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ABSTRACT 

The introduction of combination antiretroviral therapy has transformed human immunodeficiency virus infection 
from a fatal disease into a chronic, manageable condition, resulting in a substantial increase in life expectancy among 
affected individuals. However, this epidemiological success had been accompanied by a growing burden of metabolic 
complications and cardiovascular disease. The purpose of this review was to critically examine the molecular and 
biochemical pathways underlying antiretroviral-induced metabolic dysregulation and to elucidate their contribution 
to long-term cardiovascular risk in people living with HIV. This narrative review was developed through 
comprehensive analysis and synthesis of current experimental, translational, and clinical literature on antiretroviral 
therapy and cardiometabolic outcomes. Evidence indicated that mitochondrial dysfunction, oxidative stress, 
adipocyte impairment, altered insulin signaling, dyslipidemia, chronic immune activation, and endothelial 
dysfunction collectively mediate atherogenic processes in treated HIV populations. Specific antiretroviral classes 
exerted differential metabolic effects, further modulating cardiovascular risk profiles. Longitudinal cohort data 
demonstrated increased incidence of myocardial infarction, subclinical atherosclerosis, and arterial stiffness in this 
population. Early risk stratification and mechanistically informed therapeutic strategies are therefore essential. 
Integrated cardiometabolic monitoring and individualized antiretroviral selection were critical to reducing long-
term cardiovascular morbidity in HIV. 
Keywords: HIV, antiretroviral therapy, Metabolic dysregulation, Cardiovascular disease, Mitochondrial 
dysfunction. 

 
INTRODUCTION 

The advent of combination antiretroviral therapy represents one of the most significant achievements in modern 
medicine [1, 2]. Once uniformly fatal, human immunodeficiency virus infection has evolved into a chronic condition 
characterized by near-normal life expectancy in individuals with sustained viral suppression. This therapeutic 
success has shifted the clinical landscape from opportunistic infections and acquired immunodeficiency syndrome 
related mortality to chronic non communicable diseases. Among these, cardiovascular disease has emerged as a 
leading cause of morbidity and mortality in people living with HIV [3]. 
The increased cardiovascular burden in treated HIV populations is multifactorial. Persistent immune activation, 
chronic inflammation, and traditional cardiometabolic risk factors contribute substantially [4, 5]. However, 
compelling evidence demonstrates that antiretroviral therapy itself plays a pivotal role in the development of 
metabolic abnormalities that accelerate vascular pathology. Dyslipidemia, insulin resistance, altered fat distribution, 
hepatic steatosis, mitochondrial dysfunction, and endothelial injury are increasingly recognized consequences of 
long-term exposure to certain antiretroviral agents. 
Despite advances in pharmacological refinement, metabolic dysregulation remains a significant therapeutic 
challenge. The biochemical mechanisms linking antiretroviral therapy to cardiovascular disease are complex and 
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involve perturbations in cellular energy metabolism, adipocyte biology, inflammatory signaling, and vascular 
homeostasis [6-10]. A comprehensive understanding of these pathways is essential for optimizing treatment 
strategies and minimizing long-term risk. This review examines the molecular and biochemical mechanisms 
underlying antiretroviral-induced metabolic dysregulation, explores their pathophysiological progression to 
cardiovascular disease, evaluates current clinical evidence on long-term risk, and discusses emerging therapeutic 
and preventive strategies. The purpose is to integrate mechanistic insights with clinical data to inform evidence-
based management of cardiometabolic complications in HIV. 
Overview of Antiretroviral Therapy and Metabolic Complications 
Combination antiretroviral therapy typically includes agents from multiple classes, including nucleoside reverse 
transcriptase inhibitors, non-nucleoside reverse transcriptase inhibitors, protease inhibitors, integrase strand 
transfer inhibitors, and entry inhibitors [7, 8]. These regimens effectively suppress viral replication and restore 
immune function. However, their metabolic consequences vary by class and individual drug. 
