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A B S T R A C T

Background: Despite effective combination antiretroviral therapy (cART), people living with HIV (PLWH)
remain at risk for developing neurocognitive impairment primarily due to systemic inflammation that per-
sists despite virologic suppression, albeit the mechanisms underlying such inflammation are poorly
understood.
Methods: Herein, we evaluate the predictive capacity of the mitochondrial redox environment on circulating
neuro- and T-lymphocyte-related inflammation and concomitant cognitive function in 40 virally-suppressed
PLWH and 40 demographically-matched controls using structural equation modeling. We used state-of-the-
art systems biology approaches including Seahorse Analyzer of mitochondrial function, electron paramag-
netic resonance (EPR) spectroscopy to measure superoxide levels, antioxidant activity assays, and Meso Scale
multiplex technology to quantify inflammatory proteins in the periphery.
Findings: We observed disturbances in mitochondrial function and the redox environment in PLWH com-
pared to controls, which included reduced mitochondrial capacity (t(76) = �1.85, p = 0.034, 95% CI:
�1,�0.13), elevated levels of superoxide (t(75) = 1.70, p = 0.047, 95% CI: 8.01 E 3, 1) and alterations in anti-
oxidant defense mechanisms (t(74) = 1.76, p = 0.041, 95% CI: �710.92, 1). Interestingly, alterations in both
superoxide- and hydrogen peroxide-sensitive redox environments were differentially predictive of neuro-,
but not T-lymphocyte-related inflammatory profiles in PLWH and controls, respectively (ps < 0.026). Finally,
when accounting for superoxide-sensitive redox pathways, neuroinflammatory profiles significantly pre-
dicted domain-specific cognitive function across our sample (b = �0.24, p = 0.034, 95% CI: �0.09, �0.004 for
attention; b = �0.26, p = 0.018, 95% CI: �0.10, �0.01 for premorbid function).
Interpretation: Our results suggest that precursors to neuroinflammation apparent in PLWH (i.e., mitochon-
drial function and redox environments) predict overall functionality and cognitive dysfunction and impor-
tantly, may serve as a proxy for characterizing inflammation-related functional decline in the future.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Effective combination antiretroviral therapy (cART) has made
HIV-infection a chronic manageable condition, with life expectancies
now approaching that seen in the seronegative population. However,
this longevity often coincides with a host of age-related comorbid-
ities, including cognitive dysfunction. In fact, while cART has
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Research in Context

Evidence before this study

While the advent of combination antiretroviral therapy (cART)
has dramatically decreased the prevalence of HIV-associated
dementia, 35-70% of all people living with HIV (PLWH) are still
at risk for developing some forms of cognitive impairment. One
well theorized contributor to this cognitive dysfunction is
inflammation that persists in the modern cART era, primarily
due to the imperfect delivery of anti-HIV drugs to the central
nervous system. However, the mechanisms underlying persis-
tent and systemic inflammation in HIV-infected adults remains
unknown.

The evaluation of the molecular precursors, including mito-
chondrial function and associated redox interactions, may aid
our understanding of these pathways in the context of chronic
HIV-infection and further, may serve as effective targets for
inflammation-related cognitive decline in PLWH.

Added value of this study

This study uses state-of-the-art systems biology approaches to
comprehensively quantify features of mitochondrial function,
superoxide and hydrogen peroxide-sensitive redox systems,
and inflammatory profiles in PLWH and uninfected controls.
Herein, we identify the precise features of the mitochondrial
redox environment that differentially predict elevated neuro-
and t-lymphocyte-related inflammatory profiles. Further, this
study is the first to demonstrate the contribution of redox-reg-
ulated neuroinflammatory profiles in domain-specific cognitive
function in humans with and without HIV-infection.

Implications of all the available evidence

This study provides key evidence for a redox-regulated neuro-
inflammatory profile sensitive to superoxide redox systems
that predict overall functionality and cognitive dysfunction in a
large sample of virally-suppressed PLWH. Importantly, this
study provides further evidence that precursors to persistent
inflammation (i.e., the mitochondrial redox environment) may
serve as effective proxies for other instances of chronic inflam-
mation and cognitive dysfunction in the future.
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dramatically decreased the prevalence of HIV-associated dementia
(HAD), 35�70% of all people living with HIV (PLWH) still develop
some form of cognitive impairment [1�7]. With the population of
HIV-infected adults living longer than ever before, and often exhibit-
ing premature or accelerated aging phenotypes [8], the mechanisms
underlying HIV-related cognitive decline are of particular impor-
tance.

Persistent inflammation is the most widely theorized contributor
to the cognitive decline observed in PLWH, despite the wide-spread
use of cART [9]. Essentially, the imperfect delivery of anti-HIV drugs
to the central nervous system likely enables ongoing viral replication
and downstream release of inflammatory cytokines that effectively
disrupt neuronal processing [10]. Importantly, this elevated inflam-
matory profile may also be mirrored in the periphery, suggesting that
persistent inflammation may be systemic in PLWH [10]. However,
the mechanisms underlying this tenacious inflammatory response in
PLWH is poorly understood. One proposed mechanism is a mitochon-
drial-induced redox imbalance in the system. Under normal physio-
logic conditions, effective responses to invading pathogens and acute
infections requires mitochondrial-produced energy as well as reac-
tive oxygen species (ROS) to initiate an appropriate immune response
and to promote inflammation [11�14]. This physiological shift often
results in dynamic changes to mitochondrial respiratory profiles,
including increases in basal and maximal oxygen consumption rates
(OCR), as well as increased spare respiratory capacity (SRC), reflecting
the increased energy reserve available to meet changing bioenergetic
demands and subsequent ROS production [11,12,14]. In regard to
HIV-infection, only a few studies have evaluated changes in the mito-
chondrial redox environment in response to these chronic immuno-
compromised states, especially in the context of human physiology.
In contrast to acute immune system activation, mitochondrial respi-
ration seems to decrease in the context of HIV-infection, such that
seropositive adults exhibit decreases in basal and maximal respira-
tion, leading to reduced SRC and increased ROS production in the
periphery [15]. However, these results should be considered with
caution, as these studies included adults with and without cART-
induced viral suppression, and cART has been shown to directly
impact cellular respiratory and redox profiles, regardless of HIV expo-
sure [16,17]. Importantly, these data, combined with the well-estab-
lished literature linking mitochondrial functionality and redox
interactions (e.g., ROS and antioxidant defense mechanisms) to a
host of age- and disease-related comorbidities [18], suggest that anal-
ysis of mitochondrial function and redox environment may provide
novel mechanistic insight into systemic inflammation and further,
the cognitive dysfunction observed in PLWH.

