
 

Copyright © 2003 by Lipid Research, Inc.

 

This article is available online at http://www.jlr.org

 

Journal of Lipid Research

 

Volume 44, 2003

 

103

 

The effects of protease inhibitors on basal and
insulin-stimulated lipid metabolism, insulin binding,
and signaling

 

Catarina Cammalleri*

 

,†

 

 and Ralph J. Germinario

 

1,

 

*

 

,†,§,

 

**

 

Lady Davis Institute,* SMBD-Jewish General Hospital, Quebec, Canada; Concordia University,

 

†

 

 Department 
of Biology, Quebec, Canada; McGill University,

 

§

 

 Department of Medicine, Quebec, Canada; and McGill AIDS 
Center,** Montreal, Quebec, Canada

 

Abstract The objective of our research was to investigate
the effects of the protease inhibitors ritonavir, saquinavir,
and indinavir on triglyceride synthesis, lipolysis, insulin bind-
ing, and signaling in differentiating 3T3 L1 pre-adipocytes.
Saquinavir, ritonavir, and indinavir all stimulated triglyceride
(TG) synthesis. Additionally, all concentrations of protease
inhibitors employed (i.e., 0.1 

 

�

 

M to 10 

 

�

 

M) significantly de-
creased insulin-stimulated TG synthesis. No effects of any
of the protease inhibitors were observed either on basal li-
polysis or after stimulation of lipolysis with 100 nM nor-

 

adrenaline. Specific 

 

125

 

I-insulin binding was observed to be

 

decreased by exposure to all the protease inhibitors
throughout the period of adipocyte phenotype development.
This was mediated by indinavir through a receptor decrease
and had no effect on receptor affinity. During differentiation
with ritonavir (i.e., 1–11 days post addition of differentiating
cocktail), insulin receptor substrate-1 (IRS-1) tyrosine phos-
phorylation was ascertained (day 11) and found to be de-
creased in the ritonavir exposed cells when compared with
control cells. The results reported herein demonstrate pro-
tease inhibitor effects on basal TG synthesis while exhibiting
decreased insulin-stimulated TG synthesis at physiological
concentrations of protease inhibitors.  These effects may
be subsequent to decreased insulin binding and/or IRS-1
tyrosine phosphorylation.

 

—Cammalleri, C. and R. J. Germi-
nario.
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Dramatic changes in the morbidity and mortality of
HIV-1 have been observed in the aftermath of the use of
combination therapy to treat these patients. Additionally,
many patients on this highly active antiretroviral therapy
(HAART) exhibited multiple metabolic perturbations

 

such as altered body fat distribution (1–4) that included
peripheral fat atrophy (1, 2) and central adiposity (3, 4).
In concert with this, increased serum glycerol and triglyc-
erides were observed. Additionally, the patients demon-
strated higher than normal insulin levels suggestive of in-
sulin resistance (5, 6). The degree of lipodystrophy in
patients varies but has been reported to be greater than
80% in one study (5). The cause of these HAART associ-
ated perturbations is unknown and has been suggested to
involve multiple sites (7–10). Unlike the reverse tran-
scriptase inhibitors that suppress replication of the viral
genome, the protease inhibitors inhibit virus maturation,
limiting the infectivity of the virus particles (11). All this
notwithstanding, the “syndrome” is reminiscent of the in-
sulin-resistant state known as Syndrome X (12). Clearly,
these metabolic perturbations may be related to the etiol-
ogy of cardiovascular disease and/or diabetes.

The study reported herein investigated the effects of
several protease inhibitors (PI) (e.g., saquinavir, indinavir,
and ritonavir) on basal and insulin-stimulated triglyceride
(TG) synthesis in differentiating 3T3 L1 pre-adipocytes in
vitro. Additionally, the PI effects on lipolysis, insulin bind-
ing, and early insulin signaling have been studied. To this
end, we have found that the PI induced decreased insulin-
stimulated TG synthesis, insulin binding, and early insulin
signaling. No effects on PI stimulated lipolysis were ob-
served.

