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Abstract

Carbovir (CBV) is a guanine nucleoside analog with potent in vitro anti-HIV activity. A prodrug of CBV is
currently being evaluated in clinical trials as a potential agent for the treatment of AIDS. The ability of CBV to
inhibit mitochondrial DNA synthesis in intact CEM cells was evaluated in the present study, because most of the
currently available anti-HIV nucleoside analogs have significant toxicities that result from their inhibition of
mitochondrial DNA synthesis. No delayed cytotoxicity was observed in CEM cells treated with 50 mM CBV for 4
weeks. In addition, CBV at concentrations as high as 1 mM did not cause a decline in mitochondrial DNA levels and
only minimally increased the concentration of lactic acid in the medium. In contrast to these results with CBV,
treatment of CEM cells with 0.5 mM 2%,3%-dideoxycytidine resulted in delayed cytotoxicity, a decrease in mitochondrial
DNA content and increases in lactic acid levels in the medium. These results indicated that treatment of CEM cells
with CBV did not result in the inhibition of mitochondrial DNA synthesis and suggested that treatment of AIDS
patients with CBV, or a prodrug of CBV, would not result in some of the toxicities seen with the other anti-HIV
nucleoside analogs. © 1997 Elsevier Science B.V.
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1. Introduction

Currently, there are nine drugs available
for the treatment of HIV infection. Five of
these agents are nucleoside analogs: 3%-deoxy-
3%-azidothymidine (AZT), 2%,3%-dideoxyinosine
(ddI), 2%,3%-dideoxycytidine (ddC), 2%,3%-dideoxy-
2%,3%-didehydrothymidine (D4T) and 2%,3%-dideoxy-
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3%-thiacytidine (3TC). The other four agents are
protease inhibitors. Combination of nucleoside
analogs and protease inhibitors have recently
shown very impressive anti-HIV activity in pa-
tients. Treatment with AZT, ddI, ddC or D4T can
result in serious dose-limiting toxicities. The pe-
ripheral neuropathy associated with the use of
ddI, ddC and D4T and the myopathy associated
with the use of AZT are believed to result from
the inhibition of DNA polymerase g, the mito-
chondrial DNA polymerase [1–4]. The 5%-triphos-
phates of these nucleoside analogs are all potent
inhibitors of DNA polymerase g [5–8] with Kis
for inhibition of DNA polymerase g that are
similar to their Kis for inhibition of HIV-reverse
transcriptase. 3TC does not inhibit mitochondrial
DNA synthesis, presumably due to the lack of
uptake of the triphosphate of 3TC (3TC-TP) by
the mitochondria [7]. Because of this lack of
selectivity with most of the existing anti-HIV nu-
cleoside analogs, there is need to identify new
anti-HIV nucleoside analogs that do not inhibit
DNA polymerase g. Such compounds could be
used in place of the existing therapies or could be
used in combination with the existing agents to
diminish toxicities without diminishing their anti-
HIV activity.

Carbovir (CBV, the (-)-enantiomer of the car-
bocyclic analog of 2%,3%-dideoxy-2%,3%-didehy-
droguanosine) a guanine nucleoside analog of
novel structure, is a potent inhibitor of HIV repli-
cation that may be sufficiently different from ex-
isting anti-HIV nucleoside analogs in its toxicity
and chemical stability to warrant evaluation as a
potential anti-AIDS drug [9–12]. CBV inhibits
HIV replication in a manner similar to that of the
other anti-HIV nucleoside analogs. It is phosphor-
ylated by human enzymes to CBV triphosphate
(CBV-TP) [13–16], which is utilized by HIV-RT
as a substrate for DNA synthesis using either
RNA or DNA as template [17–20]. Because there
is no 3%-hydroxyl group, the incorporation of
CBV-MP into the DNA chain results in chain
termination [18]. We [17,18] and others [21] have
shown that CBV-TP is not a potent inhibitor of
DNA polymerase g (Ki of 20 mM). In this study
we have evaluated the effect of CBV on mito-
chondrial DNA synthesis in intact CEM cells to

verify the results obtained with isolated enzyme
and to determine the potential for the develop-
ment of mitochondrial toxicities after its use. We
found that prolonged incubation of CEM cells
with 50 mM CBV did not inhibit mitochondrial
DNA synthesis, which suggested that treatment
with CBV may not cause peripheral neuropathy
or myopathy in patients.

