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Abstract
We have investigated the dose- and time-dependency of myocyte apoptosis and necrosis induced
by the β2-adrenergic receptor agonist, clenbuterol, with the aim of determining whether myocyte
apoptosis and necrosis are two separate processes or a continuum of events. Male Wistar rats were
administered subcutaneous injections of clenbuterol, and immunohistochemistry was used to
detect myocyte specific apoptosis and necrosis. Myocyte apoptosis peaked 4 h after, and necrosis
12 h after, clenbuterol administration. In the soleus, peak apoptosis (5.8 ± 2.0 %; P<0.05) was
induced by 10 μg and peak necrosis (7.4 ± 1.7 %; P<0.05) by 5 mg of clenbuterol kg-1. Twelve
hours after clenbuterol administration, 73 % of damaged myocytes labelled as necrotic, 27 % as
apoptotic and necrotic and none labelled as purely apoptotic. Bi-daily administrations of 10 μg of
clenbuterol kg-1 induced cumulative myocyte death over 8 days. These data show that the
phenotype of myocyte death is dependent on the magnitude of the insult and the time at which it is
investigated. Only very low doses induced only apoptosis, in most cases apoptotic myocytes lysed
and became necrotic and the magnitude of necrosis was greater than that of apoptosis. Thus, it is
important to investigate both apoptotic and necrotic myocyte death, this being contrary to the
current trend of only investigating apoptotic cell death.
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Introduction
The β2-adrenergic receptor (AR) agonist, clenbuterol, has been widely reported as an
anabolic agent capable of inducing pronounced muscle hypertrophy 6, 11, 28, 36, 37.
However, data from our laboratory has revealed that this agent is also capable of inducing
significant myocyte apoptosis 4 and necrosis 3 in the heart and slow-twitch soleus muscle of
rats. Furthermore, the onset of myocyte death occurs at doses lower than those commonly
used to demonstrate the hypertrophic effects of this agent 6, 11, 28, 36, 37. Our data
regarding the myotoxic effects of clenbuterol provide a reasonable explanation for the
detrimental effects of this drug when used as an anabolic agent to improve exercise
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performance 10, 17, 22, 31, and the previously reported increase in collagen in the hearts of
animals treated with β-agonists 10, 14.

Cell death has been characterised as either apoptotic or necrotic, based on morphological
features 23. Two prominent morphological changes distinguish apoptosis from necrosis: (1)
the formation of apoptotic bodies, and (2) the maintenance of cell membrane integrity.
When studied in vitro, apoptotic cells often lyse and become necrotic 16, a phenomenon
termed “secondary necrosis” or “apoptosis-necrosis” 27. Based on observations of
developmental/programmed cell death, it was originally assumed that apoptotic cells or
apoptotic bodies in vivo would be phagocytosed before lysis occurred 1, 24, the principal
mechanism for this process being externalisation of phosphatidylserine 35. However, recent
work 12, 13 has shown that the capacity for solid tissues, such as the heart and skeletal
muscles, to remove apoptotic cells in vivo may be overwhelmed and in many instances
myocyte necrosis is the predominant form of death. Apoptosis and necrosis may co-exist in
the heart both clinically 18 and in response to experimental interventions 21. Whether this is
an initiation of two separate processes or a continuum of events is not known.

Our previous work has investigated apoptosis and necrosis separately, in response to single
administrations of clenbuterol. In the current work, both apoptosis and necrosis were
measured simultaneously and the myotoxic effects of chronic administration was
investigated. The pharmacobiodynamics of repeated administrations are complex.
Clenbuterol has a long half-life (∼33 h in the rat) in the plasma 39 and other tissues 32, and
the β2-AR is known to be particularly sensitive to desensitization and downregulation 19. To
minimize these effects, clenbuterol was administered at 48-h intervals and myocyte death
was investigated at the optimum time after the last injection.

