Clenbuterol diminishes aerobic performance
in horses
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ABSTRACT
KEARNS, C. F., and K. H. MCKEEVER. Clenbuterol diminishes aerobic performance in horses. Med. Sci. Sports Exerc., Vol. 34, No.
12, pp. 1976 –1985, 2002. Purpose: The purpose of this 8-wk study was to examine the effect of therapeutic levels of clenbuterol on
aerobic performance and hemodynamics associated with exercise. Methods: Twenty-three unfit Standardbred mares were divided into
four experimental groups, clenbuterol (2.4 g·kg⫺1 body weight twice daily) plus exercise (20 min at 50% V̇O2max; CLENEX; N ⫽
6), clenbuterol only (CLEN; N ⫽ 6), exercise only (EX; N ⫽ 5), and control (CON; N ⫽ 6). All horses performed an incremental
exercise test (GXT) to measure maximal oxygen consumption (V̇O2max), blood lactate concentration, total plasma protein concentration,
and hematocrit. Plasma volume, heart rate, right ventricular pressure (RVP), and pulmonary artery pressure (PAP) were measured
before and after the treatment/training. Each horse also performed an exercise capacity test (ECT) in which they ran at their pretreatment
V̇O2max speed until exhausted. Results: There were no significant changes in blood lactate, total protein, or hematocrit for any group
during either the GXT or ECT. CLENEX decreased (P ⬍ 0.05) V̇O2max (⫺6.2%) and velocity to V̇O2max (⫺10.0%), whereas both
CLENEX and CLEN decreased (P ⬍ 0.05) in time to exhaustion (⫺20.5 ⫾ 4.7 and ⫺20.9 ⫾ 5.6%). EX alone increased (P ⬍ 0.05)
V̇O2max (⫹6.5%), velocity to V̇O2max (⫹10.0%), velocity to produces lactate concentration of 4 mmol (⫹13.5%), and time to
exhaustion (⫹32.3 ⫾ 15.0%). Plasma volume was altered (P ⬍ 0.05) in CLENEX (⫺10%) and EX (⫹27%) but not in CLEN. Posttest
recovery HR was higher (P ⬍ 0.05) at 2 min post-GXT in the CLENEX, CLEN, and CON compared with their pretest values; RVP
remained elevated at 2 min of recovery in the CLEN and CON groups; however, in the EX, recovery HR and RVP had returned to
pre-GXT levels by 2 min of recovery. Conclusions: These data suggest that the combined effect of therapeutic levels of clenbuterol
and training decrease aerobic performance and that the resultant reduction in plasma volume may affect improvements in cardiovascular
function during recovery normally seen with exercise training. Key Words: EQUINE, EXERCISE TESTING, HEMODYNAMICS,
BETA-AGONIST

he ␤2-sympathomimetic agent clenbuterol was originally used as an agent to increase muscle mass in a
variety of research and livestock species (5,11,30,41).
Although it effectively caused a repartitioning of nutrients and
altered body composition, its use was discontinued due to a
variety of side effects associated with the consumption of
clenbuterol-tainted meat (26,49). Typical symptoms associated
with the ingestion of clenbuterol-tainted meat included skeletal
muscle tremors, tachycardia, cephalagia, myalgia, nervousness, dizziness, and nausea (17,26).
More recently, clenbuterol has been used as a bronchodilator to alleviate bronchospasms in the horse (44), in much
the same way as albuterol and salbutamol have been in
humans. Also, approximately 75% of horses examined after
a high-intensity race experience exercise-induced pulmonary hemorrhage (EIPH) (18). Part of the mechanism
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thought to be associated with EIPH is the large increase in
pulmonary artery pressure that occurs in all horses during
exercise coupled with changes in airway resistance (18).
This has led some to suggest that clenbuterol could potentially be used to treat EIPH by altering airway resistance and
attenuating pulmonary artery “hypertension” (42,44). However, clenbuterol’s action as a vasoconstrictor may actually
increase rather than decrease pulmonary artery blood pressure. Due to the widespread use of inhalers to combat
bronchospasm, concern has been raised as to the potential
ergogenic properties of these ␤2-agonists, even when prescribed at therapeutic doses (1). Data regarding the ergogenic effect of short-term use of ␤2-agonist in humans have
been equivocal (1,4,7,35,36,46) whereas data in the healthy
horses have failed to show any significant increase in performance (20,23,24,42,43,48). However, there are no data
concerning the relationship between exercise performance
and long-term administration of therapeutic levels of clenbuterol. In fact, many studies have only examined the effects
of a single treatment (1,27,42,46). Given the fact that many
equine and human athletes use both legal and illegal (12,40)
␤2-agonist for extended periods of time, it is not unreasonable to assume that long-term usage with these drugs may
have an effect that is compounded over time. Training has
been shown to prevent clenbuterol-induced effects in rats
(14,19). Studies to examine the combined effects of longterm systematically administered ␤2-agonist and exercise
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training are difficult to do in humans. For many reasons, the
horse is an ideal comparative model for examining this
problem in that it trains for athletic competitions, both
sprinting and endurance events, similar to human athletes,
while also using a prescribed ␤2-agonist therapy. Therefore,
it was the purpose of this study to examine the role of
long-term clenbuterol administration on aerobic performance in the Standardbred mare. Specifically, the first objective of the study was to test the hypothesis that clenbuterol and exercise training would alter markers of aerobic
performance in horses. Additionally, because all horses experience a large increase in pulmonary artery blood pressure
during exercise that may be linked to EIPH, and because
clenbuterol has the potential to alter the hemodynamic response to exercise, a secondary hypothesis was to test
whether clenbuterol would have any effect on heart rate,
right ventricular pressure, and pulmonary artery blood pressure during and after exercise.

