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Introduction
Targeted drug delivery to the brain is notoriously complicated 
due to the privileged status of the brain conferred by the blood-
brain barrier (BBB). The BBB comprises endothelial cells  
connected by tight junctions, astrocytic endfeet, pericytes, 
perivascular microglia, and extracellular matrix—which act in 
concert to restrict the penetration of xenobiotics and large and/
or charged molecules.1 Many pharmaceuticals are extruded via 
active diffusion mediated by ATP-binding cassette (ABC) 
transporters such as P-glycoprotein (P-gp). Because of its 
promiscuity and high levels of expression at the BBB, P-gp is a 
powerful gatekeeper to the brain. P-glycoprotein binds to a 
variety of structurally diverse molecules and has been located 
on the astrocytic endfeet,2 the abluminal and luminal sides of 
brain capillary endothelial cells,3,4 the bile-facing canaliculi of 
the liver,5 and the urine-facing side of kidney proximal tubes.5

P-glycoprotein is a drug efflux pump encoded by Mdr1/
Abcb1 in humans and 2 isoforms in rodents: Abcb1a/Mdr1a and 
Abcb1b/Mdr1b. The half-life of P-gp is dependent on the G1/
G0 phase of the cell cycle, which in turn is dependent on physi-
ological stresses in multidrug-resistant cells.6 P-glycoprotein is 
altered in response to inflammation,7 oxidative stress,8 radia-
tion, and heat shock.9 Globally, cytokines affect P-gp messen-
ger RNA (mRNA), function, and protein expression.10 Work 

in rodent models of liver inflammation has shown that Mdr1b 
is a less expressed but more inducible isoform, whereas Mdr1a 
is constitutive,11 and reduced Mdr1a mRNA leads to reduced 
P-gp function.12,13

Ischemic stroke occurs when a blood vessel that supplies 
oxygen and nutrients to the brain is blocked and is therefore 
one such effector of inflammation and oxidative stress. Lack of 
sufficient oxygen activates hypoxia-inducible factor 1 alpha 
(HIF-1α)14 and nuclear factor κB,15 both of which have been 
shown to increase P-gp expression.16,17 P-glycoprotein is 
increased in the ischemic brain18–20 likely in an attempt to 
maintain a functional barrier between the blood and the brain 
when the BBB is compromised.

In our study, male rats underwent 90 minutes of transient 
ischemic stroke and were killed after 4, 14, 24, and 48 hours of 
reperfusion to establish a time course of P-gp protein levels and 
mRNA in the brain, liver, and kidney. In addition to in vivo 
data, we examined protein and mRNA from rat brain endothe-
lial (RBE4) cells exposed to 16 hours of starvation in hypoxia 
and low glucose (HLG) conditions. We also confirmed P-gp 
localization on endothelial cells in the brain using immuno-
fluorescence. We hypothesized that the biochemical changes 
that occur due to ischemic stroke will not only increase P-gp in 
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the brain but also increase P-gp in the liver and kidney; how-
ever, P-gp was only increased in the cerebral cortex and liver 
48 hours after ischemia. As many therapeutic strategies for 
ischemic stroke involve targeted pharmaceuticals delivered to 
the brain, increased P-gp expression in ischemic stroke could 
mean higher rates of drug transport out of the brain and ulti-
mately reduce the beneficial effects of treatment. Furthermore, 
knowing how P-gp expression is temporally altered in the liver 
and kidney, organs vital to drug metabolism and elimination, is 
essential to maximizing pharmacotherapeutic effects of poten-
tial neuroprotective drugs.

Materials and Methods
Animals

All animal procedures were approved by the University of 
Florida Institutional Animal Care and Use Committee and in 
accordance with National Institutes of Health guidelines. Every 
effort was made to minimize the number of animals used in this 
study and to reduce pain and suffering. Adult male rats 
(9-11 weeks; Sprague Dawley from Charles River Laboratories 
International, Wilmington, MA, USA) between 280 and 320 g 
were housed in the university’s vivarium on a 12-hour light/
dark cycle with ad libitum access to food and water.

