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Nucleoside analogs are associated with various mitochondrial toxicities, and it is becoming increasingly
difficult to accommodate these differences solely in the context of DNA polymerase gamma inhibition. There-
fore, we examined the toxicities of zidovudine (AZT) (10 and 50 �M; 2.7 and 13.4 �g/ml), didanosine (ddI) (10
and 50 �M; 2.4 and 11.8 �g/ml), and zalcitabine (ddC) (1 and 5 �M; 0.21 and 1.1 �g/ml) in HepG2 and H9c2
cells without the presumption of mitochondrial DNA (mtDNA) depletion. Ethidium bromide (EtBr) (0.5 �g/ml;
1.3 �M) was used as a positive control. AZT treatment resulted in metabolic disruption (increased lactate and
superoxide) and increased cell mortality with decreased proliferation, while mtDNA remained unchanged or
increased (HepG2 cells; 50 �M AZT). ddC caused pronounced mtDNA depletion in HepG2 cells but not in
H9c2 cells and increased mortality in HepG2 cells, but no significant metabolic disruption in either cell type.
ddI caused a moderate depletion of mtDNA in both cell types but showed no other effects. EtBr exposure
resulted in metabolic disruption, increased cell mortality with decreased cell proliferation, and mtDNA
depletion in both cell types. We conclude that nucleoside analogs display unique toxicities within and between
culture models, and therefore, care should be taken when generalizing about the mechanisms of nucleoside
reverse transcriptase inhibitor toxicity. Additionally, mtDNA abundance does not necessarily correlate with
metabolic disruption, especially in cell culture; careful discernment is recommended in this regard.

Nucleoside reverse transcriptase inhibitors (NRTIs) as a
class represent one of the primary options for the treatment
and prevention of human immunodeficiency virus infection.
Despite the vast amount of clinical and experimental data
demonstrating their toxicity, NRTIs remain at the forefront of
human immunodeficiency virus chemotherapy. This domi-
nance is due to several factors, namely, their efficacy, lack of
effective alternatives, and an accepted but imperfect risk-ben-
efit approach (i.e., toxicity versus viral inhibition). The future
prospects for their use over extended periods inspire an ur-
gency to better understand the toxic mechanisms of these
drugs in order to minimize further patient risk.

By design, NRTIs share structural similarities with each
other and with the endogenous nucleosides they mimic. Struc-
ture-activity assumptions would normally suggest that these
compounds share similar mechanisms of toxicity; however, a
survey of the literature involving NRTI research shows that the
evidence paints a much more convoluted picture (34, 52). The
distinctiveness and tissue specificities of NRTI toxicities sug-
gests that unintended targets are varied among individual com-
pounds within this family of drugs. Much of the variation in
NRTI toxicity has been attributed to differing levels of prodrug
activation in different tissues (reviewed in reference 21). The
activities of NRTIs against viral reverse transcriptase and in-
corporation/termination of endogenous DNA by polymerases
(i.e., mitochondrial DNA [mtDNA] polymerase gamma [Pol-
�]) requires their activation to the triphosphate nucleotide,

which occurs through the endogenous deoxynucleotide phos-
phorylation processes. The activities of these phosphorylation
pathways vary with the tissue and its respective mitotic state.
For example, the first step in activation of thymidine analogs
(zidovudine [3�-azido-3�-deoxythymidine; AZT] and stavudine
[2�,3�-didehydro-3�-deoxythmidine; d4T]) preferentially occurs
in mitotically active cells, because thymidine kinase 1 is ex-
pressed only during S phase (though mitochondrial thymidine
kinase 2 may play a role in activation in quiescent cells). Ac-
tivation pathways for other NRTIs (didanosine [2�3�-dideoxyi-
nosine; ddI], zalcitabine [2�,3�-dideoxycytidine; ddC], and lami-
vudine) are constitutively expressed, and differences in toxicity
could be attributed to differences in the rate-limiting steps
specific to the analog. However, the apparent species-related
difference in ddC activation suggests that other factors may
play roles (2, 27). In terms of tissue culture cell lines in which
the population of cells is intrinsically mitotically active, one
would expect that all NRTIs would be activated according to
their proposed pathways, which may or may not reflect the in
vivo tissue state.

