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ABSTRACT Nucleoside reverse transcriptase inhibitors (NRTI), such as zidovudine
(AZT), are constituents of HIV-1 therapy and are used for the prevention of mother-
to-child transmission. Prolonged thymidine analogue exposure has been associated
with mitochondrial toxicities to heart, liver, and skeletal muscle. We hypothesized
that the thymidine analogue AZT might interfere with autophagy in myocytes, a lys-
osomal degradation pathway implicated in the regulation of mitochondrial recycling,
cell survival, and the pathogenesis of myodegenerative diseases. The impact of AZT
and lamivudine (3TC) on C2C12 myocyte autophagy was studied using various
methods based on LC3-green fluorescent protein overexpression or LC3 staining in
combination with Western blotting, flow cytometry, and confocal and electron mi-
croscopy. Lysosomal and mitochondrial functions were studied using appropriate
staining for lysosomal mass, acidity, cathepsin activity, as well as mitochondrial mass
and membrane potential in combination with flow cytometry and confocal micros-
copy. AZT, but not 3TC, exerted a significant dose- and time-dependent inhibitory
effect on late stages of autophagosome maturation, which was reversible upon
mTOR inhibition. Inhibition of late autophagy at therapeutic drug concentrations
led to dysfunctional mitochondrial accumulation with membrane hyperpolarization
and increased reactive oxygen species (ROS) generation and, ultimately, compro-
mised cell viability. These AZT effects could be readily replicated by pharmacological
and genetic inhibition of myocyte autophagy and, most importantly, could be res-
cued by pharmacological stimulation of autophagolysosomal biogenesis. Our data
suggest that the thymidine analogue AZT inhibits autophagy in myocytes, which in
turn leads to the accumulation of dysfunctional mitochondria with increased ROS
generation and compromised cell viability. This novel mechanism could contribute
to our understanding of the long-term side effects of antiviral agents.

KEYWORDS autophagy, myocyte, heart, skeletal muscle, HIV infection, antiretroviral
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Nucleoside reverse transcriptase inhibitors (NRTIs), such as zidovudine (AZT), are
part of numerous regimens for the treatment of HIV infection or for the prevention

of mother-to-child transmission (MTCT), particularly in resource-poor HIV/AIDS popu-
lations (1). Prolonged NRTI exposure to thymidine analogues has been associated with
mitochondrial toxicities to heart, liver, and skeletal muscle (2, 3). NRTI-mediated mito-
chondrial toxicity accompanied by mitochondrial DNA (mtDNA) depletion has been
suggested to be the central pathogenic mechanism, and some risk factors for the
development of lactic acidosis, such as female gender, pregnancy, and increased body
mass index, have been recognized (4–8). Biopsy specimens from patients receiving
long-term treatment with AZT revealed clinical evidence of compromised mitochon-
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drial function that deteriorates over the duration of NRTI treatment (9). It has been
demonstrated that NRTI-induced mitochondrial toxicity increases reactive oxygen spe-
cies (ROS) production and amplifies mitochondrial dysfunction and that antioxidants
counteract the NRTI-induced toxicity both in vitro and in vivo (10–12). Thus, it is
conceivable to expect that the potential cumulative side effects of NRTIs may lead to
long-term tissue damage in the population aging with HIV/AIDS (13–15). In that regard,
long-term therapy with zidovudine has been associated with a toxic mitochondrial
myopathy (16) and myocyte mitochondrial dysfunction with increased ROS production,
confirmed by both in vitro and in vivo studies (2, 3, 10, 11, 17, 18).

Interestingly, most of the events related to zidovudine exposure, such as accumu-
lation of dysfunctional mitochondria, increased ROS production, and compromised cell
viability, have also been associated with autophagy inhibition per se (19–21), and
compromised autophagolysosomal activity has been implicated in the pathogenesis of
myodegenerative diseases (22). For example, Danon disease, a genetic disease charac-
terized by cardiomyopathy and myopathy, is related to a mutation in the lysosomal
protein lysosome-associated membrane protein 2 (LAMP-2) and is associated with the
profound accumulation of autophagosomes in the muscles of LAMP-2-deficient mice
and patients potentially due to reduced autophagolysosomal fusion (23). Murine
models with heart-specific autophagy deficiency due to ATG5 knockout reveal cardiac
hypertrophy and contractile dysfunction in association with mitochondrial structural
abnormalities (24).

Despite considerable progress in our understanding of how thymidine analogues
might damage mitochondria (25, 26), little is still known about their effect on the
elimination and recycling of dysfunctional mitochondria in myocytes. Autophagolyso-
somal removal of dysfunctional mitochondria, however, relates to the depletion of
proapoptotic signals and, thus, serves as an integral part of the maintenance of cellular
homeostasis and survival (27).

We hypothesized that along with the well-characterized mitochondrial toxicity of
thymidine analogues, these drugs have the ability to compromise myocyte autophagy.
We expected that this would cause impaired clearance of dysfunctional mitochondria,
increased ROS production, and, ultimately, compromised cell viability. We therefore
speculated that these effects could help to explain the development of long-term side
effects in cardiomyocytes or skeletal muscle cells in HIV/AIDS patients receiving anti-
retroviral treatment.