Transient middle cerebral artery occlusion

Using an intraluminal filament model of transient middle cer-
ebral artery occlusion (MCAO) previously delineated by our 
group,21 male rats were subjected to focal ischemia and killed 
after 4, 14, 24, and 48 hours of reperfusion. Animals were anes-
thetized with isoflurane in medical grade oxygen. To occlude 
the middle cerebral artery (MCA), a small midline incision was 
made ventrally along the rat’s neck to expose the internal 
carotid artery (ICA), the common carotid artery (CCA), and 
the external carotid artery. The CCA was ligated; a small arte-
riotomy was performed on the CCA to insert a 4-0 monofila-
ment silicone-coated nylon suture and was gently forwarded 
about 18 to 20 mm into the ICA until slight resistance was felt 
to block the MCA. The incision was sealed, and the rats were 
allowed to recover from anesthesia in a temperature-controlled 
chamber maintained at 37°C and were then transferred to their 
cages for the remainder of the ischemic event. Behavioral con-
firmation of stroke was demonstrated by animal curling and 
circling. About 5 minutes prior to filament removal, rats were 
again anesthetized, the incision was reopened, the filament was 
slowly retracted to allow MCA reperfusion, and the wound was 
resealed. Total occlusion time was 90 minutes, and data are pre-
sented as a function of total reperfusion time until being killed.

RNA Extraction and Quantitative Reverse 
Transcriptase Polymerase Chain Reaction

After intraperitoneal injection of pentobarbital at 150 mg/kg to 
achieve profound anesthetization, animals were intracardially 

perfused with ice-cold 0.9% saline. The brain was harvested, 
placed in a rat brain matrix (Item Code BSRLS001-1; Zivic 
Instruments, Pittsburgh, PA, USA), and sliced coronally at 
2 mm intervals. The third slice was dedicated to RNA/poly-
merase chain reaction (PCR) experiments, and the fourth slice 
was dedicated to immunoblotting analysis. The third and 
fourth slices were separated into ipsilateral and contralateral 
hemispheres and further dissected into cerebral cortex and 
striatum. Two samples were each dissected from the kidney and 
liver: one for RNA/PCR and the other for Western blotting. 
To preserve RNA integrity, immediately after harvesting, the 
tissue was placed in RNAlater at 10 µg of tissue/µL of RNAlater 
(Catalog No. AM7021; Life Technologies, Carlsbad, CA, 
USA). The tissue in RNAlater was kept at 4°C for 24 hours and 
then placed at −20°C until further processing.

RNA was extracted using the Aurum Total RNA Fatty and 
Fibrous Tissue Kit (Catalog No. 738-6830; Bio-Rad, Hercules, 
CA, USA) according to the manufacturer’s instructions. Quality 
and concentration were measured with a Take3 Micro-Volume 
Plate and Gen5 Data Analysis Software (Biotek Instruments, 
Winooski, VT, USA). One microgram of RNA was reverse 
transcribed with iScript Reverse Transcription Supermix 
(Catalog No. 170-884; Bio-Rad), and 20 ng of the resulting 
cDNA was used to measure target gene expression levels in 
quadruplicate using Sso Advanced Universal SYBR Green 
Supermix (Catalog No. 172-5272; Bio-Rad). Primers for 
Abcb1a and Abcb1b were used to measure the 2 P-gp iso-
forms and were normalized against the housekeeping gene 
Ywhaz (Integrated DNA Technologies, Coralville, IA, 
USA). Ywhaz was chosen because it is one of the few house-
keeping genes not significantly altered after ischemic stroke.22,23 
The primers had the following sequences: Abcb1a forward 
5′-AACGGAAGAGCAGACAAGAAC-3′ and reverse 
5′-CAACCTGCATAGCGAAACATTG-3′, Abcb1b forward 
5′-CGACTCCGATACATGGTCTTC-3′ and reverse 
5′-ACATTAGAAGCGTCACTAGCG-3′, Ywhaz forward 
5′-GAAGAGTCGTACAAAGACAGCA-3′ and reverse 
5′-GCTTCTGCTTCGTCTCCTTG-3′. Using a CFX96 
Touch Real-Time PCR Detection System (Bio-Rad), we ran an 
initial polymerase activation/DNA denaturation step at 95°C 
for 30 seconds, and then 40 cycles of denaturation at 95°C for 
5 seconds and annealing at 60°C for 30 seconds. Primer specific-
ity was confirmed with a melt curve analysis: the initial tem-
perature was 65°C with increasing increments of 0.5°C/cycle. 
The normalized expression ΔΔCq values given by the CFX 
Manager software represent the relative quantity of the target 
gene normalized to the housekeeping gene Ywhaz and further 
normalized to the biological control/sham samples.