AZT is primarily associated with hematological toxicity and
myopathy (skeletal and possibly cardiac); AZT-triphosphate is
a weak inhibitor of Pol-� (18, 32, 52). d4T is associated with
lipdystrophy and an increased risk for lactic acidosis and is
considered a moderate inhibitor of Pol-� (18, 32, 52). ddI is
associated with pancreatitis and peripheral neuropathy, while
its active form is considered a strong inhibitor of Pol-� (18, 32,
52). ddC is associated with a high risk for peripheral neurop-
athy, and its active form is considered the most potent against
Pol-� (18, 32, 52). These facts demonstrate NRTIs’ dissimilar
toxicological profiles, including tissue specificities and distinc-
tive markers of metabolic disruption. At the center of these
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differences lies the mitochondrion, which has long been sus-
pected to be the inadvertent target of NRTI toxicity. While
there are some studies that provide mechanisms aside from
mitochondria (31, 46, 54), based on the observed pathologies,
the mitochondria remain the primary focus. Irrespective of this
common focus, NRTIs display surprisingly variable toxicities,
and it is becoming increasingly difficult to accommodate these
differences within a single mechanism (i.e., the “DNA Pol-�
hypothesis” [23, 24]).

The Pol-� hypothesis elegantly describes a mechanism that
explains how nucleoside analogs could specifically cause mito-
chondrial dysfunction. However, it is becoming increasingly
common to invoke the Pol-� hypothesis in the absence of data
demonstrating components of the complete mechanism (i.e.,
mtDNA depletion, mitochondrial mRNA depletion, respira-
tory complex dysfunction, etc.) or without consideration of
data showing that these markers are not always directly related
(3, 43, 47). Such considerations may be critical, especially when
using cell culture models to study NRTI toxicity.

In this study, we investigated the effects of three commonly
used NRTIs (AZT, ddI, and ddC) using two cell culture lines
representing cardiac (H9c2-1) and hepatic (HepG2) tissue
types. The purpose was to explore the distinct characteristics of
cytotoxicity presented by these drugs without presupposing an
obligatory role of mtDNA depletion as a primary determinant
of cellular or metabolic dysfunction.

MATERIALS AND METHODS

Chemicals. All reagents were of research or cell culture quality. AZT was
purchased from Toronto Research Chemicals (North York, Ontario, Canada).
Ethidium bromide (EtBr), ddI, and ddC were purchased from Sigma (St. Louis,
MO). Tissue culture reagents were purchased from Invitrogen (Carlsbad, CA).
MitoSOX Red, ethidium homodimer, and calcein AM were obtained from Mo-
lecular Probes (Eugene, OR). All other reagents were from Sigma unless oth-
erwise specified.

Cell culture and treatment. H9C2-1 cardiac myocytes obtained from the
American Type Culture Collection (ATCC) (Manassas, VA) were cultured in
Dulbecco’s modified Eagle medium adjusted to contain 1.5 g/liter sodium bicar-
bonate and supplemented with 10 ml/liter of antibiotic-antimycotic solution
(100�) and 10% fetal bovine serum (FBS). Cells were plated on 75-cm2 tissue
culture flasks and grown in a 5% CO2 incubator at 37°C with saturating humidity
with medium changes every 2 days. At �50% confluence, the cell growth me-
dium was changed to Dulbecco’s modified Eagle medium supplemented with 1%
FBS and 10 nM all-trans-retinoic acid in order to maintain cardiac-like charac-
teristics (36). Media were changed every 2 days, with daily additions of all-trans-
retinoic acid. Cells were maintained under these conditions for 7 days before
treatment began.

HepG2/C3A human hepatoma cells were also obtained from the ATCC.
HepG2 cells were cultured in minimum essential medium supplemented with 1.5
g/liter sodium bicarbonate, 110 mg of sodium pyruvate, and 10% FBS. Cells were
plated on 75-cm2 tissue culture flasks and grown in a 5% CO2 incubator at 37°C
with saturating humidity with medium changes every 2 days. The cells were
passaged by detachment with 0.05% trypsin and 0.5 mM EDTA.

