N

N

Mitochondrial toxicity of indinavir, stavudine and
zidovudine involves multiple cellular targets in white
and brown adipocytes.

Say Viengchareun, Martine Caron, Martine Auclair, Min-Ji Kim, Paule

Frachon, Jacqueline Capeau, Marc Lombes, Anne Lombes

» To cite this version:

Say Viengchareun, Martine Caron, Martine Auclair, Min-Ji Kim, Paule Frachon, et al.. Mitochondrial
toxicity of indinavir, stavudine and zidovudine involves multiple cellular targets in white and brown
adipocytes.: Adipocyte mitochondrial toxicity of antiHIV drugs. Antiviral Therapy, 2007, 12 (6),
pp-919-29. inserm-00148353

HAL 1d: inserm-00148353
https://inserm.hal.science/inserm-00148353
Submitted on 15 Oct 2007

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://inserm.hal.science/inserm-00148353
https://hal.archives-ouvertes.fr

1duosnuew Joyine vH

-
7
@
L
2
o
S
=
B
[
@
o1
w
<
o)
L
0.
S
5
—

HAL author manuscript

Antiviral therapy 2007;12(6):919-29

Mitochondrial toxicity of indinavir, stavudine and zidovudine involves multiple cellular

targets in white and brown adipocytes

. 1.2 . 3.4 . =34 Aro T 3,45
Say Viengchareun “, Martine Caron™", Martine Auclair™”, Min Ji Kim™"",

45.6 . 3.4 1.2 ~ 4.56%
Paule Frachon™™”, Jacqueline Capeau™, Marc Lombés™*, Anne Lombes™™

! Inserm, U693, Faculté de Médecine Paris-Sud, Le Kremlin-Bicétre Cedex, F-94276, France;
2 Univ Paris-Sud, Orsay, F-91405, France;

3 Inserm, U680, Faculté de Médecine Saint-Antoine, Paris, F-75012, France;

4 Université Pierre et Marie Curie-Paris 6 UPMC-Paris 6, Paris, F-75005, France;

> Inserm, U582, Institut de Mpyologie, Paris, F-75013, France;

% AP-HP, Groupe hospitalier Pitié-Salpétriére, Paris, F-75013, France;

* Address of corresponding author: Dr Anne Lombes, Inserm, Unité 582; Institut de Myologie;
UPMC,; Groupe Hospitalier Pitié-Salpétriere, AP-HP, 75651 Paris Cedex 13, France.
Telephone: (33)142165735, Fax: (33)142165700; E-mail: a.lombes@myologie.chups.jussieu. fr
Short title: Adipocyte mitochondrial toxicity of antiHIV drugs

Abstract 243 words



1duasnuew Joyine vH

=
n
@D
=
2
(]
o
-
N
(00}
w
()]
w
<
@D
-
@,
o
=
[ERN

Adipocyte mitochondrial toxicity of antiHIV drugs page 2

Abstract

Objective: To evaluate the mechanisms of mitochondrial toxicity associated with
antiretroviral treatment.

Methods: 3T3-F442A white and T371 brown adipocytes were exposed to stavudine (10 pM),
zidovudine (1 pM) and indinavir (10 pM), alone or in combination. Adipocytes fat content
was measured with Oil Red O staining. Quantification of mRNA levels and of mitochondrial
DNA content used PCR-based techniques. Mitochondrial activities were evaluated with
respiration, ATP synthesis and spectrophotometric assays. Mitochondrial mass was assessed
by the fluorescent probe MitoTracker Red.