Tissue homogenization

After dissecting the fourth slice, tissue was immediately fro-
zen in dry ice. Tissue was weighed and homogenized in 
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radioimmunoprecipation assay lysis buffer (50 mM Tris-HCl, 
150 mM NaCl, 1% IGEPAL CA-630, 1% sodium deoxycho-
late, and 1% SDS) at 100 µL/mg of tissue containing HALT 
Protease Inhibitor Cocktail (Catalog No. 78430; Thermo 
Fisher Scientific, Rockford, IL, USA), HALT Phosphatase 
Inhibitor Cocktail (Catalog No. 78428; Thermo Fisher 
Scientific), and 0.5 M EDTA. Protease and phosphatase inhib-
itors and EDTA were added at 10 µL/mL lysis buffer. Tissue 
was homogenized using a Tissue-Tearor homogenizer (Catalog 
No. 985370; BioSpec, Inc, Bartlesville, OK, USA), sonicated 
twice with a Vibra-Cell sonicator (Model No. VCX130PB; 
Sonics & Materials, Inc, Newton, CT, USA), and centrifuged 
at 4°C for 20 minutes at 14 000g. The resulting supernatant was 
aliquoted and stored at −80°C until needed. Protein concentra-
tions were assessed using a bicinchoninic acid protein assay 
(Catalog No. 23227; Thermo Fisher Scientific).

Fixing the brain and immunohistochemistry

After intraperitoneal injection of 150 mg/kg of pentobarbital 
to achieve profound anesthetization, animals were intracardi-
ally perfused with ice-cold 0.9% saline and then perfused with 
about 250 mL of HistoChoice (Catalog No. H120; VWR, 
Radnor, PA, USA). Brains were harvested and stored in 
HistoChoice for 24 hours and then equilibrated to 30% sucrose 
in phosphate-buffered saline (PBS) for 48 to 72 hours. Finally, 
brains were frozen in Tissue-Tek O.C.T. and kept at −20°C 
until cryosectioned at 20 µm.

Mounted tissue was dried at 50°C for 30 minutes to ensure 
tissue was adhered to the slide. The tissue was washed twice 
with PBS containing 0.1% Triton X-100 and blocked for 
1 hour at room temperature in a solution containing 1% bovine 
serum albumin (BSA) and 5% normal goat serum. A primary 
antibody for P-gp (1:000; Catalog No. ab170904; Abcam; 
Cambridge, MA, USA) was co-incubated with RECA-1 
(MCA970GA mouse monoclonal; 1:1000; AbD Serotec, 
Raleigh, NC, USA) in 0.5% BSA in tris-buffered saline (TBS) 
containing 0.1% Triton X-100 overnight at 4°C. The sections 
were washed 3 times with PBS/Triton X-100 before blocking 
again for 20 minutes at room temperature and then incubating 
with the secondary antibody for 90 minutes at room tempera-
ture using Alexa 488 goat anti-rabbit (Code No. 115-545-144; 
1:1000; Jackson ImmunoResearch Laboratories, Inc., West 
Grove, PA, USA) and Cy3 goat anti-mouse (Code No. 115-
165-166; 1:1000 Jackson ImmunoResearch). Finally, sections 
were dipped in 100 nM 4′,6-diamidino-2-phenylindole in PBS 
for 10 seconds before 3 rinses in water, mounted with 
Fluoromount (Catalog No. F4680; Sigma-Aldrich, St. Louis, 
MO, USA), and coverslipped.

Western blotting

To quantify relative protein levels, 50 µg of total protein per 
sample was denatured with 2% β-mercaptoethanol and 

separated on a 4% to 20% TGX Precast Gel (Catalog No. 
456-1095; Bio-Rad) with sodium dodecyl sulfate polyacryla-
mide gel electrophoresis and then transferred at 25 V onto an 
Immobilon-FL polyvinylidene difluoride membrane with a 
Trans-Blot Turbo (Bio-Rad) for 30 minutes. Membranes 
were blocked in 5% nonfat milk in TBS and probed with rab-
bit monoclonal anti–P-gp (1:1000; Catalog No. ab170904) or 
rabbit polyclonal anti–P-gp antibody (Catalog No. sc8313; 
Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight 
at 4°C, washed, and then incubated in goat anti-rabbit IRDye 
800 CW (1:40,000; Li-Cor, Lincoln, NE, USA) for an hour at 
room temperature. Equal protein loading was confirmed using 
mouse anti–β-actin (1:10,000; Catalog No. 1978; Sigma-
Aldrich) and donkey anti-mouse 680 LT IRDye (1:40,000; 
Li-Cor). Confirmation of hypoxic conditions in our ischemia-
like treatment of the RBE4 cells was determined by measur-
ing HIF-1α (1:500; Catlog No. 10006421; Cayman Chemical 
Company, Ann Arbor, MI, USA). Blots were imaged and 
densitometrically analyzed with a Li-Cor Odyssey infrared 
scanner and Image Studio 2.0 software (Li-Cor).

