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Entacapone, a novel catechol-O-methyltransferase inhibitor for
Parkinson’s disease, does not impair mitochondrial energy production
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Abstract

Entacapone, a novel mainly peripherally acting catechol-O-methyltransferase inhibitor used in the treatment of Parkinson’s disease,
was evaluated for its possible uncoupling activity in cell culture, in rat liver mitochondria, and in isolated guinea-pig heart. Entacapone

Ž .did not stimulate respiration in the L1210 murine T cell lymphoma cell line at the concentrations studied 5–40 mM . Furthermore,
Žentacapone neither increased mitochondrial respiration nor impaired cardiac function at pharmacologically relevant concentrations -10

.mM . In fact, the threshold concentration for increased mitochondrial oxygen consumption was 20 mM and half-maximal stimulation of
respiration was not detected until 58 mM. Surprisingly, tolcapone, another catechol-O-methyltransferase inhibitor, which acts both

Ž .peripherally and centrally, stimulated respiration in L1210 cells at the lowest concentration studied 5 mM . In addition, 1 mM tolcapone
increased mitochondrial respiration, indicating that it caused uncoupling at a much lower concentration than that of 2,4-dinitrophenol, a
well-known uncoupler of oxidative phosphorylation. Tolcapone also impaired the mechanical function and oxygen consumption of the
isolated guinea-pig heart at 1 mM. These results show that peripherally acting entacapone, unlike the brain-penetrating tolcapone, is a safe
catechol-O-methyltransferase inhibitor for the treatment of Parkinson’s disease, since it does not interfere with mitochondrial energy
metabolism at pharmacologically effective concentrations. q 1997 Elsevier Science B.V.
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1. Introduction

Entacapone, a mainly peripherally acting catechol-O-
methyltransferase inhibitor, is being investigated in clinical
trials as an adjunct drug to levodopa in the treatment of

Ž .Parkinson’s disease Merello et al., 1994 . Entacapone and
tolcapone, another catechol-O-methyltransferase inhibitor
that acts centrally are structurally related to 2,4-dinitro-
phenol, which is a well-known uncoupler of oxidative

Ž .phosphorylation Stryer, 1981 . Oxidative phosphorylation
is the major mechanism by which aerobic cells produce
ATP by means of a respiratory assembly that is located in
the inner mitochondrial membrane. Uncoupling of oxida-
tive phosphorylation leads to increased respiration without
the production of ATP and the energy created is released

Ž .as heat Hemker, 1964 .
It is now generally accepted that the mitochondrial

respiratory chain functions abnormally in patients with
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Parkinson’s disease. The mitochondrial respiratory chain
Ž .comprises four multimeric enzyme complexes I–IV which

Ž .together with ATPase complex V form the system for
oxidative phosphorylation. Complexes I–IV are responsi-
ble for electron transport and reduction of oxygen, and
complexes I, III and IV are fundamental for the generation
of the electrochemical proton gradient that drives ATP

Ž .synthesis Hatefi, 1985 . The first indication that aberrant
mitochondrial function may be involved in the destruction
of dopaminergic neurones in Parkinson’s disease came
from studies of the mechanism of action of the neurotoxin

Ž .1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine MPTP ,
Žwhich produces parkinsonism in humans Langston et al.,

. Ž q.1983 . 1-Methyl-4-phenylpyridine MPP , the active
metabolite of MPTP, is accumulated in dopaminergic neu-
rones and then concentrated in mitochondria, where it has

Žbeen shown to be a specific inhibitor of complex I Mizuno
.et al., 1988 .

