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ABSTRACT

SLEEPER, M. M., C. F. KEARNS, and K. H. McKEEVER. Chronic clenbuterol administration negatively alters cardiac function.Med.
Sci. Sports Exerc., Vol. 34, No. 4, pp. 643–650, 2002.Purpose: Chronic administration of pharmacological levels of�2-agonists have
been shown to have toxic effects on the heart; however, no data exist on cardiac function after chronic clenbuterol administration. The
purpose of this study was to examine the effect of therapeutic levels of clenbuterol on cardiac performance.Methods: Twenty unfit
Standardbred mares were divided into four experimental groups: clenbuterol (2.4�g·kg�1 twice daily 5 d·wk�1) plus exercise (20 min
at 50% V̇O2max) (CLENEX; N � 6), clenbuterol (CLEN;N � 6), exercise (EX;N � 4), and control (CON;N � 4). M-mode and
two-dimensional echocardiography (2.5-MHz sector scanner transducer) were used to measure cardiac size and function before and
immediately after an incremental exercise test, before and after 8 wk of drug and/or exercise treatments.Results: After treatment,
CLENEX and CLEN demonstrated significantly higher left ventricular internal dimension (LVD) at end diastole (�23.7 � 4.8%;
�25.6 � 4.1%), LVD at end systole (�29.2 � 8.7%; �40.1 � 7.9%), interventricular septal wall thickness (IVS) at end diastole
(�28.9 � 11.0%;�30.7 � 7.0%), IVS at end systole (�29.2 � 8.7%; �40.1 � 7.9%), and left ventricular posterior wall systolic
thickness (�43.1� 14.%;�45.8� 14.1%). CLENEX and CLEN had significantly increased aortic root dimensions (�29.9� 6.1%;
�24.0� 1.7%), suggesting increased risk of aortic rupture.Conclusion: Taken together, these data indicate that chronic clenbuterol
administration may negatively alter cardiac function.Key Words: ECHOCARDIOGRAPHY, EXERCISE TESTING, EQUINE,
CLENBUTEROL

The�2 sympathomimetic agent clenbuterol is a potent
repartitioning agent that has been used to promote
growth in cattle and sheep by increasing protein

accretion and fat removal with little or no change in total
body weight (5,29). It is a frequently abused drug in human
athletes for this effect, especially in female athletes because
it is not associated with the androgenic side effects of
steroids (26). However, long-term treatment with high doses
of �2-agonists (mg·kg�1) has been shown to be toxic to the
heart in several species (15,18,24). Isoprenaline has caused
severe necrosis in dog myocardium (15), salbutamol caused
myocardial hypertrophy and necrosis in rats (18), and sal-
butamol, fenoterol, and isoprenaline caused multifocal myo-
necrosis of the left ventricle in sheep (24). Chronic clen-
buterol treatment has been shown to cause cardiac
hypertrophy (8,19) and resulted in elevated serum cardiac
isoenzyme of creatine kinase (CKMB) and alpha hydroxy
butyrate dehydrogenase in mice, perhaps due to cellular
myocardial damage (7). According to Suzuki et al. (35),
changes in heart and hind leg muscle after 10 d of clen-
buterol therapy suggest that the drug may reduce oxygen
supply to tissues and increase fatigability in mice. Further-
more, chronic clenbuterol therapy has been associated with
sudden cardiac death in exercising rats (2).

In the horse, clenbuterol is used as a bronchodilator, much
in the same way as albuterol and salbutamol in humans.
However, it is administered in much lower doses (�g·kg�1)
than in other species to achieve bronchodilatory effects
(30,31,32). Clinical improvements have been shown in
horses with chronic obstructive pulmonary disease (COPD),
bronchitis, and pneumonia (30), but no significant effect has
been detected on ventilatory function in normal horses given
clenbuterol before an exercise test (32,34). Clenbuterol has
also been shown to increase mucociliary transport rate in
both the normal horse and horses with COPD (16). How-
ever, these studies have only assessed short-term dosing of
no more than 5 d. In fact, the only chronic administration
study performed in the horse evaluated clinical signs of
COPD after 30 d of clenbuterol administration without
assessment of cardiac function (9). Given the fact that long-
term administration of�2-agonists in higher doses has been
shown to have toxic effects on the heart (2,8,15,18,24), it
may be considered unethical to evaluate long-term admin-
istration in humans. Furthermore, studies in rats (8) and
mice (13) have demonstrated that exercise may be protec-
tive of clenbuterol’s deleterious effects. Unlike the rodent,
horses represent an animal model that readily exercise trains
for athletic competition. In addition, horses frequently re-
ceive chronic systemic clenbuterol for the treatment of re-
spiratory ailments. Therefore, the purpose of the present
study was to test the hypothesis that chronic clenbuterol
administration, with or without exercise training, would
alter cardiac function and performance as assessed by ul-
trasound using the normal athletic horse.
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MATERIALS AND METHODS

