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Abstract:

The aim of this study was to investigate the role of insulin in the regulation of breast cancer resistance protein (BCRP) function and

expression using primary cultured rat brain microvessel endothelial cells (rBMECs) as an in vitro model of the blood brain barrier

(BBB). The prazosin uptake assay and western blot analysis were used to assess the function and expression of BCRP, respectively. It

was noted that the uptake of prazosin by rBMECs was time-, concentration- and temperature-dependent. The BCRP inhibitors novo-

biocin and imatinib mesylate significantly increased the uptake of prazosin by the cells in a concentration-dependent manner. The

cells were also incubated with sera from diabetic rats for 72 h, serving as a diabetic in vitro model. We found that the uptake of prazo-

sin by rBMECs incubated in the diabetic rat sera was 39.8% of that in normal rat sera, and insulin treatment reversed this decrease.

Further results showed that insulin down-regulated the function and expression of BCRP in rBMECs in a concentration-dependent

manner. Treatment with an antibody against the insulin receptor abolished the down-regulation of BCRP function and expression

that was induced by insulin. These results indicate that insulin suppressed the function and expression of BCRPs in rBMEC primary

cultures.
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Abbreviations: ABC – ATP-binding cassette, ANOVA – analy-

sis of variance, BBB – blood brain barrier, BCRP – breast can-

cer resistance protein, CNS – central nervous system, DM –

diabetes mellitus, HBSS – Hanks’ balanced salt solution, IL –

interleukin, LRP – lung resistance protein, MRP – multidrug

resistance-associated protein, PBST – phosphate-buffered saline

containing 0.1% Tween-20, P-GP – P-glycoprotein, rBMECs –

rat brain microvessel endothelial cells, STZ – streptozotocin,

TNF-� – tumor necrosis factor-�

Introduction

Breast cancer resistance protein (BCRP), a member of the

ATP-binding cassette (ABC) superfamily of drug trans-

porters, is involved in multi-drug resistance and actively

transports various drugs out of the cell. This protein is ex-

pressed not only in anticancer drug-resistant cells, but
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also in various normal tissues, including brain capil-

lary endothelial cells [8–10, 28]. The tissue distribu-

tion and substrates of BCRP show extensive overlap

with those of P-glycoproteins (P-GP), suggesting that

BCRP may have a similar role as P-GP in the pharma-

cological handling of drugs. In the brain, BCRP is

mainly expressed in the luminal membrane of

microvessel endothelial cells [7, 10], which is an im-

portant component of the BBB. An absence of func-

tional BCRP in the BBB may result in more drugs

penetrating the brain, which may result in increased

neurotoxicity or altered pharmacological effects of

the drugs on the central nervous system (CNS).

