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Preface to ”Neuroprotection: Rescue from Neuronal

Death in the Brain”

The brain is located on the top of our body and plays a role as the control tower of our body.

Thanks to the brain, we can interact with our environment easily and effectively. In the brain,

however, cell death occurs naturally and/or due to various types of injury. In order to maintain

the normal functions of the brain, the protection of the brain against cell death is very important.

This Special Issue on the “Neuroprotection: Rescue from Neuronal Death in the Brain” is to

present the updated knowledge on the mechanisms of neuroprotection and the developments of

therapeutics on cell death in the brain. The research fields covered in this Special Issue include

stroke, ischemia, Alzheimer’s disease, Parkinson’s disease, memory deficit, seizure, oxidative injury,

neurotoxic injury, signaling pathways, nanomedicine, trophic factors, antioxidants, phytochemistry,

and so on.

This Special Issue brings together a collection of 19 papers which highlight the mechanisms

underlying neuroprotection and therapeutics on neuronal death. I would like to thank all the authors

for their outstanding contributions and the editorial staff members for their assistance.

Bae Hwan Lee

Editor
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The brain plays important roles in mental processing and in controlling other bodily
organs. However, the brain tissue is vulnerable to exogenous or endogenous injury. After
injury, neuronal death leads to functional deficits and neurological disorders. Therefore,
protection from neuronal death is crucial for preserving brain functions.

This Special Issue aimed to understand the mechanisms underlying neuroprotection
and to explore potential therapeutic strategies for recovering brain functions from neuro-
logical disorders. In this Special Issue, nineteen papers were published, including thirteen
original articles and six review papers dealing with interesting subjects which are related
to different brain functions and disorders.

Stroke including ischemia is one of the major villains responsible for neuronal death
and mortality. A review by Dong et al. [1] summarized the current understanding of
the mechanisms of pathogenesis in ischemic stroke and the updated developments of
nanomedical therapeutics such as nanoparticles, liposomes, and cell-based nanovesicles.
It has been shown that cation-chloride cotransporters (CCCs) are expressed in neurons
and contribute to numerous physiological functions. In a review paper, Josiah et al. [2]
introduced the recent advances in the functional regulations of the CCCs and their signaling
pathways in stroke. Using a rodent model of global cerebral ischemia, Kang et al. [3]
observed that amiloride, an inhibitor of the sodium–hydrogen exchanger-1, attenuates
hippocampal injury by reducing zinc accumulation in mice, and Hong et al. [4] reported that
administration of N-acetyl-L-cysteine, an antioxidant, reduces neuronal death induced by
cerebral ischemia and over-activation of transient receptor potential melastatin 2 (TRPM2)
channels in rats. Jung et al. [5] described that pyridoxine (a form of vitamin B6) deficiency
increases neuronal death after ischemia by enhancing serum homocysteine levels and lipid
peroxidation, and by reducing nuclear factor erythroid-2-related factor 2 (Nrf2) levels.
Pyridoxine also decreases regenerative potentials by reducing brain-derived neurotrophic
factor (BDNF) levels in the hippocampus of gerbils. Markosyan et al. [6] reported that
preventive triple gene therapy by adenoviral vectors carrying genes encoding vascular
endothelial growth factor (VEGF), glial cell-derived neurotrophic factor (GDNF), and neural
cell adhesion molecule (NCAM), or by gene-engineered umbilical cord blood mononuclear
cells over-expressing recombinant VEGF, GDNF, and NCAM, has beneficial effects on the
recovery from stroke in the brain of rats. Tanioka et al. [7] observed that intra-arterial
injection of lipid emulsion during reperfusion shows neuroprotective effects in an in vivo
rat model of ischemic reperfusion injury. Using primary astrocyte cultures, Mitroshina
et al. [8] demonstrated that ischemic-like conditions decrease network connectivity and
the stimulation with ATP under normal conditions increases the number of connections,
implying that astrocytes can constitute a functional network in response to a stimulation.
Using organotypic hippocampal slices of mice pups, Ort et al. [9] found that neither
nimodipine (an L-type voltage-gated calcium channel blocker) alone nor in combination
with amiloride (an acid-sensing ion channel inhibitor) showed any improvement in an
in vitro ischemia model. The combination of both components dissolved in dimethyl-
sulfoxide (DMSO) even increased cell death, although this effect was not observed in the
condition treated with amiloride alone. In this regard, they suggested that DMSO should
be used with caution in neuroprotective experiments.

Int. J. Mol. Sci. 2021, 22, 5525. https://doi.org/10.3390/ijms22115525 https://www.mdpi.com/journal/ijms

1



Int. J. Mol. Sci. 2021, 22, 5525

In relation to Alzheimer’s disease (AD) and memory functions of the brain, a re-
view paper by Kim et al. [10] focused on the recent progression in the beneficial effects
of adiponectin on AD and its potential mechanisms related to the diverse medications of
adiponectin in AD treatment. Using a mouse model of AD, Gonzalo-Gobernado et al. [11]
observed that intraperitoneal administration of liver growth factor (LGF) restored cognitive
deficits and reduced amyloid-β (Aβ) content in the APPswe mice which over-express the
Swedish APP mutation, with Aβ plaque deposits in the hippocampus and cerebral cortex.
Ye et al. [12] reported that soybean-derived phosphatidylserine, a membrane phospho-
lipid, enhances memory function in memory deficit rats by a trimethyltin, a neurotoxin
affecting the brain. In a human study by Piotrowicz et al. [13], BDNF increased after
exercise in normoxia and hypoxia athletes but cognitive performance was not improved
by acute elevation of BDNF. Indeed, BDNF plays an important role in the growth of neu-
rons and plasticity of neuronal synapses. The roles of BDNF in neuronal plasticity and
neuroprotection were highlighted in a review by Colucci-D’Amato et al. [14].

Seizure deteriorates the function of the brain. Huang et al. [15] demonstrated that
peroxisome proliferator-activated receptor γ coactivator 1-α (PGC-1α) activated by status
epilepticus regulates the VEGF/VEGFR2 (VEGF receptor 2) pathway through mitogen-
activated protein kinase kinase (MEK)/extracellular signal-regulated kinase (ERK) signal-
ing and exhibits neuroprotective effects against neuronal death in the hippocampus of
rats. In this regard, VEGF plays a crucial role as a neuroprotective factor in the nervous
tissues. A review by Silva-Hucha et al. [16] summarized the contribution of VEGF to differ-
ences between the oculomotor system and other motor neurons in relation to vulnerability
to degeneration.

In the brain, reactive oxygen species (ROS) increase susceptibility of the brain to
neuronal damage and functional deficits. Abnormal levels of ROS are regulated by cel-
lular defense mechanisms of antioxidants in the brain. A review paper by Lee et al. [17]
presented the roles of various antioxidants in the brain and suggested the potential of an-
tioxidants for the protection of the brain from oxidative insults. Using organic hippocampal
slice cultures (OHSCs), Lee et al. [18] found that ascorbic acid (an antioxidant) treatment
was effective for survival of neurons in OHSCs after kainic acid (KA) insult, but that its
protective effect was different depending on aging of the OHSCs. In Parkinson’s disease
(PD), oxidative stress induced by ROS is a major cause of the dopaminergic cell death.
Mimicking PD-like syndrome to induce cell death through mitochondrial oxidative stress,
Haque et al. [19] used neurotoxins including 1-methyl-4-phenylpyridinium ion (MPP+) and
hydrogen peroxide (H2O2) in human dopaminergic neuroblastoma cells and found that
the pharmacological inhibition by a selective antagonist of G protein-coupled receptor 4
(GPR4) or genetic deletion of GPR4 decreases apoptotic cell death through the modulation
of phosphatidylinositol biphosphate (PIP2)-mediated calcium signaling.

As reported in many previous studies and in this Special Issue, mechanisms of neuro-
protection are complex. Understanding detailed mechanisms underlying neuroprotection
may lead to the development of effective therapeutic strategies for the prevention of neuronal
death and for improvement of functional recovery from neural injury or neurodegeneration.

Funding: This work was supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Education (MOE) (NRF-2020R1A2C3008481).
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Abstract: Stroke is a severe brain disease leading to disability and death. Ischemic stroke dominates
in stroke cases, and there are no effective therapies in clinic, partly due to the challenges in delivering
therapeutics to ischemic sites in the brain. This review is focused on the current knowledge of
pathogenesis in ischemic stroke, and its potential therapies and diagnosis. Furthermore, we present
recent advances in developments of nanoparticle-based therapeutics for improved treatment of
ischemic stroke using polymeric NPs, liposomes and cell-derived nanovesicles. We also address
several critical questions in ischemic stroke, such as understanding how nanoparticles cross the blood
brain barrier and developing in vivo imaging technologies to address this critical question. Finally, we
discuss new opportunities in developing novel therapeutics by targeting activated brain endothelium
and inflammatory neutrophils to improve the current therapies for ischemic stroke.

Keywords: ischemic stroke; blood brain barrier; nanoparticle-based drug delivery; brain targeting

1. Introduction

Stroke is an unexpected and acute brain disease. It is reported that one of nineteen deaths is
related to stroke in the United States, and the mortality rate of stroke is as high as 30% [1]. Stroke is
defined by a condition caused by a hemorrhage or occlusion of cerebral blood vessels. Lacking of
blood flow in the brain causes dysfunctions of brain cells, oxidative stress, and neurological damage [2].
The symptoms of stroke include numbness, confusion, and aphasia, and those signs are related to
injured areas in the brain [3]. Since 87% of strokes are related to ischemia in the brain and 13% are
involved with the hemorrhage, this review will focus on discussing how nanotechnology improves
therapies and diagnosis of ischemia stroke.

Cerebral ischemia initiates a cascade of pathological processes, eventually causing neuron
death. Reperfusion is a clinical method to restore the blood flow in the brain by administration of
tissue plasminogen activator (t-PA) or mechanical thrombectomy (MT) for treatment of ischemic
stroke [4]. However, reperfusion often leads to tissue damage because oxygen influx of reperfusion
generates reactive oxygen species (ROS), initiating inflammatory responses including cytokine
production and leukocyte infiltration [5]. Many neuroprotectants have been developed to alleviate
reperfusion-induced injury, but none of them were clinically approved. There are several reasons for
this failure: (1) ineffective drug delivery into the brain because of blood brain barrier (BBB), (2) drugs
with short circulation times, poor stability, and toxicity, (3) difficulty in choosing right drugs and doses
due to the heterogenicity of stroke (e.g., disease locations and severity).

Recently, nanotechnology emerges as innovative tools in drug delivery and diagnosis to treat a wide
range of diseases, such as cancer and inflammatory disorders [6–13]. In the case of ischemic stroke,
nanoparticles could possibly deliver therapeutics across BBB, prolong the drug circulation, and increase
the drug accumulation at diseased sites. In addition, nanoparticles can be utilized as innovative
diagnostic systems to detect several biomarkers (such as ROS and neurotransmitters) in the brain
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for early-stage stroke diagnosis. In this review, we firstly describe the physiopathology of ischemic
stroke and current limitations in therapy and diagnosis. Then, we discuss how nanotechnology offers
opportunities in treating ischemic stroke, highlighting the recent progress on delivering neuroprotective
agents, anti-inflammatory drugs, and small interfering RNA (siRNA) to alleviate ischemic injuries.
We also review the applications of nanomaterials in stroke diagnosis. Finally, we describe new
opportunities in translating nanoparticle-based therapies to clinic in the prevention and treatment of
ischemic stroke.

2. Pathology of Stroke and Current Therapies

2.1. Molecular Mechanisms for Pathology in Stroke

Acute ischemic stroke and subsequent reperfusion cause a series of pathophysiological changes
including neuronal damage, oxidative stress, local inflammation, and loss of blood brain barrier
(BBB) integrity [14]. The cellular process and mechanism of ischemic stroke and the ischemic injury
cascade is summarized in Figure 1. Herein, we mainly discuss neuronal damage, oxidative stress,
and inflammation responses that contribute to the pathogenesis of ischemic stroke. These three events
are intertwined, and each can result in brain damage.

Figure 1. The cellular process and mechanism of ischemic stroke and the ischemic injury cascade.

2.1.1. Neuronal Damage

Neurons are the major components in brain and are particularly vulnerable to ischemia. Studies
have shown that acute cerebral ischemia causes the vasculature infarction, thus leading to neuronal
death in rodent models [15]. Due to reduced blood supply in the ischemic brain, adenosine triphosphate
(ATP) level drops and lactate acidosis leads to the loss of ionic homeostasis in neurons [14]. Failure
to maintain the ion gradients results in depolarization of cell membranes and therefore activating
a variety of ion channels such as calcium and sodium channels. Those events also cause the excessive
release of glutamate, which initiate more loss of neuronal cells [16]. Glutamate is a major excitatory
neurotransmitter in nervous system regulating a variety of excitatory synapses, but high levels
of extracellular glutamate can induce the cell death in the late stage. Dead neural cells release
damage-associated molecular patterns (DAMPs), which activate the innate and adaptive immune
system, initiating inflammatory pathways [17].

2.1.2. Oxidative Stress

Oxidative stress is involved with the production of reactive oxygen species (ROS), which activates
apoptosis, necrosis, and autophagy pathways during ischemic stroke [18]. Oxidative stress also reduces
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the bioavailability of nitric oxide (NO) in endothelial cells. Nitric oxide is a potent chemical that inhibits
platelet aggregation and leukocyte adhesion [19]. The loss of NO will exacerbate the coagulation,
which aggravates the ischemic insult, leading to more blood flow reduction in the brain. In addition,
cells under ischemia can increase the levels of calcium, sodium, and adenosine diphosphate (ADP) that
produce oxygen species in mitochondria. Reperfusion is a commonly used method to treat ischemic
stroke, but this also produces more ROS to cause the secondary damage in the brain. Furthermore,
ROS damages lipids, proteins, and nucleic acid via lipid peroxidation, protein oxidation, and DNA
fragmentation and leads to further cell death [20].

2.1.3. Inflammation Response

Inflammation response is an important event in ischemic stroke and the subsequent reperfusion.
Ischemia and reperfusion activate immune system to respond to tissue injury including activation of
endothelium and leukocytes. Specifically, the immune response is involved with the intravascular
and parenchymal damage triggered by the interruption of blood supply. In other words, the immune
system plays a central role in regulating the outcomes of stroke patients [21]. For the immune response,
adhesion molecules on endothelial cells are upregulated during ischemia. For example, P-selectin was
highly expressed when the mouse brain was damaged. P-selectin is a major adhesion molecule for
the binding of platelets to endothelial cells, and this interaction causes proinflammatory signals [22].
ICAM-1 is another intercellular adhesion molecule and is upregulated during inflammation response.
A study showed that knockdown of intercellular adhesion molecule-1 (ICAM-1) gene in mice reduced
the infarction of the brain, suggesting that inflammation response plays a major role in pathogenesis
of stroke [23].

Innate immune cells are major components during inflammation response because they sense
endogenous danger signals through several receptors such as toll-like receptors (TLRs), retinoic
acid-inducible gene (RIG)-1-like receptors, nucleotide oligomerization domain (NOD)-like receptors,
C-type lectin receptors, and absent in melanoma (AIM2)-like receptors [24]. These receptors activate
downstream signaling pathways, such as nuclear factor-κB (NF-κB), mitogen-activated protein kinase,
and type 1 interferon pathways. These pathways upregulate proinflammatory cytokines, chemokines,
and oxidative metabolites. The products including tumor necrosis factor alpha (TNF-α), interleukin-1β
(IL-1β), IL-6, IL-18, and NO activate endothelial cells and astrocytes, and also act on leukocytes for
their tissue infiltration in the brain, thus causing more tissue damage. Clinical studies found that in
stroke patients, the increase of cytokines appeared in the cerebrospinal fluid and blood and this feature
is correlated to patient survival [25]. In addition, the increased infiltration of leukocytes caused by
the formation of fibrin and cytokines contributes to further tissue damage. Ischemia and reperfusion
activate macrophages in the perivascular space. Activated macrophages release proinflammatory
cytokines, which contribute to the expression of adhesion molecules in endothelium, promoting more
leukocyte infiltration (especially neutrophils) to cause the BBB damage [26]. The large infiltration of
neutrophils in a short period causes the release of proteases that can further destroy the BBB integrity
and exacerbate oxidative stress, leading to severe brain damage.

2.2. Blood Brain Barrier in Ischemic Stroke

Blood brain barrier (BBB) plays an important role in ischemia/reperfusion (I/R). During ischemic
stroke, there are two phases of BBB breaking. In the early phase of reperfusion (6 h), endothelial
transcytosis dominates in increased permeability of BBB, and it may be associated with endothelial
vesicle transport [27]. In the later phase, BBB is disrupted because of the loss of integrity of endothelial
tight junctions (TJs). Studies showed that the structural changes of TJs occurred at 48–58 h after middle
cerebral artery occlusion (MCAO) in mice [28], and these changes were associated with the degradation
of TJs by matrix metalloproteinases (MMPs) [29]. MMPs also degraded extracellular matrix proteins of
basal membrane of BBB, such as type IV collagen [30].
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The immune response also causes the loss of BBB integrity, leading to cell death in stroke [31].
Microglia are macrophages existing in the brain, and they become activated in response to ischemic
stroke, which cause the production of ROS, cytokines (e.g., TNF-α, IL-1β, and IL-6) and chemokines
(e.g., macrophage inflammatory proteins-1alpha (MIP-1α)/CCL3, monocyte chemoattractant protein-1
(MCP-1)/CCL-2 and chemokine (C-X-C motif) ligand-1 (CXCL-1)). These inflammatory products act
on endothelial cells to activate the NF-κB pathway for expression of adhesion molecules, such as
vascular cell adhesion protein (VCAM), ICAM-1, and P-selectin. These molecules support leukocyte
recruitment to invade brain parenchymal tissues [32], thus increasing the brain permeability [33].

Blood brain barrier maintains the brain homeostasis, but ischemic stroke disrupts this barrier,
resulting in increased vascular permeability. As we discussed, the permeability is regulated by
transcellular pathways in the early stage and the breaking TJs in the later stage [28]. Therapeutics
delivery systems to ischemic stroke lesions can be designed based on its pathogenesis.

2.3. Current Treatment Options for Ischemic Stroke

Treating ischemic stroke is to restore blood flow to the brain as soon as possible, and reperfusion
is a major tool to bring the blood back to the brain. The clinical methods include intravenous
administration of tissue plasminogen activator (tPA) and mechanical thrombectomy (MT) [34]. Tissue
plasminogen activator (tPA) is the gold standard treatment for ischemic stroke. The treatment window
using tPA is in 4.5 h when patients show the stroke symptom, and the outcomes dramatically decrease
beyond 4.5 h [35]. However, tPA treatment may potentially cause the intracerebral hemorrhage
and lead to more mortality [36]. When patients appear with a large artery occlusion (the clot burden is
high) or tPA treatment is beyond the best time window, the MT surgery is an alternative strategy to
treat ischemic stroke. In MT surgery, a microcatheter is inserted to clotting blood vessels to remove
the clots. The treatment procedure for stroke patients is summarized in Figure 2.

Figure 2. The procedure to treat stroke patients. CT: computed tomography; MRI: magnetic resonance
imaging; LVO: large vessel occlusion; IV-tPA: intravenous injection of trans-plasminogen activator;
ICU: intensive care unit; NIHSS: National Institutes of Health Stroke Scale; Y: yes; N: no.

Except for the reperfusion, supportive care is also very important. For example, 25% of
patients may show neurological deficiency in 24–48 h, and care is needed to prevent further brain
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damage [37]. Although stroke and its pathogenesis have been investigated for many years, there are
no pharmacological agents available in clinic to effectively treat ischemic stroke [38,39].

There are several drugs that have been tested to target inflammatory pathways in ischemic stroke.
NXY-059 is a scavenger of free radicals and shows the neuroprotective effect in a pre-clinical stroke
model [40]. However, NXY-059 was less effective in Stroke–Acute Ischemic NXY Treatment II (SAINT
II) trial [41]. The failure may be due to the high water solubility of NXY-059 that has low permeability
to BBB. Therefore, developing new drug delivery approaches are needed to solve the current issues on
treating ischemic stroke.

3. Nanomedicine in Stroke Treatment

There are several challenges in treating ischemic stroke. Most therapeutics have short blood
circulation and cannot easily cross the blood brain barrier to reach the ischemic tissues. In addition,
controlling drug release and developing novel drug delivery vehicles are important factors to improve
therapies of ischemic stroke. Nanotechnology is used to design nanoscale materials that can be applied
in biomedical applications. Nanoparticles with the sizes of 50–200 nm are generated and can encapsulate
drugs to increase drug water solubility and tissue targeting. Nanoparticles are smaller than a cell
and larger than small molecules; thus, nanoparticles are excellent carriers to deliver therapeutics (drugs)
and control their release for improved therapies in a wide range of diseases [42–44]. Nanoparticle-based
drug delivery systems may solve the current challenges in ischemic stroke treatment. In this section,
we present several nanoparticle-drug delivery systems used in treating ischemic stroke (Figure 3).

Figure 3. Nanoparticle-based delivery platforms for delivery of neuroprotectants, anti-inflammation
reagents, and imaging probes for ischemic stroke therapy and diagnostics. Polymeric NPs include
PLGA (poly(lactic-co-glycolic acid) NPs, chitosan NPs, and PAMAN dendrimer. Liposomes are made
of a lipid bilayer and are loaded with therapeutics agents. Inorganic NPs include metallic NPs (such as
platinum), ceria NPs, and Fe2O3 NPs. Biomimetic NPs are new drug delivery platforms generated
from cell membrane vesicles. Each type of NPs has been discussed in the manuscript.

3.1. Delivery of Neuroprotectants

Early recanalization (thrombolysis) and neuroprotection are the two major steps for stroke
patients [45]. Neuroprotection is an important strategy to protect the neurological damage from
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ischemic stroke. There are several approaches including reduced immune cell adhesion, blocking of
proinflammatory cytokines, decreased lipid peroxidation, and decreased cell apoptosis. Many drugs,
such as adenosine [46], have been developed and approved by the FDA to treat myocardial ischemia.
However, they failed to be used in treating cerebral I/R injury [47] because they have the short plasma
half-life time and lack of permeability to BBB. To address this issue, nanoparticle drug delivery systems
have been developed to deliver drugs to cross BBB. The applications of nanoparticle-drug delivery
systems have been summarized in Table 1.

Table 1. Studies of nanoparticle-based drug delivery in ischemic stroke.

Nanoparticles Drugs/agents Administration Targeting Stoke model Results Ref.

PEGylated liposomes Asialo-erythropoietin i.v. Ischemic site MCAO (1 h) *
on rats

PEGylated
liposomes
increased

the accumulation
of AEPO at

ischemia site
and ameliorated

cerebral I/R
injury.

[48]

T7-conjugated liposomes ZL006 i.v.

TfR
over-expressed

brain
endothelium

MCAO (2 h) *
on rats

T7 enhanced
the transport of
liposomes across

the BBB
and T7-PLPs/ZL006
reduced infarct

volume
and neurological

deficit.

[49]

SHp and T7
conjugated-PEGylated

liposomes
ZL006 i.v.

Ischemic
endothelium
and neurons

MCAO (2 h) *
on rats

Dual targeting
peptide

enhanced
the accumulation
of NPs in brain

and ameliorated
ischemic injury.

[50]

Liposomes
Basic fibroblast
growth factor

(bFGF)

Intranasal
injection - MCAO (2 h) *

on rats

Liposomes
improved bFGF
accumulation in

brain tissues
and the system

improved
spontaneous

locomotor
activity of
animals.

[51]

PEGylated liposomes t-PA/fasudil i.v. - MCAO (2 h) *
on rats

Treatment of
fasudil-lip
before t-PA
decreased
the risk of

t-PA-derived
cerebral

hemorrhage
and extended

the therapeutic
time window of

t-PA.

[52]
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Table 1. Cont.

Nanoparticles Drugs/agents Administration Targeting Stoke model Results Ref.

DSPE-PEG2000 liposome - i.v. Ischemic site MCAO (20 min) *
on mice

Liposomes
accumulated in

ischemic brain at
both early stage

(0.5) and late
phase (48 h).

[53]

Cationic bovine serum
albumin-conjugated

PEG-PLA
Tanshinone IIA i.v. Brain

microvessels
MCAO (2 h) *

on rats

CBSA-PEG-TIIA-NPs
reduced infarct

volume
and neurological

deficits.

[54]

Cationic bovine serum
albumin-conjugated

PEG-PLA
Tanshinone IIA i.v. Brain

microvessels
MCAO (2 h) *

on rats

CBSA-PEG-TIIA-NPs
suppressed

neuronal
apoptosis

and inflammatory
mediators
(MMP-9

and COX-2) via
MAPK signaling

pathways.

[55]

SHp conjugated, red
blood cell membrane

shelled-polymer
NR2B9C i.v. Ischemic

neurons
MCAO (2 h) *

on rats

SHp-RBC-NP
targeted to

the ischemic site
and ameliorate

neuroscores
and infarct

volume.

[56]

Fas ligand
conjugated-PEGylated-lipid

NPs
3-n-Butylphthalide i.v.

Microglia
cells in

ischaemic
region

MCAO (45 min)
on mice

By the help of
Fas ligand,

the NPs reached
to ipsilateral

region of
ischemic brain
and delivered

the drug to
improve brain

injury.

[57]

AMD3100-conjugated
PEG-T/M-PCL block
copolymers (ASNPs)

Glyburide i.v.
CXCR4 in

the ischemic
brain

MCAO on mice

ASNPs
penetrated

the ischemic
brain

and improve
the neurological
outcomes after

ischemia.

[58]

TfRMAb-conjugated
PEG-coated chitosan

nanospheres

Z-DEVD-FMK,
caspase-3
inhibitor

i.v.

TfR type 1
on

the cerebral
vasculature

MCAO (2 h) * on
mice

Nano-system
inhibited

caspase activity
and had

subsequent
neuroprotection

effect.

[59]

T7-conjugated
erythrocyte-coated

Mn3O4 NPs
- i.v. Ischemic

endothelium
MCAO (0.5 h) *

on rats

The NPs
scavenged free

radical
and restored
the oxygen.

[60]
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Table 1. Cont.

Nanoparticles Drugs/agents Administration Targeting Stoke model Results Ref.

Platelets coated-γ-Fe2O3
magnetic NPs L-arginine i.v. Thrombus Photochemical-induced

thrombosis

L-arginine
released at

ischemic lesions
disrupted
the local
platelets

aggregation
and recover
blood flow.

[61]

PEGylated-ceria
nanoparticles - i.v. - MCAO on rats

Ceria
nanoparticles
served as ROS

scavenger
and reduced

ischemic brain
damage.

[62]

Angiopep-2 and PEG
modified Ceria
nanoparticles

Edaravone i.v. LRP on BBB MCAO on rats

E-A/P-CeO2
crossed BBB

and delivered
Edaravone to

eliminate ROS,
protected

the BBB integrity
and ameliorated
ischemic injury.

[63]

Platinum nanoparticle
(nPt) - i.v. - MCAO (1 h) * on

mice

Platinum
nanoparticle
reduced ROS
production

and improved
the neurological

score.

[64]

Platinum nanoparticle
(nPt) - i.v. - MCAO (1 h) * on

mice

nPt protected
the ischemic

brain via
reducing

the MMP-9
activity

and disruption
of neurovascular

unit.

[65]

c(RGDyK) peptide-
conjugated exosomes Curcumin Stereotaxic

injection Ischemic site MCAO (1 h)* on
mice

They targeted
the lesion region

of
the ischemic

brain
and entered
microglia to

suppress
the inflammatory

response
and protect

ischemic brain.

[66]

R3V6 peptides

Dexamethasone
and heme

oxygenase-1
siRNA

i.v. - MCAO (1 h) *
on rats

Dexamethasone
enhanced

the delivery
ability of R3V6

peptides for
heme

oxygenase-1
(HO-1) gene
knockdown
and reduced

ischemic brain
damage.

[67]
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Nanoparticles Drugs/agents Administration Targeting Stoke model Results Ref.

Neutrophil
membrane-derived

nanovesicles
Resolvin D2 i.v. Inflamed

endothelium
MCAO (1 h) * on

mice

Nanovesicles
specifically

targeted
the ischemic
endothelium
and released

Resolvin D2 to
inhibit

neutrophil
infiltration
and reduce

inflammation in
ischemic sites.

[68]

Functionalized carbon
nanotubes (f-CNT)

Caspase-3
siRNA

Stereotaxic
injection

Ischemic
neurons

Endothelin Stroke
Model

Gene silencing
of Caspase-3 by

f-CNT in
neuronal tissue

had
neuroprotection

effect
and improved

ischemic insult.

[69]

PAMAM dendrimer
amide with basic

L-arginine residues
HMGB1 siRNA i.v.

HMGB1
mRNA in

brain

MCAO (1 h) *
on rats

HMGB1 siRNA
delivered by

e-PAM-R
reduced

neuronal death
decreased

infarct volume.

[70]

* The times represent the ischemic duration; (-) denotes that the information is not available in the studies.

3.1.1. Liposomes as Delivery Platforms

Liposomes are the first generation of nanocarriers for drug delivery used in academia
and pharmaceutical industries [71]. Liposomes are made of biocompatible and biodegradable
molecules that can protect drugs from enzymatic degradation and prevent drug clearance in blood.

Ishii and co-workers developed asialo-erythropoietin (AEPO)-modified PEGylated liposomes
(AEPO-liposomes) to treat cerebral I/R injury [48]. Asialo-EPO (AEPO) is a neuroprotective agent
that binds to EPO receptor (EPOR) on neuronal cells and activates MAPK and PI3K/Akt pathways
for improved outcome of cerebral stroke. The results showed that AEPO-liposomes accumulated in
the ischemic lesion for more than 24 h after injection, decreased infarct lesions, reduced the neuronal
apoptosis, and ameliorated cerebral I/R injury in rats.

ZL006 is another neuroprotectant that can selectively block the ischemia-induced binding between
nNOS (neuronal nitric oxide synthase) and PSD-95 (a scaffolding protein) to prevent ischemic
damage [72]. However, this drug is limited to cross the BBB. To solve this problem, HAIYPRH (T7),
a peptide for targeting transferrin receptor (TfR), was conjugated to PEGylated liposomes (T7-P-LPs)
loaded with ZL006 (T7-P-LPs/ZL006), and the liposomes mediated the transport of ZL006 across BBB in
the ischemic stroke model [49]. The results in ex vivo fluorescence imaging and particle biodistribution
studies suggested that T7 enhanced the transport of liposomes across the BBB. T7-PLPs/ZL006 also
significantly reduced infarct volume and prevented neurological deficit in the rat ischemic stroke model
compared to free ZL006. The same group developed another dual targeting delivery system using T7
peptide and stroke homing peptide (SHp, CLEVSRKNC)-conjugated liposome (T7&SHp-P-LPs/ZL006)
and demonstrated that this system can penetrate BBB to deliver ZL006 to the ischemia brain tissue.
Administration of T7&SHp-P-LPs/ZL006 decreased the infarction sizes in the brain and ameliorated
neurological damage [50].

Basic fibroblast growth factor (bFGF) has demonstrated the neuroprotective effect in acute stroke;
however, bFGF encounters the same issue that it cannot cross the BBB. To overcome this problem,
liposomes were developed to deliver bFGF (bFGF-NL) to the brain in a rat model of cerebral I/R. After
treatment with bFGF-NL, in three consecutive days, mice showed improved neurological function,
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reduced infarct volume, and decreased nuclear fragmentation of neurons. The therapeutic effect is
associated with PI3K/Akt activation by bFGF-NL [51].

To address the problem of narrow therapeutic time window of tPA (4.5 h), Fukuta et al. combined
tPA and liposomal fasudil (fasudil-Lip) and examined whether they can increase the benefit of
tPA to treat cerebral I/R. The results showed that the combined therapy increased neuroprotective
effects compared to the administration of tPA or fasudil alone. In addition, the study indicated that
administration of fasudil-Lip decreased the cerebral hemorrhage and extended the therapeutic time
window of tPA compared to treatment with tPA [52].

To determine when drugs should be administered after reperfusion surgery, Al-Ahmady et al.
selected a liposomal formulation made from HSPC:CHOL:DSPE-PEG2000 because PEGylated-liposomes
have a long blood circulation. In the study, liposomes were intravenously administered at 0.5 or 48 h
after reperfusion. Transmission electronic microscopy, histological, and immunostaining were performed,
and the results indicated a higher accumulation of liposomes in cerebral ischemic mice than that in healthy
mice. The possible mechanism was that the increased accumulation of liposomes in brain in the early
phase (0.5 h) was due to transcellular transport. However, at 48 h after stroke, the liposome deposition
was associated with both transcellular and paracellular pathways [53]. This is an interesting study, but it
is needed to investigate the time course of liposome accumulation in ischemic stroke tissues to determine
the therapeutic delivery time to improve the treatment of stroke.

3.1.2. Polymeric Nanoparticles as Delivery Platforms

Biodegradable polymeric NPs have also been developed as carriers for drug delivery
to treat neurological diseases because they are not toxic and biocompatible, and they have
the sustained-release feature [73]. Liu and co-workers developed tanshinone IIA PEGylated
nanoparticles (CBSA-PEG-TIIA-NPs) conjugated with cationic bovine serum albumin (CBSA) to
target negatively-charged lumens of brain microvessels [54]. The study demonstrated that NPs
delivered tanshinone IIA into the rat brain in the cerebral I/R injury model, significantly suppressing
the inflammation response. In addition, NPs reduced the infarcted volume and prevented the neuronal
apoptosis. In another study, the same group investigated the mechanism of therapeutic effects
using CBSA-PEG-TIIA-NPs. They found that NPs decreased neutrophil infiltration and prevented
microglial activation. Furthermore, it is shown that prevention of neuronal apoptosis and suppression
of inflammatory mediators (such as MMP-9 and COX-2) were regulated by mitogen-activated protein
kinases (MAPK) signal pathways [55].

Nanoparticles were also bioengineered with ROS-responsive features that can control drug
release in ischemic brain. In a study [56], Lv et al. designed nanoparticles to deliver NR2B9C (a
neuroprotectant agent) to treat ischemic stroke. Nanoparticles (named SHp-RBC-NPs) composed of
a red blood cell (RBC) membrane as a shell and a polymer nanoparticle with ROS-responsive boronic
ester as a core. To target the ischemic brain, a peptide, SHp (CLEVSRKNC), was conjugated on
the surface of nanoparticles. Triggered by high levels of ROS in ischemic region, the nanoparticles
can control the release of NR2B9C in ischemic brain tissues. Ex vivo brain fluorescence imaging
showed that SHp-RBC-NP can target the ischemic brain to significantly prevent neurological damage
and reduce the brain infarction size.

3-n-Butylphthalide (dl-NBP) [74] has demonstrated the therapeutic value to treat ischemic stroke
in clinic, but it is challenging to deliver it to the ischemic brain. To solve this problem, PEGylated-lipid
nanoparticles (PLNs) conjugated with Fas ligand was developed to target the ischemic region of
the brain and deliver 3-n-Butylphthalide (dl-NBP). The results are promising as the nanoparticle
formulation alleviates the brain neurological injury [57].

Guo et al. designed AMD3100 (a targeting ligand)-conjugated and size-shrinkable nanoparticles
(ASNPs) with the features of protease-responsiveness and brain-targeting. The nanoparticles specifically
targeted the CXCR4 (C-X-C chemokine receptor type 4)-enriched ischemic brain tissue and penetrated

14



Int. J. Mol. Sci. 2020, 21, 7600

the ischemic brain. Glyburide, a promising anti-stroke drug, was delivered by the nanoparticles,
and this system enhanced the therapeutic outcomes in the ischemic stroke model [58].

Peptide inhibitors for caspases possess neuroprotection effects, but they also cannot cross
the BBB. Based on this problem, Karatas et al. developed chitosan nanospheres loaded with
N-benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-fluoromethyl ketone (Z-DEVD-FMK),
a caspase-3 inhibitor. Anti-mouse transferrin receptor monoclonal antibody (TfRMAb) was conjugated
to polyethylene glycol-coated nanospheres because the antibody can selectively bind to TfR type 1
expressed on cerebral vasculature. Nanospheres suppressed the caspase-3 activity and improved
neurological repair after ischemic stroke [59].

3.1.3. Biomimetic Nanoparticles as Delivery Platforms

Cell-derived biomimetic carriers have provided new options for drug delivery due to their
advanced targeting abilities and better biosafety than artificial carriers. Shi et al. reported a T7
peptide (a brain targeting peptide)-linked erythrocyte membrane nanovesicles loaded with Mn3O4

nanoparticles (Mn3O4@nanoerythrocyte-T7, MNET), and this complex formulation may scavenge
free radicals and change hypoxia environments in the ischemic brain. They found that MNET had
a long circulation time and were capable of crossing BBB. In subsequent studies, MNET scavenged free
radical and oxygen supply to rescue neurons during ischemic phase, and possibly MNET helped to
remove oxygen generated by reperfusion [60].

Platelet membrane-derived nanovesicles were loaded with L-arginine, a nitric oxide (NO) donor,
and γ-Fe2O3 magnetic nanoparticles (PAMNs) to achieve dual therapeutic and diagnostic purposes.
The PAMNs were able to adhere to the damaged cerebral vessel induced by thrombosis and deliver
L-arginine when the external magnetic field was applied. Furthermore, the release of L-arginine at
ischemic lesions promoted vasodilation and the thrombosis was disrupted to restore the blood flow.
This study showed that PAMNs may be a useful tool for both MRI imaging and targeted therapy for
ischemic stroke [61].

3.1.4. Inorganic Nanoparticles as ROS Scavengers

Studies have showed that metallic NPs can function as scavengers of ROS. ROS includes superoxide
anion, hydrogen peroxide, and hydroxyl radical, and they are generated during ischemic stroke. ROS
is involved with oxidative tissue damage that is the mechanism responsible for brain injury in
ischemic stroke.

It is reported that ceria nanoparticles can scavenge free radicals by reversibly reacting with oxygen
to Ce4+ (oxidized) species from Ce3+ (reduced) species [62]. Kim et al. firstly reported that ceria
nanoparticles reduced ROS production and prevented cell apoptosis, thus protecting the brain from
ischemic damage. Although ceria nanoparticles are effective to scavenge ROS, the integrity of BBB
is the barrier to prevent their brain deposition. Bao and coworkers developed ceria nanoparticles
(E-A/P-CeO2) modified with Angiopep-2 (ANG) and poly(ethylene glycol), which were able to cross
BBB via receptor-mediated transcytosis (Figure 4A). In vitro transmigration assay (Figure 4B) showed
that E-A/P-CeO2 could cross the brain capillary endothelial cells (BCECs) compared to P-CeO2 [63].
The BBB crossing capability of E-A/P-CeO2 was also confirmed on healthy rats by determining the ratio
of ceria nanoparticles in brain tissue and injected (Figure 4C). Finally, results showed that E-A/P-CeO2

displayed ROS scavenging ability and decreased the infarct volume on rats (Figure 4D). The results
showed that ceria nanoparticles might be promising in treating I/R injury.

Platinum nanoparticles (nPt) are novel ROS scavengers because the large surface area and the high
electron density can potentiate their catalytic activity to quench ROS [75]. Takamiya et al. investigated
whether nPt (2–3 nm) has the neuroprotection effect against I/R injury in the mouse model of
transient middle cerebral artery occlusion (tMCAO) [64]. The results showed that treatment with
nPt ameliorated the generation of superoxide via reduction of hydroethidine in the cerebral cortex
and decreased the mouse infarct volume. The same group published another work to investigate
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whether nPt could ameliorate tissue plasminogen activator (tPA)-related ischemic injury since tPA
treatment may upregulate the expression of MMP-9, which exacerbates cerebral infarction through
low-density lipoprotein receptor-related protein [65]. They found that nPt decreased the MMP-9
activity and ameliorated the disrupted neurovascular unit (NVU) after tMCAO. Those results
further strengthened that nPt could be combined with tPA reperfusion treatment to treat ischemic
stroke patients.