Historically, protease inhibitors were strongly associated with dyslipidemia and insulin resistance. Elevated 
triglycerides, increased low-density lipoprotein cholesterol, and reduced high-density lipoprotein cholesterol were 
frequently observed [9]. Nucleoside reverse transcriptase inhibitors, particularly earlier agents, were linked to 
mitochondrial toxicity and lipodystrophy. More recent integrase inhibitors demonstrate improved metabolic 
profiles, yet emerging data suggest potential associations with weight gain and adiposity. The metabolic phenotype 
in treated HIV encompasses dyslipidemia, impaired glucose tolerance, visceral adiposity, hepatic steatosis, and 
altered fat redistribution [10, 11,12-16]. Lipodystrophy, characterized by peripheral lipoatrophy and central fat 
accumulation, reflects adipocyte dysfunction and altered lipid handling. These metabolic disturbances not only 
compromise quality of life but also create a pro-atherogenic milieu. 
Importantly, metabolic complications may develop even in virally suppressed individuals, underscoring the 
independent contribution of antiretroviral agents. As treatment duration extends over decades, cumulative exposure 
amplifies the risk of metabolic derangements and subsequent cardiovascular sequelae. 
Molecular and Biochemical Pathways of Antiretroviral-Induced Metabolic Dysregulation 
Antiretroviral-induced metabolic dysregulation arises from multiple intersecting biochemical pathways. 
Mitochondrial Dysfunction and Oxidative Stress: Certain nucleoside reverse transcriptase inhibitors inhibit 
mitochondrial DNA polymerase gamma, impairing mitochondrial DNA replication [12, 17-20]. This leads to 
reduced oxidative phosphorylation, diminished adenosine triphosphate production, and increased reactive oxygen 
species generation. Oxidative stress damages cellular lipids, proteins, and nucleic acids, promoting insulin resistance 
and endothelial injury. 
Adipocyte Dysfunction and Adipokine Imbalance: Protease inhibitors and some integrase inhibitors alter 
adipocyte differentiation by interfering with peroxisome proliferator activated receptor gamma signaling. Impaired 
adipogenesis and enhanced lipolysis result in ectopic lipid deposition and elevated circulating free fatty acids. 
Dysregulated secretion of adipokines such as adiponectin and leptin further exacerbates insulin resistance and 
systemic inflammation [13]. 
Insulin Signaling Disruption: Protease inhibitors directly inhibit glucose transporter type 4 activity in adipose 
tissue and skeletal muscle, reducing glucose uptake [14, 15, 21-27]. Concurrently, inflammatory cytokines such as 
tumor necrosis factor alpha and interleukin 6 activate serine kinases that impair insulin receptor substrate 
phosphorylation. These mechanisms converge to produce peripheral insulin resistance. 
Hepatic Lipid Metabolism Alterations: Antiretroviral agents influence hepatic lipid synthesis by activating sterol 
regulatory element binding proteins, enhancing very low density lipoprotein production. Increased hepatic 
triglyceride synthesis and reduced lipid clearance contribute to dyslipidemia and non alcoholic fatty liver disease. 
Chronic Immune Activation and Endothelial Dysfunction: Even with viral suppression, residual immune 
activation persists. Antiretroviral therapy may not fully normalize inflammatory pathways. Elevated C-reactive 
protein, soluble CD14, and other markers reflect ongoing inflammation that damages vascular endothelium [16, 17, 
28-33]. Reduced nitric oxide bioavailability impairs vasodilation and promotes vascular stiffness. 
Collectively, these molecular perturbations establish a pro-inflammatory, pro-oxidative, and pro-atherogenic 
metabolic environment. 
Pathophysiological Progression to Cardiovascular Disease 
The transition from metabolic dysregulation to overt cardiovascular disease involves a complex cascade of vascular 
events. Dyslipidemia promotes low-density lipoprotein oxidation and deposition within the arterial intima [18]. 
Oxidized lipoproteins stimulate macrophage recruitment and foam cell formation, initiating atherosclerotic plaque 
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development. Insulin resistance further enhances endothelial dysfunction by reducing nitric oxide synthesis and 
increasing endothelin-mediated vasoconstriction. 
Chronic inflammation amplifies plaque instability. Activated immune cells secrete matrix metalloproteinases that 
degrade fibrous caps, predisposing plaques to rupture [19,34-40]. Additionally, prothrombotic alterations, including 
elevated fibrinogen and platelet activation, increase the likelihood of acute coronary events. Arterial stiffness and 
vascular remodeling are frequently observed in treated HIV populations. Structural changes in the vascular wall 
result from sustained oxidative stress and inflammatory signaling. These alterations elevate systolic blood pressure 
and left ventricular workload, compounding cardiovascular risk. 