Cells were cultured in the presence of 10 or 50 �M AZT, 10 or 50 �M ddI, or
1 or 5 �M ddC (control cells were cultured in the absence of compound); drug
stocks were prepared in sterile phosphate-buffered saline (PBS) and replenished
at medium changes. Drug stocks were stored at �20°C between doses, and new
stocks were prepared before each experiment. The doses of AZT and ddI were
selected to represent steady-state peak plasma levels of patients receiving NRTI
therapy (17, 38), as well as a supratherapeutic dose to observe concentration-
related effects; supratherapeutic doses of ddC were used after preliminary ex-
periments showed minimal toxicity with ddC in H9c2 cells. Additionally, another
treatment group containing 0.5 �g/ml (1.3 �M) EtBr was included as a positive
control.

Cell viability. The number of dead cells was determined using the LIVE/
DEAD viability assay kit (Molecular Probes). Briefly, harvested cells were re-

suspended in 1 ml PBS containing 100 nM calcein AM and 8 �M ethidium
homodimer 1 and incubated in the dark at 37°C for 30 min. The cells were then
analyzed on a FACSCaliber flow cytometer using 488-nm excitation, and calcein
AM emission was measured with a 530/30 bandpass filter and ethidium ho-
modimer 1 emission with a 661/16 bandpass filter. After gating was performed to
exclude debris, dead cells were considered to be those that exhibited high
ethidium homodimer 1 fluorescence and low calcein AM fluorescence. The
values reported are out of 10,000 events.

Cell proliferation. A measure of cell proliferation was determined using sul-
forhodamine B (SRB) as described previously (19). Briefly, cells were seeded in
a 12-well culture plate at approximately 2,500 cells per well. At day 6, the
medium was removed from the wells, and the adhered cells were left to air dry
and were fixed overnight at �10°C with methanol containing 1% acetic acid. The
methanol was then aspirated, and the plates were air dried before 2 ml of 0.5%
SRB (in 1% acetic acid) was added to each well. The plates were incubated at
room temperature for 1 h, the dye was removed, and each well was rinsed with
1% acetic acid before being air dried one more time. The bound dye was eluted
with 2 ml of 10 mM Tris buffer (pH 10), and the absorbance was measured in a
spectrophotometer at 540 nm. Cell density restrictions prevented the measure-
ment of proliferation beyond day 6.

Extracellular lactate. Lactate was measured in media drawn from the 12-well
culture plates used in the cell proliferation experiment. Briefly, 0.5 ml medium
was mixed with 1 ml ice-cold 10% trichloroacetic acid and placed on ice for 30
min. Samples were then centrifuged at 5,000 � g for 3 min, and the clarified
supernatant was used for lactate determination. Lactate was measured through
the catalytic generation of NADH on a per-mole basis; briefly, 290 �l of a 0.2 M
glycine-hydrazine (pH 9.2) reaction buffer containing 0.6 mg/ml NAD� and 17
U/ml lactate dehydrogenase was added to each well of a 96-well plate. Samples
(10 �l) were added to the appropriate wells, and the reaction mixtures were
incubated for 30 min at room temperature before being read at 340 nm on a
microplate reader. Lactate is reported as nmol/well and was normalized by cell
number using the respective SRB absorption values.

Mitochondrial superoxide. Intramitochondrial superoxide production was
measured using the live-cell permeable and mitochondrial localizing MitoSOX
Red fluorescent probe (hydroethidine analog) (M. S. Janes, D. M. Hill, C. M.
Cardon, K. M. Robinson, J. R. Walls, W.-Y. Leung, J. S. Beckman, and M. J.
Ignatius, presented at the American Society for Cell Biology 44th Annual Meet-
ing, Washington, DC, 2004). To our knowledge, this is the first time this probe
has been used to measure superoxide by flow cytometry. Mitochondrial localiza-
tion was confirmed by fluorescence microscopy showing co-staining of the mito-
chondria by MitoTracker Green and MitoSOX Red in both HepG2 and H9c2
cells (data not shown). Medium from each 75-cm2 flask was aspirated, and the
attached cells were rinsed with PBS before adding 3 ml of a 5 �M MitoSOX
solution in Hank’s balanced salt solution with calcium and magnesium. Coated
cells were incubated for 10 min at 37°C in the dark before being harvested by
trypsinization. The cells were resuspended in Hank’s balanced salt solution with
calcium and magnesium for analysis on the FACSCaliber flow cytometer, using
488-nm excitation and a 530/30-bp emission filter; use of this filter allowed the
observation of MitoSOX fluorescence while minimizing interference from EtBr,
as well as non-superoxide hydroethidine oxidation products (55). Values are
reported as the geometric mean fluorescence of a population of 10,000 cells;
representative histograms demonstrating the effect of AZT on MitoSOX fluo-
rescence in HepG2 mitochondrial superoxide production after 14 days of expo-
sure are shown in Fig. 1.