Accumulating evidence has shown that diabetes

mellitus (DM) may alter the function and expression

of some ABC transporters [13, 15, 17, 19, 25]. These

alterations are often transporter species- and tissue-

dependent. One report has shown that multidrug

resistance-associated protein 2 (MRP2), MRP4, and

BCRP were increased by 5.4 fold, 2 fold, and 1.6 fold,

respectively, in the kidneys of type 2 diabetic rats

[19]. Streptozotocin-induced (STZ-induced) diabetic

states have resulted in increased hepatic gene and pro-

tein expression of type 2 P-GPs by 105% and 530%,

respectively [25]. Fluorescein, a MRP2 substrate, was

found to lower brain distribution in STZ-induced dia-

betic rats, indicating enhanced MRP2 function in the

brain [13]. On the contrary, our previous studies

showed an impaired function and expression of P-GP

in the brains of diabetic rats induced by STZ, which

was reversed by insulin treatment [14, 15]. Data from

our in vitro study demonstrated that insulin up-

regulated the function and expression of P-GP in

a concentration-dependent manner in primary cul-

tured rBMECs [14]. It is known that insulin defi-

ciency is a key sign of DM, and many reports have

suggested that insulin deficiency may be an important

factor in the impairment of P-GP function and expres-

sion in the BBB during diabetic states. Our previous

study showed that STZ-induced diabetes may impair

the function and expression of BCRP in the cortex of

rats, and insulin treatment reversed this down-

regulation of BCRP [17], indicating that insulin may

also play an important role in the function and expres-

sion of BCRP. However, an accurate role of insulin in

BCRP function and expression in the BBB is not fully

understood. The aims of this study were to investigate

the function and expression of BCRP in rBMECs and

to further investigate the role of insulin in BCRP ex-

pression and function using rBMECs as an in vitro

model. The expression and function of BCRP were

measured using western blot analysis and by measur-

ing the uptake of prazosin by rBMECs, respectively.

Materials and Methods

Isolation and culturing of rBMECs

The isolation and culturing of rBMECs from 7- to 10-

day-old Sprague-Dawley rats was performed according

to previous methods in our laboratory [24, 27]. The pri-

mary cultures of rBMECs were used for the BBB ex-

periments when cells reached confluency. Positive

staining with an antibody against factor VIII-related

antigen helped identify rBMECs in at least 95% of the

cell population [21]. The cells used in the present study

were from passage numbers 2 or 3.

The uptake and efflux of prazosin by rBMECs

The amount of uptake of prazosin (National Institute

of Control Pharmaceutical and Biological Products,

Beijing, China), a typical substrate of BCRP [18, 29],

was used to assess the functional activity of BCRP in

rBMECs. The cells were cultured on a monolayer in

24-well plates and pre-incubated with 1 ml of Hanks’

balanced salt solution (HBSS, pH = 7.4) per well at

37°C for 15 min. The solution was then removed, and

1 ml of HBSS containing prazosin was added to each

well and incubated for a designated period of time.

The uptake reaction was terminated by the addition of

1 ml of cold HBSS, and the cells were then washed

3 times with 1 ml of ice-cold HBSS. The cells were

then frozen in 0.3 ml of purified water and melted re-

peatedly 3 times to break down the cells.

Time- and temperature-dependent experiments

were performed at pre-designated times (5, 15, 30, 60,

90 and 120 min) using 500 nM prazosin at 37°C and

4°C, respectively. Concentration-dependent studies were

performed similarly to the above described method,

but different concentrations of prazosin (250 nM to

1000 nM) were applied at 37°C for 120 min. The ef-

fect of BCRP inhibitors on the steady state uptake of

prazosin by rBMECs was investigated by assessing

the efflux of prazosin from cells after cotreatment

with prazosin (500 nM) and BCRP inhibitors [4, 22],

novobiocin and imatinib mesylate, at 37°C. Cultures
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of rBMEC were pre-incubated in HBSS containing

prazosin (500 nM) at 37°C for 120 min. The HBSS

solution was then removed, and cells were washed

with drug-free HBSS 3 times at 4°C. The cells were

then incubated with fresh prazosin-free HBSS con-

taining either novobiocin (50 µM; 142-06673, Wako,

Osaka, Japan) or imatinib mesylate (2 µM; Ange Phar-

maceutical Co., Nanjing, China) at 37°C for 20 min.

The amount of prazosin remaining in the cells was

measured.

The effects of diabetic rat sera on BCRP in

rBMECs

The effects of diabetic rat sera on BCRP function and

expression in rBMECs were also investigated accord-

ing to the methods described previously [14]. Dia-

betic rats were generated by injecting animals with

STZ (65 mg/kg, ip). The sera of diabetic rats were

collected after 5 weeks following STZ injection, and

insulin levels of the diabetic rats and normal rats were

measured to be 33.4 ± 6.0 mU/l and 71.4 ± 14.3 mU/l,

respectively, using a rat insulin ELISA kit (Adlitteram

Diagnostic Laboratory, Inc., USA). The sera, inacti-

vated by heating at 56°C for 30 min, filtered with

a 0.22 µm filter before being used. The monolayer of

cells in the 24-well dish was incubated in the sera

from diabetic or normal rats for 72 h, without cell

culture medium. The amounts of uptake of prazosin

by rBMECs incubated in diabetic rat and control rat

sera were measured. Fifty mU/l of insulin (Wanbang

Pharmaceutical Co., Xuzhou, China) was then added

to the diabetic rat sera to investigate whether insulin

reverses the alterations in BCRP function induced by

the sera of diabetic rats. The cell viability was meas-

ured using the MTT assay, and no significant differ-

ences between rat sera incubation and negative con-

trols (HBSS incubation) were observed.

