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Abstract

The blood-brain barrier (BBB) is a physical and biochemical barrier that precisely regulates the
ability of endogenous and exogenous substances to accumulate within brain tissue. It possesses
structural and biochemical features (i.e., tight junction and adherens junction protein complexes,
influx and efflux transporters) that work in concert to control solute permeation. Oxidative stress,
a critical component of several diseases including cerebral hypoxia/ischemia and peripheral
inflammatory pain, can cause considerable injury to the BBB and lead to significant CNS
pathology. This suggests a critical need for novel therapeutic approaches that can protect the BBB
in diseases with an oxidative stress component. Recent studies have identified molecular targets
(i.e., endogenous transporters, intracellular signaling systems) that can be exploited for
optimization of endothelial drug delivery or for control of transport of endogenous substrates such
as the antioxidant glutathione (GSH). In particular, targeting transporters offers a unique approach
to protect BBB integrity by promoting repair of cell-cell interactions at the level of the brain
microvascular endothelium. This review summarizes current knowledge in this area and
emphasizes those targets that present considerable opportunity for providing BBB protection
and/or promoting BBB repair in the setting of oxidative stress.
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1. Introduction

The blood-brain barrier (BBB) is an essential physical and biochemical barrier that separates
the central nervous system (CNS) from the peripheral circulation. This barrier is primarily
formed by cerebral endothelial cells that interact with each other to maintain CNS
homeostasis and reduce the probability of cerebral toxicity due to xenobiotic accumulation.
Pathologies with an oxidative stress component (i.e., cerebral hypoxia/ischemia, peripheral
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inflammatory pain) are known to disrupt BBB inter-endothelial cell interactions, which can
cause profound pharmacotherapeutic challenges. Therefore, there is a critical need for novel
therapeutic strategies that can protect the BBB from pathological damage and, by extension,
ensure more effective drug delivery across the endothelial cell plasma membrane. One
approach is to target endogenous transporters localized to BBB endothelial cells. Here, we
review BBB molecular characteristics (i.e., tight junction and adherens junction protein
complexes, influx and efflux drug transporters) and those mechanisms associated with
oxidative stress that can cause BBB injury. Additionally, we provide insights on endothelial
transporter targets that have great potential to be exploited for promoting BBB repair in the
setting of oxidative stress.

2. The Blood-Brain Barrier

The CNS is the most critical and sensitive organ system in the body. Proper function
requires precise control of the brain extracellular milieu. Additionally, metabolic demands of
brain tissue are considerable with the CNS accounting for approximately 20% of human
oxygen consumption (Rolfe and Brown, 1997). Therefore, the interface between CNS and
systemic circulation must possess highly effective mechanisms that can facilitate transport
of specific nutrients, exactly regulate ion balance, and limit blood-to-brain uptake of toxic
substances. The absolute necessity for a tissue that is both a physical and biochemical barrier
is emphasized by the sensitivity of brain parenchyma cellular compartments to xenobiotics.
That is, brain entry of specific substances must be permitted while flux of other molecules
into brain parenchyma must be excluded. This function of the cerebral microvasculature
primarily occurs at the level of the endothelial cell. It is essential to note that brain
microvessel endothelial cells are not intrinsically capable of forming a fully functional BBB.
In fact, formation and maintenance of the BBB phenotype requires interactions with
adjacent glial cells as well as neurons, pericytes, and extracellular matrix (Ronaldson and
Davis, 2012; Ronaldson and Davis, 2013). This intricate relationship implies existence of a
neurovascular unit, a concept that emphasizes the requirement for coordinated cell-cell
interactions and signaling that precisely regulates BBB homeostasis.

Anatomically, BBB endothelial cells are characterized by a lack of fenestrations, limited
pinocytotic activity, and presence of tight junction protein complexes between apposing
endothelial cells (Abbott et al. 2010). Additionally, the cerebral microvascular endothelium
is identified by increased mitochondrial content as compared to endothelial cells from other
tissues (Oldendorf et al. 1977). This increased content of mitochondria is required for both
protection against deleterious effects of oxidative stress and maintenance of brain Ca2*
homeostasis (Sochocka et al. 2013). Additionally, several receptors, ion channels, uptake
transporters, and efflux transporters are prominently expressed in brain microvascular
endothelial cells. Functionally, these transport systems are similar to well-characterized
systems in other tissues (i.e., D-glucose transporter, L-amino acid carrier systems, Na*/K*
ATPase), although transport kinetics can vary. Transporters involved in transendothelial flux
of drugs have also been identified and characterized at the BBB and include ATP-dependent
efflux transporters such as P-glycoprotein (P-gp) (Roberts et al. 2008; Yousif et al. 2008;
MccCaffrey et al. 2012; Ohtsuki et al. 2013), Multidrug Resistance Proteins 1-6 (MRP1-6 in
humans; Mrp1-6 in rodents) (Dallas et al. 2006; Bauer et al. 2008; Roberts et al. 2008;
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Cartwright et al. 2013), and Breast Cancer Resistance Protein (BCRP in humans; Bcerp in
rodents) (Yousif et al. 2012; Ohtsuki et al. 2013). Transporters that facilitate BBB drug
permeation include organic anion transporting polypeptides (OATPs in humans; Oatps in
rodents) (Ose et al. 2010; Ronaldson et al. 2011; Thompson et al. 2014), organic anion
transporters (Hawkins et al. 2007; Ose et al. 2009; Miyajima et al. 2011), monocarboxylate
transporters (Vijay and Morris, 2014), nucleoside transporters (Lepist et al. 2013), and
peptide transporters (Dogrukol-Ak et al. 2009).

