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ABSTRACT. This study was designed to determine whether acetazolamide admin-
istration would result in 1) a reduction in the exercise time to fatigue, 2) an
inhibition of skeletal muscle glycolysis, 3) an increase in the arterial oxygen tension
at rest and during exercise, and, 4) hypercapnia during exercise. Six horses received
either no treatment or acetazolamide (30 mg kg‘l‘ glzh PO) for 3 days, in a
crossover experiment. Exercise requiring =65% VO,max was performed until
fatigue. The oxygen consumption during exercise was nol different as a result of
acetazolamide. However, the VCO, was lower during the first 4 min of exercise after
acelazolamide. During exercise, heart rate (192 vs. 173 bpm) and cardiac output
{292 vs. 261 | min~") were higher following acetazolamide, while there were no
differences in stroke volume. The arierial oxygen conient and the arteriovenous
oxygen content difference were lower during exercise after acetazolamide, despite
the arierial oxygen tension being =9 Torr higher. The pH of arterial blood was lower
before and during exercise while the arterial carbon dioxide tension was higher afier
acetazolamide. Although the mean fime to fatigue was not different between treat-
ments (24.8 control vs. 20.8 min acctazolamide) 5 of the 6 horses had a reduced

exercise capacity lollowing acetazolamide administration.
Key words: Horses; acidosis; blood pases; fatigue; metabolic regulation.

INTRODUCTION

With moderate to severe exercise intensities,
the time to fatigue may be delayed by a pre-
existing metabolic alkalosis whereas a prior
metabolic acidosis may impair the duration
of performance.®!” The mechanism for these
effects is unclear, but in human subjects that
received ammonium chloride prior to exer-
cise, an inhibition of glycolysis has been
demonstrated in the exercising skeletal mus-
cle. !

In most studies involving induction of
metabolic acidosis prior to exercise, either
ammonium chloride or the carbonic anhy-
drase inhibitor acetazolamide have been
used as the acidifying agents.®1%1%!7 Because
carbonic anhydrase bas a principal role in
CO, transport in many tissues, including

erythrocytes,!! administration of the diuretic
agent acetazolamide, a carbonic anhydrase
inhibitor, results in a complex series of phys-
iological effects. The net results at rest are
losses of potassium, bicarbonate, and sodi-
um via the kidney, altered CO; transport,
metabolic acidosis, and an increase ia alveo-
lar ventilation.'® The metabolic acidosis and
detayed CO, transport appear to limit cxer-
cise capacity in rats'® and man'® during sub-
maxmal exercise and horses during high in-
tensity exercise, '

It was anticipated that during exercise re-
quiring 65% of the maximal oxygen con-
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sumption inhibition of carbonic anhydrase

would result in hypercapnia, impairment of

muscle metabolism and a more rapid induc-
tion of fatipue. Therefore, the following
questions were asked: 1) does acetazolamide
reduce the exercise time to fatigue? 2) does
acetazolamide administration result in inhi-
bition of skeletal muscle glycolysis? 3} is the
increase in resting arterial oxygen tension
{Pa0,) associated with alveolar hyperventi-
lation following acetazolamide administra-
tion maintained throughout the course of the
exercise? and 4) does acetazolamide admin-
istration result in hypercapnia during exer-
cise of moderate intensity?

MATERIALS AND METHODS

Six Thoroughbred horses, ranging in age
from 3 to 5 years and weighing 440 to 536 kg
(496 + 14 k) were used, Three weeks before
the experiment the VO,max of each horse
was measured four times.!* The mean
VO,max (+SE) was 140+5 ml kg”! min~!,
The horses were randomly assigned to either
control or acetazolamide treatment before
the first experimental day and given the al-
ternate treatment at least 0 days later. Each
horse was exercised at the speed determined
to produce 65 % of the VO,max until it could
no longer keep pace with the treadmill belt
despite verbal encouragement. In horses re-
ceiving acetazolamide, 30 mg kg~' of the
drug was administered twice daily by naso-
gastric tube for 3 days prior to exercise. This
dose of acetazolamide was selected as lower
dose regimens were found unsuitable for the
induction of a stable metabolic acidosis. On
the morning of the exercise test, pulmonary
and systemic arterial catheters were placed
via the jugular vein and carotid artery (pre-
viously translocated to a subcutaneous posi-
tion). Prior to excrcise, a muscle biopsy was
collected from the middie gluteal muscle and
immediately frozen in liquid nitrogen for lat-
er biochemical analysis. A thermocouple was
placed at the level of the right atrium via the
jugular vein. Five min after walking the
horse onto the treadmill, resting arterial and