MATERIALS AND METHODS
Animals and drug administration. Twenty-three
healthy, untrained Standardbred mares (age: 10 ⫾ 3 yr)
were evaluated. The mares were unfit, but accustomed to the
lab and running on the treadmill before the start of the
experiment. During the trial, the horses were housed as a
group on a 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
feedings). Water and pasture grazing were provided ad
libitum. The Rutgers University 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: clenbuterol and exercise (CLENEX; N ⫽ 6) and clenbuterol
only (CLEN; N ⫽ 6) were both orally administered 2.4
g·kg⫺1 body weight of clenbuterol (Boehringer Inglelheim, UK) twice daily as a syrup (for an average volume of
20 mL) on a schedule of 5 d on and 2 d off for the duration
of the study. CLENEX also aerobically trained for 3
d·wk⫺1. Exercise (EX; N ⫽ 5) were used as the training
group and aerobically trained for 3 d·wk⫺1. Control (CON;
N ⫽ 6) was used as the control group. Both EX and CON
were administered similar volumes of molasses twice daily
on a 5 d on and 2 d off schedule.
Before receiving any drug treatment, all animals completed a series of baseline testing. Baseline testing was
comprised of an incremental graded exercise test (GXT) to
measure maximal aerobic capacity (V̇O2max), an index of
performance. An exercise capacity test (ECT) was administered to determine the ability to endure high-intensity
exercise. Horses were then trained for 8 wk, and at the end
of the 8-wk training period, all baseline tests were repeated.
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 set at an intensity
of 50% V̇O2max. After 1 wk, the duration of run time was
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increased to 20 min·d⫺1 and was held at this duration for the
remainder of the study. During the exercise training, the
treadmill was set at a fixed 6% grade.
Graded exercise test (GXT). This test was designed
to measure maximal oxygen uptake and several indices of
exercise performance. Before the test, the horses were
weighed, and catheters (Angiocath, 14 gauge, Becton Dickinson, Inc., Parsippany, NJ; and a 7 French catheter introducer, Argon Medical, Athens, TX) were inserted percutaneously into the left and right jugular veins, respectively, by
using sterile techniques and local lidocaine anesthesia. The
horses were then walked onto the treadmill where a pressure-sensing catheter (Millar Instruments, Houston, TX and
Electrocatheter, Rahway, NJ) was inserted and positioned
for the measurement of pulmonary artery pressure, right
ventricular pressure, and heart rate. Verification of the position of these pressure-sensing catheters was performed
before and after exercise by using the representative blood
pressure waveforms recorded on the physiological recording
system (Biopac, Santa Barbara, CA). The horses then stood
quietly for approximately 10 –15 min equilibration period.
Fifteen minutes of hemodynamic data, standing calorimetry
data, and a baseline blood sample (10 mL) were obtained
after this equilibration period.
During the incremental exercise tests the animals ran on
a high speed horse treadmill (Sato I, Equine Dynamics, Inc.,
Lexington, KY) at a fixed 6% grade and wore the indirect
open-flow calorimeter apparatus (Oxymax-XL, Columbus
Instruments, Inc. Columbus, OH) used to measure oxygen
uptake. 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
reached fatigue. Fatigue was defined as the point where the
horse could not keep up with the treadmill despite humane
encouragement. After this, the treadmill was stopped, and
10 min of postexercise calorimetry and hemodynamic data
were collected. Oxygen uptake was measured continuously
during the test and recorded at 10-s intervals by using the
open-flow calorimetry system. Analog hemodynamic data
were recorded continuously and digitized for later analysis
(Biopac Physiological Recording System).
Blood chemistry. Blood samples (20 mL) were obtained during the tests at rest, during the last 10 s of each
increment of the test, and at 5 min, and 10 min postexercise
to measure hematocrit, total protein, and blood lactate concentration. Blood samples were placed into prechilled tubes
containing EDTA (Vacutainer, Becton Dickinson, Inc.,
Franklin Lakes, NJ) and were immediately placed on ice.
Hemodynamics. Pulmonary artery pressure (PAP) and
right ventricular pressure (RVP) were measured continuously in real time using a micromanometer catheter transducer (Millar Instruments, Houston, TX). The transducer
was calibrated before and after each horse performed a GXT
against a mercury manometer and position was verified
before and after the GXT using representative waveform.
All data was recorded on a physiological recording system
(Biopac Systems Inc., MP 100, Goleta, CA) and stored on
computer. Analog pressure data was measured and digitized
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on computer (Acknowledge; Biopac Systems Inc., Santa
Barbara, CA). Heart rate (HR) was calculated by counting
the number of pressure waves in the final 10 s of each stage
of the exercise test.
Plasma volume. Resting plasma volume was measured
using a modified Evans blue dye dilution method (32). All
measures were made while the horses were standing quietly
(at rest) in their respective stalls 2 d before the GXT.
Calculations of total blood volume and red cell volume were
made using previously published methods (32,38).
Exercise capacity test. Horses warmed up by running
for 2 min at 3 m·s⫺1. Then the horses ran at the speed
calculated to produce V̇O2max in their pretreatment GXT.
They ran until they could no longer keep up with the
treadmill despite humane encouragement. Time to exhaustion was measured as the time in seconds when the test was
terminated. Before the test, the horses were weighed, and a
catheter was placed into the left jugular vein as per the
V̇O2max test. This test was repeated during the posttreatment
testing phase of the experiment using the pretest V̇O2max
speed.
Blood samples (30 mL) were obtained at rest, at the
termination of the ECT, and at 5 and 10 min postexercise to
measure hematocrit, total protein, and blood lactate concentration. Samples were kept on ice and run immediately after
collection. Blood lactate concentrations was measured in
triplicate using a lactate analyzer (Sport 1500, YSI, Inc.,
Yellow Springs, OH). Hematocrit and plasma protein were
measured in duplicate using the microhematocrit technique
and refractometry (32).
Statistical analysis. Results are expressed as means ⫾
standard error of the mean (SEM). For comparison by group
and time a two-way ANOVA for repeated measures was
used with the a priori level of statistical significance set at
P ⬍ 0.05. Post hoc differences were determined using the
Tukey test, and correlation coefficients were derived using
the Pearson product moment (Sigma Stat 2.0; SPSS Inc.,
Chicago, IL).

