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Abstract Glucocorticoids are known to increase the

density and mRNA levels of b-adrenoceptors (b-AR) via

the glucocorticoid receptor (GR) in many tissues. However,

the effects of these changes in the skeletal and cardiac

muscles remain relatively unknown. We have investigated

the effects of dexamethasone on the expression of the

b1-, b2-, and b3-AR mRNAs and GR mRNA in fast-twitch

fiber-rich extensor digitorum longus (EDL), slow-twitch

fiber-rich soleus (SOL), and left ventricle (LV) muscles by

real-time quantitative RT-PCR. Male rats were divided into

a dexamethasone group and control group. The weight,

RNA concentration, and total RNA content of EDL muscle

were 0.76-, 0.85-, and 0.65-fold lower, respectively, in the

dexamethasone group than in the control group. The weight,

RNA concentration, and total RNA content of SOL muscle

were 0.92-, 0.87-, and 0.81-fold lower, respectively, in the

dexamethasone group than in the control group; these

differences were significant. However, the weight/body

weight and total RNA content/body weight of LV muscle

were 1.38- and 1.39-fold higher, respectively, in the dexa-

methasone group than in the control group, respectively;

these differences were also significant. Dexamethasone

significantly decreased GR mRNA expression in EDL

muscle without changing the expression of the b1-, b2-, and

b3-AR mRNAs. However, dexamethasone significantly

decreased the expressions of b2-AR and GR mRNAs in

SOL muscle and significantly increased b1-AR mRNA

expression in LV muscle—without changing GR mRNA

expression. These results suggest that the effects of dexa-

methasone on the expression of b1- and b2-AR mRNAs and

muscle mass depend on the muscle contractile and/or con-

structive types.
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Introduction

Many substances (i.e., b2-agonists, androgenic anabolic

steroids, growth hormones, erythropoietins, fibroblast

growth factors 1, 2, 4, 6, and 9, mechano-growth factors, and

insulin-like growth factor-1) have been used as doping drugs

for the improvement of athletic performance, with effects

such as increasing muscle strength, muscle power, and

endurance capacity [1–3]. b2-Agonists (i.e., clenbuterol,

salbutamol, metaproterenol, fenoterol, and clorpreneline)

and anabolic androgenic steroids (i.e., 19-norandrogen,

19-norandrostendion, stanozolol, methandienone, and nan-

drolone), for example are known to heighten muscle strength
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and muscle power [4–9] and have, therefore, been used as a

non-steroidal anabolic doping drug by athletes to increase

skeletal muscle mass and decrease body fat. In particular,

according to the recent World Anti-Doping Agency

(WADA) documents, the b2-agonist, clenbuterol [4-amino-a
(t-butyl-amino) methyl-3, 5-dichlorobenzyl alcohol] was the

fifth most common contravention (53 cases) of anabolic

drugs in 2006 [10].

It is generally accepted that the b2-agonist clenbuterol

induces muscle hypertrophy by stimulating protein syn-

thesis and inhibiting protein degradation [11]. b2-Agonists

are also known to induce skeletal muscle hypertrophy via

the b2-adrenoceptor (b2-AR), and the b2-AR mediates the

effects of catecholamine in many physiological responses

[11]. However, the precise mechanism of the increased

actions of clenbuterol-induced muscle power and muscle

mass in skeletal muscles is still unknown.

We recently reported that the effects of clenbuterol

[dose = 1.0 mg/kg body weight per day for 10 days, sub-

cutaneously (s.c.)] on the expression of b1- and b2-AR

mRNAs in fast-twitch fiber-rich extensor digitorum longus

(EDL), slow-twitch fiber-rich soleus (SOL) and left ven-

tricle (LV) muscles [12]. In rats, skeletal muscles are

composed of typical fast-twitch fiber-rich muscles, such as

the EDL muscle and typical slow-twitch fiber-rich muscles,

such as the SOL muscle [7, 13, 14]. Each skeletal muscle is

different in terms of the relative composition of these

muscle fibers, and the muscle fibers themselves are dif-

ferent in terms of their velocity of contraction, metabolic

properties, and b-AR distributions [4, 7, 13–15]. The

administration of clenbuterol was found to significantly

increase the weight, RNA concentration, and total RNA

content of EDL muscle [12], but this drug had no effect on

these parameters in SOL and LV muscles [12]. In the same

study, the administration of clenbuterol was found to sig-

nificantly decrease the expression of b1-AR mRNA in LV

muscle [12], significantly decrease the expression of b2-AR

mRNA in EDL and LV muscles [12], and to have no effect

on b2-AR mRNA expression in SOL muscle [12]. On the

contrary, Jensen et al. [16, 17] reported that of the total

b-ARs in skeletal muscles, about 80–95% were of the

b2-AR subtype, with the slow-twitch fiber-rich SOL muscle

containing relatively more b2-AR than the fast-twitch fiber-

rich EDL muscle. These results suggest that the effects of

clenbuterol on the expression of b1- and b2-AR mRNAs

and muscle hypertrophy depend on the types of muscle

fiber and not on the number of b-ARs [12].

