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Abstract

P-glycoprotein (P-gp), a drug efflux pump, is known to alter the bioavailability of antiretroviral

drugs at several sites, including the brain. We have previously shown that human

immunodeficiency virus-1 (HIV-1) glycoprotein 120 (gp120) induces proinflammatory cytokine

secretion and decreases P-gp functional expression in rat astrocytes, a cellular reservoir of HIV-1.

However, whether P-gp is regulated in a similar way in human astrocytes is unknown. This study

investigates the regulation of P-gp in an in vitro model of gp120-triggered human fetal astrocytes

(HFAs). In this system, elevated levels of interleukin-6 (IL-6), IL-1β, and tumor necrosis factor-α

were detected in culture supernatants. Pretreatment with CCR5 neutralizing antibody attenuated

cytokine secretion, suggesting that gp120-CCR5 interaction mediated cytokine production.

Treatment with gp120 (R5-tropic) resulted in reduced P-gp expression (64%) and function as

determined by increased (1.6-fold) cellular accumulation of [3H]digoxin, a P-gp substrate.

Exposure to R5 or R5/X4-tropic viral isolates led to a down-regulation in P-gp expression (75% or

90%, respectively), and treatment with IL-6 also showed lower P-gp expression (50%). Moreover,

IL-6 neutralizing antibody blocked gp120-mediated P-gp downregulation, suggesting that IL-6 is a

key modulator of P-gp. Gp120- or IL-6-mediated downregulation of P-gp was attenuated by SN50

(a nuclear factor-κB [NF-κB] inhibitor), suggesting involvement of NF-κB signaling in P-gp

regulation. Our results suggest that, similarly to the case with rodent astrocytes,

pathophysiological stressors associated with brain HIV-1 infection have a downregulatory effect

on P-gp functional expression in human astrocytes, which may ultimately result in altered

antiretroviral drug accumulation within brain parenchyma.
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Neuroinflammation is a common immune response associated with human

immunodeficiency virus-1 (HIV-1) infection. The sequestration of HIV-1 in brain cellular

reservoirs (i.e., astrocytes, microglia) may allow the virus to evade antiretroviral (ARV)

therapy, thereby prolonging HIV-1-associated inflammatory responses (i.e., production of

proinflammatory cytokines such as tumor necrosis factor-α [TNF-α] and interleukin-6

[IL-6], chemokines, and other neurotoxins; Persidsky and Gendelman, 2003; Alexaki et al.,

2008). Brain autopsy samples from HIV-1-infected individuals and tissue samples from

HIV-1-inoculated animal models confirm elevation of inflammatory mediators during

progression of HIV-1-associated neuroinflammation (Persidsky et al., 1997, 1999). The

release of circulatory viral proteins and cytokines in brain parenchyma often results in

neurologic impairment and neuronal cell loss that are associated with cognitive and motor

disorders in patients with prolonged HIV-1 infection (Ances and Ellis, 2007; Kaul, 2009).

Poor penetration of ARV drugs across the blood–brain barrier (BBB) and subsequently into

parenchymal cells remains a major obstacle in efficient suppression of HIV-1 infection in

the brain (Ronaldson et al., 2008). Inadequate permeability of different ARV drugs, in

particular HIV-1 protease inhibitors (PIs) and nucleoside-reverse transcriptase inhibitors

(NRTIs), into different brain cellular compartments is due primarily to functional expression

of ATP-binding cassette (ABC) efflux transporters (P-glycoprotein [P-gp], multidrug-

resistance associated proteins [MRPs], and breast cancer resistance protein [BCRP]). P-gp is

encoded by the multidrug resistance (MDR) gene, which has two isoforms in humans (i.e.,

MDR1, MDR2) and three isoforms in rodents (i.e., mdr1a, mdr1b, mdr2). P-gp substrates

include various classes of ARV drugs, such as PIs (i.e., darunavir, ritonavir) and NRTIs (i.e.,

abacavir; Kis et al., 2010). Mdr1a/1b knockout animal models show increased central

nervous system (CNS) accumulation of several PIs, which confirms a role for P-gp in ARV

drug permeability into the brain (Salama et al., 2005; Spitzenberger et al., 2007).

