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Abstract

HIV infection remains a major global health challenge due to its complex pathogenesis
and lifelong persistence in people living with HIV (PLWH). A central barrier to eradication
is the virus’s ability to establish long-lived latent reservoirs in different tissues, including
the central nervous system (CNS), where it evades immune clearance and antiretroviral
therapy (ART). These reservoirs, seeded early during infection, fuel viral rebound if ART is
interrupted, requiring lifelong treatment. In the CNS, HIV persists despite systemic viral
suppression because of limited ART penetration across the blood–brain barrier (BBB), and
infection of long-lived cells such as microglia and perivascular macrophages. Although
modern ART regimens significantly reduce viral burden and HIV-related morbidity, they do
not eliminate neurocognitive complications. Suboptimal CNS drug penetration and certain
ART-associated toxicities contribute to CNS dysfunction, persistent neuroinflammation,
and accelerated aging of the brain. As PLWH now experience increased life expectancy,
prolonged exposure to ART and persistent low-level viral activity exacerbate chronic
inflammation, immune activation, and metabolic dysregulation, collectively accelerating
neurobiological aging. These pathological processes contribute to the development of HIV-
associated neurocognitive disorders (HAND), which affect nearly half of virally suppressed
PLWH. This review examines HIV-associated inflammation, neurotoxic pathways, and
accelerated aging in PLWH in the modern ART era.

Keywords: HIV; neuroinflammation; neurotoxicity; neurocognitive disorders; aging;
antiretroviral therapy; HAND

1. Introduction
HIV infection remains a significant global health challenge, not only due to its ongoing

transmission but also because of the complex pathogenesis and the virus’s ability to persist
lifelong in people living with HIV (PLWH). Since its discovery, extensive research has
focused on developing virus-specific anti-HIV treatments that target the virus’s entry
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mechanisms and key enzymes, such as reverse transcriptase, integrase, and protease. These
efforts culminated in the creation of therapy regimens, known as antiretroviral therapy
(ART) or combination ART (cART). ART has become the cornerstone for treating HIV
infection and has successfully reduced plasma HIV RNA levels to undetectable levels and
significantly lowered AIDS-related mortality [1,2]. However, despite improvements in drug
specificity and efficiency, ART is unable to eradicate HIV. Under a low metabolic state of the
cell, HIV enters into a silent or latent state, where it is protected from both the host immune
system and ART. However, latent HIV can be reactivated upon therapy interruption, leading
to viral rebound, even in patients with undetectable plasma viremia [2–4]. Consequently,
individuals infected with HIV are required to remain on lifelong medication to suppress the
viral load. While ART can restore immune function to some extent, it is often incomplete
and may lead to immune reconstitution inflammatory syndrome (IRIS) [5]. Over time,
the episodes of suboptimal presence of ART and adaptation of HIV to the host’s immune
system lead to the emergence of viral variants, reducing the efficacy of treatment. This
often necessitates the replacement of drugs within the ART regimen [6–9]. Additionally,
some ART medications can cause toxic side effects, making treatment intolerable for
certain patients [10–12]. Furthermore, these drugs often have poor penetration into certain
compartments, such as the central nervous system (CNS), limiting their effectiveness in
these regions.

The CNS is considered an “immune-privileged” site, and the brain is often referred to
as a sanctuary for HIV due to the restrictive regulation of cell migration and the selective
permeability of the blood–brain barrier (BBB) and cerebrospinal fluid (CSF), which prevent
antiretrovirals from effectively reaching the brain [11,13–17]. Various aspects of viral entry,
transcription, and latency in the CNS are regulated by distinct mechanisms, enabling HIV-1
to persist in this compartment.

Although ART has dramatically reduced viral loads and HIV-related morbidity and
mortality, it does not eliminate the risk of neurocognitive impairment [7,10,12,14,18,19].
Continuous use of ART is necessary for viral suppression, yet some ART drugs contribute
to neurotoxicity, mitochondrial dysfunction, and may exacerbate age-related neuropathies.
The suboptimal penetration of many ART drugs into the CNS allows sustained low-level
viral replication and neuroinflammation, complicating HIV management [2,11,12,15,18,20].
As a result, PLWH live longer, but the prolonged use of ART and the persistence of HIV
lead to significant systemic tolls, particularly in the CNS [11,14,15]. This causes accelerated
neurotoxicity, neurocognitive impairments, and acquiring of premature age-associated
comorbidities faster, such as heightened vulnerability to neuroinflammation, immune
activation, metabolic disruptions, and epigenetic dysregulation [7,13,14,18,19,21–23]. Thus,
neurotoxicities, including HAND, remain common, with nearly half of PLWH affected,
despite viral suppression, ranging from mild cognitive impairment to severe dementia.

The neurotoxic effects of HIV are increasingly recognized as both direct and indirect,
contributing to neurodegeneration [7,18,24–27]. The virus and its proteins, such as Tat
and gp120, damage neural cells, disrupt BBB integrity, and induce chronic neuroinflam-
mation, contributing to a spectrum of neurotoxicity [7,8,28–30]. This burden is especially
pronounced among aging PLWH, who specifically experience accelerated brain aging,
marked by early onset and greater severity of neurodegenerative changes like synaptic loss,
white matter abnormalities, and the accumulation of pathological proteins like amyloid-β
and tau [13,14,19,22,31–36].

The ongoing research is focused on strategies to enhance ART penetration into sanc-
tuary sites and develop adjunctive therapies to mitigate inflammation and neurotoxicity.
Biomarker development, advanced neuroimaging, and single-cell technologies are provid-
ing new insights pertaining to the underlying molecular mechanisms responsible for the
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pathogenesis of HAND [37]. This review highlights the current knowledge on the HIV life
cycle, mechanisms of HIV-induced neurotoxicity, the interplay between HIV and aging,
and the impact of ART. We discuss the benefits and limitations of current ART regimens,
challenges, emerging therapeutic strategies, and future directions in the quest to improve
the lives of PLWH by curbing age-associated comorbidities.

2. Global Burden and Epidemiological Overview
Since its identification in the early 1980s, HIV infection has evolved from a rapidly

fatal disease to a chronic, manageable condition, largely due to the development and
widespread implementation of ART. Despite remarkable advances in treatment and pre-
vention, HIV remains a major global health burden [2,10,38]. According to the latest
UNAIDS estimates, approximately 39 million people are living with HIV (PLWH) world-
wide, with over 1.3 million new infections and nearly 700,000 AIDS-related deaths reported
per year, [39–41]. Sub-Saharan Africa continues to bear a disproportionate share of the
epidemic, but significant populations of PLWH reside in Asia, Eastern Europe, and the
Americas, reflecting the global nature of the challenge [41,42]

The epidemiology of HIV is dynamic, shaped by evolving patterns of transmission,
demographic shifts, and the impact of public health interventions. While the incidence of
new infections has declined in many regions, key populations, including men who have
sex with men, people who inject drugs, sex workers, and transgender individuals, remain
at heightened risk [43,44]. The increasing age of the HIV-positive population, a testament
to the success of ART, introduces new complexities related to comorbidities, polypharmacy,
and the intersection of HIV with the biology of aging.

2.1. HIV Infection and Global Prevalence

HIV is a member of the Lentivirus genus within the Retroviridae family, characterized
by a single-stranded, positive-sense RNA genome and a unique replication cycle involving
reverse transcription and integration into the host genome. HIV infects cells that express
both CD4 receptor and chemokine co-receptors (CCR5 or CXCR4). Given that chemokine
receptors are ubiquitously expressed on different cell types, the expression of CD4 is the
limiting factor to HIV infection. The main cell populations that express both receptor and
coreceptor for HIV include T lymphocytes and monocytes/macrophages, which are the
main targets of HIV in the system [45]. Upon infection, HIV rapidly establishes systemic
viremia and replication-competent HIV proviral reservoirs throughout the body, with main
sanctuary sites such as lymphoid tissues, lymph nodes, the gastrointestinal tract, and
the CNS [8,18,46].

Globally, the overall prevalence of HIV among adults (aged 15–49) is about 0.7%,
but this varies significantly by region. In sub-Saharan Africa, the prevalence is much
higher, particularly among women, with HIV affecting 1 in 5 women in some countries. In
contrast, regions like Europe and North America have seen declines in new infections due
to widespread availability of ART, pre-exposure prophylaxis (PrEP), and harm reduction
strategies. Sub-Saharan Africa bears the highest burden of the epidemic, accounting for
approximately 65% of new infections globally, with young women aged 15–24 being
particularly vulnerable due to factors like gender inequality, limited healthcare access, and
higher rates of sexual violence [47–49].

2.2. Key Affected Populations

Several populations are disproportionately affected by HIV due to behavioral, social,
and structural factors. Men who have sex with men (MSM), people who inject drugs
(PWID), sex workers, and adolescent girls and young women are at higher risk due to
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unprotected sex, needle sharing, and unequal power dynamics in relationships. In sub-
Saharan Africa, adolescent girls and young women face an especially high risk due to
gender-based violence and lack of access to education and healthcare. Transgender in-
dividuals also experience high rates of HIV infection due to higher risk, stigma, and
discrimination, which not only make them vulnerable but also hinder their access to health-
care services. These populations, along with others, contribute significantly to the global
burden of HIV [47,48,50,51].

2.3. HIV Prevention, ART Access, and Challenges

Despite universal availability of ART, a significant number of PLWH globally are not
receiving ART, leaving a significant gap, especially in low- and middle-income countries,
where access, late diagnosis, stigma, and drug resistance remain major barriers. ART has
proven effective in suppressing viral replication and reducing transmission, but challenges
include late diagnosis, limited access to care, discrimination, and the emergence of drug
resistance. Prevention strategies like PrEP, condom use, voluntary medical male circum-
cision, and mother-to-child transmission prevention have shown success, particularly in
high-prevalence areas. However, stigma and discrimination continue to impede efforts,
and there is an ongoing need for a functional cure, which remains a key focus of current
research. Addressing these challenges is crucial for controlling the epidemic and improving
health outcomes for PLWH [49,52,53].

Overall, the global burden of HIV remains substantial, with ongoing challenges
in prevention, treatment access, and addressing the needs of key affected populations.
While ART has made significant strides in controlling the epidemic, continued efforts are
needed to reduce new infections, provide universal access to care, and address the social
determinants of health that perpetuate the epidemic. The future of HIV control lies in
improved prevention methods, better access to care, lasting impact of therapeutics, and
breakthroughs in cure research, besides ensuring a holistic and equitable approach to the
global HIV response.

2.4. Long-Acting Antiretrovirals (LA-ART)

Encouragingly, long-acting injectable antiretroviral therapies (LA-ART) have emerged
as a major advancement in both HIV treatment and prevention, offering the potential to
overcome long-standing challenges associated with daily oral regimens. The first complete
injectable regimen, cabotegravir/rilpivirine (CAB/RPV; Cabenuva), achieves sustained
viral suppression through monthly or bimonthly intramuscular administration. This ap-
proach provides an effective alternative for individuals with poor adherence to daily
pills [54]. Growing evidence from clinical trials and real-world implementation high-
lights that LA-ART reduces pill fatigue, medication-related stigma, and daily treatment
burden, thereby improving ART-acceptability among adolescents, socially marginalized
populations, and individuals with unstable housing or mental health barriers [55,56]. The
therapeutic landscape has further expanded with lenacapavir, the first-in-class HIV cap-
sid inhibitor (Sunlenca/Yeztugo), administered as a twice-yearly subcutaneous injection.
Results from Phase 3 PURPOSE prevention trials reveal >99.9% protection against HIV
acquisition, while treatment studies show potent activity against multidrug-resistant HIV
isolates and future potential for combination regimens requiring only semi-annual dos-
ing [57–59]. These long-acting agents collectively hold promises for improving health
equity by reducing dosing frequency, enhancing adherence, and alleviating stigma, the key
barriers to successful HIV care [60,61]
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2.5. Mechanistic Basis of Long-Acting Antiretroviral Therapies

The durability of LA-ART arises from the slow dissolution of drugs from depot
formulations, extensive tissue and intracellular sequestration, macrophage-mediated redis-
tribution, metabolic stability, and sustained pharmacodynamic activity, rather than from
site-specific injection alone. The LA-ART is not simply a function of intramuscular or
subcutaneous administration, but rather reflects a convergence of drug physicochemical
properties, formulation science, tissue pharmacokinetics, and intracellular retention mecha-
nisms. These features collectively enable sustained therapeutic drug levels over weeks to
months following a single dose.

A defining characteristic of most LA-ART agents is their high lipophilicity and low
aqueous solubility, which allows formulation as nanocrystalline suspensions. Drugs such
as cabotegravir and rilpivirine are milled into nanoscale crystals that dissolve slowly at
the injection site, creating a depot effect that continuously releases drug into the systemic
circulation over extended periods [62–64]. Primarily, due to their lipophilic nature, LA-ART
agents exhibit extensive tissue distribution, particularly into adipose tissue, lymphoid
organs, and macrophage-rich compartments, resulting in slow redistribution back into
plasma and prolonged terminal half-lives that can exceed 40–90 days [62,65]. Importantly,
macrophages actively uptake nanocrystalline drug particles via phagocytosis, effectively
serving as secondary depots that further extend drug persistence and facilitate trafficking
to viral reservoir sites [66]. Thus, the slow dissolution kinetics of these nanocrystals, rather
than the injection route per se, are a primary determinant of prolonged plasma exposure.

Additionally, metabolic stability plays a crucial role. LA-ART agents are deliberately
engineered to undergo slow hepatic metabolism, often via glucuronidation rather than
rapid oxidative pathways. Certain LA-ART drugs also exhibit intracellular trapping and
slow efflux. These drugs accumulate within cells at concentrations exceeding plasma
levels, where limited metabolism and slow cellular clearance sustain antiviral activity even
as systemic concentrations decline [62,63,67,68]. Cabotegravir, for instance, is primarily
metabolized by UGT1A1, a pathway associated with relatively slow clearance and minimal
drug–drug interactions [62,63]. Similarly, lenacapavir possesses an exceptionally long
intrinsic half-life due to its metabolic stability and slow systemic clearance, enabling dosing
intervals of up to six months [69,70]. Moreover, lenacapavir further exemplifies how the
molecular mechanism of action can contribute indirectly to long-acting efficacy. As a
capsid inhibitor, lenacapavir binds with high affinity to conserved capsid interfaces and
disrupts multiple stages of the HIV life cycle, including uncoating, nuclear import, and
capsid assembly. This multi-stage inhibition allows sustained antiviral pressure even at
low plasma concentrations, effectively extending its pharmacodynamic window [69,71].

Collectively, the prolonged efficacy of LA-ART reflects not merely its intramuscular
delivery but a combination of favorable pharmacologic features, including slow release
from depot formulations, extensive tissue and intracellular sequestration, macrophage-
mediated redistribution, high metabolic stability, and sustained pharmacodynamic activity.
Together, these properties enable durable drug exposure well beyond dosing intervals
and fundamentally distinguish LA-ART from conventional oral antiretroviral regimens.
A mechanistic understanding of these processes is essential for further optimizing next-
generation long-acting agents, mitigating the risk of resistance, and extending long-acting
strategies to anatomically protected compartments such as the CNS, as well as to cure-
oriented interventions.

Notably, the same properties that confer prolonged durability also underlie the charac-
teristic pharmacokinetic “tail” observed with LA-ART, in which sub-optimal therapeutic
drug concentrations persist for weeks to months following discontinuation. Although this
tail raises concerns regarding selection for drug resistance, it simultaneously highlights
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the exceptionally slow elimination kinetics that define these agents and enable infrequent
dosing schedules. Careful management of this pharmacokinetic feature, through opti-
mized initiation and discontinuation strategies, combination coverage, and therapeutic
drug monitoring, will be critical to maximizing the clinical and preventive potential of
long-acting antiretrovirals [55,72].

Despite these benefits, significant challenges remain. High cost, patent restrictions, and
limited confidence in novel technologies currently hinder large-scale access, particularly in
low-income regions where HIV burden is greatest [58]. Early implementation also requires
intensive clinical follow-up and trained providers, further restricting use in resource-limited
settings. Nonetheless, looking ahead, patent expiration, large-scale generic production,
and infrequent dosing may substantially reduce cost, positioning LA-ART as a feasible
global strategy for equitable HIV treatment and prevention. By shifting HIV care away
from strict daily adherence and toward long-interval dosing, these innovations have the
potential to transform long-term outcomes and quality of life for PLWH and those at HIV
risk worldwide.

3. General Mechanisms of HIV-Mediated Neurotoxicity
With the widespread introduction of ART, the severe form of HIV-mediated neurotoxi-

city, historically manifested as HIV-associated dementia (HAD), has declined dramatically.
This reduction reflects ART’s ability to suppress viral replication and limit the profound
neuroinflammatory injury characteristic of untreated infection. However, despite these
advances, neurocognitive impairment has not been eliminated. Instead, the clinical pre-
sentation has shifted toward a milder but highly prevalent spectrum of HIV-associated
neurocognitive disorders (HAND), which persist even in individuals with long-term viral
suppression [35,73–78]. Due to the lack of a transcriptional inhibitor, ART is unable to
restrict HIV gene expression [2,45]. Persistent expression of viral RNA and proteins, includ-
ing Tat, gp120, and Nef, within the brain sustains microglial activation, disrupts synaptic
signaling, and induces synaptodendritic injury [18,34,79].

Neurodegeneration is a core characteristic of HAND; however, because neurons
lack the canonical receptors required for HIV entry, they are not directly infected by the
virus [2,18]. Instead, neurons sustain substantial bystander injury resulting from chronic ex-
posure to neurotoxic viral proteins, inflammatory mediators, and oxidative stress generated
by infected and exposed glial cells. Viral proteins such as Tat and gp120 have been shown
to directly interact with neuronal NMDA receptors and chemokine receptors (CXCR4,
CCR5), promoting excessive calcium influx, mitochondrial depolarization, and activation
of apoptotic pathways [80–83]. Persistent inflammation driven by microglia and astrocytes
leads to elevated levels of TNF-α, IL-1β, and reactive oxygen species (ROS), all of which
impair synaptic function and its structural integrity. One hallmark of neuronal injury in
HIV is synaptodendritic pruning, driven in part by complement system activation and
microglial phagocytosis. This loss of synaptic connectivity underlies cognitive deficits
associated with HAND. Moreover, neuronal energetic failure arises due to mitochondrial
dysfunction, disrupted axonal transport, and reduced availability of neurotrophic factors
such as brain-derived neurotrophic factor (BDNF). These changes diminish neuronal re-
silience and plasticity, contributing to memory impairment, slowed information processing,
and executive dysfunction, which are commonly observed even in ART-treated individuals.

3.1. Reactive Free Radical Species and Neuronal Injury

Notably, during HIV infection, neuronal injury is not only driven by a single oxidative
insult, but by a complex, self-reinforcing network of reactive species, collectively referred
to as the reactive species interactome. This interactome encompasses reactive oxygen
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species (ROS), reactive nitrogen species (RNS), reactive sulfur species (RSS), lipid-derived
reactive aldehydes, and reactive carbonyl species, all of which converge to disrupt neuronal
homeostasis, mitochondrial integrity, and synaptic function. In PLWH, chronic immune
activation, persistent viral protein expression, and ART exposure synergistically amplify
this redox imbalance, contributing substantially to HAND.

3.2. Reactive Oxygen Species (ROS)

ROS, including superoxide (O2
−), hydrogen peroxide (H2O2), and hydroxyl radicals

(•OH), are central mediators of HIV-associated neurotoxicity. A number of HIV pro-
teins have been shown to directly induce ROS generation by disrupting mitochondrial
electron transport chain (ETC) complexes I and III, resulting in electron leakage and ox-
idative stress [79,84]. Activated microglia and infiltrating macrophages further amplify
ROS production via NADPH oxidase (NOX2) activation, leading to oxidative damage in
neighboring neurons [85,86].

3.3. Reactive Nitrogen Species (RNS)

Reactive nitrogen species, particularly nitric oxide (NO) and peroxynitrite (ONOO−),
also play a vital role in HIV-associated neuronal injury. HIV Tat and gp120 induce inducible
nitric oxide synthase (iNOS) expression in microglia and astrocytes, leading to excessive NO
production [87–90]. NO rapidly reacts with superoxide to form peroxynitrite, a highly reac-
tive molecule that nitrates tyrosine residues, damages mitochondrial DNA, and inactivates
antioxidant enzymes such as manganese superoxide dismutase (MnSOD) [91,92]. Elevated
nitrotyrosine levels have been detected in the CNS of PLWH with HAND, underscoring
the pathological relevance of RNS [93].

3.4. Reactive Sulfur Species (RSS)

Emerging evidence implicates reactive sulfur species, including hydrogen sulfide (H2S)
and persulfides, in HIV-associated neurotoxicity. Under physiological conditions, RSS act
as neuromodulators and antioxidants; however, chronic inflammation and mitochondrial
dysfunction shift sulfur metabolism toward toxic sulfide accumulation. HIV-induced
mitochondrial impairment disrupts cysteine and glutathione metabolism, weakening redox
buffering capacity and sensitizing neurons to oxidative and nitrosative stress [94–97].
Dysregulated RSS signaling further modulates NMDA receptor activity and mitochondrial
respiration, compounding excitotoxic and bioenergetic injury in HAND.

3.5. Lipid Peroxidation and Reactive Aldehydes

ROS and RNS initiate lipid peroxidation of neuronal membranes rich in polyunsat-
urated fatty acids, generating highly toxic aldehydes such as 4-hydroxynonenal (4-HNE)
and malondialdehyde (MDA). These lipid-derived reactive species form covalent adducts
with proteins, impairing ion channels, synaptic receptors, and mitochondrial enzymes [98].
HIV Tat has been shown to enhance lipid peroxidation in neurons and astrocytes, while
ART, particularly older NRTIs, were shown to further accelerate this process by inducing
mitochondrial dysfunction [99,100]. Elevated 4-HNE adducts are observed in frontal cortex
tissue from PLWH with cognitive impairment [101].

3.6. Reactive Carbonyl Species and Proteostasis Failure

Reactive carbonyl species (RCS), generated from glucose and lipid oxidation, con-
tribute to carbonyl stress, leading to protein misfolding and aggregation. HIV-associated
oxidative stress promotes the formation of advanced glycation end products (AGEs),
which activate the receptor for AGEs (RAGE) on microglia and endothelial cells, re-
inforcing inflammatory signaling and BBB dysfunction [102]. Carbonyl stress impairs
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the ubiquitin-proteasome system and autophagy, processes already disrupted by HIV
proteins, thereby accelerating accumulation of damaged mitochondria and neurotoxic
protein aggregates [103,104].

3.7. ART-Associated Reactive Species Generation

Several antiretroviral agents, primarily NRTIs and some protease inhibitors, exacerbate
reactive species production by inhibiting mitochondrial DNA polymerase-γ, leading to
mtDNA depletion and defective oxidative phosphorylation [99,100]. This ART-induced
mitochondrial stress amplifies ROS generation and sensitizes neurons to injuries mediated
by viral proteins. Although newer ART regimens are less toxic, cumulative exposure over
decades may still contribute to redox imbalance, especially in aging PLWH.

3.8. Integrated Reactive Species Interactome in Neuronal Injury

Collectively, ROS, RNS, RSS, lipid-derived aldehydes, and carbonyl species form an
interconnected redox network that drives neuronal dysfunction. These reactive species rein-
force one another, impair antioxidant defenses, destabilize mitochondria, disrupt synaptic
signaling, and activate apoptotic pathways. Importantly, this interactome operates down-
stream of both viral persistence and chronic inflammation, making it a critical mechanistic
link between HIV infection, ART exposure, and accelerated neurodegeneration in PLWH.
Thus, excess free radicals oxidize lipids, proteins, and nucleic acids, impairing synaptic plas-
ticity and triggering the opening of the mitochondrial permeability transition pore (mPTP),
which ultimately activates intrinsic apoptotic pathways. Moreover, in postmortem brains
from PLWH, the high prevalence of elevated markers of free radical-mediated damage and
their correlation with the severity of cognitive impairment are frequently noted [101,105].

3.9. HIV-Mediated “Direct” and “Indirect” Mechanisms of Neurotoxicity

There are two general mechanisms through which HIV can inflict Neuronal Dysfunc-
tion and Bystander Injury (NDBI). One of the mechanisms is the “direct mechanisms”,
where various viral proteins initiate neuronal injury and death. There is strong evidence in
support of direct injury through HIV proteins, primarily gp120 and Tat. Numerous studies
have shown the neurotoxic nature of these HIV proteins in the CNS [18,28,30,33,34,106–109].
These proteins are well characterized, and a large amount of literature has been published
describing the mechanisms through which different viral proteins mediate neurotoxi-
city [110] (Figure 1). On the other hand, “indirect mechanisms” involve homeostatic
disruption mainly of the host immune system, as immune cells are primarily impacted
by HIV, such as host macrophages and microglia, which get activated and release vari-
ous factors, either through interaction with viral proteins or by immune stimulation, that
contribute to neurodegeneration. Common molecular pathways implicated in triggering
neuronal apoptosis include Ca2+ overload; activation of p38 MAPK and p53; activation of
cell cycle proteins and caspases; free radical formation; lipid release and peroxidation; and
chromatin condensation [111–117].

