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Although stroke is one of the leading causes of death and disability worldwide, preventive or therapeutic
options are till limited. Therefore, a better understanding of the pathophysiological characteristics of this
life-threatening disease is urgently needed. The incidence and prevalence of ischemic stroke are increased
by exposure to certain types of xenobiotics, including heavy metas, suggesting the possible toxicological
contribution of these compounds to the onset or aggravation of stroke. Among the potentia targets, we
have focused on dterations to cerebral endothelia cells (CECs), which play important roles in maintain-

ing the functional integrity of brain tissue.
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INTRODUCTION

Severa environmenta factors including heavy metals are
reported to be associated to ischemic stroke, which is the
leading cause of death and disability (1). Although thou-
sands of neuroprotective therapeutic drug candidates were
developed, al of them failed during clinical trials raising
the urgent need to understand the dynamics of pathophysio-
logical aterations during ischemic stroke (2). Recent studies
suggest that each components of the integrated neurovascu-
lar unit plays key roles in ischemic damage. Here we will
discuss the importance of alteration of blood brain barrier
(BBB), which is essential in functional integrity of the brain
and the possible contribution of BBB impairment to heavy
metal-associated ischemic brain damage.

ISCHEMIC STROKE

Ischemic brain damage. The brain shows a high
requirement of energy to maintain the heavy synaptic inter-

Correspondence to: Ok-Nam Bae, College of Pharmacy, Hanyang
University, 55 Hanyangdaehakro, Sangnokgu, Ansan, Gyeonggi-do
426-791, Korea

E-mail: onbae@hanyang.ac.kr

This is an Open-Access article distributed under the terms of the
Creative Commons Attribution Non-Commercial License (http://
creativecommons.org/licenses/by-nc/3.0) which permits unrestricted
non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.

157

actions in neuronal network, and amost 15% of the total
cardiac output is used for cerebral blood flow (CBF). Since
the brain is not capable to reserve energy supply, which is
derived from oxygen and glucose in CBF, it is highly sus-
ceptible to interruption of blood flow in the brain, which is
called stroke. Ischemic stroke is usually caused by block-
ade of blood circulation by an embolus or by in situ throm-
bus (3), and it represents 87% of the total stroke (4). During
ischemic brain injury, the neuronal damage is immediately
initiated at the site of ischemic core. According to the
ischemic duration, the necrotic lesions of neuronal death
expand. Even with a successful reperfusion within few min-
utes after ischemic onset, the neuronal death can occur after
several days representing delayed neurona death. The
major cell types affected by ischemic insults are neurons,
but also astrocytes and CECs can be also damaged by sus-
tained duration of ischemia

Molecular mechanisms of ischemic damage. |1schemic
insult in brain induces a complicated array of pathological
mechanisms, i.e. ischemic cascade, which ultimately resultsin
irreversble neurona injury and brain infarction (5). The most
typica phenomenon of ischemic neurona death is an exces
sve excitation (6,7). There are severa types of ion channelsto
regulate the membrane potential for neurona excitation, and
ATP is critica to maintain the function of these ion channdls.
Upon ischemic insult, ATP depletion immediately results in
depolarization of neuronal membrane and excessive influx of
calcium and sodium into neuronal cytosol. Also, dysregulated
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release of neurotransmitters such as glutamate occurs by
reversed operation of transporters, and the excessive activa-
tion of glutamate receptors further increase calcium influx into
neuronal cytosol. Following calcium ion elevation, cytosk-
eletal degradation and enzymatic activation occurs, result-
ing in further activation of cell death pathways including
mitochondrial perturbation (8). Along with the exciting stim-
ulation, radical generation and suicida apoptotic pathways
are aso involved in neuronal cell death (9).

