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A B S T R A C T

Highly active anti-retrovirus therapy (HAART) has been used to block the progression and symptoms of human
immunodeficiency virus infection. Although it decreases morbidity and mortality, clinical use of HAART has also
been linked to various adverse effects such as severe cardiomyopathy resulting from compromised mitochondrial
functioning. However, the mechanistic basis for these effects remains unclear. Here, we demonstrate that a key
component of HAART, 3ꞌ-azido-3ꞌ-deoxythymidine (AZT), particularly, its active metabolite AZT-triphosphate
(AZT-TP), caused mitochondrial dysfunction, leading to induction of cell death in H9c2 cells derived from rat
embryonic myoblasts, which serve as a model for cardiomyopathy. Specifically, treatment with 100 µM AZT for
48 h disrupted the mitochondrial tubular network via accumulation of AZT-TP. The mRNA expression of dy-
namin-related protein (Drp)1 and the Drp1 receptor mitochondrial fission factor (Mff) was upregulated whereas
that of optic atrophy 1 (Opa1) was downregulated following AZT treatment. Increased mitochondrial translo-
cation of Drp1, Mff upregulation, and decreased functional Opa1 expression induced by AZT impaired the
balance of mitochondrial fission vs. fusion. These data demonstrate that AZT-TP causes cell death by altering
mitochondrial dynamics.

1. Introduction

Mitochondria are double-membrane organelles that play a critical
role in cellular homeostasis. As such, mitochondrial quality control
must be tightly regulated. Mitochondria are dynamic, mobile organelles
that continuously change their shape and size through repeated cycles
of fission (which allows the removal of damaged mitochondria) and
fusion (to repair damaged components). In addition to morphological
changes, mitochondrial dynamics include biogenesis, subcellular loca-
lization, and distribution [1,2]. These processes involve GTP hydrolysis
and are important for maintaining normal cellular function. Fission is
regulated by dynamin-related protein (Drp)1, a homolog of the GTP

hydrolase (GTPase) dynamin that is involved in endocytosis, whereas
fusion is mediated the GTPase dynamin-like proteins mitofusin (Mfn)1
and 2 and optic atrophy (Opa)1. These proteins regulate mitochondrial
separation and thus control mitochondrial quality.

Antiretroviral drug combinations such as highly active anti-retro-
virus therapy (HAART) have been developed to treat human im-
munodeficiency virus (HIV) infection. Long-term HAART is associated
with adverse effects including myopathy, neuropathy, dyslipidemia,
diabetes mellitus, pancreatitis, liver failure, and lipodystrophy [3–5].
The majority of HAART regimens involve nucleoside reverse tran-
scriptase inhibitors (NRTIs) such as 3ꞌ-azido 3ꞌ-deoxythymidine (AZT)
that can cause cardiomyopathy resulting from mitochondrial
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dysfunction, which can in turn worsen therapeutic outcomes [6,7].
Previous studies have shown that AZT causes changes to mitochondrial
structure and respiratory chain enzyme activity, thereby reducing ATP
levels [8,9].

AZT is a thymidine analog that is converted to an active tripho-
sphate metabolite (AZT triphosphate, AZT-TP) by sequential phos-
phorylation [10]. Human thymidylate kinase (TMPK) catalyzes the
conversion of AZT monophosphate (AZT-MP) to AZT diphosphate
(AZT-DP), although the low conversion efficiency results in in-
tracellular accumulation of AZT-MP [11], which is correlated with AZT
toxicity [12]. In contrast, although the active metabolite AZT-TP ex-
hibits antiretroviral activity, little is known about its toxicity to cells.
We previously reported that TMPK mutants with improved AZT-MP
conversion activity efficiently produced AZT-TP, the accumulation of
which induced apoptosis [13], although the underlying mechanism
remains to be elucidated.

To address this issue, the present study investigated the cardio-
toxicity of AZT-TP using an H9c2 cell model established from rat em-
bryonic myoblasts. We found that AZT-TP caused mitochondrial dys-
function, increased the production of cytotoxic reactive oxygen species
(ROS), and impaired the balance of the mitochondrial quality control
system.

2. Materials and methods

2.1. H9c2 cell culture

H9c2 rat embryonic myoblasts [14] were obtained from DS-Phar-
maceutical (Osaka, Japan) and maintained in the Dulbecco's modified
Eagle medium (DMEM; Wako Pure Chemical Industries, Osaka, Japan)
supplemented with 10% fetal bovine serum (FBS; PAA Laboratories
GmbH, Pasching, Austria), 100 U/ml of penicillin (Nacalai Tesque,
Kyoto, Japan), and 100 µg/ml streptomycin (Nacalai Tesque) in an at-
mosphere of 37 °C and 5% CO2 at constant humidity.

2.2. Preparation of recombinant lentivirus

We used a procedure for producing vesicular stomatitis virus-gly-
coprotein-pseudotyped recombinant lentivirus carrying human TMPK
cDNA that was previously reported by our group [13,15]. Viral super-
natant was harvested 48 h post-transfection and concentrated by ul-
tracentrifugation at 72,500g for 2 h using an SW-28Ti swinging bucket
rotor centrifuge (Beckman Coulter. Brea, CA, USA). Concentrated viral
particles were resuspended in a small volume of DMEM containing 10%
FBS. Viral titer was determined using 293 T cells. The percent expres-
sion of transgenes in 293T cells was determined 72 h post-infection by
fluorescence-activated cell sorting (FACS) on a FACS Canto II instru-
ment (BD Biosciences, Franklin Lakes, NJ, USA) after staining of the
cells with phycoerythrin-labeled mouse monoclonal anti-human cluster
of differentiation 19 antibody (BD Biosciences). Data were analyzed
with Diva software (BD Biosciences).