Thus, the goal of the current study was to comprehensively quan-
tify features of mitochondrial function and the redox environment,
and to assess the predictive capacity of these parameters on inflam-
matory profiles and cognitive dysfunction in PLWH using structural
equation modeling. To this end, we recruited 40 PLWH with virologic
suppression who were on a stable regimen of cART and 40 demo-
graphically-matched uninfected controls. Importantly, we chose to
study a relatively healthy sample of PLWH in hopes to parse apart
the unique effects of HIV-infection on these mitochondrial redox-
inflammatory pathways above and beyond the potential confounding
effects of comorbidities (e.g., substance abuse, neurological or psychi-
atric disorders), which is relatively understudied in the context of
HIV. In addition, unlike previous studies using qualitative or indirect
measures of the redox environment (e.g., fluorescence), we used
state-of-the-art systems biology approaches to directly quantify
mitochondrial respiration in real time using Seahorse Analyzer, total
intracellular superoxide levels using Electron Paramagnetic Reso-
nance (EPR) Spectroscopy, enzymatic and non-enzymatic antioxidant
activity assays, and 54 circulating cytokines using Meso Scale multi-
plex technology. We hypothesized [1] that oxygen consumption rates
of mitochondria would be reduced in PLWH, suggesting a less effi-
cient bioenergetic capacity which [2] leads to an increased generation
of superoxide concomitant with decreases in antioxidant defense
mechanisms (e.g., superoxide dismutase, catalase, glutathione), indic-
ative of a redox imbalance in the system. In addition, we hypothe-
sized that elevated levels of circulating inflammatory proteins would
be differentially modulated by these features of the redox environ-
ment in PLWH compared to uninfected controls and further, would
index cognitive and behavioral dysfunction across the sample. Impor-
tantly, our results provide novel evidence that superoxide-sensitive
redox environments are pertinent to the neuroinflammatory-related,
but not T-lymphocyte-related inflammatory profiles observed in
PLWH and further, are associated with deficits in attention and pre-
morbid functioning in a healthy sample of virally-suppressed PLWH.

2. Methods

2.1. Participant demographics

We enrolled 113 adults (range: 20�66 years old; 64 PLWH and 49
controls) in this study. Recruitment began for this study in February
2019. All PLWH were receiving effective cART and had viral suppres-
sion defined as <50 copies/mL. Exclusion criteria included any



Table 1
Participant demographics and neuropsychological assessments of
cohort analyzed. Independent samples t-tests were used to evalu-
ate cognitive function (demographically-adjusted composite z-
scores) in PLWH compared to uninfected controls. *p = 0.014,
***p = 0.002. PLWH exhibited significant reductions in attention
and premorbid function normed z-scores compared to demo-
graphically-matched uninfected controls, indicative of worse per-
formance on these neuropsychological domains.

Controls PLWH

Demographics: Median (Interquartile Range)
N 40 40
Age (yrs) 45.5 (22.1) 47.7 (24.9)
Sex (% males) 57.5 77.5
Handedness (% right handed) 92.5 90.0
Education (yrs) 16.0 (4.0) 14.0 (4.0)
BMI 26.7 (6.6) 28.2 (7.6)
CD4 Nadir (cells/mL) � 241 (274)
Current CD4 (cells/mL) � 710 (362)
Time since diagnosis (yrs) � 11[16]
Time on ART (yrs) � 8[12]
Neuropsychological Assessments (Normed Z-scores)
Learning 0.58 (0.79) 0.32 (1.1)
Memory 0.50 (0.69) 0.21 (1.25)
Processing Speed 0.35 (0.78) 0.19 (0.92)
Attention*** 0.33 (1.21) �0.17 (0.87)
Executive Function 0.58 (0.78) 0.23 (1.06)
Language -0.10 (0.91) �0.23 (1.13)
Motor Function 0.00 (1.24) �0.10 (1.23)
Premorbid Function* 0.33 (0.93) �0.07 (1.02)
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medical illness affecting CNS function (other than HIV), any psychiat-
ric or neurological disorder, history of head trauma, current preg-
nancy and current substance use. Following all exclusions (Fig. 1), 80
participants remained, including 40 PLWH and 40 healthy controls.
Uninfected controls were enrolled to demographically match PLWH
based on their age (t(78) = 0.18, p = 0.857, 95% CI: �6.71, 5.59; [inde-
pendent-samples t-test]), sex (X2 = 3.65, p = 0.095, 95% CI: [Chi-
square test]), handedness (X2 = 0.16, p = 0.999, 95% CI: [Chi-square
test]), and body mass index (t(78) = �1.12, p = 0.267, 95% CI: �1.14,
4.04; [independent-samples t-test]) (see Table 1). Based on previous
relevant studies from our laboratory evaluating virally-supressed
PLWH and healthy, demographically-matched uninfected controls
[19�22], concomitant with post hoc power analyses based on Monte
Carlo simulations (see Supplementary Materials), we had a reason-
able sample size per group for all redox, inflammatory and behaviou-
ral comparisons.

2.2. Ethics

The University of Nebraska Medical Center Institutional Review
Board approved the study (403-18-EP) and all participants provided
written informed consent. Data from this study will be made avail-
able to qualified investigators upon reasonable request to the corre-
sponding author.

