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Abstract

Zinc is the second most abundant metal in human and serves as an essential trace element in the
body. During the past decades, zinc has been found to play important roles in central nervous
system, such as the development of neurons and synaptic activities. An imbalance of zinc is
associated with brain diseases. The blood-brain barrier (BBB) maintains the homeostasis of the
microenvironment, regulating the balance of zinc in the brain. A compromised BBB is the main
cause of severe complications in cerebral ischemic patients, such as hemorrhage transformation,
inflammation and edema. Recent studies reported that zinc in the brain may be a potential target
for integrative protection against ischemic brain injury. Although zinc has long been regarded as
important transmitters in central nervous system, the critical role of zinc dyshomeostasis in
damage to the BBB has not been fully recognized. In this review, we summarize the role of the
BBB in regulating homeostasis of zinc in physiological conditions and the effects of changes in
zinc levels on the permeability of the BBB in cerebral ischemia. The integrity of BBB maintains
the homeostasis of zinc in pathological conditions, while the balance of zinc in the brain and the
circulation maintains the normal function of the BBB. Interrupting the zinc/BBB system will
disturb the microenvironment in the brain, leading to pathological diseases. In stroke patients, zinc
may serve as a potential target for protecting the BBB and reducing hemorrhage transformation,
inflammation and edema.
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Introduction

Zinc is the second most abundant metal and serves as an essential trace element in the
human body. A large amount of zinc is stored in neurons, especially in synaptic vesicles
(Andreini et al. 2006; Frederickson et al. 2000). During the past decades, zinc has been
found to play important roles in the central nervous system, especially in neuronal and
synaptic activities, because zinc is released into the synaptic cleft during active
neurotransmission. Under normal conditions, zinc released from the synaptic vesicles
modulates both ionotropic and metabotropic post-synaptic receptors (Marger et al.
2014;Szewczyk 2013). Imbalance of zinc is related to mental retardation, epilepsy and
neurodegenerative diseases (Berger and O’Leary 1975; Khan 2016; Morris and Levenson
2012; Ordak et al. 2018; Pochwat et al. 2015).

However, the critical role of zinc dyshomeostasis in the blood-brain barrier (BBB) damage
has not been fully recognized. The BBB, a special structure in the brain, keeps the
homeostasis of microenvironment, regulating the balance of zinc in the brain. The BBB is
mainly composed of endothelium of brain microvessels. Tight junction proteins seal the
space between endothelial cells and maintain the integrity of the BBB. The surroundings,
such as extracellular matrix, astrocytes and pericytes, regulate the opening of the BBB. A
compromised BBB is the main cause of severe complications in cerebral ischemic patients,
including hemorrhage transformation, inflammation and edema (Dahl et al. 2018; Keep et al.
2018; Lu et al. 2018; Manaenko et al. 2018; Smith et al. 2018; Yuen et al. 2018). Recent
studies reported that zinc in the brain may be a potential target for integrative protection
against ischemic brain injury (Pan et al. 2015; Qi et al. 2016; Zhao et al. 2014).

In this review, we summarize the role of the BBB in regulating homeostasis of zinc in
physiological conditions and the effects of zinc alteration on BBB permeability in cerebral
ischemia.

2. The Homeostasis of Zinc in Physiological Conditions

Most of the zinc in the human body is found in zinc containing proteins. A bioinformatics
study in human reported that over 2,800 proteins are potentially zinc-binding, which is
approximately 10 percent of all proteins in human proteome, serving signaling, catalytic,
and structural roles (Andreini et al. 2006). Most of the zinc-binding proteins have zinc-finger
maotifs, in which a zinc ion binds four invariant cysteine and/or histidine residues (Cys2/His2
being the most common types) to form a stable structure (Andreini et al. 2006; Zhou et al.
2015; Zhou et al. 2011), regulating protein-DNA, protein-RNA, and protein-protein
interactions (Blackshear and Perera 2014; Ding et al. 2017; Huestis et al. 2016; Khmeleva et
al. 2013; Nyborg and Peersen 2004; Zhou et al. 2016).

