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Individuals treated for HIV infection are at increased 
risk for accelerated cardiovascular disease. Treat-
ment of HIV infection confers the signifi cant benefi ts 
of improved clinical outcomes, quality of life, and 
survival. However, a number of metabolic complica-
tions have emerged as a consequence of treatment, 
including often severe, mixed hyperlipidemia, body 
fat partitioning disorders, and increased risk of type 
2 diabetes. Treatment-induced insulin resistance 
underlies and contributes to these metabolic com-
plications. This review examines the contribution 
of insulin resistance to increased cardiovascular dis-
ease rates in healthy and HIV-infected populations, 
mechanisms by which treatment of HIV infection 
exacerbates insulin resistance, and the effect of 
insulin resistance–modulating interventions on car-
diovascular risk factors.

Introduction
Treatment of HIV with highly active antiretroviral ther-
apy (HAART) confers signifi cant benefi ts in survival and 
quality of life. A number of metabolic complications of 
therapy have become apparent, including hyperlipidemia, 
insulin resistance, and abdominal obesity, associated with 
the observations of premature or accelerated onset of 
cardiovascular disease and type 2 diabetes. This article 
reviews the evidence for increased cardiovascular disease 
in treated HIV infection and the epidemiologic links 
between insulin resistance and incident cardiovascular 
disease. The role of insulin resistance in the pathogenesis 
of atherosclerosis in treated HIV infection is considered, 
and the mechanisms by which treated HIV-infection 
induces insulin resistance are reviewed.

Cardiovascular Disease in HIV Infection
Several recent studies have established that treatment of 
HIV infection is associated with increased risk of myocar-
dial infarction [1••,2,3]. The American Heart Association 
has recognized this as a critical area for further investi-
gation and aggressive risk management [4]. The relative 
risk of myocardial infarction in HIV-infected patients is 
doubled after adjustment for traditional risk factors [2]. 
The Data Collection on Adverse Events of Anti-HIV 
Drugs (DAD) study of more than 23,000 participants fol-
lowed for a median of 4.5 years estimated that the risk 
of myocardial infarction after HAART initiation was 
16% per year of exposure to one HAART drug class: 
protease inhibitors. This effect remained after adjustment 
for serum lipids, diabetes, and hypertension [1••]. Fur-
ther recent analyses from the DAD cohort showed that 
the nucleoside reverse transcriptase inhibitors (NRTIs) 
abacavir and didanosine were associated with higher 
myocardial infarction risk, with an increase in relative 
risk of 1.9 and 1.49, respectively [3]. In a case-control 
study of 3851 HIV-infected people, the risk of myocardial 
infarction was increased by 75% after adjustment for age, 
sex, race, hypertension, diabetes, and dyslipidemia [2]. 
Limitations of these studies include the lack of reference 
population data [1••,3] and variable capture of smok-
ing data [2]. Nevertheless, these important end-point 
studies add to a substantial published literature indicat-
ing increased cardiovascular disease risk. Intermediate 
end-point studies have shown that HAART exposure is 
an independent predictor of carotid atherosclerosis [5]. 
In a 1-year prospective case-control study, patients with 
HIV infection had greater carotid intima-media thick-
ness at baseline, and it increased more rapidly than in 
controls; traditional risk factors were predictors, as was 
nadir CD4 count [6]. However, not all studies indicate 
that HIV treatment affects intima-media thickness. In a 
3-year prospective, matched-cohort study, progression of 
intima-media thickness was no different in people with 
treated HIV and HIV-negative controls; progression was 
predicted by traditional risk factors such as low-density 
lipoprotein cholesterol, nadir CD4 count, and ritonavir 
exposure [7]. A controlled, cross-sectional study using 
fl ow-mediated brachial artery vasodilatation to measure 
endothelial function found no difference between HIV-
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infected HAART recipients and matched HIV-negative 
controls [8]. Insulin resistance was an independent pre-
dictor of endothelial dysfunction [8]. The contribution of 
metabolic and body fat partitioning to cardiovascular risk 
factors and insulin resistance is summarized in several 
comprehensive reviews [9–11,12•].