RESULTS
AZT induces autophagosome accumulation. Using cells stably expressing LC3-

green fluorescent protein (GFP) and fluorescence microscopy analysis, autophago-
somes are detected as punctae formation on the background of a homogeneously
distributed LC3-GFP pattern. Under these conditions, induction of autophagy is iden-
tified as the accumulation of autophagic punctae. Early autophagy inhibition can be
recognized by the inability of the cell to form autophagic punctae under conditions
leading to autophagy activation. On the other hand, inhibition of late autophagy is
estimated to produce additional autophagosome accumulation. In order to evaluate
the effects of NRTIs on myocyte autophagic activity, we cultured C2C12 cells stably
expressing LC3-GFP with and without high concentrations of AZT (257 �M) or lamivu-
dine (3TC; 262 �M) for 48 h or with 3-methyladenine (3MA; 10 mM) or nocodazole-
vinblastine (25 �M) for 5 h. A parallel set of cells under the above-mentioned conditions
was supplemented with a small-molecule mTOR inhibitor and autophagy activator
PP242 (5 �M) for the last 4 h (Fig. 1A). PP242 is a dual mTORC1 and mTORC2 inhibitor
which targets the catalytic domain of mTOR in an ATP-competitive manner (28). Our
preliminary testing revealed that PP242 successfully inhibits mTOR phosphorylation,
leading to the decreased phosphorylation of downstream targets, such as eukaryotic
initiation factor 4E-binding protein 1 (4E-BP1), and increased autophagy degradation of
autophagy substrates, such as P62 (data not shown). Fluorescence microscopy exam-
ination of control cultures revealed a homogeneously distributed LC3-GFP pattern
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(Fig. 1A). AZT incubation resulted in a considerable increase in C2C12 autophagic
punctae (Fig. 1A and B). An analogous effect was discerned with the cocktail of the
fusion inhibitors nocodazole and vinblastine. As expected, the autophagy activator
PP242 intensified autophagic punctae formation in control cultures. This effect was
abrogated in the presence of the class III phosphatidylinositol 3 (PI3) kinase inhibitor
3-methyladenine (3MA), which inhibits the early stages of autophagosome formation
(28), and was a bit stronger in coincubations with the inhibitors of autophagosome
maturation nocodazole-vinblastine or AZT (Fig. 1A and B). These effects were AZT
specific and were not detected using 3TC.

As autophagosomes are intermediate structures involved in a dynamic degradation
process, their total cellular abundance is a function of equilibrium between newly
generated autophagosomes and autolysosome degradation (28). Therefore, we ex-
pected that an AZT-mediated increase in autophagosomes is consistent with either
drug-related autophagy induction or inhibition of autophagosome maturation. A qual-
itative comparison by electron microscopy (EM) revealed that among the profiles of the
AZT-treated cells, the accumulation of autophagic compartments was easy to find,
while in the control, such situations were rare (Fig. 1C).

FIG 1 Zidovudine (AZT) causes an increase in autophagosomes in C2C12 cells. (A) Fluorescence micros-
copy of C2C12 cells stably expressing LC3-GFP treated for 48 h with AZT (257 �M) or 3TC (262 �M) or for
5 h with 3MA (10 mM) or nocodazole-vinblastine (N/V; 25 �M), in the presence or absence of PP242
(5 �M) for the last 4 h. Pictures are representative of those from at least three independent experiments.
(B) Average number of punctae per cell under each of the 10 conditions. Fifty cells were randomly
counted per condition per experiment in three independent experiments. Conditions without PP242
were analyzed in comparison to the control conditions, while conditions with PP242 were analyzed in
comparison to conditions with PP242 alone. (C) Transmission electron microscopy images of C2C12 cells
treated with AZT for 72 h. Note the accumulation of autophagy-related compartments (indicated by
asterisks) in the AZT-treated sample. M, mitochondria; N, nucleus. (Top) Overview; (bottom) higher
magnification of the boxed areas in the panels in the top row. (B) The results are presented as the
distribution of the mean and are representative of those for at least 30 images from each treated
condition. *, P � 0.05; ***, P � 0.001.
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AZT but not 3TC inhibits autophagic flux in myocytes. In order to measure
autophagic flux, we took advantage of a highly sensitive method which is based on
flow cytometric monitoring of LC3 turnover (29–32). This assay measures the au-
tophagic process, in which LC3-II from the inner autophagosome membrane undergoes
autolysosomal degradation, resulting in a gradual decrease in total cellular LC3 abun-
dance. Therefore, in cellular models with the constitutive expression of the LC3-GFP
fusion protein, an increase or decrease in autophagic flux is detected as a correspond-
ing reduction or accumulation of the total cellular GFP signal (29–32). In order to
examine the effect of NRTIs on myocyte autophagy and better distinguish between
inhibition of autophagosome maturation and autophagy induction, we cultured C2C12
LC3-GFP-expressing cells with and without therapeutic maximum concentrations
(Cmaxs) of AZT (8.6 �M) or 3TC (8.7 �M) for 24 h. In addition, the cells were incubated
with 3MA (0.2 mM), nocodazole-vinblastine (20 �M), or chloroquine (CQ; 50 �M) (Fig.
2A and B). AZT cultures revealed substantially decreased autophagic flux, as demon-
strated by the accumulation of the total cellular LC3-GFP signal (Fig. 2A). A similar
decrease in autophagic flux was reproduced in all cultures containing established
inhibitors of autophagy (Fig. 2B). In contrast, autophagic flux was unaffected by 3TC