The inhibition of complex I activity leads to a decrease
Žin ATP production that ultimately results in cell death Di

.Monte et al., 1986 . The decrease in complex I activity in
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Parkinson’s disease was first shown in the substantia nigra
Ž .by a direct enzymatic assay Schaphira et al., 1989 and by

Ž .immunoblotting Mizuno et al., 1989 , and the available
evidence suggests that this deficit is not present elsewhere

Ž .in the parkinsonian brain Schaphira et al., 1990 . Studies
of complex I activity in peripheral tissues such as skeletal

Ž .muscle Bindoff et al., 1989; Mann et al., 1992 , platelets
Ž .Parker et al., 1989; Mann et al., 1992 and lymphocytes
Ž .Yoshino et al., 1992; Martın et al., 1996 have yielded´
controversial results, but they do not exclude the possibil-
ity of a deficit in the periphery.

Since one of the mechanisms which may cause nigral
cell death in Parkinson’s disease is the energy crisis due to
mitochondrial respiratory failure, any drug that is likely to
interfere with mitochondrial energy production should be
evaluated carefully before it is used clinically. In addition,
cardiac function is critically dependent on mitochondrial
respiration through oxidative ATP production. We there-
fore studied the effects of entacapone on the mitochondrial
respiratory chain, cellular respiration and cardiac function.

2. Materials and methods

2.1. Materials

Ž . wŽ . ŽEntacapone Fig. 1 , E -2-cyano-3- 3,4-dihydroxy-5-
. xnitrophenyl -N, N-diethyl-2-propenamide and tolcapone

Ž X .3,4-dihydroxy-4 -methyl-5-nitrobenzophenone were syn-
Ž .thesized at Orion Pharma Research Center Espoo . 2,4-

Ž .Dinitrophenol was from Aldrich Steinheim . EDTA,
EGTA, L-glutamic acid monosodium salt, maleic acid

Ž .monosodium salt, 3- N-morpholino propane sulfonic acid
Ž .MOPS and oligomycin were purchased from Sigma

Ž .Chemical St. Louis, MO . Sodium succinate was from
Ž .BDH Dorset . AMP, ADP and ATP were from Boehringer

Ž .Mannheim Mannheim . All other chemicals were of the
highest grade available from commercial sources. The
stock solutions of the drugs were prepared in dimethyl

Ž .sulfoxide DMSO . No effects of the solvent at the concen-
Ž .trations used -0.5% in these experiments were ob-

served.

Fig. 1. Chemical structures of 2,4-dinitrophenol, entacapone and tol-
capone

2.2. Cell culture

ŽThe murine T cell lymphoma cell line L1210 ATCC,
.Rockville, MD was cultivated at q378C in a humidified

atmosphere of 95% air with 5% CO . The culture medium2

was Dulbecco’s minimum essential medium with high
Ž . Ž .glucose 4.5 grl and GlutaMax-I Gibco, Paisley , sup-

Žplemented with 10% fetal calf serum Biological Indus-
. Ž .tries, Beth Haemek , 100 IUrml penicillin Sigma and

Ž .100 mgrml streptomycin Sigma . For measurement of
oxygen consumption the cells were harvested by centrifu-
gation and suspended in Hank’s balanced salt solution
Ž . Ž .HBSS; Flow Laboratories q4 mM glutamine Gibco at
a density of 2.5=106 cellsrml.

2.3. 2.3. Mitochondrial preparations

Male rats of the outbred Han:Wistar strain were fasted
overnight and used as liver donors. Mitochondria were
isolated from fresh livers by homogenization and differen-
tial centrifugation. Livers were removed from decapitated

Ž .rats and homogenized 1:4 wrvol in cold 250 mM su-
crose, 2 mM Tris, 0.1 mM EDTA, pH 6.8. The ho-
mogenate was centrifuged at 1000=g for 10 min at
q48C, and the supernatant was further centrifuged at
8200=g for 10 min at q48C. The precipitate, which
contained the mitochondria, was washed with the homoge-
nization buffer, collected by centrifugation and suspended
in 2 ml of homogenization buffer at a concentration of
about 10 mg proteinrml and stored in ice. The protein
content of the mitochondrial preparation was estimated by

Žusing the Bio-Rad protein determination method Bio-Rad
.Laboratories, Hercules, CA .

