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1 The e�ects of zidovudine (ZDV) and zidovudine triphosphate (ZDV-3P) on Ca2+-induced
mitochondrial permeability transition (MPT), respiratory control ratio (RCR) and ATP synthesis have
been investigated on isolated rat liver mitochondria.

2 ZDV slightly but signi®cantly decreased RCR and ATP synthesis but was ine�ective in inhibiting
MPT. In contrast, ZDV-3P did not alter RCR and ATP synthesis but strongly inhibited MPT
(IC50=3.0+0.9 mM).
3 The e�ect of ZDV-3P on mitochondrial swelling required a preincubation time. When incubated
10 min with mitochondria, ZDV-3P (8 mM) totally inhibited the rate of swelling.

4 ADP, ATP and atractyloside, which are agents known to interact with the mitochondrial adenine
nucleotide carrier (ANC), antagonized the e�ect of ZDV-3P on mitochondrial swelling. Indeed, the IC50

value of ZDV-3P increased from 3.0 to 17.4, 93.6 and 66.5 mM, in the presence of 20 mM, ADP, ATP or
atractyloside, respectively.

5 ZDV-3P did not displace [3H]-ATP from its mitochondrial binding site(s) whereas ADP and
atractyloside did, suggesting that ZDV-3P and [3H]-ATP do not share the same binding sites.

6 ZDV-3P did not a�ect either mitochondrial respiration or ATP synthesis but inhibited Ca2+-
dependent mitochondrial swelling. It was concluded that mitochondrial toxic e�ects observed during the
chronic administration of ZDV cannot be related to its active metabolite (ZDV-3P).
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Introduction

Zidovudine (3'-azido-3'-deoxythymidine, ZDV) was found to
be e�ective against human immunode®ciency virus (HIV) in
vivo, which has led to its chronic use in patients with acquired
immunode®ciency syndrome (AIDS) (Fischl et al., 1987). As a
prodrug, ZDV is activated in the body by three successive
phosphorylation processes yielding ZDV monophosphate, di-
phosphate and lastly triphosphate (ZDV-3P) (Furman et al.,
1986). These biotransformations, which occur within the cy-
tosol of host cells, are catalyzed by thymidine kinase, thymi-
dylate kinase and nucleoside diphosphokinase, respectively. It
is noteworthy that the antiviral activity of ZDV depends on the
ability of host cells to accumulate ZDV-3P which acts as an
inhibitor of thymidine triphosphate, blocking the HIV reverse
transcriptase e�ect.

Although well tolerated, long-term administration of ZDV
has been shown to induce several side e�ects including
neuromuscular and liver toxicity (Helbert et al., 1988; Dalakas
& Pezeshkpour, 1988; Chen et al., 1992). A cellular target of
ZDV toxicity is the mitochondrion (Dalakas et al., 1990; Mhiri
et al., 1991). Indeed histological abnormalities such as
numerous and enlarged proliferative mitochondria have been
observed (Napolitano, 1993). This corresponds to the
formation of a mitochondrial permeability transition (MPT)
which suggests an alteration of the membrane impermeability
leading to a decrease in adenosine 5'-triphosphate (ATP)
synthesis.

MPT is due to the opening of a nonselective channel with a
minimum diameter of 2.8 nm allowing di�usion of solutes with

molecular mass up to 1500 daltons. The pore is regulated by
matrix Ca2+ in a reversible manner, as indicated by the pio-
neering work of Haworth and Hunter (1979). Although a de-
®nitive description of the components that constitute the MPT
is not yet available, the adenine nucleotide carrier (ANC) was
suggested to be speci®cally involved, because of the observa-
tion that speci®c ligands of the ANC, namely atractyloside
(Lapidus & Sokolove, 1992), bongkrekate, ADP (De Macedo
et al., 1993) as well as ATP (Carbonera & Azzone, 1988), a�ect
the MPT.

As the above subcellular events are easily reproducible in
vitro in isolated mitochondria (Gunter & Pfei�er, 1990), we
have investigated whether MPT could be either generated and/
or inhibited by ZDV and its active metabolite, ZDV-3P. As it
was not known whether the prodrug (ZDV) or the active
metabolite (ZDV-3P) was responsible for the observed mito-
chondrial toxicity, we have also compared the e�ects of both
agents on mitochondrial oxidative phosphorylation.