mixed venous blood were simultaneously
collected into heparinized syringes to meas-
ure blood gas and acid base values.! The
blood temperature was measured to allow
for correction of differences in temperature
between the electrodes of the blood gas ma-
chine and the temperature of the horse.
These samples were stored in an ice bath
prior to analysis. The arterial and mixed ve-
nous oxygen content and hemoglobin (Hb)
concentration were measured on these sam-
ples using an Instrumentation Laboratories
oximeter {IL-282), Arterial blood was also
collected into sodium fluoride and potas-
sium oxalate tubes and lithium heparin
tubes for measurement of plasma lactate
(La) and plasma electrolytes, respectively.
After collection samples were placed in an
ice bath until centrifuged to separate eryth-
rocytes and plasma. Plasma for subsequent
clectrolyte analysis was decanted into tubes
and stored at —80°C until analysis. Samples
of plasma for La determinations were depro-
teinated with perchloric acid and stored at
—80°C until analysis. A cardiotachometer®
was applied for the measurement of heart
rate (HR) during exercise. Oxygen uptake
(VO,) and carbon dioxide production
(VCO,) were measured as described pre-
viously.'* Cardiac output (Q) was deter-
mined using the direct Fick method. The
treadmill speed was increased to the level
pre-determined to elicit 65% of the VO,max
(5.7 to 7.5 m s~%). Arterial and mixed ve-
nous blood samples were collected after 1, 3,
5, 10, and 15 min of exercise. Samples were
analyzed for gases, pH, acid-base values,
electrolytes and La. Blood temperature was
measured at each blood sample collection
time. Expired gas samples were collected at
the same time as blood samples. When the
horse was unable to maintain its speed, fur-
ther blood and expired gas samples were col-
lected, the treadmill was stopped and a mus-
cle biopsy obtained from the middle gluteal
muscle within 30 seconds of the cessation of
gxercise

During recovery, expired gas and blood
sampies were collected at 1, 3, 5, 10, 15, 30
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Fig 1 Oxygen uptake (VO,), carbon dioxide elim-
ination (VCO,), and respiratory exchange ratio (R
value) in horses exercising at 65 % of the VO,max
until fatigue with no treatment (@) and after acet-
azolamide-induced acidosis ({3). In all Figs. values
are mean + SE. Where no error bar is visible it fell
within the symbol depicting the mean. Because
the exercise time for the two treatments were dif-
ferent the symbols for the final point in exercise
have been normalized in all Figs.

and 60 min post-exercise and analyzed as
described above. Muscle biopsies were col-
lected at 30 and 60 min post-exercise.
Muscle metabolites measured included
adenosine triphosphate (ATP), adenosine di-
phosphate (ADP), creatine phosphate (CP),
glucose-6-phosphate (G-6-P), La, and glyco-
gen, using methods described by Kelso et al.”
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Muscle pH and plasma La were measured as
described previously.'* The plasma sodium
(Na) and potassium (K) were measured us-
ing flame photometry (Instrumentation Lab-
oratories Maodel 143). A chloride titrator
(Radiometer CMT 10} was used to make
plasma chloride (Cl) determinations.

The concentration of acetazolamide in the
plasma (14 hours after the last dose) was
determined using the enzymatic method of
Maren et al.'*

Results were analyzed by a multifactor re-
peated measures analysis of variance to de-
termine significant differences between acet-
azolamide and contro! treatments. All re-
sults are reported as mean + SE. Differences
of p<0.05 were considered as significant.

