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Lipodystrophic syndrome is a major side effect of
highly active antiviral therapy. Fat tissue redistribution
is associated with changes in adipocyte gene expression
and in circulating levels of adipocytokines involved in
the development of insulin resistance. However, the ev-
idence that HIV drugs accumulate into human adipo-
cytes and have a direct effect on the expression of adi-
pocyte-specific genes is still lacking. To address these
questions, we used adipocytes derived from adult stem
(hMADS) cells isolated from human adipose tissue. We
showed by ELISA that two inhibitors of the HIV prote-
ase, lopinavir and ritonavir, accumulated at similar lev-
els during the development of hMADS cells in adipo-
cytes, whereas a non-nucleoside reverse transcriptase
inhibitor, the nevirapine, accumulated at lower levels.
Two fluorescent protease inhibitors then have been gen-
erated to investigate their subcellular localization. The
data showed that HIV drugs accumulated into adipo-
cytes and displayed various effects on hMADS cell-de-
rived adipocytes. Indinavir, amprenavir, and nevira-
pine did not alter differentiation of precursor cells. In
contrast, lopinavir, saquinavir, and ritonavir inhibited
the development of preadipocytes into adipocytes. In
adipocytes, amprenavir increased leptin expression and
ritonavir was able to up-regulate tumor necrosis fac-
tor-�, interleukin 6, and leptin expression and down-
regulate the expression of peroxisome proliferator-
activated receptor � and adiponectin. Intracellular
accumulation and localization of HIV drugs into human
adipocytes strongly suggest that adipose tissues store
these drugs. Because ritonavir can alter the expression
of insulin resistance-related cytokines in human adipo-
cytes in a way parallel to the situation observed in vivo
upon treatment of HIV-infected patients, we propose
that protease inhibitors participate in insulin resistance
through a direct effect on adipocytes.

Highly active antiretroviral therapy (HAART)1 combines
treatment with three classes of anti-HIV drugs: 1) protease

inhibitors (PIs); nucleoside reverse transcriptase inhibitors
(NRTIs); and non-nucleoside reverse transcriptase inhibitors
(NNRTIs). These drugs have demonstrated their efficiency in
improving the lifespan of HIV-infected patients. However, pa-
tients under HAART develop metabolic alterations including
fat tissue redistribution with peripheral lipoatrophy and in-
creased central adiposity. The lipodystrophic syndrome affects
up to 60% treated HIV-infected patients and is emerging as a
significant medical concern (1). The adipose tissue of lipodys-
trophic HIV-infected patients contains clusters of small adipo-
cytes (2) that can result from a defect in differentiation of
adipocyte precursors or from metabolic alterations of mature
adipocytes. PIs and NNRTIs were detected in adipose tissue of
patients, but evidence that HIV drugs accumulate and have a
direct effect on the development of human adipocytes are still
lacking. It has been recently shown that PIs can enter and
accumulate in cultured mouse adipocytes (3, 4) and that PIs,
but not all, inhibited differentiation of mouse adipocytes (3, 5,
6). These reports indicate a direct effect of PIs on adipogenesis.
However, the effects of PIs were different according to the
mouse preadipocyte clonal lines (3), indicating that studies
with human adipocytes should be more appropriate to gain
better insights into the molecular events that occur in human
adipose tissue.

