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Abstract  

 

The biochemical and physical properties of the blood-brain barrier (BBB) are known to regulate 

drug delivery to the central nervous system (CNS), making it incredibly challenging to treat 

neurological diseases. A viable strategy may be to target organic anion transporting polypeptides 

(OATPs in humans; Oatps in rodents), transporters that facilitate blood-to-brain drug uptake. Over 

the past several years, our laboratory has studied the involvement of OATPs/Oatps in the BBB 

transport of drugs that are effective in treatment of neurological pathologies such as cerebral 

hypoxia/reoxygenation stress and ischemic stroke. Using male and female Sprague-Dawley rats, 

we have shown that Oatp1a4, the primary drug transporting Oatp isoform at the rodent BBB, is 

critical for brain delivery of 3-hydroxy-3-methylglutarylcoenzyme A (HMG-CoA) reductase 

inhibitors (i.e., statins). More recently, we have shown that Oatp1a4 functional expression is higher 

at the BBB in female Sprague-Dawley rats as compared to their male counterparts. Interestingly, 

this work also showed that Oatp1a4 protein expression and transport activity in brain micro-vessels 

from castrated male rats was the same as in female control rats or in ovariectomized females. This 

observation pointed towards a role for male gonadal sex hormones in the regulation of Oatp1a4 at 

the BBB. Therefore, we sought to determine the effect of testosterone on Oatp1a4 protein 

expression using a mouse brain micro-vessel endothelial cell line (bEND.3). Specifically, we 

studied the effect of testosterone in normoxic cells and in cells subjected to oxygen/glucose 

deprivation (OGD), an in vitro condition relevant to ischemic stroke. In normoxic (i.e., control) 

bEND.3 cultures, testosterone increased Oatp1a4 protein expression in a dose-dependent manner. 

In contrast, testosterone reduced Oatp1a4 protein expression in bEND.3 cells subjected to 8 h OGD 

but had no effect in these cultured mouse brain endothelial cells after 8 h OGD/24 h reoxygenation 

(i.e., OGD/R). Interestingly, testosterone treatment increased expression of the androgen receptor 
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under both OGD and OGD/R conditions. Overall, these data provide the first evidence for 

differential regulation of Oatp1a4 protein expression by testosterone under normoxic, OGD, and 

OGD/R conditions. Further studies are required to evaluate the implications of these findings on 

transport of Oatp1a4 substrates (i.e., statins) and to determine the molecular machinery involved 

in altered Oatp1a4 expression in endothelial cells following exposure to testosterone.
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1.1 Introduction 

 

To provide an effective pharmacological treatment of a neurological disease such as 

ischemic stroke, drug treatments must reach their molecular target at effective concentrations. 

Drug permeability at the BBB is directly correlated with expression and activity of endogenous 

transport proteins that are expressed in brain microvascular endothelial cells (Qosa et. al., 2016). 

Subsequently, studying the localization, regulation and/or expression of these BBB transport 

proteins is of utmost importance for finding a new approach to treat CNS diseases. To date, the 

majority of this research has focused on studying how BBB transport proteins prevent or decrease 

permeability of the BBB by studying the mechanism of efflux transporters, such as P-glycoprotein 

(P-gp), and their effects on CNS drug transport (Ronaldson and Davis, 2015). Current research has 

shown that targeting P-gp for enhanced drug delivery to the brain causes unwanted effects on the 

BBB by increasing toxicity or deposition of drugs into “off-target” organs and tissues (Palmeira 

et. al., 2012). Indeed, it is more intuitive to target drug uptake transporters at the BBB for 

optimization of CNS drug delivery. As such, our laboratory has focused on endogenously 

expressed solute carrier (SLC) transporters found at the brain microvascular endothelium. The 

laboratory has identified organic anion transporting polypeptide 1a4 (Oatp1a4; human orthologue 

is OATP1A2) as the primary drug delivery solute carrier (SLC) transporter protein at the BBB 

(Ronaldson and Davis, 2013). Our research has shown that blood-to-brain transport of atorvastatin, 

a commonly prescribed 3-hydroxy-3- methylglutaryl coenzyme A (HMG-CoA) reductase 

inhibitor that is known to possess neuroprotective properties, is facilitated by Oatp1a4 at the in 

vivo BBB in rats (Abdullahi et. al. 2018, Brzica et. al. 2018, Thompson et. al., 2014) and by 

OATP1A2 in human endothelial cells (Ronaldson et. al., 2010). However, our understanding on 

the regulation of OATP/Oatp isoforms is very limited. Our research suggests that OATPs are 
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regulated by an intracellular signaling mechanism at the BBB involving the binding of 

transforming growth factor (TGF)-B to activin receptor-like kinase (ALK)-1 or ALK5. This 

hypothesis is demonstrated by the finding that inhibition of the TGF-B/ALK5 pathway and 

upregulating the TGF-B/ALK1 pathway both increase Oatp1a4 functional expression (Ronaldson 

et. al., 2011; Thompson et al. 2014; Abdullahi et al. 2017; Abdullahi et al. 2018; Brzica et al. 

2018).  

Another confounding factor in BBB function appears to be differences between male and 

females in the regulation of BBB transporter functional expression. Consequently, our laboratory 

has shown, for the first time, sex differences in Oatp1a4’s functional expression at the BBB by 

showing that Oatp1a4 protein expression is elevated in brain microvessels isolated from female 

adult Sprague–Dawley rats as compared to age-matched males (Brzica et al. 2018).  Oatp1a4 

protein expression is elevated in brain microvessels isolated from castrated male adult Sprague–

Dawley rats as compared to age-matched males and Oatp1a4 protein expression is not changed in 

brain microvessels isolated from ovariectomized female adult Sprague–Dawley rats as compared 

to age-matched females (Brzica et al. 2018).  