Figure 4. Edaravone-loaded ceria nanoparticles cross the blood brain barrier and protect the brain from
ischemic stroke. (A) The nanoplatform is comprised of ceria nanoparticle core, PEG shell, and ANG as
targeting peptide. (a) Transition between cerium(III) and cerium(IV) species in ceria NPs; (b) main
components of the nanoparticle system; (c) synthetic procedure for E-A/P-CeO2; (d) receptor-mediated
(ANG-LRP) endocytosis of E-A/P-CeO2. (B) Transmigrated amount of P-CeO2 and E-A/P-CeO2 in
in vitro transmigration model. Free ANG was used as the blocking agent in group 3. (C) Concentrations
(μg Ce/g brain tissue) of ceria nanoparticles in normal brain tissue. The injection dose was 0.5 mg/kg.
(D) Representative TTC (triphenyl tetrazolium chloride)-stained brain sections after different treatments
within 24 h of stroke. Data represent mean ± standard deviation (SD). * indicates p < 0.05. Reproduced
with permission [63]. Copyright 2018, American Chemical Society.

3.2. Delivery of Anti-inflammatory Reagents

Inflammation plays a central role in ischemic stroke, thus delivering anti-inflammatory drugs
may be a novel strategy to treat ischemic stroke. Exosomes are endogenous vesicles made from cell
membrane with cellular targeting features, therefore, they may be drug delivery tools [76–78]. In
addition, exosomes have other properties, such as innate stability, biodegradability, low immunogenicity,
and ability to cross BBB. Tian et al. used mesenchymal stromal cell (MSC)-derived exosomes conjugated
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with a c(RGDyK) peptide (called cRGD-Exo) to deliver curcumin to the ischemic brain [66]. Due to
the high specific affinity of c(RGDyK) peptide to integrin αvβ3, highly expressed on cerebral vascular
endothelial cells of ischemic tissues, cRGD-Exo was significantly accumulated in the stroke lesion.
Administration of curcumin with exosomes (called cRGD-Exo-cur) suppressed the inflammatory
response via the NF-κB pathway and protected the brain from ischemic injury.

Dexamethasone is an anti-inflammatory drug and can reduce proinflammatory cytokines, which
prevent cellular damage in the ischemic brain [79]. Lee and co-workers incorporated dexamethasone
to the hydrophobic component of a small peptide, R3V6 peptide (with a 3-arginine block and a 6-valine
block), to form a stable micelle (named, R3V6-Dexa) used for gene delivery. R3V6-Dexa was loaded with
a plasmid DNA, which expressed a heme oxygenase-1 (HO-1) as an antioxidant agent, and the complex
of pSV-HO-1/R3V6-Dexa could target ischemic stroke tissues [67]. The authors stereotaxically injected
the complex into rats and found that HO-1 expression was significantly increased. In addition,
when mice were treated with the pSV-HO-1/R3V6-Dexa complex, the infarction size in the brain was
significantly reduced compared to control groups.

Increased leukocyte infiltration is another factor to damage the brain in stroke. Within minutes
after ischemia, adhesion molecules, such as P-selectin, are highly expressed on endothelial cells,
and proinflammatory signals are rapidly generated [22]. Another strategy is to control the infiltration
of neutrophils to alleviate the I/R injury in ischemic stroke. Targeting neutrophils may be a novel
approach in treating ischemic stroke, but the methods in anti-neutrophil therapies and neutrophil
depletion have failed in clinical studies. This failure may be associated with the complex signaling
pathways and numerous receptors involved in neutrophil transmigration. For example, deactivating
one receptor, such as anti-ICAM-1 therapy, may not be sufficient because neutrophil infiltration is
involved with various types of surface proteins between neutrophils and endothelial cells [80,81].
Neutrophil depletion could be an effective approach, but systemic elimination of neutrophils can make
the host vulnerable to bacterial and virus infections [82], and even impair other immune cells, such as
natural killer cells [83].

Neutrophil infiltration is regulated by interactions between neutrophils and endothelial cells.
Therefore, delivering drugs to the cerebral endothelium may effectively inhibit neutrophil infiltration
without interfering neutrophils [77]. Dong et al. reported neutrophil cell membrane-derived
nanovesicles (HVs), which can target inflamed endothelium at I/R injury sites and deliver therapeutics
to treat the mouse I/R injury [68]. The nanovesicles were generated from differentiated HL-60 cells
(neutrophil-like cells) using nitrogen cavitation. The nitrogen cavitation approach was used to disrupt
cell membrane to eliminate nuclei and cytosols of cells. Figure 5A shows the scheme of experimental
design. The TEM image showed the liposome-like structure of nanovesicles made from HL-60 cells
and the size was 200 nm in diameter. In vivo imaging system (IVIS) and confocal microscopy (Figure 5B)
showed that HVs (nanovesicles made from differentiated HL-60 cells) were specifically accumulated in
the injured half of the brain rather than in the normal brain. To visualize how HVs interacted with
brain vasculature, a cranial window was established and intravital microscopy was performed in
live mice (Figure 5C). The real-time visualization images strongly indicated that HVs can specifically
target ischemic vasculature. To examine the delivery of therapeutics with nanovesicles, Resolvin D2
(RvD2) was loaded into the membrane of nanovesicles because RvD2 is a new lipid mediator to resolve
inflammatory responses [84]. After Resolvin D2-loaded nanovesicles (RvD2-HVs) were intravenously
injected into mice, reduced neutrophil infiltration was observed using intravital microcopy in live
mice, and brain homogenates also confirmed this observation (Figure 5D). Subsequently, the level
cytokines, such as TNF-α (Figure 5E), were decreased after RvD2-HVs were administered. The data
indicated that RvD2-HVs could alleviate inflammation responses in ischemic stroke. The diminished
inflammatory responses reduced the infarction sizes and prevented neurological damage from ischemic
stroke (Figure 5F).
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Figure 5. Neutrophil membrane-derived nanovesicles target ischemic endothelium and deliver
therapeutics for ischemic stroke treatment. (A) A concept of nanovesicles binding to endothelium
at ischemic/reperfusion injury sites and alleviating the I/R injury. Resolvin D2-loaded nanovesicles
were prepared by: (1) nitrogen cavitation to break the cells; (2) purification; (3) Resolvin D2 loading.
(B) Nanovesicles (HVs) specifically accumulated in I/R damaged half of brain. (C) Intravital microscopy
images of HVs (red) specifically bind to I/R endothelium (top panel), instead of normal endothelium
(bottom panel). Scale bar = 20 μm. (D) Myeloperoxidase (MPO) activity in the injured half of brain
after different treatment, which indicates the neutrophil infiltration condition. (E) Level of TNF-α
in the injured half of brain after different treatment. (F) TTC staining of brain sections in different
groups. Data represent mean ± standard deviation (SD). * p < 0.05 and *** p < 0.005. Reproduced with
permission [68]. Copyright 2019, American Chemical Society.

3.3. Delivery of siRNA

Small interfering RNAs (siRNAs) can suppress the expression of a specific gene and are
also used in ischemic stroke treatment [85]. Caspase-3 activation contributes to brain tissue loss
and downstream biochemical events, which lead to programmed cell death in many brain injuries
including ischemic stroke [86]. Khuloud et al. investigated whether using carbon nanotube-mediated
in vivo RNA interference (RNAi) to silence Caspase-3 could offer a therapeutic opportunity against
stroke. Peri-lesional stereotactic administration of functionalized carbon nanotubes (f-CNT) carrying
Caspase-3 siRNA (siCas 3) decreased the neurodegeneration, improved behaviors, and reduced
ischemic lesion in an endothelin-1 induced stroke model [69].

In another study, a gene delivery vector, PAMAM-Arg, consisting of a polyamidoamine (PAMAM)
dendrimer amide grafted with basic L-arginine residues (e-PAM-R), was used to deliver the high
mobility group box-1 (HGMB1) siRNA [70]. HMGB1 serves as a danger signal that evokes inflammatory
responses in various types of cells. After the e-PAM-R/siRNA complex was administered in the rat
MCAO model, HMGB1 levels and neuronal cell death were significantly decreased. In addition,
the reduction of infarction sizes in the brain was also observed.
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4. Stroke Diagnosis using Nanotechnology

Magnetic resonance imaging (MRI), computed tomography (CT), positron emission tomography
(PET), and ultrasound are employed for the diagnosis of stroke. Brain CT and MRI imaging are
important to detect the early stage of stroke in patients [87]. CT angiography can discover the arterial
dissection in the brain vessels and changes of collateral blood flow. Diffusion-weighted imaging is
a type of MRI methods used to detect the early stage of ischemic stroke because the imaging system
can localize and measure the ischemic lesion to confirm the infarct sites [88]. I/R injury is associated
with vascular inflammation, so fluorescence imaging can be used to investigate the changes of brain
vessels using IV injection of fluorescent dyes such as dextran- or BSA-conjugates [89].

Shen’s research groups developed a method to track administered stem cells and investigated
cell-based therapies in ischemic stroke. Cationic polymersomes formed polymeric vesicles and they
were loaded with superparamagnetic iron oxide nanoparticles (SPIONs) and quantum dots (QDs)
as imaging agents. Cationic polymersome vesicles were incubated with neural stem cells (NSCs) to
label the NSCs, thus NSCs could be tracked after they were injected to the striatum contralateral of
the ischemic hemisphere. The migration and location of NSCs were monitored using MRI imaging in
six weeks in a rat MCAO model and the optical imaging tracked the cells for four weeks [90]. Another
example is that neural stem cells (NSCs) were labeled with an MRI reporter ferritin heavy chain (FTH)
and enhanced green fluorescent protein (EGFP) to monitor the stem cells in the long-term for detecting
ischemic stroke [91]. Those approaches are promising to understand how stem cells target the ischemic
tissues and to develop the cell-based therapies to treat ischemic stroke.

Andreas et al. conducted a clinical phase II pilot trial using ultra small superparamagnetic iron
oxide (USPIO)-enhanced MRI for macrophage imaging since USPIO particles have been introduced as
a cell-specific MRI contrast agents taken up by macrophages. USPIO contrast agent was infused in
ten patients 5 to 6 days after stroke onset, and MRI was performed within 24–36 h or 48–72 h after
the infusion. Results showed that USPIO was much better than gadolinium (a clinically used imaging
agent). The study indicates that USPIO-enhanced MRI may provide an in vivo tool to track cells in
stroke and other CNS pathologies [92].

Theranostics nano-platform is a new way to combine diagnostics and therapeutics in
ischemic stroke. In a study, HSP72 antibodies against HSP72, a specific molecular biomarker of
the peri-infarct region, were conjugated to liposomes. Rhodamine/gadolinium labelled- and citicoline
(CDP-Choline)-loaded liposomes specifically targeted the peri-infarct tissue in cerebral ischemia. MRI
results demonstrated that the nanoparticles were accumulated in the injured brain and significantly
reduced lesion volumes [93].

Clinically used gadolinium (Gd) chelates as contrast agents have several issues, such as
short circulation time, rapid clearance, and low T1 signal. These issues limit the imaging time
and resolution [94]. Upconversion nanoparticles doped with Gd ions can greatly enhance the T1 signals.
In addition, upconversion nanoparticles can image the deep tissue and possess the photostability. Jing
et al. reported synthetic UCNPs of core/shell structure (NaYF4:Yb/Er@NaGdF4) and coated with PEG
(PEG-UCNPs). PEG-UCNPs showed the high diagnostic sensitivity to image acute ischemic stroke
at a low dosage (5 mg Gd kg−1) compared to the clinical dosage of 108 mg Gd kg−1 [95]. This new
formulation may be promising in clinic.

5. New Opportunities and Perspectives

Stroke is an acute disease, therefore treating stroke requires the early diagnosis and immediate
therapies. This review has highlighted the recent advances in design and engineering of new nanomaterials
to target ischemic stroke tissues and new technologies used to image and monitor the disease progression
in vivo.

Specifically delivering therapeutics to the injured brain is essential in treating ischemic
stroke. While many nanoparticle-based formulations or cell-based platforms have been developed,
the fundamental question of how they target ischemic stroke lesion has not been clearly addressed.
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For example, BBB is the blood vessel barrier to prevent therapeutics across the blood vessels. Most
studies showed the dramatic therapeutic effects of using nanoparticle-based formulations compared to
free drugs. The enhanced outcomes claimed that nanoparticles transported therapeutics across BBB,
but the direct in vivo experimental data were vague to support this conclusion. Developing advanced
in vivo imaging systems [96,97] is needed to visualize the intact brain [68] and to address whether
and how nanoparticles cross the BBB.

Brain vasculature during stroke shows the temporal opening, and this disruption of BBB may be
a target to guide small molecules across the BBB. Further investigation is needed on the time course
of BBB opening to design ideal drug delivery platforms. Although ischemic stroke increases brain
vascular permeability, the endothelial gaps are unlikely to allow the efficient transport of nanoparticles
because their size is usually larger than endothelial gaps. Therefore, developing new and novel
concepts is needed to solve the drug delivery across BBB. Ischemic stroke and reperfusion cause acute
inflammatory responses including neutrophil infiltration across blood vessels. Recent studies have
shown that rational design of nanoparticles (gold nanoparticles, polymeric nanoparticles, or protein
nanoparticles) enables neutrophils to transport nanoparticles across the blood vessel barrier in infection
and cancer mouse models [6,98–101]. It is expected that this technology of hijacking neutrophils in vivo
may transport nanotherapeutics across BBB for therapies of ischemic stroke.

Ischemic stroke is strongly correlated to inflammatory responses. Inflammatory responses include
endothelial activation and neutrophil infiltration, which damages the brain tissues. Targeting activated
endothelium using cell membrane-derived nanovesicles has demonstrated the value in delivering
therapeutics to treat ischemic stroke [68]. To translate cell-derived nanovesicles, developing new
technologies is needed to scale up their production. Recent studies show that nitrogen cavitation
methods [77] and other approaches [102] could have the potential to scale up cell-derived nanovesicles
for clinical applications. In addition, Dong [68] et al. reported an interesting study to deliver lipid
mediators [84] (such as Resolvin D2) to treat ischemic stroke. This study is different from current
therapies that mainly deliver anti-inflammatory agents. Anti-inflammatory therapies can cause side
effects [103], but Resolvin D2 is a new drug to increase the host immune defense via increased
neutrophil apoptosis and macrophage phagocytosis [104]. In the future, it is needed to investigate
how to efficiently load lipid mediators in nanovesicles [105] for improved treatment of ischemic stroke.
Another direction is the design of new nanoparticles in response to inflammatory environments (such
as pH or enzymes) [8] to improve the treatment of ischemic stroke.

Targeting inflammatory neutrophils in situ to block brain neutrophil infiltration is a new
opportunity to treat ischemic stroke. A recent study [7] shows that albumin protein-formed
nanoparticles loaded with doxorubicin could induce neutrophil apoptosis, thus inhibiting neutrophil
infiltration to prevent brain damage in a mouse ischemic stroke model. This is an exciting and new
research area to develop novel therapies to solve the lacking pharmacological therapies for ischemic
stroke in clinic.

In addition, developing new drugs that can target inflammatory pathways for management of
the host injury during ischemic stroke is needed. The pathogenesis of ischemic stroke is complicated,
and it is involved with multiple signaling pathways. The molecular mechanisms of ischemic
stroke-induced brain injury are needed to be further determined. The timing of administering
drugs or nanoparticle-based therapeutics is also very critical. Optimizing therapeutic windows in
the future is needed.

Theranostics formulations are interesting and promising in treating ischemic stroke since they
combine diagnosis and therapies. Nanoparticle-based platforms are novel constructs because they can
contain imaging agents and drugs in single nanoparticle platforms. For instance, formulations with
both neuroprotectants and Fe2O3 magnetic nanoparticles can achieve the therapy and imaging. In
the future, developing more similar drug delivery systems is needed to treat ischemic stroke. However,
considering that many inorganic materials do not naturally exist in the body (although iron oxide
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nanoparticles (IONPs) have been approved by the US food and drug administration (FDA) to treat
anemia), fully evaluating the biodistribution and toxicity after systemic administration is required.

6. Conclusions

In summary, we have discussed various nanoparticle-based formulations and cell-based platforms
used in treating ischemic stroke. It is essential to understand the pathogenesis of ischemic stroke
and how nanoparticles interact with ischemic tissues. The fundamental question on how nanoparticles
transport therapeutics across BBB is yet to be addressed, and advances in design and synthesis of
nanoparticles and novel in vivo imaging systems (such as intravital microscopy) may address this
question. The development of new drugs and novel nanoparticle-based therapeutics will improve
the outcomes in treating ischemic stroke patients.
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Abstract: Stroke is one of the major culprits responsible for morbidity and mortality worldwide, and
the currently available pharmacological strategies to combat this global disease are scanty. Cation-
chloride cotransporters (CCCs) are expressed in several tissues (including neurons) and extensively
contribute to the maintenance of numerous physiological functions including chloride homeostasis.
Previous studies have implicated two CCCs, the Na+-K+-Cl− and K+-Cl− cotransporters (NKCCs and
KCCs) in stroke episodes along with their upstream regulators, the with-no-lysine kinase (WNKs)
family and STE20/SPS1-related proline/alanine rich kinase (SPAK) or oxidative stress response
kinase (OSR1) via a signaling pathway. As the WNK-SPAK/OSR1 pathway reciprocally regulates
NKCC and KCC, a growing body of evidence implicates over-activation and altered expression of
NKCC1 in stroke pathology whilst stimulation of KCC3 during and even after a stroke event is
neuroprotective. Both inhibition of NKCC1 and activation of KCC3 exert neuroprotection through
reduction in intracellular chloride levels and thus could be a novel therapeutic strategy. Hence,
this review summarizes the current understanding of functional regulations of the CCCs implicated
in stroke with particular focus on NKCC1, KCC3, and WNK-SPAK/OSR1 signaling and discusses
the current and potential pharmacological treatments for stroke.

Keywords: stroke; electroneutral transport; cation-chloride cotransporters; KCCs; NKCCs;
WNK-SPAK/OSR1

1. Introduction of Cation-Chloride Cotransporter Family

The family of cation-chloride cotransporters (CCCs) comprises the Na+-K+-Cl−, Na+-
Cl−, and K+-Cl− cotransporters (NKCCs, NCC, and KCCs). Identification of these CCCs
in several tissues such as red blood cells, epithelia, and neurons have alluded to their
extensive contributions to ion and water homeostasis, both at a cellular and trans-epithelial
level [1–3]. The identification of the functional properties of most of these transporters dates
back to the late 1970s and early 1980s as Cl−-dependent cation fluxes, with red blood cells
and Ehrlich ascites tumor cells constituting pivotal model tissues [4–7]. Subsequently, their
molecular identities were established about a decade afterwards [8–10]. CCCs are intrinsic
membrane proteins that move Na+, K+, and Cl− ions across plasma membranes in a tightly
coupled electroneutral manner. They facilitate secondary active transport driven by the
gradients generated by the Na+/K+-ATPase [11]. The solute carrier family 12 (SLC12) of
the CCC family consists of nine members [2]. A group of three Na+-dependent inward
cotransporters comprises of one Na+-Cl− cotransporter (NCC)—its sole isoform is found
in the kidney and encoded by SLC12A3 [9] and two Na+-K+-Cl− cotransporters isoforms
(NKCC1 and 2)—NKCC1 is ubiquitous whilst NKCC2 is specifically expressed in the
kidney and are encoded by SLC12A2 and SLC12A1, respectively [2]. Na+-independent
outward transport of K+ and Cl− is facilitated by four K+-Cl− cotransporters with distinct
functional properties (KCC1 [12], KCC2 [13], KCC3, and KCC4 [14,15]). The KCC isoforms
are encoded by SLC12A4–7 respectively, of which SLC12A5 (KCC2) is found exclusively in
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neurons [2]. The additional SLC12 family members, CCC9 and CCC-interacting protein
(CIP), are encoded by SLC12A8 and SLC12A9, respectively, and have no physiological role
ascribed to them yet [16], though recent genome-wide association studies found novel
SLC12A8 variants may be associated with dyslipidemia [17], and SLC12A9 may be involved
in feather pecking and aggressive behavior [18] (see Table 1).

All proteins in the CCC family have common functional characteristics. These include
(1) the coupled transport of one cation (Na+ and/or K+) per individually transported anion,
hence the appellation of electroneutral cotransporters, (2) chloride is always the transported
anion, (3) all cotransporters are modulated by variations in cell volume, (4) changes in
the intracellular chloride concentration ([Cl−]i) influence the modulation of their expres-
sion, and (5) the regulation of CCCs activity is achieved through phosphorylation and
dephosphorylation processes [19]. The functional and structural characteristics of the Na+

dependent and Na+ independent branches clearly distinguish the two. The degree of
identity amongst the Na+ dependent transporters and the Na+ independent are 50% and
70% respectively. Between the two NKCC isoforms, the degree of identity is 25% [20].

Stroke is one of the major culprits responsible for global death and disability [21].
Currently, there is a paucity of pharmacological strategies to reduce the mental damage
as well as the burden triggered by this pathology. Ischemic stroke is the most common
type of stroke, which accounts for approximately 85% of the cases of the pathology [22].
Ischemia is the disruption of blood flow and the subsequent depletion of oxygen and
glucose. As neuronal components strictly function on aerobic metabolism [23], an ischemia
in the brain leads to reduced available ATP levels and ionic imbalance across the neuronal
cell membrane [24], which causes irreversible neuronal death, also known as ischemic
stroke [25–27]. During this process, an imbalance of excitatory glutamate and inhibitory
gamma amino acid butyric acid (GABA) further accelerate neuronal demise [28–30], subse-
quently leading to the onset of post-stroke seizures [20,31,32]. Neuronal cells excitation is
opposed by inhibitory GABA through the activation of GABAA receptors. The activation of
the GABAA receptors is dependent on the chloride transmembrane gradient [23]. Notably,
CCCs are the primary regulators of chloride homeostasis in the brain [2,33]. This role is
accomplished through the extrusion of Cl− via KCC2 and entry of Cl− via NKCC1 which
regulates [Cl−]i. GABA is inhibitory as a result of lower [Cl−]I, driven by higher expression
of KCC2. Interestingly, immature neurons express less KCC2 and more NKCC1 leading
to a higher [Cl−]i and excitatory GABA. The switch from excitatory to inhibitory during
neurodevelopment, a process termed excitatory-to-inhibitory GABA switch, is generated
through reduction in NKCC1 level and increase in KCC2 level [34]. The expanding work
on CCC influence on neuronal excitability in physiological conditions especially during
development and pathological conditions suggest that they could be a new treatment
approach for stroke [27].

In view of this, constant updates on the role of CCCs in stroke and their regulation
is highly germane for the development of therapeutic drugs in the management of this
pathology. Thus, the aim of this review is to summarize the current understanding of
functional regulation of the CCCs and particularly the role of NKCC1 and KCC3 cotrans-
porters in the pathogenesis of stroke. Then, the regulatory role of the with-no-lysine kinase
(WNKs) family and STE20/SPS1-related proline/alanine rich kinase (SPAK) or oxidative
stress response kinase (OSR1) (WNK-SPAK/OSR1) signaling pathway in stroke will be
considered. Lastly, current pharmacological treatments for stroke with respect to potent
inhibitors of WNK-SPAK/OSR1 pathway and NKCC1 cotransporter, and activators of
KCC3 transporter will be discussed in this review.
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Table 1. The solute carrier family 12 (SLC12) of cation-chloride cotransporters in neurological disorders and others. TAL:
thick ascending loop of Henle; DCT: distal convoluted tubule; RVI: regulatory volume increase; RVD: regulatory volume
decrease; ND: no data (or none). Functional regulation of the cation-chloride cotransporter family.

Encoding Gene
(Protein)

Co-Transport Ions Tissue Distribution Physiological Functions Genetic Disorders References

SLC12A1 (NKCC2) Na+, K+, Cl− Kidney-specific
(TAL)

NaCl reabsorption in the
TAL; regulation of Ca2+

excretion; urine
concentration

Bartter’s syndrome [2,35–37]

SLC12A2 (NKCC1) Na+, K+, Cl− Ubiquitous
Cell volume regulation
(RVI); provide ions for

secretion

Potential role in human
schizophrenia

multi-organ system
failure, congenital

hydrocephalus, hearing,
and neurodevelopmental

disorder

[2,38–43]

SLC12A3 (NCC) Na+, Cl− Kidney-specific
(DCT)

NaCl reabsorption in the
DCT; regulation of Ca2+

and K+ renal excretion;
Gitelman’s syndrome [9,44,45]

SLC12A4 (KCC1) K+, Cl− Ubiquitous
cell volume regulation
(RVD), KCl epithelial

Transport
ND [2,12,45,46]

SLC12A5 (KCC2) K+, Cl− Neuron-specific Intraneuronal Cl−
Concentration regulation

Idiopathic generalized
epilepsy, developmental

apoptosis,
neurodevelopmental

pathology, Rett syndrome

[2,13,47–51]

SLC12A6 (KCC3) K+, Cl− Widespread
Volume regulation in the
brain; K+ recycling in the

kidney

Anderman’s syndrome,
Charcot–Marie–Tooth

disease, hydrocephalus,
sensorimotor neuropathy

[2,14,15,52–57]

SLC12A7 (KCC4) K+, Cl− Widespread

Participates in acid
excretion in alpha

intercalated cells of
collecting duct

ND [2,15]

SLC12A8 (CCC9) Unknown Widespread No function ascribed yet Psoriasis, dyslipidemia [2,16,17,58,59]

SLC12A9 (CIP) Unknown Widespread No function ascribed yet
May be involved in
feather pecking and
aggressive behavior

[2,16,18,58]

Undoubtedly, for a cell to function properly it is essential to maintain constant intra-
cellular ionic milieu [53]. Homeostasis of [Cl−]i in particular, influences the movement of
fluid across epithelia, the polarity of GABA, and more. The electroneutral CCCs are critical
determinants of [Cl−]i [53,60]. The [Cl−]i gradient across the neuronal membrane is crucial
for controlling the polarity of GABAergic signaling. GABAA conducts Cl− ions. The di-
rection of Cl− movement through GABAA, which determines whether it is excitatory or
inhibitory, is dependent on the [Cl−]i gradient. Entry of Cl− through GABAA results in the
hyperpolarization of neurons and the extrusions of Cl− through GABAA depolarizes the
neurons [23,61–63]. Changes in expression levels of the CCCs during development reverses
the chloride gradient in neurons, generating a switch from an excitatory GABA to an in-
hibitory GABA [23,64]. NKCCs facilitate Cl− movement into the cell, while KCCs facilitates
Cl− movement out of the cell. Thus, NKCCs promote an increased participation of [Cl−]i
in the pathways for regulatory volume increase (RVI), while the KCCs promote decrease in
the [Cl−]i as one of the regulatory volume decrease (RVD) mechanisms [19,53,65] (Figure 1).
These evolutionarily conserved transporters are amongst the most important mediators of
ion transport in multicellular organisms, with particular importance in mammalian central
nervous system (CNS) regulation of ionic and water homeostasis [66]. As mentioned ear-
lier, the CCCs are involved in several important cellular functions such as trans-epithelial
ion transport, cell volume regulation, and maintenance of [Cl−]i. Their importance in
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physiological function is evident by the many human Mendelian disorders of the brain
and renal phenotype that arise due to mutations in some members of the CCC family and
their upstream regulators [19] (Table 1). For instance, reduction in neuronal KCC2 activity
results in decreased inhibition and a hyper-excitable network, a feature shared amongst
numerous neurological disorders including epilepsy, autism, post-surgical complication,
neuropathic pain, and neuropsychiatric disorders [48,53,67,68].

Figure 1. Roles of cation-chloride cotransporters (CCCs) in cell osmoregulation. Intracellular osmolarity changes activate
cellular volume regulation. Under hypertonic extracellular conditions of cell shrinkage due to water extrusion from the cell, a
counter-response of regulatory volume increase (RVI) restores normal cell volume. In this condition, the WNK-SPAK/OSR1
pathway is activated leading to the phosphorylation of the CCCs. This activates NKCC1 and inhibits KCC, leading to
the NKCC1-mediated influx of Na+, K+, and Cl− along with water, thus restoring cell volume. On the contrary, under
hypotonic stress conditions of cell swelling, the cell activates a regulatory volume decrease (RVD). The WNK-SPAK/OSR1
pathway remains inactive and NKCC1 and KCCs are dephosphorylated. This stimulates KCC3 but inhibits NKCC1 leading
to the efflux K+ and Cl− along with water, and cell volume decrease. NKCC1, K+-Cl− cotransporters; KCC3, K+-Cl−

cotransporter 3; WNK, with-no-lysine kinase; SPAK, STE20/SPS1-related proline/alanine rich kinase; OSR1, oxidative stress
response kinase; AQP4, aquaporin. Part of figure elements were adapted from Huang et al. [65].

Since CCCs are key players in several important cellular functions and principally
responsible for reciprocal cations (Na+ and K+) exchange with Cl− to maintain cellular
balance, regulatory mechanisms are crucial to coordinate their activity [53,60,67,69]. Indeed,
several kinases and phosphatases regulate their transport activity. However, previous
reports have established that members of the WNKs family and their downstream targets,
SPAK and OSR1, are the master regulators of CCCs activity [1,53,60,65,70–75].

Though it has been appreciated for some three decades that protein phosphorylation
coupled with external osmotic environment are crucial components in regulation of CCC ac-
tivities [2,54,76–80], knowledge on the enzymes that regulate these signaling networks was
sparse then. The WNK family encoded by the genes WNK1–4 [81], SPAK, and OSR1 play
crucial roles in the regulation of cell volume homeostasis through the regulation of intracel-
lular Na+, K+, and Cl− [53,82]. The many roles of the WNK-SPAK/OSR1-CCC pathway
which include cell volume homeostasis, epithelial transport, and GABA signaling are asso-
ciated with an array of pathologies which include essential hypertension, cerebral edema,
anemia, and neuropathic pain [1,19,53,60,65,67,71,73]. In response to osmotic stress of low
[Cl−]i, isoforms of WNK are activated through phosphorylation. The WNK isoforms then
phosphorylate the related downstream kinases SPAK and/or OSR1 [83,84]. Activated SPAK
and/or OSR1 phosphorylates the CCCs, which activates NCC, NKCC1, and NKCC2 but
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inhibits KCCs through a reciprocal regulatory mechanism [67,72] (Figure 2). The counter
regulation of the CCCs coordinates Cl− movement across the membrane to maintain Cl−
homeostasis and circumvent superfluous energy utilization [65].

Figure 2. A novel strategy to facilitate cellular Cl− extrusion by coincident NKCC1 inhibition and KCC3 activation
by inhibiting Table 1 kinases. Reversible serine-threonine phosphorylation reciprocally regulates NKCC1 and KCC3.
Hypotonic low [Cl−]i conditions or a reduction in cell volume activates the WNK-SPAK/OSR1 pathway to promote Cl−

and water influx. This leads to the phosphorylation of NKCC1 and KCC3 and their activation and inhibition respectively.
When [Cl−]i becomes too high or cell volume increases, WNK-SPAK/OSR1 pathway is inhibited. The cotransporters are
dephosphorylated, KCC3 is activated and facilitates [Cl−]i and water efflux to restore ion and osmotic homeostasis. CCCs,
cation-chloride cotransporters; NKCC1, K+-Cl− cotransporters; KCC3, K+-Cl− cotransporter 3; WNK, with-no-lysine kinase;
SPAK, STE20/SPS1-related proline/alanine rich kinase; OSR1, oxidative stress response kinase; AQP4, aquaporin 4; ZT-1a,
specific SPAK inhibitor. Part of figure elements were adapted from Salihu et al. [85].

To maintain cell volume homeostasis, the WNK-SPAK/OSR1 kinase pathway activates
NKCC1 and simultaneously inhibits KCCs through phosphorylation. Conversely, dephos-
phorylation inhibits NKCC1 and activates the KCCs [86]. The major phosphorylation sites
of NKCC1 include Thr203, Thr207, and Thr212 in the N-terminus whilst the phosphorylation
sites of KCC1–4 are located in the C-terminus (Thr991 and Thr1048 in KCC3 and Thr906 and
Thr1007 in KCC2) [59,72]. Notably, the phosphorylation sites on KCC3, Thr991 and Thr1048,
are conserved amongst all KCC isoforms in humans [72]. Substitution of these threonine
residues that make up the sites of regulated phosphorylation inhibited the phosphorylation
and subsequent activation of KCC2 and KCC3 [86–88]. Recently, it was established that the
WNK3-SPAK complex is critical for regulated phosphorylation of KCC3 Thr991 and Thr1048

residues [86] (also see Figures 3 and 4).

Figure 3. Molecular structures of WNK-SPAK/OSR1-CCCs signaling pathway compounds.
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Figure 4. The domain structure of SPAK and the phosphorylation target sites on NKCC1 and
KCC3. OSR1 lack the P/A rich (PAPA) domain that is present in SPAK. The figure depicts small
molecule inhibitors that target the WNK-SPAK-CCC signaling pathway and their sites of actions.
STOCK1S-50699 and STOCK2S-26016 operate through binding to the CCT domain consequently
blocking the interaction between SPAK/OSR1 and WNK. STOCK1S-14279, Closantel, Rafoxanide,
Verteporfin, and 20l bind the T233E residue on SPAK that is constitutively active or WNK-sensitive.
WNK463 and PP121 that inhibit WNKs catalytic activity. HK01, an inhibitor of the mouse protein-
25 (M025). Bumetanide, ARN23746 and STS66 are NKCC1 antagonists. Furosemide is a KCC3
inhibitor. ZT-1a is a specific SPAK inhibitor. CCCs, cation-chloride cotransporters; NKCC1, K+-Cl−

cotransporters; KCC3, K+-Cl− cotransporter 3; WNK, with-no-lysine kinase; SPAK, STE20/SPS1-
related proline/alanine rich kinase; OSR1, oxidative stress response kinase.

Specific conserved carboxyl-terminal (CCT) domains on SPAK/OSR1 interact with
NKCC1 and KCCs [80,86,89]. The Arg-Phe-Xaa-Val/Ile (RFXV/I) domain located in the N-
terminal of NKCCs and KCCs is able to recognize the SPAK CCT domain (Figures 3 and 4).
Interestingly, a subtype of the KCC2 isoform, KCC2b lacks the RFXV/I motif to facilitate
interaction with SPAK. Thus, only KCC2a transport activity decreased when SPAK was
overexpressed [53,90]. This interaction of SPAK/OSR1 with both the upstream WNKs
and downstream CCCs is crucial for coordinating CCC cellular activity in various osmotic
conditions [89,91]. The binding of WNK to SPAK/OSR1 allows for the phosphorylation of
residues in the T-loop of the SPAK catalytic domain required for SPAK activation [89,91].
Only once activated is SPAK then able to phosphorylate and inhibit KCC2 and KCC3
at Thr1048 and Thr1007 respectively and activate NKCC1 at Thr203/Thr207/Thr212. These
processes are essential in response to cellular shrinkage and hypertonicity (Figure 1) [53].
In hypertonic conditions, SPAK/OSR1 phosphorylation and activation of NKCC1 is key
to achieve RVI [53,67] as an influx of Na+, K+, Cl− through the NKCC1 along with water
will allow for cell volume recovery (Figure 1). Under hypotonic extracellular conditions,
water enters the cells and causes cell swelling, subsequently triggering a counter-volume
regulation response (RVD). The WNK-SPAK/OSR1 pathway in this condition remains
inactive and inhibits NKCC1 activity (Figure 1). Furthermore, the dephosphorylation of
KCCs mediated by phosphatase stimulates KCC activity and causes efflux of K+ and Cl−
along with water, decreasing cell volume (Figure 1) [65]. Thus, pharmacological or genetic
antagonistic events of WNK-SPAK/OSR1 will lead to a [Cl−]i efflux coupled through
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simultaneous dephosphorylation of NKCC1 and KCCs. This will then mitigate energy
failure occasioned by osmotic stress, as evident in some neurological disturbances such as
cerebral edema [32,65,67,86,92].

2. Role of NNKCC1 in Stroke

NKCCs play crucial roles in regulating neuronal functions. They are abundantly ex-
pressed in neurons throughout the brain and are involved in ion homeostasis maintenance
and neuronal excitatory functions [93]. Majorly, they function in regulation and repair
of nerve injury through GABAergic signaling [1,94]. However, under specific conditions
such as cerebral ischemia, the expression of NKCCs can be altered [94]. Overstimula-
tion of NKCC1 and other major glial ion transporters (such as Na+/H+, Na+/Ca2+ and
Na+/HCO3

− exchangers) can contribute to glial apoptosis, inflammation, demyelination,
inflammation, and excitotoxicity [26]. This cascade of events is involved in the development
and progression of neurological diseases such as stroke [26]. Studies have demonstrated
evidence of increase NKCC1 expression in neurons, a phenotype resembling immature
neurons, following an ischemic stroke [95–97]. The altered NKCC1 expression observed
post stroke may be responsible for the increased in Na+ and Cl− levels in neurons leading to
a GABA-mediated depolarization. These events also contribute to a hyper-excitable neuron
and cell swelling occasioned by cerebral ischemia [95,98]. Furthermore, disrupted endo-
plasmic reticulum Ca2+ homeostasis [99] and elevated extracellular levels of potassium,
glutamate, interleukin-6 [100], interleukin-18 [101], interleukin 1β, and tumor necrotic
factor-α [102] which happen during/post cerebral ischemia have been shown to stimulate
NKCC1 mRNA gene expression in both neurons and astrocytes. Notably, the elevated
extracellular potassium levels seems to be Ca2+-dependent as NKCC1 activation is com-
pletely terminated either through the removal of extracellular calcium or using Nifedipine
to block L-type voltage-dependent calcium channels [103]. Comparatively, similar effects
were seen in the expression of NKCC1 mRNA gene in white and gray matter of mutant
and wild-type (WT) mice [104]. In addition, [105] an epigenetic study using quantitative
real-time RT-PCR technique on cortical slice culture from rats suggested that DNA methy-
lation/demethylation contribute to the regulation of NKCC1 expression during postnatal
development and in response to neuronal injury (ischemia) [105].

Following ischemic stroke, both NKCC1 and KCCs are phosphorylated via the WNK-
SPAK/OSR1 signaling pathway, leading to NKCC1 activation and KCC inhibition [22,65].
Other contributors leading to NKCC1 activation following an ischemia include: the WNK-
calcium binding protein (Cab39; [106]) as well as antagonists of V1 vasopressin [107],
MAPK (p38, ERK, JNK, Raf) pathways, cAMP response element-binding protein (CREB)
phosphorylation and the ubiquitous transcription factor; hypoxia inducible factor 1-alpha
(HIF-1α). This leads to the stimulation of vascular endothelial growth factor (VEGF) expres-
sion and ultimate onset of ischemic stroke [37,108–110]. Studies on the human subacute
ischemic stroke brain tissues demonstrate increased NKCC1 mRNA gene expression [106].
The contribution of NKCC1 protein activation to ischemic brain havocs is now evident as
genetic deletion of NKCC1 or its upstream regulator WNK3 in mouse transient middle
cerebral artery (MCA) occlusion models displayed minimal infarction, edema, and white
matter damage [32,104]. Another study demonstrated increased NKCC1 activity in the
perilesional cortex of rats challenged with focal cerebral ischemia induced by endothelin-1
(ET-1) [111]. Furthermore, inhibition of NKCC1 has been reported to reduce edema, Na+

uptake, and ischemic injury in rats subjected to STZ-induced hyperglycemic ischemic
stroke [112].

