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Induction of P-glycoprotein expression and activity by 
ritonavir in bovine brain microvessel endothelial cells 

Michael D. Perloff, Lisa L. von Moltke, Jeanne M. Fahey 

and David J. Greenblatt 

Abstract 

Extended treatment with human immunodeficiency virus (HIV) protease inhibitors (HPIs) is standard
in HIV/AIDS therapy. While these drugs have helped decrease the overall incidence of AIDS defining
illnesses, the relative prevalence of HIV/AIDS dementia has increased. HPIs may cause induction of
blood–brain barrier (BBB) drug transporters (P-glycoprotein; P-gp) and thereby limit entry of HPIs
into brain tissue, increasing the probability that the brain could become an HIV sanctuary site. Using
bovine brain microvessel endothelial cells (BMEC) as an in-vitro model of the BBB, the potential for
the HIV protease inhibitor ritonavir to cause induction of P-gp activity and expression was exam-
ined. BMEC were isolated from fresh cow brain by enzymatic digest and density centrifugation. Pri-
mary culture BMEC were co-incubated with ritonavir or vehicle control for 120 h. Quantitative drug
accumulation of rhodamine 123 (Rh123) and fluorescence microscopy were used as measures of
P-gp activity. P-gp expression was assessed using quantitative Western blotting. Ritonavir decreased
Rh123 cell accumulation and increased P-gp immunoreactive protein in a concentration-dependent
manner. Fluorescent microscopy mirrored Rh123 quantitative studies. In BMEC pretreated with
30 mM ritonavir, Rh123 accumulation was decreased 40% and immunoreactive P-gp protein
increased 2-fold. Collectively, a strong correlation between decreased Rh123 BMEC accumulation
and increased P-gp immunoreactive protein was observed (Spearman r2 = 0.77, P < 0.0001). Thus
extended exposure of BMEC to ritonavir caused a concentration-dependent increase in P-gp activity
and expression. Similar findings may occur at the clinical level with prolonged HIV protease
inhibitor use, giving insight into the central nervous system as an HIV sanctuary site and eventual
development of HIV dementia. 

Combination pharmacotherapy, including highly active antiretroviral therapy (HAART),
has changed the long-term prognosis and quality of life for human immunodeficiency virus
(HIV)/AIDS patients. Use of the HIV protease inhibitors (HPIs) in combination with other
anti-HIV medication is effective in lowering HIV RNA in plasma to below detectable levels
(Casado et al 2001; Hammer et al 2006). However, traditional HPIs used in HAART have
low or variable oral bioavailability (Williams & Sinko 1999) as well as poor central nervous
system (CNS) penetration (Schinkel 1999). This is, in part, due to drug transport activity of
P-glycoprotein (P-gp; ABCB1) in the intestine and blood–brain barrier (BBB). CNS uptake
of HPIs is also limited for other reasons, including CNS microvasculature endothelial tight
junctions, and the tendency for HPIs to have high plasma protein binding. Nonetheless,
drug transporters play an important role in drug exclusion from the CNS. Brain concentra-
tions of HPIs were 7- to 36-fold higher in mdr1a(−/−) mice after intravenous injection com-
pared with mdr (+/+) animals (Kim et al 1998). Furthermore, pharmacodynamic studies
with the P-gp substrate/opioid loperamide (Sadeque et al 2000) and positron emission stud-
ies with the P-gp substrate [11C]verapamil (Sasongko et al 2005) have demonstrated that
P-gp inhibition at the level of the BBB can have clinical effects. Ritonavir is often added to
HIV therapy combinations, in part to exploit its modulating effects on pharmacokinetics
(Hsu et al 1998a; Flexner 2000; Gerber 2000; Magnum & Graham 2001). Being a moderate
P-gp inhibitor (Profit et al 1999; Washington et al 1998, Perloff et al 2003) and a potent
cytochrome P450 3A (CYP3A) inhibitor (Greenblatt et al 2000a, b; Hsu et al 1998a; von
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Moltke et al 1998; Culm-Merdek et al 2006), ritonavir acutely
increases the bioavailability of other co-administered HPIs,
including saquinavir, amprenavir, lopinavir, and indinavir
(Hsu et al 1998bc; Merry et al 1997; Sadler et al 2001; Sham
et al 1998). CNS uptake of indinavir is enhanced with acute
co-administration of ritonavir (van Praag et al 2000). How-
ever, previous studies have also suggested drug transporter
induction with extended exposure to ritonavir. In rodent stud-
ies, repeated administration of ritonavir reduced amprenavir
brain concentrations (Polli et al 1999) and increased BBB
expression of P-gp (Perloff et al 2004). Direct evidence that
extended exposure to ritonavir causes intestinal P-gp induc-
tion has been shown in cell culture and rodent studies (Perloff
et al 2001, 2004). In human studies, co-administration of
ritonavir greatly increased systemic availability of saquinavir
(Merry et al 1997; Hsu et al 1998b). With extended exposure
to ritonavir, systemic availability of saquinavir decreased, but
still remained high (Gisolf et al 2000). This suggested the
possibility of enteric P-gp induction, although net inhibition
still predominated. In other human studies, enteric and renal
P-gp inhibition appeared to be the dominant effect of ritona-
vir with extended exposure (Ding et al 2004; Penzak et al
2004). 