MATERIALS AND METHODS

 

Cell culture

 

3T3 L1 pre-adipocytes were cultured in 10% DMEM (v/v) fetal
calf serum, penicillin (100 U/ml), and streptomycin (100 U/ml)

 

Abbreviations: HAART, highly active antiretroviral therapy; IRS-1,
insulin receptor substrate-1;

 

 

 

PI, protease inhibitors; TG, triglyceride.
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at 37

 

�

 

C in a 5% CO

 

2

 

 humidified incubator. On reaching conflu-
ence (

 

�

 

4 days), the cells were exposed to differentiation me-
dium (containing 167 nM insulin, 0.5 mM isobutylmethylxan-
thine (IBMX), and 0.25 

 

�

 

M dexamethasone in 10% DMEM) for
3 days (13). The cells were then incubated in 10% DMEM with
167 nM insulin for another 3 days, after which they were main-
tained in 10% DMEM for 4 days (media not containing insulin).
All HIV PI were dissolved in DMSO and diluted with 10%
DMEM. The highest concentration of DMSO employed in exper-
iments was 0.001%. PI was added throughout differentiation of
the 3T3 L1 cells. In some cases, acute exposure was employed
and this is noted in the experiments so performed.

 

Triacylglycerol synthesis

 

3T3 L1 pre-adipocytes were grown and differentiated in 24
well plates at 1 

 

�

 

 104 cells/ml/well. At precisely 3 or 11 days post-
induction, 3T3 L1 cells were serum starved overnight in MEM, 5
mM 

 

d

 

-glucose, and 0.1% BSA. The cells were then incubated
with insulin in MEM for 6 h. 

 

d

 

-[

 

14

 

C(U)]glucose (2.2 dpm/pmol)
was then added for 18 h at 37

 

�

 

C in a humidified incubator with
5% C0

 

2

 

. The cells were then placed on ice and the medium re-
moved after which the monolayers were washed 3

 

�

 

 with PBS at
4

 

�

 

C. Triglycerides were then extracted for 30 min 2

 

�

 

 with 1 ml
isopropanol-heptane (2:3; v/v) and collected after extraction
with alum (14, 15). The incorporation of 

 

d

 

-[

 

14

 

C]glucose into
triglycerides was determined by scintillation counting. Cell
monolayers were dissolved in 1 ml 1 N NaOH and protein mea-
sured by the Lowry method (16).

 

Lipolysis

 

Lipolysis experiments were conducted using a glycerol assay
from Sigma Diagnostics (procedure #337). The glycerol pro-
duced from the hydrolyzed triglycerides was measured after 6 h
or 24 h with or without 100 nM noradrenaline. At this point, 10

 

�

 

l of media from each sample was added to 1 ml of GPO-Trinder
reagent in a cuvet and the OD was read at 540 nm. All samples
were corrected for absorbance blanks and the concentration in
each sample was determined per unit of protein using the Lowry
method for determination of cell protein.

 

Insulin binding

 

3T3 L1 adipocytes throughout differentiation were washed
twice with 20

 

�

 

C Hank’s HEPES balanced salt solution (HHBS)
containing 0.1% BSA, pH 7.4.

The cells were then exposed to 

 

125

 

I-insulin (1 ng/ml) alone
or with a large excess of unlabeled insulin (40 

 

�

 

g/ml) (non
specific binding) for 2 h on a rotary shaker at room tempera-
ture (17). At this time, the cell monolayers were washed 4

 

�

 

with 4

 

�

 

C HHBS. Samples were solubilized in 1 ml of 1 N NaOH
and counted in a gamma counter. Protein analysis was per-
formed on separate samples using the Lowry method (16). For
studies on competitive displacement of labeled 

 

125

 

I-insulin by
cold insulin, slight modifications of the protocol were em-
ployed. Cold insulin was employed from 0.6 ng/ml to 40,000
ng/ml.

 

Preparation of whole cell extracts

 

3T3 L1 adipocytes were washed twice with 4

 

�

 

C PBS and solubi-
lized in RIPA buffer (1

 

�

 

 PBS, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mM PMSF, 1 

 

�

 

g/ml aprotinin, 1 

 

�

 

g/
ml leupeptin, 1 

 

�

 

g/ml pepstatin, 1 mM sodium vanadate, and 1
mM sodium fluoride). The samples were gently rocked for 15
min at 4

 

�

 

C to aid in solubilization of the cells. The lysates were
centrifuged at 11,000 

 

g

 

 for 15 min at 4

 

�

 

C. Protein content was de-
termined using a modified Lowry assay for the supernatant fluid
which represented the whole cell lysate.

 

Immunoprecipitation

 

Two hundred fifty microliters of cell lysate protein was placed
in a microcentrifuge tube to which we added 2 

 

�

 

g of anti IRS-1.
After gentle shaking overnight at 4

 

�

 

C, the immunocomplex was
captured by adding 50 

 

�

 

l of Protein A agarose bead slurry
(25%). The reaction mixture was shaken at 4

 

�

 

C for 2 h. The aga-
rose beads were collected by centrifugation at 1,500 

 

g

 

 in the cold
for 5 min. The beads were washed three times with PBS and then
resuspended in 50 

 

�

 

l of 2

 

�

 

 Laemmli sample buffer with 

 

�

 

-mer-
captoethanol and boiled for 5 min. The beads were pelleted and
Western analysis performed on the supernate.