3. Role of KCC3 in Stroke

Here, we recall as stated earlier in Section 2 of this review that the stimulation/inhibition
of NKCCs/KCCs pair via protein phosphorylation is through a reciprocal regulatory mech-
anism [67,72] (Figure 2). NKCC and KCC participations in cell volume regulations via RVI
and RVD mechanisms, respectively, have also been earlier highlighted [19,53,65] (Figure 1).
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It is only expected that in neuronal functions regulation, activation of KCC3 would play
similar physiological roles to those that the inhibition of NKCC1 would. The WNK-Cab39
signaling increased expression of NKCC1 mRNA gene in brain tissues of rats subjected
to ischemic stroke. It is proposed to have probable effects on the expression of other
cotransporters such as KCC3 [106]. KCC3 expression in the brain requires NKCC1 ex-
pression for physiological regulation of cellular homeostasis in the CNS [72,86,87,113,114].
Hence, the roles of WNK-Cab39-KCC signalling in ischemic stroke should be further
investigated [106]. In a mouse model study, Lucas et al. [114] demonstrated that along-
side inhibited NKCC1, stimulation of KCC3 promoted decreased [Cl−]i in the sensory
neuron of adult mice. This suggests their involvement in GABAergic/glycinergic trans-
mission as adjudged by its influence on the hyperpolarization of GABAA equilibrium
potential (EGABA-A) resulting in inhibitory GABAergic neurotransmission due to a decrease
in [Cl−]i. Our recent functional kinomics study alluded that regulatory phosphorylation of
KCC3 (Thr991/Thr1048 residues) is essential for cell volume homeostasis in the mammalian
brain [86]. The notion that supports KCC3 physiological role in regulating [Cl−]i and
consequent influence on GABA polarization state is fascinating and suggests possible
relationship between neuronal excitability and cell volume homeostasis [86]. Moreover,
this concept behind the physiological function of KCC3 is an indication that it might have a
dual role in the regulation of both cell volume and [Cl−]i [66] which will be highly relevant
in understanding its role in the etiology of stroke.

Furthermore, Byun and Delpire [115] reported that stimulation of KCC3 are involved
in cell volume regulation (via RVD) in the nervous system, thereby emphasizing its role
in the development and maintenance of myelin and peripheral nerves. The study further
established that inhibition of KCC3 by knocking out its expression in mice caused anoxal
and periaxonal swelling that ultimately led to neurodegeneration [115]. Another mouse-
model study demonstrated that KCC3 gene knockout (KO) in parvalbumin neuron caused
peripheral agenesis neuropathy associated with the agenesis of corpus callosum. Similarly,
the post-mortem study by Auer and colleagues [116] suggested that neuropathological
features observed in the central and peripheral nervous systems (CNS/PNS) could poten-
tially link to genetic defects in axonal KCC3 of CNS/PNS. Indeed, sensory defects in KCC3
knockout (KCC3−/−) mice as well as its mutations in humans [63,66,117–119] confirm the
fundamental role of the cotransporter in peripheral neurons (also see reviews [53,65,66]).
Loss of function mutations function of KCC3 have contributed to the pathogenesis of
motor and sensory peripheral neuropathy in adult animals and humans [114,115,120–122].
Manifestations of peripheral neuropathy or fluid-related axonopathy influence cell volume
dysregulation [26,115] and may be involved in the pathogenesis of other neurological
conditions such as stroke.

4. Role of Regulatory WNK-SPAK/OSR1 Pathway in Stroke

Certainly, the various cellular functional roles of CCCs in the biological system will
be compromised without regulatory mechanisms in place. Thus, it is only principally
reasonable that the cotransporters actively and continuously maintain their functional
integrity through coordinated mechanisms of regulations [53,60,67,69]. Several reports
owing to WNK-SPAK/OSR1 kinases as the most involved signaling pathway in the reg-
ulation of neuronal Cl− and cell volume homeostasis do exist [60,65,70,71,123] and these
established roles of the WNK-SPAK/OSR1-CCC pathway have alluded to their connection
with stroke [19,65,71].

There is a growing body of evidence that the WNK-SPAK/OSR1-CCC pathway is
involved in pathogenesis of stroke [53,65,70,106,124]. The established roles of the WNK-
SPAK-CCC pathway on GABA signaling and cell volume homeostasis are linked to several
neurological diseases such as cerebral stroke [53,60,125]. WNK and SPAK/OSR1 kinases
are copiously expressed in the CNS [75]. After an ischemic stroke, both NKCC1 and KCCs
are phosphorylated via the WNK-SPAK/OSR1 signaling pathway, leading to activation
and inhibition of NKCC1 and KCCs, respectively [22,65]. However, inactivating the WNK-
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SPAK-CCC cascade through concurrent inhibition of NKCC-mediated ionic influx and
stimulation of the KCC-mediated ion efflux has been shown to reduce cellular swelling in
ischemic stroke brains [53,65]. The regulatory role of WNK-SPAK-CCC in cellular ionic
homeostasis have also been shown to contribute to post-ischemic stroke infarction and
cerebral edema [66]. Thus, inactivation of the WNK-SPAK-CCC cascade would trigger the
simultaneous inhibition of NKCC mediated ionic import and stimulation of KCC mediated
ionic export to eradicate cellular osmotic imbalance [53,65]. It has also been reported that
estradiol increases NKCC1 phosphorylation consequently promoting GABA-mediated
depolarization [126]. This occurs through stimulation of SPAK and OSR1 that is transcrip-
tion dependent [127]. Studies using focal ischemia rat model have shown that estradiol
treatment promotes neurogenesis in the subventricular zone of the brain, probably by in-
creased expression of HIF-1α and VEGF [128]. WNK phosphorylate SPAK/OSR1, which in
turn, phosphorylate NKCC1 and KCC3 at key regulatory sites [129]. Previous reports have
shown that SPAK has a CCT domain to interact with NKCC1 and the KCCs [11,89,91,130].
However, the understanding of their physiological functions in normal and ischemic brains
are still elusive [92].

Indeed, WNK isoforms are selectively expressed in the CNS [131] and WNK3 is mostly
expressed in the brain [132]. This particular WNK isoform exerts its action on NKCCs and
KCCs reciprocally [53,113]. Thus, the reciprocal actions of WNK3 on NKCC1 and the KCCs
along with its concurrent expression with cotransporters in GABAergic neurotransmission
that undergo dynamic changes in [Cl−]i, suggest its involvement in regulation of neuronal
CCCs [53,133,134]. In fact, Kahle et al. [113] provided a compendium of data that suggested
WNK3 as a dynamic regulator of NKCC1 and KCCs physiological activities. Simultaneous
expression of WNK3 and NKCC1 in neurons may lead to enhanced phosphorylation of
regulatory sites in NKCC1 and a consequent increase in the activity of NKCC1 [32,135].
The target of protein phosphatase 1 (which recognizes the consensus motif: RVNFXD) is
a highly conserved RVNFVD sequence that is located in the amino-terminus of NKCC1.
The RVNF binding motif overlaps with the SPAK binding motif (RFRV). A slight mutation
of this sequence will cause NKCC1 activity to increase [136]. Interestingly, phenotypes
of NKCC1 inhibition and KCC activation due to inactive WNK3 signaling pathway are
reversed by potential protein phosphatase 1 inhibitors such as calyculin A and cyclosporine
A [133,137]. According to Melo et al. [138], WNK3 inhibits the activity of KCC3 by pro-
moting the phosphorylation of Thr991 and Thr1048 as well as Ser96, a third phospho-site
involved in KCC3 regulation (also see Figure 2). Double (KCC3-T991A/T1048A) or triple
(KCC3-S96A/T991A/T1048A) alanine mutations of KCC3, activated the cotransporter,
which further increased hypotonicity. Thus, the study suggested that the phosphoryla-
tion of WNK3 signaling pathway was disabled, subsequently activating KCC3 by cell
swelling [138].

Certainly, the upstream WNK3-SPAK/OSR1 pathway regulation of NKCC1 activity
coupled with inhibition of KCC3 is implicated in the pathology of ischemic stroke [86].
Previous studies have demonstrated that WNK3 KO mice exhibited a reduction in in-
farct volume and axonal demyelination coupled with diminished cerebral edema and
improved neurological behaviors following cerebral stroke when compared to WT mice
with significantly activated WNK3 [32,86,92]. However, it is important to note that WT
mice showed better survival and functional outcomes after a brain edema in compari-
son to mouse models lacking aquaporin-4 (AQP4) [139], a water transport system that
allows for bidirectional water flux. As such, further research will need to elucidate the
distinction between the role of AQP4 and WNK3 in cerebral edema and stroke. Thus,
Begum and colleagues [32] observed stimulation of WNK3 and SPAK kinases in corti-
cal neurons and primary oligodendrocytes cultured from the brain of mice subjected to
transient MCA stroke [32]. They further established that cerebral ischemia facilitates hyper-
phosphorylation of the WNK3-SPAK/OSR1 catalytic T-loop and of NKCC1 stimulatory
sites (Thr203/Thr207/Thr212); thus, increased expression of NKCC1 in the brain cells [32].
However, transgenic KO of WNK3, abridged ischemia-mediated SPAK/OSR1-NKCC1
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phosphorylation and displayed reduced cerebral edema, axonal demyelination, and infarct
volume, as well as improved post-stroke neurological recovery when compared to WT
mice [32]. Briefly, the data presented by Begum et al. [32] identify the role of WNK3-
SPAK/OSR1-NKCC1 signaling pathway in ischemic neuroglial injury and suggested that
obstruction of this pathway could reduce NKCC1 expression in the brain and avert post-
stroke neuronal cell death following [32]. Similarly, Zhao et al. [92] demonstrated that KO
of the WNK3-SPAK kinase complex in mice instigates decreased expression of NKCC1
and subsequently ameliorated cerebral infarction and edema after MCA stroke. Gener-
ally, deletion of the WNK3-SPAK kinase complex significantly produced less cytotoxic
edema, less demyelination, and improved post-ischemic stroke neurological outcomes in
the transgenic mice [92]. However, it is worth noting that the mechanism(s) of regulations
employed by WNK3-SPAK/OSR1-NKCC1 signaling pathway in oligodendrogenesis is
still elusive and requires further studies [26]. In addition, we recently demonstrated that
WNK3 KO mice exhibit reduced endothelial and perivascular cytotoxic edema of astrocytes
following post-ischemic stroke [86]. We further alluded that WNK3-SPAK inhibition confer
neuroprotection on mammalian brain through concurrent stimulation of KCC3 activity at
Thr991 and Thr1048 residues and inhibition of NKCC1 activity at Thr203, Thr207, and Thr212

residues [86].
In a recent rat model study, Bhuiyan et al. [106] demonstrated that WNK-Cab39-

NKCC1 signaling pathway is implicated in ischemia. Furthermore, they suggested that
activated WNK-Cab39 pathway increased NKCC1 activity in brain tissues of spontaneous
hypertensive rats following subacute ischemic stroke [106]. A more recent similar report
by Huang et al. [124] demonstrated that ischemic stroke with hypertension comorbidity
further stimulates the WNK-SPAK/OSR1-NKCC1 signaling pathway, which contributes
to deteriorated neurological functions/behavior [124]. In fact, the established role of
WNK-SPAK/OSR1 signaling pathway in stimulating NKCC1 and inhibiting KCC3, which
contribute to the pathogenesis of stroke, are the reasons for our recent pharmacological
studies [70,71].

5. Current Pharmacological Treatments for Stroke

We underscored in the earliest section of this review that stroke is one of the major
threats to global health. Over the years, stroke had been a chief contributor to mortality and
disabled lives across the globe; there are projections that the impact of this disease on global
health may be worse in the near future. Presently, there are only few pharmacological
strategies available to reduce the health and socio-economic burden triggered by this
disease. Thus, there is an urgent need to tackle this disease. In this regard, research on the
role of CCCs in the pathogenesis of stroke to inform future drug development is needed.
Accordingly, this section of the review highlights current pharmacological approaches in
the management of stroke with particular focus on molecular compounds that potentially
inhibit SPAK/OSR1 pathway and NKCC1 and stimulate KCC3.

5.1. Inhibitors of WNK-SPAK/OSR1 Pathway

A quick recap of the following crucial information from previous sections, which may
contain pharmacological strategies for managing stroke: (1) WNK-SPAK/OSR1 modulates the
activities of CCCs through a well-coordinated reciprocal pattern of regulation [53,60,67,69],
(2) activation of WNK-SPAK/OSR1 signaling pathway stimulates NKCC1 and inhibits
KCC3 expressions [19,53,67,72], and (3) development and progression of stroke have been
implicated with phosphorylated WNK-SPAK/OSR1 signaling pathway and subsequent up-
and down-regulations of NKCC1 and KCC3 expressions, respectively [22,140]. Therefore,
we can safely presume that molecular compounds that act as pharmacological or genetic
antagonists of WNK-SPAK/OSR1 kinases are likely potential drug candidates for the
treatment of stroke. Recent reports have shown that drugs that are potent blockers of WNK-
SPAK/OSR1 signaling pathway reduce phosphorylation of NKCC1 and KCC1 which
enables cellular chloride expulsion, subsequently mitigating cerebral edema and other
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neurological anomalies following ischemia. This then protects against brain damage and
enhances post-stroke brain functions [32,65,70,86,92,94,124,141].

The WNK-SPAK/OSR1 pathway constitutes potential therapeutic targets in Cl−
dysregulation [23]. The loop diuretic, bumetanide protects the brain from damage by medi-
ating GABAergic signaling in NKCC1 expression following ischemic injury [22,23,26,142].
Furthermore, treatment with the drug reversed the impact of GABA-mediated depolariza-
tion, which may promote functional recovery after stroke via neuron repair/protection
as adjudged by its effect of GABAA receptor antagonist and WNK3 knockout [94,142].
Pharmacologically targeting the WNK-SPAK/OSR1 kinase pathway could be a strategy
to restore GABAergic inhibition [23]. Indeed, genetic or pharmacological inhibition of
WNK-SPAK/OSR1 activity would lead to cotransporter dephosphorylation: inhibition of
NKCC1 and activation KCC3, which would enhance [Cl−]i extrusion [67]. Furthermore,
enhancement of [Cl−]i extrusion in the neurons would facilitate GABAA receptor-mediated
hyperpolarization and thus inhibit neuronal activity through combined NKCC1 inhibition
and KCC3 stimulation [19,22,53,65,67] (Figure 2).

Recent studies have indicated that decline in NKCC1 protein expression along with
WNK3 knockdown, contributes to lessened post-stroke brain injury and accelerated neu-
robehavioral recovery [32,86,92]. These reports and more have immensely motivated
the development of novel therapeutic strategies that have targeted WNK-SPAK/OSR1
signaling pathways to improve post-stroke physiological functions [70,106,124]. A recent
rat model study demonstrated an upregulation of WNK-SPAK/OSR1-NKCC1 signaling
pathway in the brains of spontaneously induced-hypertensive rats and subsequently aug-
mented susceptibility to ischemic damage [106]. However, intraperitoneal administration
of bumetanide (10 mg/kg) post-reperfusion blocked the WNK-Cab39-NKCC1 signaling
pathway and subsequently mitigated post-ischemic infarction and cell swelling and im-
proved neurological functions in animals [106]. Loop diuretics are often used to inhibit
NKCCs. Inhibition of NKCC2 promote diuresis in the kidney and reduces pressure due to
excess fluid in the lungs. Hence, loop diuretics are a treatment option hypertension and
pulmonary edema. Although some loop diuretics inhibit KCCs, they do so very poorly.
Researchers have explored the loop diuretics bumetanide and furosemide as novel treat-
ment options for brain disorders [65]. However, a number of unfavorable physiochemical
characteristics associated with the use of bumetanide [23,41,65] call for better alternatives
in the management of neurological diseases including stroke. Recently, Huang and co-
workers [124] reported that a novel NKCC1 inhibitor (STS66) is superior to bumetanide
in ameliorating ischemic brain injury following transient MCA occlusion and large-vessel
ischemic stroke models. In the study, ischemic injury stimulated WNK-SPAK-NKCC1
cascades in brains of AngiotensinII (AngII)-induced hypertensive mice. However, STS66
treatment completely blocked this pathway and by implication mitigated ischemic infarc-
tion, cerebral edema, and neuronal death as well as neurological deficits in both stroke
models with hypertension comorbidity [124].

We recently proposed that improved understanding of cooperative interactions among
different phospho-sites of cotransporters and the molecular mechanisms involved in their
physiological regulations could provide insights to inform potential pharmacological inter-
ventions [71]. Recently, we conducted a large-scale phospho-proteomics study with the
application of immunoblot and phospho-antibodies immunoprecipitation techniques to
investigate the regulatory mechanisms of a broad kinase inhibitor, staurosporine and N-
ethylmalemide (NEM), a modulator of both kinase and phosphatase activities on phospho-
rylation of specific KCC2 and NKCC1 in HEK293 cells and immature cultured hippocampal
neurons [71]. Our analyses revealed dephosphorylation of Thr203, Thr207, and Thr212 of
NKCC1 and Thr1007 of KCC2 following application of the two agents. The two compounds
resulted in dephosphorylation of sites Thr233 and Ser373, phosphorylation sites located
within the T-loop and S-loop of SPAK. Hence, the study suggests the inhibitory effect of
staurosporine and NEM on WNK-SPAK/OSR1 signaling pathway in the regulation of
NKCC1 and KCC2 is in a reciprocal pattern [71]. We are of the opinion that the underlying
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information from this study will be highly important for future development of integrative
therapeutic strategies in the management of neurological diseases such as cerebral stroke.

Importantly, evolving roles of WNK-SPAK/OSR1 signaling in stroke as discussed in
this review, points to additional possible applications of WNK-SPAK/OSR1 modulation in
neurological diseases. In view of this, a promising strategy could involve exploitation of
the unique structure of these kinases to enhance protein specificity [53,70]. Immense efforts
to inhibit WNKs or SPAK/OSR1 for the treatment of human diseases such as hypertension
have led to the discoveries of small molecule inhibitors. WNK kinase inhibitors include
WNK463 [143], PP121 [144], and SPAK inhibitors such as STOCK1S-14279, Closantel [145],
Rafoxanide [146], Verteporfin [74], STOCK1S-50699, and STOCK2S-26016, [147], as well
as HK01 [148] and 20I [149] (also see Figures 3 and 4). Unfortunately, none of these
compounds is an ideal drug candidate for the treatment of brain disorders due to their
relatively low penetrability through the blood-brain barrier (BBB). Recently, we employed
a scaffold-hybrid strategy in our laboratory to develop a novel compound ZT-1a. ZT-1a is
a non-ATP-competitive SPAK blocker, which specifically inhibits this signaling pathway by
decreasing SPAK-dependent phosphorylation of NKCC1 and KCCs in cell cultures as well
as in vivo mouse and rat brains [70]. In brief, treatment with ZT-1a (2.5–5.0 mg/kg) abated
post-stroke related brain injuries and improved neurological features/functions. The data
from the study suggests that ZT-1a or related compounds that are CCC modulators could be
a therapeutic strategy for neurodegenerative disorders such as cerebral stroke [70]. Hence,
we holistically advocate for follow-up with detailed research studies on the development of
more WNK-SPAK/OSR1 inhibitors with favorable pharmacokinetic properties for clinical
use.

5.2. Inhibitors of NKCC1

It has been established that the recovery process from many neurological disorders
including stroke would highly benefit from inhibition of NKCC1 activity [94]. Suppres-
sion of NKCC1 activity through bumetanide is neuroprotective and improves post-stroke
neurophysiological status [142,150]. Thus, bumetanide has the potential to influence many
CNS disorders [94]. Several studies have demonstrated the contribution of NKCC1 in
the development and progression of post-stroke edema and cell death, thus targeting
NKCC1 could be a potential neuroprotective target [22,26,32,65,111,151]. In fact, a phar-
macological study using bumetanide demonstrated a significantly reduced neuronal Na+

overload and cell death. Bumetanide also simultaneously reduced infarct volume and
brain edema [104]. Another rat model study showed that bumetanide administered after
focal cerebral ischemia in rats (given 7 days post-ischemia, and continued for 21 days),
improved behavioral recovery and promoted neurogenesis 4 weeks post-havoc [141]. Low
concentrations of bumetanide (2 to 10 μM) are capable of inhibiting NKCCs in vitro with
no significant effect on the KCCs; a high concentration has been shown to inhibit the
activities of both NKCC1 and KCC2 [152,153]. The expression of NKCC1 is common at the
luminal side of endothelial cells of the BBB, thereby allowing easy interaction between the
transporter and its inhibitor (bumetanide) when administered intravenously, which subse-
quently decreased edema in MCA occlusion model of stroke in rats [154]. Bumetanide acts
through docking to the binding site at the trans-membrane region of NKCC1. Docking to
this region allows for the inhibition of NKCC1 activity and reduced [Cl−]i in neurons [94];
a more likely mechanism through which the drug confers neuroprotection and neuronal
recovery following stroke episodes [94,155].

Simard et al. [156] and Walcott et al. [42] in their respective reviews highlighted
the implication of the constitutive expression of NKCC1 and SUR1-regulated NCCa-ATP
(SUR1/TRPM4) channel on the cascade of events that are involved in the pathogenesis
of cerebral ischemia and the impact of combinatorial therapy of bumetanide and gliben-
clamide in ameliorating the havoc. Bhuiyan and colleagues [106] reported that bumetanide
downregulated the WNK-Cab39-NKCC1 signaling pathway, consequently reducing the
susceptibility of hypertensive rats to ischemic brain damage. Furthermore, in a recent
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study a synergistic treatment with mild hypothermia (33.5 ◦C for 30 min) and inhibitor
DAPT (50 μM) attenuated the overexpression of NKCC1 mRNA following global cerebral
ischemia injury in rats [20].

In animal stroke models, bumetanide administration pre- and post-stroke induction
led to the down-regulation of NKCC1 expression. Other observations include a reduc-
tion in edema, infarction volume, and ischemic necrotic cell death especially in the early
stage of ischemic damage, promotion of neurogenesis, and improved sensorimotor re-
covery [17,97,109,141,157,158]. In another rat model study, ET-1 was used to induce focal
ischemia but post treatment with bumetanide selectively inhibited NKCC1 expression in
the cortex and promoted synaptic plasticity in the denervated cervical spinal cord following
cerebral ischemia [111]. Similarly, Xu et al. [141] demonstrated that chronic treatment with
bumetanide promotes neurogenesis and behavioral recovery after ET-1-induced stroke
in rats. In addition, bumetanide (10 μM) was used in another study to block NKCC1 in
order to facilitate decreased [Cl−]i in hippocampal tissue cultured from rats either during
oxygen-glucose deprivation for 120 min or post-exposure. The drug improved neuronal vi-
ability during the acute ischemic episode which suggested its critical role in the modulation
of transmembrane chloride transport [27].

Indeed, bumetanide appears to be a promising pharmacological inhibitor of NKCC1;
it possess some demerits that may limit its application as an anti-stroke drug to some
extent [23,94]. Alongside bumetanide, a novel inhibitor STS66 (a prodrug of bumetanide)
also exhibits promising potential as a pharmacological inhibition of NKCC1 and has been
demonstrated to also reduced ischemic infarction, swelling and neurological deficits in mice
model of transient ischemic stroke [124]. Interestingly, STS66 can penetrate BBB more easily
and appears to be more efficient in eliciting the aforementioned anti-stroke properties [124],
which is one of the various reasons it has been recently proposed as a better therapeutic
drug in stroke management when compared with bumetanide [23,65]. A finding contrary
to the common hypothesis on the efficacy of bumetanide was recently reported [18]. In this
study, post treatment with bumetanide (40 mg/kg) following Intracerebral hemorrhage
induction in male Sprague Dawley rats failed to improve behavior or lessen injury neither
did the drug normalized ion concentrations after late dosing [18].

In spite of the positive outcomes demonstrated clinically by administration of bumetanide
to patients with psychiatric/neurological conditions [159–166]; the drug has exhibited
strong diuretic effect resulting from the inhibition of NKCC2 expression in the kidney which
may pose serious challenges to issues on drug compliance and health concerns [167–169],
thereby limiting the therapeutic applications of bumetanide. Hence, selective inhibition
of NKCC1 in lieu of renal NKCC2 may attenuate the diuretic glitches. In this regard,
Savardi et al. [170] recently discovered ARN23746, a selective inhibitor of NKCC1 in lieu
of NKCC2 and KCC2 in vivo. The reports from the study demonstrated that the pharma-
cokinetic profile of ARN23746 is better when compared with that of bumetanide in vitro
and in vivo. Briefly, the study demonstrated that ARN23746 (10 μM) restored aberrantly
high [Cl−]i to the physiological level in mature hippocampal neuronal cultures of Ts65Dn
mouse model Down syndrome (DS) coupled with rescued cognitive impairment in Ts65Dn
with no significant diuretic effect in either the WT or Ts65Dn mice [170]. Furthermore,
the researchers demonstrated that intraperitoneal administration of ARN23746 recovered
social and repetitive behaviors associated with the main symptoms of autism spectrum
disorder (ASD) in valproic acid (VPA) mouse model of ASD. In addition, neither diuretic
effect nor overt toxicity of the compound were present in the ARN23746 treated mice [170].
ARN23746 has great potential for further development into a clinically-relevant drug
for the treatment of DS, ASD [170], and possibly several other neurological conditions
characterized by impaired Cl− homeostasis including stroke.

5.3. Activator of KCC3

The KCCs, especially KCC2 and KCC3, are popular due to increased findings on
human disease-causing mutations [68,121,122]. Hence, the discovery of small molecules
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that modulate these cotransporters’ activities is prioritized within the field. Discovery of
such modulators may aid development of therapeutic drugs for the management of KCC-
related diseases as well as other pathological conditions including stroke [171]. Currently,
the loop diuretics bumetanide and furosemide are the only FDA-approved drugs that
modulate the KCCs [172]. In a mouse model study, bumetanide is demonstrated to be
involved in the stimulation of KCC3 expression and subsequent extrusion of [Cl−]i in
the sensory neurons [114]. In addition, Adragna and co-workers [87] in a cell culture
study substituted Thr991 and Thr1048 residues with alanine at the carboxyl terminus of
KCC3a protein, which prevented inhibitory phosphorylation at the substituted sites and
subsequently triggered increased expression of KCC3a mRNA. Interestingly, the flux
condition accompanied a down-regulation of NKCC1 expression, facilitated by the addition
of ouabain (0.1 mM), and bumetanide (10 μM) to the flux media [87].

However, Delpire and Weaver [171] recently expressed their concerns for the need to
develop modulators of KCC activity to provide insights into KCC modulation as a therapeu-
tic strategy for neurological conditions such as stroke. Unfortunately, these FDA approved
drugs (bumetanide and furosemide) are poor inhibitors of KCCs, with a higher potency for
NKCC1 or NKCC2 (IC50 = 0.5–5.0 μM) in comparison to KCC (IC50 = 50–500 mM) [33,171].
In fact, drugs that can act as weak inhibitors might be better alternatives as complete inhibi-
tion mimics a loss-of-function, which could presumably be harmful for the nervous system.
As the KCC isoforms have different expression patterns and physiological functions, target
specificity in the deployed pharmacological approach is also an issue [172]. In a large
screening effort targeted against KCC2, Delpire et al. [173] was able to identify inhibitory
compounds more potent (3–4x) than the two loop diuretics. However, these compounds are
not ideal drug candidates due to the following reasons: (1) non-specificity to KCC2 as they
concurrently inhibit KCC3, and (2) poor pharmacokinetic properties [173,174]. Meanwhile,
the ability of loop diuretics to reach the CNS/PNS remains obscure [171,172]. Perhaps a
better pharmacological approach would be to develop therapeutic compounds that are
specific modulators of the KCC3. Fortunately, our recently developed novel molecular
compound, ZT-1a, is a SPAK kinase inhibitor that specifically stimulates KCC3 and in-
hibits NKCC1 by decreasing their SPAK-dependent phosphorylation/signaling pathway
in cultured cells and in vivo rat and mouse brains [70] (also see Figure 2). In addition, the
systematic administration of ZT-1a ameliorated phosphorylation of co-transporters and
cerebral edema following ischemia, protect against brain damage and improve neurological
functions after stroke episode [70].

6. Conclusions and Future Directions

The CCCs play crucial roles in regulating neuronal functions. The cotransporters are
key mediators of several and important cellular functions such as cell volume regulation,
trans-epithelial ion transport, and maintenance of [Cl−]i. Modulation of NKCC1 and KCC3
expressions by their upstream regulator, WNK-SPAK/OSR1 is implicated in the develop-
ment and progression of stroke. There are several demonstrations that phosphorylation of
NKCC1 and KCC3 via the WNK-SPAK/OSR1 signaling may lead to activation of NKCC1
and inhibition of KCC3 either during or post-stroke episode. In fact, the role of NKCC1
and KCC3 as well as their regulatory proteins in stroke pathogenesis suggests that they
are potential targets for the treatment of stroke. The pharmacological strategies that were
discussed in this review possess potential therapeutic efficacies for stroke management.
Novel compounds must successfully address concerns regarding off-target effects due
to the many isoforms and physiological function related to the WNK-SPAK/OSR1-CCC
pathway. As advances in stroke therapy may also benefit other neurological impairments,
we strongly suggest consistent follow-up actions on currently available pharmacological
treatments for stroke through detailed research studies to aid further development of
therapeutic drugs with a better pharmacokinetic profile. Hence, we holistically advocate
for increased focus on human clinical research on this topic as informed by its paucity to
that regards.
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Abstract: Animal and human mechanistic studies have consistently shown an association between
obesity and Alzheimer’s disease (AD). AD, a degenerative brain disease, is the most common cause
of dementia and is characterized by the presence of extracellular amyloid beta (Aβ) plaques and
intracellular neurofibrillary tangles disposition. Some studies have recently demonstrated that
Aβ and tau cannot fully explain the pathophysiological development of AD and that metabolic
disease factors, such as insulin, adiponectin, and antioxidants, are important for the sporadic onset
of nongenetic AD. Obesity prevention and treatment can be an efficacious and safe approach to
AD prevention. Adiponectin is a benign adipokine that sensitizes the insulin receptor signaling
pathway and suppresses inflammation. It has been shown to be inversely correlated with adipose
tissue dysfunction and may enhance the risk of AD because a range of neuroprotection adiponectin
mechanisms is related to AD pathology alleviation. In this study, we summarize the recent progress
that addresses the beneficial effects and potential mechanisms of adiponectin in AD. Furthermore,
we review recent studies on the diverse medications of adiponectin that could possibly be related
to AD treatment, with a focus on their association with adiponectin. A better understanding of
the neuroprotection roles of adiponectin will help clarify the precise underlying mechanism of AD
development and progression.

Keywords: Alzheimer’s disease; metabolic disease; adiponectin; insulin; antioxidants

1. Introduction

The global prevalence of obesity has increased at an alarming rate over the years. In 2016, it was
estimated that nearly 39% of adults aged ≥18 years were overweight worldwide, and 13% were obese
[WHO, 2016]. Obesity is generally defined as a body mass index of >30 kg/m2 and is mainly caused
by physical inactivity and westernized dietary habits. Obesity is a major concern because it is a risk
factor for a plethora of metabolic diseases that increase mortality rates. Since obesity causes insulin
resistance, it is one of the major risk factors for type 2 diabetes (T2DM). After years of obesity-associated
hyperinsulinemia, the insulin secretory function in the pancreas could falter and eventually lead to
hyperglycemia. A previous study has suggested that obesity and diabetes are linked to Alzheimer’s
disease (AD) [1]. The pooled effect size for AD in relation to obesity and diabetes was calculated at
1.59 and 1.54 in longitudinal epidemiological studies of body mass, metabolic syndrome (dyslipidemia,
hypertension, abdominal obesity, and insulin resistance), diabetes, and glucose and insulin levels [2].
A clinical study has also shown that an increased number of metabolic and vascular risk factors in
midlife is critical for amyloid deposition and could lead to the risk of developing AD during old age [3].
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Recently, the World Alzheimer Report estimated that the total number of people with AD and
dementia is set to triple to 132–152 million cases worldwide by 2050 (World Alzheimer Report 2015).
About 60%–70% of dementia cases are caused by AD, a chronic neurodegenerative disease. These
dementia cases are often associated with extracellular amyloid beta (Aβ) plaques and intraneuronal
deposits of neurofibrillary tangles (NFTs) in the brain. Hyperphosphorylation of tau protein leads to
the formation of NFTs, whereas the accumulation of Aβ forms hard, insoluble plaques (Aβ peptide) [4].
For over two decades, these two proteins have been the main target for AD therapeutics; currently,
available treatments for AD are symptomatic and do not decelerate or prevent the progression of
the disease. However, these therapies demonstrate modest but particularly consistent benefits for
cognition, global status, and functional ability. The abovementioned studies have suggested that
another approach should be considered for the development of AD treatment based on the relationship
between AD, obesity, and T2DM. According to the Mayo Clinic AD Patient Registry, 80% of AD patients
had either diabetes or showed impairment in glucose tolerance [5]. Many studies are being conducted
to decipher the underlying mechanisms responsible for the association between obesity, T2DM, and AD.
In some studies that used a rodent model, a high-fat diet was shown to cause AD pathology due to the
accumulation of Aβ peptides and phosphorylated tau proteins, as well as cognitive impairment [6,7].

Adiponectin secreted from the adipose tissue sensitizes the insulin receptor signaling pathway
and prevents inflammation. Adiponectin is a protein that modulates a number of metabolic diseases
(Figure 1), including diabetes, dyslipidemia, atherosclerosis, and comorbid metabolic dysfunction that
occur in cardiovascular diseases such as hypertension. Many studies have indicated that alteration
levels of adiponectin in the plasma and cerebrospinal fluid (CSF) correspond to a distinctive condition
of mild cognitive impairment (MCI) and AD [8–13]. The reason for the discrepancies among these
studies is unclear, but adiponectin may be considered to be a metabolic biomarker for AD.

Figure 1. Major mechanisms of adiponectin’s actions in the maintenance of metabolic homeostasis.
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In this review, we will discuss the potential mechanisms that bridge the relationship between
adiponectin and AD. Understanding these mechanisms could narrow down the process of AD’s
therapeutic window and also help to design novel therapeutic applications against AD and related
neurodegenerative diseases.

2. Relationship between Metabolic Disorder and Alzheimer’s Disease

The most common age-related neurodegenerative disease is AD, which accounts for the most
predominant form (about 60–70%) of dementia, as mentioned by WHO. It is characterized by a gradual
loss of learning and memory, particularly episodic memory, and may lead to death within 10 years
of onset [14,15]. Limited information is known about the etiology and associated nongenetic risk
factors of AD. However, some modifiable events, such as dietary habits, lifestyle, and environmental
exposure (toxic chemicals), and the nonmodifiable event of aging are common global factors for AD
pathology [16,17]. The prevalence of AD is higher in developed countries than in developing countries,
and >40% of AD cases are known to occur in individuals aged ≥80 years.

AD was named after Alois Alzheimer, the first person to describe that extensive neuronal tangles
and amyloid plaques, considered to be important hallmarks of the disease, can be found in the AD
brain. However, recent studies have shown that AD patients have an insidious loss of neurons
and increased reactive gliosis in different parts of the brain, comprising the cerebral cortex and
the limbic system, including the amygdala and hippocampus [18]. Cellular changes in the basal
ganglia, cerebellum, brain stem, and spinal cord are relatively spared in AD. According to pathological
findings of affected AD brain regions, two different types of aggregates are commonly found in the
intracellular and extracellular compartments—the intracellular aggregates are known as NFTs and the
extracellular aggregates are known as senile plaques that consist of insoluble paired helical filaments
of hyperphosphorylated tau protein [19,20]. The major component of the senile plaque is known as
Aβ aggregation, which occurs before other pathological events such as NFT formation and neuronal
death [21]. Thus, Aβ aggregation is considered the central player of neuronal death, which has also
been observed in in-vitro neuronal cells subjected to synthetic Aβ peptide (Aβ1-42/43) treatment [22].
Over the years, the amyloid hypothesis, a process where extracellular Aβ accumulation is followed by
the loss of synapses and subsequent neuronal loss, has become the popular concept of AD pathogenesis
and has been used by many AD research groups [23].

It has been suggested that metabolic impairment and modification of the AD-related protein
levels can contribute to a higher prevalence of AD. Dyslipidemia, hypertension, abdominal obesity,
and insulin resistance are the popular hallmarks of metabolic abnormalities, which are collectively
known as metabolic syndrome (MetS) [24]. Individuals with higher life expectancy (above 80 years)
have a higher prevalence of MetS, which is a potential cause of neurodegenerative diseases, especially
cognitive impairment and dementia. Other studies have also found that MetS is not solely responsible
for AD progression in elderly people, regardless of their backgrounds. Higher MetS could bridge
inappropriate regulation of the central nervous system (CNS) function (especially part of the limbic
system, such as the prefrontal cortex, hippocampus, and amygdala) and metabolic regulatory responses
that result in functional cognitive impairments [25]. Metabolic products that are produced in peripheral
organs, such as estrogen, insulin, cortisol, and leptin, can cross the blood–brain barrier (BBB) and
influence cognitive function. However, neuropeptides such as orexin (mice), allastostatin (drosophila),
and neuropeptide Y (grass carp) modulate metabolic processes in different animals [26]. In a recent
review, Yi et al. suggested that neuropeptide Y receptors in humans can be a promising target for
metabolic disorders [27]. Furthermore, food intake and weight gain can be increased by lesions in
oxytocin-containing hypothalamic nuclei [28].

Some studies on metabolic diseases have reported that metabolic diseases, such as T2DM and
obesity, are associated with AD. Metabolic alteration of substances such as T2DM-related insulin
receptors [29] and obesity-related adiponectin [30,31] could alter the process of aging and age-related
dementia, such as in AD. In a recent study, Nasoohi et al. suggested the relationship of “type 3 diabetes”
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to AD pathology, in which the metabolic syndrome consisting of oxidative stress and neuroinflammation
leads to brain insulin resistance [32]. This concept suggests that the thioredoxin-interacting protein
(TXNIP) is a key regulator of oxidative stress and inflammasome activation, which is associated with
impaired insulin function in the brain. Brain insulin resistance is found to be related to the progressive
atrophy of the brain regions of early AD progression, which are cingulate cortices, medial temporal
lobe, prefrontal gyri, and other regions [33]. Along with the discussion above, brain insulin resistance
due to metabolic disorders such as diabetes mellitus, metabolic syndrome, and nonalcoholic fatty
liver disease are considered to be a prominent component of AD pathology; the maintenance of brain
insulin supply should also be a target of AD therapy for individuals with metabolic disorder [34].
Thus, metabolism and neurological disorders are closely related to each other.

3. Adiponectin as a Modulator of Metabolic Disorder

Adiponectin is secreted with the bioactive molecule leptin from normal adipose tissues (together,
they are called adipokines) [35]. It regulates glucose and fatty acid metabolism by increasing insulin
sensitivity of peripheral organs [36–38]. However, small amounts of adiponectin, an adipose-tissue-
specific protein, can also be synthesized by other cell types. Paradoxically, the adiponectin level
decreases with the increase of central adiposity, which causes obesity [39–41]. Obesity causes damage
to several organ systems because it regulates MetS, which can be characterized physiologically as excess
weight and pathologically as high triglyceride levels and insulin resistance [42]. Moreover, obesity
is related to an increase in cognitive decline and AD [43]. Recently, our laboratory has shown that
touchscreen-based behavioral testing of high-fat diet mice led to an impairment in cognitive function
compared with cognitive function in normal diet mice [44]. MetS, including obesity, cardiovascular
disease, type 2 diabetes, and neurodegenerative disorders, is associated with the regulation of
adiponectin expression [8,45,46]. Like other hormonal proteins, adiponectin also functions through
specific receptors known as adiponectin receptors. Adiponectin receptors have been classified into
adiponectin receptor (AdipoR) 1, AdipoR2, and T-cadherin. Through the recruitment of adaptor protein
APPL1 by AdipoRs activation, adiponectin signaling regulates a series of signaling pathways [47].
AMP-activated protein kinase (AMPK), peroxisome proliferator-activated receptor-α (PPARα), IkB
kinase (IKK)/NF-κB/PTEN, IRS1/2–Akt, and Ras-ERK1/2 signaling are examples of downstream
adiponectin signaling [48–52]. Adiponectin receptors are found to be expressed throughout the whole
brain. Thundyil et al. suggested that in the cortical neurons, AdipoR1 expression is more prominent
than AdipoR2 expression [53]. On the other hand, T-cadherin acts as the coreceptor of a unidentified
receptor, through which the adiponectin can transmit the metabolic signals [54].