Beside that firmly bound in proteins, free zinc ions (Zn%*) or loosely bound, which are
histochemically detectable and removable by chelator agents, are widely present in all
organs, tissues, fluids, and secretions. More than 95 percent of zinc is located in the fat-free
mass (testes, muscle, liver, and brain tissue). The distribution of zinc is well summarized
previously (Hess et al. 2007).
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Therefore, free zinc and zinc-binding proteins constitute zinc pools in human tissue, keeping
the homeostasis of zinc in physiological conditions.

2.1 Zinc Pool in Plasma

A study with 134 healthy adults analyzed the concentration of free zinc in sera by
electrothermal atomic absorption spectrophotometry, showing that free zinc in plasma is
maintained at concentrations of 12-15 pmol/L. Most plasma zinc ions are bonded with
albumin (12.4 +/- 2.2 umol/l) and a.,-macroglobulin (2.4 +/- 0.6 pmol/l), which serve as a
zinc pool in circulation (Blindauer et al. 2009; Foote and Delves 1984). Another study
measured the exchange of zinc in plasma zinc pool in seven healthy men using inductively
coupled plasma mass spectrometry. Plasma zinc mass turned over at an average of 5.3 times
per hour, demonstrating the active exchange in exchangeable zinc pool in plasma and active
functions of zinc under physiological conditions (Pinna et al. 2001). The rest of plasma zinc
(less than 0.01%) is ultrafilterable and complexed with amino acids, primarily cysteine and
histidine (Hernell and Lonnerdal 2003; Hess et al. 2007; Samman et al. 2014). These studies
demonstrate the important role of the zinc pool to keep the dynamic balance in plasma.

2.2 Distribution of Zinc in the Brain

Zinc ranks second in the trace metal elements in brain tissue after iron. Frederickson et al
utilized the co-staining of zinc specific Timm-Danscher staining and neuronal specific Nissl
staining to detect the distribution of zinc in the brain of rats. They found that zinc is highly
concentrated in the neuronal-rich area, such as hippocampus, amygdala, cerebral cortex, and
olfactory cortex (Frederickson et al. 2000). Recent studies suggest that the free zinc plays
crucial roles in neuronal modulation, synaptic plasticity, learning, and memory (Blakemore
and Trombley 2017; Corceiro et al. 2018; Kennedy et al. 2017; Nam et al. 2017).

2.3 Plasma Zinc Across the BBB

Studies reported that the BBB separates zinc between plasma and brain under normal
physiological conditions. A study in sheep reported that the BBB kept the balance of zinc in
brain tissue in physiological conditions. The authors infused zinc acetate solution (1 mg
Zn/ml) intravenously at a rate of 1.0 ml/min for 30 min and then continuously at 0.125
ml/min for 7 h. Data showed that the infusion increased plasma zinc (pZn) concentration
approximately 10-fold without altering the zinc concentration in cerebrospinal fluid (CSF
Zn), suggesting that the BBB prevented pZn from penetrating into the brain (Blair-West et
al. 1990). Another study in rats revealed that the replacement ratios of 5Zn to zinc in tissues
were 40% in plasma, 16-20% in liver, kidney, blood, and prostate, while the replacement
ratios in testis and cerebrum were very low (2-3%), suggesting that zinc uptakes in testis
and brain may be regulated by the blood-testis barrier and BBB (Furuta et al. 1999).