Results: In both cell types, all the treatments induced a severe defect of adipogenesis (low
lipid content and decreased markers of adipogenic maturation: PPARY2, aP2 but also UCP1 in
brown adipocytes) as well as altered mitochondrial function (decreased respiration rate and
increased mitochondrial mass). Drug combination did not give additional toxicity. Brown
adipocytes appeared more affected than white adipocytes (lower respiration rate and
decreased ATP production). The mechanisms of mitochondrial toxicity differed with the drug
and the cell type. Only stavudine induced severe mitochondrial DNA depletion in both cell
types. With all the treatments, white adipocytes showed a decrease of the expression of
mitochondrial and nuclear DNA-encoded respiratory chain subunits (COX2 and COX4)
whereas brown adipocytes maintained normal expression in accordance with their increase of
the transcriptional factors of mitochondrial biogenesis NRF1 and PRC, but not PGCla.
Conclusion: Our results provide evidence for dissociation between mitochondrial activity,
transcription and mitochondrial DNA content pointing out the complexity of mitochondrial
toxicity, which impacts multiple cellular targets.

Keywords: mitochondria, mitochondrial DNA, mitochondrial biogenesis, brown fat,

adipocyte
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Introduction

Lipodystrophy is the most prevalent side effect of antiretroviral treatment of human
immunodeficiency virus (HIV) infection [1]. Anti-retroviral therapy (ART) against HIV most
often involves nucleoside analogues inhibitors of the HIV reverse transcriptase (NRTI) and
protease inhibitors (PI). The relative contribution of each class of drugs to the pathogenesis of
lipodystrophy is still under discussion. NRTI, in particular the two thymidine analogues
stavudine (d4T) and zidovudine (ZDV), appear to be major contributors to lipodystrophy,
most notably peripheral lipoatrophy [2-3]. First generation Pls, such as indinavir (IDV), are
suspected to be involved in central adiposity, insulin resistance and dyslipidemia [4-6]. The
combination of PI and NRTI increases both the incidence and severity of lipodystrophy [7-8].
The pathophysiological mechanisms of lipodystrophy are extremely complex and encompass
multiple related processes including alteration of adipocyte differentiation, mitochondrial
toxicity, adipocyte apoptosis, local inflammation and dysregulation of adipocytokines
production. A variety of changes have been documented in the subcutaneous adipose tissue of
HIV-infected lipodystrophic patients, such as loss of lipid content, decreased adipocyte size,
apoptotic features and mitochondrial alterations including mitochondrial proliferation and
morphologically abnormal mitochondria [2-3]. Molecular alterations of patients’ adipose
tissue have included severe decrease of adipogenic transcription factors [9-10], increased
expression of adipocytokines I1L6 and TNFa [10-11], profound reduction of mitochondrial
DNA (mtDNA) and altered expression of several factors involved in mitochondrial function
[2-12-15]. Despite the presence of mitochondrial proliferation, no increase of transcription
factors involved in mitochondrial biogenesis was reported in lipodystrophic adipose tissue.
NRF1 [12], which ubiquitously promotes the coordinated transcription of many genes
involved in energy production [16], was reported to be expressed at normal levels whereas

PPARY coactivator 1a (PGC1a), which is highly expressed in brown but not in white adipose
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Adipocyte mitochondrial toxicity of antiHIV drugs page 4

tissue [17], was reported to be decreased [10-12]. PRC, a PGCI1 related coactivator, which
transactivates NRF1-target genes, has not been studied to-date [18]. Lastly, increased
expression of mitochondrial uncoupling protein 1 (UCP1), a specific marker of brown
adipocytes, has been reported, which implicates brown adipocytes in the lipodystrophic
process [12-19].

