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ABSTRACT

Retroviral protease inhibitors used as therapy for HIV-infection have been causally
associated with serious metabolic side effects, including peripheral lipodystrophy, central
adiposity, hyperlipidaemia, insulin resistance, and in some cases, type 2 diabetes. The
etiology of this characteristic clinical syndrome remains unknown.

We demonstrate that the HIV protease inhibitors (PIs), saquinavir, indinavir, and
ritonavir inhibit adipocyte differentiation of 3T3-L1 preadipocytes. Furthermore, they exert
a dose-dependent increase in basal triacylglycerol synthesis followed by a concomitant
decrease in insulin-stimulated triacylglycerol synthesis. However, PIs did not stimulate
lipolysis under basal or norepinephrine-stimulated conditions in mature 3T3-L1
adipocytes. Also, this study reports an inhibition of specific '** I-Insulin binding to insulin
receptors in the presence of PIs throughout distinct stages of 3T3-L1 adipocyte
differentiation. Additionally, this inhibition was found to be reversable upon removal of
the PIs during the binding process. However, insulin binding affinities and processing
were not affected by PIs.

To continue, we investigated whether the HIV protease inhibitor ritonavir altered
insulin signaling. In cells not exposed to ritonavir, insulin led to a rapid increase of
insulin-receptor substrate-1-phosphorylation. In ritonavir-treated cells, these insulin-
stimulated increases were reduced by approximately 50%.

We conclude that HIV protease inhibitors are cépable of selectively inhibiting the
insulin response and contributing to the metabolic abnormalities seen in HIV-infected

patients.
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INTRODUCTION

1.1 The Human Immunodeficiency Virus Type-1

The human immunodeficiency virus (HIV-1), a retrovirus of the lentivirus
subgroup, is responsible for the progressive immune system degeneration that leads to the
development of AIDS, acquired immunodefiency syndrome. HIV infection commonly
causes the progressive loss of CD4 T-lymphocytes and macrophages and thus, a loss of
immune competence in infected individuals (1, 2, 3, 4). As a result, bacterial infections.
viral infections or other opportunistic infections exploit the immunocompromised state of
asymptomatic individuals. It is the presence of these opportunistic diseases that establishes
in part the medical diagnosis of AIDS (6).

The first case of HIV infection was reported by the CDC (Centers for Disease
Control) in 1981 (3). In 1983-84, the HIV virus was isolated and identified as the
causative agent of AIDS. By 1985-86, the chief routes of HIV transmission (blood, sexual
contact, mother-to-child), and the main targets cells for HIV infection (CD4 expressing
cells) were established (6). Today, more than 36 million adults and children worldwide
were estimated to be currently living with HIV infection or AIDS (AIDS Epidemic
Update: UNAIDS, Geneva December 2000). Cumulatively to date, an estimated 20
million people have died from AIDS-associated disease. Extensive efforts in research
continue to be made in order to eradicate this deadly virus. Emphasis is placed on
treatments with Highly Active Anti-Retroviral Therapy (HAART) and prevention of HIV

infection.
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1.2 THE VIRION

The mature HIV virion (Fig 1) is an icosahedral shaped particle with 72 spikes
formed by two major viral-envelope glycoproteins, gp120 and gp 41. They are derived
from a 160 kDa precursor that is cleaved inside the cell into a gp120 external surface (SU)
envelope protein and a gp41 transmembrane (TM) protein that transverses the lipid bilayer
).

Under the lipid bilayer, is the myristylated p17 core protein that provides the matrix
(MA) for the viral structure (8). The capsid protein (p24) forms the cone shaped core that
encases the genomic RNA molecules and the nucleocapsid protein (NC, p7, p9). Inside the
retroviral capsid are two identical positive sense single stranded RNA molecules dimerized
at their 5" end. Associated with the nucleocapsid and RNA within the virion are the
polymerase proteins, i.e. reverse transcriptase (RT), protease (PR), and integrase (IN).

These are responsible for viral replication (9).

12



Figure 1 : The HIV-1 Virion
Schematic representation of the HIV-1 virion including: the external
envelope glucoproteins, gp120 and gp41, the nucleocapsid protein (p7),
the matrix protein (p17), the capsid protein (p24), reverse transcriptase
(p51/p66), protease (p11), integrase (p32) and the viral genomic DNA.
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1.3 GENOMIC ORGANIZATION

There are three genes common to all retroviruses that define the essence of the
retroviral life cycle. These are gag, pol and env genes. The gag gene encodes a
polyprotein precursor that is subsequently cleaved by the viral protease during maturation
into core proteins that package the viral genomic RNA (10). The pol gene encodes a
precursor protein which is cleaved to yield the three enzymes: protease, which processes
precursor proteins; reverse transcriptase, which copies the RNA into double stranded DNA
provirus; and integrase, which integrates the provirus into the host cell genome (10). The
env gene encodes a glycosylated polypeptide precursor (gp160) that is processed to form
the exterior glycoprotein (gp120) and the transmembrane glycoprotein (gp41) (7). The
envelope proteins are responsible for docking the virions onto the CD4 target cell and

mediating entry of the virus by membrane fusion (Fig 2).

1.4 VIRAL LIFE CYCLE

HIV infection begins with the interaction of the HIV glycoprotein (gp) 120 with the
CD4 molecule on the surface of the target cell. Following CD4 binding, a conformational
change in the HIV gp120/gp41 complex is induced by interaction of gpl120 with the
chemokine receptors CCRS of CXCR4. This change in conformation exposes gp4l
allowing it to initiate fusion of the membranes. As the virus fuses with the cell.
internalization of the viral core occurs, followed by the uncoating of the viral core and
subsequent release of the viral RNA. Once in the cell cytoplasm, the viral reverse

transcriptase becomes active and transcribes the viral RNA into a double-stranded cDNA

14



Figure 2: Genomic Structure of HIV-1
This is a schematic representation showing each of the nine genes of
HIV-1 including the three classical retroviral genes gag, pol and env,
The accessory proteins vif, vpu, vpr and nef and the regulatory
proteins tat and rev.



9d 1d ON zd <U VIN

@NO Wm.-h_
0—— ey \
jau ;a>
FH ]

-—u:,
Wl nda z_ 1Y Yd beb
MOOCANNNNNN i ]
AUD NOQ
el | | LIy

NOILVZINVOHO JWONIY L-AIH V



copy (11). A large nucleoprotein complex, the preintegration complex (PIC) carries out
retroviral integration. PIC’s contain several viral proteins including integrase, reverse
transcriptase, matrix, nucleocapsid and Vpr. The provirus is targeted to the nucleus by
nuclear localization signals of PIC proteins (12). Integrase recognizes specific sequences
present at the ends of the viral DNA molecule and promotes their joining to host DNA.
The provirus can then remain latent or be active (11). Resting cells are transcriptionally
silent while replicating cells are transcriptionally active (13). Following synthesis of a full
RNA trasncript by RNA polymerase II, a complex array of alternatively spliced viral
mRNA’s can be produced. The unspliced full length RNA transcript (9.2 Kb) corresponds
to the viral genome and is used as the mRNA for translation of the gag and pol
polyproteins. Singly spliced 4.5 Kb RNA transcripts encode the Env. Vif, Vpr and 1 pu
proteins. And finally, the multiply spliced 2 Kb RNA transcripts encode the regulatory
proteins /ar. rev and nef (9). The genomic RNA selected for encapsidation requires the
presence of the psi sequence in the 5’ untranslated region of HIV-1 RNA. Retrovirus
assembly and maturation entail a series of highly regulated processes involving protein
folding, transport of viral rpoteins to the site of virus budding, and limited proteolysis of
polyproteins (14). The env (gp160) proteins pass through the E.R. and Golgi apparatus to
be processed into gp120 and gp41 HIV envelope proteins. During movement through the
Golgi apparatus, glycosylation of gp120 occurs (11). The gag and gag-pol polyproteins
associate with the inner surface of the plasma membrane and interact with gp41 in the
plasma membrane. During and after transport, the gag precursor recruits two copies of
single stranded viral RNA genome and assembles into dense patches lining the inner face

of the plasma membrane. The assembled gag protein complex induces membrane

16



curvature, leading to the formation of a bud (8). As the virus buds from the cell, it acquires
a lipid coat, carrying the gp 120 and gp41 proteins. The virus is extruded into extra-
cellular space in this immature state (11). During or immediately after budding, the viral
protease cleaves the gag and gag-pol polyprotein precursors to the mature gag and pol
proteins by what is believed to be an autocatalytic process. Protease cleavage leads to core
condensation and the generation of a mature, infectious virion, which is now capable of

initiating a new round of infection (8) (Fig 3).

17



Figure 3 : The HIV-1 Viral Life Cycle
This is a schematic representation of the various stages of the HIV-1 life
cycle. The stages include: viral entry involving virus binding to CD4 and
the respective co-receptor, uncoating of the viral RNA, reverse transcription
of the RNA to DNA, nuclear translocation of the preintegration complex,
integration of DNA into host DNA, production of viral RNA and proteins,
viral assembly and release.

18
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1.5 THE VIRAL PROTEASE: STRUCTURE AND FUNCTION

v

As with other retroviral proteases, HIV-1 protease (PR) is absolutely required for
virion maturation and is therefore essential for viral infectivity (15, 16). Its inactivation,
either by a single point mutation in the catalytic active site (Asp-25) or by mutational
amino acid insertions within the protease, has drastic effects on the assembly, stability, and
infectivity of the released virus particles (16, 17, 18, 19). HIV-1 protease (Fig 4) is a
member of the aspartic family of proteases, containing the characteristic and conserved
amino acid triplet Asp-Thr-Gly in its catalytic active site (20, 21, 22). The active protease
is a dimeric enzyme, consisting of two identical monomers each with 99 amino acid
residues which associate symmetrically to form the substrate binding cleft, each monomer
contributing one catalytic aspartyl residue to the active site of the enzyme (20, 23, 24, 25,
26, 27, 28, 29). The two monomers are held together as a dimer by the amino- and
carboxy-termini of the protease, which form a four-stranded antiparallel B-sheet(30).
Disruption of these interactions in the dimer interface, for example by truncation due to

self-digestion (31) or by competition by peptides (32) leads to loss of enzymatic activity.

19



Figure 4 : Structure of the HIV-1 Aspartic Protease
This is a schematic representation of the HIV-1 protease structure.
The active protease is a dimeric enzyme, consisting of two identical
monomers each with 99 amino acid residues which associate
symmetrically to form the substrate binding cleft, each monomer
contributing one catalytic aspartyl residue to the active site of the
enzyme. The two monomers are held together as a dimer by the
amino- and carboxy-termini of the protease, which form a four-
stranded antiparallel B-sheet. The top panel shows the HIV-1 viral
protease and the bottom panel shows the HIV-1 viral protease
with a HIV protease inhibitor bound to the active site.

20






HIGHLY ACTIVE ANTI-RETROVIRAL THERAPY (HAART)

2.1 DRUG CLASSES

Antiviral therapy directed against human immunodeficiency virus type 1 (HIV 1)is
now approaching its 15-year anniversary. All of these drugs inhibit HIV in vitro; all are
associated with a decrease in viral RNA concentrations in serum, an increase in CD4 cell
counts, and a reduced rate of progression to the acquired immunodeficiency syndrome
(AIDS) and all prolong cell survival (33). The principle problems of these drugs are their
limited antiviral activity, their toxicity, and their lack of a durable antiviral effect, which is
partly explained by the development of resistance (33).

There are currently 3 major classes of antiretroviral drugs in general use:
nucleoside analog reverse transcriptase inhibitors (NRTI), non-nucleoside reverse
transcriptase inhibitors (NNRTI), and protease inhibitors (PI) (34). NRTIs function by
inhibiting the synthesis of DNA by the viral reverse transcriptase. These molecules bear a
structural resemblance to the natural building blocks of nucleic acids: the punine and
pyrimidine nucleosides.  Like natural nucleosides, the nucleoside analogs are
phosphorylated within the cell.  Reverse transcriptase fails to distinguish the
phosphorylated nucleoside analogs from their natural counterparts, and attempts to use the
drugs in the synthesis of viral DNA. When a nucleoside analog is incorporated into a
strand of DNA being synthesized, the addition of further nucleosides is prevented.

NNRTIs also inhibit the synthesis of viral DNA, but rather than acting as false nucleosides,
the NNRTIs bind to reverse transcriptase in a way that inhibits the enzyme’s activity (34).

In 1988, the HIV-1 protease enzyme was crystallized and its 3-dimensional structure

21



determined. Computer modelling was then used to identify compounds that specifically fit
into the substrate-binding pocket of the protease, thus potentially inhibiting its activity
(35). PIs bind to the active site of the viral protease enzyme, preventing the processing of
viral proteins into functional forms. The absence of this cleavage results in an immature

virus that is incapable of infecting new cells (33).

2.2 HIV PROTEASE INHIBITORS

The Food and Drug Administration has approved of 5 HIV-1 protease inhibitors
(Fig 5) for the treatment of HIV infection: saquinavir, indinavir, ritonavir, amprenavir, and
nelfinavir.  The PIs are highly protein bound. It is unbound drug that is active, so the
higher the protein binding the less drug is available to inhibit virus production. This
creates a bioavailabilty problem. Protein binding, bioavailabilty, and metabolism in the
liver (which can cause drug interactions with other drug metabolites) all can lower the
concentration of protease inhibitors in blood serum (34). Saquinavir and ritonavir are
effective in delaying disease progression and prolonging life. Saquinavir is the best
tolerated of the compounds but has limited oral bioavailability and the smallest effect on
HIV RNA and CD4+ cells levels. Ritonavir is potent with sufficient bioavailability, but
has the greatest intolerance and is associated with a formidable list of drug interactions.
Indinavir has a profound and sustained effect on HIV RNA levels; however, its ability to

limit disease progression is not yet established (35).
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Figure 5: Structures of HIV-1 Protease Inhibitors
The following shows the structures of the three HIV
protease inhibitors used in this study; saquinavir, indinavir, and

ritonavir. They are peptide-mimicking coumpounds that resemble
the transition state of the natural substrate.
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Structures of HIV Protease Inhibitors

(b

MK-639 (L-735,524) Indinavir

A-84538 (ABT-538) Ritonavir



2.3 METABOLIC PERTUBATIONS OF HIV PROTEASE INHIBITORS
s A D OF HIV PROTEASE INHIBITORS

It has long been known that during progression of HIV infection patients may
undergo a progressive weight loss and changes in body composition, particularly in fat and
muscle masses, and in metabolic pathways, particularly in lipid metabolism (36). This is
known as the wasting syndrome. With the introduction of potent antiretroviral
combination treatment, including protease inhibitors (PIs) and the subsequent prolonged
survival of HIV-infected patients, the incidence of these changes has been dramatically
reduced (36). Since 1996, the year in which HAART was introduced, the number of
patients dying of AIDS and related opportunistic infections in industrialized countries has
decreased by two-thirds (36). However, new disorders involving lipid, glucose
metabolism and body fat have acquired more clinical importance (36). A significant
portion, ranging from 5% to 75%, of HIV-infected patients receiving Pls notice changes in
lipid metabolism and body fat distribution after an average of 10 months taking ritonavir-
saquinavir and more than 1 year for indinavir (36).  Protease-inhibitors therapy is
associated with a syndrome of peripheral fat wasting, central adiposity, hyperlipidaemia,
and insulin resistance, referred to as lipodystrophy syndrome (37) (Fig 6). Fat depositions
in the breasts of women and over the dorsocervical spine (“buffalo hump™) have also been
reported (37). Recognized laboratory features of the lipodystrophy syndrome include
increased triglycerides, total cholesterol, and low-density lipids, and a decrease in high-
density lipids. Also a normal to increased serum glucose, an increase in insulin and C
peptide, and a decrease in glucose tolerance (38). Three large and well-known studies
from which estimates of the prevalence of lipodystrophy in HIV-infected individuals have

been reported are based on Australian, Swiss, and US patient cohorts (39). Taken together,
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these studies show a prevalence rate of approximately SO percent in these populations (39).
The US cohort involving 1077 HIV-infected patients reported 22%-28% of its patients
with body shape changes, 10%-13% with fat accumulation, and 17%-33% with fat loss
(39). Regarding lipid changes, Carr reports elevated triglycerides and elevated total
cholesterol in 50% and 58% of Pl-therapy recipients versus 22% and 11% in-patients not
receiving PIs (39). These findings raise the concemn that the lipodystrophy syndrome may
be associated with increased atherosclerotic complications and heart disease. Studies of
flow-mediated vasolidation, a standardizeable measure of endothelial function, which is
considered to be a reflection of cardiac risk, showed abnormalities in subjects on PI
therapy (40).