2.1. Molecular Characteristics of the BBB

2.1.1. Tight Junction Protein Complexes—BBB endothelial cells are interconnected
by tight junctions (Figure 1), which are large multi-protein complexes maintained by
astrocytic trophic factors. Evidence for this role of astrocytes comes from in vivo
experiments in which male Fisher F344 rats were injected with 3-chloropropanediol, an
astrocyte-selective toxin (Willis et al. 20044, b). Focal astrocyte loss induced by treatment
with 3-chloropropanediol led to disassembly of tight junction protein complexes and
increased paracellular dextran leak (Willis et al. 20044, b), suggesting a central role for
astrocytes in maintenance of the BBB phenotype. Physiologically, tight junctions form a
continuous, almost impermeable barrier that limits paracellular diffusion of blood-borne
substances with the exception of small, lipid soluble molecules (Abbott et al. 2010). The
high BBB transendothelial resistance (1,500-2,000 Qcm?) further restricts free flow of water
and solutes (Butt et al. 1990). BBB tight junction formation involves specific
transmembrane proteins such as junction adhesion molecules (JAMs), occludin, and
claudins (i.e., claudin-1, =3, and -5). These transmembrane proteins are linked to
cytoskeletal filaments by interactions with accessory proteins (i.e., zonula occluden (ZO)-1,
-2, and —-3) (Ronaldson and Davis, 2012). ZO proteins act as a scaffold for multiple
intracellular signaling pathways and are involved in regulation of tight junction function
(Bauer et al. 2014). Additionally, other protein constituents (i.e., cingulin, AF6, 7H6,
EMP-1) have been localized to the tight junction (Ronaldson and Davis, 2012); however,
their exact role has yet to be elucidated and these proteins will not be addressed in this
review. Characteristics of primary proteins that comprise BBB tight junction protein
complexes are highlighted below.

Several JAM isoforms have been identified at the mammalian BBB including JAM-1,
JAM-2, and JAM-3 (Hawkins and Davis, 2005; Ronaldson and Davis, 2012). JAMs regulate
transendothelial migration of neutrophils and monocytes/macrophages (Williams et al. 2013;
Sladojevic et al. 2014). JAM-1 is a 40-kDa member of the IgG superfamily and mediates
early attachment of adjacent endothelial cells during BBB development (Dejana et al. 2000).
Additionally, loss of JAM protein expression is directly correlated with BBB disruption and
injury (Yeung et al. 2008; Hoffman et al. 2009; Wang et al. 2014). Additionally, studies in
an immortalized human brain endothelial cell line (hCMEC/d3) showed that inflammatory
stimulation led to increased paracellular solute diffusion, which correlated with JAM
movement away from the tight junction, further suggesting a central role in maintaining
BBB integrity (Haarmann et al. 2010).
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Monomeric occludin is a 60- to 65 kDa protein that is highly expressed along endothelial
cell margins in brain vasculature (Hawkins et al. 2004; McCaffrey et al. 2008). Recent
studies by our group have shown that occludin is a critical regulator of BBB permeability in
vivo (McCaffrey et al. 2007; McCaffrey et al. 2008; Lochhead et al. 2010). This essential
role for occludin occurs via interaction between extracellular loops on occludin monomers
and homologous segments on occludin molecules localized to adjacent endothelial cells
(Lacaz-Vieira et al. 1999; Feldman et al. 2005). Occludin assembles into dimers and higher
order oligomers, a characteristic that is required for restriction of paracellular permeability.
Altered occludin expression is associated with BBB dysfunction in several pathologies with
an oxidative stress component including hypoxia/aglycemia (Brown and Davis, 2005),
hypoxia/reoxygenation stress (Lochhead et al. 2010), and inflammatory pain (Lochhead et
al. 2012).

Claudins have similar membrane topography to occludin but no sequence homology (Furuse
et al. 1993). Claudins are 20- to 24-kDa proteins that form homophilic and heterophilic
interactions between adjacent endothelial cells and contribute to the physiological “seal” of
the tight junction (Furuse et al. 1999). In cerebral microvascular endothelial cells, various
claudin isoforms have been detected including claudin-1, -3, and -5 (Witt et al. 2003;
Hawkins et al. 2004; Forster et al. 2008; Ronaldson et al. 2009; Wang et al. 2011). In
experimental stroke models (Gibson et al. 2014; Wang et al. 2014) and inflammatory pain
(Huber et al. 2001; Brooks et al. 2006; Ronaldson et al. 2009), altered expression of
claudin-5 that correlated with enhanced paracellular permeability has been reported. In
contrast, studies in bovine brain microvascular endothelial cells subjected showed that in
vitro hypoxia did not alter cellular expression of claudin-1 (Mark and Davis, 2002). More
recently, claudin-1 expression was shown to decrease at the in vivo BBB following exposure
to human amyloid- (AB4g) peptide (Hartz et al. 2012). Ap deposition at the BBB is
characteristic of cerebral amyloid angiopathy, a pathological condition that contributes to
microvascular injury including hemorrhages and ischemia.