Controversy remains about the degree to which 
HAART affects cardiovascular disease risk in HIV infec-
tion. It is universally accepted, however, that treated 
HIV infection is associated with a higher prevalence and 
greater severity of cardiovascular disease risk factors such 
as hyperlipidemia, insulin resistance, abdominal obesity, 
metabolic syndrome, and increased circulatory infl amma-
tion, superimposed on traditional risks associated with 
smoking, sociodemographics, and race.

Insulin Resistance and Cardiovascular Disease 
Risk: Prospective Population Studies
Insulin resistance is considered central to cardiometabolic 
disease and is present in atherothrombotic cardiovascu-
lar disease [13,14]. Insulin resistance is closely associated 
with the clustering of metabolic disturbances within 
metabolic syndrome, including abdominal obesity, heart 
disease, disorders of glucose metabolism, dyslipidemia, 
and hypertension. In vivo measures of insulin resistance 
are diffi cult. The hyperinsulinemic euglycemic clamp is 
the most accurate measure of insulin action and is con-
sidered the gold standard, but it is too expensive and 
labor-intensive for use in larger studies. Surrogate mea-
sures of insulin resistance include the homeostasis model 
assessment (HOMA) and, for epidemiologic and larger 
population-based studies, fasting insulin levels.

HOMA estimates of insulin resistance reliably pre-
dict subsequent cardiovascular events across a number of 
populations [15–19]. The Bruneck Study, which followed 
an Italian population for 15 years, found that insulin 
resistance increased the relative risk of an incident car-

diovascular event to 2.2 after adjustments were made for 
age, smoking, sex, body mass index, lipids, C-reactive 
protein (CRP), and novel risk factors [15]. HOMA pre-
dicted incident fatal and nonfatal cardiovascular events 
over 8 years in the San Antonio Heart Study, with age-, 
sex-, and ethnicity-adjusted risk ratios of 2.5 reduced to 
1.9 after adjustment for lipids, smoking, physical activity, 
and waist size [16]. The Malmö Study found that insulin 
resistance increased the relative risk of a coronary event 
to 2.1 after adjustment of metabolic syndrome covariates, 
including lipids, blood pressure, and obesity [17]. The Vet-
erans Affairs HDL Intervention Trial reported that insulin 
resistance predicted incident cardiovascular events in sub-
jects with and without diabetes [18]. In contrast, insulin 
resistance did not predict incident cardiovascular events in 
the Framingham Offspring Study, when the covariates of 
metabolic syndrome and other traditional risk factors were 
included [19]. Thus, traditional risk factors and composites 
of metabolic syndrome are an excellent clinical marker of 
the insulin-resistance phenotype that increases cardiovas-
cular risk across different populations. Insulin resistance 
per se may even be associated with a small, incremental 
cardiovascular disease risk beyond composite risk factors.

Insulin Resistance in the 
Pathogenesis of Atherosclerosis
Insulin is a critical and essential hormone with pleiotropic 
effects on multiple organ systems. It is the fundamental 
hormonal regulator of glucose metabolism, where it 
induces glucose uptake following stimulation of cell sur-
face insulin receptors, establishing a signaling cascade 
of phosphorylation in key cellular substrates. Activation 
of the pivotal node of phosphoinositol-3 kinase (PI3K) 
results in a number of cellular events, one of which results 
in translocation of glucose transporter-4 (GLUT4) from 
the cell cytosol to the cell surface, where it facilitates glu-
cose entry into the cell (Fig. 1).

Figure 1. Cell signaling pathways involved in 
insulin and glucose metabolism and regula-
tion of vascular cytokine synthesis. Crosstalk 
is present between cytokine and adiponectin 
signaling pathways with several points of 
interaction that relate to glucose metabolism. 
▲ Points affected in treated HIV infection. 
AMPK—adenosine monophosphate–acti-
vated protein kinase; AS160—Akt substrate 
of 160 kDa; GLUT4—glucose transporter-4; 
IκB–inhibitor of nuclear factor–κB (NF-κB); 
IKK-β—IκB kinase-β; IRS—insulin recep-
tor substrate; JNK—Jun N-terminal kinase; 
MAPK—mitogen-activated protein kinase; 
PI3K—phosphoinositol-3 kinase.
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Insulin action may encounter interference at numerous 
points within this complex network, resulting in insulin 
resistance. Possible mechanisms by which treated HIV 
infection can interfere with insulin signaling pathways 
are indicated in Figure 1. They include lipotoxicity, direct 
protease inhibitor effects on GLUT4 translocation, effects 
of NRTIs on mitochondrial function, and disturbed adi-
pocyte function and infl ammation.

