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Abstract

The blood–brain barrier (BBB) has an important role in the development of AIDS dementia. The HIV-1 envelope glycoprotein (gp120)

and transregulatory protein (Tat) of HIV-1 are neurotoxic and cytotoxic and have been implicated in the development of HIV dementia. They

are known to cause oxidative stress and are associated with disruption of the BBB. Here, we used an immortalized endothelial cell line from

rat brain capillaries, RBE4, to determine whether gp120 and Tat can induce oxidative stress in an in vitro model of the BBB. RBE4 cells were

exposed to gp120 or Tat and the levels of reduced glutathione (GSH), oxidized glutathione (GSSG), catalase (CAT) activity, glutathione

peroxidase (GPx) activity, and glutathione reductase (GR) activity, and malondialdehyde (MDA) used as measures of oxidative stress. Both

gp120 and Tat significantly decreased the levels of intracellular GSH, GPx, and GR and increased the levels of MDA in RBE4 cells, showing

that the cells were oxidatively challenged. The ratio of GSH/GSSG, a widely accepted indicator of oxidative stress, was also significantly

decreased. These studies show that both of these viral proteins can induce oxidative stress in immortalized BBB endothelial cells.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

AIDS is often accompanied by neurological disorders

and neuropathological abnormalities. A third of the adults

and half of the children with AIDS develop HIV-1-

associated dementia (HAD) [23]. Cognitive impairment,

postural disorders, and tremors are among the most common

symptoms encountered in patients suffering from AIDS

dementia complex [12]. The role of the blood–brain barrier

(BBB) is important in the development of HIV dementia

because it serves as the conduit by which free virus and

infected immune cells enter the brain from the circulatory

system [8,25,27]. It also prevents the effective accumulation
0006-8993/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
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of many anti-retrovirals in the brain [9,35] and releases

substances in response to immunological (including viral)

challenges [7,14,20,22,26,31]. A mild disruption of the

BBB is more frequent in AIDS patients with dementia, as

compared with AIDS patients without dementia or sero-

negative controls [36], and such problems may be related to

the trafficking of immune cells across the BBB [5]. The

BBB is composed of a continuous layer of cerebrovascular

endothelial cells connected by intercellular tight junctions.

This barrier exists between blood and brain interstitial fluid

and tightly regulates the entry of compounds into the brain.

The BBB helps to maintain the homeostatic environment of

the brain, supplies the brain’s nutritive needs, and plays a

role in communication between the brain and peripheral

tissues [6,13,18,19,30,33]. Under physiological conditions,

the integrity of the BBB is protected from oxidative stress
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because the BBB has high levels of antioxidant enzymes.

These peroxide detoxifying enzymes play an important role

in protecting the functional integrity of the BBB, which is

essential for proper functioning of the brain [28].

In the last few years, there has been a body of evidence

that HIV-1 envelope protein gp120 or Tat (trans-activator of

viral replication) may cause BBB changes. There is a

possibility that the binding of these proteins to brain

endothelial cells may cause many of the changes seen in

the BBB in HIV-dementia patients [4]. For example, one

study found a significant increase in permeability (up to

47%) in cultured endothelial cells after exposure to gp120

[11]. Another study confirmed that gp120 is capable of

changing and activating the vascular component of the BBB

in vivo [37]. Yet another study on HIV-1 Tat protein

demonstrated that exposure of endothelial cells to HIV-1 Tat

protein resulted in a dose-dependent increase in oxidative

stress and a decrease in intracellular glutathione (GSH) [36].

GSH, which is an important intracellular non-protein

thiol compound in mammalian cells, has a pivotal role in the

maintenance of membrane integrity. It may also play an

important role in the proper functioning of the BBB [2].

Although brain endothelial cells posses high intracellular

levels of antioxidative defense mechanisms, such as GSH,

GSH peroxidase (GPx), and catalase (CAT), exposure to

toxins and drugs may render the BBB susceptible to toxic

damage and change its specific functions [21].

This present study concentrates on the oxidative stress

induced in vitro in an immortalized cell line of rat brain

endothelial cells, RBE4 cells, when exposed to the HIV-1

proteins gp120 and Tat. Previous studies only investigated

limited oxidative stress parameters. Therefore, in this study,

we have included the most widely used parameters.
2. Materials and methods

2.1. Reagents and chemicals

Acetonitrile, acetic acid, water, and phosphoric acid (all

HPLC grade) were purchased from Fisher (St. Louis, MO).

All other chemicals were obtained from Sigma (St. Louis,

MO). N-(1-pyrenyl)-maleimide (NPM) was purchased from

Aldrich (Milwaukee, WI, USA).