2. Materials and methods

2.1. Cell studies

CEM cells, obtained from the American Type
Culture Collection (Rockville, MD) were grown
in RPMI 1640 medium (Gibco-BRL, Gaithers-
burg, MD) containing 10% fetal bovine serum
(Atlanta Biologicals, Atlanta, GA), 1 mg/ml
sodium bicarbonate, 10 U/ml penicillin, 10 mg/ml
streptomycin and 50 mg/ml gentamycin. Cells
were routinely tested for the presence of my-
coplasmas. New cultures were established from
cryopreserved, mycoplasma-free cell stocks. Cells
were tested for mycoplasma using Gen-Probe my-
coplasmal detection system (Fischer Scientific,
Pittsburgh, PA) and by measuring [3H]thymidine
uptake [22]. Cells were maintained in a humidified
atmosphere of 5% CO2 in air at 37°C. All ex-
periments were conducted with cells that were
proliferating at maximal rates. Cell numbers
were determined with a coulter counter. The
(-)-enantiomer of CBV was synthesized as pre-
viously described [10]. ddC was obtained from
Sigma (St. Louis, MO).

2.2. Measurement of mitochondrial DNA content

A mitochondrial DNA probe was made as de-
scribed by Higuchi and Linn [23] and labeled with
[32P]dCTP (ICN Pharmaceuticals, Costa Mesa,
CA) using Ready-To-Go DNA labelling beads as
described in the manufacturer‘s instructions
(Pharmacia Biotech, Piscataway, NJ). One hun-
dred thousand cells were applied to Zeta-Probe
GT blotting membrane (BioRad, Hercules, CA)
using a slot blot apparatus after they had been
boiled for 10 min in a solution of 0.4 M NaOH
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and 10 mM EDTA. Hybridization of the labeled
mitochondrial DNA probe was done as described
in the manufacturer’s instructions, except that the
DNA was fixed to the membrane using a GS gene
linker UV chamber (BioRad, Hercules, CA) in-
stead of vacuum drying. The amount of probe
hybridized to mitochondrial DNA was quanti-
tated both by densitometry of the image on the
film and by cutting the dot blots from the mem-
brane and counting them for radioactivity using a
Packard Liquid Scintillation Counter. Quantifica-
tion by these two methods gave similar results.

2.3. Measurement of lactic acid le6el acti6ity

Lactic acid levels were measured in the medium
of cells treated with CBV and ddC using a kit
supplied by Boerhinger Mannheim (Indianapolis,
IN). In this assay, samples were incubated with
lactate dehydrogenase and glutamate-pyruvate
transaminase and the increase in NADH was
measured spectrophotometrically. The amount of
NADH formed in the above reaction is stoichio-
metric with the amount of lactic acid that is in the
sample.

3. Results

CEM cells were incubated with CBV for 72 h to
determine the concentration of drug which would
inhibit cell growth by 50% (IC50). Under these
conditions the IC50 of CBV was found to be
approximately 100 mM, which was in agreement
with previously published results [9,15]. CBV, at
the maximal concentration that did not cause
acute cytotoxicity (50 mM), did not inhibit CEM
cell growth even after 4 weeks of treatment (Fig.
1). As a positive control, CEM cells were also
incubated with 0.5 mM ddC. As can be seen in
Fig. 1, ddC did not affect cell growth until after 4
days of treatment, but CEM cell growth was
totally inhibited by day 11. The time required for
the development of delayed toxicity was depen-
dent on the concentration of ddC. These results
with ddC support previous work that demon-
strated the delayed toxicity of ddC [1].

Fig. 1. Effect of CBV and ddC on CEM cell growth. CEM
cells were incubated with 50 mM CBV, 0.5 mM ddC, or no
drugs and cell numbers were counted regularly for 4 weeks.
Cell cultures were diluted in fresh medium containing the
appropriate drug on days 4, 7, 11, 14, 18 and 22 to approxi-
mately 100 000 cells/ml. The ddC cultures were terminated on
day 14 due to lack of growth.

The amount of mitochondrial DNA was deter-
mined in CEM cells treated with either 0.5 mM
ddC or 50 mM CBV. Measurements were taken
throughout the 4 week period. After 9 days of
treatment with ddC, mitochondrial DNA levels
were decreased by more than 80%, whereas treat-
ment with 50 mM CBV for 9 days had no effect
on mitochondrial DNA levels (Fig. 2). The de-
cline in mitochondrial DNA levels in cells treated
with ddC was detected as early as 2 days after
beginning of treatment and steadily declined
thereafter. CBV did not effect of the amount of
mitochondrial DNA in CEM cells even after 4
weeks of treatment (data not shown). CEM cells

Fig. 2. Effect of CBV and ddC on mitochondrial DNA levels.
CEM cells were incubated with 0.5 mM ddC, 50 mM CBV, or
no drugs for 9 days with changes in medium on days 4 and 7
as shown in Fig. 1. One hundred thousand cells were removed
from each culture, and the mitochondrial DNA levels were
determined as described in Section 2. The experiment was
repeated one time and similar results were obtained.
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Table 1
Lack of effect of CBV on lactic acid levels