Localization of P-gp has been reported at the BBB in brain microvessel endothelial cells,

adhesive pericytes, and astrocytes (Bendayan et al., 2006). Furthermore, we have also

confirmed localization of P-gp in a rat microglia cell line, in cultured rat astrocytes, in a rat

brain endothelial cell line, and in a human brain microvessel endothelial cell line (Lee et al.,

2001b; Bendayan et al., 2002; Ronaldson et al., 2004a; Zastre et al., 2009).

Evidence described in the literature suggest that P-gp functional expression in the brain is

altered during HIV-1 infection. Increased P-gp immunoreactivity in glial cells has been

reported in brain autopsy tissues from patients with HIV-1 encephalitis (Langford et al.,

2004; Persidsky et al., 2006). It has not yet been established whether the induced P-gp

expression observed in postmortem brain tissue is due to the disease manifestation itself or

to the therapeutic regimen. It is known that antiretrovirals, in particular, HIV-protease

inhibitors, through their interaction with orphan nuclear receptors (i.e., PXR), may play an

important role in the upregulation of P-gp expression (Chandler et al., 2003; Zastre et al.,

2009; Chan et al., 2011). Therefore, in vitro systems have been used to delineate the cell-

specific effect of viral proteins and cytokines. Hayashi et al. (2005) have reported HIV-1

viral protein Tat induced upregulation of P-gp expression in both murine brain micro-vessel

endothelial cells and astrocytes. Our group has demonstrated that both gp120 and IL-6 can

decrease P-gp expression in primary cultures of rat astrocytes, whereas, TNF-α or IL-1β

exposure results in an enhancement in P-gp expression. Because of the expression of ABC
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drug transporters, astrocytes may act as a secondary barrier to drug permeability within

brain parenchyma, resulting in altered drug distribution in the brain extracellular fluid (Lee

et al., 2001a). Drug efflux transporters such as P-gp are known to limit the uptake of

antiretroviral drugs in astrocytes, so the upregulation or downregulation of P-gp along with

other ABC transporters can significantly alter the availability of these drugs within brain

parenchyma.

Currently, much interest has focused on studying intracellular signaling systems/

transcription factors that regulate P-gp. For example, a recent study showed that the

transcription factor nuclear factor-κB (NF-κB) regulates TNF-α-induced upregulation of

mdr1b promoter activity in a rat brain microvessel endothelial cell line (Yu et al., 2008).

Although these studies provide insight into P-gp regulation in rodent or murine astrocytes,

regulation of P-gp in human astrocytes in the context of HIV-1 infection has not yet been

characterized. Therefore, this study sought to determine whether gp120 can induce an

immune response in primary cultures of human fetal astrocytes and to examine how P-gp

protein expression is regulated by viral isolates, gp120, and IL-6.

MATERIALS AND METHODS

Reagents

HIV-196ZM651 gp120 full-length protein (subtype C; R5-tropic), rabbit polyclonal anti-

CCR5, and rabbit polyclonal anti-CXCR4 were obtained from the National Institutes of

Health AIDS Research and Reference Reagent program (Bethesda, MD). HIV-1ADA gp120

(subtype B; R5-tropic) full-length protein was purchased from Immunodiagnostics (Woburn,

MA). Murine monoclonal C219 antibody against P-gp was purchased from ID Laboratories

(London, Ontario, Canada). Murine monoclonal AC-40 antibody against actin, horseradish

peroxidase-conjugated anti-mouse and anti-rabbit, human IL-6, CXCR4, and CCR5

neutralizing antibody were obtained from Sigma-Aldrich (Oakville, Ontario, Canada). IL-6

neutralizing antibody was purchased from R&D Systems (Minneapolis, MN). NF-κB

inhibitory peptide SN50 was purchased from EMD Biosciences (La Jolla, CA). [3H]digoxin

(specific activity 23.5 Ci/mmol), a substrate for P-gp, was purchased from PerkinElmer Life

and Analytical Sciences (Boston, MA).