FIG 2 AZT inhibits autophagic flux. (A) C2C12 cells stably expressing LC3-GFP were treated with AZT
(8.6 �M), 3TC (8.7 �M), 3MA (0.2 mM), nocodazole-vinblastine (N/V; 2 �M), or CQ (50 �M) for 24 h. (A and
B) Flow cytometry analysis of autophagic flux in C2C12 cells expressing the LC3-GFP fusion protein. Data
are presented as the percent change from the value for the untreated control. C2C12 cells were treated
with AZT (42.8 �M) for 72 h or PP242 (5 �M) for 4 h in the presence or absence of 5 �M ACH for the last
3 h. The data in panels A and B are presented as the mean � SD and are representative of those from
at least three independent experiments with three replicates. ***, P � 0.001. MFI, mean fluorescent
intensity. (C) Western blot analyses of the conversion of LC3-I to LC3-II with and without ammonium
chloride (ACH) blockage of autolysosomal degradation using whole-cell lysate and anti-LC3 and �-actin
antibodies (top) with densitometry analysis (bottom). A representative blot from three experiments is
shown.
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incubation. Importantly, the AZT effect on autophagy was detectable at therapeutic
Cmaxs (Fig. 2A).

Densitometry of semiquantitative Western blots demonstrated an AZT-mediated
increase in the conversion of LC3-I to LC3-II (Fig. 2C; LC3-II/LC3-I ratio for column 3
versus column 1), which could be attributed to either enhanced autophagosome
generation or inhibition of autophagosome maturation (28). In order to distinguish
between these two scenarios, we evaluated autophagic flux, as determined by accu-
mulation of the LC3-II band upon blockage of autolysosomal degradation using am-
monium chloride (ACH). Blockage of autolysosomal degradation led to a substantial
increase in the LC3-II/LC3-I ratio for the control (Fig. 2C; column 2 versus column 1) but
to a much smaller accumulation in AZT-treated cells (Fig. 2C; column 4 versus column
3). These results are consistent with an AZT-associated activation of early stages of
autophagosome formation (Fig. 2C; the LC3-II/LC3-I ratio for column 3 is bigger than
that for column 1) and inhibition of late stages of autophagosome maturation and
degradation (Fig. 2C; the LC3-II/LC3-I ratio for column 4 does not surpass that for
column 2).

AZT induces accumulation of dysfunctional mitochondria and ROS production
in myocytes. The generation of dysfunctional mitochondria and augmented ROS
production have been documented as a result of defective autophagy (21). Therefore,
we analyzed the effect of defective autophagy on total cellular mitochondrial abun-
dance (MitoTracker Red [MTR Red] staining) and ROS production [5-(and-6)-
chloromethyl-2=,7=-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA)]
in C2C12 cells incubated in the presence or absence of different concentrations of AZT
(6, 30, 180 �M) or 3TC (8, 40, 240 �M) for up to 8 days or with 3MA (5 mM) or
nocodazole-vinblastine (50 �M) for 24 h. The incubation period of 8 days was chosen as
it is the minimum time period reported to be necessary for mitochondrial turnover
under physiological conditions (33). Consistent with autophagy inhibition, incubation
with AZT produced profound myocyte mitochondrial accumulation (Fig. 3A). In con-
trast, and consistent with its lack of an effect on autophagy, 3TC did not increase the
mitochondrial abundance even at the highest concentration used (Fig. 3A). AZT treat-
ment was associated with mitochondrial membrane hyperpolarization, as revealed by
an AZT-mediated increase in the ratio of potential-dependent MitoTracker Deep Red
(MTR Deep Red) and potential-independent MitoTracker Green (MTR Green) staining
(34) (see Fig. S1A and B in the supplemental material) as well as by increased
mitochondrial potential-specific MitoProbe TMRM staining (Fig. S1C and D). At the same
time, AZT had no major effect on the enzymatic activity of mitochondrial respiratory
chain complexes (complexes I to V) (Fig. S2), consistent with previous reports by us (35,
36). Notably, the AZT-mediated accumulation of hyperpolarized mitochondria was
accompanied by increased ROS generation (Fig. 3B). Again, 3TC had no stimulatory
effect on mitochondrial accumulation or ROS generation (Fig. 3B); if anything, 3TC even
led to a slight decrease in both mitochondrial abundance and ROS generation. These
data were consistent with the notion that basic autophagy activity is essential for the
removal of damaged mitochondria and maintenance of normal mitochondrial homeo-
stasis. Incubation with established early (3MA) and late (nocodazole-vinblastine) au-
tophagy inhibitors reiterated the effect of AZT on both the accumulation of dysfunc-
tional mitochondria and ROS production (Fig. S3).