Methods

All animal procedures used in this study are in strict accor-
dance with the French Agency's policies about animal
experimentation.

Isolation of mitochondria

Rat liver mitochondria were isolated as described by Johnson
and Lardy (1967). Brie¯y, male Wistar rats weighing ap-
proximately 250 to 300g were decapitated, livers were rapidly
excised and placed immediately in medium containing 250 mM

sucrose, 10 mM Tris and 1 mM EGTA, pH=7.8 at 48C. The
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tissue was minced with scissors and homogenized on ice with a
Te¯on Potter homogenizer. The homogenate was centrifuged
at 600 g for 10 min (Sorvall RC 28 S). The supernatant was
centrifuged for 5 min at 15 000 g to obtain the mitochondrial
pellet. The latter was washed with the same medium and
centrifuged at 15 000 g for 5 min. The mitochondrial pellet
was washed with medium from which EGTA was omitted and
centrifuged for 5 min at 15 000 g resulting in a ®nal pellet
containing approximately 50 mg of protein ml71. The mito-
chondrial suspension was stored on ice before the swelling
measurements. The protein content was determined by the
method of Lowry et al. (1951).

Mitochondrial swelling measurements

Mitochondrial swelling was assessed by measuring the change
in absorbance at 520 nm by using a Hitachi model U-3000
spectrophotometer. The method of Halestrap and Davidson
(1990) was used with some modi®cations. Mitochondria
(4 mg) were added to 3.6 ml of bu�er containing 150 mM su-
crose, 5 mM Tris, 0.5 mg of rotenone ml71 at pH 7.4 and 258C;
1.8 ml of this suspension was added to both sample and re-
ference cuvettes in the presence or absence of di�erent inhi-
bitors. After 6 min of incubation at 258C, 50 mM CaCl2 were
added to both cuvettes. Four minutes later the swelling was
initiated by the introduction of 10 mM tert-butylhydroperoxide
(t-BH) to the sample cuvette only and the A520 scanning was
started.

Membrane binding experiments with [3H]-ATP

Binding of [3H]-ATP was carried out in a total volume of
500 ml containing 400 ml of either intact or sonicated mito-
chondria (0.1 mg ml71), 2 nM [3H]-ATP and di�erent con-
centrations of competing drug or bu�er for 4 min at 258C.
Speci®c binding was de®ned as the di�erence between total
binding and binding in the presence of 0.3 mM ADP.

Measurements of mitochondrial respiration parameters

O2 consumption was measured by a Clark type oxygen mi-
croelectrode in a thermostat-controlled chamber. Mitochon-
drial respiration (1.5 mg protein ml71) was initiated by
addition of succinate (6 mM ®nal concentration), and oxidative
phosphorylation was initiated by addition of ADP to a ®nal
concentration of 0.1 mM. O2 consumption recordings allowed
the calculation of the respiratory control ratio (RCR), V3

which is the rate of state 3 (ADP stimulated) respiration and
the P/O ratio (ADP used divided by oxygen (O2) consumed in
state 3 respiration).

Drugs used

ZDV-3P was kindly supplied by Glaxo-Wellcome Laborator-
ies. [3H]-ATP (46 Ci mmol71) was purchased from New Eng-
land Nuclear. ZDV, ATP, ADP and atractyloside were
obtained from Sigma. All other chemicals were purchased
from standard suppliers and were of the highest purity com-
mercially available.

Data analysis and statistics

The initial rate of swelling (Vi) was expressed as change in
absorbance units min71 mg71 protein and the percentage of
swelling inhibition rate (E) induced by di�erent inhibitors was
determined as follows:

E �

Vmax ÿ Vi

Vmax

� 100 �1�

where Vmax is the maximal swelling rate in the absence of the
inhibitor.

Data of swelling inhibition experiments were ®tted to the
following equation:

E �
Emax � C

nH

IC
nH

50
� CnH

�2�

Where E is the swelling inhibition rate (as %) in the presence of
a particular drug concentration (C), Emax the maximal e�ect,
IC50 the concentration that inhibits 50% of the maximal e�ect
and nH the pseudo-Hill coe�cient (Weiland & Molino�, 1981).