2.4. Measurement of respiratory rates

Cellular and mitochondrial respiration was measured as
oxygen consumption at q378C, using a polarographic

Žtechnique and Clark oxygen electrode YSI 5331 Oxygen
.Probe, Yellow Springs Instruments, Yellow Springs, OH

fitted in a thermostated glass chamber. For measurement of
cellular respiration 2.3 ml of cells in HBSSqGln was
pipetted into the chamber. The cells and mitochondria
were stirred constantly throughout the experiment. For the

Žmeasurement of mitochondrial respiration an aliquot 40–
.50 ml, ca. 2 mg proteinrml of the mitochondrial prepara-

tion was added to 1.8 ml of the respiration buffer consist-
ing of 250 mM sucrose, 5 mM sodium phosphate, 10 mM
MOPS, 2 mM magnesium chloride, 1 mM EGTA, pH 7.0,
containing 5 mM succinate or 5 mM glutamatermalate as
the substrate for respiration. To ensure that mitochondria
were tightly coupled before the experiments, the ability of

Ž .ADP 300 mM to stimulate respiration was tested. Respi-
ration was allowed to stabilize for 1–2 min or 4–10 min
after the addition of mitochondria or L1210 cells, respec-
tively. Thereafter the test compound was added to the
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mixture. The change in oxygen concentration in the cham-
ber was recorded with the oxygen probe, supplied with a
voltage of 0.8 V, connected to an amplifier manufactured
according to the instructions of the electrode supplier. The
amplifier was connected to a chart recorder to graphically
record the oxygen concentration versus time. The recorder
was zero calibrated by the addition of sodium dithionite
Ž .Na S O to the cells to deplete oxygen. Mitochondrial2 2 4

oxygen consumption is expressed as nmol oxygenrmin=

mg protein and was derived from authentic recordings of
polarographic traces. The EC -values were calculated from50

the concentrations that gave 50% of the maximal increase
in mitochondrial oxygen consumption. The respiratory
control ratios were calculated from the state 3rstate 4
respiration rates. The cellular respiration results are ex-

Žpressed as nmol oxygenrmin=ml cell suspension 2.5=
6 . Ž .10 cellsrml and as the change % in oxygen consump-

tion after the addition of a test compound.

2.5. Cardiac function studies

Male and female guinea-pigs of the outbred Mol:duha
were used as heart donors. The guinea-pigs were killed by
a blow on the skull and after decapitation the heart was
quickly excised. The heart was rinsed with ice-cold oxy-
genated perfusion buffer and a cannula was inserted into
the aorta. Retrograde perfusion of the heart was begun
with a modified Tyrode buffer as soon as the heart was
placed in thermostatically controlled moist chamber of the

ŽLangendorff apparatus Hugo Sachs Elektronik KG,
.March-Hugstetten . After the start of perfusion, the open-

ing tract of the pulmonary artery was cannulated and a
ŽClark type polarographic micro-oxygen probe YSI Model

. Ž .5357 and a chamber YSI Model 5356 were placed in the
Žperfusate and connected to an oxygen detector YSI 5300

.Biological Oxygen Monitor Micro System . This allowed
continuous through-flow monitoring. The whole system
was adjusted so that there was no afterload in the right
ventricle. For the measurement of cardiac performance, a
fluid-filled latex balloon was inserted into the left ventricle
to record the intraventricular pressure. The balloon was

Žconnected to a pressure transducer Isotec, Healthdyne
.Cardiovascular, Irvine, CA , which was linked to an acqui-

sition system. The volume of the balloon was adjusted to
create an initial diastolic pressure of about 5 mm Hg. A

Žcomputerized program Acquisition v3.1 program, Koski-
.nen, Orion, Espoo was used to calculate the following

parameters of cardiac performance: heart rate, left ventric-
ular systolic and end-diastolic pressures, and the first

Ž .derivative positive and negative of the systolic pressure
Ž .d Prd t as an index of myocardial contractility. Coro-max

Ž .nary flow mlrmin was continuously recorded by an
Želectromagnetic flow meter Narcomatic RT-500 Narco

.Bio-System, Houston, TX . The signals from the flow
meter and oxygen monitor were also collected by the
acquisition v3.1 program on different computer channels.