Primary Cultures of Human Fetal Astrocytes

Human fetal brain tissue samples were collected from consenting patients undergoing

elective pregnancy termination (between 10 and 14 weeks of gestation age). Ethics approval

was obtained from the University Health Network (Toronto, Ontario, Canada). Primary

cultures of human fetal astrocytes (HFAs) were established according to previously

published protocol (Hammond et al., 2002), with few modifications. Briefly, tissue was

collected in ice-cold medium (i.e., Dulbeccos’ modified Eagle’s medium [DMEM]

supplemented with 5% fetal bovine serum [FBS] and 5% penicillin/streptomycin). After

removal of meninges, tissue was triturated until disaggregated. The cell suspension was then

centrifuged and resuspended in initial growth medium containing DMEM supplemented

with 20% FBS and 0.025% penicillin/streptomycin. Cells were distributed in 75-cm2 tissue

culture flasks and incubated overnight at 37°C under 5% CO2 and 95% air so that viable
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cells could adhere to culture flasks. The medium was then replaced with feeding medium

(DMEM with 10% FBS and 0.025% penicillin/streptomycin), and cells were grown as a

monolayer until confluent. HFAs were characterized by the detection of vimentin, a

biochemical marker for fetal astrocytes.

Isolation of CCR5 HIV-1 ADA and CCR5/CXCR4 HIV-1 89.6 Viral Isolates

HIV-1 89.6, a macrophage/T-lymphocyte dual-tropic (R5/X4-tropic) viral isolate, was

obtained from the AIDS Research and Reference Reagent Program, National institute of

Allergy and Infectious Diseases. HIV-1 ADA, a macrophage-tropic (R5-tropic) strain, was

isolated from peripheral blood mononuclear cells from an HIV-1-infected patient. Infected

monocytes were cultured and maintained following previously published protocols

(Ricardo-Dukelow et al., 2007).

Treatment With HIV-1 Isolates, HIV-1 gp120, and IL-6

Confluent HFA monolayers were treated with either R5 HIV-1 or R5/X4 HIV-1 virus (100×

concentrated stocks) for 24 hr. Similarly, HFAs were treated with HIV-1 gp120 (1.0 nM) in

the presence or absence of CXCR4 or CCR5 neutralizing antibodies (1 mg/ml) for 6 and 24

hr. Additionally, cells were treated with IL-6 (0.5 ng/ml or 10 ng/ml) or HIV-1 gp120 (1.0

nM) for the desired time (6, 12, and 24 hr) in the presence or absence of SN50 (1.0 μM), an

NF-κB inhibitory peptide. IL-6 treatment (10 ng/ml) was also administered for longer time

points (36 and 48 hr). HFAs were treated with HIV-1 gp120 in the presence or absence of

IL-6 neutralizing antibody (0.5 μg/ml).

ELISA Analysis

IL-6, IL-1β, and TNF-α secretion from cultured HFAs in response to HIV-1 gp120 (1.0 nM)

were measured using commercially available, ultrasensitive ELISA kits according to the

manufacturer’s protocol (Pierce, Rockford, IL). Standard curves for all three cytokines (0–

1,000 pg/ml) were generated using the appropriate recombinant human cytokines. For the

IL-6 and IL-1β kits, the detection level ranged from 10.2 to 400 pg/ml, and, for the TNF-α

kit, it ranged from 15.6 to 1,000 pg/ml.

Immunoblot Analysis

Protein expression of P-gp, CXCR4, and CCR5 was determined by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) according to previously published

protocols (Ronaldson et al., 2004b). Briefly, whole-cell lysates were isolated using

radioimmunoprecipitation assay (RIPA) buffer. Proteins (50 μg) were resolved by SDS-

PAGE and electrotransferred onto polyvinylidine fluoride (PVDF) membranes. The

membranes were blocked overnight in TBS containing 0.1% tween and 5% skim milk. Then

blots were incubated with appropriate primary antibody followed by horseradish peroxidase-

conjugated secondary antibody. C219 (1:500 or 1:300), AC40 (1:500), anti-CXCR4

(1:1,000), and anti-CCR5 (1:1,000) antibodies were used to detect P-gp, actin, CXCR4, and