2.3. Isolation of peripheral blood mononuclear cells and respiration
analysis

Whole blood (~45 mL) was collected into EDTA tubes by venous
puncture for all participants. Buffy coats were submitted to a Ficoll-
Paque Plus (GE Healthcare) gradient centrifugation for isolation of
the mononuclear fraction. PBMCs were cryopreserved in Fetal Bovine
Serum with 10% DMSO. Cells were thawed within 6 weeks of isola-
tion and underwent assessment using the Seahorse XF96 Analyzer
(Seahorse Bioscience) to quantify oxygen consumption rate (OCR)
using the mitochondrial stress test assay. Specifically, PBMCs were
plated at 500,000 cells/well and 3 OCR measurements were taken
sequentially on 5-6 technical replicate wells prior to and upon serial
Fig. 1. Flow diagram. A total of 113 participants were enrolled, including 64 PLWH and
49 controls following initial screening for eligibility. Further exclusions were made for
current substance use and missing data. The final sample included 40 PLWH and 40
controls.
injection of 3.5 mM oligomycin (Sigma; complex V inhibitor), 1 mM
fluoro-carbonyl cyanide phenylhydrazone (FCCP; Sigma; mitochon-
drial oxidative phosphorylation uncoupler) and 14 mM
rotenone + 14 mM antimycin A (Sigma; complex I and III inhibitors,
respectively) to evaluate features of mitochondrial respiration includ-
ing basal respiration, proton leak, maximal respiration, and non-
mitochondrial respiration. Importantly, each feature was average of
the 3 OCRmeasurements following each serial injection. Additionally,
the spare respiratory capacity of the mitochondria was quantified by
subtracting average basal respiration from the average maximal res-
piration and reflects the cell’s adaptability to changing energy
demands induced by specific electron transport chain inhibitors and
uncouplers. Finally, mitochondrial respiration associated with ATP
production (i.e., ATP-linked respiration) was quantified by subtract-
ing the average proton leak from the average basal respiration
observed in the PBMCs. All bioenergetic data were normalized to pro-
tein in the well and treated as independent, continuous measures of
mitochondrial function for subsequent analyses. For data calculation,
the Seahorse Wave software (v2.2.0) was used.
2.4. Quantification of the redox environment

Cellular levels of superoxide were assessed using Electron Para-
magnetic Resonance (EPR) Spectroscopy of whole blood incubated
with a superoxide-sensitive spin probe (1-hydroxy-3-methoxycar-
bonyl1-2,2,5,5-tetramethylpyrrolidine: CMH) for 1 h under physio-
logic conditions (37 8C), as previously described [23]. Specifically,
immediately after sample collection, 200 mM of CMH was reconsti-
tuted into EPR buffer (Krebs Hepes Buffer) supplemented with metal
chelators (5 mM sodium diethyldithiocarbamate trihydrate and
25 mM deferoxamine) and incubated with 200 mL of whole blood.
EPR measurements were performed with a Bruker eScan EPR spec-
trometer (Bruker BioSpin GmbH, Rheinstetten/Karlsruhe, Germany),
with the following parameters: field sweep width, 100.0 G; center
field, 3482 G; microwave frequency, 9.75 kHz; microwave power,
1.10 mW; modulation amplitude, 5.94 G; conversion time, 10.24 ms;
time constant, 40.96 ms. The resulting EPR spectra amplitude is
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expressed as arbitrary units (a.u.) that are directly proportional to the
amount of total cellular superoxide in the sample.

Antioxidant activity levels were quantified in erythrocytes for key
enzymatic and non-enzymatic contributors to the mitochondrial
redox environment including superoxide dismutase (SOD), catalase,
and glutathione. Specifically, we used the SOD Assay Kit-WST
(DOJINDO, Inc.) to measure total SOD activity, the OxiSelect Catalase
Activity Assay Kit (Cell Biolabs, Inc.) for catalase, and the GSSG/GSH
Quantification kit (DOJINDO, Inc.) for total (tGSH), oxidized (GSSG)
and reduced glutathione (GSH) according to the manufacturers’
guidelines.

2.5. Evaluation of inflammatory profiles

Comprehensive quantification of cytokine levels were conducted
based on electrochemiluminescence-based multiplex immunoassays
in plasma. Specifically, samples were prepared on multispot 96-well
plates from the V-PLEX Human Cytokine 54-Plex Kit (Meso Scale Dis-
covery) according to manufacturer instructions. Plates were analyzed
using a Meso Scale QuickPlex SQ 120 and sample concentrations
were calculated using the Discovery Workbench 4.0 software using a
4-PL curve model. Any concentrations below the lower level of detec-
tion based on 2.5 SD above the assay background blank were
reported as 0 pg/mL.

2.6. Neuropsychological assessment

Cognitive function was based on a neuropsychological battery
that assessed functionality across six domains (i.e., learning, memory,
executive function, attention, processing speed, motor function, pre-
morbid function). The battery included the following tests for each
domain: learning (Wechsler Memory Scale (WMS-III) Logical Memory
Initial Recall [24] California Verbal Learning Test (CVLT-II) Learning
Trials 1-5 [25]), memory (CVLT-II Delayed Recall and Recognition Dis-
criminability Index [25], WMS-III Logical Memory II Delayed Recall
[24]), executive function (Comalli Stroop Test Interference Trial [26]
and Trail Making Test Part B [27]), processing speed (Comalli Stroop
Test Color and Word Trials [26], Wechsler Adult Intelligence Scale
(WAIS-III) Digit Symbol Coding [28], and Trail Making Part A [27]),
attention (WAIS-III Letter Number Sequencing [28], WAIS-III Digit
Span Forward and Backward Trials [28], CVLT-II Trial 1 [25]), motor
(Grooved Pegboard, Dominant and Non-Dominant Hands [29]), and
premorbid function (Wide Range Achievement Test 4 (WRAT-4) Word
Reading [30]). Demographically-adjusted Z-scores were computed
using published normative data and composite domain-specific
scores were calculated by averaging the Z-scores of assessments
comprising each domain respectively.