Collectively, these data suggest that AZT-mediated autophagy inhibition prevents
the removal of dysfunctional mitochondria produced in relation to its mitochondrial
toxicity. Transmission electron microscopy examination did not demonstrate any mor-
phological alteration in mitochondria at that time point (Fig. 3C).

Genetic inhibition of autophagy reiterates the effects of AZT on myocytes.
Since our experiments suggested that thymidine analogue-mediated autophagy inhi-
bition is a component of drug toxicity, we aimed to explore whether autophagy
inhibition per se could interfere with myocyte function in our experimental model. To
this end, we aimed to validate the above-mentioned observations using autophagy-
specific small interfering RNA (siRNA)-mediated knockdown of ATG7 (28). Genetic
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autophagy inhibition resulted in a substantial decrease in autophagic flux (Fig. 4A) and
confirmed mitochondrial mass accumulation (Fig. 4B) with increased ROS production
(Fig. 4C) in C2C12 cells. The successful reduction in ATG7 protein abundance as a result
of siRNA-mediated ATG7 interference was confirmed by Western blotting (Fig. 4D).
Taken together, these results suggest that both a semispecific pharmacological inhibi-
tion and a highly specific genetic inhibition of the autophagic process in myocytes are
associated with the accumulation of dysfunctional mitochondria and ROS formation.

AZT selectively hyperactivates myocyte lysosomal compartments. The au-
tophagic process begins with autophagosome formation and substrate capture and,
upon successful autophagolysosomal fusion, culminates in substrate degradation. The
whole degradation pathway has a common mode of regulation and appears to be
highly synchronized (37–40). We were interested to investigate the extent to which AZT
can affect autophagosomal maturation, which can subsequently affect downstream
lysosomal homeostasis. We cultured C2C12 cells in the presence or absence of different
concentrations of AZT (6, 30, 180 �M) or 3TC (8, 40, 240 �M) for up to 8 days. Flow

FIG 3 AZT induces accumulation of dysfunctional mitochondria and increased ROS production. C2C12
cells were incubated in the absence or presence of AZT (6, 30, 150 �M) or 3TC (8, 40, 200 �M) for up to
8 days. (A) Flow cytometry analysis of total mitochondrial mass using MitoTracker Red (MTR Red) (left)
with representative histograms (right). (B) Flow cytometry analysis of ROS generation using CM-H2DCFDA
(left) with representative histograms (right). (C) Transmission electron microscopy images of C2C12 cells
treated with AZT for 72 h. (A and B) The results of the experiments are presented as the mean � SD and
are representative of those from at least three independent experiments with four replicates. *, P � 0.05;
***, P � 0.001. Ctr and C, control.
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cytometry analyses using LysoTracker (LTR), LysoSensor (LSG), and Magic Red cathepsin
B and L assays for substrate conversion demonstrated an association between the
ability of AZT to compromise autophagolysosomal homeostasis and a substantial
dose-dependent increase in total lysosomal abundance (Fig. 5A), acidity (Fig. 5B), as
well as cathepsin B and L activity (Fig. 5C and D). Importantly, these alterations were
already observed at therapeutic Cmaxs and were not detectable in the cultures with 3TC.

AZT compromises myocyte viability. Autophagic removal of dysfunctional mito-
chondria relates to the depletion of proapoptotic signals and represents an integral
part of the maintenance of cellular survival and homeostasis (27). Hyperactivated
lysosomal compartments in combination with dysfunctional mitochondrial accumula-
tion and the lack of prosurvival autophagy can be expected to affect myocyte viability
(41). As expected, AZT incubation for up to 8 days resulted in a dose-dependent
decrease in C2C12 viability (Fig. 6). If the effect of AZT on myocyte viability is mediated

FIG 4 Atg7 knockdown reiterates the effects of AZT on autophagy and dysfunctional mitochondrial
accumulation. (A) Flow cytometry analysis of autophagic flux in C2C12 cells expressing the LC3-GFP
fusion protein and treated for 72 h with control siRNA or ATG7-specific siRNA (siATG7) (left) with
representative histograms (right). Data are presented as the percent change from the value for control
siRNA-treated cells. (B) Flow cytometry analysis of total mitochondrial mass using MitoTracker Red (MTR
Red) in C2C12 cells treated for 72 h with control siRNA or ATG7-specific siRNA (left) with representative
histograms (right). Data are presented as the percent change from the value for the control siRNA-treated
cells. (C) Flow cytometry analysis of ROS production using CM-H2DCFDA in C2C12 cells treated for 72 h
with control siRNA or ATG7-specific siRNA. Data are presented as the percent change from the value for
the control siRNA-treated cells. (D) Western blotting evaluation of ATG7 knockdown C2C12 cells treated
with siRNA for 72 h. The results of all experiments are presented as the mean � SD and are representative
of those from at least three independent experiments with four replicates. **, P � 0.01; ***, P � 0.001.
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by its ability to impair autophagic removal of dysfunctional mitochondria, we would
expect autophagy activation to counteract these effects, to reduce the amount of
dysfunctional mitochondria, and to rescue AZT-mediated toxicity. Indeed, both long-
term (8 days) and short-term (24 h) exposure to the mTOR inhibitor PP242 improved
myocyte autophagic flux (Fig. 6A and B) and relieved the accumulation of dysfunctional
mitochondria (Fig. 6C and D). Improved autophagic flux and a reduced abundance of
dysfunctional mitochondria throughout the incubation period of 8 days rescued AZT
toxicity and improved myocyte survival (Fig. 6E).