RESULTS

Plasma acetazolamide concentrations. The
mean pie-exercise unbound plasma acet-
azolamide was 6.1+ 3,0 umol 1",

Bodyweight prior to exercise In the con-
trol condition bodyweight prior to exercise
was 496+ 14 ke compared to 493+ 16 kg for
acetazolamide treatment.

Exercise time to fatigue. Exercise times {0
fatigue were 248+ 1.6 min and 20.8+1.0
min for the control and acetazolamide con-
ditions, respectively.

Metabolic response to exercise. Oxypen
consumption rose rapidly in response to ex-
ercise and reached peak values of 101.3+2.8
mi kg=! min~! for unireated horses and
95.7+7.2 ml kg=' min~' following acet-
azolamide treatment (Fig. 1). Although the
difference in these values was not statistical-
ly significant, 4 of the 6 horses had lower
peak VO, values following acetazolamide
administration. Acetazolamide treatment re-
sulted in lower VCO, values during the first
4 min of excercise than in the untreated
horses. However, no differences were found
during recovery (Fig. 1). Similarly, the val-
ues for respiratory exchange ratio (R) during
exercise were lower after acetazolamide
treatment for the first 3 min of exercise but
not during the remainder of exercise or re-
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Fig. 2 Changes in heart rate (HR), cardiac output
{Q), and stroke volume (SV) in horses exercising
at 63% of the VO,max untif fatigue with no treat-
ment and following acetazolamide induced meta-
bolic acidosis. Symbols as Fig 1.

covery (Fig. 1). Heart rate and Q were not
different between groups at rest but rose rap-
idly in response to exercise in both groups.
However, the peak HR and Q were higher
during exercise after acetazolamide treat-
ment when compared to the control condi-
tions (192.8+4.3 vs. 178.0%3.4 bpm and
292.4%36.5 vs. 261.4:+8.0 | min~!, respec-
tively) (Fig. 2). Despite this difference in Q,

stroke volume was unchanged as a result of

the treatment or exercise (Fig. 2).
Arterial Hb was higher at rest (I55+10 ¢
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Fig. 3 Values for the temperature of blood at the
level of the right atrium and the concentration of
hemoglobin (Hb) in arterial blood in horses exer-
cising at 65% of the VO,max until fatigue with no
treatment and following acetazolamide induced
metabolic acidosis. Symbols as Fig. {.

=1 in the control condition when compared
to the acetazolamide treated hosses (133+6
g 1) (Fig. 3). Arterial Hb rose rapidly in
response to exercise in both conditions and
was more than 25% above the resting value
by the end of exercise. This had returned to
resting values by 60 min post-exercise.

No effect was found as a result of acetazol-
amide administration on the temperature of
blood at the level of the right atrium at rest.
However, the blood temperature at fatigue
was higher following acetazolamide treat-
ment (42.0+£0.3°C} when compared to the
control condition (41.5+0.4°C) (Fig. 3). Al-
though blood temperature returned toward
pre-exercise values in both groups in the 60
min recovery period 4 temperature differen-
tial of 0.5°C between the two groups per-
sisted throughout recovery.

Muscle and blood metabolites and pH No
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Table . The concentration of selected muscle metabolites and pH at rest, after exercise, and
during recovery in horses exercised at 65 % of the VOymax until fatigue with no treatment and

after acetazolamide induced acidosis

Muscle metabolites are expressed as mmol mol~" TCr. Values are + SE: #=6 horses. The 0 min post-
exercise sample was collected within 30 seconds of the horses stopping exercise. Acet. = acetazolamide

treatment
After exercise
Before
exercise 0 min 30 min 60 min

I actate

Controf 147353 347+ 844 127T+82 257+ 130

Acet. 17053 219+62" 230+81 21876
ATP

Control 152425 15124 52421 149+ 18

Acet. 153416 139+ 18 143+12 150+ 30
cp

Control 662+98 567X 101 622485 624 +90

Acet, 621 +51" 508 % §gebY 55377 587+ 80"
G-6-P

Control 34x14 55+1.8° 3610 joxi4

Acet. 4006 54+14° 17+10 16%1.2
Glycogen

Control 3732648 323420612 3292:+528 3432+822

Acet, 3268 + 6RO 2 569+511 2508+473 277324317
pH {(units)