2.7. Statistical analysis

To evaluate HIV-related changes in mitochondrial redox environ-
ment, relevant parameters of mitochondrial function (e.g., basal res-
piration) and the redox environment (e.g., superoxide levels)
underwent independent samples t-tests following standard data
evaluation procedures. Specifically, bioenergetic and redox data
underwent standard data evaluation protocols such that measures
exceeding 2.5 standard deviations above or below the group’s mean
were excluded from subsequent analyses. Next, we evaluated
assumptions of equal variance using the Levene’s test (p < 0.05) and
conducted independent-samples t-tests (one-tailed) on these mito-
chondrial redox parameters as a function of HIV-infection assuming
non-equal variance where appropriate. In order to characterize com-
prehensive changes in the inflammatory markers as a function of
HIV, a profile analysis of HIV-infection was conducted using multivar-
iate analysis of variance (MANOVA) with Bonferroni correction for
multiple comparisons. Specifically, 48 inflammatory cytokines
measured in plasma were assigned as dependent variables, with
group designation (i.e., PLWH vs. controls) identified as an indepen-
dent variable with 2 levels.

Next, we aimed to evaluate the predictive path by which the mito-
chondrial redox environment leads to changes in inflammatory cyto-
kines elevated as a function of HIV-infection (see MANOVA model
described above). To begin, we conducted principal components
analyses to define a single component of inflammatory profiles using
the compilation of cytokines exhibiting significant alterations as a
function of HIV-infection that are known to contribute to disparate
physiological processes (e.g., neuro-, T-lymphocyte-related, vascular
and chemokine inflammatory functions; Table S1). Given our study
population, we focused our latent variable extraction on those cyto-
kines known to contribute to neuro and T-lymphocyte-related
inflammatory processes in the system (for achieved loadings, see
Table S2). As such, inflammatory profile scores were subsequently
extracted per participant for neuro and T-lymphocyte markers, sepa-
rately and entered as dependent variables in our structural equation
model (all two-tailed p-values reported). We tested the hypothesis
that alterations in mitochondrial respiration (i.e., SRC, ATP-linked res-
piration, non-mitochondrial respiration) would predict an imbalance
in the redox environment (for superoxide and H2O2-sensitive
markers assessed separately) and subsequent pro-inflammatory pro-
files differentially in PLWH versus uninfected controls using struc-
tural equation modeling. Specifically, we conducted a group-based
path analysis with measures of mitochondrial respiration as predic-
tors of the redox environment, which yields parameter estimates for
PLWH versus uninfected controls (all two-tailed p-values reported).
Of note, we did not include measures of basal OCR in this analysis as
other parameters of mitochondrial function (i.e., SRC, ATP-linked
OCR) are directly dependent on levels of basal respiration and thus
could lead to multicollinearity and inaccurate model estimations.
Finally, we also tested for any mediating effects of the redox environ-
ment on the mitochondrial-inflammatory pathways through changes
in the redox environment (i.e., superoxide and SOD; catalase activity
and GSSG/tGSH ratio) by assessing the standard errors and p-values
based on 1000 bootstrapped samples. All principal components and
path analyses were conducted using the lavaan package in R with full
information maximum likelihood estimation employed for missing
data.

Finally, we aimed to examine whether mitochondrial redox-regu-
lated inflammatory profiles were predictive of cognitive function
assessed using demographically-adjusted neuropsychological test
scores. Essentially, we computed a predicted neuroinflammatory pro-
file score per participant accounting for levels of mitochondrial func-
tion and the redox environment using the regression equation
described above, with higher values indicative of elevated neuroin-
flammatory cytokines. Next, we conducted a series of linear regres-
sions to determine the predictive capacity of redox-regulated
neuroinflammatory profiles on cognitive domains and premorbid
function. Importantly, our study ensured that multiplicity (i.e., poten-
tial inflation of Type 1 error rate) was not allowed through stringent
correction for multiple comparisons where appropriate.

2.8. Role of funding source

The funding sources for this study had no role in study design,
data collection, data analyses or interpretation nor writing of the
report as it is presented herein.

3. Results

3.1. Mitochondrial respiration in PLWH

Bioenergetic data of PBMCs revealed distinct alterations in mito-
chondrial respiration as a function of HIV-infection. Interestingly, we



Fig. 2. Mitochondrial energetics disrupted in PLWH. (a): Oxygen consumption rates (OCR) were recorded using Seahorse XF96 Analyzer during serial injections of electron transport
chain inhibitors (i.e., oligo, rot/AA) and a mitochondrial oxidative phosphorylation uncoupler (i.e., FCCP) to quantify mitochondrial respiration. (b): Measures of mitochondrial func-
tion in response to mitochondrial stress tests included basal respiration (basal), ATP-linked respiration (ATP; i.e., basal respiration—proton leak), proton leak (proton), maximal res-
piration (maximal), spare respiratory capacity (SRC; i.e., maximal respiration—basal respiration), and non-mitochondrial respiration (non-Mt) for uninfected controls (shown in
blue) and PLWH (shown in red). Y-axes are fixed for both graphs. N = 80, #p < .01, *p < .05.
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observed statistically significant increases in basal oxygen consump-
tion rates (OCR; t(74) = 2.03, p = 0.023, 95% CI: 0.12, 1; [indepen-
dent-samples t-test]), ATP-linked OCR (i.e., basal respiration—proton
leak; t(76) = 2.09, p = 0.020, 95% CI: 0.13,1; [independent-samples t-
test]) and marginally increased levels of non-mitochondrial respira-
tion in PLWH compared to uninfected controls (t(74) = 1.35,
p = 0.090, 95% CI: �0.11, 1; [independent-samples t-test]; Fig. 2,
Table S3). In contrast, PLWH exhibited statistically significant reduc-
tions in the spare respiratory capacity (SRC; maximal respiration �
basal respiration; t(76) = -1.85, p = 0.034, 95% CI: -1,�0.13; [inde-
pendent-samples t-test]) of the mitochondria compared to controls,
suggesting that mitochondria in PLWH have an impaired adaptability
when faced with increased energy demands.