HIV exerts neurotoxic effects on the CNS through a combination of direct actions
by viral proteins and indirect mechanisms involving chronic neuroinflammation. The
neurotoxicity driven by the direct actions of viral proteins on neuronal and glial cells dis-
rupts cellular homeostasis, induces oxidative stress, and activates apoptotic pathways. The
indirect mechanism that impacts neurotoxicity primarily involves HIV-induced neuroin-
flammation driven by sustained activation of CNS-resident and infiltrating immune cells,
which create a toxic milieu that perpetuates neuronal injury. Together, these processes dis-
rupt neuronal and glial cell homeostasis, drive oxidative stress, activate apoptotic pathways,
and promote neuronal injury and loss, contributing to the spectrum of HAND [118,119].
Most neuronal damage in HAND is thought to occur via indirect mechanisms, as immune
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activation in the CNS sets off a cascade of inflammation and cellular stress that ultimately
impairs neural circuits and cognitive function [80,120].

Figure 1. HIV induces neuronal dysfunction and bystander injury (NDBI) through a combination
of direct and indirect mechanisms. Direct neurotoxicity arises from HIV gene products, while
indirect damage results from proinflammatory cytokines, chemokines, and other neurotoxic mediators
released predominantly by activated immune cells. Within the CNS, HIV establishes productive or
persistent infection primarily in microglia, perivascular macrophages, and infiltrating monocyte-
derived macrophages. These infected cells secrete a range of neurotoxic viral proteins, including Tat,
gp120, and Nef, which diffuse through the brain parenchyma and act on neighboring neurons as
well as astrocytes, oligodendrocytes, and additional glial populations. Concurrently, activated CNS
immune cells release proinflammatory cytokines, reactive oxygen species, and other toxic metabolites
that amplify local inflammation. Together, these viral and host-derived factors drive synaptodendritic
injury, mitochondrial dysfunction, oxidative stress, glutamate excitotoxicity, and the activation of
apoptotic signaling pathways, culminating in neuronal degeneration and loss of neural connectivity.
The cumulative and sustained impact of viral protein exposure and neuroimmune activation forms
the pathological basis for the development and progression of HAND. The figure was created with
BioRender.com.

3.9.1. Direct Mechanisms of Neurotoxicity

HIV neurotoxicity is driven by the direct actions of viral proteins on neuronal and glial
cells, disrupting cellular homeostasis, inducing oxidative stress, and activating apoptotic
pathways. These mechanisms contribute to synaptic loss, dendritic pruning, and neuronal
death, underpinning HAND. Below, we detail the roles of key viral proteins and their
impact on mitochondrial function.

Viral proteins-mediated neuronal injury:

As discussed above, the HIV proteins gp120 and Tat are principal mediators of HIV-
associated neurotoxicity, as both disrupt essential cellular signaling pathways [18,46,121,122].
These viral proteins engage distinct yet convergent mechanisms, including calcium dysreg-
ulation, oxidative stress, inflammatory signaling, and transcriptional reprogramming, that
ultimately compromise neuronal viability and synaptic function. For example, . . .

Neurotoxicity mediated by gp120:

This envelope glycoprotein binds to neuronal chemokine receptors (CCR5, CXCR4),
triggering intracellular signaling cascades that lead to excessive calcium influx, oxida-
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tive stress, and apoptosis. gp120 also impairs astrocytic glutamate uptake, promoting
excitotoxicity and further neuronal injury [109,112]. Key mechanisms include:

Glutamate Excitotoxicity: The gp120 reduces astrocytic glutamate reuptake by down-
regulating excitatory amino acid transporters (EAAT-1/2), leading to extracellular glu-
tamate accumulation and overactivation of neuronal NMDA receptors (NMDARs) [73].
Additionally, excess NMDAR activation triggers calcium influx, mitochondrial calcium
overload, and reactive oxygen species (ROS) production, culminating in oxidative stress
and apoptosis [123].

Arachidonic Acid Release: HIV envelop (gp120) by stimulating arachidonic acid release
inhibits neuronal and astrocytic glutamate reuptake, exacerbating excitotoxicity [124,125].

Mitochondrial Dysfunction: The gp120 has also been shown to alter mitochondrial
dynamics, promoting fusion (elongated mitochondria) and impairing respiration. This
disrupts ATP production and increases ROS, leading to neuronal energy deficits and
oxidative damage [126,127].

BBB Disruption: By upregulating matrix metalloproteinases (MMPs), gp120 has been
shown to promote the degradation of tight junction proteins (claudin-5, occludin) and
increase BBB permeability, facilitating neuroinvasion of toxins and immune cells [123,128].

Neurotoxicity mediated by Tat:

The Tat protein is secreted by infected cells and taken up by neurons and astrocytes. Tat
potentiates NMDA receptor activity, leading to calcium overload, mitochondrial dysfunc-
tion, and increased production of ROS. It also activates pro-inflammatory signaling path-
ways, such as p38 MAPK, and promotes the release of neurotoxic cytokines [81–83,109,126].
Key mechanisms include:

NMDAR Potentiation: Tat binds lipoprotein receptor-related protein (LRP) on neurons,
activating Src kinase to phosphorylate NMDAR subunits (NR2A/NR2B). This enhances
calcium influx, leading to mitochondrial dysfunction and ROS overproduction [90]. In
addition, Tat regulates biphasic calcium dynamics. Initially, Tat potentiates NMDAR-
evoked calcium flux but later induces adaptation via nitric oxide synthase (NOS)/soluble
guanylate cyclase (sGC) pathways, which may fail under chronic exposure, leading to
irreversible damage [81–83,129,130].

Oxidative Stress: Tat has been convincingly shown to promote neurotoxicity by
increasing mitochondrial ROS by impairing electron transport chain (ETC) complexes
I and IV, reducing ATP synthesis, and promoting cytochrome c release, a precursor
to apoptosis [123,126].

Synaptic Injury: Tat has been shown to promote synaptic injury by activating p38
MAPK in neurons and microglia, triggering pro-apoptotic signaling (e.g., caspase-3 activa-
tion) and synaptic protein degradation [112].

Other HIV proteins, such as gp41, Vpr, and Nef, also contribute to CNS injury by
disrupting cellular homeostasis, impairing mitochondrial function, and triggering neuronal
apoptosis. The envelope transmembrane protein gp41 has been shown to induce exces-
sive production of nitric oxide (NO) through activation of nitric oxide synthase, leading
to oxidative stress and downstream neurotoxicity. The accessory protein Vpr perturbs
mitochondrial integrity by disrupting the mitochondrial membrane potential, promoting
the opening of the mitochondrial permeability transition pore, and facilitating cytochrome
c release, thereby activating intrinsic apoptotic pathways. Meanwhile, Nef interferes with
autophagy and mitochondrial quality-control mechanisms, resulting in the accumulation
of damaged mitochondria, altered cellular metabolism, and heightened susceptibility to
inflammatory and oxidative stress-mediated injury. Together, these viral proteins amplify
neuroinflammatory cascades and exacerbate neuronal dysfunction, contributing to the
persistence of HAND even under suppressive ART [33,109,131].
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Collectively, the CNS serves as both a site of a stable HIV reservoir and a locus
of chronic inflammation, contributing significantly to the neurological and psychiatric
complications of HIV infection. Understanding the molecular mechanisms that sustain
neuroinflammation is therefore critical to designing strategies to target CNS reservoir,
neurotoxicity, and the premature aging process.

3.9.2. Indirect Mechanisms of Neurotoxicity
HIV and CNS Inflammation

Acute and early stages of HIV infection trigger robust systemic inflammation char-
acterized by widespread immune activation and cytokine release. Current ART regimens
are highly effective in suppressing plasma viremia and substantially controlling systemic
inflammation. However, despite sustained peripheral viral suppression, residual inflam-
mation persists, especially within the CNS, a particularly vulnerable anatomical site. Even
in well-controlled individuals living with HIV who maintain undetectable plasma viral
loads under long-term ART, inflammatory activity in the CNS often lingers [7,18,132].

HIV persistence in the CNS is largely attributed to the restricted penetration of ART
across the BBB, pharmacokinetic differences in CNS microenvironments, and the presence of
immune-privileged compartments within the CNS, which allow low-level viral persistence
and intermittent replication [133]. Furthermore, fluctuating or suboptimal ART concen-
trations in both the CNS and peripheral compartments contribute to ongoing immune
activation and the development of several HIV-associated non-AIDS (HANA) comorbidi-
ties, including cardiovascular disease, cancer, renal impairment, metabolic dysfunction,
neurocognitive decline, and signs of accelerated biological aging [7,10,18,19,46,134–137].
Chronic inflammation in the CNS creates a state of persistent low-level inflammation
that is usually known as “inflammaging”, which predisposes PLWH to early-onset of
different neuropathies, including neurodegeneration and vascular dysfunction leading
to neurotoxicity and HAND. Additionally, certain HIV gene products, primarily Tat and
gp120 proteins, disturb immune balance, foster abnormal cytokine production, and induce
oxidative stress, which together lead to neuronal injury and compromise the integrity of
the BBB. Continued stimulation of microglia and astrocytes within the CNS perpetuates
a cycle of chronic inflammation and neurodegenerative changes, persisting even among
well-controlled PLWH with undetectable HIV levels in plasma.

Activation of the innate and adaptive immune systems plays a central role in regulat-
ing inflammatory responses. Their dysregulation results in a heightened immune response,
marked as inflammation. In the brain, inflammation primarily depends on the HIV infec-
tion of microglia, the CNS tissue-resident macrophages, and perivascular macrophages.
Similarly, exposure to HIV and its gene products, which are present in the CNS milieu
of PLWH, to astrocytes is recently recognized as another crucial immune component in
the CNS that disturbs the CNS homeostatic immune-response balance. The imbalanced
immune responses modulate the release of cytokines (both pro- and anti-inflammatory
functions) by the CNS immune cells, which is vital for cellular homeostasis and cell health.
The chronic inflammation, primarily due to persistent elevation of proinflammatory cy-
tokines, results in tissue damage and contributes to neurodegeneration and different kinds
of neuropathies [13,18,22,46,138,139]. Thus, understanding the molecular pathways linking
HIV, inflammation, and the balance of pro- and anti-inflammatory cytokines is crucial for
developing strategies to mitigate long-term neurological complications, a major contributor
to premature aging, and improve the quality of life for PLWH.

As the principal regulatory center of the body, dysfunction within the CNS compro-
mises overall physiological function. Accordingly, CNS inflammation exerts distinct and
long-lasting effects on health outcomes. The CNS serves both as a sanctuary for persistent
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HIV and a hub for chronic immune activation. Despite effective systemic viral suppression,
HAND remains prevalent in nearly 50% of PLWH. Ongoing activation of HIV-infected
microglia, perivascular macrophages, and astrocytes sustains the production of proin-
flammatory cytokines, including IL-1β, TNF-α, and IFN-γ, leading to synaptic injury and
disruption of neuronal networks [13,18,140].

Persistent neuroinflammation is recognized as a hallmark of HIV neuropathogene-
sis and the aging process, resulting from both direct viral effects and indirect immune
responses. Importantly, the aging process further promotes these adverse effects, as aged
PLWH face accelerated immunosenescence and neurodegenerative changes that mirror
conditions like Alzheimer’s disease [141,142]. Thus, the intersection of HIV infection,
systemic inflammation, and CNS-specific neuroinflammation is central to promoting and
understanding HIV-associated comorbidity in the era of ART.

4. Chronic Neuroinflammation
Shortly after systemic infection, HIV can be detected in the cerebrospinal fluid (CSF),

often within days to weeks, indicating early neuroinvasion [143]. Viral entry into the CNS
primarily occurs through infected monocytes and CD4+ T cells that cross the BBB [2,144].
Once within the CNS, HIV establishes infection predominantly in microglia and perivascu-
lar macrophages, which serve as long-lived viral reservoirs capable of sustaining low-level
replication even under suppressive ART [145,146].

HIV infection in the CNS initiates a cascade of immune activation and cytokine re-
lease, driving chronic neuroinflammation and neuronal injury. Although ART effectively
suppresses viral replication in the periphery, its efficacy in the CNS is limited because
of restricted drug penetration across the BBB and pharmacokinetic differences in CNS
microenvironments [133]. Persistent expression of viral RNA and proteins within the brain
sustains microglial activation, disrupts synaptic signaling, and induces synaptodendritic
injury [18,34,79]. Thus, HIV-induced neuroinflammation arises from a complex interplay
between direct infection or exposure of CNS-resident cells, infiltration of peripheral im-
mune cells, and persistent release of viral proteins. This multifactorial disruption leads to a
functional imbalance among neurons, astrocytes, microglia, and endothelial cells, resulting
in cytokine dysregulation, oxidative stress, and mitochondrial dysfunction within the
CNS. The resultant inflammatory cascade, characterized by microglial activation, astrocyte
reactivity, BBB disruption, and neuronal injury, collectively drives chronic neuroinflam-
mation. These processes trigger a range of neuropathies, including HAND and other
neurodegenerative manifestations, even in the era of effective ART.

In short, HIV neuropathogenesis reflects a complex, multicellular interplay among
microglia, astrocytes, neurons, endothelial cells, and infiltrating monocyte-derived
macrophages. Each cell type contributes uniquely to the initiation, amplification, and
maintenance of neuroinflammation within the CNS.

4.1. Microglia, the Primary Driver of Neuroinflammation

HIV-infected or chronically immune-activated microglia play a central role in sus-
taining neuroinflammation within the CNS. Upon exposure to HIV or its viral proteins,
microglia secrete high levels of pro-inflammatory cytokines such as TNF-α, IL-1β, and
IL-6, along with chemokines including CCL2 and CXCL10, which further recruit and
activate additional immune cells and amplify local inflammatory signaling [147–149]. A
major downstream driver of this heightened activation is the NLRP3 inflammasome, which
is robustly stimulated by HIV proteins, particularly Tat. Activation of NLRP3 leads to
caspase-1-mediated pyroptosis and the subsequent release of potent inflammatory media-
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tors IL-1β and IL-18, thereby intensifying tissue injury and promoting a self-perpetuating
inflammatory cycle within the CNS [92,147,149].

Beyond cytokine and inflammasome signaling, activated microglia also generate sub-
stantial amounts of reactive oxygen species (ROS) and nitric oxide (NO) through NADPH
oxidase and inducible nitric oxide synthase pathways. This oxidative burden disrupts
neuronal mitochondrial function, impairs ATP production, and enhances susceptibility to
excitotoxicity and apoptosis. Together, these processes contribute to progressive synaptic
dysfunction, dendritic injury, and neuronal loss, which collectively promote the develop-
ment and persistence of HAND despite long-term ART-mediated viral suppression [24,150].

4.2. Perivascular Macrophages and Infiltrating Monocytes, Another Key Contributor
to Neuroinflammation

Perivascular macrophages are another CNS cell population that is a HIV target and is
an additional major HIV reservoir within the CNS. Recent findings indicate that, similarly
to microglia, the perivascular macrophage population also has a prenatal origin from the
yolk sac [151–153]. These cells express high levels of CCR5, facilitating infection and viral
persistence. Once infected or activated, they secrete a broad range of pro-inflammatory
cytokines (e.g., TNF-α, IL-1β, IL-8, and MCP-1) and chemokines (e.g., CCL2, CXCL10)
that not only recruit more immune cells but also disrupt BBB tight junctions, promoting
further viral entry into the CNS and perpetuating local inflammation [154,155]. Perivas-
cular macrophages interact closely with endothelial cells and microglia, amplifying local
inflammation and oxidative stress. Like microglial cells, the relatively long lifespan of
perivascular macrophages allows them to maintain infection and secrete neurotoxic media-
tors for extended periods, perpetuating neuroinflammation even when systemic viremia
is suppressed.

Perivascular macrophages also interact with endothelial cells at the BBB, releasing
MMP-2 and MMP-9, which degrade basement membrane and tight junction components,
thereby worsening barrier permeability. Their production of ROS and nitric oxide further
contributes to oxidative stress and neurovascular injury. Additionally, because perivascular
macrophages undergo slow turnover, they can harbor HIV for extended periods, even
during effective ART. Their ability to self-renew locally enables ongoing release of viral
RNA, proteins, and extracellular vesicles, all of which promote chronic inflammation and
neuronal damage. Thus, HIV infection of perivascular macrophages contributes to both
neurotoxicity and CNS reservoirs.

4.3. Astrocytes, the Amplifiers and Modulators of Neurotoxicity

Astrocytes mainly experience exposure to HIV and its gene products, as these cells are
rarely infected with HIV, and mostly remain non-productive of infectious HIV; yet, they
are major contributors to HIV-induced neuroinflammation through reactive astrogliosis.

Astrocytes, although not major producers of infectious HIV, undergo significant
functional alterations in response to viral proteins (mainly gp120 and Tat) and inflam-
matory cytokines (e.g., IL-1β, TNF-α), which induce astrocytic activation, leading to in-
creased expression of GFAP, release of IL-6, CCL2, and CXCL10, and loss of glutamate-
buffering capacity [156,157].

One of the most detrimental consequences, but the relative importance is unknown,
is the downregulation of excitatory amino acid transporters EAAT-1 and EAAT-2, which
are essential for clearing extracellular glutamate from synaptic spaces [92,150]. Impaired
glutamate uptake leads to extracellular glutamate accumulation, driving NMDA recep-
tor overactivation and consequent excitotoxic neuronal injury, a hallmark mechanism
contributing to HAND.
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In addition to excitotoxicity, dysfunctional astrocytes adopt a proinflammatory pheno-
type, releasing cytokines and chemokines such as IL-6, CCL2, and other mediators that per-
petuate microglial activation and neuroimmune signaling [92,137]. Astrocytes also lose their
ability to regulate potassium (K+) homeostasis, a critical function for maintaining neuronal
membrane potential and synaptic stability. Disruption of K+ buffering further destabilizes
neuronal networks and increases vulnerability to oxidative and inflammatory stress.

Notably, reactive astrocytes secrete matrix metalloproteinases (MMP-2, MMP-9), which
degrade endothelial tight-junction proteins and compromise BBB integrity [31,158–160].
Astrocytes also maintain bidirectional signaling with microglia: microglial cytokines en-
hance astrocyte reactivity, while astrocyte-derived chemokines further recruit and activate
microglia to create a self-perpetuating inflammatory feedback loop. Moreover, astrocytes
propagate inflammatory signals through gap junction channels, allowing the rapid spread
of calcium waves, reactive oxygen species, and toxic metabolites across astrocytic net-
works. This gap junction-mediated dissemination significantly amplifies neuroinflamma-
tion and extends neuronal dysfunction beyond the initial site of injury, thereby facilitating
widespread CNS involvement in HIV-associated neurotoxicity [92]

Together, these alterations transform astrocytes from supportive glial cells into active
contributors to neuroinflammation, excitotoxicity, and synaptic dysfunction, highlighting
their central role in the progression of HAND.

4.4. Endothelial Cells, the Gatekeepers of the Neurovascular Unit

The brain microvascular endothelial cells (BMECs) that form the structural basis of
the BBB are critical regulators of CNS homeostasis. HIV proteins such as Tat, gp120, and
Nef, along with inflammatory cytokines produced by activated glia, profoundly disrupt
endothelial function. Exposure to these viral proteins leads to downregulation and mislo-
calization of tight-junction proteins, including claudin-5, occludin, and ZO-1, resulting in
increased BBB permeability [159,160]. This structural compromise facilitates the entry of
infected monocytes and inflammatory mediators into the CNS, amplifying neuroinflam-
mation. Endothelial cells also undergo activation, characterized by increased expression
of ICAM-1, VCAM-1, and E-selectin, which promote adhesion and transmigration of
leukocytes [46,159,161]. Furthermore, HIV proteins induce oxidative stress in endothe-
lial cells through activation of NADPH oxidase and mitochondrial dysfunction, leading
to apoptosis and microvascular instability. These processes impair cerebral blood flow,
damage the neurovascular unit (NVU), and contribute to cerebral small vessel disease
(CSVD) commonly observed in PLWH. Moreover, compounding this injury, endothelial
cells release pro-inflammatory cytokines and chemokines that further propagate microglial
and astrocytic activation. Together, these events weaken the protective role of the BBB
and promote a cycle of inflammation, infiltration, and neurovascular dysfunction that
exacerbates neuronal injury in HIV infection.

4.5. Oligodendrocytes, the Protectors of Myelin Integrity

The exposure of HIV proteins and inflammatory cytokines also affects oligodendro-
cytes, reducing myelin gene expression and promoting demyelination. Tat and gp120
induce ER stress and apoptosis in oligodendrocyte precursor cells, leading to white matter
abnormalities frequently observed in neuroimaging studies of PLWH [27,149,162]. Dis-
rupted myelination contributes to slowed cognitive processing and impaired neuronal
conduction/signaling.

4.6. Neurons, the Primary Targets of Bystander Damage

Neurons lack HIV receptors; thus, they are not infected by HIV but suffer extensive
bystander injury due to viral proteins and inflammatory mediators. Tat and gp120 directly
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interact with neuronal NMDA receptors and chemokine receptors (CXCR4/CCR5), causing
calcium overload, mitochondrial dysfunction, and apoptosis [80,83,163]. Prolonged expo-
sure to TNF-α, IL-1β, and oxidative stress leads to synaptic pruning and dendritic spine
loss, which correlate with cognitive impairment. Furthermore, decreased BDNF levels and
impaired axonal transport compromise neuronal plasticity, reinforcing the neurodegenera-
tive component of HAND [164,165].

In essence, neurons become collateral victims of a broad bystander toxicity cascade
that begins with the release of HIV viral proteins and is perpetuated by persistent glial
activation and neurovascular dysfunction. Although neurons are not productively infected
by HIV, they are continuously exposed to a hostile microenvironment characterized by exci-
totoxic signaling, oxidative stress, mitochondrial impairment, and inflammatory cytokines
released from activated microglia, astrocytes, and infiltrating macrophages. Simultaneously,
disruption of the BBB and neurovascular unit facilitates the entry of additional inflam-
matory mediators and infected cells, further destabilizing neuronal homeostasis. Over
time, this combination of indirect insults drives synaptic loss, dendritic retraction, impaired
plasticity, and ultimately neuronal degeneration, which collectively underpin the cognitive
and functional deficits observed in HAND.

Altogether, these cell-specific responses establish a chronic, self-reinforcing inflam-
matory network within the CNS. Microglia and macrophages serve as viral reservoirs
and primary cytokine sources; astrocytes amplify and sustain inflammation; endothelial
dysfunction facilitates peripheral immune cell entry; and neurons experience and primarily
manifest progressive bystander damage. This integrated cellular pathology underlies the
persistence of neuroinflammation and cognitive impairment in ART-treated PLWH.

5. Manifestations of CNS Infection and Damage
5.1. BBB Disruption

Disruption of the BBB is a hallmark indicator of CNS injury in HIV infection and
reflects a profound breakdown in neurovascular homeostasis. HIV induces BBB deteri-
oration through a combination of direct viral protein toxicity, endothelial dysfunction,
and immune-mediated inflammatory signaling, each of which contributes to increased
permeability and sustained neuroinflammation.

5.2. HIV Protein Effects

Viral proteins, primarily gp120 and Tat, directly impair BBB integrity by upregulating
matrix metalloproteinases (MMP-2, MMP-9) and promoting the degradation of critical tight-
junction proteins such as claudin-5, occludin, and ZO-1 [24,148,166–170]. This enzymatic
breakdown weakens the endothelial barrier, enabling infiltration of circulating immune cells
and neurotoxic plasma components. Additionally, the accessory protein Vpr exacerbates
endothelial damage by inducing oxidative stress, mitochondrial dysfunction, and apoptotic
signaling, further destabilizing the microvascular architecture [137,150].

5.3. Immune Cell Infiltration

The BBB disruption facilitates the entry of monocytes and macrophages, driven in
part by elevated chemokines such as CCL2, CXCL10, and others released by activated
microglia and astrocytes [137,148]. Once within the CNS, these infiltrating cells expand
the reservoir of HIV-target cells and amplify local cytokine production. This establishes
a positive feedback loop wherein immune cell infiltration enhances inflammation, and
inflammation further deteriorates the BBB. In parallel, peripheral CD8+ T cells can also
penetrate the compromised BBB. Although critical for antiviral defense, these cells re-
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lease granzyme B and perforin, which inflict bystander neuronal injury and contribute to
synaptic degeneration [137,171].

Thus, once the barrier becomes increasingly permeable, the CNS is exposed to a range
of circulating neurotoxins, including viral proteins, inflammatory cytokines, and plasma-
derived components such as fibrinogen, which are ordinarily excluded from the brain
parenchyma damage [18,148]. These molecules further activate glial cells, intensify oxida-
tive stress, and perpetuate neuronal injury, creating a self-reinforcing cycle of neurovascular
dysfunction and neuroinflammation.

5.4. Chronic Immune Activation

Persistent immune activation in the CNS, driven by HIV proteins, activated glia,
and infiltrating immune cells, creates a neurotoxic environment that progressively un-
dermines neuronal integrity and cognitive function. This chronic inflammatory milieu
promotes bystander neuronal injury, disrupts neurotrophic support, and accelerates mal-
adaptive synaptic remodeling, collectively contributing to the development and persistence
of HAND.