RBE4 cell culture and HLG conditions

RBE4 cells were gifted to us by Dr. Michael Aschner from the 
Albert Einstein College of Medicine at Yeshiva University. 
Because astrocytes are vital to the integrity of the BBB,24 RBE4 
cells were cultured using astrocyte-conditioned media (ACM) 
as described previously by our group.25 Rat astrocytes, CTX-
TNA2 (Catalog No. CRL-2006; American Type Culture 
Collection, Manassas, VA, USA), were cultured with media 
containing 44% Ham’s F-10 Nutrient mixture (Catalog No. 
11550-043; Invitrogen, Grand Island, NY, USA), 44% 
α-minimum essential medium (Catalog No. 12571-06; 
Invitrogen), 10% fetal bovine serum (FBS) (Catalog No. 
F4135; Sigma-Aldrich), 1% (100 U/mL) penicillin/100 µg/mL 
streptomycin (Catalog No. 15140-122; Invitrogen), and 1% 
Geneticin (G418 Catalog No. A1720; 300 µg/mL; Sigma-
Aldrich) in a 5% CO2 incubator at 37°C. On confluency, media 
was harvested every 3 days for use in RBE4 cell culture as 
described in our recent study.25

Rat brain endothelial cells were cultured at 2 × 104 cells/cm2 
on collagen I–coated (Catalog No. C3867; Sigma-Aldrich) 
T75 flasks with ACM composed of a 1:1 mixture of fresh 
astrocyte growth media and the conditioned media harvested 
from confluent CTX-TNA2 cells supplemented with 1 ng/mL 
basic fibroblast growth factor. Cells are harvested and trypsi-
nized after reaching confluency.

To mimic ischemia in vitro, trypsinized RBE4 cells were 
seeded at 2 × 105 cells/cm2 onto a 35-mm dish (Catalog No. 
627160; Greiner Bio-One, Monroe, NC, USA) and incubated 
with ACM with supplements and growth factors (EGM-2MV 
SingleQuot Kit Supplement & Growth Factors; Catalog No. 
CC4147; Lonza, Basel, Switzerland) at 37 °C in a 5% CO2 
incubator. After 6 days, the media was substituted with Earle’s 
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Balanced Salt Solution (EBSS) consisting of 117 mM NaCl, 
5.5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 20 mM HEPES, 
26 mM NaHCO3, and 1 mM NaH2PO4 plus 1.1 mM d-glucose 
and 5% FBS and placed into a hypoxic chamber containing 93% 
N2, 2% O2, and 5% CO2 for 16 hours before being harvested. 

Anaerobic conditions in the incubator were confirmed using an 
electronic oxygen/carbon dioxide analyzer (ProOx Model C21; 
BioSpherix, Lacona, NY, USA). Control cultures were main-
tained with normal EBSS containing 5.6 mM d-Glucose plus 
5% FBS for 16 hours at 37°C in 95% air and 5% CO2.

Figure 1. (A) and (C) Western blot data of cortical tissue and representative image showing P-glycoprotein (P-gp) levels normalized to actin in sham 

(n = 6), 4-hour (n = 5), 14-hour (n = 6), 24-hour (n = 7), and 48-hour (n = 6) groups in the ipsilateral (i) and contralateral (c) hemispheres. Data are presented 

as a function of total reperfusion time until being killed. P-gp is significantly increased by 48 hours in the ipsilateral cortex (*P < 0.05). (B) and (D) Western 

blot in subcortical tissue showing P-gp levels normalized to actin in sham (n = 6), 4-hour (n = 5), 14-hour (n = 6), 24-hour (n = 7), and 48-hour (n = 6) groups. 