Proper physiological functioning of the BBB, particularly restriction of paracellular solute
transport, requires association of JAMs, occludin, and claudins with accessory proteins
localized within the endothelial cell cytoplasm. In brain microvascular endothelial cells,
membrane-associated guanylate kinase-like (MAGUK) proteins are involved in clustering of
tight junction protein complexes to the cell membrane (Gonzalez-Mariscal et al. 2000).
Three MAGUK proteins have been identified at the tight junction: ZO-1, -2, and -3. ZO-1,
the first tight junction protein that was identified (Stevenson et al. 1986), links
transmembrane tight junction proteins (i.e., JAMs, occludin, claudins) to the actin
cytoskeleton (Fanning et al. 1998). Previous studies have shown that dissociation of ZO-1
from the junction complex is associated with increased permeability, suggesting that the
Z0O-1-transmembrane protein interaction is critical to tight junction stability and function
(Abbruscato et al. 2002; Fischer et al. 2002; Mark et al. 2002). ZO-1 may also act as a
signaling molecule that communicates information on tight junction integrity to the cellular
interior, or vice versa. ZO-1 has been shown to localize to the endothelial cell nucleus under
conditions of proliferation or injury (Gottardi et al. 1996), following Ca2* depletion (Riesen
et al. 2002), and in response to nicotine (Hawkins et al. 2004). Similarly, ZO-2 is known to
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bind tight junction constituents, signaling molecules and transcription factors (Betanzos et
al. 2004). In fact, ZO-2 may act redundantly with ZO-1 as it has been shown to facilitate
formation of morphologically intact tight junctions in cultured cells lacking ZO-1 (Umeda et
al. 2004). ZO-3 is expressed at the BBB but its exact role in formation of tight junctions
and/or maintenance of tight junction integrity has not been elucidated (Takenaga et al.
2009). CNS pathologies with an oxidative stress component have been shown to be
associated with reduced ZO-1 expression at the BBB (Ronaldson et al. 2009; Zehendner et
al. 2013; Li et al. 2014). In fact, Jiao and colleagues reported that movement of ZO-1 away
from the tight junction in cerebral microvessels correlated with large-scale BBB disruption
as evidenced by increased blood-to-brain leak of Evan’s blue-albumin (Jiao et al. 2011).

2.1.2. Adherens Junctions—Adherens junctions are specialized cell-cell interactions,
which are formed by cadherins and associated proteins that are directly linked to actin
filaments (Redzic, 2011). Cadherins regulate endothelial function by activation of
phosphoinositide 3-kinase signaling, an intracellular pathway that organizes the cytoskeleton
and enables complex formation with vascular endothelial growth factor receptor 2.
Therefore, cadherin-mediated signaling is essential for endothelial cell layer integrity and
for the spatial organization of new microvessels (Lampugnani and Dejana, 2007). Barrier-
forming endothelium have been shown to express higher levels of cadherin-10 relative to
VE-cadherin (Williams et al. 2005). In contrast, circumventricular organs and choroid
plexus capillaries (i.e., brain microvasculature that is devoid of BBB properties) primarily
express VE-cadherin (Williams et al. 2005). Optimal function of cadherins requires
association of their C terminus with catenins; cadherins bind directly to f-catenin and to
p120 catenin, which can bind to a-catenin, a protein that binds to actin (Vestweber, 2008;
Redzic, 2011). At least four catenin isoforms (i.e., B, a, X, and p120) are expressed at the
BBB, with p-catenin linking cadherin to a-catenin, which binds this protein complex to the
actin cytoskeleton (Meng and Takeishi, 2009). Using the murine brain endothelial cell line
bENd3, Steiner and colleagues demonstrated that the heparin sulfate proteoglycan agrin also
contributes to barrier properties of adherens junction by promoting localization of VE-
cadherin and B-catenin to endothelial cell junctions (Steiner et al. 2014). Paracellular
expression of VE-cadherin and/or $-catenin is associated with BBB repair following focal
astrocyte loss, an in vivo experimental condition in which endothelial cells display reduced
expression of tight junction constituent proteins (Willis et al. 2013). In vitro, hypoxia
induced degradation of VE-cadherin in endothelial cells, an effect that contributed to
increased paracellular permeability (Hyun and Jung, 2014). VVE-cadherin expression was
also decreased at the BBB in mice subjected to MCAO, suggesting that adherens junction
disruption contributes to BBB dysfunction in diseases with an oxidative stress component
(Wacker et al. 2012).

2.1.3. Transporters—For many endogenous and exogenous substances, proteins
endogenously expressed at the BBB govern the ability of these molecules to traverse
biological membranes. Such transport proteins include ATP-binding cassette (ABC)
transporters and solute carrier (SLC) transporters (Sanchez-Covarrubias et al. 2013). In
order to target transporters for optimization of pharmacotherapy, it is critical to understand
localization (i.e., luminal versus abluminal) and functional expression of transport proteins
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at the BBB endothelium. Below, we summarize current knowledge on membrane
transporters that are known to determine CNS delivery of therapeutic agents. Localization of
those specific transport proteins that are involved in CNS drug delivery is depicted in figure
2.

2.1.3.1. ABC Transporters: The ABC superfamily is among the largest and most
ubiquitously expressed protein families. ABC transporters are involved in translocation of
drugs and their metabolites against their concentration gradient. The energy to transport
xenobiotics is provided by binding and subsequent hydrolysis of ATP. In humans, 48 ABC
genes have been identified and are classified according to seven subfamilies (Leslie et al.
2005). ABC drug transporters, specifically P-gp, MRPs/Mrps and BCRP/Bcrp (also known
as ABCG2) are involved in cellular extrusion of drugs and thus constitute a considerable
barrier to effective therapeutic delivery to the brain. In general, P-gp transports cationic or
basic and neutral compounds, whereas MRPs/Mrps are involved in cellular efflux of anionic
drugs as well as their glucuronidated, sulfated, and glutathione-conjugated metabolites
(Ronaldson et al. 2008; Sanchez-Covarrubias et al. 2013). BCRP/Bcrp has significant
overlap in substrate specificity profile with P-gp and has been shown to recognize a vast
array of sulfoconjugated organic anions, hydrophobic, and amphiphilic compounds (Robey
et al. 2009).