mtDNA abundance. Cells for DNA isolation were harvested by trypsinization
and resuspended in 200 �l of PBS. DNA was extracted from the cells using a
DNeasy Tissue Kit (QIAGEN, Valencia, CA). To assess the mtDNA content per
cell, the number of copies of well-conserved single-copy genes was measured (6).
Pyruvate kinase (forward primer, ACTGGCCGGTGTCATAGTGA; reverse
primer, TGTTGACCAGCCGTATGGATA; 347-bp product) was used as a
marker for nuclear DNA, while cytochrome b (forward primer, CACCCACAT
CTGCCGAGAC; reverse primer, GGAAATGCGAAGAAGCGTGTTA; 348-bp
product) was used as a marker for mtDNA (IDT, Coralville, IA). Real-time PCR
mixtures were prepared with LightCycler FastStart DNA Master SYBR Green 1
reagents according to the kit suggestions, with 0.5 �M concentrations of each
primer and 2 mM MgCl2, in a LightCycler 1.5 (Roche Diagnostics, Indianapolis,
IN). Quantification of mtDNA was accomplished by calculating the ratio of the
mitochondrially encoded gene (cytochrome b) to the nuclear-encoded gene
(pyruvate kinase) and expressing it as mtDNA copy number per nuclear DNA
copy number. Copy numbers for each gene were calculated based on standard
curves. The standards were generated by PCR of DNA with specific primers for
each gene using QIAGEN HotStartTaq Master Mix. PCR was conducted in a
Perkin-Elmer thermocycler. Agarose gel electrophoresis was performed to verify
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the products. The products were then purified using a QIAquick PCR purifica-
tion kit according to the manufacturer’s instructions (QIAGEN) and quanti-
tated by measuring absorbance at 260 nm. The DNA copy number was
calculated using the resulting concentration of DNA and the following equa-
tion: MW � (product length � 607.4) � 157.9 (Ambion Inc., Austin, TX).

Statistics. Data, grouped by days of treatment, were analyzed using GraphPad
Prism 4 software by one-way analysis of variance, followed by the Tukey post hoc
test for comparison between treatment groups. Unless otherwise stated, values
represent the means of three separate experiments plus the mean standard error;
significance was assumed at 95% confidence.

RESULTS

This study was designed to contrast the possible mitochon-
drial toxicities of several NRTIs with that of EtBr, which is
known to deplete mtDNA and mitochondrial RNA (16, 37,
56), in order to determine whether mtDNA abundance neces-
sarily correlates with toxicity. Although NRTIs are now com-
monly administered in pairs, single NRTI exposures were used
in this study to better differentiate their activities.

Preliminary time course experiments using H9c2 cells re-
vealed that this cell line is generally nonresponsive to NRTI
treatment. In consideration of this observation, data for the
cell line were collected only after 12 days of treatment.

AZT. In this study, AZT treatment caused metabolic disrup-
tion without mtDNA depletion; these effects were more pro-
nounced in HepG2 cells than in H9c2 cells.

While all cell populations were consistently above 80% via-
ble, AZT caused an increase in HepG2 cell death on day 4 at
10 �M and days on 4, 10, and 14 at 50 �M (Fig. 2A). This effect
was not observed in H9c2 cells at day 12. Similarly, HepG2
proliferation was inhibited by AZT (50 �M) at day 6; a similar
trend was observed in H9c2 cells (Fig. 2D).

Metabolic fidelity was measured using two end points, ex-
tracellular lactate and mitochondrial superoxide. AZT caused
a significant elevation in medium lactate by day 6 at both 10
and 50 �M and in both culture models (Fig. 2E). Mitochon-
drial superoxide was increased in HepG2 cells at all time points
with AZT (50 �M); in contrast, H9c2 cells showed no change
in mitochondrial superoxide with AZT (Fig. 2C).

