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Lipoatrophy in HIV patients can result from prolonged exposure to thymidine analogues. Mitochondrial toxicity leading to dys-
regulated adipogenesis and increased cell death has been proposed as a leading factor in the etiology of peripheral fat loss. We
hypothesized that thymidine analogues interfere with autophagy, a lysosomal degradation pathway, which is important for mi-
tochondrial quality control, cellular survival, and adipogenesis. We assessed the effects of zidovudine (AZT), stavudine (d4T),
and lamivudine (3TC) on autophagy in eukaryotic cells and adipocytes (3T3-F442A) by fluorescence microscopy and flow cytom-
etry. The effects were compared to interventions with established genetic and pharmacological inhibitors of autophagy and cor-
related to assessments of cell viability, proliferation, and differentiation. AZT and d4T, but not 3TC, inhibited both constitutive
and induced autophagic activity in adipocytes. This inhibition was associated with accumulation of dysfunctional mitochondria,
increased reactive oxygen species (ROS) production, increased apoptosis, decreased proliferation, and impaired adipogenic con-
version. Autophagy inhibition was dose and time dependent and detectable at therapeutic drug concentrations. Similar pheno-
typic changes were obtained when genetic or pharmacological inhibition of autophagy was employed. Our data suggest that thy-
midine analogues disturb adipocyte function through inhibition of autophagy. This novel mechanism potentially contributes to

peripheral fat loss in HIV-infected patients.

H ighly active antiretroviral therapy (HAART) has been associ-
ated with the development of the so-called “lipodystrophy
syndrome” (LD) (1-3). In cohorts with predominant use of thy-
midine analogues (TA), the percentage of HIV-positive patients
diagnosed as lipodystrophic reached the level of almost 50% (1).
LD prevalence remains a major issue in HIV medicine, given that
thymidine analogues are still heavily used in resource-limited
countries (3, 4) and that lipoatrophy demonstrates only little re-
versibility after replacement of thymidine analogues.

Peripheral fat loss as a part of the lipodystrophy syndrome was
mostly related to the use of nucleoside analogues, particularly sta-
vudine (d4T) and zidovudine (AZT) (5, 6). Subcutaneous abdom-
inal adipose tissue from HIV-1-infected patients with peripheral
lipoatrophy was characterized by an increased level of apoptosis
(7, 8) and impaired expression of adipogenic markers (9). Drug-
related disturbance of adipogenesis in combination with in-
creased cell loss was hypothesized to lead to fat tissue atrophy.
Using well-characterized cell lines and primary human adi-
pocytes, we and others repeatedly confirmed AZT’s and d47T’s
antiadipogenic properties in vitro (10-15), which could well have
a clinical impact on adipogenesis in vivo (16).

Autophagy represents a cellular lysosomal degradation path-
way which is crucial for cell homeostasis, differentiation, and sur-
vival (17). This process is considered an adaptive response that is
invoked in order to keep cells alive under stressful conditions (17).
Macroautophagy begins with the formation of a vesicular sac (iso-
lation membrane), which elongates and encloses cytoplasmic
components (e.g., mitochondria) together with parts of the cyto-
plasm. Ultimately, the isolation membrane closes in the form of
a double-membrane vacuole autophagosome. The autophago-
some fuses with a lysosome through its outer membrane, cre-
ating an autolysosome, in which the autophagosomal materials
and the inner autophagosomal membrane undergo degrada-
tion. There are several established ways to experimentally mod-
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ulate autophagic activity (18). Autophagy is induced by (i) a
physiological stimulus such as starvation and (ii) pharmaco-
logical modulation of nutrient-sensing signaling pathways
such as mTOR, mostly through the use of mTOR inhibitors,
such as rapamycin and PP242. Autophagy is inhibited by phar-
macological interference with (i) AP formation using PI3-ki-
nase inhibitors such as 3-MA, wortmannin, and LY294002; (ii)
autophagosome-lysosome fusion using microtubule-disrupt-
ing agents such as nocodazole and vinblastine (18); and (iii)
autolysosomal degradation of autophagic substrates using am-
monium chloride, chloroquine, and hydrohychloroquine.

A number of recent studies suggested a central role of adi-
pocyte autophagy in the maintenance of adipose tissue homeosta-
sis (19-21). Genetic and pharmacological inhibition of adipocyte
autophagy has been mechanistically related to decreased adipose
mass and impaired adipogenesis (19-21).

