
Objective: The lipodystrophy syndrome is a major adverse
effect of highly active antiretroviral therapy (HAART),
associated with altered circulating levels and adipose
tissue mRNA expression of proinflammatory cytokines
interleukin-6 (IL-6) and tumour necrosis factor (TNF)α,
and adiponectin. Proinflammatory cytokines and
adiponectin, which are secreted by adipose tissue, regu-
late fat metabolism, insulin sensitivity and adipose cell
apoptosis. We examined the direct effects of individual
antiretrovirals on lipid metabolism and cytokine and
adiponectin production by cultured adipocytes.
Methods: Differentiating 3T3-F442A cells and differenti-
ated 3T3-L1 adipocytes were treated for 12 or 4 days,
respectively, with protease inhibitors (PIs) indinavir, nelfi-
navir, amprenavir, lopinavir and ritonavir, or nucleoside
reverse transcriptase inhibitors (NRTIs) stavudine and
zidovudine, at near-Cmax concentrations. Lipid metabolism
was estimated by Oil Red O staining of intracellular lipids,
mRNA expression of fatty acid synthase and adipocyte
lipid binding protein 2, and insulin activation of lipogen-
esis. Apoptosis was estimated by flow cytometry. The
expression and secretion of proinflammatory cytokines
(IL-6, TNFα and IL-1β) and adiponectin were evaluated by
real-time reverse transcription PCR and ELISA.

Results: Chronic treatment of 3T3-F442A differentiating
adipocytes and differentiated 3T3-L1 adipocytes with PIs
and NRTIs reduced lipid accumulation, mRNA expression
of lipid markers and insulin-induced lipogenesis. IL-6,
TNFα, IL-1β and adiponectin expression and secretion
were markedly altered in differentiating 3T3-F442A
adipocytes. PIs had either no effect on differentiated
3T3-L1 adipocytes (TNFα expression and secretion) or
their effect was less marked than in 3T3-F442A cells.
Indinavir and amprenavir did not alter cytokine secretion
and expression by mature adipocytes. The effects of
stavudine and zidovudine on differentiating and mature
adipocytes were similar, despite the difference in treat-
ment procedure. The drugs with the strongest effect on
TNFα expression also increased adipocyte apoptosis, in
contrast to the drugs that only moderately increased
TNFα expression.
Conclusions: These results suggest that increased
cytokine and decreased adiponectin secretion and
expression induced by some PIs and NRTIs may
contribute to the adipose tissue loss (via apoptosis and
lipid leakage) and insulin resistance associated with the
lipodystrophy syndrome.
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Many patients taking highly active antiretroviral
therapy (HAART) combining protease inhibitors (PIs)
and nucleoside analogue reverse transcriptase
inhibitors (NRTIs) develop a lipodystrophy syndrome
characterized by peripheral lipoatrophy and/or
increased central adiposity, with or without metabolic
abnormalities and insulin resistance [1–4]. The under-
lying mechanisms are unclear, but it has been suggested

that PIs are linked to insulin resistance and dyslipi-
daemia, while NRTIs promote lipoatrophy [2–4].
Some PIs rapidly induce metabolic abnormalities in
healthy subjects [5,6] and some NRTIs can induce
mitochondrial toxicity and apoptosis in patients’ fat
tissue [7–11]. The lipodystrophy syndrome is more
frequent and more severe in patients treated with both
PIs and NRTIs [2,12].

Introduction
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These antiretroviral drugs have been shown to have
direct adverse effects on cultured adipocytes: some PIs
(indinavir, nelfinavir and ritonavir) induce insulin resis-
tance and alter lipid metabolism [13–16] and also reduce
adipocyte differentiation and survival [13,15,17–19],
thus leading to adipose cell depletion, while the thymi-
dine analogues (stavudine and zidovudine) can alter
lipid metabolism [17,18] and induce apoptosis.

