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Incubation of Molt-4 cells in 4 ;LM 2'3'-dideoxycytidine did not produce a significant change in the
mitochondrial ultrastructure after 4 days; however, by 12 days, the mitochondrial ultrastructure was distorted,
with condensed cristae or vacuolization, or both. Concentration-dependent decreases in both cell growth (mean
50% inhibitory concentration, 4.70 + 0.5 ,uM) and mitochondrial DNA content (mean 50% inhibitory
concentration, 0.46 + 0.06 ,uM) occurred after incubation with 2'3'-dideoxycytidine for 4 days.

2'3'-Dideoxycytidine (DDC), a deoxynucleoside analog,
has activity against human immunodeficiency virus type 1
(HIV-1) in vitro (15) and in vivo (14, 25). The selective effect
of DDC triphosphate (DDC-TP) on the HIV-1 reverse tran-
scriptase is thought to be due to the lower Ki for the viral
reverse transcriptase (Ki = 0.26 ,uM) as opposed to higher
Kis for the host nuclear alpha and beta DNA polymerases
(Kis = 110 and 2.6 ,uM, respectively) (7, 24). DDC-TP also
inhibits the mitochondrial gamma DNA polymerase (Ki =

0.016 ,uM) and does so at concentrations that are comparable
to or less than the concentrations necessary to inhibit the
viral reverse transcriptase (3, 24). Cells cultured with DDC
at concentrations that are comparable to those that can be
obtained therapeutically in human plasma (12) produce in-
tracellular concentrations of DDC-TP (4, 24) that are capable
of inhibiting the mitochondrial gamma DNA polymerase.
The major toxic effect of DDC that limits the dose that can

be used is a painful, reversible, primarily sensory peripheral
neuropathy, but DDC can also cause granulocytopenia and
thrombocytopenia (13). The toxicity of DDC in humans
suggests that it must have another site of activity in vivo,
apart from inhibiting the HIV-1 reverse transcriptase. Stud-
ies of the effect of DDC (and zidovudine [AZT]) on isolated
rat liver mitochondria revealed a reduction in the incorpora-
tion of radioactive deoxynucleoside triphosphates into mito-
chondrial DNA (22). DDC-TP caused a reduction of tritiated
thymidine uptake by mitochondria isolated from HeLa cells
(27). Chen and Cheng (2) reported a time-dependent, revers-

ible reduction in the Molt-4 cell growth rate, with a concom-

itant reversible reduction in the mitochondrial DNA content
and an increase in the lactate content in the culture medium.
The in vitro observations of Simpson et al. (22) and Chen and
Cheng (2) led to their proposal that the mitochondrion,
particularly the replication of mitochondrial DNA, is a

potential site for the toxic action of DDC and, possibly, for
other anti-HIV-1 nucleoside analogs. Interestingly, periph-
eral neuropathy (16, 17) and hematopoietic suppression with
granulocytopenia and thrombocytopenia (19) have been re-

ported in patients with genetic defects in their mitochondrial
DNAs.
We investigated the effects of DDC on the mitochondrial
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structure, biogenesis, and function in Molt-4 cells. We also
investigated the effects of DDC on the rate of growth and
mitochondrial morphology in HEL cells (a human erythro-
leukemic cell line).

Molt-4 and HEL cells were obtained from the American
Type Culture Collection, Rockville, Md.; they were grown

in RPMI 1640 medium (GIBCO) and supplemented with 2
mM L-glutamine and 10% fetal bovine serum (GIBCO).
Logarithmically growing cells were placed in either 12-well
Coming plates (short-term [4-day] incubations) or 75-cm2
Coming flasks (long-term incubations) at an initial density of
2 x 105 cells per ml with the designated concentrations of
DDC (Sigma Chemical Co., St. Louis, Mo.). Cells were

incubated at 37°C in 5% C02-95% air. After 2 days, each
well was supplemented with 50% (by volume) fresh RPMI
1640 medium with the designated concentration of DDC (for
the long-term experiments, 100% [by volume] fresh RPMI
1640 medium with the designated concentration of DDC was

added to each flask). Cells were harvested and counted
(Coulter counter), and cell viability was measured (trypan
blue dye exclusion) after 4 days of incubation. In the
long-term experiments, cells were then reseeded at the initial
density, fresh medium was added every 2 days, and count-
ing, harvesting, and reseeding were done every 4 days.
Aliquots of cells and media were stored at -80°C prior to
DNA or biochemical analyses.
Measurement of the lactate concentration of the cell

culture medium was performed by using a diagnostic pyru-
vate-lactate measurement kit (Sigma). Samples were run in
duplicate and reassayed if the duplicates differed by more

than 10%. Mitochondrial DNA was extracted from platelets
by the method of Shuster et al. (21). A mitochondrial DNA
probe was prepared by using an oligolabeling kit (Pharmacia,
Piscataway, N.J.), and the probe was used for DNA-DNA
dot blot hybridization as described by Hamzeh et al. (9).