While HAART has dramatically decreased the overall
incidence of AIDS-defining illnesses (ADIs), the relative pro-
portion of HIV/AIDS dementia has increased (50% in the
case of AIDS dementia) at higher CD4+ cell counts, perhaps
reflecting prolonged HIV exposure in the CNS sanctuary site,
despite HAART (Dore et al 1999; Sacktor et al 2001). The
current study used bovine brain microvessel endothelial cells
(BMEC) as an in-vitro model to determine if chronic expo-
sure to ritonavir can induce P-gp expression and activity at
the level of the BBB. 

Chemicals and antibodies 

Ritonavir standard was kindly supplied by Abbott Laborato-
ries (N. Chicago, IL). Rhodamine 123 (Rh123), verapamil,
heparin, dextran-70, Percoll and trypan blue were obtained
from Sigma Chemical Co. (St Louis, MO). Polymyxin B and
4(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES)
were purchased from ICN Biomedicals (Costa Mesa, CA).
Minimal essential media (MEM), F-12 Ham, calf serum, pen-
icillin, streptomycin, amphotericin B, dispase, and colla-
genase were obtained from GibcoBRL (Rockville, MD).
C219 monoclonal antibody to human P-gp was purchased
from Signet Co. (Dedham, MA). 

Primary bovine brain microvessel endothelial 
cells (BMEC) isolation and growth 

Acquisition of discarded animal tissue samples for research
purposes was not required to undergo review by the Animal
Research Committee. Bovine brains were obtained from a
local slaughter house, placed in sterile media (MEM with
100 U mL−1 penicillin, 0.1 mg mL−1 streptomycin, and 2.5 mg
mL−1 amphotericin B) on ice within 30 min of death and

transferred to the laboratory within 1 h. BMEC were purified
from bovine cortex gray matter as described previously
(Audus & Borchardt 1987; Dallaire et al 1991; Tsuji et al
1992; Jette et al 1993). Briefly, 100 g cortex was minced and
digested in 0.8% dispase at 37°C, with shaking, for 2 h. The
digest was centrifuged (1000 g) and the pellet resuspended in
15% dextran-70. The homogenate was then centrifuged
(5800 g) for 10 min. The crude microvessel pellet was incu-
bated in 0.1% collagenase–dispase solution at 37°C, with
shaking, for 5 h. Crude microvessels were then centrifuged
(1000 g) for 10 min and the pellet was resuspended in media
and layered over a 50% Percoll gradient. After centrifugation
(1000 g), cell debris (surface layer), red blood cells (pellet),
and microvessels (interphase) were separated. Microvessels
were collected, washed with media, and transferred to prim-
ary cell culture. Cell culture media consisted of 45% MEM,
45% F-12 Ham, 10% calf serum, 25 mM HEPES sodium salt,
100mg mL−1 heparin, 13 mM sodium bicarbonate, 100mg mL−1