As in vivo and in vitro effects of AZT and d4T treatment of
adipocyte homeostasis are reminiscent of a situation where au-
tophagic balance is compromised, we hypothesized that some of
the antiadipogenic effects of these drugs might be mediated
through their impact on autophagy.
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MATERIALS AND METHODS

Cell culture. 293T cells were maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM) containing 10% fetal calf serum (FCS) with
100 U/100 pg/ml penicillin/streptomycin. 3T3-F442A preadipocytes
were kindly provided by Jacqueline Capeau (France) and cultured as
previously described (14). Preadipocytes were cultured in DMEM con-
taining 5% newborn calf serum (NCS) supplemented with 100 U/100
pg/ml penicillin/streptomycin (preadipocyte medium). Before initia-
tion of differentiation, subconfluent preadipocytes were maintained
for 2 days in preadipocyte medium supplemented with 5% FCS. Then,
differentiation was performed using DMEM containing 10% FCS, 4
pg/ml pantothenic acid, 8 pwg/ml biotin, and 100 U/100 wg/ml peni-
cillin/streptomycin, supplemented with 1 wM insulin (Sigma-Aldrich,
St. Louis, MO), which was added to cells 2 days after confluence (des-
ignated day 0), with subsequent incubation until day 9. AZT, d4T, and
lamivudine (3TC) (Sigma-Aldrich, St. Louis, MO) were dissolved in
dimethyl sulfoxide (DMSO). The drugs were used at concentrations
near the therapeutic maximum concentrations of drug in serum
(Cinax) Of AZT (6 uM), d4T (3 wM), and 3TC (8 pM) as discussed in
references 14 and 22. In some experiments targeting the investigation
of dose-dependent effects, higher concentrations (5X and 30X C,,,.)
were used. Traditional inhibitors and activators of autophagy were
used at concentrations previously reported in similar in vitro experi-
ments (18) as follows: 3-MA, 3 to 10 mM; wortmannin (W), 30 to 100
nM; LY294002 (LY), 7 to 20 wM; nocodazole (N), 12 to 50 wM; vin-
blastine (V), 12 to 50 wM; rapamycin (Rapa), 5 uM; PP242, 5 uM;
ammonium chloride (ACH), 10 to 20 mM; and hydrohychloroquine
(HCQ) and chloroquine (CQ), 5 to 10 pM. All reagents were dissolved
in DMSO except for 3-MA, ACH, CQ, and HCQ, which were dissolved
in phosphate-buffered saline (PBS). The highest concentration of the
solvent used in the incubation experiments (0.1% DMSO) did not
affect cellular viability and preadipocyte differentiation. For experi-
ments with starvation-induced autophagy, cells were incubated for the
designated time periods in Hanks’ Balanced Salt Solution (HBSS) con-
taining 6 mM glucose (starvation medium). The extent of preadi-
pocyte differentiation was assessed by Oil red O staining and micro-
scopically for acquisition of a spherical shape and triacylglyceride
droplet accumulation. Cell numbers and viability were determined
both microscopically using trypan blue staining and by flow cytomet-
ric counting and propidium iodide staining. Relative amounts of
apoptosis were determined using flow cytometry as changes of cellular
forward scatter (FSC) versus side scatter (SSC) dot plots in compari-
son to viable control cell results as previously described (23).
Constructs and retroviral infection. pBABE-puro mCherry-en-
hanced green fluorescent protein (EGFP)-LC3B (plasmid 22418) and
pBABEpuro GFP-LC3 (plasmid 22405) generated by Jayanta Debnath
(24) were purchased from Addgene. The respective sequences were in-
serted into retroviral constructs, which were used for cell transduction.
The mCherry signal was used only for confirmatory purposes (data not
shown) and was not relevant for this study. Retroviral production and cell
transduction were essentially done as previously explained (25). Briefly,
10 pg retroviral vectors and calcium phosphate precipitation were used
for the transfection of amphotrophic producer cells. Transfected PNX
cells (constantly >95% GFP-positive cells) were incubated for 24 h. The
medium was changed (DMEM containing 10% FCS), and retroviral su-
pernatants were harvested 16 to 24 h later. After filtration (45-pwm-pore-
size filter; Schleicher & Schuell), retroviral supernatant was added to the
293T and 3T3-F442A cells preincubated for 24 h in the presence of 5
pg/ml Polybrene. After the addition of retroviral supernatant, 293T and
3T3-F442A cells were initially centrifuged at 2,300 rpm (890 X g) for 90
min at 30°C (in order to improve the efficiency of viral transduction) and
then left for overnight incubation at 37°C, at the end of which the super-
natant containing the viral particles was replaced by fresh medium. After
72 h of puromycin selection (Sigma, Taufkirchen, Germany) (1 pg/ml),
GFP-positive cells were subjected to fluorescence-activated cell sorter
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(FACS) analysis (FACSAria). Cellular LC3 expression alone or in combi-
nation with GFP expression has been suggested to result in aggregate
formations indistinguishable from autophagosomes (18). In order to
overcome this limitation and before use of fluorescence microscopy and
flow cytometry, 293T and 3T3-F442A cell lines stably expressing GFP-
LC3 were selected for clones presenting GFP-LC3 expression levels giving
a minimum artificial aggregation (18).