AZT treatment did not result in mtDNA depletion (Fig.
2B). In fact, in HepG2 cells, 50 �M AZT caused an increase in
the mtDNA copy numbers on days 4 and 10 (there was insuf-
ficient material for day 14 due to inhibited cell proliferation).
No change in mtDNA was observed in H9c2 cells treated with
AZT through day 12.

ddC. Treatment with ddC caused rapid and severe depletion
of mtDNA in HepG2 cells only; no significant metabolic effects
were observed in either cell type.

Cells were generally viable with ddC, though a significant
increase in dead cells was observed with 5 �M ddC on day 14
with HepG2 cells (Fig. 3A); HepG2 cell proliferation was not
affected (Fig. 3D). H9c2 cell viability was unaffected by ddC
treatment (Fig. 3A), and 5 �M ddC caused an increase in cell
proliferation by day 6 (Fig. 3D). Neither extracellular lactate
nor mitochondrial superoxide was significantly affected by ddC
treatment in either culture model, though a time-dependent
increasing trend might be suggested for mitochondrial super-
oxide in HepG2 cells (Fig. 2C and 3E).

Most striking with ddC were the differential responses of the
culture models with respect to mtDNA depletion (Fig. 3B).
HepG2 cells showed a dramatic drop in mtDNA abundance:
15% and 11% of control for 1 and 5 �M ddC, respectively, by
day 4. This continued through day 14, when mtDNA abun-
dance dropped to less than 1% that of the control for both 1
and 5 �M ddC. In contrast, H9c2 cells showed no change in
mtDNA abundance through day 12.

ddI. Cells treated with ddI showed moderate depletion in
mtDNA in both culture models without metabolic disruption.

No increase in cell death was observed for HepG2 or H9c2
cells exposed to ddI (Fig. 4A). Although observation of ddI-
treated H9c2 cells grown in 75-cm2 flasks suggested a higher
density on day 12, this effect was not measured with the SRB
assay on day 6; no change in proliferation was seen in HepG2
cells (Fig. 4D). Neither cell line demonstrated metabolic alter-
ations with ddI treatment (Fig. 3E and 4C).

In contrast to ddC, both HepG2 and H9c2 showed depletion
of mtDNA with ddI exposure (Fig. 4B). HepG2 cells grown
with 10 �M ddI consistently had mtDNA levels at �80% those
of controls, while those grown in 50 �M ddI had about 40 to
50% of control levels at all time points. H9c2 cells treated with
ddI for 12 days had mtDNA values �60% and 15% those of
controls for 10 and 50 �M, respectively.

FIG. 1. Representative flow cytometry histograms of MitoSOX
Red fluorescence (530-nm emission) in HepG2 cells (10,000 cells).
Control (black) and treated (gray) cells were prepared as described in
Materials and Methods. Treated cells were exposed to 10 �M (A) and
50 �M (B) AZT for 14 days.
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EtBr. EtBr, shown to be effective at generating 	0 cells (cells
lacking mtDNA) (37), was used as a positive control for
mtDNA depletion. Range-finding experiments (data not
shown) showed that treatment with 0.5 �g/ml EtBr was effec-
tive at depleting mtDNA in both HepG2 (16% of control by
day 6) and H9c2 (21% of control by day 6) cell lines.

Increased cell death was seen in EtBr-treated HepG2 cells
on days 10 and 14, though overall viability was still above 80%
(Fig. 5A). H9c2 cell viability was unaffected by EtBr treatment
(Fig. 5A). EtBr inhibited cell proliferation for both HepG2 and
H9c2 cells through day 6 (Fig. 5D).

In terms of metabolic disruption, EtBr treatment increased

extracellular lactate in HepG2 and H9c2 cells by day 6 (Fig.
5E). Additionally, the measure of mitochondrial superoxide
was increased in both cell lines at all time points (Fig. 5C).
Though we tried to avoid the nonspecific ethidium fluores-
cence, the increased signal for mitochondrial superoxide could
still represent nonspecific ethidium reduction products, due to
the higher concentration of ethidium in these cells.

As expected, EtBr diminished the mtDNA content in both
cell lines (Fig. 5B). The inhibited rate of HepG2 cell prolifer-
ation prevented the collection of a full data set (n � 3) by days
10 and 14, though a trend for depletion was observed: �16%,
10%, and 4% of control for days 4, 10, and 14, respectively.

