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Abstract

The brain is particularly sensitive to changes in energy supply. Defects in glucose utilization and 

mitochondrial dysfunction are hallmarks of nearly all neurodegenerative diseases and are also 

associated with the cognitive decline that occurs as the brain ages. Chronic neuroinflammation 

driven by glial activation is commonly implicated as a contributing factor to neurodegeneration 

and cognitive impairment. Human immunodeficiency virus (HIV) disrupts normal brain 

homeostasis and leads to a spectrum of HIV-associated neurocognitive disorders (HAND). HIV 

activates stress responses in the brain and triggers a state of chronic neuroinflammation. Growing 

evidence suggests that inflammatory processes and bioenergetics are interconnected in the 

propagation of neuronal dysfunction. Clinical studies of HIV-infected individuals and basic 

research support the notion that HIV creates an environment in the CNS that interrupts normal 

metabolic processes at the cellular level and collectively alter whole brain metabolism. In this 

review, we highlight reports of abnormal brain metabolism from clinical studies and animal 

models. We also describe diverse CNS cell-specific changes in bioenergetics associated with HIV. 

Moreover, we propose that attention should be given to adjunctive therapies that combat sources of 

metabolic dysfunction as a mean to improve and prevent neurocognitive impairments.

Graphical Abstract

*Corresponding author: tdl@temple.edu. 

HHS Public Access
Author manuscript
Prog Neurobiol. Author manuscript; available in PMC 2019 October 01.

Published in final edited form as:
Prog Neurobiol. 2019 October ; 181: 101616. doi:10.1016/j.pneurobio.2019.101616.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

HIV; brain; aging; metabolism; bioenergetics; mitochondria

1 Introduction

Human immunodeficiency virus (HIV) is widely recognized for its deleterious impact on the 

immune system. Fortunately, the introduction and implementation of combination 

antiretroviral therapy (CART) has transformed HIV infection into a manageable chronic 

disease instead of the death sentence it was when it emerged thirty-five years ago. Although 

CART has been extremely successful in reducing viral replication in the periphery to 

undetectable levels in many people with HIV (PWH), HIV reservoirs still persist. The 

central nervous system (CNS) is a target organ system of HIV and neuroinvasion occurs 

shortly after infection. A major consequence of persistent HIV infection in the CNS is the 

development of HIV-associated neurocognitive disorders (HAND), which is estimated to 

effect 30–60% of PWH (Heaton et al., 2011). HAND is a research diagnosis based on 

neuropsychological testing and a functional assessment of activities of daily living. At 

minimum, a person with HIV is diagnosed with HAND when they show abnormal test 

performance (< 1 standard deviation (SD) below best available population norms) on at least 

2 cognitive domains. The most common domains impacted in the CART era include deficits 

in processing speed, executive function, and memory retrieval deficits [1, 2]. However, there 

is considerable heterogeneity in the patterns of cognitive impairment demonstrated [3], 

which can be impacted by numerous factors including viral suppression and adherence to 

antiretroviral medication [2]. Classification of HAND comprises a range of cognitive 

impairments increasing in severity. Asymptomatic neurocognitive impairment (ANI) is 

defined as mild cognitive difficulties involving two cognitive domains that fall below 1 SD 

of population norms without overt functional impairment in daily life activities. Similarly, 

mild neurocognitive disorders (MND) are marked by cognitive impairments in two cognitive 

domains that score below 1 SD of norms, yet mild to moderate interference in daily 

functioning is observed. HIV-associated dementia (HAD), the most severe form of HAND, 

requires a score below 2 SD of population norms with significant functional impairments [4, 

5].

It is widely accepted that HIV enters the brain via infected macrophage/monocytes and 

lymphocytes that cross the blood brain barrier (BBB). Once inside the brain, infected 

monocytes/macrophages facilitate productive infection and release free virions into the brain 

parenchyma that infect neighboring microglia and to some degree, astrocytes. This infection 

leads to the release of neurotoxic viral proteins and to the activation of resident glia. There is 

substantial evidence that this inflammatory response is a major driver for the development 

and progression of HAND. Although neurons are not infected by HIV, the pathophysiology 

of HAND ultimately impacts neurons. Loss of synaptic complexity, neuronal damage and 

death are documented during HIV infection [6–8]. Much attention has been given to direct 

neurotoxicity associated with the release of viral proteins from infected cells and indirect 

neurotoxicity mediated by the inflammatory response mounted by both infected and 

uninfected non-neuronal cells. However, recently it has become increasingly important to 
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examine how neurotoxic factors and inflammation are associated with alterations in cellular 

metabolism in the context of neurodegenerative disorders.

The brain is a complex organ requiring a vast amount of energy to sustain its basic functions. 

At baseline, the brain consumes over 20% of the oxygen and 25% of the glucose taken in by 

the body, although it makes up only 2% of the body’s weight [9–11]. This is a 10-fold 

greater energy requirement than any other organ. Glucose is the primary energy substrate of 

the brain. The majority of glucose is used to transduce energy through glycolysis and 

mitochondrial oxidative phosphorylation to generate the large amounts of ATP required to 

maintain membrane potentials, facilitate synaptic transmission and other neural cell 

activities. The brain undergoes a steady decline in energy metabolism during normal aging. 

Since the brain requires substantial amounts of energy, a shortage of metabolic supply can 

contribute to cognitive decline. There is a body of evidence demonstrating that a loss of 

energy homeostasis may be an early event that primes the CNS for functional impairments. 

Chronic HIV infection is associated with metabolic disturbances in the brain, even in PWH 

on effective CART regimens [12–15]. In this review, we aim to summarize the current 

understanding of how HIV infection contributes to energy disturbances involved in HAND 

pathology.