5.5. Bystander Neuronal Injury

Pro-inflammatory cytokines such as TNF-α and IL-1β, released by activated microglia
and astrocytes, directly impair synaptic plasticity, alter neurotransmission, and promote
dendritic spine retraction and pruning [150,172]. These cytokines sensitize neurons to
excitotoxic damage by modulating glutamatergic signaling and weakening antioxidant
defenses. Concurrently, glia-derived ROS and excessive extracellular glutamate induce lipid
peroxidation, mitochondrial depolarization, and DNA damage, culminating in intrinsic
apoptotic signaling [24,150]. This constellation of inflammatory and oxidative insults drives
progressive neuronal atrophy and functional decline.

5.6. Loss of Neurotrophic Support

Neuronal survival and synaptic integrity depend on adequate levels of BDNF, which
become markedly reduced in the context of chronic HIV infection and neuroinflammation.
Diminished BDNF correlates strongly with synaptic loss, disrupted plasticity, and cognitive
impairment observed in PLWH [137,172]. Compounding this deficit, the accumulation of
proBDNF, the precursor form of BDNF, activates p75NTR receptors, triggering caspase-
3-dependent apoptotic pathways and further exacerbating neuronal loss [172]. Thus,
impaired neurotrophic signaling constitutes a critical mechanism linking inflammation
to neurodegeneration.

5.7. Excessive Synaptic Pruning

Microglia contribute to neurodegeneration through overactive synaptic pruning, a
process normally involved in developmental refinement. Activated microglia upregulate
complement and chemokine pathways, including the CX3CL1-CX3CR1 axis, which facili-
tates targeting and engulfment of synaptic elements [137,172]. In the inflamed HIV-infected
brain, this pruning becomes maladaptive, leading to loss of dendritic spines, weakening
of neural networks, and impaired cognitive processing. Over time, excessive microglial
phagocytosis of synapses contributes significantly to structural and functional connectivity
deficits characteristic of HAND.

5.8. Perpetual Viral Protein Production and Dissemination

Despite the profound success of ART in suppressing plasma viremia, ART regimens
do not directly inhibit HIV transcription. As a result, low-level proviral transcription
persists in PLWH, even during long-term viral suppression. This transcription originates
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not only from intact, replication-competent proviruses, but also from defective proviruses
that retain a functional LTR promoter, enabling the expression of viral RNA and proteins
without producing infectious virions [2,7,46,173]. These persistent transcriptional activities
contribute to ongoing immune activation and neurotoxicity within the CNS.

Even under stringent viral suppression, neurotoxic proteins, particularly Tat and
gp120, remain detectable in the CSF and brain tissue, indicating continuous release from
CNS-resident cells [18,174]. Tat and gp120 exert potent neurotoxic effects by activating
glial cells, disrupting synaptic signaling, impairing calcium regulation, and promoting
glutamate-mediated excitotoxicity. Importantly, HIV proteins can also be transported
via EVs, which carry functional Tat, Nef, and other viral factors into neurons and glial
cells [149,150]. These EV-mediated transfers impair autophagy, mitochondrial dynam-
ics, and lysosomal function, thereby amplifying neuroinflammation and accelerating
neuronal injury.

5.9. Compartmentalized HIV Evolution

The CNS represents a unique anatomical and immunological niche in which HIV can
undergo compartmentalized evolution, diverging genetically from circulating peripheral
strains. CNS-derived variants often display macrophage-tropism, optimized for infection
of microglia and perivascular macrophages, and exhibit enhanced resistance to innate
immune responses or inflammatory stressors neurovirulence [18,148]. These adaptations
can increase neurovirulence and contribute to persistent neuroinflammation, even when
systemic viral replication is fully suppressed [26,175,176]. The persistent low-level HIV
transcription, ongoing viral protein dissemination, and compartmentalized viral evolution
within the CNS collectively create a chronic pathogenic backdrop that sustains neuroinflam-
mation, disrupts neuronal homeostasis, and contributes to the long-term neurocognitive
complications observed in PLWH.

6. ART-Associated Neurotoxicity
Although ART has revolutionized HIV care, several antiretroviral drugs, particularly

nucleoside reverse transcriptase inhibitors (NRTIs), protease inhibitors (PIs), and some non-
nucleoside reverse transcriptase inhibitors (NNRTIs), have been implicated in neurotoxicity
and mitochondrial dysfunction [76,177–182]. Chronic exposure to these drugs leads to
oxidative stress, altered calcium signaling, and neuronal apoptosis. For instance, efavirenz,
an NNRTI widely used in first-line therapy, induces mitochondrial depolarization, impairs
respiratory chain function, and promotes activation of CNS cells, mainly microglia and
astrocytes, due to the generation of ROS and other reactive free radical species and NF-
κB activation [178,180,183–185]. Similarly, PIs such as lopinavir/ritonavir interfere with
lipid metabolism, disrupt endoplasmic reticulum function, and impair autophagy, all
contributing to neuronal injury [183,186]. NRTIs are also shown to cause mtDNA depletion
and neuronal energy failure, particularly in CNS regions with high metabolic demands.

Notably, ART-induced neurotoxicity is multifactorial and reflects (i) direct drug effects
on CNS-resident cells, (ii) indirect neuroinflammatory/vascular effects, and (iii) pharma-
cokinetic factors (CNS penetration, intracellular accumulation, transporter interactions).
Importantly, neurotoxicity risk varies widely by drug class and individual agent, and is
influenced by age, comorbidities, and concomitant medications. For example, . . .

Non-nucleoside reverse transcriptase inhibitors (NNRTIs)—Efavirenz (EFV) is the
most consistently linked to neuropsychiatric and neurotoxic phenotypes (vivid dreams,
insomnia, mood symptoms; and in experimental systems, neuronal/glial stress). How-
ever, older NNRTIs (e.g., nevirapine) have less consistent neurotoxicity signals than
EFV [178,180,181,183–185,187].
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Nucleos(t)ide reverse transcriptase inhibitors (NRTIs)—Specifically, stavudine (d4T),
didanosine (ddI), zidovudine (AZT) (and to a lesser extent some others). These are clas-
sically associated with mitochondrial toxicity systemically and can contribute to CNS
bioenergetic stress. Interestingly, the newer NRTIs generally show improved safety profiles,
but mitochondrial effects can still be detected in some experimental paradigms [181].

Protease inhibitors (PIs)—Some PIs (e.g., lopinavir/ritonavir, and historically, indi-
navir) are associated with metabolic and inflammatory disturbances that can secondarily
impact the brain; direct CNS cell stress has also been reported in preclinical models for
select agents [180–182].

Integrase strand transfer inhibitors (INSTIs)—INSTIs are widely used and generally well
tolerated, but neuropsychiatric symptoms (sleep disturbance, anxiety/depression in a subset)
have been reported for some agents, most often discussed for dolutegravir and sometimes
bictegravir, with mechanisms still being clarified and likely heterogeneous [181,182,187].

Entry/attachment/fusion inhibitors and CCR5 antagonists—Less frequently implicated
in direct neurotoxicity overall; CNS effects are typically discussed more in the context of
efficacy/penetration than intrinsic toxicity (agent-dependent) [181,182,188].

Mechanisms Implicated for Persistent CNS Inflammation Under Suppressive ART

Despite systemic viral suppression, multiple studies report persistent low levels of
HIV and inflammation in the cerebrospinal fluid (CSF) and brain tissue of ART-treated
individuals [183,189,190]. Elevated CSF levels of neopterin, CXCL10, and sCD163 per-
sist even in aviremic patients, indicating ongoing microglial activation and macrophage
turnover [190,191]. These residual HIV and inflammatory signals may arise from incom-
plete ART penetration into the CNS, long-lived infected macrophages, and continued
release of viral proteins and EVs.

Another emerging contributor is ART-induced mitochondrial and lysosomal dysfunc-
tion, which can activate inflammasomes such as NLRP3 and AIM2, thereby sustaining glial
activation [192,193]. Chronic exposure to ART can also promote senescence-like pheno-
types in astrocytes and microglia, marked by upregulation of p21, Senescence-Associated
Secretory Phenotype (SASP) cytokines, e.g., IL-6, and NF-κB signaling, which mimic HIV-
induced inflammatory effects [194].

Furthermore, ART itself alters CNS lipid metabolism and mitochondrial homeostasis,
leading to increased ceramide accumulation and oxidative stress, pathways that synergize
with viral protein toxicity. These overlapping mechanisms underscore the concept of
a “two-hit model” of NeuroHIV pathology: (1) primary insult from HIV infection and
viral proteins, and (2) secondary injury from long-term ART exposure and aging-related
oxidative stress [177].

In summary, neuroinflammation in HIV represents a multifaceted process sustained
by viral persistence and its gene products, aging-associated inflammation, epigenetic
deregulation, and ART-induced cellular stress. Understanding these molecular cross-
talks offers promising therapeutic entry points for interventions aimed at mitigating both
neuroinflammation and accelerating the acquisition of age-associated comorbidities.

7. Epigenetic Regulation in HIV-Associated Neuroinflammation
Epigenetic dysregulation has emerged as a mechanism linking chronic HIV persistence,

neuroinflammation, and neuronal injury in the CNS. HIV infection alters the chromatin
landscape of microglia and astrocytes by modulating epigenetic changes at gene promoters
and enhancers; the changes include DNA methylation, histone modifications, and nu-
cleosome reorganization, leading to sustained transcriptional activation of inflammatory
pathways and impaired homeostatic gene expression.
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HIV-associated epigenetic dysregulation usually converts transcriptionally sup-
pressive heterochromatin structures to transcription-supporting euchromatin structures
at gene promoters, facilitating the sustained production of viral transcripts and in-
flammatory mediators, as well as modulating the expression of human endogenous
retroviruses (HERVs).

Chronic inflammatory signaling and oxidative stress also promote epigenetic drift,
a phenomenon characterized by global alterations in DNA methylation and chromatin
accessibility, which are typically associated with aging but may occur prematurely in
PLWH. These changes disrupt the normal transcription of genes involved in synap-
tic maintenance, neuroprotection, and metabolic stability. In parallel, loss or post-
translational inactivation of TRIM28 through DNA-PK stimulation leads to depression
of HERVs, whose reactivation can stimulate TLR and cGAS-STING pathways, further
amplifying neuroinflammation [3,195–199].

Thus, epigenetic dysregulation acts as both a driver and a consequence of chronic HIV-
induced neuroinflammation, creating a self-sustaining loop that maintains viral persistence
and glial activation within the CNS microenvironment.

8. HIV, Neurotoxicity, Aging, and Multimorbidity
The demographic landscape of HIV infection has undergone a profound transforma-

tion over the past two decades. Advances in ART have dramatically improved survival
rates, resulting in an aging population of PLWH. Especially in many high-income countries,
over half of the HIV-positive population is now aged 50 years or older. This shift reflects
both the improved longevity resulting from effective treatment and the ongoing emergence
of new infections among older adults. As a result, clinicians and researchers face another
challenge pertaining to managing the complex health needs of aging PLWH [13,22,200–202].

Aging in the context of HIV is primarily characterized by accelerated or accentuated
neurodegeneration. In addition, aging with HIV is associated with a significantly higher
burden of comorbidities compared to HIV-negative peers. These include cardiovascular
disease, metabolic disorders such as diabetes, chronic kidney disease, osteoporosis, and
non-AIDS-defining cancers. The prevalence of these conditions is often higher and occurs
at an earlier age among PLWH than in the general population [18]. Polypharmacy is
common due to the need to manage both HIV and multiple comorbid conditions, which
increases the risk of drug–drug interactions and adverse effects. Additionally, frailty and
geriatric syndromes, such as cognitive impairment, falls, and functional decline, occur at
higher rates and present at younger ages in PLWH. The complex interplay of HIV infection,
chronic immune activation, and aging processes contributes to this increased vulnerability,
necessitating comprehensive, multidisciplinary care approaches.

HIV infection accelerates several key aspects of biological aging. Immunosenescence,
characterized by a decline in immune function and altered T cell phenotypes, is observed
prematurely in PLWH [22]. This is evidenced by increased proportions of senescent CD8+
T cells and a reduced pool of naïve T cells. Epigenetic aging, as measured by DNA methy-
lation clocks, demonstrates accelerated aging signatures in HIV-infected individuals, with
brain tissue in particular showing epigenetic age acceleration of several years compared to
uninfected controls.

Chronic immune activation, driven by microbial translocation, residual HIV transcrip-
tion, and persistent glial reactivity, produces an “inflammaging” phenotype marked by
systemic elevated IL-6, TNF-α, CRP, IL-17, and sCD14 levels. This inflammatory burden
accelerates vascular pathology, promotes BBB permeability, and heightens oxidative stress,
all of which contribute to the early onset of cerebrovascular small vessel disease (CSVD) and
increased cognitive decline [142,161]. Mitochondrial dysfunction is also prominent, driven
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by both HIV proteins and certain antiretroviral drugs, leading to impaired mitochondrial
DNA replication, increased oxidative stress, and energy deficits. Moreover, age-associated
reductions in BDNF and other neurotrophic factors weaken neuronal survival pathways,
making neurons more susceptible to inflammatory and oxidative insults. Together, these
conditions promote synaptic degeneration, microglial dysregulation, and white matter ab-
normalities [22,203–205]. These aging-associated deficiencies contribute to the early onset
of age-related diseases and neurocognitive decline in PLWH [13,22,161,200–202,206–208].

The intersection of HIV infection, chronic inflammation, and aging creates a synergistic
environment that amplifies the risk of multiple age-related conditions [209]. Persistent im-
mune activation and systemic inflammation, even under suppressive ART, drive endothelial
dysfunction, atherosclerosis, and an increased risk of cardiovascular disease [13,22,161,208].
Neuroinflammation contributes to the high prevalence of HAND, with aging further ex-
acerbating synaptic loss and brain atrophy. Chronic inflammation also promotes insulin
resistance, bone demineralization, and frailty [210–213]. This convergence of factors com-
plicates clinical management, requiring integrated approaches to address multimorbidity,
polypharmacy, and functional decline in aging PLWH [214,215].

In summary, HIV and aging converge on overlapping pathways, including chronic
inflammation, mitochondrial dysfunction, vascular injury, and epigenetic drift, to am-
plify neurodegenerative processes beyond what would be expected from chronological
aging alone.

9. Prominent Indicators of Accelerated Aging in PLWH
9.1. Chronic Inflammation (“Inflammaging”)

Neuroimaging studies indicate that people living with HIV exhibit accelerated brain
aging, estimated at approximately 3.5 to 7.4 years relative to uninfected controls, which
correlates with impairments in motor and executive function. Chronic inflammation
represents a shared and defining hallmark of both aging and HIV infection, linking these
neurocognitive and structural changes. In aging, systemic and perpetual inflammation
termed “inflammaging” involves elevated pro-inflammatory cytokines (e.g., TNF-α, IL-6,
IL-18, IL-1β) and immune senescence. HIV amplifies this process through:

9.2. Persistent Immune Activation

Despite effective ART, PLWH often exhibit chronic systemic and CNS immune acti-
vation. This persistent inflammatory state is fueled by several interrelated mechanisms,
including ongoing low-level HIV gene expression, residual viral replication in anatom-
ical sanctuaries such as the gut and CNS, and microbial translocation due to compro-
mised intestinal mucosal integrity [216–218]. Even in the absence of detectable viremia,
HIV-derived proteins such as Tat and Nef can be actively expressed from latent or defec-
tive proviruses, sustaining immune activation. Additionally, microbial products such as
lipopolysaccharide (LPS) from translocated gut bacteria enter the circulation and engage
pattern recognition receptors on innate immune cells, further amplifying pro-inflammatory
signaling [2,18,21,219,220]. This sustained activation not only contributes to systemic in-
flammation but also drives neuroinflammation and neurodegeneration through cytokine
release and immune cell recruitment into the CNS.

9.3. Microglial Dysregulation

Microglia, the brain’s resident innate immune cells, are both targets and mediators
of HIV neuropathogenesis. In the setting of HIV infection, microglia become chronically
activated and exhibit a dysregulated, pro-inflammatory phenotype [221–223]. Infected or
activated microglia secrete a range of neurotoxic mediators, including TNF-α, IL-1β, and
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ROS, all of which contribute to oxidative stress, synaptic pruning, and neuronal injury.
This pro-inflammatory activation persists despite systemic viral suppression and is further
exacerbated by aging and comorbid factors such as substance use [45,224]. Dysregulated
microglial activity not only perpetuates a cycle of inflammation and neuronal damage but
also interferes with normal synaptic maintenance and plasticity, undermining cognitive
resilience in PLWH.

9.4. Blood–Brain Barrier (BBB) Breakdown

The integrity of the BBB is critical for maintaining CNS homeostasis, yet it is com-
promised during HIV infection. Viral proteins such as gp120 and Tat have been shown
to disrupt BBB function by upregulating matrix metalloproteinases (MMPs), particularly
MMP-2 and MMP-9, which degrade tight junction proteins (e.g., claudin-5, Occludin, ZO-1)
that are essential for barrier maintenance [32,128,225,226]. This enzymatic degradation
increases BBB permeability, facilitating the infiltration of peripheral immune cells, neuro-
toxins, and viral particles into brain parenchyma. The influx of these peripheral elements
accelerates neuroinflammation and amplifies glial activation, creating a feed-forward loop
that sustains CNS pathology. Notably, ART drugs may not fully reverse BBB disruption,
and in some cases, may contribute to vascular dysfunction, highlighting the need for
adjunctive therapies targeting BBB repair and neurovascular health [2,18].

9.5. Defective Proteostasis

Accelerated biological aging in people living with HIV (PLWH) is increasingly linked
to defective proteostasis, a breakdown in the cellular systems that regulate protein synthesis,
folding, and degradation. Both aging and chronic HIV infection disrupt proteostasis
machinery, leading to the accumulation of misfolded and aggregation-prone proteins that
contribute to neurodegeneration [203,217,227,228]. A prominent example is amyloid-β
(Aβ) accumulation, which is accelerated in HIV. The viral protein Tat inhibits neprilysin,
a major Aβ-degrading enzyme, and can directly cross-seed Aβ fibrils, promoting plaque
formation. Postmortem analyses show striking co-localization of HIV proteins with Aβ

plaques in cortical tissue of PLWH, reinforcing the overlap between HAND and Alzheimer’s
disease-like pathology. Additionally, HIV infection promotes tau hyperphosphorylation
through Tat-mediated activation of kinases such as GSK-3β and CDK5, catalyzing the
formation of neurofibrillary tangles. Another aging-related proteinopathy, α-synuclein
aggregation, is also enhanced in HIV, with studies showing that HIV-1 accelerates α-
synuclein fibril formation; these aggregates further facilitate viral entry into microglia and
T cells, creating a pathological feedback loop between infection and neurodegeneration.
Compounding these effects, HIV proteins, including Nef and Tat, impair autophagy-
lysosomal pathways by blocking autophagosome-lysosome fusion, resulting in the buildup
of damaged mitochondria and toxic protein aggregates.

Together, these proteostatic disturbances represent key biomarkers of accelerated
aging in PLWH and highlight molecular intersections between HIV neuropathogenesis and
other classic neurodegenerative diseases.

9.6. Mitochondrial Dysfunction

Mitochondria are a major source of ROS and key regulators of innate immune sig-
naling, and their dysfunction amplifies inflammation within the central nervous system.
Damaged mitochondria are known to mediate the production of pro-inflammatory cy-
tokines and chemokines [101,179,229–237]. Notably, mitochondrial dysfunction is a defin-
ing pathological feature of HAND, and is a critical mediator linking viral persistence,
chronic inflammation, epigenetic aging, and neurodegeneration in PLWH [80,185,238]. In
the CNS, mitochondrial injury arises from convergent upstream insults, including sustained
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exposure to HIV proteins, chronic immune activation, and chronic ART toxicity; most of
them converge on lysosomal dysfunction, which precedes and amplifies mitochondrial
damage [22,103,126,181,206,207,228,238–248]. These processes act across multiple CNS cell
types, including neurons, microglia, astrocytes, and brain endothelial cells, resulting in
impaired bioenergetics, excessive reactive species generation, inflammasome activation,
and ultimately neuronal loss [22,205,207,228,239–243]. The mitochondrial dysfunction in
different cell types results in neuronal energy deficits, synaptic loss, and oxidative damage
to lipids/DNA. Especially, PLWH exhibit shortened telomeres and generation of senescent
cells, marking mitochondrial compromise, for example. . .

HIV protein-mediated mitochondrial toxicity: Certain HIV proteins exert significant
mitochondrial toxicity by directly disrupting mitochondrial structure and function, which
contributes to neuronal dysfunction and CNS deterioration. The envelope protein gp120
and the transactivator protein Tat disrupt the integrity and function of the electron transport
chain (ETC) by impairing key respiratory complexes, leading to increased production of
ROS and a concomitant reduction in ATP generation and calcium dysregulation, thereby
promoting oxidative stress and energetic failure in neurons and glial cells [79,81,91,101,245].
Another viral protein, Vpr, exacerbates mitochondrial injury by binding directly to mito-
chondrial membranes and inducing the opening of the mitochondrial permeability tran-
sition pore (mPTP), resulting in the release of cytochrome c and activation of intrinsic
apoptotic pathways [81,99,101,245,249]. Importantly, these effects occur even in the absence
of productive viral replication, underscoring how persistent low-level HIV transcription
and extracellular dissemination of viral proteins can sustain mitochondrial injury despite
virologic suppression on ART.

ART-induced mitochondrial toxicity: ART further compounds mitochondrial dysfunc-
tion. Briefly, certain ART drugs, particularly nucleoside reverse transcriptase inhibitors
(NRTIs), contribute additional mitochondrial toxicity by inhibiting mitochondrial DNA
polymerase γ, leading to mtDNA depletion, disrupted oxidative phosphorylation, and
further impairment of cellular energy metabolism [80,181,238]. Together, HIV protein-
mediated mitochondrial disruption and ART-associated toxicity synergistically compromise
neuronal survival and exacerbate CNS inflammation and neurodegeneration in people liv-
ing with HIV [81,99–101,245]. Notably, these ART-related effects are not neuron-restricted;
other CNS cells, such as astrocytes and microglia, exhibit altered mitochondrial morphol-
ogy, reduced spare respiratory capacity, and heightened ROS generation following ART
exposure, which in turn amplifies neuroinflammatory signaling and excitotoxic injury
to neurons.

Lysosomal Dysfunction: Notably, mounting evidence indicates that lysosomal dys-
function lies upstream of mitochondrial injury in HIV-associated neurotoxicity and ART-
related adverse effects, acting as a critical but underappreciated initiator of bioenergetic
failure. HIV proteins such as Tat, Nef, and gp120 directly impair lysosomal acidification,
autophagosome-lysosome fusion, and proteolytic capacity, leading to defective clearance
of damaged mitochondria through mitophagy [81,92,101,103,126,245,250]. Similarly, sev-
eral antiretroviral agents, particularly older NRTIs and some protease inhibitors, disrupt
lysosomal membrane integrity, alter intralysosomal pH, and inhibit cathepsin activity,
resulting in accumulation of dysfunctional organelles and undegraded protein aggre-
gates [99,100,251–259]. Failure of lysosomal quality control permits persistence of damaged
mitochondria that generate excessive reactive species, amplifying oxidative stress, mito-
chondrial DNA damage, and electron transport chain (ETC) dysfunction. It was noted
that mitochondrial dysfunction is downstream of lysosomal failure and inflammasome
signaling, rather than an isolated defect. Lysosomal dysfunction during HIV infection
plays a crucial role in promoting inflammation by activating inflammasomes such as
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NLRP3 and AIM2 [260,261]. This lysosome-mitochondria-inflammasome axis establishes
a vicious cycle: inflammasome activation worsens mitochondrial dysfunction through
cytokine-mediated nitric oxide and ROS production, while damaged mitochondria fur-
ther amplify inflammasome signaling. Persistent NLRP3 activation has been linked to
synaptic loss, neuronal death, and cognitive impairment in HAND [102,262]. Briefly, in
neurons, combined lysosomal–mitochondrial dysfunction drives ATP depletion, impaired
axonal transport, synaptic degeneration, and apoptotic signaling. In microglia, defective
mitophagy and mitochondrial ROS sustain a pro-inflammatory, neurotoxic phenotype
characterized by persistent cytokine release and inflammasome activation. Astrocytes
exhibit impaired glutamate uptake and redox buffering due to mitochondrial dysfunc-
tion, exacerbating excitotoxic injury. Brain endothelial cells show mitochondrial stress
that compromises tight junction integrity, reinforcing BBB breakdown and immune cell
infiltration. Importantly, lysosomal membrane permeabilization also releases redox-active
iron and cathepsins into the cytosol, further exacerbating mitochondrial depolarization and
triggering apoptotic cascades [90,98].

Additionally, Lysosomal dysfunction is also mechanistically linked to inflammasome
activation, providing a direct bridge between organellar stress and chronic neuroinflamma-
tion. Lysosomal membrane permeabilization and leakage of cathepsins (e.g., cathepsin B),
together with mitochondrial ROS and ionic flux (K+ efflux), are recognized triggers that
promote NLRP3 inflammasome assembly. In HIV-associated CNS inflammation, microglial
NLRP3 activation and IL-1β/IL-18 signaling have been implicated as key amplifiers of
synaptotoxic inflammation, and HIV protein exposure (including Tat) can engage these
pathways [149,192]. Thus, lysosomal injury is not only upstream of mitochondrial dys-
function via impaired mitophagy, but also upstream of NLRP3-driven neuroinflammatory
amplification. This suggests that restoring lysosomal throughput can leave the domi-
nant bottleneck unchanged, that is, damaged mitochondria continue to accumulate be-
cause they cannot be removed. This concept is consistent with broader neurodegenera-
tion biology, where lysosomal insufficiency drives secondary mitochondrial failure and
synaptic vulnerability.