Results from 5–6 experiments per group were combined
and expressed as a mean change from the initial level.

2.6. Determination of myocardial adenine nucleotides

Hearts were freeze-clamped with precooled tongs after
1 h of perfusion with or without 10 mM entacapone or 1
mM tolcapone. The frozen hearts were homogenized in
cold 0.6 M perchloric acid and the homogenates were
neutralized and centrifuged. The supernatants were stored
at y208C until the adenine nucleotides were analyzed,
usually within three days. Concentrations of the adenine
nucleotides AMP, ADP and ATP in supernatant were
measured with a Waters high-performance liquid chro-

Žmatography system 600E multidelivery system controller
qpump, 717 autosampler, 996 Photodiode Array Detector
and Millenium 2010 chromatography manager, Waters,

.Milford, MA by a minor modification of the method
Ž .described by Carter and Muller 1990 . Briefly; a 20 ml¨

Žaliquot was injected onto an ion-exchange column 250=

3.2 mm, 5 mm Phenosphere SAX, Phenomenex, Torrance,
.CA and eluted with a linear gradient of 0.005–0.75 M

potassium phosphate buffer pH 4.5 at a flow rate of 2
mlrmin.

2.7. Statistical analysis

Results are expressed as means"S.E.M. and in cardiac
function studies the difference between treatment versus
control was evaluated with the analysis of variance
Ž .ANOVA followed by Dunnett’s t-test.

3. Results

3.1. Mitochondrial respiration

Entacapone was a rather weak uncoupler of oxidative
Ž .phosphorylation Fig. 2 . Succinate- supported oxygen

consumption was fully stimulated only in the presence of

Ž . Ž .Fig. 2. Effect of entacapone ` , 2,4-dinitrophenol I and tolcapone
Ž . Ž .' on succinate 5 mM -supported mitochondrial oxygen consumption

Ž .in the respiration buffer. Mitochondria ca. 2 mg protein were preincu-
bated 1–2 min before the addition of the test compound. The results are
means"S.E.M. of 3–5 experiments.
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Table 1
Ž .The values for half-maximal stimulation EC of succinate-supported50

mitochondrial respiration

Ž .Compound EC -values mM50

Entacapone 58.0
2,4-dinitrophenol 12.5
Tolcapone 2.6

Ž .The EC -values for stimulation of succinate 5 mM -supported mito-50

chondrial respiration were calculated from Fig. 2.

entacapone at concentrations higher than 100 mM. The
positive control, a well-known uncoupler 2,4-dinitro-
phenol, stimulated mitochondrial respiration at low micro-
molar concentrations. Surprisingly, the other catechol-O-
methyltransferase inhibitor tolcapone increased mitochon-

Ž .drial respiration even at 1 mM Fig. 2 . The tight coupling
of the mitochondria was always confirmed before the
experiments by the addition of 0.3 mM ADP, which
greatly stimulated respiration. Similar effects were de-
tected when glutamatermalate was used as the respiration
substrate, e.g. electrons were fed through complex I.

Ž .The concentrations that caused a 50% increase EC50

in succinate-supported respiration, i.e. uncoupling of ox-
idative phosphorylation, are listed in Table 1. These values
further confirmed that entacapone was a weak uncoupler.
It was five times weaker than the classical uncoupler
2,4-dinitrophenol and 20 times weaker than the other
catechol-O-methyltransferase inhibitor tolcapone. Enta-
capone did not decrease the respiratory control until high
micromolar concentrations were used, while tolcapone
sharply decreased respiratory control at low micromolar
concentrations, much lower than those of the classical

Ž .uncoupler 2,4-dinitrophenol Fig. 3 . Entacapone did not
release oligomycin-inhibited state 3 respiration at concen-
trations at which tolcapone was able to do so, signifying

Ž .the weak uncoupling potential of entacapone Fig. 4 . State
3 respiration was 22 nmol oxygenrminrmg protein and

Ž . Ž .Fig. 3. Effect of entacapone ` , 2,4-dinitrophenol I and tolcapone
Ž . Ž .' on succinate 5 mM -supported respiratory control ratio. The experi-
mental conditions were the same as those reported in Fig. 2.