2.2. HIV-1 proteins

The recombinant HIV-1 proteins gp120 (HIVSF2gp120)

and Tat were obtained from The National Institutes of

Health (NIH) AIDS Reagent Program (Rockville, MD).

2.3. HPLC system

The HPLC System (Shimadzu) consisted of a model LC-

10A pump, an autoinjector with a Rheodyne injection valve

with a 20-Al filling loop, and a Model Rf-535 fluorescence
spectrophotometer operating at an excitation wavelength of

365 nm and an emission wavelength of 445 nm. The HPLC

column was 250 � 4.6 mm and was packed with 5 Am par-

ticles of C18 packing material. Quantitation of the peaks from

the HPLC system was performed with a Chromatopac Model

CR601 integrator (Shimadzu). The mobile phase was 70%

acetonitrile and 30% water and was adjusted to a pH of ap-

proximately 2.5 through the addition of 1 ml/l of both acetic

and o-phosphoric acids. The NPM derivatives were eluted

from the column isocratically at a flow rate of 1 ml/min.

2.4. Cultures of RBE4

As an in vitro BBB model, immortalized rat brain

endothelial cells (RBE4), a gift from F. Roux [32], were

plated on rat tail collagen in a type 1 coated T25 tissue

culture flask (Fisher Scientific, St. Louis, MO) and

maintained in Ham’s F10/a medium 1:1 (Gibco, Invitrogen,

St. Louis, MO), 10% heat-inactivated fetal bovine serum, 1

ng basic fibroblast growth factor (bovine) (Sigma, St. Louis,

MO), 100 Al gentamycin (Sigma, St. Louis, MO) in

humidified 5% CO2/95% air at 37 -C. Culture medium

was changed twice a week, and endothelial cells at passages

9–12 were used in this study.

2.5. Oxidative stress studies

RBE4 cells were plated in the culture flasks and

incubated a minimum 4 h to facilitate attachment. Cells

(5 � 106 cells/6 ml culture media) were then exposed to 1

Ag and 2 Ag recombinant gp120, 1 Ag Tat or heat inactivated
2 Ag gp120, or 1 Ag Tat for 2 h and 12 h in an incubator at

37 -C, 5% CO2. Specificity of gp120 and Tat-mediated

effects were assessed by treating cells with heat inactivated

gp120 and Tat that were prepared by incubating these

proteins at over 85 -C for 30 min.

At the end of the period of incubation, the cells were

harvested by tyripsinization (Trypsin-EDTA, Gibco) and

resuspended in freshmedia.After centrifugation, thecell pellet

was resuspended in serine-borate buffer (SBB: 100mMTris–

HCl, 10 mM borate, 5 mM serine, 1 mM diethylenetriamine-

pentaacetic acid, pH 7.0) to prevent artifactual oxidation.

Samples were immediately homogenized with Tissue-Tearor

(Model 985-370, Biospec Products, Inc.) and analyzed for

oxidative stress parameters. A portion of this preparation was

used for the determination of reduced GSH, oxidized GSH

(GSSG), malondialdehyde (MDA), and protein levels and the

restwascentrifugedat700�g for10min toyieldasupernatant

for enzyme assays (GPx, GR, and CAT).

2.6. Determination of GSH

Intracellular endothelial cell GSH content was deter-

mined by reverse phase HPLC according to the method of

Winters et al. [38]. RBE4 cell samples were homogenized in

SBB. 20 Al of this homogenate was added to 230 Al of
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HPLC grade water and 750 Al of NPM (1 mM in

acetonitrile). The resulting solutions were incubated at room

temperature for 5 min. The reaction was stopped by addition

of 5 Al of 2 N HCl. The samples were then filtered through a

0.2-Am filter and injected onto the HPLC system.

2.7. Determination of GSSG

GSSG was measured by incubating 84 Al of RBE4 cell

homogenate with 16 Al of 6.25% 2-vinyl pyridine (in

absolute ethanol) for 1 h in order to block any preexisting

GSH. After the incubation, 95 Al of 2 mg/ml solution of

NADPH and 5 Al of a 2-U/ml glutathione reductase were

added. 100 Al aliquot from this resulting solution was then

quickly removed and mixed with 150 Al of HPLC grade

water and 750 Al NPM (1 mM in acetonitrile). After a 5-min

incubation period, the reaction was stopped by adding 5 Al
of 2 N HCl. The samples were filtered through a 0.2 Am and

injected onto the HPLC system.