Given that lysosomal decline is a hallmark of mitochondrial failure, synaptic vul-
nerability, and brain aging, boosting lysosomal competence is a plausible approach, as it
targets HIV/ART proteotoxicity and addresses age-associated loss of proteostasis, a vital
link to accelerated/accentuated aging phenotypes in PLWH. These observations suggest
that therapeutic strategies focused solely on mitochondrial protection, such as antioxi-
dants or ETC stabilizers, are unlikely to achieve durable neuroprotection unless upstream
lysosomal-autophagy pathways are concurrently restored. This concept aligns with broader
neurodegeneration biology, where lysosomal insufficiency drives secondary mitochondrial
dysfunction and synaptic vulnerability. Hence, collective targeting of lysosomal function,
autophagic flux, and mitophagy, therefore, represents a necessary and complementary
approach to mitigating HIV- and ART-induced mitochondrial dysfunction and neuronal
injury. Such approaches are particularly relevant in aging PLWH, where baseline declines in
lysosomal and mitochondrial resilience synergize with HIV- and ART-mediated stressors.

9.7. DNA Damage and Epigenetic Alterations

HIV accelerates molecular aging through genomic and epigenetic mechanisms
[160,182,185,186], for example, . . .

Oxidative DNA damage: Chronic HIV infection, persistent neuroinflammation, and
mitochondrial dysfunction collectively contribute to substantial oxidative DNA damage
within the CNS. Elevated levels of mitochondrial-derived ROS induce single- and double-
strand DNA breaks that overwhelm intrinsic repair pathways, including the base excision
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repair (BER) machinery that normally resolves oxidative lesions. When these repair systems
become saturated or impaired, DNA damage accumulates, leading to genomic instability,
activation of stress-response pathways, and progressive cellular dysfunction.

Epigenetic aging: In parallel, HIV accelerates epigenetic aging, as evidenced by alter-
ations in DNA methylation patterns measured by established epigenetic clocks. Studies
have shown that HIV infection can advance the epigenetic age of brain tissue by 3.5 to
7.4 years, reflecting premature cellular aging. These methylation changes disproportion-
ately affect genes involved in dopamine metabolism, such as COMT and critical compo-
nents of oxidative phosphorylation, further linking epigenetic dysregulation to mitochon-
drial deficits and neuronal vulnerability. Together, oxidative DNA damages and accelerated
epigenetic aging form a synergistic mechanism that exacerbates neurodegeneration and
cognitive decline in people living with HIV.

9.8. Structural Changes

As detailed above, functionally compromised lysosomal compartments, impaired
autophagic flux, and accumulation of damaged mitochondria with fragmented networks
and reduced cristae integrity. Neuronal susceptibility is heightened because synapses
and long axons depend on efficient lysosomal trafficking and local mitophagy to main-
tain bioenergetic stability. In HIV-relevant contexts, Tat-associated neuronal injury in-
volves lysosomal dysfunction (supporting lysosomes as an early structural/functional
lesion) [81,101,103,245]. The downstream, persistent mitochondrial dysfunction, driven
by reactive species, calcium stress, and inadequate clearance, creates the morphological
substrate for reduced ATP buffering at synapses, and progressive loss of connectivity leads
to primarily accelerated white matter loss in the caudate, hippocampus, and prefrontal
cortex in older PLWH compared to age-matched HIV-negative controls [263,264].

White matter loss: White matter integrity is profoundly affected in PLWH, even in
the era of effective ART [265,266]. Neuroimaging studies consistently reveal diffuse white
matter hyperintensities (WMH) and reductions in fractional anisotropy (FA) within frontal,
subcortical tracts, regions highly vulnerable to neuroinflammation and neurovascular
injury. These abnormalities are strongly associated with microglial activation, chronic
immune-mediated myelin damage, and BBB disruption, which together impair axonal
conduction and degrade structural connectivity across neural networks. Importantly, aging
interacts synergistically with HIV to exacerbate white matter decline. Individuals with HIV
aged 50 years or older exhibit WMH volumes and microstructural changes comparable
to HIV-negative adults nearly a decade older, highlighting an accelerated or accentuated
aging phenotype in HIV [267]. This premature white matter deterioration contributes
significantly to cognitive slowing, executive dysfunction, and the broader neurocognitive
impairments characteristic of HAND.

Synaptic degeneration: Synaptic degeneration is a hallmark of HIV-associated neu-
rocognitive decline and reflects the cumulative impact of chronic inflammation and viral
protein toxicity on neuronal circuits. Postmortem analyses of brains from people living
with HIV reveal pronounced dendritic pruning, loss of dendritic spines, and significantly
reduced synaptic density within the frontal cortex, an area crucial for executive function,
attention, and working memory. These structural abnormalities arise from the persistent
activation of microglia and astrocytes, which release pro-inflammatory cytokines and com-
plement factors that tag synapses for elimination. Concurrently, HIV proteins such as Tat
and gp120 directly disrupt synaptic signaling, impair glutamatergic balance, and induce
calcium dysregulation, further destabilizing synaptic connections. Together, these inflam-
matory and viral mechanisms converge to weaken neuronal communication, degrade
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network connectivity, and drive the cognitive and behavioral impairments characteristic
of HAND.

Cerebrovascular disease: Cerebrovascular dysfunction is increasingly recognized as
a significant contributor to neurological morbidity in people living with HIV, even in the
context of effective viral suppression. Numerous imaging and pathological studies reveal a
heightened prevalence of silent cerebral small vessel disease (CSVD), including microin-
farcts, microbleeds, and perivascular space enlargement, which often occur independently
of traditional vascular risk factors such as hypertension or diabetes. HIV-related chronic
inflammation, endothelial activation, and persistent immune dysregulation contribute
to non-atherosclerotic vasculopathies characterized by arterial wall thickening, impaired
vasoreactivity, and abnormal vascular remodeling. These changes compromise cerebral
blood flow and impair neurovascular coupling, further exacerbating neuronal vulnerability
and accelerating cognitive decline. The increased burden of CSVD in HIV not only reflects
direct viral and inflammatory effects on the cerebral microvasculature but also highlights a
broader susceptibility to vascular injury, reinforcing the intersection between HIV infection,
aging, and neurodegenerative processes [161,205,268–271].

Overall, a growing body of evidence indicates that HIV infection and biological ag-
ing converge on several interrelated pathogenic pathways, namely, chronic inflammation,
impaired proteostasis, mitochondrial dysfunction, and epigenetic dysregulation, which
collectively accelerate neurodegenerative processes and contribute to premature or ac-
centuated brain aging in PLWH. These overlapping mechanisms create a neurobiological
environment that favors synaptic loss, impaired neurogenesis, white matter abnormalities,
and cognitive decline. While ART has been highly effective in suppressing peripheral
viremia and extending lifespan, it does not fully prevent or reverse neurocognitive deterio-
ration. Persistent low-level viral activity in the CNS, alongside ART-induced neurotoxicity
and incomplete immune reconstitution, further exacerbates brain injury. As a result, many
aging PLWH continue to experience HAND, which profoundly affects quality of life,
functional independence, and healthcare burden.

To address this unmet clinical need, there is an urgent call for adjunctive therapies
that specifically target the cellular and molecular drivers of HIV- and age-related neurode-
generation. These may include agents aimed at dampening neuroinflammation, restoring
mitochondrial function, enhancing protein clearance mechanisms (e.g., autophagy), or
reversing epigenetic dysregulation. Thus, aging PLWH faces a “double hit” of HIV-driven
and age-related neurodegeneration, marked by protein aggregation, mitochondrial failure,
and structural brain changes [205,271]. These processes culminate in higher rates and
severity of HAND, with overlapping features of Alzheimer’s and Parkinson’s pathologies.
Addressing these mechanisms requires therapies targeting both viral persistence and aging;
future therapeutic strategies must incorporate CNS-penetrant compounds capable of reach-
ing viral reservoirs and modulating the neuropathogenic environment directly. Prioritizing
the development and deployment of such neuroprotective interventions, guided by preci-
sion medicine approaches and supported by innovative preclinical models, will be essential
to mitigate HAND and improve neurocognitive outcomes for the growing population of
older adults living with HIV.

10. Future Directions
10.1. Novel Tools and Prominent Molecular Pathways

As a substantial proportion of PLWH, particularly in high-income countries, now
survive into older age, a major priority for the field is to identify and therapeutically target
the mechanisms driving accelerated or accentuated aging in this population. Advancing
this goal requires moving beyond descriptive associations to uncover causal biological
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pathways connecting chronic HIV infection, low-level viral persistence, sustained neuroin-
flammation, cerebrovascular injury, epigenetic dysregulation, and multisystem comorbidi-
ties. Achieving this will necessitate longitudinal, deeply phenotyped cohorts that integrate
clinical assessments with neurocognitive testing, advanced neuroimaging, immunologic
and virologic profiling, and comprehensive multi-omics datasets, including epigenomic,
transcriptomic, proteomic, and metabolomic measures. Such integrative approaches will
be essential for defining heterogeneous aging trajectories among PLWH, identifying modi-
fiable drivers of biological aging, and informing precision therapeutic strategies aimed at
preserving cognitive and functional health across the lifespan.

At the mechanistic level, there is an urgent need to clarify how persistent HIV tran-
scription and viral protein expression intersect with host aging pathways, including mito-
chondrial dysfunction, oxidative stress, cellular senescence, and epigenetic drift. Particular
emphasis should be placed on dysregulated DNA damage response (DDR) pathways, and
how these abnormalities converge with inflammatory and neurodegenerative cascades
across microglia, astrocytes, endothelial cells, and neurons. Advanced in vitro platforms,
including iPSC-derived microglia, astrocytes, neurons, and tri-lineage cerebral organoids,
as well as “aged” or stress-induced aging models, will be critical for dissecting cell-type-
specific vulnerabilities and identifying molecular points of intervention. Integrating these
systems with single-cell and spatial multi-omics technologies will further enable high-
resolution mapping of transcriptional, epigenetic, and metabolic alterations within discrete
CNS cell populations. Complementary studies using humanized mouse models and
aging-accelerated animal systems will be essential for validating mechanistic insights and
experimentally manipulating these pathways in vivo, ultimately guiding the development
of targeted therapies to mitigate HIV-associated accelerated aging.

10.2. Therapeutic Implications

Suppressing perpetual HIV transcription: Develop strategies for transcriptional si-
lencing of HIV to reduce viral protein production (Tat, gp120) and diminish chronic CNS
inflammation. This would require supplementing ART with transcriptional inhibitors.

Host-directed therapies: Target inflammatory pathways (e.g., NLRP3 and AIM2 in-
flammasome), cellular senescence (SASP factors), and epigenetic regulators (TRIM28).
Develop small molecules or biologics that modulate dysregulated immune activation in
the aging HIV-infected brain.

Neurovascular protection: Create therapies that preserve BBB integrity, stabilize
endothelial junctional complexes, and reduce CSVD. Enhance cerebrovascular perfusion
and reduce ischemic burden in aging PLWH.

Mitochondrial and metabolic resilience: Advance interventions that support mitochon-
drial biogenesis, reduce oxidative stress, and improve neuronal/glial energy metabolism
(e.g., NAD+ boosters, antioxidants, OXPHOS stabilizers). Evaluate strategies to reverse
HIV- and ART-induced mitochondrial DNA depletion.

Targeting the greater lysosomal system: Ongoing and clinically relevant therapeutic
strategies increasingly recognize the “greater lysosomal system” as a central upstream
regulator of neurotoxicity and aging in people living with HIV. Large clinical trials such as
REPRIEVE demonstrate that reducing chronic inflammation with statins (e.g., pitavastatin)
lowers systemic immune activation, indirectly alleviating lysosome-to-mitochondria stress.
Inflammasome-adjacent approaches, including IL-1 pathway inhibition (e.g., anakinra)
and low-dose colchicine, provide early clinical evidence that dampening innate immune
signaling can modify downstream organelle dysfunction in PLWH. Beyond inflammation,
autophagy- and lysosome-enhancing strategies, aimed at restoring lysosomal acidifica-
tion, improving autophagosome-lysosome fusion, stabilizing lysosomal membranes, and
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promoting mitophagy, are emerging from aging and neurodegeneration research. These ap-
proaches are particularly relevant because certain HIV proteins and some ART drugs initiate
stress at the lysosomal level, with mitochondrial injury occurring secondarily [101,103,245].

Optimizing ART for the aging brain: Prioritize ART regimens with reduced mitochon-
drial, metabolic, and neuropsychiatric toxicity. Systematically assess long-acting injectable
ART (LA-ART) in older adults. Incorporate CNS outcomes, neurocognitive performance,
advanced MRI markers, and CSF/plasma biomarkers into ART selection algorithms.

Advanced modeling and mechanistic studies: Use iPSC-derived microglia, neurons,
astrocytes, and multi-lineage cerebral organoids, including “aged” models, to dissect cell-
specific vulnerabilities. Integrate single-cell and spatial multi-omics to map aging pathways
at high resolution. Validate findings in humanized and aging-accelerated animal models.

Precision aging and clinical integration: Build longitudinal, multi-omics cohorts to
identify biological drivers of accelerated aging in PLWH. Develop risk prediction tools and
biomarkers for early detection of cognitive decline, vascular injury, and frailty. Promote
integrated HIV-geriatrics-neurology care models tailored for older PLWH.

In summary, from a clinical and public health standpoint, future efforts must integrate
geriatric, cardiovascular, neurologic, and psychiatric care into routine HIV management
to address the complex needs of an aging HIV population. This includes developing and
validating screening tools for the early detection of cognitive impairment, frailty, and
cerebrovascular disease in PLWH, as well as implementing lifestyle and behavioral inter-
ventions that target shared risk factors such as smoking, substance use, physical inactivity,
and sleep disturbances. Equally important is the need to confront structural barriers, includ-
ing stigma, economic disadvantage, and unequal access to healthcare, which exacerbate
both HIV- and aging-related vulnerabilities. Particular attention should be directed toward
understudied and disproportionately affected groups, including women, racial and ethnic
minorities, with specific sexual orientations, individuals with substance use disorders, and
people living in low- and middle-income countries, where the intersection of HIV, aging,
and resource constraints is especially severe.

Ultimately, the future of HIV care will require a paradigm shift from a narrow focus
on viral suppression to a comprehensive strategy that promotes healthy aging with HIV.
Achieving this will demand coordinated advances in basic science, translational research,
and implementation science to develop interventions that not only control viral replication
but also slow biological aging, protect brain and vascular health, and preserve cognitive
and functional independence throughout the lifespan of people living with HIV.

11. Conclusions
HIV infection remains a uniquely challenging chronic disease due to its capacity

to establish long-lived, latent reservoirs in both peripheral tissues and the CNS. These
reservoirs are seeded rapidly after infection, are highly resistant to immune clearance, and
persist even under long-term, fully suppressive ART. Their inaccessibility, particularly
within immune-privileged compartments such as the CNS, continues to impede HIV
remission and shapes the long-term clinical trajectory of PLWH.

Neurotoxicity in HIV arises through a combination of direct viral effects and indi-
rect inflammatory mechanisms. Viral proteins, including gp120, Tat, and Nef, disrupt
neuronal signaling, impair mitochondrial function, induce excitotoxicity, and trigger apop-
totic pathways [81,101,245]. Simultaneously, HIV inflicts indirect neurotoxicity via chronic
neuroinflammation driven by glial activation, oxidative stress, and BBB dysfunction, to-
gether promoting synaptodendritic injury, network disconnection, HAND, and acceler-
ated/accentuated brain aging. Together, direct and indirect neurotoxicity mechanisms
destabilize the CNS milieu due to chronic neuroinflammation involving microglial and
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astrocytic activation, persistent immune signaling, oxidative stress, and blood–brain barrier
dysfunction. Together, these processes contribute to widespread synaptic injury and neu-
ronal loss, underpinning the high burden of HAND and the phenomenon of accelerated or
accentuated brain aging in PLWH.

To strengthen mechanistic inference beyond association, future work may also embed
causal inference frameworks, including two-sample Mendelian randomization (MR), to
test whether modifiable exposures (e.g., inflammatory pathways, metabolic traits, micro-
biome features, smoking/substance-use proxies) causally influence HIV susceptibility,
neuroinflammation, or neurocognitive outcomes, while minimizing confounding and re-
verse causation. As illustrated in recent HIV-focused MR work, robust inference should
incorporate complementary estimators (IVW, weighted median/mode, MR-Egger), tests for
heterogeneity and directional pleiotropy (Cochran’s Q, MR-Egger intercept), and sensitivity
procedures (leave-one-out, Steiger directionality, and, when appropriate, multivariable
MR and phenome-wide pleiotropy screening) to evaluate instrument validity and ensure
conclusions are not driven by a subset of variants [272,273].

Although ART has transformed HIV into a manageable chronic illness, it does not
fully halt or reverse neurodegeneration. Persistent low-level viral transcription, residual
inflammation, incomplete ART penetration into the CNS, and the potential neurotoxicity
of certain antiretroviral agents continue to drive CNS injury, particularly in older adults
and those with comorbidities such as cardiovascular disease or substance use. These
challenges highlight the importance of early diagnosis, timely initiation of ART, careful
selection of regimens with minimal neurotoxic potential, and ongoing surveillance for
neurocognitive decline.

Looking ahead, progress in HIV management and cure research will require a multi-
faceted strategy. Novel interventions targeting latent reservoirs, such as latency-reversing
agents, gene-editing technologies, and nanoparticle-based delivery platforms, offer promise
for reducing or eliminating the persistent viral pool. Complementary neuroprotective ap-
proaches, including anti-inflammatory agents, antioxidants, mitochondrial stabilizers, and
neurotrophic factor-based therapies, are being explored to mitigate ongoing CNS injury and
preserve cognitive function. The integration of personalized medicine, using biomarkers to
guide ART selection and identify individuals at the highest risk for neurocognitive decline,
will further refine long-term care as the HIV-positive population continues to age.

In summary, the intersection of HIV persistence, neurotoxicity, and aging presents
an ongoing clinical and scientific challenge. Yet, rapid advances in reservoir biology,
neuroinflammation research, and therapeutic innovation continue to deepen our under-
standing and expand the possibilities for intervention. Future work must prioritize CNS-
penetrant therapies, targeted latency-modulating tools, and durable neuroprotective strate-
gies to improve long-term neurological health and advance the pursuit of a functional cure
for HIV.

Author Contributions: All authors, M.T., U.N., K.T., M.S., G.K., A.B., M.B. and P.T., contributed to
writing the manuscript; supervision, M.T.; project administration, M.T. and P.T.; funding acquisition,
M.T. All authors have read and agreed to the published version of the manuscript.

Funding: This publication was funded by the funding from the National Institutes of Health,
R01DA041746 (NIDA) and R21MH126998-01A1 (NIMH) to M.T.; Institutional TJU grant (908107) to
M.T. The content is solely the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://doi.org/10.3390/ijms27052192

https://doi.org/10.3390/ijms27052192


Int. J. Mol. Sci. 2026, 27, 2192 29 of 40

Data Availability Statement: The data presented in this study are available in PubMed [https://
pubmed.ncbi.nlm.nih.gov].

Acknowledgments: We thank the Center for Translational Medicine at Thomas Jefferson University
(TJU) and all staff members for their technical support and assistance throughout this study.

Conflicts of Interest: The authors declare no competing interests. The funders had no role in study
design, data collection, and analysis, the decision to publish, or the preparation of the manuscript.

References
1. Hakre, S.; Chavez, L.; Shirakawa, K.; Verdin, E. HIV latency: Experimental systems and molecular models. FEMS Microbiol. Rev.

2012, 36, 706–716. [CrossRef]
2. Tyagi, M.; Bukrinsky, M. Human immunodeficiency virus (HIV) latency: The major hurdle in HIV eradication. Mol. Med.

2012, 18, 1096–1108. [CrossRef]
3. Zicari, S.; Sharma, A.L.; Sahu, G.; Dubrovsky, L.; Sun, L.; Yue, H.; Jada, T.; Ochem, A.; Simon, G.; Bukrinsky, M.; et al. DNA

dependent protein kinase (DNA-PK) enhances HIV transcription by promoting RNA polymerase II activity and recruitment of
transcription machinery at HIV LTR. Oncotarget 2020, 11, 699–726. [CrossRef]

4. Mata, R.C.; Viciana, P.; de Alarcon, A.; Lopez-Cortes, L.F.; Gomez-Vera, J.; Trastoy, M.; Cisneros, J.M. Discontinuation of
antiretroviral therapy in patients with chronic HIV infection: Clinical, virologic, and immunologic consequences. AIDS Patient
Care STDs 2005, 19, 550–562. [CrossRef] [PubMed]

5. Wilson, E.M.; Sereti, I. Immune restoration after antiretroviral therapy: The pitfalls of hasty or incomplete repairs. Immunol. Rev.
2013, 254, 343–354. [CrossRef]

6. Alqatawni, A.; Sharma, A.L.; Attilus, B.; Tyagi, M.; Daniel, R. Shedding Light on the Role of Extracellular Vesicles in HIV Infection
and Wound Healing. Viruses 2020, 12, 584. [CrossRef] [PubMed]

7. Hokello, J.; Sharma, A.L.; Dimri, M.; Tyagi, M. Insights into the HIV Latency and the Role of Cytokines. Pathogens 2019, 8, 137.
[CrossRef]

8. Hokello, J.; Sharma, A.L.; Tyagi, P.; Bhushan, A.; Tyagi, M. Human Immunodeficiency Virus Type-1 (HIV-1) Transcriptional
Regulation, Latency and Therapy in the Central Nervous System. Vaccines 2021, 9, 1272. [CrossRef]

9. Sharma, A.L.; Hokello, J.; Tyagi, M. Circumcision as an Intervening Strategy against HIV Acquisition in the Male Genital Tract.
Pathogens 2021, 10, 806. [CrossRef]

10. Deeks, S.G.; Lewin, S.R.; Havlir, D.V. The end of AIDS: HIV infection as a chronic disease. Lancet 2013, 382, 1525–1533. [CrossRef]
[PubMed]

11. Sinclair, E.; Ronquillo, R.; Lollo, N.; Deeks, S.G.; Hunt, P.; Yiannoutsos, C.T.; Spudich, S.; Price, R.W. Antiretroviral treatment effect
on immune activation reduces cerebrospinal fluid HIV-1 infection. J. Acquir. Immune Defic. Syndr. 2008, 47, 544–552. [CrossRef]

12. Volberding, P.A.; Deeks, S.G. Antiretroviral therapy and management of HIV infection. Lancet 2010, 376, 49–62. [CrossRef]
13. Deeks, S.G. Immune dysfunction, inflammation, and accelerated aging in patients on antiretroviral therapy. Top HIV Med.

2009, 17, 118–123. [PubMed]
14. Deeks, S.G.; Tracy, R.; Douek, D.C. Systemic effects of inflammation on health during chronic HIV infection. Immunity

2013, 39, 633–645. [CrossRef]
15. Katlama, C.; Deeks, S.G.; Autran, B.; Martinez-Picado, J.; van Lunzen, J.; Rouzioux, C.; Miller, M.; Vella, S.; Schmitz, J.E.; Ahlers, J.;

et al. Barriers to a cure for HIV: New ways to target and eradicate HIV-1 reservoirs. Lancet 2013, 381, 2109–2117. [CrossRef]
16. Salemi, M. The intra-host evolutionary and population dynamics of human immunodeficiency virus type 1: A phylogenetic

perspective. Infect. Dis. Rep. 2013, 5, e3. [CrossRef] [PubMed]
17. Salemi, M.; Rife, B. Phylogenetics and Phyloanatomy of HIV/SIV Intra-Host Compartments and Reservoirs: The Key Role of the

Central Nervous System. Curr. HIV Res. 2016, 14, 110–120. [CrossRef]
18. Sonti, S.; Sharma, A.L.; Tyagi, M. HIV-1 persistence in the CNS: Mechanisms of latency, pathogenesis and an update on eradication

strategies. Virus Res. 2021, 303, 198523. [CrossRef] [PubMed]
19. Deeks, S.G.; Phillips, A.N. HIV infection, antiretroviral treatment, ageing, and non-AIDS related morbidity. BMJ 2009, 338, a3172.