CCR5, respectively. Finally, protein bands were detected using an enhanced

chemiluminescence kit. Densitometric analysis was performed in AlphaDigiDoc RT2

software to quantify relative protein expression.
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Transport Assay

Primary cultures of human fetal astrocytes were seeded on 48-well plates, and accumulation

of [3H]digoxin was measured following previously published protocols (Ronaldson and

Bendayan, 2006). Briefly, cells were washed and incubated at 37°C for 30 min in Hanks’

balanced salt solution, pH 7.4, containing 10 mM HEPES and 0.01% bovine serum albumin.

The cells were then incubated for the desired time with [3H]digoxin (100 nM; specific

activity 23.5 Ci/mmol). At the end of each time period, the incubation medium was

aspirated, and the reaction was terminated with 1,000 μl ice-cold PBS. The cells were then

solubilized with 200 μl of 1% Triton X-100 for 30 min. Radioactivity was measured by

standard liquid scintillation counting. Cellular protein content was determined by the

Bradford colorimetric method using bovine serum albumin as a standard.

Data Analysis

Each experiment was repeated at least three times on cultured astrocytes isolated from

different tissues. Student’s t-test was used to determine statistical significance between two

groups. Multiple comparisons were performed using ANOVA and Bonferroni’s post hoc

analysis. P < 0.05 was considered statistically significant.

RESULTS

Interaction of Viral Protein gp120 (R5-Tropic) With Chemokine Receptor and
Proinflammatory Cytokine Secretion

To characterize the inflammatory response mediated by gp120 in human astrocytes, we

exposed HFAs to HIV-1 gp120 (R5-tropic strain) and observed a significant increase in the

secretion of various proinflammatory cytokines (i.e., IL-6, IL-1β, TNF-α; Table I). When

primary HFA cultures were exposed to gp120 in the presence of neutralizing antibodies

directed against CXCR4 and CCR5, the CCR5 neutralizing antibody significantly decreased

gp120-induced secretion of all three cytokines examined whether administered alone or in

conjunction with CXCR4 neutralizing antibody. In contrast, administration of HIV-1 gp120

and CXCR4 neutralizing antibody failed to affect gp120-mediated cytokine secretion.

Effect of R5/X4 and R5-Tropic Viral Isolates on P-gp Protein Expression

It is currently unknown whether interaction of intact HIV-1 virus with chemokine receptors

in astrocytes can modify functional expression of drug transporters such as P-gp. In intact

HIV-1 viral isolates, gp120 is expressed at the viral envelope and mediates attachment to

chemokine receptors expressed at the surface of target cells. We detected protein expression

of both CXCR4 and CCR5 in our HFA cultures (Fig. 1). To test whether HIV-1 can alter P-

gp expression, primary cultures of HFAs were exposed to R5-tropic and R5/X4-tropic viral

isolates. R5-tropic viruses are known to predominate in the brain, so we used HIV-1 ADA

isolates. We also utilized HIV-1 89.6, an R5/X4 viral isolate, to test the effect of dual

tropism on P-gp expression. Exposure to either R5-tropic or R5/X4-dual-tropic viral isolates

for 24 hr resulted in decreased (P < 0.001) P-gp expression by up to 75% and 90%

respectively (Fig. 2A).
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Effect of gp120 and IL-6 on P-gp Protein Expression

We have previously shown that gp120 exposure can significantly decrease P-gp protein

expression in primary cultures of rat astrocytes. However, it was unknown whether gp120

has a similar effect on P-gp expression in human astrocytes. Immunoblot analysis showed

that HIV-1 gp120 treatment resulted in a time-dependent decrease in P-gp protein

expression (approximately 64% or 2.8-fold after 24 hr) compared with untreated cells (Fig.

2B). No significant change in protein expression was observed after 6 or 12 hr of treatment.

Decreased P-gp protein expression correlated with a reduction in P-gp mediated drug

transport activity. This was demonstrated by an increase in cellular [3H]digoxin

accumulation, an established substrate for P-gp, in gp120-treated HFA cultures compared

with untreated controls (Fig. 3).