2.3. Anti-TMPK antibody preparation

A rabbit polyclonal antibody against human TMPK was commer-
cially generated (Sigma-Aldrich Japan, Tokyo, Japan) against the C-
terminal 15 amino acids (199–212: CIRTATEKPLGELWK) of human
TMPK conjugated with keyhole limpet hemocyanin.

2.4. Viral transduction and analysis of transgene expression by
immunoblotting

H9c2 cells were transduced with viral stocks at a multiplicity of
infection of 20 in the presence of 8 µg/ml protamine sulfate. Infected
cells were cultured for 5 days, and transgene expression was confirmed
by western blotting. Cells at 80% confluence were washed three times

with chilled phosphate-buffered saline (PBS) composed of 10 mM
phosphate buffer (pH 7.4) containing 150 mM NaCl and lysed with
chilled radioimmunoprecipitation assay buffer containing a mixture of
protease inhibitors (Nacalai Tesque) at 4 °C. The concentration of pro-
tein in the cell lysate was quantified with a bicinchoninic acid protein
assay kit (Nacalai Tesque). Each sample (10 µg) was resolved by 12.5%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to a polyvinylidene difluoride membrane that was probed with
rabbit anti-human TMPK antibody (1: 5000) followed by horseradish
peroxidase (HRP)-conjugated goat anti-rabbit immunoglobulin (Ig)G
(1: 10,000; Cell Signaling Technology, Danvers, MA, USA). Loading of
equal amounts of protein was confirmed using a murine anti-glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) antibody (1: 5000;
Wako Pure Chemical Industries) followed by HRP-conjugated goat anti-
mouse IgG (Cell Signaling Technology). Immunoreactivity was detected
with the Immobilon Western Chemiluminescent HRP substrate (EMD
Millipore, Billerica, MA, USA), and blots were imaged using a Chemidoc
XRS system (Bio-Rad, Hercules, CA, USA) equipped with a charge-
coupled device camera controlled by Image Lab software (Bio-Rad).

2.5. Analysis of intracellular metabolites of AZT

The procedure for analyzing intracellular concentrations of AZT
metabolites has been previously described [13]. Briefly, cells were in-
cubated with 500 µM AZT for 36 h, then resuspended in 5% (w/v)
trichloroacetic acid, disrupted by sonication on ice, and centrifuged at
10,000 × g for 15 min at 4 °C to remove cell debris. The supernatant
was neutralized by adding an equal volume of 20% tri-n-octylamine in
pentane. The aqueous fraction was analyzed by high-performance li-
quid chromatography (HPLC).

2.6. Evaluation of AZT sensitivity in TMPK-expressing H9c2 cells

H9c2 cells expressing TMPK cDNA were seeded in 96-well plates (3
× 103/well) in 200 µl of cell culture medium containing increasing
concentrations of AZT (0, 0.1, 1, 10, and 100 µM and 1 mM). After 4
days of culture, cell viability was analyzed using the Cell Titer-Glo cell
viability assay kit (Promega, Madison, WI, USA).

To evaluate the effect of AZT on induction of apoptosis, cells seeded
in 6-well plates (5 × 105/well) were cultured in the absence or pre-
sence of 100 µM AZT for 2 days, then stained with allophycocyanin-
conjugated Annexin V (Bio Legend, San Diego, CA, USA) according to
the manufacturer's protocol.

2.7. Fluorescence microscopy analysis of mitochondrial morphology in
living cells

For live cell imaging of mitochondria, cells were stained with
100 nM MitoTracker Green (Invitrogen, Carlsbad, CA, USA) diluted
with culture medium for 30 min at 37 °C, rinsed three times with PBS,
and then transferred to a solution of Phenol Red-free DMEM (Wako
Pure Chemicals Industries) supplemented with 10% FBS, antibiotics,
and 25 mM HEPES-NaOH (pH 7.4). Mitochondrial morphology was
analyzed by laser scanning confocal microscopy (LSM780; Zeiss,
Oberkochen, Germany). The area of mitochondria was quantified using
ImageJ software (National Institutes of Health, Bethesda, MD, USA)
[16].

2.8. Determination of mitochondrial aspect ratio

Mitochondrial aspect ratio was determined as previously described
[17,18]. Briefly, the MitoTracker Green signal in images was changed
to a gray-scale image, and a suitable threshold level was set in ImageJ
software to distinguish the signal intensities of mitochondria from
background noise. The lengths of the major and minor axes of mi-
tochondria were measured using ImageJ. The mitochondrial aspect
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ratio was calculated as the ratio of the length of the major axis to that of
the minor axis of mitochondria.

2.9. Evaluation of Drp1 translocation to mitochondria

Cells were seeded on glass cover slips and incubated with or without
100 µM AZT for 48 h. Mitochondria were then stained with 100 nM
MitoRed (Dojindo Laboratories, Kumamoto, Japan) at 37 °C for 30 min
and fixed with 4% formalin in PBS for 15 min at room temperature. To
block non-specific binding of antibodies, the specimens were treated
with blocking-permeabilization buffer containing 1% bovine

serum albumin fraction V (Sigma-Aldrich, St. Louis, MO, USA), 5%
normal goat serum (Vector Laboratories, Burlingame, CA. USA), and
0.3% Triton X-100 (Sigma-Aldrich) in PBS for 1 h, followed by rabbit
anti-Drp1 antibody (Cell Signaling Technology; 1:50 dilution in
blocking permeabilization buffer) at 4 °C for 18 h. Samples were wa-
shed three times with PBS and then incubated with CF488A-conjugated
goat anti-rabbit immunoglobulin G antibody (Biotium, Fremont, CA,
USA; 1:500 dilution in PBS). Cell nuclei were stained with DAPI.
Samples were mounted with Prolong Diamond Antifade Mountant
(Molecular Probes, Eugene, OR, USA). Images of mitochondria were
acquired to determine Drp1 localization using a structured illumination
microscope with 100× CFI-SR Apochromat TIRF objective lens (NA =
1.49) (Nikon, Tokyo, Japan). Drp1 localization in mitochondria was
evaluated by calculating the Pearson correlation coefficient using NIS
Elements software (Nikon).