There are nonsignificant increases in P-gp at 24 and 48 hours in the ipsilateral hemisphere. (E) Abcb1a expression normalized to Ywhaz in cortical 

samples from sham (n = 6), 4-hour (n = 5), 14-hour (n = 6), 24-hour (n = 7), and 48-hour (n = 6) groups; *P < 0.05, **P < 0.01, ***P < 0.001. (F) Abcb1b 

expression normalized to Ywhaz in cortical samples from sham (n = 6), 4-hour (n = 5), 14-hour (n = 6), 24-hour (n = 7), and 48-hour (n = 6) groups; *P < 0.05, 

***P < 0.001. (G) Abcb1a expression normalized to Ywhaz in subcortical samples from sham (n = 6), 4-hour (n = 5), 14-hour (n = 6), 24-hour (n = 7), and 

48-hour (n = 6) groups; ***P < 0.001. (H) Abcb1b expression normalized to Ywhaz in subcortical samples from sham (n = 6), 4-hour (n = 5), 14-hour (n = 6), 

24-hour (n = 7), and 48-hour (n = 6) groups; **P < 0.01, ***P < 0.001.
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Statistics

To analyze data, we used a Student’s t test, one-way analysis 
of variance (ANOVA) with a Dunnett posttest, or two-way 
ANOVA with a Bonferroni posttest, where appropriate. Data 
were considered significant if P < .05. Bar graphs include 
mean ± SEM.

Results
P-gp is increased in brain tissue after ischemic stroke 
and endothelial cells exposed to ischemia-like conditions

To develop a time course of P-gp expression in the brain after 
ischemic stroke, we measured P-gp in the cerebral cortex nor-
malized to actin and found that P-gp was increased at 48 hours 
(P < 0.05) postreperfusion onset as shown in Figure 1A and C. 
Compared with the sham group, P-gp was also increased in the 
contralateral hemispheres at 48 hours, but this effect was not 
significant (P = 0.12). In the striatum, there was also a nonsig-
nificant increasing trend at later time points (Figure 1B and D).

We are the first to measure dynamic fluctuations in Abcb1a 
and Abcb1b transcripts after experimental ischemic stroke. We 

ran quantitative reverse transcriptase polymerase chain reac-
tion with rat brain cDNA to measure both isoforms of P-gp, 
Abcb1a and Abcb1b (Figure 1). In the ipsilateral cerebral cor-
tex (Figure 1E), Abcb1a was initially downregulated at 4, 14, 
and 24 hours (P < 0.001, P < 0.01, and P < 0.001, respectively), 
until a surge in expression at 48 hours (P < 0.05). In Figure 1F, 
Abcb1b cortical expression continuously increased with longer 
intervals of reperfusion time, particularly at 48 hours (P < 0.05). 
In the subcortex, where cell death is the greatest in this stroke 
model, Abcb1a is significantly upregulated at 24 and 48 hours 
(Figure 1G; P < 0.01 and P < 0.001, respectively), whereas 
Abcb1b increases as early as 4 hours postreperfusion onset 
until fluctuating from 24 to 48 hours (Figure 1H). Although 
levels are reduced from 24 hours, at 48 hours, P-gp expression 
is still much higher than sham (Figure 1E to H).

To determine the major source of P-gp increase measured at 
48 hours with immunoblotting, we performed immunohisto-
chemistry on naïve, sham, and 48-hour rat brain tissue (Figure 
2). P-glycoprotein expression was confined solely to endothe-
lial cells in naïve, sham, and ischemic brains 48 hours after 
stroke, which is in line with previous reports.26,27

Figure 2. Immunohistochemistry (IHC) of the brain. Rat brain diagram with rectangle depicts region where images were taken within the ipsilateral cortex 

near the border between infarcted and “healthy” tissue. IHC at ×40 with naïve, sham, and middle cerebral artery occlusion 48 hours post-reperfusion 

onset showing co-localization of P-glycoprotein (P-gp) and endothelial cells with RECA-1. DAPI indicates 4′,6-diamidino-2-phenylindole.
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Because immunohistochemistry revealed that P-gp is pri-
marily expressed on endothelial cells, we measured P-gp in 
RBE4 cell lysate comparing control and 16-hour HLG groups 
and found P-gp increased as a result of HLG (Figure 3B). We 
confirmed hypoxic conditions of our HLG treatment by meas-
uring increased HIF-1α (Figure 3A). Our data showing 
increased P-gp in the brain after ischemia are in agreement 
with previous findings that show increased expression in brain 
microvessel endothelial cells cocultured with astrocytes27 and 
RBE4 cells28 exposed to oxygen-glucose deprivation and rats 
subjected to MCAO.19,29

