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Abstract
Objective
To determine whether oxidative stress in virologically suppressed people with HIV (PWH)
may contribute to or result from neurodegeneration, we measured 7,8-dihydro-8-oxoguanine
(8-oxo-dG), a marker of DNA damage due to oxidative stress, and markers of age-related
neurodegeneration, specifically, reduced levels of CSF Aβ-42, and elevated CSF total tau and
neurofilament light (NFL).

Methods
This cross-sectional study prospectively enrolled participants at 6 US centers in the CNS HIV
Antiretroviral Effects Research study. Inclusion criteria includedHIV+with a plasma level of HIV
RNA ≤50 copies/mL. Exclusions included significant CNS confounding conditions. Measure-
ments of total tau and Aβ-42 were performed by bead suspension array. NFL and 8-oxo-dG were
measured using ELISA.

Results
Participants were 53 PWH, mean age 55 (±9.3) years, 19% women, and 48% non-Hispanic
White. Higher 8-oxo-dG correlated with markers of AD-related neurodegeneration including
lower CSF Aβ-42 (r = −0.34; p = 0.012) and higher CSFNFL (r = 0.39; p = 0.0091) and total tau
(r = 0.6696; p < 0.0001). Relationships remained after adjusting for demographic variables. Levels
of protein carbonyls, a marker of protein oxidation, were not related to neurodegeneration
markers.

Conclusions
Among virologically suppressed PWH, nucleic acid oxidation was associated with standard CSF
biomarkers of neurodegeneration. Potential sources of oxidative stress in PWH include low-level
HIV replication, inflammation, mitochondrial dysfunction, and specific antiretroviral drugs. Results
suggest that the higher levels of oxidative stress among PWHmay play a role in neurodegeneration.

Classification of evidence
This study provides Class II evidence that among virologically suppressed PWH, nucleic acid
oxidation is associated with standard CSF biomarkers of neurodegeneration.
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Age-related neurodegeneration has taken on increasing impor-
tance in people withHIV (PWH) due to the increased longevity
resulting from successful antiretroviral therapy. Researchers
expect that Alzheimer disease (AD) will become increasingly
common in PWHdue to their longer lifespan. Oxidative stress is
common in HIV, even among virologically suppressed indi-
viduals.1 HIV and AD are both associated with oxidative stress
and the resulting DNA damage as indexed by a marker of
oxidatively damaged guanine, increased 7,8-dihydro-8-
oxoguanine (8-oxo-dG) levels. In HIV brains, lower volume
of gray matter from selected brain areas (e.g., hippocampus and
pallidum) is associated with lower levels of mitochondrial 8-
oxoG in serum.2 Moreover, an increase in 8-oxo-dG in nuclear
DNA is accompanied by a decrease in the mitochondrial DNA
content observed in the frontal cortex.3 Animal studies show
that antiretrovirals (ARVs) also are associated with oxidative
stress through the generation of oxidative radicals and depletion
of antioxidants and antioxidant enzymes, leading to mitochon-
drial damage in the brain.4 In particular, dideoxynucleoside
ARVs produce mitochondrial dysfunction and oxidative stress.5

A magnetic resonance spectroscopy study found that exposure
to dideoxynucleoside ARVs was associated with reductions in
N-acetyl aspartate in the brain, possibly as a result of depleted
brain mitochondria and/or alterations in cellular respiration.6

Similarly, oxidative stress in AD leads to nucleic acid and protein
damage.7 Proteolytic processing of the amyloid precursor pro-
tein via amyloidogenic pathways yields neurotoxic and oxidative
stress–producing Aβ-42 peptide, which is deposited in amyloid
plaques. Such increased amyloid deposition in the brain leads to
a reduction in Aβ-42 in CSF. Increased levels of oxidized bases
in nuclear and mitochondrial DNA in temporal, parietal, and
frontal lobes have been reported in AD.8 Increased levels of
8-hydroxyguanine have even been detected in the hippocampus
in preclinical stages of AD.9 Aβ-42 also may directly disrupt
mitochondria function and contribute to the deficiency of en-
ergy metabolism and neuronal death seen in AD.10 Oxidative
stress may contribute to the hyperphosphorylation and poly-
merization of tau. Cells overexpressing tau protein had in-
creased susceptibility to oxidative stress.11