HIV-infected patients under HAART develop dyslipidemia
and systemic insulin resistance. Adipose tissue is thought to
play a critical role in insulin resistance, in particular, through
the expression of adipocytokines such as leptin, tumor necrosis
factor-� (TNF�), interleukin-6 (IL6), and adiponectin. Leptin is
an important circulating satiety factor that regulates food in-
take via its action in the central nervous system (7), and insulin
sensitivity correlates negatively with leptin in lipohyper-
throphic HIV-infected patients (8). It has also been reported
that HIV-infected lipodystrophic patients exhibit 40% reduced
plasma adiponectin levels compared with non-lipodystrophy
patients leading to the proposal that adiponectin replacement
therapy could improve the treatment of HAART-associated
syndrome (9). The role of TNF� in insulin sensitivity has been
largely documented mainly using murine systems. In human,
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the increase of TNF� in obese subjects suggests a role of this
cytokine in the development of insulin resistance (10). Re-
cently, TNF� has been related to lipodystrophy and insulin
resistance in HIV-infected and PI-treated patients (8). How-
ever, a direct effect of HIV drugs on the development of human
adipocytes and on the expression of insulin-resistant-related
genes has not been demonstrated. Importantly, there is no
evidence that HIV drugs accumulate into human adipocytes
that would indicate putative intracellular targets. Indeed, the
data on the effects of HIV drugs on the differentiation of human
adipocytes are still pending because of the lack of appropriate
cellular models. Our laboratory has recently isolated from hu-
man adipose tissue adult stem cells able to differentiate at a
high rate into adipocytes (11). These cells are termed multipo-
tent adipose-derived stem (hMADS) cells. Therefore, we used
hMADS cells to investigate the following: 1) the intracellular
localization and accumulation of HIV drugs in undifferentiated
and differentiated cells; 2) the effects of different PIs and ne-
virapine on adipocyte differentiation and on fully differentiated
adipocytes; and 3) the ability of PIs to modify the expression of
adipocytokines involved in the establishment of insulin
resistance.

EXPERIMENTAL PROCEDURES

Materials—Nelfinavir, indinavir (IDV), ritonavir (RTV), and sa-
quinavir (SQV) were obtained through the AIDS Research and Refer-
ence Reagent Program (National Institutes of Health). Amprenavir
(APV) was kindly provided by GlaxoSmithKline Research and Devel-
opment (Herfordshire, United Kingdom). Large amounts of RTV, LPV,

IDV, SQV, and nevirapine (NVP) were obtained by extraction from
commercially available tablets and capsules. The purity was assessed
by 1H and 13C NMR and mass spectroscopy. PIs obtained from the
National Institutes of Health were used as reference products for pu-
rification and to validate results obtained with drugs purified from
tablets. Each PI was dissolved in Me2SO and diluted 1:1000 in
culture medium.

Cell Expansion and Differentiation—hMADS cells were expanded in
low glucose Dulbecco’s modified Eagle’s medium (Invitrogen) containing
10% heat-inactivated fetal calf serum (Dutscher S. A., Brumath,
France). A detailed description of adipocyte differentiation of hMADS
cells has been published recently (11). Confluent cells were maintained
in serum-free medium (Dulbecco’s modified Eagle’s/F-12 medium v/v)
supplemented with 1 �M dexamethasone, 0.1 mM 3-isobutyl-1-methyl-
xanthine, 10 �g/ml transferrin, 0.2 nM triiodothyronine (T3), 5 �g/ml
human insulin, and 0.5 �M rosiglitazone. Three days later, Dex and
3-isobutyl-1-methylxanthine were omitted and media were changed
every other day. Neutral lipid accumulation was assessed by Oil Red O
staining as previously described (12). Glycerol-3-phosphate dehydro-
genase (G3PDH) activity was determined as previously described (13).

RNA Analysis—Total RNA from hMADS cells was prepared using
TriReagent (Euromedex) according to the recommendations of the sup-
plier. 20 �g of total RNA were subjected to Northern blot analysis as
previously described (14). Blots were successively hybridized with per-
oxisome proliferator-activated receptor � (PPAR�) and �-actin probe to
standardize signals. Quantification of the hybridization signal was
performed using a PhosphorImager (Fuji-Bas1000) coupled to the Mac-
Bas, version 2.x bioimaging analyzer. The concentrations of the differ-
ent adipocytokine mRNAs were measured by reverse transcription fol-
lowed by real-time PCR using a Light-Cycler (Roche Diagnostics,
Meylan, France) and the FastStart DNA Master SYBRGreen kit (Roche
Diagnostics). Primers (Eurobio, Les Ulis, France) were selected to am-