Previously, we have demonstrated that IL-6 was a key regulator of P-gp expression in rat

astrocytes. Therefore, we investigated the effect of this cytokine in human astrocytes. IL-6

(0.5 and 10 ng/ml) decreased P-gp expression by up to 50% after 12 hr exposure (Fig. 2C).

However, P-gp protein expression was not altered by longer exposure, up to 48 hr (data not

shown). In the presence of IL-6-neutralizing antibody, P-gp protein expression was not

significantly decreased by HIV-1 gp120 compared with HFAs treated with only HIV-1

gp120 (Fig. 4).

Involvement of NF-κB in the Regulation of P-gp Protein Expression

The role of NF-κB signaling in regulating P-gp expression in human astrocytes has not been

demonstrated. Using immunoblot analysis, we investigated whether NF-κB can alter P-gp

protein expression in HFAs exposed to gp120 or IL-6. Treatment with gp120 or IL-6

resulted in a significant decrease in P-gp expression (64% and 50%, respectively). However,

in the presence of SN50, a peptidic inhibitor of NF-κB nuclear translocation, P-gp protein

expression remained unchanged with exposure to gp120 or IL-6 in HFAs (Fig. 5).

DISCUSSION

Pharmacotherapy for HIV-1 brain infection is limited. This, in part, is attributable to

functional expression of ABC drug transporters such as P-gp actively pumping several

xenobiotics, including ARV drugs, out of brain cellular compartments. Because astrocytes in

brain parenchyma are able to harbor latent HIV-1 infection (Gorry et al., 2003), expression

of P-gp in these cells is a major determinant of successful ARV drug cellular permeability

and suppression of viral infection. Because the regulation of P-gp expression by HIV-1 in

human astrocytes had not been investigated prior to the present study, we investigated the

effect of HIV-1 isolates on P-gp protein expression in an in vitro model of human fetal

astrocytes. With our primary cultures of HFAs, we observed a significant decrease in P-gp

protein expression in the presence of R5-tropic and R5/X4-tropic HIV-1 viral isolates,

suggesting a downregulatory effect of HIV-1 on P-gp expression. Previously, Gollapudi and

Gupta (1990) reported altered expression of P-gp in an HIV-1-infected T-cell line and in a

monocytic cell line. In contrast to our findings, they reported upregulation of P-gp

expression in their leukocytic cell systems when subjected to HIV-1 infection. Compared

with T cells or monocytes, astrocytes do not harbor productive HIV-1 infection and utilize
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different mechanisms of HIV-1 viral entry and sequestration (Sabri et al., 1999; Boutet et

al., 2001; Liu et al., 2004). Therefore, it is possible that regulation of P-gp expression by

HIV-1 is also cell type specific, which may account for the apparent discrepancies between

our present study and the work of Gollapudi and Gupta (1990).

Shed viral proteins are also known to alter expression of ABC transporters. For example,

viral protein Tat-induced P-gp expression has been reported both in cultured brain

microvessel endothelial cells and in astrocytes (Hayashi et al., 2005), whereas we have

previously demonstrated that gp120 exposure can significantly downregulate P-gp protein

expression (4.7-fold) resulting in increased accumulation of saquinavir, an antiretroviral

drug, in primary cultures of rat astrocytes (Ronaldson and Bendayan, 2006). HIV-1 Tat is an

accessory protein that is critical for viral replication, whereas, gp120 is a structural protein

that is part of the viral envelope and is essential for the viral binding to host cells that

initiates HIV-1 cellular entry process. The mechanisms of action of the two proteins are

different. Tat is known to cross the cell membrane and interact with transcription factors

within a cell (Sune and Garcia-Blanco, 1995; Mahlknecht et al., 2008), whereas gp120 is

known to interact with chemokine receptors on the cell surface (Wu et al., 1997; Ronaldson

and Bendayan, 2006). Therefore, it is anticipated that these proteins may activate signaling

pathways differently and, in turn, have different effects on P-gp expression. In the present

study, we further demonstrate that gp120 exposure results in a 2.8-fold decrease in P-gp

protein expression in human astrocytes. As expected, the magnitude of P-gp downregulation

is less profound in HFAs exposed to viral protein compared with cells exposed to R5-tropic

and dual-tropic HIV-1 viral isolates. In our hands, exposure to gp120 also results in a

significant reduction in P-gp function, as shown by increased accumulation of digoxin