The effect of insulin on BCRP in rBMECs

To further investigate the effects of insulin on BCRP

function and expression, rBMECs were incubated in

normal culture medium containing different levels of

insulin (12.5, 25 or 50 mU/l) for 72 h. The amount of

uptake of prazosin and western blot analysis were

used to assess the functional activity and protein

levels of BCRP, respectively. The functional activity

and protein levels of BCRP were also measured in

rBMECs following a 72-h incubation in medium con-

taining both 1 µM of a polyclonal anti-insulin recep-

tor antibody (Boshide Biotech Co., Wuhan, China)

and 50 mU/l of insulin.

Western blot assays

Protein levels of BCRP were measured using western

blot analysis. Briefly, various treatments were applied

to the primary cultures of rBMECs. Cells were pel-

leted by centrifugation and lysed by ultrasonication in

ice-cold cell lysis buffer (10 mM Tris–HCl [pH 7.5],

1 mM EGTA, 1 mM MgCl�, 1 mM mercaptoethanol,

1% glycerol, and protease inhibitor cocktail [1 mM

dithiothreitol and, 2 mM phenylmethylsulfonyl fluo-

ride; Sigma Chemical Co., St. Louis, MO, USA]).

Proteins were separated by electrophoresis on a 10%

SDS-polyacrylamide gel, and the proteins were elec-

trophoretically transferred to a PVDF membrane. The

membrane was blocked in Tris-buffered saline con-

taining 0.1% Tween-20 and 5% nonfat dried milk at

room temperature for 30 min and washed three times

for 15 min in phosphate-buffered saline containing

0.1% Tween-20 (PBST). The membrane was probed

with a goat polyclonal anti-ABCG2 antibody (D-20,

sc-25156, Santa Cruz, USA) in PBST at 4°C over-

night. The membrane was washed with PBST, incu-

bated in the appropriate HRP-conjugated mouse anti-

goat secondary antibody (Jackson, USA) at room tem-

perature for 1 h, and washed with PBST (4 × 10 min).

The blots were incubated with ECL substrate solution

(Lingqi Co., Wuxi, China) for 1 min according to the

manufacturer’s instructions and visualized with auto-

radiography. All blots were stripped and probed with

polyclonal anti-�-actin antibody (Santa Cruz, USA) to

ascertain that equal amounts of protein were loaded

into the gel.

Drug assays and statistical analysis

The concentration of prazosin in rBMECs was meas-

ured by HPLC [16]. The sensitivity of the assay was

3.9 ng/ml, and an optimal linear curve was obtained

from 3.9 to 125 ng/ml. The protein content was meas-

ured by the Bradford method [3] using BSA as the

standard. The net uptake, expressed as the concentra-

tion ratio (ng/µg protein), was obtained by dividing

the amount of uptake of prazosin by the protein con-

tent (µg protein/ml).

All data were expressed as the means ± standard

deviation (SD). Analysis of variance (ANOVA) was
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used to determine if the differences between the ex-

perimental groups were statistically significant. The

0.05 level of probability was used as the criteria for

significance.

Results and Discussion

The present study explored whether BCRP was ex-

pressed in primary cultures of rBMECs. Because pre-

vious reports have shown the expression of ABCG2

mRNA in rBMECs [26], our western blots were

probed with anti-ABCG2 antibodies, which resulted

in a band at 72 kDa that corresponded to BCRP (Fig.