Among frequently used biomarkers of neurodegeneration are
the light subunit of the neurofilament protein (NFL), a major
structural element of myelinated axons. NFL concentration in
CSF is a sensitive marker of neuronal damage in several
neurologic diseases,12 and CSF NFL levels are substantially
increased in PWH with HIV-associated dementia compared
with HIV-uninfected individuals.13,14

To address possible relationships between oxidative stress and
neurodegeneration in HIV, we measured 8-oxo-dG, Aβ-42,

total tau, and NFL in CSF and plasma in PWH. Because of the
close relationship between oxidative stress and neuro-
degeneration in other disorders such as AD, we hypothesized
that increased CSF 8-oxo-dG would be related to higher total
tau and NFL, but lower Aβ-42, and that these relationships
would be absent for plasma.

Methods
Participants
This cross-sectional study prospectively enrolled 53 PWH
betweenMay 2016 and April 2018 at 6 university-based centers
(St. Louis, Galveston, Baltimore, New York, Seattle, and San
Diego) in the CNS HIV Antiretroviral Effects Research
(CHARTER) Aging study, which has been described in detail
previously.15 To enhance representativeness, CHARTER in-
clusion criteria were broad: HIV infection and willingness to
undergo the study assessments were required and comorbid-
ities such as past substance abuse were permitted. Exclusions
were any substance use disorder in the past 6 months, un-
controlled major psychiatric disorders, untreated hepatitis C
infection, active opportunistic infections, major neurologic
conditions unrelated to HIV such as Parkinson disease or MS
and uncontrolled epilepsy or inability to cooperate with a full
day of clinical evaluation. Samples were selected based on viral
suppression (plasma HIV RNA <50 copies), and available
sample at the time assays were performed.

Standard protocol approvals, registrations,
and patient consents
All participants signed informed consent documents ap-
proved by their respective local institutional review boards.

Primary research question
To determinewhether oxidative stress in virally suppressed PWH
is associated with markers of age-related neurodegeneration.

Classification of evidence
Class II.

Biomarkers
Measurements of total tau and Aβ-42 in plasma and CSF were
performed by bead suspension array (Milliplex FLEXMAP
3D). Protein carbonyls and 8-oxo-dg were measured by ELISA
(Trevigen, MD). NFL was measured using a commercially
available kit (colorimetric ELISA; Tecan, Switzerland).

Additional clinical and laboratory assessments
Comprehensive neuromedical assessments were performed.
These assessments included vital signs, neurologic and
physical examination, collection of medical history including

Glossary
8-oxo-dG = 7,8-dihydro-8-oxoguanine; AD = Alzheimer disease; ARV = antiretroviral; CHARTER = CNS HIV Antiretroviral
Effects Research; NFL = neurofilament protein; PWH = people with HIV; ROS = reactive oxygen species.
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ARV regimen, and collection of blood and CSF. Routine
clinical assays, such as blood CD4+ T-cell count and CSF total
protein, were measured in the Clinical Laboratory Improve-
ment Amendments–certified laboratory at the University of
California, San Diego Medical Center. HIV RNA levels were
measured in CSF and plasma by real-time PCR with a lower
quantification limit of 50 copies/mL (Abbott Diagnostics,
Des Plaines, IL). A comprehensive neuropsychological test
battery was also administered to assess cognitive function in 7
domains commonly affected by HIV: verbal fluency, working
memory, processing speed, verbal and visual learning, delayed
recall, executive function, and complex motor function as
previously described.15

Statistics
Only participant records with complete data were used. De-
mographics, medical history, and HIV disease characteristics
were summarized using means andSDs, medians and inter-
quartile ranges, or counts and percent as appropriate. To
evaluate potential biases, confounds examined in multivari-
able models included demographics, disease characteristics,
and past exposure to peripherally neurotoxic dideoxynucleo-
sides (d-drugs) such as stavudine. Log10 transformations were

applied to biomarker measures to improve symmetry and
normality of distributions. Correlations among biomarkers
were assessed using Pearson r.Multivariable regressions were
used to assess the impact of potential covariates.