 

Western analysis

 

Cell lysate proteins (i.e., 40 

 

�

 

g per lane) were mixed with 4

 

�

 

Laemmli buffer. The blots were washed with PBST (0.1% Tween)
and probed with rabbit anti mouse polyclonal antibodies in ap-
propriate blocking reagents for 1 h at room temperature. The
membranes were washed again with PBST and incubated with
horseradish peroxidase (HRP) secondary antibody. The blots
were then incubated with the chemiluminescence detection re-
agents (ECL Amersham) prior to exposure to Kodak X-Omat
Blue film. The intensity of the bands was quantitated using UN-
SCAN-IT computer software (Silk Scientific).

 

Statistics

 

All analyses represent triplicate experiments with triplicate
plates in each experiment. The statistical analyses employed
herein include the Student’s 

 

t

 

-test and one-way ANOVA. The
level of significance was set at 

 

P

 

 

 

�

 

 0.05. All data 

 

�

 

 SEM.

 

RESULTS

It can be seen from the data in 

 

Fig. 1

 

 that insulin-stimu-
lated triglyceride synthesis at both 3 and 11 days post-induc-
tion. These time intervals were chosen since they represent
early and fully mature 3T3-L1 adipocytes. In these groups,
the peak times of TG synthesis were similar. The basal and
insulin-stimulated levels of triglyceride synthesis were 

 

�

 

6-
fold higher in the day-11 cells at 3.35 nM insulin while at the
same concentration of insulin in the day-3 cells a 2-fold in-
crease was seen. Additionally, our interests were on the ef-
fects of several PI on triglyceride synthesis in the absence of
3.35 nM insulin. The highest concentration of PI chosen
was 10 

 

�

 

M (i.e., a physiologically relevant concentration)
and three PI were chosen for our investigations (i.e.,
saquinavir, ritonavir, indinavir). Subsequently, our first ques-
tion was to determine if triglyceride synthesis (i.e., no insu-
lin used) was affected by ritonavir, saquinavir, or indinavir.
In 

 

Table 1

 

, cells that were induced to differentiate for 3 days
showed a concentration dependent increase in TG synthe-
sis. Both saquinavir and ritonavir at 1.0 

 

�

 

M and 10.0 

 

�

 

M
concentrations exhibited significant increases in TG synthe-
sis (

 

P

 

 

 

�

 

 0.05; one-way ANOVA; n 

 

�

 

 3). Similarly, a signifi-
cant increase in TG synthesis was seen for the indinavir
group throughout the range of concentrations employed
(

 

P

 

 

 

�

 

 0.05; one-way ANOVA; n 

 

�

 

 3). At 10 

 

�

 

M, no effects on
total cell protein were observed on 3T3 cells after 11 days ex-
posure to ritonavir or indinavir (i.e., in control cells 0.6 

 

�

 

.06 mg protein/plate was determined while in 10 

 

�

 

M
ritonavir, 0.67 

 

�

 

 0. 08 mg p/plate and in 10 

 

�

 

M indinavir-
exposed cells 0.72 

 

�

 

 0.01 mg p/plate was determined; n 

 

�
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11–14). Similar results on total cell protein were seen at 1.0

 

�

 

M PI throughout the differentiation period (days 0, 4, 7,
and 11; data not shown). Additionally, at 10 

 

�

 

M PI, less than
10% toxicity was observed for the three PI employed in this
study (CellTiter, Promega cell proliferation assay).

We found that insulin-stimulated TG synthesis was quanti-
tatively different between 3T3 L1 cells that are at 3 days dif-
ferentiation versus 11 days differentiation (Fig. 1). Although
we observed increased TG synthesis with all the concen-
trations of PI tested, we saw that insulin-stimulated TG
synthesis in differentiating day 3 cells was significantly
decreased at all concentrations of PI tested (i.e., 0.1, 1.0 and
10.0 

 

�

 

M) (

 

P

 

 

 

�

 

 0.05; one-way ANOVA; n 

 

�

 

 3) (

 

Table 2

 

). A
maximal concentration of insulin (i.e., 3.35 nM) (Fig. 1.)
was employed and TG synthesis was reduced by PI (i.e.,
nmoles 

 

d

 

-[

 

14

 

C]glucose incorporated into TG /mg pro-
tein/18 h). On average, insulin-stimulated TG synthesis
was decreased 34–35% by saquinavir and indinavir, and
54% by ritonavir at 10.0 

 

�

 

M concentrations of these PI
(Table 2.). In mature adipocytes (day 11 cells), decreased
insulin-stimulated TG synthesis was seen in the ritonavir-
exposed group at a concentration of 10.0 

 

�

 

M ritonavir
(

 

�

 

40%; data not shown).