FIG. 2. Effects of AZT (10 [light gray] and 50 [dark gray] �M) on HepG2 and H9c2 cells. HepG2 cells were treated for 4, 10, and 14 days (A
to C) and 6 days (D and E); H9c2 cells were treated for 12 days (A to C) and 6 days (D and E). (A) Cell mortality determined using the
LIVE/DEAD assay for flow cytometry and reported as the number of dead cells/10,000 events. (B) mtDNA abundance determined by quantitative
real-time PCR reported as the ratio of cytochrome b gene copy number/pyruvate kinase gene copy number (mtDNA/nuclear DNA[nDNA]).
(C) Mitochondrial superoxide generation determined using the MitoSOX Red fluorescent probe by flow cytometry, reported as the geometric
mean fluorescence of 10,000 events. (D) Cell proliferation determined using the SRB binding assay, reported as the dilution-adjusted absorbance
at 540 nm. Abs, antibodies. (E) Extracellular lactate determined using NAD� reduction by lactate dehydrogenase, reported as nmol lactate per
culture well normalized by cell number using the respective SRB absorption values. The data reported are the means of three separate experiments
plus mean standard errors unless otherwise indicated. �, statistically different from time-matched control (P 
 0.05). a, n � 2 due to insufficient
material for analysis.
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H9c2 cells grown in 0.5 �g/ml EtBr for 12 days had �14% of
the mtDNA content of the controls.

DISCUSSION

The mitochondrion is surely a target for NRTI toxicity, as
evidenced by the vast amount of literature showing morpho-
logical and biochemical alterations of the organelle with NRTI
exposure in vivo and in vitro (12, 21, 29, 52). However, this
shared locus of toxicity belies the apparent complexity of NRTI
toxicity. Suggested mechanisms of toxicity include, but are not
limited to, the inhibition of DNA Pol-� (23, 24, 32), inhibition
of endogenous nucleotide kinases (30, 35, 49), direct inhibition
of oxidative phosphorylation (4, 5, 29, 40), reactive oxygen
species (ROS) generation (31, 44, 46), and mtDNA and nu-
clear DNA mutagenesis (1, 10, 45), yet mtDNA abundance is
commonly employed as the hallmark of NRTI toxicity. The
results of this investigation demonstrate that inhibition of

DNA Pol-� is but one of many possible cytotoxic mechanisms
of the different NRTIs to alter the metabolic status of the cell
and that the essences of mtDNA depletion in the mechanism
of cytotoxicity differ among the different cell lines.

In this study, we demonstrated that AZT, ddC, and ddI
exhibit distinct toxicity profiles both within a single cell culture
model and between two different cell types. Our results suggest
that HepG2 cells are more responsive to NRTI exposure while
H9c2 cells are generally refractory. This is in agreement with
other authors, who have suggested that HepG2 cells are per-
haps the “ideal” cell culture line to study NRTI-induced mi-
tochondrial toxicity (20, 41). However, one should be careful to
consider the clinical relevance of choosing a model solely on
the basis of its responsiveness to the test compounds without
regard to its clinical surrogate.

It should be emphasized that there is a danger in extrapo-
lating toxicity results obtained from tissue culture to their re-

FIG. 3. Effects of ddC (1 [light gray] and 5 [dark gray] �M) on HepG2 and H9c2 cells. HepG2 cells were treated for 4, 10, and 14 days (A to
C) and 6 days (D and E); H9c2 cells were treated for 12 days (A to C) and 6 days (D and E). See the legend to Fig. 1 for panel descriptions. The
data reported are the means of three separate experiments plus mean standard errors. �, statistically different from time-matched control (P 

0.05).
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lated organ system or whole organism, especially with regard to
the mitochondria. Transformed cells are highly glycolytic, and
it could be argued that, in terms of energy requirements, the
mitochondria are at least secondary and possibly accessory in
importance. Indeed, our laboratory has exposed H9c2 cells
grown in 4.5 g/liter glucose to 20 �M rotenone over 48 h
without affecting viability or ATP concentration (unpublished
results). In this light, the observation that in HepG2 cells ddC
caused 99% depletion of mtDNA without pronounced down-
stream effects may be understandable. In a tissue heavily de-
pendent on mitochondria, this extent of depletion is far above
predicted threshold effects (43) and could be devastating. It is
interesting, however, that despite the minimal amount of
mtDNA present, the cells were still able to provide sufficient
NAD� to support glycolysis without having to resort to lactate
production.