FIG. 1. Accumulation and subcellu-
lar localization of HIV drugs in hu-
man adipocytes. A, hMADs cells were
induced to undergo differentiation into
adipocytes in the presence of indicated
drugs, and ELISAs were performed at the
indicated time points. Data are means �
S.D. from three independent experi-
ments. B, time-lapse digital fluorescence
microscopy was performed on preadipo-
cytes and adipocytes derived from
hMADS cells. APV-dansyl was added at
time 0, and fluorescent images were
taken at indicated time. C, intracellular
localization of APV-dansyl and IDV-
MANT in hMADS cell-derived adipocytes
30 min after exposure to the fluorescent
PI. Three-dimensional deconvolved im-
ages (lower panels) and bright-light im-
ages (upper panels) are shown. MIA is the
free form of MANT.
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plify small fragments (80–200 bp) and to hybridize in different exons of
the target sequences. The list of the primers and real-time PCR condi-
tions for each mRNA assay is available upon request. Each assay was
performed in duplicate, and the validation of the real-time PCR runs
was assessed by evaluation of the melting temperature of the products
and by the slope and error obtained with the standard curve. The
analyses were performed using the Light-Cycler software.

PIs Labeling and Time-lapse Fluorescence Microscopy—Pyridine
(0.178 mmol), N,N-dimethylaminopyridine (0.0158 mmol), and dansyl
chloride (0.297 mmol) were added to amprenavir (0.198 mmol) in an-
hydrous dichloromethane under nitrogen atmosphere for 8 h at reflux
temperature. The solvent then was removed in vacuo, and the crude
product was purified by flash chromatography on a silica gel (96/4,
chloroform/methanol) to obtain the APV-dansyl. N,N-Dimethylamino-
pyridine (0.081 mmol) and N-methylisatoic anhydride (0.089 mmol)
were added to indinavir (0.081 mmol) in anhydrous N,N-dimethylfor-
mamide under nitrogen atmosphere for 5 h at room temperature. The
solvent then was removed in vacuo, and the crude product was purified
by TLC (96/4, chloroform/methanol) to obtain the indinavir-N-methyl-
anthraniloyl (IDV-MANT). All of the products were fully characterized
by nuclear magnetic resonance and mass spectrometry. Details of the
chemical procedure are available upon request. Cell images were re-
corded by using the �40/0.65–1.35NA oil immersion objective lens.
Image acquisition and analysis were performed using the Applied Pre-
cision Deltavision system (Applied Precison, Issaquah, WA) built on an
Olympus IX-70 base. For APV-dansyl and IDV-MANT, excitation and
emission filters were FITC-DAPI and DAPI-DAPI, respectively. The
stability of the labeling has been investigated. For that purpose, intra-
cellular APV-dansyl and IDV-MANT have been recovered from adipo-
cytes 2 days after incubation and analyzed by HPLC-UV. No uncoupled
PIs and no free fluorophore were detected, indicating that the labeling
was stable and that the fluorescence reflected the PI localization.

Competitive ELISA—RTV, NVP, and LPV were quantified by com-
petitive ELISA as previously described (15, 16). Results were expressed
as nanomole of HIV drugs/106 cells.