RESULTS
Side effects. Horses receiving chronic clenbuterol administration demonstrated several side effects that persisted
for 10 d. These effects included extreme sweating (the
horses given clenbuterol were dripping copious amounts
sweat while standing in their stalls vs no visible sweating in
the nondrug horses) and severe agitation. Horses administered molasses failed to demonstrate any side effects.
Graded exercise test (GXT). The EX group demonstrated an increase in V̇O2max (P ⬍ 0.05; ⫹6.5%), whereas
the CLENEX group demonstrated a decrease (⫺6.2% Fig.
1A). There were no changes in V̇O2max in either the CON or
CLEN groups. The velocity to reach V̇O2max increased (P ⬍
0.05; ⫹10%) in the EX group but decreased (P ⬍ 0.05;
⫺10%) in the CLENEX group (Fig. 1B). There were no
changes (P ⬎ 0.05) in the velocity to reach V̇O2max in either
the CON or CLEN groups.
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FIGURE 1—A, Maximal oxygen consumption (V̇O2max); and B, velocity to reach V̇O2max in clenbuterol plus exercise-treated (CLENEX),
clenbuterol-treated (CLEN), exercise (EX), and control (CON). Values
are means ⴞ SE; * significantly different from pretreatment values for
each group.

Blood chemistry. Blood lactate concentration, total
protein, and hematocrit all increased with increasing exercise intensity (data not shown). There were no changes (P ⬎
0.05) in blood lactate concentration (Fig. 2A), total protein
or hematocrit due to either clenbuterol and/or exercise treatment. However, the velocity to reach 4 mmol lactate (VLa4)
increased (P ⬍ 0.05; ⫹13.5%) in the EX group (Fig. 2B).
There were no changes (P ⬎ 0.05) in VLa4 for the other
three groups.
Exercise capacity test (ECT). The time to fatigue
during the ECT was increased (P ⬍ 0.05) by 32.3 ⫾ 1.5%
in the EX group, and decreased (P ⬍ 0.05) in the CLENEX
(⫺20.5 ⫾ 4.7%) and CLEN groups (⫺20.9 ⫾ 5.6%) (Fig,
3, A and B). There were no changes (P ⬎ 0.05) in ECT in
the CON group. There were no significant treatment effects
for hematocrit, total protein, or lactate at any sampling
period for the ECT.
Hemodynamics. Hemodynamic data are summarized
in Table 1. There were no differences (P ⬎ 0.05) in resting
HR, RVP, or PAP. Similarly, there were no differences (P
⬎ 0.05) between groups for maximal HR or the RVP and
PAP measured at the speed eliciting maximal oxygen uptake. Recovery HR was higher (P ⬍ 0.05) than pretreatment
http://www.acsm-msse.org