NEUROVASCULAR UNIT AS AN
INTEGRATED SYSTEM

Neurovascular unit. Traditional approach for stroke
treatment has primarily focused on neuroprotection, preserv-
ing the neurons to lessen the cerebra brain damage following
ischemic stroke. However, al of neuroprotective experimen-
tal drugs have failed during clinical trids, showing side effects
or no efficacy (10). To overcome the weakness and limitation
of neuroprotectants, the idea regarding multi-functional pro-
tective drugs has been raised, based on the complicated
integrated brain physiology. Especialy, to understand the
complexity of post-ischemic brain damage, the importance of
‘neurovascular unit’ has been revisited (Fig. 1). The funda-
mental concept of neurovascular unit is that emphasizing the
interaction in between cdlls themsealves, and between cellsand
matrix for the tissue outcome in neurological disorders (9). In
this context, ischemic brain damage is not the matters of neu-
rons alone but that of the complex of neurons, vascular cells
and the supportive system such as astrocytes. Ischemic stroke
is basically a vascular disorder affecting neuronal function

(12), and the aterations of local environment influence sur-
rounding neurons, allowing them to survive or die.

Blood-brain barriers. The blood-brain barrier (BBB) is
atheoretical functiona concept that describes unique charac-
teristics of intracraniad blood vessels. BBB is a physica and
metabolic barrier essential for the normal function and the
stability of the central nervous system, limiting the paracel-
luar flux of hydrophilic molecules from systemic blood circu-
lation (12). The structural and biochemical features of BBB
are maintained by the specific contribution of the CECs, peri-
cytes and glial end-foot (Fig. 1). Among them, endothelial
tight junctions (TJs) are the most important components of
the BBB integrity, determining dterations in BBB vascular
permesbility. The TJs consst of a combination of trans-mem-
brane proteins such as claudin, occludin, and junctiona adhe-
sion molecules, and cytosolic proteins like zonulaoccluden
(20)-1, ZO-2 and ZO-3. The cytoplasmic proteins interact
with transmembrane proteins in multi-protein complexes
linked to the actin-cytoskeleton (13,14). Multiple cellular sig-
naling pathways including calcium, cAMP, and phospholi-
pase C are associated with TJ assembly and regulation of
BBB permesability (15). Under norma physiological condi-
tions, the BBB is tightly regulated to be impermeable; how-
ever, avariety of mediators such as glutamate, endothelin-1,
serotonin, and interleukin-beta, which increase BBB perme-
ability, are released in pathological conditions (12) like
ischemic stroke and traumatic brain injury (16). While the
physiological and structural properties of BBB have been
studied over the past few decades, the disruption of BBB
under pathological condition till remains largely unknown.
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Fig. 1. Integrated neurovascular unit.
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Role of vascular system in ischemic injury. Like neu-
rons, the energy requirement of BBB is very high to main-
tain the dynamic transport system for its proper function
(17). Therefore the BBB is very susceptible to the ischemic
damage even by a short period of ischemic insult. A num-
ber of studies using in vitro or in vivo models demonstrated
that cerebral ischemia was associated with increased micro
vascular permeability (18,19), and TJ proteins were affected
by ischemic/hypoxic stimuli resulting in BBB breakdown
(20). Impairment of BBB during ischemic damage conse-
quently resultsininfiltration of local inflammatory cells and
post-ischemic edema and swelling (21). The BBB opening
is likely to be differently regulated during an early acute
phase within several hours (22,23), and in extended period
up to 4~5 weeks (24,25) showing ‘biphasic’ pattern follow-
ing ischemia (26). Understanding of BBB permeability
transition is becoming a critical point to prevent and treat
ischemic stroke, and also evauation of toxicological sus-
ceptibility of BBB may be important to predict aggravation
of ischemic damage.

BBB IMPAIRMENT DURING ISCHEMIC STROKE

Mechanism of BBB impairment. The exact molecular
pathways of BBB disruption has not been fully understood,