Alternatively, glucocorticoids are known to decrease the

rate of protein synthesis and increase the rate of protein

degradation, leading to muscle atrophy [18–20]. Gluco-

corticoids increase the expression and activity of the

ubiquitin–proteasome pathway that play an important role

in the major proteolytic mechanism of muscle atrophy [21].

In particular, the ubiquitin–proteasome system of muscle

proteolysis is considered to play a major role in the cata-

bolic action of glucocorticoids [22]. It is well known that

EDL muscle shows more glucocorticoid-induced muscle

atrophy than SOL muscle [23].

Cornett et al. [24] reported that glucocorticoids

increased b2-AR mRNA by acting as a glucocorticoid

response element (GRE) on b2-AR gene via the gluco-

corticoid receptor (GR). Huang et al. [25, 26] also showed

that the administration of dexamethasone for 5 or 10 days

to rats increased b2-AR density in lung tissue. However,

the effects of dexamethasone on the regulation of b2-AR

and GR expression levels in the skeletal and cardiac

muscles have not been elucidated. Here, we report on our

investigation of the effects of dexamethasone on the

expression of b1-, b2-, and b3-AR and GR mRNA levels in

EDL, SOL, and LV muscles in rats.

Materials and methods

Experimental procedures and animal care

The protocol of our study is shown in Fig. 1. During

the experimental period, synthesized glucocorticoid

-5 0 5 10

Prefeeding Dexamethasone administration

Isolations and 
weighing of muscles

Grouping

Analyses
(dose=1.0 mg/kg body weight/day, s.c.)

(days)

Fig. 1 Experimental protocol. After a 5-day adaptation period, the

rats were divided into the dexamethasone group (n = 16) and the

control group (n = 15). Dexamethasone (dose = 1.0 mg/kg body

weight per day) was administered from the cervical portion of the

back via a subcutaneous (s.c.) injection (0900–0930 hours) for 10

consecutive days. In control group rats, an equivalent volume of 0.9%

NaCl solution was administered in the same manner. Muscles were

isolated and weighed on the day after the final day of the

administration of dexamethasone
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dexamethasone was administered to rats for 10 days

(dose = 1.0 mg/kg body weight per day). The EDL, SOL,

and LV muscles were isolated and weighed on the day after

the final day of the administration of dexamethasone to

clarify the effects of dexamethasone on the expression of

b1-, b2-, b3-AR and GR mRNAs in EDL, SOL and LV

muscles [12].

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

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

new environment [12, 27–29]. The rats were maintained at

a controlled temperature (23–25�C) and relative humidity

(50–60%), with fixed light–dark cycles [0900–2100 hours

(light) and 2100–0900 hours (dark)] [12, 27, 28]. Animal

foods (CE-2 cubic type, CLEA Japan) were given to each

rat under pair feeding, and distilled water was given

ad libitum [12, 27, 28]. All rats were weighed daily during

the experimental periods. After the adaptation period, the

rats were randomly divided into two groups: a dexameth-

asone group [n = 16, initial body weight 276 ± 3 g,

mean ± standard error of the mean (SEM)] group and a

control group (n = 15, initial body weight 277 ± 3 g,

mean ± SEM).

All experimental and animal care procedures were

approved by the Committee on Animal Care Use at Wa-

seda 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

[12, 27–30] and the American Physiological Society Ani-

mal Care Guidelines. We performed procedures with the

least possible pain or discomfort to the rats [12, 27–29].

Administration of dexamethasone to rats

Dexamethasone 21-phosphate (Sigma, St. Louis, MO) was

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

dexamethasone concentration of 0.1%. In the dexametha-

sone group, dexamethasone (dose 1.0 mg/kg body weight

per day) was administered to the cervical portion of the

back via a subcutaneous (s.c.) injection (0900–0930 hours)

for 10 days [12]. In the control group, an equivalent vol-

ume of 0.9% NaCl solution was administered in the same

manner [12, 27–29].

