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Abstract: HIV-1 Tat protein is a key neuropathological element in HIV associated neurogcognitive disorders (HAND); 
a type of cognitive syndrome thought to be at least partially mediated by increased levels of brain reactive oxygen 
species (ROS) and nitric oxide (NO). Methylsulfonylmethane (MSM) is a sulfur-containing compound known to re-
duce oxidative stress. This study was conducted to determine whether administration of MSM attenuates HIV-1 
Tat induced oxidative stress in mouse neuronal cells. MSM treatment significantly decreased neuronal cell NO and 
ROS secretion. Further, MSM significantly reversed HIV-1 Tat mediated reductions in reduced glutathione (GSH) as 
well as HIV-1 Tat mediated increases in oxidized glutathione (GSSG). In addition, Tat reduced nuclear translocation 
of nuclear factor-erythroid 2 p45-related factor 2 (Nrf2), a key nuclear promoter of antioxidant activity, while MSM 
increased its translocation to the nucleus in the presence of Tat. These results suggest that HIV-1 Tat reduces the 
resiliency of neuron cells to oxidative stress which can be reversed by MSM. Given the clinical safety of MSM, future 
preclinical in vivo studies will be required to further confirm these results in effort to validate MSM as a neuropro-
tectant in patients at risk of, or who are already diagnosed with, HAND.

Keywords: HIV, cognitive, methylsulfonylmethane, oxidative, glutathione

Introduction

HIV-1 enters the central nervous system (CNS) 
soon after infection where it is largely resistant 
to combination antiretroviral therapy (cART). As 
survival time with chronic HIV-1 infection con-
tinues to increase, there are larger numbers of 
patients harboring the virus within their CNS. 
As such, the prevalence of HIV-associated neu-
rocognitive disorder (HAND) is rising and, less 
severe forms of HAND including minor neuro-
cognitive/motor disorder (MCMD) have became 
more common. HAND continues to be a signifi-
cant independent risk factor for HIV infection 
related deaths [1-6].

A major contributing factor to HAND develop-
ment is the neurotoxicity of proteins secreted 
by the virus [7-14]. Neurons are not productive-

ly infected by HIV-1, thus neuronal damage is 
largely through indirect mechanisms. The HIV-1 
transactivator of transcription protein, Tat, is 
necessary for viral replication, but is also a sig-
nificant promoter of neurotoxicity [15-18]. It has 
been reported that HIV-1 Tat freely penetrates 
neuron cell membranes and increases levels of 
lipid peroxidation [19] by generating the reac-
tive oxygen species (ROS) superoxide (O2-) and 
hydrogen peroxide (H2O2). In addition, HIV-1 Tat 
can activate inducible nitric oxide synthase 
(iNOS) to produce nitric oxide (NO), which binds 
superoxide anion yielding the highly reactive 
peroxynitrite (ONOO-) [20] which can have dele-
terious central nervous system (CNS) effects 
[21]. This condition of oxidative stress is a state 
in which the existing balance between free radi-
cal generation and their subsequent neutraliza-
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Figure 1. MSM decreases HIV-1 Tat promoted neuronal ROS and NO release. A. Mouse N2a cells were treated 
with HIV-1 Tat (250 ng/ml) or HIV-1 Tat (250 ng/ml) in combination with various concentrations of MSM (0.5, 1, 5, 
10, 50 or 100 mM) for 24 h. Cell cultured media were subjected to NO assays. Results are representative of three 
separate experiments and indicated the control group produced basal levels of NO while the HIV-1 Tat treated group 
produced highest levels of NO. The MSM treatments decreased NO production dose dependently and at 1 mM, the 
levels of NO were similar to control. Values are means ± standard deviation. B. Using the most effective MSM dose 
to reduce NO secretion (1 mM), cell cultured media were subjected to ROS assay. Results are representative of 
three separate experiments and indicated that when 1 mM MSM was treated together with HIV-1 Tat, ROS produc-
tion was decreased at the similar level of control. Values are means ± standard deviation. Statistical significance 
was analyzed by ANOVA with Tukey’s post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001).

tion via the antioxidant defense system 
becomes shifted to favor free radical expres-
sion [21-23].