2 Disturbances in brain bioenergetics and its metabolites appear in 

clinical studies as well as in animal models of HIV infection

The energy requirements of the brain are very high and require tight and balanced regulation 

to maintain an uninterrupted supply of energy substrates. In addition to glucose, cells of the 

CNS can utilize other energy substrates such as lactate, pyruvate, glutamate, glutamine, fatty 

acids, and ketone bodies to support their energy demands [16]. Metabolic dysfunction and 

cerebral hypometabolism have been extensively reviewed in the context of several 

neurodegenerative diseases including Alzheimer’s disease (AD), Parkinson’s disease (PD), 

and multiple sclerosis (MS) [17–20], thus, providing clear evidence for a connection 

between neurological disease and altered energy metabolism. Metabolic changes in the brain 

are a hallmark of HIV infection [12–15, 21, 22]. Proton magnetic resonance spectroscopy 

(1H MRS) provides a sensitive and noninvasive method for the detection of metabolic 

changes in the brain. Specific brain metabolites, such as N-acetylaspartate (NAA) and myo-

inositol (MI) are commonly used as markers for neuronal health or glial activation, 

respectively. NAA is synthesized by neurons from acetyl-CoA and aspartate within the 

mitochondria. Fluctuations in NAA closely mirror ATP levels and likely reflect impaired 

mitochondrial energy production rather than neuronal cell loss [23]. Conversely, MI is 

primarily present in glial cells and functions as an osmolyte that maintains glial cell 

volumes. Activated glia have increased cell volumes and thus tend to have elevated MI, 

making it a suitable marker for glial activation [24]. These compounds are often reported in 

relation to brain creatine (Cr) levels to provide metabolic information specific to each cell 

population. Several groups have reported that regardless of effective HIV suppression with 

CART, PWH exhibit a marked increase in MI/Cr at both acute and chronic time points of 

HIV infection [14, 25]. Interestingly, increased MI/Cr often precedes signs of neurological 

impairment. Moreover, NAA is notably reduced in PWH who present with cognitive 
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impairment [26]. These findings highlight that despite effective CART, glial inflammation 

during subclinical stages of HIV infection is followed by neuronal injury that contributes to 

cognitive impairments. High metabolic demands by activated astrocytes and microglia likely 

explain, in part, increased Cr levels. Subsequently, reduced NAA levels suggest neuronal 

mitochondrial injury likely as a result of ongoing neuroinflammation. Similarly, in the rapid 

progression macaque model of neuroAIDS and in humanized mice infected with HIV, 1H 

MRS revealed that NAA was decreased, whereas, brain Cr was elevated throughout the 

disease progression suggesting high energy turnover [12, 27]. One study employed 1H MRS 

and functional MRI (fMRI) to correlate metabolite concentration with blood oxygenation 

level-dependent (BOLD) signals[21]. A significant positive correlation was found between 

markers of glial activation (MI and Cr) and BOLD signal strength in the working memory 

network in HIV-positive individuals. These findings provide additional support that 

cognitive impairments are linked with glial energetic abnormalities.

In AD, a number of brain imaging studies using FDG-PET tracer have shown that brain 

glucose uptake is significantly diminished prior to altered cognitive function or pathological 

signs such as brain atrophy {Bateman, 2012, Clinical and biomarker changes in dominantly 

inherited Alzheimer’s disease;de Leon, 2007, Imaging and CSF studies in the preclinical 

diagnosis of Alzheimer’s disease;Mosconi, 2005, Brain glucose metabolism in the early and 

specific diagnosis of Alzheimer’s disease. FDG-PET studies in MCI and AD;Chen, 2013, 

Decoding Alzheimer’s disease from perturbed cerebral glucose metabolism: implications for 

diagnostic and therapeutic strategies}. Similarly, in PET studies of HIV patients 

virologically suppressed on CART, varying levels of reduced glucose uptake have been 

identified in various regions of the brain including the frontal cortex and within the anterior 

cingulate cortex [28, 29]. In line with imaging studies, cerebrospinal fluid (CSF) 

metabolomics of PWH expand further on the aberrant changes in brain bioenergetics 

associated with HIV infection [13, 22]. In PWH, signs of enhanced anaerobic metabolism 

are associated with improved cognitive status. Anaerobic glycolysis utilizes glucose for the 

synthesis of ATP and lactate. Lactate can be utilized by neurons as an energy source. 

Increased lactate production resulting from enhanced anaerobic glycolysis appears to 

contribute toward improved cognitive function in HIV-infected patients [13]. Conversely, 

enhanced mitochondrial respiration and aerobic glycolysis marked by accumulation of 

acetate and citrate and TCA cycle intermediates seem to contribute to declining cognitive 

status [13]. Cr is tightly linked to aerobic glycolysis. Therefore, increased Cr along with the 

accumulation of citrate and acetate provides added support that aerobic glycolysis rate is 

enhanced in cognitively impaired PWH[13]. Proteomic analyses of autopsied brain tissue of 

HAD patients show a large portion of the altered proteins are involved in the glycolytic and 

oxidative phosphorylation pathways [30]. Collectively, this supports the notion that 

metabolic abnormalities are associated with HAND and points to mitochondrial dysfunction 

as a major factor.

