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ABSTRACT

HIV-protease inhibitors (PIs) markedly decreased mortality of HIV-infected patients. However, their use
has been associated with occurence of metabolic abnormalities the causes of which are not well under-
stood. We report here that lopinavir, one of the most prescribed PI, dose-dependently co-induced insulin
resistance and ER stress in human adipocytes obtained from differentiation of precursor cells.

Insulin resistance was subsequent to IRS1 phosphorylation defects and resulted in a concentration-
dependent decrease of glucose uptake. The major ER stress pathway involved was the phosphorylation
of elF2-a. Salubrinal, a selective elF2-o dephosphorylation inhibitor, induced insulin resistance by target-
ing IRS1 phosphorylation at serine 312 and acted synergistically with LPV when both drugs were used in
combination.

This study points out the key role of elF2-o phosphorylation in the development of Pl-associated insu-
lin resistance and ER stress. Thus, this protein represents a promising therapeutic target for development

of new PIs devoid of adverse metabolic effects.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Treatment of patients with HIV-protease inhibitors (PIs) has
considerably improved the survival and the quality of life of HIV-
infected patients, but their use is frequently hindered by an array
of metabolic adverse events [1]. Indeed, most patients treated with
Pls develop lipodystrophy, hyperlipidemia [2] and metabolic dis-
turbances, such as reduction of insulin-stimulated glucose uptake
[3]. As a result, insulin resistance develops in treated HIV patients
leading to type 2 diabetes [4].

Insulin resistance is multifactorial [5] and may result from modi-
fications of phosphorylations in the insulin signalling pathway, loss
of the glucose transporter Glut4, insulin receptor (IR) and Peroxisome
proliferator-activated receptor y (PPARY). Recently, a novel concept
of organelle disturbance affecting the endoplasmic reticulum (ER)
was implicated in disorders related to the adipose tissue [6,7]. The
ER is the main site for fatty acid and protein synthesis and protein
folding. Impairment of the ER function produces a stress-driven cel-
lular response which aims to circumvent it. Such ER stress response
(or Unfolded Protein Response: UPR) is a conserved evolutionary
mechanism occurring in physio-pathological situations to reduce
the disequilibrium between ER load and its folding capacity [8].
UPR triggers different responses involving the activation of
the 78 kDa glucose-regulated/binding immunoglobulin protein
(GRP-78 or BiP) [9] as a common initial stimulus. This leads to the
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phosphorylation of the alpha subunit of the eukaryotic initiation fac-
tor 2 (elF2-ot) on serine 51 and results in a transient attenuation of
protein biosynthesis within the ER, thus preventing further accumu-
lation of unfolded proteins. However, it may also lead to cellular
apoptosis, as a final protective mechanism for cells [8].

The association of lopinavir (LPV) with ritonavir (RTV) is a widely
effective PI combination and one of the most prescribed in devel-
oped countries [10]. PIs induce UPR and facilitate insulin resistance
in a number of murine and human cellular models [11-13]. Because
of their important role in glucose homeostasis [5] and as direct
pharmacological targets of PlIs [14], adipocytes play a determinant
role in the development of drug-induced insulin resistance. There-
fore we aimed to determine by which mechanisms LPV impairs
the insulin sensitivity of human adipocytes, and a possible link to
UPR activation. We used hMADS cells, a specific model of human
adipocytes, as they display on a long term basis stable expression
of specific adipocytes markers, lypolitic response to B-adrenorecep-
tor agonists, as well as secretion of adipokines [15,16]. In this model,
LPV impaired insulin signalling by decreasing the phosphorylation
of insulin receptor substrate 1 (IRS1). Concomitantly, PIs activated
UPR by phosphorylating elF2-a. Salubrinal (Sal), a selective elF2-o
dephosphorylation inhibitor [17], decreased IRS1 phosphorylation
at serine 312, therefore mimicking LPV effects. It synergistically
maximized LPV-induced insulin resistance at low concentrations.