Indeed, during HIV infection, the antioxidant 
defense system is likely compromised by insuf-
ficiency of endogenous antioxidants, especially 
in the CNS. More importantly, several reports 
indicate that oxidative stress may play a key 
role in CNS damage and cognitive symptoms in 
HIV infected individuals [24-27]. HIV-1 Tat pro-
tein has been reported to be a key mediator of 
oxidative stress in the brain of HIV-1 infected 

patients with HAND [28, 29]. Therefore, given 
the potential involvement of ROS in HAND, 
research has focused on the possible benefi-
cial effects of antioxidant therapy [8, 9, 30]. It 
has been reported that supplementation with 
antioxidants may oppose the damage of the 
body induced by oxidative stress in HIV infected 
patients [31, 32].

The antioxidant, methylsulfonylmethane (MS- 
M), is a sulfur-containing compound. It has a 
good safety profile with low toxicity and is natu-
rally occurring in an array of human foods 

Figure 2. Lowered reduced glutathione (GSH) and increased oxidized glutathione (GSSG) are promoted by HIV-1 
Tat and reversed by MSM. N2a cells were treated with PBS (negative control), HIV-1 Tat (250 ng/ml), or HIV-1 Tat 
(250 ng/ml) in combination with various concentrations of MSM (1 mM) for 3 h. (A) Cell lysates were subjected 
to reduced glutathione (GSH) and (B) oxidized glutathione (GSSG) detection assays. Results are representative of 
three separate experiments and indicated HIV-1 Tat treated cells had significantly increased GSSG. When 1 mM 
MSM was added, it attenuated GSSG levels similar to control group. (C) The ratio of GSH and GSSG were compared. 
Values are means ± standard deviation. Statistical significance was analyzed by ANOVA with Tukey’s post hoc test 
(**p < 0.01, ***p < 0.001).
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Figure 3. Effect of HIV-1 Tat and MSM on GPx and GST activity. N2a cells were treated with PBS (negative control), 
HIV-1 Tat (250 ng/ml), or HIV-Tat (250 ng/ml) in combination with MSM (1 mM) for 3 h. Cell lysates were subjected 
(A) GPx and (B) GST activity assays. Values are means ± standard deviation. Data suggest HIV-1 Tat treatment pro-
moted lowered GPx and GST activity compared to control which was improved by MSM, but it was not statistically 
significant. (p > 0.05). Statistical significance was analyzed by ANOVA with Tukey’s post hoc test.

including fruits, vegetables, grains, and bever-
ages [33, 34]. Recently, the compound received 
wide attention for the clinical treatment of 
osteoarthritis [33, 35, 36]. It has also been 
found clinically, in humans, that MSM is effec-
tive in seasonal allergic rhinitis [37], interstitial 
cystitis [38], and oxidative stress following 
acute exhaustive exercise [21]. It also promotes 
anti-inflammatory in addition to anti-oxidant 
effects [21, 39]. However, to our knowledge lit-
tle is known about the mechanism by which 
MSM may exert its protective effect against 
HIV-1 Tat-induced oxidative stress in neuronal 
cells.

Materials and methods

Cell culture

Murine neuroblastoma 2a (N2a) cells (ATCC) 
were cultured in Dulbecco’s Minimum Essential 
Medium with 10% fetal bovine serum and 1% 
penicillin-streptomycin. Cell growth was main- 
tained as monolayer in 75 cm2 tissue culture 
flask. The cell culture was maintained in 
humidified, 5% CO2 incubator at 37°C. 

Nitric oxide production

Nitric oxide (NO) production was measured by 
using Griess reagent (Progema) following the 
manufacturer’s instructions. Nitrite (NO2

-), a 
stable metabolite of NO, levels were measured 
by N-1-napthylethylenediamine dihydrochloride 

(NED) under acidic conditions generated with 
sulfanilamide. Neuronal cells were seeded at 
2.5 × 104 cells per well in 96-well plates 
overnight. Cells were treated with 250 ng/mL 
Tat and various concentration of MSM for 24 
hours. Next, 50 μL of media samples were 
transferred onto a new 96-well plate. Fifty μL of 
sulfanilamide solution was added and 
incubated for 10 minutes in the dark. Finally, 
50 μL of NED solution was added and the plate 
was incubated for 10 minutes in the dark. 
Absorbance was measured at 520 nm using a 
Biotek Synergy H1 micro plate reader.