Animals and drug administration. Twenty untrained
Standardbred mares (age: 10 � 3 yr) were evaluated. The
mares were unfit but accustomed to the laboratory and
running on the treadmill before the start of the experiment.
During the trial, the horses were housed as a group in
pasture. Each mare was fed approximately 6 kg·d�1 of
alfalfa and grass hay and approximately 3 kg·d�1 of a
commercially available grain ration (split into two feed-
ings). Water was provided ad libitum. The Rutgers Univer-
sity Institutional Animal Care Review Board approved all
methods and procedures used in this experiment and the
study adhered to ACSM animal care standards.

Horses were divided into four experimental groups. Clen-
buterol plus exercise (CLENEX; N � 6) and clenbuterol
only (CLEN; N � 6) were orally administered 2.4 �g·kg�1

clenbuterol (Boehringer Inglelheim, U.K.) twice daily as a
syrup (in an average volume of 20 mL) on a schedule of 5 d
on and 2 d off for the duration of the study. The CLENEX
group also aerobically trained for 3 d·wk�1. Four horses
were used as the training group (EX) and aerobically trained
for 3 d·wk�1, whereas another four horses were used as the
control group (CON). Both EX and CON were administered
similar volumes of molasses twice daily on a 5 d on and 2 d
off schedule.

Graded exercise test (GXT). Before the test, the
horses were weighed and walked onto the treadmill. During
incremental exercise tests the animals ran on the high speed
horse treadmill (Sato I, Equine Dynamics, Inc., Lexington,
KY) at a fixed 6% grade. The tests started at an initial speed
of 4 m·s�1 for 1 min. Speed was then increased to 6 m·s�1

followed by incremental 1-m·s�1 increases every 60 s until
the horses completed the previously determined speed that
elicited V̇O2max (14). Horses were immediately walked off
the treadmill at the completion of the test and echocardiog-
raphy was then performed within 30 s.

Training program. The exercise program consisted of
continuous treadmill running 3 d·wk�1 for 8 wk. The horses
ran initially for 15 min·d�1 at a work rate of 50% V̇O2max

(17). After 1 wk, the duration was increased to 20 min·d�1

and was held at this duration for the entirety of the study.
During the exercise training, the high-speed horse treadmill
was set at a fixed 6% grade.

Echocardiography. M-mode and two-dimensional
echocardiographic data was obtained with a 2.5-MHz sector
scanner transducer before (at rest) and immediately after
horses performed a GXT (i.e., while the heart rate was still
greater than 100 bpm; Fig. 1). Left ventricular diameter
(LVD) at end diastole and end systole, interventricular sep-
tal wall thickness (IVS) at end diastole and end systole, left
ventricular free wall thickness (LVFW) at end diastole and
end systole, shortening fraction (SF), aortic root diameter
(AO), diameter of the left atrial appendage (LA), ejection
time (ET), and E point to septal separation of the mitral
valve (EPSS) were determined according to criteria estab-
lished by the American College of Echocardiography
(10,21,27). These values were used in the Teichholtz equa-

tions for calculating stroke volume (SV), cardiac output (Q̇),
and ejection fraction (EF) pre- and post-exercise. All mea-
sures were repeated after 8 wk of drug and/or exercise
treatments. M-mode measurements were made on three
heart cycles with a representative one being used for this
data. Two-dimensional echocardiography was also per-
formed; however, all measurements were obtained from the
M-mode views. The calculated average coefficient of vari-
ation (CV) based on four animals for LVID at end diastole
and end systole, measured by electronic calipers and by
hand, was less than 1%.