 Sex differences are profoundly relevant to pathophysiology and treatment of ischemic 

stroke. If we look at the biological differences between the sexes and compare it with statistical 

ischemic stroke data, there is a higher risk of stroke for young males that decreases as they age and 

a lower risk in young females that increases as they age. Previous longitudinal research involving 

aging males has shown a decrease in serum testosterone that correlates with increased age 

(Feldman et al 2002). Additionally, by the time males reach 60 years of age, only eighty percent 

fall in the normal range for total testosterone levels and by 80 years of age only fifty percent are 

in the normal range (Harman et al 2001). Overall, these observations indicate that sex differences 
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in endogenous BBB transporters must be considered in drug treatment for ischemic stroke (i.e., 

statin pharmacotherapy). 

 

1.2 Blood-Brain Barrier 

 

To understand the effect that sex differences in transporters can have on CNS drug 

disposition, it is critical to review characteristics of the BBB itself. From a physiological 

perspective, a primary limiting factor in the treatment of CNS diseases is caused by selectivity of 

transport proteins found at the BBB. Consequently, the BBB is very effective at separating the 

brain parenchyma from systemic circulation, thus providing protection to the CNS against 

potentially toxic xenobiotics and metabolites. The physical barrier properties of the BBB exist at 

the level of a single layer of capillary endothelial cells that are linked by tight junction protein 

complexes. This characteristic renders the BBB impermeable to most substances except for very 

small and lipid soluble compounds (Ronaldson and Davis, 2013). Tight junction protein complexes 

are comprised of transmembrane proteins such as claudin-5 and occludin that “seal” the 

paracellular cleft between adjacent cells and prevent passive diffusion of substances between 

endothelial cells (Ronaldson and Davis, 2015). Transmembrane proteins are held in place by 

intracellular proteins (i.e., zonulae occludens (ZO) protein) that are directly associated with the 

actin cytoskeleton, thereby creating a barrier that limits blood-to-brain flux of drugs (Lee et. al., 

2001). The BBB phenotype requires input from adjacent cell types (i.e., astrocytes, microglia, 

pericytes, neurons) and from extracellular matrix, a fact that gives rise to the concept of the 

neurovascular unit (NVU). The NVU reflects the fact that the brain microvasculature requires a 

precise communication network to match cerebral blood flow with the metabolic needs of the CNS 

(Iadecola, 2017).  
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For efficient passive drug transport, a drug molecule must possess specific 

physicochemical properties including lipid solubility, small molecular weight (under 400 Da), 

limited capacity for hydrogen bonding, and have low liability for efflux transporters (Pardridge, 

2006). One of the primary challenges in drug discovery/development for neurological diseases is 

identifying novel chemical entities that have limited affinity for these efflux transporters. At the 

level of the brain microvascular endothelium, efflux transporters (i.e., P-gp, Multidrug Resistance 

Proteins (Mrps), Breast Cancer Resistance Protein (Bcrp) comprise the biochemical component of 

the BBB (Abbott et. al., 2006). Efflux transporters are primarily localized to the luminal plasma 

membrane of brain capillary endothelial cells and function to prevent CNS accumulation of a vast 

array of molecules.  Multiple strategies have been utilized to prevent these transporters from 

limiting CNS drug accumulation. For example, chemical modification of a drug molecule to 

prevent efflux transporter reactivity can render a drug ineffective at its molecular target (Loscher 

and Potschka, 2005). Additionally, pharmacological inhibition of P-gp can cause systemic toxicity 

 
Adapted from Ronaldson and Davis (2012). Curr Pharm Des. 18: 3624–3644. 

 

Figure 1. Localization of Drug Transport Proteins that are Critical Determinants of 

CNS Drug Penetration. 
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and/or off-target drug effects as noted above. This knowledge suggests a critical need to target 

other transport systems in an effort to optimize CNS delivery of centrally acting drugs. 

 

1.3 Organic Anion Transporting Polypeptides (OATPs/Oatps) and the Blood-Brain Barrier 

 

Perhaps the most important uptake transport system for drugs that is expressed at the BBB 

are the OATPs/Oatps (Ronaldson et. al., 2010). The primary drug transporting OATP isoform at 

the human BBB is OATP1A2 and the predominant Oatp involved in drug transport at the rodent 

BBB is Oatp1a4. These transporters are localized to both the luminal and abluminal plasma 

membrane of brain microvascular endothelial cells (Fig. 1) (Gao et. al., 2000). Considering that 

OATPs/Oatps are thought to function as facilitated transporters where the driving force for drug 

uptake is the transmembrane concentration gradient, functional expression of OATP1A2 and 

Oatp1a4 at both sides of the BBB is critical in allowing these transporters to enable CNS uptake 

of drugs. Specifically, the substrate is transported into the endothelial cell through uptake 

transporters and reaches a concentration limit that results in efflux into the brain through 

OATP/Oatp transporters (Ronaldson and Davis, 2013). More specific to our research, the 3-

hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase inhibitors (i.e., statins) are 

established OATP/Oatp transport substrates. This concept was demonstrated using Oatp1a4 

knockout mice where blood-to-brain delivery of pravastatin and rosuvastatin was significantly 

decreased relative to wild-type control mice (Ose et. al., 2010).  More recently, our laboratory 

demonstrated specificity of Oatp1a4 transport for atorvastatin and pravastatin using known Oatp 

transport inhibitors such as fexofenadine and estrone-3-sufate (Abdullahi et al. 2018). A detailed 

understanding of statin transport properties at the BBB is critical for treatment of neurological 

diseases. Statins have been shown to possess pleiotropic antioxidant and anti-inflammatory effects 



 13 

in a canine model of Alzheimer’s disease (Barone et al. 2011; Butterfield et al. 2012). Furthermore, 

statins are well known to improve functional neurological outcomes in stroke patients (Christophe 

et al. 2020). Taken together, these observations provide a scientific premise for our continued 

study of Oatp-mediated transport of statins at the BBB.  