DISCUSSION

Unfortunately, long-term NRTI exposure and, in particular, exposure to thymidine
analogues have been associated with mitochondrial toxicities to heart, liver, and
skeletal muscle (2, 3). AZT treatment has been associated with pathophysiological
changes in cardiac mass and structure (42–44). Mechanistically, such pathophysiolog-
ical changes and cardiomyopathy development have been attributed to AZT-mediated
mitochondrial toxicity, characterized by mitochondrial dysfunction, mtDNA depletion,

FIG 5 AZT incubation leads to lysosomal hyperactivation. C2C12 cells were incubated in the absence or
presence of AZT (6, 30, 150 �M) or 3TC (8, 40, 200 �M) for up to 8 days. (A) Flow cytometry analysis of
total lysosomal abundance using LysoTracker Red (LTR) (left) with representative histograms (right). (B)
Flow cytometry analysis of lysosomal acidity using LysoSensor Green (LSG) (left) with representative
histograms (right). (C and D) Flow cytometry analysis of cathepsin L (D) and B (C) enzymatic activity using
Magic Red cathepsin L and B assay kits (left) with representative histograms (right). The results of all
experiments are presented as the mean � SD and are representative of those from at least three
independent experiments with four replicates. ***, P � 0.001.
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compromised energy production, and increased oxidative stress (10, 45, 46). However,
despite substantial scientific progress in our understanding of how NRTIs and partic-
ularly thymidine analogues might damage mitochondria (25, 26), little attention has
been given to the elimination and recycling of dysfunctional mitochondria, which is a
part of the natural mechanism to maintain cellular homeostasis (27).

In the present study, we have demonstrated for the first time that AZT has the ability
to inhibit late stages of myocyte autophagy. The combination of autophagosome
accumulation with inhibited autophagic flux suggested that AZT stimulates early
autophagosome formation but compromises late stages of autophagosome maturation
and degradation. We found a robust association between the AZT-mediated suppres-
sion of autophagy and the accumulation of dysfunctional mitochondria with mem-
brane hyperpolarization and increased ROS generation. These results provide a novel

FIG 6 Autophagy activation through mTOR inhibition improves C2C12 autophagic flux, reduces dys-
functional mitochondrial accumulation, and rescues AZT-mediated myocyte toxicity. C2C12 cells were
incubated in the absence or presence of AZT (6, 30, 150 �M) or 3TC (8, 40, 200 �M) for up to 8 days (8d)
with or without the addition of PP242. PP242 was added either for the whole incubation period of 8 days
at a concentration of 1 �M or only for the last day at 5 �M. (A and B) Flow cytometry analysis of
autophagic flux in C2C12 cells expressing the LC3-GFP fusion protein. Data are presented as the percent
change from the value for the untreated control (designated C). (C and D) Flow cytometry analysis of
total mitochondrial mass using MitoTracker Red (MTR Red). Data are presented as the percent change
from the value for the untreated control. (E) Flow cytometry analysis of cell death using the PI exclusion
assay. Data are presented as the percent change from the value for the untreated or PP242-treated
control. The results of all experiments are presented as the mean � SD and are representative of those
from at least three independent experiments with four replicates. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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mechanism by which AZT is able to compromise a key cellular mechanism for the
recycling and elimination of dysfunctional mitochondria. Furthermore, the ability of
AZT to block the late stages of the autophagic process was found to correlate with
lysosomal hyperactivation and compromised myocyte viability.