Fig. 4. Effect of entacapone, trace A, and tolcapone, trace B on
oligomycin-inhibited state 3 respiration. The experimental conditions
were the same as those reported in Fig. 2. ADP, oligomycin and the test
compounds were added as indicated by the arrows.

was not affected by the test compounds until concentra-
tions were used that also caused inhibition of state 4

Ž .respiration see Fig. 2 .

3.2. Cellular respiration

Ž .The cell culture experiments Table 2 also showed that
Ž .entacapone at the tested concentrations 5–40 mM did not

increase oxygen consumption by L1210 cells. The uncou-
pler 2,4-dinitrophenol concentration dependently increased
the respiration rate and the other catechol-O-methyltrans-
ferase inhibitor tolcapone increased the respiration rate by

Žalmost 50% already at the lowest concentration used 5
.mM .

When the test compounds were added successively
Žthree times to the cell suspension, entacapone final cumu-

.lative concentration 60 mM did not stimulate or inhibit
cellular respiration. Both 2,4-dinitrophenol and tolcapone

Table 2
Effect of a single addition of entacapone, 2,4-dinitrophenol or tolcapone
on the rate of oxygen consumption by L1210 cells

Ž . Ž . Ž .Compound mM Increase in rate nmol O rmin Change %2

Ž .Entacapone 5 y0.20 from 2.81 to 2.61 y7
Ž .10 y0.25 from 2.80 to 2.55 y8
Ž .20 0.05 from 2.41 to 2.46 2
Ž .40 0.08 from 1.70 to 1.78 5

Ž .Tolcapone 5 1.42 from 3.10 to 4.52 46
Ž .10 1.35 from 2.77 to 4.12 48
Ž .20 1.76 from 2.69 to 4.45 65

Ž .Dinitrophenol 10 0.18 from 2.91 to 3.09 6
Ž .20 0.89 from 2.18 to 3.07 41
Ž .40 1.76 from 2.15 to 3.91 81

Ž 6 .The L1210 cells 2.5=10 cellsrml were preincubated in the respiration
buffer at 378C for 4–10 min, and then the test compound was added and
the rate of oxygen consumption was recorded and calculated as nmol
O rminrml. The percentage of change compared to that of the corre-2

sponding control was also calculated. The results are the means of 2–9
measurements.
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behaved like uncouplers, stimulating respiration after the
first and second addition. Furthermore the third addition of

Žtolcapone, resulting in high cumulative concentration 60
. Ž .mM , inhibited respiration results not shown .

3.3. Cardiac function

In the cardiac function study the mechanical parame-
ters, i.e. left ventricular systolic and end diastolic pressure,
positive and negative dPrdt of the guinea-pig heartmax

remained stable when entacapone up to 30 mM was added
Ž .in the perfusion buffer. Entacapone 0.3–30 mM seemed

to stabilize the mechanical parameters e.g. left ventricular
Ž .systolic pressure Fig. 5 , which otherwise slowly deterio-

rated in the control group during the experiment. In com-
parison, 10 mM tolcapone had a marked negative effect on

Ž .the left ventricular systolic pressure Fig. 5 . Furthermore,
3 mM tolcapone increased left ventricular end diastolic
pressure two-fold and inotropy was reduced by about 70%,
leading to impaired relaxation in the presence of 10 mM

Ž .tolcapone results not shown . The heart rate remained at
the control level during the experiments after the addition
of entacapone and tolcapone.