FIGURE 2—A: Lactate at V̇O2max and B: velocity producing 4 mmol
lacate (VLA4) in clenbuterol plus exercise-treated (CLENEX); clenbuterol-treated (CLEN); exercise (EX); and control (CON). Values are
means ⴞ SE; * significantly different from pretreatment values for
each group.

values for CLENEX, CLEN, or CON but was reduced (P ⬍
0.05) for EX at 2 min of recovery (Fig. 4, A and B). There
was a significant interaction (P ⫽ 0.035) between group and
period for recovery HR. RVP was not different (P ⬎ 0.05)
at V̇O2max (Table 1) for any group. RVP was higher (P ⬍
0.05) at 2 min post-GXT in the CLEN and the CON groups
compared with pretest values; however, in the EX group,
recovery RVP had returned to pre-GXT levels by 2 min of
recovery (Fig. 5). There was a significant interaction (P ⫽
0.001) between group and period for recovery RVP. There
were no differences (P ⬎ 0.05) in PAP for any intensity for
any group (Table 1).
Plasma volume. Plasma volume significantly increased (⫹27%) in the EX group but significantly decreased
(⫺10%) in the CLENEX group (Fig. 6, A and B). There
were no significant changes in either the CON or CLEN.
Percent changes in plasma volume were correlated (P ⫽
0.01; R ⫽ 0.984) to percent changes in V̇O2max in the four
treatment groups (Fig. 7). Changes in plasma volume were
correlated (P ⫽ 0.03; R ⫽ ⫺0.469) to changes in recovery
HR at 2 min (data not shown).
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FIGURE 3—A, Exercise capacity test; and B, percent change in run
time in clenbuterol plus exercise-treated (CLENEX), clenbuteroltreated (CLEN), exercise (EX), and control (CON). Values are means
ⴞ SE; * significantly different from pretreatment values for each
group.

DISCUSSION
The major finding of this paper was that even minimal
therapeutic concentrations of the ␤2-sympathomimetic
drug, clenbuterol, adversely affect aerobic performance,
high-intensity exercise capacity and the animal’s ability to
recover from exercise. Animals treated with clenbuterol and
exercise demonstrated a proportional reduction in V̇O2max
(⫺10%) and plasma volume (⫺10%). And although not
significant (P ⫽ 0.09), there was a modest, and proportional,
decrease in the measured V̇O2max (⫺3.5%) and plasma
volumes (⫺3.0%) of the clenbuterol-only horses. Functionally, the reduced plasma volume may explain in part the
longer postexertion cardiovascular recovery times seen in
the trained clenbuterol-treated horses when they are compared with the trained horses that did not get the drug. In
fact, changes in plasma volume were correlated (P ⫽ 0.01;
R ⫽ 0.984) to changes in V̇O2max in the four treatment
groups. Supporting these conclusions were the elevated
postexertion recovery heart rate (HR) and the elevated right
ventricular pressure (RVP). These data are also supported
by echocardiographic data collected from these same horses
in a concurrent study (47) that showed elevations in ventricle and atrial chamber dimensions and cardiac output, stroke
volume, and HR immediately after a maximal exercise test
Medicine & Science in Sports & Exercise姞
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TABLE 1. Hemodynamic data for heart rate (HR), right ventricular pressure (RVP), and pulmonary artery pressure (PAP); all data were collected during the graded exercise test
for each horse in the clenbuterol (CLEN), clenbuterol and exercise (CLENEX), exercise (EX), and control (CON) groups before and after treatment; all results are means ⫾ SEM.
HR resting (b䡠min⫺1)
Pre
Post
HR max (b䡠min⫺1)
Pre
Post
RVP resting (mm Hg)
Pre
Post
RVP max (mm Hg)
Pre
Post
PAP resting (mm Hg)
Pre
Post
PAP max (mm Hg)
Pre
Post
PAP 2 min post (mm Hg)
Pre
Post