Studies using transgenic murine models have
provided strong evidence that altered fat distribution
precedes insulin resistance and metabolic complica-
tions [20]. Adipose tissue is a major determinant of
insulin resistance, particularly through the secretion of
proinflammatory cytokines, tumour necrosis factor
(TNF)α [21], interleukin-6 (IL-6) [22] and IL-1β [23].
Some of the mechanisms whereby these cytokines
inhibit insulin signalling have been elucidated
[21,22,24,25]. TNFα, IL-6 and IL-1β can interfere with
adipose cell differentiation [21,26] and TNFα can
increase adipocyte apoptosis [27], and these effects may
be involved in HAART-induced lipodystrophy. Indeed,
elevated circulating levels and mRNA expression of
TNFα and IL-6 have been found in serum and adipose
tissue of lipodystrophic patients on HAART.
Circulating levels of IL-1β are also increased in these
patients [19,28–31]. Johnson et al. [31] recently
reported that the adipose tissue of lipodystrophic
patients secreted increased levels of TNFα.

Adiponectin is an adipocyte-secreted protein that
acts through an endocrine mechanism on its target
tissues (liver and muscle) and plays a positive role in
insulin sensitivity [21]. In lipodystrophic and insulin-
resistant patients on HAART, adiponectin circulating
levels [28,32–36] and mRNA expression are reduced in
adipose tissue [28,33]. Moreover, a recent mouse study
[37] showed that ritonavir reduced the plasma
adiponectin concentration and increased plasma
triglyceride and free fatty acid levels, pointing to a role
of adiponectin in the aetiology of the effects of PIs on
lipid metabolism.

Here we examined whether long-term treatment of
differentiating 3T3-F442A and differentiated 3T3-L1
adipocytes with PIs (indinavir, nelfinavir, amprenavir,
lopinavir and ritonavir) and NRTIs (stavudine and
zidovudine) near their respective Cmax values affected
the secretion and mRNA expression of proinflamma-
tory cytokines and adiponectin.

Materials and methods

Materials 
Powdered forms of indinavir (Merck Sharp & Dohme
Laboratories, Clermont Ferrand, France), nelfinavir
(Agouron Pharmaceuticals, San Diego, Calif., USA),

amprenavir (Vertex Pharmaceuticals, Cambridge,
Mass., USA), lopinavir, ritonavir (Abbott France,
Rungis, France), stavudine (Bristol-Myers Squibb
Virology, Princeton, NJ, USA) and zidovudine
(GlaxoSmithKline, Marly-le-Roi, France) were
provided by the manufacturers.

Cell culture and treatment
3T3-F442A and 3T3-L1 murine preadipocytes were
cultured and induced to differentiate as previously
described [13,22]. The effects of PIs and NRTIs were
tested in long-term experiments on differentiating 3T3-
F442A cells (from day –4 to +7 of differentiation) and
differentiated 3T3-L1 adipocytes (from day +8 to +12
of differentiation) at near-Cmax values: indinavir
10 µM, ritonavir 10 µM, nelfinavir 10 µM (see [18] for
references), amprenavir 10 µM [38], lopinavir 10 µM
[39], zidovudine 1 µM [40] and stavudine 10 µM [41].

Adipokine measurements 
Murine IL-6, IL-1β and TNFα concentrations were
determined on day 8 and day 12 of differentiation in
24-h supernatants of 3T3-F442A and 3T3-L1 cells,
respectively, using Quantikine Mouse sandwich ELISA
kits (R&D Systems, Inc., Minneapolis, Minn., USA)
with the following detection limits: IL-6: 3.1 pg/ml, IL-
1β 3.0 pg/ml and TNFα 5.1 pg/ml. Murine adiponectin
concentrations were determined on day 8 and day 12
of differentiation in 24-h supernatants of 3T3-F442A
and 3T3-L1 cells using the sandwich ELISA kit from B-
Bridge International, Inc. (Sunnyvale, Calif., USA),
which has a detection limit of 15.6 pg/ml.