penicillin, 100 mg mL−1 streptomycin, 2.5 mg mL−1 amphoter-
icin B, and 50 mg mL−1 polymyxin B (pH to 7.4 with sodium
hydroxide). Polymyxin B was removed from the media after
three days of culturing. Cells were incubated at 37°C in a
humidified chamber with 5% CO2 and the media was changed
every two days until the initiation of experiments. 

BMEC P-gp induction studies with ritonavir 

BMEC were plated in collagen coated 6-well plates and
grown to a density of 50% confluence. At the initiation of
induction experiments, 0.5% dimethylsulfoxide (DMSO) was
included in the media to ensure drug dissolution. Cells were
incubated with increasing concentrations of ritonavir (3, 10,
30 mM) or 0.5% DMSO alone (baseline control) for 120 h
(n = 3), at which time confluence was 100%. Pilot studies at
72 h for quantitative activity and expression experiments
were very similar to pilot studies at 120 h. The time point of
120 h was chosen to ensure 100% confluence for qualitative
microscopy studies; this allowed activity, expression, and
microscopy experiments to all be done in the same culture
well. Cells were then washed five times with warm (37°C)
media (MEM including 0.5% DMSO and 10% calf serum)
preceding Rh123 accumulation studies. Each well was used
for both Rh123 accumulation studies and subsequent Western
blotting. 

Drug accumulation studies 

BMEC cells were pre-incubated for 30 min with 100 mM vera-
pamil or media (0.5% DMSO) alone. The acute verapamil
exposure condition served as an additional control by revers-
ing any P-gp activity. Rh123 solution was then added to each
well until a final concentration of 10 mM Rh123 and 1% meth-
anol was reached. After 60-min incubation, the cells were
thoroughly washed with warm media five times. Minutes
after the final wash, BMEC cell monolayers were analysed by
epi-fluorescence microscopy using a Nikon Optishot microscope.
Rh123 was visualized using an FITC filter set (ex: 450–490 nm,
em: 510–530 nm). Images were captured using a Photometric
Quantix Digital Camera and V++ software (Digital Optics,
Auckland, New Zealand). Incandescent images of the same
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field were also taken to demonstrate similar cell density in the
various conditions. Immediately after microscopy photos
were taken, cells were solubilized with 0.5% deoxycholate
and 1% Triton X. The supernatant from each well was then
analysed for Rh123 fluorescence, total cell protein, and P-gp
immunoreactive protein. 

Western blotting 

Western blot procedures were similar to those described by
Perloff et al (2001). A 6-mg sample BMEC was loaded into
each well. Highly induced/concentrated LS-180 V cell prepa-
rations (Perloff et al 2001) were used to generate a relative
standard curve at various known total protein concentrations
(band signal was linear over a 20-fold concentration range).
The calibration curve allowed for comparison of relative P-gp
content among samples. Sample protein was separated by
sodium dodecyl sulphate–polyacrylamide gel electrophoresis
(100 V constant) on a 4–15% gradient polyacrylamide gel at
4°C for 2 h. Samples were then transferred to PVDF mem-
brane for 1.5 h at 100 V in 25 mM Tris buffer (pH = 7.8)/20%
methanol. Membranes were immunoblotted using mono-
clonal mouse anti-human MDR1 (C219, 1:1000) for 24 h.
Blots were then probed with the secondary antibody, sheep
anti-mouse Ig-horseradish peroxidase. After incubation with
secondary antibody, Super Signal Cl-HRP Substrate System
(Pierce, Rockford, IL) was used to activate the HRP signal.
Blots were then exposed to a cold camera imaging system
(Kodak Image Station 440, Kodak Imaging, New Haven,
CT). Quantification of protein was completed via computer
image analysis with Kodak image software. A standard curve
of sum pixel density vs mg LS180 V cell preparation was cre-
ated and fit to a linear function. 