4a). These results verified the existence of BCRP pro-

teins in primary cultured rBMECs and indicated that

the cells may be used as an in vitro model for assaying

BCRP function. The functional activity of BCRP in

rBMECs was determined by measuring the time-,

temperature-, and concentration-dependent changes in

the amount of prazosin uptake by these cells. We

show that the uptake of prazosin by rBMECs was

time- and temperature-dependent (Fig. 1A). Lowering

the temperature from 37°C to 4°C significantly de-

creased this uptake by 52.3% at 120 min (p < 0.01),

and the accumulation reached a plateau between 60

and 120 min at 37°C. Accordingly, the uptake of pra-

zosin at 120 min was used for experiments that evalu-

ated the effects of various treatments on the transport

characteristics of prazosin. Concentration-dependent

experiments consisted of a 120-min incubation in the

presence of prazosin at concentrations ranging from

250 to 1,000 nM (Fig. 1B). The results showed that the
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Fig. 1. (A) Time- and temperature-dependent uptakes of prazosin (PZ) by rBMECs. The cells were incubated in HBSS containing 500 nM PZ
at 37�C and 4�C. (B) Concentration-dependent uptake of PZ by rBMECs. The cells were incubated in HBSS containing different concentrations
of PZ (250, 375, 500, 750 and 1000 nM) at 37�C for 120 min (the mean ± SD; n = 4; ** p < 0.01 vs. 4�C)

Fig. 2. The effect of BCRP inhibitors imatinib mesylate (Imatinib) and
novobiocin on the uptake of prazosin (PZ). The cells were incubated
in HBSS containing PZ (500 nM) and different concentrations of imati-
nib mesylate (0.5, 2 and 6 µM) or novobiocin (10, 50 and 200 µM) at
37�C for 120 min. The results are represented as % of that without in-
hibitor (Con; the mean ± SD; n = 4; * p < 0.05; ** p < 0.01 vs. control)



cellular accumulation of prazosin was only slightly

enhanced with lower concentrations of prazosin (250

to 500 nM); however, a rapid increase in cellular ac-

cumulation was observed at the higher concentrations

(500 to 1,000 nM). Because the net amount of prazo-

sin in the cell is the difference between the amount in-

fluxed and the amount effluxed, the saturable trans-

port of BCRP out of the cell may help explain these

findings. BCRP activity could be readily saturated at

higher concentrations of prazosin; hence, the role of

BCRP in the transport of prazosin across the BBB

would become quantitatively less significant.

The effects of BCRP inhibitors on the function of

BCRP in rBMECs were also studied. We found that

both novobiocin and imatinib mesylate increased the

amount of uptake of prazosin by rBMECs in a con-

centration-dependent manner (Fig. 2). The addition of

10, 50 and 200 µM of novobiocin led to an increased

uptake of prazosin by 1.1-, 2.6- and 11.9 fold, respec-

tively, compared to controls. The addition of 0.5, 2

and 6 µM of imatinib mesylate also resulted in a sig-

nificant increase of prazosin uptake by 1.6-, 2.8- and

5.4 fold, respectively, compared to controls. The co-

administration of 50 µM of novobiocin or 2 µM of

imatinib mesylate with prazosin significantly de-

creased the efflux of prazosin from the cells, resulting

in an increased amount of prazosin remaining in the

rBMECs (18.9 % and 18.8 % of the controls, respec-

tively; p < 0.01) at the 20 min timepoint. These data

demonstrated the existence of functional BCRP and

BCRP expression in rBMECs.

Our previous studies have shown that the diabetic

state may impair the function and expression of

BCRP [17] and P-GP [15] in the brains of STZ-

induced diabetic rats, and insulin treatment may at-

tenuate this impairment. Other studies have shown

that low levels of insulin in the sera of diabetic rats

may be an important factor contributing to the impair-

ment of P-GP function and expression at the BBB [14,

15]. In the present study, the effects of the sera from

diabetic rats on BCRP function were observed in

rBMECs. In contrast to the findings in both P-GP [15]

and in vivo studies [17], a 72-h incubation in sera

from diabetic rats significantly (p < 0.01) decreased

the accumulation of prazosin in rBMECs (39.8%) to

levels similar to control cells that were incubated with

the sera from normal rats, indicating that the sera

from diabetic rats increased the function of BCRP in

rBMECs. Insulin treatment (50 mU/l) reversed the de-

crease in prazosin accumulation in cells incubated

with sera from diabetic rats, resulting in a 1.3-fold in-

crease compared with cells incubated with sera from

diabetic rats without insulin. These results indicated

that insulin suppressed the function of BCRP in

rBMECs (Fig. 3A).

