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Abstract

HIV-associated cognitive neurological disorders (HAND) prevail in the antiretroviral therapy era.
Proteomics analysis of CSF revealed expression of Cu/Zn superoxide dismutase (Cu/Zn SOD) in
Hispanic women with cognitive impairment (CI). We tested the hypothesis that there is reduced
capacity of antioxidant enzymes in Cl by measures of expression and activity of Cu/Zn SOD, catalase,
and Se-glutathione peroxidase in HAND. Our results showed that the function of these antioxidants
was decreased in the CSF and monocytes of women with CI. These findings have important
implications regarding their possible contribution to oxidative stress and in the diagnosis and therapy
for HAND.
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1. Introduction

HIV-associated neurocognitive disorders (HAND) have remained prevalent after introduction
of combined antiretroviral therapy (highly active antiretroviral therapy, HAART) (Brew,
2004; Kolson, 2002; Antinori et al., 2007; Wojna et al., 2006; Meléndez et al., 2008). Motor
and cognitive deficiencies often manifest as mild conditions and persist as patients live longer
(Kolson, 2002; Wojna et al., 2006; Fisher-Smith and Rappaport, 2005). High levels of
immunological markers such as tumor necrosis factor-a (TNF-a), interleukin-1, interleukin-6,
metalloproteinases, neopterin (Brew et al., 1990), quinolinic acid (Heyes et al., 1991),
glycoprotein 41 (gp 41) (Adamson et al., 1999), and macrophage chemotactic protein-1
(MCP-1)(Conant et al., 1998), in brain tissue or cerebrospinal fluid (CSF) have been regarded
as risk factors for neurological decline in the pre-HAART era (Griffin, 1997). Of these, MCP-1
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and TNF alpha are associated with the time to HIV dementia (Sevigny et al., 2004), or with
genetics (MCP-1) in the post-HAART era (Gonzalez et al., 2002; Letendre et al., 2004;
Monteiro de Almeida et al., 2005). However, routinely measured blood tests such as CD4
counts and viral RNA that have been linked to improvement in psychomotor speed performance
(Sacktor et al., 2003), were not associated with the time to HIV dementia in patients receiving
HAART (Sevigny et al., 2004). Since many of these biomarkers are common to other
inflammatory diseases, the search for new and combined molecular biomarkers continues to
be an objective of active research (Sacktor et al., 2004; Price et al., 2007).

The neuropathogenesis of HIV infection stems from disrupted cellular networks between
peripheral monocytes, tissue macrophages, endothelium, and glia. Increased numbers of
peripheral CD14+/CD16+ monocytes have been associated with HAD (Pulliam et al., 1997).
In an animal model of AIDS, invading monocytes from circulation settle into the perivascular
space of the brain (Clay et al., 2007; Kim et al., 2006). Williams et al. (2001) and Fischer-
Smithetal. (2001) demonstrated that perivascular macrophages accumulated in SIV and HIVE,
respectively. These cells promote pathogenesis by perpetuating the inflammatory process and
virus replication in the central nervous system (CNS) (Nath, 1999; Williams and Hickey,
2002).

Our research focuses on the mechanism of HIV neuropathogenesis in a cohort of Hispanic
women characterized for cognitive impairment (CI) while using combined antiretroviral
therapy. Differences in the macrophage proteome of women with Cl, as compared to that of
women with no such impairment, have been reported (Luo et al., 2003). Our recent CSF
proteomics profiling study from the Hispanic cohort revealed unique proteins associated with
Cl (Laspiuretal., 2007). Proteins involved in cell signaling, structural function, and antioxidant
activities were identified. The cytosolic isoform of Cu/Zn superoxide dismutase (Cu/Zn SOD)
was identified from the CSF of 18 women with CI and found with increased expression by
immunoblot in 6 patients. Cu/Zn SOD is an important antioxidant enzyme that maintains
normal redox status with the dismutation of the superoxide radical into hydrogen peroxide.
Hydrogen peroxide is further detoxified by the intervention of either selenium-dependent
glutathione peroxidase (GPx) or catalase (Fig. 1). GPx keeps cellular lipids free of harmful
peroxides. More importantly, Cu/Zn SOD has arole in signaling and inflammation that depends
on the cell redox status and experimental conditions (Marikovsky et al., 2003). This enzyme
was identified in the secretome of in vitro HIV-1-infected monocyte-derived macrophages
(Ciborowski et al., 2007).