Left ventricular (LV) mass was calculated using the echo-
cardiographic measurements of LVD, IVS and LVFW at
end diastole with the following formula:

LVmass(g � 1000g�1bodyweight)�

([(LVD�IVS�LVFW)3�LVD3]�1.05)/1000[25]

FIGURE 1—M-mode echocardiograms from the right parasternal
window derived from a short axis plane. A, ventricular M-mode at rest.
B, ventricular M-mode immediately after exercise in the same Stan-
dardbred mare. Note the increased thickening of the IVS and LVFW
post exercise, which is a normal exercise-induced change.
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Plasma cardiac troponin I (cTnI). Venous blood
samples were collected at rest (before the start of the GXT)
and 2 h after exercise and plasma cTnI concentration was
measured by use of an automated analyzer (Stratus® CS by
Dade Behring). The sensitivity of this analyzer for the
measurement of cTnI concentration was 0.03 ng·mL�1.

Statistical analysis. Results are expressed as means �
standard error of the estimate (SEM). For comparison by
group and time a two-way ANOVA was used with the a
priori level of statistical significance set at P � 0.05. Post
hoc differences were determined using the Tukey test (Sig-
ma Stat 2.0).

RESULTS

Chronic clenbuterol administration resulted in significant
alterations in echocardiographically measured cardiac func-
tion, particularly evident immediately after exercise.

Indices of cardiac function. Acute exercise resulted
in a significant heart rate (HR) elevation immediately after
maximal exercise when compared to resting HR, both be-
fore and after treatment. There were no differences in HR
between groups, except that HR was significantly higher in
CON than EX immediately after maximal exercise during
posttreatment testing (Fig. 2A).

After 8 wk, both drug treatment groups had significantly
elevated calculated SV immediately after maximal exercise
due to increased LV size. These values were higher than the
posttesting calculated SV for CON and EX. However, there
were no differences (P � 0.05) in SV immediately after
maximal exercise between pre- and post-treatment CON and
EX (Fig. 2B).

Acute exercise resulted in an elevated (P � 0.05) calcu-
lated Q̇ immediately after maximal exercise in all groups.
However, both drug groups demonstrated a significantly
larger Q̇ immediately after maximal exercise during post-
testing when compared with their pretreatment values and
the posttesting values of CON and EX (Fig. 2C).

As expected, acute exercise resulted in a larger (P � 0.05)
calculated ejection fraction and fractional shortening imme-
diately after maximal exercise before and after treatment.
There were no differences (P � 0.05) between groups or
differences due to clenbuterol and/or exercise treatment
(data not shown). Ejection time was significantly decreased

immediately after maximal exercise in all groups during
both testing periods and there were no group differences
(data not shown).

Echocardiographic parameters at rest. Neither
exercise training nor clenbuterol treatment resulted in sig-
nificant changes in the resting values of AO, EPSS, LVD
(diastolic or systolic), LVFW (diastolic or systolic), IVS

TABLE 1. Echocardiographic parameters at rest.

Parameter

CLENEX CLEN EX CON

Pre Post Pre Post Pre Post Pre Post

AO (cm) 8.29 � 0.24 8.30 � 0.29 8.28 � 0.26 8.52 � 0.18 8.53 � 0.40 8.37 � 0.23 8.17 � 0.07 7.89 � 0.08
EPSS (cm) 0.65 � 0.06 0.65 � 0.10 0.61 � 0.08 0.77 � 0.24 0.52 � 0.14 0.78 � 0.22 0.64 � 0.05 0.58 � 0.10
LVDd (cm) 10.96 � 0.38 11.44 � 0.37 11.13 � 0.25 11.62 � 0.20 11.13 � 0.47 11.25 � 0.14 10.89 � 0.20 10.54 � 0.31
LVDs (cm) 6.80 � 0.28 6.66 � 0.37 7.06 � 0.17 6.66 � 0.29 7.07 � 0.46 6.56 � 0.52 7.09 � 0.45 6.33 � 0.41
LVFWd (cm) 2.13 � 0.16 2.13 � 0.11 2.24 � 0.13 2.20 � 0.11 2.04 � 0.18 2.29 � 0.20 2.22 � 0.05 1.94 � 0.04
LVFWs (cm) 3.82 � 0.29 3.94 � 0.22 3.79 � 0.20 4.42 � 0.45 3.90 � 0.26 4.14 � 0.25 3.74 � 0.09 3.65 � 0.06
IVSd (cm) 2.72 � 0.13 2.69 � 0.18 2.76 � 0.21 2.54 � 0.18 2.79 � 0.32 2.78 � 0.30 2.69 � 0.04 2.39 � 0.08
IVSs (cm) 4.32 � 0.11 4.67 � 0.16 4.59 � 0.09 4.93 � 0.20 4.41 � 0.19 4.78 � 0.14 4.32 � 0.25 4.69 � 0.24
LA (cm) 6.51 � 0.29 6.46 � 0.36 5.81 � 0.23 6.10 � 0.29 6.37 � 0.43 6.24 � 0.24 5.91 � 0.32 5.98 � 0.11