Rh123 fluorometric analysis 

Rh123 was quantified with fluorometric analysis at 500 nm
(excitation) and 550 nm (emission) using a Perkin Elmer
LS50B luminescence spectrophotometer. Picomoles of
Rh123 in samples were determined based on calibration
curves constructed from a series of standards. 

Statistics 

In concentration–response experiments (drug accumulation
and Western blotting), values are presented as the mean of
three individual trials (± s.d.) using three sister culture plates
(n = 3); comparison among groups with their respective vehi-
cle controls was done using analysis of variance followed by
Dunnett’s test. 

Extended exposure to ritonavir (120 h) decreased cell accu-
mulation of Rh123 in BMEC compared with the DMSO vehi-
cle controls in a concentration-dependent manner (Figure 1A).
The cell accumulation of Rh123 was decreased more than 40%
when cells were pretreated with 30mM ritonavir. Differences in
cell accumulation of Rh123 could be eliminated/reversed

Results 

Figure 1 BMEC were treated with 3, 10, and 30 mM ritonavir or 0.5%
DMSO vehicle. Pre-incubated (120 h) cells were washed, then incubated
with 10 mM Rh123 (1 h), washed, lysed, and analysed for intracellular
Rh123. Inhibition controls used 100 mM verapamil acutely. The bars (A)
represent the mean (n = 3) ± s.d. Significant differences from the corre-
sponding DMSO control are indicated by * (P < 0.01) or # (P < 0.05) as
determined by analysis of variance followed by Dunnett’s post-hoc test.
Rh123 cellular accumulation was visualized by epi-fluorescence micros-
copy using an FITC filter set (B, C). Incandescent light images of the
same field demonstrate similar cell density (F, G). After incubation (see
Materials and Methods) with 10 mM Rh123 for 1 h, cells were washed,
and digital images were taken at 100 × magnification within minutes.
Control inhibition experiments used 100 mM verapamil acutely (D, E, H, I).
Representative fields are shown. Scale bar = 100 mm. 
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with 100 mM verapamil. Furthermore, acute exposure to
100 mM verapamil caused a 2-fold increase in Rh123 cell
accumulation in DMSO vehicle-treated control cells, consist-
ent with substantial baseline P-gp-mediated transport activity
of Rh123 even without ritonavir induction. 

Fluorescence microscopy of BMEC cells showed an accu-
mulation of Rh123 in the cytoplasm, and modest concentra-
tion in the organelles of the 0.5% DMSO pretreated cells
(Figure 1B), while ritonavir-pretreated cells showed little dif-
fuse Rh123 accumulation (Figure 1C). Upon acute exposure
to 100 mM verapamil, Rh123 intracellular concentration was
greatly increased, with intense fluorescence signal throughout
the cell (Figure 1D, E). Incandescent images demonstrate
similar cell density in each field (Figure 1F–I). 

Extended exposure to ritonavir (120 h) resulted in a con-
centration-dependent induction of P-gp immunoreactive pro-
tein in BMEC compared with the DMSO vehicle controls
(Figure 2A, B). Western blot quantification (n = 3, mean ± s.d.)
showed a 2.0 ± 0.10-fold induction at 30 mM ritonavir (Figure
2B). The effect of ritonavir on P-gp expression was consistent
with previous studies (Perloff et al 2001, 2004). Total cell
protein and trypan blue cell exclusion was similar in all
experimental conditions, with no trypan uptake, verifying cell
viability. Western blotting of BMEC P-gp required only a 6-
mg sample, and so direct correlation of Rh123 cell exclusion
and P-gp immunoreactive protein was possible for individual
samples. A strong correlation between increased P-gp immu-
noreactive protein and decreased cell accumulation of Rh123
was seen (Figure 2C, Spearman rank order correlation,
r2 = 0.77, P < 0.0001). 