(approximately 1.6-fold in gp120 treated cells compared with the control). Although the

decrease in P-gp protein expression is less profound in HFAs than in cultured rat astrocytes

(2.8-fold vs. 4.7-fold), the functional activity of P-gp was downregulated to a similar degree

in both models (1.5-fold increase in digoxin accumulation in rat astrocytes vs. 1.6-fold

increase in HFAs; Ronaldson and Bendayan, 2006). The comparable functional loss of P-gp

in both human and rat astrocytes in the presence of gp120 suggests that, although the effect

of this viral protein on the P-gp expression is different between two models, the effect on

drug transport activity remains similar.

In this study, we have further characterized gp120-mediated cytokine secretion in HFAs. It

is known that, during HIV-1 infection, secreted gp120 can interact with microglia/

macrophages as well as astrocytes in the CNS and induce secretion of neurotoxic cytokines

(Kaul and Lipton, 2006). Transgenic mice expressing gp120 show activation of glial cells

and neuronal damage, suggesting a significant role for this viral protein in HIV-1-mediated

neuroinflammation (Toggas et al., 1994). Previously, gp120-triggered cytokine secretion

(IL-6, IL-1β, and TNF-α) has been characterized in primary cultures of rat astrocytes. Here,

we have characterized cytokine secretion by gp120 in human astrocytes. Our findings show

that R5-tropic gp120 induced secretion of IL-6, IL-1β, and TNF-α in HFAs, indicating that

an inflammatory response can be triggered by gp120 in these cells. Neutralization of cell

surface CCR5 chemokine receptor significantly diminished gp120-mediated cytokine

production, suggesting that interaction of gp120 with CCR5 is responsible for cytokine

release in these cells. Our findings for HFAs are in agreement with previously published
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findings from a rodent model and emphasize that the gp120-CCR5 interaction is a critical

event in neuroinflammatory signaling within human brain parenchyma.

Ample literature evidence suggests alteration of P-gp expression by proinflammatory

cytokines. In human hepatocytes, IL-6 exposure resulted in a reduced MDR1 gene

expression and P-gp activity (Lee and Piquette-Miller, 2001). Recently, an IL-6 mediated

decrease in P-gp expression has been reported for cultured human brain microvessel

endothelial cells, further supporting the fact that P-gp expression can be altered by this

cytokine (Poller et al., 2010). In rodent astrocytes, IL-6 treatment resulted in a continuous

and profound decrease in P-gp expression from 6 to 24 hr (8.9-fold after 24 hr). Comparison

of P-gp expression following IL-6 exposure in different cells suggests that this cytokine may

have a down-regulatory effect on P-gp expression. Accordingly, treatment with IL-6 also

results in a time-dependent decrease in P-gp protein expression in cultured HFAs. P-gp

protein expression is 50% (2-fold) downregulated after 12 hr of treatment with either low or

high concentration of IL-6. However, the downregulatory effect of IL-6 is lost during longer

exposure (24 hr), and P-gp protein expression returned to the control levels. Time-dependent

regulation of P-gp by other cytokines has been reported previously. Bauer et al. (2007) have

shown that TNF-α-induced regulation of P-gp is time dependent; a transient exposure to

TNF-α caused a decrease in P-gp expression, and a longer exposure increased the

expression of this transporter in rat brain capillaries. Compared with the profound

downregulation (8.9-fold) previously reported for rodent astrocytes (Ronaldson and

Bendayan, 2006), the IL-6-mediated decrease in P-gp expression in HFAs is modest (2-

fold). This finding may be explained by the difference in endogenous levels of IL-6 between

the culture supernatants of rat and human astrocytes. IL-6 was undetectable in primary

cultures of rat astrocytes. Although previous studies reported no evidence of IL-6 presence

in untreated cultured HFAs (Lee et al., 1993), we detected IL-6 in HFA culture supernatant