Oxidative stress is one of the hallmarks of neurodegenerative conditions including HAND, and
we found increased Cu/Zn SOD in the CSF of patients with Cl. On this basis we hypothesized
that the function of Cu/Zn SOD, catalase, and GPx was dysregulated in HIV-infected Hispanic
women with CI. We tested these enzymes in blood and CSF compartments, as well as the effect
of zidovudine and protease inhibitor therapy on antioxidant enzyme function. Our data support
the premise that in the CSF and monocytes there is decreased antioxidant enzyme function that
may contribute to oxidative stress and CI. This study has important implications for future
diagnosis and therapy of HAND.

2. Materials and methods

2.1. Study patients

A longitudinal cohort study of HIV-seropositive Hispanic women has been followed since
2002 as part of a Specialized Neuroscience Research Program, at the University of Puerto Rico,
Medical Sciences Campus (Institutional Review Board Approved Protocol). Forty-three (43)
women from this cohort were selected for this study. Inclusion and exclusion criteria have been
described previously (Luo et al., 2003; Wojna et al., 2006). Briefly, inclusion criteria were
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nadir CD4* T-cell count less than 500 cells/mm?3 or a viral load equal to or greater than 1000
copies/mL. Patients with a history of neuropsychiatric disorders, neuroinfectious diseases,
hepatitis C, or with a positive toxicology report were excluded. Viral and immune parameters
were evaluated at an AIDS Clinical Trial Group (ACTG) certified laboratory. All patients were
evaluated with a macro neurological exam and a battery of neuropsychological tests as
described previously (Wojna et al., 2006). Cognitive function was determined by the Memorial
Sloan Kettering (MSK) dementia scale and the patients were grouped as normal cognition (NC;
MSK=0), asymptomatic (A; MSK=0.5), or symptomatic (Cl; MSK>1) (Marder et al., 2003).
Asymptomatics have substandard neuropsychological results with average neurological
performance and in the study represent a group with early cognitive impairment.

2.2. Blood and CSF samples

Peripheral blood from 43 patients and seropositive subjects was collected in four tubes
containing acid citrate dextrose (ACD) anticoagulant and centrifuged to obtain plasma for
storage in 0.5 mL aliquots at —80 °C. Peripheral blood mononuclear cells (PBMC) were isolated
from the remaining blood in Lymphosep medium (MP Biomedicals, Solon, OH). Monocytes
were separated using magnetic cell sorting columns and CD14* microbeads (Miltenyi Biotech,
Auburn, CA). Cells were lysed (5 mM Tris—HCI/0.1% Triton X-100, pH 8.0) and treated with
protease inhibitors from Sigma-Aldrich (St. Louis, MO). CSF was collected from the patients
using an atraumatic Sprotte needle. CSF was placed in sterile tubes on ice, centrifuged to
remove cells and added protease inhibitors (20%). The 0.5 mL aliquots were stored at —80 °C
until analysis.

2.3. Cu/Zn SOD expression

Cytosolic Cu/Zn SOD expression was measured by enzyme-linked immunoabsorbent assay
(ELISA) (Calbiochem, San Diego, CA), following the manufacturer's instructions. A dilution
of 1:200 was selected for plasma, monocyte, and CSF samples after titration. The concentration
of Cu/Zn SOD was measured in nanograms per mL (ng/mL). Duplicate samples from each
patient were tested and read in a Dynex MRX Revelation Microplate Reader (Chantilly, VA)
at 450/620 nm.