Deciphering the mechanisms underlying lipodystrophy has been difficult because of the
difficulty in obtaining patient samples, the diversity of agents and length of anti-viral
treatment, the routine use of combination therapy, the impact of the viral infection itself and
the need to assess the differential impact on white and brown adipocytes. Cellular models
have therefore been very useful tools to elucidate some of these mechanisms. The 3T3L1 or
3T3-F442A murine cell lines, which recapitulate most of the white adipocyte differentiation
program under specific culture conditions, have most often been utilised. Although each drug
had a different pattern of effects, NRTI, essentially ZDV or d4T, decreased adipocyte
differentiation, were pro-apoptotic, enhanced expression and secretion of 1L6, IL1[3 and
TNFa, and induced mitochondrial proliferation and depolarization [20-22]. Some PI such as
IDV or nelfinavir were pro-apoptotic and altered adipocyte differentiation [21-25]. Although
bringing important results, cellular models have failed to address several points. The mtDNA
dependent activities (respiration, ATP synthesis) have not been directly measured despite the
possible compensatory effect of the observed proliferation of mitochondria. The effect of
drugs has not been assessed concomitantly on adipocyte differentiation and mitochondrial
function despite the tight functional link between both cellular aspects [26-27]. Only one
analysis has been conducted in brown adipocytes [19]. Despite the fact that NRTI and PI are
routinely combined in clinical practice, the effects of these drugs have generally been
analyzed separately, even though the combined effects may well differ from those elicited by

each class of drugs alone.
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Adipocyte mitochondrial toxicity of antiHIV drugs page 5

To address potential mechanisms of mitochondrial toxicity of antiretroviral drugs, we have
undertaken a parallel and comprehensive analysis of mitochondrial function and adipocyte
differentiation in white 3T3F442A adipocytes and in T371 adipocytes, a new murine brown
adipocyte cell line that we have recently developed and characterized [28-30]. We chose
drugs with known adverse effects: either NRTI (ZDV and d4T) or PI (IDV). These drugs
were used alone and in combination, at concentration close to their Cmax. Adipocyte
differentiation was evaluated by determining the cell lipid content and the expression of major
factors of the adipogenic cascade. Mitochondrial toxicity was evaluated with respect to the
respiratory chain activity (respiration, ATP synthesis and enzymatic assays), mitochondrial
mass, mitochondrial DNA content and expression of mitochondrial biogenetic factors. We
provide evidence that both white and brown adipocytes are severely affected by the drugs (PI
and NRTI, used alone or in combination), which all impaired differentiation and
mitochondrial function. However, these two cell types profoundly differ with respect to their
mitochondrial adaptive responses to treatment. The results showed us the multiplicity of

cellular targets involved in anti-retroviral toxicity on mitochondrial function.
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Materials and Methods

Cell culture and drug exposure

3T3F442A preadipocytes were provided by Pr. H. Green (Boston, MA). They were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 100 IU/ml penicillin,
100 pg/ml streptomycin, 14.5 nmol/l biotin and 10% newborn calf serum (Invitrogen, Cergy

Pontoise, France). Their differentiation was induced by switching to 10% foetal calf serum

1duasnuew Joyine vH

and adding 100 nM insulin for 8 days. T371 cells were cultured in DMEM/HAM's F12,
10% foetal calf serum, 2 mM glutamine, 100 IU/ml penicillin, 100 pg/ml streptomycin,
20 mM HEPES (Invitrogen, Cergy Pontoise, France) and were differentiated by

supplementation with 2 nM triiodothyronine (Sigma Chemicals CO, St Louis, MO) and

20 nM insulin (Sigma) for 7 days. Passages number 10 to 20 and 6 to 12 were used for T371
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and 3T3F442A cells, respectively.

Cells were exposed to drugs during their whole period of differentiation, at concentrations
close to their maximum concentration (Cpax) values: 1 uM zidovudine (ZDV,
GlaxoSmithKline, Marly le Roi, France), 10 uM stavudine (d4T, Bristol Meyers Squibb
Virology, Princeton, NJ, USA), and 10 pM indinavir (IDV, Merck Sharp & Dohme
Laboratories).