Materials and Methods
Animal care and tissue harvesting

All experimental procedures conformed to NIH guidelines for the care and use of laboratory
animals and were conducted under the auspices of the British Home Office Animals
(Scientific Procedures) Act 1986. Male Wistar rats (289 ± 19 g) were bred in-house in a
conventional colony and housed in controlled conditions of 20 °C, 45 % relative humidity
and a 12-h light (06:00 – 18:00) and 12-h dark cycle, with water and food available ad
libitum. Following the respective experimental procedures, rats were rendered unconscious
and killed by cervical dislocation. The heart, soleus and tibialis anterior muscles were
quickly isolated. The atria and great vessels of the heart were removed and the ventricles
mounted apex uppermost. A segment of the mid-belly of each soleus was mounted in
transverse section and supported with liver. Muscles were mounted on cork discs, snap-
frozen in supercooled isopentane, and stored at -80°C.

For each experiment, clenbuterol (Sigma, St Louis, MO) was freshly prepared in a 154-
mmol NaCl vehicle and protected from light; all administrations were made by
subcutaneous injection. The time course (0-24 h) of clenbuterol-induced apoptosis and
necrosis was investigated simultaneously in the same animals. These data were used to
determine the optimum harvesting times for investigating the dose-dependency of myocyte
apoptosis or necrosis over the range 1 ng to 5 mg clenbuterol kg-1. Possible co-localization
of the two cell death pathways within individual myocytes was investigated using double
immunofluorescence staining of cryosections from animals administered a peak damaging
dose of clenbuterol and harvested at the optimum time for investigating necrosis.

The long-term damaging effects of clenbuterol in the soleus muscle were investigated over a
32-day period using the most damaging dose (10 μg.kg-1) of clenbuterol; the soleus, heart,
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and tibialis anterior muscles were also harvested from these animals and the potential
hypertrophic effect of bi-daily (i.e., at 48-h intervals) administrations of clenbuterol
investigated. Muscles were ground under liquid nitrogen and a measured aliquot
homogenized in 5 volumes of water. The protein concentration and content of each muscle
was determined using a micro-titer plate method of the Bradford assay, according to the
manufacturer’s instructions (Sigma, St Louis, MO).

Immunohistochemical detection of myocyte death
Myocyte death was detected immunohistochemically on 5-μm thick cryosections of each
muscle. In the heart this was 1.6 mm from the apex, a region previously shown to exhibit
maximum apoptotic and necrotic damage 3. Apoptosis was identified using an anti-caspase
3 antibody (Ab; rabbit anti-caspase 3 active; R&D systems, Minneapolis, MN). We have
previously shown that caspase 3 activity co-localizes with dUTP nick-end labelling on
cryosection in vitro 4, 12 and with annexin V-biotin labelled externalization of
phosphatidylserine in vivo 4. Myocyte necrosis was detected using an anti-myosin Ab (0.3
mg.kg-1) administered by intraperitoneal injection to the animals 1 h prior to the clenbuterol,
as described previously in detail 3, 29, 33.

Light microscopy and image analysis
For each cryosection of the heart, six to eight fields of view (x100 magnification),
encompassing the entire subendocardial region (approximately 104 cells), were digitized.
Positive staining for apoptosis or necrosis was differentiated from the hematoxylin-stained
background, quantified using image analysis, and the incidence of myocyte death expressed
as percent area relative to each field of view.

To quantify myocyte death in the soleus, three random fields of view (x100 magnification)
across each transverse section were digitized. Both injured and viable myocytes were
counted (>700), and the number of damaged fibers expressed as a percentage of the total.

Statistical analyses
All data are presented as Mean ± SEM. To accommodate the zero baseline in the vehicle
control group, data were analyzed using Kruskal-Wallis one-way analysis of variance by
ranks. Post-hoc comparisons were conducted on pairs of independent groups using the
Mann-Whitney U-test, and P<0.05 was accepted as statistically significant.