2.4. Cu/Zn SOD function

Cu/Zn SOD function was determined by testing enzyme activity using the Superoxide
Dismutase Assay Kit Il (Calbiochem, San Diego, CA). The assay is based on the reaction
between xanthine oxidase and hypoxanthine. Tetrazolium salt was used to detect the
superoxide formed in the reaction. Superoxide dismutase present in patient samples degrades
the superoxide and a change in absorbance is read at 450 nm. One unit is defined as 50%
dismutation of superoxide anion produced. Units in the sample were extrapolated from the
standard curve. A 1:30 dilution was used for all samples and tested in triplicate. The kit is
sensitive to all 3 SOD isoforms: Cu/Zn (cytosolic and extracellular), Mn (mitochondrial), and
Fe SOD (prokaryotes). However, the use of 3 mM potassium cyanide as inhibitor to Cu/Zn
SOD helped us to distinguish its activity from the Mn SOD.

2.5. Catalase function

Catalase function was measured using the catalase assay kit from Cayman Chemical (Ann
Arbor, MI), which reports activity as the enzyme detoxifies hydrogen peroxide in the presence
of methanol. Oxidation of aldehyde that has been formed will cause a change in absorbance,
detected at 540 nm. One unit represents the amount of enzyme necessary to produce 1 nmol
of aldehyde/minute at 25 °C. A 1:10 dilution was used for monocytes and plasma samples;
CSF was undiluted. All samples were assayed in duplicate.
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2.6. Glutathione peroxidase function

Selenium-GPx activity was measured with an assay kit from Stressgen (Ann Arbor, MI) based
on the scavenging of peroxide with oxidation of glutathione. Glutathione reductase then
reduces glutathione and oxidizes nicotinamide adenine dinucleotide phosphate (NADPH). One
unit of GPx will cause oxidation of 1 nmol of NADPH. A decrease in absorbance from this
reaction is measured at 340 nm. Samples at 1:5 to 1:10 dilution were tested in triplicate.

2.7. Statistical analysis

Two-sided hypothesis testing with a Type I error threshold for significance of 0.05 was used
to address the goals of the project. To test the assumption of normality, we used the Shapiro—
Wilk test. Since this test indicated that the variables were normally distributed, we reported
means and standard deviation (SD) and tested our hypotheses using parametric statistical
analysis. The primary goal was to study the expression and/or function of Cu/Zn SOD, catalase,
and glutathione peroxidase in cells and fluids from HIV-seropositive Hispanic women as a
function of cognitive impairment. To address this goal, enzymes were measured in several
compartments: CSF, plasma, and monocytes. Mean differences across groups were tested using
analysis of variance (ANOVA). In the event of overall differences, post-hoc analyses were
used to test for between-group differences. The secondary goal was to test for differences in
Cu/Zn SOD according to antiretroviral therapy. Mean differences in therapy, adjusted across
groups, were tested using ANOVA. Data were analyzed using SAS version 8.02 (SAS Institute,
Cary, NC).

3. Results

3.1. Study patients

Table 1A summarizes the cognitive status and viral-immune parameters for the patient groups.
Samples from 43 HIV-seropositive women were used. Some of them change in MSK
classification from one visit to another and we may have used sample from patients representing
more than one cognitive group. The mean age for the patients in the study was 37+7 years.
CD4 counts were 366234 cells/mm3. Mean viral load in the CSF was 2.05+0.71 logy copies/
ml and 2.92+1.22 log;q copies/ml in plasma. More than 70% of patients in the cohort are on
combined antiretroviral therapy. The average duration of therapy was 1.81 (SD 2.45) years.
The range of duration of therapy was 0.02 years to 11.00 years. For those on HAART, the
average duration of therapy was 1.55 (SD 1.99) years. Only ten (10) of the 43 individuals
(23.2%) have been on their current regiment for less than 3 months. CSF viral load was 2.68
(SD 1.02) among those with <3 months duration and was 2.23 (SD 0.55) among those with >3
months duration (p=.127). Plasma viral load was 3.04 (SD 0.86) among those with <3 months
duration and was 2.87 (SD 1.13) among those with >3 months duration (p=.706). There were
no differences in CSF viral load (p=.328) or plasma viral load (p=.612) when stratified by
MSK. After stratifying for cognitive status, there were no differences in Cu/Zn SOD expression
(p=.812) as a function of duration of therapy. Statistical analysis did not reveal significant
differences among the groups for any of these parameters. The number of samples varied
according to protein concentration. There were a limited number of samples from normal
cognition compared to the other cognitive groups (Table 1B).