Analysis of gene expression

Total RNA was isolated using the RNeasy kit (Qiagen, Valencia, CA) and specific gene
expression was quantified by real time PCR carried out on an ABI 7700 Sequence Detector
(Applied Biosystems, Foster City, CA). Briefly, 1 pg of total RNA was treated with DNase 1
Amplification Grade procedure (Invitrogen) and reverse-transcribed with 200 units of reverse
transcriptase using the Superscript' ™ II kit (Invitrogen) and random hexamers according to the

manufacturer’s recommendations.
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1/20™ of the reverse transcription reaction was used for real time quantitative PCR using the
qPCR™ Mastermix Plus for Sybr'™ Green I, 2.5 mM MgCl,, 200 uM deoxynucleoside
triphosphates, 1.25 U Hot goldstar DNA polymerase (Eurogentec, Seraing, Belgium) and 300
nM of each primer (listed in Supplemental Table 1). Standards were provided by serial
dilutions of linearized pGEMT-easy plasmid (Promega) with the amplicons as inserts.
Correlation coefficients were> 0.98 and efficiencies of at least 0.98, in all experiments.
Results were expressed as a ratio to 18S rRNA level per ng of total RNA before reverse
transcription and related to the expression measured with control cells, arbitrary set at 100%.
Measurement of adipocyte differentiation

Adipocyte differentiation was evaluated by the steady-state levels of the mRNA encoding
major markers of adipogenic maturation (aP2, PPARY2, PGCla and UCP1) and by the Oil
Red O staining, which reveals lipid droplets in the cytoplasm of fully differentiated adipocytes
and was performed as described [24]. Schematically, after fixation in 10% formalin and one
wash in water, cell monolayers were stained with 0.6% Oil Red O solution in 60%
isopropanol, and solubilised in 10% sodium dodecyl sulphate. The amount of Oil red O stain
was measured by its optical density at 520 nm.

Assessment of mitochondrial function

Respiration was evaluated by polarography at 37°C in a Clarke electrode (Hansatech, UK).
10° cells were added to 100 mM KMes pH 7.4, 5 mM potassium phosphate, | mM EGTA, 3
mM EDTA, 1 mg/ml bovine serum albumin, 1 mM ADP and solubilised with 20 pg
digitonine. Respiration was initiated with 20 mM succinate and 10 uM rotenone , then
stopped with 0.75 mM potassium cyanide (KCN). The respiration rate was obtained by
subtraction of the curve slope under KCN from that under succinate and expressed as

nanomoles oxygen per minute and 10° cells.
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ATP production was measured in parallel to polarography using ATP chemiluminescent
assay, according to the manufacturer’s protocol (Amersham). It was calculated by subtraction
of the slope of ATP concentration under KCN from that under succinate and expressed as
nanomoles ATP/min and 10° cells.

Spectrophotometric assays of cytochrome ¢ oxidase and citrate synthase were performed in
whole cell homogenate according to [31-32].

Mitochondrial mass index was evaluated by the staining with 50 nM MitoTracker Red 580
(Molecular Probes, Eugene, Oregon, USA) and 10 ng/ml Hoechst 33258 in DMEM of
adipocytes seeded on 96 wells plate as described [20]. Quantification of the fluorescent
signals was performed on a fluorescence plate reader (Spectrafluor plus, Tecan-France,
Trappes, France) at 630 and 460 nm for MitoTracker and Hoechst, respectively.
Mitochondrial mass was evaluated as the ratio of the fluorescent signal of MitoTracker Red to
that of Hoechst.

Mitochondrial DNA quantification was performed on total DNA extracted from whole cell
homogenates using standard procedures based on SDS-proteinase K digestion and
isopropanol precipitation. Mitochondrial DNA (mtDNA) was quantified by real time PCR
using COX2 gene on the mtDNA as target gene and, as standard, serial dilutions of linearized
pGEMT-easy plasmid with the COX2 fragment as insert. Results were expressed as copy
number of mtDNA per pg of total cellular DNA and related to values observed in control
cells, arbitrary set at 100%.