Sample storage

Isolated and weighed skeletal muscle was cut the both ends

and rapidly frozen in liquid nitrogen to stabilize RNA. In

addition, residual blood in the isolated heart muscle was

removed by washing with an autoclaved 0.9% NaCl solu-

tion, and then the heart muscles were separated into LV

and the other sections [12]. The LV was then weighed and

rapidly frozen in liquid nitrogen to stabilize the RNA, and

the samples were stored at -80�C until they could be used

for RNA extraction.

Analyses of mRNA expression by real-time

quantitative reverse transcription-PCR

Real-time quantitative reverse transcription (RT)-PCR was

used to quantify the expression levels of b1-, b2-, b3-AR

and GR mRNAs. Total RNA in muscles was extracted

from stored muscle samples using a TRIzol reagent

(Invitrogen, Carlsbad, CA) according to the manufacturer’s

protocol. The total RNA concentration was determined by

measuring absorbance at 260 and 280 nm (U-3310 Spec-

trophotometer; Hitachi, Tokyo) according to our routine

method [31].

The extracted total RNA was subjected to single-stran-

ded cDNA synthesis using a high-capacity cDNA reverse

transcription kit (Applied Biosystems, Foster City, CA)

according to the manufacturer’s protocol. In real-time

quantitative RT-PCR, synthesized cDNA is added to a

power SYBR green PCR master mix (Applied Biosystems)

containing 50 lM PCR primers (forward and reverse)

[12, 31].

The primer oligonucleotide sequences used for real-time

quantitative RT-PCR were:

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

(forward) and 50-AAC ACC CGG AGG TAC ACG AA-

30 (reverse);

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

(forward) and 50-CCA GGA CGA TAA CCG ACA

TGA-30 (reverse);

b3-AR: 50-GAG GCA ACC TGC TGG TAA TCA C-30

(forward) and 50-ACG AGG AGT CCC ACT ACC AAG

TC-30 (reverse);

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

(forward) and 50-AGC AGG GTC ATT TGG TCA

TC-30 (reverse).

TATA-box binding protein (Tbp) was used as the

reference gene [32–34]. Amplification was performed

using an ABI PRISM 7000 Sequence Detection System

(Applied Biosystems). b1-, b2-, and b3-AR and GR mRNA

levels were normalized using the threshold cycle (Ct)

method in accordance with the manufacturer’s protocol and

were expressed as relative ratios to Tbp mRNA levels

[12, 31].

Statistical analyses

Experimental data are presented as the mean ± SEM.

The differences between two groups were tested by a

Student’s t test and considered to be significant when P was

\0.05.
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Results

The body weight, body weight gain, total food intake,

and total water intake during the experimental period

Although there were no significant differences in the total

food intake and total water intake between both groups, the

body weight in the dexamethasone group was 0.76-fold

(P \ 0.001) lower than that in the control group (Table 1).

The body weight gains were estimated as 16 ± 3 g in the

control group and -52 ± 3 g in the dexamethasone group

(Table 1).

The weights, RNA concentrations, total RNA contents,

and total RNA content/body weight of skeletal and left

ventricle muscles

As shown in Table 2, the weight of the EDL muscle in the

dexamethasone group was 0.76-fold (P \ 0.001) lower

than that in the control group. RNA concentration, total

RNA content, and total RNA content/body weight of EDL

muscle were 0.85- (P \ 0.01), 0.65- (P \ 0.001), and 0.84-

fold (P \ 0.05) lower in the dexamethasone group than in

the control group, respectively. The weight, RNA con-

centration, and total RNA content of the SOL muscle were

0.92- (P \ 0.05), 0.87- (P \ 0.01), and 0.81-fold

(P \ 0.001) lower in the dexamethasone group than in the

control group, respectively. The weight/body weight of

SOL muscle was 1.21-fold (P \ 0.001) higher in the

dexamethasone group than in the control group. No sig-

nificant differences in terms of the weight, RNA concen-

tration, and total RNA content of LV muscle were observed

between both groups. However, the weight/body weight

and total RNA content/body weight of LV muscle were

Table 1 Effects of dexamethasone on the body weight, body weight

gain, total food intake and total water intake in rats

Group

Parameters Control (n = 15) Dexamethasone (n = 16)