CLENEX

CLEN

EX

CON

53.0 ⫾ 4.8
52.0 ⫾ 4.0

70.7 ⫾ 11.9
69.0 ⫾ 3.4

69.6 ⫾ 8.6
52.0 ⫾ 4.8

56.0 ⫾ 7.2
61.0 ⫾ 7.2

219.0 ⫾ 4.3
217.0 ⫾ 9.6

222.0 ⫾ 7.8
225.0 ⫾ 6.1

216.0 ⫾ 6.8
212.0 ⫾ 8.0

224.0 ⫾ 5.2
219.0 ⫾ 4.0

50.2 ⫾ 3.9
52.2 ⫾ 2.6

56.8 ⫾ 9.3
63.1 ⫾ 2.8

55.2 ⫾ 4.8
47.0 ⫾ 4.9

48.8 ⫾ 2.9
60.0 ⫾ 3.5

130.4 ⫾ 6.5
127.9 ⫾ 4.2

128.9 ⫾ 7.3
127.3 ⫾ 3.7

132.3 ⫾ 4.1
122.4 ⫾ 6.4

122.3 ⫾ 5.1
129.1 ⫾ 4.1

37.5 ⫾ 3.9
34.8 ⫾ 2.5

47.3 ⫾ 7.2
43.6 ⫾ 2.4

46.2 ⫾ 3.5
45.4 ⫾ 4.5

42.1 ⫾ 4.1
42.9 ⫾ 4.3

117.0 ⫾ 11.0
106.1 ⫾ 4.2

111.8 ⫾ 9.50
103.0 ⫾ 3.7

109.6 ⫾ 5.10
105.7 ⫾ 0.3

109.4 ⫾ 4.4
103.8 ⫾ 0.3

54.1 ⫾ 5.0
53.1 ⫾ 6.4

50.6 ⫾ 4.80
51.3 ⫾ 3.2

61.3 ⫾ 6.8
52.3 ⫾ 6.6

53.4 ⫾ 8.9
60.3 ⫾ 9.7

(47). Both the CLENEX and EX groups should have experienced similar beneficial training effects such as a higher
maximal aerobic capacity, increases in plasma volume, and
because of the greater potential for maintaining venous
return, shorter cardiovascular recovery times. However,
those improvements in cardiovascular function that were
seen in the EX horses with training were not apparent in the
CLENEX horses. Thus, one could speculate that the combination of a reduced aerobic capacity and longer postexertion recovery times in the CLENEX horses compared with
the EX horses may reflect both a cardiovascular and thermoregulatory instability that be related to the lower plasma
volumes. These findings may have important implications
both for equine (3,15,23,24,44) and human athletes involved
in similar training regimes that use prescription ␤2-agonist
drugs (1,34,45) to control respiratory ailments such as exercise-induced asthma (22).
There are several other new findings in this study. This is
the first study to directly measure oxygen uptake and then
assess changes in V̇O2max after treatment with clenbuterol.
Studies using rodent measured run time to volitional fatigue
as a measure of fitness (8,12). Run time volitional fatigue is
a derivative measure that correlates well with maximal
oxygen uptake in rodents, but it is not a direct measure.
Second, this is also the first study to examine long-term
clenbuterol administration in nongrowing and weight-stable
animals. Rodents are constantly growing, as is evident by
the necessity to report growth curves. Growth changes over
the course of the study can be a confounding variable. The
study by Duncan et al. (14) did not compare the results of
the control-untreated, and therefore we cannot make any
argument regarding these data. Third, no other study has
measured the interaction of clenbuterol, training, and
plasma volume. It is unknown whether training and exercise
would reduce plasma volume in rodents, an animal that does
not sweat, or whether this is indeed a sweating-mediated
mechanism. Because humans do sweat during exercise, the
findings from the current study do represent novel and
1980
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important data. Fourth, there are no data regarding clenbuterol treatment and cardiac function during exercise. We
are the first to measure the pressure of the right ventricle and
the pulmonary artery during each step during the GXT.
Clenbuterol’s effects on aerobic performance.
The reductions in aerobic performance seen in the present
study are consistent with findings from previous studies in
other species that used much higher doses (~mg·kg⫺1 body
weight) of clenbuterol (13,14,19,29,51,52). Previous studies
of the horse (20,23,24,42,43,48) have not demonstrated any
alterations in performance; however, those studies used
either acute (1 d) or short-term (⬍5 d) therapeutic doses
(0.8 –3.2 g·kg⫺1 body weight) of clenbuterol. This is the
first study in the horse to demonstrate any adverse effects on
performance by using doses in a prescribed therapeutic
range recommended by the manufacturer.
Clenbuterol has been shown to adversely affect aerobic
performance in mice (19) and rats (14,52). Ingalls and
coworkers (19) investigated the effects of eight weeks of
clenbuterol administration (1.6 mg·kg⫺1, 4 d·wk⫺1) on exercise capacity in mice. In that study, clenbuterol-treated
mice decreased total work by 25% whereas the exercisetrained mice increased total work by 58% in a run-toexhaustion treadmill test. Thus, it could be suggested that
clenbuterol treatment eliminated the exercise-induced increase in work in the clenbuterol plus exercise mice (19).
Alternatively, it could be inferred that exercise eliminated
the clenbuterol-induced decrease in total work or that exercise acted “protectively” against the deleterious effects of
clenbuterol. These data were extended by a study by Duncan
and colleagues (14), who looked at the effects of clenbuterol
(2 mg·kg⫺1·d⫺1) on sprint and swim performance in rats.
The clenbuterol-treated rats of that study ran 57% less total
distance than untreated animals. Furthermore, many clenbuterol rats were unable to complete the swim and sprint
testing protocols. In order for the clenbuterol-treated rats of
that study to finish their exercise protocol, their running
speed was reduced by 43%, and the tail weights were
http://www.acsm-msse.org