Results
No apoptotic or necrotic myocyte death was detected in the hearts of control animals that
had received only the vehicle (Fig. 1A). In agreement with previous work, a low incidence
(0.1 ± 0.06 %) of myocyte apoptosis, but no necrosis, was detected in the soleus (Fig. 1D) of
control animals. After administration of clenbuterol, apoptosis (Fig. 1B and E) and necrosis
(Fig. 1C and F) were easily detected in the heart and soleus muscle. In marked contrast, no
damage was observed in the tibialis anterior muscle in response to any of the doses at any
time.

Simultaneous investigation of apoptosis and necrosis in response to a single injection of 5
mg of clenbuterol kg-1 revealed disparate time-courses for the two cell-death pathways (Fig.
2). Myocyte apoptosis occurred earlier at 2 h, as opposed to 4 h for necrosis. The incidence
of apoptosis in both the heart and soleus muscle reached a maximum 4 h after administration
of clenbuterol, whereas the peak incidence of necrosis occurred around 12 h to 15 h.
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When investigated at these optimized time-points (4 h and 12 h for apoptosis and necrosis,
respectively), the dose dependency of clenbuterol-induced myocyte death was markedly
different in the two striated muscles. In the heart, apoptosis was first induced at a dose of 1
μg and necrosis at 100 μg of clenbuterol kg-1 (Fig. 3A). The incidence of cardiomyocyte
death increased in line with the dose of clenbuterol administered and was maximal (0.3 ± 0.1
and 1.0 ± 0.2 % apoptosis and necrosis, respectively; P<0.05) in response to 5 mg of
clenbuterol kg-1 (Fig. 3A).

In the soleus, the maximum (P<0.05) incidence (5.8 ± 2 %) of myocyte apoptosis was
recorded in response to a dose of 10 μg of clenbuterol kg-1 (Fig. 3B). Unlike the response in
the heart, doses of clenbuterol above 10 μg kg-1 did not further increase the amount of
myocyte apoptosis whereas the number of necrotic myocytes did increase. Necrotic myocyte
death was first induced by 10 μg and reached a plateau (5.6 ± 1.4 %; P<0.05) in response to
doses over the range of 100 μg to 5 mg of clenbuterol kg-1. Hence, the onset and magnitude
of cell death were markedly different in the two striated muscles.

Analysis of double-immunofluorescence stained cryosections (Fig. 4) of muscles harvested
12 h after the administration of 5 mg of clenbuterol kg-1 (optimized conditions) revealed that
a large proportion of the necrotic myocytes labelled with the myosin Ab also labelled for the
apoptotic marker, caspase 3. Due to the varied planes of orientation of the cardiomyocytes
within the myocardium, it was not possible to quantify accurately the exact number of cells
that stained for both markers of apoptosis and necrosis. In the soleus, where quantification
was much more precise, no myocytes stained for apoptosis alone. Of the 177 necrotic fibers
counted, 73 % were purely necrotic, whereas 27 % co-localized for both apoptotic and
necrotic markers. Chi-square test of association revealed that this observation was not due to
chance {χ2(1,n = 243) = 50.7, P<0.001}. When this analysis was undertaken on
cryosections of the soleus muscle harvested 12 h after the administration of 10 μg of
clenbuterol kg-1 (i.e., the dose that induces peak apoptosis in this muscle), all the caspase 3-
labelled myocytes co-localized with myosin labelling, suggesting that the apoptotic cells had
undergone secondary necrosis.

When analyzed after repeated bi-daily administrations of 10 μg of clenbuterol kg-1,
cumulative myocyte death occurred but less myocyte death was induced in response to each
injection (Fig. 5). After 8 days of such administrations, apoptosis induced by clenbuterol had
decreased (in comparison to that induced by a single injection) whereas the incidence of
necrosis remained significantly (P<0.05) greater than the zero-baseline of the saline controls
(Fig. 5); after 16 days very little myocyte death was detected. No myocyte death was
observed in either the heart or tibialis anterior muscles in response to repeated
administrations of this low dose of clenbuterol. Four hours after the first administration,
there was a significant (P<0.05) reduction in the total number of myocytes in the soleus (Fig.
6) but this loss of myocytes quickly recovered. After 8 days of repeated administration, the
total number of myocytes in the soleus was not significantly different from that in control
animals not exposed to clenbuterol. Bi-daily administrations failed to yield a consistent
hypertrophic response, with only the total protein content of the heart being significantly
(P<0.05) increased after 32 days (Table 1).