3.2. Superoxide and H2O2 redox profiles

In order to comprehensively quantify the redox environment
in our participants, we conducted EPR spectroscopy on whole
blood incubated with a superoxide-sensitive spin probe (i.e.,
CMH) to evaluate total levels of cellular superoxide in the periph-
ery. In addition, commercially-available assays were collected on
erythrocytes for key antioxidants known to scavenge ROS. In
regard to superoxide-sensitive redox environments, we observed
statistically significant elevations in superoxide concentrations
(i.e., EPR amplitude; t(75) = 1.70, p = 0.047, 95% CI: 8.01 E 3, 1;
[independent-samples t-test]), concomitant with elevations in
total SOD activity (i.e., the antioxidant important for scavenging
superoxide; t(74) = 1.76, p = 0.041, 95% CI: �710.92, 1; [indepen-
dent-samples t-test]) in PLWH compared to controls (Fig. 3, Table
S3). In contrast, antioxidants important for scavenging H2O2 were
differentially modulated as a function of HIV-infection. Specifi-
cally, we observed marginal reductions in catalase activity in
PLWH (t(71) = �1.59, p = 0.059, 95% CI: -1, 627.68; [indepen-
dent-samples t-test]). Additionally, we assessed levels of total
(tGSH), oxidized (GSSG), and reduced (GSH) forms of glutathione,
and observed statistically significant reductions in GSSG in PLWH
(t(75) = �3.03, p = 0.002, 95% CI: -1, �94.20; [independent-sam-
ples t-test]), while tGSH and GSH were unaffected by HIV-infec-
tion (ps > .183; [independent-samples t-test]). Ultimately, this
reduction in GSSG likely resulted in the significantly reduced
GSSG/tGSH ratios also observed in PLWH compared to controls (t
(72) = �2.123, p = 0.019, 95% CI: �1, �0.05; [independent-sam-
ples t-test]), with lower values indicative of larger reducing
capacity of glutathione in PLWH. Taken together, these results
suggest that both superoxide- and H2O2-sensitive redox profiles
are disrupted in PLWH.
3.3. Profile analysis of inflammation in HIV

Statistical analysis of electrochemiluminescence-based immuno-
assays in plasma revealed substantial elevations in inflammatory
cytokines in virally-suppressed PLWH compared to uninfected con-
trols (for a statistical summary, see Table S1). Specifically, a MANOVA
of the comprehensive 54-biomarker assay revealed elevations in
markers important for neuroinflammatory processes (i.e., CRP, TNFa,
IP10), T-lymphocyte development and inflammation (i.e., IL-17A, IL-
22, IL-7), vascular functionality (i.e., PIGF, SAA, sICAM1) and chemo-
taxis (i.e., M IP3a, MCP1), all of which survived stringent Bonferroni
correction for multiple comparisons (all ps corrected < .047; [MAN-
OVA]; Figure 4). As described in the Supplementary Materials, we
focused our subsequent analyses on markers co ntributing to neuro-
and T-lymphocyte-related inflammatory responses and conducted
principal component analyses to yield a single component compris-
ing neuro and T-cell cytokines, separately (for achieved loadings, see
the Supplementary Materials). Importantly, our factor defined by
neuroinflammatory markers accounted for 54.90% of the total vari-
ance in neuroinflammatory profiles (eigenvalue = 1.65), while our
component defined by T-cell cytokines accounted for 46.45% of the
total variance in T-cell inflammatory profiles (eigenvalue = 1.39),
with higher values for both extracted scores indicative of greater lev-
els of inflammatory cytokines.

3.4. Superoxide-sensitive pathways predict neuroinflammation in
PLWH

To interrogate the predictive capacity of the redox environment
on neuro and T-lymphocyte inflammatory profiles in our sample, we
conducted a path analysis with parameters disrupted by the superox-
ide and mitochondrial function (i.e., SRC, ATP-linked respiration, non-
mitochondrial respiration, superoxide concentration, SOD activity) as
continuous predictors of neuro- and T-lymphocyte inflammatory
scores in PLWH and controls (for a full model visualization, see
Fig. 5). Interestingly, we observed statistically significant direct
effects of mitochondrial function on neuroinflammatory scores in
controls, such that increases in ATP-linked respiration were associ-
ated with elevated neuroinflammatory cytokines (b = 0.53, b = 0.28,
p = 0.013, 95% CI: 0.06, 0.51; [SEM]; Fig. 5). In addition, we observed a
robust direct effect of superoxide on neuroinflammation in PLWH
(b = �0.43, b = �0.40, p = 0.002, 95% CI: -0.68, �0.12; [structural
equation model: SEM]), but not controls (p = .459; [SEM]), such that
greater levels of superoxide were predictive of decreased levels of
inflammation. In addition, levels of superoxide were differentially
predicted by the SRC of the mitochondria for PLWH (b = .29,



Fig. 3. Evaluation of the redox environment in PLWH. (a): EPR spectra of whole blood (shown in purple) incubated with a superoxide-sensitive spin probe compared to EPR buffer
incubated with the same spin probe (shown in black) for a representative subject. The x-axis denotes magnetic field strength (gauss) and the y-axis denotes EPR amplitude (in arbi-
trary units (a.u.)), with the absolute peak-to-trough distance (denoted in the dashed line) directly proportional to the amount of superoxide in the sample. (b): EPR amplitude was
significantly elevated in PLWH (shown in red) compared to controls (shown in blue), indicative of greater superoxide concentrations in PLWH. (Bottom row): Commercially-avail-
able antioxidant activity assays revealed elevated levels of SOD (c), reduced levels of catalase (d) and reduced GSSG/tGSH ratios (e) in PLWH compared to controls. N = 80, #p < 0.01,
*p < 0.05.
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p = 0.062, 95% CI: 0.03, 0.54; [SEM]) and controls (b = �0.48,
b = �0.17, p = 0.021, 95% CI: �0.32, �0.03; [SEM]), suggesting that in
controls, decreases in SRC led to elevated levels of superoxide, while
increases in SRC led to this elevation in PLWH. Finally, we observed
Fig. 4. Elevated neuroinflammatory and t-lymphocyte inflammatory markers in PLWH. MANOV
tors to neuroinflammatory (a: i.e., CRP, TNFa, IP10) and T-cell regulatory (b: i.e., IL-7, IL-17
blue). N = 80, *p corrected < 0.05, ***p corrected < 0.005.
no statistically significant mediating effects in either group. Impor-
tantly, superoxide and mitochondrial function accounted for 22% of
the variance in neuroinflammatory profiles of PLWH, but only 18% in
controls.
A models of 54 inflammatory cytokines revealed significant elevations in key contribu-
A, IL-22) immune responses in PLWH (shown in red) compared to controls (shown in