The cause of lipodystrophy in HIV-infected individuals is not known. A number of
hypotheses have been put forth as to the mechanism causing lipodystrophy. One
hypothesis is the structure homology theory presented by Carr and colleagues in 1998.
They searched human protein and genomic databases and observed homologies between
the catalytic site of HIV protease and two human proteins: a region incorporating a lipid-
binding domain in the low density lipoprotein-receptor related protein (LRP) and with a C-
terminal region of the cytoplasmic retinoic-acid binding protein type 1 (CRABP-1) (41).
They reasoned that this structural homology allowed protease inhibitors to bind to these
proteins and inadvertently disrupt regular fat metabolism, leading to hyperlipideamia, loss
of subcutaneous adipocytes, and fat accumulation (41). The next hypothesis is the
mitochondrial toxicity theory involving NRTI-therapy. NRTIs inhibit DNA polymerase
gamma to a certain extent, in a manner that parallels their effect on reverse transcriptase.

The system breaks down when damaged mitochondrial DNA reaches a threshold
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proportion above 70 percent. Cells begin to suffer from energy deficiencies and turn to
anaerobic processes outside the mitochondria. Anaerobic respiration is much less efficient
than mitochondria’s oxidative process and produces lactic acid, an acidifying substance
that severely perturbs blood chemistry (42). This proposed mechanism links the
development of lactic acidosis with disrupted fat metabolism (42).

It is likely that fat redistribution and the metabolic abnormalities seen in HIV-
infected patients are the result of several etiologies. In other words, observations may not
necessarily reflect a single syndrome, but rather, a number of unique complications
occurring simultaneously. Beyond the direct effect of protease inhibitor therapy or
mitochondrial toxicity, other potential etiologies that may prove to play a role include HIV
infection itself, underlying genetic predisposition, cytokine activation, immune

reconstitution, and hormonal influences (40).

26



Figure 6 : Photograph of a Patient with HIV-1 Related

Lipodystrophy

What you see is someone whose lipid (fat) levels in the arms
and legs has dropped precipitously, while he has developed
fatty deposits around her/his trunk and abdominal organs. This
is not the usual subcutaneous fat that lies below the skin and
above the muscles, but rather visceral fat that lies directly
around the vital organs. Some people have a small fat pad on
the back of their neck, but the man below has a much more
pronounced accumulation. Normal activities like sleeping on
one's back or holding the head erect are significantly impaired
by such a protrusion. Sometimes surgery is used to remedy
the situation. The following pictures were taken from the
October 29, 1998 issue of the New England Journal of

Medicine's section Images in Medicine.
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3T3-L1 MOUSE FIBROBLASTS (PRE-ADIPOCYTES)

3.1 GROWTH AND DIFFERENTIATION

White adipose tissue (WAT) is mainly composed of adipocytes, cells that store
energy in the form of triglycerides in times of nutritional affluence and release free fatty
acids during nutritional deprivation. WAT mass is determined by the balance between
energy intake and expenditure and is controlled by genetic neurcendocrine and
environmental factors (43, 44). Perturbations of this steady state can lead to increased or
decreased amounts of WAT, such as seen, respectively, in obesity or in the lipodystrophic
syndromes (44). Obesity affects between 25% and 30% of the population in industrialized
countries and its frequency is still rising (45). It is an independent risk factor for insulin
resistance, non-insulin-dependent diabetes mellitus and coronary artery disease (45). Cell
culture models, like the 3T3-L1 immortalized mouse preadipocyte cell lines, have been
instrumental in the understanding of adipocyte differentiation. These cells are
morphologically similar to fibroblastic preadipose cells found in the stroma of adipose
tissue, and once differentiated, they exhibit virtually all the characteristics associated with
adipocytes present within adipose tissue (46).

The first step of adipocyte differentiation involves arrest of cell proliferation and at
least one round of DNA replication and cell doubling (47) (Fig 7). Recent work suggested
that the cell-cycle status of preadipocytes during and after clonal expansion correlate with
their Rb phosphorylation status; Rb is first hyperphosphorylated during the clonal
expansion and later becomes hypophosphorylated in the terminal differentiation phase

(43). Activation of the adipogenic program in these cells is typically accomplished over a
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period of 7-11 days by pulsed treatment with a hormonal cocktail. Differentiation
regimens involve the treatment of post-confluent cells (cultured in the presence of fetal calf
serum), with insulin, isobutylmethylxanthine (a phosphodiesterase inhibitor), and
dexamethasone (a corticosteroid) for 4 days, followed by an additional 3 days of insulin
only (48). Typically, by day 7 of treatment, greater than 90% of the cells will have
differentiated into adipocytes. Preadipocytes differentiate into adipocytes in a process
orchestrated by a set of interdependently acting transcription factors, including
peroxisome-proliferator-activated receptors (PPARs), the CCAAT-enhancer-binding
proteins, and the adipocyte differentiation and determination factor (ADD)-1, also known
as the sterol regulatory element binding protein (SREBP)-1 (43). Together these
transcription factors stimulate the expression of adipocyte-specific genes such as those for
lipoprotein lipase (LPL), leptin and the fatty acid binding protein, aP2.

PPARs are members of the nuclear hormone receptor superfamily.  After
dimerization with the retinoic X receptor (RXR) and ligand activation, they control the
expression of LPL, acyl coenzyme A synthase, fatty acid synthase (FAS) and phospho-
enol pyruvate carboxykinase which are all involved in coordinating fatty acid uptake and
storage (49, 50, 51). One of the PPARs, PPARY2 was elegantly shown by Tontonoz et al.
to be a key player in adipocyte differentiation (52, 53). The transcriptional activity of the
PPARy protein can be modulated by the binding of ligands, by post-translational
modifications and by interaction with other nuclear receptors and various cofactors (43).
Thiazolidinedione antidiabetic agents and prostaglandins J2 derivatives, which are

synthetic and natural ligands of PPARYy respectively, all facilitate adipogenesis (43).
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Figure 7: Summary of in vitro Adipocyte Differentiation
Individual discrete stages of in vitro adipocyte differentiation are
depicted at the top along with a schematic illustration of the
emerging phenotypes. Day of Differentiation refers to the time
frame generally used in the laboratory when differentiating 3T3-L1
cells. Note that there is no time assigned to preconfluent or
proliferating cells and also that on day 0 when cells are hormonally
stimulated to differentiate they are confluent. Cells can be maintained
for some time and continue to accumulate lipid beyond day 4,
however, by that time there are significant intracytoplasmic lipid
droplets detectable in most cells. The lower half of the figure depicts
the temporal expression pattern of many genes regulated during 3T3-
L1 adipocyte differentiation. Solid bars represent the approximate
time period during the differentiation program when individual genes
are expressed (they are not indicative of relative levels of expression).
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Three members of the C/EBP family of transcription factors- C/EBP a, § and v, are
expressed at defined times during adipogenesis (54). Adipogenic hormones such as
glucocorticoids, cyclic AMP and insulin induce a transient increase in the expression of
C/EBPS and v early in adipocyte differentiation (55). C/EBPS, in synergy with C/EBPy,
then induces PPARy expression in the preadipocyte, subsequently triggering full-blown
adipocyte differentiation. C/EBPa plays an important role in the later stages of
differentiation by sustaining high levels of PPARy expression and by maintaining the
differentiated adipocyte phenotype (43). Wang et al. showed one line of evidence to
support this role for C/EBPa whereby adipocytes from mice in which the C/EBPa gene
was disrupted by homologous recombination failed to accumulate lipids in adipose tissue
(56).

ADD-1 and SREBP-1, which are rodent and human homologs, were independetly
cloned and characterized as transcription factors implicated, respectively, in the control of
adipocyte differentiation (57) and in cholesterol-regulated transcription (58). The
expression of ADD-1/SREBP-1 is induced during differentiation of adipocytes, where it
activates transcription of target genes involved in both cholesterol metabolism and fatty
acid metabolism (59). Direct evidence of the adipogenic effect of ADD-1/SREBP-1 was
provided by its capacity to induce fat accumulation and adipocyte differentiation when
over expressed in fibroblasts with a retroviral vector (59).

There are factors that are involved either in the reversal and/or inhibition of the
adipogenesis process. Exposure of 3T3-Lladipocytes to TNF-a results in lipid depletion
and a complete reversal of adipocyte differentiation. TNF-a exerts its anti-adipogenic

action by downregulating the expression of C/EBPa and PPARy (43). Another inhibitory
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molecule is retinoic acid (RA). RA blocks adipogenesis by interfering with C/EBPbeta-
mediated transcription, which is only essential in the early stages of adipogenesis (60). In
addition, RA can inhibit PPARy action by displacement of the active PPARy-RXR
heterodimer from its response element. RA favors the formation of the inactive RAR-
RXR heterodimer over the PPAR-RXR dimer (43). Another factor with anti-adipogenic
activity is Pref-1. Pref-1 is expressed in preadipocytes but is absent in adipocytes and its
constitutive expression inhibits expression of PPARy and C/EBPa suggesting that it acts as

negative regulator of adipocyte differentiation (61).

3.2 REGULATION OF ADIPOSE CELL NUMBER IN MAN

Adipocyte size and number appear to be regulated in a coordinated manner. In
weight gain, adipocyte volume and number increase. Similarly, when adipose loss occurs,
adipocyte volume and number decrease. This suggests that local (paracrine) systems may
be in part responsible for the regulation of adipose mass (62). Lipogenesis and lipolysis
are well-characterized processes affecting adipose cells (63). Insulin and acylating
stimulating protein are the major lipogenic influences and catecholamines, thyroid
hormones and growth hormone are the major lipolytic influences (64).

The identification of adipocyte stem cells (preadipocytes) and the recognition of the
adipocyte replication/differentiation program provided a mechanism by which adipose
cells could be acquired at any stage of life. Inversely, two distinct mechanisms of
adipocyte loss have been described - dedifferentiation and apoptosis.  Adipocyte

dedifferentiation is the in vitro process in which terminally differentiated cells revert
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morphologically and biochemically to preadipocytes (62). These reverted cells have lost
cytoplasmic lipid and display the gene expression patterns of preadipocytes. Further
studies by Petruschke and Hauner (65) have demonstrated that tumour necrosis factor
induces dedifferentiation in human adipocytes. Prins er al. demonstrated that human
adipocyte apoptosis may be induced in vitro and that it occurs in vivo, at least in a
proportion of patients with malignancy (62).

In adipose tissue, known molecular regulators of adipose cell number include
insulin, ligands for the peroxisome proliferator activated receptor-y, retinoids,
corticosteroids and tumour necrosis factor-a. The net effect of these is the concerted
alteration in adipocytes volume and number (62). Insulin is the classical anabolic hormone
and when in excess, appears to promote adipose tissue gain (66). This appears to occur
disproportionately in the visceral depot, and is seen in patients with the syndrome of
hyperinsulinaemia, hypertension, hyperlipidaemia (Syndrome X) (67), and patients with
non-insulin dependent diabetes (68). That the adipose deposition is visceral in all these
groups indicates that the distribution pattern cannot be explained by portal-systemic
differences in insulin concentrations, and therefore is likely to reflect site-related
differences in the (pre) adipocyte response to insulin (62).

Overall regulation of adipose mass involves endocrine, paracrine, and possibly
autocrine systems. Hypothalamic centers appear to control appetite, metabolic rate and
activity levels in a co-ordinated manner. Within the hypothalamus, known weight
regulatory molecules include glucagon-like peptide-1, neuropeptide Y and leptin. Leptin is

a peptide hormone that has the effect of reducing food intake, increasing metabolic rate
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and causes significant adipose tissue loss when administered parenterally to ob.0b mice

(which lack intact leptin) and normal rodents (62).

4.INSULIN SIGNALING SYSTEM

4.1 INSULIN AND ITS RECEPTOR

Human insulin has a molecular weight of 6,000 daltons and consists of two chains
held together by two sulfhydryl bonds (Fig 8). The A-chain consists of 21 amino acids and
possesses an intra-sulfhydryl bridge between amino acids 6 and 11 and the B-chain is
comprised of 30 amino acids. Studies have shown that amino acids 24 to 26 of the B-chain
and the amino terminal of the A-chain are extremely important in maintaining the
molecule’s structural integrity and hence, binding capabilities. Insulin mediates a wide
spectrum of biological responses including stimulation of glucose uptake (in muscle and
adipose tissue), glycogen, lipid and protein synthesis, antilipolysis, activation of
transcription of specific genes, and modulation of cellular growth and differentiation (69).
The insulin receptor is an alpha2/beta2 tetramer (Fig 9). The alpha-subunit is located
entirely at the extracellular face of the plasma membrane and contains the insulin-binding
site whereas the beta-subunit is a transmembrane peptide (69). This dimer of two alpha-
and two beta-subunits is held together by an inter alpha-alpha and two inter-alpha-beta
disulfide bonds (70). The intracellular portion of the beta-subunit contains the insulin-
regulated tyrosine protein kinase (71). Insulin binding activates the tyrosine kinase leading
to autophosphorylation of tyrosine residues in several regions of the intracellular beta-

subunit and various cellular proteins (72).
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Figure 8: The Insulin Molecule
The structure represents the three-dimensional structure of the
porcine insulin molecule as determined by X-ray crystallography and
molecular model computer generation. Numbers on the backbone
molecule correspond to the amino acids numbered from the amino-
terminal end of the protein chains. -S-S- denotes disulfide bridges
between amino acids. The inserted legend lists the amino acid
sequence for both the A chain and the B chain and shows inter- and
intra-disulfide bridges for porcine insulin.
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Figure 9: Structure of the Insulin Receptor
The insulin receptor is depicted. The a-subunit is composed of 723
amino acids and has the insulin-binding domain. e cysteine
residues: broken lines, disulfide bridges. The B-subunit has 620
amino acids and 3 compartmental domains: extracellular,
transmembrane, and cytosolic. Cytosolic domain has 3 clusters of
tyrosine residues that can be phosphorylated on insulin binding
(represented as Pi in a circle) and exogenous tyrosine kinase activity.

Both B-subunits are phosphorylated; phosphotyrosines are only
depicted on one-half for convenience.
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4.2 INSULIN INTERNALIZATION AND DEGRADATION

The initial cellular processing of insulin and the insulin receptor includes binding
of the ligand to the receptor and endocytosis of the ligand-receptor complex (73, 74, 75).
Shortly after internalization, dissociation occurs within an acidic endosomal vesicle (14).
Following dissociation, morphological (76) as well as subcellular fractionation techniques
(77) have demonstrated that receptor and ligand physically segregate and move into
separate vesicular structures. Most of the internalized insulin is targeted into a pathway
where the ligand is degraded to low molecular weight products, which are then released
from the cell (78, 79). A smaller fraction of internalized insulin traverses a non-
degradative, retroendocytotic pathway and is released intact. In contrast, only a small
fraction of internalized receptors are degraded and most are recycled back to the plasma

membrane to be reutilized (80, 81).

4.3 INSULIN SIGNALING CASCADE

Many of the molecular actions of insulin involve protein phosphorylation and
dephosphorylation. ~Although the insulin receptor is a tyrosine kinase that undergoes
ligand-dependent activation, many of the resulting downstream changes in
phosphorylation/dephosphorylation occur on serine and threonine (69). The following will
review the signaling cascade responsible for translating the binding of insulin to its
receptor into endpoint biological responses, with specific focus on the molecular

mechanisms mediating stimulation of glucose uptake (Fig 10).
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Figure 10: Insulin Signalng Pathways that Regulate Glucose
Metabolism in Adipocytes

Glut 4 is stored in intracellular vesicles. Insulin binds to its
receptor in the plasma membrane, resulting in phosphorylation of
the receptor and insulin-receptor substrates such as IRS molecules.
These substrates form complexes with docking proteins such as
phosphoinositide-3-kinase at its 85-kd subunit (p85) by means of
SH2 (Scr homology region 2) domains. Then p85 is constitutively
bound to the catalytic subunit (p110). Activation of
phosphoinositide-3-kinase is a major pathway in the mediation of
insulin-stimulated glucose transport and metabolism. It activates
phosphoinositide-dependent kinases that participate in the
activation of protein kinase B/Akt and atypical forms of protein
kinase C (PKC).
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Insulin binding activates the tyrosine kinase leading to the autophosphorylation of
tyrosine residues and the tyrosine phosphorylation of the IRS-1 proteins. The insulin
receptor substrate-1, IRS-1, was the first docking protein identified and serves as the
prototype for this class of molecules. Three related proteins have recently expanded this
family, including IRS-2, IRS-3 and IRS-4 (69). All the IRS-proteins have the same overall
architecture: an NH; —terminal pleckstrin homology (PH) and/or phosphotyrosine-binding
(PTB) domains; multiple tyrosine residues that create SH2-binding sites; proline-rich
regions to engage SH3 or WW domains; and serine/threonine-rich regions (82). The PTB
domain provides IRS-1 coupling to the insulin receptor. This domain binds specifically to
the phosphorylated NPXY motif in the juxtamembrane region of the insulin receptor (83}
Inoue e al. (84) showed that tyrosine phosphorylation of IRS-1 occurs mainly in the
intracellular membrane (IM) compartment with relatively low levels in the cytosol,
implying a iocalization of signaling by this substrate of the insulin receptor.