Echocardiographic parameters (mean � SEM) in unfit Standardbred mares pre- and post-treatment. CLENEX (clenbuterol plus exercise), CLEN (clenbuterol), EX (exercise) and CON
(control). AO (Aortic root dimension), LVDd (left ventricular diameter at end diastole), LVDs (left ventricular diameter at end systole), IVSd (interventricular septal wall thickness at
end diastole), IVSs (interventricular septal wall thickness at end systole), LVFWd (left ventricular free wall diastolic thickness), LVFWs (left ventricular free wall systolic thickness) and
LA (left atrial appendage).

FIGURE 2—Echocardiographically measured values for (A) heart
rate (bpm) and calculated values using the Teichholtz equations for (B)
stroke volume (mL·beat�1), and (C) cardiac output (L·min�1) in unfit
Standardbred mares at rest and immediately after exercise both before
and after 8 wk of clenbuterol and/or exercise treatment (trt). All values
are mean � SEM for CLENEX (clenbuterol plus exercise), CLEN
(clenbuterol), EX (exercise), and CON (control). a, b, c—letters are
significantly different from each other (P < 0.05).
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(diastolic or systolic), or LA (Table 1). There were no
differences (P � 0.05) in echocardiographically calculated
LV mass between any group, either before or after clen-
buterol and/or exercise treatment (Table 2).

Echocardiographic parameters after exercise.
Absolute aortic root diameter (AO) immediately after exer-
cise was larger (P � 0.05) in both the CLENEX (�30%)
and CLEN (�24%) groups after treatment (Fig. 3). Both
CLENEX and CLEN demonstrated significantly (P � 0.05)
larger posttreatment LVD at end diastole (�24 and �26%
respectively; Fig. 4A) and end systole (�29 and �40%,
respectively; Fig. 4B) immediately after exercise. Similarly,
CLENEX and CLEN demonstrated (P � 0.05) larger post-
treatment IVS at end diastole (�29 and �31% respectively;
Fig. 5A) and end systole (�27 and �12%, respectively; Fig.
5B) immediately after exercise. There were no differences
(P � 0.05) in LVFW immediately after exercise at end
diastole after treatment (Fig. 6A); however, CLENEX and
CLEN demonstrated larger (P � 0.05) posttreatment LVFW
at end systole (�43 and �45% respectively; Fig. 6B) im-
mediately after exercise. Mitral valve E point to septal
separation after clenbuterol treatment was greater (P �
0.05) in CLENEX (�118%) and CLEN (�71%) immedi-
ately after exercise (Fig. 7A). The left atrial appendage was
also larger (P � 0.05) posttreatment in CLENEX (�32%)
and CLEN (�25%) immediately after exercise (Fig. 7B).

Cardiac troponin I (cTnI). There were no differences
(P � 0.05) in plasma cTnI concentrations between groups
either before or after drug and/or exercise treatment (data
not shown). Acute exercise did not result in any plasma cTnI
concentration changes at two hours postexercise in any
group.