For the binding experiments the following equation was
used:

B �

Bmax � IC
nH

50

IC
nH

50
� CnH

�3�

Where B is the number of binding sites observed in the pre-
sence of a particular inhibitor concentration (C), Bmax the
maximal number of a binding sites, IC50 the concentration that
inhibits 50% of the maximal binding and nH the pseudo-Hill
coe�cient.

All parameters were calculated by means of a non-linear
regression analysis by use of a commercially available software
(Micropharm INSERM 1990, Urien, 1995).

Statistical comparisons were made between two parameters
by means of Student's two tailed unpaired t test. A P value
50.05 was considered statistically signi®cant. All values are
shown as means+s.d. of three di�erent experiments.

Results

Comparison of the e�ects of ZDV and ZDV-3P on
mitochondrial swelling

MPT occurrence was assessed by the resulting large ampli-
tude swelling of these organelles. Figure 1 (line e) shows that
when mitochondria were exposed to Ca2+ (50 mM) and t-BH
(10 mM) they swelled, as shown by the time course decrement
of mitochondrial absorbance at 520 nm. ZDV-3P (3 mM)
inhibited, by approximately 50%, the rate of this moto-
chondrial swelling (line c). However ZDV up to a concen-
tration of 100 mM failed to inhibit this rate (line d). In the
absence of Ca2+ and t-BH, neither ZDV nor ZDV-3P af-
fected mitochondrial volume (lines a and b). Phosphate
compounds are known to chelate divalent cations. In fact,
when ZDV-3P was introduced in the cuvette at the same
time as Ca2+, its inhibitory e�ect did not occur. This can be
explained by the chelation of Ca2+ by ZDV-3P as well as
other polyphosphates which prevent Ca2+ binding to mito-
chondria. However, when ZDV-3P was added to mito-
chondria before Ca2+, ZDV-3P had time to interact with
these organelles and its inhibitory e�ect was observed.
Moreover, under our experimental conditions, the presence
of another divalent cation, Mg2+, did not a�ect the e�ect of
ZDV-3P (results not shown) when the order of additions
was respected, i.e. mitochondria followed by ZDV-3P and
then the cation.

Time- and concentration-dependences of ZDV-3P e�ect

Before the induction of mitochondrial swelling, we preincu-
bated mitochondria in the absence and presence of ZDV-3P
for various times ranging from 0 to 10 min. Figure 2 shows
that the inhibitory e�ect of ZDV-3P increased when the pre-
incubation time was increased. Indeed, ZDV-3P failed to a�ect
the rate of the mitochondrial swelling when no preincubation
was performed (i.e. t=0 min). However when the incubation
time was 10 min, ZDV-3P (8 mM) totally inhibited this rate.
Furthermore, the inhibitory e�ect of ZDV-3P was concentra-
tion-dependent, as illustrated by the concentration-e�ect curve
depicted in Figure 3. The IC50 for ZDV-3P in inhibiting the
rate of this swelling was 3.0+0.9 mM.
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Interactions of ZDV-3P with ADP, ATP and
atractyloside

ADP, ATP and atractyloside are molecules known to in-
teract with the ANC (Le Quoc & Le Quoc, 1988). Many
investigators have reported that the latter might be a com-
ponent of MPT (Toninello et al., 1983; De Macedo et al.,
1993). This has led us to investigate whether the above ef-
fectors of ANC could a�ect the inhibitory e�ect of ZDV-3P
on mitochondrial swelling. Figure 4 shows that both ATP
and atractyloside were more potent than ADP in antago-
nizing the e�ect of ZDV-3P. Indeed, 20 mM of either ATP or