Lipid metabolism 
Lipid metabolism was assessed on day 8 (3T3-F442A
cells) or day 12 (3T3-L1 adipocytes) of differentiation
by measuring the mRNA expression of adipogenic
markers [adipocyte lipid-binding protein 2 (aP2) and
fatty acid synthase (FAS)] and by lipid staining with
Oil Red O. Staining was quantified at 520 nm after
solubilization in 10% SDS. The results are expressed as
% ±SEM of the untreated control values. 

Lipogenesis was studied on day 8 (3T3-F442A cells)
or day 12 (3T3-L1 adipocytes) of differentiation in
cells cultured for 24 h in serum-free medium. Insulin
(100 nmol/l) was added for 30 min and, after a further
30 min of incubation with 0.5 µCi/well [U-14C] glucose
(302 mCi/mmol; Amersham Biosciences, Saclay,
France), the cells were washed and labelled lipids were
extracted with chloroform/methanol (1/2). After
30 min on ice, the lower phase was collected, evapo-
rated and counted in scintillation fluid. The results are
expressed as % ±SEM of untreated control values.
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RNA preparation and real-time RT-PCR 
Total RNA was isolated with the RNeasy kit (Qiagen,
Inc., Valencia, Calif., USA). Complementary DNA was
synthesized using random hexamers and AMV reverse
transcriptase (Promega Biosciences, Inc., San Luis
Obispo, Calif., USA). Real-time PCR was performed
with the LightCycler system (Roche Diagnostics,
Meylan, France). PCR reactions were performed using
the LightCycler SYBR green fluorophore. The
following primers were used: IL-6, 5′-CTG CAA GAG
ACT TCC ATC CAG TT-3′ and 5′-GAA GTA GGG
AAG GCC TGG-3′; IL-1β, 5′-ACA CTC CTT AGT
CCT CGG CCA-3′ and 5′-CCA TCA GAG GCA AGG
AGG AA-3′; TNFα, 5′-GAG GCA CTC CCC CAA
AAG AT-3′ and 5′-TGA TGA GAG GGA GGC CAT
TT-3′; adiponectin, 5′-AAG GAC AAG GCC GTT
CTC T-3′ and 5′-TAT GGG TAG TTG CAG TCA GTT
G-3′; aP2, 5′-AAC ACC GAG ATT TCC TT-3′ and 5′-
ACA CAT TCC ACC ACC AG-3′; FAS, 5′-TGC TCC
CAG CTG CAG GC-3′ and 5′-GCC CGG TAG CTC
TGG GTG TA-3′; and 18S ribosomal RNA, 5′-GAG
CGA AAG CAT TTG CCA AG-3′ and 5′-GGC ATC
GTT TAT GGT CGG AA-3′. Each sample was normal-
ized on the basis of its 18S rRNA content.

Cell survival
Apoptosis was evaluated by flow cytometry. On day 8
(3T3-F442A cells) or day 12 (3T3-L1) of differentia-
tion, cells were collected, fixed in ice-cold 70% ethanol
at –20°C and then stained with 20 µg/ml propidium
iodide in the presence of 100 µg/ml ribonuclease A for
30 min at 37°C in the dark. DNA content was analysed
by flow cytometry (Facs Calibur; Becton Dickinson,
Mountain View, Calif., USA). The results are expressed
as % ±SEM of apoptotic cells among total cells.

Statistical analysis 
Results are means ±SEM of the indicated number of
independent experiments. Statistical significance was
determined using the non-parametric Mann–Whitney
U test. The threshold of significance was set at P=0.05.