[CrossRef]
20. Marzio, G.; Tyagi, M.; Gutierrez, M.I.; Giacca, M. HIV-1 Tat transactivator recruits p300 and CREB-binding protein histone

acetyltransferases to the viral promoter. Proc. Natl. Acad. Sci. USA 1998, 95, 13519–13524. [CrossRef]
21. Brenchley, J.M.; Price, D.A.; Schacker, T.W.; Asher, T.E.; Silvestri, G.; Rao, S.; Kazzaz, Z.; Bornstein, E.; Lambotte, O.; Altmann, D.;

et al. Microbial translocation is a cause of systemic immune activation in chronic HIV infection. Nat. Med. 2006, 12, 1365–1371.
[CrossRef]

22. Deeks, S.G. HIV infection, inflammation, immunosenescence, and aging. Annu. Rev. Med. 2011, 62, 141–155. [CrossRef]

https://doi.org/10.3390/ijms27052192

https://pubmed.ncbi.nlm.nih.gov
https://pubmed.ncbi.nlm.nih.gov
https://doi.org/10.1111/j.1574-6976.2012.00335.x
https://doi.org/10.2119/molmed.2012.00194
https://doi.org/10.18632/oncotarget.27487
https://doi.org/10.1089/apc.2005.19.550
https://www.ncbi.nlm.nih.gov/pubmed/16164382
https://doi.org/10.1111/imr.12064
https://doi.org/10.3390/v12060584
https://www.ncbi.nlm.nih.gov/pubmed/32471020
https://doi.org/10.3390/pathogens8030137
https://doi.org/10.3390/vaccines9111272
https://doi.org/10.3390/pathogens10070806
https://doi.org/10.1016/S0140-6736(13)61809-7
https://www.ncbi.nlm.nih.gov/pubmed/24152939
https://doi.org/10.1097/QAI.0b013e318162754f
https://doi.org/10.1016/S0140-6736(10)60676-9
https://www.ncbi.nlm.nih.gov/pubmed/19890183
https://doi.org/10.1016/j.immuni.2013.10.001
https://doi.org/10.1016/S0140-6736(13)60104-X
https://doi.org/10.4081/idr.2013.s1.e3
https://www.ncbi.nlm.nih.gov/pubmed/24470967
https://doi.org/10.2174/1570162X13666151029102413
https://doi.org/10.1016/j.virusres.2021.198523
https://www.ncbi.nlm.nih.gov/pubmed/34314771
https://doi.org/10.1136/bmj.a3172
https://doi.org/10.1073/pnas.95.23.13519
https://doi.org/10.1038/nm1511
https://doi.org/10.1146/annurev-med-042909-093756
https://doi.org/10.3390/ijms27052192


Int. J. Mol. Sci. 2026, 27, 2192 30 of 40

23. Lian, X.; Gao, C.; Sun, X.; Jiang, C.; Einkauf, K.B.; Seiger, K.W.; Chevalier, J.M.; Yuki, Y.; Martin, M.; Hoh, R.; et al. Signatures
of immune selection in intact and defective proviruses distinguish HIV-1 elite controllers. Sci. Transl. Med. 2021, 13, eabl4097.
[CrossRef] [PubMed]

24. Jadhav, S.; Nema, V. HIV-Associated Neurotoxicity: The Interplay of Host and Viral Proteins. Mediat. Inflamm. 2021, 2021, 1267041.
[CrossRef]

25. Kovalevich, J.; Langford, D. Neuronal toxicity in HIV CNS disease. Future Virol 2012, 7, 687–698. [CrossRef]
26. Lindl, K.A.; Marks, D.R.; Kolson, D.L.; Jordan-Sciutto, K.L. HIV-associated neurocognitive disorder: Pathogenesis and therapeutic

opportunities. J. Neuroimmune Pharmacol. 2010, 5, 294–309. [CrossRef] [PubMed]
27. Kannan, M.; Singh, S.; Chemparathy, D.T.; Oladapo, A.A.; Gawande, D.Y.; Dravid, S.M.; Buch, S.; Sil, S. HIV-1 Tat induced

microglial EVs leads to neuronal synaptodendritic injury: Microglia-neuron cross-talk in NeuroHIV. Extracell. Vesicles Circ. Nucl.
Acids 2022, 3, 133–149. [CrossRef]

28. Bansal, A.K.; Mactutus, C.F.; Nath, A.; Maragos, W.; Hauser, K.F.; Booze, R.M. Neurotoxicity of HIV-1 proteins gp120 and Tat in
the rat striatum. Brain Res. 2000, 879, 42–49. [CrossRef]

29. Bruce-Keller, A.J.; Chauhan, A.; Dimayuga, F.O.; Gee, J.; Keller, J.N.; Nath, A. Synaptic transport of human immunodeficiency
virus-Tat protein causes neurotoxicity and gliosis in rat brain. J. Neurosci. 2003, 23, 8417–8422. [CrossRef]

30. Nath, A.; Conant, K.; Chen, P.; Scott, C.; Major, E.O. Transient exposure to HIV-1 Tat protein results in cytokine production in
macrophages and astrocytes. J. Biol. Chem. 1999, 274, 17098–17102. [CrossRef]

31. Alvarez-Carbonell, D.; Ye, F.; Ramanath, N.; Garcia-Mesa, Y.; Knapp, P.E.; Hauser, K.F.; Karn, J. Cross-talk between microglia and
neurons regulates HIV latency. PLoS Pathog. 2019, 15, e1008249. [CrossRef]

32. Andras, I.E.; Pu, H.; Deli, M.A.; Nath, A.; Hennig, B.; Toborek, M. HIV-1 Tat protein alters tight junction protein expression and
distribution in cultured brain endothelial cells. J. Neurosci. Res. 2003, 74, 255–265. [CrossRef]

33. Mattson, M.P.; Haughey, N.J.; Nath, A. Cell death in HIV dementia. Cell Death Differ. 2005, 12, 893–904. [CrossRef]
34. Nath, A. Human immunodeficiency virus (HIV) proteins in neuropathogenesis of HIV dementia. J. Infect. Dis. 2002, 186, S193–S198.

[CrossRef]
35. Nath, A.; Schiess, N.; Venkatesan, A.; Rumbaugh, J.; Sacktor, N.; McArthur, J. Evolution of HIV dementia with HIV infection. Int.

Rev. Psychiatry 2008, 20, 25–31. [CrossRef]
36. Toborek, M.; Lee, Y.W.; Pu, H.; Malecki, A.; Flora, G.; Garrido, R.; Hennig, B.; Bauer, H.-C.; Nath, A. HIV-Tat protein induces

oxidative and inflammatory pathways in brain endothelium. J. Neurochem. 2003, 84, 169–179. [CrossRef]
37. Letendre, S.L.; Ellis, R.J.; Ances, B.M.; McCutchan, J.A. Neurologic complications of HIV disease and their treatment. Top HIV

Med. 2010, 18, 45–55.
38. Matola, B.W.; Mapahla, L.; Nyasulu, J.C.Y. Malawi’s progress towards UNAIDS 95-95-95 fast-track targets: Who is lagging? Afr. J.

AIDS Res. 2025, 24, 20–36. [CrossRef] [PubMed]
39. Zang, X.; Sui, Y.; Bessey, S.; Van, T.M.; Tookes, H.E.; Marshall, B.D.L.; Nosyk, B. Localized Economic Modeling (LEM) Group. On

the compounding manifestations of racism shaping the US HIV/AIDS epidemic: Why ending the HIV epidemic must address
these factors for success. AIDS 2025, 39, 1954–1962. [CrossRef] [PubMed]

40. Huang, L.; Anjam, Y.N.; Ali, A.; Rehman, B.; Tahir, M.A. Transmission dynamics and stability analysis of fractional HIV and
AIDS epidemic model with antiretroviral therapy. Sci. Rep. 2025, 15, 18212. [CrossRef] [PubMed]

41. Goosby, E.; Wasserheit, J.N.; Glass, R.; Kilmarx, P. Advancing Adolescent HIV Prevention and Care Through Implementation
Science: An Agenda for Combating the Global AIDS Epidemic in Sub-Saharan Africa. AIDS Behav. 2023, 27, 1–2. [CrossRef]

42. van Schalkwyk, C.; Mahy, M.; Johnson, L.F.; Imai-Eaton, J.W. Updated Data and Methods for the 2023 UNAIDS HIV Estimates.
J. Acquir. Immune Defic. Syndr. 2024, 95, e1–e4. [CrossRef]

43. Elbur, A.I.; Mirzazadeh, A.; Tate, M.; Suprasert, B.; Wilson, E.C.; McFarland, W. HIV Incidence among People Who Inject Drugs,
San Francisco, 2022. J. Acquir. Immune Defic. Syndr. 2025, 99, 321–324. [CrossRef]

44. Mukherjee, T.I.; McCrimmon, T.; Primbetova, S.; Darisheva, M.; Terlikbayeva, A.; El-Bassel, N. Patterns of drug and sexual HIV
transmission risk behaviors: A latent class analyses of men and women who inject drugs and are living with HIV in Kazakhstan.
Drug Alcohol Depend. 2025, 272, 112707. [CrossRef]

45. Tyagi, M.; Bukrinsky, M.; Simon, G.L. Mechanisms of HIV Transcriptional Regulation by Drugs of Abuse. Curr. HIV Res.
2016, 14, 442–454. [CrossRef] [PubMed]

46. Sonti, S.; Tyagi, K.; Pande, A.; Daniel, R.; Sharma, A.L.; Tyagi, M. Crossroads of Drug Abuse and HIV Infection: Neurotoxicity
and CNS Reservoir. Vaccines 2022, 10, 202. [CrossRef] [PubMed]

47. Clifton, B.; Keen, P.; Trevillyan, J.; Sullivan, N.; Johnson, K.; Warner, M.; Taheny, C.; Ellis, H.; Freestone, J.; Allan, B.; et al. Strategies to
achieve the UNAIDS 95% HIV diagnosis target in Australia: Insights from a multidisciplinary roundtable. HIV Med. 2025, 26, 3–16.
[CrossRef]

48. Laurence, J. “AIDS at a Crossroads”: Highlights from the 2024 UNAIDS Report. AIDS Patient Care STDs 2024, 38, 493–494.
[CrossRef] [PubMed]

https://doi.org/10.3390/ijms27052192

https://doi.org/10.1126/scitranslmed.abl4097
https://www.ncbi.nlm.nih.gov/pubmed/34910552
https://doi.org/10.1155/2021/1267041
https://doi.org/10.2217/fvl.12.57
https://doi.org/10.1007/s11481-010-9205-z
https://www.ncbi.nlm.nih.gov/pubmed/20396973
https://doi.org/10.20517/evcna.2022.14
https://doi.org/10.1016/S0006-8993(00)02725-6
https://doi.org/10.1523/JNEUROSCI.23-23-08417.2003
https://doi.org/10.1074/jbc.274.24.17098
https://doi.org/10.1371/journal.ppat.1008249
https://doi.org/10.1002/jnr.10762
https://doi.org/10.1038/sj.cdd.4401577
https://doi.org/10.1086/344528
https://doi.org/10.1080/09540260701861930
https://doi.org/10.1046/j.1471-4159.2003.01543.x
https://doi.org/10.2989/16085906.2025.2477090
https://www.ncbi.nlm.nih.gov/pubmed/40366778
https://doi.org/10.1097/QAD.0000000000004289
https://www.ncbi.nlm.nih.gov/pubmed/40623283
https://doi.org/10.1038/s41598-025-01355-x
https://www.ncbi.nlm.nih.gov/pubmed/40414954
https://doi.org/10.1007/s10461-023-04049-5
https://doi.org/10.1097/QAI.0000000000003344
https://doi.org/10.1097/QAI.0000000000003673
https://doi.org/10.1016/j.drugalcdep.2025.112707
https://doi.org/10.2174/1570162X14666160324124736
https://www.ncbi.nlm.nih.gov/pubmed/27009097
https://doi.org/10.3390/vaccines10020202
https://www.ncbi.nlm.nih.gov/pubmed/35214661
https://doi.org/10.1111/hiv.70083
https://doi.org/10.1089/apc.2024.0172
https://www.ncbi.nlm.nih.gov/pubmed/39166294
https://doi.org/10.3390/ijms27052192


Int. J. Mol. Sci. 2026, 27, 2192 31 of 40

49. Peck, M.E.; Davis, S.; Odoyo-June, E.; Mwangi, J.; Oyugi, E.; Hoang, T.; Canda, M.; Seleme, J.; Bock, M.; Ndeikemona, L.; et al.
Progress Toward UNAIDS Global HIV Pre-Exposure Prophylaxis Targets: CDC-Supported Oral Pre-Exposure
Prophylaxis—37 Countries, 2017 horizontal line 2023. MMWR Morb. Mortal. Wkly. Rep. 2024, 73, 1082–1086. [CrossRef]

50. Cuadros, D.F.; Huang, Q.; Musuka, G.; Dzinamarira, T.; Moyo, B.K.; Mpofu, A.; Makoni, T.; DeWolfe Miller, F.; Bershteyn, A.
Moving beyond hotspots of HIV prevalence to geospatial hotspots of UNAIDS 95-95-95 targets in sub-Saharan Africa. Lancet HIV
2024, 11, e479–e488. [CrossRef]

51. Farahani, M.; Farley, S.M.; Smart, T.F.; Ndagije, F.; Maile, L.; Longwe, H.; Hoos, D.; El-Sadr, W.M. Lesotho’s progress to-
wards UNAIDS 95-95-95 targets from 2016 to 2020: Comparison of Population-based HIV Impact Assessments. Lancet HIV
2025, 12, e51–e59. [CrossRef]

52. Magura, J.; Nhari, S.R.; Nzimakwe, T.I. Barriers to ART adherence in sub-Saharan Africa: A scoping review toward achieving
UNAIDS 95-95-95 targets. Front. Public Health 2025, 13, 1609743. [CrossRef] [PubMed]

53. Mukuku, O.; Govender, K.; Kulohoma, B.W.; Wembonyama, S.O. Editorial: Challenges in reaching the UNAIDS 95-95-95 targets
in sub-Saharan Africa: Status, innovations and pathways forward. Front. Public Health 2025, 13, 1701425. [CrossRef]

54. Swindells, S.; Andrade-Villanueva, J.F.; Richmond, G.J.; Rizzardini, G.; Baumgarten, A.; Masia, M.; Latiff, G.; Pokrovsky, V.;
Bredeek, F.; Smith, G.; et al. Long-Acting Cabotegravir and Rilpivirine for Maintenance of HIV-1 Suppression. N. Engl. J. Med.
2020, 382, 1112–1123. [CrossRef]

55. Landovitz, R.J.; Donnell, D.; Clement, M.E.; Hanscom, B.; Cottle, L.; Coelho, L.; Cabello, R.; Chariyalertsak, S.; Dunne, E.F.;
Frank, I.; et al. Cabotegravir for HIV Prevention in Cisgender Men and Transgender Women. N. Engl. J. Med. 2021, 385, 595–608.
[CrossRef] [PubMed]

56. Cocohoba, J.; Cuca, Y.; Sherman, E.; Hester, K.; Udeani, G.; Sigua, M.; Saberi, P. Preparing for pharmacy-based delivery of
long-acting injectable antiretrovirals: A pre-implementation study. BMC Health Serv. Res. 2025, 25, 808. [CrossRef]

57. Ma, C.; Chang, J.; Yu, B. Sunlenca® (Lenacapavir): A first-in-class, long-acting HIV-1 capsid inhibitor for treating highly
multidrug-resistant HIV-1 infection. Acta Pharm. Sin. B 2024, 14, 5512–5514. [CrossRef]

58. Filip, I. Twice-yearly lenacapavir may change the standard of HIV prevention for women. AIDS 2024, 38, N23–N24. [CrossRef]
59. Nozza, S.; Castagna, A. Twice-yearly lenacapavir: A milestone for HIV prevention in young African women. Med 2024, 5, 1200–1202.

[CrossRef]
60. Akiyama, M.J.; Spaulding, A.C.; Nijhawan, A.E. Long-Acting Injectable Antiretrovirals in Incarcerated Populations—Challenges

and Opportunities. N. Engl. J. Med. 2022, 387, 1728–1730. [CrossRef]
61. Hack, J.; Tarfa, A.; Sayles, H.; Fadul, N. High Acceptability but Persistent Barriers to Implementation of Long-acting Injectable

Antiretrovirals: A Nationwide Cross-sectional Survey of Ryan White Clinics in the United States. Open Forum Infect Dis.
2025, 12, ofaf192. [CrossRef] [PubMed]

62. Spreen, W.; Min, S.; Ford, S.L.; Chen, S.; Lou, Y.; Bomar, M.; St Clair, M.; Piscitelli, S.; Fujiwara, T. Pharmacokinetics, safety, and
monotherapy antiviral activity of GSK1265744, an HIV integrase strand transfer inhibitor. HIV Clin. Trials 2013, 14, 192–203.
[CrossRef] [PubMed]

63. Spreen, W.R.; Margolis, D.A.; Pottage, J.C., Jr. Long-acting injectable antiretrovirals for HIV treatment and prevention. Curr. Opin.
HIV AIDS 2013, 8, 565–571. [CrossRef]

64. Trezza, C.; Ford, S.L.; Spreen, W.; Pan, R.; Piscitelli, S. Formulation and pharmacology of long-acting cabotegravir. Curr. Opin.
HIV AIDS 2015, 10, 239–245. [CrossRef]

65. Margolis, D.A.; Gonzalez-Garcia, J.; Stellbrink, H.J.; Eron, J.J.; Yazdanpanah, Y.; Podzamczer, D.; Lutz, T.; Angel, J.B.; Richmond,
G.J.; Clotet, B.; et al. Long-acting intramuscular cabotegravir and rilpivirine in adults with HIV-1 infection (LATTE-2): 96-week
results of a randomised, open-label, phase 2b, non-inferiority trial. Lancet 2017, 390, 1499–1510. [CrossRef]

66. Edagwa, B.; McMillan, J.; Sillman, B.; Gendelman, H.E. Long-acting slow effective release antiretroviral therapy. Expert Opin.
Drug Deliv. 2017, 14, 1281–1291. [CrossRef] [PubMed]

67. Cattaneo, D.; Gervasoni, C. Pharmacokinetics and Pharmacodynamics of Cabotegravir, a Long-Acting HIV Integrase Strand
Transfer Inhibitor. Eur. J. Drug Metab. Pharmacokinet. 2019, 44, 319–327. [CrossRef]

68. Gulick, R.M.; Flexner, C. Long-Acting HIV Drugs for Treatment and Prevention. Annu. Rev. Med. 2019, 70, 137–150. [CrossRef]
69. Yant, S.R.; Mulato, A.; Hansen, D.; Tse, W.C.; Niedziela-Majka, A.; Zhang, J.R.; Stepan, G.J.; Jin, D.; Wong, M.H.; Perreira, J.M.;

et al. A highly potent long-acting small-molecule HIV-1 capsid inhibitor with efficacy in a humanized mouse model. Nat. Med.
2019, 25, 1377–1384. [CrossRef]

70. Gupta, S.K.; Berhe, M.; Crofoot, G.; Benson, P.; Ramgopal, M.; Sims, J.; McDonald, C.; Ruane, P.; Sanchez, W.E.; Scribner, A.; et al.
Lenacapavir administered every 26 weeks or daily in combination with oral daily antiretroviral therapy for initial treatment of
HIV: A randomised, open-label, active-controlled, phase 2 trial. Lancet HIV 2023, 10, e15–e23. [CrossRef]

71. Link, J.O.; Rhee, M.S.; Tse, W.C.; Zheng, J.; Somoza, J.R.; Rowe, W.; Begley, R.; Chiu, A.; Mulato, A.; Hansen, D.; et al. Clinical
targeting of HIV capsid protein with a long-acting small molecule. Nature 2020, 584, 614–618. [CrossRef]

https://doi.org/10.3390/ijms27052192

https://doi.org/10.15585/mmwr.mm7347a3
https://doi.org/10.1016/S2352-3018(24)00102-4
https://doi.org/10.1016/S2352-3018(24)00271-6
https://doi.org/10.3389/fpubh.2025.1609743
https://www.ncbi.nlm.nih.gov/pubmed/40556913
https://doi.org/10.3389/fpubh.2025.1701425
https://doi.org/10.1056/NEJMoa1904398
https://doi.org/10.1056/NEJMoa2101016
https://www.ncbi.nlm.nih.gov/pubmed/34379922
https://doi.org/10.1186/s12913-025-12971-8
https://doi.org/10.1016/j.apsb.2024.08.009
https://doi.org/10.1097/QAD.0000000000004013
https://doi.org/10.1016/j.medj.2024.08.008
https://doi.org/10.1056/NEJMp2209142
https://doi.org/10.1093/ofid/ofaf192
https://www.ncbi.nlm.nih.gov/pubmed/40242071
https://doi.org/10.1310/hct1405-192
https://www.ncbi.nlm.nih.gov/pubmed/24144896
https://doi.org/10.1097/COH.0000000000000002
https://doi.org/10.1097/COH.0000000000000168
https://doi.org/10.1016/S0140-6736(17)31917-7
https://doi.org/10.1080/17425247.2017.1288212
https://www.ncbi.nlm.nih.gov/pubmed/28128004
https://doi.org/10.1007/s13318-018-0526-2
https://doi.org/10.1146/annurev-med-041217-013717
https://doi.org/10.1038/s41591-019-0560-x
https://doi.org/10.1016/S2352-3018(22)00291-0
https://doi.org/10.1038/s41586-020-2443-1
https://doi.org/10.3390/ijms27052192


Int. J. Mol. Sci. 2026, 27, 2192 32 of 40

72. Orkin, C.; Arasteh, K.; Gorgolas Hernandez-Mora, M.; Pokrovsky, V.; Overton, E.T.; Girard, P.M.; Oka, S.; Walmsley, S.; Bettacchi,
C.; Brinson, C.; et al. Long-Acting Cabotegravir and Rilpivirine after Oral Induction for HIV-1 Infection. N. Engl. J. Med.
2020, 382, 1124–1135. [CrossRef] [PubMed]

73. Heaton, R.K.; Clifford, D.B.; Franklin, D.R., Jr.; Woods, S.P.; Ake, C.; Vaida, F.; Ellis, R.J.; Letendre, S.L.; Marcotte, T.D.; Atkinson,
J.H.; et al. HIV-associated neurocognitive disorders persist in the era of potent antiretroviral therapy: CHARTER Study. Neurology
2010, 75, 2087–2096. [CrossRef] [PubMed]

74. Heaton, R.K.; Franklin, D.R.; Ellis, R.J.; McCutchan, J.A.; Letendre, S.L.; LeBlanc, S.; Corkran, S.H.; Duarte, N.A.; Clifford, D.B.;
Woods, S.P.; et al. HIV-associated neurocognitive disorders before and during the era of combination antiretroviral therapy:
Differences in rates, nature, and predictors. J. Neurovirol. 2011, 17, 3–16. [CrossRef]

75. McArthur, J.C.; Steiner, J.; Sacktor, N.; Nath, A. Human Immunodeficiency Virus-Associated Neurocognitive Disorders Mind the
Gap. Ann. Neurol. 2010, 67, 699–714. [CrossRef]

76. Robertson, K.R.; Smurzynski, M.; Parsons, T.D.; Wu, K.; Bosch, R.J.; Wu, J.; McArthur, J.C.; Collier, A.C.; Evans, S.R.; Ellis, R.J. The
prevalence and incidence of neurocognitive impairment in the HAART era. AIDS 2007, 21, 1915–1921. [CrossRef]

77. Zayyad, Z.; Spudich, S. Neuropathogenesis of HIV: From initial neuroinvasion to HIV-associated neurocognitive disorder
(HAND). Curr. HIV/AIDS Rep. 2015, 12, 16–24. [CrossRef]

78. Cysique, L.A.; Vaida, F.; Letendre, S.; Gibson, S.; Cherner, M.; Woods, S.P.; McCutchan, J.A.; Heaton, R.K.; Ellis, R.J. Dynamics of
cognitive change in impaired HIV-positive patients initiating antiretroviral therapy. Neurology 2009, 73, 342–348. [CrossRef]

79. Kramer-Hammerle, S.; Rothenaigner, I.; Wolff, H.; Bell, J.E.; Brack-Werner, R. Cells of the central nervous system as targets and
reservoirs of the human immunodeficiency virus. Virus Res. 2005, 111, 194–213. [CrossRef]

80. Kaul, M.; Garden, G.A.; Lipton, S.A. Pathways to neuronal injury and apoptosis in HIV-associated dementia. Nature 2001, 410, 988–994.
[CrossRef]

81. Haughey, N.J.; Nath, A.; Mattson, M.P.; Slevin, J.T.; Geiger, J.D. HIV-1 Tat through phosphorylation of NMDA receptors potentiates
glutamate excitotoxicity. J. Neurochem. 2001, 78, 457–467. [CrossRef]

82. Krogh, K.A.; Wydeven, N.; Wickman, K.; Thayer, S.A. HIV-1 protein Tat produces biphasic changes in NMDA-evoked in-
creases in intracellular Ca2+ concentration via activation of Src kinase and nitric oxide signaling pathways. J. Neurochem.
2014, 130, 642–656. [CrossRef]

83. Li, W.; Huang, Y.; Reid, R.; Steiner, J.; Malpica-Llanos, T.; Darden, T.A.; Shankar, S.K.; Mahadevan, A.; Satishchandra, P.; Nath, A.
NMDA receptor activation by HIV-Tat protein is clade dependent. J. Neurosci. 2008, 28, 12190–12198. [CrossRef]

84. Deshmane, S.L.; Mukerjee, R.; Fan, S.; Del Valle, L.; Michiels, C.; Sweet, T.; Rom, I.; Khalili, K.; Rappaport, J.; Amini, S.; et al.
Activation of the oxidative stress pathway by HIV-1 Vpr leads to induction of hypoxia-inducible factor 1alpha expression. J. Biol.
Chem. 2009, 284, 11364–11373. [CrossRef]

85. Hegdekar, N.; Sarkar, C.; Bustos, S.; Ritzel, R.M.; Hanscom, M.; Ravishankar, P.; Philkana, D.; Wu, J.; Loane, D.J.; Lipinski, M.M.
Inhibition of autophagy in microglia and macrophages exacerbates innate immune responses and worsens brain injury outcomes.
Autophagy 2023, 19, 2026–2044. [CrossRef] [PubMed]

86. Muller, L.; Di Benedetto, S. Neuroimmune crosstalk in chronic neuroinflammation: Microglial interactions and immune modula-
tion. Front. Cell. Neurosci. 2025, 19, 1575022. [CrossRef] [PubMed]

87. Adamson, D.C.; Wildemann, B.; Sasaki, M.; Glass, J.D.; McArthur, J.C.; Christov, V.I.; Dawson, T.M.; Dawson, V.L. Immunologic
NO synthase: Elevation in severe AIDS dementia and induction by HIV-1 gp41. Science 1996, 274, 1917–1921. [CrossRef]

88. Bal-Price, A.; Brown, G.C. Inflammatory neurodegeneration mediated by nitric oxide from activated glia-inhibiting neuronal
respiration, causing glutamate release and excitotoxicity. J. Neurosci. 2001, 21, 6480–6491. [CrossRef]

89. Calabrese, V.; Mancuso, C.; Calvani, M.; Rizzarelli, E.; Butterfield, D.A.; Stella, A.M. Nitric oxide in the central nervous system:
Neuroprotection versus neurotoxicity. Nat. Rev. Neurosci. 2007, 8, 766–775. [CrossRef] [PubMed]

90. Brown, G.C.; Bal-Price, A. Inflammatory neurodegeneration mediated by nitric oxide, glutamate, and mitochondria. Mol.
Neurobiol. 2003, 27, 325–355. [CrossRef]

91. Dreyer, E.B.; Kaiser, P.K.; Offermann, J.T.; Lipton, S.A. HIV-1 coat protein neurotoxicity prevented by calcium channel antagonists.
Science 1990, 248, 364–367. [CrossRef]

92. Ton, H.; Xiong, H. Astrocyte Dysfunctions and HIV-1 Neurotoxicity. J. AIDS Clin. Res. 2013, 4, 255.
93. Blond, D.; Raoul, H.; Le Grand, R.; Dormont, D. Nitric oxide synthesis enhances human immunodeficiency virus replication in

primary human macrophages. J. Virol. 2000, 74, 8904–8912. [CrossRef]
94. Kimura, H. Hydrogen polysulfide (H2Sn) signaling along with hydrogen sulfide (H2S) and nitric oxide (NO). J. Neural. Transm.