RESULTS

HIV Drugs Enter and Accumulate into Human-cultured Adi-
pocytes—We first investigated by ELISA the ability of two PIs
(RTV and LPV) and one NNRTI (NVP) to enter and accumulate
in human adipocytes. The amounts of HIV drugs we used are in
the range of those detected in the sera of HIV-infected patients
under HAART (17–20). As shown in Fig. 1A, HIV drugs accu-
mulated at different levels during adipocyte development.
Whereas RTV and LPV accumulated at similar levels (4.1 � 0.3
and 5.4 � 0.8 nmol/106 cells, respectively), the intracellular
level of NVP was much lower (0.7 � 0.03 nmol/106 cells) despite
a higher extracellular concentration. Two concentrations of
RTV were used, and as shown in Fig. 1A, the intracellular
accumulation was dose-dependent. The involvement of the
multi-drug resistance (MDR) and MDR-associated protein
transporters in preadipocyte accumulation of RTV has been
investigated. The addition of 20 �M reserpin, a pharmacological
inhibitor of the MDR1 and of MDR-associated protein trans-
porter 1, for 3 h led to a higher accumulation of RTV (12 � 0.8
nmol/106 cell compared with 4.1 � 0.3 nmol/106 cell in the
absence of reserpin, n � 3). This result strongly suggested that
accumulation of the drugs into preadipose cells could be regu-
lated via MDR transporters. We have previously shown that
the antibodies used in the ELISAs are specific for the native
form of the drugs and do not recognize metabolic forms (15, 16).
In addition, HPLC-UV analysis indicated that the PIs stored
into adipose cells displayed a chemical profile identical to the
native form of the PIs (not shown). Altogether, these data
strongly suggest that, even if we could not rule out the presence
of minor oxidized or chemically modified forms of the drugs,
preadipocytes and adipocytes stored the native form of the HIV
drugs. The generation of fluorescent APV (APV-dansyl) and
IDV (IDV-MANT) using a straightforward chemical synthesis
then allowed us to investigate their apparent uptake and sub-
cellular localization in live cells imaged by time-lapse digital
fluorescence microscopy. APV-dansyl was detected in undiffer-

entiated and in fully differentiated hMADS cells within 10 min
following the addition to the culture medium and became dis-
tributed throughout the cytoplasm within 30 min (Fig. 1B). We
treated images by deconvolution to analyze more precisely the
intracellular localization of both labeled PIs after a 1-h incu-
bation in living adipocytes (Fig. 1C). In differentiated hMADS
cells, APV-dansyl accumulated at a high rate into lipid drop-
lets. In contrast, IDV-MANT accumulated more outside the
lipid droplets.

Effect of PIs on Differentiating hMADS Cells—In vitro mod-
els are required to investigate the deleterious effects of indi-
vidual PI and other HIV drugs. We have analyzed the effects of
chronic addition of pharmacological concentrations of HIV
drugs on differentiating hMADS cells. With the exception of
nelfinavir (4 �g/ml), no cytotoxicity of HIV drugs was observed
at the used concentrations. The induction of adipocyte differ-
entiation of hMADS cells in the presence of 10 �g/ml IDV, APV,
or NVP did not modify the differentiation process as indicated
by the neutral lipid accumulation (data not shown) and the
G3PDH activities, a marker of mature adipocytes, determined
10 days after the addition of the drugs (Fig. 2A). In contrast,
when induced to differentiate in the presence of SQV (4 �g/ml)
or LPV (10 �g/ml), the inhibition of G3PDH activity was ob-
served. RTV (10 �g/ml) elicited the highest inhibitory effect on
G3PDH activity, and RTV-treated human adipocytes displayed
a fibroblast-like morphology and accumulated less cytoplasmic
triacylglycerol droplets (Fig. 2B). These data indicated that,
when used in the range of concentrations determined in serum
of HIV-infected patients under HAART, some HIV drugs but
not all could inhibit adipocyte differentiation of precursor cells.

Effect of PIs on Human Adipocytes Derived from hMADS
Cells—We studied the effects of PIs on fully differentiated
adipocytes at day 13 after induction of adipogenesis. hMADS
cell-derived adipocytes were treated for 5 days with different
PIs, and the expression of both PPAR� and various adipocyto-