Genetic inhibition of autophagy was accomplished by short hairpin
RNA (shRNA)-mediated ATG5 (shATG5) knockdown (Santa Cruz).
ATG5 encodes a critical autophagic protein required for the maturation of
the autophagic membrane (19). CopGFP and nonspecific ShRNA were
used as controls according to the instructions of the manufacturer (Santa
Cruz). Transduction and knockdown were performed by using lentiviral
particles with up to five distinct expression constructs. Transduction effi-
ciency as determined by the number of GFP-positive cells after puromycin
selection generally exceeded 95%.

Analysis of effects of nucleoside reverse transcriptase inhibitors
(NRTTIs)on cellular autophagic activity. An essential consideration in the
analysis of cellular autophagy is the fact that autophagosomes correspond
to an intermediate structure of a dynamic process and that their total
amountata particular time point s a function of two variables: generation
versus disappearance (18). Therefore, an increase in autophagosome
presence might signify either induction or blockage of late autophagy (at
a step downstream of autophagosome formation [AF]). Measurement of
autophagic flux allows discrimination between these two scenarios (18).

Fluorescence microscopy analysis of NRTI effect on autophago-
some formation. GFP-LC3 was visualized using conventional fluores-
cence microscopy according to recently updated guidelines (18). The
GFP-LC3 cytoplasmic pool was detected as a homogeneously dispersed
signal, whereas GFP-LC3-II-labeled autophagosomes were visualized as
formations of punctae (18). The formation of experimental artifacts as a
result of potential bulky GFP-LC3 aggregates was minimized by the use of
stably transduced cells in combination with appropriate clone selection
(18).

For experiments with imaging of living cells, 293T and 3T3-F442A
cells stably expressing GFP-LC3 were grown on single glass slides. The
cells were subjected to the designated incubations at 37°C in 5% CO,. For
each separate treatment condition, fluorescence images were taken from
several cells belonging to a number of randomly chosen fields with a GFP
filter using an Olympus IX81 instrument and analySIS (Soft Imaging Sys-
tem GmbH).

Flow cytometric analyses of autophagic activity. In order to measure
autophagic flux, we took advantage of a recently developed flow cytomet-
ric assay to monitor autophagy in living mammalian cells (18). This highly
sensitive quantitative method is based on monitoring of the turnover of
the traditional autophagosomal marker LC3 tagged with GFP using flow
cytometry. Activation and inhibition of autophagic activity are corre-
spondingly detected as a time-dependent decrease or increase in total
cellular GFP signal (18). Autophagy activation intensifies GFP-LC3 deliv-
ery into autolysosomes, leading to degradation and selective disappear-
ance of the GFP signal (18). Autophagy inhibition, on the other hand,
results in a blockage of autophagic flux, leading to GFP-LC3 accumula-
tion and therefore an increase in fluorescent signal (18). Autophagy inhi-
bition was also studied by measuring the ability of NRTI to reverse the
activator-induced disappearance of GFP-LC3 fluorescence signal (18).

Flow cytometric analysis of the autophagic activity of 293T and 3T3-
F442A cells was measured, as subconfluent cells stably expressing GFP-
LC3 were incubated under different conditions. Cells were trypsinized,
put on ice, and analyzed using either FACSCalibur or LSR II (Becton,
Dickinson Biosciences) and the data of cell counts plotted as GFP fluores-
cence intensity.

Intracellular lipid staining. For Oil red O (Sigma-Aldrich, Munich,
Germany) staining, adherent 3T3-F442A cells were formaldehyde (10%)
fixed, washed, and stained with a 0.21% (wt/vol) Oil red O solution (60%
isopropanol, 40% water). Quantification of triacylglyceride content was
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FIG 1 AZT and d4T augment PP242-induced autophagosome accumulation. 293T cells were incubated with AZT (6 pM) and d4T (3 wM) for 24 h and 3-MA
(10 mM), LY294002 (20 M), wortmannin (100 nM), rapamycin (5 wM), or vinblastine (50 M) for 6 h in the presence and absence of PP242 (5 wM) for the
last 4 h. (A) Fluorescence microscopy analysis of formation of autophagic punctae in 293T cells stably expressing a LC3-GFP fusion protein. (B) Flow cytometry
analysis of autophagic flux in 293T cells expressing LC3-GFP fusion protein incubated with vinblastine (50 wM), nocodazole (50 wM), or PP242 (5 uM) for 6 h
in the presence and absence of starvation for the last 5 h (left), with a representative histogram (right). (A) Figures are representative of the results of three
independent experiments. (B) Results are presented as distributions of the means and are representative of the results of three independent experiments with

three replicates. **, P < 0.01.

performed after drying the cells and Oil red O extraction with 100% iso-
propanol followed by photometric measurement at 495 nm.