2.8. Determination of malondialdehyde

Malondialdehyde content was determined as described by

Draper et al. [15]. Briefly, the cell pellets were homogenized

in SBB. To 0.350 ml of cell homogenate, 0.550 ml of 5%

tricholoroacetic acid (TCA) and 0.100 ml of 500 ppm

butylated hydroxytoluene (BHT) in methanol were added.

The samples were then heated in a boiling water bath for 30

min. After cooling on ice, the samples were centrifuged. The

supernatant fractions were mixed 1:1 with saturated thio-

barbutiric acid (TBA). The samples were again heated in a

boiling water bath for 30 min. After cooling on ice, 0.50 ml

of each sample was extracted with 1 ml of n-butanol and

centrifuged to facilitate the separation phases. The resulting

organic layers were first filtered through 0.45 Am acrodisc

and the chromotographed as described above. The concen-

tration of the TBA-MDA complex in the samples was

determined by using the calibration curve obtained from

1,1,3,3,-tetraethoxypropane standard solution.

2.9. Catalase activity assay

Catalase activity was determined spectrophotometrically

on cell homogenates and expressed in units per milligram

protein as described by Aebi [1]. This method measures the

exponential disappearance of hydrogen peroxide (H2O2; 10

mM) at 240 nm in the presence of cell homogenates, and

catalase can easily be calculated from the equation A60s =

Ainitiale
�kt, where k is the rate constant which is dependent

on the catalase activity. This assay easily detects 0.01 U/mg

protein in homogenates.

2.10. Glutathione peroxidase activity

Glutathione peroxidase (GPx) activity was determined

using a test kit (OxisResearch). The GPx assay is an indirect
measure of the activity of cellular GPx. The oxidized form

of glutathione (GSSG), produced upon reduction of an

organic peroxide by cellular GPx, is recycled to its reduced

state by the enzyme GR. To assay cellular GPx, a cell

sample is added to a solution containing GSSG, GR, and

NADPH. The oxidation of NADPH to NADP+ is accom-

panied by a decrease in absorbance for 3 min at 340 nm,

providing a spectrophotometric means for monitoring GPx

enzyme activity following addition of 350 Al of tert-butyl
hydroperoxide as the working substrate.

2.11. Glutathione reductase activity

Glutathione reductase (GR) activity was determined

using a test kit (OxisResearch). The assay is based on the

oxidation of NADPH to NADP+ catalyzed by a limiting

concentration of glutathione reductase. One GR activity unit

is defined as the amount of enzyme catalyzing the reduction

of 1 Amol of GSSG per minute at pH 7.6 and 25 -C.

2.12. Determination of protein

Protein levels of the cell samples were measured by the

Bradford method [10]. Concentrated Coomassie blue (Bio-

Rad, Hercules, CA) was diluted 1:5 (v/v) with distilled

water, and then 2.5 ml of this diluted dye was added to 50 Al
of diluted cell homogenate. The mixture was incubated at

room temperature for 10 min and an absorbance measure-

ment was taken at 595 nm by a spectrophotometer. A

standard curve was constructed by using bovine serum

albumin ranging between 0.25 and 1 mg/ml.

2.13. Calibration curves

Calibration curves were plotted by using the concen-

tration as the x-axis and the peak areas as the y-axis.

Linearity was obtained for GSH and GSSG concentrations

in a range of 0–2500 mM with an r2 = 0.999.

2.14. Statistical analysis

Tabulated values represent mean T SD of triplicates. The

one-way analysis of variance (ANOVA) test was used to

analyze the data from experimental and control groups; P

values of 0.05 were considered significant.
3. Results

3.1. Glutathione levels and GSH/GSSG ratios

Fig. 1 shows the dose-dependent effects of gp120 or Tat

on cellular GSH levels in RBE4 cells, as measured by

HPLC. A 2-h exposure to gp120 or Tat resulted in a marked

increase in cellular oxidative stress. Treatment with 1 Ag or

2 Ag gp120 or 1 Ag Tat resulted in a decrease in cellular



Fig. 3. Effects of gp120 or Tat on the ratio of GSH/GSSG, a sensitive

indicator of oxidative stress. *P < 0.01, **P < 0.005, significantly different

when compared with control (n = 3/group).Fig. 1. Effects of increasing concentrations of gp120 and Tat protein on

cellular GSH levels in RBE4 cells. Values are mean T SD. *Significantly

different when compared with control ( P < 0.01). **P < 0.01, #P < 0.05

(n = 3/group).
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GSH levels, as compared with the control group. Heat

inactivated gp120 and Tat did not affect GSH levels.