Fig. 5. Superoxide-sensitive mitochondrial redox environment predicts neuroinflammatory profiles in PLWH. Results of the group-based structural equation model exploring the predic-
tive capacity of superoxide-sensitive mitochondrial redox environments on neuro and T-lymphocyte inflammatory scores. Single-headed arrows denote predictive paths and dou-
ble-headed curved arrows denote correlations. Statistically significant estimates (p < 0.05, two-tailed) are denoted with solid lines, while non-significant paths are denoted with
dashed gray lines. All listed parameters are standardized coefficients for controls (shown in blue) and PLWH (shown in red).Together, superoxide-sensitive pathways accounted for
22% of the variance in neuroinflammation in PLWH, but not in controls. N = 80, #p < 0.10, *p < 0.05, ***p < 0.005.
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3.5. H2O2-sensitive pathways predict neuroinflammation in controls

Next, we evaluated the predictive capacity of H2O2-sensitive
redox environments and mitochondrial function on inflammatory
profiles using the same regression model described above. However,
our measures of the redox environment were now comprised of cata-
lase activity and GSSG/tGSH ratios as continuous predictors of neuro-
and T-lymphocyte-related inflammatory profiles. For a full model
visualization, see Fig. 6. Similar to our model of superoxide-sensitive
pathways, we observed a statistically significant direct effect of ATP-
linked respiration on neuroinflammatory scores in controls (b = 0.50,
b = 0.27, p = 0.021, 95% CI: 0.04, 0.50; [SEM], Fig. 6), but not in PLWH
(p = 0.253; [SEM]), such that increases in ATP-linked OCR were pre-
dictive of more inflammation. In addition, we observed statistically
significant direct effects of mitochondrial respiration on H2O2-sensi-
tive parameters of the redox environment in PLWH, such that
increases in ATP-linked OCR were predictive of reduced GSSG/tGSH
ratios (i.e., more reducing capacity of GSH (b = �0.37, b = -0.12,
p = 0.024, 95% CI: �0.22, �0.02; [SEM]), while increases in non-mito-
chondrial respiration were predictive of increased catalase activity
(b = 0.37, b = 0.01, p = 0.026, 95%CI: 0.00, 0.01; [SEM]). Finally, we
observed no statistically significant mediating effects of the redox
environment in either group. Taken together, H2O2-sensitive redox
environments and mitochondrial function accounted for 23% of the
variance in neuroinflammatory profiles in controls, but only 7.9% in
PLWH.

3.6. Cognitive function is modulated by mitochondrial redox-regulated
neuroinflammation

Finally, we assessed whether neuroinflammatory profiles regu-
lated by the redox environment were associated with cognitive
function assessed using an extensive neuropsychological battery. As
described in the methods, we computed a predicted neuroinflamma-
tory score for PLWH and controls using the regression equation
described above for superoxide- and H2O2-sensitive pathways, sepa-
rately. This yielded a predicted value of neuroinflammation, with
higher values indicative of greater redox-regulated inflammatory
profiles that were specific to both groups. Interestingly, neuroinflam-
matory profiles predicted by changes in superoxide-sensitive redox
environments were significantly associated with demographically-
adjusted attention composite scores and premorbid functioning (Z-
scores), such that increases in neuroinflammatory profiles were asso-
ciated with worse performance on these domains regardless of group
(b = �0.24, b = �0.05, p = 0.034, 95% CI: -0.09, �0.004; [regression]
for attention; Fig. 6), (b = �0.26, b = �0.06, p = 0.018, 95% CI: -0.10,
�0.01; [regression] for premorbid function; Fig. 7). In contrast,
increased neuroinflammatory profiles accounting for changes in the
H2O2-sensitive redox environment were only associated with deficits
in premorbid functioning regardless of group (b = �0.23, b = �0.03,
p = 0.037, 95% CI: �0.06, �0.002; [regression]; Fig. 7).

4. Discussion

Using advanced, quantitative measurements of mitochondrial
function, the redox environment, inflammatory profiles, and exten-
sive neuropsychological testing, we interrogated the predictive
capacity of the redox environment and mitochondrial function on
elevated inflammatory profiles and cognitive dysfunction in a group
of PLWH with viral-suppression and uninfected controls. Specifically,
we observed disruptions in mitochondrial respiration, such that
basal, ATP-linked and non-mitochondrial respiration were increased
in concert with a marked reduction in mitochondrial energetic
reserves (i.e., spare respiratory capacity) in PLWH compared to