FIGURE 4 —Heart rate (HR): A, 2 min post-GXT during recovery;
and B, percent recovery HR in clenbuterol plus exercise-treated
(CLENEX), clenbuterol-treated (CLEN), exercise (EX), and control
(CON). Values are means ⴞ SE; * significantly different from pretreatment values for each group.

FIGURE 6 —Plasma volume: A: pretreatment; and B, percent change
in plasma volume from pretreatment values in clenbuterol plus exercise-treated (CLENEX), clenbuterol-treated (CLEN), exercise (EX),
and control (CON). Values are means ⴞ SE; * significantly different
from pretreatment values for each group.

removed from their tails (14). Clenbuterol also prevented
the aerobic training-induced improvement in insulin-stimulated glucose uptake in rats (52). These data (14,19,52)
demonstrated that exercise, in combination with clenbuterol,
can eliminate the deleterious effects of clenbuterol alone, a
situation that we did not see in horses of the present study.

A similar reduction in work capacity was seen in horses
of the present study during both the ECT and GXT. Horses
in both clenbuterol-treated groups were unable to sustain a
high intensity of work output. The exercise intolerance was
most evident in the CLENEX horses, which not only had a

FIGURE 5—Right ventricular pressure (RVP) 2 min post-GXT during
recovery and clenbuterol plus exercise-treated (CLENEX), clenbuterol-treated (CLEN), exercise (EX), and control (CON). Values are
means ⴞ SE; * significantly different from pretreatment values for
each group.