Reactive oxygen species production

Intracellular ROS production was measured by 
using 2’, 7’-Dichlorofluorescein diacetate (H2D- 
CFDA, Sigma). The H2DCFDA is permeable to 
the cell membrane and oxidized to fluorescent 
2’, 7’-dichlorofluorescein by various ROS includ-
ing hydrogen peroxide, hydroxyl radicals and 
peroxynitrite. Neuronal cells were seeded at 
2.5 × 104 cells per well in 96-well plates, and 
25 μM of H2DCFDA was added prior to Tat and/
or MSM administration and incubated for 45 
min. H2DCFDA containing media was discarded 
and washed once with PBS. 100 μL of HIV-1 Tat 
(final concentration 250 ng/mL) and/or MSM (1 
mM) containing phenol red free DMEM was 
added. ROS production was recorded after 3 
hours at Ex/Em = 485/535 nm using a Biotek 
Synergy H1 micro plate reader. 
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Reduced (GSH) - and oxidized (GSSG) - gluta- 
thione assay

GSH levels was measured by o- phthalaldehyde 
(OPA) derived fluorescence and GSSG levels 
was measured by reducing GSSG to GSH after 
quenching existing GSH using a fluorescent 
GSH/GSSG assay kit (Biovision). Cells were 
seeded at 2 × 105 cells per well in 6-well plates 
and allowed to attach the plate bottoms 
overnight. GSH/GSSG assay was carried out 
according to manufacturer’s instructions.

Glutathione peroxidase (GPx) activity assay

GPx plays an important role in reducing 
oxidative stress by converting GSH to GSSG. 
GPx activity assay was instead of has carried 
out by colorimetric GPx activity assay (Biovision) 

according to manufacturer’s instruction. In this 
assay, GPx reduces Cumene hydroperoxide 
while oxidizing GSH to GSSG. The GSSG is 
reduced back to GSH by glutathione reductase 
(GR) using NADPH as a proton donor. The 
decreased NADPH level was instead of is 
measured at 340 nm and it is proportional to 
GPx activity. Neuronal cells were seeded at 2 × 
105 cells per well in 6-well plates overnight. 
Cells were treated with 250 ng/mL Tat and/or 1 
mM MSM for 24 hours. Next, 200 μL of ice-cold 
assay buffer was added after removing the 
media and incubated for 10 minutes with 
vigorous shaking. Cell were collected by 
pipetting and centrifuged at 10,000 × g for 15 
minutes at 4°C. Supernatant was collected and 
used for assay. Ten μL of samples were 
transferred into 96-well plate and 40 μL of 
assay buffer was added. Forty μL of reaction 

Figure 4. Effect of HIV-1 Tat and MSM nuclear factor-erythroid 2 p45-related factor 2 (Nrf2). N2a cells were treated 
with PBS (negative control), HIV-1 Tat (250 ng/ml), or HIV-1 Tat (250 ng/ml) in combination with MSM (1 mM) for 3 
h. A. Cells were subjected to immunocytochemistry for detection of Nrf2. As shown, there appears to be a reduction 
in Nrf2 in the nucleus compared to the cytoplasm that appears to be reversed by MSM. B. Western blot analysis of 
nuclear vs. cytoplasmic Nrf2. C. Densitometric analysis of nuclear vs. cytoplasmic Nrf2 indicates HIV-1 Tat signifi-
cantly reduced nuclear translocation of Nrf2 (p < 0.001) while MSM opposed this effect (**p < 0.01). Values are 
means ± standard deviation. Data were statistically analyzed with a two-way ANOVA with Bonferroni’s post hoc test.
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mix (containing 33 μL assay buffer, 3 μL 40 mM 
NADPH solution, 2 μL GR solution and 2 μL 
GSH solution) was added to deplete GSSG in 
the samples and incubated for 15 minutes. Ten 
μL cumene hydroperoxide solution was added 
to start the GPx reaction. GPx activity was 
measured at 340 nm at 5 minutes and 140 
minutes. NADPH levels were calculated based 
on standard curve generated and GPx activity 
was calculated by following equation: (the 
decreased NADPH/time × sample volume) × 
sample diluon = mU/mL. Each value was 
normalized with its protein amount.