The steady-state levels of the mRNA encoding factors involved in mitochondrial activity
and/or biogenesis was analysed using real-time quantitative PCR on reverse transcribed total
RNA and included COX2: a mtDNA-encoded subunit of the respiratory chain, COX4: a
nuclear DNA-encoded subunit of the respiratory chain, NRF1, PGCla and PRC: transcription

factors involved in mitochondrial biogenesis.
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Statistical analysis
Results were expressed as means £ SEM of the indicated number of independent experiments.
Statistical significance was determined using the non-parametric Mann—Whitney test. The

threshold of significance was at p = 0.05.
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Results

In both white and brown adipocytes, all the treatments induced a severe defect of
adipogenesis

Treatment with IDV, d4T, ZDV, or the combination of one NRTI (d4T or ZDV) with IDV
induced significant reduction of the adipocyte lipid content as shown by Oil Red O staining in

the two adipocyte cell lines (Fig. 1A and 1B). In parallel, expression levels of PPARY2 and

1duasnuew Joyine vH

aP2, markers of the adipocyte differentiation state were significantly decreased (Fig. 1C). In
addition, UCP1, a unique marker of late brown adipocyte differentiation, was similarly
decreased (Fig. 1C).

In both white and brown adipocytes, all the treatments induced defective respiration and

increased mitochondrial mass
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Under treatment with IDV, d4T, ZDV, or the combination of one NRTI (d4T or ZDV) with
IDV, significant reduction of the cellular respiration rate (Fig. 2A) and increase of the cell
mitochondrial mass (Fig. 2B) were observed in both adipocyte cell lines thus demonstrating
the presence of mitochondrial toxicity. The impact of the combined treatment did not
significantly differ from that of the drugs used in isolation.

Brown adipocytes were more sensitive to the antiretroviral drugs

Under all treatments, the two adipocyte cell lines differed with respect to their ATP
production, which was maintained in 3T3F442A white adipocytes but decreased in T371
brown adipocytes (Fig. 3A). Furthermore, under exposure to ZDV, brown adipocytes, but not
white adipocytes, showed a significant decrease of the maximal velocities of COX and CS
activities (Fig. 3B and C). White adipocytes tended to increase these activities under all
treatments but the increase was significant only under d4T+IDV. In contrast, under the same
d4T+IDV treatment, brown adipocytes significantly decreased their COX activity. Overall,

there was a significant difference between the two adipocyte cell types since the white
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adipocytes were able to maintain their COX and CS activities and their ATP synthesis despite
a decreased respiration rate, in contrast to the brown adipocytes.

Mitochondrial DNA content and expression were dissociated from each other and from the
respiratory chain defect.

To further evaluate the mechanisms of the drug induced-mitochondrial respiratory chain
defect, we quantified the amount of mtDNA, which has been reported to be decreased in
lipodystrophic adipose tissue [2-12-15]. Only d4T, in isolation or combination, induced
severe mtDNA depletion in both cell types whereas ZDV induced a significant but mild
mtDNA depletion in white but not brown adipocytes (Fig. 4A). Consequently, the respiratory
chain defect observed with all the treatments could not be solely related to the decrease of the
cellular mtDNA content. Interestingly, in brown adipocytes, IDV exposure induced a
significant increase in cellular mtDNA content (Fig. 4A), which paralleled the observed
increase of COX activity (see Fig. 3B).

The steady-state level of the mtDNA-encoded COX2 subunit of COX was analysed to assess
the transcription of the mtDNA. In 3T3F442A white adipocytes, it roughly followed the
mtDNA content, being most profoundly decreased under exposure to d4T (Fig. 4B). This was
not the case in T371 brown adipocytes, which maintained or even significantly increased the
mtDNA-encoded COX2 mRNA under exposure to d4T (Fig. 4B). Under IDV treatment,
brown adipocytes showed significant increase of the COX2 mRNA, which paralleled the
increase of the mtDNA itself (see Fig. 4A).