2.10. Quantitative real-time PCR

Total RNA was extracted from H9c2 cells using Sepazol reagent
(Nacalai Tesque) according to the manufacturer's protocol. RNA con-
centration was quantified spectrophotometrically at a wavelength of
260 nm using a Nanodrop spectrophotometer (Nanodrop, Wilmington,
DE, USA). cDNA synthesis and quantitative real-time PCR were per-
formed using the ReverTra Ace and qPCR RT kits, respectively (Toyobo
Co., Osaka, Japan). Briefly, RNA was reverse transcribed with ReverTra
Ace reverse transcriptase according to the manufacturer's protocol, and
PCR was performed using the Thunderbird SYBR qPCR master on an
ABI Prism 7500 Sequence Detection System (Applied Biosystems, Foster
City, CA, USA) according to the manufacturer's instructions. Relative
expression levels of target genes were calculated with the 2−ΔΔCt

method relative to that of GAPDH, which was used as an internal
control to correct for the total amount of RNA in each PCR reaction.
Primer sequences are shown in Table 1 and were designed using the
Primer3 program (National Center for Biotechnology Information, Be-
thesda, MD, USA).

2.11. Western blot analysis of Drp1, mitochondrial fission factor (Mff), and
Opa1 expression in mitochondria

Mitochondria were isolated from cells treated with 100 µM AZT or

left untreated for 48 h. The effect of AZT on Drp1 and Opa1 expression
was analyzed by western blotting using antibodies against Drp1(1:
1000), Mff (1: 1000), and phosphorylated (p-)Drp1 (1: 1000) (all from
Cell Signaling Technology) and against Opa1 (1: 2000; BD Biosciences).
Equal protein loading was confirmed using a rabbit antibody against
voltage-dependent anion channel (1:1000; Sigma-Aldrich).

2.12. Measurement of mitochondrial oxygen consumption rate (OCR)

H9c2 cells expressing wild-type TMPK (hereafter referred to as WT
TMPK) or the TMPK R16GLL mutant (hereafter referred to as mutant
TMPK) were cultured in the absence or presence of 100 µM AZT for
24 h. Cells (5 × 104/well) were seeded in five wells of an XF24 cell
culture plate (Seahorse Bioscience, North Billerica, MA, USA) and cul-
tured for 24 h with or without 100 µM AZT. To measure mitochondrial
OCR, we used the XF Cell Mito Stress Test kit (Seahorse Bioscience)
according to the manufacturer's instructions. Briefly, the medium was
changed to XF assay medium (Seahorse Bioscience) and after incuba-
tion for 1 h in a non-CO2 incubator at 37 °C, OCR was measured using
an XF24 Extracellular Flux Analyzer (Seahorse Bioscience). Cells were
sequentially treated as follows: (a) basal respiration levels were mon-
itored without additives; (b) oligomycin (1 µM) was added to reversibly
inhibit ATP synthase and oxidative phosphorylation, revealing proton
leakage; (c) the mitochondrial uncoupler carbonyl cyanide p-tri-
fluoromethoxyphenylhydrazone (0.3 µM) was added to induce maximal
respiration; and (d) the mitochondrial respiration inhibitors rotenone
(0.1 µM; a complex I inhibitor) and antimycin A (0.1 µM; a complex III
inhibitor) were added to terminate the reaction. OCR was calculated
using Seahorse software (Seahorse Bioscience).

2.13. Measurement of mitochondrial inner membrane potential

Cells were treated with 100 µM AZT for 2 days or left untreated, and
mitochondrial inner membrane potential was determined by staining
with 200 nM of 5, 5′, 6, 6ꞌ-tetrachloro-1, 1ꞌ, 3, 3ꞌ-tetra-
ethylbenzimidazolylcarbocyanine iodide (JC-1; Molecular Probes) and
measuring the fluorescence intensity by flow cytometry.

2.14. Evaluation of the effect of AZT on ROS production

Generation of mitochondrial ROS was measured by staining cells
with dihydroethidium (DHE; Wako Pure Chemicals Industries).
Superoxide anion radical converts DHE, a non-fluorescent dye, to the
fluorescence-emitting 2-hydroxy ethidium [19]. Briefly, after 2 days of
culture with or without 100 µM AZT, cells were incubated with 20 µM
DHE for 30 min at 37 °C. The fluorescence intensity of DHE was ana-
lyzed by flow cytometry. The change in mean fluorescence intensity of
cells in each treatment group is expressed as a percentage of the change
in untreated control cells.

2.15. Mitochondrial permeability transition pore (mPTP) opening assay

The opening of the mPTP in H9c2 cells was measured with the
calcein-cobalt mPTP assay [20]. Briefly, cells were washed with PBS
and incubated with 2 µM calcein-acetoxymethyl ester (calcein-AM,
Dojindo Laboratories, Kumamoto, Japan) at 37 °C for 20 min, then
washed twice with PBS. The cells were then incubated with 5 mM CoCl2
in PBS for 30 min at 37 °C to quench calcein-AM fluorescence and
washed twice with PBS, and fluorescence intensity was measured by
flow cytometry.