2016, 123, 1235–1245. [CrossRef] [PubMed]
95. Kimura, H. Signaling by hydrogen sulfide (H2S) and polysulfides (H2Sn) in the central nervous system. Neurochem. Int. 2019, 126, 118–125.

[CrossRef] [PubMed]
96. Kimura, H. Hydrogen sulfide/polysulfides signaling and neuronal diseases. Neurotherapeutics 2025, 22, e00711. [CrossRef]

https://doi.org/10.3390/ijms27052192

https://doi.org/10.1056/NEJMoa1909512
https://www.ncbi.nlm.nih.gov/pubmed/32130806
https://doi.org/10.1212/WNL.0b013e318200d727
https://www.ncbi.nlm.nih.gov/pubmed/21135382
https://doi.org/10.1007/s13365-010-0006-1
https://doi.org/10.1002/ana.22053
https://doi.org/10.1097/QAD.0b013e32828e4e27
https://doi.org/10.1007/s11904-014-0255-3
https://doi.org/10.1212/WNL.0b013e3181ab2b3b
https://doi.org/10.1016/j.virusres.2005.04.009
https://doi.org/10.1038/35073667
https://doi.org/10.1046/j.1471-4159.2001.00396.x
https://doi.org/10.1111/jnc.12724
https://doi.org/10.1523/JNEUROSCI.3019-08.2008
https://doi.org/10.1074/jbc.M809266200
https://doi.org/10.1080/15548627.2023.2167689
https://www.ncbi.nlm.nih.gov/pubmed/36652438
https://doi.org/10.3389/fncel.2025.1575022
https://www.ncbi.nlm.nih.gov/pubmed/40260075
https://doi.org/10.1126/science.274.5294.1917
https://doi.org/10.1523/JNEUROSCI.21-17-06480.2001
https://doi.org/10.1038/nrn2214
https://www.ncbi.nlm.nih.gov/pubmed/17882254
https://doi.org/10.1385/MN:27:3:325
https://doi.org/10.1126/science.2326646
https://doi.org/10.1128/JVI.74.19.8904-8912.2000
https://doi.org/10.1007/s00702-016-1600-z
https://www.ncbi.nlm.nih.gov/pubmed/27484215
https://doi.org/10.1016/j.neuint.2019.01.027
https://www.ncbi.nlm.nih.gov/pubmed/30849397
https://doi.org/10.1016/j.neurot.2025.e00711
https://doi.org/10.3390/ijms27052192


Int. J. Mol. Sci. 2026, 27, 2192 33 of 40

97. Paul, B.D.; Snyder, S.H. H2S signalling through protein sulfhydration and beyond. Nat. Rev. Mol. Cell. Biol. 2012, 13, 499–507.
[CrossRef]

98. Montine, T.J.; Neely, M.D.; Quinn, J.F.; Beal, M.F.; Markesbery, W.R.; Roberts, L.J.; Morrow, J.D. Lipid peroxidation in aging brain
and Alzheimer’s disease. Free Radic. Biol. Med. 2002, 33, 620–626. [CrossRef] [PubMed]

99. Lewis, W.; Day, B.J.; Copeland, W.C. Mitochondrial toxicity of NRTI antiviral drugs: An integrated cellular perspective. Nat. Rev.
Drug Discov. 2003, 2, 812–822. [CrossRef]

100. Apostolova, N.; Blas-Garcia, A.; Esplugues, J.V. Mitochondrial toxicity in HAART: An overview of in vitro evidence. Curr. Pharm.
Des. 2011, 17, 2130–2144. [CrossRef]

101. Turchan, J.; Pocernich, C.B.; Gairola, C.; Chauhan, A.; Schifitto, G.; Butterfield, D.A.; Buch, S.; Narayan, O.; Sinai, A.; Geiger, J.; et al.
Oxidative stress in HIV demented patients and protection ex vivo with novel antioxidants. Neurology 2003, 60, 307–314. [CrossRef]
[PubMed]

102. Giunta, B.; Ehrhart, J.; Obregon, D.F.; Lam, L.; Le, L.; Jin, J.; Fernandez, F.; Tan, J.; Shytle, R.D. Antiretroviral medications disrupt
microglial phagocytosis of beta-amyloid and increase its production by neurons: Implications for HIV-associated neurocognitive
disorders. Mol. Brain 2011, 4, 23. [CrossRef] [PubMed]

103. Fields, J.; Dumaop, W.; Eleuteri, S.; Campos, S.; Serger, E.; Trejo, M.; Kosberg, K.; Adame, A.; Spencer, B.; Rockenstein, E.; et al.
HIV-1 Tat alters neuronal autophagy by modulating autophagosome fusion to the lysosome: Implications for HIV-associated
neurocognitive disorders. J. Neurosci. 2015, 35, 1921–1938. Erratum in J. Neurosci. 2015, 35, 8376. [CrossRef]

104. Riggs, P.K.; Anderson, A.M.; Tang, B.; Rubin, L.H.; Morgello, S.; Marra, C.M.; Gelman, B.B.; Clifford, D.B.; Franklin, D.; Heaton,
R.K.; et al. Elevated Plasma Protein Carbonyl Concentration Is Associated with More Abnormal White Matter in People with HIV.
Viruses 2023, 15, 2410. [CrossRef]

105. Sacktor, N.; McDermott, M.P.; Marder, K.; Schifitto, G.; Selnes, O.A.; McArthur, J.C.; Stern, Y.; Albert, S.; Palumbo, D.; Kieburtz, K.;
et al. HIV-associated cognitive impairment before and after the advent of combination therapy. J. Neurovirol. 2002, 8, 136–142.
[CrossRef]

106. Meucci, O.; Fatatis, A.; Simen, A.A.; Bushell, T.J.; Gray, P.W.; Miller, R.J. Chemokines regulate hippocampal neuronal signaling
and gp120 neurotoxicity. Proc. Natl. Acad. Sci. USA 1998, 95, 14500–14505. [CrossRef]

107. Piller, S.C.; Jans, P.; Gage, P.W.; Jans, D.A. Extracellular HIV-1 virus protein R causes a large inward current and cell death in
cultured hippocampal neurons: Implications for AIDS pathology. Proc. Natl. Acad. Sci. USA 1998, 95, 4595–4600. [CrossRef]

108. Kruman, I.I.; Nath, A.; Mattson, M.P. HIV-1 protein Tat induces apoptosis of hippocampal neurons by a mechanism involving
caspase activation, calcium overload, and oxidative stress. Exp. Neurol. 1998, 154, 276–288. [CrossRef]

109. Teodorof-Diedrich, C.; Spector, S.A. Human Immunodeficiency Virus Type 1 gp120 and Tat Induce Mitochondrial Fragmentation
and Incomplete Mitophagy in Human Neurons. J. Virol. 2018, 92, e00993-18. [CrossRef]

110. Lannuzel, A.; Lledo, P.M.; Lamghitnia, H.O.; Vincent, J.D.; Tardieu, M. HIV-1 envelope proteins gp120 and gp160 potentiate
NMDA-induced [Ca2+]i increase, alter [Ca2+]i homeostasis and induce neurotoxicity in human embryonic neurons. Eur. J.
Neurosci. 1995, 7, 2285–2293. [CrossRef]

111. Garden, G.A.; Guo, W.; Jayadev, S.; Tun, C.; Balcaitis, S.; Choi, J.; Montine, T.J.; Moller, T.; Morrison, R.S. HIV associated
neurodegeneration requires p53 in neurons and microglia. FASEB J. 2004, 18, 1141–1143. [CrossRef] [PubMed]

112. Medders, K.E.; Sejbuk, N.E.; Maung, R.; Desai, M.K.; Kaul, M. Activation of p38 MAPK is required in monocytic and neuronal
cells for HIV glycoprotein 120-induced neurotoxicity. J. Immunol. 2010, 185, 4883–4895. [CrossRef] [PubMed]

113. Garden, G.A.; Budd, S.L.; Tsai, E.; Hanson, L.; Kaul, M.; D’Emilia, D.M.; Friedlander, R.M.; Yuan, J.; Masliah, E.; Lipton, S.A.
Caspase cascades in human immunodeficiency virus-associated neurodegeneration. J. Neurosci. 2002, 22, 4015–4024. [CrossRef]

114. Jordan-Sciutto, K.L.; Wang, G.; Murphey-Corb, M.; Wiley, C.A. Cell cycle proteins exhibit altered expression patterns in lentiviral-
associated encephalitis. J. Neurosci. 2002, 22, 2185–2195. [CrossRef]

115. Haughey, N.J.; Cutler, R.G.; Tamara, A.; McArthur, J.C.; Vargas, D.L.; Pardo, C.A.; Turchan, J.; Nath, A.; Mattson, M.P. Perturbation
of sphingolipid metabolism and ceramide production in HIV-dementia. Ann. Neurol. 2004, 55, 257–267. [CrossRef] [PubMed]

116. Avdoshina, V.; Mocchetti, I. Recent Advances in the Molecular and Cellular Mechanisms of gp120-Mediated Neurotoxicity. Cells
2022, 11, 1599. [CrossRef]

117. Cicala, C.; Arthos, J.; Censoplano, N.; Cruz, C.; Chung, E.; Martinelli, E.; Lempicki, R.A.; Natarajan, V.; VanRyk, D.; Daucher, M.;
et al. HIV-1 gp120 induces NFAT nuclear translocation in resting CD4+ T-cells. Virology 2006, 345, 105–114. [CrossRef]

118. Ash, M.K.; Al-Harthi, L.; Schneider, J.R. HIV in the Brain: Identifying Viral Reservoirs and Addressing the Challenges of an HIV
Cure. Vaccines 2021, 9, 867. [CrossRef]

119. Hellmuth, J.; Valcour, V.; Spudich, S. CNS reservoirs for HIV: Implications for eradication. J. Virus Erad. 2015, 1, 67–71. [CrossRef]
120. Genis, P.; Jett, M.; Bernton, E.W.; Boyle, T.; Gelbard, H.A.; Dzenko, K.; Keane, R.W.; Resnick, L.; Mizrachi, Y.; Volsky, D.J.; et al.

Cytokines and arachidonic metabolites produced during human immunodeficiency virus (HIV)-infected macrophage-astroglia
interactions: Implications for the neuropathogenesis of HIV disease. J. Exp. Med. 1992, 176, 1703–1718. [CrossRef]

https://doi.org/10.3390/ijms27052192

https://doi.org/10.1038/nrm3391
https://doi.org/10.1016/S0891-5849(02)00807-9
https://www.ncbi.nlm.nih.gov/pubmed/12208348
https://doi.org/10.1038/nrd1201
https://doi.org/10.2174/138161211796904731
https://doi.org/10.1212/01.WNL.0000042048.85204.3D
https://www.ncbi.nlm.nih.gov/pubmed/12552050
https://doi.org/10.1186/1756-6606-4-23
https://www.ncbi.nlm.nih.gov/pubmed/21649911
https://doi.org/10.1523/JNEUROSCI.3207-14.2015
https://doi.org/10.3390/v15122410
https://doi.org/10.1080/13550280290049615
https://doi.org/10.1073/pnas.95.24.14500
https://doi.org/10.1073/pnas.95.8.4595
https://doi.org/10.1006/exnr.1998.6958
https://doi.org/10.1128/JVI.00993-18
https://doi.org/10.1111/j.1460-9568.1995.tb00649.x
https://doi.org/10.1096/fj.04-1676fje
https://www.ncbi.nlm.nih.gov/pubmed/15155568
https://doi.org/10.4049/jimmunol.0902535
https://www.ncbi.nlm.nih.gov/pubmed/20855878
https://doi.org/10.1523/JNEUROSCI.22-10-04015.2002
https://doi.org/10.1523/JNEUROSCI.22-06-02185.2002
https://doi.org/10.1002/ana.10828
https://www.ncbi.nlm.nih.gov/pubmed/14755730
https://doi.org/10.3390/cells11101599
https://doi.org/10.1016/j.virol.2005.09.052
https://doi.org/10.3390/vaccines9080867
https://doi.org/10.1016/S2055-6640(20)30489-1
https://doi.org/10.1084/jem.176.6.1703
https://doi.org/10.3390/ijms27052192


Int. J. Mol. Sci. 2026, 27, 2192 34 of 40

121. Tyagi, M.; Rusnati, M.; Presta, M.; Giacca, M. Internalization of HIV-1 Tat requires cell surface heparan sulfate proteoglycans.
J. Biol. Chem. 2001, 276, 3254–3261. [CrossRef]

122. Silhol, M.; Tyagi, M.; Giacca, M.; Lebleu, B.; Vives, E. Different mechanisms for cellular internalization of the HIV-1 Tat-derived
cell penetrating peptide and recombinant proteins fused to Tat. Eur. J. Biochem. 2002, 269, 494–501. [CrossRef]

123. Ivanov, A.V.; Valuev-Elliston, V.T.; Ivanova, O.N.; Kochetkov, S.N.; Starodubova, E.S.; Bartosch, B.; Isaguliants, M.G. Oxidative
Stress during HIV Infection: Mechanisms and Consequences. Oxid. Med. Cell. Longev. 2016, 2016, 8910396. [CrossRef]

124. Rao, V.R.; Eugenin, E.A.; Prasad, V.R. Evaluating the Role of Viral Proteins in HIV-Mediated Neurotoxicity Using Primary Human
Neuronal Cultures. Methods Mol. Biol. 2016, 1354, 367–376.

125. Shah, A.; Kumar, A. HIV-1 gp120-Mediated Mitochondrial Dysfunction and HIV-Associated Neurological Disorders. Neurotox.
Res. 2016, 30, 135–137. [CrossRef] [PubMed]

126. Rozzi, S.J.; Avdoshina, V.; Fields, J.A.; Mocchetti, I. Human immunodeficiency virus Tat impairs mitochondrial fission in neurons.
Cell Death Discov. 2018, 4, 8. [CrossRef] [PubMed]

127. Avdoshina, V.; Fields, J.A.; Castellano, P.; Dedoni, S.; Palchik, G.; Trejo, M.; Adame, A.; Rockenstein, E.; Eugenin, E.; Masliah, E.;
et al. The HIV Protein gp120 Alters Mitochondrial Dynamics in Neurons. Neurotox. Res. 2016, 29, 583–593. [CrossRef]

128. Andras, I.E.; Toborek, M. HIV-1-induced alterations of claudin-5 expression at the blood-brain barrier level. Methods Mol. Biol.
2011, 762, 355–370. [PubMed]

129. Prendergast, M.A.; Rogers, D.T.; Mulholland, P.J.; Littleton, J.M.; Wilkins, L.H., Jr.; Self, R.L.; Nath, A. Neurotoxic effects
of the human immunodeficiency virus type-1 transcription factor Tat require function of a polyamine sensitive-site on the
N-methyl-D-aspartate receptor. Brain Res. 2002, 954, 300–307. [CrossRef]

130. Self, R.L.; Mulholland, P.J.; Nath, A.; Harris, B.R.; Prendergast, M.A. The human immunodeficiency virus type-1 transcription
factor Tat produces elevations in intracellular Ca2+ that require function of an N-methyl-D-aspartate receptor polyamine-sensitive
site. Brain Res. 2004, 995, 39–45. [CrossRef]

131. Yarandi, S.S.; Duggan, M.R.; Sariyer, I.K. Emerging Role of Nef in the Development of HIV Associated Neurological Disorders.
J. Neuroimmune Pharmacol. 2021, 16, 238–250. [CrossRef]

132. Cohn, L.B.; Chomont, N.; Deeks, S.G. The Biology of the HIV-1 Latent Reservoir and Implications for Cure Strategies. Cell Host
Microbe 2020, 27, 519–530. [CrossRef] [PubMed]

133. Letendre, S.; Marquie-Beck, J.; Capparelli, E.; Best, B.; Clifford, D.; Collier, A.C.; Gelman, B.B.; McArthur, J.C.; McCutchan, J.A.;
Morgello, S.; et al. Validation of the CNS Penetration-Effectiveness rank for quantifying antiretroviral penetration into the central
nervous system. Arch. Neurol. 2008, 65, 65–70. [CrossRef]

134. Hunt, P.W.; Lee, S.A.; Siedner, M.J. Immunologic Biomarkers, Morbidity, and Mortality in Treated HIV Infection. J. Infect. Dis.
2016, 214, S44–S50. [CrossRef]

135. Antinori, A.; Arendt, G.; Becker, J.T.; Brew, B.J.; Byrd, D.A.; Cherner, M.; Clifford, D.B.; Cinque, P.; Epstein, L.G.; Goodkin, K.; et al.
Updated research nosology for HIV-associated neurocognitive disorders. Neurology 2007, 69, 1789–1799. [CrossRef]

136. Luetkemeyer, A.F.; Havlir, D.V.; Currier, J.S. Complications of HIV disease and antiretroviral therapy. Top Antivir. Med. 2011, 19, 58–68.
137. Jia, F.F.; Brew, B.J. Neuropathogenesis of acute HIV: Mechanisms, biomarkers, and therapeutic approaches. Curr. Opin. HIV AIDS

2025, 20, 199–208. [CrossRef]
138. Salter, M.W.; Stevens, B. Microglia emerge as central players in brain disease. Nat. Med. 2017, 23, 1018–1027. [CrossRef] [PubMed]
139. Bylicky, M.A.; Mueller, G.P.; Day, R.M. Mechanisms of Endogenous Neuroprotective Effects of Astrocytes in Brain Injury. Oxid.

Med. Cell Longev. 2018, 2018, 6501031. [CrossRef] [PubMed]
140. Kraft-Terry, S.D.; Stothert, A.R.; Buch, S.; Gendelman, H.E. HIV-1 neuroimmunity in the era of antiretroviral therapy. Neurobiol.

Dis. 2010, 37, 542–548. [CrossRef]
141. Althoff, K.N.; Smit, M.; Reiss, P.; Justice, A.C. HIV and ageing: Improving quantity and quality of life. Curr. Opin. HIV AIDS

2016, 11, 527–536. [CrossRef]
142. Cysique, L.A.; Brew, B.J.; Bruning, J.; Byrd, D.; Costello, J.; Daken, K.; Ellis, R.J.; Fazeli, P.L.; Goodkin, K.; Gouse, H.; et al.

Cognitive criteria in HIV: Greater consensus is needed. Nat. Rev. Neurol. 2024, 20, 127–128. [CrossRef]
143. Valcour, V.; Chalermchai, T.; Sailasuta, N.; Marovich, M.; Lerdlum, S.; Suttichom, D.; Suwanwela, N.C.; Jagodzinski, L.; Michael,

N.; Spudich, S.; et al. Central nervous system viral invasion and inflammation during acute HIV infection. J. Infect. Dis.
2012, 206, 275–282. [CrossRef]

144. Williams, D.W.; Calderon, T.M.; Lopez, L.; Carvallo-Torres, L.; Gaskill, P.J.; Eugenin, E.A.; Morgello, S.; Berman, J.W. Mechanisms
of HIV entry into the CNS: Increased sensitivity of HIV infected CD14+CD16+ monocytes to CCL2 and key roles of CCR2, JAM-A,
and ALCAM in diapedesis. PLoS ONE 2013, 8, e69270. [CrossRef] [PubMed]

145. Guillemin, G.J.; Brew, B.J. Microglia, macrophages, perivascular macrophages, and pericytes: A review of function and identifica-
tion. J. Leukoc. Biol. 2004, 75, 388–397. [CrossRef] [PubMed]

146. Churchill, M.; Nath, A. Where does HIV hide? A focus on the central nervous system. Curr. Opin. HIV AIDS 2013, 8, 165–169.
[CrossRef]

https://doi.org/10.3390/ijms27052192

https://doi.org/10.1074/jbc.M006701200
https://doi.org/10.1046/j.0014-2956.2001.02671.x
https://doi.org/10.1155/2016/8910396
https://doi.org/10.1007/s12640-016-9619-3
https://www.ncbi.nlm.nih.gov/pubmed/27072361
https://doi.org/10.1038/s41420-017-0013-6
https://www.ncbi.nlm.nih.gov/pubmed/29531805
https://doi.org/10.1007/s12640-016-9608-6
https://www.ncbi.nlm.nih.gov/pubmed/21717370
https://doi.org/10.1016/S0006-8993(02)03360-7
https://doi.org/10.1016/j.brainres.2003.09.052
https://doi.org/10.1007/s11481-020-09964-1
https://doi.org/10.1016/j.chom.2020.03.014
https://www.ncbi.nlm.nih.gov/pubmed/32272077
https://doi.org/10.1001/archneurol.2007.31
https://doi.org/10.1093/infdis/jiw275
https://doi.org/10.1212/01.WNL.0000287431.88658.8b
https://doi.org/10.1097/COH.0000000000000923
https://doi.org/10.1038/nm.4397
https://www.ncbi.nlm.nih.gov/pubmed/28886007
https://doi.org/10.1155/2018/6501031
https://www.ncbi.nlm.nih.gov/pubmed/29805731
https://doi.org/10.1016/j.nbd.2009.12.015
https://doi.org/10.1097/COH.0000000000000305
https://doi.org/10.1038/s41582-024-00927-1
https://doi.org/10.1093/infdis/jis326
https://doi.org/10.1371/journal.pone.0069270
https://www.ncbi.nlm.nih.gov/pubmed/23922698
https://doi.org/10.1189/jlb.0303114
https://www.ncbi.nlm.nih.gov/pubmed/14612429
https://doi.org/10.1097/COH.0b013e32835fc601
https://doi.org/10.3390/ijms27052192


Int. J. Mol. Sci. 2026, 27, 2192 35 of 40

147. Galvez, C.; Grau-Exposito, J.; Urrea, V.; Clotet, B.; Falco, V.; Buzon, M.J.; Martinez-Picado, J. Atlas of the HIV-1 Reservoir in
Peripheral CD4 T Cells of Individuals on Successful Antiretroviral Therapy. mBio 2021, 12, e0307821. [CrossRef] [PubMed]

148. Said, N.; Venketaraman, V. Neuroinflammation, Blood-Brain Barrier, and HIV Reservoirs in the CNS: An In-Depth Exploration of
Latency Mechanisms and Emerging Therapeutic Strategies. Viruses 2025, 17, 572. [CrossRef]

149. Chivero, E.T.; Guo, M.L.; Periyasamy, P.; Liao, K.; Callen, S.E.; Buch, S. HIV-1 Tat Primes and Activates Microglial NLRP3
Inflammasome-Mediated Neuroinflammation. J. Neurosci. 2017, 37, 3599–3609. [CrossRef]

150. Saro, A.; Gao, Z.; Kambey, P.A.; Pielnaa, P.; Marcellin, D.F.H.; Luo, A.; Zheng, R.; Huang, Z.; Liao, L.; Zhao, M.; et al. HIV-
Proteins-Associated CNS Neurotoxicity, Their Mediators, and Alternative Treatments. Cell. Mol. Neurobiol. 2022, 42, 2553–2569.
[CrossRef]