Fig. 6. H2O2-Sensitive mitochondrial redox environment predicts neuroinflammatory profiles in PLWH. Results of the group-based structural equation model exploring the predictive
capacity of H2O2-sensitive mitochondrial redox environments on neuro and T-lymphocyte inflammatory scores. Single-headed arrows denote predictive paths and double-headed
curved arrows denote correlations. Statistically significant estimates (p < .05, two-tailed) are denoted with solid lines, while non-significant paths are denoted with dashed gray
lines. All listed parameters are standardized coefficients for controls (shown in blue) and PLWH (shown in red). Together, measures of the H2O2-sensitive mitochondrial redox envi-
ronment accounted for 23% of the variance in neuroinflammatory profiles in controls, but not in PLWH. N = 80, *p < 0.05, ***p < 0.005.
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controls. In regard to the redox environment, we observed significant
increases in superoxide-sensitive features, including elevated levels
of superoxide and the antioxidant important for scavenging it (i.e.,
superoxide dismutase). In contrast, PLWH exhibited reductions in
catalase and oxidized forms of glutathione, suggesting that H2O2-
involved pathways may also be disrupted in PLWH. Finally, our study
was the first to effectively link key features of mitochondrial function
and redox status to elevated levels of the inflammatory cytokines
important for neuro-related, but not T-lymphocyte-related immune
Fig. 7. Redox-sensitive neuroinflammatory profiles predict cognitive function. (a) Predicted valu
ronment (a,b: left, middle) and H2O2-sensitive environment (c: right) are denoted on the x-a
demographically-adjusted domain composite z-scores for attention (left) and premorbid fun
purple) with 95% confidence intervals (shown in grey) surrounding the regression line denot
responses, and cognitive function in our sample. We discuss the
implications of these novel findings below.

Previous investigations regarding the role of mitochondria in
immune system integrity suggest a preferential shift of functionality
in response to foreign pathogens/infections. Amongst these changes
in mitochondrial metabolism are increases in the consumption of
oxygen concomitant with increases in ROS production for down-
stream signaling mechanisms upon T-cell activation, although the
opposite directionality (i.e., decreased oxygen consumption with
es of neuroinflammation accounting for levels of the superoxide-sensitive redox envi-
xis, with higher values indicative of elevated inflammatory markers. The y-axis denotes
ction (middle, right). Data are presented across all participants (scatter points shown in
ed in black. N = 80.
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increased ROS) has been shown during instances of chronic infection
as seen in HIV [15,31,32]. In line with our hypotheses, we observed
robust reductions in the SRC of mitochondria in PLWH, indicative of
reduced bioenergetic capacities when faced with changing energy
demands. Interestingly, this result was likely attributable to the
increases in basal OCR observed in PLWH, which contradicts previous
reports in humans and animals. For example, only one prior study
has evaluated the dynamic changes in the OCR of immune cells in
PLWH and found significant decreases in basal and maximal OCR,
leading to impaired SRC [15], while other reports have corroborated
this trajectory in animal models treated with the HIV protein gp-120
[31,32]. One factor that could contribute to this discrepancy is likely
the cellular architecture comprising our PBMC samples. For instance,
previous work suggests that immune cells (e.g., T-lymphocytes, B-
lymphocytes) have disparate respiratory profiles relating to subse-
quent changes in cellular activation [15]. Thus, the discrepant trajec-
tories observed in the current study could be attributable, at least in
part, to the cellular composition of our PBMC samples that were not
further purified into their respective cell types for subsequent respi-
ratory analyses. Future work could use methods such as flow cytome-
try to directly quantify the contribution of these cellular profiles.
Nevertheless, our data and previous reports suggest that immune cell
mitochondrial adaptability is impaired in PLWH (i.e., reduced SRC),
albeit the mechanism leading to this inefficiency may be dependent
on sample characteristics.

In regard to the redox environment, we observed increases in
total cellular superoxide concomitant with increased activity of the
antioxidant important for scavenging it (i.e., total SOD) in PLWH com-
pared to uninfected controls, suggesting that elevated levels of SOD
activity may be a compensatory strategy employed to combat the
increased levels of superoxide in PLWH [15,33,34]. In addition, we
observed differential modulations of H2O2-involved scavengers, such
that activity levels of catalase and oxidized glutathione were reduced
in HIV-infected adults. These results were somewhat surprising, as
previous studies have shown either no change or opposing trajecto-
ries of catalase and glutathione levels, indicative of an overall
decrease in the reducing capacity of H2O2 in PLWH [33�35]. Never-
theless, the diverse alterations in antioxidant defense systems
observed in the current sample potentially point to a H2O2-pertinent
mechanism also contributing to the oxidative environment in PLWH.
As the direct product of the superoxide-SOD scavenging reaction is
H2O2, increases in both superoxide and SOD may result in elevated
levels of H2O2, which aligns well with the reductions observed for
the main scavenger of it (i.e., catalase)[36]. However, the stronger
reducing capacity of glutathione (i.e., GSSG/tGSH ratio) observed in
the current study may be working to assist the catalase-deficient
scavenging of H2O2. Although we did not directly quantify levels of
H2O2 in our sample, our study is the first to provide comprehensive
evidence for alterations in both superoxide- and H2O2-sensitive mito-
chondrial redox environments as a function of HIV-infection, and
future work directly evaluating levels of H2O2 will be invaluable to
fully unravel this relationship.

Our most important finding was likely the differential modulation
of elevated inflammatory profiles by superoxide- and H2O2-sensitive
redox environments and mitochondrial function in PLWH compared
to controls. Briefly, using structural equation modeling we observed
separable paths by which superoxide-sensitive mechanisms signifi-
cantly predicted neuroinflammatory profiles in HIV-infected adults
(22% of the variance in neuroinflammation), while H2O2-sensitive
paths were predictive of this change in controls (23% of the variance
in neuroinflammation). Importantly, this effect seems to be specific
to neuroinflammatory responses (i.e., component score derived from
levels of CRP, TNFa, IP10), as neither path significantly predicted T-
lymphocyte-related inflammatory profiles (i.e., component score
derived from levels of IL17, IL17A, IL22) in either group. It is not sur-
prising that superoxide-sensitive measures of the redox environment
directly predicted inflammatory profiles in PLWH. Although not the
direct defender of invading pathogens, increases in mitochondrial
energetic capacities and subsequent superoxide production has been
shown to be critical for normative immune responses (e.g., T-lym-
phocyte maturation and activation, secretion of circulating cytokines)
to both acute and chronic infections [11�14,37]. However, ours is the
first study to directly link measures of superoxide-sensitive redox
profiles to instances of neuro-related, but not T-lymphocyte-related
inflammatory responses, which has been reported extensively else-
where [11�15,37]. In addition, H2O2-sensitive mechanisms were pre-
dictive of this change in controls, although this result requires careful
interpretation, as neither measure of catalase nor glutathione reduc-
ing capacity (i.e., H2O2-sensitive redox metrics) were direct modula-
tors of neuroinflammation above and beyond levels of ATP-linked
mitochondrial respiration alone.