3 Calcium Dysregulation and Mitochondrial Dysfunction

Calcium (Ca2+) is a fundamental signal messenger and is involved in almost all pathways of 

cellular physiology. Ca2+ signaling in the brain is regulated by a vast number of stimuli and 

serves a multitude of diverse functions including neurite outgrowth, synaptogenesis, synaptic 
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transmission, plasticity, and survival[31]. In addition, Ca2+ plays an important role in the 

bioenergetics of neuronal function. In stimulated neurons, an increase in intracellular Ca2+ 

precedes any changes in O2 consumption rates [32]. Along with the mitochondria, the 

endoplasmic reticulum (ER) serves as one of the main Ca2+ storage organelles and is vital 

for Ca2+ homeostasis. The ER and mitochondria are physically associated and functionally 

linked to one another. Transfer of Ca2+ from the ER to mitochondria stimulates oxidative 

metabolism, thus, metabolically energizing the mitochondria. The mitochondrial-associated 

ER membrane plays an important role in the maintenance of cellular homeostasis by 

regulating Ca2+ transfer and energy metabolism [33]. Mitochondria have the capacity to 

store large amounts of Ca2+ in the matrix and serve as a Ca2+ buffering system. 

Mitochondrial Ca2+ accumulation is tightly regulated and it is intimately involved in the 

synthesis of ATP. Ca2+ activates several enzymes involved in the tricarboxylic acid (TCA) 

cycle and the electron transport chain (ETC) relies on Ca2+ to generate ATP [31]. 

Dysregulation of Ca2+homeostasis and signaling can disrupt energy homeostasis and has 

been implicated in neurological diseases, including HAND.

HIV-1 proteins, including Tat and gp120, induce Ca2+ dysregulation in both neurons and 

glial cells, as indicated by abnormal and disproportionate Ca2+ influx and increased 

intracellular Ca2+ release [34, 35]. This ultimately leads to elevated cytosolic free Ca2+ 

levels. Shifts in intracellular Ca2+ homeostasis considerably interrupts normal cellular 

function and induces dysregulation, injury and death of neurons and glial cells. The HIV 

protein, Tat has been shown to alter intracellular Ca2+ levels by triggering its release from 

the ER via the inositol-1,4,5-trisphosphate (IP3) receptor (IP3R) in rat hippocampal neurons 

[36]. Subsequently, the progressive elevation of free intracellular Ca2+ is taken up by the 

mitochondria. This results in mitochondrial Ca2+ overload and accumulation of reactive 

oxygen species (ROS) and oxidative stress. In this context, Tat-induced neuronal apoptosis 

was found to be mediated by dysregulation of Ca2+ signaling [36]. In fact, it was 

demonstrated in mouse striatal neuron cultures that Tat increases intracellular Ca2+ and 

induces instability in mitochondrial inner membrane potential leading to synaptic injury 

[34]. The HIV protein, gp120 has similar effects in glia cultures. For example, one report 

found that in a subset of astrocytes, gp120 induced substantial Ca2+ released from Ca2+ 

stores while also triggering Ca2+ influx across the plasma membrane [37]. Overall, this 

resulted in significantly elevated intracellular Ca2+ in these cells [37]. Taken together, it is 

possible that dysregulation of Ca2+ signaling by HIV and/or viral proteins may be upstream 

mediators of the disruptions in mitochondrial function and subsequently result in harmful 

hypermetabolic conditions.

Mitochondria are exceptionally dynamic organelles that undergo fusion, fission, and 

trafficking to meet the energetic demands of the cell. Mitochondria are best known for the 

generation of ATP via the TCA cycle and oxidative phosphorylation (OXPHOS) by means 

of the ETC located in the inner mitochondrial membrane. Neural tissue depends on 

mitochondria to produce the tremendous amount of ATP required for neuronal excitability, 

synaptic signaling, and alternations in neuronal function and structure. However, more than 

only the powerhouse of the cell, mitochondria also play fundamental roles in the regulation 

of Ca2+ homeostasis, signal transduction, stress response, and cell survival [38]. 

Mitochondria are crucial for the proper functioning of neural tissue and their dysfunction has 
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been speculated to be the foundation for the development of numerous neurodegenerative 

diseases. Despite distinct phenotypes, PD, AD, Huntington Disease (HD), and Amyotrophic 

Lateral Sclerosis (ALS) share a common theme: impaired mitochondrial function. This 

includes defects in mitochondrial energy production, size, shape, distribution, movement, 

and turnover [39]. Similarly, there is in vivo and in vitro evidence indicating comparable 

mitochondrial abnormalities are associated with HIV infection [40, 41]. In PWH on CART, 

CSF metabolic profiles revealed augmented levels of succinate typically implicated in 

mitochondrial dysfunction, as well as markers of oxidative stress, and the accumulation of 

metabolic waste as contributors to HAND [22]. In HIV + brains, post-mortem gene 

expression analyses revealed that HIV-associated neurocognitive impairments are related to 

gene pathways involved in mitochondrial functioning being significantly down regulated 

[42]. This finding was also recapitulated in HIV-1 transgenic rats, which express seven out 

of nine HIV viral proteins [43]. Villenueve et al reported significant changes in synaptic 

mitochondria isolated from HIV-1 transgenic rats that included abnormalities in expression 

of ETC complex subunits [44]. In addition, increases in protein expression of TCA cycle and 

fatty acid metabolic processes were noted. This is supported by their findings that HIV-1 Tg 

rats had higher oxygen consumption rates than littermate controls [44]. Taken together, this 

indicates global brain mitochondrial functioning is perturbed during HIV infection. 

However, mitochondrial activity may vary across distinct cellular compartments and brain 

regions.

Distinct alterations in mitochondrial morphology are associated with CNS HIV infection 

[45]. Mitochondrial size was increased in the frontal cortex of HAND patients suggesting 

mitochondrial fusion is preferred over fission in these individuals. This was supported by 

decreases in mitochondrial fission protein, dynamin-1 like (DNM1L) and increases in 

mitochondrial fusion protein, mitofusin 1 (MFN1). Importantly, these changes were 

specifically identified in neuronal mitochondria[45]. In response to various stresses, 

mitochondrial hyperfusion protects cells and supports mitochondrial ATP synthesis[46]. 