Body weight (g) 288 ± 3 220 ± 5***

Body weight gain (g) 16 ± 3 -52 ± 3***

Total food intake (g) 199 ± 0.1 189 ± 5.3

Total water intake (g) 464 ± 24 475 ± 26

Values are given as the mean ± standard error of the mean (SEM)

*** P \ 0.001 (vs. control group)

Table 2 Effects of dexamethasone on the body weight and the weight, RNA concentration, total RNA content, and total RNA content/body

weight in EDL, SOL, and LV muscles

Group

Parameters Control (n = 15) Dexamethasone (n = 16) Dexamethasone/controla

EDL

Weight (mg) 152 ± 4 115 ± 2*** 0.76

Weight (mg)/body weight (g) 0.53 ± 0.01 0.52 ± 0.01 0.99

RNA concentration (lg/g tissue) 713 ± 26 604 ± 19** 0.85

Total RNA content (lg) 105 ± 3 68 ± 4*** 0.65

Total RNA content (lg)/body weight (g) 0.37 ± 0.01 0.31 ± 0.02* 0.84

SOL

Weight (mg) 114 ± 3 105 ± 2* 0.92

Weight (mg)/body weight (g) 0.40 ± 0.01 0.48 ± 0.01*** 1.21

RNA concentration (lg/g tissue) 1225 ± 37 1061 ± 37** 0.87

Total RNA content (lg) 138 ± 4 112 ± 6*** 0.81

Total RNA content (lg)/body weight (g) 0.48 ± 0.02 0.51 ± 0.02 1.06

LV

Weight (mg) 467 ± 30 485 ± 20 1.04

Weight (mg)/body weight (g) 1.63 ± 0.11 2.25 ± 0.13*** 1.38

RNA concentration (lg/g tissue) 830 ± 38 845 ± 27 1.02

Total RNA content (lg) 395 ± 38 414 ± 26 1.05

Total RNA content (lg)/body weight (g) 1.38 ± 0.1 1.92 ± 0.2* 1.39

Values are given as the mean ± SEM

EDL Extensor digitorum longus, SOL soleus muscle, LV left ventricle muscle

* P \ 0.05, **P \ 0.01, ***P \ 0.001 (vs. control group)
a Dexamethasone/control, The relative ratio of the dexamethasone group to the control group
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1.38- (P \ 0.001) and 1.39-fold (P \ 0.05) higher in the

dexamethasone group than in the control group,

respectively.

Expression of b1-AR mRNA in muscles

Figure 2 shows the effects of dexamethasone on b1-AR

mRNA expression in EDL, SOL and LV muscles. There

were no significant differences in the expression of b1-AR

mRNA in EDL (Fig. 2a) and SOL (Fig. 2b) muscles

between both groups. However, b1-AR mRNA expression

in LV muscle was 1.31-fold (P \ 0.05) higher in the

dexamethasone group than in the control group (Fig. 2c).

Expression of b2-AR mRNA in muscles

As shown in Fig. 3, the expression of b2-AR mRNA in

SOL was 0.53-fold (P \ 0.001) lower in the dexametha-

sone group than in the control group (Fig. 3b). However,

there were no significant differences in terms of b2-AR

mRNA expression in the EDL (Fig. 3a) and LV (Fig. 3c)

muscles between both groups.

Expression of b3-AR mRNA in muscles

As shown in Fig. 4, there were no significant differences in

b3-AR mRNA expression in the EDL (Fig. 4a), SOL

(Fig. 4b), and LV (Fig. 4c) muscles between both groups.

Expression of GR mRNA in muscles

Figure 5 shows the effects of dexamethasone on GR

mRNA expression in EDL, SOL, and LV muscles. The GR

mRNA expression in the EDL (Fig. 5a) and SOL (Fig. 5b)

muscles was 0.61- (P \ 0.001) and 0.13-fold (P \ 0.001)

lower in the dexamethasone group than in the control

group, respectively. However, there were no significant

differences in terms of GR mRNA expression in the LV

muscle between both groups (Fig. 5c).