Our next series of experiments was directed at deter-
mining the effects of ritonavir, saquinavir, and indinavir
on lipolysis. We found that 1.0 

 

�

 

M and 10.0 

 

�

 

M of
saquinavir, ritonavir, or indinavir exhibited no increased
lipolysis (i.e., as measured by glycerol release) in day 11
adipocytes. All values ranged between 3.25 mM 

 

�

 

 0.13
mM glycerol release to 4.8 mM 

 

�

 

 0.8 mM glycerol release for
controls and PI at all concentrations tested, (

 

P

 

 

 

	

 

 0.05; one-
way ANOVA; n 

 

�

 

 3). Increasing lipolysis with noradrenaline
(100 nM) lead to increased lipolysis in the control and PI
treated groups. Again, no differences in lipolysis were
observed in the noradrenaline plus PI treated groups,
the range of values being 12.2 mM 

 

 

 

�

 

 0.5 mM glycerol re-
leased for controls to 16.8

 

 

 

mM 

 

�

 

 4 mM glycerol release
for all PI tested, (

 

P

 

 

 

	

 

 0.05; one-way ANOVA; n 

 

�

 

 3).
We next investigated any changes in specific 

 

125

 

I-insulin
binding that might occur in the presence of the various PI.
The differences seen in specific 

 

125

 

I-insulin binding during
the course of differentiation are shown in 

 

Fig. 2

 

. It can be
seen that the decreased specific 

 

125

 

I-insulin bound was appar-
ent on all days postinduction of differentiation in the pres-
ence of 1.0 

 

�M PI. Further, the data in Fig. 3 indicated that
at the 1.0 �M and 10.0 �M concentrations of PI employed,
125I-insulin specifically bound was decreased. In short, all PI
significantly decreased 125I-insulin binding to the 3T3 L1 adi-
pocytes (P � 0.05; one-way ANOVA; n � 3) in a dose depen-
dent fashion. The differences seen in the binding between
Fig. 2 and Fig. 3 can be attributable to the state of the cells,
the degree of differentiation, or experimental variability. In
Fig. 4A and 4B, we show the competitive displacement of la-
beled insulin by increasing amounts of unlabeled insulin in
the form of a Scatchard plot. In Fig. 4A, the data gave us the
Kd for the high affinity binding site for control cells (e.g.,
0.69 nM), while in Fig. 4B the Kd for the indinavir-exposed
cells was 0.57 nM. The total insulin bound was higher in the
control cells versus indinavir-exposed cells (e.g., being 10.5 vs.
6 fmoles/mg p, respectively). The low affinity sites had simi-
lar slopes yielding a Kd for control cells of 21 nM and 14 nM
for the indinavir-exposed cells. The indinavir-exposed cells
had decreased insulin binding versus the control cells (i.e.,
9.5 vs. 29.5 fmol/mg p, respectively). This suggested that the

Fig. 1. The effect on insulin on 3T3 L1 adipocytes 3 days and
11 days postinduction of the adipocyte phenotype. Three-day
(squares) and 11-day cells (triangles) are shown. The data rep-
resent the average of three experiments (triplicate plate in each
experiment) � SEM.

TABLE 1. The effect of different protease inhibitors on basal triglyc-
eride synthesis in 3T3 L1 adipocytes 3 days postinduction

Triglyceride Synthesis

Treatment 0 �M 0.1 �M 1.0 �M 10 �M

nmoles D-[14C]glucose/mg protein/18 h
Protease inhibitor 

Saquinavir 8 � 0.05 10.1 � 1.0 11 � 0.02a 17 � 1.0a

Indinavir 8 � 0.05 10.5 � 0.01b 13.5 � 0.02b 17.5 � 0.01b

Ritonavir 8 � 0.05 10.4 � 0.13 12 � 0.02c 17 � 1.5c

Cells were exposed to drugs continually (4 days pre-differentiation
and 3 days postinduction of differentiation). Basal means that no PI (and
no insulin) was present in the media. Only PI were added to the treat-
ment media (i.e., 0.1 �M to 10 �M). Triglyceride synthesis was determined
as described in Materials and Methods. All data � SEM.

a Significantly elevated, one-way ANOVA, P � 0.05, n � 3.
b Significantly elevated, one-way ANOVA, P � 0.05, n � 3.
c Significantly elevated, one-way ANOVA, P � 0.05, n � 3.