Discussion
Administration of clenbuterol induced significant and clearly discernible myocyte death in
the heart and slow-twitch soleus muscle (Fig. 1), but not the fast-twitch tibialis anterior. By
rigorously controlling the dose administered and optimizing the time that myocyte death was
investigated, it has been possible to compare the events of apoptosis and necrosis, as well as
both the acute and chronic effects of clenbuterol.
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Previous work from our laboratory has demonstrated that caspase 3-positive myocytes co-
localize with annexin V-biotin-positive myocytes 4, labelled in vivo, and TUNEL positive
myocytes in vitro 12, thus confirming caspase 3 labelling of apoptosis. In agreement with
previous findings 4, 12, 9, the morphological appearance of apoptotic myocytes observed in
this study did not involve the formation of apoptotic bodies, as described for cells in vitro
16. Furthermore, it has previously been assumed 1 that secondary necrosis would not occur
in vivo, i.e., in the presence of an intact humoral and mesenchymal support system.
However, our experiments suggest the passage of myocyte death from apoptosis to necrosis
in solid tissues in vivo. Such “secondary necrosis” would be expected to initiate
inflammatory responses and injure adjacent myocytes, resulting in a greater magnitude of
necrosis than apoptosis, as seen in Fig. 2. In support of these findings, double
immunofluorescent labelling (Fig. 4) revealed that 12 h after the administration of 5 mg of
clenbuterol kg-1, 27 % of the myocytes labelled as both apoptotic and necrotic, 73 % as
necrotic only and none as purely apoptotic. It is tempting to suggest from these data that all
apoptotic myocytes eventually lyse and become necrotic in vivo; however, this is not the
case. The lower dose of 10 μg of clenbuterol induced more apoptosis at 4 h than necrosis at
12 h, thus suggesting that some of the apoptotic myocytes must have been removed,
presumably by phagocytosis prior to any secondary necrosis.

Our current data support the hypothesis that a continuum probably exists between apoptotic
and necrotic cell death. Instances of apoptotic-only cell death were observed, but only in
response to low doses of the β2-agonist. For example, administration of 1 or 10 μg of
clenbuterol kg-1 induced cardiomyocyte apoptosis but not necrosis. In the soleus muscle,
doses up to 1 μg induced pure apoptosis (Fig. 3), whereas, in response to more severe
insults, there was a clear preference for the myocytes to lyse and become necrotic. This is
most clearly depicted by the dose-dependency of myocyte death in the soleus (Fig. 3B).
Administration of 10 μg of clenbuterol kg-1 induced the largest increase in the incidence of
apoptosis in this skeletal muscle. Above this dose, the incidence of myocyte apoptosis
progressively decreased whereas myocyte necrosis increased. Such a phenomenon whereby
a low to moderate stimulus induces apoptosis and an identical but more severe insult induces
necrosis, has been described previously 16, 30.

The skeletal myocyte death induced by administration of clenbuterol to whole animals in
vivo is mediated by overstimulation of the myocyte β2-AR4. In contrast, activation of the
β2-AR of adult rat ventricular cardiomyocytes in vitro inhibits apoptosis 7, 38. However,
when administered in vivo, clenbuterol also stimulates the β2-AR of the sympathetic nerve
terminals, which augments their release of norepinephrine 34, and the β2-AR of the
peripheral vasculature, which results in a reflex tachycardia 2. These neuromodulatory
effects may act synergistically, increasing the release of norepinephrine from the
sympathetic varicosities, which induces cardiomyocyte death through the more commonly
accepted 7, 38 β1-AR pathway. This disparity between the mechanisms that mediate
clenbuterol-induced myocyte death in the heart and skeletal muscle explains the observed
(Fig. 3) difference in the magnitude of myocyte death between the two striated muscles.