Lactic acid per 106 cells (mg)

ddC CBVDay Control

0.57 0.53 0.540
0.62 0.704 0.97

1.25 0.507 0.46
1.60 0.5111 0.44

0.54 0.5114 0.55
0.45 —18 0.47
0.43 — 0.4422

0.47—25 0.41

Cells were incubated with 0.5 mM ddC, 50 mM CBV, or no
compound. A sample of media was removed at the times
indicated and the concentration of lactic acid was determined.
Each number is the average of two separate determinations.
Note that the cells were diluted in fresh medium containing the
appropriate drug to approximately 100 000 cells/ml on days 4,
7, 11, 14, 18 and 22 after the start of the experiment. There-
fore, each measurement shown (other than at day 0) reflects
the lactic acid levels in the medium 3 or 4 days after the
medium had been changed. The effect of drug treatment on
cell growth can be seen in Fig. 1. The experiment was repeated
and similar results were obtained.

resulted in lactic acid levels that were only 30 or
50%, respectively, above control levels when cor-
rected for cell number. Because these concentra-
tions were acutely toxic, resulting in 70 or 90%
inhibition of cell growth, respectively, it is not
known whether these small increases in lactic acid
levels are due to inhibition of mitochondrial syn-
thesis or due to some other action of CBV, such
as its inhibition of nuclear DNA synthesis [15,18].
Because the DNA sequences of many mitochon-
drial proteins are coded on nuclear chromosomes,
inhibition of chromosomal DNA synthesis could
result in mitochondrial toxicity. Regardless, it is
clear that treatment with CBV had minimal effect
on lactic acid levels.

4. Discussion

The results presented in this work indicated
that treatment with CBV has little, if any, effect
on mitochondrial DNA synthesis in CEM cells.
These data support the results with isolated en-
zymes that show that CBV-TP is a relatively poor
inhibitor of the DNA polymerase g (CBV-TP is
100–1000-fold less potent as an inhibitor of DNA
polymerase g than is ddCTP and other
dideoxynucleotide analogs). We show that incuba-
tion with 1 mM CBV for 96 h did not inhibit
mitochondrial DNA synthesis even though cell
growth was inhibited by about 90%. This concen-
tration of CBV is higher than peak concentrations
of CBV in the plasma of animals after either IV
or oral administration [24,25]. In addition, the
effective dose of CBV against HIV in CEM cells is
approximately 0.3 mM [9]. Since millimolar con-
centrations of CBV would not be maintained in
patients being treated for AIDS, these results
suggest that it is unlikely that mitochondrial
DNA synthesis would be inhibited in patients that
receive CBV for treatment of AIDS. However, it
is still important to confirm these results in rele-
vant tissues of patients treated with drug.

The lack of activity of CBV against mitochon-
drial DNA is likely due to the poor phosphoryla-
tion of this agent coupled with the relatively high
Ki for inhibition of DNA polymerase g by CBV-
TP. We have previously shown that incubation of

were also incubated with 1 mM CBV for 96 h and
even though CBV caused considerable inhibition
of cell growth at this concentration, the amount
of mitochondrial DNA per cell was not changed
(data not shown).

Medium was collected from CEM cells treated
with either 0.5 mM ddC or 50 mM CBV and the
lactic acid levels were determined as another indi-
cation of mitochondrial toxicity. As can be seen in
Table 1, treatment of CEM cells with CBV for 25
days did not cause any increase in the concentra-
tion of lactic acid in the medium, whereas, treat-
ment with ddC resulted in three-fold increase in
lactic acid levels. At day 14 in ddC-treated cells,
the lactic acid levels were similar to those in both
control and CBV-treated cells, which was likely
due to the fact that these cells were dead (Fig. 1)
and were not metabolically active. Treatment of
CEM cells with higher concentrations of CBV for
96 h had at best a small effect on lactic acid levels
(data not shown). For instance, incubation of
CEM cells with either 300 or 1000 mM CBV
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CEM cells with 100 mM CBV results in approxi-
mately 3 pmol CBV-TP/106 cells [15], which is
approximately 3 mM intracellular concentration,
whereas, the Ki for inhibition of DNA polymerase
g by CBV-TP was 23 mM [18].

Recently, a clinical trial has begun to evaluate a
prodrug of CBV as an anti-HIV agent, (1S,4R)-4-
[2-amino-6-(cyclopropylamino)-9H-purin-9-yl]-2-
cyclopentene-1-methanol (1592U89). This agent
has been shown to be one of the most efficacious
of the nucleoside analogs when given as a single
agent [26,27]. Treatment of AIDS patients for 4
weeks with 1592U89 decreased viral load by ap-
proximately 2-logs and caused a 25% increase in
CD4 counts. Like CBV, 1592U89 is converted to
CBV-TP in CEM cells in culture and this metabo-
lite is believed to be responsible for the pharmaco-
logical actions of this agent [21]. Because the
active form of both CBV and 1592U89 is CBV-
TP, our studies with CBV suggest that little mito-
chondrial toxicity would be expected after
treatment of AIDS patients with 1592U89.
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