Glutathione-S-transferase (GST) activity assay

GST is the enzyme that catalyzes detoxification 
by conjugating xenobiotics with GSH. To deter- 
mine if there is any change in GST activity in 
neuronal cells by Tat and MSM, GST activity 
was measured after Tat and/or MSM admi- 
nistration using a GST fluorometric activity 
assay (Biovision). In this assay, non-fluorescent 
monochlorobimane (MCB) is conjugated with 
GSH by GST reaction and produces fluorescent 
MCB-GSH. Neuronal cells were seeded at 2 × 
105 cells per well in 6-well plates overnight. 
Cells were treated with 250 ng/mL Tat and/or 1 
mM MSM for 24 hours. Cells were washed with 
ice-cold PBS once and collected in micro-
centrifuge tubes after trypsinization. One 
hundred μL of ice-cold assay buffer was added 
after removing the media and incubated for 10 
minutes with vigorous shaking. Samples were 
centrifuged at 10,000 × g for 15 minutes at 
4°C. Supernatant was collected and used for 
assay. According to manufacturer’s instruction, 
10 μL of samples were plated onto 96-well 
plates and 90 μL of GST sample buffer was 
added. In order to start the GST reaction, 100 
μL of reaction mix (containing 2 μL MCB solution 
and 98 μL GST assay buffer) was added and 
fluorescent MCB-GSH was measured at Ex/Em 
= 380/461 nm. GST activity was calculated 
based on standard curve and all values were 
calculated by following equation: sample GST 
activity/(reaction time × sample volume) × 
dilution factor = mU/min/mL. Each value was 
normalized with its protein amount.

Western blotting 

N2a cells were treated with Tat and/or MSM for 
24 hours. Cell lysates were collected using Cell 
lysis buffer (Cell signaling) with protease 

inhibitors cocktail (Thermo scientific). Cytosolic 
and nuclear fractionation was carried out by 
subcellular protein fractionation kit for cultured 
cells (Thermo scientific) according to manu- 
facturer’s instruction. Cytosolic and nuclear 
fractions were obtained and used for western 
blotting. Samples were run in 10% SDS gel and 
transferred to nitrocellulose membranes. 
Membranes were blocked with 5% non-fat dry 
milk dissolved in 0.01% TBST for 1 hour at room 
temperature. Membranes were probed with 
mouse anti-Nrf2 antibody (Abcam, ab89443, 
1:2000) and mouse anti-beta actin (Cell 
signaling, 8H10D10, 1:5000) was diluted with 
blocking buffer and incubated overnight at 4°C. 
After washing with TBST 3 times for 5 minutes, 
membranes were incubated with anti-mouse, 
peroxidase-liked species-specific secondary 
antibody (Amersham, 1:5000) for 1 hour at 
room temperature. After washing with TBST for 
5 minutes, membranes were visulized by using 
chemiluminescence detection with ECL Plus 
Western Blotting Detection Reagents (Amer- 
sham). Densitometry analysis was represented 
by the ratio of Nrf2 to β-actin. Data from three 
separate experiments were used to assess sta-
tistical significance. 

Immunocytochemistry

Neuronal cells were seeded at 5 × 104 cells per 
well in 24-well plates and allowed to attach 
overnight. Cells were then treated with 250 ng/
mL Tat and/or 1 mM MSM for 24 hours. Cells 
were fixed with 4% paraformaldehyde for 5 min-
utes at room temperature and washed with 
PBS for 3 times. Cells were permeabilized with 
1% Triton X-100 in PBS for 15 minutes and 
washed with PBS for 5 minutes 3 times. After 
washing, cells were blocked with 1% bovine 
serum albumin in 0.02% Tween 20 containing 
PBS (PBST) for 45 minutes at room tempera-
ture with gentle shaking. Cells were then 
incubated with anti-Nrf2 antibody for 3 hours 
at room temperature with gentle shaking. After 
washing with 0.02% PBST for 5 min 3 times, 
cells were incubated with goat anti-mouse 
Alexa Fluor 488 (1:250, green) for 1 hour at 
room temperature with gentle shaking. Nuclei 
were visualized by mounting with VECTASHEILD 
fluorescent mounting media with DAPI (Vector 
laboratory, Burlingame, CA). Fluorescence 
images were obtained by using an Olympus 
IX73P1F-30W microscope.
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Statistics

NO, ROS, GSH/GSSG, GST and GPx data were 
statistically analyzed by one-way ANOVA with 
Tukey’s post hoc test. Nrf2 data were statisti-
cally analyzed with a two-way ANOVA with 
Bonferroni’s post hoc test. Alpha levels were 
set at 0.05 and GraphPad Prism 5 was used for 
all data analyses.