Results

Effects of PIs and NRTIs on adipocyte lipid metabolism 
We first investigated the effects of the drugs on lipid
metabolism in differentiating 3T3-F442A cells and
mature 3T3-L1 adipocytes. As shown by Oil Red O
staining (Figure 1A), the PIs (indinavir, nelfinavir,
lopinavir and ritonavir) and NRTIs (stavudine and
zidovudine) significantly reduced lipid accumulation (by
25–40%) on day 8 in 3T3-F442A adipocytes (treated
throughout the differentiation program). Amprenavir-
treated cells had normal lipid levels. These results were
in keeping with the lower mRNA expression of FAS and

aP2 (Table 1), two markers of lipid status, and with the
reduced capacity of insulin to activate lipogenesis
(Figure 1B) in PI- and NRTI-treated cells. 

A 4-day treatment of mature 3T3-L1 adipocytes with
PIs (excluding indinavir and amprenavir) and NRTIs
also reduced cellular lipid levels (Figure 1A), FAS and
aP2 mRNA expression (Table 1) and insulin-induced
lipogenesis (Figure 1B). These results indicate that some
PIs and NRTIs can alter the lipid metabolism of cultured
adipocytes, regardless of their differentiation status.

Effect of PIs and NRTIs on proinflammatory cytokine
secretion and expression 
The PIs (except for amprenavir) increased the secretion
of IL-6 (1.8- to 2.0-fold) and IL-1β (1.8- to 1.9-fold)
(Figure 2A, B) in 3T3-F442A adipocytes. The increases
in secretion were closely matched by increases in
expression (2.3- to 3.1-fold for IL-6 and 2.1- to 2.6-fold
for IL-1β) (Table 2). Indinavir and nelfinavir increased
TNFα secretion (2.1- and 2.1-fold, respectively) (Figure
2C) and mRNA expression (2.7- and 3-fold, respec-
tively) (Table 2) by 3T3-F442A adipocytes, whereas
ritonavir and lopinavir had lesser effects on TNFα
secretion (1.4- and 1.2-fold, respectively) (Figure 2C)
and mRNA expression (1.9- and 1.4-fold increases,
respectively) (Table 2). Chronic treatment with ampre-
navir altered neither TNFα secretion nor expression by
3T3-F442A differentiating adipocytes.

A 4-day PI treatment also affected cytokine secre-
tion (Figure 2) and mRNA expression (Table 2) by
mature 3T3-L1 adipocytes. The effects of nelfinavir,
lopinavir, ritonavir and amprenavir on IL-6 and IL-1β
secretion and expression were similar to their effects on
3T3-F442A differentiating adipocytes. However, none
of the PIs modified TNFα secretion or expression, and
indinavir had no effect in 3T3-L1 adipocytes. Except
for IL-6, the basal levels of cytokine secretion were in
the same range in 3T3-F442A and 3T3-L1 adipocytes.

The thymidine analogues stavudine and zidovudine
similarly altered proinflammatory cytokine secretion
in differentiating 3T3-F442A and mature 3T3-L1
adipocytes, as follows: 1.8- to 2.7-fold for IL-6 (Figure
2A), 1.2- to 1.5-fold for IL-1β (Figure 2B) and 1.5- to
2-fold for TNFα (Figure 2C). The increases in secretion
were closely matched by increases in expression: 1.7-
to 2.7-fold for IL-6, 1.4- to 2.8-fold for IL-1β and 2.3-
to 3.3-fold for TNFα (Table 2).

Thus, in contrast to the PIs, the NRTIs affected lipid
metabolism and cytokine secretion and expression
independently of adipocyte differentiation status. 

Effect of PIs and NRTIs on adiponectin secretion and
expression 
As shown in Figure 3A, all the PIs tested (indinavir,
nelfinavir, amprenavir, lopinavir and ritonavir)
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markedly reduced adiponectin secretion (by 50–95%)
by differentiating 3T3-F442A adipocytes. Adiponectin
mRNA expression fell by 15–70% in PI-treated cells
(Figure 3B). A 4-day treatment of 3T3-L1 mature
adipocytes with the PIs (except for amprenavir) also
reduced adiponectin secretion and expression, albeit to
a lesser extent (20–75 and 20–30%, respectively)
(Figure 3, right panels).