Control 6.901+0.07 6.72+0.1¢¢ 6.83£0.04 6.90x0.10

Acel. 6.79 +0.06" 6.63+0.10%* 6.75+0.08" 6.78 004

" Mean different from rest value for that treatment {p<0.05).
b Mean different from mean value of control group at the same sample time (p<0.05).

differences were found between the treat-
ment groups af any sampling time for muscle
ATP, ADP, glycogen or G-6-P (Table 1).
Muscle CP and pH were lower at all sam-
pling times following acetazolamide admin-
istration. Muscle pH fell by 0.16 units in the
control and 0.1% units in the acetazolamide
treated groups in response to the exercise
(Table 1). Although not different at rest,
plasma La was lower during and after exer-
cise, and muscle La was lower on cessation
of exercise following acetazolamide adminis-
tration when compared to control (Fig. 4).
Blood gases and acid-base measurements.
Prior to exercise, arterial blood pH (pHa)
and the calculated arterial blood bicarbonate
concentration were 7.42+0.01 uniis and

29.8-+ 2.0 mmol ™! respectively, for the con-
trol situation. These values were lower
(7.37+0.02 units and 16.9+2.9 mmol I~
respectively) following acetazolamide treat-
ment. The pHa was unaffected by exercise in
the control condition, but was below the
resting value throughout exercise following
acetazolamide administration. There was no
difference between groups during recovery
(Fig. 4). The arterial oxygen tension (Pa0,)
was higher at all measurement points follow-
ing acetazolamide administration when
compared to the control condition. This dif-
ference was ~ 15 Torr at rest, decreased to
around 9 Torr by the end of exercise and
increased to greater than 20 Torr by the third
min of recovery (Fig. 5). The PaO, was lower
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Fig 4. The concentration of lactate in plasma and
pH of arterial blood (pHa) in horses exercising at
65% of the VO,max until fatigue with no treat-
ment and following acetazolamide induced meta-
bolic acidosis. Symbols as Fig |

than rest after [ min of exercise in both
treatment groups, however, values were not
different from rest by the third min of exer-
cise. Values for PaO, were higher after I min
of recovery when compared to the respective
values at rest for both treatments. The arteri-
al carbon dioxide tension (PaCO,) was lower
at rest but higher throughout exercise in
horses receiving acetazolamide when com-
pared to the control situation. This differ-
ence decreased during the first 3 min of re-
covery after which the values for the two
groups were similar. By 15 min of recovery
the PaCO+ was lower in the acetazolamide
treated horses when compared to the control
animals. Arterial oxygen content (CaO,) was
lower at rest and during exercise following
treatment with acetazolamide. The oxygen
content of mixed venous blood {Cv0,) was
lower at rest but not during exercise or re-
covery following acetazolamide treatment.
The arteriovenous oxygen content differ-
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Fig 5. The tensions of oxygen (Pa0,) and carbon
dioxide (P¥CO,) and the arteriovenous oxygen
content difference C{a- V)0, in horses exercising
at 65% of the VO,max until fatigue with no treat-
ment and following acetazolamide induced meta-
bolic acidosis Symbols as Fig 1.

ence, Cla—v)0,, was lower during exercise
following treatment with acetazolamide
(Fig. 5).