Numerous studies point to a loss and/or gain of function in mitochondrial biology to 

contribute to HAND. It is commonly observed that mitochondrial functioning is often 

disrupted while the generation of ROS is increased during HIV neuropathogenesis. Studies 

clearly show an increase in oxidative and nitrosative stress early in HIV infection and 

throughout the progression of HAND [47–49]. These findings highlight the complexity of 

bioenergetics in the brain over the course of HIV infection. Even though brain tissue and 

CSF provide important insights into the overall state of the brain, upon closer examination, it 

is apparent that each cellular compartment and brain region have unique responses to HIV 

infection and this is demonstrated through different metabolic responses.

4 Cell-Specific Energy Changes during HIV infection

Bioenergetically, the brain is not a uniform organ. Neurons and microglia are highly aerobic 

and depend heavily on mitochondrial respiration. However, oligodendrocytes and astrocytes 

are predominantly glycolytic. These opposing energetic profiles create a reciprocal energy 

relationship within the CNS. Glycolysis in astrocytes and oligodendrocytes results in lactate 

production, which is in turn used by neurons to fuel the TCA cycle and oxidative 

phosphorylation. This complicates the study of the overall energy dynamics of the CNS. It is 
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therefore important to consider the cell-specific metabolic changes related to HIV infection 

of the CNS. Despite viral suppression, infected cells may express and release HIV proteins, 

many of which are neurotoxic including gp120, Tat, Nef, and Vpr. There is a large body of 

evidence from primary neuronal cultures illustrating that HIV proteins cause direct injury to 

neurons without any contribution of non-neuronal cells (Table 1). Furthermore, HIV proteins 

also alter glial cell function.

4.1 Neurons

Neuronal survival is dependent on mitochondrial integrity and functionality. Neurons rely on 

mitochondrial OXPHOS to meet their high energy needs. In fact, there are several reports 

that reveal neurons express very low levels of key glycolytic enzymes such as 6-

phosphofructo-2-kinase/fructose-2, 6-bisphosphatase-3 (Pfkfb3) thus, supporting the 

preference for OXPHOS in neurons [50, 51]. Stimulation of neurons with Ca2+ results in 

rapid ATP consumption followed by an immediate rise in mitochondrial oxidative 

respiration pointing to the importance of OXPHOS [52]. A lack of ATP can compromise 

neuronal function even without cell death and contribute to cognitive impairments.

Although neurons are not infected by HIV-1, it is evident that their functioning can be 

significantly impacted by HIV-1 proteins and proinflammatory factors released in response 

to chronic infection. It is well established that various HIV proteins cause disruptions in 

neuronal energy homeostasis [34, 53–58]. A recent report found that gp120 and Tat induce 

mitochondrial fragmentation and decrease mitochondrial membrane potential in human 

primary neurons [59]. Loss of mitochondrial membrane potential is associated with 

mitochondrial damage and diminished ATP synthesis. In line with this, rat primary 

cerebrocortical cells exposed to gp120 exhibited a significant reduction in oxidative 

respiration and loss of neuronal ATP [54, 60]. Mouse neurons treated with HIV Vpr also 

displayed mitochondrial depolarization and reduced ATP production [61, 62]. There are 

however conflicting reports of Tat increasing and decreasing ATP production in neuronal 

cultures [44, 63–65]. One group reported in rat cortical neurons that ATP levels increased 

with low and high doses of Tat after 24 hours and after 48 hours [63]. The authors explain 

this as likely a result of increased ATP production rather than diminished consumption of 

ATP [63]. This is in contrast to the findings of another group that found in rat striatal 

neurons, Tat reduced ATP under physiological oxygen conditions [64]. Nevertheless, in all 

instances Tat-associated changes in ATP production precedes cell death. Tat also inhibits 

ATP synthase suggesting another aspect of mitochondrial dysfunction [57, 66]. These 

findings provide strong evidence that HIV proteins can directly impact neuronal 

bioenergetics and contribute to neuronal dysfunction. However, to have a full understanding 

of the mechanisms in which HIV may be influencing neuronal energy homeostasis, it is also 

necessary to consider the importance of glia metabolic support and investigate ways in 

which HIV may also disrupt other CNS cell populations further depriving neurons of energy 

substrates.

4.2 Glia

More than merely accessory cells to neurons, glia are now recognized as essential to 

neuronal homeostasis, survival and brain function. Unfortunately, few studies have 
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addressed the pathological implications of energetic disturbances in glial cells and the 

consequences this may have on neurons. The glial component of the brain consists of 

astrocytes, microglia and oligodendrocytes. Even though there are differences among brain 

regions, in the entire brain there is an approximately 1:1 ratio of glia to neurons [67]. 

Oligodendrocytes are reported to be the most abundant glial cell type, followed by 

astrocytes, and microglia [68]. The intimate metabolic coupling of neurons and glia is 

crucial to normal brain function. Defects in glial cell energy homeostasis are reported during 

HIV infection, and thus, may contribute to the pathogenesis of HAND.

4.2.1 Astrocytes—Astrocytes have emerged as a key contributor to energy uptake, 

delivery, production, utilization and storage in the CNS. Although only accounting for 

between 5–15% of the brain’s energy expenditure, reports suggest that astrocytes take up a 

disproportionally high amount of glucose in relation to their energy demands [10, 69]. In 

contrast to neurons, astrocytes are highly glycolytic in nature and readily take up glucose. 