Data availability
All individual deidentified participant data from this study,
along with the clinical protocol, will be shared with qualified
researchers on request to CHARTER. Qualified researchers
include those who agree to use the shared study data and
materials ethically and exclusively for prespecified biomedical
research, the results of which will be made public promptly on
their generation.

Classification of evidence review
This study provides Class II evidence that among virologi-
cally suppressed PWH, nucleic acid oxidation is associated
with standard CSF biomarkers of neurodegeneration. The
study is rated Class II because of the retrospective cohort
design.

Results
Participants were 53 PWH, mean age 55 (±9.3), 19% women,
48% non-Hispanic White, and all with plasma HIV RNA < 50
copies/mL. The table details demographic and clinical char-
acteristics of the sample.

Biomarker correlations
Total tau andNFL levels were strongly correlated (r = 0.56; p <
0.0001). Lower Aβ-42 levels were related to higher total tau (r
= −0.01; p = 0.025), but were not related toNFL (r = 0.019; p <
0.90). Lower CSF Aβ-42 (typically associated with AD in the
general population) was related to higher 8-oxo-dG levels (p =
0.012; figure 1). Higher CSF NFL (p = 0.007) and total tau (p
= 0.0001) were associated with higher 8-oxo-dG levels. None of
the plasma biomarker levels was associated with 8-oxo-dG.
Plasma levels of Aβ-42 and 8-oxo-dG were unrelated. NFL and
total tau were not measured in plasma due to limitations in

Table Demographic and HIV disease characteristics of
the study participants

Age, y (mean ± SD) 55.0 (9.3)

Education 13.1 (2.3)

Female sex (N, %) 10 (18.9%)

Non-Hispanic White race/ethnicity (N, %) 25 (48.1%)

CD4 nadir* (median, IQR) 115 (28, 196)

Current CD4 (median, IQR) 568 (311, 751)

History of d-drug exposure (N, %) 33 (62.3%)

Abbreviations: IQR = interquartile range; nadir, lowest historical level of
blood CD4+ T cells.

Figure 1 Intercorrelations between the markers of neurodegeneration, NFL, Aβ-42 and total tau
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assay sensitivity. NP global and domain performance were not
related to any of the biomarkers (figures 2 and 3).

Potential demographic and
disease confounders
Men had higher CSF NFL (3.10 ± 0.21 vs 2.95 ± 0.12; p =
0.049) and Aβ-42 (2.73 ± 0.26 vs 2.53 ± 0.36; p = 0.042) than
women (figure 4). Hispanics (3.04 ± 0.43) had higher Aβ-42
than Black participants (2.60 ± 0.29; p = 0.021) and White
participants (2.73 ± 0.22; p = 0.16). Higher 8-oxo-dG was
marginally associated with older age (r = 0.268; 95% CI,
−0.0022, 0.502). Furthermore, in a multivariable model

predicting CSF Ab-42 from 8-oxo-dG and age, age was not
significant (p = 0.209), whereas 8-oxo-dG remained significant
(p = 0.00613). In a multivariable model predicting total tau
from 8-oxo-dG and age, both age (p = 0.00099) and 8-oxo-dG
(p < 0.00001) were significant. In a multivariable model pre-
dicting NFL from 8-oxo-dG and age, both age (p = 0.00007)
and 8-oxo-dG were significant (p = 0.0366). Thus, age was not
a significant confounder of the relationships reported here.
Nadir and current CD4 were not related to 8-oxo-dG levels.
PWH with a history of d-drug exposure had higher 8-oxo-dG
levels, but cumulative d-drug exposure was not related to 8-oxo-
dG levels. Relationships of Aβ-42, total tau and NFL to 8-oxo-