Plasma electrolytes At rest, plasma Na
was not affected whereas plasma K was low-
er and plasma Cl higher following induction
of acidosis by acetazolamide (Fig. 6). Plasma
K increased by approximately 70% and 50%
during exercise in the control and acetazol-
amide groups, respectively. The increase in
plasma K in the control group was greater
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Fig 6. The concentrations of sodium (Na), potas-
sium {K) and chloride (Cl) in arterial blood plas-
ma of horses exercising at 65% of the VO;max
until fatigue with no treatment and following acet-
azolamide induced metabolic acidosis. Symbols as
Fig. L.

than that in the acctazolamide treated
horses. These differences were not present in
the post-exercise samples. Plasma Na and Cl
were unchanged from their rest values dur-
ing exercise or recovery in both groups.
However, despite there being no change in
response to exercise, plasma Cl was higher at
all measurement times following acetazol-
amide administration when compared to the
control condition.
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DISCUSSION

Acetazolamide related effects Acetazolamide
produced a non-progressive metabolic aci-
dosis as evidenced by an average pre-exer-
cise base deficit of 13 mmol 17! in the acet-
azolamide treated horses. A hyperventila-
tory response to this acidosis was evident
from the lower pHa and PaCO, and higher
PaQ, values in the acetazolamide treated
horses at rest. These findings support a sub-
stantial inhibition of carbonic anhydrase
and are similar to effects observed in human
subjects following ingestion of dichlorphena-
mide?* and horses following acetazolamide.!?
Further support comes from the report of
Swenson and Maren'? who demonstrated a
98.89% inhibition of carbonic anhydrase in
human subjects when the plasma acetazola-
mide concentration was 7.5 pmol I, a val-
ue only slightly higher than that occurring in
this study. Although acetazolamide is a diu-
retic, the horses were able to compensate for
the initial fluid losses resulting from admin-
istration of this agent prior to the exercise.
This is reflected by the bodyweight of the
horses in the two groups being similar imme-
diately prior to the exercise.

Metabolic effects Although the mean dif-
ference in exercise time was not different for
the two groups 5 of the 6 horses in the pres-
ent study had a shorter exercise time to fa-
tigue {4 min)} following acetazolamide treat-
ment. In contrast, the sixth horse ran for
approximately 3 min longer following ad-
ministration of acetazelamide. The results
from this animal contribuied to the refative-
ly large variation in exercise times in this
study and probably explain why the mean
exercise times between the groups were not
statistically different. We have no explana-
tion why this horse responded in this fash-
ion. However, the reduction in mean exer-
cise time to fatigue following acetazolamide
administration was equivalent to these
horses exercising = [ 600 m less than when
in the control condition. A reduction in exer-
cise capacity after induction of metabolic
acidosis prior to exercise is similar to several
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reports for man®'%1%17 and horses,'® but in
contiast to the study of Swenson and
Maren'? who investigated the effects of ace-
tazolamide in low intensity exercise in man.
In several of these studies dosing with am-
monium chloride, an agent which does not
alter CO, kinetics, was used to acidify the
subjects. Based on this property we attempt-
ed to utilize this agent in these studies; it did
not prove to be an effective acidifying agent
in the horse.

The changes in HR, muscle metabolites,
blood and muscle pH and blood temperature
were similar to those expected during exer-
cise requiring 65% of the VO,max to fa-
tigne.” Administration of acetazolamide pro-
duced few changes in skeletal muscle metab-
olism in respone to the exercise. The muscle
CP was lower in the acetazolamide treated
horses at all mesurement times. We have no
explanation for this finding. The most not-
able differences between the treatments was
the lower muscle and plasma La in the acet-
azolamide treated horses during exercise.
This reduction in La production has been
ascribed to a pH-induced depression in gly-
colysis.'” Although the muscle pH was lower
on cessation of exercise in the acetazolamide
group the lower La accumulation occurred
without apparent detrimental effects on
muscle glycolysis as there was no reduction
in the rate of glycogen depletion in these
horses during exercise when compared to the
control condition. Therefore, although such
inhibitory effects of acidosis are possible,

recent evidence indicates that the extent of

the proposed adverse effects of acidosis on
glycolysis are less than previously suggest-
ed.® A much more likely cause of the lower
La production following acetazolamide ad-
ministration is shorter exercise time to fa-
tigue 1n this group. As most La accumulated
int botls groups after 15 min of exercise, the
shorter time to fatigue (20.8 vs 24.8 min)
would likely have resulted in a substantial
reduction in La accumulation in the acidotic
group,