These changes were preceded by an increase in oxygen
consumption already after the addition of 1 mM tolcapone,
whereas 30 mM entacapone was needed to produce a

Ž .marked increase in oxygen consumption Fig. 6 . The
increase in cardiac oxygen consumption seen after addition
of 1–10 mM tolcapone and after 30 mM entacapone was

Žreflected by an equivalent increase in coronary flow re-
.sults not shown .

Ž .Fig. 5. The concentration–response curve for entacapone ` - and
Ž .tolcapone ' -induced change in the left ventricular systolic pressure of

the isolated guinea-pig heart. After a 15 min stabilization period, enta-
Ž . Ž .capone 0.3–30 mM or tolcapone 0.3–10 mM was added to the

perfusion solution by increasing the concentration at 15 min intervals. In
Ž . Ž .the control I group, vehicle 0.2% DMSO was added instead of the

test compounds. The results are means"S.E.M. of five experiments.
Statistical significance: ) P -0.05, ) ) P -0.001 versus vehicle.

Ž .Fig. 6. The concentration–response curve for entacapone ` and tol-
Ž .capone ' on the change in the oxygen consumption of the isolated

guinea-pig heart. Conditions were the same as those described in Fig. 4.
The results are means"S.E.M. of five experiments. Statistical signifi-

) ) Ž .cance: P -0.001 versus vehicle I .

The concentration–response study showed that the
threshold concentration for inducing uncoupling related
changes, i.e. increase in oxygen consumption, was 10 mM
for entacapone and 1 mM for tolcapone, and so the
isolated heart was exposed to these concentrations for 60
min. Thereafter the adenine nucleotide concentrations and
energy charge in drug- and vehicle-treated hearts were
measured. Myocardial ATP and total nucleotide content
remained at the control level both in entacapone- and
tolcapone-treated groups. Consequently the energy charge

Ž .stayed at the control level. At this concentration 10 mM
entacapone did not impair the mechanical function of the
heart. However, 1 mM tolcapone started to increase the

Ž . Ž .Fig. 7. The effect of entacapone ` and tolcapone ' on end-diastolic
pressure in isolated guinea-pig heart. After a 20 min stabilization period

Ž . Ž .entacapone 10 mM or tolcapone 1 mM was added to the perfusion
Ž . Ž .buffer. In the control I group, vehicle 0.1% DMSO was added

instead of the test compound. The recordings are means"S.E.M. of six
experiments. Statistical significance: ) P -0.01 versus vehicle.
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end-diastolic pressure 20 min after the drug was added to
the perfusate. The change compared to that seen with

Žvehicle was about four-fold greater at about 45 min Fig.
.7 . Furthermore, the addition of 1 mM tolcapone to the

perfusate increased markedly coronary flow and oxygen
consumption, while 10 mM entacapone had no clear effect

Ž .on these parameters results not shown .

4. Discussion

It is well documented in the literature that weak acids
like 2,4-dinitrophenol can increase proton transfer across
energy-transducing membranes, e.g. mitochondrial mem-
branes. This protonophoric effect abolishes the link be-
tween substrate oxidation and ATP synthesis. Conse-
quently, uncouplers release respiratory control, which leads
to suppression of all energy-linked reactions such as ATP

Ž .synthesis and ion transport Terada, 1981 . The major
ATP-utilizing reactions in mammalians on a whole-body
basis are myosin ATPase, NaqrKq-ATPase and protein

Ž .synthesis Brown, 1992 . Myosin ATPase is important for
the contractile function of the heart and NaqrKq-ATPase
has a major role in the regulation of ion fluxes. In addition,
NaqrKq-ATPase is the major ATPase in brain and kid-
ney. Also gluconeogenesis and urea synthesis in the liver
are dependent on ATP supply. Since these critical cellular
functions depend on a steady supply of ATP, any com-
pound that is likely to interfere with ATP production at
pharmacologically relevant concentrations should be evalu-
ated very carefully for its uncoupling properties.