(approximately 182.36 pg/ml). Astrocytes are known to be the primary source of IL-6

cytokine during inflammation; however, elevated endogenous levels of IL-6 in HFAs may

be related to the prenatal phenotype of these cells. Previously, a beneficial role of IL-6 has

been reported in neuronal protection, implying that endogenous IL-6 secreted from HFAs

may have a neuroprotective role during fetal brain development (Gadient and Otten, 1997).

Since the HFAs are continuously exposed to endogenous IL-6 levels, it is likely that the

IL-6-mediated decrease in P-gp expression differs substantially between human and rat

astrocytes.

We have further examined the role of IL-6 in regulating P-gp expression by treating cultured

HFAs with HIV-1 gp120 in the presence of IL-6-neutralizing antibody. Our results show

that P-gp protein expression was not significantly altered under these conditions, confirming

that IL-6 secretion is primarily responsible for the gp120-mediated downregulation observed

in HFAs. These findings further support our findings in rodent astrocytes, in which IL-6 was

also the principal cytokine responsible for P-gp downregulation (Ronaldson and Bendayan,

2006).

Viral proteins and/or cytokines are known to activate intracellular signaling pathways (Sluss

et al., 1994; Kaul et al., 2005). Few studies have reported the activation of NF-κB in

response to gp120 in various cell systems, including astrocytes (Saha and Pahan, 2007).
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Furthermore, NF-κB signaling is known to be involved in ABC drug transporter regulation.

Using rat brain capillaries, Bauer et al. (2007) demonstrated that alteration of P-gp

expression by TNF-α is NF-κB dependent. Previous work by our group showed that NF-κB

is involved in the regulation of Mrp1, another drug efflux transporter, in gp120-treated

cultured rat astrocytes, by inducing TNF-α secretion (Ronaldson et al., 2010). However, the

role of NF-κB in P-gp regulation in HFAs triggered by gp120 or IL-6 has not been

elucidated. Therefore, we investigated the involvement of NF-κB in our HFA model by

inhibiting this transcription factor using the inhibitory peptide SN50. In HFAs, inhibition of

NF-κB attenuated both gp120- and IL-6-mediated decreases in P-gp expression, whereas

inhibition of this transcription factor did not affect endogenous P-gp expression. These

findings demonstrate that NF-κB is involved in the downregulation of P-gp by gp120 or

IL-6 in HFAs.

To date, limited numbers of studies have examined the expression of ABC transporters in

adult human brain, and none of these studies has investigated P-gp expression in HIV-1-

infected treatment-naive patients. Because of the limitations on obtaining appropriate

controls (i.e., treatment-naive, age-matched), it is still unclear how HIV-1-associated

neuroinflammation affects the functional expression of these transporters in adult human

brain. Therefore, we have chosen to use an in vitro system to determine the effect of viral

proteins and cytokines in HFAs. Our findings demonstrate for the first time that HIV-1

isolates, gp120, and/or IL-6 exposure can downregulate P-gp protein expression in primary

cultures of HFAs and that the NF-κB signaling pathway is involved in this regulation. The

present study performed with human astrocytes validates our previous data obtained from

primary cultures of rat astrocytes by showing that gp120-induced inflammatory response

and loss of P-gp function exist and remain comparable in the two models. Furthermore, our

results suggest that astrocytes may be involved in ARV drug sequestration within brain

parenchyma during HIV-1 infection. The availability of ARV drugs in astrocytes, in turn,

may aid in limiting brain viral infection by preventing the latent virus from becoming

infectious. However, in addition to P-gp, other transporters of the ABC family are also

known to be involved in ARV drug transport. For example, MRP1 can transport several

HIV-protease inhibitors used in ARV therapy (Dallas et al., 2004; Ronaldson et al., 2008).