Discussion

Table 3 presents a summary of the results. A number of

observations were noted. (1) Body weight was significantly

lower in the dexamethasone group than in control group

(Table 1); the weight, RNA concentration, total RNA

content, and total RNA content/body weight of EDL

muscle were significantly lower in the dexamethasone

group than in the control group (Table 2); the weight, RNA

concentration, and total RNA content of SOL muscle were

significantly lower in the dexamethasone group than in the

control group (Table 2); the weight/body weight and total

RNA content/body weight of LV muscle were significantly

higher in the dexamethasone group than in the control

group (Table 2). (2) The administration of dexamethasone
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Fig. 2 Effects of dexamethasone on the expression of b1-adrenocep-

tor (b1-AR) mRNA in extensor digitorum longus (EDL, a), soleus

muscle (SOL, b), and left ventricle (LV, c) muscle. The values are

given as the mean ± SEM. Open bar control group (n = 15), closed
bar dexamethasone group (n = 16). **P \ 0.01 (vs. control group)
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Fig. 3 Effects of dexamethasone on the expression of b2-AR mRNA

in EDL (a), SOL (b), and LV (c) muscles. Values are given as the

mean ± SEM. Open bar control group (n = 15), closed bar dexa-

methasone group (n = 16). ***P \ 0.001 (vs. control group)
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Fig. 4 Effects of dexamethasone on the expression of b3-AR mRNA

in EDL (a), SOL (b), and LV (c) muscles. The values are given as the

mean ± SEM. Open bar control group (n = 15), closed bar dexa-

methasone group (n = 16)
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Fig. 5 Effects of dexamethasone on the expression of glucocorticoid

receptor (GR) mRNA in EDL (a), SOL (b), and LV (c) muscles. The

values are given as the mean ± SEM. Open bar control group

(n = 15), closed bar dexamethasone group (n = 16). ***P \ 0.001

(vs. control group)
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significantly increased b1-AR mRNA expression in the LV

muscle. However, there were no significant changes in the

expression of b1-AR mRNA in EDL and SOL muscles

between both groups (Fig. 2). (3) The administration of

dexamethasone significantly decreased the expression of

b2-AR mRNA in SOL muscle. However, there were no

significant changes in the expression of b2-AR mRNA in

EDL and LV muscles between both groups (Fig. 3). (4)

The administration of dexamethasone had no effects on

b3-AR mRNA expression in EDL, SOL, and LV muscles

(Fig. 4). (5) The administration of dexamethasone signifi-

cantly decreased GR mRNA expression in EDL and SOL

muscles; however, there was no significant change in GR

mRNA expression in LV muscle between both groups

(Fig. 5). These results suggest that the effects of dexa-

methasone on the expression of b1- and b2-AR mRNAs and

muscle mass depend on muscle contractile and/or con-

structive types.

Skeletal muscle weights

In agreement with our previous findings [35], our results

clearly confirm that in our study model dexamethasone

decreased body weight and body weight gain (Table 1).

We also found that dexamethasone significantly decreased

the weight of the EDL and SOL muscles (Table 2). How-

ever, we also demonstrated that dexamethasone increased

the relative weight/body weight of the SOL muscle without

changing the relative weight of the EDL muscle (Table 2).

Takes together, these findings indicate that the degree of

muscle atrophy is relatively smaller in the SOL muscle

than in the EDL muscle. Livingstone et al. [23] also

reported that dexamethasone-induced muscle atrophy was

relatively higher in EDL muscle than in SOL muscle.

Dekhuijzen et al. [36] and Fournier et al. [37] also reported

that glucocorticoid have been shown to cause the atrophy

of fast-twitch or type II muscle fibers (particularly IIx and

IIb) with less or no impact observed in type I fibers. Our

results show that dexamethasone-induced actions on total

RNA content and total RNA content/body weight are rel-

atively larger in the fast-twitch fiber-rich EDL muscle than

in slow-twitch fiber-rich SOL muscle (Table 2). Therefore,

these results and those of previous studies suggest that

dexamethasone decreases the synthesis rate of muscle

protein and/or increases the degradation rate of muscle

protein more specifically in fast-twitch type II fiber-rich

muscle, such as EDL muscle, than in slow-twitch type I

fiber-rich muscle, such as SOL muscle. The precise

mechanism of such fiber type specificities, however, is not

yet known.

Expression of b1-, b2-, and b3-AR and GR mRNAs

in skeletal muscles

In the study reported here, we have clearly demonstrated

that dexamethasone significantly decreased the expression

of b2-AR mRNA in SOL muscle (Fig. 3b). However, no

significant effect of dexamethasone on the expression of

b2-AR mRNA in the EDL muscle was observed (Fig. 3a).

We also showed that dexamethasone significantly

decreased the expression of GR mRNA in the EDL

(Fig. 5a) and SOL (Fig. 5b) muscles. These results together

suggest that the different responses of dexamethasone on

b2-AR mRNA expression between fast-twitch fiber-rich

EDL muscle and slow-twitch fiber-rich SOL muscle are

associated with the number and distribution of b2-AR

molecules and/or the degree of reduction in GR mRNA

expression in both skeletal muscles.