Tyrosine-phosphorylated IRS-proteins generate downstream signals by the direct
binding to the SH2 domains of various enzymes and adaptor proteins like
phosphatidylinositol-3-kinase (PI3-kinase), phosphotyrosine phosphotase, SHP2, Grb2,
and Nck (82). PI3-kinase plays a major role in many insulin-regulated responses including
stimulation of glucose transport. PI3-kinase exists as a heterodimer, which consists of an
adaptor 85-kDa subunit tightly, associated with a catalytic 110-kDa subunit (85, 86). PI3-
kinase catalyzes the phosphorylation of phosphoinositides at the D3 position of the inositol
ring (87). PI(3,4,5)P; is the major lipid product formed by PI3-kinase when activated by
insulin (69). In 1990, experiments by Endeman and Ruderman et al. (69) demonstrated

that insulin treatment increases PI3-kinase activity in phosphotyrosine immunoprecipitates.
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Insulin, at concentrations as low as 0.3 nmol/L, stimulates the accumulation of PI (3,4,5)P;
by about 10 times basal levels within 5 minutes. PI3-kinase association to IRS-1 is greater
in the IM than in the cytosol (84). Inoue et al. observed an insulin-stimulated recruitment
of PI3-kinase from the cytosol to the IM suggesting that the activated insulin receptors
continue to phosphorylate IRS-1 in the IM, leading to a continuous recruitment of PI3-
kinase to the IM (84).

Several enzymes appear to carry the signal initiated by PI3-kinase activation to its
final destination. PKB is thought to be downstream of PI3-kinase and has been implicated
in regulating GLUT 4 translocation and glucose uptake. Protein kinase B, PKB, is the
cellular homologue of the transforming oncogene v-akt (88). PKB is a PH domain-
containing serine/threonine kinase (89). Three isoforms of PKB have been identified.
PKB-a is the major isoform activated by insulin in muscle, hepatocytes, and adipocytes.
PKB-f is activated in adipocytes only. PKBy is activated by insulin in cell culture models
(90). It is now accepted that the primary mechanism for the activation of PKB by insulin
is phosphorylation of two sites, Thr 308 and Ser 473 in PKB-a. Phosphorylation at Thr
308 (PKB-a), Thr 309 (PKB-f), Thr 305 (PKB-y) is achieved by the recently cloned PDK1
(phosphoinositide-dependent protein kinase). The kinase responsible for Ser 473
phosphorylation has not been cloned yet, but has been named PDK2 (91). Taken together,
the accepted mechanism for PKB activation involves interaction with PI (3,4,5)P; through
its PH domain. This interaction with phosphoinositol lipids recruits PKB to the plasma
membrane and results in conformational changes in PKB so that Thr and Ser become
accessible to phosphorylation by PDK1 and PDK2, respectively (92, 93). Overexpression

of wild-type or constitutively active PKB-a results in upregulation of glucose transport and
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redistribution of GLUT 4 to the plasma membrane in muscle and fat cells and insulin
increases the association of PKB-f with GLUT 4-containing vesicles (69).
Insulin-stimulated glucose transport can be accounted for primarily by transiocation
of glucose transporters, mainly GLUT 4, from intracellular pools to the plasma membrane.
Martin er al. found, using cryosections of 3T3-L1 adipocytes, that GLUT 4 is largely
distributed between the TGN (trans-golgi network), endosomes and tubulo-vesicular
elements in basal cells, but the major effect of insulin is on the tubulo-vesicular elements
located in the peripheral cytoplasm (94). Observations by Martin et al. are consistent with
a model in which GLUT 4 is selectively targeted to a compartment under basal conditions
that is specifically affected by insulin. This is through the generation of specific exocytotic
GLUT 4 vesicles, similar to synaptic vesicles, or through concentration and retention in
sub-domains of the endosomal system. The v-snare, vamp2, has been implicated in the
insulin dependent trafficking of GLUT 4 and VAMP?2 is highly co-localised with GLUT 4
in adipocytes (94, 95). Martin et al. concluded that insulin-responsive vesicles are
competent to dock and fuse directly with the plasma membrane in an analogous manner to

synaptic vesicles (95).

4.4 REGULATION OF THE INSULIN SIGNALING SYSTEM

Insulin can simultaneously stimulate the phosphorylation of some proteins and the
dephosphorylation of others. One tyrosine phosphatase, PTPase 1B, has emerged as a
possible candidate for a negative regulator of insulin action because of its ability to

dephosphorylate the insulin receptor in vitro (69).
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INSULIN SIGNALING AND ACTION IN ADIPOCYTES

5.1 INSULIN STIMULATED GLUCOSE UPTAKE

Glucose is an important source of energy for most living organisms. Tissues such
as the brain need glucose constantly, and low blood concentrations of glucose can cause
seizures, loss of consciousness, and death. However, prolonged elevation of blood glucose
concentrations, as in poorly controlled diabetes, can result in blindness, renal failure,
cardiac and peripheral vascular disease, and neuropathy. During fasting, most of the
glucose in the blood is supplied by the liver, independently of insulin. After a meal, the
rise in blood glucose levels rapidly stimulates insulin secretion, which results in increased
glucose transport, metabolism, and storage by muscle and adipocytes. In addition, insulin
inhibits glucagon secretion and lowers serum free-fatty-acid concentrations, contributing to
the sharp decline in hepatic glucose production (96). The adipocyte contains two isoforms
of a family of proteins that facilitate transport of glucose across the plasma membrane:
GLUT 1, the constitutive glucose transport and GLUT 4, the insulin-sensitive glucose
transporter. Both of these are proteins are integral membrane proteins (97). In regard to
diffentiating 3T3-L1 preadipocytes, GLUT 1 is present in both phenotypes, fibroblast and
adipocyte, while GLUT 4 is expressed only in the latter phenotype (98). GLUT 1 is
distributed between the plasma membrane and an intracellular vesicular storage site (99).
GLUT 4 under basal conditions resides almost exclusively intracellularly but translocates

to the plasma membrane when cells are acutely stimulated with insulin (100).

42



3.2 INSULIN RESISTANCE AND TYPE 2 DIABETES

Insulin resistance, defined as an impaired ability of cells or tissues to elicit a normal
response to a giveﬁ insulin concentration, is commonly seen in individuals at an increased
risk for cardiovascular disease and type 2 diabetes (101, 102). Furthermore, insulin
resistance precedes the development of type 2 diabetes and also identifies individuals at an
increased risk for this disease (103, 104). Conditions known to be associated with insulin
resistance, such as obesity, smoking, and treatment with certain drugs (i.e. HIV protease
inhibitors), also carry an increased risk for the development of type-2 diabetes (105).
Substantial efforts have been made to identify proteins that impair critical steps in insulin
signal transduction in individuals with insulin resistance.

In 1999, Carvalho ez al., investigated the development of insulin resistance in
healthy, nondiabetic subjects and found that low IRS-1 expression, defined as <50% of
normal, identified individuals with insulin resistance. Furthermore, this expression was
associated with a larger waist/hip circumference ratio, a well-established marker for insulin
resistance and propensity for type-2 diabetes (106). Recently, Carvalho et al., found that
low IRS-1 expression is associated with a marked impairment in donwstream insulin
signaling, including PI3-kinase activation and serine phosphorylation of PKB/Akt;
maximally insulin-stimulated glucose transport is impaired; and GLUT 4 protein
expression is also markedly reduced. In fact, all these perturbations are similar, in terms of
extent and proteins involved, to what is seen in fat cells from subjects with manifest type-2

diabetes. In addition, they observed a low mRNA expression for both IRS-1 and GLUT 4
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in diabetic cells compared to the control group, suggesting that this expression occurs at
the level of gene transcription (105).

Impairment of insulin stimulated glucose uptake may also result from the up-
regulation of proteins that inhibit the signaling pathways. The increased expression and
activity of several protein-tyrosine phosphatases (PTPs) has been observed in skeletal
muscle and adipose tissue in insulin-resistant, obese states in rodents and humans.
Venable er al. showed that high level overexpression of PTP1B (non-transmembrane
tyrosine phosphatase) in 3T3-L1 adipocytes leads to a substantial impairment of tyrosyl
phosphorylation of the insulin receptor and IRS-1, and a comparable decrease in insulin-
stimulated PI3-kinase activity (107). However, these biochemical consequences were not
sufficient to affect insulin-stimulated glucose transport over a wide range of insulin
concentrations. Thus, their results suggest that PTP1B overexpression alone is unlikely to

have significant effects on glucose disposal in fat cells.

$.3 TRIACYLGYLCEROL SYNTHESIS

Fatty acids are stored for future use as triacylglycerols in all cells, but primarily in
adipocytes. Triacylglycerols constitute molecules of glycerol to which three fatty acids
have been esterified. The major building block for the synthesis of triacylglycerols, in

tissues other than adipose tissue, is glycerol. Adipocytes lack glycerol kinase, therefore,



Figure 11 : Triacylglycerol Synthesis
The following depicts the pathway for triacylglycerol synthesis in
adipocytes, via the production of dihydroxyacetone phosphate from
glucose during glycolysis. Reduction of dihydroxyacetone
phosphate is catalyzed in adipocytes by glycerol phosphate
dehydrogenase. Glycerol-3-phosphate is joined to two fatty acyl
groups to form diacylglycerol-3-phosphate, also known as
phosphatidic acid, which is a precursor to phospholipids and
triacylglycerols . Conversion to triacylglycerols involves
hydrolysis of the phosphate group to form diacylglycerol followed
by addition of a third acyl group from a fatty acyl-CoA.
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dihydroxyacetone phosphate (DHAP), produced during glycolysis, is the precursor for
triacylglycerol synthesis in adipose tissue. This means that adipocytes must have glucose
to oxidize in order to store fatty acids in the form of triacylglycerols. The glycerol
backbone of triacylglycerols is activated by phosphorylation at the C-3 position by
glycerol kinase. The utilization of DHAP for the backbone is carried out through the
action of glycerol-3-phosphate dehydrogenase, a reaction that requires NADH. The fatty
acids incorporated into triacylglycerols are activated to acyl-CoAs through the action of
acyl-CoA synthethases. Two molecules of acyl-CoA are esterified to glycerol-3-phosphate
to yield 1,2-diacylglycerol phosphate (phosphatidic acid). The phosphate is then removed,
by phosphatidic acid phosphatase, to yield 1,2-diacylglycerol, the substrate for addition of
the third fatty acid (Fig 11 & 12). Intestinal monoacylglycerols, derived from the
hydrolysis of dietary fats, can also serve as substrates for the synthesis of 1,2-
diacylglycerols. Glucose acts as a sensor in adipose tissue metabolism. When glucose
levels are adequate, continuing production of glycerol-3-phosphate for synthesis of
triacylglycerols. When intracellular glucose levels fall, the concentration of glycerol-3-
phosphate falls also, and fatty acids are released from adipocytes for export as the albumin

complex to other tissues (108).
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Figure 12 : Triacylglycerol Synthesis in Adipocytes
Insulin stimulates glucose uptake into adipose cells, at
least partly by translocating the glucose transporter (a membrane
protein that carries out facilitated diffusion of glucose) from the
cytosol (where it resides in the absence of insulin) to the cell
surface, in response to insulin. The glucose is converted to
dihydroxyacetone phosphate (DHAP) via the glycolytic pathway
and is oxidized to glycerol-3-phosphate, which then becomes the
glycerol backbone for triacylglycerol synthesis. The fatty acids
incorporated into triacylglycerols are activated to acyl-CoAs
through the action of acyl-CoA synthethases.
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5.4 Regulatiom of Fatty Acid Metabolism

Insulin resistance is characterized by impaired responsiveness to endogenous or
exogenous insulin. Loss of responsiveness is associated with a “clustering” of
cardiovascular risk factors that includes abdominal obesity, hypertension, dyslipidemia,
glucose intolerance, hyperinsulinemia, and non-insulin dependent diabetes mellitus
(NIDDM);, this association is referred to as the insulin resistance syndrome (IRS). Insulin’s
glucoregulatory effects are predominantly exerted in three tissues: liver, muscle, and fat.
In the liver, insulin inhibits the production of glucose by inhibiting gluconeogenesis and
glycogenolysis and also promotes glycogen storage (108). In muscle and adipose tissue,
insulin stimulates the uptake, storage, and metabolism of glucose.

A complete understanding of the mechanism responsible for insulin resistance is
currently not available. Defects leading to insulin resistance may occur at several levels:
prereceptor (abnormal insulin). receptor (decreased receptor number or affinity), glucose
transporter (decreased GLUT 4 molecules), or postreceptor (abnormal signal transduction
and phosphorylation) (109). NIDDM is associated with resistance to the ability of insulin
to inhibit hepatic glucose output and stimulate the uptake and use of glucose by fat and
muscle (108). The number of insulin receptors is somewhat decreased in several tissues of
non-diabetic obese patients and lean or obese patients with NIDDM, possibly as a result of
receptor down-regulation due to basal hyperinsulinemia (108). The ability of insulin to
stimulate autophosphorylation and tyrosine kinase activity is impaired in insulin receptors
derived from fat, skeletal muscle, liver, of patients with NIDDM.

There is now mounting evidence that elevated insulin levels can contribute to the

development of plasma lipid abnormalities and atherosclerosis. The characteristic lipid

48



profile in an individual with NIDDM includes decreased serum HDL-cholesterol (HDL-C),
increased serum very low density lipoprotein (VLDL), elevated small, dense low density
lipoprotein (LDL) and an increase in triglyceride levels (110). Insulin resistance impairs
the normal suppression of free fatty acid (FFA) release from adipose tissue in the
postprandial state (109). Increased FFA released from abdominal adipose tissue and
delivered to the liver by the portal circulation, offers a substrate for increased synthesis of
triglycerides (a rate-limiting step in the production of VLDL), lowers glucose uptake, and
stimulates hepatic glucose production. Hyperinsulinemia also downregulates the activity of
lipoprotein lipase, an enzyme important for VLDL metabolism (109).  Thus,
hyperinsulinemia increases production and decreases metabolism of VLDL resulting in
high plasma triglyceride concentrations. HDL particles are synthesized by the liver but are
also derived from liver metabolism of VLDL remnants and dietary lipids. Theret:ore.
reduced VLDL metabolism contributes to a decrease in plasma HDL. Individuals with
insulin resistance syndrome have a 43% decrease in LPL enzymatic activity, so that less

VLDL triglyceride is taken by fat tissue (110) (Fig 13).
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Figure 13 : Overview of the alterations in plasma lipid transport and
lipoprotein metabolism observed in visceral obesity. Altered sex steroid and
glucocorticoid levels have been associated with the insulin resistant-
hyperinsulinaemic state,which characterizes visceral obesity. The specific
enlargement of visceral adipocytes is associated with increased free

fatty acids (FFA) levels in the portal and systemic circulations. This leads to an
increased triglyceride synthesis and VLDL secretion, which by itself may
exacerbate the insulin-resistant state. The slower catabolism of triglyceride-rich
lipoproteins due to a reduced lipoprotein lipase (LPL) activity in the skeletal
muscle and a blunted response of adipose tissue LPL during meals may explain
the reduced plasma HDL-cholesterol levels in visceral obesity. Hepatic
tniglyceride lipase activity is also increased which leads to a further reduction in
plasma HDL-cholesterol levels. The elevated triglyceride levels also favour the
transfer of lipids among lipoproteins, leading to the triglyceride enrichment of
HDL and LDL, whereas VLDL are enriched cholesterol esters, a process that is
believed to be atherogenic. The small triglyceride-rich LDL and HDL particles
are good substrates for the enzyme hepatic-triglyceride lipase, leading to the
formation of dense LDL particles which show elevated concentrations in coronary
heart disease patients.