These results shed new light on the cellular mechanisms by
which HIV-PIs modify insulin signalling in human adipocytes and
underline elF2-a phosphorylation as a determinant of Pls-associ-
ated metabolic disorders.
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Materials and methods

Reagents. LPV was obtained through the AIDS Research and
Reference Reagent Program (National Institute of Health, Bethesda,
MA, USA) and used as previously described [14]. Cell culture media
were purchased from LONZA (Levallois-Perret, France) and fetal
calf serum (FCS) from Dutscher S.A. (Brumath, France). Salubrinal
was obtained from VWR International SAS (Fontenay-sous-bois,
France). All the other products were purchased from Sigma-Al-
drich Chimie (Saint Quentin, France).

Cell culture. hMADS cells were grown and differentiated into
adipocytes as described previously [15]. After maximal differentia-
tion (typically 90% of cells differentiated 3 weeks after induction)
cells were placed for 48 h in Dulbecco’s modified Eagle’s medium
(DMEM) with 0.2% bovine serum albumin (BSA) before experi-
ments. Differentiated hMADS cells will further be referred as
hMADS adipocytes.

Preparation of cell extracts. hMADS adipocytes were incubated
for 48 h with LPV followed by a 15-min exposure to insulin
(10~’M), then rinsed in ice-cold phosphate buffered saline (PBS)
and solubilized in stop buffer (50 mM Hepes, pH 7.2, 150 mM Na(l,
10 mM ethylene-diamine-tetra-acetate, 10 mM Na4P,0,, 2 mM
NasVO,, 1% Triton X-100 (v/v) in presence of Complete™ protease
inhibitor cocktail (Roche)).

Western blotting. Equal amounts of protein were resolved by 7.5
or 10% SDS-PAGE under reducing conditions and transferred to
Immobilon-P membranes (Millipore Corp., Bedford, MA). Forty or
thirty micrograms of proteins were used for insulin signalling or
UPR measurements, respectively.

For immunoblotting assays, the detecting antibodies were:
mouse anti-phophotyrosine (Upstate), rabbit anti-IRS1 (Upstate),
rabbit anti-phospho-IRS1 (Ser307 for mouse or Ser312 for human)
(Upstate), rabbit anti-insulin receptor (Santa Cruz), mouse anti-
KDEL motif (Stressgen) to detect BiP [18], rabbit anti-phospho-
elF2-a (Ser51) (Cell Signaling Technology) and mouse anti-B-tubu-
lin I (Sigma).

The bound primary antibody was then detected by horse-
radish peroxidase-conjugated secondary antibody and visualized
by an electrochemical luminescence (ECL) detection kit
(Millipore).

Chemiluminescence was observed and quantified using a Fuji-
film LAS 3000 imager.

Intensity of the bands was measured using the Fujifilm Multi
Gauge software.

RNA extraction and polymerase chain reaction (PCR) analysis. To-
tal RNA was extracted using TRI-Reagent kit (Euromedex, France)
according to manufacturer’s instructions. CHOP-10 expression
was analysed using real time PCR after reverse transcription (RT)
performed using Superscript II reverse transcriptase (Invitrogen).
Reactions were carried out on an ABI Prism 7000 (Applied Biosys-
tem). For each PCR runs two master mixes containing SYBR green I
PCR Master Mix Plus (Applied Biosystem) and specific primers
were prepared. The first one was to amplify CHOP-10 contained
300nM of the following primers: Forward: 5-CATA-
CATCACCACACCTGAAAGC-3' and reverse: 5'-CCAAAGGAGAA-
AGGCAATGACT-3'. The second was to amplify 18S (used as an
internal control) contained 100 nM of the following primers: for-
ward: 5'-GCCCGAAGCGTTTACTTTGA-3/, reverse: 5-TCCATTAT-
TCCTAGCTGCGGTATC-3'. Gene expression was quantified using
the comparative C; method.

Glucose transport. Glucose transport was studied on hMADS adi-
pocytes starved overnight in DMEM containing 0.2% BSA. Cells
were then incubated in Krebs-Ringer phosphate buffer containing
0.2% BSA [3] for 4 h at 37 °C followed by treatment for 45 min with
insulin (100 nM) and 2-Deoxy-p-[2,6°H] glucose (Amersham,

Piscataway, NJ, USA) was added during the last 10 min (100 uM
of 2-Deoxy-p-glucose containing 0.5 puCi/ml of the tritiated form).
Glucose uptake was stopped by washing the cells with ice-cold
PBS followed by cell lysis in PBS containing 1% triton.