TABLE 2. The effect of different protease inhibitors on insulin-
stimulated triglyceride synthesis in 3T3 L1 adipocytes three days

postinduction of differentiation

Triglyceride Synthesis

Treatment 0 �M 0.1 �M 1.0 �M 10.0 �M

D-[14C]glucose/mg protein/18 h
Protease inhibitor

Saquinavir 43 � 2 30 � 0.1a 30 � 0.5a 28 � 2
Indinavir 43 � 2 29 � 0.3b 28 � 1b 28.5 � 0.8b

Ritonavir 43 � 2 28 � 2c 30 � 0.2c 20 � 4c

Cells were treated as described in Table 1. The control data repre-
sented maximal stimulation of TG synthesis with no PI present. For
insulin stimulation, the cells were exposed to 3.35 nM insulin for 6 h,
followed by an 18 h pulse with d-[14C]glucose. Triglyceride synthesis was
determined as described in Materials and Methods. All data � SEM.

a Significantly decreased, one-way ANOVA, P � 0.05, n � 3.
b Significantly decreased, one-way ANOVA, P � 0.05, n � 3.
c Significantly decreased, one-way ANOVA, P � 0.05, n � 3.
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affinity of the receptor for insulin was not different but that
the differences in specific 125I-insulin binding reside at the
receptor number (18).

There has been much controversy concerning the effects
or lack thereof of PI on insulin signaling (9, 19, 20). Thus,
we decided to investigate insulin effects on IRS-1 in 3T3
L1 adipocytes 11 days postinduction of differentiation.
The data in Fig. 5A indicated that up to 11-day exposure
to 1.0 or 10.0 �M ritonavir did not affect the total IRS-1
protein. The ratio of insulin-control (
20 nM insulin
for 15 min) of total IRS-1 protein was similar for all
groups (e.g., 1.4 for control, 0.6 for 1 �M ritonavir, and
1.0 for 10.0 �M ritonavir). In Fig. 5B, the data obtained
for tyrosine phosphorylated IRS-1 showed a large in-
crease in the insulin-control group (3.75:1), while the
same ratio obtained for the 1.0 �M and 10.0 �M
ritonavir groups was considerably lower (1.51 and 1.53,
respectively). The data indicated that tyrosine phosphor-
ylated IRS-1 was not stimulated as effectively in 11 day
exposed cells. There were trends seen toward a differ-
ence in total IRS-1 protein � PI but no significant differ-
ences were found.

DISCUSSION

The data reported herein demonstrate that the PI
(ritonavir, saquinavir, and indinavir) increased the basal
(i.e., no insulin, no PI) rate of TG synthesis. Even with

this increased rate of PI-increased TG synthesis, it was
observed that insulin-stimulated TG synthesis was signif-
icantly decreased at 0.1 �M concentrations (as well as
1.0 �M and 10.0 �M) of the PI tested (i.e., saquinavir,
ritonavir, or indinavir). This clearly indicated that expo-
sure to varying concentrations of PI resulted in reduced
insulin-stimulated TG synthesis. Additionally, others (21)
have shown that PI can inhibit insulin-stimulated TG synthe-
sis. Further, they showed decreased TG synthesis employing
PI alone. However, they employed concentrations of 66 �M
to 330 �M indinavir and 15 �M to 70 �M ritonavir at consid-
erably higher concentrations than those employed herein,
and for the most part nonphysiological. As far as we know, no
other reports have been published on these effects of PI stud-
ied on TG synthesis.

Next, we investigated if TG lipolysis was affected by the
PI employed herein. Our data indicated that 1.0 �M and
10.0 �M of saquinavir, ritonavir, or indinavir had no effect
on basal (i.e., no insulin and no PI present) lipolysis. Fur-
ther, increased lipolysis induced by 100 nM nor adrena-
line did not uncover any additional lipolytic effects in-
duced by the PI tested while 100 nM noradrenaline
increased lipolysis nearly 4-fold. These results on lipolysis
did not agree with those reported by others (8, 19, 20).
The differences, however, could have been due to the use
of a different PI (i.e., Nelfinavir) in the studies cited (8, 19,
20) and the PI concentrations employed (maximum con-
centrations used in other studies (8, 22–24) (	20.0 �M).
Also, our protocol had PI present during fat cell differen-
tiation while others did not expose the adipocytes until
differentiation was complete, upon which the PI was
added for 18 h–48 h before measuring lipolysis (8). Addi-
tionally, several different adipocyte models were em-
ployed. These included the 3T3 L1 pre-adipocytes (this
study), 3T3 F442A pre-adipocytes (19), and C3H10T1/2
cells (8) Further, the concentrations of PI used in this
study are in the physiological range (3–5). The clinical ev-
idence on insulin resistance and adiposity indicated that
multiple sites are affected in fat tissue (23, 24). Our data
indicate that the effects of PI while elevating basal TG syn-
thesis are not manifested by increased insulin-stimulated
TG synthesis. In concert with this, the lack of effect on li-
polysis have further demonstrated the complexity of the
effects of PI on the adipose tissue mass (25, 26). Periph-
eral fat and visceral fat have been shown to behave differ-
ently in vivo (25, 26). We feel that the data presented