Astrocytes have lower levels of oxidative metabolism when compared to neurons and instead 

favor the production of lactate over pyruvate for the TCA cycle. Astrocytes are the 

predominant suppliers of lactate in the CNS. Lactate derived from astrocytes is released into 

the brain milieu for neuronal uptake, thereby allowing neurons to generate high levels of 

ATP while circumventing the glycolytic pathway. This is the central point of the astrocyte-

neuronal lactate shuttle (ANLS) model that describes the metabolic coupling of neurons and 

astrocytes such that activated neurons stimulate increased astrocytic glucose uptake, 

glycolysis, and lactate production in astrocytes that is shuttled back to neurons to be utilized 

for their metabolic needs. Considering the extensive metabolic coupling between neurons 

and astrocytes, any alterations in astrocytic energy pathways could have deleterious effects 

on neuronal function. One interesting report found age-dependent increases in oxidative 

metabolism and mitochondrial biogenesis in astrocytes [70]. This increase in mitochondrial 

aerobic metabolism was demonstrated to coincide with a functional switch in astrocytes 

from a neurotrophic phenotype to neurotoxic [70]. It may be surmised that metabolic 

changes in astrocytes, which occur as a function of age, may be prematurely induced the 

setting of HIV infection of the CNS. This agrees with reports of earlier onset of 

neurocognitive deficits in this population as well as evidence of comparable CSF metabolites 

profiles between PWH (median age 40) and older HIV negative control patients (median age 

57), suggesting accelerated aging contributes to HAND [22, 71]. Enhanced mitochondrial 

respiration reduces the astrocytes’ ability to supply energy substrates to neurons and instead 

provide support their own metabolic needs [70]. This notion is supported by evidence that 

inflammatory reactions in astrocytes in response to infection or stress is metabolically 

expensive and may stimulate mitochondrial metabolism to meet their energy demands [72]. 

Considering the chronic neuroinflammatory state in PWH, it is important to address how 

astrocyte neurotrophic function may be affected.

Astrocytes come into direct contact with HIV-infected cells that enter the CNS by crossing 

the BBB. To some extent, astrocytes are permissive to HIV infection, but this likely does not 

develop into a productive infection. However, astrogliosis is a common pathological feature 

in HIV-1 infected brains [73, 74], triggered by HIV proteins as well as by proinflammatory 

products released by infected or stressed cells [75, 76]. There is also evidence of HIV-
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induced ER stress in astrocytes contributing to mitochondrial dysfunction [77]. ER stress 

and enhanced oxidative stress are detected in astrocytes exposed to HIV proteins, including 

Tat, gp120 and Vpr [78–81], suggesting that mitochondrial fitness is likely disturbed under 

conditions of ER dysfunction. In vitro, HIV-infected astrocytes demonstrate diminished 

mitochondrial integrity resulting in release of cytochrome C into the cytoplasm and altered 

intracellular Ca2+ signaling [82]. However, the impact of HIV directly on mitochondrial 

dynamics in astrocytes is largely understudied. Acute exposure of astrocytes to HIV-1 

induced mitochondrial permeability transition pore opening and loss of mitochondrial 

membrane potential [83]. Similarly, gp120 alone increased mitochondrial membrane 

depolarization [81]. Recently, our group was the first to show that Tat protein induces a 

metabolic shift in astrocytes from glucose utilization to fatty acid oxidation resulting in 

enhanced Ca2+ uptake into the mitochondria facilitating enhanced mitochondrial respiration, 

increased ATP levels, and reduced lactate production [84]. This indicates that enhanced 

aerobic respiration in astrocytes may be contributing to HAND by misappropriating energy 

substrates essential for neurons. Neuronal metabolism, which is already constrained by 

factors associated with HIV, is further deprived of astrocytic metabolic support exacerbating 

neuronal energy deficits and impairments.

4.2.2 Microglia—Microglia are the only resident cell in the brain parenchyma that can 

support productive HIV infection and therefore are likely a major contributor to 

neurotoxicity observed during HIV infection. Microglia are often referred to as the sentinel 

cells of the CNS and represent 5–20% of the adult brain. Microglia have the capacity to 

migrate, proliferate and phagocytize. Under physiological conditions, microglia exist in their 

“resting” state characterized by ramified morphology, and use these highly branched 

processes to survey the environment for the presence of pathogens or cellular debris. Upon 

exposure to pathological triggers, microglia transition into an amoeboid phenotype and 

quickly mobilize to the site of injury to initiate an innate immune response.

HIV infects microglia in vivo and in vitro. In response to direct HIV infection or exposure to 

viral particles, microglia become activated and release various soluble molecules including 

nitric oxide, superoxide anions, quinolinic acid, viral proteins Tat, gp120, and Vpr, 

chemokines, and proinflammatory cytokines including TNF-α and IL-1β [85]. In PET 

studies using [11C]-PK11195, a marker of the translocator protein expressed by activated 

microglia, HIV-infected patients show increased detection of microglial activation in several 

cortical regions even when they are neurocognitively asymptomatic [86].

The role of metabolic reprogramming in the regulation of innate immune responses has been 

under much investigation. Evidence shows that under non-activated conditions, microglia are 

likely to rely on oxidative metabolism [87]. However, upon stimulation, microglia switch 

from oxidative metabolism to glycolytic metabolism to support their shift in activation state 

[87, 88]. In murine BV-2 microglia cells, lipopolysaccharide (LPS) stimulation led to the 

upregulation of pro-inflammatory genes. Under these conditions, the cells increased glucose 

uptake and shifted from oxidative metabolism towards glycolytic metabolism [89]. These 

cells were unresponsive to various mitochondrial stressors, suggesting a loss of 

mitochondrial function [87]. Activated BV-2 cells exhibit decreased oxygen consumption 

rates and increased lactate release highlighting the shift from oxidative metabolism towards 
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glycolytic metabolism [89]. It is proposed that during this shift, cells preferentially utilize 

glycolysis rather than oxidative phosphorylation in an effort to preserve and generate the 

metabolic resources needed to meet the demands associated with cellular proliferation and 

activation while still producing a sufficient supply of ATP. Microglial metabolism and 

mitochondrial dysfunction, in the context of HIV infection, is largely understudied. 