The degradation pathway of autophagy is a critical intracellular process for mito-
chondrial turnover which targets dysfunctional mitochondria for recycling (47), and
autophagy inhibition per se has been related to the accumulation of dysfunctional
mitochondria (19–21). Our study demonstrated a close relationship between the AZT-
mediated suppression of late autophagy and dysfunctional mitochondrial accumula-
tion and an increase in ROS generation. The failure to eliminate damaged mitochondria
might explain their accumulation and the ensuing decrease in myocyte viability. The
participation of compromised autophagy in AZT-mediated myotoxicity in our experi-
mental system and its clinical relevance are strongly supported by the following
observations: (i) assays with independent experimental readout systems, such as
confocal and electron microscopy, Western blotting, and flow cytometry, combined
with assays with pharmacological inhibitors and inducers of autophagy, have led to
consistent results; (ii) the results were obtained at therapeutic drug concentrations, and
no effect on autophagic activity could be detected in our systems using 3TC as a
control, consistent with the clinical observation of no major myotoxicity of this drug in
HIV-infected patients; (iii) the effects of AZT were readily reiterated using pharmaco-
logical as well as genetic inhibitors of autophagy; and (iv) probably most importantly,
pharmacological activation of myocyte autophagy reversed the AZT-mediated au-
tophagy inhibition, alleviated the accumulation of dysfunctional mitochondria, and
rescued cellular viability. The consequences of mTOR inhibition on autophagy include
both the release of the mTOR-mediated block on autophagy initiation and transcription
factor EB (TFEB)-mediated activation of the transcriptional program of overall au-
tophagolysosomal biogenesis. The latter effect might explain why and how mTOR
inhibition counteracts the AZT-mediated blockage in late autophagy (37–40). AZT did
not inhibit early autophagosome generation but, on the contrary, increased autopha-
gosome formation, as demonstrated by increased autophagic punctae formation, and
stimulated the conversion of LC3-I to LC3-II. However, several independent assays
confirmed that AZT inhibited autophagic flux, suggesting that this drug interferes with
downstream events, such as autophagosome maturation. These data are consistent
with clinical observations strongly associating compromised autophagolysosomal fu-
sion with the pathogenesis of myodegenerative diseases (22).

Accumulating evidence suggests that the pathogenesis of myodegenerative dis-
eases may involve an insufficient capacity for autophagic clearance potentially due to
the failure of autophagosomes to fuse with lysosomes (22, 48). Danon disease, a genetic
disease characterized by cardiomyopathy and myopathy resulting from a mutation in
lysosome-associated membrane protein 2 (LAMP-2), presents as the extensive accumu-
lation of autophagosomes in the muscles of LAMP-2-deficient mice and patients (23,
49). The link between compromised autophagosome maturation and myopathy is
further supported by scientific evidence that pharmacological inhibition of the
autophagosome-lysosome fusion step results in pronounced vacuolar myopathies in
both rats and humans (50). Furthermore, dysregulated autophagosome-lysosome fu-
sion has been suspected in the etiology of the pathogenesis of other muscle diseases,
such as X-linked myopathy, adult-onset vacuolar myopathy, infantile autophagic vac-
uolar myopathy, and X-linked congenital autophagic vacuolar myopathy (22). Pompe
disease, a severe inherited disorder of skeletal and cardiac muscle, is related to
compromised autophagolysosomal degradation due to the deficiency of glycogen-
degrading lysosomal enzyme acid �-glucosidase (GAA) (51).

We suppose that the ability of AZT to block later stages in the autophagic process
compromises the potential of myocytes to recycle and eliminate dysfunctional mito-
chondria generated through a previously described mechanism of NRTI-mediated
mitochondrial toxicity (7, 8, 25, 26). Consequently, dysfunctional mitochondria accu-
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mulate and contribute to increased ROS generation and the release of proapoptotic
signals (27).

Taken our findings together, our study reveals a novel mechanism of how thymidine
analogues contribute to myodegenerative diseases. These data also provide evidence
for an important role of autophagy in cardiac and skeletal muscle disease in HIV-
infected patients.

MATERIALS AND METHODS
Cell culture. The C2C12 myocyte cell line was chosen because it has been previously used as an in

vitro model to study AZT-mediated mitochondrial myopathy (52) and was kindly provided by Martin
Leverkus (Mannheim Clinic of the University of Heidelberg, Heidelberg, Germany). Cells were maintained
in ATCC-formulated Eagle’s minimum essential medium containing 10% fetal calf serum (FCS) with 100 U
penicillin and 100 �g/ml streptomycin and cultured as suggested in ATCC protocols.

AZT and 3TC (Sigma-Aldrich) were dissolved in dimethyl sulfoxide (DMSO) and used at concentra-
tions that were near the therapeutic Cmaxs of AZT (6 �M) and 3TC (8 �M), as discussed elsewhere (31, 32).
Higher drug concentrations (5 and 30 times the Cmax) were used in experiments addressing dose
dependency. The following established pharmacological modulators of autophagy were used at con-
centrations previously reported in similar in vitro experiments: 3MA (5 to 10 mM), nocodazole (20 to
50 �M), vinblastine (20 to 50 �M), PP242 (1 and 5 �M), ammonium chloride (ACH; 10 to 20 mM), and
chloroquine (5 to 10 �M) (28–32). 3MA, ACH, and CQ were dissolved in phosphate-buffered saline (PBS);
all remaining reagents were dissolved in DMSO. Cellular viability remained unaffected even by the
highest concentration (0.1% DMSO) of the solvent used in the incubation experiments.

Constructs and retroviral infection. pBABEpuro GFP-LC3 (plasmid 22405), generated by Jayanta
Debnath (53), was purchased from Addgene. A GFP-LC3 sequence was introduced into a retroviral
construct used for cell transduction. Retroviral production and cell transduction were done as previously
described (54). Transduced cells were subjected to puromycin selection (1 �g/ml; Sigma-Aldrich,
Taufkirchen, Germany) for 3 days, and GFP-positive cells were sorted by fluorescence-activated cell
sorting (FACSAria cell sorter). The development of experimental artefacts due to potential bulky GFP-LC3
aggregates was ruled out by the use of stably transduced cells and appropriate clone selection (28–32).