Stavudine and zidovudine also reduced adiponectin
secretion (by 75% and 70%, respectively) and expression
(by 35% and 30%, respectively) by 3T3-F442A
adipocytes (Figure 3, left panels). The effects were
lower than those of indinavir, ritonavir and lopinavir

(90–95% reduction in secretion). NRTI treatment of
mature 3T3-L1 adipocytes also inhibited adiponectin
secretion (by 50–65%) and expression (by 20%)
(Figure 3, right panels), indicating that the effects of
NRTIs are independent of differentiation status.

Effect of PIs and NRTIs on adipocyte apoptosis
The drugs that markedly increased TNFα secretion
(Figure 2C) and expression (Table 2) in 3T3-F442A
cells (indinavir, nelfinavir, stavudine and zidovudine)
also increased apoptosis, whereas those that moder-
ately increased TNFα production (ritonavir, lopinavir
and amprenavir) did not (Table 3). NRTIs, in contrast
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Figure 1. Chronic effects of PIs and NRTIs on lipid metabolism in 3T3-F442A and 3T3-L1 adipocytes

Differentiating 3T3-F442A cells and fully differentiated 3T3-L1 adipocytes were treated with PIs (indinavir, nelfinavir, amprenavir, ritonavir and lopinavir 10 µM) or
NRTIs (zidovudine 1 µM and stavudine 10 µM). (A) On day 8 (3T3-F442A) or day 12 (3T3-L1) of differentiation, cells were fixed and stained with Oil Red O; staining
was quantified at 520 nm and expressed as % ±SEM of untreated controls. *P<0.05, **P<0.01, ***P<0.001 versus control (black bars). (B) On day 7 (3T3-F442A) or day
11 (3T3-L1) of differentiation, cells were starved overnight and the effect of insulin on [14C] glucose incorporation into lipids was evaluated as described in Materials
and methods. The experiments were repeated three times on triplicate samples. The results were normalized to the protein content and expressed as % ±SEM of the
baseline value. *P<0.05, **P<0.01, ***P<0.001 versus insulin-stimulated lipogenesis in untreated cells (black bars).
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to PIs, induced apoptosis of mature 3T3-L1 adipocytes
(Table 3), to an extent related to their capacity to
increase TNFα production.

Discussion

We tested the individual effects of 4- to 12-day exposure
to antiretroviral drugs on differentiating (3T3-F442A)
and fully differentiated (3T3-L1) adipocytes in culture.
With the exception of amprenavir, the PIs and the
NRTIs markedly affected lipid metabolism, regardless
of differentiation status, with decreased lipid accumu-
lation and mRNA expression of the adipogenic
markers FAS and aP2, and inhibition of insulin-
induced lipogenesis. In contrast, the effects of indinavir
were clearly dependent on differentiation status, as
they were only observed with differentiating 3T3-
F442A adipocytes [14].

Chronic treatment of 3T3-F442A and 3T3-L1
adipocytes with PIs or NRTIs led to increased secretion
of the inflammatory cytokines IL-6, IL-1β and TNFα.
Nelfinavir, ritonavir, lopinavir, stavudine and zidovudine
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Table 1. Chronic effects of PIs and NRTIs on the expression of
the adipogenic markers FAS and aP2 in 3T3-F442A and 3T3-L1
adipocytes

3T3-F442A cell line

FAS mRNA level aP2 mRNA level 
(% of control) (% of control)

None 100 100
Indinavir 64.1 ±5.1*** 43.2 ±4.1***
Nelfinavir 65.0 ±6.7*** 61.3 ±3.1***
Amprenavir 96.3 ±8.0 90.2 ±8.9
Lopinavir 60.4 ±14.3*** 27.8 ±2.7***
Ritonavir 85.4 ±9.4*** 60.2 ±6.9***
Zidovudine 53.8 ±7.0*** 53.1 ±6.9***
Stavudine 56.3 ±5.4*** 52.1 ±9.4***