2.16. Quantification of nuclear (n)DNA and mitochondrial (mt)DNA copy
numbers

Cells were treated with AZT for 2 days or left untreated and total
DNA was isolated from cells using the SV Genomic DNA Isolation kit

Table 1
Primers used for quantitating expression levels of factors regulating mitochondrial
dynamics and an internal control.

Target gene Primer sequences

Rat Drp1 Forward: 5′-tgacatcttgaccgccatta-3′
Reverse: 5′-tgggctcctctagacgctta-3′

Rat Opa1 Forward: 5′-tcatggatccgaaagtgaca-3′
Reverse: 5′-atccttctgcagcaccaact-3′

Mff Forward: 5′-acatgcgcattggagcagta-3′
Reverse: 5′-gccccactcaccaaatgaga-3′

Mfn2 Forward: 5′-tacgtgtatgagcggctgac-3′
Reverse: 5′-attatcccgggtgatgtcaa-3′

GAPDH Forward: 5′-tgccactcagaaagactgtggatg-3′
Reverse: 5′-gcctgcttcaccaccttcttgat-3′
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(Promega). Steady-state levels of mtDNA and nDNA were determined
by real-time PCR. The copy number was normalized by calculating the
mtDNA/nDNA ratio. Primer sequences are shown in Table 2 and were
designed with the Primer3 program.

2.17. Statistical analysis

Data are presented as the mean± SEM. Statistical analyses were
performed using GraphPad Prism v.5 software (GraphPad Inc., La Jolla,
CA, USA). One-way analysis of variance with the Bonferroni post-hoc
test or Student's t-test was used to evaluate the statistical significance of
mean differences, which was set at P<0.05.

3. Results

3.1. Establishment of TMPK-overexpressing H9c2 cells

H9c2 cells were transduced with lentivirus at a multiplicity of in-
fection of 20. We selected TMPK mutants that efficiently converted
AZT-MP into AZT-DP with cells expressing WT TMPK serving as a
control. Cell lysates were prepared 5 days after transduction and
transgene expression was confirmed by western blotting (Fig. 1A, lanes
3 and 4; and Fig. 1B). In contrast, endogenous rat TMPK was detected at
lower levels in the parental non-transduced H9c2 cell line (Fig. 1A, lane
1 and Fig. 1B) and transduction of H9c2 cells with mock lentivirus did
not increase the expression of endogenous rat TMPK (Fig. 1A, lane 2
and Fig. 1B). Interestingly, higher molecular weight bands were ob-
served for cells expressing mutant as compared to WT TMPK (Fig. 1A,
lane 4). The mutant form of TMPK has high catalytic activity for

conversion of AZT-MP to AZT-DP [11]; it transiently accepts the γ-
phosphoryl group of ATP to generate an intermediate entity before the
γ-phosphoryl group is transferred to AZT-MP to form AZT-DP. Hence,
the higher molecular weight band of TMPK (Fig. 1A, lane 4) in the
western blot may represent the intermediate form. WT TMPK-expres-
sing cells showed a single band (Fig. 1A, lane 3).

3.2. Analysis of AZT metabolite accumulation

To confirm the functionality of TMPK expressed in transduced cells,
we measured intracellular amounts of AZT metabolites by reverse-
phase HPLC. Cells expressing mutant TMPK efficiently converted AZT-
MP into AZT-DP and then into AZT-TP, a reaction that was catalyzed by
endogenous nucleoside diphosphate kinase (Fig. 2A). To compare the

Table 2
Primers used for quantification of mtDNA copy number.

Target gene Primer sequences

Nicotinamide adenine dinucleotide
hydride dehydrogenase (ND)1

Forward: 5′-acctcacccccttatcaacc-3′
Reverse: 5′-agggctccgaatagggagta-3′

Cytochrome oxidase (CO)1 Forward: 5′-ggagcagtattcgccatcat-3′
Reverse: 5′-cgacgaggtatccctgctaa-3′

Polymerase gamma 2 accessory subunit
(PG2AS)

Forward: 5′-gatcaccaagaacagcagca-
3′
Reverse: 5′-tacacaagggggtctccaag-3′

Fig. 1. TMPK expression in transduced H9c2 cells. A. TMPK expression in transduced
H9c2 cells was examined by western blotting. GAPDH was used as a loading control. Lane
1, parental H9c2 cells; lane 2, cells transduced with LV/TMPK-WT; lane 3, cells trans-
duced with LV/TMPK-mutant. B. Quantification of TMPK expression levels. Transduced
cells showed higher TMPK expression than parental H9c2 cells. ***P<0.001 and
****P<0.0001 vs. parent. n.s., not significant vs. parent. Data represent mean± SEM (n
= 3). Statistical significance was evaluated by one-way analysis of variance with
Bonferroni's multiple comparison post-hoc test.

Fig. 2. AZT metabolite levels in TMPK-expressing H9c2 cells. A. Representative
chromatograms of AZT metabolites extracted from H9c2 cells treated with 500 µM AZT
for 36 h and analyzed using reverse-phase HPLC. Retention times of AZT-MP (#), AZT-DP
(##), and AZT-TP (###) are shown. B. Comparison of the ratio of intracellular AZT
metabolite levels in TMPK-expressing H9c2 cells. Data represent mean± SEM (n = 6).
Statistical significance was evaluated with Student's t-test.
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amounts of AZT metabolites in cells, we calculated the ratio of AZT-TP
to AZT-MP by measuring the areas under the curve of AZT-MP and AZT-
TP from each chromatogram. Mutant TMPK-expressing cells showed a
higher ratio of AZT-TP to AZT-MP than WT TMPK-expressing cells
(Fig. 2B). These data demonstrate that AZT-TP accumulates in H9c2
cells expressing mutant TMPK.