Jensen et al. [16, 17] reported that about 80–95% of total

b-ARs in skeletal muscles were of the b2-AR subtype and

that the density of b2-AR was about twofold higher in the

slow-twitch fiber-rich SOL muscle than in the fast-twitch

Table 3 Summary of effects of dexamethasone on the weight, weight/body weight, RNA concentration, total RNA content, total RNA content/

body weight, and expressions of b1-, b2-, and b3-AR and GR mRNA of EDL, SOL and LV muscles

Muscles Weight Weight/

body weight

RNA

concentration

Total RNA

content

Total RNA

content/

body weight

b1-AR mRNA

expression

b2-AR mRNA

expression

b3-AR mRNA

expression

GR mRNA

expression

EDL ;

(0.76)

n.s. ;

(0.85)

;

(0.65)

;

(0.84)

n.s. n.s. n.s. ;

(0.61)

SOL ;

(0.92)

:

(1.21)

;

(0.87)

;

(0.81)

n.s. n.s. ;

(0.53)

n.s. ;

(0.13)

LV n.s. :

(1.38)

n.s. n.s. :

(1.39)

:

(1.31)

n.s. n.s. n.s.

n.s. Not significant between both groups, AR adrenoceptor, GR glucocorticoid receptor

Value in parenthesis is the relative ratio of the dexamethasone group to the control group; upwards-pointing arrow, value is significantly higher in

the dexamethasone group than in the control group; downwards-pointing arrow, value is significantly lower in the dexamethasone group than in

the control group
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fiber-rich EDL muscle. These distributions of the b-AR

subtypes may explain the absence of significant effects

between the expression levels of b1- and b3-AR mRNAs in

the EDL and SOL muscles between both groups. They may

also indicate the density-dependent decrease of b2-AR

mRNA expression in SOL muscle. However, it has been

reported that the b2-agonist clenbuterol decreased b2-AR

mRNA expression in EDL muscle in a b2-AR density-

independent manner [12]. Therefore, the effects of dexa-

methasone and clenbuterol on the b2-AR mRNA expression

of fast- and slow-twitch muscles are still uncertain in terms of

b2-AR density dependence/independence.

However, Cornett et al. [24] reported that glucocorti-

coids increased b2-AR mRNA by acting as a GRE on the

b2-AR gene via the GR. However, Cleasby et al. [38]

reported that dexamethasone decreased GR mRNA

expression in the SOL muscle without changing the

expression of GR mRNA in EDL muscle. In fact, although

dexamethasone significantly decreased the expression of

GR mRNA expression in the EDL (Fig. 5a) and SOL

(Fig. 5b) muscles, the degree of decline of GR mRNA

expression was much greater in SOL muscle than in EDL

muscle. These results suggest that the reduction of b2-AR

mRNA expression in the SOL muscle is related to the

relatively larger reduction in GR mRNA in the SOL

muscle.

Expression of b1-, b2-, and b3-AR and GR mRNAs

in LV muscle

Our results clearly show that dexamethasone significantly

increased the expression of b1-AR mRNA in LV muscle,

without changing the expression of b2-AR, b3-AR, and GR

mRNAs (Figs. 2c, 3c, 4c, 5c) and also increased the body

weight and total RNA content/body weight of LV muscle

(Table 2).

Although b1-, b2-, and b3-AR are expressed in cardio-

myocytes, b1-AR is known to be the predominant receptor

and have positive inotropic effects [39]. These findings

suggest that the hypertrophy of cardiac muscle and the

increase of contraction strength cause the upregulation of

b1-AR mRNA expression in LV muscle. Tseng et al. [40]

reported that a complex glucocorticoid regulatory unit has

been discovered in the promoter region of the b1-AR gene.

Although it is unclear how much this unit contributes to the

promotion of b1-AR transcriptional regulation, the expres-

sion of b1-AR mRNA in LV muscle may be upregulated via

a stimulation of the unit by dexamethasone.