FIGURE 7—Scatter diagrams and linear regression lines relating
percent change in V̇O2max to percent change in plasma volume for
clenbuterol plus exercise-treated (CLENEX, open circle); clenbuteroltreated (CLEN, closed circle); exercise (EX, closed square); and control
(CON, open square). Values are means.
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diminished maximal aerobic capacity but also a reduction in
the speed that elicited V̇O2max. And although not significant
at the P ⬍ 0.05 level, the CLEN group did show a tendency
for a reduction in V̇O2max (⫺3.5%). Heart rate at V̇O2max
was not significantly different posttreatment in either clenbuterol-treated group. Taking into account their lower
V̇O2max, this would indicate an increase in work of the heart
at any given submaximal workload as evidenced by a higher
heart rate at these workloads (data not shown). Together,
this suggests that there was a leftward shift in the heart rate
to work curve in the CLENEX and CLEN horses. This is in
contrast to the rightward shift in the heart rate to work curve
in the EX group. Thus, it appears that clenbuterol administration altered this training-induced adaptation that benefits
aerobic performance. Interestingly, there were no changes in
blood lactate kinetics in any of the treatment groups, except
for an improvement in VLA4 in the EX group. The later is a
marker of endurance capacity that one would expect to be
improved with aerobic conditioning. The fact that VLA4 was
not improved in the CLENEX horses further adds to the
suggestion that clenbuterol administration somehow alters
the normal improvement in aerobic performance seen as an
adaptation to training. Finally, horses in the CLEN and
CLENEX groups had a 20% reduction in time to fatigue
during their high intensity ECT, whereas the horses in the
EX group demonstrated a substantial improvement in the
time to fatigue. The ability to perform the high-intensity
ECT relies heavily on both the aerobic capacity of the
animal and its ability to tolerate anaerobic metabolism. We
did not collect data to differentiate the exact mechanism
behind the differences in time to fatigue; however, it may be
linked to alterations in both aerobic and anaerobic capacity.
Together the observed data support the hypothesis that clenbuterol deleteriously effects the ability to tolerate both aerobic and high-intensity work.
The reductions in aerobic performance seen with clenbuterol administrations may have been due to peripheral
changes in muscle, or they may be reflect of central limitations, or both. The former is supported by the observation
that clenbuterol produces many muscle-directed alterations,
such as a slow to fast migration in myosin heavy chain
profile (2,53) and a reduction in oxidative and glycolytic
enzyme activities (13,25,52) in rats and mice (19). In the
present study, clenbuterol treatment induced a migration
from slow to fast myosin heavy chain (2) but did not alter
the maximal activity of any glycolytic or aerobic enzymes
measured (unpublished data) in these horses. The changes in
the muscle fiber profile could potentially increase explosive
work ability but would severely limit any aerobic or endurance capacities in these horses. Alternatively, the reduction
in work capacity may also be related to or exacerbated by
the observed substantial reductions in plasma volume and
subsequent detrimental effects on cardiovascular capacity
and stability.
Changes in plasma volume, cardiovascular function, and recovery. Blood volume and plasma volume
are highly correlated to cardiovascular function and aerobic
capacity in humans (8) and horses (38). Plasma volume
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increases with exercise training in humans (8 –10), dogs
(34), and horses (28,33). The increase in plasma volume
with exercise training is called a training-induced hypervolemia (8). The mechanism behind this increase in plasma
volume in the horse involves renal sympathetic nerve stimulation of the renin-angiotensin-aldosterone cascade and a
net retention of sodium and water by the kidneys (31,33).
This extra total body water and plasma volume provides
fluid for cardiovascular (venous return, filling volume, and
cardiac output) stability and thermoregulatory (sweating and
skin blood flow) stability (8).
Exercise training in the present study resulted in a significant elevation in plasma volumes for all the horses in the
EX group. The magnitude of this increase (⫹27%) was very
similar to that previously reported in horses (33). This
increase in plasma volume, combined with the increases in
V̇O2max, and the more rapid recovery HR and RVP suggest
that the extra plasma volume enhances cardiovascular stability in response to an acute bout of exercise, a conclusion
supported by work in humans (8). Plasma volume decreased
in the CLENEX group and trended downward in the CLEN
group. Interestingly, the magnitude of the decrease seen in
the CLENEX (⫺10%) versus CLEN (⫺3%) was proportional to the decrease in maximal aerobic capacity seen in
both groups. Thus, a major finding of the present study is the
appearance that clenbuterol counteracts or blocks the normal hypervolemic response to exercise training and even
results in decreases in plasma volume in the CLENEX
horses. Those horses should have experienced an increase in
vascular fluid volume similar to the EX horses, an adaptive
response that is beneficial to cardiovascular function because venous return can be better maintained in the face of
an exercise challenge. This extra plasma volume results in
shorter postexertion cardiovascular recovery times enhancing apparent cardiovascular stability. One could possibly
define cardiovascular “stability” as the ability to rapidly
return to baseline values after an exercise challenge. Thus,
in a functional sense, elevated postexertion HR in the
CLENEX, CLEN, and CON; and RVP in the CLEN and
CON groups may reflect a degree of both a cardiovascular
and thermoregulatory instability when compared to the
rapid recovery response demonstrated by the EX animals.
Human studies have suggested that greater recovery responses to exercise maybe indicative of greater cardiac
effort and, if induced by disease or drugs, may be predictive
of risk for sudden death (6,16,37). In those cases, pathological data have indicated that the alteration in the recovery
response may be related to changes in cardiac morphology
(16) or sympathetic vagal tone (6). Clenbuterol has also
been shown to cause cardiac hypertrophy (50) and collagen
infiltrations of the left ventricle (29). These changes would
be predictive to further increase cardiac effort by reducing
cardiac compliance. Furthermore, in a concurrent study in
these horses (47), clenbuterol induced changes in the structural dimensions of the heart, as assessed by echocardiography, that were consistent with cardiac remodeling and
reduced cardiac compliance.
http://www.acsm-msse.org