Neurovascular.unit

Endothelial cell

however, the morphological BBB disruption is closely
linked to the degradation/redistribution of TJ proteins and
re-organization of cytoskeleton. The most important media-
tor for TJ ateration is the activation of matrix-metallopro-
teinase (MMPs) (27,28). MMP-2 and MMP-9 are the main
factors inducing BBB disruption by degradation of TJ pro-
teins and basal lamina proteins thereby leading to BBB
leakage, athough these two enzymes have their unique
function in terms of the activation time frame, specific sub-
dtrates, and the representative contribution to the BBB
opening (28). It is well established that the activation level
of MMPs are correlated to the infarction volume, stroke
severity, and the functional outcome (29). Beside the role of
MMPs, the ischemic damage on TJ proteins was aso
observed by protein expression and re-localization (13,30).
Caveolin-1 is found to regulate expression of TJ proteins
(31), and redistribute TJ proteins from outer membrane to
cytosol (32). Mediators released to neurovascular unit dur-
ing ischemic periods also involve in the regulation of TJ
proteins as found in ZO-1 expression by VEGF (33) and TJ
protein change by glutamate (34). Other factors with the
onset of ischemia aso participate in cerebral EC impair-
ment, contributing to BBB opening. Depletion of ATR,
imbalance of ionic homeostasis including calcium, loss of
metabolic function with increased acidosis, oxidative/ nitro-
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sative stress signaling and the associated intracellular sig-
naling such as phosphorylation of TJ accessory proteins can
subsequently result in BBB disruption (16,26,35,36). Sug-
gested mechanisms underlying ischemic damage in neu-
rovascular units were summarized in Fig. 2.

Implication of BBB disruption in ischemic damage.
Along with the concept of ischemic BBB disruption, the
importance of this phenomenon has recently revisited. The
most direct effect of BBB opening is increased paracelluar
permeability and resultant vasogenic edema, contributing to
increased mortality (37,38). Besides the edema, early dis-
ruption of BBB is suggested as an important risk factor for
hemorrhagic damage associated with tPA therapy (39),
which is currently the only approved treatment option for
acute ischemic stroke (2). Another interesting finding is that
ateration of BBB permeability is not spatialy limited to the
peri-lesional tissue which is around ischemic core, but also
expanded to remote functionally connected brain areas (40).
Since focd ischemia leads to changes in the overal CBF,
the brain metabolism and excitability in remote area can
aso be affected, ultimately leading to metabolic failure and
inflammatory responses (6,41). Consistently, disruption of
BBB during brain damage including ischemia is reported to
contribute to development of epilepsy (42,43), i.e. epilepto-
genesis. Based on these observations, maintaining of BBB
integrity is currently suggested to be critical in clinical
functional outcome following ischemic damage.

ROLE OF BBB IN HEAVY METAL-ASSOCIATED
ISCHEMIC BRAIN INJURY

Heavy metal-associated ischemic stroke. Traditional
risk factors for cardiovascular diseases (CVD), such as dia-
betes, hypertension, and the advanced age are associated to
stroke (1). Beside these CVD risk factors, severa environ-
mental factors for stroke are identified, including high risk
behavior such as smoking, high fat diet and poor-nutrition
(44). Notably, exposure to certain environmental factors has
been suggested to be an emerging risk factor for stroke, and
arecent paper reported a significant association of air pollu-
tion and stroke risk (45). Accumulating evidences indicate
that exposure to toxicological heavy metas such as lead,
cadmium, mercury, and arsenic is linked to the cardiovascu-
lar risk as well as stroke. Epidemiological cohort studies
demonstrated that the incidence of stroke showed signifi-
cant association with higher lead levels (46-48). These
observations are further supported by other studies report-
ing lead exposure as one of the contributing factors to the
incidence of CVDs including stroke (49-52). There was an
interesting study on blood or urinary cadmium level was
correlated with prevalence of stroke, which was found to be
increased by 35% and 9% when 50% of cadmium concen-
tration was increased in blood and urine, respectively (53).

In terms of mercury, it is known that occupationa exposure
to mercury is associated to 1.17 fold increased risk of stroke
(54). Consumption of inorganic arsenic through drinking
water is aso found to be related with increased prevaence
of cerebral infarction (55,56). The mechanism of heavy
metal-associated CVD risk has been intensively studied.
Disturbed cardiovascular homeostasis such as increased
thrombosis, higher blood tension, and impaired fibrinolysis
can potentialy contribute to the onset of ischemic stroke.
Nevertheless, the effect of heavy metals on BBB integrity,
which is acriticd factor determining the outcome of ischemic
damage, should be aso noted to understand heavy-metal
associated ischemic stroke.