However, one group observed that Tat significantly reduced mitochondrial membrane 

potential in mouse primary microglia [90]. Additionally, reductions in cellular energetics 

was made evident by decreased basal and maximal respiration, decreased ATP production, 

and reduced extracellular acidification, a measure of glycolysis [90]. These results 

demonstrate that Tat mediates mitochondrial dysfunction in microglia. Furthermore, 

mitochondrial dysfunction can also trigger an inflammatory response in microglia [91]. 

Thus, Tat-mediated mitochondrial dysfunction may fuel chronic inflammation in response to 

HIV infection of microglia.

4.2.3 Oligodendrocytes—Oligodendrocytes (OLs) synthesize myelin, a protein- and 

lipid- rich membrane that promotes fast axonal conduction. However, the myelin sheath 

restricts assess of axons to extracellular metabolites [92, 93]. Therefore, in addition to aiding 

action potential propagation, oligodendrocytes provide energy substrates to the axons that 

they sheath [94, 95]. Reminiscent of the astrocyte-neuron lactate shuttle, there also exists an 

oligodendrocyte-axon metabolic coupling in which cytoplasmic “myelinic” channels and 

monocarboxylate transporters allow energy substrates, such as lactate and pyruvate, to be 

transferred from oligodendrocytes to neurons to generate ATP [96, 97]. Oligodendrocytes 

have high energy demands and are therefore highly sensitive to energy deprivation [98]. This 

can ultimately lead to insufficient metabolic support to neurons and neuronal dysfunction. 

Disruption of oligodendrocyte-axon coupling may contribute to disease pathogenesis. In the 

case of MS, a demyelinating disorder of the CNS, metabolic dysfunction is commonly 

associated with disease pathogenesis [99]. Several groups have shown that disruption of 

oligodendrocyte lactate supply leads to axonal dysfunction and neuronal degeneration [94]. 

Oligodendrocytes display similar rates of glycolysis as astrocytes [96, 100]. However, during 

development, oligodendrocytes use oxidative phosphorylation to meet the high energy 

demands needed to synthesize myelin. As oligodendrocytes mature, a metabolic shift occurs 

from oxidative metabolism to glycolysis to generate ATP. Metabolic stress leads 

oligodendrocytes to use their energy substrates for survival rather than myelin maintenance 

[101]. Clinical observations of myelin loss and white matter damage are frequently reported 

in PWH. Many studies show preferential damage to the white matter in the HIV-1 infected 

brain [102–105]. This points to oligodendrocyte injury as another neuropathological 

consequence of HIV infection. Although there are some reports in vitro of HIV infection in 

oligodendrocytes [106], there is no evidence to support these findings in vivo [107, 108]. 

Therefore, similar to neurons, HIV-induced oligodendrocyte injury likely occurs from both 

exposure to HIV proteins and secondary inflammatory responses [109–112]. Both gp120 

and Tat cause increased intracellular Ca2+ in oligodendrocyte cultures to levels which 

ultimately lead to cellular injury [110]. gp120 hampers the ability of oligodendrocytes to 

reduce the tetrazolium salt MTT, which is used as an indicator of mitochondrial activity 

[111]. This suggests that oligodendrocytes may exhibit functional impairments in 

mitochondrial activity however, this is a research area that requires much more exploration.
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5 Additional factors which may influence metabolism in PWH

5.1 Combination Antiretroviral Therapy (CART)

Although the use of CART has reduced the incidence of HAD, the prevalence of the milder 

forms of HAND remain high [113, 114]. Antiretrovirals (ARV) compounds target key steps 

in the viral replication cycle including viral entry inhibitors, nucleoside reverse transcriptase 

inhibitors (NRTI), non-nucleoside reverse transcriptase inhibitors (NNRTI), protease 

inhibitors (PI), fusion inhibitors (FI), chemokine receptor CCR5 blockers, and integrase 

strand transfer inhibitors (INSTI). A combination of these compounds is used to assist in 

preventing the emergence of drug-resistant HIV mutant strains. There is a growing body of 

evidence that components of CART can be neurotoxic upon long-term use. Studies 

following patients after discontinuation of CART revealed an unexpected improvement in 

cognition [115]. Additionally, another study found that those on a CART regime with higher 

CNS penetrance-effectiveness (CPE) resulted in more effective suppression of viral 

replication in the CSF, yet had poorer performance on neurological testing [116]. This 

implies that CART may have neurotoxic effects and contribute to cognitive impairments. An 

MRS study revealed that PWH taking NRTIs had lower levels of NAA in the frontal white 

matter compared to HIV negative individuals and PWH on a different CART regime [117]. 

Longer periods of NRTIs treatment were also associated with diminished NAA in these 

individuals [117]. In effort to gain further understanding of potential CART neurotoxicity, 

two animal models were utilized: 1) SIV-infected pigtail macaques either receiving no 

CART or receiving early CART and 2) adult rats administered various combinations of ARV 

drugs [118]. Results from these studies indicate CART alone causes synaptic damage[118]. 