Ritonavir caused a concentration-dependent induction of P-gp
expression and activity in BMEC. P-gp immunoreactive pro-
tein was increased 2-fold in BMEC treated with 30 mM ritona-
vir for 120 h (Figure 2B). Similar results were seen at 72 h
(data not shown). In previous in-vivo studies, ritonavir
(20 mg kg−1 per day) and dexamethasone (80 mg kg−1 per
day) given for three days by oral gavage increased P-gp
immunoreactive protein approximately 30% in rat brain
microvessel endothelial cells (RMEC) (Perloff et al 2004).
Considering estimated peak ritonavir plasma levels (~2 mM) in
rats orally gavaged with 20 mg kg−1 per day ritonavir (Denis-
sen et al 1997), induction of P-gp in-vivo RMEC (30% induc-
tion at 2 mM ritonavir) correlated well with in-vitro induction
of P-gp in BMEC (~40% induction at 3 mM). With typical
clinical use (100–600 mg, twice a day), ritonavir plasma con-
centrations reach 2–15 mM (1.4–11.2 mg mL−1) (Hsu et al
1998a; Gisolf etal 2000; van Heeswijk etal 2000; Culm-Merdek
et al 2006). We saw a 50–80% induction of P-gp protein at
these concentrations. Furthermore, considering the local
transport mechanism of P-gp in the BBB (export and re-
absorption, without local drug metabolism), elevated drug
concentrations in the microenvironment appeared likely.
BMEC cells treated with 30mM ritonavir for 120 h accumulated
only 59% Rh123 compared with controls. This was validated
by fluorescence microscopy and was reversed with 100 mM
verapamil. Verapamil has been used previously as a P-gp inhibi-

tor in BMEC (Yang & Liu 2004), and is well characterized
as a relatively specific P-gp inhibitor (Perloff et al 2001;
Profit et al 1999). Acutely, ritonavir affected both P-gp and

Discussion 

Figure 2 BMEC were incubated with vehicle alone (0.5% DMSO) or
ritonavir (Rit 3, Rit 10, Rit 30 mM). Highly induced/concentrated LS-180 V
cell preparations were used to generate a relative standard curve (total pro-
tein 1, 3, 8, 20 mg). Qualitative Western blotting of immunoreactive P-gp
demonstrated a ritonavir concentration-dependent response (A). Mean
immunoreactive protein detected (n = 3, ± s.d.) was expressed as percent
vehicle control (B). Computer image analysis was used to quantify the
immunoblots. Significant differences from the corresponding DMSO con-
trol are indicated by * (P < 0.01) or # (P < 0.05) as determined by analysis
of variance followed by Dunnett’s post-hoc test. There was a linear corre-
lation between immunoquantified P-gp and Rh123 cell accumulation (C).
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multidrug resistance-associated protein (MRP)-related activ-
ity, decreasing transport of Rh123 (P-gp substrate) and 2′,7′-
bis(2-carboxyethyl)-5(6)-carboxyfluorescein (MRP sub-
strate) in BMEC (Bachmeier et al 2005). The brain penetra-
tion of fluorescein, an MRP1 index substrate, was not
increased in MRP1 knockout mice (Sun et al 2001), however,
suggesting that MRP1 activity was minimal in the BBB. 