 

1.4 Ischemic stroke  

 

At an average of one death every 40 seconds and nearly 795,000 cases of stroke with 87% 

of them categorized as ischemic strokes, ischemic stroke is a significant public health concern in 

the United States (Brzica et. al., 2018). The pathophysiology of ischemic stroke is triggered by the 

occlusion of a blood vessel, which prevents blood flow through an area of the brain that impedes 

oxygen and glucose to reach the tissue causing cell death to the area within minutes (Liu et. al., 

2010). Ischemic stroke can lead to edema and hemorrhaging caused by BBB disruption due to 

changes in tight junction protein complexes, which is reflected by altered protein expression of 

critical proteins such as occludin, claudin-5, and ZO-1 (Abdullahi et. al. 2018). The duration of 

the BBB disruption leads to an increase in paracellular permeability that can permit large 

molecules (i.e., Evan’s blue-albumin, IgG, Fibrinogen) and small molecule vascular tracers (i.e., 

 
Adapted from Brizca et. al. (2017). Journal of Central Nervous System Disease, 9, 

117957351769380. 

 

Figure 2.  Endothelial cells’ functional and structural changes during hypoxic 

and reoxygenation conditions.  
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sucrose) to bypass the BBB into the brain via the paracellular route (Lochhead et. al., 2017). 

Furthermore, matrix metalloproteinase 9 (MMP-9) degrades the basal lamina and inducible nitric 

oxide synthase generates peroxynitrite, a by-product that is toxic to neurons (Brzica et. al., 2017). 

Reactive oxidative species are formed at the early phase of stroke from the mitochondrial oxidative 

phosphorylation disruption, and continuously form during reperfusion due to the sudden increase 

of O2 that leads to reperfusion injury (Nour et. al., 2012). 

It has been suggested that these structural and functional changes are caused by hypoxic 

and reoxygenation stress in endothelial cells. During hypoxic conditions, the cells’ volume 

increases through increased Na+-K+-Cl cotransporter activity that causes amplified water uptake 

and actin upregulation (Fig. 2). This causes endothelial cells to further shrink the lumen of the 

blood vessels and prevent passage of blood into the area of the cerebral infarction (Brzica et. al., 

2017). During reoxygenation, water uptake and Na+-K+-Cl are restored to normal levels; however, 

transporters such as P-gp and Oatp1a4 are upregulated, an effect that can change BBB permeability 

of circulating solutes including drugs (Fig. 2). The decrease in both oxygen and glucose disrupts 

oxidative phosphorylation and ATP formation, which is necessary for normal activity of neuronal 

Na+-K+ATPase (O’Donnell, 2014). The decreased function of Na+-K+ATPase leads to 

accumulation of Na+ that disrupts the BBB and induces the activity of voltage gated cation 

channels through plasma depolarization that creates an influx of Ca2+ in the ischemic neuronal 

cell which releases neurotoxic levels of glutamate that cause neuronal cell death (Williams et. al., 

2020). The increased concentration of glutamate upregulates the N-methyl-D-aspartate (NMDA) 

receptors in post synaptic neurons and promotes Ca2+ intake that overloads the post synaptic cell 

into disruption of oxidative phosphorylation, increased reactive oxidative species and an increased 

inflammatory response (Yang et. al., 2018).  
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1.5 Oatp-mediated transport and statin pharmacotherapy 

 

There are two types of treatments for ischemic stroke; pharmacological treatment using 

recombinant tissue plasminogen activator (r-tPA) that is administered intravenously and dissolves 

blood clots, and mechanical thrombectomy that requires surgical removal of a thrombus (Rossi et. 

al., 2020). While both strategies have shown some success in stroke patients, they also suffer from 

significant therapeutic window limitations (r-tPA: <4.5 hrs; mechanical thrombectomy: <6-8 hrs) 

that exclude most patients from qualifying for these treatments (Manning et. al., 2014). As such, 

many patients experience progression of ischemic injury in the brain, which leads to considerable 

neurocognitive deficits. Therefore, there is a critical need for novel strategies to treat ischemic 

stroke so that functional neurocognitive outcomes can be improved in these patients. Furthermore, 

understanding biological mechanisms that enable drugs to permeate the BBB and access ischemic 

brain tissue provides a unique opportunity to advance treatment paradigms for stroke. Therefore, 

our laboratory has proposed targeting of endogenous BBB transporters for ischemic stroke 

treatment. The proposed target are OATPs/Oatps due to their inherent ability to transport HMG-

CoA reductase inhibitors (i.e., statins) into the brain from the blood (Ronaldson et. al., 2020). The 

role of statins as drugs has been well documented in patients who need help lowering their 

cholesterol levels. More important to our study, it has been shown that statins are neuroprotective 

in an experimental stroke model that showed reduced stroke volume of up to 50% in mice treated 

for 10 days with rosuvastatin (0.2, 2, and 20 mg/kg) compared to wild type mice (Laufs et. al., 

2002). Statins reduce stroke volume by decreasing inflammation, reducing reactive oxidative stress 

species formation, inhibition of MMP-9 and inducible nitric oxide synthase regulation (Brzica et. 

al., 2017).  