This observation provides evidence to show that mitochon-
drial metabolic fidelity does not always correlate with mtDNA

abundance (especially in cell culture models); indeed, in this
study, the two factors appeared unrelated. The compound
most effective at increasing lactate and mitochondrial super-
oxide (AZT) was the least effective at depleting mtDNA, while
ddC and ddI both depleted mtDNA without significantly al-
tering lactate or superoxide production. The only compound
that seemed to demonstrate components of the Pol-� hypoth-
esis—mtDNA depletion, which results in downstream meta-
bolic disruption and oxidative stress—was the positive control,
EtBr. EtBr intercalates into DNA and at low concentrations
specifically inhibits both replication and transcription of
mtDNA irrespective of Pol-� activity (16, 56). The fact that
EtBr can directly inhibit transcription may explain the differ-
ences observed between ddC and EtBr in HepG2 cells. While
ddC was more effective at depleting mtDNA, transcription is
not believed to be directly affected by NRTIs, and perhaps the
remaining mitochondrial genomes were sufficient to maintain
adequate mitochondrial functionality in culture in this time

FIG. 4. Effects of ddI (10 [light gray] and 50 [dark gray] �M) on HepG2 and H9c2 cells. HepG2 cells were treated for 4, 10, and 14 days (A
to C) and 6 days (D and E); H9c2 cells were treated for 12 days (A to C) and 6 days (D and E). See the legend to Fig. 1 for panel descriptions.
The data reported are the means of three separate experiments plus mean standard errors unless otherwise indicated. �, statistically different from
time-matched control (P 
 0.05). a, n � 2 due to insufficient material for analysis.
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frame. The time-dependent increasing trend in cell mortality
and mitochondrial superoxide observed with ddC (Fig. 2A and
C) may suggest that mtDNA depletion was beginning to affect
mitochondrial fidelity; longer exposures may have exacerbated
this effect, as demonstrated previously (50, 51). If this was the
case, ddC would appear to verify elements of the Pol-� hy-
pothesis in HepG2 cells, but not in H9c2 cells.

In general, for the respective doses and time frames, the
HepG2 data presented here are in agreement with previous
studies using this cell line (7, 39, 50) and confirm the observa-
tion that AZT is cytotoxic without depleting mtDNA. Oxida-
tive damage and ROS have been observed to increase with
AZT treatment (14, 15, 46, 53), and both AZT and AZT-
monophosphate have been shown to be pro-oxidant in vitro
(31). In this study, we demonstrate that AZT exposure in-
creases intramitochondrial superoxide production in HepG2
cells. Though the mechanism for this increase is uncertain, it
suggests that mitochondrial sources for superoxide generation

may be targets for AZT or its phosphorylated forms. Indeed,
AZT has been shown to alter the functionality of respiratory
complexes I and III (28, 29, 40, 48). Mitochondrion-localized
elevation of ROS by AZT may also provide a mechanism for
the morphological alteration and mtDNA disruption observed
with long-term exposure (13, 25, 33) without involving Pol-�,
which has a low affinity for AZT-triphosphate (26, 32).

In the context of glycolytically active cells, the differences
evoked by AZT and ddC are suggestive of the mechanisms of
action. Others have reported early metabolic and functional
disruption with ddC in the rat heart (44); however, our study
suggests that ddC has no direct effect on HepG2 or H9c2
mitochondrial function but instead primarily depletes mtDNA
(HepG2), presumably through the inhibition of Pol-�. With
HepG2 cells, in spite of a dramatic loss in mtDNA with ddC,
extracellular lactate remained stable through day 6, suggesting
that for these cultured cells, mtDNA is not required in sub-
stantial quantities. In contrast, AZT showed an increase in

FIG. 5. Effects of EtBr (0.5 �g/ml [light gray]) on HepG2 and H9c2 cells. HepG2 cells were treated for 4, 10, and 14 days (A to C) and 6 days
(D and E); H9c2 cells were treated for 12 days (A to C) and 6 days (D and E). See the legend to Fig. 1 for panel descriptions. The data reported
are the means of three separate experiments plus mean standard errors unless otherwise indicated. �, statistically different from time-matched
control (P 
 0.05). a, n � 2 due to insufficient material for analysis.
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lactate, which suggests a significant restriction in the availabil-
ity of NAD�. Whether this is due to poly-ADP–ribose poly-
merase activation (46) potentially caused by the increase in
superoxide/ROS, the direct inhibition of NADH oxidation in
the mitochondria, or a combination of these factors is unclear.
It would be convenient if the source of superoxide and the
target for NADH oxidation were the same, which would sug-
gest that AZT interacts with complex I to exert its early met-
abolic effects.