Clenbuterol has a long plasma half-life [∼33 h in the rat 39] and the β2-AR is known to be
particularly sensitive to desensitization and downregulation. In an attempt to negate the
potential effects of clenbuterol accumulation in the plasma or receptor desensitization, our
protocol employed injections of the peak apoptotic dose administered at 48-h intervals. This,
allowed us to show that when repeated, the myotoxic effect of single injections of
clenbuterol diminishes (Fig. 5) and that the myocytes lost can be replaced (Fig. 6). However,
this protocol does not reflect the common pattern of usage of this agent by athletes and
body-builders 8. Hence, these data should not be used to advocate the safe consumption of
clenbuterol on a daily or twice daily basis.
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β2-Agonists, such as clenbuterol, are more commonly investigated for their anabolic effects
6, 11, 28, 36, 37, but much of this work has been conducted using high (mg kg-1) doses. Bi-
daily administrations of a low dose (10 μg) of clenbuterol over 32 days failed to promote
skeletal muscle growth (Table 1). Sustained stimulation of the β2-AR via continuous
infusion was required to generate an anabolic effect by the shorter-lived β2-agonist
salbutamol 5. Because of clenbuterol’s longer half-life in the plasma 39 and various body
tissues, 32 daily administration of this agent 26 has a hypertrophic effect comparable to
continuous infusion 15; however, bi-daily injections of a low dose of clenbuterol failed to
elicit such a response. In the current work, only the protein content of the heart increased
significantly (P<0.05) after 32 days of clenbuterol administration (Table 1).

The functional consequences of the myocyte death observed in our experiments and whether
daily administration of the low dose (10 μg) of clenbuterol would produce a more
pronounced anabolic effect or more severe myotoxic effect are not known. The potential
cardiotoxic effects of β2-agonists can be prevented by prior administration of a β1-AR
antagonist 4 but both the detrimental myotoxic effects 4 and beneficial hypertrophic affects
15 of clenbuterol on the skeletal musculature are mediated by the β2-AR. The skeletal
myocyte death that we observed was transient (Fig. 5) and the myofibers that were lost
through this process were later replaced (Fig. 6), suggesting that any deficit in skeletal
muscle function is also transient. However, caution is still necessary when proposing β2-
agonist administration as an intervention against muscle wasting. The loss of skeletal muscle
mass associated with aging is associated with a significant reduction in the number of
skeletal myofibers 25, and muscle from elderly individuals has fewer satellite cells 20. Thus,
the impact of clenbuterol-induced myotoxicity may be greater in elderly individuals. Future
studies are required to investigate whether it is possible to separate the myotoxic and
hypertrophic affects of clenbuterol on skeletal muscle either by altering the method of
administration or the dose given.

List of Abbreviations:

Ab antibody

AR adrenergic receptor
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Figure 1.
Clenbuterol-induced myocyte death in the heart and soleus muscle.
Control cryosection of the heart (A) and soleus muscle (D) of animals administered the
saline vehicle only. Caspase 3 immunohistochemistry was used to detect apoptotic myocytes
in the heart (B) and soleus muscle (E) and secondary detection of the myosin Ab
administered in vivo was used to detect necrotic myocyte death in the heart (C) and soleus
(F). All images are at x200 magnification, with brown staining representing Ab binding
against a hematoxylin (blue) counterstained background.
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Figure 2.
Time-course of clenbuterol-induced apoptosis and necrosis.
Independent groups of animals (n = 4, in each group) received a single injection of 5 mg of
clenbuterol kg-1 and were killed at specific time points over a 24-h period. Myocyte
apoptosis (open squares) and necrosis (closed squares) were quantified in the heart (A) and
soleus muscle (B). Data are presented as means ± SEM.
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Figure 3.
Dose dependent clenbuterol-induced apoptosis and necrosis.
Clenbuterol was administered (over the range of 1 ng to 5 mg kg-1) by subcutaneous
injection to independent groups (n= 6-8, in each group) of animals. To detect apoptosis and
necrosis at the optimum times, animals were killed 4h or 12 h after clenbuterol, respectfully
(Fig. 2). Myocyte apoptosis (open columns) and necrosis (closed columns) were quantified
in the heart (A) and soleus muscle (B). Data are presented as means ± SEM. *P<0.05,
significantly different from saline only controls.
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Figure 4.
Co-localization of clenbuterol-induced apoptosis and necrosis.
Cryosections (x200 magnification) of the heart (A – C) and soleus muscle (D – F) were
taken from animals 12 h after administration of 5 mg of clenbuterol kg-1. Cryosections were
stained for apoptosis (A and D; caspase 3 Ab and TexasRed fluorogen) and necrosis (B and
E; myosin Ab in vivo and fluorescin fluorogen). Superimposed images (C and F)
demonstrate the coexistence of both labels in many myocytes, suggesting the presence of
both cell death pathways within individual myocytes.
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Figure 5.
Myocyte death induced by bi-daily administration of clenbuterol.
Incidence of apoptotic (open columns) and necrotic (closed columns) myocyte death in the
solei of animals that had received bi-daily subcutaneous injections of 10 μg of clenbuterol
kg-1 over 32 days. No necrotic cell death was found in the soleus of animals that had
received the saline vehicle only; a very low basal level (0.04 ± 0.03 %) of apoptosis was,
however, detected in these muscles (data not shown). Data are expressed as means ± SEM (n
= 5, in each group). * Significantly (P<0.05) different from the matched saline controls.
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Figure 6.
Myocyte loss from the soleus muscle in response to bi-daily administration of clenbuterol.
The total number of myocytes was counted in the solei of the same rats in Fig. 5
administered saline only (Day 0 saline) or 10 μg of clenbuterol kg-1. Day 0.5 represents
animals killed after only one injection; whereas, animals killed on Days 8, 16 and 32 had
received multiple bi-daily injections. Data are presented as means ± SEM (n = 5, in each
group). *Significantly (P<0.05) different for the Day 0 saline control.
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Table 1

Changes in muscle protein content following bi-daily injection of either 10 μg of clenbuterol kg-1 or saline
only.

Muscle protein content (mg)

Day 0 Heart Soleus Tibialis anterior

Control 149 ± 8.2 24.0 ± 2.8 98.6 ± 7.6

Day 8

Control 157.2 ± 11.2 24.0 ± 2.4 113.0 ± 10.4

10 μg clenbuterol 153. 2 ± 10.8 24.4 ± 2.2 111.0 ± 13.4

% change -2.5 +1.6 -1.8

Day 16

Control 170.8 ± 10.6 27.0 ± 3.6 111.6 ± 8.0

10 μg clenbuterol 166.8 ± 9.2 26.2 ± 2.8 122.6 ± 6.4*

% change -2.3 -3.0 +9.8

Day 32

Control 168.2 ± 12.4 30.0 ± 2.4 130.4 ± 7.0

10 μg clenbuterol 185.8 ±14.0* 29.2 ± 2.2 129.4 ± 11.8

% change +10.5 -2.7 -0.8

Data are presented as mean ± SD, (n = 5, in each group). One-way analysis of variance revealed that the protein content of all the muscles from
saline-treated animals increased significantly (P<0.05) over the 32-day period. % change represents the difference between muscles exposed to
clenbuterol or saline at each time point investigated.

*
Tukey HSD post-hoc analyses showed that administration of clenbuterol induced a significant (P<0.05) increase in the muscle protein content

above that seen in the control (saline only) muscles.
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