6.0 LIPOLYSIS

6.1 MECHANISMS REGULATING ADIPOCYTE LIPOLYSIS

The primary sources of fatty acids for oxidation are dietary and mobilization from
cellular stores. Fatty acids from the diet are delivered from the gut to cells via transport in
the blood. Fatty acids are stored in the form of triacylglycerols primarily within
adipocytes. In response to energy demands, the fatty acids of stored triacylglycerols can be
mobilized for use by peripheral tissues. The release of metabolic energy, in the form of
fatty acids. is controlled by a complex series of interrelated cascades that results in the
activation of hormone-sensitive lipase (HSL). The stimulus to activate this cascade, in
adipocytes, can be glucagon, epinephrine or beta-corticotropin (112). These hormones
mediate their actions via four adrenergic receptors: betal, beta2, beta3 and alpha2. These
adrenergic receptors are members of the superfamily of G-protein-coupled receptors that
are characterized by 7 transmembrane spans of 20-28 hydrophobic amino acids, an
extracellular amino terminus with glycosylation sites, and intracellular carboxyl terminus
that is palmitoylated for stabilization of the protein in the membrane. The extracellular
surface is critical for ligand binding, while the intracellular surface is involved in G-protein
recognition and activation (113). Upon ligand binding, these receptors are coupled to the
activation of adenylate cyclase. The resultant increase in cAMP leads to activation of PKA
(112). The two main targets of PK A-mediated phosphorylation in the adipocyte are HSL
and the perilipins, and the phosphorylation of these proteins dramatically increases

lipolysis (114). Stimulation of adipocytes with catecholamines triggers the translocation of
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HSL from the cytoplasmic compartment to the surface of the lipid droplets, a phenomenon
that has been demonstrated both by subcellular fractionation experiments on primary
adipocytes (115, 116) and by direct immunocytochemistry on 3T3-L1 adipocytes (117). A
complementary mechanism precluding HSL binding to the lipid droplets in nonstimulated
intact cells seems to rely on the perilipins. These are a family of closely related proteins
located on the surface of the lipid droplet (118). It has been proposed that perilipins may
create a protective barrier for the interaction of HSL with the lipds (119). On stimulation
of the adipocytes, perilipin phosphorylation would relieve the restraint and allow
phosphorylated HSL free access to the lipid droplet substrate, leading to initiation of TG
hydrolysis (114). HSL hydrolyzes fatty acids from carbon atoms 1 or 3 of triacylglycerols
(112). The resulting diacylglycerols are substrates for either HSL or the non-inducible
enzyme diacylglycerol lipase (112). Finally the monoacylglycerols are substrates for
monoacylglycerol lipase. The net result of the action of these enzymes is three fatty acids
and one mole of glycerol (Fig 14). The free fatty acids diffuse from adipose cells, combine
with albumin in the blood, and are thereby transported to other tissues, where they
passively diffuse into cells (112).

[nsulin, the most important physiological inhibitor of catecholamine-induced
lipolysis, induces phosphorylation and activation of the phosphodiesterase type 3B
(PDE3B), leading to a decrease in cAMP levels and concomitant decrease of PKA activity
(121). Specific inhibition of PDE3B completely blocks the antilipolytic effect of insulin,
indicating that cAMP degradation is the main mechanism whereby insulin antagonizes

catecholamine-induced lipolysis (122) (Fig 14).



Figure 14: Hormone Induced Fatty Acid Mobilization in

Adipocytes

Model for the activation of hormone-sensitive lipase by a
catecholamine. Norepinephrine binds its’ receptor and leads to the
activation of adenylate cyclase. The resultant increase in cAMP
activates PKA, which then phosphorylates and activates hormone-
sensitive lipase. Hormone-sensitive lipase hydrolyzes fatty acids
from triacylglvcerols and diacylglycerols. The final fatty acid is
released from monoacylglycerol lipase, an enzyme active in the
absence of hormonal stimulation. Insulin inhibits the
phosphorylation of adenylate cyclase to inhibit fat mobilization.
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MATERIALS AND METHODS

1. Materials
Insulin (bovine pancreas) from Sigma (cat# I-5500). 3-Isobutyl-1-methyl-xanthine
from Sigma (cat# [-5879). Dexamethasone and norepinephrine from Sabex. Humulin
from Lilly. Glut 4 antibody from Alpha diagnostics International. IRS-1 and PI3-
kinase antibodies from Upstate Biotechnology. Indinavir from Merck & Co.. Ritonavir

from Abbott Laboratories. Saquinavir from Roche.

2. Cell Culture

3T3-L1 preadipocytes were cultured in 10% DMEM (containing 10% [v/v] fetal
calf serum, penciilin [100 U/ml}, and streptomycin [100 U/mi] at 37°C in a 5% CO-
humidified incubator. 3T3-L1 fibroblasts were maintained and split before reaching 80%
confluence. Upon reaching confluence, cells were subjected to differentiation with 1 ug/ml
insulin, 0.5 mM isobutylmethylxanthine (IBMX), and 0.25 uM dexamethasone (Dex), in
10% DMEM for 4 days. The cells were then incubated in 10% DMEM and | ug/ml
insulin for another 3 days, after which they were maintained in 10% DMEM for 4 days.
All HIV protease inhibitors were dissolved in dimethylsulfoxide (DMSO) and then diluted
with 10% DMEM. Since the compounds used in this study were solubilized in DMSO.,
control cells were treated with matching concentrations of DMSO and the final
concentrations of DMSO were kept below 0.1%. HIV protease inhibitors were added
throughout differentiation of 3T3-L1 preadipocytes as well as short- term during

experiments, unless otherwise noted.
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3. Oil Red Staining

3T3-L1 adipocytes were washed twice with PBS, and then fixed with 4%
paraformaldehyde for 12 minutes. The cells were then washed again with PBS. The oil red
stain (5% oil red in 70% pyridine) was applied for 30 minutes, and cells were washed three

times with PBS (119).

4. Toxicity

The CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay (Promega) is a
colometric method determining the number of viable cells in proliferation. The assay is
composed of solutions of a novel tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulphonyl)-2H-tetrazolium, inner salt;MTS) and an
electron coupling reagent (phenazine methosulfate; PMS). MTS is bioreduced by cells
into formazan that is soluble in tissue culture medium. The absorbance of the formazan at
490nm can be measured directly from 96 well plates. Dehydrogenase enzymes found in
metabolically active cells accomplish the conversion of MTS into the aqueous soluble
formazan. The amount of formazan product measured by the amount of 490nm
absorbance is directly proportional to the number of living cells.
3T3-L1 preadipocytes were cultured and differentiated in 96-well plates. A volume of 20
ul of the MTS/PMS solution was added to each well. The plate was then incubated for 1-4
hours at 37°C in a humidified 5% CO; atmosphere. At this point, the absorbance at 490nm

was recorded using an Elisa plate reader.
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8. Insulin-Stimulated Triacylglvcerol Synthesis

3T3-L1 preadipocytes were cultured and differentiated in 24 well plates at 1 x 10°
cells/mL. At precisely 3 or 11 days post induction, 3T3-L1 cells were serum starved
overnight in MEM, 5 mM glucose, and 0.1% BSA. The cells were then incubated with
3.35 nM insulin in MEM, 5mM glucose, and 0.1% BSA for 6 hrs. '* C(U)-Glucose (2.21
dpm/pmole) was then added for 18 hrs at 37°C in a 5% CO; humid incubator (120). The
cells were the placed on ice and the medium was removed, after which the cells were
washed three times with PBS. Triglycerides were then extracted for 30 minutes with 2 X 1
mL of isopropanol:heptane (2:3 vol/vol) and collected (121). The incorporated '* C(U)-
glucose into triacylglycerols was then determined by scintillation counting. Soluble cell
protein was then dissolved in 1 mL IN NaOH and measured by the method of Lowry

(121).

6. Lipolysis

Lipolysis experiments were conducted using a glycerol assay from Sigma
Diagnostics (procedure No.337). Triglycerides are hydrolyzed to glycerol and fatty acids.
The glycerol produced is then measured by coupled enzyme reactions catalyzed by
glycerol kinase, glycerol phosphate oxidase and peroxidase. 3T3-L1 adipocytes were
incubated for 24 hours with or without 100 nM norepinephrine. At that point, 10 ul of
media from each sample was added to 1 mL of Triglyceride (GPO-Trinder) Reagent in a
cuvet. The absorbance at 540 nm of blank, glycerol standard, and sample was recorded.
To obtain the change in absorbance due to glycerol, the absorbance of the blank was

subtracted from the absorbance of the standard and each sample. The glycerol
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concentration in each sample was determined using the calculation given. Soluble cell

protein was then dissolved in I mL IN NaOH and measured by the method of Lowry.

7. Insulin Bindin ,

3T3-L1 cells throughout differentiation were serum starved with 0% DMEM +
0.1% BSA for 2 hours and then washed twice with Hank’s Hepes Balanced Salt Solution
(HHBS + 0.2% BSA). The cells were then exposed to labeled '** I-insulin (1 ng/mL) alone
(total binding) or labeled '* I-insulin (1 ng/mL) plus a large excess of unlabeled insulin
(40 ug/mL) (non-specific binding) for 2 hours on a rotary shaker at room temperature. At
this point, the cells were washed four times with 4°C HHBS. Samples were solubilzed in 1
mL of IN NaOH and counted in a gamma-counter. Protein analysis was performed on

separate cell samples employing the method of Lowry.

8. Insulin Binding Reversal

Binding experiments were performed as described previously with slight
modifications. Changes were made during the exposure to ' I-labeled insulin relative to
the presence or absence of indinavir. There were a total of four groups. Group 1 was the
control group. Group 2 had indinavir present only during exposure to '?* I-labeled insulin.
In-group 3, indinavir was present during cell culture, differentiation, and serum starvation
but absent during exposure to '** I-labeled insulin. Group 4 had indinavir present during

all stages of the experiment.



9. Competitive Displacement Profile of Insulin Binding

Binding experiments were performed as above with slight modifications. The
amount of '** I-insulin bound was measured in the presence of increasing concentrations

of unlabeled insulin (range 0.6 ng/mL - 4000 ng/mL).

10. Insulin Binding, Internalization and Degradation

Binding experiments were performed as above with slight modifications. 3T3-L1
adipocytes were pre-incubated with '*° I-insulin at 4°C for 4 hours to allow steady-state
equilibrium. '** L-insulin was then removed by washing the cells four times with HHBS
containing 0.2% BSA at 4°C. At zero time the medium was replaced with 1 mL of 37°C
buffer. To stop '** I-insulin internalization, cells were washed rapidly four times with 4°C
HHBS + 0.2% BSA buffer and placed at 4°C. Internalized '** I-insulin was assessed by
incubating the cells with 0.2 M acetic acid (pH 2.7) containing 0.5 M NaCl for 6 minutes
at 4°C. Under these conditions greater than 95% of all surface bound insulin was removed.
Cells were then solubilized with NaOH to determine the amount of '% I-insulin
incorporated. The amount of surface bound '** I-insulin was determined by substracting the
amount-internalized insulin from the amount of total insulin bound (plates not treated with
acetic acid) at each time frame.

In order to determine the amount of '** [-insulin that was degraded both
intracellularly and extracellularly, the above procedure was performed with two additional
steps. First, after the indicated time points for incubation at 37°C, the media for each

sample was stored in microcentrifuge tubes pre-chilled at 4°C. Cells were then rinsed and



placed at 4°C. Second, cells, which were stripped of their surface bound insulin, were
exposed to 1 mL of Triton X-100 for one hour. Media aliquots of 0.4 mL were directly
counted for '° I in a gamma-counter and an additional 0.4. mL was incubated with 0.4 mL
of 20% TCA for one hour at 4°C. These samples were centrifuged at 14,000 rpm for five
minutes and protein pellets were dissolved in 1mL of 1N NaOH and counted. The amount
of TCA soluble material was determined by substraction of TCA precipitable material and
the total amount counted in 0.4 mL. To determine the amount of TCA soluble material in
the medium, 0.4 mL media aliquots were collected and subjected to the same process as for

Trix aliquots. (122).

11. Preparation of Whole Cell Extracts
3T3-L1 cells were washed twice with 4°C PBS. A volume of 0.5mL RIPA buffer

(1X PBS, 1%Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, ImM PMSF. 1 ug/mL
aprotinin, 1 ug/mL leupeptin, 1 ug/mL pepstatin, ImM sodium vanadate, and ImM sodium
fluoride) was added to each sample and cells were scraped using a cell scraper. The
samples were gently rocked for 15 minutes at 4°C. The lysates were then centrifuged at
14,000-x g for 15 minutes at 4°C. The supernatant fluid was the total cell lysate and

proteins were determined using the Modified Lowry method.

12. Immuneprecipitation

A 250-ug-cell lysate was placed in a microcentrifuge tube. Antibody, 2 ug of
rabbit anti-IRS-1 was added. The reaction was rocked ovemight at 4°C. The

immunocomplex was captured by adding 50 ul of Protein A agarose bead slurry (25%).



The reaction mixture was again rocked for 2 hours at 4°C. The agarose beads were
collected by centrifugation at 2,500 rpm at 4°C for five minutes. The beads were washed
three times with PBS. The agarose beads were resuspended in 50 ul 2X Laemmli sample
buffer (0.2 M Tris-Cl pH 6.8, 4% SDS, 20% glycerol, 0.008% bromophenol blue, and 8%
mercaptoethanol) and boiled for five minutes. A microcentrifuge pulse collected the beads
and SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was then performed using the
supernanant. Proteins were probed with a rabbit anti-mouse tyrosine phosphorylated

primary antibody followed by a goat anti-rabbit HRP-labeled secondary antibody.

13. Western Blotting

Cell lysate proteins (40 ug of protein) were mixed with 4X Laemmli buffer (8%
SDS. 400mM DTT, 0.24 M Tris (pH 6.8), 0.04% bromophenol blue. 40% glycerol. 4mM
EDTA) in a 1:4 ratio. Samples were separated by SDS-PAGE (200V, 30 miuntes) on a 6%
gel. Proteins were transferred (100V, 1 hour) to nitrocellulose (0.2 um) sheets and blocked
in 5% milk in PBST. The blots were then washed with PBST (0.1% Tween) and
subsequently probed with a rabbit anti-mouse IRS-1 polyclonal antibody (1:1000 dilution)
dissolved in 5% milk for 1 hour at room temperature. The membrane was again washed
with PBST and then incubated with a goat anti-rabbit HRP-labeled secondary antibody
diluted 1:1000 in blocking reagent. Following washing with PBST, the blot was incubated
with the chemiluminescence detection reagents (ECL Amersham) prior to exposure to film
(Kodak X-Omat Blue). The intensity of the bands was quantitated using UN-SCAN-IT

computer software (Silk Scientific).
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14. Statistics
All analyses were done with triplicates experiments, with triplicate samples in each
experiment. The statistical analyses employed herein include column statistics and one-

way analysis of variance (ANOVA). The lowest level of significance was set at p<0.05.
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Results
1. The Effect of Saquinavir on 3T3-L1 Adipocyte Diffentiation

Under appropriate culture conditions, including incubation with a hormonal
mixture, 3T3-L1 preadipocytes undergo differentiation and assume adipocyte
characteristics that include a specific pattem of gene expression and accumulation of
cytoplasmic, triacylglycerol-rich lipid droplets. Experiments were conducted to determine
whether HIV protease inhibitors (PIs) affect this process. Preadipocytes were induced to
differentiate in the absence or presence of 1 and 10 uM Saquinavir (Saq). Eleven days
after the onset of differentiation, when cytoplasmic lipid droplets are normally abundant,
adipocytes were fixed with 4% paraformadelhyde and stained with oil red. Plates were
photographed microscopically and compared for differences in cell size and lipid content.