Another study showed that increased cranial blood osmolality (4 M NaCl) or
electroconvulsive shock (140 V, 2 s), which temporarily opens the BBB, increased CSF Zn
up to the level of pZn and then fell back to the baseline of CSF Zn in normal condition
(Blair-West et al. 1990), demonstrating that opening the BBB increases zinc translocation
from blood to brain. These studies indicate that the BBB separates zinc between plasma and
brain under normal physiological conditions.
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2.4 Zinc Uptake in Endothelial Cells

However, a slight zinc exchange could be observed between the blood and endothelial cells
under normal conditions. An interesting study using #5Zn isotope in normal rats measured
the zinc uptake by brain from blood and the BBB permeability to zinc (Pullen et al. 1991).
65ZnCl, in a bolus of normal saline was injected intravenously and 12°I-albumin was also
administrated as a vascular marker. At the first 30min of circulation, 95Zn fluxes between
blood and brain were bidirectional to attain a steady state. After 30 min of circulation, 5Zn
uptake became unidirectional from blood to brain, with a K value of 5x10~* ml/min/g. The
abilities of ©5Zn uptake in different regions were ranked: cerebellum > midbrain > cortex >
hippocampus> medulla > hypothalamus (Pullen et al. 1991). It is worth noting that there is a
difference in value between the exchanging compartment in the brain and the brain’s plasma
space. Therefore, there would be another compartment(s) where 65Zn rapidly exchanges. As
they found very slight change of cisternal CSF during 5h of circulation, they speculated that
the endothelial cell luminal might be the potential compartment to uptake 85Zn. This
speculation is very reasonable. Recent studies have verified that endothelial cells are able to
uptake zinc indeed by zinc transporters (see Section 2.5).

2.5 Zinc Transporters in Endothelial Cells

Several families of zinc transporter proteins have been identified to regulate zinc
concentration and maintain zinc homeostasis. The Zrt- and Irt-like protein (ZIP) family
increases cytoplasmic zinc by increasing zinc uptake, thereby decreasing plasma zinc and
prompting zinc release from cellular vesicles. On the contrary, the zinc transporter family
(ZnTs) reduces cytoplasmic zinc by exporting cellular zinc, which increases plasma zinc
concentrations and helps the movement of cytoplasmic zinc into intracellular organelles
(Hess et al. 2007). Metallothionein (MT), an inducible protein with a low molecular mass,
has high affinity for metals, such as zinc. A high concentration of zinc induces the MT
protein expression and forces formation of a zinc-MT binding complex, keeping the
homeostasis of zinc in cells. The homeostasis of zinc in neurons has been well summarized
(Colvin et al. 2000; Colvin et al. 2003). Here, we mainly focus on the regulation of zinc
level in endothelial cells.

As zinc is especially rich in brain tissue and regulates BBB function, do brain-derived
endothelial cells have any particular response to zinc alteration? An interesting study
reported differential responses of brain and non-brain endothelial cells to zinc depletion (Di
et al. 2005). The authors demonstrated that zinc depletion by zinc chelator, N,N,N’,N’-
Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) reduces transendothelial electrical
resistance (TEER) in non-brain endothelial cells, such as human umbilical vein endothelial
cells, human aortic endothelial cells, and human iliac vein endothelial cells. On the contrary,
zinc depletion enhanced barrier function in human brain microvessel endothelial cells,
suggesting the presence of specific mechanisms to counteract zinc deficiency in brain
endothelial cells. However, the authors did not further investigate the specific mechanism in
this unique response.

Recent studies have demonstrated that zinc transporters play critical roles in keeping zinc
homeostasis. Lehmann et al reported that moderate zinc deficient treatment (1.5
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micromol/L) increased the rate of isotope 6zinc uptake into endothelial cells and then
transport 85zinc across the BBB into the albuminal chamber. On the contrary, moderate high
zinc (50 micromol/L) decreased the rate of zinc uptake into endothelial cells but increased
the rate of zinc release into the brain (Lehmann et al. 2002). Further in vivo studies are
warranted to verify the capacity and mechanism of endothelial cells to uptake zinc.

3. Effects of Zinc Deficiency or Overload on the Damages of the BBB in

Pathological Conditions

3.1

Increasing the Permeability of the BBB

As zinc is stored highly in synaptic vesicles and released from the terminals of neurons
during neuronal diseases, most of literatures focus on the role of zinc in neurons. Recent
studies revealed that the break of zinc homeostasis contributes to BBB disruption in
pathological conditions.