DISCUSSION

The significant finding of the present study was that
chronic administration of therapeutic levels of clenbuterol
adversely affected cardiac function immediately after exer-
cise. Horses treated with clenbuterol had substantially ele-
vated Q and SV immediately after a maximal exercise test
compared to their pretreatment values. These calculations
were due to increased LVD measurements on M-mode;
CLENEX and CLEN mares demonstrated larger LVD and
IVS at end diastole and systole immediately after exercise.
Remodeling of the left ventricle can be reflected in abnor-
malities at rest, which may be worsened with exercise;
however, the horses in the present study most likely were
only in the initial or prodromal stages of cardiac remodeling
where the changes in cardiac structure may not have been
severe enough to be identified at rest and only manifest

FIGURE 3—Echocardiographically measured values for aortic root
dimension immediately after exercise before and after 8 wk of clen-
buterol and/or exercise treatment. All values are mean � SEM for
CLENEX (clenbuterol plus exercise), CLEN (clenbuterol), EX (exer-
cise), and CON (control). a, b, c— letters are significantly different
from each other (P < 0.05).

FIGURE 4—Echocardiographically measured values for left ventric-
ular internal dimension at (A) end diastole and (B) end systole imme-
diately after exercise before and after 8 wk of clenbuterol and/or
exercise treatment. All values are mean � SEM for CLENEX (clen-
buterol plus exercise), CLEN (clenbuterol), EX (exercise), and CON
(control). a, b, c—letters are significantly different from each other
(P < 0.05).

TABLE 2. Echocardiographically calculated left ventricular mass (g�1000 g�1

body weight).

Group

Left Ventricular Mass (At rest)

Pretesting Posttesting

CLENEX 2.80 � 0.24 2.99 � 0.31
CLEN 2.96 � 0.20 2.95 � 0.17
EX 2.68 � 0.30 3.13 � 0.43
CON 2.79 � 0.16 2.23 � 0.14

Echocardiographically calculated left ventricular mass (grams) in unfit Standardbred
mares, before and after clenbuterol and/or exercise treatment. LV mass (g�1000 g�1

body weight) � ([(LVD � IVS � LVF)3 �LVD3] � 1.05)/1000. CLENEX (clenbuterol
plus exercise), CLEN (clenbuterol), EX (exercise); and CON (control).
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themselves after a physiological challenge such as exercise
or severe stress. Secondary cardiac hypertrophy can theo-
retically result from chronically increased afterload (hyper-
tension), and these data may be indicative of chronically
increased afterload with secondary cardiac remodeling. Al-
ternatively, the change may have been due to primary re-
modeling stimulated by clenbuterol therapy.

Echocardiographic measurements. Although not
the preferred method for measuring SV, Q̇, or EF, M-mode
echocardiography is considered the gold standard for mea-
surements of cardiac structures (IVS, LVD, LVS, etc.).
Accurate measurement of these structures allows one to
calculate functional parameters by using the Teichholz for-
mula. The Teichholz formula is a corrected cube formula
that was used to calculate SV, Q̇, and EF in this study from
M-mode LV measurements. It attempts to account for the
fact that the short axis of the LV widens more than the long
axis when the ventricular chamber enlarges; however, the
formula is most accurate in the undilated heart. Other groups
have used this echocardiographic technique to evaluate car-
diac output because it is noninvasive (25), and because all
measurements were made similarly, significant trends
should be apparent. Acute exercise significantly increased
the Tiechholz calculated, postexercise SV and Q̇ despite a
lack of change in HR, in the CLENEX and CLEN groups;

whereas, HR, SV, and Q̇ were similar to pretreatment values
in the control group (Fig. 2A–C). The calculated SV and Q
changes were secondary to changes in the echocardiographi-
cally measured LV dimensions postexercise. This increase
may reflect poor recovery from exercise with an elevated
metabolic demand in the experimental groups or cardiac
remodeling due to an altered load. Poor exercise capacity
also was demonstrated in the experimental groups by a
reduced V̇O2max (14), an observation that also has been
recognized previously in clenbuterol-treated rats (8,13,19).

Echocardiographic measurements made immediately af-
ter exercise, including the IVS, LVD (diastolic and systolic;
Fig. 4A–B, Fig. 5A–B), and AO (Fig. 3) were substantially
increased in both clenbuterol-treated groups. Other re-
searchers have observed a protective effect of exercise on
clenbuterol administration (8,13,19). This was not the case
in the present study as the CLENEX group experienced
negative adaptations similar to the CLEN group. The rea-
sons for this are not clear; however, the exercise only group
did appear to show mild improvements in most echocardio-
graphic parameters in measurements made immediately af-
ter exercise (Figs. 4–7). These data suggest that, although
the exercise training protocol used in the present study was
strong enough to elicit a substantial increase in aerobic

FIGURE 5—Echocardiographically measured values for internal sep-
tal wall thickness at (A) end diastole and (B) end systole immediately
after exercise before and after 8 wk of clenbuterol and/or exercise
treatment. All values are mean � SEM for CLENEX (clenbuterol plus
exercise), CLEN (clenbuterol), EX (exercise), and CON (control). a, b,
c—letters are significantly different from each other (P < 0.05).