This study focused on P-gp induction and mediated trans-
port, for which we used Rh123, a validated P-gp specific sub-
strate in multiple studies and cell models (Yumoto et al 1999;
Litman et al 2001; Perloff et al 2001; van der Kolk et al 2001).
Rh123 cell accumulation in BMEC inversely correlated with
an increase in P-gp immunoreactive protein. Although induc-
tion studies of P-gp in the BBB are sparse in the literature, dex-
amethasone caused similar P-gp induction in immortalized
RMEC (Regina et al 1999), and morphine (10–20 mg kg−1, s.c.,
for 5 days) caused a 2-fold increase in rat (total) brain P-gp
(Aquilante et al 2000). Similarly, rifampin (200 mg kg−1, s.c.)
daily for four days increased P-gp content by 50% in mouse
brain, using plasma membrane preparations of whole brain
homogenates (Zong & Pollack 2003). However, since the pre-
vious rodent studies used whole brain preparations, P-gp
expression could be attributed to many cell types, including the
endovascular cells of the BBB, but also astrocyctes, microglia,
or other cells in the brain parenchyma that have demonstrated
P-gp expression (Lee et al 2001). On a molecular level, the
pregnane X receptor (PXR) is considered to be the principal
modulator of P-gp induction across species and tissue subtypes
(Bauer et al 2004). Ritonavir most likely induced expression of
P-gp through the PXR receptor and/or similar orphan nuclear
receptors. Recent transgenic studies have verified the role of
PXR in P-gp BBB regulation. Mice transfected with human
PXR demonstrated an increase in BBB integrity with respect to
methadone CNS penetration and a decrease in CNS mediated
pharmacodynamics after hPXR activation with classic hPXR
ligands (rifampin and hyperforin) (Bauer et al 2004, 2006). 

Drug resistance in HIV therapy is assumed to be a direct
result of resistant viral mutants. Inadequate plasma concentra-
tions and the existence of viral sanctuaries potentially contrib-
ute to the failure of HAART combinations in first line therapy
and the eventual development of viral latency (Markowitz
2000; Rousseau et al 2001). Extended use of ritonavir may
actually lower the CNS bioavailability of co-administered HIPs
due to the induction of drug transporters (and absence of
CYP3A in the BBB), despite the increase in systemic
plasma concentrations due to inhibition of CYP3A in liver
and intestine. This is possible because ritonavir is a relatively
strong P-gp inducer (Perloff et al 2000, 2001), a weak to mod-
erate P-gp inhibitor (Washington etal 1998; Profit et al 1999;
Perloff etal 2003), and a strong inhibitor of CYP3A (Greenblatt
et al 2000a, b; Hsu et al 1998a; von Moltke et al 1998; Culm-
Merdek et al 2006). Acute inhibition of intestinal CYP3A and
P-gp during oral dosing (when intraluminal intestinal levels of
ritonavir may reach millimolar levels) may override the poten-
tial activity of induced enteric P-gp and/or CYP3A (Culm-
Merdek et al 2006; Mouly et al 2006; Yeh et al 2006). This
reversal of induced drug transporter activity may be less likely
at the barriers for viral reservoirs, like the brain and testes,
where ritonavir concentrations likely fall in the submicromolar
range (Kravcik et al 1999; Choo et al 2000). 

Forty percent of AIDS patients develop neurological dis-
orders (AIDS dementia complex, characterized by motor,
cognitive, and behavioural impairments) that often occur late
in HIV infection, perhaps due to the role of the brain as a
sanctuary site for HIV virus (Tardieu 1999). A study by Dore
et al (1999) demonstrated that, despite the decrease in the
total number of AIDS defining illnesses (ADI) since HAART
inception in 1996, the percentage of those developing AIDS
dementia complex has increased by more than 50% (with
median CD4+ counts at 70 mm−3 pre-HAART and 170 mm−3

post-HAART), while the proportion of other CNS ADI have
remained unchanged with minimal changes in median CD4+
cell levels. Higher efficacy against other ADI compared with
AIDS dementia complex suggested that decreased CNS pene-
tration of HAART had clinical ramifications (Dore et al
1999). Similar results were seen by Sacktor et al (2001). As
patients live longer with HAART, HIV dementia is being
reported in patients with higher CD4+ cell counts (~201–
350), perhaps reflecting prolonged HIV exposure in the CNS
sanctuary site (Sacktor et al 2001). 

Conclusions 

Extended exposure to ritonavir caused induction of P-gp
expression and activity in a BMCE BBB model. Correspond-
ing in-vivo P-gp induction may take place in human HAART
recipients and could contribute to the brain as an HIV sanctu-
ary site, with ensuing development of AIDS dementia com-
plex and other HIV/AIDS related neurological disorders.
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