On the one hand, zinc deficiency results in the BBB damages when exposed to cerebral
ischemia. Using dynamic Magnetic Resonance Imaging (MRI), the BBB permeability was
evaluated in zinc-deficient male weanling rats following 3 days exposure to hyperoxia (85%
02). Three-day exposure of hyperoxia caused a marginal loss of BBB integrity. However,
zinc deficiency resulted in a significant increase in BBB permeability. In addition, MRI-
visible free water was elevated in zinc deficient brains following hyperoxia treatment,
indicating that the loss of BBB integrity may be associated with neuronal edema, which was
mediated by oxidative stresses as measured by the ratio of oxidized to reduced glutathione
(GSSG:GSH) (Noseworthy and Bray 2000).

On the other hand, zinc overload deteriorates BBB disruption following cerebral ischemia.
Our recent study reported that zinc overload exacerbated BBB permeability in cultured
endothelial monolayer under oxygen glucose deprivation conditions (cellular ischemic BBB
model), with more leakage of FITC-labeled albumin from up-chamber to bottom-chamber of
endothelial monolayer. Moreover, increased zinc accumulation was observed in isolated
microvessels and in situ in the brain of cerebral ischemic rats. Treatment with a specific zinc
chelator, TPEN, greatly attenuated BBB permeability as measured by Evan’s Blue leakage
and magnetic resonance imaging. Our findings revealed that zinc accumulation in
microvessels leads to loss of tight junction proteins (Occludin and Claudin-5) and cerebral
ischemia-induced BBB damage, which was mediated through upregulating superoxide and
matrix metalloproteinases (Qi et al. 2016).

However, the BBB permeability does not seem to respond to chronic zinc overload.
Yorulmaz et al evaluated the effect of chronic zinc treatment on BBB permeability in
pentylenetetrazole-induced epileptic seizures model of rats. Chronic oral ZnCl, treatment (2
months) did not show significantly difference in BBB permeability (Yorulmaz et al. 2013).

It seems that chronic zinc overload may have time to develop compensatory pathways to
counteract zinc overload, such as increasing zinc secretion from endothelial cells. Further
studies are needed to investigate the regulation of compensatory pathways to overcome the
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zinc overload, which may have been induced to overcome rapid zinc accumulation such as
cerebral ischemia.

These studies suggested that zinc homeostasis is critical to BBB integrity. Both zinc
deficiency and zinc overload lead to BBB disruption in pathological conditions.

Increasing tPA Toxicity

Tissue plasminogen activator (tPA) is abundantly secreted in endothelial cells and the tPA-
plasminogen-plasmin cascade system participates in thrombolysis, wound healing, and
cancer progression (Hacke et al. 2008; Ibrahim et al. 2016; Lund et al. 2006; Montalvan, V
et al. 2018; Story et al. 2017). Recent studies reported that alteration in zinc concentration
regulates the levels of tPA in endothelial cells. Cho et al reported that 40 microM ZnCl,
incubation for 4 h significantly increased mRNA and protein levels of tPA in brain
endothelial cells (Cho et al. 2013). Another study showed that free zinc enhanced tPA-
induced cell death, which was substantially attenuated by zinc chelator TPEN, suggesting
that zinc dyshomeostasis deteriorated tPA toxicity (Kim et al. 2015). These studies indicated
that zinc might serve as a novel target to regulate tPA level, providing potential treatment for
stroke, trauma, and cancer.

3.3 Altering the Levels of Tight Junctions and F-Actin

Tight junctions and the cytoskeleton maintain the morphology and integrity of endothelial
cells. Recent studies showed that the level of zinc regulates the expression of tight junctions
and F-action in endothelial cells. A study in a Madin-Darby canine kidney (MDCK) cell
monolayer reported the effects of zinc on tight junctions. It was demonstrated that
pathological levels of Zn?* (>200 uM) significantly damaged the integrity of tight junctions
(especially affecting efflux tight junctions opening), leading to the collapse of basolateral
claudin-1, Z0O-1, and F-actin via the GSK3beta/snail pathway (Xiao et al. 2018). Our recent
study also demonstrated that zinc overload (150 uM) plus oxygen glucose deprivation
(mimicking ischemic condition in vitro) lead to more severe degradation of occludin in brain
endothelial cells than high concentration of zinc in normoxic condition, suggesting the
pathological role of zinc in ischemic condition (Qi et al. 2016).