Transcriptional response of mitochondrial biogenesis differed in white and brown adipocytes.
The steady-state level of the nuclear DNA-encoded COX4 structural subunit of COX was
then analysed to assess the nuclear transcriptional regulation of mitochondrial biogenesis. It
strikingly differed in the two cell types, being decreased under all the treatments in white

adipocytes but maintained at normal levels in brown adipocytes. This result suggested an
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absent nuclear mitochondrial biogenesis transcriptional response in white adipocytes, which
was confirmed by the absence of increase of NRF1 or PRC transcripts, major regulators of
mitochondrial biogenesis [16-18] (Fig. 4C). PGC1a [33], another regulator of mitochondrial
biogenesis, was not expressed at a significant level in white adipocytes as previously reported
[17]. In sharp contrast, in brown adipocytes there was a significant nuclear transcriptional
response for increased markers of mitochondrial biogenesis, such as NRF1 (up to 200%
increased expression) and PRC (up to 500% increased expression) (Fig. 4C). However, in
contrast to NRF1 and PRC, PGCla expression was severely reduced and therefore paralleled
the decrease of PPARY2, whose expression is known to be regulated by PGCla [17]. The
difference between white and brown adipocytes mitochondrial adaptive responses are

summarized in Table 1.
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Discussion

For the first time, this study brings an integrated evaluation of the antiretroviral drug impact
on mitochondrial function in both brown and white adipocytes by analysing the diverse
molecular levels (DNA, RNA and protein) involved. We used prototype drugs such as IDV,
d4T and ZDYV, alone and in combination, at concentrations close to their Cy,x in patients, and
during the whole process of cell differentiation. Despite inherent limitations of cellular
models (short duration of treatment, exposure to drugs during adipogenic conversion,
immortal cell lines), our main findings are that, with each type of treatment, white and brown
adipocytes were similarly and severely affected with respect to their adipogenic maturation
and mitochondrial function. In addition, combination of drugs did not induce additional
toxicity.

A potential role for brown adipose tissue in lipodystrophy has been suggested by the decrease
of PGC1la [10-34] and increase of UCP1 [12], specific markers of brown adipocytes. Our data
unambiguously show that brown adipocytes are more sensitive than white adipocytes to
antiretroviral drugs, significantly decreasing their mitochondrial ATP production and COX
and CS activities. These cells were also instrumental to address the role of PGCla as a key
player that connects adipogenesis and mitochondrial biogenesis [33]. With each treatment,
PGCla expression decreased in parallel to markers of adipogenesis (PPARY and aP2), in
contrast to other mitochondrial biogenetic factors (NRF1 and PRC).

The differential effect of PI and NRTI has been much discussed. As previously reported in
patients and cell models [9-10-21-23-25-35], IDV treatment decreased the expression of
markers of adipogenesis. We show for the first time that IDV in isolation has a direct effect
on mitochondrial function, causing a significant decrease in the respiration rate and an
increase of the mitochondrial mass in both white and brown adipocytes. The two cell types

however differed with respect to their mitochondrial biogenesis transcriptional response,
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which was decreased in white adipocytes and increased in brown adipocytes. Whether that
differential impact depends on IDV accumulation in the diverse cell types remains to be
assessed. In addition the link between IDV impact on murine adipocytes and PI toxicity in
patients has to be directly addressed by the comparison of diverse PI in isolation or in
combination with ritonavir.

Our integrated analysis of the different molecular levels (protein, RNA and DNA) of
mitochondrial function has shown that each level is an independent target for the
antiretroviral drugs toxicity. Dissociation of mtDNA transcription and mtDNA content under
NRTI exposure has been also reported in humans: either early transcription alteration without
mtDNA depletion in adipose tissue of control subjects [34-36] or normal mtDNA transcripts
despite mtDNA depletion in patients’ blood monocytes [37]. Dissociation between mtDNA
content and mtDNA-dependent activity may also occur as shown by the presence of normal
COX activity despite a severe decrease in mtDNA following exposure to d4T in white as well
as brown adipocytes. These data make it difficult to propose a central role for mtDNA
depletion in HIV-infected patients’ lipodystrophy [2-12-15].