Statistical analysis. Results are shown as mean * standard error
of the mean (SEM) with the number of experiments indicated. Con-
tinuous variables and their change from control conditions were
analysed with Student t-test using Micrococal Origin 6.0 (Microco-
cal Software, Northampton, MA). Probabilities values <0.05 were
considered as statistically significant.

Results and discussion

We previously showed that both LPV and RTV impaired adipo-
cyte differentiation, while in fully differentiated hMADS adipocytes
they accumulated into lipid droplets [14]. LPV or RTV treatment of
hMADS adipocytes, neither induced any morphologic change as
compared to control nor modified the Glycerol 3-phosphate dehy-
drogenase (GPDH) activity indicating that metabolic changes were
unlikely to result from an alteration of the differentiation state of
hMADS adipocytes (see Supplemental data).

A
IRS1 total | B -
IR total | Mee— g— —— —
B-Tubulin | s
[LPV] pg/mi 0 10 5 2
B s
?
g 20— [OIrRs1
X HR —
£~
(O]
<§*é‘ 1.5 ]
o>
x5 ]
°E 10_| n
T 3
0 1
4
> 05
=
©
4
0! L
[LPV]gg/ml 0 10 5 2 0 10 5 2

Fig. 1. Lack of significant LPV effect on IRS1 and IR expression. (A) Lysates from
hMADS adipocytes treated or not with LPV (2-10 pg/ml) were analysed by Western
blots using anti-IRS1 (upper panel), anti-IR (medium panel) and anti-B-tubulin [
(lower panel) antibodies. Typical autoradiographs are shown. (B) Quantification of
IRS1 (white histograms) and IR (black histograms) expression levels. Histograms
represent signals normalised to the B-tubulin I signal. Control condition: cells with
no LPV treatment. Mean + SEM obtained from [LPV] =10 pg/ml (n=5) and others
concentrations (n=3) independent experiments are shown. p values were >0.05
(NS).
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Fig. 2. LPV dose-dependently decreases insulin signalling in hMADS adipocytes. hMADS adipocytes were treated for 48 h with LPV (1-10 pg/ml). Cell lysates were prepared
before and after insulin stimulation. (A) Cell lysates were analysed by Western blots using anti-phosphotyrosine (upper panel), and anti-IR (lower panel) antibodies. All bands
are issued from the same autoradiogram. (B) Quantification of IRS1-PY and IR-PY phosphorylation levels. The histograms represent the phosphorylation signals normalised to
the IR signal for cells stimulated with insulin (100 nM). Control condition corresponds to cells with no LPV. Mean + SEM obtained from 4 independent experiments are shown.
= indicates p < 0.05 and **x indicates p < 0.001 versus control condition. (C) Cell lysates were analysed by Western blots using anti-IRS1 phosphoserine 312. (D) LPV decreased
insulin-induced phosphorylation of IRS1 on serine 312. The histograms represent the phosphorylation signals normalised to the IR signal. Control condition corresponds to
cells with no insulin and LPV treatment and was referred as 1. Mean + SEM obtained from 3 independent experiments are shown. x+xp < 0.001. (E) LPV dose-dependently
decreased the insulin-stimulated glucose uptake. hMADS adipocytes were treated for 48 h with LPV (1-10 pg/ml). Cells were then incubated in the glucose transport solution
(4 h). Insulin-induced uptake of 2-Deoxy-p-[2, 6 *H] glucose was measured as described in Materials and methods and normalised to the amount of proteins present in each
well. The experiment presented is representative of 2 independent experiments with determinations performed in triplicate. (+*xp < 0.001).
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Fig. 3. Induction of ER stress by LPV. (A) hMADS adipocytes were treated for 48 h with various doses of LPV. Expression of BiP, Tubulin and phosphorylation of elF2-o. were
assessed from cell lysates by Western blots using specific antibodies. (B) Quantification of BiP expression levels and of elF2-o. phosphorylation levels. The histograms
represent the signals normalised to the B-tubulin I signal. Control condition corresponds to cells with no LPV. Mean + SEM obtained from 3 independent experiments are
shown. #x indicates p < 0.01. LPV augments BIP expression and elF2 phosphorylation. (C) hMADS adipocytes were treated for 48 h with various doses of LPV. CHOP-10 mRNA
expression was analysed by real time PCR and normalised for the expression of 18S RNA. The results represent the mean + SEM of 3 independent experiments carried out in
duplicate. xp < 0.05 for comparison of LPV treated cells to cells treated with vehicle (DMSO).
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We then checked the effects of LPV on insulin signalling. While
incubation of hMADS adipocytes with increasing doses of LPV (2-
10 pg/ml) did not induce significant changes of IRS1 and insulin
receptor expression (Fig. 1), similar concentrations inhibited signif-
icantly the insulin-induced phosphorylation of IRS1 on tyrosines
(Fig. 2A) and serine 312 (Fig. 2C) residues, in a dose dependent man-
ner. Phosphorylation of the insulin receptor was merely affected for
the highest dose of LPV only (Fig. 2A and B). At 10 pg/ml LPV, the
remaining insulin-induced phosphorylation of IRS1 on tyrosines
and serine 312 was below 50% of that of untreated cells, suggesting
an important impact of LPV on insulin signalling (Fig. 2B and D). As
a consequence, LPV dose-dependently blunted insulin-induced glu-
cose uptake. A 90% inhibition was observed at a concentration of
10 pg/ml (p < 0.001, Fig. 2E). These observations identify IRS1 phos-
phorylation defects as the main LPV targets in the insulin signalling
pathway leading to LPV-induced insulin resistance.