However, one study on aluminum toxicity obtained different results. It showed that zinc
suppresses BBB injury in juvenile rats, which were exposed to aluminum. Zinc protected the
integrity of the BBB and inhibited the decline of occludin and F-actin in endothelial cells
(Song et al. 2008).

These different conclusions may be derived from the different level of base line of zinc. In
ischemic condition, a lot of zinc has already accumulated in endothelial cells, leading to a
high zinc level in microenvironment. Continuously increasing zinc will deteriorate the zinc
dyshomeostasis and result in BBB disruption. On the contrary, aluminum exposure, which
competitively inhibited zinc level, cause zinc deficiency in endothelial cells. Zinc treatment
will help to recovery or return to the baseline of zinc, keeping the normal level of occludin
and F-actin in endothelial cells. Therefore, the function of zinc may be different, depending
on the status of zinc homeostasis.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qiand Liu Page 7

3.4 Regulating Zinc Transporters in Endothelial Cells

Among the ZnTs family members, ZnT-1, -3, —4, =5, —6 are reported to express in the brain.
It was reported that the expression of ZnT-1 and —2 were directly related to the fluctuation of
Zn2* in cells. On the contrary, ZnT-4 expression was little affected by cellular Zn2* levels.
ZnT-3 expression was generally found in synaptic vesicles, where locates a high
concentration of histochemically reactive Zn?*. The role of ZnTs in neurons has been well
summarized in several reviews (Colvin et al. 2000; Colvin et al. 2003).

Beside in the neurons, zinc transporters were also found to regulate zinc homeostasis in
endothelial cells. Zinc transporters in endothelial cells have different responses when the
zinc level fluctuates. Recent studies demonstrated that ZnT1 might be responsible for rapid
fluctuations in zinc levels, but ZnT2 are more likely to be involved in maintaining zinc
homeostasis in a long-term mechanism.

The longitudinal changes in zinc transport kinetics, metallothionein and zinc transporter
expression in a porcine blood-brain barrier model were measured in response to a
moderately excessive zinc environment. Zinc release from cells significantly increased after
12-24 hours of exposure, but fell back to baseline after 48-96 hours, as indicated by
transport across the BBB. Expression of ZnT-1 increased by 169% within 12 h, but was no
longer different from controls after 24 h. However, ZnT-2 and MT were elevated within 12 h
and remained in a high level throughout the study (Bobilya et al. 2008). Moreover, ZnT-2
was found to sequester zinc into intracellular vesicles to maintain brain zinc homeostasis in
longer-term zinc overload (Bobilya et al. 2008).

This study also showed that, unlike ZnTs, Zip1 kept constant during the entire experiments,
suggesting that ZnTs are more sensitive and inducible to changing concentration of zinc than
ZIPs. Pan et al reported that hypoxia/reoxygenation significantly decreased ZnT-1 protein
level, whereas it did not change ZIP-1 protein levels, leading to intercellular free zinc
accumulation and interrupting zinc homeostasis (Pan and Liu 2016). These studies
suggested that zinc efflux might be a potential pathway to regulate intercellular zinc
homeostasis during ischemic stroke.

4. Zinc Alteration in Circulation and Brain in Stroke Patients

Several clinical studies help us understand the breakdown of zinc homeostasis under
ischemic conditions in human bodies. A clinical study with serum from 256 ischemic stroke
patients and 180 healthy people demonstrated that the concentration of zinc was
significantly lower in stroke patients than in healthy controls, suggesting that zinc represents
an independent risk factor for stroke (Munshi et al. 2010).