The H9c2 cell line, derived from embryonic rat heart tissue,
represents one of a few cardiac-derived cell lines that maintain
some cardiac-like characteristics under reasonably simple cul-
ture conditions (22). The use of low-serum (1% FBS) media
supplemented with all-trans-retinoic acid has been shown to
maintain the cardiac phenotype and inhibit the spontaneous
differentiation to skeletal myotubes (36). H9c2 cells grown
under these conditions are not terminally differentiated,
though they have decreased proliferation rates and will form
large multinucleate cells. With that understanding, H9c2 cells
represent a prospective culture model for cardiac tissue, which
is the context in which they were used in this study.

Compared to HepG2 cells, the effect of NRTI treatment on
H9c2 cells is markedly subdued. Whether this difference is
reflective of tissue-, species-, or cell-line-specific characteristics
(or some combination thereof) is unclear. The clinically ob-
served tissue-specific toxicities (and efficacies) of NRTIs have
been attributed to differences in prodrug activation (phosphor-
ylation) in the various tissues (21). In this scheme, AZT and
d4T are preferentially phosphorylated in active cells while ddC
and ddI are activated in postmitotic/resting cells. However, in
the context of actively proliferating cultured cells, this scheme
cannot explain the difference observed in mtDNA depletion
with ddC in this study. Considering that the H9c2 cells were
proliferating and the mtDNA content was being maintained, it
must be assumed that dCTP was being produced and trans-
ported into the mitochondria. However, there is evidence to
suggest that ddC activation (and subsequent toxicity) is depen-
dent on the cell species and that rat and mouse cells have a
significantly smaller ability to phosphorylate ddC than human,
monkey, and rabbit cells (2, 27). Whether this difference is due
to transport barriers in rat cells, such as H9c2, or other differ-
ences in nucleotide metabolism (i.e., production of ddC lipo-
nucleotide adducts (42) is open to speculation and warrants
investigation, especially if this is an adequate model for cardi-
ac-type cells. The capacity of HepG2 or H9c2 cells to phos-
phorylate/activate the various NRTIs has not been reported in
the open literature and might be an area for future study,
especially if HepG2 cells represent an attractive model for
NRTI-induced mitochondrial dysfunction (20, 41). Regardless,
the cell-specific differences observed with ddC between H9c2
and HepG2 cells underscore the danger of assuming that
NRTI toxicity is a result of mtDNA depletion in all experi-
mental models.

The Pol-� hypothesis provides a valuable model to under-
stand the toxicity of several NRTIs in many tissues; however,
this study confirms that the inhibition of Pol-� is unlikely to be
the exclusive mechanism by which an NRTI exerts its toxic
effects and that demonstration of mtDNA depletion is insuffi-
cient to explain metabolic dysfunction in cell culture. In the
current study, it required an almost complete depletion of

mtDNA over an extended period before mitochondrial dys-
function was suggested with ddC. Given enough time, ddI may
have also caused sufficient mtDNA depletion to result in met-
abolic disruption, as observed previously (50, 51). In light of
these observations, it is important, especially in cell culture
models, to distinguish between mitochondrial dysfunction and
mtDNA abundance. Conclusions based on moderate depletion
of mtDNA should be accompanied by evidence to show that
the depletion is sufficient to disrupt metabolism in that model.
Likewise, observations of NRTI-related metabolic disruption
should not be attributed to mtDNA depletion without evi-
dence demonstrating the latter. It is generally accepted that
AZT toxicity may result from several alternate pathways (4, 5,
8, 29, 35); therefore, we should assume that the other NRTIs
may also display a diverse range of effects in the context of
different tissues/models. The clinical and experimental data
reflect the complexity of this problem (9, 11, 34) and suggest
that it should be examined from several perspectives. A more
comprehensive and useful understanding of nucleoside metab-
olism, signaling, regulation, and NRTI toxicity/activity would
result from this more discriminating approach.
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