decrease in expression of AUF1 mRNA may be asso-

ciated with the response to maintain the balance of the

stability of several intravital mRNAs containing AREs

other than b2-AR mRNA, because the action of AUF1

competes against that of HuR in respect of the stability of

mRNAs containing AREs.

According to results of Dreyfuss et al. [45], hnRNP A1

is associated with the pre-mRNA, small nuclear ribonu-

cleoprotein complex where they facilitate the processing of

nascent transcripts into mRNA, for example by modulating

mRNA splicing. However, more recent evidence that

hnRNP A1 can shuttle from the nucleus to the cytoplasm

has led to the speculation that hnRNP A1 has an additional

role in affecting the stability of mRNAs containing AREs

within their 30-UTR such as b2-AR mRNA [23]. Our cur-

rent study showed that clenbuterol reduced the expression

of hnRNP A1 mRNA in EDL and PLA muscles (Fig. 5),

suggesting that clenbuterol-induced down-regulation of the

expression of hnRNP A1 mRNA reduces the rate of

modulation of b2-AR mRNA splicing and perhaps the
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stability of b2-AR mRNA and, consequently, expression of

b2-AR mRNA in fast-twitch fiber-rich muscles. Further-

more, in this study, the positive correlation between

expression of b2-AR mRNA and expression of HuR

(r = 0.79 and r = 0.58, respectively), AUF1 (r = 0.74

and r = 0.78, respectively), and hnRNP A1 (r = 0.63 and

r = 0.74, respectively) mRNAs in EDL and PLA muscles

was stronger than those (HuR: r = 0.58, AUF1: r = 0.34

and hnRNP A1: r = 0.48, respectively) in SOL muscle

(data not shown).

In conclusion, this study showed that clenbuterol

reduced mRNA expression of transcriptional and post-

transcriptional regulatory factors for b2-AR mRNA levels

in fast-twitch fiber-rich muscles, suggesting that these

phenomena are related to expression pattern of b2-AR

mRNA in skeletal muscles. These clenbuterol-induced

responses of expression of b2-AR mRNA in skeletal

muscles may play an important role in the regulation of b2-

AR-mediated hypertrophy.
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