Cell suspensions of untreated and DDC-treated Molt-4 and
HEL cells were centrifuged at 1,000 x g for 7 min. The cell
pellets were washed twice with 0.1 M phosphate buffer (pH
7.4) and were then fixed in 2% glutaraldehyde-1% paraform-
aldehyde in 0.1 M phosphate buffer, starting at room tem-
perature and then cooling to 4°C. After 1 h, the cell pellets
were washed three times for 15 min each time in phosphate
buffer. The cell pellets were then postfixed for 1 h with 1%
osmium tetroxide-0.1 M phosphate buffer. The cells were
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FIG. 1. Electron micrographs showing the mitochondrial ultrastructures of untreated control Molt-4 cells (A) and Molt-4 cells treated with
4 ,uM DDC (B) after 4 days in vitro incubation. Magnifications, x 17,700.

then washed in three changes of phosphate buffer at room
temperature, dehydrated through graded alcohol concentra-
tions, and embedded in Poly/812. Sections were cut with an
MJO Diatome diamond knife on an LKB-V ultramicrotome,
stained with uranyl acetate and lead citrate (Fahmy's), and
viewed at 100 kV on a Philips 410 transmission electron
microscope (all reagents required for the preparation of
electron microscopy sections were obtained from Poly-
sciences Inc.).

Cell growth, mitochondrial DNA content, lactate content of
the medium, and mitochondrial morphology after short-term
incubation with DDC. After 4 days of incubation, we found
that DDC produced a concentration-dependent inhibition of
cell growth, with a mean 50% inhibitory concentration of 4.7
+ 0.5 ,uM (n = 3). There was only a minimal (<15%)
reduction in Molt-4 cell viability during incubation with
DDC, and the minimal reduction occurred only at the highest
DDC concentration used (8 ,uM). Simultaneously, DDC
produced a concentration-dependent increase in the lactate
content of the culture medium of the Molt-4 cells, with 4 p,M
DDC producing a mean 55% + 8% (n = 3) increase above
control values. DDC also produced a concomitant decrease
in the mitochondrial DNA content of Molt-4 cells, with a
mean 50% inhibitory concentration of 0.46 ± 0.06 ,uM (n =
3).

Electron micrographs of untreated control and DDC-
treated (4 ,uM) Molt-4 cells incubated for 4 days are shown in
Fig. 1A and B, respectively. There were no significant
differences in the mitochondrial ultrastructural morphologies
or numbers of Molt-4 cells incubated in the absence or
presence of DDC (4 ,uM).

Effect of long-term incubation of Molt-4 cells with 4 ,uM

DDC on mitochondrial ultrastructure, growth rate, and lac-
tate content of the tissue culture medium. Figure 2A demon-
strates untreated control Molt-4 cells, and Fig. 2B and C
demonstrate Molt-4 cells treated with 4 ,uM DDC for 12
days. There were considerable changes in the mitochondrial
ultrastructures of DDC-treated cells. The general organiza-
tion of the mitochondrial inner membrane with cristae in
transverse alignment was lost, and the matrix density was
increased. Some cells had mitochondria with abnormally
"whorled," lamellarlike, concentrically arranged cristae;
the cristae were condensed and severely distorted, and there
was a marked increase in the density of the matrix. In other
DDC-treated cells, the mitochondria had a condensed ma-
trix, with central vacuoles and very distorted cristae ar-
ranged concentrically. The doubling times of Molt-4 cells
treated with 4 ,uM DDC increased to 261 h (control, 28.3 h)
over the course of 12 days, with a simultaneous increase in
the lactate content of the tissue culture medium to a mean of
210% above control values.