 



 16 

1.6 Sex-specific differences in Organic Anion Transporting Polypeptide 1a4 (Oatp1a4) 

 

Recently our laboratory has studied the functional expression of Oatp1a4 in male and 

female Sprague-Dawley Rats. Of particular importance, Oatp1a4 protein expression was lower in 

male Sprague-Dawley rats as compared to age-matched females (Brzica et al. 2018). Additionally, 

Oatp1a4 functional expression in castrated male rats was significantly elevated as compared to 

their non-castrated male counterparts (Brzica et al. 2018). Interestingly, ovariectomy in female 

Sprague-Dawley rats indicated no effect on Oatp1a4 protein expression or the activity of this 

transporter at the BBB as measured by brain accumulation of established Oatp transport substrates 

(i.e., taurocholate, atorvastatin) (Brzica et al. 2018). Similar observations were obtained in 

prepubertal male and female Sprague-Dawley rats where no differences in Oatp1a4 protein 

expression at the BBB were reported (Brzica et al. 2018). These observations led us to speculate 

that male gonadal sex hormones such as testosterone may play a role in regulation of Oatp1a4 

expression and activity. 

 
Adapted from Brzica et. al. (2018). Fluids Barriers CNS, 15(25) 

 

Figure 3-1. Oatp1a4 protein expression is elevated in brain microvessels isolated from female adult 

Sprague–Dawley rats as compared to age-matched males. Densitometric analysis shows increased 

Oatp1a4 protein in brain micro vessels isolated from female rats as compared to male rats (**p < 0.01). 
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Adapted from Brzica et. al. (2018). Fluids Barriers CNS, 15(25). 

 

Figure 3-3. Oatp1a4 protein expression is not changed in brain microvessels isolated 

from ovariectomized female adult Sprague–Dawley rats as compared to age-matched 

females. Western blot showed a single Oatp1a4 band at 90 kDa and a single band associated 

with tubulin (loading control) at 50 kDa. Densitometric analysis shows no significant change 

in Oatp1a4 protein in brain microvessels isolated from ovariectomized female rats as 

compared to female rats. 

 

 

 
 

 

Adapted from Brzica et. al. (2018). Fluids Barriers CNS, 15(25). 

 

Figure 3-2. Oatp1a4 protein expression is elevated in brain microvessels isolated from 

castrated male adult Sprague–Dawley rats as compared to age-matched males. 

Densitometric analysis shows increased Oatp1a4 protein in brain microvessels isolated from 

castrated male rats as compared to male rats (**p < 0.01 ). 
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The data shows that expression of Oatp1a4 at the BBB is being regulated in a different 

manner in female and male Sprague-Dawley rats (Fig. 3-1) (Brzica et. al., 2018). Furthermore, 

comparing between castrated male Sprague-Dawley and age-matched non-castrated male rats 

shows a significant increase of Oatp1a4 in castrated males (Fig. 3-2) (Brzica et. al., 2018). 

However, there was no difference in Oatp1a4 expression at the BBB in ovariectomized female 

Sprague-Dawley rats as compared with age-matched non-ovariectomized females (Fig3-3) (Brzica 

et. al., 2018). 

 

 

 
 

Adapted from Brzica et. al. (2018). Fluids Barriers CNS, 15(25). 

 

Figure 3-4. Uptake of an Oatp1a4 substrate drug (i.e., Atorvastatin) is HIGHER in female 

Sprague-Dawley rats as compared to age-matched male rats. Atorvastatin (0.5 μCi/ml; 0.013 

μM total concentration) was added to perfusion. Erythrocyte-free modified mammalian Ringer’s 

solution containing transport inhibitor [i.e., 100 μM estrone-3-sulfate (E3S) or fexofenadine 

(FEX)] was used to inhibit Oatp1a4 10 min before atorvastatin perfusion.  
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Transport activity of Oatp1a4 was also studied to determine if protein changes in this 

transport resulted in altered blood-to-brain drug uptake (Brzica et. al., 2018). This concept was 

studied using in situ brain perfusion, an in vivo approach for the evaluation of drug transport 

properties at the BBB. In these experiments, atorvastatin uptake into brain tissue was higher in 

female Sprague-Dawley rats as compared to age-matched males (Fig. 3-4) (Brzica et al. 2018). 

Specificity of Oatp-mediated transport was established using known competitive inhibitors such 

as fexofenadine (FEX) and estrone-3-sulfate (E3S) (Brzica et. al., 2018). Taken together, these 

observations provided the first evidence for sex differences in Oatp-mediated transport at the 

mammalian BBB. 