Figure 15 shows the results for the control, 1 uM Saq and 10 uM Saq adipocyte cell
models. Adipocytes that were differentiated in the presence of 1 and 10 uM saquinavir
showed slight differences in lipid content when compared to the control group. The
photographs portray a concentration dependent inhibition of lipid accumulation with
increasing concentrations of saquinavir. The size of the fat cell and the quantity of lipid

droplets in the drug treated samples were smaller and fewer, respectively.
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Figure 15 : The Effect of Saquinavir on 3T3-L1 Adipocyte Differentiation
The following depicts photographs of differentiated 3T3-L1
adipocytes in the absence and presence of 1 uM saquinavir
and 10 uM saquinavir.
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2. _The Effect of Indinavir on 3T3-L1 Adipocyte Differentiation

3T3-L1 fibroblasts were cultured and subjected to adipocyte differentiation in 10%
DMEM. Indinavir (Ind) was present at varying concentrations of 1 and 10 uM during all
stages of culture. Adipocytes were fixed with 4% paraformadelhyde and stained with oil
red. Plates were photographed microscopically and compared for differences in cell size
and lipid content.

Figure 16 shows the results for the control, 1 uM Ind and 10 uM Ind adipocyte cell
models. Adipocytes that were differentiated in the presence of 1 uM indinavir showed
little differences in lipid content when compared to the control group. However, cells
differentiated in 10 uM indinavir showed extensive differences in cell morphology when
compared to the control group. It seems that indinavir has detrimental effects on 3T3-L1
adipocyte differentiation with regards to the size of the fat cell and the quantity of lipid

droplets in the drug treated samples, being smaller and fewer, respectively.
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Figure 16 : The Effect of Indinavir on 3T3-L1 Adipocyte Differentiation
The following depicts photographs of 3T3-L1 differentiated
adipocytes in the absence and presence of 1 and 10 uM indinavir.
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3. The Effect of Ritonavir on 3T3-L1 Adipocyte Differentiation

3T3-L1 fibroblasts were cultured and subjected to adipocyte differentiation in 10%
DMEM. Ritonavir (Rit) was present at varying concentrations of 1 and 10 uM during all
stages of culture. Adipocytes were fixed with 4% paraformadelhyde and stained with oil
red. Plates were photographed microscopically and compared for differences in cell size
and lipid content.

Figure 17 shows the results for the control, 1 uM Rit and 10 uM Rit adipocyte cell
models. Adipocytes that were differentiated in the presence of 1 and 10 uM ritonavir
showed moderate differences in lipid content when compared to the control group. The
photographs portray a concentration dependent inhibition of lipid accumulation with
increasing concentrations of ritonavir. The size of the fat cell and the quantity of lipid
droplets in the drug treated samples were smaller and fewer. respectively. Both saquinavir
and ritonavir have similar effects on adipocyte differentiation with ritonavir having a

slightly greater efficacy.
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Figure 17 : The Effect of Ritonavir on 3T3-L1 Adipocyte Differentiation
The following depicts photographs of differentiated 3T3-L1
adipocytes in the absence and presence of 1 and 10 uM ritonavir.
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4. The Incorporation of 14 C-Glucose into the Glycerol Backbone of Triacylglvcerols

Over Various Time Frames in 3T3-L1 Cells

3T3-L1 fibroblasts were cultured and subjected to adipocyte differentiation in 10%
DMEM. At 3 days post-induction (pre-adipocytes) and at 11 days post-induction (full
blown adipocytes) cells were stimulated 3.35nM insulin for 6 hrs and pulsed with
¥ C-glucose (2.21 dpm/pmole) for various time frames. Triglycerides were extracted using
isopropanol:heptane and aliquots were counted using a scintillation counter to determine
the amounts of triacylglycerols containing '* C in their glycerol backbone.

Figure 18 shows a linear increase in '* C-glucose incorporation into triacylglycerols
over time at basal as well as insulin-stimulated levels. This control experiment was carried
out to find the optimum time frame for the greatest generation of triacylglycerols. As the
graph demonstrates, an 18-hour pulse with '* C-glucose is the optimum time frame for both
experiments involving pre-adipocytes and adipocytes.

An 18-hour pulse time was used for all future experiments regarding triacylglycerol

synthesis. Analysis was done using triplicate experiments with triplicates plates in each

experiment.
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Figure 18 : The Incorporation of *C-Glucose into Triacylglycerols Over
Various Time Frames in 3T3-L1 Cells
The following data depicts the incorporation of "*C-glucose into
the glycerol backbone of triacylglycerols over various time frames.
Cells were stimulated with 3.35 nM insulin and pulsed with
HC-glucose. Tracylglycerol synthesis was observed at basal (A) and
insulin-stimulated (4) for pre-adipocytes, 3 days post-induction. The
same treatments were performed for adipocytes (11 days post-
induction) at basal (o) and insulin-stimulated (@) conditions. The
results are a summary of three experiments with triplicates plates in
each experiment.
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5.The Incorporation of HC.Glucoese into Triacylglvcerols Using Various

Concentrations of Insulin in 3T3-L1 Cells
3T3-L1 fibroblasts were cultured and differentiated in 10 % DMEM as previously
described. Upon reaching the desired level of differentiation pre-adipocytes and
adipocytes were insulin-stimulated for 6 hours with various concentrations of insulin and
pulsed for another 18 hours with "“C-glucose (2.21 dpm/pmole). Triacylglycerols
produced were extracted using isopropanol:heptane and aliquots were measured by
scintillation counting.

The purpose of this control experiment was to find the optimum insulin
concentrations at which the greatest amounts of triacylglycerols were produced. The
results are shown in figure 19. We observed an increase in triacylglycerol synthesis with a
maximal production at 3.35 nM insulin followed by triglyceride synthesis slowly tapering
off with increasing concentrations of insulin. This effect was observed with pre-adipocytes
with a maximal of 25 nmoles "*C-glucose/mg protein at 3.35 nM insulin. as well as with
adipocytes, 53 nmoles "*C-glucose/mg protein.

Therefore, an insulin concentration of 3.35 nM was chosen for all future
experiments involving triglyceride synthesis. Analysis was done on triplicate experiments

with triplicate plates in each experiment.
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Figure 19 : Monitoring the Incorporation of "*C-Glucose into
Triacylglycerols Using Various Concentrations of Insulin
in 3T3-L1 Cells
The following data demonstrates the optimum insulin concentration
at which the greatest amount of triacylglycerol is produced in vitro in
3T3-L1 cells. This experiment was conducted with 3T3-L1
cells at different stages of adipocyte differentiation; pre-adipocytes.
3 days post-induction (@), and adipocytes, 11 days post-induction
(a). Cells were stimulated with increasing concentrations of insulin
and pulsed with "*C-Glucose. Maximum triacylglycerol synthesis
occurs at 3.35 nM insulin. Analysis was done using triplicate
experiments with triplicate plates in each experiment.
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6. The Effect of Saquinavir on Basal and Insulin Stimulated Triacylglycerol
Svnthesis in 3T3-L1 Pre-adipocytes (3 days post-induction)

The following experiments will be conducted to determine the effects of HIV
protease inhibitors on triacylglycerol synthesis in vitro. This is to assess if there are
any perturbations in triglyceride synthesis, and if it can explain what is observed in
lipodystrophy patients.

3T3-L1 fibroblasts were cultured and subjected to adipocyte differentiation in
10 % DMEM as previously described. Saquinavir was present throughout all stages of
the experiment at concentrations of 0.1 uM, 1 uM and 10 uM. At 3 days post-
induction, pre-adipocytes were stimulated for 6 hours with 3.35 nM insulin and pulsed
for an additional 18 hours with *C-glucose (2.21 dpm/pmole). Trnacylglycerols were
extracted using isopropanol:heptane and aliquots were measured by scintillation
counting to determine the amount of '*C-glucose incorporated into the glycerol
backbone of triglycerides.

Figure 21 (top panel) shows a concentration dependent increase in basal
triacylglycerol synthesis in drug treated samples when compared to the control group.
The differences between treated and control groups was found to be statiscally
significant (p<0.05). Analysis of the data gave increases of 33.35% = 0.03, 38.27% =
0.05, and 45.04% = 1.26 for 0.1 uM, 1 uM and 10 uM saquinavir respectively.

In figure 20 (lower panel), we observed an overall decrease in insulin-stimulated
triglyceride synthesis in the drug treated samples. The values, when compared to the
control group, decreased by 29.24% £ 0.07, 29.93% = 0.83, and 34.70% + 2.218 for
0.1uM, 1 uM, and 10 uM saquinavir respectively. These differences were also all

statistically significant (p<0.05). The results are expressed as + SEM for n=3.
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Figure 20 :The Effect of Saquinavir on Basal and Insulin-Stimulated
Triacylglycerol Synthesis in 3T3-L1 Pre-Adipocytes
The following data depicts the effect of the HIV protease inhibitor
saquinavir on triacylglycerol synthesis in vitro using 3T3-L1
pre-adipocytes. 3T3-L1 fibroblasts were differentiated as previously
described and stimulated with 3.35 nM insulin and pulsed with
"C-glucose. The upper panel, A, shows basal triacylglycerol synthesis
and the lower panel, B, shows insulin-stimulated triacylglycerol
synthesis. Saquinavir, at concentrations of 0.1uM, 1 uM, and 10 uM
were present at all stages of the experiment. Data is presented as
nmoles of "*C-glucose incorporated into a triglyceride backbone per
mg protein. The results are expressed as +SEM for n=3. Statistical
significance determined by one-way anova (p<0.03).
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7. The Effect of Indinavir on Basal and Insulin-Stimulated Triacylglvcerol

Synthesis in 3T3-L1 Pre-Adipocytes (3 davs post-induction)

3T3-L1 fibroblasts were cultured and subjected to adipocyte differentiation
in 10 % DMEM as previously described. Indinavir was present throughout all stages
of the experiment at concentrations of 0.1 uM, 1 uM and 10 uM. At 3 days post-
induction, pre-adipocytes were stimulated for 6 hours with 3.35 nM insulin and pulsed
for an additional 18 hours with '*C-glucose (2.21 dpm/pmole). Triacylglycerols were
extracted using isopropanol:heptane and aliquots were measured by scintillation
counting to determine the amount of *C-glucose incorporated into the glycerol
backbone of triglycerides.

Figure 21 (top panel) shows a concentration dependent increase in basal
triacylglycerol synthesis in drug treated samples when compared to the control grc;up.
The differences between treated and control groups was found to be statiscally
significant (p;0.0S). Analysis of the data gave increases of 26.82% + 0.02, 42.25% =
0.03, and 55.94% + 0.01 for 0.1 uM, 1 uM and 10 uM indinavir respectively.

In figure 21 (lower panel), we observed an overall decrease in insulin-stimulated
triglyceride synthesis in the drug treated samples. The values, when compared to the
control group, decreased by 32.77% = 0.11, 34.26% = 1.02, and 33.27% = 0.64 for 0 1
uM, 1 uM, and 10 uM indinavir respectively. These differences were also all

statistically significant (p<0.05). The results are expressed as + SEM for n=3.
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Figure 21 : The Effect of Indinavir on Basal and Insulin-Stimulated
Triacylglycerol Synthesis in 3T3-L1 Pre-Adipocytes
The following data depicts the effect of the HIV protease inhibitor
indinavir on triacylglycerol synthesis in vitro using 3T3-L1
pre-adipocytes. 3T3-L1 fibroblasts were differentiated as previously
described and stimulated with3.35 nM insulin and pulsed with
"C-glucose for 18 hours. The upper panel, A, shows basal
triacylglycerol synthesis and the lower panel, B, shows insulin-
stimulated triacylglycerol synthesis. Indinavir, at concentrations of
0.1uM, 1 uM, and 10 uM were present at all stages of the experiment.
Data is presented as nmoles of ‘‘C-glucose incorporated into a
triglyceride backbone per mg protein. The results are expressed as
+SEM for n=3. Statistical significance determined by one-way anova

(p<0 05).
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8. The Effect of Ritonavir on Basal and Insulin-Stimulated Triacylglvcerol
Synthesis in 3T3-L1 Pre-Adipocvtes (3 days post-induction)

3T3-L1 fibroblasts were cultured and subjected to adipocyte differentiation
in 10 % DMEM as previously described. Ritonavir was present throughout all stages
of the experiment at concentrations of 0.1 uM, 1 uM and 10 uM. At 3 days post-
induction, pre-adipocytes were stimulated for 6 hours with 3.35nM insulin and pulsed
for an additional 18 hours with "*C-glucose (2.21 dpm/pmole). Triacylglycerols were
extracted using isopropanol:heptane and aliquots were measured by scintillation
counting to determine the amount of '*C-glucose incorporated into the glycerol
backbone of triglycerides.

Figure 22 (top panel) shows a concentration dependent increase in basal
triacylglycerol synthesis in drug treated samples when compared to the control group.
The differences between treated and control groups was found to be statiscally
significant (p<0.05) at 1 uM and 10 uM ritonavir only. Analysis of the data gave
increases of 26.12% % 0.56, 32.71% = 0.04, and 55.46% = 1.12 for 0.1 uM, 1 uM and
10 uM ritonavir respectively.

In figure 22 (lower panel), we observed an overall decrease in insulin-stimulated
triglyceride synthesis in the drug treated samples. The values, when compared to the
control group, decreased by 33.51% £ 2.02, 29.21% + 2.17, and 54.45% + 2.58 for 0.1
uM, 1 uM, and 10 uM ritonavir respectively. These differences were also all

statistically significant (p<0.05). The results are expressed as + SEM for n=3.
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Figure 22 : The Effect of Ritonavir on Basal and Insulin-Stimulated
Triacylglycerol Synthesis in 3T3-L1 Pre-Adipocytes
The following data depicts the effect of the HIV protease inhibitor
ritonavir on triacylglycerol synthesis in vitro using 3T3-L1
pre-adipocytes. 3T3-L1 fibroblasts were differentiated as previously
described and stimulated 3.35 nM and pulsed with
"C-glucose for 18 hours. The upper panel. A, shows basal
triacylglycerol synthesis and the lower panel, B, shows insulin-
stimulated triacylglycerol synthesis. Ritonavir, at concentrations of
0.1uM, 1 uM, and 10 uM were present at all stages of the experiment.
Data is presented as nmoles of '*C-glucose incorporated into a
triglyceride backbone per mg protein. The results are expressed as
+SEM for n=3. Statistical significance determined by one-way anova
(p<0.05).
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9. The Effect of Ritonavir on Basal and Insulin-Stimulated Triacylglvcerol
Synthesis in 3T3-1.1 Adipocytes (11 davs post-induction)

In the three last experiments we assessed the effect of saquinavir, indinavir,
and ritonavir HIV protease inhibitors on triacylglycerol synthesis, in vitro, in 3T3-L1
mouse pre-adipocytes. The results suggested significant effects under basal and
insulin-stimulated conditions. Therefore, this next experiment was conducted to assess
the effects of protease inhibitors on completely differentiated adipocytes, 11 days post-
induction. Due to its superior adverse effects, when compared to the other two HIV
protease inhibitors used previously, ritonavir was chosen as a drug for this experiment.

3T3-L1 fibroblasts were cultured and subjected to adipocyte differentiation in 10 %
DMEM as previously described. Ritonavir was present throughout all stages of the
experiment at concentrations of 0.1 uM. 1 uM and 10 uM. At 11 days post-induct{on.
adipocytes were stimulated for 6 hours with 3.35 nM insulin and pulsed for an
additional 18 hours with 14C—glucose (2.21 dpm/pmole). Tracylglycerols were
extracted using isopropanol:heptane and aliquots were measured by scintillation
counting to determine the amount of '*C-glucose incorporated into the glycerol
backbone of triglycerides.