BBB injury by heavy metals. Since BBB permeability
playsacrucid rolein determination of the extent of ischemic
brain damage, factors that modify the susceptibility of BBB
integrity can ater the overal outcome of ischemic stroke.
Hyperglycemia significantly worsened BBB breakdown dur-
ing ischemic condition, contributing to the aggravation of
the consequences of stroke (57), and exogenous excitatory
amino acid neurotransmitters disrupted BBB integrity during
focal cerebra ischemia (58). Although the studies investi-
gating the effect of heavy metals on BBB integrity are lim-
ited, several reports have given insights for heavy metal-
induced BBB disruption (59). Acute lead poisoning results
in brain swelling with micro vascular damage with TJ open-
ing (60,61), suggesting that BBB is one of the main targets
of lead-associated toxicity. Notably, lead showed a higher
affinity to CECs, so that it accumulated in higher concentra:
tion in CECs than in other brain cells (62), and irreversibly
potentiated cytokine- and glutamate-mediated decrease in
BBB resistance (63). In vivo exposure to cadmium in drink-
ing water increased the BBB permeability and the concen-
tration of malondialdehyde in brain micro vessels in rats,
whereas the activities of anti-oxidant enzymes were signifi-
cantly decreased (64), suggesting that BBB may be an
important target for cadmium toxicity. In CECs, cadmium
induced activation of apoptotic signaling (65), and stimu-
lated adhesion molecule expression which is an indicator
for BBB injury (66). The CNS damage following mercury-
exposure has been largely focused on BBB transport of
methyl-mercury (MeHg). While MeHg easily crosses BBB
due to its high lipophilicity (67), resulting in encephal opa-
thy, inorganic mercury has been considered less neurotoxic,
but BBB breakdown was induced by inorganic mercury (68).
Chronic arsenic exposure is aso associated with the
increased prevaence of micro vascular diseases including
neurological diseases (69). Alteration of vascular perme-
ability of arsenic was reported in arsenic-exposed rats (70).
Previous observations regarding heavy metal-induced alter-
ation of permeability, especialy in BBB, were listed in
Table 1. Moreover, recent studies demonstrated that TJ pro-
teins such as ZO-1, 2, 3, occluding and claudins in kidney



BBB Damage by Heavy Metals 161
Table 1. Impairment of permeability by heavy metals
I;Ine;\;ly System Concentration Exposure duration Toxicity Ref
highest non-lethal dosage Hemorrhagic encepha opgthy,
L Rats of abnormal morphology in
invivo (1 mg Pb/g body 2 days A : 62
5 days age weight/day) capillaries and microvessels,
b ghticey swollen and vacuolated ECs
fiveiniections Potentiating BBB disruption by
L Mice between 2.5and 5 ug/g ) lipopolysaccharide, interleukin-6
invivo LI between 2 and 63
10~40 days of age (subcutaneous injection) 10 davs after birth or glutamate measured by
Y transendothelial electrical resistance
Lo Rats of Decrease in microvessel
INVIVo 21 days age 10 ppm 90 days antioxidant potential 64
S Cerebral endothelia Remarkable decrease in
Cd in vitro calls (bEnd.3) 10, 30 and 50 uM upto 24 hr call viability 65
S Cerebral endothelia Stimulation of the expression
in vitro cells (bEnd.3) 1, 3and 10 uM upto 24 hr of ICAM-1 66
6 x 10" M solution of i
Hg invivo Adult cats mercuric chloride 30min BBB damage examined by 68
) S Evans blue
(intracarotid injection)
1.92,3.85and 7.70 uM Vascular dysfunction
As in vivo Adult rats of sodium arsenite upto 60 min (vascular leakage) 70

(intradermal injection)

determined by Evans blue

(71) or in blood-testes barrier (72) were impaired by heavy
metal exposure, explaining TJ protein damage as a key fac-
tor of heavy metd toxicity. These findings may give a clue
for the dysregulation of TJ proteins by heavy metals in
BBB permeability.

DISCUSSION

There is increasing evidence that BBB permeability may
be an important mediator for brain damage determining the
clinical outcome following ischemic stroke, such as edema,
inflammation, and epileptogenesis. The loss of BBB integ-
rity is becoming a critical factor that must be considered for
accurate evaluation of ischemic stroke. Although the pro-
cesses governing BBB TJ permeability during ischemic
damage are not simple, BBB dteration by heavy metal
exposure needs to be further re-visited to understand the
mechanism of heavy metal-associated ischemic stroke.
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