3.3. Active AZT metabolites decrease cell viability

To investigate the effect of AZT antimetabolites on cell viability,
TMPK-expressing cells were incubated with increasing concentrations
of AZT for 4 days and cell viability was assayed based on cellular ATP
levels (Fig. 3A). Cells expressing mutant TMPK showed a concentration-
dependent decrease in viability in the presence of AZT, with a half-
maximal inhibitory concentration of 70 µM. This was not observed in
cells expressing WT TMPK and treated with up to 1 mM AZT. In sub-
sequent experiments, cells were incubated with 100 µM AZT for 48 h.

We also evaluated the induction of apoptosis by AZT. Apoptosis was
induced to a greater degree in cells expressing mutant but not WT
TMPK treated with AZT (161.5± 5.88% vs. control, n = 3, P = 0.011)
(Fig. 3B). These results indicate that AZT-TP is more toxic than AZT-MP
to H9c2 cells.

3.4. AZT-TP accumulation causes mitochondrial fragmentation

Mitochondria are highly dynamic organelles that change their
morphology depending on cellular demands to maintain their func-
tionality, which is accomplished by the mitochondrial quality control
system. We examined the effects of AZT on mitochondrial morphology
by confocal microscopic live cell imaging. Mutant TMPK-expressing

cells treated with AZT predominantly exhibited fission-like, fragmented
mitochondria as compared to the network structure in untreated cells
(Fig. 4A), suggesting that accumulation of the active AZT metabolite
AZT-TP disrupts the mitochondrial network. We used ImageJ software
to quantify the area of mitochondria in each image and found that it
was smaller in mutant TMPK-expressing cells treated with AZT than in
cells without treatment (Figs. 4B, 22.5±2.05%, n = 8), whereas no
difference was observed between WT TMPK-expressing cells in the
presence and absence of AZT (Fig. 4B). We also measured the mi-
tochondrial aspect ratio, which reflects the integrity of the mitochon-
drial network [17,18]. AZT treatment significantly decreased the ratio
in mutant TMPK-expressing (80.6± 2.1% vs. untreated cells, P< 0.01,
n = 20) but not in WT TMPK-expressing cells. These results indicate
that AZT-TP accumulation causes mitochondrial fragmentation. For
subsequent analyses of the expression of factors regulating mitochon-
drial dynamics, we examined mutant TMPK cells treated with AZT
because WT TMPK cells did not show obvious changes.

3.5. Expression of the factors regulating mitochondrial dynamics is affected
by AZT

Mitochondria form a complex network whose morphology is regu-
lated through fission and fusion by four large GTPase family proteins,
including Opa1, Mfn2, and Drp1, which is critical for maintaining

Fig. 3. Cell viability is decreased by active AZT metabolites. A. AZT-TP accumulation
in mutant TMPK-expressing cells reduced cell viability in a concentration-dependent
manner. Cells were cultured in the absence or presence of increasing concentrations of
AZT for 48 h and viability was evaluated using the Cell Titer-Glo kit. Data represent
mean± SEM (n = 6). Statistical significance was evaluated by one-way analysis of
variance with Bonferroni's multiple comparison post-hoc test. **P<0.01,
****P<0.0001 vs. vehicle.○: WT TMPK; •: Mutant TMPK. B.Mutant TMPK with 100 µM
AZT treatment for 48 h increases apoptosis. Data represent mean±SEM (n = 3).
Statistical significance was evaluated by one-way analysis of variance with Bonferroni's
multiple comparison post-hoc test. ***P<0.001 vs. mutant TMPK without AZT.

Fig. 4. Accumulation of AZT-TP but not AZT-MP disrupts the intracellular mi-
tochondrial network. A. Mitochondrial network visualized by confocal microscopy after
staining with 100 nM MitoTracker green. H9c2 cells expressing WT or mutant TMPK were
treated with 100 µM AZT (+) or left untreated (−). Scale bar = 5 µm. B. Mitochondrial
area per cell was decreased in mutant TMPK-expressing cells treated with AZT. *P<0.05
vs. mutant TMPK without AZT; n.s., not significant vs. mutant TMPK without AZT. Data
represent mean±SEM (n = 13). Statistical significance was evaluated by one-way
analysis of variance with Bonferroni's multiple comparison post-hoc test. n.s.; not sig-
nificant vs. mutant TMPK without AZT.
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mitochondrial functions and cellular homeostasis. We examined the
effects of AZT on the expression of these proteins by quantitative real-
time PCR (Fig. 5) and western blotting (Fig. 6). AZT-TP accumulation
caused downregulation of Opa1 (Fig. 5, P = 0.0376, n = 3) and up-
regulation of Drp1 (Fig. 5, P = 0.0258, n = 3); furthermore, Mff ex-
pression was increased by AZT treatment (Fig. 5, P = 0.0194, n = 3).
In contrast, Mfn2 expression was unaffected by AZT (data not shown).

To confirm these findings, we examined the expression levels of
Opa1, Drp1, Mff and p-Drp1 by western blotting using isolated mi-
tochondrial fractions prepared from mutant TMPK-expressing cells
treated with AZT for 48 h or left untreated. Drp1 mainly exists in a
phosphorylated form in the cytoplasm; its translocation to mitochon-
dria is regulated by de-phosphorylation of p-Drp1 by calcineurin [21].
Opa1 was detected as two bands corresponding to the inner mi-
tochondrial membrane-bound long form (Opa1-L, 90 kDa) and soluble
short form (Opa1-S, 80 kDa). Opa1-S has been suggested as a mi-
tochondrial fission factor [22]. AZT treatment decreased the ratio of
Opa1-L to Opa1-S (Fig. 6A, P= 0.0295) and enhanced the expression of
Drp1 (Fig. 6B, P = 0.031). The p-Drp-1/Drp-1 ratio in mitochondria
was also reduced (Fig. 6D, P = 0.0432), suggesting that unpho-
sphorylated Drp1 accumulated in mitochondria. Furthermore, the mi-
tochondrial Drp1 receptor Mff was upregulated by AZT treatment
(Fig. 6C, P = 0.01). We also explored Drp1 translocation to mi-
tochondria following AZT treatment by immunohistochemistry using an
anti-Drp1 antibody (Fig. 6E). After treatment with AZT, mitochondrial
localization of Drp1 was increased in mutant TMPK-expressing cells
(Fig. 6E). These results demonstrate that accumulation of AZT-TP dis-
rupts the structure of the mitochondrial network by impairing the mi-
tochondrial fission-fusion cycle.