Fig. 2. The changes in specific 125I-insulin bound during adipo-
cyte induction in control (closed squares) or in the presence of 1
�M of ritonavir (open triangles), saquinavir (closed triangles), and
indinavir (filled squares). The data represent three experiments
(triplicate plates in each experiment) � SEM.

Fig. 3. The effects of different concentrations of protease inhib-
itor on 125I-insulin specifically bound. The 11-day 3T3 L1 adipo-
cyte control is compared with 3T3 L1 cells differentiating in the
presence of 1.0 �M and 10.0 �M concentrations of indinavir
(Ind), ritonavir (R), and saquinavir (S). All groups exposed to
protease inhibitors express significantly decreased 125I-insulin
binding (n � 3, one-way ANOVA, * P � 0.05). Data � SEM.
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herein show key events on TG synthesis and breakdown
that may help explain the effects of treatment with
HAART. This is especially so since different fat depots
handle free fatty acids differently (26–28). Further, it has
been argued succinctly that not all fat is the same (28).

Our data has shown that 1.0 �M ritonavir, saquinavir, or
indinavir lead to decreased specific 125I-insulin binding
throughout the period of induction of adipocytes. At this
concentration (i.e., 1.0 �M), no apparent effects of PI on
adipocyte differentiation have been seen (10, 19, 26). Spe-
cific 125I-insulin binding was decreased with increasing
concentrations of PI employed with indinavir exhibiting
the maximal insulin binding inhibition. This data agreed
in part with that published by others (19) using indinavir
in 3T3-F442A adipocytes. In the study reported herein,
Scatchard analysis of the insulin binding data indicated
that receptor affinity was not affected, but total insulin
binding was decreased by indinavir exposure when com-
pared with control cells.

Our data on early induction of differentiation on the
3T3 L1 pre-adipocyte showed that total IRS-1 protein was
not appreciably changed by long-term exposure to 1.0 �M
or 10.0 �M ritonavir (11 days). This was in the presence
or absence of 20 nM insulin for 20 min. Analysis of ty-
rosine phosphorylation of IRS-1 demonstrated an in-
creased ratio in the insulin-treated group versus versus
control cells (3.75:1). In the ritonavir-treated group, a de-
creased tyrosine phosphorylation ratio of IRS-1 � insulin
was observed at both 1.0 �M and 10.0 �M ritonavir

(�insulin treatment groups, 1.5 and 1.53, respectively).
Others (9, 19, 20) have reported that no early signal
changes could be observed with the use of PI, while de-
creased PKB phosphorylation has been shown to occur
with the use of Nelfinavir (20). The differences seen could
relate to the protocols employed in our study when com-
pared with others that were quite different. The differ-
ences included 1) the type and concentration of PI em-
ployed, such as Nelfinavir (19) versus ritonavir (this
study); 2) the exposure time to the PI, e.g., 4 h (9), 18 h
(20) versus 11 days (this study); 3) the cell type used 3T3
F442A pre-adipocyte (19) versus 3T3 L1 preadipocyte
(this study); and 4) the concentration of insulin used, e.g.,
100 nM (19, 20), 1,000 nM (9) versus 20 nM (this study).
Regarding the latter studies (9), indinavir was employed
at a concentration of 100 �M for 4 h and insulin at 1,000
nM. These studies are not directly comparable to those

Fig. 4. Scatchard analysis of 125I-insulin binding in 3T3 L1 adipo-
cytes in control and 10 �M indinavir-exposed cells for 11 days. A:
Control 3T3 L1 adipocytes. B: Indinavir-exposed 3T3 L1 adipo-
cytes. The Kd are in nM units and the binding units are fmoles/mg
protein. All data represent the mean of three experiments � SEM.