FIGURE 6—Echocardiographically measured values for left ventric-
ular free wall thickness at (A) end diastole and (B) end systole imme-
diately after exercise before and after 8 wk of clenbuterol and/or
exercise treatment. All values are mean � SEM for CLENEX (clen-
buterol plus exercise), CLEN (clenbuterol), EX (exercise), and CON
(control). a, b, c—letters are significantly different from each other (P
< 0.05).
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capacity (14), the intensity may not have been of a level
protective against the deleterious effects of clenbuterol.

Cardiac remodeling. The thickened IVS and enlarged
LVD (diastolic) seen in the present study may be indicative
of cardiac muscle remodeling, a speculation that is sup-
ported by data from a study that evaluated clenbuterol in
exercising rats (8). In that experiment, clenbuterol treatment
resulted in myocardial hypertrophy and extensive collagen
infiltration in the LV wall, a change which would be ex-
pected to decrease LV compliance and increase LV filling
pressure. The effect may be too mild at this treatment
protocol to be appreciable at rest. Definitive assessment
would require myocardial histopathology after clenbuterol
administration, and future research is needed.

Although there was no echocardiographic evidence of left
ventricular hypertrophy in the present study (Table 2), other
studies have demonstrated an increase in heart mass after
either long-term treatment (19) or higher doses of clen-
buterol (36). The reason that cardiac hypertrophy was not
seen in the present study is not clear. It might be related to
the lower doses used in our study compared with previous
studies or it might be that compensated, decreased cardiac

function is present before secondary hypertrophy and ne-
crosis. This proposed pattern is consistent with early, com-
pensated LV hypertrophy (4).

Several investigators have suggested that increased car-
diac mass and left ventricular hypertrophy might be bene-
ficial to cardiac function (12,36); however, clenbuterol has
not been shown to increase either specific force or normal-
ized power output (19). Moreover, clenbuterol has been
shown to increase passive Ca2� leak from the sarcoplasmic
reticulum (SR) of single-skinned mammalian skeletal mus-
cle fibers (2), which could lead to calcium overload within
the myocardial cell if similar leakage occurs from the car-
diac SR. Interestingly, Ca�/calmodulin-dependent protein
kinase has been shown to regulate gene expression and this
Ca2� dependent pathway has been linked to skeletal muscle
hypertrophy (22). Furthermore, �-adrenoreceptor-mediated
hypertrophy in neonatal rat myocardial cells has been linked
to SR Ca2� release, not cAMP dependent Ca2� (11). There-
fore, clenbuterol administration could lead to muscle hyper-
trophy and Ca2� overload in the myocardial cell.

In addition to its adverse affects on SR function, clen-
buterol has been shown to increase collagen infiltration in
the myocardium (8) and decrease total capillary density in
rat myocardium (35). This alteration in cardiac capillary
geometry may decrease oxygen supply to the tissue and
thereby increase fatigability (35). Myocardial oxygen de-
mand also may increase due to increased afterload and
�-receptor stimulation (3). Therefore, clenbuterol adminis-
tration may adversely affect the heart through several mech-
anisms. Intracellular elevations in calcium and cardiac hyp-
oxia have been linked with arrhythmogenesis and
subsequent sudden death (4), and could explain sudden
death seen in a previous clenbuterol study (2).