Statistics. The statistical evaluation for comparisons of more than two
groups was performed by analysis of variance (ANOVA) with Dunnett
post hoc analysis. The level of significance was set at P < 0.05. All data are
presented as means * standard deviations (SD). All calculations were
performed using GraphPadPrism 4.

RESULTS

AZT and d4T augment PP242-induced autophagosome accu-
mulation. Fluorescence microscopy analysis of cells stably ex-
pressing LC3-GFP detects autophagosomes as formation of punc-
tae on the background of homogeneously distributed LC3-GFP
patterns. Autophagy induction is detected as accumulation of au-
tophagic punctae. Under conditions leading to autophagy activa-
tion, early inhibition of the autophagic processes can be identified
by the inability of the cell to form autophagic punctae. In contrast,
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late autophagy inhibition is expected to result in additional au-
tophagosome accumulation.

In order to evaluate the effects of NRTI on eukaryotic au-
tophagic activity, we cultured 293T cells stably expressing LC3-
GFP in the presence or absence of therapeutic C,,,, concentra-
tions of AZT (6 wM) and d4T (3 wM) for 24 h and 3-MA (10 mM),
wortmannin (100 nM), LY294002 (20 pM), vinblastine (50 wM),
or rapamycin (5 wM) for 6 h. PP242 (5 uM) was added to some
cultures for the last 4 h (Fig. 1A). Fluorescence microscopy anal-
ysis of control cultures revealed homogeneously distributed LC3-
GFP patterns (Fig. 1A). As expected, rapamycin and PP242 incu-
bation induced substantial formation of autophagic punctae,
indicating stimulated autophagosome formation. Coincubation
with an early autophagy inhibitor such as 3-MA, wortmannin, or
LY294002 abrogated PP242-mediated formation of autophagic
punctae (Fig. 1A). Coincubation with AZT, d4T, or the fusion
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FIG 2 AZT and d4T inhibit basic and starvation-induced autophagic flux. (A) 293T cells stably expressing LC3-GFP were incubated in the absence or presence
of AZT (6, 30, and 150 wM), d4T (3, 15, and 75 uM), or 3TC (8, 40, and 200 M) for 24 h and with starvation medium or rapamycin (5 uM) for 6 h. (B) 293T
cells stably expressing LC3-GFP were incubated with and without AZT (6, 30, and 50 uM), d4T (3, 15, and 75 uM), or 3TC (8, 40, and 200 wM) for 24 h in the
absence or presence of starvation conditions. Results are presented as percent change from non-starved control results. (C) 293T cells were incubated with and
without therapeutic C,,,,, concentrations of AZT (6 uM), d4T (3 uM), or 3TC (8 wM) for 24, 48, and 72 h in the absence or presence of starvation conditions.
Results are presented as percent change from non-starved control results. (B and C) Statistical comparisons in relation to starved control results (black bars). All
data are presented as means = SD and are representative of the results of at least three independent experiments. *, P < 0.05; **, P < 0.01; ns, not statistically
significant.