A retrospective study in a single center compared the concentrations of serum zinc in 152
ischemic stroke and 72 transient ischemic attack (T1A) patients. All blood samples were
obtained within 24 hours of admission and free zinc levels were analyzed by atomic
absorption spectroscopy. The study showed that 35.7% of stroke patients had low zinc levels
(65 mcg/dL). Stroke patients were more likely to have low zinc levels (odds ratio: 2.62,
confidence interval: 1.92-3.57, P <0.003) compared to the TIA patients. The authors also
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reported that lower zinc levels (<65 mcg/dL) are associated with severe strokes (National
Institute of Health stroke scale >8) and independently associated with poor functional status
at discharge (Modified Rankin Scale >3) (Bhatt et al. 2011).

The above two clinical studies reported the reduction of serum zinc after ischemic stroke,
but the data need to be interpreted carefully. First, the reduction of zinc needs to be
calibrated with the level of albumin and a,-macroglobulin in serum, as most of plasma zinc
is associated with them. Second, atomic absorption spectroscopy measures the zinc atoms in
the entire serum sample, being unable to distinguish between free zinc and combined zinc. It
is unclear how free and combined zinc change respectively and which type of zinc is more
associated with stroke. In addition, if serum zinc level is indeed reduced, it is not clear where
the serum zinc goes in the ischemic condition. Unfortunately, it is not possible to obtain
brain tissue of ischemic stroke patients to answer the questions.

Zinc level in the CSF from patients with other brain diseases than stroke may be used as
references. A clinical study investigated zinc concentrations in CSF and serum in 28 healthy
people and 74 patients with various neurological diseases, including multiple sclerosis,
peripheral nervous system (poly-neuropathy, polyradiculitis) amyotrophic lateral sclerosis,
Alzheimer’s disease, and other different neurological diseases with increased CSF protein
(over 50 mg/ml) (Kapaki et al. 1989). Increased CSF Zn was found in the group of
peripheral nervous system diseases and in the cases that had increased CSF protein
concentrations. Neither group has abnormal level of serum zinc. This clinical research
suggested that the compromised BBB may permit the passage of zinc to the subarachnoid
space. However, this study did not mention the correlation between zinc and protein in the
CSF, which need further investigations.

Conclusions and Perspectives

Although zinc has long been regarded as an important transmitter in central nervous system,
the critical role of zinc dyshomeostasis in damage to the BBB has not been fully realized
and understood. The integrity of the BBB maintains the homeostasis of zinc in pathological
conditions, while the balance of zinc in the brain and in circulation maintains the normal
function of the BBB. Interrupting the zinc/BBB system will damage the microenvironment
in the brain, leading to pathological diseases, as illustrated in Figure 1. Zinc may serve as a
potential target for protecting the BBB in stroke patients, and for reducing hemorrhage
transformation, inflammation, and edema.
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Figure 1.

Schematic diagram of the role of zinc homeostasis in the normal function of the BBB. Most
zinc is found in zinc containing proteins, regulating protein-DNA, protein-RNA, and
protein-protein interactions. Most plasma zinc is in binding with albumin and a.,-
macroglobulin, which serve as a zinc pool in circulation. The BBB separates the plasma zinc
from the brain under physiological conditions. The ZIP and ZnTs families have been
identified to regulate zinc concentration and keep zinc homeostasis in endothelial cells. The
ZIP family increases cytoplasmic zinc by increasing zinc uptake, thereby decreasing plasma
zinc and prompting zinc release. The ZnTs family reduces cytoplasmic zinc by exporting
cellular zinc, which increases plasma zinc concentrations and helps the movement of
cytoplasmic zinc into intracellular organelles. ZnTs are more easily inducible and sensitive
to changes in concentration of zinc than ZIPs. Pathological insults, such as cerebral
ischemia, break the zinc homeostasis and result in BBB disruption. The compromised BBB,
which could not block plasma zinc into brain tissue, deteriorates the dyshomeostasis of zinc.
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