3.2. Cu/Zn SOD expression

An independent analysis of Cu/Zn SOD expression in the monocytes, CSF, and plasma
compartments was done by comparing the enzyme concentration in the 3 groups—NC, A, and
Cl. Expression was significantly lower in monocytes of the CI group than the A (p<0.05) or
NC (p<0.001) group. The mean concentration of Cu/Zn SOD in the CI group was 163.5+52
ng/mL (Fig. 2A). Cu/Zn SOD expression in CSF of the A group was 136.8+32.5 ng/mL, but
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there was a significant increase in the CI group (188.4+78.2 ng/mL, p<0.05). No differences
were found in the Cl and A groups as compared to patients in the NC group (Fig. 2B). We did
not find significant differences in Cu/Zn SOD expression in plasma between women with NC
and CI (Fig. 2C). The average concentration of Cu/Zn SOD in plasma was higher than in
monocytes and CSF (248.2+171.2 ng/mL).

3.3. Cu/Zn SOD function

The Cu/Zn SOD function was determined in monocytes, CSF, and plasma by comparing the
activity obtained in the 3 different patient categories. There was lower monocyte Cu/Zn SOD
activity in Cl than in NC (p<0.001) and A women (p<0.05) with an average activity for Cl of
0.74+0.53 U/mL (Fig. 3A). Cu/Zn SOD activity in CSF was significantly lower in CI (0.65
+0.34 U/ml, p<0.05) than in A (0.87+0.37 U/mL) (Fig. 3B). Cu/Zn SOD activity in plasma
was similar among the NC (1.92+0.73 U/mL), A (2.13+1.06 U/mL), and CI (2.46+1.65 U/mL)
groups (Fig. 3C).

3.4. Catalase and Se-GPx function

Catalase activity was lower in monocytes from Cl (36.5+28.6 nmol/min/mL, p<0.05) than from
patients with NC (67.2+16.7 nmol/min/mL) (Fig. 4A). Catalase did not change in either CSF
or plasma of NC and ClI patients (Fig. 4B and C). GPx function was lower in monocytes from
Cl (46.2+52.7 U/mL) than from NC (113.5+44.9 U/mL, p<0.05) or A (94.3+11.1 U/mL
p<0.05) (Fig. 5A). There was also lower GPx activity in the CSF from CI than from NC and
A (p<0.05) (Fig. 5B). There was greater GPx activity in plasma from A and CI than from NC
(p<0.05) (Fig. 5C).

3.5. Antiretroviral therapy in Cu/Zn SOD expression and function

Combined antiretroviral therapy was used by most patients (72.1%; 31/43). Side effects of
some of the compounds are due to disruption of important cellular processes. A sub-analysis
into the effect of zidovudine (AZT) and protease inhibitors (PI) on Cu/Zn SOD expression and
activity was conducted examining data from women with or without AZT in their medication
regimen. Although it has been reported that AZT affects Cu/Zn SOD expression (D'Andrea et
al., 2006), no significant differences were found between the use of AZT or Pl among the 3
groups of cognitive performance.