3T3-L1 cell line

FAS mRNA level aP2 mRNA level 
(% of control) (% of control)

None 100 100
Indinavir 94.5 ±13.3 94.2 ±11.0
Nelfinavir 59.5 ±10.9*** 67.3 ±8.6***
Amprenavir 104.9 ±12.4 93.4 ±11.9
Lopinavir 72.9 ±11.5* 66.8 ±9.5***
Ritonavir 76.9 ±10.5* 62.3 ±11.7***
Zidovudine 61.0 ±17.8* 40.2 ±7.8***
Stavudine 61.9 ±7.4*** 63.9 ±11.4***

Total RNA was extracted and subjected to real-time PCR as described in
Materials and methods. FAS and aP2 mRNA levels, normalized to 18S rRNA
expression, were determined relative to untreated cells. Results are % ±SEM of
control values in 6–15 experiments performed in duplicate. *P<0.05, ***P<0.001
versus control.

Table 2. Chronic effects of PIs and NRTIs on cytokine mRNA
expression in 3T3-F442A and 3T3-L1 adipocytes

IL-6 mRNA level (% of control)

3T3-F442A cell lines 3T3-L1 cell lines

None 100 100
Indinavir 265.3 ±14.1*** 99.6 ±13.6
Nelfinavir 299.8 ±20.0*** 224.4 ±46.8**
Amprenavir 110.6 ±5.9 102.0 ±11.3
Lopinavir 146.1 ±23.7*** 152.5 ±30.4**
ritonavir 194.5 ±19.1*** 88.3 ±9.1
Zidovudine 274.1 ±30.3*** 196.9 ±18.8***
Stavudine 169.3 ±12.2*** 171,0 ±21.5***

IL-1β mRNA level (% of control)

3T3-F442A cell lines 3T3-L1 cell lines

None 100 100
Indinavir 221.5 ±27.0*** 95.5 ±10.4
Nelfinavir 257.8 ±26.4*** 180.1 ±48.0*
Amprenavir 121.2 ±13.8 106.7 ±17.3
Lopinavir 201.7 ±30.4*** 168.6 ±28.5**
Ritonavir 251.2 ±31.8*** 182.5 ±54.0***
Zidovudine 282.5 ±35.7*** 185.3 ±30.2***
Stavudine 197.2 ±15.2*** 137.0 ±14.0**

TNFα mRNA level (% of control)

3T3-F442A cell lines 3T3-L1 cell lines

None 100 100
Indinavir 265.4 ±30.5*** 109.375 ±14.1
Nelfinavir 299.9 ±33.9*** 125.4 ±27.4
Amprenavir 110.6 ±17.2 104.0 ±13.8
Lopinavir 146.1 ±18.3*** 101.1 ±44.1
Ritonavir 194.5 ±19.3*** 98.6 ±15.2
Zidovudine 254.4 ±48.1*** 315.0 ±36.6***
Stavudine 231.5 ±42.7*** 333.7 ±58.7***

Total RNA was extracted and subjected to real-time PCR as described in
Materials and methods. IL-6, IL-1β and TNFα mRNA levels, normalized to 18S
rRNA expression, were determined relative to untreated cells. Results are %
±SEM of control values in 3–17 experiments performed in duplicate. *P<0.05,
**P<0.01, ***P<0.001 versus control.