In vitro, studies further demonstrate ARV toxicity. In rat mixed neuronal-glial 

cerebrocortical cultures, exposure to individual or combinations of antiretrovirals 

compounds reduced synaptophysin and MAP2 expression suggesting damage to dendrites 

and presynaptic terminals [60]. Neuronal damage caused by ARV manifests as beading, 

simplification of the dendritic processes, and neuronal shrinkage [119]. Signs of altered 

energy profiles and mitochondrial toxicity by ARV are also reported. Accumulation of ROS 

in response to various ARV drugs occurs in neurons, astrocytes and oligodendrocyte 

precursor cells [118, 120, 121]. Mitochondrial membrane potential and morphology are also 

altered by various ARV [83]. Furthermore, neuronal ATP was significantly diminished after 

exposure to ARV compounds [60]. Exposure to various ARV drugs disrupts presynaptic 

striatal nerve terminals mitochondrial function by reducing maximal mitochondrial 

respiration along with a drop in ATP production [122]. Efavirenz (EFV) is an NNRTI is 

which widely prescribed as an anti-HIV agent however, many patients experience CNS-

related side effects including impaired concentration and cognitive deficits [123]. Several 

groups have demonstrated that EFV causes mitochondrial alterations in neuronal cell lines 

and primary neuron cultures, including decreased ATP production, and mitochondrial 

fragmentation and depolarization [124, 125]. Considering this evidence, one group assessed 

the effects of EFV on neuronal and astrocyte bioenergetics [123]. They reported reduced 

mitochondrial membrane potential, decreased mitochondrial respiration, and increased ROS 

generation in both neuronal and astrocyte cultures [123]. Interestingly, EFV diminished 

neuronal ATP while increasing astrocyte ATP levels. This was a result of EFV-induced 

activation of AMPK leading to the upregulation of glycolysis in astrocytes [123]. Another 
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study exposed human astrocytes to a combination of ARV compounds and found increased 

glucose utilization, enhanced glycolysis, and increased mitochondrial metabolism 

suggesting that astrocytes undergo an enhanced energy state during ARV treatment [121]. 

Unsurprisingly, in addition to the mitochondrial dysfunction associated with ARV, ER stress 

was also induced by these compounds [126]. The neurotoxicity of ARV drugs varies 

depending on the drug class and the individual drug. Therefore, as efforts to increase the 

efficacy of CNS penetrance of ARV gains more attention, it is important to further explore 

the impact these compounds have on brain metabolism and subsequently cognition.

5.2 Drugs of Abuse

Substance abuse is a major comorbidity associated with HIV infection and there is evidence 

that drug use may have an additive or synergetic effect on the progression and severity of 

HAND [127]. Similar to HIV, drugs of abuse target the CNS and alter both neuronal and 

glial function. Clinical studies suggest that PWH who abuse drugs have more rapidly 

progressing disease, with higher viral loads, and increased cognitive impairment [128–

132]sa. In the SIV-macaque model, exposure to opioids and methamphetamine (meth) 

increased brain and CSF viral loads [133, 134]. Cocaine, methamphetamines, and opioids 

have been demonstrated to increase HIV replication in rodent models and in vitro [135–138] 

thus, supporting a role for drugs of abuse to potentially increase neuroinflammation and 

neurodegeneration and possibly disrupt brain metabolism. Independently, drugs of abuse 

have been demonstrated to alter brain metabolism during active use and during periods of 

abstinence [139–145]. Drug use alone is associated with significant microgliosis [146]. 

These changes are proposed to contribute to drug seeking, cravings, and relapse behaviors 

and therefore brain metabolism may play a major role in the neurobiology of addiction. 

Changes in brain metabolism are also observed in meth users [147]. Furthermore, cocaine 

reduces regional brain glucose uptake and glucose metabolism in cocaine abusers and in 

mouse models of chronic cocaine use [148, 149]. Moreover, in the hippocampus of long-

term cocaine users downregulation of mitochondrial oxidative phosphorylation genes was 

noted [150]. This suggests that energy pathways are diminished in drug users and may be 

further exacerbated in PWH who abuse drugs and are already in a hypometabolic state. In 

mice, it was found that cocaine induced a metabolic switch from glycolysis to fatty acid 

oxidation and ketone metabolism leading to enhanced activation of the TCA cycle, oxidative 

respiration, and a drastic increase in consumption of ATP and acetyl-CoA in the nucleus 

accumbens [151]. In CHME-5, an immortalized microglial cell line, cocaine with HIV 

infection or exposure to HIV gp120 protein had an additive effect on cell energetics by 

increasing ATP concentrations, glycolysis, and oxidative phosphorylation [152]. This is 

likely to accommodate the enhanced energy requirements as the microglia transition to an 

activated phenotype. In rat hippocampal neurons, cocaine enhanced the Tat-induced decrease 

in mitochondrial membrane potential and exacerbated ROS production [153]. Conversely, 

exposure to Tat and cocaine enhanced mitochondrial metabolism in astrocytes increasing 

ATP levels [84]. In the case of meth, significant loss of ATP levels in rat cerebrocortical 

neuronal cells has been reported and this is aggravated in the presence of gp120 [60]. 

Astrocytes respond to meth by altered mitochondrial morphology through increased fusion 

which resulted in increased oxidative capacity and ATP levels [83]. Striatal neuronal cultures 

treated with morphine and Tat interact to enhance mitochondrial dysfunction and increase 
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intracellular Ca2+ [34]. It is apparent that drugs of abuse and HIV interact to disturb 

bioenergetics within the brain.