3.6. AZT-TP accumulation impairs mitochondrial OCR

To confirm the effects of AZT on mitochondrial function in WT and
mutant TMPK-expressing cells, we evaluated mitochondrial respiration
by measuring OCR (Fig. 7A). AZT did not significantly alter basal OCR
(Fig. 7B) or proton leakage (Fig. 7C) in cells expressing mutant and WT
TMPK. However, the OCR in cells expressing mutant but not WT TMPK
and treated with AZT was decreased, as evidenced by the reduced
maximal respiratory capacity (Fig. 7D) relative to untreated controls
(P<0.05). These results indicate that the mitochondrial respiration
system is damaged by AZT-TP but not by AZT-MP.

3.7. AZT causes collapse of mitochondrial membrane potential

AZT has been shown to cause mitochondrial dysfunction, resulting
in myopathy [23]. To investigate the effect of AZT on mitochondrial
function, we measured the change in mitochondrial membrane poten-
tial caused by AZT in TMPK-expressing cells using JC-1 (Fig. 8A).

Unexpectedly, WT TMPK-expressing cells treated with AZT showed a
decrease in mitochondrial membrane potential (Fig. 8A, P = 0.0078).
This effect was even more pronounced in cells expressing the mutant
kinase (Fig. 8A, P<0.0001 vs. WT TMPK). These results indicate that
the AZT metabolites AZT-MP and AZT-TP are both toxic to mitochon-
dria, and that the latter has greater toxicity.

3.8. AZT-TP accumulation increases ROS production

ROS are mainly produced in mitochondria as a byproduct of re-
spiration; excess ROS impairs cellular functions, leading to cell death.
To assess the role of ROS in AZT-induced mitochondrial dysfunction,
we measured mitochondrial ROS levels following treatment with
100 µM AZT for 2 days by staining cells with DHE, which reacts with
ROS. We found that ROS production was increased by AZT in mutant
TMPK-expressing cells (P<0.0001) as compared to untreated controls
(Fig. 8B). In contrast, AZT had no effect on WT TMPK-expressing cells.

3.9. AZT-TP accumulation increases mPTP opening

Cyclophilin D in the mitochondrial matrix is a member of the cy-
clophilin family of peptidyl prolyl-cis, trans isomerases that regulate
protein folding [24,25], and has been reported to be involved in reg-
ulating mPT, which is a Ca2+-dependent increase in the permeability of
the mPTP to molecules< 1500 Da that results in decreased mitochon-
drial membrane potential, mitochondrial swelling, outer membrane
rupture, and release of proapoptotic factors. Cyclosporin A is a specific
inhibitor of cyclophilin family proteins that blocks mPTP opening.
Given our observation that active AZT metabolites induced mitochon-
drial dysfunction, leading to induction of apoptosis, we examined
whether metabolite accumulation increases the probability of mPTP
opening. Cells expressing mutant TMPK treated with AZT showed an
increase in mPTP opening (Fig. 8C, 132.1%±4.78%, n = 3) as com-
pared to untreated cells (P = 0.0026), whereas those expressing WT
TMPK showed a decrease in mPTP opening in the presence of AZT.
These results suggest that accumulation of the active AZT metabolite
AZT-TP induces mPTP opening, leading to loss of mitochondrial inner
membrane potential.

3.10. AZT-TP accumulation does not affect mtDNA amount

Mitochondria have their own genomes encoding tRNA, rRNA, and
protein sequences that maintain organelle functions. We speculated
that the impairment of mitochondrial function by AZT treatment in
mutant TMPK-expressing cells was due to a proportional reduction in
mtDNA content. To test this hypothesis, we estimated mtDNA content
by quantitative PCR. Cells were treated with AZT for 2 days or left
untreated, and total DNA was isolated from cells; steady-state levels of
mtDNA and nDNA were determined by real-time PCR and normalized
by calculating the mtDNA/nDNA ratio. The normalized mean mtDNA
copy number in both WT and mutant TMPK-expressing cells treated
with AZT showed slight but non-significant decreases relative to un-
treated cells (Fig. 9), suggesting that AZT-TP does not affect the mtDNA
content.

4. Discussion

HAART is a drug combination therapy that is used to disrupt the
HIV life cycle and reduce morbidity and mortality caused by HIV in-
fection. However, HAART can cause life-threatening clinical manifes-
tations resulting from mitochondrial toxicity, such as myopathy and
neuropathy [3–5]. NRTIs are a key component of HAART and are the
main cause of mitochondrial toxicity occurring via inhibition of mi-
tochondrial DNA polymerase (pol)-γ, which is essential for mtDNA
synthesis [6,7,23]. However, the precise mechanism underlying the
mitochondrial toxicity of NRTIs remains to be elucidated.