Figure 23, upper panel, shows small increases in basal triacylglycerol synthesis in
ritonavir treated samples. Synthesis increased by 11.26% = 10.41, 22.83% =+ 15.63,
and 2.03% £ 15.30 for 0.1 uM, 1 uM, and 10 uM ritonavir respectively. Adipocytes
exposed to ritonavir did not show concentration dependent increases in triacylglycerol
synthesis as seen in pre-adipocytes. Furthermore, the differences between treated and

control samples were not statistically significant.
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Figure 23, lower panel, displays the results for insulin-stimulated adipocytes. A
concentration dependent decrease in triacylglycerol synthesis was observed with
increasing concentrations of ritonavir when compared to the control group. Synthesis
decreased by 3.34% + 0.19 and 29.93% + 1.29 for 1 uM and 10 uM ritonavir
respectively. No decrease in triacylglycerol synthesis was observed at 0.1 uM
ritonavir. The greatest decrease in synthesis was observed with 10 uM ritonavir and
coincidently is the only one that was statistically significant (p<0.05) when compared

to the control sample. The results are expressed as + SEM for n=3.
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Figure 23 : The Effect of Ritonavir on Basal and Insulin-Stimulated
Triacylglycerol Synthesis in 3T3-L1 Adipocytes
The following data depicts the effect of the HIV protease inhibitor
ritonavir on triacylglycerol synthesis in vitro using 3T3-L1
adipocytes. 3T3-L1 fibroblasts were differentiated as previously
described and stimulated with 3.35 nM insulin and pulsed with
HC-glucose for 18 hours. The upper panel, A, shows basal
triacylglycerol synthesis and the lower panel, B, shows insulin-
stimulated triacylglycerol synthesis. Ritonavir, at concentrations of
0.1uM. 1 uM, and 10 uM were present at all stages of the experiment.
Data is presented as nmoles of HC-glucose incorporated into a
triglyceride backbone per mg protein. The results are expressed as
+SEM for n=3. Statistical significance determined by one-way anova
(p<0.05).
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10. The Effect of Ritonavir on Triacylglvcerol Synthesis Using Various
Concentrations of Insulin in 3T3-L1 Pre-adipocytes (3 davs pest-induction)

3T3-L1 fibroblasts were cultured and subjected to adipocyte differentiation in
10% DMEM as previously described. Ritonavir was present throughout all stages of
the experiment at concentrations of 1 uM and 10 uM. At 3 days post-induction, pre-
adipocytes were stimulated for 6 hours with increasing concentrations of insulin and
pulsed for an additional 18 hours with 'C-glucose (2.21 dpm/pmole). Triacylglycerols
were extracted using isopropanol:heptane and aliquots were measured by scintillation
counting to determine the amount of “*C-glucose incorporated into the glycerol
backbone of triglycerides.

In figure 24 we notice that with increasing insulin concentrations there is a
progressive decrease in triacylglycerol synthesis in both 1 uM and 10 uM ritonavir
samples. when compared to the control group. Furthermore, decreases in synthesis are
concurrent with the increasing concentrations of ritonavir from 1 to 10 uM. However,
exposure to higher levels of insulin did not further stimulate triacylglycerol synthesis in
these cells. Therefore, insulin could not alleviate the diminished insulin response
brought about by ritonavir. The differences between treated and control group were al

statistically significant (p<0.05). The results are expressed as + SEM for n=3.
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Figure 24 : The Effect of Ritonavir on Triaclyglycerol Synthesis Using
Increasing Concentrations of Insulin in 3T3-L1 Pre-adipocytes
The following data depicts the effect of the HIV protease inhibitor
ritonavir on triacylglycerol synthesis in vitro using 3T3-L1
pre-adipocytes. 3T3-L1 fibroblasts were differentiated as previously
described and stimulated for 6 hours with various concentrations of
insulin and pulsed with "*C-glucose for 18 hours. Ritonavir, at
concentrations of 1 uM, and 10 uM were present at all stages of the
experiment. Data is presented as nmoles of '*C-glucose per
mg protein. Control samples are represented by (a), followed by
1 uM (a) and 10 uM (V) ritonavir. The results are expressed as +SEM
for n=3. Statistical significance determined by one-way anova

(p<0.05).
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11. The Effect of Ritonavir on Triacvlglycerol Synthesis Using Various
Concentrations of Insulin in 3T3-L1 Adipocytes (11 davs post-induction)

3T3-L1 fibroblasts were cultured and subjected to adipocyte differentiation in
10% DMEM as previously described. Ritonavir was present throughout all stages of
the experiment at concentrations of 1 uM and 10 uM. At 11 days post-induction,
adipocytes were stimulated for 6 hours with increasing concentrations of insulin and
pulsed for an additional 18 hours with '“C-glucose (2.21 dpm/pmole). Triacyiglycerols
were extracted using isopropanol:heptane and aliquots were measured by scintillation
counting to determine the amount of '4C-glucose incorporated into the glycerol
backbone of triglycerides.

In figure 25 we notice that with increasing insulin concentrations there is an
overall decrease in triacylglycerol synthesis in both 1 uM and 10 uM ritonavir samples.
when compared to the control group. As previously observed, exposure to higher
levels of insulin did not further stimulate triacylglycerol synthesis in these cells.
Therefore, insulin could not alleviate the diminished insulin response brought about by
ritonavir. The differences between treated and control group were all statistically

significant (p<0.05).
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Figure 25 : The Effect of Ritonavir on Triaclyglycerol Synthesis Using
Increasing Concentrations of Insulin in 3T3-L1 Adipocytes
The following data depicts the effect of the HIV protease inhibitor
ritonavir on triacylglycerol synthesis in vitro using 3T3-L1
adipocytes. 3T3-L1 fibroblasts were differentiated as previously
described and stimulated for 6 hours with various concentrations of
insulin and pulsed with "“C-glucose for 18 hours. Ritonavir, at
concentrations of 1 uM, and 10 uM were present at all stages of the
experiment. Data is presented as nmoles '*C-glucose per mg protein.
Control samples are represented by (&), followed by 1 uM (4) and
10 uM (V) ritonavir. The results are expressed as +SEM for
n=3. Staustical significance determined by one-way anova (p<0.05).

84



C-Glucose/
mg protein

14

nmoles

130
120
110
100

90-

804

40

30

204

104

The Effect of Ritonavir on Triglyceride Synthesis with
Increasing Concentrations of insulin in 3T3-L1 Adipocytes

(Day 11)

/\\[

T——

1

— .

T

60

1 | 1 i L] T L ) 1
70 80 90 100 110 120 130 140 150
Insulin nM



12. Investigating the Effects of HIV Protease Inhibitors in Stimulating Lipol

in 3T3-L1 Adipocytes

Previous experiments have shown that HIV protease inhibitors cause an
increase and decrease of triacylglycerol synthesis under basal and insulin-
stimulated conditions respectively. Therefore, we assessed the effects of HIV
protease inhibitors on stimulating catabolic metabolism, namely lipolysis, in 3T3-
L1 adipocytes. Lipolysis was observed under basal and norepinephrine (NE)
stimulated conditions.

3T3-L1 fibroblasts were cultured and subjected to adipocyte differentiation
in 10% DMEM as previously described. Adipocytes were given fresh media with
or without 100 nM NE and incubated for 24 hours at 37°C. HIV protease
inhibitors, saquinavir, indinavir, and ritonavir were present at concentrations of |
and 10 uM throughout all stages of the experiment. Glycerol expelled in the media,
due to the metabolism of triacviglycerols to glycerol and fatty acids, was measured
using TPO-Trinder Kit from Sigma (described under material and methods).

Table 1 shows the results in values expressed as mM glycerol released per
mg protein per 24 hours. At basal levels, when compared to the control group,
lipolysis was not affected when treated with saquinavir, indinavir, and ritonavir at 1
and 10 uM. Under NE stimulated conditions, lipolysis was stimulated 4-fold for all
samples. However, there were no significant differences in triacylglycerol
metabolism between control and treated samples. The results are expressed as

+SEM for n=3. Statistical significance was determined by one-way anova
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(p>0.05). Lipolysis experiments were also performed in the presence of 3.35nM

insulin (data not shown), which showed no stimulation of lipolysis after 24 hours.
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Table 1: The Effects of HIV Protease Inhibitors on Lipolysis in 3T3-L1

Adipocytes

The following shows the amount of glycerol (mM) released per mg
during a 24 hours incubation period. Samples include adipocytes under
basal and NE-stimulated conditions in the absence or presence of 1 and
10 uM saquinavir, indinavir, and ritonavir. Lipolysis was increased by
the addition of 100 nM NE. No significant differences were observed
between the protease inhibitor groups versus the control group

(one-way anova; n=3, P>0.05). All data +SEM.
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Table 1. The Effects of Protease Inhibitors on Lipolysis in 3T3-L1 Adipocytes

Treatment Lipolysis (mM glycerol released/mg protein/24 h)
Saq® Ind® Rit° Saq* Ind® Rit®
0 1uM 1uM 1uM 10 uM 10 uM 10 uM
Control 33 3.5 48 37 3.0 36 3.2
=0.13 +0.07 +0.80 =1.10 + (.80 + 1.00 +0.33
NE 12.2 11.3 16.8 104 12.0 13.0 13.1
(100 nM)  +0.50 +1.30 =4.00 +1.00 +1.80 +3.70 +0.10

*Saq = Saquinavir
®ind = Indinavir
°Rit = Ritonavir



13. The Effect of HIV Protease Inhibitors on_Specifec 1251 Insulin Receptor
Binding to the 3T3-L.1 Murine Preadipocvte Cell Line

The previous experiments dealt with the effect of HIV protease inhibitors
on triacylglycerol synthesis in 3T3-L1 at different stages of adipocyte
differentiation. Due to the fact that these drugs had a profound effect on both basal
and insulin-stimulated triacylglycerol synthesis, the next step was to assess the
effect of these inhibitors on insulin receptor binding in these cells. This was to
examine if the effects on triacylglycerol synthesis was a reflection of interferences
in insulin being able to bind to its receptor.

3T3-L1 fibroblasts were cultured and subjected to adipocyte differentiation
in 10% DMEM as previously described. Exposure to saquinavir, indinavir, and
ritonavir was throughout all stages of the experimental procedure. At different
stages of adipocyte diffrentiation, cells were serum starved for 2 hours in 0%
DMEM + 0.1% BSA. Afterward, the cells were exposed to 1251 insulin
(1 ng/ml '®’I, 40 ug/ml human insulin) for 2 hours at room temperature. This was
followed by solubilization in IN NaOH and aliquots were measured for the amount
of '“I-insulin bound by scintillation counting (gamma counter).

Figure 27 (top panel) shows the results for insulin receptor binding at
different stages of differentiation, namely at 0, 4, 7, and 11 days post-induction, in
the presence of either 1 uM saquinavir, indinavir, or ritonavir. At each stage of
differentiation, all three HIV protease inhibitors cause a decrease in specific '>'I-
insulin receptor binding. The most profound effect is seen in fully differentiated
adipocytes (11 days post-induction). Furthermore, the differences between treated

and control samples were statistically significant (p<0.05). Insulin binding
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decreased by 69.17% = 0.80, 51.87% = 0.83, and 39.6% + 0.2 for saquinavir,
indinavir, and ritonavir respectively, when compared to the control group.

The data in the bottom panel (figure 27) depicts the specific binding of '*’I-
insulin in adipocytes when exposed to increasing concentrations of saquinavir,
indinavir, and ritonavir, namely 1 and 10 uM. The overall observation was a
concentration dependent decrease in insulin binding with increasing concentrations
of HIV protease inhibitors. When compared to the control group, insulin binding
was reduced by 32.5% + 0.8, 42.66% + 0.83, and 30.59% = 0.2 for 1 uM saquinavir,
indinavir, and ritonavir respectively. Consequently, insulin binding decreased by
54.99% = 0.46, 87.47% = 0.25, and 60.72% +0.28 for 10 uM saquinavir, indinavir,
and ritonavir respectively. The differences between treated and control group were

all statistically significant (p<0.05).
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Figure 27 : The Effect of HIV Protease Inhibitors on Specific 25 Insulin
Receptor Binding in 3T3-L1 Cells
The following two graphs depicts the effects of HIV protease
inhibitors on specific '“I-insulin receptor binding. The upper panel
shows '#I-insulin binding at different stages of adipocyte
differentiation, namely at 0, 4, 7, and 11 days post-induction. Cells
were cultured in the absence (@) or presence of three different HIV
protease inhibitors at a concentration of 1 uM, saquinavir (A),
indinavir (@), and ritonavir (*). Experiments consisted of exposing the
cells to 1 ng/ml of '* I-insulin (40 ug/m! human insulin) and
measuring '** I-insulin bound by scintillation counting. The bottom
panel shows insulin receptor binding at increasing concentrations of
saquinavir (A) , indinavir (e), and ritonavir (*), 1 and 10 uM. The
values for binding were measured as fmoles of specific 1L insulin
bound per mg protein. The results are expressed as +SEM for n=3.
Statistical significance determined by one-way anova (p<0.05).
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14. The Effect of Indinavir on the Displacement 125 )_Insulin Bound in the Presence
Increasing Concentrations of Unlabeled Insulin Using 3T3-L1 Adipocytes as an

in vitro Model

To detenpine whether the decrease in binding observed in drug treated samples
was due to an altered receptor affinity, '** I-insulin binding was measured in the presence
of different competing concentrations of unlabeled insulin.

3T3-L1 fibroblasts were cultured and subjected to adipocyte differentiation in the
absence and presence of 10 uM indinavir. The adipocytes were then conditioned to the
same procedure for insulin binding as previously described. The only modification was an
exposure to increasing concentrations of cold excess unlabeled insulin to constantly
displace the '** I-insulin bound to its receptor. Indinavir was present throughout all stages
of the experiment.

Figure 28 shows the competitive displacement profile for 3T3-L1 adipocytes in
the absence and presence of 10 uM indinavir. The data shows that the overall specific

13 I-insulin bound is significantly lower in indinavir treated cells compared to the control

group. However, in both samples, the amount of unlabeled insulin required to cause a 50%
displacement in the total amount of '** I-insulin bound was approximately 300ng/ml.
suggesting that the affinity for the insulin receptor to bind insulin was similar in both
treated and control groups. Furthermore, 4000-ng/mi insulin was required for both
samples to displace the entire '** I-insulin bound. The inset depicts the percent of '*’I-
insulin displaced with increasing concentrations of unlabeled insulin. The data points
overlap showing little differences between control and drug treated samples. Therefore,
insulin receptor affinities were not affected by indinavir. This data was based on one

experiment with triplicate samples.
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Figure 28 : The Effect of Indinavir on the Displacement of > I-Insulin
Bound in the Presence of Increasing Concentrations of
Unlabeled Insulin Using 3T3-L1 Adipocytes as an in vitro Model
The following shows the results for the competitive displacement
profile for 3T3-L1 adipocytes in the absence (w) and presence of
10 uM indinavir (A). '**I-Insulin binding was performed in the
presence of increasing concentrations of unlabeled insulin. Values
are depicted as fmoles '*’I-insulin bound/mg protein versus the log of
each insulin concentration. Unlabeled insulin concentrations used were
as follows, 0, 0.6, 6, 60, 600, and 4000 ng /ml. The results are a
summary of one experiment.



The Effect of Indinavir on the Displacement of ?5l-Insulin
Bound in the Presence of Increasing Concentrations of
Unlabeled Insulin in 3T3-L1 Adipocytes

-
[+]
o

~
(V)]
[

% of 125I-lnsulin
Displaced
8

30 |
25-
|
o
4
25
£
o
g 20-
€
& 15-
£
m—L
&
2
E 104
5_
O i R t t T 1 T ]
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

Log Insulin Concentrations



15. The Reversal of the Effect of Indinavir on Specific 125 Insulin Binding in
3T3-L1 Adipocytes

To determine if the effect of indinavir to decrease '* I-insulin specific binding was
reversable, insulin binding experiments were performed as previously described with a few
modifications involving indinavir exposure. The modification was performed during '*I-
insulin binding. A total of four samples were prepared. Group 1 was labeled as the control
sample. Group 2, were devoid of indinavir during culture but exposed to 1 uM indinavir

25
-

during '** I-insulin binding. Group 3 were exposed to 1 uM indinavir during culture, but
the drug was removed during '** I-insulin binding. And finally, group 4 were exposed to 1
uM indinavir during culture and during exposure to '* I-insulin.

The data in figure 29 shows that the effect of indinavir on decreasing '* I-insulin specific
binding can indeed be reversed. Removal of the drug prior to exposing the cells to '*'I-
insulin, in group 3, confirms this result by adipocytes binding similar amounts of fmoles of
133 Linsulin/mg protein to that of the control group 1. Group 2 depicts that indinavir
interferes with insulin binding acutely. In other words, the drug was not required to be
present during adipocyte differentiation for it to have an effect on insulin binding. The
decreases for both group 2 and 4 were statistically significant (*p<0.05) when compared to
the control group. Insulin binding declined by 32% + 0.005 for group 2 and 42% = 0.015

for group 4. Furthermore, although indinavir acutely affects binding, continual exposure

does cause a slightly greater decrease in insulin binding.
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Figure 29 : The Reversal of the Effects of Indinavir on Specific '** I-Insulin
Binding in 3T3-L1 Adipocytes
The following portrays the prospect of reversing the effects of
indinavir on decreasing specific '** I-insulin binding in 3T3-L1
adipocytes. Adipocytes were exposed to 1 ng/ml '* I-insulin
(40 ug/ml human insulin) for two hours. Scintillation counting was
used to measure the amount of '** I-insulin bound. Four samples were
prepared. Group 1 was the control group. Group 2 had 1 uM
indinavir present only during '* I-insulin binding. Group 3 had 1 uM
indinavir present during adipocyte culture only. And finally, group 4
had 1 uM indinavir present during all stages of the experiment.
Values are expressed as specific '** I-insulin bound per mg protein.
The results are expressed as = SEM for n=3. Statistical significance
determined by one-way anova (*p<0.05).
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16. The Effect of Indinavir on the Internalization of '**I-Insulin in 3T3-L1
Adipocytes

To determine whether the decrease in triacylglycerol synthesis observed in the
presence of HIV protease inhibitors was due to a defective mechanism in
insulin/receptor internalization, leading to an interruption in insulin signaling, insulin
internalization was assessed. 3T3-L1 fibroblasts were cultured and subjected to
adipocyte differentiation in the absence or presence of 1 uM indinavir. The rate of
insulin/receptor ligand internalization in both treated and control samples was
measured by pre-incubating 3T3-L1 adipocytes with '*I-insulin at 4°C for 4 hours and
monitoring ligand uptake for various times at 37°C.