To further study the role of insulin in the regulation

of the function and expression of BCRP in rBMECs,

we measured the functional activity and protein levels

of BCRP in rBMECs following a 72-h incubation in

normal culturing media containing 12.5, 25 and 50 mU/l

of insulin. Our results showed that insulin enhanced

the uptake of prazosin by the cells (Fig. 3B) and de-

creased the levels of BCRP protein in rBMECs in

a concentration-dependent manner (Fig. 4). The co-

administration of 1 µg/ml of insulin receptor antibody

almost abolished the insulin-induced (50 mU/l insu-

lin) alterations in BCRP activity and expression.

These results demonstrated that insulin suppressed the

functional activity and expression of BCRP in

rBMECs, indicating that the effects of insulin on the
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Fig. 3. (A) The effects of sera from diabetic rats on the uptake of PZ.
The rBMEC cells were incubated in diabetic rat sera (DM), with or
without 50 mU/l of insulin, for 72 h. The results are represented as %
of the control rat sera (the mean ± SD; n = 4; ** p < 0.01 vs. control;
## p < 0.01 vs. DM). (B) The effects of insulin on the uptake of PZ by
rBMECs. The rBMECs were incubated in normal culture media with
increasing concentrations of insulin and with/without insulin receptor
antibody (antibody) for 72 h. The results are represented as % of the
control (HBSS; the mean ± SD; n = 5; * p < 0.05; ** p < 0.01 vs. con-
trol; ## p < 0.01 vs. 50 mU/l insulin)



regulation of BCRP function and expression were dif-

ferent from those of P-GP; however, the mechanism

by which this occurs remains unclear.

Several reports have shown that the mechanisms

that are involved in regulating functional activity and

expression of BCRP are different from those of P-GP.

The pro-inflammatory cytokines interleukin-1� (IL-1�)

and IL-6 significantly reduced the mRNA levels and

the functional activity of BCRP in human hCMEC/D3

cells, whereas IL-6 treatment only slightly reduced P-GP

mRNA expression. Tumor necrosis factor-� (TNF-�)

treatment significantly increased P-GP mRNA levels,

but it significantly decreased BCRP mRNA levels

[20]. In human colon carcinoma cells, TNF-� had the

opposite effect on MRP and lung resistance protein

(LRP) gene expression [23]. A 6-h treatment of pri-

mary rBMECs with dexamethasone significantly in-

duced higher levels of P-GP and BCRP [22]. How-

ever, dexamethasone decreased mRNA levels and

protein levels of BCRP in a dose-independent and

time-dependent manner in MCF-7/MX breast cancer

cells [11]. The limited information provided in this

study also showed that P-GP expression suppressed

BCRP function and expression. SK-MES-1/WT lung

cancer cells expressed BCRP; however, BCRP ex-

pression was significantly down-regulated in doxoru-

bicin-resistant SK-MES-1/DX1000 cells that over-ex-

pressed P-GP [1]. Similarly, the P-GP-deficient mdr1a

knockout mice (mdr1a –/–) have increased levels of

BCRP mRNA expression at the BBB [7]. Inverse rela-

tionships between MRP and P-GP have been reported

in several reports [2, 5, 6, 12]. Our previous studies have

shown that insulin up-regulated P-GP function and ex-

pression [14] in rBMECs, and our present study demon-

strated that insulin suppressed BCRP function and ex-

pression in rBMECs. Collectively, these results may

partly explain the up-regulation of BCRP activity in

rBMECs when incubated with the sera from diabetic rats.

In conclusion, the present study demonstrated that

primary cultures of rBMECs expressed BCRP and

showed functional activity of this protein, which were

both suppressed by insulin.
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