Recently, Guldner and colleagues (12) evaluated a three-
fold approach that combined electrical and dynamic training
of skeletal muscle with clenbuterol therapy for a circulatory
assist device (12). In this study, 10 goats (5 control and 5
experimental) were treated for 5–8 months with 150 �g
clenbuterol three times weekly. Clenbuterol appeared to
enhance several parameters of the circulatory assist device
(skeletal muscle ventricles), such as SV volume displace-
ment per minute, and maximum rates of pressure generation
(12). The authors concluded that a clenbuterol-supported
dynamic training system might have important implications
for the treatment of end-stage heart failure. However, car-
diac muscle may respond adversely to chronic clenbuterol
administration, as suggested by the results of the current
study. Human heart failure patients are typically prescribed
�-blockers to reduce cardiac afterload and improve diastolic
function. In fact, �-blockade is beneficial to heart failure
patients by preventing the depletion of SR Ca2� (20). Thus,
it would seem potentially dangerous to prescribe a �-agonist
to heart failure patients, especially in lieu of the other
potentially cardiotoxic effects of clenbuterol seen previ-
ously and in this study.

Clinical implications. Cardiac troponin I is a highly
specific and sensitive marker for myocardial damage in
many mammalian species, with a highly conserved structure

FIGURE 7—Echocardiographically measured values for (A) mitral
valve E point to septal separation and (B) left atrial appendage imme-
diately after exercise before and after 8 wk of clenbuterol and/or
exercise treatment. All values are mean � SEM for CLENEX (clen-
buterol plus exercise), CLEN (clenbuterol), EX (exercise), and CON
(control). a, b, c—letters are significantly different from each other (P
< 0.05).
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(1,23). Cardiac troponin I concentration increases in the
peripheral blood stream after myocardial necrosis and has
been recognized to rise in the horse after rupture of a left
ventricular outflow tract jet lesion (6). A significant increase
was not seen in the present study, an observation that may
have been associated with several possible factors. First, the
blood samples in these horses were obtained 2 h after
exercise, which may have been too early for significant cTnI
release. This speculation is supported by the fact that cTnI
reaches a plateau level in the bloodstream of other species
after 12 h, with the initial rise taking 5–7 h (28,33). Alter-
natively, it is also possible that acute cellular damage does
not result from clenbuterol therapy.

The increased aortic root diameter and systolic LVD
measurements, as stated previously, could be secondary to
increased afterload in the clenbuterol-treated groups. The
change was most dramatic in the sedentary clenbuterol
group. Experimentally, an acutely increased afterload, de-
termined by vascular impedance and arterial blood pressure,
results in increased systolic and diastolic volumes (4). This
could have been the case in the CLENEX and CLEN
groups. Furthermore, aortic dilation is often present with
decreased arterial compliance and increased afterload (4).
Afterload is clinically assessed by arterial systolic blood
pressure. Unfortunately, systemic blood pressure was not
measured in these subjects; however, if collagen infiltration
occurred in the LV, as seen in the rat (8), myocardial
stiffness and afterload would increase. Furthermore, an in-
crease in myocardial diffusion distance, as has been seen in
a previous study (35), may ultimately result in increased
cardiac afterload. During exercise, systemic blood pressure
rises and afterload increases despite a decrease in peripheral
vascular resistance. Thus, in the CLEN and CLENEX
horses, the exercise stress test may have resulted in altered
postexercise echocardiographic parameters that were
masked at rest due to compensatory mechanisms.

The increase in aortic root diameter (Fig. 3) seen in both
drug treatment groups is of particular concern because the

change may increase the risk of aortic root rupture, a po-
tential cause of death in the exercising horse (6). Dilation of
the pulmonary artery secondary to pulmonary hypertension
is associated with an increased risk of pulmonary artery
rupture (4). Moreover, sudden cardiac death has been asso-
ciated with clenbuterol therapy and exercise in a previous
study (2), although it is unclear whether death was associ-
ated with an arrhythmia or aortic rupture.

SUMMARY AND CONCLUSION

The abuse of clenbuterol as a repartitioning agent has
increased in human athletes (26), with little consideration to
its potential health risks. Data from the present study sug-
gest that chronic administration of clenbuterol, even at low
therapeutic levels, can cause changes in the structural di-
mensions of the equine heart that are consistent with cardiac
remodeling. This remodeling negatively alters cardiac func-
tion. The changes in cardiac function were consistent with
those shown to cause decreased aerobic capacity seen in
other species (9,13,19). Exercise training was not protective
against these deleterious alterations as the clenbuterol plus
exercise group experienced responses similar to the clen-
buterol only group. Finally, clenbuterol administration re-
sults in an enlarged aorta immediately after exercise, a
change that could increase the risk of aortic rupture and
sudden death, particularly in the athletic horse.
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