4. Adiponectin’s Potential Role in Alzheimer’s Disease

4.1. Adiponectin and Brain

Adiponectin gives a beneficial effect on synaptic regulation and memory in AD (Figure 2). It also
promotes synaptic plasticity in AD by improving the hippocampal’s long-term potentiation [55].
Adiponectin and its homolog, osmotin, enhance neurite outgrowth and synaptic complexity and
improve learning and memory defects in mouse AD models [56–59]. Furthermore, chronic adiponectin
deficiency in aged mice leads to AD-like cognitive impairments and pathologies [60]. In a recent
clinical study, individuals with higher-than-normal adiponectin levels performed better in cognitive
tests, indicating the protective effect of adiponectin against cognitive failure. Furthermore, the
study showed that adiponectin could be used to identify the risk of cognitive dysfunction [61].
The upregulation of serum adiponectin expression has been found to be associated with MCI and
AD [8]. The adiponectin receptors AdipoR1 and AdipoR2 have approximately 95% homology between
human and mice. They are ubiquitously expressed and structurally related in humans and mice,
with variable affinity to different isoforms and predominance in some tissues [62]. The expression of
AdipoR1 and AdipoR2 is mainly localized to neurons in the hypothalamus, brainstem, and cortex [22],
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as well as the nucleus basalis of Meynert and the hippocampus, the two main targeted structures in
AD [63]. In the hypothalamus and the brainstem, adiponectin is thought to regulate food intake and
energy expenditure via AdipoR1-mediated AMPK signaling [23]. However, low levels of adiponectin
in CSF may be compensated by the presence of two high-affinity receptors, AdipoR1 and AdipoR2,
in the brain [64,65]. Suppression of AdipoR1 can result in metabolic diseases such as obesity and
diabetes, which also potentiate spatial learning deficit, memory impairment, and AD pathologies [30].
Hence, studies have evaluated adiponectin and its receptors as therapeutic alternatives for AD.

Figure 2. Downregulation of adiponectin involved in the mechanism of Alzheimer’s disease exacerbates
AD pathology and impairment.

In AD, Aβhas to cross BBB to be transported in the brain, where it is regulated by specific receptors and
transporters [66]. Therefore, it is necessary to protect BBB disruption. Adiponectin protects BBB disruption
by inhibiting apoptosis of endothelial cells, protecting tight junction integrity via the AdipoR1-mediated
NF-κB pathway, and maintaining the balance of Aβ transporters in endothelial cells [67].

4.2. Adiponectin Improves Insulin Signaling

Recently, many studies have provided evidence that insulin signaling dysfunction plays a
key role in cognitive decline, such as in MCI and AD [68–70]. It is well known that T2DM is
independently associated with cognitive dysfunction and loss of hippocampus volume [71]. Further,
insulin signaling prevents Aβ oligomer toxicity [72]. Adiponectin has been found to be beneficial for
T2DM because of its ability to enhance insulin sensitivity, and it has been used in T2DM treatment [73].
A few studies have reported the relationship between increased diabetes prevalence and decreased
levels of adiponectin [74]. In T2DM patients with low adiponectin, the hippocampus volume is
significantly decreased [75]. Lower levels of adiponectin in T2DM have also been associated with
lower gray matter volume and reduced cerebral glucose metabolism in the temporal brain regions [76].
In addition, adiponectin-deficient mice have been used as models of insulin resistance and the associated
memory pathology [60]. In a rat cognitive-deficient model induced by streptozocin, which is commonly
used to induce diabetes, adiponectin attenuated tau hyperphosphorylation and alleviated cognitive
function by activating the PI3K/Akt/GSK-3β signaling pathway [77].
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4.3. Adiponectin Regulates Glucose/Fatty Acid Metabolism

Deterioration of cerebral glucose metabolism is an important feature in age-related AD and is
key to the progression of AD pathogenesis [78–81]. Adiponectin modulates glucose metabolism in
hippocampal neurons by increasing glucose uptake, glycolysis, and adenosine triphosphate production
rates [82]. Glucose and lactate are considered major energy sources in the brain. However, the amounts
of glucose consumption and oxygen utilization in the brain are not the same [83]. In addition, lactate
cannot generate energy because of the fast removal of lactate from cells and activated tissues [84].
A study conducted by Dhopeshwarka et al. suggested that there are gaps between glucose consumption
and oxygen utilization by the brain and that fatty acids can enter the brain and mitochondria and
can be oxidized to produce energy [85]. About 20% (maximum) of the total energy in the brain can
be produced from mitochondrial oxidation of fatty acids [86]. Moreover, fatty acids are regarded as
key players in the homeostasis of glucose [87]. Fatty acid metabolism has been found to be related to
MCI and to adiponectin and its receptors in mice fed a high-fat diet [44,88,89]. Therefore, changes in
adiponectin levels can alter the brain metabolism and progression of AD. Adiponectin also activates
the AMPK and PPARα pathways through AdipoR1 and AdipoR2, respectively, which reduce hepatic
lipogenesis and enhance β-oxidation [90].

4.4. Adiponectin Alleviates Inflammation

One of the key factors for cognitive decline (MCI) and AD is chronic neuroinflammation [91–93].
Amongst renowned anti-inflammatory molecules, adiponectin is considered to be an active contributor
to chronic inflammation in obesity and T2DM [91,92,94,95]. Chronic inflammation, which induces
AD and metabolic-distress-related pathologies such as neuronal insulin resistance, endoplasmic
reticulum stress, synaptotoxicity, and neurodegeneration, is caused by the secretion of proinflammatory
cytokines by microglial cell activation [92,96]. In an adiponectin-knockout mouse model, activation
of proinflammatory cytokines such as interleukin (IL)-1β, IL-6, and tumor necrotic factor-α has been
shown to cause the development of AD-like pathology [60]. Furthermore, adiponectin prevents
neuroinflammation by decreasing microglia and regulating the brain macrophage proinflammatory
phenotype [97,98]. Therefore, changes in adiponectin levels may be closely related to neuroinflammation
in AD.

4.5. Adiponectin Has Protective Effect on Oxidative Stress/Hypoxia

Studies have shown that oxidative stress and hypoxia conditions render an important role in the
pathogenesis of age-related neurodegenerative diseases such as AD [78,99,100]. Adiponectin alleviates
oxidative stress and oxidative-stress-mediated cytotoxicity [101,102] and has a protective effect in
high glucose concentrations in blood [26]. Many of these effects have been reported to occur because
of upregulated AMPK signaling [101,103]. Since AMPK is considered the general energy sensor in
the brain, inhibition of adiponectin may influence the AMPK pathway, which in turn could affect
brain metabolism [104,105]. Similarly, in a hypoxic environment in obese individuals, hypertrophic
adipocytes upregulate the expression of hypoxia-inducible factor-1α (HIF-1α) [106]. Upregulation of
HIF-1α has been found to inhibit the production of adiponectin. This phenomenon has been confirmed
by the expression of high levels of adiponectin mRNA in adipocyte-specific HIF-1α-deficient mice fed
a high-fat diet for 7 weeks compared with control mice [107]. With the above study, adiponectin can be
considered a modulator of neurocognitive disorders, which might suggest adiponectin as a potential
therapeutic target for AD.

4.6. Adiponectin and Neuroprotection/Neurogenesis

Adiponectin has a neuroprotective effect in various conditions. It shows a protective effect in
brain injury caused by ischemic stroke and intracerebral hemorrhage [108,109]. Neuroprotective
effects of adiponectin have also been demonstrated in a kainite-induced excitotoxicity model [103].
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Furthermore, adiponectin plays a role in many deleterious conditions such as Aβ deposition/tau
phosphorylation, neuroinflammation, and oxidative stress by protecting neurons and glial cells.
Hippocampal neurogenesis is crucial for maintaining cognitive function; however, it is impaired in AD
patients [110,111]. In this respect, it seems necessary to pay attention to the neuroproliferative effect of
adiponectin in the adult brain. Intracerebroventricular injection of adiponectin has shown neurogenic
and proliferative effects in an adiponectin-deficient mice model [55]. An in-vitro and in-vivo study has
also indicated that adiponectin stimulates neurogenesis through AdipoR1 [112].

5. Adiponectin-Associated Therapeutic Strategy against AD Induced by Metabolic Diseases

A number of in-vitro, animal, and clinical studies have been conducted to find molecular targets
that prevent protein aggregation, oxidative stress, and inflammation for AD treatment. However,
a therapeutic target is still unclear. Adiponectin can be considered a protein of interest in the search
for new neuroprotective targets for AD. Previous studies have attempted to use adiponectin levels
as an AD marker [8–10,13,113] (Table). In addition, numerous therapeutic agents that are being
considered new paradigms in AD therapy have been found to be related to adiponectin signaling.
These therapeutic agents do not only include adiponectin and AdipoR homologs but also conventional
AD drugs, anti-insulin resistance drugs, and cardiovascular drugs.

5.1. Adiponectin as an AD Marker

In some recent studies, the relationship between plasma and CSF adiponectin levels in MCI or
AD has been reported. However, there are discrepancies in their results. Some studies have shown
decreased adiponectin levels in AD or MCI [113–115], while others have shown increased levels or
insignificant changes [9,11–13,116,117]. The reason for the discrepancies among these studies might
be because of the ambiguous criteria for classifying AD and MCI patients or failure to exclude other
factors that may have affected adiponectin levels. As mentioned earlier, conventional AD medications
(acetylcholinesterase inhibitors) can increase serum adiponectin levels. Furthermore, there is also a
possibility that increased adiponectin levels may have served as a compensatory mechanism for the
progress of AD. Thus, to establish the relationship between adiponectin levels and AD, more controlled
studies should be conducted.

5.2. Adiponectin and Adiponectin Receptor Homolog

Osmotin, a protein found in tobacco that structurally and functionally mimics adiponectin,
positively modulates the AdipoR1/AMPK/SIRT1 pathway and reduces the AD-related protein Aβ

expression (Figure 3) [59]. SIRT1 and AMPK are known for their metabolic activities and cellular energy
homeostasis; they positively regulate each [118,119]. Osmotin treatment has been found to inhibit the
expression of AD markers, such as amyloid precursor protein, p-tau, and Aβ, in inflammation-induced
mouse brains [82,120]. In addition, adiponectin also enhances neurite outgrowth and synaptic
complexity via AdipoR1/NgR1 signaling [57].

Adiporon, an agonist of adiponectin receptors that bind AdipoRs, has been known to play
a vital role in many neurological diseases. Its ability as an anti-depressive agent and metabolic
regulator has been demonstrated in a mouse model of depression, where it also regulated dopaminergic
neurons [121]. It has also been shown to modulate fear and intrinsic excitability in the hippocampus [122].
These beneficial neurological effects are possible because of the BBB-penetrating property of this
molecule. More recently, Liu et al. have reported that adiporon improves cognitive dysfunction,
inhibits Aβ deposition, and restores impaired hippocampal neuron proliferation activation in AD mice
by activating the AdipoR1/AMPK pathway [123]. Ultimately, osmotin and adiporon can be effective
and realistic therapeutic alternatives for adiponectin-based AD treatment in patients.

55



Int. J. Mol. Sci. 2020, 21, 6419

Figure 3. Osmotin treatment positively modulates AD through the AdipoR1/AMPK/SIRT1 pathway.
(a) Obesity reduces adiponectin and AdipoR1 expressions, which negatively modulate the AMPK/SIRT1
pathway and increase the AD biomarkers. (b) Osmotin treatment increases adiponectin and AdipoR1
expressions and reduces AD biomarkers through the AMPK/SIRT1 pathway.

5.3. Adiponectin and Conventional AD Drug

The US Food and Drug Administration (FDA) has approved only two types of medications for
the treatment of cognitive dysfunction of AD—acetylcholinesterase inhibitors (AChEI; donepezil and
galantamine) and memantine [124]. One study has shown that donepezil increases serum adiponectin
levels in AD patients, while another study has shown that galantamine increases serum adiponectin
levels in a type 2 diabetes rat model [125]. A recent study has also reported a significant weight loss
after AChEI treatment and that AChEI treatment exerts an insulin-sensitizing effect via the activation of
IR/PI3K/Akt/GLUT2,4 and Wnt/GSK3β/β-catenin signaling [126]. Although more studies are needed,
the beneficial effect of AChEI on AD is thought to be possibly mediated by adiponectin.

Memantine is another FDA-approved medication for AD. Although it cannot be factually claimed
that its therapeutic mechanism is directly associated with adiponectin, there are some interesting
points that suggest a connection between them. Memantine is an N-methyl-d-aspartate (NMDA)
receptor antagonist that modulates glutamatergic dysfunction and inhibits excitotoxicity mediated
by NMDA [127]. Its therapeutic ability in AD is attributed to this mechanism. Similarly, adiponectin
has been shown to have a neuroprotective effect by inhibiting NMDA-mediated excitotoxicity [128].
In addition, adiponectin and memantine play a protective role in glutamate-induced excitotoxicity
(shown in both animal/in-vitro models) [129,130]. Furthermore, memantine also has the ability to
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attenuate insulin resistance and improve brain function in high-fat diet-induced models. Given these
similarities, there is a possibility that the comprehensive role of adiponectin in AD could be a hint in
conducting research on memantine.

5.4. Adiponectin and Type 2 Diabetes Medications

Several studies have suggested that AD and T2DM are related to each other; thus, T2DM drugs
and their potential to be used as AD treatment are drawing attention [131,132]. There are several types
of type 2 diabetes drugs, such as biguanide derivatives (metformin), PPARγ agonists (thiazolidinedione
[TZD] derivatives), glucagon-like peptide-1 receptor (GLP-1R) agonists, dipeptidyl peptidases 4 (DPP-4)
inhibitors, sodium-glucose transport protein 2 inhibitors, and second-generation sulfonylureas [133].
In addition to these drugs’ ability to improve cognitive function, some of these drugs are capable of
increasing adiponectin levels.

Metformin, the drug used as first-line pharmacologic therapy in T2DM, has been shown to
attenuate AD-like pathology in both in-vitro and in-vivo studies [134–136]. An improvement in
cognitive function has been observed in many studies on mild cognitive function and dementia
patients [60,137,138]. Many studies have shown that metformin increases serum adiponectin levels in
various conditions [139–141]. Furthermore, like adiponectin, metformin plays a neuroprotective role
by activating AMPK signaling [142,143].

TZD derivatives, including rosiglitazone and pioglitazone, act as PPARγ agonists and are used
for T2DM treatment because of their insulin sensitization activity [144,145]. They have also been
researched as alternative AD treatments [146,147]. Increased adiponectin by TZD might play a key
role in the insulin sensitization activity induced by TZD [132,148]. Thus, TZD’s beneficial effect on AD
might be related to the increased adiponectin levels.

An insulin-releasing hormone in hyperglycemic conditions, GLP-1, has been found to have a
neuroprotective effect [149–151]. GLP-1 receptors are responsible for controlling food intake and
body weight and are widely distributed in the brain and special neurons (pyramidal neurons of the
hippocampus and neocortex), which means that it plays an important role in neural function and
synaptic transmission [149,151–154]. In an AD mice model, Val(8)GLP-1, liraglutide, and exidin-4
(GLP-1 analogs, well known for the upregulation of adiponectin) treatments rescued synaptic plasticity
by preventing synaptic degradation, which is also correlated with the increased learning ability of
new spatial tasks [155–158]. Several studies have also shown the beneficiary effect of GLP-1 analogs
for AD [159–161].

Inhibitors of DPP-4 also increase GLP-1 signaling activation by inhibiting the degradation of
GLP-1 [162]. Therefore, they potentially act on AD, like other GLP-1 analogs [163]. They also lead to
increased adiponectin and are thought to be alternative medications for AD [164–167]. Accordingly,
the GLP-1 functional facilitator, GLP-1 analogs, and DPP-4 inhibitors might be good candidates for AD
treatment because of their ability to increase adiponectin.

5.5. Drugs for Cardiovascular Disease and Adiponectin

A recent study has suggested that medications aimed at cardiovascular diseases may also decrease
the risk of dementia caused by AD [168]. Several neuroprotective pleiotropic agents have been shown
to increase plasma adiponectin levels [169]. In studies with animal models, angiotensin II receptor
blockers have shown beneficial effects on cognitive function related to AD [170–172]. Improvements
in AD progress and cognitive function have also been observed in human clinical trials [173–175].
Moreover, angiotensin II receptor blockers can reduce neuroinflammation directly or by regulating the
infiltration of inflammatory cytokines because of their ability to restore the blood-brain barrier [176–178].
Altogether, angiotensin II receptor blockers may be beneficial in AD therapy because it upregulates
adiponectin [179–181].

Angiotensin-converting enzyme inhibitors (ACEIs) regulate the renin–angiotensin system and
angiotensin II receptor blockers. Upregulation of blood adiponectin has been observed after treatment
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with ACEIs [182,183]. Some clinical and meta-analysis studies have also shown that ACEIs reduce
the progression and risk of AD [184–187]. This result has also been observed in several animal
model studies [188–190]. However, in one meta-analysis study, ACEIs had no effect on cognitive
decline [191], and some studies have shown a negative effect of ACEIs in in-vivo AD models [192–194].
Thus, ACEI treatment is controversial for its effect on AD.

Another cardiovascular medication, fibrate, a PPARα agonist, has been shown to increase
adiponectin levels [195,196]. Since ligand-activated PPARα decreases tau phosphorylation, Aβ pathology,
and neuroinflammation, fibrate might be a good candidate for AD treatment [197].

Statins (such as simvastatin, paravastatin, and atorvastatin) have been reported to increase blood
adiponectin levels [198–200]. Statins are well known for their anti-inflammatory properties in diabetic
patients [201,202]. According to the above studies, statins might also be useful in the treatment of AD
by increasing blood adiponectin levels and reducing neuroinflammation.

6. Conclusions

The conventional approach to developing therapeutics for AD has been focused on the Aβ

hypothesis, which insists that Aβ causes AD pathologies. However, this approach has yet to provide a
successful treatment or prevention method for AD. Based on the metabolic alterations that occur in the
pathological markers of AD, this review suggests that the adipocyte metabolite adiponectin can be
considered a therapeutic option for the treatment of AD.
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Abstract: Brain-derived neurotrophic factor (BDNF) is one of the most distributed and extensively
studied neurotrophins in the mammalian brain. BDNF signals through the tropomycin receptor kinase
B (TrkB) and the low affinity p75 neurotrophin receptor (p75NTR). BDNF plays an important role in
proper growth, development, and plasticity of glutamatergic and GABAergic synapses and through
modulation of neuronal differentiation, it influences serotonergic and dopaminergic neurotransmission.
BDNF acts as paracrine and autocrine factor, on both pre-synaptic and post-synaptic target sites.
It is crucial in the transformation of synaptic activity into long-term synaptic memories. BDNF
is considered an instructive mediator of functional and structural plasticity in the central nervous
system (CNS), influencing dendritic spines and, at least in the hippocampus, the adult neurogenesis.
Changes in the rate of adult neurogenesis and in spine density can influence several forms of learning
and memory and can contribute to depression-like behaviors. The possible roles of BDNF in neuronal
plasticity highlighted in this review focus on the effect of antidepressant therapies on BDNF-mediated
plasticity. Moreover, we will review data that illustrate the role of BDNF as a potent protective
factor that is able to confer protection against neurodegeneration, in particular in Alzheimer’s
disease. Finally, we will give evidence of how the involvement of BDNF in the pathogenesis of brain
glioblastoma has emerged, thus opening new avenues for the treatment of this deadly cancer.

Keywords: BDNF; miRNAs; neurogenesis; synaptic plasticity; depression; neurodegeneration;
glioblastoma

1. Introduction

The neurotrophin BDNF is one of the most studied and well characterized neurotrophic factors in
the CNS. It regulates many different cellular processes involved in the development and maintenance
of normal brain function by binding and activating the TrkB, a member of the larger family of
Trk receptors. In the brain, BDNF is expressed by glutamatergic neurons [1], glial cells, such as
astrocytes isolated from the cortex and hippocampus, but not from the striatum [2], and microglia [3].
During embryogenesis, BDNF–TrkB signaling promotes the differentiation of cortical progenitor cells
and later promotes differentiation of cortical progenitor cells into neurons (i.e., neurogenesis) [4].
Several lines of evidence also suggest that the BDNF/TrkB signaling is involved in adult neurogenesis
in the hippocampus with differing effects in the dentate gyrus (DG) and subventricular zone (SVZ) [5].
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Adult neurogenesis in the dentate gyrus is enhanced by voluntary exercise, exposure to an enriched
environment, and chronic antidepressant administration. Recently, it has also been proposed that
caloric restriction and intermittent fasting in particular, appears to positively modulate hippocampal
neurogenesis and BDNF [6]. The connection between BDNF and the modulation of hippocampal
neurogenesis by external stimuli is a topic that has been extensively studied in recent years [7]. It has
been demonstrated that voluntary physical exercise, like an enriched environment, increases expression
of BDNF in the hippocampus [8], as well as hippocampal neurogenesis [9]. Physical exercise is one
particularly effective strategy for increasing circulating levels of BDNF [10,11] and improving brain
function [12–14].

In addition, studies also show that BDNF is an important regulator of synaptic transmission and
long-term potentiation (LTP) in the hippocampus and in other brain regions. The effects of BDNF on
LTP are mediated by the TrkB receptor. Especially in the hippocampus, this neurotrophin is thought to
act on both the pre- and post-synaptic compartments, modulating synaptic efficacy, either by changing
the pre-synaptic transmitter release, or by increasing post-synaptic transmitter sensitivity [15,16] to
induce a long-lasting increase in synaptic plasticity. Additionally, converging data now suggest a role
for BDNF in the pathophysiology of brain-associated illnesses. Deficits in BDNF signaling are reported
to contribute to the pathogenesis of several major diseases, such as Huntington’s disease, Alzheimer’s
disease (AD), depression, schizophrenia, bipolar, and anxiety disorders. Thus, manipulating the BDNF
signaling may present a viable approach to treat a variety of neurological and psychiatric disorders.
BDNF protein is also detectable outside of the nervous system in several non-neuronal tissues, such as
in endothelial cells [17,18], cardiomyocytes [19], vascular smooth muscle cells [17], leukocytes [20],
platelets [21,22], and megakaryocytes [19]. Therefore, it may also be involved in cancer, angiogenesis,
reduction of glucose production from the liver [23], and in the uptake of glucose in peripheral tissues
(see [24] for review). In addition, BDNF promotes the development of neuromuscular synapses and
is required for fiber-type specification, suggesting a potential role as a therapeutic target in muscle
diseases [25]. In this review, first we examine the currently known mechanisms of BDNF signaling,
information essential for the creation of BDNF-based therapeutics. Next, we focus on the effects of
antidepressants on BDNF-mediated plasticity. Additionally, we highlight the function of BDNF as a
potent factor capable of conferring protection against neurodegeneration. Finally, we touch on the
newly emerging role of BDNF in the pathogenesis of brain gliomas.

2. The Human BDNF Gene: Transcripts and Variants

2.1. BDNF Transcripts

The BDNF gene codes for a neurotrophin that is highly expressed in the CNS [26]. At the beginning
of 2000s, the only data available about the structure and regulation of the BDNF gene were from
Timmusk and colleagues, which identified in rats four 5’ exons linked to separate promoters and one 3’
exon encoding the preproBDNF protein [27–29]. These four BDNF promoters owned multiple points
of BDNF mRNA regulation and suggested an activity-dependent regulation [28–31]. Further studies,
published in 2007, clarified that BDNF has a complex gene structure with 11 different exons in humans,
nine different exons in rodents, and nine alternative promoters for both groups [32,33]. Despite this
complexity, the coding sequence is located in exon IX in both human and rodents. The latter includes
the common sequence that encodes for the proBDNF protein. All other exons are untranslated regions
with a start codon present in exons I, VII, VIII, and IX of the human BDNF gene. Exon IX is present in
all BDNF mRNA isoforms. It is supposed that the nine alternative promoters can regulate the complex
spatio-temporal expression of BDNF gene and allow BDNF to respond to a greater variety of stimuli.
For instance, in human brain tissues, all exons are expressed, but to different degrees and in different
brain structures [33]. Human heart tissue, instead, expresses high levels of BDNF isoforms containing
exon IV and exon IX [33].
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Currently, two BDNF promoters, promoter I and promoter IV, have been well characterized
for their response after the activation of the L-type voltage gated calcium channel (L-VGCC) or
the n-methyl-d-aspartate (NMDA) receptor. Activation of L-VGCC and NMDA receptors mediate
intracellular Ca2+-signaling and regulate several aspects of brain functions (for review [34,35]). Promoter
I is more responsive to neuronal activity and induces activity-dependent expression of BDNF in vitro
and in vivo. It contains calcium-responsive elements (CaREs) and cyclic adenosine monophosphate
(cAMP)/calcium response element (CRE) [29,36–38]. Deletion of CRE or overexpression of dominant
negative of CREB (cAMP-response element-binding protein) significantly impairs rat BDNF promoter
I response to neuronal depolarization [38]. Human BDNF promoter I is similar to rat promoter, since
an orthologous CRE-like element is also present [39]. However, mutation of this site did not affect
human BDNF promoter I response to depolarization [39]. Human BDNF promoter I also contains
an activator protein 1 (AP1) -like element and an asymmetric E-box-like element [39]. Mutation in
E-box-like element reduces human BDNF promoter I induction, impairing the response to neuronal
depolarization [39].

Another highly characterized BDNF promoter is the BDNF promoter IV that contributes
significantly to activity-dependent BDNF transcription. Human and rat BDNF promoter IV are
similar. In this promoter, three CaREs and three other regulatory elements involved in regulating
rat BDNF promoter response to NMDA receptor activation have been identified [40]. NMDA
receptor activation is capable of triggering BDNF exon IV transcription through a protein-signaling
cascade requiring extracellular signal-regulated kinase (ERK), Ca2+/calmodulin-dependent protein
kinase (CaMK) II/IV, phosphoinositide 3-kinases (PI3K), and phospholipase C (PLC). BDNF exon IV
expression also seems capable of further stimulating its own expression through TrkB activation [41].
Additionally to the CaREs, two positive regulators have been identified: the NF-kB (nuclear factor
kappa-light-chain-enhancer of activated B cells) [42] and NFAT (nuclear factor of activated T-cells)
binding sites [30,43]. In contrast to these positive regulators, BDNF promoter IV also contains a
negative regulatory element, the class B E-box. This is a binding site for a basic helix-loop-helix protein,
BHLHB2, a suppressor of the bHLH gene superfamily [43,44]. NMDA treatment is able to remove
BHLHB2 binding to the E-box and to increase rat BDNF promoter IV activity [43,44]. Disruption of
BDNF promoter IV in mice significantly reduced the number of parvalbumin GABAergic neurons in the
prefrontal cortex and impaired GABAergic activity [45]. These mice displayed depression-like behavior
such as anhedonia-like behavior and increased latency to escape in the learned helplessness test [45].
Further evidence suggests a relationship between stress exposure and epigenetic regulation of BDNF
promoter IV with the development of psychiatric disorders. Specifically, changes in BDNF promoter
IV methylation levels are implicated in depression [46,47]. Preliminary evidence has demonstrated
that patients with major depressive disorder (MDD) present a hypomethylation of the CpG-87 site
of the promoter IV region of BDNF gene and are less likely to benefit from antidepressants [47,48].
In addition, BDNF disruption from promoter IV-derived transcripts impairs fear expression in mice,
suggesting that cells expressing BDNF from promoter IV critically regulate hippocampal-prefrontal
plasticity during fear memory [49,50].

2.2. miRNAs and BDNF

MicroRNAs (miRNAs) are a class of evolutionary conserved small non-coding single-strand RNA
molecules, 18–25 nucleotide long, able to bind to 3′ untranslated regions (3′ UTR) of target mRNAs
and promote their degradation or suppress their translation into proteins. MiRNAs are expressed
abundantly within the nervous system in a tissue-specific manner and are crucial players in several
biological processes, including neurogenesis, neuronal maturation, synapse formation, axon guidance,
neurite outgrowth and neuronal plasticity [51–53]. Accumulating data indicate that synthesis of BDNF
may be affected by miRNAs, indeed, a regulatory negative feedback loop between BDNF and miRNAs
exists. That is, while BDNF treatment stimulates neuronal miRNAs expression, miRNAs generally
inhibit the expression of BDNF [54]. This negative feedback loop is maintained in a state of equilibrium
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in normal cells. Alterations in miRNAs or in BDNF contribute to the pathogenic mechanisms involved
in neurodegenerative diseases or neuropsychiatric disorders.

A number of recent studies, obtained from high throughput sequencing screening of different
brain regions or from neurological disorders, have identified seven miRNAs (miR-15a, miR-206,
miR-155-5p, miR-16, miR-103-3p, miR-330-3p, Let-7a-3p) correlated with BDNF [55]. Previous data
published by Schratt et al. reported the involvement of miR-134 in BDNF-regulated dendritic spine
size in hippocampal neurons. They demonstrate that miR-134 negatively regulates the spine size
via repressing the translation of LIM kinase 1, which is known to regulate dendritic structures.
BDNF is able to relieve the inhibition of LIM kinase 1 translation, and in this manner contribute
to synaptic development, maturation and/or plasticity [56]. Recently, Baby et al. [57] found that
miR-134 mediates post-transcriptional regulation of CREB1 and BDNF, as previously described by
Gao et al. [58], who demonstrated that mutant mice lacking Sirtuin 1 (SIRT1) catalytic activity shows
reduction in both CREB and BDNF proteins and upregulation of miR-134. Thus, higher levels of
miR-134 negatively regulate synaptic plasticity [58]. MiR-134-mediated post-transcriptional regulation
of CREB1 and BDNF prevents cognitive deficits in chronic unpredicted mild stress model (CUMS) [59].
At the same time, data published by Xin and coworkers [60] demonstrate that miR-202-3p silencing
reduces the damage to hippocampal nerve in CUMS rats through the upregulation of BNDF expression.
miRNAs could be an effective target also for the treatment of depression. Recent data demonstrate that
miR-124-mediated post-transcriptional regulation of CREB1 and BDNF can improve depression-like
behavior in a rat model [61]. Instead, miR-153 through the inhibition of activation of the JAK-STAT
signaling pathway improves BDNF expression and influences the proliferative ability of hippocampal
neurons in autistic mice [62].

In vitro studies have also allowed analysis of the effect of neurotoxins or anesthetic agents
on miRNAs expression and in turn, on BDNF expression. For instance, differentiated PC12 cells,
treated with 1-methyl-4-phenylpyridinium (MPP), show upregulation of miR-34a, miR-141, and miR-9,
suggesting that perturbed expression of them may contribute to Parkinson’s disease (PD)-related
pathogenic processes, probably by affecting the expression of B-cell lymphoma 2 (BCL2), BDNF,
and SIRT1 as potential targets [63].

Instead, studies in vitro on embryonic stem cell-derived neurons demonstrated that inhibition of
miR-375 and miR-107 ameliorates ketamine-induced neurotoxicity via inverse regulation of the BDNF
gene [64,65].

In summary, understanding the different functions of the various BDNF transcripts, the modulation
of the expression of specific exons, and investigating the function of the BDNF-related miRNAs may
represent a promising strategy to restore enduring changes in gene expression in response, for example,
to environmental insults. This, in turn, might open new therapeutic perspectives for the treatment of
neurodegenerative and neuropsychiatric disorders.

2.3. Biology of BDNF

Synthesis and maturation of BDNF is a multistage process, involving the formation of several
precursor isoforms. The BDNF protein, discovered in 1982 [66], is a highly conserved protein of
247 amino acids, synthesized and folded in the endoplasmic reticulum as preproBDNF (32–35 kDa).
Upon translocation to the Golgi apparatus, the signal sequence of the preregion is rapidly cleaved,
and the isoform proBDNF (28–32 kDa) is generated [67]. The proBDNF is further cleaved to reach
the mature isoform (mBDNF, 13 kDa) [67,68]. Intracellular proteolytic cleavage of proBDNF may
occur by the subtilisin-kexin family of endoproteases such as furin, or in intracellular vesicles by
convertases [69,70] (Figure 1).
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Figure 1. Brain-derived neurotrophic factor (BDNF) protein structure. The preproBDNF consists of
three sequences: signal sequence (s.s), pro-domain, and mature domain. The intra- or extracellular
cleavage of preproBDNF generates functionally active isoforms: BDNF pro-peptide and mature BDNF
(mBDNF), each of which exhibits a characteristic affinity to a specific type of receptor. Arrowheads
indicate known protease cleavage sites involved in the processing of mature BDNF. The position of the
single nucleotide polymorphism (rs6265, Val66Met) and the substitution of valine (Val) in methionine
(Met) at codon (aa) 66 in the human BDNF gene is indicated by an arrow.

Extracellular cleavage of proBDNF is determined by plasmin [71] and matrix metalloproteases
2 and 9 (MMP2 and MMP9) [72,73]. Depending on the cell type, BDNF can be secreted in a constitutive
or activity-dependent manner [74]. In neuronal cells, both proBDNF and mBDNF are released following
cell membrane depolarization [75–77]. The balance of proBDNF and mBDNF depends on the particular
stages of brain development and regions. In the early postnatal period, the concentration of proBDNF
is higher and may be considered as an important factor modulating brain function; while mBDNF
prevails in adulthood and is important for processes occurring in adulthood, such as neuroprotection
and synaptic plasticity [78]. Both proBDNF and mBDNF are active, eliciting opposing effects via the
p75 neurotrophin receptor (p75NTR), a member of the tumor necrosis factor (TNF) receptor family
and TrkB receptor, respectively. In resting form, both types of receptor are located in the membrane of
intracellular vesicles. Stimulation with cAMP, Ca2+, or electrical impulse initiates their transfer and
fusion with the cellular membrane [79,80].

The mature domain of proBDNF interacts preferentially with p75NTR, mediating synaptic
pruning in the prenatal brain [81]. ProBDNF, through its pro-domain, can also interact with the
sortilin receptor or other vacuolar protein sorting 10 protein (Vps10p) (Figure 2). Thus, proBDNF
binding to specific receptors triggers signaling pathways, which can determine neuronal fate via
promoting their death or survival [82,83]. The proBDNF/p75NTR/sortilin binding complex initiates
signaling cascades leading to the activation of c-Jun amino terminal kinase (JNK). This pathway is
involved in neuronal apoptosis [82,83]. High levels of p75NTR expression are detected during brain
development and post-traumatic recovery [84]. When mature domain of BDNF binds to p75NTR,
the RIP2 (serine/threonine-protein kinase 2)/TRAF6 (tumor necrosis factor receptor associated factor
6)-mediated pathway is initiated, which leads to NF-kB activation [82,85]. The activation of NF-kB
promotes neuronal survival and maintenance during brain development [85]. In addition, p75NTR
interacts also with the Ras homologous (Rho) protein family. This pathway is reported to regulate
neuronal growth cone development and motility [85].
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Figure 2. Intracellular signaling cascades activated by interaction of BDNF isoforms with its receptors.
proBDNF and mBDNF bind to different receptors, respectively. The mBDNF isoform exhibits
highest affinity for the tyrosine kinase B receptor (TrkB) receptor, which when stimulated undergoes
homodimerization and autophosphorylation, but also binds the low affinity neurotrophin receptor
p75NTR. The interaction between the TrkB receptor and the p75NTR receptor in a complex increases
the ligand binding affinity to BDNF. Sortilin is considered a co-receptor for p75NTR. The proBDNF
isoform, consisting of two sequences (pro-domain and mature domain), interacts with specific receptors,
sortilin and p75NTR, respectively. The binding of proBDNF to a p75NTR/sortilin-complex induces
signaling pathways that are specific for proBDNF. The binding of proBDNF in combination with
sortilin causes the involvement of neurotrophin receptor-interacting factor (NRIF), tumor necrosis
factor receptor-associated factor 6 (TRAF6), and neurotrophin receptor-interacting MAGE homologue
(NRAGE) proteins. This pathway activates the JNK-associated pathway that promotes programmed cell
death, or the receptor-interacting serine/threonine-protein kinase 2 (RIP2) /TRAF6-mediated pathway
is initiated. Multi-subunit IκB kinase (IKK) phosphorylates (orange dot) the inhibitor of kB (IkB)
protein, which results in dissociation of IkB from NF-κB. The activated nuclear factor kappa B (NF-kB)
is then translocated into the nucleus where it binds to specific sequences of DNA and promotes
neuronal survival and maintenance. In addition, p75NTR interacts with the Rho family of proteins,
whose activation mediates the activity of Rho-associated protein kinase (ROCK), which subsequently
leads to activation of the AKT pathway, involved in cytoskeletal remodeling. The mBDNF/TrkB receptor
complex triggers signaling pathways associated with activation of phosphatidylinositol 3-kinase (PI3K),
phospholipase C gamma (PLC-γ), and GTP-ases of the Rho family, involved in survival, plasticity and
neurite outgrowth, transcription regulation, and synaptic plasticity.

mBDNF binds with the high-affinity TrkB receptor, the receptor dimerizes, and the intracellular
tyrosine residues are autophosphorylated [86]. Phosphorylated-TrkB activates several enzymes:
PI3K, mitogen-activated protein kinase (MAPK), PLC-γ, and guanosine triphosphate hydrolases
(GTP-ases) of the Rho gene family [87–89]. mBDNF-TrkB-signaling pathways regulate multiple events,
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such as apoptosis and survival of neurons [90–92], dendritic growth [93–96], spine maturation and
stabilization, development of synapses [96–98], learning- and memory-processes-dependent synaptic
plasticity [99,100].

PI3K/Akt-related pathway exerts antiapoptotic and pro-survival activity and modulates NMDA
receptor-dependent synaptic plasticity [101–103]. The PI3K/Akt/mTOR cascade enhances dendritic
growth and branching through regulation of protein synthesis and cytoskeleton development [104,105].

The MAPK/Ras-signaling cascade regulates protein synthesis during neuronal differentiation [85]
and is also required for the activation of ERK 1/2 and CREB [106,107]. This pathway is crucial not only
for early response gene expression (e.g., c-Fos), but also for cytoskeleton protein synthesis (e.g., Arc
and cypin) [87], as well as dendritic growth and branching in hippocampal neurons [94,108].

The PLC-γ-dependent pathway evokes activation of CAM kinase and protein kinase C (PKC),
which subsequently increases the 1,2-diacylglycerol (DAG) and Ca2+ ion concentrations [89].
The PKC-dependent pathway is reported to enhance synaptic plasticity [85] (Figure 2).

In summary, the specific role of BDNF in the regulation of numerous brain physiological processes
depends on the interaction of its isoforms with different types of receptors. This, in turn, elicits the
activation of signaling pathways that are critical for processes of brain development, synaptic plasticity,
and protection and/or regeneration after damage. Perturbation of the BDNF synthesis, resulting in
dysfunctions of its signaling cascades, may be responsible for triggering several pathological processes.