Entacapone, as suggested by its planar structure, was a
weak uncoupler of oxidative phosphorylation. Its uncou-
pling potential in mitochondrial preparations was not de-
tected until high micromolar concentrations were used. In
contrast, tolcapone, which is structurally and functionally
closely related to entacapone, was a very powerful uncou-
pler, being five times more effective than the reference
compound 2,4-dinitrophenol. The greater potential of tol-
capone to induce uncoupling of oxidative phosphorylation
is most likely due to the fact that tolcapone is a more
lipophilic compound than entacapone. Consequently, tol-
capone can penetrate better through biological membranes
and disturb mitochondrial proton flux. The lipid solubility
of phenolic compounds has been documented and such
compounds are known to increase the uncoupling effect

Ž .for a long time Hemker, 1962 . Unlike tolcapone, enta-
capone did not behave like the uncoupler 2,4-dinitrophenol
by first stimulating respiration and then at higher concen-
trations inhibiting uncoupled respiration, which is indica-

Žtive of inhibition of ATP-synthetase activity Hemker,
.1964 .

Mitochondrial preparations are commonly used to as-
sess the uncoupling potential of drugs and other chemicals.
However, isolated mitochondria alone do not prove that an
uncoupler has serious consequences on the vitality of a cell

or on the function of an organ. This is the case especially
in the heart, where the ATP supply is extremely crucial for
the proper performance of the organ. The energy for the
heart is provided by mitochondrial respiration and by
glycolysis and is storedrshuttled as creatine phosphate.
Consequently, changes in ATP levels are not seen unless
the oxygen supply is shut off for a long time, since
glycolysis continues under anaerobic conditions as well
Ž .Opie, 1991 . In the Langendorff heart model, the oxygen
supply is high and the perfusion buffer also contains
glucose, which means that it may take longer than the 1 h
used in our isolated heart experiments to bring the energy
charge into unbalance. However, we noticed a markedly
increased end-diastolic left ventricular pressure and also an
inappropriately high oxygen consumption and coronary
flow with respect to mechanical performance, especially
after 1 mM tolcapone during the 1 h perfusion experiment.
These changes were not detected in the presence of 10 mM
entacapone. The significantly elevated end diastolic pres-

Ž .sure impaired relaxation after 1 mM tolcapone is likely
to be due to leakage of calcium ions from the mitochondria

Žto the cytosol, which is typical during uncoupling Or-
.renius et al., 1989 . Similar findings, namely an increase in

myocardial oxygen consumption without detectable loss of
ATP, have also been reported by others and attributed to
mitochondrial dysfunction, i.e. uncoupling of oxidative

Žphosphorylation Leidtke et al., 1988; Kingsley-Hickman
.et al., 1990 . It is important to notice that energy produced

by glycolysis is specifically coupled to ion transport,
whereas ATP produced by oxidative metabolism is cou-

Žpled to contractile energy requirements Opie and Brick-
.nell, 1979 .

Cell culture studies confirmed the findings for the mito-
chondrial preparations and isolated heart that entacapone,
unlike tolcapone, does not stimulate respiration at phar-
macologically relevant concentrations. Actually, enta-
capone had no effect on cellular respiration even at the

Ž .highest concentration 60 mM studied. This is also likely
to be due to the lower lipid solubility of entacapone, which
results in a poorer penetration of the drug through the cell
membrane and thus a lower concentration of the com-
pound interacts with the mitochondria. However, enta-
capone is a very effective peripherally acting catechol-O-
methyltransferase inhibitor, causing a reduction in cate-
chol-O-methyltransferase activity at low nanomolar con-

Ž .centrations Nissinen et al., 1992 . The higher lipophilicity
of tolcapone and consequent inhibition of brain catechol-
O-methyltransferase activity does not increase its efficacy

Žas an enhancer of levodopa therapy Mannisto and Tuo-¨ ¨
.mainen, 1991 .