Basal IRS1 phosphorylation at serine 312 was detectable in con-
trol hMADS adipocytes, increased upon insulin application (Fig. 2C
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and D) and decreased dose-dependently with LPV treatment
(p <0.001; Fig. 2C and D), independently from a possible modifica-
tion of IRS1 protein expression (Fig. 1). Studies carried out in mur-
ine cell models show that various cytokines promote
phosphorylation of IRS1 on serine, blunting the transduction of
the insulin signal [19]. We never noticed such an increase in re-
sponse to LPV treatment in our cells (Figs. 2 and 4C). Therefore,
in human adipocytes, a decrease rather than an increase in IRS1
phosphorylation at serine 312, seems to be involved in insulin
resistance development. For example, rapamycin decreases both
phosphorylation of IRS1 at serine 312 and insulin sensitivity [20].
Modulation of IRS1 phosphorylation at serine 312 appears there-
fore capital to impair insulin signalling.

Beside its effect on insulin signalling, LPV dose-dependently
increased expression of the 75kDa protein GRP-78 or BiP
(p<0.01, Fig. 3A and B). This induced phosphorylation of
elF2-a (Fig. 3A and B) indicating that LPV up-regulates an UPR
pathway involved in translation attenuation. It further increased
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Fig. 4. Salubrinal decreases insulin signalling and glucose uptake in hMADS adipocytes. (A and B) hMADS adipocytes were incubated for 48 h in culture medium with 0.2%
BSA and then treated for 48 h with different doses of salubrinal or with LPV as indicated. Treatment with both compounds was performed with salubrinal (30 pM) and LPV
(1 pg/ml) (B). Insulin (100 nM) was added for 15 min. Cell lysates were analysed by Western blots using anti-phosphotyrosine (P-Tyr), anti-IRS1-phosphoserine, and anti-
insulin receptor (IR) antibodies. (C) Quantification of IRS1-PY and IRS1-P Ser 312 phosphorylation levels. The histograms represent the phosphorylation signals normalised to
the IR signal for cells stimulated with or without insulin (right and left panel, respectively). Control condition corresponds to cells with no LPV and no salubrinal. Mean + SEM
obtained from 3 independent experiments are shown except for [LPV] = 1 pg/ml (n = 5). #p < 0.05, *xp < 0.01 and =*xp < 0.001 versus control condition. (D) hMADS adipocytes
were treated for 48 h with salubrinal (10-100 uM), with LPV (1 pg/ml), or simultaneously with the two compounds. Insulin was added in presence of 2-Deoxy-p-[2, 6 *H]
glucose. Glucose uptake was normalised to the amount of proteins present in each well. The experiment presented is representative of 2 independent experiments with
determinations performed in triplicate. (xp < 0.05; *xp < 0.01; **«p < 0.001). LPV and Salubrinal had synergistic effects as compared to LPV or salubrinal alone.
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transcription of UPR associated genes such as CHOP-10 (Fig. 3C).
Long-term UPR responses, assessed by analysis of X-box binding
protein 1 expression, were not significantly changed by LPV, as
compared to control (data not shown), making it an unlikely can-
didate for the major UPR induced by LPV. Our observations fit with
the previously reported ER stress induced by PIs in various human
and murine cell models [12,13]. They elicit UPR consistently asso-
ciated with an increase in GRP-78 and CHOP-10 expression in the
murine 3T3-L1 model of adipocytes [12].