Table 3. Chronic effects of PIs and NRTIs on 3T3-F442A and
3T3-L1 adipocyte apoptosis

% of cells in apoptosis

3T3-F442A cell line 3T3-L1 cell line

None 2.8 ±0.4 2.5 ±0.4
Indinavir 12.2 ±1.9*** 3.1 ±0.6
Nelfinavir 6.1 ±1.4*** 2.7 ±0.4
Amprenavir 3.3 ±3.3 3.2 ±0.1
Lopinavir 3.1 ±0.9 3.3 ±0.2
Ritonavir 2.7 ±0.2 3.3 ±0.2
Zidovudine 5.7 ±0.9*** 8.6 ±0.4**
Stavudine 10.7 ±1.4*** 6.2 ±2.2**

Cells were collected and subjected to flow cytometry as described in Materials
and methods. Results are the means ±SEM of 3–15 experiments. **P<0.01,
***P<0.001 versus control.



similarly increased IL-6 and IL-1β secretion and
expression in the two cell lines. In keeping with the
observed effects on lipid metabolism, indinavir failed
to increase IL-6 and IL-1β production in differentiated
3T3-L1 adipocytes, confirming the influence of
adipocyte differentiation status on the effects of indi-
navir. Indeed, the adverse effect of indinavir [13,19] on
3T3-F442A cell differentiation is probably responsible
for the cytokine hypersecretion.

IL-6 and IL-1β appear to be targets of the PIs and
NRTIs. IL-6 and IL-1β have autocrine and paracrine
effects and can alter adipocyte lipid metabolism, differ-

entiation [22,26] and survival [23], and could thus
contribute to HAART-induced lipoatrophy when over-
expressed. Since all cytokines function as a network
[21,23], it is possible that PI and NRTI effects on IL-
1β secretion by 3T3-F442A cells resulted from
increased levels of TNFα and/or IL-6, even though in
3T3-L1 mature adipocytes, PIs increased IL-1β secre-
tion without affecting TNFα production.

Adipocyte differentiation status also influenced the
effect of PIs on TNFα production. All the PIs, except for
amprenavir, increased TNFα secretion and expression
by differentiating 3T3-F442A cells, whereas they had
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Figure 2. Chronic effects of PIs and NRTIs on cytokine secretion in 3T3-F442A and 3T3-L1 adipocytes 

Differentiating 3T3-F442A cells and fully differentiated 3T3-L1 adipocytes were treated with PIs (indinavir, nelfinavir, amprenavir, ritonavir and lopinavir 10 µM) or
NRTIs (zidovudine 1 µM and stavudine 10 µM). On day 7 (3T3-F442A) or day 11 (3T3-L1) of differentiation, the medium was replaced and, 24 h later, the levels of
(A) IL-6, (B) IL-1β and (C) TNFα were determined with Quantikine Mouse ELISA tests. Results are expressed in pg/106cells/24 h ±SEM of 6–20 experiments performed
in duplicate. *P<0.05, **P<0.01, ***P<0.001 versus control (black bars).
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no effect on mature 3T3-L1 adipocytes. In contrast,
NRTIs increased TNFα production regardless of
differentiation status. These results confirm that PIs
and NRTIs alter adipocyte functions through different
mechanisms; the mitochondrial toxicity of the thymi-
dine analogues is probably implicated [8–10].

TNFα has both paracrine and autocrine effects on
adipocytes and can alter adipose cell functions by
decreasing differentiation [26] and insulin responsive-
ness [24]. A role of the TNFα system in the insulin
resistance associated with lipodystrophy has been
suggested, as circulating soluble TNFα receptor
(TNF-R1) concentrations are increased and correlate
negatively with insulin sensitivity [32]. We recently

reported [22] that high concentrations of IL-6 can alter
adipocyte insulin response. Thus TNFα and IL-6
hypersecretion induced by PIs and NRTIs might
contribute, at least in part, to the insulin resistance of
adipose tissue.