As shown in Fig. 2, exposure for 2 h to 1 Ag or 2 Ag
gp120 or 1 Ag Tat decreased cellular glutathione content by

approximately 9%, 25%, and 18%, respectively. 12 h

exposure to 1 Ag or 2 Ag gp120 or 1 Ag Tat decreased

GSH by 18%, 41%, and 57%, respectively. Heat inactivated

gp120 or Tat had no effect on cellular GSH levels in RBE4

cells which remained at the control level.

12-h exposure to 2 Ag gp120 or 1 Ag Tat resulted in a

significant decrease in the GSH/GSSG ratio, as compared

with the control group (Fig. 3).

3.2. Malondialdehyde measurements

Malondialdehyde (MDA) was used as an index of lipid

peroxidation. Although MDA levels were elevated in

RBE4 cells by both gp120 (1 Ag or 2 Ag/5 � 106 cells
Fig. 2. 2-h exposure to 1 Ag and 2 Ag gp120 and 1 Ag Tat decreased

cellular glutathione content by approximately 9%, 25%, and 18%, res-

pectively. 12 h exposure to 1 Ag and 2 Ag gp120 and 1 Ag Tat decreased

GSH by 18%, 41%, and 57%, respectively. *P < 0.01, **P < 0.01, ***P <

0.01, #P < 0.01, ##P < 0.01, significantly different when compared with

control (n = 3/group).
in 6 ml culture media) and Tat (1 Ag/5 � 106 cells in 6 ml

culture media) protein (Fig. 4), only the increase in MDA

levels induced by Tat was found to be statistically

significant (P < 0.01).

3.3. Catalase, GPx, and GR activities

Effects of gp120 or Tat on the enzyme activities of CAT,

GPx, and GR were directly measured. A reduction in CAT

activity did not achieve statistical significance. However,

levels of GPx and GR were both reduced by gp120 and Tat

(Table 1).
4. Discussion

Free radical production and oxidative stress play an

important role in the pathogenesis of different neuro-

degenerative disorders, including HIV-associated dementia.

The mechanism by which HIV-1 proteins induce oxidative

stress is not completely known. One proposed mechanism is

that HIV-1-induced neurotoxicity may be due to an

increased production of reactive oxygen species (ROS) by

HIV-1 proteins (gp120 and Tat). The pathogenesis of HIV-1

infection has implicated increased levels of ROS. Decreased

levels of antioxidants and elevated levels of MDA (a

reflection of increased levels of lipid peroxidation) have

been reported in HIV-1-infected patients [17,29].
Fig. 4. Effects of increasing concentrations of gp120 and Tat protein on

MDA levels in RBE4 cells. Exposure time was 12 h. *Significantly

different when compared with control ( P < 0.01) (n = 3/group).



Table 1

Effect of HIV-1 proteins on CAT, GPx, and GR in RBE4 cells

Group of RBE4

cells

CAT

(mU/mg protein)

GPx

(mU/mg protein)

GR

(mU/mg protein)

Control 13.30 T 0.49 10.67 T 0.74 18.5 T 3.53

gp120 (1 Ag) 9.49 T 0.95 6.73 T 0.23* 12.66 T 1.15*

Tat (1 Ag) 11.10 T 2.60 8.75 T 0.58* 13.0 T 1.0*

All values are averages of three samples T SD.

* P < 0.05 compared to control.

Fig. 5. The major detoxification pathway for peroxides. Abbreviations:

ROOH: organic peroxides; ROH: alcohol; GSSG: oxidized GSH; NADPH:

reduced nicotinamide adenine dinucleotide phosphate.
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In this study, we determined oxidative stress parameters

and measured GSH, GSSG, lipid peroxidation byproduct

(MDA), and the activities of antioxidant enzymes (CAT,

GPx, and GR) in the RBE4 cells exposed to gp120 and Tat

proteins.

This study demonstrates that RBE4 cells exposed to the

viral proteins, gp120 and Tat, resulted in cellular oxidative

stress as demonstrated by a time-dependent decreased in

levels of intracellular glutathione and a time-dependent

increase in levels of its oxidized form, GSSG. Glutathione is

one of the most critical factors responsible for maintaining

the cellular redox status and antioxidant defense in

endothelial cells against oxidative stress [36]. The level of

this tripeptide (GSH) in the microvessels is a critical factor

in maintaining BBB integrity. The mechanism by which

GSH depletion leads to BBB dysfunction is not known at

present. On the other hand, a loss in protein sulfhydryls,

which are essential for membrane functions such as enzyme

activities and transport systems, should be an important

contributing factor for such changes following GSH-

depletion-induced oxidative stress [2]. GSH functions as a

direct scavenger of ROS and as a cofactor in its metabolic

detoxification. As a result of oxidative stress, GSH is

oxidized rapidly to GSSG; consequently, a decrease in GSH

and an increase in GSSG (i.e., a decreasing ratio of GSH to

GSSG) is suggestive of oxidative stress [24]. Results from

the study illustrated a decrease in the GSH/GSSG ratio after

exposure to gp120 and Tat, indicating that these proteins

were inducing oxidative stress in RBE4 cells. The ratio of

GSH/GSSG has been proposed as a sensitive indicator of

oxidative stress by several authors [24] and our data support

a relationship between exposure to HIV-1 proteins and a

decrease in this ratio.