Importantly, cardiovascular pathology in HIV often manifests at younger ages compared with the general 
population [20,41-44]. Subclinical atherosclerosis, measured by carotid intima media thickness and coronary artery 
calcium scoring, is more prevalent among individuals receiving long term therapy. Thus, antiretroviral induced 
metabolic abnormalities accelerate classical atherogenic pathways, bridging cellular dysfunction and clinical 
cardiovascular disease. 
Clinical Evidence and Long Term Cardiovascular Risk 
Large cohort studies have consistently demonstrated increased cardiovascular event rates in people living with HIV 
compared with uninfected controls. While traditional risk factors such as smoking and hypertension contribute, 
antiretroviral exposure independently modifies risk. Protease inhibitor-based regimens have been associated with 
higher rates of myocardial infarction in longitudinal analyses. Certain nucleoside reverse transcriptase inhibitors 
have also been implicated in elevated cardiovascular risk, possibly through endothelial and inflammatory 
mechanisms [21,45-48]. Newer agents exhibit improved safety profiles, yet weight gain and emerging metabolic 
effects warrant continued surveillance. 
Risk stratification remains challenging. Conventional cardiovascular risk calculators may underestimate risk in HIV 
populations because they do not account for chronic inflammation or therapy-related metabolic disturbances 
[22,48]. Biomarkers such as high-sensitivity C-reactive protein, interleukin-6, D-dimer, and markers of immune 
activation provide additional prognostic information. Importantly, duration of therapy and cumulative drug 
exposure correlate with metabolic burden. As individuals initiate treatment earlier and remain on therapy lifelong, 
understanding long-term cardiovascular implications becomes increasingly critical. 
The clinical evidence underscores the necessity of integrating cardiometabolic monitoring into routine HIV care, 
including lipid profiling, glucose assessment, body composition evaluation, and vascular imaging when appropriate. 
Therapeutic Strategies, Risk Mitigation, and Future Directions 
Mitigating cardiovascular risk in treated HIV requires a multifaceted approach. Optimization of antiretroviral 
regimens is fundamental. Selecting agents with favorable metabolic profiles can reduce dyslipidemia and insulin 
resistance. Switching from protease inhibitor based regimens to alternative classes may improve lipid parameters in 
selected patients [23]. Lifestyle interventions, including dietary modification, regular physical activity, and smoking 
cessation, remain cornerstones of cardiovascular prevention. Pharmacological management with statins, 
antihypertensive agents, and insulin sensitizers should be implemented according to established guidelines, with 
attention to potential drug interactions [24]. 
Emerging research explores targeted anti inflammatory therapies to reduce residual immune activation. Modulation 
of adipokine signaling and mitochondrial protective strategies represent promising investigational avenues [25]. 
Precision medicine approaches incorporating genetic susceptibility and biomarker profiling may enable 
individualized cardiovascular risk prediction. 
Future research should prioritize long-term randomized studies comparing metabolic outcomes across 
contemporary regimens and identifying mechanistic biomarkers that predict cardiovascular events. Translational 
integration between molecular science and clinical cardiology is essential. 

CONCLUSION 
The transformation of HIV into a chronic manageable disease has revealed the unintended metabolic consequences 
of long-term antiretroviral therapy. Mitochondrial dysfunction, oxidative stress, adipocyte impairment, insulin 
resistance, hepatic lipid alterations, chronic inflammation, and endothelial injury constitute interconnected 
biochemical pathways that promote atherosclerosis and cardiovascular disease. Clinical evidence confirms that 
treated HIV populations experience elevated rates of myocardial infarction, vascular stiffness, and subclinical 
atherosclerosis, reflecting the cumulative impact of therapy-related and traditional risk factors. Understanding the 
molecular underpinnings of antiretroviral-induced metabolic dysregulation provides a foundation for rational 
therapeutic decision-making. Careful selection of antiretroviral regimens, early identification of metabolic 
abnormalities, and aggressive management of modifiable risk factors are essential components of comprehensive 
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HIV care. As life expectancy continues to improve, attention must shift toward preserving long-term 
cardiometabolic health. Strategic integration of mechanistic research, longitudinal clinical surveillance, and 
individualized therapeutic optimization is imperative to reduce cardiovascular morbidity in people living with HIV. 
Routine incorporation of comprehensive cardiometabolic risk assessment and individualized antiretroviral selection 
should become a standard of care in long-term HIV management. 
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