4. Discussion

This study was designed to determine the role of antioxidant enzymes in HAND. Specifically,
we determined the expression and activity of Cu/Zn SOD, catalase, and Se-GPx in HAND with
43 HIV-seropositive Hispanic women who used combined antiretroviral therapy. In our
previous study, immunoblot analysis revealed an increase of Cu/Zn SOD in women with
cognitive impairment as compared to those with normal cognition. In the present study when
we stratified cognitive function between asymptomatic women and those with cognitive
impairment, we confirmed that the increase was mainly in the latter group. This increased
expression of Cu/Zn SOD in Cl was accompanied by a significantly decreased Cu/Zn SOD
function in the CSF. This compartment contains molecules that are byproducts of processes
occurring in the CNS. Increased Cu/Zn SOD expression in the CSF of CI could be a
compensatory mechanism for decreased enzyme function. In contrast to Cl women, the A group
had low enzyme concentration with elevated activity. This may indicate modulation of function
in the initial stages of neurological disease. High levels of Cu/Zn SOD mRNA were reported
in brain tissue of patients with HIV-associated dementia in the pre-HAART era (Boven et al.,
1999). Cu/Zn SOD abundance was increased in microglia and brain macrophages as compared
with non-demented and control subjects (Boven et al., 1999). Our data support previous studies
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and indicate that Cu/Zn SOD abundance in the CSF is linked to decreased function independent
of the duration of HAART.

In addition to decreased Cu/Zn SOD activity, GPx activity was also lower in the CSF of patients
with CI. With Cu/Zn SOD activity being decreased, less hydrogen peroxide is produced and
less GPx is needed for conversion of hydrogen peroxide into water and oxygen (Fig. 1). Our
results could indicate that defects in Cu/Zn SOD function affect the other enzymes in the
antioxidant pathway.

Activated monocytes are increased in HIV dementia (Pulliam et al., 1997). Cu/Zn SOD activity
decreases in mononuclear cells with progression of HIV infection (Treitinger et al., 2000). In
our studies we found that Cu/Zn SOD expression and activity were both lower in the monocytes
of patients with CI than in those with NC. This low activity combined with oxidative stress in
the CNS may promote peroxynitrite formation and neuronal damage (Mollace et al., 2001).
Another aspect of low Cu/Zn SOD function is altered monocyte chemotaxis. Cu/Zn SOD
controls up-regulation of adhesion proteins by HIV-1 Tat-mediated reactive oxygen species
(ROS) release in monocytes (Song et al., 2007). Moreover, unrestricted ROS production may
facilitate NF-xp induction, subsequent HIV long terminal repeat transactivation, and chronic
viral replication upon cell maturation into macrophages (Israel and Gougerot-Pocidalo,
1997).

Monocytes of Cl had low catalase activity. Studies prior to HAART reported increased catalase
activity in serum with advanced HIV infection (Leff et al., 1992). Another study found low
expression of catalase in T-lymphocytes from HIV-seropositive individuals (Yano et al.,1998).
To our knowledge, there is no previous evidence of catalase expression or activity in HIV-
associated cognitive impairment (Mollace et al., 2001).

GPx, the counterpart of catalase, showed significant decreased activity in monocytes of women
with CI (p<0.05). Viral proteins, gp120 and Tat, can decrease levels of GPx in brain endothelial
cells where oxidative stress contributes to blood-brain barrier disruption (Price et al., 2005).
Lower activity of catalase and GPx may promote peroxidation and neuronal apoptosis in
HAND.

We determined the expression and activity of these antioxidants in plasma from women with
ClI to compare their effect in the periphery with that of CSF. We found similar expression and
activity of Cu/Zn SOD and catalase in plasma of women with HAND. In contrast to our findings
for CSF, we found increased GPx activity in the plasma of patients with CI. There is a plasma-
specific selenocysteine isoform, distinct from the intracellular GPx, and its contribution to the
observed increase in activity cannot be ruled out in our results.

We found important dysregulation of the antioxidant enzyme sysem in more than one
compartment studied. There is evidence of modifications relating to neurological disorders and
HIV. Established factors altering Cu/Zn SOD function are mutations (Emerit et al., 2004),
oxidation (Ezzi et al., 2007), high levels of nitric oxide (Boven et al., 1999), temperature, and
copper depletion (Lombardo et al., 2003). Regarding GPX, decreased levels of reduced
glutathione, an intermediary in the GPx reaction, affect HIV-seropositive patients (Israel and
Gougerot-Pocidalo, 1997). The glutathione precursor, cysteine, is also low and may have an
adverse effect on the overall immune suppression characteristic of the infection (Droge,
2002). Selenium is required as a cofactor in GPx active sites and decreases in HIV infection
(Ogunro et al., 2006).