The results indicate that initially the control group adipocytes bound 31.46 fmoles
1**I-insulin/mg protein, where indinavir treated adipocytes only bound 22.2 fmoles' o
insulin/mg protein (data not shown). Figure 30 shows lower amounts of '* I-insulin
internalized over time in indinavir treated adipocytes than the control group. However,
drug treated samples showed a decrease in total specific fmoles of '** I-insulin bound
per mg protein versus the control group. By normalizing the amount of L insulin
bound between control and indinavir treated samples as an expression of the percent
internalized from the total amount bound, it can be seen that the rates of internalization
are nearly identical. Since internalization appeared unaffected, it could be assumed
that the effect of indinavir on perturbing the insulin-stimulated response for
triacylglycerol synthesis was occurring at a site distal to insulin receptor/ligand

internalization. One possibility for indinavir’s effect was that insulin could be

degraded before reaching its site of action. Therefore, 125 insulin degradation was



assessed at various time frames (figure 31). The percent of the total insulin bound,
which was degraded at 30 minutes, was 28.28% lower in indinavir treated adipocytes
than for the control group (inset). The difference can be due to the fact that indinavir
treated adipocytes bound less total 125 Linsulin than the control group. In conclusion,
insulin internalization and degradation processes were not affected by indinavir. Data

for these experiments are based on one experiment with triplicate samples.
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Figure 30 : The Effect of Indinavir on the Internalization of "**I-Insulin into
3T3-L1 Adipocytes
The following data depicts the effect of 1 uM indinavir on '*I-insulin
internalization in 3T3-L1 adipocytes. 3T3-L1 fibroblasts were
subjected to adipocyte differentiation and incubated with '*I-insulin
for 4 hours at 4°C. The adipocytes were then washed to remove free
' Linsulin, and incubated at 37°C for various time frames to assess
differences in insulin internalization from surface bound insulin
between control (w)and indinavir (e) treated samples. Values are
given in fmoles specific '**I-insulin bound per mg protein. Analyses
was based on one experiment with single plates.
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Figure 31 : The Effect of Indinavir on the Degradation of 12I-Insulin Bound
Following Uptake into 3T3-L1 Adipocytes
The following data depicts the effect of 1 uM indinavir on '*I-insulin
degradation following internalization in 3T3-L1 adipocytes. 3T3-L1
fibroblasts were subjected to adipocyte differentiation and incubated
with "*I-insulin (1 ng/ml). Following internalization, degradation
was measued at various time frames to assess differences in
12 I_insulin degradation between control (m) and indinavir (@) treated
samples. Values are expressed as fmoles of specific 12]-insulin bound
per mg protein. Analyses are based on one xperiment with individual

samples.
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Exposure to HIV Proteas2 Inhibitors

HIV protease inhibitors, namely saquinavir, indinavir, and ritonavir, cause
some metabolic perturbations in 3T3-L1 preadipocytes and adipocytes. To determine
whether exposure to these inhibitors caused a toxic effect leading eventually to
increased cell death, and morphological deficiencies in adipocyte differentiation,
toxicity experiments were performed using the Promega CellTiter 96 Aqueous Non-
Radioactive Cell Proliferation Assay (described previously). 3T3-L1 fibroblasts were
cultured in 10% DMEM and experiments were carried upon reaching confluence.

Using a range of HIV protease inhibitor concentration from 0-100 uM, table
2 shows no effect on cell viability at concentrations of 1 and 10 uM, those used in
previous experiments involving adipocyte differentiation, triacylglycerol synthesis, .
insulin binding, and lipolysis. Furthermore. no significant differences were found
between the treated and control groups (one-way anova; n=3, P>0.05). Cell death was
only observed at concentrations 100 uM of saquinavir and ritonavir. Cell viability
decreased by 48.3% = 0.3 and 44% = 3.2, respectively. These differences were
statistically significant (P<0.05) when compared to the control group. Indinavir clearly
had no effect on cell viability at any of the concentrations. Toxicity studies were also
performed with 3T3-L1 adipocytes throughout differentiation (data not shown), and no
cell death was observed in the drug treated samples.

Therefore, the metabolic effects of HIV protease inhibitors seen previously

were not due to an increase in cell death by toxicity.
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Table 2: Investigating the Possible Toxic Effects of HIV Protease Inhibitors on
3T3-L1 Cell Viability
The following shows the effects of saquinavir, indinavir, and ritonavir on
3T3-L1 fibroblast cell viability. Values are expressed as % cell viability
versus increasing concentrations of protease inhibitors from 0-100 uM.
Statistical significance determined by one-way anova, P<0.05 for n=3.
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Table 2. The Possible Toxic Effects of HIV Protease Inhibitors
in 3T3-L1 Fibroblasts
Values Expressed as % Cell Viability

[HIV PI} Control Saquinavir Indinavir Ritonavir
(uM)

0 100 100+00 100+00 100+0.0
1 100 927+52 1089+25 948+24
10 100 9841128 108.1+71 80.8+22
50 100 866+08 93.1+57 69.3+85

100 100 51.7+03 964+99 56.0+3.2




18. The Effect of Ritonavir on Total IRS-1 Protein Levels in 3T3-L1 Cells

To determine if the effects of the HIV protease inhibitors on triacylglycerol
synthesis and insulin binding were due to perturbations in the insulin signaling cascade,
experiments were performed to assess any differences in IRS-1 protein levels in 3T3-L1
whole cell lysates. Western blots were performed for 3T3-L1 preadipocytes (3 days post-
induction) and adipocytes (11 days post-induction). Experimental conditions consisted of
samples existing under basal and insulin-stimulated (20 nM for 15 minutes) conditions in
the absence or presence of 1 and 10 uM ritonavir. Whole cell extracts were prepared and
subjected to SDS-PAGE. The membrane was treated with anti-IRS-1, incubated with a
peroxidase-conjugated secondary antibody, and visualized by enhanced
chemiluminescence (ECL).

The data in figure 33 indicates that preadipocytes exposed to ritonavir under basal
conditions significantly increased the levels of total IRS-1 when compared to the control
group. At 1 uM ritonavir the levels of IRS-1 increased by 38.69%. However,
preadipocytes exposed to 10 uM ritonavir showed no changes in total IRS-1 levels. Under
insulin-stimulated conditions, exposure to 1 and 10 uM ritonavir caused a 43.32% and
45.55% decrease in total IRS-1, respectively.

Figure 35 shows the changes in IRS-1 protein levels for adipocytes exposed to
ritonavir. The same pattern as for preadipocytes was observed. Under basal conditions,
exposure to 1 uM ritonavir increased total IRS-1 by 25.80% whereas no changes were
observed at 10 uM. Under insulin-stimulated conditions, total IRS-1 levels decreased by
52.69% and 45.89%, respectively.

The results are representative of one experiment performed 3 times.
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Figure 32 : The Effect of Ritonavir on Total IRS-1 Protein Levels in 3T3-L1
Preadipocytes
The following depicts a sample autoradiogram of a nitrocellulose
membrane from a Western blot. The set of bands’ show the changes
observed in IRS-1 protein levels under basal and insulin-stimulated
conditions and in the absence and presence of 1 and 10 uM ritonavir.
At three days post-induction, assigned cell samples were exposed to
20 nM insulin for 15 minutes, extracted, and subjected to SDS-
PAGE.
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Figure 33 : The Effect of Ritonavir on Total IRS-1 Protein Levels in 3T3-L1
Preadipocytes
The following is a chart showing differences in IRS-1 protein levels
in 3T3-L1 cells at 3 days post-induction, following exposure to 1 and
10 uM ritonavir. Values for each sample are expressed as intensity in
pixels (arb. units). Samples 1 through 6 are as follows; control,
insulin, 1 uM ritonavir, insulin + 1 uM ritonavir, 10 uM ritonavir,
and insulin + 10 uM ritonavir. Values are expressed as + SEM for
n=3. Statistical significance determined by one-way anova (p<0.03).
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Figure 34 : The Effect of Ritonavir on Total IRS-1 Protein Levels in 3T3-L1
Adipocytes
The following depicts a sample autoradiogram of a nitrocellulose
membrane from a Western blot. The set of bands’ show the changes
observed in IRS-1 protein levels under basal and insulin-stimulated
conditions and in the absence and presence of 1 and 10 uM ritonavir.
At 11 days post-induction. assigned cell samples were exposed to 20
nM insulin for 15 minutes, extracted, and subjected to SDS-PAGE.
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Figure 35 : The Effect of Ritonavir on Total IRS-1 Protein Levels in 3T3-L1
Adipocytes
The following is a chart showing differences in IRS-1 protein levels
in 3T3-L1 cells at 11 days post-induction, following exposure to 1
and 10 uM ritonavir. Values for each sample are expressed as
intensity in pixels (arb. units). Samples 1 through 6 are as follows;
control, insulin, 1 uM ritonavir, insulin + 1 uM ritonavir, 10 uM
ritonavir, and insulin + 10 uM ritonavir. Values are expressed as £
SEM for n=3. Statistical significance determined by one-way anova
(p<0.05).
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19. The Effect of Ritonavir on Tyrosine Phosphorvlation of IRS-1 in 3T3-L1

Adipocytes

To further investigate the effect of ritonavir on IRS-1, immunoprecipitation
experiments were performed to observe any differences in tyrosine phosphorylated IRS-1
under basal and insulin-stimulated conditions when exposed to 1 and 10 uM concentrations
of ritonavir. Adipocytes were exposed to 20 nM insulin for 15 minutes followed by
preparation of whole cell extracts. Sample extracts were mixed with a polyclonal rabbit
anti-mouse IRS-1 antibody followed by the addition of Protein-A agarose bead slurry.
Samples were then subjected to SDS-Page and probed with a tyrosine-phosphorylated
antibody followed by an HRP-labeled secondary antibody, and visualized by enhanced
chemiluminescence (ECL).

The data in figure 37 indicates that firstly, insulin rapidly increases IRS-1
phosphorylation and that exposure to ritonavir significantly decreases the levels of tyrosine
phosphorylated IRS-1 when compared to the control group. Under basal conditions, 1 uM
ritonavir significantly increased the levels of tyrosine phosphorylated IRS-1 by 60%.
However, no changes were observed at 10 uM of drug. Under insulin-stimulated
conditions, adipocytes exposed to 1 and 10 uM ritonavir showed a concentration dependent
decrease in tyrosine phosphorylated IRS-1, by 40% and 50% respectively, when compared
to the control group. These differences were statistically significant (P<0.05) when
compared to the control group.

The results clearly show that ritonavir affects either the overall tyrosine

phosphorylation of IRS-1, or its regulation by and serine/threonine kinases.
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Figure 36 : Changes in Levels of Tyrosine Phosphorylated IRS-1 in the
Presence of Ritonavir in 3T3-L1 Adipocytes
The following depicts a sample autoradiogram of a nitrocellulose
membrane from a Western blot. The set of bands’ show the changes
observed in IRS-1 tyrosine phosphorylation levels under basal and
insulin-stimulated conditions and in the absence and presence of 1
and 10 uM ritonavir. At 11 days post-induction, assigned cell
samples were exposed to 20 nM insulin for 15 minutes, extracted,
immunoprecipitated with an IRS-1 antibody and subjected to
SDS-PAGE.
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Figure 37 : Changes in Levels of Tyrosine Phosphorylated IRS-1 in
the Presence of Ritonavir in 3T3-L1 Adipocytes
The following is a chart showing differences in tyrosine
phosphorylated IRS-1 in 3T3-L1 cells at 11 days post-induction, .
following exposure to 1 and 10 uM ritonavir, in the absence and
presence of 20 nM insulin. Values for each sample are expressed as
intensity in pixels (arb. units). Samples 1 through 6 are as follows;
control, insulin, 1 uM ritonavir. insulin + 1 uM ritonavir. 10 uM
ritonavir, and insulin + 10 uM ritonavir. Values are expressed as =
SEM for n=3. Statistical significance determined by one-way anova
(p<0.05).
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DISCUSSION

HIV protease inhibitor treatment, which dramatically improved the prognosis of
HIV-infected patients, appears to cause or aggravate a metabolic syndrome with potentially
severe consequences. The cellular mechanisms underlying the appearance of this
syndrome are largely unknown. The clinical evidence of systemic peripheral insulin
resistance, as well as the high prevalence of peripheral lipodystrophy and central adiposity,
suggested that aitered adipose tissue metabolism may have a central role in the
development of the syndrome.

Foremost, all three HIV protease inhibitors used in this study did not alter cell
viability in 3T3-L1 preadipocytes at concentrations used in all experiments (Table 2).
Evidence is presented to suggest that the HIV protease inhibitors (PIs), saquinavir.
indinavir, and ritonavir can inhibit in vitro murine preadipocyte differentiation (Figure 16.
17, & 18). All three PIs were capable of reducing the amount of total cytoplasmic
triacylglycerol in 3T3-L1 adipocytes as measured by oil red staining and this effect was
more pronounced at higher drug concentrations. At 10 uM, indinavir had the greatest
inhibitory effect on adipocyte differentiation than both saquinavir and ritonavir. The
concentrations of saquinavir, indinavir, or ritonavir, required to elicit these effects in vitro
is within the range of that observed in plasma from patients administered therapeutic doses
of PIs (127). Thus, it is possible that the effects of these PIs on the 3T3-L1 cell line
observed in vitro may reflect in vivo events. Using the 3T3-L1 adipocyte cell line, Zhang
et al. (128) have validated a portion of our observations showing that nelfinavir and
ritonavir inhibit lipid accumulation in vitro. In contrast to our findings, Gagnon er al.

(129) reported that they observed potentiation of 3T3-L1 preadipocyte differentiation by
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indinavir and ritonavir. This effect was apparent by oil red staning and estimated to be 10-
40%. As we have failed to observe any potentiation of 3T3-L1 preadipocyte
differentiation by protease inhibitors in experiments where culture conditions were very
similar to those reported by Gagnon, the reason for this discrepancy is unclear.
Furthermore, no other laboratory has demonstrated PI effects as seen by Gagnon er al.
Other effects of PIs on 3T3-L1 adipocytes were shbwn by Dowell ez al. (127). He reported
that 3T3-L1 adipocytes treated with ritonavir and saquinavir (20uM) exhibited signs of cell
death and apoptosis. One other previous study revealed similar inhibitory effects on
adipocyte differentiation in primary human preadipocytes. They showed that both
indinavir and saquinavir inhibited human preadipocyte differentiation with the latter
having a greater inhibitory effect (130). While the rank order of potency of these two
agents has not been directly compared in clinical studies, patients treated with a
ritonavir/saquinavir combination are more prone to develop lipodystrophy than those
treated with indinavir alone (41). Therefore, evidence suggests that HIV Pls may
contribute to adipose tissue atrophy by promoting adipocyte cell death and preventing

replacement of lost adipocytes by inhibiting preadipocyte differentiation.