Significant mitochondrial proliferation has been observed in patients’ adipose tissue, in
association with mtDNA depletion and decreased mtDNA transcription [9-12-15]. We
observed the same response in mouse white adipocytes, which preserved or even increased
their COX activity despite severe mtDNA depletion (under d4T), severe decrease of
transcripts of mtDNA-encoded and nuclear DNA-encoded subunits (under all treatments) and
absence of transcriptional response of mitochondrial biogenesis (NRF1, PRC). These
observations suggest the presence of post-transcriptional compensatory mechanisms.
Although mitochondrial proliferation has a compensatory function in contributing to the
preservation of mitochondrial activities, it may also have deleterious consequences as

observed in genetic mitochondrial myopathies [38].
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In conclusion, the present study clearly shows the multiplicity of molecular targets for the
mitochondrial toxicity induced by antiretroviral drugs, both PI and NRTI. It demonstrates the
necessity to assess the effects on DNA, RNA and protein, as well as consider the specific
effects of different drugs on different cell types, in order to understand the toxicity associated
with antiretroviral drugs. That understanding is mandatory to propose strategies for the

prevention or treatment of the adverse effects associated with mitochondrial toxicity.
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Table 1: Major mitochondrial alterations of white and brown adipocytes upon exposure

to antiretroviral drugs

White adipocytes (3T3F442A)

Brown adipocytes (T37i)

Mitochondrial mass Increased Increased
CS activity Normal Normal
(Increased/d4T+IDV) (Decreased/ZDV or /ZDV+IDV)
OXPHOS activity
Respiration rate Decreased Decreased
ATP synthesis Normal Decreased
COX activity Normal (Increased/d4T+IDV) | Normal (Increased/IDV;

Decreased/ZDV or/ZDV+IDV)

mtDNA content Normal (Decreased/d4T Normal (Decreased/d4T or /d4T+IDV;,
or/d4T+IDV or/ZDV) Increased/IDV)

mtDNA transcription Decreased Normal

(COX2 mRNA) (Normal/ZDV+IDV) (Increased/IDV or /d4T+IDV)

Transcription regulation/

mitochondrial biogenesis

COX4 mRNA Decreased Normal

NRF1 mRNA Decreased (Normal/d4T) Increased (Normal/IDV or /ZDV+IDV)

PRC mRNA Normal (Decreased/IDV) Increased

PGCla mRNA - Decreased (Normal/IDV)

Only significant changes are indicated. Most alterations were common to several treatments.

Alterations specific to certain drugs are indicated between brackets. ATP synthesis is the ATP

produced by the mitochondrial oxidation phosphorylation pathway. CS= citrate synthase,
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OXPHOS: oxidative phosphorylation pathway, the activity of which was assessed by the rates
of respiration and ATP synthesis as well as the cytochrome ¢ oxidase (COX) activity.
MtDNA: mitochondrial DNA. Transcription regulation/mitochondrial biogenesis =
transcriptional regulation of mitochondrial biogenesis, which was evaluated by the steady
state level of the mRNA of COX4, a nuclear DNA-encoded subunit of the respiratory chain,
which is under the control of transcription factors involved in mitochondrial biogenesis such

as NRF1, PRC and PGCla.
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Figure legends

Figure 1: Altered differentiation of 3134424 and T37i adipocytes treated with IDV, d4T or
ZDV