inhibitor vinblastine, on the other hand, had an additive effect on = maturation, we cultured 293T cells stably expressing LC3-GFP in
PP242-induced formation of autophagic punctae (Fig. 1A). As  the presence or absence of increasing concentrations of AZT, d4T,
autophagosomes represent an intermediate structure in a dy- and 3TC for up to 72 h with and without starvation. Incubation
namic process, total cellular autophagosome abundance at any  with starvation medium and rapamycin (5 wM) for 6 h was in-
point in time is a function of equilibrium between their new for-  cluded as a positive control for autophagy activation and with
mation and autolysosome degradation (18). Therefore, we con-  3-MA, wortmannin, and LY294002 for 6 h for autophagy inhibi-
cluded that the increase in autophagosome presence following tion. Our flow cytometric analysis demonstrated that AZT and
AZT and d4T incubation was consistent with either drug-related  d4T, but not 3TC, suppress 293T autophagic activity in a dose-
induction of autophagy or inhibition of autophagosome matura-  dependent manner (Fig. 2A). In addition, there was an obvious
tion (AM). dose-related reversion of starvation-mediated activation of au-
AZT and d4T, but not 3TC, inhibit autophagic flux. Flow cy-  tophagic flux in cultures coincubated with AZT and d4T, but not
tometric monitoring of LC3 turnover is considered one of the 3TC, similar to the effect of 3-MA, wortmannin, and LY294002
most sensitive and reliable methods to measure autophagic flux  (Fig. 2B). Importantly, time-dependent reversion of starvation-
(18). In order to validate this method for our experimental system,  induced activation of autophagic flux was readily detected at ther-
we incubated 293T cells stably expressing LC3-GFP with the fu-  apeutic C,,,, concentrations of AZT and d4T (Fig. 2C).
sion inhibitors nocodazole and vinblastine and induced au- These results demonstrate that AZT and d4T, but not 3TC,
tophagy either by starvation or with PP242. Flow cytometric anal-  suppress both basic and activator-induced eukaryotic cell au-
ysis of total cellular LC3-GFP demonstrated an increase in tophagy in a dose- and time-dependent manner and that this ef-
nocodazole- and vinblastine-treated cultures corresponding tore-  fect is detectable at concentrations around the therapeutic con-
duced autophagic flux and, consequently, reduced LC3-GFP dis-  centration in HIV patients.
appearance (Fig. 1B). In contrast, PP242-treated cultures had de- AZT and d4T, but not 3TC, inhibit adipocyte cell autophagy.
creased LC3-GFP signals, which would argue for increased In order to validate our observations in adipocytes, 3T3-F442A
autophagic flux (Fig. 1B). Of note, nocodazole and vinblastine  cells stably expressing LC3-GFP were cultured in the presence or
treatment reversed the effect of starvation on 293T autophagic  absence of therapeutic C,,,,, concentrations of AZT or d4T similar
flux (Fig. 1B). to the conditions mentioned above. In order to distinguish be-
In order to extend our analysis and to better distinguish be-  tween potential drug effects on early (autophagosome formation)
tween autophagy induction and inhibition of autophagosome and late (autophagosome maturation) stages of the autophagic
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FIG 3 AZT and d4T inhibit adipocyte autophagy. 3T3-F442A cells were incubated with AZT (6 uM) and d4T (3 uM) for 24 h and 3-MA (10 mM) or nocodazole
plus vinblastine (25 wM) for 6 h in the presence and absence of PP242 (5 uM) for the last 4 h. (A) Fluorescence microscopy analysis of formation of autophagic
punctae in 3T3-F442A cells stably expressing LC3-GFP fusion protein. (B) Flow cytometry analysis of autophagic flux of 3T3-F442A cells incubated in the
absence or presence of AZT (150 wM) and d4T (75 wM) for 32 h with and without PP242 for the last 6 h. (C) Flow cytometry analysis of autophagic flux of
3T3-F442A cells incubated in the absence or presence of nocodazole (50 M), vinblastine (50 M), or ammonium chloride (20 mM) with and without PP242

for 6 h.

process, we coincubated cell cultures with 3MA, AZT, d4T, and
nocodazole plus vinblastine in the presence and absence of au-
tophagy activator PP242. Fluorescence microscopy revealed accu-
mulation of green punctae in cultures treated with AZT, d4T, and
nocodazole plus vinblastine (Fig. 3A). As expected, the early au-
tophagy inhibitor 3MA stopped PP242-induced formation of
punctae. In contrast, AZT and d4T did not reveal any decrease in
the activator-induced accumulation of green punctae, which was
similar to the results seen with the autophagosome-lysosome fu-
sion inhibitors nocodazole and vinblastine (Fig. 3A).

For flow cytometric analysis, 3T3-F442A LC3-GFP cells were
incubated in the presence or absence of increasing concentrations
of AZT, d4T, and 3TC for up to 72 h. In separate experiments,
incubations with nocodazole, vinblastine, and ACH were used as
positive controls for late autophagy inhibition. At high concentra-
tions, AZT and d4T had already inhibited 3T3-F442A autophagic
flux after 32 h and reversed the effect of PP242-induced activation
(Fig. 3B). Similar effects on the autophagic flux in adipocytes were
detected in cultures treated with nocodazole, vinblastine, or ACH
(Fig. 3C). After 72 h of drug incubation, AZT and d4T, but not
3TC, dose dependently inhibited autophagy in 3T3-F442A cells
(Fig. 4A). This effect was paralleled by a decrease in cell prolifer-
ation (Fig. 4B) and an increase in cell death (Fig. 4C). Importantly,
similar effects on 3T3-F442A cell proliferation and cell viability
were observed using pharmacological (Fig. 4D) or genetic (data
not shown) ATG5 knockdown inhibition of autophagy.