A major difference between this study and the previous
literature regarding clenbuterol is that exercise training was
not protective against the deleterious effects of clenbuterol.
In fact, the CLENEX group suffered the largest reductions
in aerobic performance whereas the CLEN group demonstrated only minor changes. In previous work in other species, exercise training has been shown to be protective of the
detrimental effects of clenbuterol, ameliorating the reductions in work capacity (19,29,51,52). Mice given clenbuterol plus exercise training demonstrated similar run-toexhaustion times when compared with control mice (19),
and exercise training lessened the clenbuterol-induced infiltration of collagen in the ventricles of clenbuterol-treated
rats (14). In the present study, horses receiving a combination of clenbuterol and exercise training demonstrated a
larger decline in V̇O2max and plasma volume than horses
receiving clenbuterol alone.
An explanation for why exercise training actually amplified the clenbuterol-induced reductions in aerobic capacity
and did not act protectively was unclear. The lack of a
protective response to training may be reflective of the mild
intensity of the exercise training protocol used in the current
study, which was set at the lower threshold for significant
aerobic improvement (39). It may have also been related to
clenbuterol-induced alterations in fluid homeostasis. Although exercise training alone significantly increased
V̇O2max and ECT, the effect of training in the CLENEX
group may not have been intense enough to counter clenbuterol’s deleterious effects. However, despite the mild exercise intensity, the clenbuterol-treated horses of the present
study still demonstrated great difficulty in their ability to
maintain the study’s prescribed exercise protocol. We believed that it was better to maintain both exercise-training
groups at similar work intensities rather than to increase the
work intensity of the EX group.
An alternative explanation as to why exercise training further reduced exercise capacity in clenbuterol-treated horses of
the present study, and was not protective as seen in studies of
rats (14) and mice (19), may be related to the fact that neither
rats nor mice sweat to thermoregulate. Horses, on the other
hand, like humans, sweat profusely to thermoregulate. It is
possible, that the disruption of the mechanisms associated with
fluid homeostasis plays an important part in the action of
clenbuterol in the horse. As stated above, it appears as though
clenbuterol alters the normal hypervolemic response to exercise training. We did not quantify sweat rate at any time;
however, the observed side effects (data not shown) of clenbuterol administration included extreme sweating for hours
postdrug administration (copious amounts dripping off the
clenbuterol-treated horse vs no visible sweating in the control
horses), increased heart rate, and agitation while the horses
stood in their stalls. These effects persisted for 2 wk in both
clenbuterol-treated horses. The CLENEX group was lathered
more than the EX group immediately after all exercise training
bouts. The CLENEX horses continued to sweat long into their
recovery, in some cases for nearly an hour after exercise. It is
possible that the CLENEX group was unable to replenish the
volume of water that was lost as a normal consequence of
HORSE AEROBIC PERFORMANCE AND CLENBUTEROL

exercise as well as the extra fluid lost while sweating in their
stalls and, therefore, showed a much greater reduction in
plasma volume than the CLEN group (⫺10% vs ⫺3.5%). The
observed loss in plasma volume would certainly reduce the
horse’s ability to thermoregulate after a bout of exercise.
Another factor associated with the hypervolemic response
is an increase in the total content of protein in the vascular
space. This increase in plasma protein content leads to the
retention of water via oncotic mechanisms. It has been
shown in rats that clenbuterol exacerbates the symptoms
associated with protein deficiency (46). In that study,
plasma albumin concentrations, as well as total liver proteins were significantly reduced despite an increase in gastrocnemius muscle protein in the clenbuterol-treated rats
(45). It was hypothesized that clenbuterol preferentially
increases the pool of muscle protein at the expense of the
body’s other protein stores. Both clenbuterol-treated horses
of the present study significantly increased their fat-free
mass (21). Although there were no changes in plasma protein concentration in any group of the present study, there
must have been an increase in the content of plasma protein
in the EX group so as to maintain the concentration in the
face of an increase in plasma water. Because plasma volume
decreased in the CLENEX group without a decrease in
plasma protein concentration, it seems reasonable to conclude that there was a reduction in the total content of
protein within the vascular space. This alteration in the
availability of plasma proteins could have had potentially
detrimental effects on the horse’s ability to retain water.
Therefore, the net negative loss in the vascular fluid volumes seen in the present study may partially explain the
differences in the exercise performance between the two
clenbuterol-treated groups. The mechanisms regulating the
decrease in total content of protein and the subsequent
reduction of plasma volume have yet to be elucidated. The
phenomenon may be related to an alteration in renal tubular
function and/or a disruption in the neuroendocrine control of
renal fluid homeostasis. This is the first study to date, in any
species, that has reported alterations in fluid homeostasis
due to clenbuterol treatment, and clearly more work needs to
be done in this area. What is clearer, however, is that the
significant loss of plasma volume in the CLENEX horses
might explain why exercise was not protective of clenbuterol’s deleterious effects as it has been shown to be in
rats (14,29,51,52) or mice (19).
Summary and conclusion. The training-induced increase in plasma volume in the EX group may explain the
faster recovery for HR and RVP. Data from the present
study suggest, however, that the combined effect of clenbuterol and training may result in a reduction in plasma
volume that appears to affect aerobic capacity and cardiovascular function. These data have strong implication for
human athletes using ␤2-agonists. Obviously, any decrease
in performance is undesirable, but it is the potential health
risks that are the most important. The impairment of postexertion recovery could put an athlete at greater risk for
cardiac injury. Furthermore, the reduction in plasma volume
greatly increases the potential for thermal injury, especially
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when exercising in a hot and humid environment. This last
point has particular relevance to the equine athlete, as horses
must produce large amounts of sweat to thermoregulate,
even in a cool and temperate environment.
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