Figure 2 Levels of 8-oxo-dG as compared to biomarkers of neurodegeneration, NFL, Aβ-42 and total tau

Figure 3 Associations between age and biomarker levels
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dG levels persisted after adjusting for history of d-drug expo-
sure. None of the biomarkers was significantly associated with
lifetime history of substance use disorder or hepatitis C virus
serology.

Discussion
Age-related neurodegeneration in HIV has taken on expanded
importance due to the increased longevity of PWH with suc-
cessful ARV and because of the intersection of the HIV and AD
epidemics. Neurodegeneration in PWH is associated with ox-
idative stress. Although the relationship between oxidative
stress and neurodegeneration is well known, few studies have
reported findings fromCSF on it and none among PWH. Here
we show that neurodegenerative biomarkers in CSF are related
to increased oxidative stress as indexed by 8-oxo-dG levels in
virologically suppressed PWH. These findings suggest that
oxidative stress related to HIV and/or ARV may contribute to
neurodegeneration in aging PWH.

Mitochondrial dysfunction may contribute importantly to in-
creased oxidative stress in PWH on ARVs. HIV proteins and
ARVs can damage mitochondria, which can generate reactive
oxygen species (ROS).4,16–18 HIV proteins can also induce
ROS generation as part of the inflammatory response.19 Thus,
persistent low-level HIV protein expression or chronic expo-
sure to ARV likely contributes to long-term exposure to ROS.
ROS induce inflammatory gene expression and also inhibit
mitochondrial-associated antiviral responses in glial cells. HIV
proteins and ARV can inducemitochondria to generate ROS as
part of the inflammatory response.17 Recent studies show that
astrogliosis and inflammation in AD and in PWH may com-
promise mitochondrial homeostasis in neurons leading to
neurodegeneration, perpetuating ROS-induced inflammation
and neurodegeneration.18 Strategies that disrupt the cycle be-
tween oxidative stress, neuroinflammation, and neuro-
degeneration may be useful in slowing the aging process in
PWH on ARVs.

The relationships we found were specific to CSF vs plasma
biomarkers. This suggests that CSF provides a unique window

into oxidative stress and neurodegeneration in the CNS. The
specificity of the association of neurodegeneration biomarkers
to DNA oxidation biomarkers, but not protein oxidation
markers, may indicate mitochondrial dysfunction as a major
causative factor. mtDNA is particularly susceptible to oxidative
damage due to a lack of nucleosomes and proximity to ROS
generated at the electron transport chain.20,21 Thus, oxidative
stress caused by mitochondrial damage may first and pre-
dominantly affect mtDNA. Another potential explanation for
the different associations of neurodegeneration markers with
nucleic acid oxidation vs protein oxidation (protein carbonyls)
is differences in rates of excretion of protein and DNA from
healthy or dying cells or differences in degradation of these
molecules inside the cells or in the extracellular space. These
possibilities will need to be investigated in future studies.

The design of our study cannot discern whether oxidative stress
is causing neurodegeneration or vice versa. These causal rela-
tionships could be validated in animal models or in vitro, for
example, by exposing neurons in culture to oxidizing agents
and measuring subsequent changes in markers of neuro-
degeneration or by evaluating oxidative stress levels in cells
overexpressing Aβ or tau. Implications for clinical management
are not clear because the direction of causality is not known. The
absence of links between biomarkers of neurodegeneration,
oxidative stress, and neurocognitive impairment might be
explained by the suggestion that these are early markers, altered
before the onset of neurocognitive impairment. Future studies
should examine whether longitudinal increases in 8-oxo-dG are
related to evidence of worsening neurodegeneration in PWH.
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