Finally, our study was the first to effectively link redox-regulated
inflammatory profiles to performance on neuropsychological tests in
a large sample of seropositive and seronegative adults. Specifically,
using predicted values of neuroinflammation accounting for levels of
superoxide- and H2O2-sensitive paths separately, we observed signif-
icant associations with attention and premorbid function, such that
increased levels of superoxide-sensitive neuroinflammatory profiles
were associated with worse performance on these domains, while
increased levels of H2O2-sensitive predicted neuroinflammation was
associated with deficits in premorbid function across the entire sam-
ple. These results are not surprising, considering the markers com-
prising our extracted score of neuroinflammation. For example,
increases in circulating levels of CRP, TNFa, and IP10 have long been
revered as important correlates of age- and disease-related cognitive
dysfunction [38�46]. While previous reports have linked elevations
in these inflammatory cytokines to HIV-related disease metrics (e.g.,
CD4 count, time to AIDS progression, etc.), mortality rates and oppor-
tunistic diseases [47�50], our study is the first to demonstrate a rela-
tionship between these markers and cognitive performance in a
relatively healthy sample of virally-suppressed PLWH and uninfected
controls. In addition, the role of superoxide and related mitochon-
drial oxidative environments appear to be valuable, but separable
contributors to inflammation-related cognitive decline, which had
yet to be reported in the context of human physiology.

In conclusion, our study was the first to directly link quantitative
measures of mitochondrial function and redox environment to the
inflammatory profiles modulating cognitive function in virally-sup-
pressed PLWH and uninfected adults. Importantly, our results pro-
vide evidence for a redox-regulated neuroinflammatory profile in
PLWH, which is directly related to alterations in superoxide-sensitive
redox environments as opposed to other ROS-dependent mecha-
nisms in the system. While the existing literature provided valuable
insight regarding elevated inflammatory and redox profiles in PLWH,
the connection between redox-regulated systemic inflammation and
HIV-related cognitive impairment was poorly understood. Essen-
tially, elevated levels of superoxide and associated efficiencies in its
primary producer (i.e., mitochondria) accounted for a substantial por-
tion of the variance in neuroinflammatory profiles in PLWH, but not
controls, and further were associated with deficits in attention and
premorbid functioning regardless of group. Finally, it is important to
consider several methodological differences and limitations that
could be attributable to some of the discrepant findings reported in
this study. First, our study was the first to evaluate a large sample of
HIV-infected adults with virologic suppression. This is an important
consideration, as prior work has evaluated these mitochondrial-
redox constructs in smaller samples of HIV-infected adults with and
without virologic suppression [15], which is unfortunate, as various
regimens of cART have been directly tied to alterations in mitochon-
drial toxicity and subsequent redox imbalances even in the absence
of HIV exposure [16,17,51,52]. Alternatively, while the inclusion of
virally-suppressed PLWH is often considered a strength (i.e., fewer
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confounding factors), it may introduce some selection bias which
could limit the generalizability of our findings to the population of
PLWH as a whole, who often present with numerous comorbidities
(e.g., depression, psychiatric symptoms, substance abuse [53,54]).
Thus, future studies should consider including those with comorbid
conditions. Second, our sample was considerably larger (~4x larger)
than prior studies in humans, which could have also contributed to
some of the directionality differences when comparing to the current
literature. In addition, future work would greatly benefit from the
direct intracellular quantification of H2O2, as our results suggest a dif-
ferential involvement of H2O2-sensitive scavengers in HIV-infection.
Similarly, it will be valuable for future work to quantify levels of ROS
and antioxidants directly within the mitochondria (e.g., MnSOD:
mitochondrial origin of SOD) to further corroborate our evidence for
aberrant mitochondrial-specific redox environments. Finally, our
study aimed to focus on the contribution of neuro- and t-lympho-
cyte-related inflammatory profiles given the extensive literature
implicating these markers and their cellular targets (e.g., CD4 t-cell
activation/maturation) in the development of neurocognitive
impairment in PLWH, albeit markers important for other physiologi-
cal processes (e.g., chemotaxis: MCP1, vascular-related inflammation:
PIGF, SAA, sICAM1) also exhibited significant elevations as a function
of HIV. In contrast, certain markers hypothesized to be involved in
the development of neurocognitive ability (e.g., IL-6) exhibited no
change as a function of serostatus. This specificity in inflammation
suggests that the neuroinflammatory profiles as identified in the cur-
rent study may be especially pertinent to the development of
domain-specific cognitive ability (i.e., attention, premorbid function),
as opposed to global advancements in neurocognitive dysfunction
that have been previously described. Additionally, other cellular pro-
files may also contribute to this process (e.g., monocytes). For exam-
ple, as one of the primary infected cells in the HIV brain due to their
permeability across the blood brain barrier [55,56], the study of
monocytes has become an attractive avenue of investigation as of
late, as recent work suggests that increased activation markers in
monocytes (e.g., HIV DNA levels, soluble CD163/14) are associated
with worse cognitive impairment in PLWH[55,57,58]. Thus, future
work will undoubtably benefit from the characterization of mono-
cyte-related inflammatory profiles to expand upon the current study.
Nevertheless, our study provides unique, mechanistic insight into the
role of inflammation in cognitive dysfunction in PLWH and healthy
controls. Importantly, precursors to pro-inflammatory profiles (i.e.,
parameters of the mitochondrial redox environment) as evaluated in
the current study may provide effective proxies for other instances of
chronic inflammation (e.g., aging, neurodegenerative diseases) and
further, may serve as effective targets to modulate downstream func-
tional decline in the future.
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