 

1.7 Relevance of androgen receptor signaling 

 

The regulation of Oatp1a4 by sex-specific differences warrants the determination of the 

molecular signaling pathway from which sex differences in Oatp1a4 protein expression arise. As 

shown by Brzica and colleagues, Oatp1a4 functional expression was increased following 

castration in male Sprague-Dawley rats (Brzica et. al., 2018). This observation suggests that 

testosterone and, by extension, androgen receptor signaling may be critical regulators of Oatp1a4 

at the BBB. The androgen receptor, expressed in endothelial cells, is responsible for testosterone 

signaling at the BBB (Ohtsuki et. al., 2005; Bronger et. al., 2005). Testosterone is highly lipophilic 

and can easily cross the plasma membrane of endothelial cells where it binds to the androgen 

receptor and the androgen receptor/testosterone complex dissociates from heat proteins and is 

transported into the nucleus (Bennett et. al., 2010).  Inside the nucleus, the complex functions as a 

transcription factor via binding to the promoter region of target genes through the androgen 

response elements or it can interact with kinases such as extracellular signal-regulated protein 
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Kinases (ERK), phosphoinositide 3-kinase (PI3K) and Akt (Bennett et. al., 2010). These kinases 

are responsible for the regulation of transcription factors, nuclear receptors and signaling events at 

the cytoplasm which might regulate Oatp1a4 (Bennett et. al., 2010). Such is the case with the 

upregulation of kidney localized organic anion transporter 3 after castration and downregulation 

of it with testosterone treatment (Breljak et. al., 2013). Studying the regulation of Oatp1a4 by 

testosterone in BBB endothelial cells is needed to further understand the mechanistic pathway of 

Oatp1a4 and these observations must be considered in drug treatment for ischemic stroke (i.e., 

statin pharmacotherapy). 

2.1 Materials and methods  

 

 

2.2 Cell culture  

 

We used an immortalized mouse brain microvessel endothelial cell line (bEnd.3) from 

ATCC for our experiments. Cells were cultured in T-25 flasks, medium was changed every 2 to 3 

days. During the day and night, except when changing medium, cells were stored in an incubator 

at 95% oxygen and 5% carbon dioxide at 37°C. All handling of the cells was done using aseptic 

techniques and procedures. Medium used was Alpha-MEM/Ham’s F-10 (1:1) (2mM L-Glutamine, 

1 ng/ml bFGF, 0.3 mg/ml G418 (geneticin), 0.05 mg/ml gentamicin, 10% Fetal Bovine Serum). 

For all experiments, cells from passages 24-26 were used in accordance with experimental analysis 

of protein expression done by Brown and colleagues in 2017. Additionally, these passages were 

selected due to the fact that BBB transporter expression levels did not change across this specific 

range in control (i.e., untreated) cultures of bEnd.3 cells. 
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2.3 Oxygen/Glucose deprivation  

 

For glucose deprivation, 95% confluent cells were changed to DMEM (1X) (glucose-free 

media) (2mM L-Glutamine, 1 ng/ml , 0.3 mg/ml G418 (geneticin), 0.05 mg/ml gentamicin, 10% 

Fetal Bovine Serum) and put in a hypoxic chamber (<0.7% O2) for 1 hours, 4 hours, 8 hours at 

37°C. After the OGD timepoint, cell was either processed for analysis of target proteins or glucose-

free medium was replaced and cultures were returned to the incubator for reoxygenation. 

 

2.4 Cell lysis  

 

For cell lysis, cell culture medium was aspirated and cells were washed with ice cold 

Phosphate Buffered Saline (PBS). At this time, PBS was removed and ice cold 

radioimmunoprecipitation assay buffer (RIPA buffer) with proteinase inhibitor was added. Cells 

were then incubated for 30 minutes at 4°C and removed from the culture flask using a cell scraper. 

At this time, cells were centrifuged at 16,000 x g for 20 minutes at 4°C and the supernatant was 

collected and slow frozen at -20C. Samples were stored at -20C for future analysis.   

 

2.5 Western blot analysis 

 

Cell lysate samples were quantified for total protein using Bradford reagent (Sigma-

Aldrich) and heated at 37°C for 30 minutes under 4x Laemmli sample buffer (Bio-Rad, Hercules, 

CA) for Oatp1a4 and Claudin-5 detection. For the androgen receptor, samples were heated at 70°C 

for 5 minutes and 37°C for 30 minutes, respectively, in 4X Laemmli sample buffer. Following 

sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) and transfer, 

polyvinylidene difluoride (PVDF) membranes were incubated for 48 hours at 4°C with primary 

antibodies against Oatp1a4 (anti-Oatp1, Invitrogen; 1:1,000 dilution), Claudin-5 (anti-cluadin-5, 
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Thermo; 1:1,000 dilution), Androgen Receptor (AbCam; 1:250), beta-actin (Invitrogen, 1:10,000).  

The membranes were incubated in horseradish peroxidase-conjugated anti- rabbit IgG (Jackson 

ImmunoResearch, 1:5,000 dilution), anti-mouse IgG (Jackson ImmunoResearch, 1:5,000 dilution) 

for 60 minutes at room temperature. Membranes were developed using chemiluminescence (Super 

Signal West Pico, Thermo-Fisher). The intensity of the bands was quantified using ImageJ 

software (Wayne Rasband, Research Services Branch, National Institute of Mental Health, 

Bethesda, MD) and normalized to beta-actin.  

 

2.7 Statistical analysis  

 

Western blot data was obtained from a minimum of three independent experiments. 

Quantitative (i.e., densitometric) data are expressed as mean  S.D. Statistical significance was 

determined using one-way-ANOVA and Tukey’s post hoc test was used for comparison between 

individual groups. A value of p < 0.05 was accepted as statistically significant. 

3.1 Results  

 

3.2 Regulation of Oatp1a4 expression in bEnd.3 cells at different oxygen and glucose 

deprivation timepoints.  