AZT and d4T, but not 3TC, induce dysfunctional mitochon-
drion accumulation and ROS production. Genetic inhibition of
eukaryotic cell autophagy has been associated with impaired
clearance and accumulation of dysfunctional mitochondria in
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combination with increased reactive oxygen species (ROS) pro-
duction (26-29). To assess dysfunctional mitochondrion accu-
mulation and ROS production, 3T3-F442A cells were incubated
in the presence or absence of increasing concentrations of AZT,
d4T, and 3TC for up to 6 days. We opted for this incubation
period as approximately equivalent to the minimum time re-
ported to be necessary for mitochondrial turnover under physio-
logical conditions (30). Consistent with inhibition of autophagy,
AZT and d4T incubation was associated with a substantial mito-
chondrion accumulation (Fig. 5A). This effect was again dose de-
pendent and was readily observable at therapeutically relevant
drug concentrations (Fig. 5A). In contrast, 3TC induced a minor
increase in cellular mitochondrion abundance only at very high
concentrations (Fig. 5A). Importantly, we were able to recapitu-
late the increase in mitochondrial mass using genetic ATG5
knockdown inhibition of 3T3-F422A autophagy (Fig. 5B).

AZT- and d4T-treated cells had evidence of an increased pro-
duction of ROS (Fig. 5C) in line with the concept that a certain
level of basic cellular autophagy is necessary for the clearance of
dysfunctional mitochondria. Again, the effects were recapitulated
using genetic ATG5 knockdown inhibition of 3T3-F422A au-
tophagy (Fig. 5D).

Pharmacological and genetic inhibition of autophagy reca-
pitulates the effects of AZT and d4T on adipogenesis. We finally
analyzed the impact of autophagy inhibition on phenotypic mat-
uration and intracellular lipid accumulation in 3T3-F442A cells.
We used the above-mentioned NRTI, ATG5-specific shRNA, or
pharmacological inhibitors of early autophagosome formation
(1AF; 3-MA LY294002 and wortmannin), inhibitors of autopha-
gosome maturation (iAM; nocodazole and vinblastine), or inhib-
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FIG 4 Inhibition of adipocyte autophagic flux correlates with decreased cell
proliferation and viability. 3T3-F442A cells stably expressing LC3-GFP were
incubated in the absence or presence of AZT (6, 30, and 150 uM), d4T (3, 15,
and 75 uM), or 3TC (8, 40, and 200 wM) for 72 h. (A) Flow cytometry analysis
of autophagic flux. (B) Changes in cell numbers compared to control. (C)
Percentages of dead cells compared to control. (D) 3T3-F442A cells were in-
cubated in the absence or presence of inhibitors of autophagosome formation
(iAF; 3-MA [3 mM], wortmannin [30 nM], and LY294002 [7 wM]), autopha-
gosome maturation (1AM; nocodazole [12 wM] and vinblastine [12 wM]), and
autophagosome acidification (1AA; ammonium chloride [10 mM] and hydro-
hychloroquine and chloroquine [5 uM]) for 6 days. Data represent percent-
ages of viable cells compared to control (= 100%). All data are presented as
means * SD and are representative of the results of at least three independent
experiments with three to eight replicates. *, P < 0.05; **, P < 0.01.

itors of autophagosome acidification (iAA; ammonium chloride,
chloroquine, and hydroxychloroquine). AZT and d4T, but not
3TC, incubation delayed acquisition of a mature phenotype and
the rate of intracellular lipid accumulation (Fig. 5E) in a manner
similar to that of genetic ATG5 knockdown (Fig. 5F) and pharma-
cological inhibition (Fig. 5E). Taken together, these observations
are consistent with the idea that autophagy is critical for adipocyte
function (19-21) and that autophagy inhibition by TA contrib-
utes to compromised adipogenesis (9—15).

DISCUSSION

HAART has been associated with the development of LD charac-
terized by severe adverse events such as fat redistribution, dyslip-
idemia, insulin resistance, and diabetes mellitus (1-3). Peripheral
fat wasting as a part of this syndrome has been mostly related to
the use of d4T and AZT (5, 6, 31).