We compared the LPV-induced insulin resistance and UPR and
found that they were positively and highly significantly related to
LPV concentrations (see Supplemental data). The implication of
UPR in the induction of LPV-induced insulin resistance was assessed
pharmacologically using salubrinal: an inhibitor of elF2-o dephos-
phorylation [17]. Salubrinal (100-30 uM) decreased basal IRS1
phosphorylation at serine 312, but did not significantly affect basal
phophorylations IRS1 on tyrosines (Fig. 4C and Supplemental Fig. 3).
Thus the prime effect of salubrinal was to alter IRS1 phosphoryla-
tion at serine 312. In insulin-stimulated cells, both phosphorylation
at serine 321 and at tyrosines were affected (Fig. 4A and B and Sup-
plemental Fig. 3) indicating that salubrinal affects IRS1 in a general
manner. As a consequence, salubrinal alone (30-100 pM) induces
insulin resistance as observed through the significant decrease in
insulin-stimulated glucose transport (p < 0.05) (Fig. 4D).

The importance of this process in response to elF2-o
phosphorylation was evaluated by measuring LPV-induced insulin
resistance, in cells pretreated with salubrinal. At a concentration
of LPV devoid of significant effect on insulin signalling pathway
(1 pg/ml, Figs. 2 and 4B and C), salubrinal (30 uM) worsened the
insulin resistance as it dramatically reduced IRS1 phosphorylation
on both serine and tyrosine residues. Again, the insulin-stimulated
glucose uptake was dramatically decreased: when cells were trea-
ted with concentrations of salubrinal and LPV that do not separately
alter glucose transport (Fig. 4D), a striking decrease in glucose up-
take occurred. Therefore, these two drugs act synergistically to
aggravate insulin resistance.

These results indicate that phosphorylation of elF2-a is a key ele-
ment leading to the development of LPV-induced insulin resistance
in hMADS adipocytes by impairing preferentially IRS1 phosphoryla-
tion at serine 312. It remains to determine if this defect results from
a decrease in phosphorylation or an increase in phosphatase activity.

While previously described as a protective agent against ER
stress-mediated apoptosis [17,21], in our model, salubrinal in-
duced, rather than protected from, LPV-induced insulin resistance.
A similar observation has been made in a pancreatic p-cell model
[22], indicating that both adipocytes and pancreatic p-cells tolerate
poorly an uncontrolled elF2-o. phosphorylation. Whether potentia-
tion of LPV effect by salubrinal results from convergence of ER
stress and other distinct pathways such as disturbance in oxidative
metabolism [23] remains to be established.

In conclusion, LPV alters the differentiation and cytokine pro-
duction [14] of human adipocytes, induces an UPR, decreases insu-
lin-stimulated glucose uptake and facilitates the development of
insulin resistance. We identified elF2-a phosphorylation as a cor-
nerstone for impairing insulin signalling in response to LPV and/
or to salubrinal. The identification of such a target is an important
step to help design new drugs devoid of adverse pharmacological
effects, therefore minimizing the overall increase of cardio-meta-
bolic risk associated with HIV-PIs.
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