Fig. 5. A: The effect of ritonavir on IRS-1 tyrosine phosphorylation.
A representative scan of total IRS-1 protein (A) in control versus
ritonavir-treated cells 11 days (40 �g protein present in each lane) and
tyrosine phosphoylated IRS-1. B: Insulin exposure was for 15 min to
cells exposed as in A (11 days to ritonavir). Lanes 1–6 are the same for
both panels: lane 1, control; lane 2, 
2 nM insulin; lane 3, 
1 �M
ritonavir; lane 4, 
1 �M ritonavir, 
20 nM insulin; lane 5, 
10 �M
ritonavir; lane 6, 10 �M ritonavir 
20 nM insulin. The data is rep-
resentative of two different experiments.
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described herein. Also, 100 �M indinavir is higher than
what is seen physiologically (8). The changes seen in the
differentiating 3T3 L1 pre-adipocyte indicated that ma-
ture adipocytes versus differentiating adipocytes respond
differently to different PI.

In summary, we have shown that basal and insulin-
stimulated TG synthesis is modulated by saquinavir,
ritonavir, and indinavir at physiological concentrations.
No effects of PI on lipolysis were observed. However stud-
ies on specific 125I-insulin binding indicated that low PI
(i.e., saquinavir, ritonavir, and indinavir) concentrations
resulted in decreased specific125I-insulin binding in the PI
exposed groups. This lower specific125I-insulin binding is
the result of no change in insulin-receptor affinity but re-
flects a decreased insulin receptor number or interaction
at the insulin-receptor interface. Further, we have observed
that IRS-1 tyrosine phosphorylation was decreased in the
ritonavir-exposed cells. The exact mechanism(s) by which
the PI generate this multiple series of perturbations is not
exactly known, but the results indicated that a more exact-
ing picture of the mechanism(s) involved in PI exposed
cells can be obtained. Of considerable interest are the dif-
ferences seen between studies on differentiating adipo-
cytes and mature adipocytes in vitro.
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REFERENCES

1. Miller, K. D., E. Jones, J. A. Yanovski, R. Shankar, I. Feurstein, and
J. Falloon. 1998. Visceral abdominal fat accumulation associated
with use of indinavir. Lancet. 351: 871–875.

2. Kotler, D. P., K. Rosenbau, J. Wang, and R. N. Pierson. 1999. Studies
of body composition and fat distribution in HIV-infected and control
subjects. J. Acquir. Immune Defic. Syndr. Hum. Retrovirol. 20: 228–237.

3. Carr, A., K. Samaras, and S. Burton. 1998. A syndrome of periph-
eral lipodystrophy, hyperlipidemia and insulin resistance in pa-
tients receiving HIV protease inhibitors. AIDS. 12: F51–F58.

4. Carr, A., K. Samaras, D. J. Chisholm, and D. A. Cooper. 1998. Patho-
genesis of HIV-1 protease inhibitor-associated peripheral lipodystro-
phy, hyper lipidemia and insulin resistance. Lancet. 351: 1881–1883.

5. Carr, A., K. Samaras, A. Thorisdottir, and G. R. Kaufman. 1999. Di-
agnosis, prediction, and natural course of HIV-1 protease inhibitor
associated lipodystrophy, hyperlipidemia and diabetes mellitus:
a cohort study. Lancet. 353: 2093–2099.

6. Walli, R., O. Herfort, G. M. Michl, T. Demant, H. Jager, C. Dieterle,
J. R. Bogner, R. Langraf, and F. D. Goebel. 1998. Treatment with
protease inhibitors associated with peripheral insulin resistance
and impaired oral glucose tolerance in HIV-infected patients.
AIDS. 12: F167–F173.

7. Zhang, B., K. MacNaul, D. Szalkowski, Z. Li, J. Berger, and D. E.
Moller. 1999. Inhibition of adipocyte differentiation by HIV pro-
tease inhibitors. J. Clin. Endocrinol. Metab. 84: 4274–4277.

8. Lenhard, J. M., E. S. Furfine, R. G. Jain, O. Itoop, L. A. Orband-
Miller, S. G. Blanchard, M. A. Paulik, and J. E. Weiel. 2000. HIV
protease inhibitors block adipogenesis and increase lipolysis in
vitro. Antiviral Res. 47: 121–129.

9. Murata, H., P. W. Kruz, and M. Mueckler. 2000. The mechanism of

insulin resistance caused by HIV protease inhibitor therapy. J. Biol.
Chem. 275: 20251–20254.

10. Wentworth, J. M., T. P. Burris, and V. K. Chatterjee. 2000. HIV pro-
tease inhibitors block human preadipocyte differentiation but not
via the PPAR�/RXR heterodimer. J. Endocrinol. 164: R7–R10.

11. Beach, J. W. 1998. Chemotherapeutic agents for human immuno-
deficiency virus infection: mechanism of action, pharmacokinet-
ics, metabolism and adverse reactions. Clin. Ther. 20: 2–25.