atractyloside increased the IC50 of ZDV-3P from
3.0+0.9 mM to 93.6+3.33 mM (P50.001) and 66.5+6.40 mM
(P50.005), respectively, whereas 20 mM ADP increased this
value to 17.4+0.40 mM (P50.002). Under our experimental
conditions, it was veri®ed that 20 mM ADP, ATP or atrac-
tyloside did not a�ect mitochondrial swelling induced by t-
BH in the presence of Ca2+. Since both ZDV-3P and ATP
are nucleoside triphosphate analogues, we examined whether
ATP could competitively antagonize the e�ect of ZDV-3P.
The results are shown in Table 1. Increasing concentrations
of ATP induced an increase of both IC50 and nH values of
ZDV-3P.
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Figure 1 Comparison of the e�ect of ZDV-3P and ZDV on the
permeability transition of isolated rat liver mitochondria. The
permeability transition was monitored via mitochondrial swelling
detected as a decrease in A520 with time. After 6 min of incubation of
mitochondria without (control, line e) or with either 3 mM ZDV-3P or
100 mM ZDV, lines (c) and (d) respectively, 50 mM of Ca2+ were
added. Four minutes later swelling was started by the introduction of
10 mM tert-butylhydroperoxide (t-BH). Lines (a) and (b): the same
experimental procedure described for lines (c) and (d) was used
except that Ca2+ and t-BH were not added.
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Figure 2 In¯uence of preincubation time with ZDV-3P upon its
e�ect on rate of mitochondrial swelling. Mitochondria were
preincubated at di�erent times with a ®xed concentration of ZDV-
3P (8 mM) and swelling was initiated by the addition of Ca2+ (50 mM)
and tert-butythydroperoxide (t-BH, 10 mM). The percentage inhibi-
tion of the initial rate of swelling after di�erent incubation times with
ZDV-3P was corrected for controls incubated for the same time
without ZDV-3P. Results are expressed as means of three separate
experiments; vertical lines show s.d. The initial swelling rate (control
value) without preincubation time corresponds to 0.032+0.004
absorbance units min71 mg71 protein.
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Figure 3 Concentration-dependence of the e�ect of ZDV-3P on the
rate of mitochondrial swelling. After 6 min of incubation of
mitochondria without (control) or with increasing concentrations of
ZDV-3P, 50 mM of Ca2+ were added. Four minutes later, swelling
was started by the addition of 10 mM tert-butylhydroperoxide (t-BH).
Representative tracings from three separate experiments are shown.
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Figure 4 E�ect of ADP, ATP or atracyloside upon the inhibitory
e�ect of ZDV-3P on the rate of mitochondrial swelling. Mitochon-
dria were incubated for 10 min with increasing concentrations of
ZDV-3P alone or with ZDV-3P in the presence of 20 mM of either
ADP, atractyloside or ATP. At t=6 min, 50 mM Ca2+ were added
and 4 min later the swelling was initiated by the addition of 10 mM
tert-butythydroperoxide (t-BH). At this concentration (20 mM), ADP,
ATP and atractyloside did not modify the maximal swelling. Data
are expressed as % of the control value (maximal swelling), which in
this particular experiment corresponded to 0.027 absorbance units
min71 mg71 protein. Each inhibition curve is representative of three
separate experiments.
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E�ect of ZDV-3P on [3H]-ATP binding to
mitochondria

The above results prompted us to investigate whether ZDV-
3P could interact with the mitochondrial ANC. For this
purpose, [3H]-ATP was used as a marker of the mitochon-
drial ANC. Inhibition experiments showed that [3H]-ATP
binds to mitochondria and this binding was displaced by
ATP, ADP and atractyloside. However, ZDV-3P up to a
concentration of 100 mM did not displace [3H]-ATP from its
mitochondrial binding site(s) (Figure 5). The same results
were obtained when mitochondria were subjected to hy-
poosmotic shock and sonication, a procedure which elimi-
nated the [3H]-ATP uptake component and, thus, reveals its
binding component.

Comparison of the e�ects of ZDV and ZDV-3P on
mitochondrial oxidative phosphorylation parameters

Table 2 shows that increasing the concentrations of ZDV de-
creased both the mitochondrial RCR and the P/O values. At
5 mM the decrease was 12% (P50.05) and 16% (P50.02),
respectively. However, ZDV-3P up to a concentration of

10 mM did not a�ect these parameters. Whatever the concen-
tration used, neither ZDV nor ZDV-3P a�ected the V3.