Beyond the node of PI3K, insulin signaling diversi-
fi es into separate pathways pertaining to cellular growth, 
proliferation and, importantly, pathways relevant to ath-
erogenesis. Insulin resistance appears to be confi ned to 
the part of the postinsulin receptor cell signaling pathway 
involved in glucose uptake. Other pathways retain sensi-
tivity, and the compensatory hyperinsulinemia of insulin 
resistance results in increased signaling down prolifera-
tive and proatherogenic pathways [20]. This may explain 
a direct link between insulin resistance and atherogenesis 
independent of associated disturbances in circulating lip-
ids, infl ammation, and adipocyte function.

In addition to proatherogenic effects mediated specifi -
cally through insulin signaling pathways, the links between 
insulin resistance and cardiovascular risk may be medi-
ated through indirect or intermediate pathways. Insulin 
resistance is closely associated with visceral obesity, a pro-
infl ammatory circulatory milieu, endothelial dysfunction, 
oxidative stress, and procoagulation. The common link 
between these is considered insulin resistance but may also 
be related to dysregulated adipocyte function as a conse-
quence of visceral obesity and other factors.

Metabolic Syndrome in HIV
Metabolic syndrome refers to the long-observed clustering 
of the clinical phenotypes of hyperlipidemia, abdomi-
nal obesity, elevated fasting glucose, and hypertension; 
vigorous debate continues to interrogate whether, as a 
composite of risk factors, it predicts a multiplicative or 
additive increase in cardiovascular disease.

The prevalence of metabolic syndrome in treated 
HIV-infected patients varies among populations. A preva-
lence rate of 17% was found in Spain, where body mass 
index and past or present exposure to protease inhibitors 
were predictors [21]. The US Nutrition for Healthy Liv-
ing Study reported the prevalence of metabolic syndrome 
at 24%, associated with higher viral load, higher body 
mass index, higher trunk-to-limb fat ratio, and the use 
of the protease inhibitors lopinavir-ritonavir and the 
NRTI didanosine [22]. This study reported the incidence 
of metabolic syndrome at 1.2 per 100 person-months, 
predicted by viral load, weight gain, and use of lopina-
vir-ritonavir or didanosine [22]. The multinational HIV 
Lipodystrophy Case Defi nition Study found a prevalence 
of metabolic syndrome of up to 17% [23]. Higher levels 
of the infl ammatory marker CRP and lower levels of the 

anti-infl ammatory molecule adiponectin were found in 
those with metabolic syndrome [23].

After initiation of HAART in treatment-naive HIV-
infected patients, the prevalence of metabolic syndrome 
increased from 16% to 25% after 2 years of HAART, 
with an incidence of 14 cases per 100 patient-years [24]. 
Wand et al. [25•] found similar incidence rates: 12 per 100 
patient-years after 3 years of HAART in previously treat-
ment-naive subjects. Importantly, this study demonstrated 
an increase in the relative risk of cardiovascular disease to 
2.76 in incident cases of metabolic syndrome [25•]. Further 
prospective studies of the progression from metabolic syn-
drome to cardiovascular outcomes are required.

Mechanisms of Insulin Resistance in HIV
Chronic infection and illness are usually associated with 
increased insulin resistance. Detailed studies of HIV-
infected subjects prior to the HAART era found insulin 
sensitivity was not altered, using the defi nitive measure 
of the hyperinsulinemic euglycemic clamp [26]. In the 
HAART era, insulin resistance, again measured by clamp, 
was found to be double that of controls [27].

One mechanism by which HAART can exacerbate 
insulin resistance is the classic pathway of lipotoxicity 
[28••]. Treated HIV is associated with elevated fatty acids 
and circulating lipids [29], which interfere with postinsu-
lin receptor signaling pathways by generating ceramide 
[28••]. Elevated fatty acids are also found in abdominal 
or visceral obesity. HAART in HIV infection induces 
abdominal obesity [9–11,12•]. HAART-induced meta-
bolic effects would be superimposed on population-wide 
trends for obesity and metabolic syndrome, which has 
reached epidemic proportions in some countries.