Effect of long-term incubation with 2 pM DDC on HEL cell
mitochondrial ultrastructure. To prove that the mitochon-
drial ultrastructural changes caused by DDC were not lim-
ited to one cell line, we studied the effect of DDC on HEL
cell mitochondrial ultrastructure. After 16 days, untreated
control HEL cells had a cell doubling time of 30.4 h, while
that of HEL cells treated with 2 ,uM DDC was 183.7 h.
Electron micrographs of the mitochondria from untreated
control cells and HEL cells treated with 2 ,uM DDC are
shown in Fig. 3A and in Fig. 3B and C, respectively.
DDC-treated HEL cells showed very abnormal mitochon-
dria, with condensed distorted cristae or vacuolization very
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FIG. 2. Electron micrographs showing the mitochondrial ultra-
structures of untreated control Molt-4 cells (A) and Molt-4 cells
treated with 4 ,uM DDC (B and C) after 12 days in vitro. The changes
in the mitochondrial ultrastructures of the cells were found in
approximately 85% of DDC-treated cells. Magnifications, x 17,700.

similar to the abnormalities found in the Molt-4 cells treated
with 4 ,M DDC for 12 days.
Our findings confirm the observations of Simpson et al.

(22) and Chen and Cheng (2) that DDC causes a decrease in
mitochondrial DNA content and impairs the mitochondrial
function in Molt-4 cells. The reduction in mitochondrial
DNA content may be due to the inhibition of gamma DNA
polymerase by DDC-TP (4, 24) or chain termination of
nascent mitochondrial DNA. Interestingly, Keilbaugh et al.
(10) tested mouse erythroleukemic cells and found that the
incorporation of radioactive dATP into mitochondria iso-
lated from AZT-treated mouse erythroleukemic cells was
reduced, again suggesting impaired mitochondrial DNA rep-
lication.

Significant distortion of the mitochondrial ultrastructure of
Molt-4 cells occurred after 12 days but not after 4 days of
incubation with DDC. These delayed changes in mitochon-
drial ultrastructure suggest that the initial defect caused by
DDC is a reduction in the mitochondrial DNA content. This
could produce concomitant functional impairment followed
by delayed mitochondrial ultrastructural changes. Chloram-
phenicol, a known inhibitor of mitochondrial protein synthe-
sis, and ethidium bromide, an inhibitor of mitochondrial
DNA synthesis, produce similar mitochondrial changes in
HeLa and L cells (11). Incubation with chloramphenicol for
3 to 20 days or ethidium bromide for 2 to 8 days caused
inhibition of cell growth. Simultaneously, there was enlarge-
ment of the mitochondria, with either condensation or vac-
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FIG. 3. Electron micrographs showing the mitochondrial ultra-
structures of untreated control HEL cells (A) and HEL cells treated
with 2 ,uM DDC (B and C) after 16 days in vitro. The changes in
mitochondrial ultrastructures were noted in approximately 85% of
DDC-treated cells. Magnifications, x15,472.

uolization of the cristae and distortion of the inner mem-
brane. In humans, chloramphenicol induces reversible bone
marrow toxicity (20) and, rarely, neurotoxicity (peripheral
neuropathy [1, 18] and optic neuritis [8]). The bone marrow
toxicity of chloramphenicol has been associated with mito-
chondrial ultrastructural abnormalities, producing a con-
densed configuration of the matrix and cristae (23) or cristae
arranged in concentric rings (26). The mitochondrial ultra-
structural changes described for cells incubated with chlor-
amphenicol and ethidium bromide are similar to our findings
with Molt-4 and HEL cells incubated in tissue culture with
DDC.
AZT has also been implicated as producing mitochondrial

dysfunction in humans. Preliminary evidence has suggested

that long-term treatment (mean duration, 12.8 months) of
AIDS patients with AZT may produce a mitochondrial
myopathy (6). Electron microscopy of muscle fibers from
patients with AIDS suspected of having AZT myopathy
revealed enlarged mitochondria with vacuolization and
paracrystalline inclusion bodies. In comparison with con-
trols, the muscle fibers of patients with AZT myopathy
exhibited up to a 78% reduction in mitochondrial DNA
content (5).
The evidence presented in this report suggests that DDC

inhibits mitochondrial biogenesis in Molt-4 cells, resulting in
mitochondrial dysfunction and ultrastructural changes. Per-
haps inhibition of mitochondrial biogenesis could be the
pathophysiological mechanism responsible for the neurolog-
ical and hematological toxicities of DDC.
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