Fig. 5. Changes in expression levels of mitochondrial fission-fusion related factors
induced by AZT. H9c2 cells expressing mutant TMPK were treated with 100 µM AZT (+)
or left untreated (−) and changes in the expression of Opa1, Drp1, and Mff were mea-
sured by quantitative real-time PCR. Data represent mean±SEM (n = 3). Statistical
significance was evaluated with Student's t-test.
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Fig. 6. Expression of factors related to mitochondrial fission and
fusion in H9c2 cells expressing mutant TMPK. A–C. H9c2 cells
expressing mutant TMPK were treated with 100 µM AZT (+) or left
untreated (−) and changes in (A) the ratio of Opa1-L to Opa1-S and
the expression of (B) Drp1 and (C) Mff relative to voltage-dependent
anion channel (VDAC) were evaluated by western blotting. D.
Mitochondrial translocation of Drp1 was increased by AZT treatment.
The ratio of p-Drp1 to Drp1 is shown. Data represent mean±SEM (n
= 3). Statistical significance was evaluated with Student's t-test. E.
Drp1 translocation to mitochondria was increased by treatment with
100 µM AZT, as determined by immunohistochemistry. Data re-
present mean± SEM (n = 50). Statistical significance was evaluated
with Student's t-test.
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Expression of mutant TMPK in H9c2 cells was previously shown to
induce the phosphorylation of AZT-MP to overcome the rate-limiting
step in AZT activation [11] and thereby increase AZT-DP and AZT-TP
levels. This result is consistent with our previous report [13]. Although

mitochondrial dysfunction caused by AZT has been attributed to the
accumulation of the intermediate metabolite AZT-MP in cells, we found
that AZT-TP was more toxic to H9c2 cells than AZT-MP [13], suggesting
that AZT-TP is responsible for AZT toxicity. Based on our findings, we
propose that H9c2 cells expressing TMPK are a useful model for ex-
amining the cardiotoxicity of AZT.

MtDNA replication occurs independently of the cell cycle [26], and
its alteration can impair mitochondrial biogenesis and energy produc-
tion, leading to organ dysfunction [27]. HAART has been linked to the
dysregulation of mitochondrial biogenesis [28], whereas NRTIs have

Fig. 7. Evaluation of mitochondrial respiration. A. Representative OCR profiles of
H9c2 cells treated with 100 µM AZT or left untreated. After measurement of basal OCR,
cells were sequentially incubated with 1 µM oligomycin to measure proton leakage (a);
0.3 µM carbonyl cyanide p-trifluoromethoxyphenylhydrazone to measure maximum re-
spiration capacity (b); and 0.1 µM rotenone and 0.1 µM antimycin A to terminate the
reaction (c).○: WT TMPK without AZT; •: WT TMPK with AZT;△: mutant TMPK without
AZT; ▲: mutant TMPK with AZT. Data represent mean± SEM (n = 5). B. OCR (basal
level). C. OCR following oligomycin addition. D. OCR of maximum respiratory capacity.
Statistical significance was evaluated by one-way analysis of variance with Bonferroni's
multiple comparison post-hoc test. *P<0.05 vs. mutant TMPK without AZT.

Fig. 8. AZT-TP accumulation causes mitochondrial dysfunction. A. AZT-TP accu-
mulation severely decreases the mitochondrial membrane potential. H9c2 cells expres-
sing WT or mutant TMPK were treated with 100 µM AZT (+) or left untreated (−) and
mitochondrial membrane potential was monitored using the mitochondrial membrane
potential sensor JC-1. The ratio of red to green JC-1 fluorescence intensity is shown. Data
represent mean± SEM (n = 3). *P<0.05 and ***P<0.0001 vs. mutant TMPK without
AZT (−). B. AZT-TP accumulation increases ROS production. H9c2 cells expressing WT
or mutant TMPK were treated with 100 µM AZT (+) or left untreated (−) and ROS levels
were measured with the superoxide anion-specific fluorescent probe DHE; fluorescence
intensity data are shown as mean±SEM (n = 3). ***P<0.0001 vs. mutant TMPK
without AZT (−). C. AZT-TP accumulation causes mPTP opening. H9c2 cells expressing
WT or mutant TMPK were treated with 100 µM AZT (+) or left untreated (−) and mPTP
opening was measured with the calcein-cobalt method and is shown as a relative per-
centage (means± SEM) of the control (n = 3). **P<0.001 and ***P<0.0001 vs.
mutant TMPK without AZT (−). Statistical significance was evaluated by one-way ana-
lysis of variance with Bonferroni's multiple comparison post-hoc test.
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been suggested to inhibit mitochondrial pol-γ [29]. NRTIs with a pyr-
imidine ring structure have been used in HIV/acquired im-
munodeficiency syndrome treatment to block the incorporation of en-
dogenous nucleotides into nascent mtDNA; in fact, mtDNA depletion is
a clinical symptom of NRTI toxicity [30]. In this study, we showed that
treatment of mutant TMPK-expressing cells with 100 µM AZT did not
deplete mtDNA (Fig. 9) despite evidence of mitochondrial dysfunction
(Figs. 7 and 8), which was likely induced by AZT-TP accumulation prior
to inhibition of mtDNA replication.