Separate from the effects of lipotoxicity on the insulin 
signaling cascade are the effects of HAART components 
themselves on insulin resistance. There are distinctive effects 
that appear to be class specifi c (ie, specifi c to protease inhibi-
tors or NRTIs) and drug specifi c within class, with certain 
drugs being more potent in inducing insulin resistance.

Protease Inhibitors
In vivo and in vitro studies subsequently showed insulin 
resistance in HIV-infected subjects receiving HAART, 
with protease inhibitors being identifi ed early as the cause. 
More recently, NRTIs also have been implicated.

Administration of single drugs to HIV-negative 
healthy controls has best informed the research on drug 
effects. Effective suppression of HIV replication and its 
effects necessarily requires multiple drugs. Even in pro-
spective studies of HAART initiation in HIV-infected 
treatment-naive patients, there may be confounding by the 
multiple drugs used. In healthy, HIV-negative subjects, a 
single dose of the protease inhibitor indinavir induced a 
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30% increase in insulin resistance, measured by hyper-
insulinemic euglycemic clamp [30]. In similarly designed 
studies using a clamp, single-dose ritonavir increased 
insulin resistance by 15%, whereas amprenavir had no 
effect [31•], establishing acute and hierarchical protease 
inhibitor effects on accurate in vivo measures of insulin 
resistance in humans.

Protease inhibitors have multiple direct effects on 
cellular insulin resistance, demonstrated in elegant in 
vitro studies. In experiments using insulin-responsive cell 
lines, all protease inhibitors induced an acute reduction 
of insulin-stimulated glucose uptake, reducing GLUT4 
translocation independently of insulin signaling pathways 
[32]. Noncompetitive and reversible binding of the drug 
moiety to GLUT4 has been reported [33].

Human studies following surrogate measures of insulin 
resistance indicate differences between protease inhibitors; 
for example, amprenavir does not appear to exacerbate or 
induce insulin resistance by 24 weeks of therapy [34].

The intense scrutiny of effects of protease inhibitors 
has revealed system effects additional to the cellular effects 
described above. Protease inhibitors reduce adipocyte dif-
ferentiation, interfering with key molecules involved in 
adipogenesis: sterol regulatory element-binding protein-1 
(SREBP-1) and peroxisome proliferator-activated recep-
tor-γ (PPAR-γ) [35]. SREBP-1 and PPAR-γ are critical to 
adipocyte differentiation, adipocyte function, and secre-
tion of the insulin-sensitizing adipokine, adiponectin. 
Dysregulation of these molecules, adipocyte function, and 
secretion with hypoadiponectinemia are acknowledged to 
contribute to insulin resistance.

In one of the more severe metabolic complications 
of treated HIV infection, lipoatrophy associated with 
abdominal obesity, the degree of insulin resistance can 
be severe [27,29,36]. Studies of protease inhibitor–treated 
HIV-infected subjects with this pattern of body fat par-
titioning have insulin resistance (as measured by clamp) 
double that of HIV-infected protease inhibitor–naive con-
trols matched for age, body mass index, and waist [27].

Thus, effects of protease inhibitors on adipocyte 
function may affect insulin resistance and risk of cardiac 
disease. Hypoadiponectinemia has been shown in several 
studies to be a predictor of cardiovascular disease [37]. 
In treated HIV infection, the contribution of dysregulated 
adipocyte function remains associative, with early data 
reporting links among low adiponectin levels, insulin 
resistance, and abnormal body fat partitioning [23,38].