Subcutaneous abdominal adipose tissue from HIV-1-infected
patients with peripheral lipoatrophy on NRTI (predominantly
d4T) treatment has been characterized with impaired expression
of adipogenic markers (9) and higher levels of apoptosis (8, 32). As
a result, compromised adipogenesis with enhanced rates of cell
death was proposed as one of the pathogenic mechanisms of
NRTI-mediated lipoatrophy (9). Furthermore, impaired differen-
tiation with increased levels of apoptosis has been repeatedly con-
firmed in vitro as a result of AZT and d4T incubation (10-13, 15).
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The lysosomal degradation pathway of autophagy has been
implicated in the regulation of cellular survival, development, and
differentiation (17). During the process, double-membrane vesi-
cles called autophagosomes are formed in which organelles and
cytoplasm are sequestrated for later fusion with lysosomes and
subsequent content degradation (17). Recently, adipocyte au-
tophagy was implicated in the maintenance of adipose tissue ho-
meostasis (19-21). Genetic and pharmacological inhibition of
adipocyte autophagy was associated with decreased lipid accumu-
lation, impaired production of adipogenic markers, and compro-
mised adipogenic conversion in vitro that translated to decreased
white adipose tissue mass in several in vivo adipocyte-specific
knockout mouse models (19-21). In some of those studies, the
autophagy-dependent impairment of adipogenic conversion was
accompanied by excessive cellular apoptosis (19). Nonadipocyte
studies, on the other hand, established a mechanistic link between
defective autophagy, dysfunctional mitochondrion accumulation
with increased ROS formation, and initiation of the intrinsic path-
way of apoptosis (26-29).

Here we report that AZT and d4T, but not 3TC, have a direct
suppressive effect on both basic and pharmacologically and phys-
iologically activated autophagy. These effects were dose and time
dependent and were observed at therapeutic C,,,,s. The fact that
AZT and d4T did not interfere with early autophagy stages of
autophagosome formation and the strong inhibitory effect on
autophagic flux in combination with substantial autophagosome
accumulation suggest a mechanism of autophagy inhibition
downstream of autophagosome formation.

There are certain limitations concerning in vitro simulation in
clinical situations. HAART-related adverse effects generally re-
quire prolonged (several-month) treatment (1, 3, 33), and specific
pharmacokinetic profiles could influence clinical toxicity (34).
However, similar experimental conditions have been repeatedly
used in previous in vitro analyses of NRTT effects on adipogenesis
and provided results in agreement with clinical data (10-13, 15).
Consistent with this, our results revealed that only d4T and AZT
(5, 6) suppressed adipocyte autophagy, proliferation, differentia-
tion, and viability, whereas 3TC had no such effects. Further stud-
ies are required to assess the impact of other antiretroviral drugs
on autophagy. Finally, the pharmacological inhibition of au-
tophagy by using compounds such as vinblastine, chloroquine,
and others may lead to off-target effects. Thus, these data have to
be interpreted with caution and should be seen in conjunction
with our results following the more specific shRNA-mediated
suppression of autophagy.

d4T- and AZT-mediated inhibition of adipocyte autophagic
activity correlated with their previously well-established potency
to compromise the acquisition of mature adipocyte phenotype,
reduce intracellular lipid accumulation, and impair the expression
of several adipogenic markers such as CCAAT/enhancer-binding
protein (C/EBP) alpha, peroxisome proliferator-activated recep-
tor (PPAR) gamma, lipid-binding protein 2 (aP2), fatty acid syn-
thase (FAS), and acetyl-coenzyme A carboxylase (ACC) (10, 12—
15,35, 36). A more direct mechanistic link might be demonstrated
through the ability of autophagy activation to counteract AZT and
d4T antiadipogenic effects. However, certain technical limitations
did not permit the performance of such experiments. One partic-
ular limitation was the lack of a specific autophagy activator which
could be used throughout the long-term (8-day) period of in vitro
preadipocyte differentiation. The currently available activators of
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FIG 5 AZT and d4T induce accumulation of dysfunctional mitochondria and increased ROS production. 3T3-F442A cells were incubated in the absence or
presence of AZT (6, 30, and 150 uM), d4T (3, 15, and 75 M), or 3TC (8, 40, and 200 pM) for up to 6 days. (A) Flow cytometry analysis of total mitochondrial
mass using MitoTracker Green (MTR Green). (B) 3T3-F442A cells transduced with lentiviral particles expressing shATG5 or a nonspecific shRNA control (shC).
Flow cytometry analysis of total mitochondrial mass using MTR green (left) with representative histogram (right) immediately after puromycin selection. (C)
Flow cytometry analysis of ROS production of 3T3-F442A cells incubated in the absence or presence of AZT (6 and 150 M), d4T (3 and 75 pM), or 3TC (8 and
200 uM) for 72 h performed using chloromethyl-2',7’-dichlorofluorescein diacetate (CM-H,DCFDA). (D) 3T3-F442A cells transduced with lentiviral particles
expressing shATG5 or a nonspecific ShRNA control. Flow cytometry analysis of ROS production using CM-H,DCFDA immediately after puromycin selection
(left), with representative histogram (right). Different scaling between panels A and B as well as between panels C and D resulted from different settings in flow
cytometry experiments. (E) 3T3-F442A cells were incubated with drugs as described for panel A or inhibitors of autophagosome formation as indicated in Fig.
4D, and Oil red O staining at the end of the adipogenic conversion was quantified in comparison to control results. (F) 3T3-F442A cells transduced with lentiviral
particles expressing shATG5 or a nonspecific ShRNA control were induced to differentiate, and Oil red O staining was quantified at the end of the adipogenic
conversion. All data are presented as means = SD and are representative of the results of at least three independent experiments with three to eight replicates. %,
P < 0.05;**, P < 0.01.