 

Analysis of whole cell lysates of bEnd.3 cells by western blot shows expression of claudin-5 and 

Oatp1a4 in bEnd.3 cells. The decrease in claudin-5 expression (Fig 4-A.1, A.2) demonstrates that 

our OGD model can yield experimental results that are consistent with those previously reported 

in the scientific literature (Liu et. al., 2012). Oatp1a4 expression was confirmed by a single band 

at 90 kDa. An increase in Oatp1a4 expression was observed under OGD conditions at different 

timepoints (Fig 4-B.1, B.2). 
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3.3 Regulation of Oatp1a4 expression in bEnd.3 cells at different oxygen and glucose 

deprivation timepoints with 24-hour reoxygenation.  

 

              Analysis of whole cell lysates by western blot analysis shows expression of claudin-5 and 

Oatp1a4 in bEnd.3 cells. The decrease in claudin-5 expression (Fig 5-A.1, A.2) demonstrates that 

the OGD/R model is effective and can corroborate observations previously reported in the 

scientific literature. Oatp1a4 expression was determined by measurement of a single band at 90 

kDa. An increase of Oatp1a4 expression was observed under OGD/R conditions at different OGD 

timepoints with a consistent 24-hour reoxygenation for each timepoint (Fig 5-B.1, B.2). 

 
 

Figure 4. Oxygen and glucose deprivation in bEnd.3 cells. Western blot of whole cell lysates 

determined claudin-5 expression at 0,1,4,8 hour oxygen/glucose deprivation A.2) Densitometric 

analysis observed a decrease in claudin-5 expression, relative to beta-actin (i.e., the loading control), at 

4-hour and 8-hour (*p < 0.05). B.1) Western blot of whole cell lysates to determine Oatp1a4 expression 

at 0,1,4,8 hour oxygen/glucose. B.2) A significant increase of Oatp1a4 relative to the beta-actin loading 

control was observed at 4-hour OGD (***p < 0.001) and 8-hour OGD (*p < 0.05). 
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3.4 Regulation of Oatp1a4 expression in testosterone treated bEnd.3 cells.  

 

              Using western blot analysis of bEnd.3 cell lysates under different concentrations of 

testosterone treatment, we observed a significant increase in Oatp1a4 protein expression. 

Specifically, testosterone doses increased Oatp1a4 protein expression at concentrations greater 

than 100 nM. No significant change was observed in cells exposed to less than 100 nM testosterone 

concentration or at 1 µM testosterone dosage (Fig. 6). 

 
 

Figure 5. Effect of OGD/R in bEnd.3 cells. A.1) Western blot of whole cell lystaes to determine 

claudin-5 expression at 0,1,4,8 hours oxygen/glucose deprivation with 24-hour glucose/oxygen 

reintroduction. A.2) Densitometric analysis saw a decrease in Claudin-5 expression, relative to 

beta-actin, at 1-hour deprivation with glucose/oxygen reintroduction (***p < 0.001), 4-hour 

deprivation with glucose/oxygen reintroduction (***p < 0.001) and at 8-hour deprivation with 

glucose/oxygen reintroduction (****p < 0.0001). B.1) Western blot analysis of whole cell lysates 

to determine Oatp1a4 expression at 0,1,4,8 hour oxygen/glucose deprivation with 24-hour 

glucose/oxygen reintroduction. B.2) A significant increase of Oatp1a4 relative to beta-actin was 

observed at 4-hour deprivation with 24-hour glucose/oxygen reintroduction (****p < 0.0001) and 

8-hour deprivation with 24-hour glucose/oxygen reintroduction (****p < 0.0001). 
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3.5 Regulation of Oatp1a4 expression in testosterone treated bEnd.3 cells at different 

oxygen and glucose deprivation timepoints.  

 

             Analysis by western blot shows expression of claudin-5 and Oatp1a4 in bEnd.3 cell lysates 

following treatment with testosterone (100 nM) for 24 hours prior. A decrease in claudin-5 

expression (Fig 7-A.1, A.2) demonstrates that the OGD model is working as previously reported. 

An increase in claudin-5 expression was observed at the 4-hour OGD timepoint. Oatp1a4 

expression was determined to be at the 90 kDa range and a decrease of Oatp1a4 expression was 

observed under oxygen/glucose deprivation at different timepoints (Fig 7-B.1, B.2). 

 
 

Figure 6. Effect of Testosterone on Oatp1a4 Protein Expression in bEnd.3 cells. Cells 

were exposed for 24 hours to different testosterone treatment concentrations. Protein 

expression in bEnd.3 cell lysates was measured by western blot analysis. A significant 

difference in Oatp1a4 protein expression was observed at testosterone concentrations of 

100 nM (**p < 0.01), 10 µM (*p < 0.05, 100 µM (****p < 0.0001) in 95% confluent 

bEnd.3 cells. 
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3.6 Regulation of Oatp1a4 expression in testosterone treated bEnd.3 cells at different 

oxygen and glucose deprivation timepoints with 24-hour reoxygenation.  

 

              Analysis by western blot shows expression of claudin-5 and Oatp1a4 in testosterone 

treated bEnd.3 cells. The decrease in Claudin-5 expression (Fig 8-A.1, A.2) demonstrates that the 

OGD/R model is effective. Oatp1a4 expression was determined to be at the 90 kDa range and no 

significant change in Oatp1a4 expression was observed in testosterone treated bEnd.3 cells under 

OGD/R at different OGD timepoints with a 24-hour reoxygenation for each timepoint (Fig 8-B.1, 

 
 

Figure 7. Effect of Testosterone (100 nM) on claudin-5 and Oatp1a4 protein expression in 

bEnd.3 cells subjected to OGD conditions. A.1) Western blot analysis of bEnd.3 cell lysates 

showedto determine Claudin-5 expression with testosterone treated cells at 0,1,4,8 hour 

oxygen/glucose deprivation A.2) Densitometric analysis showed a decrease in claudin-5 

expression, relative to beta-actin (i.e., the loading control), at 4-hour (*p < 0.05) and at 8-hour 

OGD (**p < 0.01). B.1) Western blot to determine Oatp1a4 expression at 0,1,4,8 hour OGD. B.2) 

A significant decrease of Oatp1a4 relative to beta-actin was observed at 4-hour OGD (**p < 0.01) 

and 8-hour deprivation (****p < 0.0001). 
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B.2). 