Results

MSM dependently decreases HIV-1 Tat pro-
moted neuronal ROS and NO release

HIV-1 Tat induced cellular damage may be in 
part due to the accumulation of oxidative dam-
age induced by ROS and reactive nitrogen spe-
cies (RNS) to cells and macromolecules. One 
molecule involved in oxidative damage and 
inflammatory response is NO. It can act as both 
inflammatory mediator and RNS, either directly 
or through peroxynitrites generated by its inter-
action with O2

- [40, 41]. Because oxidative inju-
ry is seen in the brains of patients with HAND, 
we tested for increased secretion of NO and 
ROS induced by Tat application to mouse neu-
ronal cells. HIV-1 Tat application elicited more 
significantly more NO (**p < 0.01, ***p < 
0.001) and ROS (**p < 0.01) than did the con-
trol which was reversible to control levels with 
MSM treatment (**p < 0.01, ***p < 0.001). 
For ROS analysis (Figure 1B), we used a dose of 
1 mM MSM based on the NO response (Figure 
1A).

Lowered reduced glutathione (GSH) and in-
creased oxidized glutathione (GSSG) are pro-
moted by HIV-1 Tat and reversed by MSM 

GSH is the major antioxidant in aerobic cells. It 
is important for neuroprotection from oxidative 
stress, acting as a free radical scavenger and 
inhibitor of lipid peroxidation. The ratio of 
reduced GSH to oxidized GSH (GSSG) is a mea-
sure of cellular health, with reduced GSH con-
stituting up to 98% of cellular GSH under basal 
conditions. On the other hand, the GSH/GSSG 
ratio is reduced in neurodegenerative diseas-
es. Measuring the GSH/GSSG ratio in in our 
model system in comparison to the results in 
controls is an efficient way to assess potential 
MSM efficacy in maintaining cellular redox 
potential [42]. The endogenous antioxidant, 
GSH, in neuronal cells was decreased signifi-
cantly by HIV-1 Tat treatment as compared to 

the levels measured in the control group (***p 
< 0.001; Figure 2A). However, MSM co-admini- 
stration significantly reversed the HIV-1 Tat-
induced GSH reduction (**p < 0.01) to levels 
comparable to that the control group. GSSG 
was increased by Tat and reduced by MSM to 
control levels (*p < 0.05; Figure 2B). The ratio 
of GSH to GSSG was significantly improved by 
MSM (*p < 0.05; Figure 2C).

Effect of HIV-1 Tat and MSM on glutathione 
(GPx) and glutathione-s-transferase (GST) ac-
tivities 

The role of this enzymatic antioxidant system 
was further analyzed. GSH serves as a sub-
strate for GPx to catalyze ROS conversion to 
H2O and O2 using NADPH as a proton donor. 
Results showed that MSM treatment at the 
concentration to reduce intracellular ROS and 
NO did not significantly decrease the activities 
of, GPx or GST, however a trend towards this 
was evident (Figure 3). 