12. Reaven, G. M. 1993. Role of insulin resistance in human disease
(Syndrome X) an expanded definition. Annu. Rev. Med. 44: 121–
131.

13. Reed, B. C., S. H. Kaufman, J. C. Mackall, and M. D. Lane. 1977.
Alterations of insulin binding accompanying differentiation of
3T3 L1 adipocytes. Proc. Natl. Acad. Sci. USA. 74: 4876–4880.

14. Glenn, K. C., K. S. Rose, and G. K. Given. 1988. Somatotropin an-
tagonism of insulin-stimulated glucose utilization in 3T3 L1 adipo-
cytes. J. Cell. Biochem. 37: 371–383.

15. Germinario, R. J., A. D. Sniderman, S. Manuel, S. Pratt-Lefebvre,
A. Baldo, and K. Cianflone. 1993. Coordinate regulation of tri-
acylglycerol synthesis and glucose transport by acylation stimulat-
ing protein. Metabolism. 42: 574–580.

16. Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. 1951.
Protein measurement with the Folin phenol reagent. J. Biol. Chem.
193: 265–275.

17. Germinario, R. J., A. McQuillan, M. Oliveira, and S. Manuel. 1983.
Enhanced insulin stimulation of sugar transport and DNA synthe-
sis by glucocorticoids by cultured human fibroblasts. Arch. Biochem.
Biophys. 226: 498–505.

18. Levy, J. R., and J. M. Olefsky. 1988. The intracellular insulin recep-
tor dissociation and segregation in a rat fibroblast cell line trans-
fected with a human insulin receptor gene. J. Biol. Chem. 263:
6101–6108.

19. Caron, M., M. Auclair, C. Vigouroux, M. Glorian, C. Forest, and J.
Capeau. 2001. The HIV protease inhibitor Indinavir impairs sterol
regulatory element-binding protein-1 intranuclear localization, in-
hibits pre-adipocyte differentiation and induces insulin resistance.
Diabetes. 50: 1378–1388.

20. Rudich A., S. Vanounou, K. Riesenberg, M. Porat, A. Tirosh, H.
Harman-Boehm, A. S Greenberg, F. Schlaeffer, and N. Bashan.
2001. The HIV protease inhibitor Nelfinavir induces insulin resis-
tance and increases basal lipolysis in 3T3 L1 adipocytes. Diabetes.
50: 1425–1430.

21. Mondal, D., V. F. Larussa, and K. C. Agrawal. 2001. Synergistic anti-
adipogenic effects of HIV type 1 protease inhibitors with tumor
necrosis factor-�: suppression of extracellular insulin action medi-
ated by extracellular matrix-degrading enzymes. AIDS Res. Hum.
Retroviruses. 17: 1569–1584.

22. Dowell, P., C. Flexner, P. O. Kwiterovich, and M. D. Lane. 2000. Sup-
pression of preadipocyte differentiation and promotion of adipocyte
death by HIV protease inhibitors. J. Biol. Chem. 275: 41325–41332.

23. Ranganathan, S., and P. A. Kern. 2002. The HIV protease inhibitor
saquinavir impairs lipid metabolism and glucose transport in cul-
tured adipocytes. J. Endocrinol. 172: 155–162.

24. Vigouroux, C., S. Gharakhanian, Y. Salhi, T. H. Hguyen, D. Chev-
enne, J. Capea, and W. Rozenbaum. 1999. Diabetes, insulin resis-
tance and dyslipidemia in lipoatrophic HIV-infected patients on
highly active antiretroviral therapy (HAART). Diabete Metab. 25:
225–232.

25. Mulligan, K., C. Grunfeld, V. W. Tai, H. Algren, M. Pang, D. N.
Chernoff, J. C. Lo, and M. Schambelan. 2000. Hyperlipidemia and
insulin resistance are induced by protease inhibitors independent
of changes in body composition in patients with HIV infection. J.
Acquir. Immune Defic. Syndr. 23: 35–43.

26. Hube, F., U. Lietz, M. Igel, P. B. Jensen, H. Tornqvist, H. G. Joost,
and H. Hauner. 1996. Difference in leptin mRNA levels between
omental and subcutaneous abdominal adipose tissue from obese
humans. Horm. Metab. Res. 28: 690–693.

27. Edens, N. K., S. K. I. Fried, J. G. Kral, J. Hirsch, and R. L. Leibel.
1993 In vitro lipid synthesis in human adipose tissue from three ab-
dominal sites. Am. J. Physiol. 265: E374–E379.

28. Arner, P. 1998. Not all fat is alike. Lancet. 351: 1301–1302.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