We also found that there was no significant difference

in the expression of b2-AR (Fig. 3c) and GR mRNAs

(Fig. 5c) in LV muscle between the dexamethasone and

control groups. However, Dangel et al. [41] reported that

dexamethasone increased b2-AR mRNA level via GRE,

although the b1-AR mRNA level was not changed during

treatment of dexamethasone for 24 h in cardiocyte-

derived cell line H9c2. Mysliveček et al. [42] also

reported that the administration of the glucocorticoid

hydrocortisone (50–100 mg/kg body weight per day for

9 days) to adult male Wister rats significantly increased

the density of b1-AR in atria without changing that in

ventricles and also significantly increased the density of

b2-AR in both the atria and ventricles. Furthermore,

Kalinyak et al. [43] reported that dexamethasone

decreased GR mRNA expression in cardiac muscle. The

different effects of glucocorticoids on b2-AR and GR

mRNA expressions in LV muscle between our study and

previous ones are paradoxical.

Both the results of the study reported here and those of

an earlier study by our group [12] reveal that the effects of

dexamethasone and clenbuterol on the expression of b1-AR

mRNA in LV muscle are upregulatory (Fig. 2c) and

downregulatory, respectively. However, the precise

mechanisms of these different responses in b1-AR mRNA

expression in LV muscle are still unknown. More elabo-

rated studies are necessary to clarify the mechanism of the

different responses of dexamethasone and clenbuterol on

b1-AR mRNA expression in LV muscle.

Acknowledgments This study was partly supported by a Grant-in-

Aid for the Academic Frontier Project (Waseda University, 2005–

2009) of the Ministry of Education, Culture, Sports, Science and

Technology, Japan (K. I.) and a Grant of the Establishment (2004–

2008) of Consolidated Research Institute for Advanced Science and

Medical Care, Waseda University (K. I.).

References

1. Clarkson PM, Thompson HS (1997) Drugs and sport: research

findings and limitations. Sports Med 24:366–384

2. World Anti-Doping Agency (2007) The world anti-doping code:

the 2007 prohibited list international standard. Available at:

http://www.wadaama.org/rtecontent/document/2007_List_En.pdf.

1–13

3. Dekhuijzen PN, Machiels HA, Heunks LM, van der Heijden HF,

van Balkom RH (1999) Athletes and doping: effects of drugs on

the respiratory system. Thorax 54:1041–1046

4. Yang YT, Mcelligott MA (1989) Multiple actions of b-adrener-

gic agonists on skeletal muscle and adipose tissue. Biochem J

261:1–10

5. Emery PW, Rothwell NJ, Stock MJ, Winter PD (1984) Chronic

effects of b2-adrenergic agonists on body composition and pro-

tein synthesis in the rat. Biosci Rep 4:83–91

6. Imaizumi K, Tachiyashiki K (2002) Effects of hypophysectomy

on b2-agonist, clenbuterol-induced changes of skeletal muscle

mass in rats. Jpn J Physiol 52:S215

7. Ryall JG, Plant DR, Gregorevic P, Silleuce MN, Lynch GS

(2003) b2-Agonist administration reverses muscle wasting and

improves muscle function in aged rats. J Physiol 555:175–188

8. Reed PJ, Hay SM, Dorwood PM, Palmer RM (1986) Stimulation

of muscle growth by clenbuterol: lack of effect on muscle protein

biosynthesis. Br J Nutr 56:249–258

J Physiol Sci (2009) 59:383–390 389

123

http://www.wadaama.org/rtecontent/document/2007_List_En.pdf


9. Salem M, Levesque H, Moon TW, Rexroad CE, Yao J (2006)

Anabolic effects of feeding b2-adrenergic agonists on rainbow

trout muscle proteases and proteins. Comp Biochem Physiol

A144:145–154

10. World Anti-Doping Agency (2006) Adverse analytical findings

reported by accredited laboratories: overview of results.

http://www.wadaama.org/rtecontent/document/

LABSTATS_2006.pdf, pp 1–13

11. Cohen ML, Wiley KS, Bemis KG (1982) Analysis of the b1 and

b2 adrenoceptor interactions of the partial agonist, clenbuterol

(NAB365), in the rat jugular vein and atria. Naunyn Schmiede-

bergs Arch Pharmacol 320:145–151

12. Sato S, Nomura S, Kawano F, Tanihata J, Tachiyashiki K,

Imaizumi K (2008) Effects of the b2-agonist clenbuterol on

b1- and b2-adrenoceptor mRNA expressions of rat skeletal and

left ventricle muscles. J Pharmacol Sci 107:393–400

13. Nieto JL, Diaz-Laviada I, Malpartida JM, Galve-Roperh I, Haro

A (1997) Adaptations of the b-adrenoceptor-adenylyl cyclase

system in rat skeletal muscle to endurance physical training.