Using rodent astrocytes, we have previously demonstrated that gp120 exposure results in an

up-regulation of Mrp1 expression in primary cultures of rat astrocytes (Ronaldson et al.,

2010). Although we have not yet investigated the regulation of MRP1 or other MRP

isoforms involved in ARV drug transport in human astrocytes, the regulation of these

transporters during HIV-associated neuroinflammatory response will also contribute to the

overall ARV drug permeability in astrocytes. Further work is needed to clarify the effect of

downregulated P-gp in astrocytes on anti-HIV therapy efficacy. Overall, the results of our

work emphasize that rodent astrocytes can be used as an effective glial culture model for

understanding and elucidating mechanisms involved in inflammation and drug resistance in

HIV-1 infection of human astrocytes.
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Fig. 1.
Immunoblot analysis of CXCR4 and CCR5 in primary cultures of HFAs. Whole-cell lysates

(50 μg) from primary cultures of HFAs and 3T3-CXCR4 and 3T3-CCR5 cells were resolved

on a 10% SDS-polyacrylamide gel and transferred to PVDF membrane. Cell lysates

prepared from 3T3-CXCR4 and 3T3-CCR5 cells were used as positive controls. CXCR4

and CCR5 were detected using the appropriate polyclonal antibody (anti-CXCR4, 1:1,000

dilution; anti-CCR5, 1:1,000 dilution).
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Fig. 2.
Immunoblot and densitometric analysis of P-gp in primary cultures of HFAs after exposure

to either CCR5-tropic HIV-1 ADA or CCR5/CXCR4 dual-tropic HIV-1 89.6 viral isolates

(A), 1.0 nM gp120 (B), or IL-6 (0.5 or 10 ng/ml; C). Whole-cell lysates (50 μg) from

primary cultures of HFAs were resolved on a 10% SDS-polyacrylamide gel and transferred

to a PVDF membrane. MDR1-over-expressing cell lines (MDCK-MDR1 and MDA-MDR1)

were used as positive control. P-gp was detected using the monoclonal antibody C219

(1:500 or 1:300 dilution), and actin was detected using AC40 antibody (1:500 dilution).

Results are expressed as mean ± SD of three separate experiments. Asterisks represent data

points that are significantly different from control (*P < 0.05, ***P < 0.001).
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Fig. 3.
Accumulation of [3H]digoxin by HFAs in the presence or absence of gp120. [3H]digoxin

(100 nM) accumulation was measured at 37°C in cells treated with 1.0 nM gp120. Results

are expressed as mean ± SD of three separate experiments, and each data point represents

quadruplicate measurements. Asterisks represent data points that are significantly different

from control (*P < 0.05).
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Fig. 4.
Immunoblot and densitometric analysis of P-gp in primary cultures of HFAs treated with 1.0

nM gp120 in the presence of 0.5 μg/ml IL-6 neutralizing antibody (NAB). Whole-cell

lysates (50 μg) from primary cultures of HFAs were resolved on a 10% SDS-polyacrylamide

gel and transferred to a PVDF membrane. An MDR1-overexpressing cell line (MDA-

MDR1) was used as positive control. P-gp was detected using the monoclonal antibody

C219 (1:300 dilution), and actin was detected using AC40 antibody (1:500 dilution). Results

are expressed as mean ± SD of three separate experiments. Asterisks represent data points

that are significantly different from control (*P < 0.05).
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Fig. 5.
Immunoblot and densitometric analysis of P-gp in primary cultures of HFAs treated with 1.0

nM gp120 (left) or IL-6 (0.5 or 10 ng/ml; right) in the presence of the NF-κB inhibitory

peptide SN50 (1.0 μM). Whole-cell lysates (50 μg) from primary cultures of HFAs were

resolved on a 10% SDS-polyacrylamide gel and transferred to a PVDF membrane. An

MDR1-overexpressing cell line (MDCK-MDR1) was used as positive control. P-gp was

detected using the monoclonal antibody C219 (1:500 dilution), and actin was detected using

AC40 antibody (1:500 dilution). Results are expressed as mean ± SD of three separate

experiments. Asterisks represent data points that are significantly different from control (*P

< 0.05).
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