FIG. 2. Effects of HIV drugs on differentiating hMADS cells. A,
undifferentiated cells were induced to differentiate into adipocytes in
the presence of 10 �g/ml IDV, RTV, LPV, APV, and NVP or 4 �g/ml
SQV. G3PDH activities were determined 10 days after treatment. Data
are reported by taking as 100% the G3PDH activity of untreated cells
Me2SO (DMSO). The means � S.D. are representative data from three
independent experiments. Significant differences (p � 0.05, Mann-
Whitney U test) between control (Me2SO) and treated cells are denoted
by asterisk. B, photo-micrographic records of hMADS cells induced to
undergo differentiation for 10 days in the presence of 0.1% Me2SO or 14
�M RTV. Cells were stained with Oil Red O for lipid droplets and
counterstained with eosin. The bar represents 50 �m.
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kines was analyzed. As shown in Fig. 3A, exposure to RTV but
not to SQV, LPV, IDV, or APV inhibited PPAR� expression in
mature adipocytes. TNF� was undetectable in untreated
hMADS adipocytes. However, the expression of TNF� was re-
producibly induced after treatment with RTV (Fig. 3B) and, at
a less extent, after treatment with LPV and APV. The expres-
sion profile of leptin, IL6, and adiponectin has been investi-
gated by quantitative RT-PCR. As shown in the Table I, a 5-day
exposure of adipocytes to RTV decreased adiponectin expres-
sion and induced both leptin and IL6 gene expression. APV and
LPV did not display any significant effect on adiponectin and
IL6 expression. In contrast, leptin expression was dramatically
induced upon the addition of APV. These data point out that
PIs have a direct effect in human adipocytes on the expression
of cytokines that are tightly associated with the development of
insulin resistance. Fig. 4 summarizes the effects of the various
HIV drugs on adipocyte differentiation of precursor cells and on
the alteration of gene expression in adipocytes.

DISCUSSION

We have shown that APV and IDV, which belong to the same
class of drugs, displayed different intracellular localization. It
is well documented that, in peripheral blood mononuclear cells,
the intracellular accumulation of HIV drugs depends of several
parameters such as their chemical structures, their half-lives,
or their affinity to drug transporters. Intracellular sequestra-
tion due to protein binding or ion trapping has also been sug-
gested (21). APV was stored preferentially into lipid droplets,
whereas IDV accumulated outside the lipid droplets. The li-
pophilic properties of APV and IDV could be responsible for
their differential distribution, but active mechanisms cannot be
ruled out. This observation indicates that adipose tissues can
store PIs in treated patients. The capacity of adipocytes to
mobilize and to release PIs remains to be investigated. It is
interesting to note that the two labeled PIs were not detected
into the nucleus. Even if we cannot exclude a role of the flu-

orophore on the localization of the drugs, these results indicate
that nuclear proteins are not direct targets of PIs. This hypoth-
esis does not exclude the effects of PIs in the cytoplasm on
maturation of nuclear proteins. Altogether, these data strongly
suggest that HIV drugs could have intracellular targets and
direct effects on the development of human adipose cells.

Some HIV drugs, but not all, could inhibit differentiation of
precursor cells isolated from human adipose tissue. Similar
conclusions have been previously reported with precursor cells
isolated from human bone marrow (22). In regard to the lipo-
dystrophy associated with the use of PI, alternative therapies
substituting NNRTIs (efavirenz or nevirapine) for protease
inhibitors have been proposed (23). NNRTIs represent a prom-
ising approach to combine antiviral efficiency and limited ad-
verse effects. However, recent papers have reported that efa-
virenz could accumulate in adipose tissue (24) and inhibit
triacylglycerol accumulation in mouse preadipose clonal lines
(25). We show in this paper that, despite a high extracellular
concentration of nevirapine, the intracellular accumulation of
this NNRTI was low compared with PIs. More interestingly,
nevirapine did not interfere with lipid accumulation during
adipocyte development of hMADS cells.