2.4. The Human BDNF Variant Val66Met

BDNF level in the peripheral tissues, brain, and blood may be also affected by gene polymorphism.
The pro-domain of BDNF is the locus of a functional human BDNF polymorphism (SNPs) Val66Met,
also known as rs6265 or G196Apolymorphism [109]. This point mutation causes a substitution of
Valine (Val) to Methionine (Met) at codon 66 (Val66Met) in the pro-domain of BDNF (Figure 1).
The Val66Met polymorphism does not exist in the mouse or other model organisms. Thus, multiple
studies aim to mimic the function of BDNF Val66Met in cellular models or in genetically engineered
mouse models. The BDNF Val66Met variant was first identified in the late 1990s and in 2002 the
first two genetic studies investigating the BDNF Val66Met polymorphism in the pathogenesis of
neurodegenerative disease were published [110,111]. The functionality of BDNF Val66Met variant
was only confirmed in 2003 [112], where BDNF Val66Met polymorphism was shown to disrupt the
episodic memory in humans. In addition, Egan et al. [112] also demonstrated that in hippocampal
cultures BDNF Val66Met polymorphism did not alter BDNF expression per se, but the perisomatic
localization of BDNF. Then, in 2005 it was discovered that the BDNF Val66Met substitution also
disrupts the sortilin-binding site, impairing activity-mediated secretion of BDNF [113]. Likewise,
the BDNF Val66Met substitution also disrupts the translin-binding site, which impairs dendritic
targeting of BDNF mRNA [114]. Thus, the principle molecular mechanism associated with the BDNF
Val66Met polymorphism is the deficient activity-dependent release of BDNF, which consequently
impacts the efficiency of BDNF-TrkB signaling [113]. Following the demonstration that this SNP
was functionally relevant over the past 18 years, more than 1700 studies have investigated the
effects of this polymorphism on brain function in health, as well as in diseases, particularly in
neuropsychiatric disorders [115,116]. The BDNF Val66Met polymorphism has been associated with
cerebral cortex plasticity [117,118], with gray matter structures [119,120], or white matter integrities
and structural networks [121,122]. More specifically, BDNF Val66Met polymorphism is associated with
cognitive processes [112,123–127], and cognitive impairment in neurodegenerative disease, such as
Parkinson’s disease (PD) [128,129] and AD [130,131], and even more with several brain disorders,
including MDD and bipolar disorder [132–137], epilepsy [138–140], schizophrenia [125,141–144],
aging and dementia [145] and stroke [117,146,147]. Met66, but not Val66, BDNF pro-domain can
induce the growth cone retraction in young hippocampal neurons [148]. Although many studies have
demonstrated the possible genetic effects of this BDNF polymorphism in diseases or brain function,
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other articles have failed to replicate the findings. The discrepancies of BDNF Val66Met genetic studies
may result from many factors such as environmental factors, ethnicity, age, and sex.

3. Neuroplasticity in MDD: The Effects of Antidepressant Therapies

3.1. Major Depressive Disorder

Major depressive disorder is one of the most prevalent and debilitating psychiatric disorders
with high impact on the quality of life and negative effects on mood, behavior, and cognition [149].
Over the past few decades, several mechanisms have been investigated in the pathophysiology of MDD,
including altered serotonergic, noradrenergic, dopaminergic, and glutamatergic systems, increased
inflammation, hypothalamic-pituitary-adrenal axis abnormalities, vascular changes, and decreased
neurogenesis and neuroplasticity. In particular, a decrease in serotonergic neurotransmission is
regarded as the main etiopathogenetic mechanism occurring in depressed patients. Thus, the most
common drugs used to treat MDD are serotonin reuptake inhibitor (SSRI) that block SERT and thus
increase serotonin in the raphe nucleus at post-synapse. Therefore, a misbalance in the serotonin
production and/or release is believed to play a central role in determining MDD. This led to finding,
by means of genetic, proteomic and pharmacological tools, molecules able to increase the expression
of serotonin in neurons by modulating neural genes or proteins [150–152]. Among these molecules,
TPH2, the rate-limiting enzyme responsible for brain serotonin biosynthesis, plays a crucial role and is
amenable of genetic and pharmacological manipulation [153,154]. Nevertheless, in 1997 Duman and
Nestler formulated the neurotrophin hypothesis of depression [155]. This theory is now supported by
studies demonstrating a decrease in BDNF mRNA and protein levels in postmortem critical regions,
such as the hippocampus, prefrontal cortex and amygdala, in patients with MDD compared to controls.

3.2. BDNF and Neuronal Plasticity

Brain development occurs through coordinated processes of neuro- and gliogenesis, formation of
neuronal projections and synaptogenesis, and programmed cell death and elimination of improperly
formed connections, together resulting in the formation of the functionally and morphologically
adjusted structure of the adult brain [156,157]. Neuroplasticity or brain plasticity is the ability of the
nervous system to reorganize its structure, function, and connections in response to extrinsic or intrinsic
stimuli [158]. Neuronal plasticity in rodents has been well-documented during the last decades,
whereas neuroplasticity in the human brain largely remains indirect, mostly because of methodological
limitations as well as ethical constraints. Neuronal plasticity includes different mechanisms excellently
reviewed by Castren [159]. One of these is the neurogenesis, i.e., the formation of newborn neurons in
proliferative areas. There is solid evidence that neurogenesis occurs in the adult mammalian brain.
In rodent adult brains, neurogenesis is mainly restricted to the subventricular zone and the subgranular
zone of the dentate gyrus in the hippocampus and olfactory bulbs [156]. An accumulating body of
evidence indicates that BDNF is involved in the regulation of migration of neuronal progenitors along
the rostral migratory stream and neuronal settlement in the olfactory bulb [160] and also acts during
the later stages of neurogenesis [161,162].

Neuronal plasticity is extensively studied during critical periods, a time window during the early
phase of brain development, when neuronal circuits are noticeably sensitive to being shaped by external
stimuli and experience, producing permanent and large-scale changes to neural circuits. The same
circuits can be shaped by experience later in life, but to a lesser degree. After the ending of critical
periods, neuronal plasticity and changes in network structure are more restricted. However, recent data
indicate that several drugs used for the treatment of neuropsychiatric disorders can directly induce
plasticity and reactivate a critical period-like plasticity in the adult brain. The first functional evidence
for the role of neurotrophins in plasticity was obtained in the visual cortex. The observation that BDNF
synthesis in the visual cortex is regulated by visual stimulation made BDNF the prime candidate for
this activity-dependent regulated factor [163–165]. In transgenic mice with early overexpression of
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BDNF, an accelerated onset and end of the critical period and precocious maturation of inhibitory
circuits was observed. Conversely, mice raised in the dark and resulting in lower levels of BDNF
showed a delayed visual plasticity [166,167]. In addition, a disruption in the binding between promoter
regions of BDNF exon IV and cAMP response element-binding protein (CREB) results in decreased
inhibitory input [168], which impairs the critical period plasticity.

3.3. BDNF and Synaptic Plasticity

Another mechanism involved in neuronal plasticity is the modification of mature neuronal
morphology, involving axonal and dendritic arborization and pruning, an increase in spine density,
and synaptogenesis [169]. Epigenetic mechanisms involved in the transcriptional regulation of genes
also can contribute to synaptic plasticity. Several in vitro and in vivo studies analyzed the effects of
BDNF on plasticity. Cazorla et al. proved that 48 h of BDNF stimulation in PC12 cells, transfected
with TrkB, increased neurite outgrowth compared to the non-treated cells [170]. Interestingly, BDNF
stimulation was able to promote dendritic outgrowth and spine formation [171,172] in primary
hippocampal cells grown in B27-deprived medium. This neuroplastic effect is probably achieved
through the activation of intracellular-signaling cascades [173,174]. Recent data suggest that intracellular
overexpression of BDNF in hippocampal developing neurons induces maturation of excitatory and
inhibitory synapses, with respect to exogenous application of BDNF [175]. BDNF mice lacking BDNF die
during the second postnatal week [176] and BDNF deficit causes inhibition of dendritic arborization [92,
177] and reduction of expression of genes functionally related to vesicular trafficking and synaptic
communication [178]. Instead, heterozygous BDNF mice survive into adulthood and BDNF is
required for several forms of LTP, the main mechanism mediating plasticity [179]. At morphological
level, these mice display a specific hippocampal volume reduction [180] similar to that observed in
heterozygous TrkB mice [181,182], but in contrast to p75NTR-deficient mice [183]. These findings
suggest a link between hippocampal volume and BDNF-mediated TrkB signaling [181,182]. Over the
last years, BDNF has been extensively studied as an important regulator of synaptic transmission
and LTP in the hippocampus and in other brain regions. The effects of BDNF in LTP are mediated
by TrkB receptors. In particular, in the hippocampus the neurotrophin is thought to act at pre- and
post-synaptic levels, modulating synaptic efficacy either by changes in pre-synaptic transmitter release,
or by increased post-synaptic transmitter sensitivity (see e.g., [15,16]) to induce a long-lasting increase
in synaptic plasticity. This depends on individual circumstances. Thus, BDNF can be: (i) either,
a mediator or a modulator of synaptic plasticity, (ii) both, a neurotransmitter that acts both at pre- and
post-synaptic level simultaneously at the same individual synapse. Recent data published from Lin et al.
revealed that in CA3 or CA1 regions anterograde BDNF-TrkB signaling is involved in LTP induction,
while anterograde and retrograde BDNF-TrkB signaling contributes to LTP maintenance. BDNF in
both pre-synaptic and post-synaptic terminals modulate basal neurotransmission and pre-synaptic
TrkB, probably regulating pre-synaptic release [184]. In addition, it has also been shown that BDNF
regulates the transport of mRNAs along dendrites and their translation at the synapse. These processes
occur by modulating the initiation and elongation phases of protein synthesis, and by acting on specific
miRNAs [100]. Local protein synthesis responds with rapid and subtle modulation of the proteome to
remodel the synaptic regions in response to stimuli [185]. Protein turnover is required for synaptic
plasticity, and BDNF-signaling has been also described as a crucial regulator for maintaining the
baseline autophagic activity in the brain. BDNF deficiency causes an uncontrolled rise in autophagic
degradation [186].

BDNF is one of the most studied synaptic molecules that efficiently modify synaptic strength and
can act as a mediator, modulator, or instructor of synaptic plasticity. Specific changes in dendritic
spines, as well as in adult hippocampal neurogenesis, can be correlated to several forms of learning
and memory. BDNF is one of the most inspiring molecules to better understand the disadvantageous
synaptic learning underlying the etiology of depression, accompanied by declines in the rate of adult
neurogenesis and in spine densities [181].
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3.4. BDNF in Depressed Patients

BDNF protein and TrkB receptor are detectable in several non-neuronal tissues, including
endothelial cells [17,18], cardiomyocytes [19], vascular smooth muscle cells [17], leukocytes [20],
megakaryocytes [19], and platelets [21,22]. Serum BDNF has been clearly demonstrated to originate
from the progenitors of platelets [21]. Platelets are the major source of peripheral BDNF and are
important for storing the BDNF secreted from other tissues [187]. Over the last years, there has been
a great interest in peripheral BDNF measures in relation to psychiatric illness. It has been studied
as biomarker reflecting these disorders [188,189]. However, there is no evidence that serum BDNF
is related to brain BDNF and neuroplasticity. Nevertheless, the low serum concentration of BDNF
has often been associated with the pathophysiology of MDD [190–192]. An aspect to consider is if the
serum BDNF levels are dependent on the release of BDNF from platelets [193]. The significance of
the lower BDNF levels in depression is currently unclear. The temporal correlation between serum
BDNF levels and the antidepressant effect seems to be indirect: ketamine and electroconvulsive
shock treatment increase serum BDNF levels only gradually, while their antidepressant effect appears
quickly [194]. There are two studies that directly observed a reduction of BDNF levels in platelets of
patients with MDD [195,196]. Another study showed that BDNF levels of platelet were significantly
decreased compared to the controls. In this study, the BDNF levels were normalized compared to
control with SSRIs treatment [197]. Taken together, these studies strongly suggest that changes in
serum BDNF levels reflect altered BDNF release from blood platelets. Thus, given the similarities
in the regulation of BDNF synthesis between megakaryocytes and neurons, there may be parallels
between the brain, BDNF in serum, and release. Nevertheless, within the CNS a reduction in BDNF
and TrkB expression has been reported in the hippocampus and prefrontal cortex of post-mortem brain
tissues of suicide victims [198,199]. In addition, several meta-analyses data confirm the association of
the Val66Met polymorphism with an increase of susceptibility to develop mood disorders [200–202].
Finally, a recent paper showed that subjects with the Met allele of the BDNF gene are more likely to
develop depression [134].

A disruption in serotonin signaling in the brain is also believed to be involved in the
pathophysiology of depression. Changes in synaptic serotonin levels and receptor levels are
coupled with altered synaptic plasticity and neurogenesis [203,204]. It has been proposed that
chronic treatment with conventional antidepressants, such as SSRIs, but not acute administration
increases neurogenesis [205–207] and selective SSRIs might reactivate serotonin’s ability to mediate
developmental plasticity. BDNF acts as a modulator of the 5-HT system and vice versa, acting as the
link between the antidepressant drug and the neuroplastic changes. Close molecular connections
between serotonin receptors and neurotrophic proteins such as BDNF and intracellular signaling
cascades are responsible for cytoskeletal rearrangement [169,208–211]. Thus, dysregulation in
5-HT–BDNF interaction may be responsible for the development of neuropsychiatric and behavioral
abnormalities [212].

Understanding the function of the members of the BDNF system in response to the challenges of
the environment and the interaction with different 5-HT receptors in health and disease will lead to
new classes of drugs that could be used in therapy for psychiatric and neurodegenerative disorders.

3.5. Effect of Antidepressant Therapies on Plasticity BDNF-Mediated

3.5.1. BDNF and Antidepressant Treatments

Multiple lines of evidence suggest that antidepressant treatments increase BDNF mRNA and
protein levels in the cerebral cortex and hippocampus (for review see [213,214]). This increase is
partly due to a reduction of histone acetylation in the BDNF promoter regions. The involvement of
BDNF in the efficacy of antidepressant treatments has mainly been demonstrated in rodent models.
It has been demonstrated that all pharmacological classes of clinical antidepressants increase TrkB
autophosphorylation and signaling in the hippocampus and forebrain, effects observed within hours
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after the administration of the drug [203,215]. Similar results in BDNF mRNA and TrkB phosphorylation
have been observed after acute treatment with ketamine [216–219]. In rodents, injection of BDNF
in the hippocampus reduces depression-like behavior [220], in contrast injection of BDNF into the
nucleus accumbens or ventral tegmental area promotes depressive effects [221], demonstrating the
network-dependent effect of BDNF in mood regulation. Interestingly, conditional knockout of BDNF
in forebrain regions increases depressive behavior in females, but not in male mice [222], and blocks
the effects of antidepressants desipramine or ketamine [216,223]. Similarly, conditional deletion of
TrkB in dentate gyrus or inhibition of TrkB signaling by a dominant-negative TrkB receptor blocks the
effects of antidepressants [224,225]. In addition, mice with Val66Met polymorphism are insensitive
to antidepressants [226]. Recent evidence demonstrates that the antidepressant effects of GLYX-13,
a novel glutamatergic compound that acts as an NMDA modulator with glycine-like partial agonist
properties, are blocked by intra-medial prefrontal cortex infusion of an anti-BDNF antibody or in mice
with a knock-in of the BDNF Val66Met allele. Pharmacological inhibition of BDNF-TrkB signaling
or L-type voltage-dependent Ca2+ channels (VDCCs) blocks the antidepressant behavioral actions of
GLYX-13 [227].

Taken together, these data suggest that BDNF serves as a transducer, acting as the link
between the antidepressant drug and the neuroplastic changes that result in the improvement
of depressive symptoms.

3.5.2. Beneficial Effects of Exercise on Plasticity: The Role of BDNF

Several lines of evidence suggest that exercise has beneficial effects on plasticity and BDNF could
be a link between plasticity and physical activity. Although it has been proven that exercise in MDD
patients reduced depressive symptoms [228–230], neuroplasticity per se has not yet been monitored
in these patients. However, voluntary physical exercise, like an enriched environment, increases
expression of BDNF in the hippocampus [8], as well as hippocampal neurogenesis [9] and this could
improve brain function by enhancing plasticity, cognition, learning, and memory [12–14]. Physical
exercise is one particularly effective strategy for increasing circulating levels of BDNF [10,11]. It has
repeatedly been demonstrated that an acute bout of aerobic exercise transiently increases both serum
and plasma BDNF in an intensity-dependent manner [10,11]. Exercise increases the release of BDNF
from the human brain [231,232] suggesting that exercise also mediates central BDNF production in
humans. It has been suggested that miR-34a potentially can also mediate changes in BDNF expression
and may reflect the decrease in performance after overtraining [233].

Multiple studies suggest that BDNF has a dominant role in mediating the effects of physical
activity on cognitive changes [234]. It has been shown that three months of aerobic exercise training
increases hippocampal volume in healthy individuals and in patients with schizophrenia by 12% and
16%, respectively [235]. The question whether exercise regulates muscle-derived circulating factors that
can pass through the blood–brain barrier and stimulate BDNF production in the brain remains unclear.
In 2016, Moon et al. show that the myokine cathepsin B (Ctsb) might be involved in mediating the
exercise-induced improvement in hippocampal neurogenesis, memory, and learning [236]. Mice lacking
Ctsb showed depression-like symptoms when they were forced to swim [236].

Other papers have demonstrated that exercise induces upregulation in skeletal muscle of PGC1α,
a transcriptional co-activator of mitochondrial biogenesis and oxidative metabolism in brown adipose
tissue and muscle. In muscle, the increase of PGC1α expression stimulates an upregulation of FNDC5,
a membrane protein that is cleaved and secreted into the circulation as the myokine irisin [237]. FNDC5
cross the blood–brain barrier inducing BDNF expression in the hippocampus, in this way BDNF plays
a role in neurogenesis and reward-related learning and motivation [238]. Current research has also
shown that high intensity exercise increases peripheral lactate and BDNF levels; at the same time
lactate infusion at rest can increase peripheral and central BDNF levels. Lactate and BDNF can induce
neuroplasticity [239]. In addition, acute elevation of BDNF did not compensate for hypoxia-induced
cognition impairment [240].
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The identification of exercise-related factors that have a direct or indirect effect on brain function
has the potential to highlight novel therapeutic targets for neurodegenerative diseases.

4. The Protective Role of BDNF on Neurodegeneration

Neurodegenerative diseases comprise a wide range of neurological diseases such as AD, PD,
Huntington’s disease, and amyotrophic lateral sclerosis (ALS), characterized by the deterioration and
then the death of selective nuclei of neurons in the brain or the spinal cord. They are chronic and
progressive diseases, currently incurable and highly debilitating, causing a tremendous emotional
and economic burden on patients, their families, and society. AD, the most frequent among
neurodegenerative diseases, accounts for about 70% of dementia cases all over the world, that
is about 35 million people. It is estimated to cost more than 480 billion euros each year throughout the
world (Sources: OMS, EBC (European Brain Council)). Currently, no pharmacological treatment is
available to cure or even significantly slow down the course of neurodegenerative diseases. For these
reasons, experimental findings showing that physical exercise, exposure to an enriched environment,
metabolic changes and nutritional and/or cognitive intervention, may exert a protective role on
neurodegeneration either by delaying the onset and/or curbing the course of the disease, raise hope
that these new tools might be useful also in clinical practice. BDNF appears to be crucial or, in some
cases even essential, to mediate the neuroprotective effects of the above-mentioned environmental
stimuli (Figure 3). In particular, as discussed above, it is well established that BDNF accounts for the
hippocampal adult neurogenesis, which, in turn, can be stimulated by a number of conditions such
as physical exercise, enriched environment, hormonal balance (i.e., steroid hormones such a cortisol
and testosterone) and nutritional intervention (i.e., fasting, low-calorie intake, low-carb diet, selective
nutrient intakes), capable of increasing the BDNF level [241].

 

Figure 3. The molecular mechanisms mediated by BDNF involved in depression, Alzheimer’s disease,
and glioma. External stimuli (stress, maternal deprivation, or lack of activity) causing epigenetic
regulation processes can induce a reduction in BDNF expression level and in neuronal activity.
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This results in atrophy, neuronal death, and cognitive decline, which may contribute to depression or
Alzheimer’s disease. In these pathologies the BDNF/TrkB signaling, which activates the downstream Akt
and ERK signaling, is altered. Thus, such alterations cause an impairment of CREB signaling resulting
in BDNF downregulation. The alteration of phosphorylation (P) inhibits (red X) the transcriptional
machinery. In the mouse brain, environmental enrichment induces an increase of BDNF. BDNF, binding
the truncated form of TrkB receptor (TrkB.T1), signals directly to the Rho protein dissociation inhibitor
(GDI). The latter detaches from TrkB.T1 and binds to the small G protein RhoA, leading to an inhibition
of glioma cell migration. BDNF stimulates also indirectly the production of IL-15 in microglia, which in
turn stimulates the natural killer cells to produce IFN-γ. IFN-γ contributes to reducing glioma growth.

4.1. The Protective Role of BDNF on Alzheimer’s Disease

A reduced level of BDNF has been found in patients affected by neurodegenerative diseases
such as Parkinson’s, Huntington’s and Alzheimer’s disease as well as in mild cognitive impairment,
the latter being a prodromal stage of AD, characterized by a slight decline of cognitive abilities
including memory, thinking and judging skills [242–245]. In some instances, the levels of BDNF
even correlate with the severity of the diseases, pointing towards a pathogenetic link between BDNF
and AD [246]. Although there are some papers reporting an increase of BDNF in serum or in the
post-mortem brain, this might be due either to compensatory mechanisms or its release from immune
cells or pharmacological treatments known to raise BDNF (i.e., antidepressants) [241].

Recently, a very complex study explored the role of physical activity in a genetic mouse model of
AD. This study provided the most compelling evidence of the relationship between physical activity,
adult hippocampal neurogenesis, BDNF, and AD. This study elegantly confirms that adult hippocampal
neurogenesis plays a pivotal role in brain resilience to AD. They manipulated with pharmacological and
genetic tool neurogenesis as well as BDNF, clearly showing that physical exercise needs neurogenesis
to protect the brain from AD and that BDNF is essential for such a protection. In addition, it provides
evidence that adult hippocampal neurogenesis can counteract AD memory impairment, only in
combination with BDNF, whereas if neurogenesis is experimentally blocked, BDNF does not exert
beneficial effects. Finally, pharmacological increase of BDNF further ameliorates AD pathology [247].
Thus, agents that promote both BDNF signaling and neurogenesis might be the key to preventing or
curing AD. As far as metabolism is concerned, it has been shown that intermitting fasting, by causing
a transition from utilization of carbohydrate and glucose to a fatty acid and ketones source of energy
(refer to as “G-K shift”) generates a number of beneficial cognitive, metabolic, and cardiovagal effects.
BDNF is increased upon intermitting fasting and mediates at least part of these effects. Its increase
is stimulated by the ketone body, β-hydroxybutyrate that inhibits histone deacetylases that repress
BDNF promoters [248]. Recently, the role of BDNF and neuroprotection in the context of metabolism
and fasting has been nicely reviewed by Mattson et al. [6].

4.2. BDNF and Ras-ERK-CREB Signaling in Alzheimer’s Disease

BDNF, as also discussed above, causes the activation of the Ras-ERK signaling cascade leading
to the phosphorylation of CREB. Such a pathway exerts a well-known trophic and protective role on
neuronal cells both in vitro and in vivo in a variety of neurodegenerative models, including AD, PD,
and Huntington’s diseases. Nevertheless, it has become clear that the Ras-ERK pathway may also foster
neurodegeneration or hamper the action of neurotrophic factors when activated by noxious stimuli
as occurs for instance in PD and AD [249]. In particular, it has been shown in a number of different
cellular models such as primary cortical rat neurons, rat B103 neuroblastoma cells, and A1 mouse
mesencephalic cells, that APP and/or Aβ42 oligomer induces the activation of Ras-ERK and GSK-3
signaling, that, in turn, causes hyperphosphorylation of tau and APP at Thr668. The involvement of
these molecular events in the pathogenesis AD is corroborated by the finding that activation of Ras-ERK
and GSK-3 correlates with Aβ levels in the brain of AD patients [250,251]. Aberrant stimulation of
Ras-ERK signaling forces neurons to enter the cell cycle as shown by the expression and nuclear
accumulation of cyclin D1 and the subsequent G1/S progression. Since neurons lack functional cell
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cycle machinery, these events lead to cell death (i.e., mitotic catastrophe) instead of cell division.
Interestingly, as clearly shown in the mouse model of familial AD APPswe/PS1ΔE9 mice, although
ERK phosphorylation is enhanced compared to the wild type counterpart, it does not result in normal
CREB phosphorylation. The impairment in CREB signaling parallels to impairment in a number of
cognitive tests [252]. Therefore, in AD, BDNF downregulation is mediated by the impairment of CREB
signaling caused by amyloid β [253] (Figure 3).

5. BDNF and Brain Cancer: An Unexpected Role. An Oncogene or a Tumor Suppressor?

The role of BDNF and its cognate receptor TrkB in cancer, including brain cancer, has been
recognized for a long time [254]. In many types of cancers, BDNF and/or TrkB have been found
expressed or in some cases over-expressed [255]. This is not surprising since growth factors, including
neurotrophic factors, and their tyrosine kinase receptors have long been involved in tumors with
different cell-dependent mechanisms, fostering proliferation, enhancing anti-apoptotic signaling,
and making cells unresponsive to anti-proliferative stimuli [256]. The direct oncogenic activity of TrkB
might also be due to the crosstalk with EGF receptors that together with its ligand is well-known
to promote cell transformation. BDNF administration not only does phosphorylate TrkB but also
EGFR [257]. In line with these observations, it has been recently shown that BDNF produced by
glioblastoma (GBM) differentiated cells acts on GBM stem cells, fostering their growth through
paracrine signaling [258].

However, recently another study showed that exposing mice to an enriched environment is able to
decrease the growth of intracranial glioma, decreasing proliferation and invasion, and improving overall
survival. Such an effect is achieved by means of both indirect and direct mechanisms. The former acts
via natural killer cells of the innate immune system, whereas the latter utilizes BDNF stimulation of its
truncated receptor TrkB.T1 on glioma cancer cells. BDNF binding the TrkB.T1 receptor signals to the
Rho protein dissociation inhibitor (RhoGDI), the latter detaches from TrkB.T1 and binds to the small
G protein RhoA, leading to its inhibition. The authors found that an enriched environment causes the
synthesis of IL-15 and BDNF. When mice bearing the glioma and not housed in enriched environments
were infused with BDNF, they reduced tumor size and macrophage infiltration. Thus, showing that at
least in part, BDNF accounts for the oncolytic effect elicited by the enriched environment [259]. In a more
recent study, the same group delved deeper into the mechanisms, finding that enriched environment
changes glioma-associated myeloid cells. BDNF plays a central role by stimulating the production of
IL-15 in microglia, which in turn stimulates the natural killer cells to produce IFN-γ. Natural killer cells
were responsible for the switch to an oncolytic environment [260] (Figure 3).

Taken together, a scenario emerges where BDNF, acting on different cells is able to reorganize the
brain microenvironment in such a way that it becomes resilient to neurodegeneration or oncolytic for
tumors. In this regard, although supported by much more preliminary data, it seems that also other
compounds might share these properties [261,262].

6. Conclusions

In this review, we discussed the role of BDNF in neurogenesis, differentiation, survival, synaptic
plasticity, and transmission to reorganize the brain microenvironment. All BDNF gene products, such as
proBDNF, mature BDNF, and even the isolated proBDNF domain, are known to exert functional activity.
One of the most important features of BDNF is that it can act as a local, paracrine and/or autocrine factor,
on both pre-synaptic and post-synaptic target sites. Here, we presented the contribution of altered
BDNF signaling in the pathophysiology of brain diseases, including mental disorders (i.e., depression),
neurodegenerative diseases, (i.e., Alzheimer’s disease), and brain tumor (i.e., glioblastoma). BDNF is
one of the best-studied synaptic molecules that efficiently modify synaptic strength and it can act as a
mediator, modulator, or instructor of synaptic plasticity. In neurons, the cellular processes that regulate
the amount of both BDNF mRNA and protein, the changes in the efficiency of secretion, and transport
of BDNF protein may affect synaptic function and cell survival. BDNF is one of the most inspiring
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molecules to better understand the disadvantageous synaptic learning underlying the etiology of
depression, accompanied by the decline in the rate of adult neurogenesis and in spine densities.
Furthermore, BDNF appears to exert a potent role in neuroprotection and/or brain regeneration
by modulating signaling pathways such Ras-ERK-CREB, thus rendering neuronal cells resilient to
neurodegeneration. Finally, BDNF appears to be crucial in the pathogenesis and development of
brain tumors such as glioblastoma by reorganizing its microenvironment. Thus, understanding the
physiologic and pathologic BDNF signaling and finding tools to modulate its expression (mRNA
and/or protein) is a prerequisite for a potential BDNF-based therapy.
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Abbreviations

AD Alzheimer’s Disease
AP1 Activator Protein 1
BCL2 B-cell lymphoma 2
BDNF Brain-Derived Neurotrophic Factor
BHLHB2 Helix-loop-helix protein
CaMK Ca2+/calmodulin-dependent protein kinase
cAMP/CRE Cyclic adenosine monophosphate calcium response element
CaREs Calcium-responsive elements
CREB CREB
Ctsb Myokine cathepsin B
CUMS Chronic Unpredicted Mild Stress model
DAG 1,2-diacylglycerol
ERK Extracellular signal-regulated kinase
GTP-ases guanosine triphosphate hydrolases
JNK c-Jun amino terminal kinase
IKK Multi-subunit IκB kinase
IkB Inhibitor of kB
L-VGCC L-type voltage gated calcium channel
LTP Long-Term Potentiation
MAPK Mitogen-activated protein kinase
MDD Major depressive disorder
Met Methionine
miRNAs microRNAs
MMP Matrix Metalloproteases
MPP 1-methyl-4-phenylpyridinium
NF-kB Nuclear Factor kappa-light-chain-enhancer of activated B cells
NMDA N-Methyl-D-Aspartate
NRAGE Neurotrophin receptor-interacting MAGE homologue
NRIF Neurotrophin receptor interacting factor
PD Parkinson’s disease
p75NTR p75 neurotrophin receptor
PI3K Phosphoinositide 3-kinases
PKC Protein kinase C
PLC Phospholipase C
Rho Ras homolog
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ROCK Rho-associated protein kinase
SIRT1 Sirtuin 1
SNPs Polymorphism
SSRIs Serotonin reuptake inhibitor
TRAF6 Tumor necrosis factor receptor associated factor 6
TrkB Tropomycin receptor kinase B
Val Valine
VDCCs L-type voltage-dependent Ca2+ channels
Vps10p Vacuolar protein sorting 10 protein
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Abstract: Vascular endothelial growth factor (VEGF) was initially characterized as a potent an-
giogenic factor based on its activity on the vascular system. However, it is now well established
that VEGF also plays a crucial role as a neuroprotective factor in the nervous system. A deficit
of VEGF has been related to motoneuronal degeneration, such as that occurring in amyotrophic
lateral sclerosis (ALS). Strikingly, motoneurons of the oculomotor system show lesser vulnerability to
neurodegeneration in ALS compared to other motoneurons. These motoneurons presented higher
amounts of VEGF and its receptor Flk-1 than other brainstem pools. That higher VEGF level could
be due to an enhanced retrograde input from their target muscles, but it can also be produced by
the motoneurons themselves and act in an autocrine way. By contrast, VEGF’s paracrine supply
from the vicinity cells, such as glial cells, seems to represent a minor source of VEGF for brainstem
motoneurons. In addition, ocular motoneurons experiment an increase in VEGF and Flk-1 level in
response to axotomy, not observed in facial or hypoglossal motoneurons. Therefore, in this review,
we summarize the differences in VEGF availability that could contribute to the higher resistance of
extraocular motoneurons to injury and neurodegenerative diseases.

Keywords: VEGF; oculomotor system; trophic factors; motoneurons; neurodegeneration; axotomy;
amyotrophic lateral sclerosis

1. Vascular Endothelial Growth Factor (VEGF)

1.1. History

VEGF was initially described as an angiogenic factor and, consequently, it was named
vascular permeability factor (VPF) for its role in inducing vascular permeability in tumor
cells [1]. It was not until 1989 when the VEGF protein, whose molecular weight is approxi-
mately 45 kDa, was purified and sequenced, and it was definitively assigned the name of
vascular endothelial growth factor [2,3].

It is well known that this factor is a highly specific mitogen for vascular endothelial
cells, whose family consists of multiple cell signaling proteins involved in angiogenesis,
lymphangiogenesis, vasodilation, and vascular leakage, among other functions [4]. In 2001,
his essential role in motoneuronal protection was revealed for the first time [5], as will be
discussed later in detail.

1.2. VEGF Family

Since the discovery of the first member of the VEGF family, known as VEGF-A, the
family has continued to grow and is currently constituted by VEGF-A, VEGF-B [6,7],
VEGF-C [8,9], VEGF-D [10,11], VEGF-E [12], VEGF-F [13] and placental growth factor
(PlGF [14]).

VEGF-A stands out as the most studied VEGF family members because of its essential
roles in neuroprotection. The gene encoding VEGF-A is located on chromosome 6p21.5,
giving rise to three different isoforms (VEGF-A 121, VEGF-A 145, VEGF-A 165), which
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are differentiated by their molecular weight, solubility, biological functions, binding affini-
ties to the components of the extracellular matrix, and tyrosine kinase receptor subtypes
(RTKs) [15]. Furthermore, VEGF 165 is the predominant isoform in the central nervous
system (CNS), where it acts as a protection factor by promoting the survival of motoneu-
rons [16,17]. This vital role is the one that interests us and the one that we will develop on
throughout this review.

On the other hand, VEGF-B is also expressed in the CNS and can regulate adult
neurogenesis and even rescuing neurons from apoptosis, but with less vascular effects
and worse neuroprotective function on motoneurons than VEGF-A [18]. It has recently
been discovered that the presence of VEGF-B is neither necessary nor essential for the
survival, maintenance, and development of motoneurons under normal physiological
conditions [19,20]. Finally, mention should be made of the members VEGF-C and VEGF-D,
which regulate lymphatic angiogenesis, and of VEGF-E, which is virally encoded and
specifically expressed in the venom of the habu snake (Trimeresurus flavoviridis) [21].

1.3. Functions of VEGF

Throughout this review, we will refer to the VEGF-A 165 isoform, which is the one
that exerts direct trophic and neuroprotective effects on many types of neural cells [22],
including motoneurons [5,23], astroglia [24], microglia [25], hippocampal, dopaminergic,
cortical, cerebellar, sympathetic neurons, and even muscle satellite cells [16,26–32].

Furthermore, this trophic factor plays a fundamental role in stimulating neurogenesis
in both developing and adult CNS [16], promoting Schwann cells’ proliferation [27]. It also
supports synaptic plasticity [33] and favors the growth, survival, differentiation, and mi-
gration of neuronal and glial cells [20,34]. Additionally, VEGF guarantees an optimal blood
and glucose supply to the brain and spinal cord [5], protecting motoneurons from oxidative
stress [35], hypoxia, hypoglycemia [23], and glutamate-mediated excitotoxicity [29,36–39].

VEGF is also a potent inducer of the blood-brain barrier’s interruption by increasing
its permeability and favoring the supply of oxygen and nutrients to neurons [34,40]. This
trophic factor is involved in vasculogenesis during embryological development and pro-
moting angiogenesis in many pathological conditions, such as tumor growth, rheumatoid
arthritis, psoriasis, and diabetic retinopathy [4].

1.4. VEGF Expression

Several factors have been found to upregulate VEGF mRNA expression, including
tumor necrosis factor (TNF-α), platelet-derived growth factor (PDGF), interleukins, an-
giopoietins, and erythropoietins [41–45]. Another molecule that regulates the expression
of VEGF is nitric oxide, which contributes to the processes of permeabilization of blood
vessels and in vasodilation stimulated by VEGF [29,46,47].

However, one of the main and more robust regulators of VEGF expression is hy-
poxia [48]. VEGF mRNA has a half-life of 30–45 min under normoxic conditions, whereas
the mRNA half-life is prolonged in hypoxia [49,50] and cells increase the production of the
hypoxia-induced transcription factor 1 (HIF-1), a heterodimer consisting of three subunits
(HIF-1α, HIF-1β, and HIF-3) [51,52]. HIF-1α and HIF-1β are produced continuously, but
HIF-1α is highly labile in the presence of oxygen, so it degrades under aerobic condi-
tions [53]. When the cell is in a hypoxic environment, HIF-1α persists and translocates
to the nucleus, where it associates with HIF-1β and forms the HIF-1α/HIF-1β complex.
This complex binds to the hypoxia response element (HRE) [54,55], whose transcriptional
activation requires the recruitment of the CREB-binding protein, which is a transcrip-
tional coactivator. Thus, as the 2019 Nobel Laureates in Medicine Kaelin, Ratcliff, and
Semenza described, through this mechanism, cells perceive and adapt to changes in oxygen
levels, modifying both their metabolism and physiological functions [52,56]. Therefore,
transactivation of HRE by the HIF-1α/HIF-1β complex stimulates the gene expression
of erythropoietin, glucose transporters, glycolytic enzymes, and VEGF [57,58], among
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others, the latter being in charge of promoting angiogenesis after binding to its specific
receptors [5]. Little is known about the expression and function of HIF-3 [59].

2. VEGF Receptors

The biological activity of the VEGF family is mediated through binding to two classes
of receptors: receptors with tyrosine kinase activity and receptors without tyrosine kinase
activity. The first group consists of three structurally related receptors characterized
by the presence of seven immunoglobulin-like domains in the extracellular region, a
single transmembrane region, and an intracellular consensus tyrosine kinase sequence
interrupted by a kinase insertion domain. These receptors are VEGR-1 (Flt-1), VEGFR-
2 (KDR/Flk-1), and VEGFR-3 (Flt-4). On the other hand, the receptors without kinase
activity are neuropilin-1 (NRP-1) and neuropilin-2 (NRP-2), which are also receptors for
semaphorins [15,20] (Figure 1).

Figure 1. VEGF receptors. The family of VEGF receptors includes three tyrosine kinase receptors (VEGFR-1, VEGFR-2,
VEGFR-3) and two non-tyrosine kinase neuropilin receptors (NP-1, NP-2). The different members of the VEGF family bind
to the different types of VEGF receptors, as illustrated. The main effect of VEGF-A as a neurotrophic factor is mediated by
its binding to VEGFR-2 (Flk-1).

NRP-1 and 2 are expressed in different types of neurons [60,61] and play an essential
role in regulating and developing the cardiovascular and nervous systems. Besides, they act
as co-receptors for RTKs, presenting and improving VEGF binding to Flk-1 and promoting
receptor phosphorylation and neurotrophic factor-mediated signal transduction [62,63].

Many studies indicate that both Flt-1 and Flk-1 activation could produce neuroprotec-
tion, but there are differences between the functions of both receptors [5,26,29,30]. Flk-1
predominates in neuronal and Schwann cells and is necessary for endothelial prolifera-
tion and migration, while Flt-1 is expressed mainly in vessels, astrocytes, and reactive
microglia [29,64]. Besides, it has also been described that Flt-1 acts as a negative regulator
for VEGF in endothelial cells, preventing its binding to Flk-1 [4] and that its functions and
signaling properties may differ according to the stage of development of the animal, the
cell type, and the binding ligand [65].

Unlike Flt-1, the Flk-1 receptor is an important survival promoter for endothelial
and CNS cells, being the primary mediator of VEGF functions [4,66]. The main ligand
of this Flk-1 receptor is the VEGF-A isoform, being the only one that triggers its auto-
phosphorylation and final glycosylated form [4]. Therefore, the VEGF receptor that we
will refer to throughout this review is Flk-1, which is expressed in motoneurons of the
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human spinal cord [40], mouse [5], rat [38] and is reduced in some patients with amy-
otrophic lateral sclerosis (ALS) [40]. Flk-1 overexpression in spinal motoneurons of the ALS
SOD1 mouse model (with mutations in the gene encoding the antioxidant copper/zinc
superoxide dismutase) has been shown to delay both neurodegeneration and disease on-
set [67], being the primary mediator of the neuroprotective and anti-excitotoxic effects
of VEGF on motoneurons [37,38,68]. All these functions are performed by activating the
phosphatidylinositol-3 kinase-AKT (PI3-K/Akt) pathway, involved in the processes of cell
growth, proliferation, cell survival, and intracellular traffic, among others, in addition to
regulating the entry of glucose to the cell through an insulin signaling cascade [69]. Further-
more, VEGF binding to the Flk-1 receptor also exerts a protective effect by suppressing the
activation of the mitogen-activated protein kinase p38 (p38MAPK), a determining factor in
the cell death pathway [16,30,38,70].