151. Utz, S.G.; See, P.; Mildenberger, W.; Thion, M.S.; Silvin, A.; Lutz, M.; Ingelfinger, F.; Rayan, N.A.; Lelios, I.; Buttgereit, A.; et al.
Early Fate Defines Microglia and Non-parenchymal Brain Macrophage Development. Cell 2020, 181, 557–573.e18. [CrossRef]
[PubMed]

152. Brioschi, S.; Belk, J.A.; Peng, V.; Molgora, M.; Rodrigues, P.F.; Nguyen, K.M.; Wang, S.; Du, S.; Wang, W.L.; Grajales-Reyes, G.E.;
et al. A Cre-deleter specific for embryo-derived brain macrophages reveals distinct features of microglia and border macrophages.
Immunity 2023, 56, 1027–1045 e8. [CrossRef]

153. Wen, W.; Cheng, J.; Tang, Y. Brain perivascular macrophages: Current understanding and future prospects. Brain 2024, 147, 39–55.
[CrossRef]

154. Williams, D.W.; Veenstra, M.; Gaskill, P.J.; Morgello, S.; Calderon, T.M.; Berman, J.W. Monocytes mediate HIV neuropathogenesis:
Mechanisms that contribute to HIV associated neurocognitive disorders. Curr. HIV Res. 2014, 12, 85–96. [CrossRef]

155. Ancuta, P.; Kamat, A.; Kunstman, K.J.; Kim, E.Y.; Autissier, P.; Wurcel, A.; Zaman, T.; Stone, D.; Mefford, M.; Morgello, S.;
et al. Microbial translocation is associated with increased monocyte activation and dementia in AIDS patients. PLoS ONE
2008, 3, e2516. [CrossRef]

156. Pajarillo, E.; Rizor, A.; Lee, J.; Aschner, M.; Lee, E. The role of astrocytic glutamate transporters GLT-1 and GLAST in neurological
disorders: Potential targets for neurotherapeutics. Neuropharmacology 2019, 161, 107559. [CrossRef]

157. Mahmoud, S.; Gharagozloo, M.; Simard, C.; Gris, D. Astrocytes Maintain Glutamate Homeostasis in the CNS by Controlling the
Balance between Glutamate Uptake and Release. Cells 2019, 8, 182. [CrossRef]

158. Muldoon, L.L.; Alvarez, J.I.; Begley, D.J.; Boado, R.J.; Del Zoppo, G.J.; Doolittle, N.D.; Engelhardt, B.; Hallenbeck, J.M.; Lonser,
R.R.; Ohlfest, J.R.; et al. Immunologic privilege in the central nervous system and the blood-brain barrier. J. Cereb. Blood. Flow.
Metab. 2013, 33, 13–21. [CrossRef]

159. Persidsky, Y.; Ramirez, S.H.; Haorah, J.; Kanmogne, G.D. Blood-brain barrier: Structural components and function under
physiologic and pathologic conditions. J. Neuroimmune Pharmacol. 2006, 1, 223–236. [CrossRef] [PubMed]

160. Dallasta, L.M.; Pisarov, L.A.; Esplen, J.E.; Werley, J.V.; Moses, A.V.; Nelson, J.A.; Achim, C.L. Blood-brain barrier tight junction
disruption in human immunodeficiency virus-1 encephalitis. Am. J. Pathol. 1999, 155, 1915–1927. [CrossRef] [PubMed]

161. Sharma, A.L.; Wang, H.; Zhang, Z.; Millien, G.; Tyagi, M.; Hongpaisan, J. HIV Promotes Neurocognitive Impairment by Damaging
the Hippocampal Microvessels. Mol. Neurobiol. 2022, 59, 4966–4986. [CrossRef]

162. Kelschenbach, J.; He, H.; Kim, B.H.; Borjabad, A.; Gu, C.J.; Chao, W.; Do, M.; Sharer, L.R.; Zhang, H.; Arancio, O.; et al.
Efficient Expression of HIV in Immunocompetent Mouse Brain Reveals a Novel Nonneurotoxic Viral Function in Hippocampal
Synaptodendritic Injury and Memory Impairment. mBio 2019, 10, e00591-19. [CrossRef] [PubMed]

163. Kaul, M.; Lipton, S.A. Mechanisms of neuronal injury and death in HIV-1 associated dementia. Curr. HIV Res. 2006, 4, 307–318.
[CrossRef] [PubMed]

164. Kellner, Y.; Godecke, N.; Dierkes, T.; Thieme, N.; Zagrebelsky, M.; Korte, M. The BDNF effects on dendritic spines of mature
hippocampal neurons depend on neuronal activity. Front. Synaptic Neurosci. 2014, 6, 5. [CrossRef]

165. Liu, Y.; Zhou, D.; Feng, J.; Liu, Z.; Hu, Y.; Liu, C.; Kong, X. HIV-1 Protein Tat1-72 Impairs Neuronal Dendrites via Activation of PP1
and Regulation of the CREB/BDNF Pathway. Virol. Sin. 2018, 33, 261–269. [CrossRef]

166. Louboutin, J.P.; Agrawal, L.; Reyes, B.A.; Van Bockstaele, E.J.; Strayer, D.S. HIV-1 gp120-induced injury to the blood-brain barrier:
Role of metalloproteinases 2 and 9 and relationship to oxidative stress. J. Neuropathol. Exp. Neurol. 2010, 69, 801–816. [CrossRef]

167. Louboutin, J.P.; Strayer, D.S. Blood-brain barrier abnormalities caused by HIV-1 gp120: Mechanistic and therapeutic implications.
Sci. World J. 2012, 2012, 482575. [CrossRef]

168. Xu, R.; Feng, X.; Xie, X.; Zhang, J.; Wu, D.; Xu, L. HIV-1 Tat protein increases the permeability of brain endothelial cells by both
inhibiting occludin expression and cleaving occludin via matrix metalloproteinase-9. Brain Res. 2012, 1436, 13–19. [CrossRef]

169. Ju, S.M.; Song, H.Y.; Lee, J.A.; Lee, S.J.; Choi, S.Y.; Park, J. Extracellular HIV-1 Tat up-regulates expression of matrix
metalloproteinase-9 via a MAPK-NF-kappaB dependent pathway in human astrocytes. Exp. Mol. Med. 2009, 41, 86–93.
[CrossRef]

170. Atluri, V.S.; Hidalgo, M.; Samikkannu, T.; Kurapati, K.R.; Jayant, R.D.; Sagar, V.; Nair, M.P. Effect of human immunodeficiency
virus on blood-brain barrier integrity and function: An update. Front. Cell. Neurosci. 2015, 9, 212. [CrossRef]

https://doi.org/10.3390/ijms27052192

https://doi.org/10.1128/mBio.03078-21
https://www.ncbi.nlm.nih.gov/pubmed/34844430
https://doi.org/10.3390/v17040572
https://doi.org/10.1523/JNEUROSCI.3045-16.2017
https://doi.org/10.1007/s10571-021-01151-x
https://doi.org/10.1016/j.cell.2020.03.021
https://www.ncbi.nlm.nih.gov/pubmed/32259484
https://doi.org/10.1016/j.immuni.2023.01.028
https://doi.org/10.1093/brain/awad304
https://doi.org/10.2174/1570162X12666140526114526
https://doi.org/10.1371/journal.pone.0002516
https://doi.org/10.1016/j.neuropharm.2019.03.002
https://doi.org/10.3390/cells8020184
https://doi.org/10.1038/jcbfm.2012.153
https://doi.org/10.1007/s11481-006-9025-3
https://www.ncbi.nlm.nih.gov/pubmed/18040800
https://doi.org/10.1016/S0002-9440(10)65511-3
https://www.ncbi.nlm.nih.gov/pubmed/10595922
https://doi.org/10.1007/s12035-022-02890-8
https://doi.org/10.1128/mBio.00591-19
https://www.ncbi.nlm.nih.gov/pubmed/31266862
https://doi.org/10.2174/157016206777709384
https://www.ncbi.nlm.nih.gov/pubmed/16842083
https://doi.org/10.3389/fnsyn.2014.00005
https://doi.org/10.1007/s12250-018-0031-4
https://doi.org/10.1097/NEN.0b013e3181e8c96f
https://doi.org/10.1100/2012/482575
https://doi.org/10.1016/j.brainres.2011.11.052
https://doi.org/10.3858/emm.2009.41.2.011
https://doi.org/10.3389/fncel.2015.00212
https://doi.org/10.3390/ijms27052192


Int. J. Mol. Sci. 2026, 27, 2192 36 of 40

171. Farhadian, S.F.; Lindenbaum, O.; Zhao, J.; Corley, M.J.; Im, Y.; Walsh, H.; Vecchio, A.; Garcia-Milian, R.; Chiarella, J.; Chin-
tanaphol, M.; et al. HIV viral transcription and immune perturbations in the CNS of people with HIV despite ART. JCI Insight
2022, 7, e160267. [CrossRef]

172. Avdoshina, V.; Bachis, A.; Mocchetti, I. Synaptic dysfunction in human immunodeficiency virus type-1-positive subjects:
Inflammation or impaired neuronal plasticity? J. Intern. Med. 2013, 273, 454–465. [CrossRef] [PubMed]

173. Siliciano, J.D.; Siliciano, R.F. Nonsuppressible HIV-1 viremia: A reflection of how the reservoir persists. J. Clin. Investig.
2020, 130, 5665–5667. [CrossRef]

174. Dickens, A.M.; Yoo, S.W.; Chin, A.C.; Xu, J.; Johnson, T.P.; Trout, A.L.; Hauser, K.F.; Haughey, N.J. Chronic low-level expression of
HIV-1 Tat promotes a neurodegenerative phenotype with aging. Sci. Rep. 2017, 7, 7748. [CrossRef]

175. Festa, L.K.; Grinspan, J.B.; Jordan-Sciutto, K.L. White matter injury across neurodegenerative disease. Trends Neurosci.
2024, 47, 47–57. [CrossRef]

176. Filiano, A.J.; Jordan-Sciutto, K.L. Editorial overview: Crosstalk between neural and immune systems. Curr. Opin. Neurobiol.
2023, 78, 102671. [CrossRef]

177. Nightingale, S.; Winston, A.; Letendre, S.; Michael, B.D.; McArthur, J.C.; Khoo, S.; Solomon, T. Controversies in HIV-associated
neurocognitive disorders. Lancet Neurol. 2014, 13, 1139–1151. [CrossRef] [PubMed]

178. Robertson, K.; Liner, J.; Meeker, R.B. Antiretroviral neurotoxicity. J. Neurovirol. 2012, 18, 388–399. [CrossRef] [PubMed]
179. Stauch, K.L.; Emanuel, K.; Lamberty, B.G.; Morsey, B.; Fox, H.S. Central nervous system-penetrating antiretrovirals impair

energetic reserve in striatal nerve terminals. J. Neurovirol. 2017, 23, 795–807. [CrossRef]
180. Underwood, J.; Robertson, K.R.; Winston, A. Could antiretroviral neurotoxicity play a role in the pathogenesis of cognitive

impairment in treated HIV disease? AIDS 2015, 29, 253–261. [CrossRef] [PubMed]
181. Lanman, T.; Letendre, S.; Ma, Q.; Bang, A.; Ellis, R. CNS Neurotoxicity of Antiretrovirals. J. Neuroimmune Pharmacol.

2021, 16, 130–143. [CrossRef] [PubMed]
182. Shin, Y.H.; Park, C.M.; Yoon, C.H. An Overview of Human Immunodeficiency Virus-1 Antiretroviral Drugs: General Principles

and Current Status. Infect. Chemother. 2021, 53, 29–45. [CrossRef]
183. Akay, C.; Cooper, M.; Odeleye, A.; Jensen, B.K.; White, M.G.; Vassoler, F.; Gannon, P.J.; Mankowski, J.; Dorsey, J.L.; Buch,

A.M.; et al. Antiretroviral drugs induce oxidative stress and neuronal damage in the central nervous system. J. Neurovirol.
2014, 20, 39–53. Correction in J. Neurovirol. 2015, 31, 302–303. [CrossRef]

184. Dorjee, K.; Desai, M.; Choden, T.; Baxi, S.M.; Hubbard, A.E.; Reingold, A.L. Acute myocardial infarction associated with abacavir
and tenofovir based antiretroviral drug combinations in the United States. AIDS Res. Ther. 2021, 18, 57. [CrossRef]

185. Swinton, M.K.; Carson, A.; Telese, F.; Sanchez, A.B.; Soontornniyomkij, B.; Rad, L.; Batki, I.; Quintanilla, B.; Perez-Santiago, J.;
Achim, C.L.; et al. Mitochondrial biogenesis is altered in HIV+ brains exposed to ART: Implications for therapeutic targeting of
astroglia. Neurobiol. Dis. 2019, 130, 104502. [CrossRef]

186. Tovar-y-Romo, L.B.; Bumpus, N.N.; Pomerantz, D.; Avery, L.B.; Sacktor, N.; McArthur, J.C.; Haughey, N.J. Dendritic spine injury
induced by the 8-hydroxy metabolite of efavirenz. J. Pharmacol. Exp. Ther. 2012, 343, 696–703. [CrossRef] [PubMed]

187. Allen Reeves, A.; Fuentes, A.V.; Caballero, J.; Thomas, J.E.; Mosley Ii, J.F.; Harrington, C. Neurotoxicities in the treatment of HIV
between dolutegravir, rilpivirine and dolutegravir/rilpivirine: A meta-analysis. Sex. Transm. Infect. 2021, 97, 261–267. [CrossRef]

188. McMullan, H.M.; Gansemer, B.M.; Thayer, S.A. Antiretroviral drugs from multiple classes induce loss of excitatory synapses
between hippocampal neurons in culture. Front. Pharmacol. 2024, 15, 1369757. [CrossRef] [PubMed]

189. Anderson, A.M.; Jang, J.H.; Easley, K.A.; Fuchs, D.; Gisslen, M.; Zetterberg, H.; Blennow, K.; Ellis, R.J.; Franklin, D.; Heaton,
R.K.; et al. Cognitive and Neuronal Link with Inflammation: A Longitudinal Study in People with and Without HIV Infection.
J. Acquir. Immune Defic. Syndr. 2020, 85, 617–625. [CrossRef]

190. Guha, D.; Misra, V.; Yin, J.; Gabuzda, D. CSF Inflammation Markers Associated with Asymptomatic Viral Escape in Cerebrospinal
Fluid of HIV-Positive Individuals on Antiretroviral Therapy. Viruses 2023, 15, 1829. [CrossRef]

191. Burdo, T.H.; Weiffenbach, A.; Woods, S.P.; Letendre, S.; Ellis, R.J.; Williams, K.C. Elevated sCD163 in plasma but not cerebrospinal
fluid is a marker of neurocognitive impairment in HIV infection. AIDS 2013, 27, 1387–1395. [CrossRef] [PubMed]

192. Walsh, J.G.; Muruve, D.A.; Power, C. Inflammasomes in the CNS. Nat. Rev. Neurosci. 2014, 15, 84–97. [CrossRef]
193. Mehta, N.; Luthra, N.S.; Corcos, D.M.; Fantuzzi, G. C-reactive protein as the biomarker of choice to monitor the effects of exercise

on inflammation in Parkinson’s disease. Front. Immunol. 2023, 14, 1178448. [CrossRef] [PubMed]
194. Yuan, D.; Zhou, Y.; Shi, L.; Liu, Y.; Lu, J.; Chen, J.; Fu, G.; Wang, B. HIV-1 Drug Resistance Profiles of Low-Level Viremia Patients

and Factors Associated with the Treatment Effect of ART-Treated Patients: A Cross-Sectional Study in Jiangsu, China. Front.
Public Health 2022, 10, 944990. [CrossRef]

195. Sharma, A.L.; Tyagi, P.; Khumallambam, M.; Tyagi, M. Cocaine-Induced DNA-Dependent Protein Kinase Relieves RNAP II
Pausing by Promoting TRIM28 Phosphorylation and RNAP II Hyperphosphorylation to Enhance HIV Transcription. Cells
2024, 13, 1950. [CrossRef]

https://doi.org/10.3390/ijms27052192

https://doi.org/10.1172/jci.insight.160267
https://doi.org/10.1111/joim.12050
https://www.ncbi.nlm.nih.gov/pubmed/23600400
https://doi.org/10.1172/JCI141497
https://doi.org/10.1038/s41598-017-07570-5
https://doi.org/10.1016/j.tins.2023.11.003
https://doi.org/10.1016/j.conb.2022.102671
https://doi.org/10.1016/S1474-4422(14)70137-1
https://www.ncbi.nlm.nih.gov/pubmed/25316020
https://doi.org/10.1007/s13365-012-0120-3
https://www.ncbi.nlm.nih.gov/pubmed/22811264
https://doi.org/10.1007/s13365-017-0573-5
https://doi.org/10.1097/QAD.0000000000000538
https://www.ncbi.nlm.nih.gov/pubmed/25426811
https://doi.org/10.1007/s11481-019-09886-7
https://www.ncbi.nlm.nih.gov/pubmed/31823251
https://doi.org/10.3947/ic.2020.0100
https://doi.org/10.1007/s13365-013-0227-1
https://doi.org/10.1186/s12981-021-00383-7
https://doi.org/10.1016/j.nbd.2019.104502
https://doi.org/10.1124/jpet.112.195701
https://www.ncbi.nlm.nih.gov/pubmed/22984227
https://doi.org/10.1136/sextrans-2020-054821
https://doi.org/10.3389/fphar.2024.1369757
https://www.ncbi.nlm.nih.gov/pubmed/38533258
https://doi.org/10.1097/QAI.0000000000002484
https://doi.org/10.3390/v15091829
https://doi.org/10.1097/QAD.0b013e32836010bd
https://www.ncbi.nlm.nih.gov/pubmed/23435298
https://doi.org/10.1038/nrn3638
https://doi.org/10.3389/fimmu.2023.1178448
https://www.ncbi.nlm.nih.gov/pubmed/37251392
https://doi.org/10.3389/fpubh.2022.944990
https://doi.org/10.3390/cells13231950
https://doi.org/10.3390/ijms27052192


Int. J. Mol. Sci. 2026, 27, 2192 37 of 40

196. Tyagi, S.; Ochem, A.; Tyagi, M. DNA-PK functionally interacts with RNA polymerase II complex recruited at HIV LTR and play
important role in HIV gene expression. J. Gen. Virol. 2011, 92, 1710–1720. [CrossRef]

197. Gulen, M.F.; Samson, N.; Keller, A.; Schwabenland, M.; Liu, C.; Gluck, S.; Thacker, V.V.; Favre, L.; Mangeat, B.; Kroese, L.J.; et al.
cGAS-STING drives ageing-related inflammation and neurodegeneration. Nature 2023, 620, 374–380. [CrossRef]

198. Bhardwaj, N.; Maldarelli, F.; Mellors, J.; Coffin, J.M. HIV-1 infection leads to increased transcription of human endogenous
retrovirus HERV-K (HML-2) proviruses in vivo but not to increased virion production. J. Virol. 2014, 88, 11108–11120. [CrossRef]
[PubMed]

199. Rodrigues, L.S.; da Silva Nali, L.H.; Leal, C.O.D.; Sabino, E.C.; Lacerda, E.M.; Kingdon, C.C.; Nacul, L.; Romano, C.M. HERV-
K and HERV-W transcriptional activity in myalgic encephalomyelitis/chronic fatigue syndrome. Auto Immun. Highlights
2019, 10, 12. [CrossRef]

200. Bloch, M.; John, M.; Smith, D.; Rasmussen, T.A.; Wright, E. Managing HIV-associated inflammation and ageing in the era of
modern ART. HIV Med. 2020, 21, 2–16. [CrossRef]

201. Akusjarvi, S.S.; Neogi, U. Biological Aging in People Living with HIV on Successful Antiretroviral Therapy: Do They Age Faster?
Curr. HIV/AIDS Rep. 2023, 20, 42–50. [CrossRef]

202. Canizares, S.; Cherner, M.; Ellis, R.J. HIV and aging: Effects on the central nervous system. Semin. Neurol. 2014, 34, 27–34.
[CrossRef]

203. Aung, H.L.; Aghvinian, M.; Gouse, H.; Robbins, R.N.; Brew, B.J.; Mao, L.; Cysique, L.A. Is There Any Evidence of Premature,
Accentuated and Accelerated Aging Effects on Neurocognition in People Living with HIV? A Systematic Review. AIDS Behav.
2021, 25, 917–960. [CrossRef] [PubMed]

204. Clark, U.S.; Cohen, R.A. Brain dysfunction in the era of combination antiretroviral therapy: Implications for the treatment of the
aging population of HIV-infected individuals. Curr. Opin. Investig. Drugs 2010, 11, 884–900.

205. Soontornniyomkij, V.; Umlauf, A.; Soontornniyomkij, B.; Gouaux, B.; Ellis, R.J.; Levine, A.J.; Moore, D.J.; Letendre, S.L. Association
of antiretroviral therapy with brain aging changes among HIV-infected adults. AIDS 2018, 32, 2005–2015. [CrossRef] [PubMed]

206. Herrero, A.; Barja, G. Effect of aging on mitochondrial and nuclear DNA oxidative damage in the heart and brain throughout the
life-span of the rat. J. Am. Aging Assoc. 2001, 24, 45–50. [CrossRef]

207. Roca-Bayerri, C.; Robertson, F.; Pyle, A.; Hudson, G.; Payne, B.A.I. Mitochondrial DNA Damage and Brain Aging in Human
Immunodeficiency Virus. Clin. Infect. Dis. 2021, 73, e466–e473. [CrossRef] [PubMed]

208. Goodkin, K.; Wilkie, F.L.; Concha, M.; Hinkin, C.H.; Symes, S.; Baldewicz, T.T.; Asthana, D.; Fujimura, R.K.; Lee, D.; van Zuilen,
M.H.; et al. Aging and neuro-AIDS conditions and the changing spectrum of HIV-1-associated morbidity and mortality. J. Clin.
Epidemiol. 2001, 54, S35–S43. [CrossRef]

209. Hunt, P.W. HIV and inflammation: Mechanisms and consequences. Curr. HIV/AIDS Rep. 2012, 9, 139–147. [CrossRef]
210. Lerma-Chippirraz, E.; Pineda-Moncusi, M.; Gonzalez-Mena, A.; Soldado-Folgado, J.; Knobel, H.; Trenchs-Rodriguez, M.; Diez-

Perez, A.; Brown, T.T.; Garcia-Giralt, N.; Guerri-Fernandez, R. Inflammation status in HIV-positive individuals correlates with
changes in bone tissue quality after initiation of ART. J. Antimicrob. Chemother. 2019, 74, 1381–1388. [CrossRef]

211. Pedro, M.N.; Rocha, G.Z.; Guadagnini, D.; Santos, A.; Magro, D.O.; Assalin, H.B.; Oliveira, A.G.; Pedro, R.J.; Saad, M.J.A. Insulin
Resistance in HIV-Patients: Causes and Consequences. Front. Endocrinol. 2018, 9, 514. [CrossRef]

212. Leng, S.X.; Margolick, J.B. Understanding frailty, aging, and inflammation in HIV infection. Curr. HIV/AIDS Rep. 2015, 12, 25–32.
[CrossRef]

213. Xu, X.; Ouyang, J.; Yan, J.; Lu, Y.; Harypursat, V.; Wu, H.; Chen, Y. Intestinal barrier damage contributes to a higher prevalence of
frailty in aging people living with HIV: A retrospective case control study in a Chinese cohort. Front. Immunol. 2024, 15, 1480083.
[CrossRef] [PubMed]

214. Johnson, T.P.; Nath, A. New insights into immune reconstitution inflammatory syndrome of the central nervous system. Curr.
Opin. HIV AIDS 2014, 9, 572–578. [CrossRef]

215. Johnson, T.P.; Patel, K.; Johnson, K.R.; Maric, D.; Calabresi, P.A.; Hasbun, R.; Nath, A. Induction of IL-17 and nonclassical T-cell
activation by HIV-Tat protein. Proc. Natl. Acad. Sci. USA 2013, 110, 13588–13593. [CrossRef]

216. Nguchu, B.A.; Zhao, J.; Lu, Y.; Han, Y.; Jin, H.; Wang, X.; Li, H.; Shaw, P. Human immunodeficiency virus accelerates brain aging
and disrupts the trajectory of glymphatic clearance in aging brain. Front. Psychiatry 2025, 16, 1509093. [CrossRef] [PubMed]

217. McArthur, J.C.; Johnson, T.P. Chronic inflammation mediates brain injury in HIV infection: Relevance for cure strategies. Curr.
Opin. Neurol. 2020, 33, 397–404. [CrossRef]

218. Lee, J.; Kim, H.J. Normal Aging Induces Changes in the Brain and Neurodegeneration Progress: Review of the Structural,
Biochemical, Metabolic, Cellular, and Molecular Changes. Front. Aging Neurosci. 2022, 14, 931536. [CrossRef]