autophagy such as PP242, rapamycin, and starvation exert several
off-target effects, act on a broad range of cellular processes, such as
protein synthesis and cellular metabolism, and, in the long term,
appear toxic and suppress differentiation (18). However, antiadi-
pogenic effects as a result of genetic or pharmacological suppres-
sion of adipocyte autophagy have been documented in vitro and in
vivo (19-21). We demonstrated that specific genetic ATG5 knock-
down inhibition of 3T3-F422A autophagy completely reiterated
effects of thymidine analogues on mitochondrial homeostasis and
adipogenesis. Furthermore, in vivo adipocyte-specific knockout
mouse models demonstrated decreased white adipose tissue mass
(19-21). We speculate that impaired adipogenesis induced by thy-
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midine analogues represents a combined effect of direct mito-
chondrial toxicity (3, 31, 37) and compromised cellular au-
tophagy. In that regard, in addition to compromised expression of
adipogenic markers (9), long-term NRTI treatment has been as-
sociated with severe mitochondrial toxicity (3, 31, 37) and adipose
tissue mitochondrial dysfunction was already detected after 2
weeks of AZT and d4T treatment of healthy volunteers (38).
Autophagy is the only cellular pathway responsible for the
clearance of dysfunctional mitochondria (29). It has been demon-
strated that genetic inhibition of yeast autophagy results in im-
paired clearance and accumulation of dysfunctional mitochon-
dria (29). Growth arrest, reduced oxidative phosphorylation, and
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oxygen consumption in combination with increased ROS have
been documented in these autophagy-deficient cells (29). Inter-
estingly, analogous alterations have been reported in murine and
human cells after exposure to AZT and d4T (10-13, 15). Our in
vitro observations regarding the effects on adipocyte autophagy of
the two (deoxy)thymidine analogues stavudine and zidovudine
contrasted with the deoxycytidine analogue lamivudine are in line
with reports demonstrating increased mitochondrial mass in fat
tissue of HAART-treated HIV-positive patients (6, 32, 39) and
provide a potential mechanism that contributed to the generation
and accumulation of dysfunctional mitochondria. The presence
of dysfunctional mitochondria relates to the release of cell death-
promoting factors and initiation of apoptosis (40), which explains
the observed decrease in cellular viability in vitro and might be one
potential explanation for the high levels of apoptosis observed in
subcutaneous abdominal adipose tissue from lipoatrophic HIV
patients (7, 8).

Given the strong association between autophagy and aging
(17), our results may be relevant for the recently discovered asso-
ciation between NRTI treatment and accelerated mitochondrial
aging with accumulation of mitochondrial DNA (mtDNA) muta-
tions in HIV patients (41), as defective autophagy per se has been
implicated in generation of dysfunctional mitochondria, in-
creased ROS production, and accumulation of mtDNA mutations
(29). Finally, d4T and AZT, but not 3TC, have been shown to
trigger premature senescence program in human skin fibroblast
and 3T3-F442A preadipocytes (11) and high expression of senes-
cence makers has been documented in subcutaneous adipose tis-
sue samples from lipodystrophic HIV-positive patients on NRTI-
containing regiments (11).

In conclusion, our experiments demonstrate a dose- and time-
dependent inhibitory effect of AZT and d4T on adipocyte au-
tophagy at therapeutic C,,,, drug concentrations. These effects
correlated with increased cell death, reduced proliferation, and
impaired differentiation. Given that autophagy is involved in the
regulation of adipose mass and differentiation (19-21) as well as
in aging (17) and considering the peripheral fat wasting (5, 6, 31)
and premature aging phenotype of some HIV patients (42), these
findings could be relevant to better understanding and the avoid-
ance of the long-term toxicity of antiretroviral drugs.
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