Discussion

These data show that ZDV up to a concentration of 100 mM
was unable to inhibit the MPT induced by t-BH in the presence
of Ca2+, whereas ZDV-3P inhibited this phenomenon with an
IC50 in the micromolar range. To our knowledge this is the ®rst
study which describes such an inhibitory e�ect of ZDV-3P.
Interestingly the drug concentrations used in this study were in
the range of the therapeutic ones. ZDV-3P must be preincu-
bated with mitochondria in order to exert its inhibitory e�ect
and this incubation period probably re¯ects the kinetics of
ZDV-3P binding or its uptake by mitochondria.

The inhibitory e�ect of ZDV-3P was antagonized by ATP,
ADP and atractyloside. These three compounds have already
been documented as MPT inducers of non-energized mito-
chondria (Halestrap & Davidson, 1990). Our data support
these previous ®ndings. However, opposite e�ects, i.e. MPT
inhibition, have also been observed with ADP and ATP on
energized mitochondria (Carbonera & Azzone, 1988; Marty et
al., 1992). We have no clear explanation for these di�erences.
A possible hypothesis could be that under non-energized
conditions a conformational change of the ATP and ADP sites
might occur, leading to MPT enhancement.

The fact that ZDV-3P competes with ATP, ADP and
atractyloside, which are ANC speci®c ligands, supports pre-
vious ®ndings showing that the ANC is involved in MPT
(Carbonera & Azzone, 1988; De Macedo et al., 1993). It would
suggest that ZDV-3P exerts its inhibitory e�ect by interacting
with the ANC. Although ZDV-3P and ATP are nucleoside
analogues, our data show that their binding sites are distinct
but not independent as increasing concentrations of ATP in-
creased the cooperativity of ZDV-3P, suggesting that ZDV-3P
binding site(s) is (are) in¯uenced by ATP.

Another mechanism by which ZDV-3P could inhibit the
MPT is through inhibition of mitochondrial Ca2+ in¯ux pre-
venting its interaction with an internal divalent cation site,
which when occupied by Ca2+, increases the probability of the
open state (Szabo et al., 1992; Bernardi et al., 1993). We ob-
served that ZDV-3P did not inhibit either mitochondrial in¯ux
or mitochondrial e�ux of Ca2+ (results not shown). Similarly
ZDV-3P a�ected neither the mitochondrial RCR, nor the P/O
ratio, a parameter which indicates mitochondrial ATP synth-
esis e�ciency, whereas the prodrug ZDV did inhibit the above
parameters in a concentration-dependent manner. Taken to-
gether, these results strongly indicate that both ZDV and
ZDV-3P interact with mitochondrial functions but in di�erent
ways.

The ®nding that ZDV-3P at high concentrations did not
inhibit the mitochondrial respiration at state 3 (ADP stimu-
lated respiration) suggests that this drug is unable to inhibit the

Table 1 E�ect of di�erent concentrations of ATP upon the
IC50 and nH values of the inhibitory e�ect of ZDV-3P on
mitochondrial swelling

IC50

ATP (mM) (mM) nH

0
1
5
10
20
70

3.00+0.90
9.69+0.99**
20.25+1.49**
49.61+3.80**
66.67+6.45**
165.9+1.98**

1.30+0.50
1.44+0.23
1.77+0.24
1.83+0.25
3.76+0.40*
8.23+0.75**

Values are presented as means+s.d. of three separate
experiments. *P50.03, **P50.01 versus the value obtained
in the absence of ATP.
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Figure 5 E�ect of ADP, atractyloside and ZDV-3P on [3H]-ATP
binding to mitochondrial adenine nucleotide carrier (ANC). [3H]-
ATP (8 nM) was incubated with mitochondria (protein concentration
= 0.1 mg71 ml71) for 5 min at 258C in the presence of increasing
concentrations of either ADP, atractyloside or ZDV-3P. Abscissae:
inhibitor concentrations. Ordinates show [3H]-ATP binding as a
fraction of the binding obtained in the absence of inhibitor.