219. Estes, J.D.; Kityo, C.; Ssali, F.; Swainson, L.; Makamdop, K.N.; Del Prete, G.Q.; Deeks, S.G.; Luciw, P.A.; Chipman, J.G.; Beilman,
G.J.; et al. Defining total-body AIDS-virus burden with implications for curative strategies. Nat. Med. 2017, 23, 1271–1276.
[CrossRef] [PubMed]

https://doi.org/10.3390/ijms27052192

https://doi.org/10.1099/vir.0.029587-0
https://doi.org/10.1038/s41586-023-06373-1
https://doi.org/10.1128/JVI.01623-14
https://www.ncbi.nlm.nih.gov/pubmed/25056891
https://doi.org/10.1186/s13317-019-0122-8
https://doi.org/10.1111/hiv.12952
https://doi.org/10.1007/s11904-023-00646-0
https://doi.org/10.1055/s-0034-1372340
https://doi.org/10.1007/s10461-020-03053-3
https://www.ncbi.nlm.nih.gov/pubmed/33025390
https://doi.org/10.1097/QAD.0000000000001927
https://www.ncbi.nlm.nih.gov/pubmed/29912063
https://doi.org/10.1007/s11357-001-0006-4
https://doi.org/10.1093/cid/ciaa984
https://www.ncbi.nlm.nih.gov/pubmed/32722761
https://doi.org/10.1016/S0895-4356(01)00445-0
https://doi.org/10.1007/s11904-012-0118-8
https://doi.org/10.1093/jac/dkz014
https://doi.org/10.3389/fendo.2018.00514
https://doi.org/10.1007/s11904-014-0247-3
https://doi.org/10.3389/fimmu.2024.1480083
https://www.ncbi.nlm.nih.gov/pubmed/39524438
https://doi.org/10.1097/COH.0000000000000107
https://doi.org/10.1073/pnas.1308673110
https://doi.org/10.3389/fpsyt.2025.1509093
https://www.ncbi.nlm.nih.gov/pubmed/40502828
https://doi.org/10.1097/WCO.0000000000000807
https://doi.org/10.3389/fnagi.2022.931536
https://doi.org/10.1038/nm.4411
https://www.ncbi.nlm.nih.gov/pubmed/28967921
https://doi.org/10.3390/ijms27052192


Int. J. Mol. Sci. 2026, 27, 2192 38 of 40

220. Ishizaka, A.; Koga, M.; Mizutani, T.; Parbie, P.K.; Prawisuda, D.; Yusa, N.; Sedohara, A.; Kikuchi, T.; Ikeuchi, K.; Adachi, E.; et al.
Unique Gut Microbiome in HIV Patients on Antiretroviral Therapy (ART) Suggests Association with Chronic Inflammation.
Microbiol. Spectr. 2021, 9, e0070821. [CrossRef]

221. Nuhn, M.M.; Gumbs, S.B.H.; Schipper, P.J.; Drosou, I.; Gharu, L.; Buchholtz, N.; Snijders, G.; Gigase, F.A.J.; Wensing, A.M.J.;
Symons, J.; et al. Microglia Exhibit a Unique Intact HIV Reservoir in Human Postmortem Brain Tissue. Viruses 2025, 17, 467.
[CrossRef] [PubMed]

222. Wallet, C.; De Rovere, M.; Van Assche, J.; Daouad, F.; De Wit, S.; Gautier, V.; Mallon, P.W.G.; Marcello, A.; Van Lint, C.; Rohr, O.;
et al. Microglial Cells: The Main HIV-1 Reservoir in the Brain. Front. Cell. Infect. Microbiol. 2019, 9, 362. [CrossRef]

223. Sominsky, L.; De Luca, S.; Spencer, S.J. Microglia: Key players in neurodevelopment and neuronal plasticity. Int. J. Biochem. Cell.
Biol. 2018, 94, 56–60. [CrossRef] [PubMed]

224. Tyagi, M.; Weber, J.; Bukrinsky, M.; Simon, G.L. The effects of cocaine on HIV transcription. J. Neurovirol. 2016, 22, 261–274.
[CrossRef]

225. Rahimy, E.; Li, F.Y.; Hagberg, L.; Fuchs, D.; Robertson, K.; Meyerhoff, D.J.; Zetterberg, H.; Price, R.W.; Gisslen, M.; Spudich, S.
Blood-Brain Barrier Disruption Is Initiated During Primary HIV Infection and Not Rapidly Altered by Antiretroviral Therapy.
J. Infect. Dis. 2017, 215, 1132–1140. [CrossRef]

226. Toborek, M.; Lee, Y.W.; Flora, G.; Pu, H.; Andras, I.E.; Wylegala, E.; Hennig, B.; Nath, A. Mechanisms of the blood-brain barrier
disruption in HIV-1 infection. Cell. Mol. Neurobiol. 2005, 25, 181–199. [CrossRef]

227. Gisslen, M.; Krut, J.; Andreasson, U.; Blennow, K.; Cinque, P.; Brew, B.J.; Spudich, S.; Hagberg, L.; Rosengren, L.; Price, R.W.; et al.
Amyloid and tau cerebrospinal fluid biomarkers in HIV infection. BMC Neurol. 2009, 9, 63. [CrossRef]

228. Hategan, A.; Masliah, E.; Nath, A. HIV and Alzheimer’s disease: Complex interactions of HIV-Tat with amyloid beta peptide and
Tau protein. J. Neurovirol. 2019, 25, 648–660. [CrossRef]

229. Dong, Z.; Wu, L.; Hong, H. Mitochondrial Dysfunction in the Pathogenesis and Treatment of Oral Inflammatory Diseases. Int. J.
Mol. Sci. 2023, 24, 15483. [CrossRef]

230. Willems, P.H.; Rossignol, R.; Dieteren, C.E.; Murphy, M.P.; Koopman, W.J. Redox Homeostasis and Mitochondrial Dynamics. Cell
Metab. 2015, 22, 207–218. [CrossRef] [PubMed]

231. Abate, M.; Festa, A.; Falco, M.; Lombardi, A.; Luce, A.; Grimaldi, A.; Zappavigna, S.; Sperlongano, P.; Irace, C.; Caraglia, M.;
et al. Mitochondria as playmakers of apoptosis, autophagy and senescence. Semin. Cell. Dev. Biol. 2020, 98, 139–153. [CrossRef]
[PubMed]

232. Spinelli, J.B.; Haigis, M.C. The multifaceted contributions of mitochondria to cellular metabolism. Nat. Cell. Biol. 2018, 20, 745–754.
[CrossRef] [PubMed]

233. Kudryavtseva, A.V.; Krasnov, G.S.; Dmitriev, A.A.; Alekseev, B.Y.; Kardymon, O.L.; Sadritdinova, A.F.; Fedorova, M.S.; Pokrovsky,
A.V.; Melnikova, N.V.; Kaprin, A.D.; et al. Mitochondrial dysfunction and oxidative stress in aging and cancer. Oncotarget
2016, 7, 44879–44905. [CrossRef]

234. Lin, Y.H.; Lin, K.J.; Chen, J.Y. Linking mitochondrial dysfunction, hormonal decline, and aging to cancer development. Biomed. J.
2025, 48, 100887. [CrossRef]

235. Moro, L. Mitochondrial Dysfunction in Aging and Cancer. J. Clin. Med. 2019, 8, 1983. [CrossRef]
236. Singh, K.K. Mitochondrial dysfunction is a common phenotype in aging and cancer. Ann. N. Y. Acad. Sci. 2004, 1019, 260–264.

[CrossRef]
237. Gagliardi, S.; Hotchkin, T.; Hillmer, G.; Engelbride, M.; Diggs, A.; Tibebe, H.; Izumi, C.; Sullivan, C.; Cropp, C.; Lantz, O.; et al.

Oxidative Stress in HIV-Associated Neurodegeneration: Mechanisms of Pathogenesis and Therapeutic Targets. Int. J. Mol. Sci.
2025, 26, 6724. [CrossRef]

238. Fields, J.A.; Ellis, R.J. HIV in the cART era and the mitochondrial: Immune interface in the CNS. Int. Rev. Neurobiol.
2019, 145, 29–65.

239. Xu, X.; Pang, Y.; Fan, X. Mitochondria in oxidative stress, inflammation and aging: From mechanisms to therapeutic advances.
Signal Transduct. Target Ther. 2025, 10, 190. [CrossRef] [PubMed]

240. Schapira, A.H. Mitochondrial dysfunction in neurodegenerative diseases. Neurochem. Res. 2008, 33, 2502–2509. [CrossRef]
241. Barja, G.; Herrero, A. Oxidative damage to mitochondrial DNA is inversely related to maximum life span in the heart and brain

of mammals. FASEB J. 2000, 14, 312–318. [CrossRef]
242. Koczor, C.; Kohler, J.; Lewis, W. Transgenic mouse models of mitochondrial toxicity associated with HIV/AIDS and antiretrovirals.

Methods 2010, 51, 399–404. [CrossRef]
243. Kohler, J.J.; Lewis, W. A brief overview of mechanisms of mitochondrial toxicity from NRTIs. Env. Mol. Mutagen. 2007, 48, 166–172.

[CrossRef]
244. Nath, A.; Hauser, K.F.; Wojna, V.; Booze, R.M.; Maragos, W.; Prendergast, M.; Cass, W.; Turchan, J.T. Molecular basis for

interactions of HIV and drugs of abuse. J. Acquir. Immune Defic. Syndr. 2002, 31, S62–S69. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27052192

https://doi.org/10.1128/Spectrum.00708-21
https://doi.org/10.3390/v17040467
https://www.ncbi.nlm.nih.gov/pubmed/40284910
https://doi.org/10.3389/fcimb.2019.00362
https://doi.org/10.1016/j.biocel.2017.11.012
https://www.ncbi.nlm.nih.gov/pubmed/29197626
https://doi.org/10.1007/s13365-015-0398-z
https://doi.org/10.1093/infdis/jix013
https://doi.org/10.1007/s10571-004-1383-x
https://doi.org/10.1186/1471-2377-9-63
https://doi.org/10.1007/s13365-019-00736-z
https://doi.org/10.3390/ijms242015483
https://doi.org/10.1016/j.cmet.2015.06.006
https://www.ncbi.nlm.nih.gov/pubmed/26166745
https://doi.org/10.1016/j.semcdb.2019.05.022
https://www.ncbi.nlm.nih.gov/pubmed/31154010
https://doi.org/10.1038/s41556-018-0124-1
https://www.ncbi.nlm.nih.gov/pubmed/29950572
https://doi.org/10.18632/oncotarget.9821
https://doi.org/10.1016/j.bj.2025.100887
https://doi.org/10.3390/jcm8111983
https://doi.org/10.1196/annals.1297.043
https://doi.org/10.3390/ijms26146724
https://doi.org/10.1038/s41392-025-02253-4
https://www.ncbi.nlm.nih.gov/pubmed/40500258
https://doi.org/10.1007/s11064-008-9855-x
https://doi.org/10.1096/fasebj.14.2.312
https://doi.org/10.1016/j.ymeth.2009.12.013
https://doi.org/10.1002/em.20223
https://doi.org/10.1097/00126334-200210012-00006
https://www.ncbi.nlm.nih.gov/pubmed/12394784
https://doi.org/10.3390/ijms27052192


Int. J. Mol. Sci. 2026, 27, 2192 39 of 40

245. Hui, L.; Chen, X.; Haughey, N.J.; Geiger, J.D. Role of endolysosomes in HIV-1 Tat-induced neurotoxicity. ASN Neuro
2012, 4, 243–252. [CrossRef] [PubMed]

246. Nixon, R.A. The role of autophagy in neurodegenerative disease. Nat. Med. 2013, 19, 983–997. [CrossRef]
247. Saylor, D.; Dickens, A.M.; Sacktor, N.; Haughey, N.; Slusher, B.; Pletnikov, M.; Mankowski, J.L.; Brown, A.; Volsky, D.J.; McArthur,

J.C. HIV-associated neurocognitive disorder—Pathogenesis and prospects for treatment. Nat. Rev. Neurol. 2016, 12, 234–248.
Erratum in Nat. Rev. Neurol. 2016, 12, 309. [CrossRef] [PubMed]

248. Ellis, R.J.; Marquine, M.J.; Kaul, M.; Fields, J.A.; Schlachetzki, J.C.M. Mechanisms underlying HIV-associated cognitive impairment
and emerging therapies for its management. Nat. Rev. Neurol. 2023, 19, 668–687. Correction in Nat. Rev. Neurol. 2023, 19, 787.
[CrossRef]

249. Santerre, M.; Arjona, S.P.; Allen, C.N.; Callen, S.; Buch, S.; Sawaya, B.E. HIV-1 Vpr protein impairs lysosome clearance causing
SNCA/alpha-synuclein accumulation in neurons. Autophagy 2021, 17, 1768–1782. [CrossRef]

250. Thangaraj, A.; Periyasamy, P.; Liao, K.; Bendi, V.S.; Callen, S.; Pendyala, G.; Buch, S. HIV-1 TAT-mediated microglial activa-
tion: Role of mitochondrial dysfunction and defective mitophagy. Autophagy 2018, 14, 1596–1619. Correction in Autophagy
2021, 17, 831–832. [CrossRef]

251. Hui, L.; Ye, Y.; Soliman, M.L.; Lakpa, K.L.; Miller, N.M.; Afghah, Z.; Geiger, J.D.; Chen, X. Antiretroviral Drugs Promote
Amyloidogenesis by De-Acidifying Endolysosomes. J. Neuroimmune Pharmacol. 2021, 16, 159–168. [CrossRef]

252. Khan, N.; Haughey, N.J.; Nath, A.; Geiger, J.D. Involvement of organelles and inter-organellar signaling in the pathogenesis of
HIV-1 associated neurocognitive disorder and Alzheimer’s disease. Brain Res. 2019, 1722, 146389. [CrossRef]

253. Afghah, Z.; Chen, X.; Geiger, J.D. Role of endolysosomes and inter-organellar signaling in brain disease. Neurobiol. Dis. 2020, 134, 104670.
[CrossRef] [PubMed]

254. Lakpa, K.L.; Khan, N.; Afghah, Z.; Chen, X.; Geiger, J.D. Lysosomal Stress Response (LSR): Physiological Importance and
Pathological Relevance. J. Neuroimmune Pharmacol. 2021, 16, 219–237. [CrossRef]

255. Halcrow, P.W.; Lakpa, K.L.; Khan, N.; Afghah, Z.; Miller, N.; Datta, G.; Chen, X.; Geiger, J.D. HIV-1 gp120-Induced Endolysosome
de-Acidification Leads to Efflux of Endolysosome Iron, and Increases in Mitochondrial Iron and Reactive Oxygen Species.
J. Neuroimmune Pharmacol. 2022, 17, 181–194. [CrossRef]

256. Halcrow, P.W.; Kumar, N.; Quansah, D.N.K.; Baral, A.; Liang, B.; Geiger, J.D. Endolysosome Iron Chelation Inhibits HIV-1
Protein-Induced Endolysosome De-Acidification-Induced Increases in Mitochondrial Fragmentation, Mitophagy, and Cell Death.
Cells 2022, 11, 1811. [CrossRef]

257. Halcrow, P.W.; Kumar, N.; Hao, E.; Khan, N.; Meucci, O.; Geiger, J.D. Mu opioid receptor-mediated release of endolysosome
iron increases levels of mitochondrial iron, reactive oxygen species, and cell death. NeuroImmune Pharm. Ther. 2023, 2, 19–35.
[CrossRef]

258. Halcrow, P.W.; Quansah, D.N.K.; Kumar, N.; Solloway, R.L.; Teigen, K.M.; Lee, K.A.; Liang, B.; Geiger, J.D. Weak base drug-
induced endolysosome iron dyshomeostasis controls the generation of reactive oxygen species, mitochondrial depolarization,
and cytotoxicity. NeuroImmune Pharm. Ther. 2024, 3, 33–46. [CrossRef] [PubMed]

259. Kumar, N.; Halcrow, P.W.; Quansah, D.N.K.; Liang, B.; Meucci, O.; Geiger, J.D. Involvement of endolysosome iron in HIV-1 gp120-,
morphine-, and iron Supplementation-induced disruption of the reactive species interactome and induction of neurotoxicity.
Redox Rep. 2025, 30, 2546496. [CrossRef]

260. Min, A.K.; Fortune, T.; Rodriguez, N.; Hedge, E.; Swartz, T.H. Inflammasomes as mediators of inflammation in HIV-1 infection.
Transl. Res. 2023, 252, 1–8. [CrossRef] [PubMed]

261. Tschopp, J.; Schroder, K. NLRP3 inflammasome activation: The convergence of multiple signalling pathways on ROS production?
Nat. Rev. Immunol. 2010, 10, 210–215. [CrossRef]

262. Giunta, B.; Obregon, D.; Velisetty, R.; Sanberg, P.R.; Borlongan, C.V.; Tan, J. The immunology of traumatic brain injury: A prime
target for Alzheimer’s disease prevention. J Neuroinflamm. 2012, 9, 185. [CrossRef]

263. Cohen, R.A.; Seider, T.R.; Navia, B. HIV effects on age-associated neurocognitive dysfunction: Premature cognitive aging or
neurodegenerative disease? Alzheimer’s Res. Ther. 2015, 7, 37. [CrossRef]

264. Cole, J.H.; Underwood, J.; Caan, M.W.; De Francesco, D.; van Zoest, R.A.; Leech, R.; Wit, F.W.; Portegies, P.; Geurtsen, G.J.;
Schmand, B.A.; et al. Increased brain-predicted aging in treated HIV disease. Neurology 2017, 88, 1349–1357. Correction in
Neurology 2017, 89, 1652. [CrossRef] [PubMed]

265. Seider, T.R.; Gongvatana, A.; Woods, A.J.; Chen, H.; Porges, E.C.; Cummings, T.; Correia, S.; Tashima, K.; Cohen, R.A. Age
exacerbates HIV-associated white matter abnormalities. J. Neurovirol. 2016, 22, 201–212. [CrossRef]

266. Timtim, S.H.; Simmons, A.N.; Hays, C.; Strigo, I.; Sorg, S.; Ellis, R.; Keltner, J.R. HIV peripheral neuropathy-related degeneration
of white matter tracts to sensorimotor cortex. J. Neurovirol. 2022, 28, 505–513. [CrossRef]

267. Gordian-Arroyo, A.; Reame, N.; Gutierrez, J.; Liu, J.; Ganzhorn, S.; Igwe, K.C.; Laing, K.; Schnall, R. Do correlates of white
matter features differ between older men and women living with human immunodeficiency virus? Menopause 2023, 30, 149–155.
[CrossRef]

https://doi.org/10.3390/ijms27052192

https://doi.org/10.1042/AN20120017
https://www.ncbi.nlm.nih.gov/pubmed/22591512
https://doi.org/10.1038/nm.3232
https://doi.org/10.1038/nrneurol.2016.27
https://www.ncbi.nlm.nih.gov/pubmed/26965674
https://doi.org/10.1038/s41582-023-00879-y
https://doi.org/10.1080/15548627.2021.1915641
https://doi.org/10.1080/15548627.2018.1476810
https://doi.org/10.1007/s11481-019-09862-1
https://doi.org/10.1016/j.brainres.2019.146389
https://doi.org/10.1016/j.nbd.2019.104670
https://www.ncbi.nlm.nih.gov/pubmed/31707116
https://doi.org/10.1007/s11481-021-09990-7
https://doi.org/10.1007/s11481-021-09995-2
https://doi.org/10.3390/cells11111811
https://doi.org/10.1515/nipt-2022-0013
https://doi.org/10.1515/nipt-2023-0021
https://www.ncbi.nlm.nih.gov/pubmed/38532786
https://doi.org/10.1080/13510002.2025.2546496
https://doi.org/10.1016/j.trsl.2022.07.008
https://www.ncbi.nlm.nih.gov/pubmed/35917903
https://doi.org/10.1038/nri2725
https://doi.org/10.1186/1742-2094-9-185
https://doi.org/10.1186/s13195-015-0123-4
https://doi.org/10.1212/WNL.0000000000003790
https://www.ncbi.nlm.nih.gov/pubmed/28258081
https://doi.org/10.1007/s13365-015-0386-3
https://doi.org/10.1007/s13365-022-01051-w
https://doi.org/10.1097/GME.0000000000002102
https://doi.org/10.3390/ijms27052192


Int. J. Mol. Sci. 2026, 27, 2192 40 of 40

268. Song, J.; Wang, Y.; Xie, Z.; Wei, J.; Wang, J. Review of the mechanism of infection induced cerebral small vessel disease. Front.
Immunol. 2025, 16, 1594891. [CrossRef] [PubMed]

269. Murray, K.D.; Singh, M.V.; Zhuang, Y.; Uddin, M.N.; Qiu, X.; Weber, M.T.; Tivarus, M.E.; Wang, H.Z.; Sahin, B.; Zhong, J.; et al.
Pathomechanisms of HIV-Associated Cerebral Small Vessel Disease: A Comprehensive Clinical and Neuroimaging Protocol and
Analysis Pipeline. Front. Neurol. 2020, 11, 595463. [CrossRef]

270. Sanford, R.; Strain, J.; Dadar, M.; Maranzano, J.; Bonnet, A.; Mayo, N.E.; Scott, S.C.; Fellows, L.K.; Ances, B.M.; Collins, D.L. HIV
infection and cerebral small vessel disease are independently associated with brain atrophy and cognitive impairment. AIDS
2019, 33, 1197–1205. [CrossRef] [PubMed]

271. Moulignier, A.; Savatovsky, J.; Assoumou, L.; Lescure, F.X.; Lamirel, C.; Godin, O.; Valin, N.; Tubiana, R.; Canestri, A.; Roux, P.;
et al. Silent Cerebral Small-Vessel Disease Is Twice as Prevalent in Middle-Aged Individuals with Well-Controlled, Combination
Antiretroviral Therapy-Treated Human Immunodeficiency Virus (HIV) Than in HIV-Uninfected Individuals. Clin. Infect. Dis.
2018, 66, 1762–1769. [CrossRef] [PubMed]

272. Li, N.; He, C. Causal role of immunophenotypes in HIV-1 acquisition: Insights from Mendelian randomization analysis. Sci. Rep.
2025, 15, 23618. [CrossRef] [PubMed]

273. Burgess, S.; Bowden, J.; Fall, T.; Ingelsson, E.; Thompson, S.G. Sensitivity Analyses for Robust Causal Inference from Mendelian
Randomization Analyses with Multiple Genetic Variants. Epidemiology 2017, 28, 30–42. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27052192

https://doi.org/10.3389/fimmu.2025.1594891
https://www.ncbi.nlm.nih.gov/pubmed/40491910
https://doi.org/10.3389/fneur.2020.595463
https://doi.org/10.1097/QAD.0000000000002193
https://www.ncbi.nlm.nih.gov/pubmed/30870193
https://doi.org/10.1093/cid/cix1075
https://www.ncbi.nlm.nih.gov/pubmed/29244126
https://doi.org/10.1038/s41598-025-07962-y
https://www.ncbi.nlm.nih.gov/pubmed/40603539
https://doi.org/10.1097/EDE.0000000000000559
https://www.ncbi.nlm.nih.gov/pubmed/27749700
https://doi.org/10.3390/ijms27052192

	Introduction 
	Global Burden and Epidemiological Overview 
	HIV Infection and Global Prevalence 
	Key Affected Populations 
	HIV Prevention, ART Access, and Challenges 
	Long-Acting Antiretrovirals (LA-ART) 
	Mechanistic Basis of Long-Acting Antiretroviral Therapies 

	General Mechanisms of HIV-Mediated Neurotoxicity 
	Reactive Free Radical Species and Neuronal Injury 
	Reactive Oxygen Species (ROS) 
	Reactive Nitrogen Species (RNS) 
	Reactive Sulfur Species (RSS) 
	Lipid Peroxidation and Reactive Aldehydes 
	Reactive Carbonyl Species and Proteostasis Failure 
	ART-Associated Reactive Species Generation 
	Integrated Reactive Species Interactome in Neuronal Injury 
	HIV-Mediated “Direct” and “Indirect” Mechanisms of Neurotoxicity 
	Direct Mechanisms of Neurotoxicity 
	Indirect Mechanisms of Neurotoxicity 


	Chronic Neuroinflammation 
	Microglia, the Primary Driver of Neuroinflammation 
	Perivascular Macrophages and Infiltrating Monocytes, Another Key Contributor to Neuroinflammation 
	Astrocytes, the Amplifiers and Modulators of Neurotoxicity 
	Endothelial Cells, the Gatekeepers of the Neurovascular Unit 
	Oligodendrocytes, the Protectors of Myelin Integrity 
	Neurons, the Primary Targets of Bystander Damage 

	Manifestations of CNS Infection and Damage 
	BBB Disruption 
	HIV Protein Effects 
	Immune Cell Infiltration 
	Chronic Immune Activation 
	Bystander Neuronal Injury 
	Loss of Neurotrophic Support 
	Excessive Synaptic Pruning 
	Perpetual Viral Protein Production and Dissemination 
	Compartmentalized HIV Evolution 

	ART-Associated Neurotoxicity 
	Epigenetic Regulation in HIV-Associated Neuroinflammation 
	HIV, Neurotoxicity, Aging, and Multimorbidity 
	Prominent Indicators of Accelerated Aging in PLWH 
	Chronic Inflammation (“Inflammaging”) 
	Persistent Immune Activation 
	Microglial Dysregulation 
	Blood–Brain Barrier (BBB) Breakdown 
	Defective Proteostasis 
	Mitochondrial Dysfunction 
	DNA Damage and Epigenetic Alterations 
	Structural Changes 

	Future Directions 
	Novel Tools and Prominent Molecular Pathways 
	Therapeutic Implications 

	Conclusions 
	References