HIV-1 Tat reduces nuclear translocation of 
Nrf2 that is opposed by MSM

Nrf2 is a master transcription factor that con-
trols the antioxidant response element (ARE)-
mediated transcription of genes. In turn, this 
can mediate the regulation of the synthesis and 
conjugation of GSH [43, 44]. During non-stimu-
lated activities, Nrf2 is sequestered in the cyto-
plasm, while Nrf2 is translocated into the 
nucleus and activates the electrophilic res- 
ponse element/antioxidant response element 
(EpRE/ARE) upon exposure to oxidative insults 
[43-45]. Immunocytochemistry using DAPI 
(blue) to stain neuronal nuclei and green (Alexa 
Flour 488 conjugated goat anti mouse antibody 
for green fluorescence) to stain Nrf2 indicated 
that HIV-1 Tat disrupted the nuclear transloca-
tion of Nrf2 which is appears to be brought 
back to control levels by MSM (Figure 4A). 
Densitometric analysis of western blot (Figure 
4B) of cytosolic to nuclear Nrf2 indicated that 
Tat significantly inhibited nuclear translocation 
of Nrf2 (***p < 0.001) while MSM significantly 
increased nuclear translocation of this antioxi-
dant transcription factor (**p < 0.001) in the 
presence of Tat. (Figure 4C). 

Discussion

Oxidative stress plays a role in the develop-
ment of HAND, and other neurodegenerative 
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disorders [46-48]. In the case of HIV-1 infec-
tion, Tat can elicit such oxidative stress as has 
been shown by this report as well as others [10, 
49]. Such oxidative stress can damage neurons 
and cause cognitive dysfunction [50]. From our 
data it is unclear as to whether HIV-1 Tat direct-
ly promotes neuronal oxidative stress or wheth-
er it is an indirect promotion through activation 
of inflammatory responses via expression of 
NO, creating a feed forward cycle. Another pos-
sibility is that direct interactions of HIV-1 Tat 
with neurons triggers oxidative stress and NO 
production [51], which was observed in our 
study.

Several lines of evidence support the hypothe-
sis that oxidative stress induced modifications 
of neuronal lipids, proteins, and nucleic acids 
may be primarily an early step in HIV-1 Tat 
induced neurotoxicity [51, 52]. The control of 
ROS is important in relation to HAND because 
they interfere with the many CNS processes 
involved in cellular repair. Therefore, many 
studies have focused their attention on the 
search of substances that could reduce this 
increase in not only HIV-1 Tat, but other HIV-1 
protein induced oxidative stressors including 
gp120.

MSM is a known antioxidant that can scavenge 
ROS, thus preventing tissue damage [53]. It is 
an endogenous cellular metabolite that acts as 
a sulfur donor. MSM is also able to act as an 
antioxidant and free radical scavenger. It has 
also been shown to promote salutary effects in 
other biological states in which free radicals 
and ROS are involved, such as hyperacidity, 
parasitosis, musculoskeletal pain, arthritis, 
allergies, and Ehlers-Dantos syndrome [54-56]. 
Thus, we examined its potential to be protec-
tive against the effects of HIV-1 Tat protein, an 
important mediator of HAND [15]. 

In the current study, we found that MSM can 
significantly reduce NO and ROS in cultured 
mouse neuronal cells at clinically relevant 
doses (Figure 1). Being that both are contribu-
tors to HAND, this would indicate MSM as a 
possible novel neuroprotectant. Underlying this 
phenomenon was a significant increase in GSH 
and significant decrease in GSSG, which sug-
gests that ROS and NO induced by Tat are effi-
ciently cleared by GSH conversion to GSSG, 
promoted by MSM (Figure 2).

Two enzymes responsible for detoxification of 
ROS via GSH conversion to GSSG are GST and 
GPx. A trend toward decreases in these enzyme 
activities after HIV-1 Tat stimulation has been 
found in this study (Figure 3). Although it was 
not significant, we surmise the decrease was 
enough to be responsible for the increase in 
the ratio of GSH to GSSG that was observed 
(Figure 2) since very small changes in enzyme 
activity can have much larger effects on their 
substrate levels. This data is in agreement with 
previous works, in which a decrease of these 
enzyme activities was observed under condi-
tions that increased oxidative stress [57-58]. 
However, to our knowledge this is the first data 
showing a decrease in the GSH to GSSG ratio 
after HIV-1 Tat stimulation that can be reversed 
by MSM in neuronal cells. The observed HIV-1 
Tat induced reduction in GPx and GST activities 
would lead to a decrease in GSH synthesis, 
which would affect an array of important meta-
bolic pathways in which GSH is involved and is 
in agreement with previous data that HIV- Tat 
decreases levels of GSH available to relieve oxi-
dant stress in endothelial cells [59]. 