P-gp is upregulated in the periphery after ischemic 
stroke

After ischemic stroke, P-gp expression in the liver and  
kidney fluctuated (Figure 4). Mirroring brain mRNA, hepatic 
Abcb1b appeared to increase with increasing time points after 
reperfusion onset (Figure 4B; 48 hour P < 0.001). In the kidney, 
Abcb1a was downregulated at 14 and 24 hours (P < 0.05 and 
P < 0.001, respectively), but fluctuated from 24 to 48 hours 
(Figure 4C). Like the liver, Abcb1b demonstrated very little 
change across time points until increasing at 48 hours in the 
kidney (Figure 4D; P < 0.05). In the liver, P-gp increased  
at later time points after ischemia, particularly at 48 hours 
(Figure 4F and H; P < 0.05). There was very little change in 
P-gp between the sham, 24-hour, and 48-hour groups in the 
kidney, but at earlier times (ie, 4 and 14 hours), there are 
reduced protein levels (Figure 4E and G).

Discussion
We are the first group to establish that 90 minutes of tran-
sient MCAO increases P-gp in the liver in conjunction with 
increased P-gp in the brain, in addition to measuring the 
dynamic changes in P-gp transcripts, Abcb1a and Abcb1b, in 
the brain, liver, and kidney. Middle cerebral artery occlusion 
results in oxidative stress, and the infarcted tissue induces 
production of interleukin 6 (IL-6), tumor necrosis factor α 
(TNF-α), interleukin-1 beta (IL-1β)30 and HIF-1α,31 all of 
which mediate P-gp transcription. Abcb1/mdr1 is upregulated 
after hypoxia due to HIF-1α production in human microvas-
cular endothelial cells.17 In isolated rat brain microvessels 
subjected to MCAO, TNF-α was increased along with P-gp 
levels,19 and in primary rat hepatocytes incubated with TNF-
α, Abcb1b mRNA was induced in addition to increased P-gp 
protein and activity.32 Conversely, culturing rat hepatocytes 
with IL-1β or IL-6 reduces P-gp and activity,33 so the time 
course of cytokine release after ischemic stroke and their dif-
ferential effects on P-gp expression might partially account 
for protein and mRNA fluctuations observed in our study. 
The relatively stable, low expression of Abcb1a and Abcb1b in 
the hemisphere contralateral to the MCAO may be due to 
endothelial cell polarity in the BBB that limits receptor-
dependent cytokine transcytosis into the brain parenchyma as 

the BBB in the contralateral hemisphere is more intact than 
in ipsilateral hemisphere.27,34,35

Our data show that brain Abcb1a decreased at 4, 14, and 
24 hours, until increasing beyond sham expression at 48 hours. 
Abcb1b was continuously upregulated at each time point 

Figure 3. (A) Western blot of RBE4 cell lysate measuring HIF-1α in 

response to 16 hours of HLG compared with control and representative 

image (n = 4, ***P < 0.001). (B) Western blot of RBE4 cell lysate showing 

increased P-gp with 16 hours of hypoxia/low glucose compared with 

control and representative image (n = 5, ** P < 0.01). HIF-1α indicates 

hypoxia-inducible factor 1 alpha; HLG, hypoxia and low glucose; P-gp, 

P-glycoprotein; RBE4, rat brain endothelial cells.
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compared with sham levels. However, there were negligible 
changes in P-gp protein until 24 to 48 hours after ischemia. 
The discrepancy between the mRNA and protein levels may be 
due to the cumulative effect of differing isoform expression as 

the P-gp antibody used is not specific for a particular isoform. 
In the liver, Abcb1a slightly decreases at 4 hours and then greatly 
decreases to below baseline, whereas Abcb1b expression con-
tinuously increases. In the kidney, Abcb1a decreases at 14 and 

Figure 4. (A) and (B) Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) changes in Abcb1a and Abcb1b expression in the liver of 

sham (n = 6), 4-hour (n = 5), 14-hour (n = 6), 24-hour (n = 7), and 48-hour (n = 6) groups normalized to Ywhaz. Data are presented as a function of total 

reperfusion time until being killed. Abcb1b is increased in a time-dependent manner (***P < 0.001). (C) and (D) qRT-PCR changes in Abcb1a (*P < 0.05,  

*** P < 0.001) and Abcb1b (**P < 0.01) expression in the kidney of sham (n = 6), 4-hour (n = 5), 14-hour (n = 6), 24-hour (n = 7), and 48-hour (n = 6) groups 

normalized to Ywhaz. (E) and (G) Western blot data of kidney tissue and representative image showing P-gp levels normalized to actin in sham (n = 6), 

4-hour (n = 5), 14-hour (n = 6), 24-hour (n = 7), and 48-hour (n = 6) groups. P-gp is significantly decreased by 4 hours (*P < 0.05) and 14 hours (*** P < 0.001). 