Transgenic mice expressing cardiac-specific genes are powerful
tools for investigating the features of cardiac dysfunction, including
HAART-associated cardiomyopathy and defects in mitochondrial
quality control associated with drug toxicity [31]. One study reported a
novel transgenic mouse line with cardiac-specific overexpression of
human TMPK in which mtDNA was depleted and mitochondria showed
ultrastructural damage, which was accompanied by increased left
ventricular mass after 35 days of AZT treatment [32]. This is consistent
with the previously described AZT-induced mitochondrial toxicity [33],
but contradicts our results: we found that 2 days of AZT treatment did
not significantly decrease mtDNA levels in H9c2 cells expressing mu-
tant TMPK relative to control cells (Fig. 9). Although AZT-TP accu-
mulation may cause mitochondrial dysfunction prior to depletion of
mtDNA, further studies using both cells and transgenic mice are needed
to clarify the underlying mechanisms. In addition, we observed that
AZT-TP accumulation caused a decrease in mitochondrial respiratory
function (Fig. 7) without decreasing mtDNA copy number (Fig. 9). We
found that the increase in ROS production caused by AZT (Fig. 8B)
decreased cell viability (Fig. 3) and the levels of complex 1 in mi-
tochondria (T. Sato, unpublished data). It has been reported that AZT
damaged mitochondrial complex 1 isolated from rat liver, leading to
increased ROS production [34,35]. These observations suggest that

AZT-TP may inhibit the assembly of proteins constituting the mi-
tochondrial respiratory chain.

Furthermore, the observed decrease in oxidative stress in AZT-
treated H9c2 cells induced by the antioxidant MitoTEMPO1 [36] and
the fact that overexpression of mitochondrial superoxide dismutase in
mice protects against AZT-induced cardiomyopathy [37] suggest that
increased ROS production leads to mitochondrial dysfunction. In our
study, the antioxidant N-acetylcysteine restored the viability of mutant
TMPK-expressing cells that was reduced by AZT treatment (T. Sato,
unpublished data).

AZT-TP accumulation caused mitochondrial fragmentation (Fig. 4A)
in addition to dysfunction (Fig. 8A). Autophagy is a cellular process in
which damaged organelles, including dysfunctional mitochondria in a
process known as mitophagy, are engulfed by autophagosomes and
delivered to the lysosome for degradation [38]. Stimulation of mi-
tochondrial fission plays an important role in mitochondrial turnover.
An imbalance between mitochondrial fission and fusion can affect mi-
tochondrial morphology. Increasing fission while simultaneously sup-
pressing fusion can induce mitophagy. Downregulation of Opa1 [39] or
upregulation of Drp1 [40] has been shown to cause mitochondrial
fragmentation, a precondition for mitophagy [41,42]; we observed this
phenotype upon AZT treatment. The expression of Opa1 was dimin-
ished by AZT treatment in H9c2 cells expressing mutant TMPK (Fig. 5);
in contrast, the protein levels of both Opa1-L and S in mitochondria
were slightly increased (Fig. 6A), although the difference in Opa1 ex-
pression with and without AZT treatment was not significant (data not
shown). Additionally, the fission-related molecule Drp1 was upregu-
lated and the ratio of Opa1-L to Opa1-S was decreased in mutant TMPK-
expressing cells treated with AZT (Fig. 6A, B). We also observed similar
changes in the ratio of Opa1-L to Opa1-S and in the expression of Drp1
in total cell lysates (Supplemental Fig. 1B, D). These results demon-
strate that accumulation of AZT-TP, an active AZT metabolite, alters
mitochondrial dynamics to promote mitophagy and alleviate cellular
damage caused by excess ROS production from damaged mitochondria.
The role of autophagy in AZT-induced mitochondrial dysfunction has
been discussed in detail elsewhere (T. Sato et al., manuscript sub-
mitted).

Opa1 mediates mitochondrial fusion to preserve mitochondrial
quality including cristae morphology, thereby protecting against cell
death [43,44]. Opa1 knockout mice die in utero [45], and Opa1 defi-
ciency causes mitochondrial fragmentation and dysfunction [46]. Mi-
tochondrial Opa1-L is processed by zinc metalloprotease in conjunction
with m-AAA protease to generate Opa1-S [47], which causes mi-
tochondrial fragmentation when overexpressed [48]. Various types of
stress can also induce the processing of Opa1-L to Opa1-S, leading to
mitochondrial dysfunction [49].

Perturbation of the mitochondrial fission-fusion balance can ag-
gravate ROS-induced tissue injury [50]. Accordingly, we found that
increased accumulation of Opa1-S by AZT caused mitochondrial frag-
mentation (Fig. 6A). We also demonstrated that excessive ROS pro-
duction was induced by AZT-TP accumulation in mutant TMPK-ex-
pressing cells (Fig. 8B). These results suggest that excess ROS enhances
Opa1 processing and leads to mitochondrial fragmentation. Agents that
scavenge excess ROS could be used to address whether ROS are re-
quired for Opa1 processing.

Given that NRTIs including AZT are a key component of current
HAART regimens, minimizing NRTI-induced mitochondrial damage is
critical. We recently reported that mitochonic acid (MA)-5 can rescue
cell death caused by severe oxidative stress in human fibroblasts ob-
tained from a patient with mitochondrial disease [51,52]. It is likely
that MA-5 restores mitochondrial function impaired by the active AZT
metabolite. We are now evaluating the effects of MA-5 on H9c2 cells
expressing mutant TMPK and treated with AZT.

In summary, our data indicate that AZT-TP may interfere with the
mitochondrial fission-fusion cycle by increasing ROS production,
thereby disrupting the mitochondrial quality control system. The

Fig. 9. Ratio of mtDNA/nDNA is unaffected by AZT treatment. H9c2 cells expressing
WT or mutant TMPK were treated with 100 µM AZT (+) or left untreated (−). A. Ratio of
cytochrome oxidase (CO)1 to polymerase gamma 2 accessory subunit (PG2AS). B. Ratio
of adenine dinucleotide hydride dehydrogenase (ND)1 to PG2AS. Data represent
mean± SEM (n = 3). Statistical significance was evaluated by one-way analysis of
variance with Bonferroni's multiple comparison post-hoc test.
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adverse effects of AZT in patients treated with HAART over the long
term should be reconsidered in light of the mitochondriopathy de-
monstrated in this study.
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