3T3F442A (Fig. 1A upper line) and T371 adipocytes (Fig. 1A lower line) were seeded on
glass coverslips and submitted to differentiation as described in the Materiel and Methods
section. Both adipocyte cell lines were exposed to drugs from the seeding day to the end of
differentiation. Drugs were used, alone or in combination, at the following concentrations: 10
uM IDV, 10 uM d4T, and 1 uM ZDV. Oil Red O staining was performed at the end of
differentiation in order to measure the amount of lipid accumulation as a marker of adipocyte
differentiation. Representative results of staining are shown in Fig. 1A. Quantification of the
Oil O Red staining was performed by solubilization of the Oil Red O stained-cells in 10%
SDS and measurement of the optical density at 520 nm (Fig 1B). Expression of PPARY2 , aP2
and UCP1, markers of adipocyte differentiation (Fig. 1C), were assessed by quantitative real
time PCR. Results are mean + SEM of six independent experiments and are expressed as
relative values to control cells, which were arbitrarily set at 100%. Statistical significance: *
p>0.05, ** p<0.01 and *** p<0.001, compared to untreated cells (C).

Figure 2: Alteration of mitochondrial function and increase of mitochondrial mass in
3T3F442A4 and T37i adipocytes under antiretroviral drug exposure

3T3F442A and T37i adipocytes were plated in 100 mm Petri dishes, and exposed to drugs
from the seeding day to the end of differentiation. Drugs were used, alone or in combination,
at the following concentrations: 10 uM IDV, 10 uM d4T, and 1 pM ZDV. Respiration on
succinate (VO,, Fig. 2A) was determined at day 8 of differentiation. Statistical significance
was calculated using the Mann—Whitney U test. * indicates P<0.05 as compared to control

cells (C). Both cell lines showed a significant decrease of their respiration rate.
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Mitochondrial mass index (Fig. 2B) was calculated as the ratio of MitoTracker Red to
Hoechst fluorescent signals in cells plated on 96 well plate. Measurements were performed in
duplicate in at least 8 experiments. Statistical significance: * p<<0.05, ** p<0.01 and *** p<
0.001, as compared to control cells (C).

Figure 3: Distinct mitochondrial enzymatic defects in white and brown adipocyte cell lines
treated with antiretroviral drugs

3T3F442A and T37i adipocytes were plated in 100 mm Petri dishes and exposed to drugs
from the seeding day to the end of differentiation. Drugs were used, alone or in combination,
at the following concentrations: 10 uM IDV, 10 uM d4T, and 1 uM ZDV. ATP synthase
activity (ATP, Fig. 3A), cytochrome ¢ oxidase activity (COX, Fig. 3B) and citrate synthase
activity (CS, Fig. 3C) were determined at day 8 of differentiation. Statistical significance was
calculated using the Mann—Whitney U test : * indicates p<0.05 as compared to control cells
(C). Brown adipocytes appeared more sensitive to drugs than white adipocytes.

Figure 4: Molecular mechanisms of the mitochondrial toxicity induced by antiretroviral
drugs strikingly differ with drug and cell type.

3T3F442A and T37i adipocytes were plated in 6 well-plates and submitted to differentiation
in the absence (C) or in the presence of drugs (10 uM IDV, 10 uM d4T, and 1 uM ZDV, used
alone or in combination. At day 8 of the differentiation process, total DNA was extracted and
mtDNA was quantified by quantitative PCR and expressed as percentage of the mtDNA
content in control cells (mtDNA, Fig. 4A). Measurements were performed in duplicate in at
least 3 experiments. The average amount of mtDNA in control cells was 473 £32 copies per
pg cellular DNA in 3T3F442A adipocytes whereas it was 745 + 84 copies per pg cellular
DNA in T371 brown adipocytes. Total RNA was extracted from both adipocyte cell lines and
reverse-transcribed. The steady-state levels of mRNA encoding for COX2 and COX4,

subunits of the mitochondrial respiratory chain (Fig. 4B), as well as NRF1, PGC1a, and PRC,
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transcription factors involved in mitochondrial biogenesis (Fig. 4C) were assessed by
quantitative real time PCR. Results are mean + SEM of at least six independent
determinations performed in duplicate and normalized by the expression of the 18S rRNA
gene. Results are expressed as relative to control cells, arbitrarily set at 100%. Statistical

significance: * p<0.05, ** p<0.01 and *** p<0.001, as compared to control cells.