The GSH antioxidant system is extremely impor-
tant in terms of cellular protection. It is com-
mon for this molecule to become depleted as a 
result of increased formation of ROS during 
increased cellular activities [60]. Since HIV-1 
Tat can be chronically expressed in the CNS 
from integrated HIV-1, this situation would lead 
to a self-perpetuating cycle, in which the free 
radicals generated by Tat would induce GSH 
depletion, thus increasing oxidative stress that 
would reduce antioxidant enzyme levels, which 
would further reduce GSH synthesis.

It has been previously shown that HIV-1 deregu-
lates neuronal glutathione redox status [10] 
and these reports are in accordance with our 
present findings. In our study, treatment with 
MSM induced an increase in GSH levels, as 
could be expected, since MSM metabolism 
delivers one of the precursors needed for GSH 
synthesis, therefore counteracting HIV-1 Tat 
mediated GSH depletion. Our finding of 
increased ROS and NO (Figure 1) supports the 
hypothesis of augmented oxidative stress due 
to HIV-1 Tat. The Tat-induced increase in NO 
and ROS content was reduced by treatment 
with MSM, suggesting an improvement in the 
oxidative status of the neuron cells, especially 
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in light of the MSM-induced increase of GSH 
previously mentioned. In addition, MSM has 
been suggested to act as a direct free radical 
scavenger, another mechanism that could be 
underlying its antioxidant properties [61].

As mentioned earlier, HIV-1 Tat can also trigger 
the expression of iNOS, leading to the over pro-
duction of NO, which can react with superoxide 
anion to form peroxynitrite, a highly reactive 
endogenous oxidant. NO can increase gluta-
mate release from astrocytes, enhancing 
NMDA excitotoxicity [62]. Tat activates several 
signaling pathways, in one of which superoxide 
acts as an intermediate, while in others perox-
ide is utilized [10]. 

HAND is thought to be driven by chronic inflam-
matory processes in the CNS. In fact, we and 
others previously found that pro-inflammatory 
molecules increase with Tat expression in 
model mice previously [18, 63]. NO has been 
reported to be one molecular mediator involved 
in both the inflammatory response and oxida-
tive damage [64]. Overexpression of NO is 
believed to contribute to neuronal abnormali-
ties in HAND [65, 66]. In the present study, neu-
ronal NO secretion was found to be increased 
after HIV-1 Tat treatment, in accordance with 
other reports which show that iNOS activity and 
NO release are increased by HIV-1 Tat in several 
cell types [67, 68]. Our study shows that treat-
ment with MSM normalized increases in NO lev-
els to those observed under control conditions 
suggesting that MSM may also be able to mod-
ulate the neuronal inflammatory response. 

Nrf2 is a master transcription factor that con-
trols the antioxidant response element (ARE)-
mediated transcription of genes that mediate 
the regulation of the synthesis and conjugation 
of GSH [43-45]. Nrf2 is sequestered in the 
cytoplasm by Kelch-like ECH-associated pro-
tein (Keap1) under unstimulated conditions, 
while Nrf2 is translocated into the nucleus and 
activates the electrophilic response element/
antioxidant response element (EpRE/ARE) 
upon exposure to oxidative insults [43-45]. 
There should be further translocation to the 
nucleus by after MSM treatment, which would 
augment the antioxidant response as well as 
indicated by our immunocytochemistry data 
(Figure 4A). Upon densitometric analysis 
(Figure 4C) of western blot of Nrf2 (Figure 4B), 
we found that HIV-1 Tat inhibits it’s transloca-

tion to the nucleus significantly, and that MSM 
significantly increased Nrf2 nuclear transloca-
tion in the presence of Tat. These observations 
would be in agreement with the observed abili-
ty of MSM to reduce oxidative stress (Figure 1) 
and improve the glutathione antioxidant sys-
tem (Figure 2).

These findings suggest the necessity of further 
investigating the mechanisms of the protective 
effect of MSM in an in vivo model of HAND. As 
HIV-1 infection of the brain lasts the lifetime of 
affected individuals, and as eradication of CNS 
HIV-1 is currently not possible clinically, control 
of the neuronal dysfunction caused by the virus 
may represent a feasible approach to a treat-
ment that would limit neuronal oxidative stress 
induced by HIV-1 Tat.
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