TNFα also plays a key role in cell apoptosis and
may be a driving force of PI- and NRTI-induced apop-
tosis of adipose cells. Apoptotic nuclei have been
observed in adipose tissue of patients on HAART
[11,34]. Here, the drugs that increased TNFα secretion
by 3T3-F442A adipocytes (indinavir, nelfinavir, stavu-
dine and zidovudine) also promoted their apoptosis. In
contrast, ritonavir, lopinavir and amprenavir had little
effect on either TNFα secretion or cell apoptosis. PIs

Figure 3. Chronic effects of PIs and NRTIs on adiponectin secretion and expression in 3T3-F442A and 3T3-L1 adipocytes 

Differentiating 3T3-F442A cells and fully differentiated 3T3-L1 adipocytes were treated with PIs (indinavir, nelfinavir, amprenavir, ritonavir and lopinavir 10 µM) and
NRTIs (zidovudine 1 µM and stavudine 10 µM). (A) On day 7 (3T3-F442A) or day 11 (3T3-L1) of differentiation, the medium was replaced and, 24 h later, the level of
adiponectin was determined with the B-Bridge ELISA kit. Results are expressed in ng/106cells/24h ±SEM of 4–10 experiments performed in duplicate. *P<0.05,
**P<0.01, ***P<0.001 versus control (black bars). (B) Total RNA was extracted and subjected to real-time PCR as described in Materials and methods. Adiponectin
mRNA levels normalized to 18S rRNA expression were determined relative to untreated control cells. Results are % ±SEM of control values in 6-12 experiments
performed in duplicate. *P<0.05, **P<0.01, ***P<0.001 versus control (black bars). 
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affected neither TNFα production nor apoptosis of
3T3-L1 mature adipocytes. The thymidine analogues
that up-regulated TNFα secretion in both 3T3-F442A
and 3T3-L1 cells also increased apoptosis in both
cell lines.

These data suggest that HAART-induced fat cell loss
could partly be mediated by the proapoptotic effect of
TNFα. Apoptosis could also be mediated by TNFα-
induced mitochondrial toxicity, as TNFα is known to
impair respiratory chain activity and to increase the
release of reactive oxygen species in a variety of
cells [42].

Circulating adiponectin levels are an index of insulin
sensitivity [21]. Adiponectin levels are subnormal in
serum [28,32,33,35,36] and adipose tissue [28,32,33]
of lipodystrophic patients on HAART. This is in
keeping with the reduced adiponectin secretion and
expression by 3T3-F442A and 3T3-L1 adipocytes after
PI treatment, effects that might contribute to the insulin
resistance observed in vivo [1,3,4]. Interestingly, indi-
navir and ritonavir, which have been found to cause
lipid metabolic disorders and, probably, insulin resis-
tance in vivo [5,6,37,43], decreased adiponectin secre-
tion by 90–95%. Our results are in keeping with those
of Xu et al. [37] obtained with mature 3T3-L1
adipocytes treated for 24 h with 20 µM nelfinavir, indi-
navir and ritonavir. Stavudine and zidovudine also
reduced adiponectin secretion (by 50–70%), regardless
of adipocyte differentiation status, suggesting that they
could aggravate the effect of PIs in HAART-treated
patients. In 3T3-L1 mature adipocytes, our finding
that NRTIs can induce both lipid leakage and apop-
tosis is in line with the lipoatrophic effect of
NRTIs [2–4].

Thiazolidinediones have been shown to increase
adiponectin expression [21] and to decrease TNFα and
IL-6 expression [21,22] in experimental models, and
might therefore have beneficial effects on HAART-
induced lipodystrophy. However, clinical data concerning
patients on HAART are controversial: thiazolidinediones
improved [44–46] or not [47,48] lipoatrophy, although
rosiglitazone increased adiponectin secretion [46,47,49]. 

IL-6, IL-1β and TNFα can suppress adiponectin
expression by adipocytes [21], supporting the concept
that these adipokines might function as a network,
each influencing the production of the others and
interacting in the regulation of local fuel metabolism.
Thus, the impact of PIs and NRTIs on adiponectin
production could be explained in part by our finding
that they increased IL-6, IL-1β and TNFα secretion
and expression.

In conclusion, our data show that individual PIs and
NRTIs can directly affect adipocyte functions and
induce hypersecretion of the cytokines involved in
apoptosis, lipid depletion and insulin resistance, which

could be an important link in the pathogenesis of
HAART-related lipodystrophy.
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