Treatments with certain PIs are often accompanied by atrophy of subcutaneous
adipose tissue and accumulation of abdominal and breast fat. To determine if these
changes were due to alterations in glucose and lipid metabolism, we studied the effects of
Pls on de novo lipid synthesis in 3T3-L1 cells. It has been shown that saquinavir,
indinavir, and ritonavir increased basal triacylglycerol synthesis yet decreased insulin-
stimulated triacylglycerol synthesis in a dose-dependent fashion in murine 3T3-L1

preadipocytes at distinct stages of differentiation. Three days after the onset of
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differentiation, at concentrations of up to 10 uM, 3T3-L1 preadipocytes showed an
increase of approximately 50% in triacylglycerol synthesis under basal conditions.
Additionally, a 50% decrease in triacylglycerol synthesis was observed for all three PIs at
concentrations of 10 uM under insulin-stimulated conditions (Fig 21, 22, 23). However,
eleven days after the onset of differentiation, when cytoplasmic lipid droplets are more
abundant, ritonavir caused only slight changes in lipid synthesis. At 10 uM of drug, we
observed only a 2% increase in basal triacylglycerol synthesis and a 30% significant
decrease under insulin-stimulated conditions (Fig 24). The results suggest differences in
de novo lipid synthesis at two distinct stages of adipocyte differentiation. Early on,
preadipocytes, during differentiation, are under stress and seem to be more susceptible to
the effects of the PIs while mature adipocytes are able to resist and maintain characteristic
lipid synthesis and accumulation into lipid droplets. Since these Pls inhibit adipocyte
differentiation in a dose-dependent fashion, one would assume that alterations in
differentiation would cause a decrease in the degree of lipid synthesis under insulin-
stimulated conditions due to the reduction of insulin receptors on the surface. However.
indinavir was the only PI that caused the greatest inhibitory effect on differentiation, and
lipid synthesis for fully differentiated adipocytes was only assessed with ritonavir.
Therefore, exposure to ritonavir affects lipid synthesis in preadipocytes but is slightly
effective in mature adipocytes. To explain the reason for increased lipid synthesis under
basal conditions, PIs must be stimulating a pathway that mimics lipid synthesis derived
from glucose, such as insulin does. PIs are either affecting the insulin signaling pathway or
another distinct pathway such as the acylation-stimulating protein (ASP) pathway. Both

human and murine adipocytes express the complement components C3, factor B and factor
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D (adipsin). The combined activity of these components generates the acylation-
stimulating protein, which stimulates lipogenesis. If PIs were affecting a different pathway
(e.g. ASP), there would be an additive synthesis of triacylglycerols in the presence of
insulin. Taking into account that PIs decrease lipid synthesis in the presence of insulin, PIs
must be interfering with the insulin-signaling cascade. Clearly, in vitro, HIV PlIs inhibit
insulin-stimulated de novo triacylglycerol synthesis whereby the adipocytes exhibited a
decreased response to insulin. This inhibition could contribute to the insulin resistance
seen in HIV patients taking Pls as part of their regimens. On the same note, Ranganathan
et al. (131) recently observed similar results in 3T3-F442A regarding sugar transport.

They found that both saquinavir and indinavir increased basal glucose transport 2.7 fold
and that saquinavir but not indinavir decreased insulin-stimulated glucose transport by

30%.

Correlating with the fact that 3T3-L1 adipocytes might be insulin resistant in the
presence of PIs due to the decreased insulin response, lipid synthesis was performed with
increasing concentrations of insulin. This was to assess whether higher insulin
concentrations could compensate for the decreased insulin response and stimulate the cells
to synthesize triacylglycerols. Insulin concentrations above physiological levels could not
alleviate the inhibition of insulin-stimulated triacylglycerol synthesis by ritonavir (Fig
25,26). In vivo, the perturbed insulin response (insulin resistance) would cause the
increased release of pancreatic insulin (hyperinsulinnemia) to regulate glucose levels in the
blood. Therefore, it is not surprising that HIV patients exhibit hyperinsulinemia,

hyperglycemia and eventually type 2 diabetes when given PI as part of their regimens.
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This study has also demonstrated whether the effect of PIs on subcutaneous fat loss
is a result of an increase in adipocyte lipolysis. The results showed that following a 24-
hour exposure to the PIs, they had little effect on stimulating lipolysis in 3T3-L1
adipocytes (Table 1). In contrast to our findings, Lenhard et al. (132) found that PIs
(10uM) stimulated lipolysis in C3H10T1/2 mesenchymal stem cells. Differences between
the cell lines may account for disparity between these results. 3T3-L1 cells are committed
to undergo differentiation into adipocytes independently or through induction with a
hormonal cocktail, whereas C3H10T1/2 cells are stem cells that are not committed to the
adipocyte lineage, but have the capacity to do so when appropriately induced. Moreover.
3T3-L1 cells express a phenotype similar to white adipose tissue (132) whereas
C3HI0T1/2 cells express a phenotype similar to brown adipose tissue (132).

In an effort to understand the mechanism underlying the effect of PIs on adipocyt'e
differentiation and lipid metabolism, several studies were conducted to identify changes in
gene expression when 3T3-L1 adipocytes were exposed to Pls. Stevens et al (133) showed
that several genes associated with glucocorticoid metabolism and signaling were changed.
The gene expression profile of PI-treated 3T3-L1 exhibited suppression of key
transcription factors, lipogenic enzymes, and differentiation-related proteins. This is
consistent with a partial block in early stages of preadipocyte differentiation to mature
adipocytes. Previous hypothesis suggested PIs inhibit differentiation through alteration in
PPAR-Y and RXR (41); however Stevens (134) showed that neither gene transcript
changed with PI treatment. Furthermore, other studies confirmed that alteration in PPAR-
Y/RXR signaling, regulation or antagonisms of ligand binding are not responsible for the

inhibitory effect on adipocyte differentiation (130). However, one study carried out by
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Dowell er al. (127) with 3T3-L1 adipocytes concluded that nelfinavir inhibits preadipocyte
differentiation. This occurred at a point following C/EBPB protein expression and mitotic
clonal expansion and that the levels of C/EBP« and PPARY protein, which are normally
expressed after C/EBPB, were markedly reduced in nelfinavir treated cells. The
inconsistency between these results and ours can be on account of the different PI used and
the higher concentration employed (20 uM).

Also, this study demonstrated the effect of HIV PIs on insulin binding and receptor
processing in 3T3-L1 adipocytes at distinct stages of adipocyte differentiation. The data
suggests that there is a decreased ability of 3T3-L1 cells to bind *** I-Insulin in the
presence of saquinavir, indinavir, and ritonavir (Fig 27). This occurred in a dose-
dependent fashion at concentrations similar to those observed in plasma from patients
admunistered therapeutic doses of PIs (127). Furthermore, binding of 123 [-Insulin
decreased throughout adipocyte differentiation. These results clearly show that there can be
a possible link between the decreased ability of insulin to bind to its receptor in the
presence of PIs and insulin resistance seen in HIV patients taking Pls. In agreement with
our studies, Caron et a/. (135) showed that 3T3-F442A cells cultured with indinavir
displayed an inhibition in insulin receptor B-subunit expression and insulin receptor
binding activity. These results suggest several explanations on how PIs interfere with '** I-
Insulin binding to adipocytes in vitro. Foremost, Pls inhibit adipocyte differentiation,
which would result in a decrease in the number of insulin receptors available for binding.
This could be occurring at the molecular level causing a decrease in gene expression of the
insulin receptor. Secondly, PIs could either be interfering directly or allosterically with

insulin or the insulin receptor, disturbing insulin binding. Thirdly, PIs could be competing
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with insulin for binding to the insulin receptor resulting in perturbation of the insulin
response. And lastly, PIs could affect insulin receptor affinity. Competitive displacement
experiments demonstrated that adipocytes exposed to 10 uM indinavir had no effect on the
affinity of insulin for its receptor (Fig 28). Furthemore, insulin internalization and
degradation processes were not affected by indinavir (Fig 30,31). Since insulin and PIs do
not have similar structures, competitive binding between the two for the insulin receptor in
highly unlikely. Therefore, allosteric interactions between PIs and insulin or PIs and the
insulin receptor could be a cause for the reduction in insulin binding observed in our
studies. Interestingly, inhibition of '** I-Insulin binding to 3T3-L1 adipocytes is
completely reversable upon the acute removal of the PIs. Removal of indinavir rapidly
restored normal insulin binding to control levels (Fig 29). Therefore, if the inhibition can
be acutely reversed then the effect of PIs on insulin binding does not occur at the molecular
level (i.e. decreased transcription or translation of the insulin receptor) in 3T3-L1
adipocytes. Furthemore, clinical studies whereby patients had PIs removed from their
regimens had a decrease or an overall improvement of the lipodystrophic symptoms,
morphologically as well as clinically (136).

Patients treated with PIs frequently develop impaired glucose tolerance (IGT) or
diabetes. The underlying cause seems to be a PI-induced insulin resistance (137).
Alterations in the early steps of insulin signaling have been recognized as an important
component of many insulin-resistant states. Decreased insulin binding, decreased receptor
kinase activity, decreased IRS-1 protein, and decreased IRS-1-associated PI3-kinase have
all been demonstrated in liver, muscle, and fat from ob/ob mice with type 2 diabetes (138).

An IRS-1 related defect might be one of the causes of insulin resistance. Therefore, we

115



also investigated potential molecular mechanisms by which the protease inhibitor ritonavir
might alter insulin signaling and in this way trigger insulin resistance. Insulin stimulation
of cells that had not been exposed to ritonavir resulted in rapid increases of IRS-1
phosphorylation. We have shown that incubation of 3T3-L1 preadipocytes and adipocytes
with ritonavir resulted in an increase in IRS-1 protein levels under basal conditions and
reduced insulin effects on increasing IRS-1 tyrosine phosphorylation (Fig 32-37). It is not
clear whether a ritonavir-induced reduction of insulin-stimulated IRS-1 phosphorylation in
the initial phase of insulin signaling, as we observed, could itself lead to insulin resistance.
It is, however, possible that intial burst in signaling by the early insulin signaling elements
is important for the signaling to more longlasting downstream intermediates. Therefore,
the ritonavir-induced impairment of the initial rise in insulin signaling could result in
sustained reductions in later signals and downstream biological effects.

Chronic hyperinsulinemia induces serine/threonine phosphorylation of IRS-1 and
reduces insulin signaling (139). It has been shown that increased serine phosphorylation of
IRS-1 inhibits its ability to be tyrosine phosphorylated by the insulin receptor and to bind
and activate PI3-kinase (140). Pederson er al. (141) have recently reported that
serine/threonine phosphorylation of IRS-1, which occurs through a rapamycin-dependent
pathway, precedes its degradation of the protein by hyperinsulinemia and that maintaining
the tyrosine phosphorylation of IRS-1 may prevent its degradation. In our study, ritonavir
decreased the tyrosine phosphorylation of IRS-1, suggesting that PIs could be involved in
enhancing serine/threonine phosphorylation of IRS-1 and its subsequent degradation,
resulting in a diminished insulin response when assessing glucose and lipid metabolism in

vitro. Conversely, insulin resistance and compensatory hyperinsulinemia seen in HIV-1
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patients taking Pls could trigger the enhanced degradation of IRS-1 leading to a diminished
insulin response and an overall decrease in glucose and lipid metabolism. Murata er al.
(142) observed a significant dose-dependent decrease in insulin-stimulated glucose uptake
when 3T3-L1 adipocytes were exposed acutely (6 min) to indinavir (0-100uM). However,
he reports that indinavir had no effects on insulin signaling events involving the tyrosine
phosphorylation of IRS-1, the ability of PI3-kinase to phosphorylate Akt, and the
translocation of intracellular GLUT 1 and GLUT 4 glucose transporters to the cell surface.
He did, however, find that indinavir inhibited the intrinsic transport activity of the GLUT 4
transporter. The discrepancy involving the phosphorylation IRS-1 can be due to the use of
different PIs, ritonavir versus indinavir and also that Murata exposed the cells only acutely
to indinavir (i.e. 4 hours) whereby our adipocytes were cultured and differentiated in the
presence of ritonavir (15 days). In addition, Murata er al. exposed their cells to 100 uM
indinavir. which is above physiological levels. Nevertheless, the inhibitory effect of Pls on
GLUT 4 is therefore likely to be one of the causes of insulin resistance following
perturbation in IRS-1 phosphorylation observed in HIV patients receiving this class of
drugs. Previous studies report that fat cells from subjects with manifest type 2 diabetes
have low IRS-1 expression followed by a marked impairment in insulin signaling,
including PI3-kinase activation and serine phosphorylation of PKB/Akt; maximally
insulin-stimulated glucose transport is impaired; and GLUT 4 protein expression is also
markedly reduced (106). In predisposed individuals, diabetes can result after pancreatic 8
cells fail to compensate for the insulin resistance. A recent clinical study employing a
longitudinal design comparing fasting glucose and insulin levels before and after

administration of PI therapy demonstrated that insulin resistance is apparent after a
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relatively short period of time (an average of 3.4 months between measurements) before
significant changes in body weight and fat distribution occur. The fact that insulin
resistance appears to precede the manifestation of lipodystrophy is consistent with our
results that PIs cause insulin resistance through its effects on insulin signaling events and
on GLUT 4, rather than insulin resistance developing secondary to the lipodystrophy
(142).

The next section does not involve results from our studies but gives an overview
about the possible causes for the dyslipidaemic profile seen in HIV-1 patients taking PIs.
Prospective studies have reported that a high accumulation of abdominal fat was a
significant risk factor for diabetes (143) and cardiovascular disease ( 144). It was found
that a high accumulation of upper body fat was associated with high fasting plasma
triglyceride (145) levels, with reduced concentrations of plasma HDL-cholesterol (146)
and with an increased proportion of dense, cholesterol ester-depleted LDL particles in the
plasma (147). The criteria mentioned above are some of the manifestations that are
present in lipodystrophic HIV-1 patients. Therefore, one would ask? Is dyslipidaemia
mainly due to the insulin resistant state induced by HIV PIs, to the compensatory
hyperinsulinaemia, or to the inhibition of adipocyte differentiation and lipid metabolism?
Lenhard ez al. (148) recently reported that ritonavir alone increased serum triglycerides
(TG) in mice and that saquinavir and ritonavir but not indinavir increased TG synthesis in
HepG2 cells. In addition, only ritonavir increased cholesterol synthesis in HepG2 cells.
Furthermore, Ranganathan er al. (131) showed that saquinavir and not indinavir decreased
the activity of the lipoprotein lipase (LPL) enzyme responsible for the catabolism of

triglyceride-rich lipoproteins. However, LPL translation and its immunoreactive mass
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were unaffected by saquinavir. Therefore, these results suggest that saquinavir might
inhibit the post-translational processing of LPL, resulting in the synthesis of an enzyme
with low activity. Studies conducted with visceral obese, insulin resistant patients showed
that basal adipose tissue LPL activity is high but its response during a meal is blunted,
which could contribute to the impaired tolerance to dietary fat. Furthermore, in the fasting
state, skeletal muscle LPL activity is low. As the fasting skeletal muscle LPL activity is
positively correlated to plasma cholesterol levels, it is suggested that its low activity may
also contribute to the dyslipidademic profile of visceral obesity (149). Therefore, the
above-mentioned can be applied to HIV-1 lipodystrophic patients. In vitro, saquinavir
affects the overall activity of LPL and lipodystrophic patients exhibit the same
dyslipidaemic profile as visceral obese, insulin resistant patients. Hence, HIV-1 insulin-
resistant patients taking Pls have an impaired tolerance to dietary fat because of the blu;lted
response of adipose tissue LPL resulting in high plasma triglycerides and low HDL -
cholesterol levels. These and other observations indicate that select Pls affect multiple,
distinct metabolic pathways, perhaps accounting for the different side effects observed for
each Pl in the clinic. This may be due to differences in affinity for cellular proteins (eg.
proteases) cell permeability, tissue distribution, or metabolism of P1.

In conclusion, we report that Pls exerted deleterious effects on adipocyte
differentiation, triacylglycerol synthesis, insulin binding and signaling in the 3T3-L1 cell
line. Discrepancies between the different Pls and cell lines employed in several studies
suggest that the clinical manifestations of lipodystrophy could be multifactorial, reflecting
the contributions of drug treatment to multiple biochemical pathways. The relevance of

our findings to in vivo adipose tissue homeostasis remains to be determined. Data from a
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recently completed prospective study of HIV-infected patients suggest that PIs, promote
metabolic abnormalities (hyperglycemia, hyperinsulinemia, and hyperlipidemia) before
detectable changes in body composition (Dowell). These findings do not exclude the
possibility that PIs may have direct, atrophic effects on subcutaneous adipose tissue
subsequent to or detectable only after the development of metabolic abnormalities. The
need to acquire a thorough understanding of the factors leading to HIV-related
lipodystrophy is paramount because the detrimental effects of this syndrome threaten to

erode strident gains in effective viral suppression and in lifespan extension of HIV-infected

patients.
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