Table 2 E�ect of di�erent concentrations of ZDV upon the
mitochondrial respiratory control and [ADP]/[Oxygen](P/O)
ratios

ZDV RCR P/O
(mM) (as % of control) (as % of control)

0 (control)
0.5
1
2
5

100
100
98+3
91+4
88+3*

100
100
96+1
91+3
84+2**

RCR (Respiratory control ratio) and P/O ([ADP]/[Oxygen])
values in the absence of ZDV (100%) were 4 and 1.6,
respectively. Values are presented as means+s.d. of three
separate experiments. *P50.05, **P50.02 versus the value
obtained in the absence of ZDV.
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ADP/ATP exchange which weakens the hypothesis of a direct
interaction of ZDV-3P with the ANC. In order to verify this
®nding, [3H]-ATP was used as a marker of the mitochondrial
ANC. The [3H]-ATP interaction with intact mitochondria is
considered to represent the combination of two phenomena,
[3H]-ATP binding and its uptake, our results showed that
ADP, ATP and atractyloside, the three known speci®c ligands
of the mitochondrial ANC, inhibited both of them, whereas
ZDV-3P did not. The same results were found when mito-
chondria were subjected to hypoosmotic shock and subsequent
sonication, a procedure with eliminates any possible [3H]-ATP
uptake and reveals its binding. This con®rmed that ZDV-3P
neither displaces [3H]-ATP from its binding site(s) nor prevents
its uptake by mitochondria. These results are in accordance
with the absence of any e�ect of ZDV-3P on mitochondrial
respiration rate at state 3. Taken together, these ®ndings show
that ZDV-3P does not interact with the mitochondrial ANC.
Further experiments are required in order to locate the ZDV-
3P mitochondrial binding site(s).

Strong evidence has already accumulated that mitochondria
from muscular cells may also be a cellular target of ZDV.
Indeed, Lamperth et al. (1991) have found a decreased RCR
by examining the e�ect of ZDV in vitro on human muscle in
tissue culture. In in vivo studies on animals, Lewis et al. (1992)
have shown the onset of cardiomyopathy in rats fed with ZDV,
accompanied by disorganization and disappearance of mito-
chondrial cristae. Sinnwell et al. (1995), by using in vivo 31P
magnetic resonance spectroscopy in order to follow phos-
phorylated metabolites during exercise in patients on long-
term ZDV therapy, have found that this treatment decreased
the maximal work output and the maximal rate of muscle ATP
synthesis.

All these data suggest that ZDV treatment may induce both
a RCR decrease and an alteration in ATP synthesis. They are

in agreement with our own data obtained with hepatocytes.
Moreover, Chen et al. (1992) have found that ZDV concomi-
tantly induced hepatotoxicity and myopathy in patients treated
for HIV infection. This is not surprising as mitochondria of
both types of cells have fundamentally the same ATP synthesis
mechanisms di�ering only in the respective rates of their re-
spiratory complexes and carriers, adapted to di�erent demands
of energy (Korzeniewski & Marzat, 1996). So, it is reasonable
to assume that mitochondrial ATP generation mechanisms do
not di�er between the cells and are not impaired by ZDV-3P.

It is also possible that the MPT generation, leading to the
giant mitochondria observed during ZDV chronic adminis-
tration, may be a secondary result of a cellular toxic e�ect of
the drug, for instance at the level of the nucleus (Sommadossi
et al., 1989). However, we cannot con®rm this at present since
our work was performed on isolated mitochondria.

In conclusion, the e�ects of ZDV-3P observed in vitro on rat
hepatocytes ruled out any involvement of ZDV-3P in the mi-
tochondrial alterations observed in man during ZDV admin-
istration. This is in accordance with the results recently
presented by Sales et al. (1996), who have shown that the toxic
e�ects of ZDV-3P observed on several lymphoblastoid cell
lines were not associated with ZDV-3P concentration. The
most interesting ®nding of this work is that the active form of
ZDV (ZDV-3P) in the body is not the compound which
induces mitochondrial toxicity.

The authors would like to thank Mrs R. Bidault (Glaxo-Wellcome
Laboratories) for her generous gift of ZDV-3P. This work was
supported by grants from Education Nationale (EA 427) and from
le reÂ seau de Pharmacologie Clinique (Agence FrancË aise du
MeÂ dicament).
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