Analysis of NRTI effects on cellular autophagic activity. Autophagosomes are an intermediate
component of a dynamic process, and their total quantity at a specific point of time is a function of their
creation and degradation upon autophagosome-lysosome fusion (28–32). An increase in autophago-
some abundance corresponds to either the induction of autophagy or the inhibition of autophagosome
maturation (autophagosome-lysosome fusion). Measurement of autophagic flux allows discrimination
between these two situations (28–32).

GFP-LC3 was measured by flow cytometry on the fluorescein isothiocyanate (FITC) channel or
visualized by conventional fluorescence microscopy according to recently updated guidelines (28). The
GFP-LC3 cytoplasmic pool was identified as a homogeneously dispersed signal, and GFP–LC3-II-labeled
autophagosomes were detected as punctus formation (28).

For fluorescence microscopy, cells were washed posttreatment with 2% FCS–PBS, fixed with 4%
paraformaldehyde, and analyzed on the FITC-GFP channel with an AxioImagerM1 microscope using
AxioVision (version 4.8) software (Zeiss). Under each treatment condition, fluorescence images were
obtained from numerous cells from several randomly chosen fields. The average number of punctae per
cell was considered under each of the treated conditions. Fifty cells were randomly counted from at least
30 images per condition per experiment.

For confocal microscopy, the cells were washed posttreatment with PBS and stained with MitoTracker
Deep Red, MitoTracker Green (62 nM), or MitoProbe TMRM (20 nM) diluted in trypsin-EDTA solution for
30 min in an incubator. The stained cells were then washed three times with PBS containing 2% FCS. The
cells were then resuspended in PBS and centrifuged onto 1% alcian blue (catalog number A5268;
Sigma-Aldrich)-treated coverslips at 2,000 rpm for 10 min, followed by fixation with 3% paraformalde-
hyde in PBS for 20 min. The cells were washed three times with PBS and mounted onto glass slides using
mounting medium (Fluoroshield with DAPI [4=,6-diamidino-2-phenylindole]; catalog number F6057;
Sigma-Aldrich). The images were acquired on FITC (MTR Green), allophycocyanin (APC) (MTR Deep Red),
or phycoerythrin (PE)-Texas Red (MitoProbe TMRM) using a Leica DM IRB microscope equipped with a
TCS SP2 AOBS scan head (Leica, Germany) with a 63� lens objective. Image processing was performed
using LAS AF Lite (Leica, Germany), and quantification of the fluorescence intensity was achieved by
using ImageJ software.

Electron microscopy (EM) was performed as previously described (32). Briefly myocytes were fixed in
150 mM HEPES, pH 7.35, containing 1.5% formaldehyde and 1.5% glutaraldehyde at room temperature
for 30 min and then at 4°C overnight. After dehydration in acetone, cells were embedded in Epon resin.
Sections of 50 nm were stained with 4% uranyl acetate and lead citrate and observed in a Morgagni
transmission electron microscope (FEI). Images were taken with a 2K side-mounted Veleta charge-
coupled-device camera. Autophagy-related structures were defined as cytoplasmic compartments en-
closed by a double-limiting membrane that were not completely hollow. The limiting membranes were
not decorated with ribosomes, to exclude rough endoplasmic reticulum. No remnants of cristae were
visible, to exclude structures such as dead mitochondria, which also show a smooth double membrane.

Autophagic flux was also measured using a GFP-LC3 turnover assay based on flow cytometric
detection of changes in the total cellular GFP-LC3 signal, as previously described (28, 32). Briefly, under
conditions of increased autophagic flux, GFP-LC3 is progressively delivered to and degraded in autoly-
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sosomes. Therefore, enhanced or reduced autophagic flux is detected as a decreased or an increased
total cellular GFP signal, respectively (28, 32). The autophagic activity of C2C12 cells was measured
essentially as previously described for Huh7, HepG2, 3T3-F442A, and K562 cells (30–32). Analysis was
performed using an LSR II flow cytometer (Becton, Dickinson Biosciences), and the data for cell counts
were plotted as the GFP fluorescence intensity.

Lysosomal mass and acidity. Lysosomal abundance and acidity were analyzed by flow cytometric
measurement using LysoTracker (LTR) and LysoSensor (LSG) staining (LysoTracker Red DND-99 and
LysoSensor Green DND-189, respectively; Life Technologies) according to the manufacturer’s instruction
and a modified protocol. Briefly, about 5 � 104 adherent cells per well were washed once with PBS,
incubated in 100 �l of trypsin containing LTR (66 nM) or LSG (1 �M) at 37°C in a 5% CO2 incubator for
30 min, and then washed once with PBS with 2% FCS. The cells (50 �l) were then suspended in PBS with
2% FCS, put on ice, and analyzed on a flow cytometer. Analysis was performed using an LSR II flow
cytometer (Becton, Dickinson Biosciences), and the data for cell counts were plotted as the GFP
fluorescence intensity for LSG or the PE-Texas Red fluorescence intensity for LTR.