5.3 Aging

As previously highlighted, the success of CART has prolonged the lives of PWH to near 

normal life expectancy [154], so that PWH are now becoming an aging population. Living 

longer with HIV puts this population at risk for developing HAND, and at greater risk for 

pathological changes associated with aging. Normal aging is associated with decreased 

normal brain functioning [155] resulting in impairments in attention and memory relative to 

younger adults [156] although, this is not indicative of overt neurological disease. However, 

in PWH reports of deviations from the normal trajectory of brain aging has introduced the 

idea that HIV may lead to accelerated aging [22, 157–159]. One study comparing a large 

cohort of HIV positive males to HIV negative males reported the median age of first 

neurocognitive impairment in HIV positive men was 48 years old compared to 57 years old 

in the uninfected men [71]. This suggests that in PWH even on an effective CART regime, 

these disorders present at a younger age than are observed in HIV negative control groups 

[71]. In a longitudinal study assessing the effects of aging and HIV on memory, investigators 

found that HIV and age interact to produce greater declines in verbal memory over time 

[160]. Furthermore, PWH have a higher burden of cognitive impairments with advancing 

age than uninfected individuals without HIV [161]. In a cross-sectional analysis of CSF 

metabolomics, many of the metabolites altered in the PWH (median age 40) overlapped with 

older HIV negative control patients (median age 57) [22]. These metabolites include markers 

of glia activation (myo-inositol), mitochondrial dysfunction (succinate), oxidative stress 

(urate and hypoxanthine), and metabolic waste products (ketone bodies) [22]. Moreover, 

rapid brain aging appears to be associated with altered metabolism in PWH as they age [22].

6 Concluding Remarks

Taken together, HIV infection has a multifactorial impact on brain energetics at the cellular 

level leading to disruptions in whole brain metabolic homeostasis. HIV infection of the CNS 

not only triggers a cycle of chronic inflammation which enhances the energy demands of 

glial cells but also hampers the ability of glial cells to support neurons, while simultaneously 

dampening neuronal energy pathways needed to maintain the necessary energy homeostasis 

to facilitate normal CNS functioning. Intriguingly, HIV induces cell-specific alterations that 

exert major global effects on the brain. HIV causes chronic inflammation in microglia which 

release virions, viral proteins, and cytokines that can act on astrocytes and oligodendrocytes 

to augment their energy pathways. Oligodendrocytes and astrocytes react by shifting away 

from neurotrophic metabolic support of neurons and instead fail to sustain neuronal needs. 

Neurotoxicity associated with HIV infection directly challenges neuronal metabolism under 

conditions where neurons are already being deprived of metabolic substrates. Overall, it is 

likely that altered brain energy dynamics result in neurocognitive impairments associated 

with HIV infection. Viral eradication, the ultimate cure for HIV infection, remains elusive. 

Therefore, efforts to restore the energy balance in the brain through approaches that increase 

energy substrate bioavailability including, but not limited to implementation of a ketogenic 
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diet [65, 162, 163], intranasal insulin treatment [164], or exercise [165] coupled with use of 

anti-inflammatory drugs may provide therapeutic benefits to PWH.
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Highlights

• Abnormal brain metabolic profiles of people with HIV coincide with 

cognitive deficits.

• HIV-associated stressors (viral particles, viral proteins and cytokines) directly 

disrupt normal glial metabolism that compromises their ability to support 

neuronal metabolism

• Additional factors such as combination antiviral therapy, aging and substance 

abuse can exacerbate HIV-associated metabolic disturbances and accelerate 

disease progression.
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Figure 1. 
Proposed model of overall metabolic status of CNS during HIV infection. HIV enters the 

CNS likely in HIV-infected peripheral monocytes. Infected microglia undergo a 

proinflammatory response. Subsequently, HIV particles, viral proteins, and proinflammatory 

mediators released by microglia can activate other microglia and neighboring astrocytes thus 

creating a state of chronic inflammation. Maintenance of HIV-induced inflammation is 

metabolically expensive and thus, induces a metabolic switch in glia cells. As astrocytes and 

oligodendrocytes work to fulfill their own enhanced energy requirements, these cells are less 

able to provide metabolic support to neurons. Compromised glia support in combination 

with direct neurotoxicity of HIV challenges neuronal metabolism, which can lead to 

neuronal energy deficits, hinder neuronal fitness and present as neurocognitive impairments. 

(Abbreviations: OXPHOS- oxidative phosphorylation, ATP-adenosine triphosphate, MMP- 

mitochondrial membrane potential, LDH-lactate dehydrogenase, FAO-fatty acid oxidation, 

TCA-tricarboxylic acid, NAA- N-acetylaspartate, ROS-reactive oxygen species).
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Table 1.

Summary of the effect of various HIV proteins on metabolic pathways in cells of the CNS (↑ increase, ↓ 
decrease, UNK – unknown).

Tat gp120 Vpr Nef reference

Mitochondrial Integrity

 Morphology ↑ fragmentati on ↑ fragmentation ↑ fragmentation ↑ fragmentation [54, 59, 64, 83]

 Membrane Potential ↓ neurons
↑ astrocytes
↓ microglia

↓ neurons and astrocytes ↓ neurons ↓ neurons [59, 61–64, 81, 83, 84, 
90, 153]

 Oxidative Capacity ↑ astrocytes
↓ microglia

↓ neurons
↓ oligodendrocyt es
↑ microglia

UNK UNK [54, 60, 83, 84, 90, 111, 
152]

 ATP Levels ↓↑ neurons
↑ astrocytes
↓ microglia

↓ neurons
↑ microglia

↓ neurons ↓ neurons [44, 54, 60–65, 83, 84, 
152]

 ROS Generation ↑ ↑ ↑ ↑ [63, 64, 80, 81]

Glycolysis

 Glycolytic Rate ↓ microglia ↑ microglia UNK UNK [90, 152]

 Lactate Production ↓ astrocytes UNK UNK UNK [84]

Calcium Signaling

 Dysregulation of Ca2+ ↑ Ca2+ influx
↑ Ca2+ levels

↑ Ca2+ influx
↑ Ca2+ levels

↑ Ca2+ influx
↑ Ca2+ levels

UNK [34, 35, 37, 82, 84, 110, 
166]

ER stress ↑ neurons
↑ astrocytes

↑ astrocytes ↑ neurons UNK [77–79]
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