A main target of oxidative damage is brain microvessel

endothelial cells as they are rich in polyunsaturated fatty

acids (PUFA). This increases the susceptibility of the BBB

to lipid peroxidation [3]. It has been demonstrated that brain

microvessels contain a high level of peroxide-detoxifying

enzymes, and these enzymes appear to protect the micro-

vessels from oxidative damage caused by the peroxidation

of their PUFAs [34]. Oxidative stress is also shown by an

increase in lipid peroxidation byproducts, such as malon-

dialdehyde (MDA). MDA is a degradation product of the

highly unstable lipid peroxides that are generated by the

interaction of prooxidants such as the hydroxyl radical with

membrane lipids. This lipid peroxidation byproduct was
routinely measured to show the degree of lipid peroxidation

due to oxidative stress [24]. Increased MDA levels in RBE4

cells, exposed to gp120 and Tat, further demonstrated that

there was an increase in free radical formation. As seen in

Fig. 4, this lipid peroxidation byproduct is significantly

increased by Tat protein but not by gp120. In general, once

toxic lipid peroxides are formed by free radicals (as part of

the antioxidant defense system), glutathione peroxidase

(GPx) attempts to eliminate them at the expense of GSH.

Meanwhile, GSH is either oxidized or consumed by free

radicals thereby making the GSH/GSSG ratio very low. Tat

decreased the GSH/GSSG ratio more dramatically than

gp120 did (Fig. 3). Consequently, there was not sufficient

GSH (substrate for GPx) to catalyze the reaction to remove

lipid peroxides from Tat-treated cells. Therefore, MDA

levels were significantly increased in this group whereas, in

the gp120-treated group, cells appeared to have an adequate

amount of GSH for GPx to decompose more lipid

peroxides.

Activities of three enzymes (CAT, GPx, and GR)

involved in the major detoxification pathway for peroxides

were assessed in rat brain microvessels as shown in Fig. 5.

CAT, which is an antioxidant enzyme that catalyzes the

conversion of hydrogen peroxide (H2O2) to molecular

oxygen (O2) and water, is an established indicator of

oxidative stress in vitro. Although H2O2 is not considered

to be a free radical, it can easily form superoxide and

hydroxyl radicals. Removal of H2O2 by CAT is one of the

most important antioxidant systems [16]. CAT activity

assays performed on RBE4 cells exposed to gp120 and

Tat were found to be decreased when compared to the

control group. GPx is another enzyme that is responsible for

detoxification of H2O2, as well as other peroxides like

steroid hydroperoxides. GPx uses glutathione as its substrate

and oxidizes to GSSG. GPx can catalyze H2O2 by working

parallel with CAT. Another component of the antioxidant

defense system, GR, reduces GSSG back to GSH and

thereby supports the antioxidant defense system indirectly.

GPx and GR activities were found to be significantly

decreased following gp120 and Tat exposure, indicating that

the cells are overwhelmed by ROS and antioxidant enzymes
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are somewhat inadequate to combat ROS mediated damage.

A significant increase in MDA levels also supports this

hypothesis. If an increase in antioxidant enzyme activities

were observed, MDA levels would not increase, in other

words, enzymes would scavenge ROS before they attack

macromolecules including lipids, DNA, and proteins.

In conclusion, the results from the present study

demonstrate that exposure to gp120 and Tat proteins deplete

intracellular GSH, enhance MDA levels, and reduce CAT,

GPx, and GR activities in cultured rat brain endothelial

cells. This demonstrates that HIV proteins can induce

oxidative stress in, RBE4 cells, an immortalized line of

brain endothelial cells. Furthermore, this may increase the

harmful effects of HIV-1. Increased cellular oxidative stress

may be the major mechanism causing possible HIV-1

protein-induced disruption or alteration in transport systems

of the BBB in HIV patients with dementia. In order to

prevent the oxidative stress of these viral proteins, prophy-

lactic antioxidant administration might be considered for

HIV-1 proteins.
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