In human trials, entacapone up to the highest tested
Ž .dose 800 mg has proven to be a safe catechol-O-methyl-

transferase inhibitor alone or when combined with lev-
Žodopaqcarbidopa Keranen et al., 1994; Ahtila et al.,¨

.1995 . After single oral doses of 200–800 mg of enta-
capone the peak plasma concentrations of entacapone are
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about 4–15 mM in humans, respectively. These values are
much lower than the concentrations needed to induce
uncoupling in the various test systems used here, and in
addition more than 90% of entacapone is bound to plasma
proteins. However, single oral doses of 200–800 mg of
tolcapone have been reported to produce peak plasma

Ž .levels of about 27–89 mM Dingmanse et al., 1995 ,
which are an order of magnitude higher than the concentra-
tions of tolcapone which caused uncoupling-related effects
in our experiments.

There is also increasing evidence for oxidative damage
in the substantia nigra of patients with Parkinson’s disease
at the time of death. During aerobic metabolism the respi-
ratory chain is a significant source of superoxide ions, and
inhibition of complex I results in an increase in superoxide

Ž .production Cleeter et al., 1992 . Enhanced free radical
formation can also impair respiratory chain function; how-
ever, a specific complex I deficiency is not suggested to be
caused by free radicals, but rather free radical damage is
due to complex I deficiency. Interestingly, there are also
reports that catecholamines such as dopamine and lev-
odopa can cause changes in brain mitochondrial complex I

Ž .activity in vitro Jackson-Lewis et al., 1991 . In addition,
chronic levodopa treatment has been shown to decrease

Žcomplex I activity in the rat brain Przedborski et al.,
.1993 .

Recently it has been reported that inhibition of catechol-
O-methyltransferase activity in the brain should be avoided,
since O-methylation of catecholamines and melatonin may
have an important protective role in the brain’s defence

Ž .against oxidative stress Miller et al., 1996 . If Parkinso-
nian patients are treated with brain-penetrating catechol-
O-methyltransferase inhibitors, which are uncouplers espe-
cially in combination with levodopa, chronic treatment
may lead to unpredictable adverse effects due to decreased
ATP production and possibly increased free radical dam-
age.

Along with the possible disturbance of heart and brain
function, uncouplers are likely to cause gastrointestinal and
kidney dysfunction. Oxygen consumption is extremely high
in the kidney and is only exceeded by that of the heart.
Since most of the ATP in the kidney is produced by
oxidative metabolism, the renal mitochondria have a cru-
cial role in supporting ATP-dependent processes, most
importantly sodium reabsorption. This makes the kidney
very sensitive to the toxic action of agents which may

Žinterfere with mitochondrial ATP production Mingatto et
.al., 1996 . Likewise, in the gastrointestinal tract ATP is

needed by NaqrKqATPase for the maintenance of
NaqrKq and cellular osmotic balance. Disturbance of the
osmotic balance may contribute to the occurrence of diar-
rhoea, which is a common adverse effect seen in Parkinso-
nian patients during catechol-O-methyltransferase inhibitor

Žand levodopaqcarbidopa therapy Spencer and Benfield,
.1996 . Loss of respiratory control would also lead to

secondary damage as a result of increased uncontrolled

leakage of Ca2q from the mitochondria, which in the
intestine could cause the generation of reactive oxygen
species, proteolysis and activation of Ca2q-sensitive en-

Ž .zymes Orrenius et al., 1989; Somasundaram et al., 1995 .
As a conclusion, entacapone was not an uncoupler of

oxidative phosphorylation at pharmacologically relevant
Ž .concentrations -10 mM in mitochondrial preparations,

in cell cultures or in isolated hearts indicating that it does
not interfere with mitochondrial ATP production. This
suggests that the peripherally acting catechol-O-methyl-
transferase inhibitor entacapone is a safe extension to
levodopaqcarbidopa therapy for the treatment of Parkin-
son’s disease.
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