Pflugers Arch Eur J Physiol 434:809–814

14. Kitaura T, Tsunekawa N, Hatta H (2001) Decreased monocarb-

oxylate transporter 1 in rat soleus and EDL muscles exposed to

clenbuterol. J Appl Physiol 91:85–90

15. Hunt DG, Ding Z, Ivy JL (2002) Clenbuterol prevents epineph-

rine from antagonizing insulin-stimulated muscle glucose uptake.

J Appl Physiol 92:1285–1292

16. Jensen J, Brørs O, Dahl HA (1995) Different b-adrenergic

receptor density in different rat skeletal muscle fibre types.

Pharmacol Toxicol 76:380–385

17. Jensen J, Brennesvik EO, Bergersen H, Oseland H, Jebens E,

Brørs O (2002) Quantitative determination of cell surface

b-adrenoceptors in different rat skeletal muscles. Pflugers Arch

Eur J Physiol 444:213–219

18. Tomas FM, Munro HN, Young VR (1979) Effect of glucocorti-

coid administration on the rate of muscle protein breakdown in

vivo in rats, as measured by urinary excretion of NT-methylhis-

tidine. Biochem J 178:139–146

19. Goldberg AL, Tischler M, DeMartino G, Griffin G (1980) Hor-

monal regulation of protein degradation and synthesis in skeletal

muscle. Fed Proc 39:31–36

20. Lofberg E, Gutierrez A, Wernerman J, Anderstam B, Mitch WE,

Price SR, Bergstrom J, Alvestrand A (2002) Effects of high doses

of glucocorticoids on free amino acids, ribosomes and protein

turnover in human muscle. Eur J Clin Invest 32:345–353

21. Hasselgren PO (1999) Glucocorticoids and muscle catabolism.

Cur Opin Clin Nutr Metab Care 2:201–205

22. Bodine SC, Latres E, Baumhueter S, Lai VK, Nunez L, Clarke

BA, Poueymirou WT, Panaro FJ, Na E, Dharmarajan K, Pan ZQ,

Valenzuela DM, DeChiara TM, Stitt TN, Yancopoulos GD, Glass

DJ (2001) Identification of ubiquitin ligases required for skeletal

muscle atrophy. Science 294:1704–1708

23. Livingstone I, Johnson MA, Mastaglia FL (1981) Effects of

dexamethasone on fibre subtypes in rat muscle. Neuropathol Appl

Neurobiol 7:381–398

24. Cornett LE, Hiller FC, Jacobi SE, Cao W, McGraw DW (1998)

Identification of a glucocorticoid response element in the rat

b2-adrenergic receptor gene. Mol Pharmacol 54:1016–1023

25. Huang H, Gazzola C, Pegg GG, Sillence MN (2000) Differential

effects of dexamethasone and clenbuterol on rat growth and on

b2-adrenoceptors in lung and skeletal muscle. J Anim Sci 78:604–

608

26. Huang H, Gazzola C, Pegg GG, Sillence MN (1998) Effects of

corticosterone on b-adrenoceptor density in rat skeletal muscle.

J Anim Sci 76:999–1003

27. Shirato K, Tanihata J, Motohashi N, Tachiyashiki K, Tomoda A,

Imaizumi K (2007) b2-Agonist clenbuterol induced changes in

the distribution of white blood cells in rats. J Pharmacol Sci

104:146–152

28. Shirato K, Motohashi N, Tanihata J, Tachiyashiki K, Tomoda A,

Imaizumi K (2006) Effects of two types of inactivity on the

number of white blood cells in rats. Eur J Appl Physiol 98:590–

600

29. Someya Y, Tanihata J, Sato S, Kawano F, Shirato K, Sugiyama

M, Kawashima Y, Nomura S, Tachiyashiki K, Imaizumi K

(2009) Zinc-deficiency induced changes in the distribution of rat

white blood cells. J Nutr Sci Vitaminol 55:162–169

30. The Physiological Society of Japan (2004) Guiding principles for

the care and use of animals in the field of physiological sciences.

J Physiol Soc Jpn 54:98

31. Nomura S, Ichinose T, Jinde M, Kawashima Y, Tachiyashiki K,

Imaizumi K (2008) Tea catechins enhance the mRNA expression

of uncoupling protein 1 in rat brown adipose tissue. J Nutr Bio-

chem 19:840–847

32. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De

Paepe A (2002) Accurate normalization of real-time quantitative

RT-PCR data by geometric averaging of multiple internal control

genes. Genome Biol 18:R34.1-11
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