(F) and (H) Western blot data and representative image of P-gp normalized to actin in the liver showing sham (n = 6), 4-hour (n = 5), 14-hour (n = 6), 24-hour 

(n = 7), and 48-hour (n = 6) groups. P-gp is significantly increased by 48 hours (**P < 0.01). P-gp indicates P-glycoprotein.
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24 hours and then increases at 24 and 48 hours; Abcb1b fluctu-
ates particularly from 24 to 48 hours. If this model sufficiently 
represents P-gp expression in the brain and liver after stroke in 
humans, these data indicate that pharmaceutical treatment 
would be most advantageous before 48 hours if the drug is a 
P-gp substrate. This is important to not only increasing the 
drug concentration in the brain but also to reducing drug 
metabolism in the liver.

Earlier studies have shown that peripheral inflammation 
affects P-gp in the brain.36 Increased P-gp expression in the 
brain should enhance the functional barrier between the brain 
and circulating toxicants in the blood, and in support of this 
hypothesis, Zhang et  al37 showed that liver failure due to 
hyperammonemia increased expression and function of P-gp 
at the rat BBB. Similarly, in a rat model of hepatic ischemia, 
hepatic and cerebral P-gp expression increased 24 hours after 
reperfusion.38 Also, increased P-gp levels in the kidney have 
been documented in response to renal ischemia in the mouse 
up to 7 days post reperfusion.39 The liver and kidney seem to 
be affected by compounds extruded from the ischemic brain 
into the blood, and activated immune cells in the infarct and 
in circulation secrete IL-1β, IL-6, and TNF-α, all of which 
influence P-gp expression.33,40,41 Circulating cytokines may be 
at least partially responsible for changes in P-gp in the periph-
ery especially as renal and hepatic capillaries are highly 
fenestrated.

It is unclear whether P-gp itself is a pathological mediator 
as mdr1a knockout mice show decreased infarct size after tran-
sient brain ischemia compared with wild-type mice.42 The 
underlying mechanisms of P-gp deficiency in stroke are not 
understood, but in other models of neuroinflammation, 
increased P-gp levels are associated with increased transport of 
chemokines, which exacerbate injury.43 Previous data have 
shown that liver inflammation affects P-gp at the BBB, but 
there has been little work in the other direction, namely, study-
ing changes in the liver and kidney after insults to the brain, 
such as ischemia. Inhibition of mdr1 increased the efficacy of 
neuroprotective therapy administered to mice that were sub-
jected to 30 and 90 minutes of MCA occlusion.20

One limitation of our study is the lack of analysis of P-gp 
transport function in different tissues after stroke, in particular, 
the biological significance of increased P-gp levels in the liver 
compared with the ischemic brain. The increases in P-gp levels 
in the liver and brain in our study are around 2-fold of sham 
levels, which is in line with previous studies showing that this 
relatively modest increase had significant implications for 
transport activity of P-gp.19,20

Currently, the only Food and Drug Administration–
approved drug for treating ischemic stroke, tissue plasminogen 
activator, inhibits P-gp in rat brain endothelial cells,44 but 
because it can cause severe hemorrhaging and has a small effec-
tive time window, its use is limited to an extremely small per-
centage of patients.45 There is a lack of effective therapies to 

salvage healthy tissue damaged by the spread of cell death after 
stroke, and understanding the fluctuations of P-gp after 
ischemic stroke may be a glimpse into a possible mechanism to 
enhance the efficacy of neuroprotective drug therapies.

In summary, we are the first to establish that P-gp increases 
in the liver as well as in the brain after transient ischemic stroke 
and outline a time course of the protein and mRNA expression 
in the aforementioned tissues. Increases in P-gp expression in 
the brain and the liver will affect the bioavailability, drug distri-
bution, and elimination of neuroprotective drugs, and it is 
therefore invaluable to establish a time window after ischemia 
before P-gp increases to maximize pharmaceutical efficacy.
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