Nucleoside Reverse Transcriptase Inhibitors
NRTIs also contribute to insulin resistance, via separate 
mechanisms than those described for protease inhibitors. 
Recent work in healthy, HIV-negative subjects has shown 
that treatment with the NRTI stavudine for 4 weeks increased 
insulin resistance (by clamp) [39•]. Importantly, this elegant 

study showed that the deteriorated insulin resistance was 
associated with reduced muscle mitochondrial DNA and 
reduced mitochondrial function, assessed by 31P magnetic 
resonance spectroscopy [39•]. The reduced mitochondrial 
function implies that there may be a mitochondrial oxida-
tive defect that may explain the fi ndings of earlier studies of 
intramyocellular lipid accumulation (by magnetic resonance 
spectroscopy) in treated HIV infection that was strongly 
associated with insulin resistance [27]. Beyond effects 
having an impact on metabolic pathways on muscle metabo-
lism, NRTIs also infl uence adipocyte functioning and may 
further infl uence insulin resistance via separate mechanisms. 
The expression of adipocyte mitochondrial genes involved in 
metabolism is reduced after short-term stavudine treatment 
in HIV-negative subjects [40].

Thus, studies published to date indicate that NRTIs 
induced effects on skeletal muscle and adipocyte mito-
chondrial function, contributing to insulin resistance. 
Relatively little is known about direct mitochondrial 
effects in the myocardium, a tissue characterized by reli-
ance on fatty acid metabolism. Whether mitochondrial 
dysfunction within the myocardium exists—and thus 
adds to cardiovascular disease pathogenesis independent 
of the effects of insulin resistance and hyperlipidemia—is 
worthy of investigation.

Other Drug Classes
The existing drug class of non-NRTIs does not appear to 
have adverse effects on inulin resistance. Two novel classes 
of HAART are expected to be in use in the near future: 
entry inhibitors (fusion inhibitors and CCR5 inhibitors) 
and integrase inhibitors. There are little data on metabolic 
effects of these newer drug classes.

Pleiotropic Factors in Accelerated Insulin 
Resistance and Atherogenesis in Treated 
HIV Infection: The Role of Infl ammation
The contribution of infl ammation to insulin resistance 
and the pathogenesis of cardiovascular disease is well 
recognized. Cardiovascular disease is predicted by higher 
circulating levels of CRP [41,42]. Adiponectin, an anti-
atherogenic, antidiabetic adipokine, is reduced in obesity, 
insulin resistance, metabolic syndrome, and diabetes, 
and it identifi es individuals at higher risk for myocardial 
infarction [37]. Proinfl ammatory adipokines such as inter-
leukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) are 
also implicated in the pathogenesis of insulin resistance 
and cardiovascular disease. Increased circulating infl am-
matory markers contribute to insulin resistance [43], 
through a number of possible mechanisms. Interaction 
of proinfl ammatory cytokines with the toll-like receptor 
induces cell signaling events that interfere with insulin 
signaling (Fig. 1).
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Infl ammatory markers are increased in treated HIV 
and are related to insulin resistance [44,45]. A recent study 
reported that circulating infl ammatory markers includ-
ing CRP, TNF-α, IL-6, and adiponectin in treated men 
with HIV were similar to those found in obese sedentary 
men; insulin resistance (by hyperinsulinemic clamp) was 
predicted by hypoadiponectinemia and increased TNF-
α levels [45]. In treated HIV infection, circulating IL-6 
levels predicted the traditional cardiovascular risk factors 
of total cholesterol, high-density lipoprotein cholesterol, 
triglycerides, and CRP [45].

HIV itself and the immunologic and infl ammatory 
response of the host was examined in the Strategies for 
Management of Antiretroviral Therapy (SMART) study, 
which tested the effects of interrupted therapy (to limit 
drug exposure and adverse events) versus virologic sup-
pression with continuous therapy. Interrupted HAART 
was associated with a number of worsened outcomes, 
including an increase in the relative risk of major cardio-
vascular disease to 1.6 [46].

Conclusions
Treatment of HIV infection is associated with a number 
of metabolic disturbances—including hyperlipidemia, 
insulin resistance, altered body fat partitioning, and 
increased circulatory infl ammation—that contribute to 
the increased risk of cardiovascular disease. Strategies to 
reduce cardiovascular disease in HIV infection include 
early screening for metabolic disturbances with aggressive 
risk factor management, including optimization of healthy 
weight, diet and physical activity, smoking cessation and, 
where indicated, pharmacologic intervention. Ongoing 
interrogation of drug therapies with careful scrutiny for 
adverse cardiometabolic effects is required in the era of 
virologic remission and (anticipated) lifelong therapy.
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