P-gp is a 170-kDa ATP-dependent integral membrane protein that is believed to primarily
function as a biological defense mechanism against entry of toxic substances into vital organ
systems such as the brain (Gottesman et al. 1995). P-gp orthologues from different species
have greater than 70% sequence identity (Gottesman et al. 1995) and are encoded by closely
related genes (i.e., multidrug resistance (MDR) genes), which have two isoforms in humans
(MDR1, MDR?2) and three isoforms in both mice (i.e., mdrl, mdr2, mdr3) and rats (i.e.,
mdrla, mdrlb, mdr2). The human MDR2 gene and the murine/rodent mdr2 gene products
are exclusively involved in hepatic transport of phosphatidylcholine. In contrast, human
MDRZ1, murine mdr1/mdr3, and rodent mdrla/mdrlb are involved in transport of drugs in
several tissues including BBB endothelium. Specifically, P-gp expression has been
identified at both the luminal (Beaulieu et al. 1997; Virgintino et al. 2002; Bendayan et al.
2006) and abluminal membrane (Golden and Pardridge, 1999; Schlachetzki et al. 2003;
Bendayan et al. 2006) of brain microvascular endothelial cells. Abluminal localization of P-
gp has been identified on perivascular astrocyte foot processes (Golden and Pardridge, 1999;
Schlachetzki et al. 2003) and on the abluminal plasma membrane of the endothelial cell
itself (Bendayan et al. 2006). Increased expression and/or activity of P-gp has been reported
in hippocampal microvessels isolated from stroke-prone spontaneously hypertensive rats
(Ueno et al. 2009) and in brain microvessels harvested from Sprague-Dawley rats subjected
to peripheral inflammatory pain (Seelbach et al. 2007; McCaffrey et al. 2012), which
suggests that alterations in P-gp expression and/or activity may constitute a component of
the BBB response to pathological stressors.

The mammalian MRP family belongs to the ABCC group of proteins, which contains 13
members including one ion channel (i.e., CFTR), two surface receptors (i.e., SUR1 and 2)
and a truncated protein that does not mediate transport (i.e., ABCC13) (Dallas et al. 2006).
Many of the functionally characterized MRP isoforms that are known to be involved in drug
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transport have been localized to the mammalian BBB. These include MRP1/Mrpl, MRP2/
Mrp2, MRP4/Mrp4, Mrp5 and Mrp6 (Miller et al. 2000; Leggas et al. 2004; Zhang et al.
2004; Bandler et al. 2008; Bauer et al. 2008; Uchida et al. 2011; Sanchez-Covarrubias et al.
2013). The presence of multiple MRP homologues at the BBB may be a vital determinant in
controlling the delivery of therapeutic agents to the brain. Additionally, the ability of Mrp
isoforms to actively efflux the endogenous antioxidant glutathione (GSH) may have
significant implications in diseases with an oxidative stress component. GSH is responsible
for maintenance of cellular redox balance and antioxidant defense in the brain. It has been
previously demonstrated that functional expression of Mrps is upregulated in response to
oxidative stress conditions, which leads to increased cellular efflux of GSH (Ronaldson and
Bendayan, 2008). Enhanced functional expression of Mrp isoforms at the BBB can cause
reduced brain and/or endothelial cell concentrations of GSH, an alteration in cellular redox
status, and increased potential for cell injury and death. Therefore, discrete changes in Mrp
activity at the BBB in response to oxidative stress warrant further investigation.

A third ABC superfamily member that may be involved in xenaobiotic efflux is BCRP.
Several recent studies have demonstrated localization of BCRP at the brain
microvasculature, particularly along the luminal side of the BBB (Hori et al. 2004; Lee et al.
2005). In terms of transport activity, data from recent in vitro and in vivo studies are
controversial. Although some studies have suggested that BCRP is not functional at the
BBB (van Herwaarden et al. 2003; Lee et al. 2005; Lee et al. 2007) or plays a minimal role
in xenobiotic efflux from the brain (Zhao et al. 2009), more detailed analyses have
confirmed that BCRP is a critical determinant of drug permeation across the BBB (de Vries
et al. 2007; Zhou et al. 2009; Kodaira et al. 2010; Agarwal et al. 2011). The effect of
oxidative stress on BBB functional expression of BCRP is a critical point for future study.

2.1.3.2. Solute Carrier (SLC) Transporters: The second major group of drug transport
proteins at the BBB endothelium is the SLC transporters. In contrast to ABC transporters,
membrane transport of SLC family members is governed by either an electrochemical
gradient utilizing an inorganic or organic solute as a driving force or the transmembrane
concentration gradient of the substance actually being transported. To date, 319 SLC genes
(i.e., SLC1 - SLC43 families) have been identified in humans (Sugiura et al. 2006). Of the
43 known families of SLC transporters, members of SLC21A/SLCO and SLC22 are known
to be expressed at the BBB and play a critical role in determining xenobiotic permeation
across the brain microvascular endothelium (Kusuhara and Sugiyama, 2005).