 

3.7 Regulation of androgen receptor expression in bEnd.3 cells at different oxygen and 

glucose deprivation timepoints with and without 24-hour reoxygenation.  

 

               Analysis by western blot showed no significant change in androgen receptor expression 

on bEnd.3 cells exposed to OGD only (Fig. 9-A,B). There was a significant decrease observable 

in androgen receptor expression on bEnd.3 cells exposed to OGD/R (Fig. 9-C,D). 

 
 

Figure 8. Effect of Testosterone Treatment (100 nM) on Claudin-5 and Oatp1a4 Protein 

Expression in bEnd.3 Cells subjected to OGD/R. A.1) Western blot analysis of bEnd.3 cell 

lysates to determine claudin-5 expression in testosterone treated cells at 0,1,4,8 hour OGD/R A.2) 

Densitometric analysis showed a decrease in claudin-5 expression, relative to beta-actin (i.e., the 

loading control), at 8-hour OGD/R (*p < 0.05). B.1) Western blot to determine Oatp1a4 expression 

at 0,1,4,8 hour OGD/R. B.2) No significant change of Oatp1a4 relative to the beta-actin loading 

control was observed. 
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3.8 Regulation of androgen receptor expression in testosterone treated bEnd.3 cells at 

different oxygen and glucose deprivation timepoints with and without 24-hour 

reoxygenation.  

 

               Analysis by western blot showed a significant increase in androgen receptor expression 

in 100 nM testosterone treated bEnd.3 cells exposed to OGD (Fig. 10-A,B). There was a significant 

increase observable in androgen receptor expression on 100 nM testosterone treated bEnd.3 cells 

exposed to OGD/R (Fig. 10-C,D). 

 
 

Figure 9. Androgen Receptor Protein Expression in in bEnd.3 cells subjected to OGD or 

OGD/R conditions. A) Western blot to determine androgen receptor expression in bEnd.3 cell 

lysates at 0,1,4,8 hour OGD. B) Densitometric analysis showed no significant change relative to 

beta-actin (i.e., the loading control). C) Western blot to determine androgen receptor protein 

expression in bEnd.3 cell lysates at 0,1,4,8 hour OGD/R. D) A significant decrease in androgen 

receptor relative to the beta-actin loading control was observed in bEnd.3 cell lysates at 1- hour 

OGD/R (****p < 0.0001), 4-hour OGD/R (**p < 0.01), and 8-hour OGD/R (****p < 0.0001). 
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4.1 Discussion  

 

 Sex-specific differences are an important aspect that must be considered when studying 

ischemic stroke. Currently, young men are at higher risk of stroke compared to young women until 

45-54 years of age when women’s risk of stroke increases (Benjamin et. al, 2017). This might be 

caused by sex hormone levels changes normally experienced in women during 45-54 years of age 

(Benjamin et. al, 2017). Additionally, men experience a gradual decline of total testosterone and 

bioavailable testosterone with age (Jones and Stanworth, 2008).  Epidemiological data indicate 

that 20% of men over 60 years of age and 50% over the age of 80 are diagnosed with levels of 

testosterone below the average. Of particular relevance to this study, testosterone supplementation 

 
 

Figure 10. Androgen Receptor Protein Expression following Testosterone Treatnent (100 

nM) in bEnd.3 cells subjected to OGD and OGD/R conditions. A) Western blot to determine 

androgen receptor expression in bEnd.3 cell lysates at 0,1,4,8 OGD. B) Densitometric analysis A 

significant increase in androgen receptor relative to beta-actin (i.e., the loading control) was 

observed in bEnd.3 cells at 4-hour OGD (**p < 0.01) and 8-hour OGD (****p < 0.0001).C) 

Western blot to determine androgen receptor expression in testosterone treated bEnd.3 cells at 

0,1,4,8 hour OGD/R. D) A significant increase in androgen receptor relative to the beta-actin 

loading control was observed in bEnd.3 cells at 1-hour OGD/R (*p < 0.05), 4-hour OGD/R 

(****p < 0.0001), and 8-hour OGD/R (****p < 0.0001). 
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at pharmacological doses significantly increases the risk of cerebrovascular injury and ischemic 

stroke in men with low testosterone and in men with normal testosterone levels (Sadaie et. al., 

2018). This data correlates with the elevated risk women experience after the age of 85 compared 

to men (Benjamin et. al, 2017). Our laboratory has shown that sex specific differences regulate 

Oatp1a4 by decreasing its expression in adult male Sprague-Dawley rats relative to age matched 

female Sprague-Dawley rats, castrated male Sprague-Dawley rats, and showed no change in 

expression of the transporter between prepubertal male and female Sprague-Dawley rats (Brzica 

et. al., 2018).  