3. Effects of Low Levels of VEGF

The experiments carried out by Oosthuyse et al. in 2001 [5] were the first to suggest
that VEGF acted as a neurotrophic factor at the CNS, as the reduction of VEGF function
induced a specific degeneration of motoneurons in the adult mice. In these experiments,
manipulation of the VEGF gene resulted in homozygous knock-in mice (VEGFδ/δ), in
which the sequence of the hypoxia response element in the VEGF promoter region was
removed. Consequently, these mice lost the ability to increase VEGF expression in a hypoxic
situation. This alteration caused them severe muscle weakness due to the degeneration
of the lower motoneurons, and they became progressively less mobile, with symptoms
reminiscent of neuropathological signs of ALS. Although basal VEGF levels in muscles,
heart, and fibroblasts were unaffected by removing the hypoxia response element, an
overall 40% reduction of the neurotrophic factor was observed in neural tissue.

Those results obtained with the VEGFδ/δ mice allowed linking for the first time a
low level of VEGF with motoneuronal degeneration. Besides, mice resulting from the
crossing of the SOD1 mutant with VEGFδ/δ mice exhibited an even more drastic reduction
in VEGF levels, thence a more severe degeneration of motoneurons and an earlier onset
of symptoms of muscle weakness [17]. All these findings granted VEGF an unexpected
neuroprotective role in the degenerative processes that accompany the pathogenesis of
motoneurons, supporting the idea that motoneurons seem to be particularly sensitive to a
low VEGF support [5,34,71]. Thus, a link was established between low levels of VEGF and
neurodegeneration of motoneurons, such as occurs in ALS, and raised great expectation in
VEGF as a possible candidate for ALS specific treatment.

VEGF and ALS

ALS is characterized by being an adult neurodegenerative disease that causes pro-
gressive degeneration of motoneurons in the lower spinal cord, brainstem, and cortex.
Consequently, it triggers astrogliosis, progressive atrophy of the skeletal musculature, and
a reduction in voluntary movements, including those of the extremities and respiratory
movements [72,73].

The disease affects five out of every 100,000 people worldwide, is progressive, and is
generally fatal within 5 years after the onset of symptoms. 95% of cases are sporadic, and
only 5% of patients have a family history, with a fifth of these caused by mutations in the
SOD1 gene, located on chromosome 21 [15]. There are currently around 180 known muta-
tions in SOD1 which are related to the pathogenesis of the disease [74], with the SOD1G93A

mutant mouse model being the most widely used, studied, and well-characterized show-
ing symptoms similar to the disease [75], and to which we refer in this review as the
SOD1 model.

It has been shown that the expression of VEGF and its Flk-1 receptor undergo sig-
nificant downregulation in the motoneurons of the spinal cord of SOD1 mice [76]. These
findings correlate with other studies where SOD1 mice were crossed with transgenic mice
that overexpressed Flk-1, resulting in a delayed onset of motor impairment and degen-
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eration of motoneurons, and prolonged survival [67]. Moreover, as indicated before, the
coincidence of both SOD1 mutation and VEGFδ/δ alteration produced an earlier and more
severe motoneuronal degeneration [17].

Although the predominant hypothesis is that ALS is a disease of neural origin, some
studies indicate that the disease involves a distal axonopathy and denervation of the
neuromuscular junctions (NMJs) in the muscles of the extremities in the presymptomatic
stage, that is, much before the loss of the motoneuron at the level of the spinal cord [77–79].
Several studies have shown that both the anterograde transport of VEGF and the in-
tracerebroventricular infusion of this factor help protect and preserve the NMJs in a rat
model SOD1 [67,80,81]. Likewise, experiments such as gene therapy of VEGF mediated by
lentiviral vectors, or transplantation of stem cells that overexpress VEGF, have managed to
significantly slow the progression of neurodegeneration, improving motor function and
significantly prolonging the survival of motoneurons in the brainstem and the cervical and
lumbar spinal cord [82,83]. All these findings give VEGF and its Flk-1 receptor an essential
role in the treatment of motoneuronal diseases.

4. Neuroprotective Effect of VEGF

Among the possible pathogenic mechanisms linked to the degenerative neuronal
process are oxidative stress, glutamate excitotoxicity, inflammation, mitochondrial and
neurofilament dysfunction, protein aggregation, axonal transport abnormalities, and, ul-
timately, the activation of pathways that trigger apoptosis [84]. Numerous studies show
the decisive neuroprotective role that VEGF plays in the CNS. These include experiments
where an intracerebroventricular administration of VEGF stimulates neurogenesis in the
adult hippocampus, promotes neurites growth, or provides greater protection to motoneu-
rons [85,86]. Furthermore, it has also been shown that the retrograde transport of VEGF,
after its intramuscular administration with lentiviral vectors, favors the survival of mo-
toneurons [17,82]. At the same time, the supply of VEGF at the site of a spinal cord injury
decreases lesion size, apoptosis levels, and retards neurodegeneration [36,87].

Two main hypotheses have been postulated to explain all of these VEGF effects. The
first affirms that this factor promotes the vascular niche necessary for motoneurons to
survive, and the second, that the binding of VEGF to Flk-1 promotes cell survival by
blocking the process of apoptosis.

Another protective effect of VEGF is also due to the induction of the expression of
the GluA2 subunit in AMPA receptors [64], which leads to a reduction in the entry of Ca2+

in neurons, which is a relevant mechanism involved in motoneuronal degeneration. All
this makes VEGF and its Flk-1 receptor attractive candidates for evaluating its therapeutic
potential in neurodegenerative disorders.

4.1. Anti-Apoptotic Effects of VEGF

One of the mechanisms by which the binding of the VEGF-A isoform to the Flk-1
receptor improves and promotes cell survival is by blocking the process of apoptosis
through the expression of anti-apoptotic proteins, such as the members of the Bcl-2 family
and the generation of neuronal progenitors in the nervous system [16,88,89].

It is well known that the binding of VEGF with Flk-1 directly activates the PI3-K/Akt
intracellular signaling pathway. This activation consequently causes an inhibition of the
phosphorylation of p38MAPK, which is an essential factor in the cell death pathway [38,64],
and an increase of the expression of the anti-apoptotic proteins Bcl-2 and A1, conceding
greater protection to motoneurons against excitotoxicity. That effect has been described in
diverse models of neurodegeneration, including ALS [38,70].

4.2. Role of Excitotoxicity in Neurodegeneration and VEGF Protection

Glutamate is the major excitatory neurotransmitter in the mammalian CNS and is
involved in many aspects of normal brain function. However, an excess in the synaptic
transmission of glutamate leads to an over-activation of the different types of receptors

103



Int. J. Mol. Sci. 2021, 22, 814

for this amino acid, which causes a massive entry of Ca2+ in the neurons and triggers the
uncontrolled activation of damaging processes that, eventually, produce the destruction of
the membrane, neurodegeneration and cell death [90]. Indeed, glutamate-mediated excito-
toxicity is considered the primary mechanism leading to a degeneration of motoneurons in
various neurodegenerative disorders, including Parkinson’s disease, Alzheimer’s disease,
and ALS [91–93].

Two broad categories of glutamate receptors are known: (i) ionotropic receptors,
which are ligand-activated ion channels, and comprise N-methyl-D-aspartate (NMDA), α-
amino-3-hydroxy-5-isoxazole propionate (AMPA), and kainate receptors; (ii) metabotropic
receptors, which are associated to G proteins and coupled to the production of intracellular
secondary messengers [94,95]. AMPA ionotropic receptors are heteromeric complexes
composed of four subunits, GluA1-GluA4 (formerly GluR1-GluR4), with different combi-
nations. The presence of the GluA2 subunit is known to decrease the permeability of these
receptors to Ca2+ [95]. Therefore, the hyperactivation of AMPA receptors that lack this
GluA2 subunit involves a massive entry of Ca2+ into the cell, which produces the activation
of phospholipases, proteases, and endonucleases, inducing apoptotic or necrotic cell death,
the production of reactive oxygen species (ROS) and a deficiency of mitochondrial function,
with the consequent interruption of energy metabolism [90,96]. All of this generates neu-
ronal degeneration, suggesting that the absence of the GluA2 subunit at AMPA receptors is
a critical factor for the selective vulnerability of neurons to excitotoxicity.

Motoneurons are particularly susceptible to excitotoxicity due to their low expression
of the GluA2 subunit [97,98]. Deficiency of this subunit exacerbates motoneuron degenera-
tion in SOD1 mouse models, whose mutation is implicated in the accumulation of oxidative
damage [99]. On top of that, many ALS patients have shown elevated glutamate levels
in the cerebrospinal fluid, supporting the excitotoxic hypothesis of degeneration of the
motoneurons [100]. Furthermore, glial cells that overexpress the SOD1 mutation are known
to adversely affect the viability of spinal motoneurons by producing elevated levels of
extracellular glutamate, leading to increased motoneuron degeneration and progressive
paralysis [101].

Interestingly, the administration of exogenous recombinant VEGF is capable of pre-
venting both excitotoxic neuronal death, induced by overactivation of AMPA receptors,
and the consequent motor disorders [36]. That reduction in glutamate toxicity is mediated
by the action of VEGF on PI3-K/Akt and MEK/ERK pathways [102]. Moreover, this
neurotrophic factor has been shown, both in vitro and in vivo, to induce an increase in
the expression of the GluA2 subunit in AMPA receptors [103], reducing the permeability
to Ca2+ and, therefore, granting protection to motoneurons against excitotoxicity. Those
experiments highlight the relevant role that VEGF plays in reducing excitotoxicity, making
this factor an essential piece for the survival of motoneurons.

5. Selective Vulnerability of Motoneurons to Neurodegeneration

As stated above, motoneurons are particularly sensitive to excitotoxic neurodegenera-
tion due, mainly, to their reduced capacity to blockade Ca2+ influx. However, a peculiarity
of neurodegenerative processes is that specific neuronal populations show superior resis-
tance to degeneration compared to other motor groups. In diseases such as ALS, motoneu-
rons of some motor nuclei offer selective resistance and persist until the last stages of the
disease, compared to other motoneurons that degenerate earlier [104]. Motoneurons of the
oculomotor system are among those resistant populations [104,105], while motoneurons
of the facial, hypoglossal, or trigeminal motor systems are vulnerable populations in the
brainstem [106].

Likewise, between the possible differences that mark the selective vulnerability of the
different motoneuronal groups is the differential expression of specific proteins. Several
studies have shown that ocular motoneurons have a distinct transcriptional profile from
other motoneurons in the expression of proteins related to synaptic transmission, includ-
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ing several glutamate and GABA receptor subunits, Ca2+-binding, ubiquitin-dependent
proteolysis, mitochondrial function, or immune system processes [107–109].

Moreover, a greater expression of laminins, synaptophysin, and p75 receptor has
been detected in muscle fibers of resistant motoneurons [110,111]. Thus, the differential
expression of specific proteins and neurotrophic factors on the target muscles seems to
influence the selective resistance of the different motor units against neurodegeneration and
the deterioration of the NMJs, granting a vital role to the retrograde trophic contribution in
motoneuronal survival.

6. Properties of Ocular Motoneurons

The ocular motoneurons present a series of morphological and functional charac-
teristics that differentiate them from the rest of the motoneuronal populations. Several
hypotheses have been proposed to explain the greater resistance of these cell populations
to neurodegeneration.

Motoneurons of the ocular system show an extensive buffering capability of intra-
cellular Ca2+ due to a greater expression of cytosolic Ca2+ binding proteins [112–114].
Overexpression of Ca2+ binding cytosolic proteins, such as calbindin D-28K (CaBP), calre-
tinin (CR), and parvalbumin (PV), seem to give high protection to motoneurons [115–118].
Likewise, it has been observed that 85–100% of the motoneurons of the primate ocular
motor nuclei contain PV, while only 20–30% of the neurons of the trigeminal, facial, and
hypoglossal nuclei present it [109]. This PV distribution pattern coincides with the se-
lective vulnerability between the brainstem motor nuclei [104]. Furthermore, additional
experiments in SOD1 mice revealed that PV levels were significantly higher in ocular
motoneurons compared to hypoglossal motoneurons [108].

Additionally, other studies in ALS models have related a low expression of the neu-
ropeptide calcitonin gene-related peptide (CGRP), with higher resistance of motoneurons.
Thus, CGRP could be a factor that promotes neuronal degeneration. Accordingly, mo-
toneurons of the rat oculomotor system show lower expression of CGRP compared to
other vulnerable motoneurons, such as facial or spinal ones, which would support these
results [119,120]. However, these results have only been demonstrated in rats since a
constitutive expression of CGRP has been observed in cats [121].

Notably, the extraocular motoneurons and the EOMs also express a higher proportion
of the insulin-like growth factor 2 (IGF-2), which acts as a survival factor for motoneurons,
and of its receptor IGF-1R, which mediates its survival effect [122,123]. Moreover, IGF-2
delivery to muscles preserved motoneurons and extended life-span in SOD mice [122]. It
has also been shown that receptor α1 of the inhibitory neurotransmitter GABA-A (Gabra1)
is preferably present in resistant motoneurons, such as ocular motoneurons, of symptomatic
SOD1 mice and patients with end-stage ALS [107,108]. In contrast, vulnerable motoneurons
show higher levels of GABA-A receptors α2 (Gabra2), dynein, and peripherin (intermediate
neurofilament), which are involved in excitability and retrograde transport, which put
these motoneurons at a higher risk [108]. Indeed, dysregulation in the dynein-dynactin
or peripherin complex is well known to cause degeneration of the spinal motor neuron in
mice due to faulty axonal transport [124,125], which is corroborated by the low levels of
dynactin shown by spinal motoneurons in ALS patients [126]. Thus, the lower expression
of dynein and peripherin is correlated with a lower vulnerability during neurodegenerative
processes since retrograde transport is not affected [127]. Therefore, ocular motoneurons
could continue receiving a correct trophic contribution from their target muscles, favoring
the maintenance of their NMJs.

Motoneurons present heterogenic neurotrophic dependence [128–130]. It is known
that these nerve cells receive NGF, BDNF, and NT-3 from the muscle [131] and that the
need for neurotrophic contribution, as well as the expression of the different RTKs, both
in a control situation and after inducing a lesion, vary among the diverse populations
of motoneurons [120,132–135]. Indeed, the adult rat spinal and cranial motoneurons are
known to express the TrkB and TrkC receptors but lack the TrkA receptor [132,136–139].
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However, another peculiarity of ocular motoneurons is that they express TrkA both in
control and after axotomy in the adult [120,140]. This gives them greater efficiency in their
response to NGF [120,141], which acts as a potent survival factor for axotomized neonatal
motoneurons [142] and plays an essential synaptotrophic and functional role in axotomized
motoneurons of the abducens nuclei [140].

Remarkably, recently it has been shown that motoneurons of the oculomotor nuclei
present higher expression of VEGF and Flk-1 in the motoneuronal soma compared to other
more vulnerable groups of motoneurons, such as the facial and hypoglossal [143]. Previous
studies have also shown weak immunoreactivity for VEGF in hypoglossal and facial
motoneurons in control rats [144]. The neuroprotective role of VEGF has been extensively
exposed above and, therefore, could also contribute to the extended survival of ocular
motoneurons in neurodegenerative diseases.

6.1. VEGF and FLK-1 Expression in the Oculomotor System

A high level of VEGF expression has been broadly related to neuronal survival. The
expression of VEGF and Flk-1 is high during the embryonic stages but decreases during
the adult state, being restricted to some areas of the adult CNS [145]. A higher basal level
of VEGF and its receptor Flk-1 has been detected in ocular motoneurons compared to other
brainstem motoneurons that are more vulnerable to neurodegeneration [143]. Thus, these
oculomotor neurons could form one of these discrete CNS regions that retain the ability to
express VEGF and Flk-1 after development.

Likewise, VEGF decreases the levels of pro-apoptotic proteins caspase-3, caspase-9,
and Bax, and induces an increased expression of the anti-apoptotic protein Bcl-2 [146].
Therefore, the higher expression of VEGF observed in oculomotor neurons could yield a
greater expression of anti-apoptotic proteins, which may be one of the reasons why these
neurons show resistance against neurodegeneration. Furthermore, it has been observed that
an increased expression of VEGF leads to a greater expression of its Flk-1 receptor [147],
which correlates with the fact that a higher expression of Flk-1 was observed in those
motoneurons that in turn expressed more VEGF [143].

Motoneurons are known to be especially susceptible to changes in Flk-1 expression,
with a linear relationship between a lower expression of this RTK and a more significant
loss of motoneurons. This occurs as a consequence of the blockade of the neuroprotective
effect of VEGF, preventing activation of the PI3-K/Akt pathway, phospholipase C, and
the p38MAPK protein [38]. These claims are supported by other studies where it was
shown that the degeneration of spinal motoneurons could be delayed in transgenic SOD1
mice that overexpressed the Flk-1 receptor, thanks to the survival signals generated after
VEGF binding [67]. All these findings give the Flk-1 receptor a key role in selective
resistance that specific populations of motoneurons show against excitotoxic processes and
neurodegeneration.

6.2. VEGF Sources to Ocular Motoneurons

The high level of VEGF found in the soma of extraocular motoneurons compared to
the observed in other brainstem motoneurons [143] could be one more of the reasons for
the lower vulnerability of this population to neurodegeneration. But, which is the origin of
that higher VEGF content? Several possibilities could be considered: (i) VEGF could be
synthesized by the motoneurons themselves and act as an autocrine source for extraocular
motoneurons; (ii) it could reach motoneurons from surrounding cells, such as glial cells and
endothelial cells on the blood vessels; (iii) VEGF could also come from the target muscles
via retrograde to the innervating motoneurons (Figure 2).
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Figure 2. In this scheme, the different pathways of VEGF supply for motoneurons are illustrated. (i) autocrine: self-
production of VEGF by the motoneurons themselves; (ii) paracrine: VEGF arriving at the motoneurons from the surrounding
cells and blood vessels; and (iii) retrograde: VEGF can also reach the soma of motoneurons from their target muscles.

6.2.1. Via Autocrine

Motoneurons are known to synthesize trophic factors, including neurotrophins such
as BDNF, NGF, and NT-3 [148,149]. It is well-known that they also express their recep-
tors, allowing these motoneurons to receive and use the trophic factors as an autocrine
source [141,149]. Their production has been shown to vary in response to diverse in-
sults [120,150].

As aforementioned, ocular motoneurons can synthesize VEGF both in control situation
and after injury [151], and they express VEGF receptors on their surface [143,151]. Therefore,
it is possible that those motoneurons are also acting as an autocrine source of VEGF. Thus,
the increased VEGF highlights the autocrine functions of the VEGF, as previously described
in the CNS [22,152], this pathway being one of the essential vias of VEGF supply to ocular
motoneurons [151].

6.2.2. Via Paracrine

The high level of VEGF located in extraocular motoneurons could also indicate that
VEGF is acting as a paracrine factor for the adjacent neurons. The fact that the presence of
the Flk-1 receptor is increased in this pool of motoneurons allows them to receive higher
amounts of the trophic factor from the neighboring cells. Thus, the upregulation of Flk-1 in
the ocular motoneurons highlights the paracrine functions of VEGF [151,152].

Astrocytes are involved in almost all physiological processes that ensure the well-
being of neurons [153,154]. Likewise, astrocytes also play a role in neurodegenerative
processes since the selective deterioration of the glutamate transporter EAAT2 causes
the extracellular accumulation of excitotoxic levels of this amino acid and an increase in
the entry of Ca2+ in neurons [155]. ROS are believed to induce this oxidative disruption
of glutamate transport and promote the spread of this damage, affecting motoneurons.
Consequently, glutamate levels increase further, inducing more ROS in motoneurons
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and triggering a progressive cascade of selective motoneuronal injury, with consequent
astrocytic and microglial activation [156]. On the other hand, the cells of the microglia are
the specialized macrophages of the CNS [157]. They are an essential component of the
inflammatory response to lesions and pathogens [158]. After an injury to the CNS they are
the first glial cells to respond, producing pro-inflammatory mediators [159] and promoting
the reaction of neurotoxic astrocytes [160].

However, the expression of VEGF driven by the glial cells surrounding brainstem mo-
toneurons is low under control circumstances [151]. A low expression of both mRNA and
VEGF protein in glial cells in a control situation was also previously described [161,162], rul-
ing out the possible role of these neural cells as a paracrine source of VEGF to motoneurons
at basal conditions. Therefore, astrocytes and microglia do not seem to be contributing to
the differential expression of VEGF detected between oculomotor, facial, and hypoglossal
motoneurons in a control situation. Nevertheless, glial cells have been reported to modify
their VEGF expression under adverse conditions [25,163].

It is well-known that VEGF also acts as a growth factor for vascular endothelial cells
forming the blood vessels [2], promoting vascular proliferation and permeability and
therefore providing oxygen and nutrients to neurons, which contribute to their wellness.
Administration of exogenous VEGF in the brainstem is not accompanied by either angiogen-
esis or a significantly increased vascular permeability around treated motoneurons [164].
Therefore, it could be assumed that the action of this factor on motoneuron survival was
likely due to a direct effect on the motoneurons instead of an indirect effect due to increased
blood perfusion. Besides, no differences were observed in the vascularization of these
motor nuclei, neither in control nor after an injury [151,164].

Therefore, paracrine actions of VEGF do not seem to be crucial for the differences
observed in resistance to degeneration between diverse pools of brainstem motoneurons.

6.2.3. Retrograde Via

Three pairs of extraocular muscles (EOMs) are inserted around the eye, functioning
as antagonistic to each other. These are: (i) the medial rectus and lateral rectus muscles,
producing eye movements in the horizontal plane; (ii) the superior and inferior rectus
muscles, in charge of vertical movements; and (iii) the superior and inferior oblique muscles,
which mediate oblique movements [165].

EOMs are anatomically and functionally quite different from other muscles (reviewed
in [166]). Most skeletal muscles exclusively have single innervation fibers (SIF), with
a single axon forming part of the NMJs and constituting the motor unit, in which a
motoneuron innervates 300–2000 muscle fibers (ratio 1: 300–2000). Furthermore, these
SIF fibers have a high content of mitochondria and oxidative enzymes, which results
in faster contractions. On the other hand, EOMs present a high percentage (20%) of
fibers with multiple innervations (MIF), characterized by forming smaller motor units
(1:5 ratio), with lower mitochondrial content and fewer oxidative enzymes, a relatively
slow, graduated contraction [166,167]. This constitution favors a fine and precise muscular
control, modulating the ocular movement and resulting in a more stable vision [168].

It is important to highlight that fast motor units degenerate before slow ones, due, at
least in part, to the fact that the motoneurons that supply the slow contraction muscles
can compensate the death of its neighboring motoneurons temporarily by generating
compensatory axonal branches and reinnervation of the denervated muscle [166]. In
contrast, motor-neuronal populations that exclusively present fibers with SIF innervation
lose contact with their target muscles much earlier and, consequently, are more vulnerable
to neurodegeneration. This resistance has been demonstrated in SOD1 mouse models,
where the EOMs remain fully innervated in stages in which the limb muscles show deep
denervation [108,169,170]. Therefore, the EOMs can maintain NMJs for a longer time,
which leads to a greater retrograde trophic support from the EOMs to the projecting
motoneurons.
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EOMs have been shown to express VEGF and, therefore, are good candidates to
intervene in trophic supply towards motoneurons [151]. Previous studies described the
anterograde and retrograde transport of VEGF to neurons, the latter being crucial for
maintaining the integrity and functionality of NMJs [82,171]. The importance of trophic
supply to ocular motoneurons is also emphasized by the higher expression of BDNF, NGF,
and NT-3 found in the EOMs, compared to the buccinator and tongue muscles, target
muscles for facial and hypoglossal motoneurons, respectively [172], emphasizing the role
of the retrograde pathway as a source of trophic factors.

Although the level of VEGF expression is similar in buccinator, tongue, and EOMs,
there is a higher density of Flk-1 receptors in the pre-synaptic terminal of the EOMs
compared to the muscles innervated by facial and hypoglossal motoneurons [151]. Previous
studies have also shown the presence of the Flk-1 receptor at NMJs level of the abducens
motoneurons, projecting by the abducens nerve towards the lateral rectus muscle [173].
These data support the idea that, although extraocular, facial, and hypoglossal muscle
fibers were found to be positive for VEGF, not all target muscles appear to be acting to the
same extent as the retrograde source of this factor towards the motoneurons that innervate
them [151]. In this sense, the VEGF reaching the motoneurons of the ocular motor system
through the retrograde pathway may have a more significant influence than the VEGF that
comes to the facial or hypoglossal motoneurons.

All this evidence suggests that the retrograde function of VEGF is important and
determinant for the survival of brainstem motoneurons.

6.3. Characteristics of the Ocular Motor System after Axotomy
6.3.1. Regulation of Trophic Factors

Upregulation of VEGF expression seems to be a common phenomenon in response to
a lesion since any injury to the CNS is known to trigger a hypoxia process involving VEGF
expression [144,174]. These findings suggest that the upregulation of endogenous VEGF
may be related to its neuroprotective role, so there would be a selective and preferential
induction of this neurotrophic factor in some areas of the brain, which would allow greater
binding of the ligand to its receptors and would provide greater trophic support [175]. In
this sense, it is important to highlight that extraocular motoneurons suffer an increase in the
expression of VEGF and Flk-1 in response to axotomy, an increase that was not observed in
facial and hypoglossal motoneurons [151].

That increases in VEGF expression has been previously detected in response to is-
chemia or seizures in both neurons and glial cells of the hippocampus, thalamus, amygdala,
and neocortex [175,176]. These results have great functional relevance since VEGF seems
to maintain neuromuscular communication even during the denervation processes of the
target and are consistent with the neuroprotective role that VEGF exerts on motoneurons,
prolonging their survival and improving motor performance [17,82,177,178].

As discussed before, it is well known that the neuroprotective effects that VEGF plays
on motoneurons are mediated by the Flk-1 receptor, which is involved in the release of
growth factors [64] and mediates trophic functions [37,38,40]. Therefore, this evidence
emphasizes the importance of the increased expression of Flk-1 observed in the ocular
motoneurons in response to axotomy [151], this being one of the possible keys to the greater
resistance shown by this population against neurodegeneration.

Previous studies showed changes in the expression of other trophic factors, such as
neurotrophins, or their receptors in motoneurons after axotomy [120,132,179]. It has also
been described that axotomized motoneurons experience a decrease in the expression
of the protein acetylcholintransferase (ChAT) [120,132,164]. It is important to note that
both the immunoreactivity of ChAT and the activity and mRNA of this enzyme are also
markedly reduced in cases of ALS [180–182]. In fact, the motoneurons of the anterior
horn of the spinal cord suffer a decrease in ChAT activity from early stages, compared to
control neurons [183], which suggests that a reduction in ChAT expression is a specific
and initial change in disease pathogenesis [184]. It is worth mentioning that the exoge-
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nous administration of VEGF at the site of the injury is capable of preventing the loss
of the cholinergic phenotype in the axotomized motoneurons, which allows the ocular
motoneurons to retain a neurotransmissive phenotype [164]. These studies emphasize the
importance of the neuroprotective effect that VEGF has on motoneurons by maintaining its
synaptic transmission capacity.

Therefore, all this evidence suggests that facing an injury to the CNS that involves
the loss of the muscular target, the ocular motoneurons are capable of expressing a greater
amount of VEGF and Flk-1 in their neuronal somas as a compensatory mechanism to keep
them protected and in an operational state [151,164]. In summary, the improvement in
endogenous VEGF levels highlights autocrine functions, and upregulation of the Flk-1
receptor emphasizes the paracrine functions of VEGF in its neuroprotective effect against
degeneration [152].

6.3.2. Administration of Trophic Factors

The axotomy of the oculomotor nerves in the adult, and therefore the loss of synaptic
connections with the EOMs target, does not trigger the death of ocular motoneurons [185].
However, alterations in their firing patterns and loss of synaptic inputs are observed, which
are reversed by the administration of different neurotrophins [140,186]. Thus, although the
survival of adult ocular motoneurons does not depend entirely on the neurotrophic supply,
this retrograde signaling is required for the maintenance and regulation of their activity
and synaptic properties [187–189].

It is known that the administration of trophic factors can rescue ocular motoneurons
from death after axotomy in early postnatal stages [142], as well as reversing the effects
of axotomy in adults by promoting the restoration of synaptic coverage and recovery
of tonic-phasic triggering [140,186]. Furthermore, neurotrophins have been shown to
promote recovery of the cholinergic phenotype after injury [142,190–192]. Therefore, it
can be concluded that the ocular motoneurons are characterized by exhibiting a great
neurotrophic dependence during the postnatal and adult stages.

In another series of experiments, the recovery of the electrophysiological charac-
teristics of the axotomized motoneurons was observed after the implantation of neural
progenitors at the site of the injury [193]. Those neural progenitors expressed NGF, NT-3,
and VEGF, revealing for the first time the possible neuroprotective role of VEGF in the
oculomotor system. However, it is known that the lack of neurotrophins does not cause
motoneuronal degeneration or muscular paralysis, as it does with VEGF deficiency, pro-
ducing motor alterations similar to that observed during ALS [5,84,194,195]. Therefore,
VEGF is probably the most potent of all the neurotrophic factors tested in experimental
ALS models [195].

Several experiments have shown that VEGF administration at the injury site can alle-
viate motoneuronal degeneration in animal models of ALS [36,38,67,82,196]. Recently, the
exogenous application of VEGF after axotomy of the abducens nerve prevented the changes
observed in axotomized motoneurons, restoring their electrophysiological, morphological
properties, and synaptic coverage [173]. These data are correlated with the recovery of
ChAT activity observed in axotomized oculomotor neurons due to the administration of
VEGF at the site of injury [164].

All these results, together with those that affirm that VEGF administration at the injury
supposes a reduction of retrograde axonal degeneration [80,81] and a decrease in injury
size and apoptosis levels [87], make this factor an exciting candidate to restore the effects
produced by brain damage.

7. Conclusions

In summary, all these data suggest that the higher level of VEGF and its receptor Flk-1
observed in extraocular motoneurons may contribute to their higher resistance shown in
adverse conditions, such as excitotoxicity, brain damage, or neurodegenerative diseases,
such as ALS. The extraocular motor system presents a series of characteristics that favors
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the correct contribution of VEGF to ocular motoneurons, even during degeneration and
denervation processes, compared to what is observed in other most vulnerable motoneu-
rons. The differential presence of VEGF detected in the soma of the oculomotor and
non-oculomotor brainstem motoneurons may be the result of a more generous retrograde
trophic contribution of VEGF from the EOMs. Furthermore, the fact that after induction
of various types of brain damage, there is an increase in the expression of VEGF and
Flk-1 in this specific population of motoneurons further highlights the importance of this
neurotrophic factor on motoneuronal survival.
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Abstract: The brain is vulnerable to excessive oxidative insults because of its abundant lipid content,
high energy requirements, and weak antioxidant capacity. Reactive oxygen species (ROS) increase
susceptibility to neuronal damage and functional deficits, via oxidative changes in the brain in
neurodegenerative diseases. Overabundance and abnormal levels of ROS and/or overload of metals
are regulated by cellular defense mechanisms, intracellular signaling, and physiological functions of
antioxidants in the brain. Single and/or complex antioxidant compounds targeting oxidative stress,
redox metals, and neuronal cell death have been evaluated in multiple preclinical and clinical trials as a
complementary therapeutic strategy for combating oxidative stress associated with neurodegenerative
diseases. Herein, we present a general analysis and overview of various antioxidants and suggest
potential courses of antioxidant treatments for the neuroprotection of the brain from oxidative
injury. This review focuses on enzymatic and non-enzymatic antioxidant mechanisms in the brain
and examines the relative advantages and methodological concerns when assessing antioxidant
compounds for the treatment of neurodegenerative disorders.

Keywords: neuroprotection; antioxidant; brain; neurodegenerative disease; oxidative stress

1. Introduction

Oxidative stress is considered as a detrimental condition for normal brain functioning. Since the
brain uses chemically diverse reactive species for signal transmission, it is susceptible to oxidative
stress [1]. The human brain consists of more than 86 billion neurons and over 250–300 billion glial
+cells, which consume over 20% of the total basal oxygen [2,3]. The mitochondria in the brain use the
inspired basal oxygen to reduce O2 to H2O to support adenosine triphosphate (ATP) synthesis [4].
The electron transport chain in the mitochondria is not efficient and leakage of reactive oxygen species
(ROS) from the mitochondria occurs when there is excess of oxygen [5]. Redox signaling in the brain
functions as an intrinsic sensor to oxidative stress, when signals go awry during pathological conditions.
Brain tissue has a high rate of oxidative metabolic activity, intense production of reactive oxygen
metabolites, relatively low levels of antioxidants, low repair capacity, non-replicating neuronal cells,
and a high membrane surface to cytoplasm ratio [6]. The cellular antioxidant system that prevents
tissue damage is composed of endogenous and exogenous antioxidants that have the ability to reduce
different chemicals. In biological antioxidant defense systems, both endogenous and exogenous
antioxidants are classified into enzymatic antioxidants and non-enzymatic antioxidants, including
oxidative enzyme inhibitors, antioxidant enzyme cofactors, ROS/RNS scavengers, and transition
metal chelators [7,8]. These two main antioxidant systems play an important role in maintaining the
balance between pro-oxidant and antioxidant agents in the brain and in mitigating oxidative stress [9].
The present review focuses on enzymatic and non-enzymatic antioxidant mechanisms in the brain
and examines the relative advantages of antioxidant compounds for the treatment of various brain
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diseases. Therefore, this review will describe selective antioxidants shown to have neuroprotective
effects that limit neurodegenerative disease.

2. Factors That Contribute to Vulnerability of the Brain to Oxidative Stress

Free radicals or other reactive molecules disturb cellular energy metabolism and cause oxidative
stress. Endogenous redox imbalance by pro-oxidant and antioxidant agents occurs as a result of free
radicals, which play an important role in oxidative stress, cell death, and tissue damage. Increased free
radical production due to excess pro-oxidant mechanisms can react with lipids, proteins, nucleic
acids, and other biomolecules which can alter their structure and function. A high concentration
of polyunsaturated fatty acids exists in membrane lipids in the brain [10]. These are sources of
decomposition reaction in the form of lipid peroxidation, in which a single initiating free radical
can precipitate the destruction of adjacent molecules. Polyunsaturated fatty acids especially serve
as major biological targets for oxidative damage induced by ROS. Other candidate molecules that
serve as biological targets of free radicals are nucleic acids. Breaks in DNA or modified bases can
result in aberrant gene expression and cell death [11]. Moreover, free radicals can also oxidize
the backbone and side chains of proteins, thereby disrupting the function of enzymes, receptors,
neurotransmitters, and structural proteins by oxidative modification [12]. Highly reactive oxygen
radicals are produced in the brain as a result of interactions between various transition metals and their
reducing equivalents. Transition metals including iron, copper, zinc, and manganese, are associated
with increased free radical production by the Fenton reaction [13,14]. Since the brain has abundant
lipid content, high energy requirements, and weak antioxidant capacity, it is an easy target for excessive
oxidative insults. Specifically, ROS increase susceptibility to neuronal damage and functional decline
via brain oxidation in Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS), cerebrovascular disorders, psychiatric disorders, and other neurodegenerative diseases [6,13,15]
(Figure 1).

Considering a detailed perspective on signaling, the rationale underlying the vulnerability of the
neurons in the brain to oxidative stress are as follows: In redox signaling, O2

−/H2O2 generation by
the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 2 induces the
activation of signaling proteins via sulfenic acid formation [16,17]. The brain is dependent on Ca2+

signaling for synaptic plasticity, a fundamental brain function, and it expends considerable amounts of
ATP to maintain intracellular Ca2+ homeostasis. Synaptic terminal glutamate-induced Ca2+ transients
activate neuronal nitric oxide synthase (nNOS)-mediated NO· generation, and additionally, Ca2+

overloaded in the mitochondria induces O2
−/H2O2 generation which can lead to ONOO· production

and excitotoxicity [18–20]. Particularly, the mitochondria generate O2
− in complex I and complex III

and the monoamine oxidase enzyme isoform catalyzes H2O2 generation during metabolism [21–23].
The human brain consumes over 25% circulating glucose to support neuronal function; however, protein
inactivation by the formation of advanced end glycation products (AGE) due to decreased glycolytic
rates can cause glucose-induced oxidative stress [24,25]. Neurotransmitters with a catechol group
render the brain sensitive to oxidative stress. Redox-active transition metals catalyze the auto-oxidation
of dopamine to a semiquinone radical during neurotransmitter oxidation [26–28]. The mature neurons
of the brain have abundant and multiple mechanisms that promote long-term neuronal survival and
prevent cell death; however, the brain has a comparatively weak endogenous antioxidant defense
system relative to other tissues and is susceptible to imbalance in redox homeostasis. For instance,
neurons with 50 times lower catalase content than hepatocytes have constrained glutathione peroxidase
4 (GPX4) activity (owing to low glutathione [GSH] content) and a modest antioxidant defense
mechanism [29–31]. Microglia monitor neuronal activity for removal of unhealthy cells, neuronal
wiring during development, and activity dependent synaptic plasticity. They generate O2

− via NADPH
oxidase 2 (NOX2) within an end-foot process, thus influencing brain oxidation [32,33]. Redox-active
transition metals, such as Fe2+ and Cu+, are enriched in the brain and therefore contribute to ferroptosis
by catalyzing peroxyl (ROO·) and alkoxyl (RO·) radical generation [34,35]. Lipid peroxidation,
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which involves initiation, oxygenation, propagation, and termination, occurs within the neuronal cell
membrane [36]. The brain uses nNOS and NOX isoforms to maintain essential functions. However,
nNOS/NOX expression is associated with NO· generation, which can be spatially co-generated
while producing ONOO· [37,38]. In summary, these interconnected, myriad factors render the brain
vulnerable to oxidative stress. Furthermore, excessive production of reactive species and insufficient
activity of antioxidant defense systems have been implicated in the pathogenesis of neurodegeneration.

 

Figure 1. Development of various diseases by the pathophysiology of oxidative stress in the brain.
Balance and imbalance between pro-oxidants and antioxidants against reactive oxygen species
production induce oxidative stress and are consequently involved in neuronal damage resulting
in the neurodegenerative diseases.

3. Role of Antioxidants in the Brain

Antioxidants act in two ways: First, the antioxidant defense systems, which are initiated against
oxidative damage, prevent generation of ROS, and block and capture the generated radicals [39].
These systems are present in the aqueous and membrane compartments of cells; they can be enzymatic
or non-enzymatic. The first line of defense has been identified as an enzymatic antioxidant system that
includes superoxide dismutase, catalase, and glutathione peroxidase. The second line of defense is
represented by reduced thiol and non-enzymatic antioxidants, including hydro- and lipo-soluble or
metabolic compounds [7]. Second, during the antioxidant repair process, the removal of damaged
biomolecules before their aggregation causes alterations in cell metabolism. The intervention by the
repair systems consists of repairing oxidatively damaged nucleic acids by specific enzymes, removing
oxidized proteins by the proteolytic systems, and repairing oxidized lipids by phospholipases,
peroxidases, or acryl transferases [8,39,40].

Antioxidants act to directly scavenge oxidizing radicals and regenerate oxidized biomolecules
in organisms. Neuronal cells possess several factors that minimize oxidative damage and a complex
antioxidant system consisting of various antioxidant enzymes and non-enzymes. With regard to
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the mechanism of action of antioxidants, antioxidants respond to different steps of oxidative radical
processing and can be considered by taking into account the different steps of lipid peroxidation in cell
membranes such as: initiation, propagation, and chain termination [36]. The first step of initiation of
lipid peroxidation can be promoted by diverse exogenous factors, endogenous enzyme systems, and the
electron transport chain in the mitochondria. The propagation step of peroxidation is initiated by the
addition of oxygen to carbon-centered radicals, which are generated at, or near, the diffusion-controlled
rate. Propagation is represented by the transfer of a hydrogen atom to the chain carrying peroxyl
radicals and occurs at a relatively slow rate. Antioxidants can inhibit lipid peroxidation by removing
molecular oxygen or by decreasing the local concentration of molecular oxygen, removing pro-oxidative
metal ions, trapping aggressive ROS, scavenging chain initiating radicals, breaking the chain of free
radical reactions, and quenching singlet oxygen [7,41]. In its protective role, enzymatic antioxidants
are chain-breaking antioxidants which are able to scavenge radical species while non-enzymatic
antioxidants are singlet oxygen quenchers, metal chelators, oxidative enzyme inhibitors, peroxide
decomposers, and/or ultra violet (UV) radiation absorbers [7]. Additionally, antioxidant enzymes can
catalyze the synthesis or regeneration of non-enzymatic antioxidants.