Of the SLC transporters known to transport drugs at the BBB, perhaps the most viable
candidates for transporter targeting are members of the SLC21A/SLCO family that includes
organic anion transporting polypeptides (OATPs in humans; Oatps in rodents). OATPs/
Oatps have distinct substrate preferences for amphipathic solutes (Hagenbuch and Meier,
2004). OATPs/Oatps are well known to transport 3-hydroxy-3-methylglutaryl coenzyme A
(HMG CoA) reductase inhibitors (i.e., statins), which have been recently shown to exhibit
considerable neuroprotective and antioxidant activity in the CNS (Ponce et al. 2008; Wood
et al. 2010; Barone et al. 2011; Butterfield et al. 2011). For example, studies in Xenopus
laevis oocytes have shown Oatpla4-mediated uptake of pravastatin (Tokui et al. 1999).
Additionally, experimentation in Oatpla4(-/-) mice demonstrated reduced blood-to-brain
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transport of pitavastatin and rosuvastatin as compared to wild-type controls, which suggests
that Oatpla4 is involved in statin transport across the BBB (Ose et al. 2010). Although
OATP isoforms are expressed in several tissues, not all exist at the BBB.
Immunofluorescence staining of human brain frontal cortex demonstrated OATP1A2
localization at the level of the brain microvascular endothelium (Gao et al. 2000). In rodent
brain, expression of Oatpla4, Oatpl c1, and Oatp2al has been reported in capillary enriched
fractions, capillary endothelial cells and/or isolated brain microvessels (Sugiyama et al.
2003; Taogoshi et al. 2005; Chu et al. 2008; Westholm et al. 2009a, b; Ronaldson et al.
2011; Thompson et al. 2014). Oatpl cl is selectively expressed at the BBB (Chu et al. 2008)
and has relatively narrow substrate specificity and primarily transports thyroxine and
conjugated sterols (Westholm et al. 20093, b). Oatp2al regulates BBB transport of
prostaglandins (Kis et al. 2006). It has proposed that Oatpla4, a rodent homologue of
OATP1A2, is the primary drug transporting Oatp isoform expressed at the rat BBB
(Hagenbuch and Meier, 2004). Recently, our laboratory demonstrated that Oatpla4 is a BBB
transporter that can be effectively targeted for facilitation of effective CNS drug delivery
(Ronaldson et al. 2011; Ronaldson and Davis, 2013; Thompson et al. 2014; Thompson and
Ronaldson, 2014).

3. Effects of Oxidative Stress on the BBB

Functional BBB integrity can be disrupted by production of reactive oxygen species (ROS)
and subsequent oxidative stress (Figure 3). Production of superoxide anion, a potent ROS
generated when molecular oxygen is reduced by only one electron, is a known component of
CNS pathologies with an oxidative stress component (Kim et al. 2001; Heo et al. 2005).
Additionally, superoxide production has been reported in the chronic constriction injury
model of neuropathic pain (Pathak et al. 2014). Superoxide dismutase (SOD) enzymes
tightly control biological activity of superoxide anion, a by-product of normal physiological
processes. Under oxidative stress conditions, superoxide is produced at high levels that
overwhelm the metabolic capacity of SOD. This phenomenon is supported by the
observation that infarct size and cerebral edema were markedly reduced in mice engineered
to overexpress SOD as compared to wild type controls (Kim et al. 2001). Increased levels of
superoxide also contribute to BBB endothelial dysfunction (Strasser et al. 1997; Nito et al.
2008; Lochhead et al. 2012). BBB damage can be intensified by conjugation of superoxide
and NO to form peroxynitrite, a cytotoxic and proinflammatory molecule. Peroxynitrite
causes significant injury to cerebral microvessels through lipid peroxidation, consumption of
endogenous antioxidants (i.e., reduced GSH), and induction of mitochondrial failure (Pacher
et al. 2007; Thompson and Ronaldson, 2014). Peroxynitrite is also known to induce
endothelial damage by its ability to nitrosylate tyrosine, leading to functional modifications
of critical proteins (Salvemini et al. 2006). Peroxynitrite formation in BBB endothelial cells
becomes more likely with activation of endothelial NOS (eNOS) and inducible NOS (iNOS)
because NO diffuses easily through membranes and readily reacts with superoxide anion
(Pacher et al. 2007).

Overall, oxidative stress contributes to disruption of endothelial cell-cell interactions and
BBB injury by promoting redistribution and/or downregulation of critical tight junction
proteins such as claudin-5, occludin, ZO-1, and JAM-1 (Schreibelt et al. 2007; Lochhead et
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al. 2010; Yang et al. 2013b; Rochfort et al. 2014). Downregulation of VE-cadherin was also
shown to occur at the BBB in response to oxidative stress, an effect that led to increased
permeability to FITC-labeled 40-kDa dextran (Rochfort et al. 2014). In the context of focal
cerebral ischemia, reorganization of tight junction complexes enables considerable
movement of vascular fluid across the microvascular endothelium (i.e., leak) and
development of vasogenic edema (Heo et al. 2005; Sandoval and Witt, 2008; Pillai et al.
2009). In vivo, Evan’s blue dye conjugated with plasma proteins to form a large solute
protein complex (i.e., in excess of 60,000 Da) that can only traverse the BBB under
considerable pathological stress (Ronaldson and Davis, 2012). In other pathologies such as
peripheral inflammatory pain, permeability changes at the BBB are more subtle, enabling
movement of small vascular markers (i.e., sucrose) and drugs (i.e., codeine) while restricting
movement of large substances such as Evan’s blue-albumin (Hau et al. 2004; Ronaldson et
al. 2009; Lochhead et al. 2012). Decreased expression of occludin is associated with
increased BBB permeability as shown in in vivo models of hypoxia/reoxygenation stress
(Witt et al. 2003; Witt et al. 2005) and peripheral inflammatory pain (Huber et al. 2001;
Ronaldson et al. 2009). Additionally, pathological stressors cause trafficking of occludin
away from BBB tight junction protein complexes (McCaffrey et al. 2007; McCaffrey et al.
2008; McCaffrey et al. 2009; Lochhead et al. 2010; Lochhead et al. 2012). This occludin
relocalization can be prevented in vivo by treatment with 4-hydroxy-2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPOL), an antioxidant that readily crosses the BBB
(Lochhead et al. 2012). Specifically, TEMPOL prevents breakage of disulfide bonds on
occludin thereby blocking disruption of occludin oligomeric assemblies and subsequent
blood-to-brain leak of circulating solutes, an effect that suggests efficacy in protecting
against pathology-induced BBB injury (Lochhead et al. 2012).