Specifically for ischemic stroke treatment, Oatp1a4 is a drug transporter that is 

endogenously expressed at the BBB and can enable neuroprotective statins to access the brain from 

the systemic circulation (Ronaldson et. al., 2020).  In the present study, we show that Oatp1a4 is 

regulated, in vitro, by testosterone in a pharmacological dose-dependent manner. The in vitro 

model for our experiments was established using the bEnd.3 cell line known for their utility and 

protein expression like primary cells of the BBB (Watanabe et. al., 2013). Our data demonstrates 

that without testosterone the expression of Oatp1a4 is upregulated at 0,1,4,8 hour timepoints with 

and without 24-hour reoxygenation. Furthermore, there is an observable decrease in Oatp1a4 

expression in oxygen/glucose deprived bEnd.3 cells without reoxygenation. Expression of 

Oatp1a4 remained constant in oxygen/glucose deprived bEnd.3 cells with 24-hour reoxygenation 

possibly due to cell signaling dependent increase in Oatp1a4 expression. The androgen receptor 

expression is observed to stay the same in oxygen/glucose deprived cells without reoxygenation 

but decreases in cells exposed to 24-hour reoxygenation which might imply that the androgen 

receptor is being regulated by the hypoxic/reoxygenation conditions. In bEnd.3 cells treated with 

100 nM testosterone, an increase in androgen receptors was observed in both hypoxic conditions 
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with and without reoxygenation. Testosterone treatment increased androgen receptor expression 

and decreased Oatp1a4 expression in both hypoxic treatments with and without reoxygenation 

further attesting that testosterone might regulate Oatp1a4. This is not the first time a SLC 

transporter has been shown to be regulated by testosterone. Previous studies have shown that 

castration can decrease renal expression of Oat2 and kidney expression of Oat3 that recovers with 

testosterone treatment (Ljubojević et. al., 2007). There was an increase in Oatp1a4 expression 

contrary to the decrease observed by Brzica and colleagues in 2018, possibly influenced by the 

interdependent relationship between the BBB, blood plasma, and brain cells mostly known as the 

neurovascular unit that was not established in these studies.  

There are several limitations to consider for this study. Plasma Testosterone levels in male 

rats were measured at 2-48 nmol/l and our study used a higher dose compared to physiological 

levels to achieve a significant change in Oatp1a4 expression (Heywood, 1980). The need for a 

change in dose concentrations might be due to continuous circulation of male sex hormones that 

were not established in this model. Additionally, in an in vivo experimental model the 

neurovascular unit comprises of the BBB, brain cells, and blood vessels that was not replicated in 

this study (Lochhead et. al., 2020). It might indicate that other cells such as pericytes, astrocytes 

and continuous plasma concentration levels of male sex hormones play an important role in the 

regulation of transporter expression. Additionally, the biological sex of bEnd.3 cells was 

unspecified and a difference in expression if we compared known female and male specified 

bEnd.3 cells could be seen. Despite these limitations, our work has clear relevance for individuals 

that are administered exogenous testosterone. Indeed, Oatp1a4-mediated transport may be altered 

in such individuals and cause significant changes in treatment efficacy following ischemic stroke.
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5.1 Conclusion  

 

 In conclusion, our laboratory had previously shown that Oatp1a4 expression is different in 

male and female Sprague-Dawley rats (Brzica et al. 2018). Taken together, these data provided the 

motivation to evaluate the role of gonadal sex hormones on Oatp1a4 expression in brain 

microvessel endothelial cells. We purposely chose to study testosterone effects due to the disparate 

protein expression of Oatp1a4 at the BBB between male Sprague-Dawley rats and castrated male 

Sprague-Dawley rats. Unexpectedly, testosterone increased Oatp1a4 protein expression in a dose-

dependent manner in control bEnd.3 cells. In contrast, testosterone treatment reduced Oatp1a4 

protein expression in bEnd.3 cells subjected to OGD conditions. These observations imply that 

androgens can differentially regulate BBB transporters in health and in disease. We also observed 

that androgen receptor expression was increased in bEnd.3 cells treated with testosterone and 

subjected to OGD conditions. Such observations indicate a critical need for more in-depth studies 

to evaluate the relationship between the androgen receptor and Oatp1a4 protein expression in 

endothelial cells.  A difference in expression of Oatp1a4 in testosterone treated bEnd.3 cells is 

indicative of transporter regulation by testosterone. If we look at the clinical and statistical data, a 

correlation can be developed between risk of ischemic stroke in men declining with age and 

women’s increasing risk of ischemic stroke as they age with the natural change in sex hormone 

levels. Therefore, it is important to continue our studies into sex specific differences in expression 

of Oatp1a4 to further understand the regulatory pathway and provide statin pharmacotherapy.  

 

5.2 Future Directions 

 

 The experimental data presented in this dissertation defines a need for more extensive 

studies that examine the localization and functional expression of Oatp1a4 in bEnd.3 cells exposed 

to testosterone. The next step would be to examine the localization of Oatp1a4 in bEnd.3 cells 
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following treatment and/or subjected to OGD conditions using fluorescent confocal microscopy 

and/or immunogold cytochemistry and transmission electron microscopy. Functional expression 

of Oatp1a4 in bEnd.3 cells is important and can be evaluated by examining transport of Oatp1a4 

transport substrates (i.e., statins) in bEnd.3 cells exposed to testosterone and/or subjected to OGD 

conditions. Furthermore, the androgen receptor signaling pathway needs to be rigorously studied 

to understand more about molecular regulation of Oatp1a4 in bEnd.3 cells following androgen 

receptor activation by testosterone. Pure antiandrogen flutamide-OH is a known inhibitor of the 

androgen receptor that can be used pharmacologically to study androgen receptor signaling 

(Simard et. al., 1986). Consequently, a genetic study should be done by siRNA knockdown of the 

androgen receptor (Snoek et. al., 2008). 
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