Cathepsin B and L activity. Cathepsin B and L enzymatic activity was analyzed by flow cytometric
measurement using Magic Red cathepsin L and B assay kits (ImmunoChemistry Technologies) according
to the manufacturer’s instructions and a modified protocol. Briefly, about 5 � 104 adherent cells per well
were washed once with PBS and incubated in 100 �l of trypsin containing cathepsin L or B substrate
(1:1,000) in a 5% CO2 incubator for 30 min and then washed once with PBS–2% FCS. The cells were then
suspended in 50 �l of PBS–2% FCS, put on ice, and analyzed on a flow cytometer. Analysis was performed
using an LSR II flow cytometer (Becton, Dickinson, Biosciences), and the data for the cell counts were
plotted as the PE-Texas Red fluorescence intensity.

Mitochondrial mass and potential. Intracellular mitochondrial abundance and potential were
analyzed by flow cytometric analysis using MitoTracker Green (MTR Green), MitoTracker Red (MTR Red),
MitoTracker Deep Red (MTR Deep Red), and MitoProbe TMRM (TMRM) stains according to the manu-
facturer’s instructions (Molecular Probes, Eugene, OR) as previously described (32, 34). Mitochondrial
potential was evaluated as the change in the ratio of potential-dependent MTR Deep Red and potential-
independent MTR Green staining (34) or, alternatively as the change in mitochondrial potential-specific
MitoProbe TMRM staining. Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was used as a positive
control for the induction of mitochondrial membrane depolarization. Briefly, myocytes were incubated
for 30 to 45 min with MTR Green, MTR Red, or MTR Deep Red (62 nM) or with TMRM (20 nM) under
normal growth conditions and then analyzed using confocal microscopy or/and an LSR II flow cytometer
(Becton, Dickinson Biosciences), and the data for the cell counts were plotted as the FITC, PE-Cy5, APC,
and PE-Texas Red fluorescence intensity, respectively.

Reactive oxygen species. ROS were measured by flow cytometric analyses using 5-(and-6)-
chloromethyl-2=,7=-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA), in accordance with
the manufacturer’s instructions (Invitrogen, Life Technologies, Darmstadt, Germany) as previously de-
scribed (30, 32). Briefly, cells were incubated for 45 min with CM-H2DCFDA (2 �M) under normal growth
conditions using light protection and then put on ice and directly analyzed on the LSR II flow cytometer
(Becton, Dickinson Biosciences), and the data for the cell counts were plotted as the FITC fluorescence
intensity.

Respiratory chain complexes. The activities of respiratory chain complexes were analyzed essen-
tially as described previously for cultured murine 3T3-L1 cells (36) and primary human adipocytes (35).
C2C12 cells and their mitochondria were broken by two 10-s periods of sonication using a Sonopuls
probe sonicator (Bandelin Electronic, Berlin, Germany) with single pulses of 0.3 s at 20 W of power. The
activities of oxidative phosphorylation chain complexes I and III, II and III, IV (cytochrome c oxidase), and
V (ATP synthase) were measured at 37°C as previously described comprehensively for cultured 3T3-L1
cells (36). The activity of citrate synthase, used as a mitochondrial marker enzyme, was measured. Cellular
protein was measured using the method of Bensadoun and Weinstein as cited in reference 35. Positive
controls for the affected respiratory chain function were run as explained earlier (35, 36).

Cell viability. Cell death was determined using the propidium iodide (PI) exclusion assay with flow
cytometry as previously described (30, 32).

siRNA-mediated knockdown. C2C12 cells were transfected with ATG7-specific siRNA (catalog
number 6604; Cell Signaling) for 72 h per the manufacturer’s instructions, before treatment with the
respective drugs. The cells were then processed as described below.

Western blotting. The conversion of GFP–LC3-I to GFP–LC3-II was detected by Western blotting of
radioimmunoprecipitation assay buffer-extracted lysates using anti-LC3B antibody (catalog number
L7543; Sigma-Aldrich) in 5% milk–2.5% bovine serum albumin as previously described (25), with �-actin
antibody (catalog number A2103; Sigma-Aldrich) used as a loading control. The bands were visualized
using secondary antibodies IRDye 800CW-conjugated goat anti-mouse IgG (H�L) (catalog number
926-32210; LI-COR, USA) and IRDye 680RD-conjugated goat anti-rabbit IgG (H�L) (catalog number
926-68071; LI-COR, USA) with the help of an Odyssey CLx infrared imaging system (LI-COR, USA).
Densitometry analysis of the LC3-I and LC3-II bands was performed using Image Studio software (LI-COR,
USA), and the values were expressed as the LC3-II/LC3-I ratio according to the updated recommendations
(28).

Statistics. The evaluation of statistical significance for comparisons of more than two groups was
performed by analysis of variance with Dunnett post hoc analysis. The level of significance was set at a
P value of �0.05. All data are presented as the mean � standard deviation (SD). All calculations were
performed using GraphPad Prism (version 4) software.
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