In general our findings indicate that monocytes and CSF from the Hispanic cohort with HIV-
associated cognitive impairment demonstrate a parallel decline in antioxidant enzyme function
independent of the antiretroviral therapy. One question remains unanswered: Is decreased
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enzyme activity a protective mechanism of innate immunity or a negative consequence of failed
control in the inflammatory response after HIV infection? Research initiatives in this area are
ongoing at our laboratories. One limitation of our study is the number of monocyte samples
from patients with intact neurological function. Efforts to expand this sample group are in
progress. Finally, it is essential to verify expression and activity of these antioxidant enzymes
in samples from other cohorts, such as the North Eastern AIDS Dementia (NEAD) or Hawaii
Aging groups, that are well characterized for HAND.

The knowledge gained from this study conveys a need for therapies directed at normalizing
functional levels of enzymes, such as Cu/Zn SOD and GPx, to control unfavorable production
of ROS. Such an approach may have a synergistic effect with better CNS-penetrating
antiretroviral therapy in further suppressing the onset of neurological complications associated
with HIV infection. Advances could also be relevant to other disorders where oxidative stress
is present, such as ALS, Down syndrome, asthma, and Parkinson and Alzheimer's disease.
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Fig. 1.
Cellular antioxidant enzyme system.
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Fig. 2.

Cu/Zn SOD Expression in women with HIV-1 associated cognitive impairment. Monocytes
from women with NC (n=2) and cognitive impairment, A (n=5) and CI (n=3), were tested by
ELISA (Calbiochem) in duplicates. (A) Monocytes from Cl showed a decrease in expression
compared to A (*p<0.05) and to patients with NC (**p<0.001). (B) Increase in Cu/Zn SOD
concentration in CSF of ClI (n=16) compared to A (n=18) (*p<0.05). No differences were found
in the CSF Cu/Zn SOD between A or ClI women compared to those with NC. (C) Cu/Zn SOD
expression in plasma showed no significant differences between the groups.
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Fig. 3.

Cu/Zn SOD Function in women with HIV-1 associated cognitive impairment. Cu/Zn SOD
function was measured in patient samples by enzymatic activity assay (Calbiochem). (A)
Monocytes showed decreased Cu/Zn SOD activity in Cl (n=3) compared to NC (n=1)
(**p<0.001) and to A (n=3) (*p<0.05). (B) Cu/Zn SOD activity in CSF was measured in women
with NC (n=7), A (n=13), and CI (n=10). Decrease activity was found in the CSF of ClI
compared to A (*p<0.05). (C) There were no differences in plasma Cu/Zn SOD activity among
the groups.
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Fig. 4.

Catalase function and cognitive impairment. Catalase activity was measured in the CSF, plasma
and monocyte samples using an indirect method of hydrogen peroxide processing with
aldehyde oxidation (Cayman Chemical). (A) A decrease in catalase activity was found in
monocytes of Cl (n=4) compared to patients with NC (n=4) (*p<0.05). No differences were
found in (B) CSF or (C) plasma among the groups.
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Fig. 5.

GPx function and cognitive impairment. GPx activity was evaluated through oxidation of
NADPH read at A340 nm (Stressgen). (A) GPx activity was decreased in monocytes of Cl
(n=4), compared to women with NC (n=3) (*p<0.05) (B) Activity decreased in the CSF of CI
(n=11) (*p<0.05) compared to patients with NC (n=8) and A (n=11). (C) GPx activity was
higher in plasma of patients with cognitive impairment (As n=11, Cl n=11) (*p<0.05)
compared to the NC group (n=8).
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