Despite no difference in mean values, the
peak VO, during exercise was lower in 4 of
the 6 horses following acetazolamide admin-

istration. This was likely to be the result of a
reduced extraction of oxygen as the arterio-
venous oxygen content difference was lower
in the acetazolamide treated horses during
exercise. This occurred despite the HR and
Q being higher The lower VO, in these 4
horses could be associated with a decreased
pH which reduces muscle metabolism, a
shift in the oxyhemoglobin dissociation
curve {o the right, or the retention of CO,
within the tissues as a result of carbonic an-
hydrase inhibition. Similar effects occur in
the horse during high intensity exercise, '’
Although acctazolamide administration has
been associated with a lower VO,max in hu-
man subjects such effects may only occur at
high VO, requirements as Davies et al.® did
not find any differences in VO, at submaxi-
mal workloads in man.

Blood gases. The Pa0, underwent a mod-
est reduction in both treatment groups dur-
ing the first min of exercise after which PaQ,
increased. This is consistent with previous
findings in this species and the increase in
Pa(), with increasing exercise duration is
likely related to increase in ventilation 2713
Acetazolamide administration produced a
resting PaO, which was =13 Torr greater
than the control condition. This resting al-
veolar hyperventilation (confirmed by an in-
crease in the PaO, as calculated from the
ideal gas equation), and the chemoreceptor
stimulation resulting from the metabolic aci-
dosis, were likely to have resulied in the
higher PaQ, values at all measurement times
following acetazolamide administration.
This was reflected by the PaQ, being =9
Torr higher in these horses than in the con-
trol group throughout the course of the exer-
cise. Thus, the difference in the alveolar-
arterial O, tension which occurred at rest in
response to acetazolamide treatment was
maintained throughout the exercise.

The hypercapnia which occurred in the
horses following acctazolamide administra-
tion is consistent with an inhibition of car-
bonic anhydrase. Similar effects have been
reported in man and horses in response to
high intensity exercise. '*'® Inhibition of car-
bonic anhydrase within the lung may affect



CQ, transport.'® Although this effect is sec-
ondary to that of carbonic anhydrase in the
erythrocytes it may explain why the VCO,
was lower during first 4 min of exercise fol-
lowing acetazolamide administration. This
combined with the high PaCQ, and PvCO,
values (data not shown) would reflect an im-
pairment in unloading CO; from the lung
despite the large gradient of CO, from pul-
monary capillary blood across the alveoli.
This may have contributed to the decrease in
exercise capacity following acetazolamide
administration.

Plasma electrolytes. The changes observed
were similar to those previously reported in
response  to acetazolamide administra-
tion.'>! Bicarbonate, K and to a lesser ex-
tent Na would have been excreted in the
urine wheres Cl was conserved following
acetazolamide administration. This would
explain the lower resting plasma K and high-
er plasma Cl in the acetazolamide treated
horses. The elevations in plasma K in re-
sponse to the exercise were anticipated ™"’
However, the smaller increase in plasma K
following acetazolamide administration may
be the result of the greater urinary K loss and
a higher extracellular [H*] in the acetazol-
amide treated horses.

In conclusion, acetazolamide administra-
tion resulted in increased PaO, values at all
measurement points throughout the experi-
mental period, hypercapnia during exercise,
and a reduced exercise time to fatigue in all
but one of the horses studied. The reasons
for this reduction in performance capacity
are not clear but are not likely to be the result
of impaired muscle glycolysis. Other effects
of acetazolamide administraton such as hy-
percapnia, mild acidosis, and alterations in
electrolyte balance and a more rapid in-
crease in body temperature probably contri-
buted to the shorter time to fatigue in these
horses.
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