3.1. Enzymatic Antioxidants

3.1.1. Superoxide Dismutase

Superoxide dismutase (SOD), which belongs to the enzymatic defense system, changes the
superoxide radical anion to H2O2 by oxidative decay. Another function of SOD is to protect dehydratase
from free radical superoxide inactivation. There are three forms of SOD in humans. SOD-1, a copper-zinc
containing SOD (Cu, Zn-SOD), is present in the cytosol and specifically catalyzes dismutation in
a pH-independent medium [42]. SOD-1 protein is a homodimer composed of eight antiparallel
beta strands and two metal atoms that catalyze the conversion of toxic O2

− anions to H2O2 and O2.
Specifically, copper minerals play a crucial role in the catalytic function of this enzyme, while zinc
is important for structural integrity [43]. SOD-1 plays an important role as a first line of defense
by detoxifying superoxide radicals. In addition, the lack of this enzyme exhibited a pronounced
susceptibility to paraquat toxicity. SOD-2, a manganese containing SOD (Mn-SOD), is found in the
mitochondrial matrix and reduces the superoxide radical anion generated in the electron transport
chain [44]. A detailed analysis revealed that the SOD-2 subunit needs one metal atom and that it is
functionally disabled in the absence of Mn atoms in the active site. SOD-2 attracts O2

− and turns
positive on the active side. The active metal provides electrons directly to O2

− then reduces one
molecule of O2

− and one proton to be converted to form H2O2 (Figure 2). The amount of SOD-2
is different in each cell type, depending on the number of mitochondria. Specifically, the presence
of SOD-2 is essential for the survival of aerobic cells and the development of cellular resistance to
oxidative stress. SOD-3, an extracellular SOD (EC-SOD), also contains copper and zinc in its structure,
is synthesized inside the cell and secreted into the extracellular matrix [45]. SOD-3 enzyme is not
induced by its substrate or other oxidants and is regulated to coordinate with cytokines, rather than as
a response of individual cells to oxidants [46].

In neurodegenerative diseases, SOD-1 and SOD-2 genes appear to be disrupted and/or mutated.
SOD-1 gene mutations produce diverse cellular changes such as alteration of gene expression, unusual
protein interactions, caspase activation, mitochondrial dysfunction, and cytoskeletal abnormalities
in familial ALS [47]. Overexpression of SOD-1 protects neurons against the neurotoxic effects of
amyloid beta (Aβ), and loss of SOD-1 accelerates aging-related pathologies and reduces lifespan in
mice [48–50]. SOD-1 deficiency in an AD model showed that it was associated with augmented Aβ

oligomerization and memory impairment mediated by oxidative stress [51]. Overexpression of SOD-2
by treatment with sodium orthovanadate could rescue synaptic failure and neuronal cell death in the
hippocampus after kainic acid (KA)-induced oxidative stress; moreover, an increase in SOD-2 protected
the neuronal death from oxidative injury [52]. Impaired SOD-2 is a common potential pathogenesis
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related to oxidative stress in PD and AD [6]. In human amyloid precursor protein (hAPP) transgenic
mice with over 50% reduced SOD-2 activity, increased SOD-2 protects the age-related brain against
hAPP/Aβ-induced impairments [53]. Extracellularly administered SOD was effective in inhibiting
cell death and restoring healthy mitochondrial morphology in a monosodium glutamate-induced
excitotoxicity disease model [54]. An increase in SOD-2 can be expected to assist or improve neuronal
function and vascular pathology in AD as a therapeutic effect.

3.1.2. Catalase

Catalase (CAT), a heme-containing tetrameric protein is a common antioxidant enzyme naturally
produced by the body when exposed to oxygen. H2O2 generated inside the cell is enzymatically
catabolized in aerobic organisms by catalase and the activity of several peroxidases. CAT is one of the
most efficient enzymes that cannot be saturated by H2O2 at any concentration. It reacts with H2O2 to
form water/alcohol and oxygen using Fe as a cofactor [55,56]. CAT protects cells by detoxification of
the generated H2O2 and plays an important role in the acquisition of tolerance to oxidative stress as
an adaptive response [57]. CAT can maintain the concentration of O2 either for repeated rounds of
chemical reduction or for direct interaction with the toxin [58] (Figure 2). Furthermore, inhibition of
CAT activity results in enhanced cytotoxicity and increased ROS, indicating an important role of CAT in
maintaining the oxidative balance [59]. Specifically, mislocalized CAT is associated with accumulation
of H2O2 [60] and other ROS in the cells leading to compromised neurological function [61]. Thus,
deficiency or malfunction of CAT is postulated to be related to the pathogenesis of many age-associated
degenerative diseases.

CAT treatment reduces H2O2 levels and improves neuronal survival following Aβ-induced
toxicity in neuronal culture [62]. In Aβ toxicity, CAT–SKL (serine-lysine-leucine) treatment reduced
the pathology of microglial activation, and rat brains did not show long-term memory impairments via
the reduction of H2O2 levels [63]. In the PD model, mutant α-synuclein inhibited the expression and
activity of CAT and induced low catalase activity and high H2O2 production [64]. This antioxidant
enzyme plays an important role in maintaining oxidative balance.

3.1.3. Glutathione Peroxidase

Glutathione peroxidase (GPx) catalyzes the reduction of a variety of hydroperoxides (ROOH
and H2O2) to water or the corresponding alcohols using GSH to protect mammalian cells against
oxidative damage [65] (Figure 2). GPx has four identical subunits containing one selenocysteine in
each residue for essential enzyme activity, which are classified as selenium-containing GPxs (GPx1–4
and 6) and their non-selenium congeners (GPx5, 7, and 8) [30]. The glutathione redox cycle is mostly
active during low levels of oxidant stress, while CAT is more significant in protecting against severe
oxidant stress. GPx isoenzymes appear to have antioxidant functions at different locations and cellular
compartments, and the levels of expression of each isoform vary depending on the type of tissue,
even though their expression is omnipresent. Furthermore, GPx is responsible for the conversion of
GSH to oxidized glutathione disulfide (GSSG) and glutathione reductase (GR) reduces GSSG back to
GSH [66]. GPx1 and GPx4 are found in most tissues and the predominant forms of GPx are found
in brain tissue. GPx1 reduces H2O2 and organic hydroperoxides and is expressed both in neurons
and astrocytes [67]. GPx4, the phospholipid hydroperoxide glutathione peroxidase, is located in
the cytosol and a membrane fraction that can directly reduce phospholipid hydroperoxides, fatty
acid hydroperoxides, and cholesterol hydroperoxides [68]. In the brain, mitochondrial and cytosolic
GPx4 isoforms have been detected in neurons of the cerebral cortex, hippocampus, and cerebellum.
In contrast, GPx4 in glial cells is barely activated under normal physiological conditions, whereas
reactive astrocytes upregulate the expression of GPx4 following selective brain injury [31]. Recently,
GPx4 has become well known as a key regulatory factor in ferroptosis which is a non-apoptotic and
iron-dependent programmed cell death pathway that causes a rapid elevation of oxidative stress [69].
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As the function of GPx is related to normal development and cellular metabolism via the regulation of
oxidative stress, GPx4 function is potentially the key for cell survival.

GPx activity decreased significantly in PC12 cells during oxygen-glucose deprivation [70], and a
two-fold increase in GPx and a three-fold increase in CAT activities were observed during a time course
that reflected the temporal increase in nerve growth factor (NGF) in a brain contusion model [71].
The ferroptotic potential of neurons in the forebrain regions of the hippocampus and cerebral cortex is
severely affected in AD patients, with increased vulnerability to ferroptosis. The role of GPx4 as a key
regulator of ferroptosis was observed in Gpx4BIKO transgenic mice, a mouse model with a conditional
deletion of GPx4 in forebrain neurons. Gpx4BIKO transgenic mice showed significant deficits in spatial
learning and memory function and exhibited hippocampal neurodegeneration compared to control
mice [72]. In human PD tissue biopsies, GPx4 expression was upregulated and ferroptosis-related
events were observed [73].

3.1.4. Thioredoxin

The thioredoxin (Trx) system consists of two types of antioxidant oxidoreductase proteins, Trx and
thioredoxin reductase (TrxRs) with NADPH as an electron donor. Trx has a conserved active site such
as Cys-Pro-Gly-Cys, that has an important function of acting as an active oxidoreductase and electron
donor of some peroxiredoxins (Prx) which are crucial for the reduction of peroxides [74]. Trx is an
important regulator of cellular function that can respond to redox balance by modulating signaling
pathways, transcription factors, and immunological responses for cell survival in many conditions,
including neurodegenerative diseases [75]. There are three isoforms in the Trx family such as Trx1 in
the cytosol, Trx2 in the mitochondria, and a testis-specific Trx3 in mammalian cells. Trx1 exists in cell
compartments such as the nucleus and the plasma membrane or as a secreted protein, depending on
its localization and function in different cell types [76]. Trx1 is coupled with Prx 1/2 and methionine
sulfoxide reductase and is essential role in the control of growth and apoptosis. TrxR 1 and Trx 1 are
observed in neuronal synaptic vesicles. In addition, Trx 1 and 2 expressions are also present mainly in
rat brain neurons. Neurons with mitochondrial dysfunction by complex IV inhibition show low levels
of Trx and are thus, more vulnerable to H2O2. Reduced Trx is a powerful reductase that acts through a
disulfide–dithiol exchange mechanism to catalyze the conversion of disulfide bonds into thiols with
high efficiency [77]. The disulfides in the oxidized Trx are converted to thiols by the consumption
of NADPH [78] (Figure 2). TrxR, a homodimer, catalyzes the reduction of the disulfide at the Trx
active site and is encoded by three distinct genes: the cytosolic TrxR (TrxR1), mitochondrial TrxR
(TrxR2), and thioredoxin-glutaredoxin reductase (TrxR3). TrxR can directly reduce substrates such as
peroxides, including lipid hydroperoxides, H2O2, and protein disulfide isomerase [76,79]. TrxR is also
involved in the regeneration of other antioxidant molecules such as dehydroascorbate, lipoic acid,
and ubiquinone [80–82]. TrxR is very important when other selenoproteins including GPx lose most of
their activity and it effectively donates electrons during DNA synthesis [83]. TrxR activation in the rat
brain can be maintained at a certain level under severe selenium (Se)-deficient conditions. Both Trx
and TrxR are widely expressed in tissues and organs, including the brain. In a central nervous system
(CNS) study, it has been suggested that increased expression of Trx and TrxR is closely associated with
cell damage due to oxidative stress [84,85]. In addition, NADPH and human TrxR are efficient electron
donors to human plasma peroxidase and reduce hyperoxides, even with low GSH capacity [86].

The upregulation of Trx was observed as a neuroprotective effect on retinal ganglion cells against
oxidative stress-induced neurodegeneration [87]. Overexpression of Trx1 attenuated endoplasmic
reticulum stress by regulating the activation of the molecular mechanism for neuroprotection
in an in vitro and in vivo model of PD [88]. In AD brains, TrxR activity was increased in the
cerebellum and amygdala [89]. It has been implied that TrxR activation increases a compensatory
mechanism during increased oxidative stress that is limited by the substrate Trx and the subsequent
neurodegeneration seen in AD. Another evidence for the peripheral response to oxidative stress during
neurodegeneration is the reduction of Trx1 and TrxR1 in the plasma and erythrocytes in blood samples
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from patients with Huntington’s disease (HD) [90]. Exogenously administered human recombinant
Trx attenuates the generation of ROS involved in cytotoxic mechanisms, ameliorates neuronal damage,
and augments neurogenesis following brain ischemia/reperfusion injury in rats [91]. In the ischemic
brain, administration of Prx3 and Trx2 shows substantial neuroprotective effects by reducing oxidative
stress [92].

Important enzymatic antioxidants such as SOD, CAT, GPx, and Trx remove superoxide
and peroxides before they react with metal catalysts to form more reactive species (Figure 2).
Peroxidative chain reactions initiated by reactive species that escape enzymatic degradation are
terminated via chain-breaking antioxidants, including water-soluble ascorbate, lipid-soluble vitamin E,
and ubiquinone. To enhance the antioxidative effect, oxidative stress should be controlled by supplying
all the antioxidant nutrients and by minimizing the effect of substances that stimulate reactive oxygen
metabolites (ROM) [93].

 

Figure 2. Enzymatic antioxidant defense system against the production of reactive oxygen species
(ROS). Various pathways of cell death caused by ROS and its transformation are observed in brain injury.
NADPH oxidase and mitochondrial respiratory transport chain are known as major cellular sources of
the superoxide radical anion (O2

−). The superoxide radical anion reacts with nitric oxide (NO) to form
the peroxynitrite anion (ONOO−) which mediates oxidative modification of protein residues via an
interaction with NO. The superoxide radical is dismuted by the superoxide dismutase enzyme (SOD) to
form hydrogen peroxide. In addition, manganese containing superoxide dismutase (Mn-SOD) reduces
the superoxide radical anion generated during the electron transport chain in the mitochondrial matrix.
Catalase (CAT) and/or glutathione peroxidase (GPx) decomposes hydrogen peroxide to water and
oxygen by enzymatic reactions. Hydrogen peroxide is decomposed into reactive hydroxyl radicals
by reaction with catalytically active redox metals such as (copper and iron). Hydroxyl radicals can
react with oxygen to form peroxyl or alkoxyl radicals which can lead to lipid peroxidation and react
with DNA and primarily cause damage to DNA. Peroxiredoxins (Prx) and thioredoxin (Trx) act as
redox-regulated proteins to additional redox relay bases.
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3.2. Non-Enzymatic Antioxidants

3.2.1. Antioxidant Enzyme Cofactors (Selenium, Coenzyme Q10, Zinc)

Selenium

Selenium (Se) is an enzymatic cofactor and an essential component of selenoaminoacids and
selenoproteins. Se has numerous biological functions related to redox signaling, antioxidant defense
systems, thyroid hormone metabolism, and humoral and cell-mediated immune responses [94].
Se reacts with redox signals involving one- or two-electron transitions; however, it is less
reactive and prefers higher oxidation states. The biological activity of Se varies depending on
its concentration: normal growth and development at low concentrations, homeostatic function
at moderate concentrations, and induced toxicity at high concentrations [95]. The complex
biological functions of Se are found in general body proteins that mainly and effectively act through
25 selenoproteins that have selenocysteine at their active center in humans [96]. Over half of the
selenoproteins exhibit antioxidant activity, of which the GPx family and Trx reductase family are well
known. Selenoproteins constrain the activation of nuclear factor-κB (NF-κB) via redox signaling, which
prohibits a cytokine storm and the formation of reactive oxygen and nitrogen species. Se is essential for
brain function, but the Se expression level in the brain is rather poor compared to other tissues [97,98].
The distribution of Se in the human brain enriched in gray matter tended to be higher, while the white
matter was found to have reduced Se levels. Specifically, Se level was observed to be highest in the
hippocampus, cerebellum, and brainstem in the rat brain [99]. The mechanism of Se neuroprotection is
attributed to modulation of Ca2+ influx via ion channels, anti-inflammatory effect by abrogation of
microglia invasion, and biosynthesis stimulation of antioxidative selenoproteins in the brain [100,101].

Se is essential for the brain and plays an important role in the pathology of neuronal disorders
such as AD, PD, ALS, and epilepsy [96]. In Se-deficient transgenic mice, Aβ plaques showed more
than a two-fold increase compared to Se-adequate ones [102]. Selenite administration in a rat AD
model also showed attenuation of cognitive deficits, oxidative damage and morphological changes
in the hippocampus and cerebral cortex [103]. In a paraquat induced PD model, bradykinesia and
DNA damage reduction were observed by supplementing Se with selenite in drinking water [104].
Alterations of Se homeostasis in the HD model have been observed and a beneficial effect of selenite
supplementation in mice expressing mutant huntingtin has been reported. Additionally, autopsy of
the human HD and mouse HD brain showed decreased Se content [105]. Selenite administration
prevents secondary pathological events, thus, contributing to the reduction of apoptotic cell death and
prevention of neuronal destruction in the cortex and hippocampus of traumatic brain injury [106,107]

Coenzyme Q

Coenzyme Q (CoQ) is a remarkable liposoluble ubiquinone with a long isoprenoid side chain and
a main component of the internal mitochondria membrane, Golgi complex membrane, and lysosomal
membrane. CoQ is an endogenous free radical scavenger and enzyme cofactor produced by most
human cells and is abundant in the brain and intestine in mitochondria, the site of oxidative
phosphorylation [108]. It is biosynthesized by all membranes and a component of the mitochondrial
respiratory chain, which participates in electron transport [109]. CoQ in either reduced form,
hydroquinone or ubiquinol, is a potent lipophilic antioxidant and is also involved in the regeneration
and recycling of other antioxidants such as tocopherol and ascorbate [110]. CoQ is an important
antioxidant that protects cellular membranes and lipoproteins against the toxic effects of free radicals
that are generated during general metabolism [111]. The redox functions of CoQ mainly occur in the
mitochondria as electrons shuttle between complexes I and II of the respiratory chain. Dehydrogenases
oxidize NADH, NADPH, and dihydroflavine-adenine dinucleotide (FADH2) and transfer protons
and electrons to ubiquinone, which is converted to ubiquinol. Finally, the protons transfer to the
mitochondrial matrix and the electrons move to the cytochromes. Thus, cytochromes reduce the
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superoxide radical anion to water with electrons and protons from the matrix. These processes are
required to produce ATP [108]. TrxRs within the cytosol induce the reduction of CoQ to ubiquinol
and maintain the extra-mitochondrial antioxidant defense [112]. CoQ is synthesized by at least
12 proteins that form a multiprotein complex in the mitochondria, and the pathogenesis of CoQ10
deficiency involves deficient ATP production and excessive ROS formation in humans. However,
CoQ10 deficiency is unique among mitochondrial disorders because an effective treatment is available
by oral CoQ10 supplementation, to which many patients respond well [113,114]. However, dietary
supplementation is still challenging due to the low bioavailability of the compound. Because CoQ10
levels decline with age, it has been studied in a variety of neurodegenerative disorders and aging but
with disparate results [115].

In KA-induced oxidative injury in vitro [116], an increased number of surviving CA3 neurons
was observed at 0.1 and 1 μM concentrations in CoQ10-treated groups using cresyl violet staining.
CoQ10 (0.01, 0.1, and 1 μM) treatment significantly decreased 2,7-dichlorofluorescein fluorescence,
and the expression of NQO1 in the CoQ10-treated groups was significantly lower than that in controls,
indicating the protective role of CoQ10 in hippocampal neurons against oxidative stress. Rats exposed
to intrastriatal CoQ10 showed a larger number of dopaminergic neurons, higher expression of
neurogenetic and angiogenetic factors, and less inflammation, and these effects were more prominent
than the orally administered CoQ10. Thus, continuous intrastriatal administration of low doses of
CoQ10 showed a more effective strategy to prevent dopaminergic neuronal degeneration in a PD rat
model induced by 6-hydroxydopamine [117]. In patients with acute ischemic stroke, a significant
increase in CoQ10 level was observed with the administration of CoQ10 (300 mg/day group) compared
with the placebo group. CoQ10 supplementation attenuated oxidative stress and neuroinflammatory
marker levels and improved the neurological outcome scale and antioxidant enzyme activity [118].
In PD patients, the total Unified Parkinson’s Disease Rating Scale (UPDRS) scores decreased in
the CoQ10-treated group, indicating amelioration of the symptoms and significant improvement in
wearing-off in PD [119]. CoQ10 increased a reduced glutathione and SOD levels in patients with
pregabalin-treated fibromyalgia. The supplementation of CoQ10 effectively reduced pain sensation,
anxiety and brain activity, mitochondrial oxidative stress, and inflammation [120].

Zinc and Essential Metals

Zinc, a redox inactive metal, does not directly interact with ROS but has a crucial role in
maintaining redox balance for the antioxidant defense system in various ways in the cell. Zinc increases
the activation of antioxidant enzymes such as SOD, GPx, and CAT. It also acts as a direct cofactor
of SOD-1 and SOD-3 and as an indirect cofactor for GPx [121]. Zinc inhibits important pro-oxidant
enzymes such as NADPH oxidase, inducible nitric oxide synthetase (iNOS), and the reduced form of
nicotinamide adenine dinucleotide (NMDA) and regulates oxidant production and metal-induced
oxidative damage. Zinc is dynamically associated with sulfur in protein cysteine clusters. It mediates
the induction of the zinc-binding protein metallothionein which releases the metal under oxidative
conditions and acts as an Se scavenging oxidant. Zinc is involved in the regulation of glutathione
metabolism and the overall protein thiol redox status [122]. Zinc competes with redox-active transition
metals, iron and copper, for certain binding sites. When zinc binds to these sites, copper and iron
are forced to undergo hydrolytic polymerization into unreactive structures, thereby prohibiting the
catalysis of free radical formation and the initiation of lipid peroxidation [121–123]. Zinc is mainly
expressed in the hippocampus, amygdala, cerebral cortex, thalamus, and olfactory cortex in the
brain [124] and is stored as free zinc ions (Zn2+) in the presynaptic glutamatergic neurons. Zinc in
synaptic vesicles is released with glutamate and acts as a potent extracellular modulator by interacting
with many synaptic receptors during synaptic activity [123].

Co-treatment with zinc and Se significantly decreased mitochondrial dysfunction, ROS levels,
and lipid peroxidation levels, while significantly increasing cognitive performance, SOD, glutathione
peroxidase, and catalase activity in the mitochondria of the brain in an AD rat model [125]. In a
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double-blind, placebo-controlled trial of zinc supplementation for premenstrual syndrome, sixty women
(18–30 years) were randomly assigned to receive either 30 mg of zinc gluconate and/or placebo for 12 weeks.
The zinc-administered group showed beneficial effects on physical and psychological symptoms of
premenstrual syndrome, total antioxidant capacity, and brain-derived neurotrophic factor [126].

Other essential metals, such as copper, iron, and magnesium, play an important role in the
maintenance of cell homeostasis and preservation of life. They display important structural, regulatory,
and catalytic functions in different types of proteins, such as enzymes, receptors, and transporters.
Cu+ and magnesium are the cofactors for enzymes such as COX and/or supper zinc, SOD, and neuronal
Cu enrichment predispose to Cu2+-catalyzed Fenton chemistry and H2O2-assisted protein oxidation.
In particularly, iron continuously shifts between ferrous ion (Fe2+) and ferric ion (Fe3+) states in a
redox reaction in the presence of O2. The constitution of iron in the body is in the form of 65% (Fe2+)
ions bound to hemoglobin; less than 10% of ions are expressed with myoglobin (Fe2+), cytochromes
(Fe2+ or Fe3+), and iron-containing enzymes, and 25% of the ions are bound to iron-storage proteins
such as transferrin, ferritin, and hemosiderin [127]. Iron present in the cells in the reduced (Fe2+) and
oxidized (Fe3+) states can serve both as an electron donor and electron acceptor. Particularly, the
ferrous form of iron can act as a catalyst in the potentiation of oxygen toxicity by generating a wide
range of free radical species, including hydroxyl radicals. In addition, an excessive amount of this
essential metal induces toxicity, leading to pathological conditions generated by oxidative stress and
neurodegeneration [128]. Although homeostasis of iron is essential for physiological functions in the
brain, less than 2% of total body iron is present in the brain. Iron contributes to the activity of various
enzymes involved in neurotransmitter synthesis and myelination of axons of motor neurons in the
brain. Iron accumulation induces features of neurodegenerative disorders including AD, PD, HD, ALS,
and neurodegeneration with brain iron accumulation (NBIA). The pathogenesis of neurodegenerative
diseases shows a relationship with a dramatic increase in iron content in the brain, which is correlated
with the production of ROS [127].

3.2.2. ROS/RNS Scavengers (Vitamin C, E, and A)

Vitamin C

Ascorbate (ascorbic acid, AA), a ubiquitous water-soluble antioxidant and a cofactor for several
enzymes, can inhibit the generation of ROS, directly scavenge ROS/RNS, and repair other oxidized
scavengers [129]. ROS generation is limited by ascorbate through the inhibition of NOX and nNOS.
It also helps in the regeneration of alpha-tocopherol from alpha-tocopheroxyl radical and repair of
glutathione. The highest concentration of ascorbate is expressed in the brain and is involved in
CNS homeostasis. Endogenous ascorbate exists in two biological forms, the deprotonated ascorbate
anion and dehydroascorbate (DHA), which is the product of the two-electron reversible oxidation of
ascorbate [129]. The mechanism of ascorbate uptake involves absorption of dietary ascorbate in the
intestine by sodium-dependent transporter-1 (SVCT-1) and dissolution in the blood. Ascorbate enters
the CNS by slow transport from the plasma to the cerebrospinal fluid across the choroid plexus
epithelium. Ascorbate can easily enter the brain through the glucose transporter (GLUT1) when a
considerable amount of DHA is present in the blood. Ascorbate or DHA in the cerebrospinal fluid enters
the neuron via sodium-dependent transporter-2 (SVCT-2) or GLUT1 transporters [130,131]. Once they
enter the neuron, DHA can be reduced to ascorbate or released by GLUT1. Ascorbate produces
ascorbate free radicals as one electron donor, which is reduced back to ascorbate within the cells
by NADH- and NADPH-dependent reductase. Glial cells obtain ascorbate by reduction of DHA
through GLUT1, and ascorbate uptake does not involve SVCT-2, which is different from neurons [131].
DHA goes through GLUT1 slowly to enter the choroid plexus and astrocytes [132–134]. The rapid
entry of ascorbate is driven by SVCT-2 through the blood-brain-barrier (BBB) to neurons, and ascorbate
modulates SVCT-2 translocation to the plasma membrane, ensuring optimal ascorbate uptake in
the neurons [135,136] (Figure 3). The oxidizing and free radical scavenging activity of ascorbate
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inside the cell is not limited to the aqueous phase, but also includes protection of membranes and
other hydrophobic compartments through interaction with vitamin E [137]. Aging decreases the
extracellular concentration and the uptake of ascorbate in the brain, which is consistent with an increase
in oxidative stress. The neurobiological role of ascorbate in the brain is seen in neuromodulation and
neuroprotection [129]. In the role of a neuromodulator, ascorbate release is involved in the uptake
or clearance of glutamate from the synapse after its release from the axon terminals. Specifically,
L-glutamate promotes ascorbate release as a consequence of removing glutamate from the synapse [138].
Although ascorbate does not act as a classical neurotransmitter, extracellular ascorbate may influence
neurotransmission. In particular, ascorbate directly modulates neural excitability through inhibition of
T-type Ca2+ channels [139], participates in the reduction of extracellular oxidants, which effects the
redox status of catecholamines [140], and influences the release of biogenic amines in striatum [141]
and pituitary neuropeptides [142]. Another neuroprotective role of ascorbate is the attenuation of
neurotoxicity, which results from the scavenging activity [143]. Ascorbate inhibits the oxidative stress
triggered by various neurotoxins and protects against ethanol-induced apoptotic neurodegeneration in
prenatal rat hippocampal neurons [144]. Oxidative stress in stroke, hypoxia, ischemia, and seizure
activity leads to massive glutamate release and subsequent excitotoxicity, a result of over-activation of
glutamate receptors [145]. Therefore, ascorbate can protect against glutamate-induced excitotoxicity
and neurodegeneration.

Many researchers have reported that neurodegeneration can be reversed or lessened by ascorbate
treatment [146–148]. From the viewpoint of the effect of aging, the extracellular concentration and
uptake of ascorbate is decreased in the brain, which is consistent with an increase in oxidative
stress [149]. Moreover, excess ascorbate intake or deficiency may influence brain aging [150]. Thus,
careful maintenance of ascorbate levels in the brain may be important during the life span. There have
been extensive reviews on the role of ascorbate in the brain with a focus on neurodegenerative
disease [130,131]. Even though ascorbate has a complicated interaction with the neurotransmitter
system, ascorbate is considered relevant for use as an antioxidant therapy because neurons are sensitive
to ascorbate deficiency and excess oxidant stress. In our previous work [151], we studied the protective
effects of AA and DHA on KA-induced oxidative stress using organotypic hippocampal slice cultures.
After 12 h of KA treatment, significant delayed neuronal death was detected in the CA3, but not in
the CA1 region. Pretreatment with intermediate doses of AA and DHA significantly prevented cell
death and reduced ROS levels, as well as mitochondrial dysfunction in the CA3 region. However,
pretreatment with high doses of AA or DHA was not effective. Attempting to elevate the brain
ascorbate by the systemic administration of high doses of ascorbate is very difficult. The level of AA
in the extracellular fluid of the striatum was decreased in a transgenic mouse model of HD; hence,
restoring striatal extracellular AA levels with high doses of ascorbate improved behavior [152,153].

Vitamin E

Vitamin E is a major group of lipid-soluble antioxidants called tocopherols and tocotrienols, of
which the most biologically active isoform is α-tocopherol [154]. It is a major chain-breaking antioxidant
and exists in a low molar ratio compared to unsaturated phospholipids. The most important function
of vitamin E is its antioxidant activity, which protects the integrity of cellular membranes from
polyunsaturated fatty acid-generated oxygen free radicals and to act as a direct scavenger of superoxide
and hydroxyl radicals [154,155]. Based on studies of brain capillary endothelial cells, the mechanism
of entry of α-tocopherol into the CNS correlated to α-tocopherol and scavenger receptor class B type 1
(SRB1) levels. α-Tocopherol uptake occurs via a selective high-density lipoprotein (HDL) pathway,
which modulates the expression of SRB1 receptor [156–158]. Once α-tocopherol passes through the
BBB, it may be directly delivered to specialized astrocytes. Astrocyte-synthesized apolipoprotein E
(ApoE) moves through the cerebral spinal fluid transporting α-tocopherol between various cell types
in the CNS cell [154,159]. ApoE lipoprotein particles in astrocytes are secreted through membrane
proteins and interact with low-density lipoprotein receptor-related protein (LRP) on the neurons [160].
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The neurons take up these ApoE particles and distribute them throughout the body, axon, and dendrites
to preserve the membrane from lipid peroxidation (Figure 3). The expression of α-tocopherol transfer
protein is enhanced by an increase in ROS, and it is useful for combating neuronal damage.

 

Figure 3. Schematic representation of vitamin uptake and protective mechanisms by exogenous
vitamins as antioxidants. Vitamin C: During uptake in the CNS, ascorbate passes through the BBB to
enter directly through the SVCT-2 and/or possibly DHA through GLUT1s. Moreover, the neuronal
uptake of ascorbate occurs through SVCT-2 and DHA via the GLUT1s. In the neuron, DHA can be
reduced to ascorbate or released back into the extracellular space by GLUT1. Ascorbate free radicals
convert to form DHA and ascorbate. Ascorbate recycles both the ascorbate free radical and DHA by
cellular metabolism. Astrocytes contain ascorbate from recycling of DHA which is taken up through
GLUT1s. Neurons directly acquire ascorbate via SVCT-2. Vitamin E: With respect to vitamin E uptake,
HDL particles can pass through SRB1 receptors expressed on endothelial cells. Astrocytes that exist
adjacent to the BBB take up vitamin E into the inner cell membrane. Synthesized ApoE lipoproteins take
up vitamin E that is left out of an ABC transporter, for transport into neurons through LRP1 requiring
vitamin E for maintenance or during conditions of oxidative stress. Vitamin A: In cellular retinoid
signaling pathways, retinol is metabolized to all-trans-retinoic acid (ATRA). Vitamin A (retinol, ROL)
binds to plasma retinol binding protein (RBP4) and circulates; RBP4 protein binds to the membrane
receptor STAR6 to promote cellular absorption of retinol from the cells. A chylomicron remnant (CMRE),
as a form of circulating vitamin A, can serve as a source of vitamin A for the cells and retinol is esterified
and stored by lecithin: retinol acyltransferase (LRAT) and is reversibly oxidized to retinaldehyde (RAL)
by retinol dehydrogenase (RDH/ADH). In addition, retinol is further oxidized to RA in an irreversible
manner by retinaldehyde dehydrogenase (RALDH). ATRA regulates gene transcription through retinoic
acid receptors (RAR) and/or retinoid X receptors (RXRs) which are bound to retinoic acid response
elements (RARE) in the nucleus. These representative schematics are modified from [130,154,161].
Abbreviations: VC, vitamin C; VE, vitamin E; VA, vitamin A; ASC, ascorbate; ASF, ascorbate free radical;
DHA, dehydroascorbic acid; GLUT1, glucose transports; SVTC-2, sodium-dependent transporters;
LRP, lipoprotein receptor-related protein; GSH, glutathione; ApoE, apolipoprotein E; HDL, density
lipoprotein; CMRE, chylomicron remnant; CRABP, cellular retinoic acid-binding protein; LRAT,
lethicin: retinol acyltransferase; RBP, retinol binding protein; RAL, retinaldehyde; RDH/ADH, retinol
dehydrogenase; RALDH, retinaldehyde dehydrogenase; RXR, retinoid X receptors; RAR, retinoic acid
receptors; ATRA, all-trans-retinoic acid; BBB, blood–brain barrier.
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The antioxidant ability of vitamin E is continuously restored via vitamin E recycling by other
antioxidants such as vitamin C, ubiquinols, and thiols. The half-life of vitamin E in the brain
tissue is slower than that of other vitamins, and it is also actively retained and protected from
auto-oxidation in the brain [162]. The distribution of α-tocopherol is significantly different in the
brain. These CNS-regional disparities are suggestive of the specific protective antioxidant effect of
α-tocopherol. Specifically, the concentrations of α-tocopherol were relatively higher in the nuclear
membranes than in the other membranes of the brain. It has been suggested thatα-tocopherol may play a
role in nuclear-associated functions in the cerebellum and striatum, wherein preferential accumulation
of α-tocopherol in the membrane was most apparent [163]. Vitamin E, similar to other radical
scavengers/trappers, influences the flux of lipid hydroperoxide (LOOH), which is derived from both
spontaneous and enzymatic formation of lipid peroxyl radicals (LOO•) on the cellular membrane [164].
The effects of vitamin E on peroxidation activity appear to involve both the radical scavenging
mechanism such as the H atom donor activity and a physical interaction with the polyunsaturated
lipid substrate. Tocotrienols, another form of vitamin E that are highly metabolized, show more potent
inhibition of the phospholipase A2/lipoxygenases pathway as compared to tocopherols, and have
different cellular bioavailability, distribution, and protein interaction in the saturated and unsaturated
form of vitamin E in the brain [165]. Deficiency of vitamin E showed increased biochemical and
histological markers of oxidative stress, including total glutathione and lipid peroxidation in the CNS.

Therapeutic effects of α-tocopherol by application of vitamin E in neurological lesions caused by
neuronal excitotoxicity and the conditional activation of neuroglial cells have also been reported. In KA
treatment-induced oxidative stress [166], delayed neuronal death was detected in the hippocampal
CA3 region and ROS formation and lipid peroxidation were also increased. Both co-treatment and
post-treatment withα-tocopherol (100μM) orα-tocotrienol (100μM) significantly increased cell survival
and reduced the number of TUNEL-positive cells in the CA3 region. Increased dichlorofluorescein
(DCF) fluorescence and thiobarbiturate reactive substance (TBARS) levels were decreased by drug
treatment (Figure 4). In AD patients, long-term administration of vitamin D and E alone or in
combination could inhibit morphological changes of neurons and improve learning and memory [167].
Vitamin E prevented the memory impairment associated with post-traumatic stress disorder (PTSD)-like
behavior in rats. Significant decreases in oxidative stress biomarkers were detected with reduced
glutathione/oxidized glutathione (GSH/GSSG) ratio [168]. In PD patients, omega-3 fatty acid and
vitamin E co-supplementation had favorable effects on the UPDRS score and increased the total
antioxidant capacity (TAC) and GSH concentration compared to placebo [169].

131



Int. J. Mol. Sci. 2020, 21, 7152

Figure 4. Neuroprotective effect of vitamin E. (A): Representative propidium iodide (PI) images. When
hippocampal slices were exposed to 5 μM KA for 15 h, PI uptake in the CA3 region was significantly
higher than the CA1 region. Co-treatment using ATPH (100μM) or ATTN (100μM) with KA significantly
reduced PI uptake in the CA3 region compared with KA treatment alone. (B): Quantification of PI
intensity. * p < 0.05, # p < 0.05; one-way ANOVA followed by Dunnett’s post hoc comparison (* p < 0.05
vs. normal, # p < 0.05 vs. KA-treated cultures). This present data is a part of our previous research
showing neuronal rescue after oxidative stress by alpha-tocopherol and tocotrienol treatment [166].
Abbreviations: ATPH, alpha-tocopherol; ATTN, alpha-tocotrienol; OHSC, organotypic hippocampal
slice culture; KA, kainic acid; PI, propidium iodide; DCF, dichlorofluorescein.

Vitamin A

Vitamin A, carotenoids including retinol and beta-carotene, are fat-soluble chemicals synthesized
by plants and some microorganisms and have many functions in human growth, development,
and health [170,171]. Vitamin A is available in the human diet as pro-vitamin A carotenoids and
preformed vitamin A (retinol-alcohol form, retinal-aldehyde form, retinoic acid-carboxylic acid form,
and retinyl ester-ester form). The preformed vitamin A from animal-derived food and pro-vitamin
A carotenoids from plant-derived foods are converted to all-trans-retinol as vitamin A alcohol by a
series of reactions in the intestine. Carotenoids, mainly via dietary intake, can function directly as
antioxidants by quenching ROS through energy transfer [172]. Vitamin A deprivation was investigated
in the deficiency of cognitive function in adult mice and rats, which highlights the importance of
adequate vitamin A status by the retinoid signaling pathways [161]. Carotenoids are classified into
pro-vitamin A carotenoids such as β-carotene and β-cryptoxanthin, which are capable of converting to
retinal, and non-pro-vitamin A carotenoids such as lycopene and lutein, which cannot be converted to
retinal [173]. Carotenoids act through several pathways and interact with free radicals in the plasma,
mitochondria, and nuclear membranes of cells via electron transfer, hydrogen abstraction, and physical
quenching [174]. Carotenoids indirectly react with cell signaling cascades, including the nuclear factor
elytroid 2 (NF-E2)-related factor 2 (Nrf2), NF-κB, or mitogen-activated protein kinase (MAPK) [175,176].
The antioxidant action of carotenoids involves singlet oxygen quenching and trapping of peroxyl
radicals. Retinol-binding proteins observed in the BBB regulate the access of retinol into the brain [177].
High concentrations of retinol and carotenoids have been observed in the postmortem human frontal
lobe cortex [178]. β-carotene, a precursor of retinol and retinoic acid, is reported to be a potent free
radical quencher, singlet oxygen scavenger, and lipid antioxidant in tissues and plasma. Therefore,
β-carotene acts in a hydrophobic environment such as the lipid core of the membranes and is used
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faster than α-tocopherol, implying that β-carotene is more favorable than α-tocopherol to quench
lipophilic radicals in the membrane. The most efficient synergistic inhibition during oxidative stress
was observed with a combination treatment of α-tocopherol and ascorbic acid [179].