The increase in BBB permeability observed in response to pathologies with an oxidative
stress component involves changes to transcellular transport pathways in addition to tight
junction modifications. For example, Yeh and colleagues showed that hypoxia upregulates
glucose transporters (i.e., GLUT1) (Yeh et al. 2008). Additionally, the sodium-glucose
cotransporter-1 (SGLT1) plays a significant role in glucose uptake and edema formation
during ischemia (Vemula et al. 2009). Recently, our own laboratory discovered that the
endogenous BBB transporter Oatpla4 is upregulated at the BBB following global cerebral
hypoxia (Thompson et al. 2014) or following peripheral inflammatory pain (Ronaldson et al.
2011). This transporter is capable of promoting blood-to-brain transport of therapeutic drugs
(Ronaldson et al. 2011; Thompson et al. 2014). Increased functional expression of efflux
transport systems such as P-gp has also been reported at the BBB in an in vivo model of
peripheral inflammatory pain (Seelbach et al. 2007; McCaffrey et al. 2012; Sanchez-
Covarrubias et al. 2013). In addition to putative membrane transporters, an increase in
specific vesicular transport and pinocytosis within BBB endothelial cells has been reported
(Cipolla et al. 1997).

4. Targeting Endogenous BBB Transporters

The ability of a drug to elicit a pharmacological effect at the level of the BBB requires the
achievement of efficacious concentrations within the endothelial cell cytoplasm. This
therapeutic objective is dependent upon multiple mechanisms of transport that may include
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uptake into the cell by an influx transporter and/or extrusion from the endothelium by an
efflux transporter. For many drugs, it is this discrete balance between influx and efflux that
determines if a therapeutic agent will be able to protect the BBB from oxidative stress-
associated injury. The complexity of drug transporter biology at the BBB is further
underscored by the observation that functional expression of transporters can be
dramatically altered by oxidative stress (Hong et al. 2006; Ronaldson and Bendayan, 2008;
Wang et al. 2014). A thorough understanding of the regulation and functional expression of
endogenous BBB transporters in both health and disease is essential for the provision of
effective pharmacotherapy. Furthermore, such information will enable effective targeting of
transporters and/or transporter regulatory mechanisms, thus allowing endogenous BBB
transport systems to be exploited for purposes of conferring BBB protection and/or repair.

Considerable research has focused on studying mechanisms that limit endothelial membrane
transport by describing the role of P-gp in restricting drug uptake from the systemic
circulation (Hartz and Bauer, 2010; Tournier et al. 2011; Slosky et al. 2013; Sanchez-
Covarrubias et al. 2014); however, clinical trials targeting P-gp with small molecule
inhibitors have been unsuccessful in improving pharmacotherapy due to inhibitor toxicity
and/or enhanced global tissue penetration of drugs (Potschka, 2010; Kalvass et al. 2011;
Palmeira et al. 2012). An alternative approach for optimizing delivery of drugs across the
endothelial plasma membrane is to focus on BBB transporters that are involved in cellular
uptake of drugs. One intriguing candidate is Oatpla4, which is known to transport HMG-
CoA reductase inhibitors (i.e., statins). Recent evidence suggests that statins can act as ROS
scavengers independent of their well-documented effects on cholesterol biosynthesis
(Kassan et al. 2010; Barone et al. 2011). Specifically, studies in dogs demonstrated that
atorvastatin reduced expression of oxidative and nitrosative stress markers (i.e., protein
carbonyls, 4-hydroxy-2-noneal, 3-nitrotyrosine) and increased brain GSH levels (Kassan et
al. 2010; Barone et al. 2011; Butterfield et al. 2011). Interestingly, Cui and colleagues
showed, in vivo, that atorvastatin administration during the acute phase of cerebral ischemia
prevented the increased BBB permeability that is commonly associated with this disease
(Cui et al. 2010). More recently, simvastatin was demonstrated to preserve barrier function
following experimental intracerebral hemorrhage in an in vivo study involving MRI
measurements of Tqg5t, @ marker of BBB integrity (Yang et al. 2013a). Taken together, these
studies suggest that effective delivery of statins to the brain microvascular endothelium may
be an effective strategy for reducing deleterious effects of oxidative stress and protecting the
BBB. We have shown, in vivo, that Oatpla4 is a BBB transporter target that can be
exploited to optimize delivery of drugs, including statins, across the plasma membrane of
the brain microvascular endothelium (Ronaldson et al. 2011; Thompson et al. 2014).
Specifically, our data in an in vivo model of peripheral inflammatory pain reported increased
influx and efflux rate constants for taurocholate, a known Oatp substrate (Ronaldson et al.
2011). These data strongly indicate that drugs can be delivered to the endothelial cell
cytoplasm by targeted Oatplad-mediated delivery (Ronaldson et al. 2011).