FIG. 3. RTV inhibits expression of
PPAR� and induces expression of
TNF� in mature adipocytes. Undiffer-
entiated hMADS cells were maintained in
adipocyte medium for 13 days with no
addition of HIV drugs. At that stage, cells
were differentiated and expressed PPAR�
(d13, day 13). Subsequently, adipocytes
were treated with 10 �g/ml IDV, RTV,
LPV, and APV or 4 �g/ml SQV for 5 days
(d18, day 18) and RNAs were prepared. A,
the expression of PPAR� was analyzed by
Northern blotting. Quantification of the
signals was performed and standardized
as described under “Experimental Proce-
dures.” Data are expressed by taking as
100% the signal obtained in 0.1% Me2SO
(DMSO) treatment used as negative con-
trol. The means � S.D. are representative
data from three independent experi-
ments. Significant differences (p � 0.05,
Mann-Whitney U test) between control
(Me2SO) and treated cells are denoted by
asterisk. B, expression of TNF� was in-
vestigated by RT-PCR. Blotting was car-
ried out in the same experiment and is
representative of two independent exper-
iments. Primers used for PCR amplifica-
tion of TNF� were 5�-ATCTTCTCGAAC-
CCCGAGTGA-3� and 5�-GGAGCTGCCC-
CTCAGCTT-3�, and primer used for
hybridization was 5�-CTGATGATGAAA-
ATACT-3�. NT, not treated.

TABLE I
Pls alter expression of adipocytokines in human cultured adipocytes
Adipocytes derived from hMADS cells were treated with 10 �g/ml

indicated Pls or with 0.1% Me2SO as negative control for 5 days as
indicated in Fig. 3. RNAs were prepared, and adipocytokine expression
was determined by real-time RT-PCR as described under “Experimen-
tal Procedures.” Data were normalized to cyclophilin A signals and
expressed by taking as reference the expression of each adipocytokine
in Me2SO-treated cells.

Leptin IL6 Adiponectin

Me2SO 1 1 1
LPV 1.1 � 0.4 1.1 � 0.2 1.1 � 0.3
APV 34 � 15 0.9 � 0.1 1.1 � 0.3
RTV 4.1 � 0.7 3.3 � 0.1 0.5 � 0.1
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hMADS cells accumulated less triacylglycerol droplets when
exposed to RTV in agreement with its inhibitory effects previ-
ously reported on adipocyte differentiation of various mouse
preadipocyte clonal lines (3, 5). We observed that lipid accumu-
lation was inhibited, but the number of differentiated cells
seemed to be similar in untreated and RTV-treated cultures.
This is reminiscent of a previous report showing morphological
changes in lipoatrophic adipose tissue of HIV-infected patients
where the clusters of adipocytes with few lipid droplets were
observed. As suggested by the authors, these small adipocytes
could be young regenerative cells replacing adipocytes lost by
apoptosis (26). The inhibition of adipocyte formation induced by
RTV could also be linked to a decreased expression of PPAR�
known to be essential both for adipocyte differentiation and
adipocyte survival (27).

RTV alters the expression of adipocytokines in mature
hMADS adipocytes in a way parallel to the situation observed
in lipodystrophic HIV patients developing insulin resistance.
Since it has been shown that TNF� inhibits adiponectin gene
expression on human adipose tissue fragments (28), it is tem-
ping to postulate that the inhibition of adiponectin upon the
addition of RTV on hMADS adipocytes was mediated by RTV-
induced TNF�. It has also been reported that TNF� inhibits
PPAR� expression in adipocytes (29) and that IL6 inhibits
adiponectin (30). When subjected to an expression profile anal-
ysis, we have confirmed that adipocytes derived from hMADS
cells express IL6 receptor, the gp130 signal transducer, and the
two TNF� receptors, i.e. TNF receptors 1 and 2.2 Therefore, we
could postulate that the up-regulation of IL6 and TNF� by RTV
leads in adipose tissue to an autocrine/paracrine mechanism
that could participate in the insulin resistance observed in
lipodystrophic patients under HAART.

In conclusion, our data point out that HIV drugs display
various effects on human adipocytes and that their storage
alters the expression of adipocytokines involved in insulin re-
sistance. Identification of molecular mechanisms implicated in
adipocyte gene regulation by PIs might improve the treatment
of HAART-associated syndrome.
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