Although pathophysiological stressors can modulate BBB transporters, such changes must
be controlled to provide optimal delivery of drugs. For example, we have demonstrated
increased functional expression of Oatpla4 only between 1 h and 6 h after induction of pain/
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inflammation (Ronaldson et al. 2011). Similarly, we showed increased Oatplad expression
after 1 h hypoxia followed by up to 1 h reoxygenation (Thompson et al. 2014). If Oatpla4 is
to facilitate effective delivery of drugs (i.e., statins), its functional expression must be
precisely controlled over a more desirable time course than is possible by relying on
pathophysiological changes. This objective can be accomplished by pharmacological
targeting of Oatp regulatory pathways such as the transforming growth factor-p (TGF-f)
system (Ronaldson et al. 2011; Thompson and Ronaldson, 2014; Thompson et al. 2014).
TGF-ps are cytokines that signal by binding to a heterotetrameric complex of type | and type
Il receptors (Derynck and Zhang, 2003). The type | receptors, also known as activin
receptor-like kinases (ALKS) propagate intracellular signals through phosphorylation of
receptor-specific Smad proteins (i.e., (R)-Smads). Phosphorylated (R)-Smads complex with
Smad4, which enables nuclear translocation and changes in target gene transcription. At the
BBB, only two ALK receptors (ALK1, ALK5) have been identified (Ronaldson et al. 2009).
We have shown that pharmacological inhibition of TGF-p/ALKS5 signaling can increase
Oatpla4 functional expression (Ronaldson et al. 2011; Thompson and Ronaldson, 2014;
Thompson et al. 2014). This observation suggests that targeting of the TGF-p/ALK5
pathway may enable control of BBB Oatpla4 expression and/or activity, thereby providing
novel strategies for improved BBB protection in diseases with an oxidative stress
component.

Optimization of drug delivery is not the only benefit that can be achieved from targeting
transporters. BBB transporters mediate flux of endogenous substrates, many of which are
essential to the cellular response to pathological insult. One such substance is the
endogenous antioxidant GSH. During oxidative stress, GSH is rapidly oxidized to
glutathione disulfide (GSSG). Therefore, the redox state of a cell is represented by the ratio
of GSH to GSSG (Park et al. 2000; Namba et al. 2001; Li et al. 2012). In vitro studies using
human and rodent brain microvascular endothelial cells have demonstrated that hypoxia
reduces intracellular GSH levels and decreases the GSH:GSSG ratio, suggesting significant
oxidative stress at the level of the BBB (Plateel et al. 1995; Muruganandam et al. 2000;
Namba et al. 2001). Using an in vivo model, oxidative stress was shown to cause BBB
disruption characterized by altered expression/assembly of tight junction proteins occludin
(Witt et al. 2003; Brown and Davis, 2005; McCaffrey et al. 2009; Lochhead et al. 2010),
claudin-5 (Witt et al. 2003; Willis et al. 2010), and ZO-1 (Mark and Davis, 2002; Willis et
al. 2010). These tight junction modifications correlated with increased BBB permeability to
sucrose, an established vascular marker (Witt et al. 2008; Lochhead et al. 2010), and
dextrans (Willis et al. 2010). Such increases in BBB permeability can result in leak of
neurotoxic substances from blood into brain and/or contribute to vasogenic edema. BBB
protection and/or repair in diseases with an oxidative stress component are paramount to
protecting the brain from neurological damage. One approach that can accomplish this
therapeutic objective is to prevent cellular loss of GSH from endothelial cells (i.e.,
preservation of the endothelial antioxidant defense system) by targeting endogenous BBB
transporters. BBB transporters that can transport GSH and GSSG include MRPs/Mrps. Both
GSH and GSSG are substrates for MRP1/Mrpl (Hirrlinger et al. 2001; Hirrlinger and
Dringen, 2005; Ronaldson and Bendayan, 2008; Tadepalle et al. 2014), MRP2/Mrp2
(Paulusma et al. 1999), and MRP4/Mrp4 (Rius et al. 2006). In contrast, MRP5/Mrp5 is not
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involved in GSH and/or GSSG transport (Minich et al. 2006). It has well known that
increased cellular concentrations of GSH are cytoprotective while processes that promote
GSH loss from cells are damaging (Ballatori et al. 2009). Therefore, it stands to reason that
pharmacological targeting of Mrps during oxidative stress may have profound therapeutic
benefits. Using the known Mrp transport inhibitor MK571, Tadepalle and colleagues
showed that inhibition of Mrpl -mediated GSH transport resulted prevented GSH depletion
in primary cultures of rat astrocytes (Tadepalle et al. 2014). Indeed, the effect of Mrp
transport inhibition at the BBB and its effect on endothelial redox status and barrier integrity
requires further study.

Previous studies have shown that Mrp expression and/or activity can change in response to
oxidative stress (Maher et al. 2007; Ronaldson and Bendayan, 2008). Altered BBB
expression of Mrps may prevent endothelial cells from retaining effective GSH
concentrations. A thorough understanding of signaling pathways involved in Mrp regulation
during oxidative stress will enable development of pharmacological approaches to target
Mrp-mediated efflux (i.e., GSH transport) for the purpose of preventing BBB dysfunction in
diseases with an oxidative stress component. One intriguing pathway is signaling mediated
by nuclear factor E2-related factor-2 (Nrf2), a sensor of oxidative stress (Alfieri et al. 2011;
Wang et al. 2014). In the presence of ROS, the cytosolic Nrf2 repressor Kelch-like ECH-
associated protein 1 (Keapl) undergoes structural alterations that cause dissociation from the
Nrf2-Keapl complex. This enables Nrf2 to translocate to the nucleus and induce
transcription of genes that possess an antioxidant response element at their promoter
(Hayashi et al. 2003; Ma, 2013). It has been demonstrated that activation of Nrf2 signaling
induces expression of Mrpl, Mrp2, and Mrp4 (Hayashi et al. 2003; Vollrath et al. 2006;
Mabher et al. 2007; Aleksunes et al. 2008; Xu et al. 2010; Wang et al. 2014). An emerging
concept is that Nrf2 acts as a double-edged sword (Ma, 2013): on one hand, Nrf2 is required
for protecting tissues from oxidative stress; on the other, its activation can lead to deleterious
effects. Therefore, an alteration in the balance of Mrp isoforms via activation of Nrf2
signaling may adversely affect redox balance and antioxidant defense at the brain
microvascular endothelium. Indeed, this points towards a need for rigorous study of
pharmacological approaches (i.e., use of antioxidant drugs such as TEMPOL) that can
modulate Nrf2 signaling and control expression of Mrp isoforms and/or GSH transport at the
BBB.

5. Conclusions and Future Perspectives

The field of BBB biology, particularly the study of tight junction/adherens junction protein
complexes and endogenous transport systems, has rapidly advanced over the past several
years. It is now established that tight junctions and adherens junctions are dynamic in nature
and can organize and reorganize in response to oxidative stress. These changes can lead to
increased BBB permeability to endogenous and exogenous solutes. Transporters (i.e., Oatps,
Mrps) provide a considerable opportunity to protect the BBB and/or promote BBB repair by
either facilitating endothelial uptake of drugs with cytoprotective/antioxidant properties or
by preventing cellular loss of critical endogenous substances (i.e., GSH). Furthermore,
molecular mechanisms involved in regulating endogenous BBB transport systems such as
TGF-B/ALKS5 signaling and the Nrf2 pathway are just now being identified and
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characterized. These discoveries have identified discrete molecular targets that can be
exploited for control of BBB xenobiatic transport. Perhaps targeting of novel drugs to influx
transporters such as Oatpla4 or to efflux systems such as Mrps will lead to significant
advances in treatment of diseases such as cerebral hypoxia/ischemia and peripheral
inflammatory pain. Characterization of intracellular signaling pathways that can regulate
functional expression of BBB transporters provides another approach for pharmacological
control of transport systems in an effort to prevent BBB dysfunction. Future work will
continue to provide more information on the interplay of cell-cell interactions, transporters,
and signaling pathways at the BBB endothelium and how these systems can be effectively
targeted. Ultimately, data derived from these studies will enable achievement of more
precise and more efficient drug concentrations within brain microvessel endothelial cells and
improved BBB protection and/or repair following pathophysiological insult.
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Non-standard abbreviations

ABC ATP Binding Cassette

ALK activin receptor-like kinase

BBB blood-brain barrier

BCRP Breast Cancer Resistance Protein

CNS central nervous system

GSH glutathione

GSSG glutathione disulfide

JAM junctional adhesion molecule

MAGUK membrane-associated guanylate kinase-like
MCAO middle cerebral artery occlusion

MDR multidrug resistance

MRP Multidrug Resistance Protein

Nrf2 nuclear factor E2-related factor-2

OATP organic anion transporting polypeptide
P-gp P-glycoprotein

SLC solute carrier

SOD superoxide dismutase

TEMPOL 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl
TGF transforming growth factor
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Figure 1.

Basic molecular organization of tight junction protein complexes and adherens junctions at
the blood-brain barrier. Adapted from Ronaldson and Davis (2012). Curr Pharm Des. 18:
3624-3644.
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Figure 2.
Endothelial localization of drug transporters known to be involved in transport of

therapeutic agents at the blood-brain barrier. Adapted from Ronaldson and Davis (2012).
Curr Pharm Des. 18: 3624-3644.
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Figure 3.

Generation of reactive oxygen species (ROS) in brain microvascular endothelial cells.
During disease, mitochondrial superoxide levels increase via NO inhibition of cytochrome
complexes and oxidation of reducing equivalents in the electron transport chain. Complex |
as well as both sides of complex Il (i.e., Qi and Qo sites) are the most common sources of
mitochondrial superoxide. Superoxide generated within the intermembrane space of
mitochondria can reach the cytosol through voltage-dependent mitochondrial anion
channels. Superoxide levels further increase via cyclooxygenase-2, NADPH oxidase,
uncoupled eNOS, and infiltrating leukocytes. The resulting high levels of superoxide
coupled with the activation of NO-producing eNOS and iNOS increases the probability of
peroxynitrite formation. Peroxynitrite-induced cellular damage includes protein oxidation,
tyrosine nitration, DNA damage, poly(ADP-ribose) polymerase activation, lipid
peroxidation, and mitochondrial dysfunction. Adapted from Thompson and Ronaldson
(2014). Adv Pharmacol. 71: 165-209.

Brain Res. Author manuscript; available in PMC 2016 October 14.