Retinoids, compounds structurally related to vitamin A, are considered vitamin A derivatives
that contribute to regular cellular morphogenesis, proliferation, and differentiation. Retinoids are
involved in normal signaling cascades in modulating brain functions [180]. Retinoids modulate the
availability of glucocorticosteroids in the brain, an important biological mechanism that can be explored
in many stress-related pathologies to prevent alterations in the plasticity of the hippocampus [181].
Retinol metabolic pathways have shown that retinol can be stored intracellularly as retinyl esters
and metabolized into all-trans-retinoic acid (ATRA) as a bioactive derivative. ATRA induces cellular
differentiation and growth by reacting to retinoic acid receptors (RARs). Cellular retinol-binding
proteins (CRBP-I and II) and cellular retinoic acid-binding proteins (CRABP-I, II) are distributed in the
adult CNS. Furthermore, CRBP-I distribution parallels that of ATRA with expression in the meninges,
hippocampus, amygdala, and olfactory bulb [182] (Figure 3). Under oxidative stress conditions such
as metal exposure and production and accumulation of ROS, retinoids protect the cells against this
imbalance through multiple mechanisms, including interference with ROS production, scavenging free
radicals directly, upregulation of antioxidant enzymes, and signaling pathways involved in defense
system such as Nrf2 signaling [183]. It has also been observed that retinoic acid has a protective
effect on neuronal apoptosis and oxidative damage by reducing glutathione [184] and restoring
SOD-1 and SOD-2 in the hippocampal cells [185]. The role of retinoid signal transduction in the
control of dopaminergic neurotransmission was observed in the presence of high levels of retinoic
acid-synthesizing enzymes [186] and RAR, which may play a critical role in controlling the survival,
adaptation, and homeostatic regulation of the dopaminergic system [187]. Retinoid signaling play a
physiological role in synaptic plasticity and learning and memory behaviors [188].

Retinoic acid supplementation upregulated μ-type opioid receptor 1 (MOR1) and its signaling
and alleviated dyskinetic movements, which is a known consequence of prolonged administration
of L-DOPA, in Pitx3ak/ak mice [189]. Moreover, RA triggered the neuroprotective effect on DA
neurons in MPTP-treated mice model of PD. Administration of RA-loaded polymeric nanoparticle
significantly reduced the loss of DA neuron in the substantia nigra as well as their neuronal
fiber/axonal innervations in the striatum [190]. Moreover, oral administration of lycopene (5–20 mg/kg),
a carotenoid with unique pharmacological properties, attenuated oxidative stress in mice with PD,
which was induced with intraperitoneal injection of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP). Lycopene supplementation also inhibits apoptosis in PD mice by decreasing Bax and caspases,
and contrarily increasing Bcl-2 [191]. Dietary supplementation with astaxanthin, another carotenoid
family member, significantly decreased intracellular ROS accumulation in a hippocampal neuronal
cell line after exposure to glutamate and induced antioxidant mediators, such as heme oxygenase-1
(HO-1) and nuclear Nrf2 expression in vitro [192]. In multiple sclerosis (MS) patients, vitamin A
supplementation had a significant effect in the treatment group for fatigue and depression. In addition,
when a synthetic retinoid was tested, it showed reduction in inflammation, Aβ burden, and tau
phosphorylation with associated cognitive benefits in AD patients [193,194].

Aside from elucidating the efficiency of endogenous antioxidants, several studies have increasingly
accredited the role of various exogenous antioxidants. Limited clinical studies are reported herein and
are illustrated in Table 1. Table 1 also shows several examples of previously mentioned exogenous
antioxidant reactions that have worked in clinical settings. Although the administration of exogenous
antioxidants showed positive effects, there are some inconsistencies in clinical trials. The clinical
trials performed multivariable analyses with various factors, such as sample size, replication or
validation studies using the same agent and outcome measures, assessment of vitamins, different
conditions of endogenous antioxidants, long-term monitoring, etc., which caused variability because
of inconsistencies. In general, several common antioxidants and their clinical effects are described in
Table 1.
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Table 1. Clinical trials of antioxidant in neurodegenerative diseases.

Antioxidant
Number of

Patients
Follow up

Period
Dosage Route Effects Disease Reference

CoQ10 609 60 month 2400 mg/day Oral No Huntington [119,195]
40 96 week 300 mg/day Oral Y Parkinson

Selenium
7540 7 year 200 μg/day Oral No Alzheimer [107,196]

6 month 1000 μg/day I.V. Y Traumatic brain injury

Zinc 43 12 week 20 mg/day Oral Y Depression with
multiple sclerosis [197]

Vitamin A
50 28 day 30 mg/day Oral Y Alzheimer [191,198]
101 6 month 25,000 UI/day Oral Y Multiple sclerosis

Vitamin C
12 6 day 2 g/day Oral Y Hyperoxia [147,199]
60 3 month 500 mg/day Oral Y Trauma surgery

Vitamin E
7540 7 year 400 UI/day Oral No Alzheimer

[168,196,200]60 3 month 400 UI/day Oral Y Parkinson
50 12 month 45 UI/day Oral Y Parkinson

3.2.3. Nrf2 Antioxidant System

The transcription factor Nrf2 is characterized as a regulator of redox homeostasis and antioxidant
defense mechanisms. This protective pathway also encompasses the activation of a detoxification
network such as oxidation/reduction factors (Phase I), metabolizing enzymes (Phase II), efflux
transporters (Phase III), and free radical scavengers [201]. Oxidation/reduction factors consisting
of nearly 500 genes encoding proteins, including redox balancing factors, stress response proteins,
detoxifying enzymes, and metabolic enzymes such as NAD(P)H quinone oxidoreductase (NQO1),
HO-1, SOD, GST, GSR, GSH-Px, carbonyl reductase (CR), and glutamate-cysteine ligase (GCL) play
important roles in antioxidant and pro-survival effects and detoxification of xenobiotics. Nrf2 is
generally targeted for ubiquitin-mediated degradation by its endogenous inhibitor Keap1, but oxidative
modification of Keap1 inhibits the Nrf2 degradation process during conditions of redox imbalance [202].
To maintain cellular redox homeostasis, basal Nrf2 accumulation increases to mediate the normal
expression of antioxidant response element (ARE)-dependent genes in the nucleus. The mitochondrial
membrane directly interacts with Nrf2 which can respond to mitochondrial oxidative stressors that
can collapse cellular bioenergetics leading to cell apoptosis [203]. Thus, the Keap1/Nrf2 system is
another good homeostatic regulator of intrinsic cellular antioxidant defense and mitochondrial health.
The suppression of Nrf2 activity increases the susceptibility of the brain to the damaging effects of
oxidative stress and inflammatory stimuli [204]. Nrf2 activation promotes neuroprotective effects in both
in vitro and in vivo neurodegenerative models. Nrf2 activity diminishes with age, and consequently,
the effect of antioxidant enzyme activity decreases. Nrf2/ARE system impairment leads to higher
susceptibility to oxidative injury, abnormal protein aggregation and neurodegeneration in the brain.
Many studies have demonstrated the importance of the Nrf2/ARE pathway in the pathogenesis and
control of neurological disorders, including PD, AD, ischemia, and other neurodegenerative diseases.

After middle cerebral artery occlusion (MCAO) in rats, Keap1 levels are decreased and this loss is
correlated with an increase in Nrf2 and its downstream proteins, such as thioredoxins, GSH synthases,
and HO-1 [205]. Stroke models of Nrf2-deficient mice exhibit higher levels of ROS than the wild-type
littermates, which supports the natural compensatory mechanism of Nrf2 [206]. In AD transgenic mice,
Nrf2-deficiency brains presented increased marker of oxidative stress and exhibited deficits in spatial
learning and memory [204]. Nrf2 knockout and wild-type mice can be administered MPTP with doses
ranging from 20 to 60 mg/kg for an animal model of PD. Nrf2−/− mice exhibited increased sensitivity to
the dopaminergic toxins MPTP and 6-OHDA [207]. Nrf2 deficiency increased the MPTP sensitivity by
30 mg/kg administration of MPTP, but astrocytic Nrf2 overexpression showed the amelioration of MPTP
toxicity in ARE-hPAP mice [208]. Astrocytic Nrf2 reduced the MPTP neurotoxicity by β-lapachone
treatment in PD models [209].
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4. Conclusions

Brains are metabolically active and have a high demand for large amounts of ATP to maintain
their physiological function. Additionally, the brain has a relatively low level of antioxidants, low
repair capacity, non-replicating nature of neuronal cells, and a high ratio of membrane surface to
cytoplasm. ROS production is largely through oxidative phosphorylation and increased free radicals
play a central role in neurological disorders by the imbalance of pro-oxidant and antioxidant agents
in the brain. This underpins the importance of targeting antioxidant systems to counteract the
oxidative stress and associated brain diseases. Indeed, the antioxidant system is important for the
rescue of neuronal cells from oxidative stress and preservation of the right redox balance in the
brain tissue by promoting antioxidative defenses for neutralizing ROS and by blocking transcription.
Currently, there is growing research interest in the development of new/combination exogenous
supplementation of antioxidants, retention of the functional integrity of intrinsic antioxidant systems
for preventing harmful CNS disorders, and identification of novel approaches to therapy to prevent
and/or reduce brain injury. Thus, high levels and variable metabolites in the brain indicate an
increased requirement for antioxidant defense systems as enzymatic and non-enzymatic molecules.
Redox biology fulfills important physiological functions that extend beyond its role on oxidative
stress, such as cell signaling [210,211]. Perhaps, ROS generation may be necessary for cell function.
Although their role is still ill-defined, the antioxidant systems may contribute to the controlled release
of ROS for normal brain function.
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ALS amyotrophic lateral sclerosis
ApoE apolipoprotein E
ARE antioxidant response element
ATP adenosine triphosphate
ATPH alpha-tocopherol
ATRA all-trans-retinoic acid
ATTN alpha-tocotrienol
Aβ beta-amyloid
CA3 cornu ammonis 3
CAT catalase
CNS central nervous system
CoQ coenzyme Q
COX cyclooxygenase
CR carbonyl reductase
CRABP cellular retinoic acid-binding proteins
CRBP cellular retinol binding proteins
DCF dichlorofluorescein
DHA dehydroascorbate
EC-SOD extracellular superoxide dismutase
FADH2 dihydroflavine-adenine dinucleotide
Fe2+ ferrous ion
Fe3+ ferric ion
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GCL glutamate-cysteine ligase
GLUT1 glucose transports
GPx glutathione peroxidase
GR glutathione reductase
GSH glutathione
GSSG glutathione disulfide
hAPP human amyloid precursor protein
HD Huntington’s disease
HDL high density lipoprotein
HO-1 heme oxygenase-1
iNOS inducible nitric oxide synthase
KA kainic acid
LRP lipoprotein receptor-related protein
MAPK mitogen-activated protein kinase
MCAO middle cerebral artery occlusion
Mn-SOD manganese containing superoxide dismutase
MOR μ-type opioid receptor
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
NADH reduced form of nicotinamide adenine dinucleotide
NADPH reduced form of nicotinamide adenine dinucleotide phosphate
NBIA neurodegeneration brain iron accumulation
NF-κB nuclear factor-κB
nNOS neuronal nitric oxide synthase
NOX NADPH oxidase
NQO1 NADPH quinone oxidoreductase
Nrf2 nuclear factor elytroid 2-related factor 2
6-OHDA 6-hydroxydopamine
OHSC organotypic hippocampal slice culture
PD Parkinson disease
PI propidium iodide
PTSD post-traumatic stress disorder
RAR retinoic acid receptors
RNS reactive nitrogen species
ROS reactive oxygen species
Se selenium
SOD superoxide dismutase
SRB1 scavenger receptor class B type 1
SVCT sodium-vitamin C co-transporters
TAC total antioxidant capacity
TBARS thiobarbiturate reactive substance
Trx thioredoxin
TrxR thioredoxin reductase
UV ultra violet
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Abstract: Acidosis in the brain plays an important role in neuronal injury and is a common feature of
several neurological diseases. It has been reported that the sodium–hydrogen exchanger-1 (NHE-1)
is a key mediator of acidosis-induced neuronal injury. It modulates the concentration of intra- and
extra-cellular sodium and hydrogen ions. During the ischemic state, excessive sodium ions enter
neurons and inappropriately activate the sodium–calcium exchanger (NCX). Zinc can also enter
neurons through voltage-gated calcium channels and NCX. Here, we tested the hypothesis that zinc
enters the intracellular space through NCX and the subsequent zinc accumulation induces neuronal
cell death after global cerebral ischemia (GCI). Thus, we conducted the present study to confirm
whether inhibition of NHE-1 by amiloride attenuates zinc accumulation and subsequent hippocampus
neuronal death following GCI. Mice were subjected to GCI by bilateral common carotid artery (BCCA)
occlusion for 30 min, followed by restoration of blood flow and resuscitation. Amiloride (10 mg/kg,
intraperitoneally (i.p.)) was immediately injected, which reduced zinc accumulation and neuronal
death after GCI. Therefore, the present study demonstrates that amiloride attenuates GCI-induced
neuronal injury, likely via the prevention of intracellular zinc accumulation. Consequently, we suggest
that amiloride may have a high therapeutic potential for the prevention of GCI-induced neuronal death.

Keywords: global cerebral ischemia; amiloride; sodium–hydrogen exchanger-1; zinc; neuronal
death; neuroprotection

1. Introduction

Ischemic stroke is one of the most severe cerebral pathological conditions and can manifest via
a number of clinical symptoms such as problems in cognition, dizziness, or loss of vision on one side of
the visual field [1]. In particular, the development of ischemic conditions in the brain is very dangerous
because only a momentary lack of adequate blood flow to the brain can lead to oxygen deprivation,
insufficient nutrient provision, and potentially irreversible neural injury [2–4]. There are two basic
types of ischemic injury: global and focal ischemia. Global ischemia impacts wide areas of brain tissue
at once due to the blockage of blood flow to an entire region of the brain, while focal ischemia is limited
to a specific region of the brain tissue and is due to the more local disruption of cerebral blood flow.
Ischemia-induced brain damage can be recovered by early reperfusion, but this reperfusion process
can also initiate independent cascades of cell death pathways such as zinc release, microglial activation,
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and blood–brain barrier (BBB) disruption [5]. If the interruption of blood circulation happens for
an extended period prior to the restoration of circulation, brain damage can be permanent.

Furthermore, after a long period of ischemia, secondary brain damage occurs when blood
flow is initiated, which is known as “reperfusion injury”. The sudden recovery of blood supply
leads to mitochondrial dysfunction, producing excessive reactive oxygen species (ROS) and, finally,
cell death [6]. Under healthy conditions, superoxide production via neuronal nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase is thought to play a part in normal physiological processes
such as long-term potentiation and intracellular signaling [7,8]. However, under ischemic conditions,
mitochondrial dysfunction and excessive ROS generation predominate and promote pathological
responses such as leukocyte invasion and the disruption of the BBB [9,10]. Also, tissue pH is typically
reduced to 6.0–6.5 during ischemia, falling even lower during severe ischemic conditions [11–13].
As a result, this study suggests that the increase in NADPH activity after ischemia may also promote
cell death by acidifying brain cells.

Zinc is one of the most essential transition metals in our body, especially in the brain. Furthermore,
zinc regulates physiological functions that control DNA synthesis, cell division, and signal transduction.
Most of the zinc is present in a protein-bound form in neuronal cytoplasm. Free or chelatable zinc is
localized within the vesicles of synaptic terminals [14,15]. Taken together, these lines of circumstantial
evidence suggest that zinc plays a key role in maintaining cellular homeostasis. However, previous
studies have demonstrated that excessive neuronal zinc accumulation occurs after traumatic brain
injury, ischemia, hyperglycemia, and epilepsy [16–19]. Under these various pathological conditions,
ROS changes the protein-mediated sequestration of zinc and, thus, increases intracellular free zinc
levels which increases ROS production. If this condition is maintained for long periods, it can lead
to neuronal death [18]. Several neurological injuries, accelerate zinc release from synaptic vesicles,
and zinc then moves into neurons via multiple classes of membrane-bound channels [20,21].

Sodium–hydrogen exchangers (NHEs) are membrane transporters that mediate hydrogen efflux
into cells. Sodium–hydrogen exchanger-1 (NHE-1) is a ubiquitous and essential membrane ion
transporter that mediates the electroneutral exchange of hydrogen and sodium to regulate intracellular
pH [22]. Other NHEs, namely, NHE-2–5, indicate more distinct cell-type- and tissue-dependent
expressions than NHE-1 and play key roles in regulating transcellular sodium and potassium ion
absorption [23]. The NHE-6 expression is localized to early endosomes [24]. The NHE-7 and -8 isoforms
have not been localized in the brain, and the NHE-9 isoform is localized to late recycling endosomes [25].
Here, we focused on NHE-1 which is expressed in high abundance in the brain.

Amiloride, also known as thiazide, is related to other loop diuretic agents and blocks sodium
hydrogen exchanger-1 [26]. Amiloride, an inhibitor of NHE-1, has demonstrated neuroprotective
effects in various neuropathological conditions involving brain injuries such as ischemia, dementia,
and epilepsy [27,28]. Previous studies have suggested that injection of amiloride can reduce
cerebral-hypoxia-induced neuronal death after seizure and spinal cord injury [29–31]. Under the acidic
conditions found in the post-ischemic state, as NHE-1 becomes activated, hydrogen is released into the
extracellular space and sodium moves into the intracellular compartment. Thus, intracellular sodium
is increased and the sodium–calcium exchanger (NCX) becomes activated, so that sodium is released
into the extracellular space driving calcium entry, leading to a calcium overload state and, ultimately,
resulting in neuronal death. Considering this, we hypothesized that not only calcium, but also zinc may
enter via NCX and that NHE-1 blockade by amiloride decreases zinc accumulation and neuronal death
through reduced NCX activity. Therefore, we investigated whether the administration of amiloride
(10 mg/kg, intraperitoneally (i.p.)) reduces zinc accumulation, neuronal degeneration, oxidative stress,
and microtubule damage after global cerebral ischemia. As a result, the present study proved that the
administration of amiloride reduces ischemia-induced neuronal degeneration.
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2. Results

2.1. Amiloride Reduced Global Cerebral Ischemia-Induced Hippocampus Neuronal Death after
24 Hour Post-Insult

To investigate whether amiloride has neuroprotective effects after global cerebral ischemia
(GCI)-induced hippocampus neuronal death, experimental mice were immediately intraperitoneally
injected with amiloride (10 mg/kg) after GCI. The mice were sacrificed 24 h after GCI with or
without amiloride treatment. After insult, a histological evaluation to detect degenerating neurons
was conducted in the hippocampal subiculum (Sub), cornus ammonis 1 (CA1), CA2, and CA3
regions. Fluoro-Jade B (FJB) staining showed widespread neuronal degeneration in the Sub, CA1,
CA2, and CA3 regions of the hippocampus (p < 0.05) (Figure 1A). This staining protocol is a sensitive
and selective marker of degenerating neurons. The number of degenerating neurons was increased
in the GCI-induced group compared with the sham-operated group. When compared with the
GCI-vehicle-treated groups, the amiloride-injected groups showed a dramatically reduced number
of degenerating hippocampal neurons. Figure 1B shows the quantified FJB (+) neurons in the Sub,
CA1, CA2, and CA3 regions. Amiloride-administered groups displayed a reduction of FJB (+) neurons
of approximately 64% in the Sub (GCI-vehicle, 76.9 ± 8.4; GCI-amiloride, 27.2 ± 10.5), 84% in the
CA1 (GCI-vehicle, 126.2 ± 18.5; GCI-amiloride, 19.5 ± 17.6), 83% in the CA2 (GCI-vehicle, 125.3 ± 22;
GCI-amiloride, 20.7 ± 17.9), and 50% in the CA3 (GCI-vehicle, 220.6 ± 30.3; GCI-amiloride, 109.5 ± 29)
regions compared with the vehicle-treated groups.

2.2. Amiloride Reduced Global Cerebral Ischemia-Induced Hippocampal Zinc Accumulation after
24 Hour Post-Insult

To estimate GCI-induced zinc accumulation, brain sections were histologically evaluated by
N-(6-methoxy-8-quinolyl)-para-toluenesulfonamide (TSQ) staining 24 h after GCI. Zinc accumulation
is known to advance the neuronal NADPH oxidase activity and ROS responsible for neuronal death.
Under normal conditions, zinc levels are controlled by zinc transporters and zinc-binding proteins [32].
However, under conditions such as ischemia, traumatic brain injury, and seizure, neuronal death
occurs in part by the destruction of zinc homeostasis. Thus, we performed TSQ fluorescence staining
to confirm whether amiloride can reduce zinc accumulation in the brain hippocampal CA1 region.
The intensity of TSQ staining in the CA1 region was reduced in the amiloride-treated group compared
with the GCI-induced group (p < 0.05) (Figure 1C,D). Amiloride-administered groups displayed
an approximately 44% reduction of TSQ (+) neurons in the CA1 region (GCI-vehicle, 36.9 ± 5.9;
GCI-amiloride, 20.6 ± 4.1) compared with the vehicle-treated groups.

2.3. Amiloride Reduced Global Cerebral Ischemia-Induced Astrocyte and Microglial Activation
24 Hour Post-Insult

Multiple studies have previously reported that ischemia induces astrocyte and microglial activation
in the brain hippocampal region [3,18,33], and it is well known that inflammation contributes to
the severity of astrocyte and microglial activation. In addition, activated astrocytes are potentially
harmful, because they can produce nitric oxide synthase (NOS) and neurotoxic nitric oxide (NO).
To test whether amiloride affects GCI-induced glial activation, we performed immunofluorescence
staining using the marker glial fibrillary acidic protein (GFAP) and ionized calcium-binding adaptor
molecule 1 (Iba-1). We confirmed an assessment of the microglia number, morphology, and intensity
and astrocyte intensity [34]. Global cerebral ischemia triggers astroglia and microglial activation
which is considered to have macrophage-like activity. However, activated astrocytes were reduced by
approximately 45% in the GCI–amiloride groups compared with the GCI-vehicle groups in the CA1
region (GCI-vehicle, 33.2 ± 3.3; GCI–amiloride, 18.2 ± 1.8). Further, activated microglia were reduced
by 32% in the GCI–amiloride groups in the CA1 region (GCI-vehicle, 5.8 ± 0.3; GCI–amiloride, 3.9 ± 0.3)
(Figure 2B,D).
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Figure 1. Amiloride treatment decreased the number of degenerating neurons and zinc accumulation
after global cerebral ischemia (GCI). GCI-induced hippocampus neuronal death was confirmed
in the subiculum (Sub), cornus ammonis 1 (CA1), CA2, and CA3 regions after ischemic insult.
Zinc accumulation was confirmed in the CA1 region after ischemic insult. (A) Fluorescent images
show degenerated neurons in the Sub, CA1, CA2, and CA3 regions. Intraperitoneal post-treatment
with amiloride (10 mg/kg) reduced neuronal death in the Sub, CA1, CA2, and CA3 regions at 24 h
after ischemia. Scale bar = 20 μm. (B) Bar graph displaying the quantification of degenerating
neurons in the hippocampal regions. The number of FJB (+) neurons was decreased in the
amiloride-injected (10 mg/kg) group in the Sub, CA1, CA2, and CA3 regions compared with
the vehicle-treated group (GCI-vehicle, n = 8; GCI-amiloride, n = 8). (C) Representative images
show N-(6-methoxy-8-quinolyl)-para-toluenesulfonamide (TSQ) (+) neurons in the CA1 region.
Scale bar = 20 μm. (D) The bar graph indicates the TSQ (+) neurons in the hippocampal CA1
region (GCI-vehicle, n = 8; GCI-amiloride, n = 10). Data are mean ± S.E.M. * Considerably different from
the vehicle-treated group, p < 0.05. (Mann–Whitney U test (B) Sub: z = 2.626, p = 0.007; CA1: z = 2.838,
p = 0.003; CA2: z = 2.836, p = 0.003; CA3: z = 2.205, p = 0.028; (D) CA1: z = 2.134, p = 0.034).
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Figure 2. Amiloride treatment reduced astrocyte and microglial activation. GCI induces an inflammatory
response by promoting astrocyte and microglia activation in the damaged brain. This figure shows
astrocyte and microglia activation in the CA1 region 24 h after GCI. (A,C) show glial fibrillary acidic
protein (GFAP) and Ionized calcium-binding adaptor molecule-1 (Iba-1) activation and (B,D) show GFAP
and Iba-1 quantification in the CA1 region from sham-operated or GCI-induced mice. It was increased
in the GCI-induced group compared with the sham-operated group. However, the amiloride-treated
group showed reduced astrocyte and microglia activation after GCI. Scale bar = 20 μm. (Sham-vehicle,
n = 5; sham-amiloride, n = 5; GCI-vehicle, n = 6; GCI-amiloride, n = 8). Data are mean ± SEM.
* Considerably different from the vehicle-treated group, p < 0.05; # sham versus vehicle-operated group;
sham versus vehicle-treated group, p < 0.05. (Kruskal–Wallis test (B) Chi square = 14.612, df = 3,
p = 0.002; (D) Chi square = 18.606, df = 3, p < 0.001) (SO: stratum oriens; PL: pyramidal cell layer;
SR: stratum lacunosum-moleculare).

2.4. Amiloride Reduces Global Cerebral Ischemia-Induced Oxidative Damage after 24 Hour Post-Insult

We estimated oxidative stress by using 4-hydroxynonenal (4HNE) staining. The brain was
immunohistochemically stained with a 4HNE antibody 24 h after global cerebral ischemia induction
to discover whether hippocampal neurons had experienced oxidative stress. The sham-vehicle and
amiloride-injected groups showed no difference in 4HNE fluorescence signals. However, the 4HNE
fluorescence signal of the GCI-vehicle groups increased in the hippocampal Sub, CA1, CA2, and CA3
regions. The amiloride-treated group showed a significant reduction of 4HNE intensity compared with
the vehicle-treated groups (Figure 3A). Oxidative damage was reduced in the GCI-amiloride groups
compared with the GCI-vehicle groups by approximately 42% in the Sub (GCI-vehicle, 21.8 ± 2.4;
GCI-amiloride, 12.6 ± 0.5), 48% in the CA1 (GCI-vehicle, 23.5 ± 2.3; GCI-amiloride, 12.2 ± 1.5), 36% in
the CA2 (GCI-vehicle, 21.5 ± 2.4; GCI-amiloride, 13.7 ± 1.4), and 48% in the CA3 (GCI-vehicle, 31.2 ± 3.3;
GCI-amiloride, 16.1 ± 2.2) regions (Figure 3B).
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Figure 3. Amiloride reduced oxidative injury after GCI. Oxidative injury was detected by
4-hydroxynonenal (4HNE, red color) staining from the hippocampal Sub, CA1, CA2, and CA3
regions 24 h after GCI. (A) Sham-operated groups showed minimal 4HNE fluorescence signals in the
hippocampus. Amiloride-treated groups showed reduced immunoreactive fluorescence intensity for
4HNE in the hippocampus compared with the vehicle-treated group after GCI. Scale bar = 20 μm.
(B) The bar graph presents the 4HNE fluorescence intensity in the Sub, CA1, CA2, and CA3 regions.
The fluorescence intensity showed a significant difference among groups (sham-vehicle, n = 6;
sham-amiloride, n = 5; GCI-vehicle, n = 8; GCI-amiloride, n = 8). Data are mean ± S.E.M. * Considerably
different from the vehicle-treated group, p < 0.05; # sham versus vehicle-operated group, sham versus
vehicle-treated group, p < 0.05. (Kruskal–Wallis test (B) Sub: Chi square = 22.444, df = 3, p < 0.001;
CA1: Chi square = 17.896, df = 3, p < 0.001; CA2: Chi square = 20.967, df = 3, p < 0.001; CA3:
Chi square = 20.986, df = 3, p < 0.001).

2.5. Amiloride Reduced Global Cerebral Ischemia-Induced Microtubule Damage after 24 Hour Post-Insult

To evaluate whether GCI-induced microtubule damage occurred, brain sections were histologically
processed with antibodies against microtubule-associated protein 2 (MAP2) 24 h after GCI.
The GCI-vehicle groups showed a significant reduction in MAP2 immunoreactivity (IR) in the
hippocampus and cortex compared with the GCI-amiloride group, indicating a loss of microtubules.
Amiloride injection reduced GCI-induced microtubule damage compared with the vehicle-treated
group (Figure 4A). Microtubule intensity was increased in the GCI-amiloride groups compared with
the GCI-vehicle groups by approximately 42% in the Sub (GCI-vehicle, 41.9 ± 6.3; GCI-amiloride,
72.5 ± 7.2), 60% in the CA1 (GCI-vehicle, 43.3 ± 8.4; GCI-amiloride, 109.7 ± 12.5), 43% in the CA2
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(GCI-vehicle, 56.2 ± 11; GCI-amiloride, 99.6 ± 10.1), and 59% in the CA3 (GCI-vehicle, 23.2 ± 5.9;
GCI-amiloride, 57.2 ± 10.6) regions (Figure 4B).

Figure 4. Microtubule damage was detected by microtubule-associated protein 2 (MAP2, green color)
staining at the hippocampal Sub, CA1, CA2, and CA3 regions 24 h after GCI. (A) Sham-operated
groups showed MAP2 fluorescence signals in the hippocampus. Amiloride-administered groups
showed a reduced microtubule loss in the hippocampal regions compared with the vehicle-treated
group. Scale bar = 20 μm. (B) The bar graph indicates the MAP2 fluorescence intensity in the
hippocampus. (C) The bar graph indicates the MAP2 percent area in the hippocampus (sham-vehicle,
n = 6; sham-amiloride, n = 5; GCI-vehicle, n = 8; GCI-amiloride, n = 8). Data are mean ± S.E.M.
* Considerably different from the vehicle-treated group, p < 0.05; # sham versus vehicle-operated group,
sham versus vehicle-treated group, p < 0.05. (Kruskal–Wallis test (B) Sub: Chi square = 18.901, df = 3,
p < 0.001; CA1: Chi square = 15.166, df = 3, p < 0.002; CA2: Chi square = 15.054, df = 3, p < 0.002; CA3:
Chi square = 17.137, df = 3, p < 0.001).
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2.6. Amiloride Prevented Global Cerebral Ischemia-Induced Blood–Brain Barrier Disruption after
24 Hour Post-Insult

To verify the degree of blood–brain barrier (BBB) disruption, we stained brain sections to
evaluate extravasation of serum immunoglobulin G (IgG) by using immunohistochemistry as
described before [35,36]. In sham-operated brain sections, leakage of IgG was not detected. However,
in ischemia-induced mice, we observed excessive extravascular IgG leakage in the hippocampus
(Figure 5A). Figure 5B shows a bar graph of the scale of IgG extravasation from the damaged BBB in
the hippocampus. IgG leakage was reduced by 24% in the GCI-amiloride group compared with the
GCI-vehicle group (GCI-vehicle, 1.37 ± 0.09; GCI-amiloride, 1.04 ± 0.07) (Figure 5B).

Figure 5. GCI-induced blood–brain barrier (BBB) disruption was decreased by amiloride administration.
Brain sections were stained with antibodies against IgG to detect BBB disruption. (A) Indicates
magnification (4×) of a microscopic image of IgG staining in the hippocampus in each group.
These images indicate that BBB disruption occurred after GCI. The GCI-amiloride group had decreased
leakage of serum IgG in the hippocampus compared with the GCI-vehicle group. Scale bar = 100 μm.
(B) Bar graph shows the quantification of IgG serum extravasation in the hippocampus (sham-to-GCI
ratio, sham-vehicle, n= 6; sham-amiloride, n= 5; GCI-vehicle, n= 7; GCI-amiloride, n= 8). Data are mean
± SEM. * Considerably different from the vehicle-treated group, p< 0.05; # sham versus vehicle-operated
group; p < 0.05. (Kruskal–Wallis test (B) Chi square = 11.126, df = 3, p = 0.011).

2.7. Amiloride Improves Global Cerebral Ischemia-Induced Survival of Hippocampal Neurons
at 3 Days Post-Insult

To investigate whether amiloride promotes neuronal survival after GCI-induced hippocampus,
amiloride (10 mg/kg) was immediately injected to the intraperitoneal space after termination of the
blood reperfusion process. Both vehicle- and amiloride-administrated cohorts were sacrificed at
3 days following ischemic insult. After the insult, a histological evaluation using NeuN staining to
detect and quantify newly generated neurons was conducted in the hippocampal Sub, CA1, CA2,
and CA3 regions. NeuN positive neurons were widespread in the hippocampal regions we examined
(p < 0.05) and increased in number rapidly (Figure 6A). Figure 6B shows the counted NeuN (+)
neurons in the hippocampal regions. Amiloride-administered groups displayed an increase of NeuN
(+) neurons of 26% in the Sub (GCI-vehicle, 115.1 ± 4.0; GCI-amiloride, 156.4 ± 10.8), 17% in the
CA1 (GCI-vehicle, 177.7 ± 3.5; GCI-amiloride, 213.4 ± 11.1), 17% in the CA2 (GCI-vehicle, 219.5 ± 5.9;
GCI-amiloride, 265 ± 10.9), and 17% in the CA3 (GCI-vehicle, 251.2 ± 8.2; GCI-amiloride, 304.5 ± 13.2)
regions compared with the vehicle-treated groups.
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Figure 6. Amiloride treatment improves neuronal survival after GCI. The presence of live neurons
after ischemic insult was confirmed in the Sub, CA1, CA2, and CA3 regions. (A) Fluorescent images
show surviving neurons in the Sub, CA1, CA2, and CA3 regions. Intraperitoneal post-treatment
with amiloride (10 mg/kg) increased the number of live neurons in the Sub, CA1, CA2, and CA3
regions at 3 days post-ischemia. Scale bar = 20 μm. (B) Bar graph displaying the quantification of
surviving neurons in hippocampal subregions. The number of NeuN (+) neurons was increased in
the amiloride-injected (10 mg/kg) group in the Sub, CA1, CA2, and CA3 regions compared with the
vehicle-treated group (GCI-vehicle, n = 8; GCI-amiloride, n = 6). Data are mean ± SEM. * Considerably
different from the vehicle-treated group, p < 0.05; # sham versus vehicle-operated group, p < 0.05.
(Kruskal–Wallis test (B) Sub: Chi square = 14.214, df = 3, p = 0.003; CA1: Chi square = 13.422, df = 3,
p = 0.004; CA2: Chi square = 14.249, df = 3, p = 0.003; CA3: Chi square = 16.158, df = 3, p = 0.001).

3. Discussion

Previous studies have demonstrated that amiloride showed neuroprotective effects in two different
stroke models; middle cerebral artery occlusion (MCAO) in rat and transient forebrain ischemia in
gerbil [27,37]. However, no studies have been performed with the global cerebral ischemia model
with mice. The present study investigated whether amiloride administration has potential therapeutic
effects for GCI-induced hippocampus neuronal damage and zinc accumulation via inhibition of
NHE-1 in mice. Consequently, we found that amiloride significantly reduced zinc accumulation,
neuronal degeneration, oxidative damage, microtubule damage, astrocyte and microglial activation,
and BBB disruption.

Under ischemic conditions, blood flow to the brain is rapidly and dramatically reduced.
This phenomenon leads to a lack of oxygen and other substrates to the nervous tissue.
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Thus, the extracellular concentration of glucose is quickly reduced [38–40]. As a result, the physiological
glycolysis process was disturbed, and glucose 6-phosphate altered ribulose 5-phosphate by the pentose
phosphate pathway (PPP). While glucose is modified to ribulose 5-phosphate, hydrogen is released
and triggers NHE-1 [41,42]. When the intracellular hydrogen ion concentration increases, NHE-1 is
activated in the cell membrane. NHE-1 activation contributes to neuronal electron exchange via sodium
and hydrogen ion exchange across the cell membrane [43]. Previous studies have shown that NHE-1
inhibitors reduced the activity of NCX [27,44–47]. Furthermore, additional studies demonstrated
that zinc enters intracellularly through NCX [48,49]. Thus, we can speculate that NHE-1 inhibition
may indirectly inhibit zinc influx into neurons. Also, ischemia-induced ROS formation degrades
zinc-binding proteins in the intracellular space, thus significantly increasing free zinc levels within the
intracellular space [18]. As this cycle becomes sustained, the accumulation of excessive amounts of
zinc contributes to neuronal cell death [3,18,27,50] (Figure 7).

 

Figure 7. This schematic illustration shows amiloride action via inhibition and downregulation of the
sodium–hydrogen exchanger-1 (NHE-1) channel. (A) [1] Global cerebral ischemia insult results in
increasing levels of intracellular hydrogen. [2] Hydrogen ions are moved to the extracellular space via
NHE-1. Sodium ions are moved to the intracellular space via NHE-1. [3] When sodium is overloaded in
the intracellular space, it is released into the extracellular space through the sodium–calcium exchanger
(NCX). Extracellular zinc enters the cell through NCX. [4] Intracellular zinc accumulation occurs, leading
to neuronal death. (B) However, [1] after global cerebral ischemia, [2] amiloride administration inhibits
intracellular sodium accumulation via the NHE-1 channel. [3] Sodium does not enter the intracellular
space and becomes NCX inactivated. [4] Because of this agent’s mechanism, zinc accumulation is
reduced, resulting in reduced neuronal death after global cerebral ischemic insult.

Amiloride has previously been described as a diuretic and as a non-specific inhibitor for NHE-1.
However, it has been used as an NHE-1 inhibitor in several studies [26,51]. Additionally, amiloride has
been known to cross the blood–brain barrier and has neuroprotective effects against global cerebral
ischemia. Several studies have demonstrated that amiloride has neuroprotective properties using a dose
of 10 mg/kg [27,52–54]. Following this logic, we hypothesized that GCI-induced hippocampal damage
can be protected by reducing intracellular zinc accumulation through inhibition of NHE-1 [27,55].

The histological evaluation, we performed further supports our hypothesis. The number
of hippocampal degenerating neurons was estimated using FJB staining. The number of FJB
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fluorescence-signal-positive neurons in the hippocampal Sub, CA1, CA2, and CA3 regions was
significantly reduced in the amiloride-administered group. Intraneuronal free zinc accumulation was
displayed by TSQ staining. The number of the TSQ-positive neurons were significantly reduced in
the amiloride-administered groups compared with the vehicle groups. These results demonstrated
that the intraneuronal free zinc accumulation was reduced by inhibiting NHE-1 channels using
amiloride. We confirmed that under ischemic conditions, zinc accumulation increases, and neuronal
death occur. However, blocking NHE-1 by injection of amiloride reduces zinc accumulation and,
subsequently, neuronal death was reduced. Additionally, we confirmed the presence of live neurons at
3 days following ischemic insult and stained for NeuN to identify neurons that survived the insult.
The number of NeuN positive neurons in the hippocampal Sub, CA1, CA2 and CA3 regions were
greater in the amiloride-administered group. So, we concluded that the administration of amiloride
improved the survival of hippocampal neurons after 3 days post-insult.

Astrocytes and microglia play important roles in the brain. During neurological disorders
such as ischemia, neuroinflammation, and neurodegenerative disease, astrocytes and microglia are
over activated. Under ischemic conditions, activated astrocytes, together with reactive microglia,
release several pro-inflammatory factors such as tumor necrosis factor-α (TNF-α), ROS, NO, and
interleukin-1β (IL-1β), which exacerbate tissue damage [18,56–58]. Previous studies have demonstrated
that NHE-1 expression occurs in astrocyte and microglial cells. In addition, NHE-1 activity caused by
ischemia activates astrocyte and microglial cells, leading to neuronal death [18,59]. So, we thought
that the administration of amiloride, an NHE-1 inhibitor, would reduce the activation of astrocytes
and microglia, and thus reduce neuronal death. The present study verified astrocyte activation by
GFAP and microglia activation by Iba-1 immunofluorescence staining in the hippocampal CA1 region.
We found that amiloride administration reduced reactive astrocyte and microglial activation after GCI.

Ischemic damage leaded to microtubule damage and ROS production. In the present study, we
found that amiloride administration reduced microtubule damage after GCI. ROS formation is caused
via multiple intracellular signaling cascades, such as iron-associated free radical formation, depletion
of antioxidant enzymes, and an increase in the breakdown of lipids and fatty acids after GCI [60].
Because of this, the zinc accumulation described above occurs and microtubules are damaged [18,61].
In addition, several previous studies have suggested that peroxynitrite (PN) toxicity is mediated
by intracellular zinc release [62,63]. Peroxynitrite is produced by a combination of nitric oxide and
superoxide. It has been reported that PN are endogenous reactive nitrogen species formed when
superoxide radicals, or oxygen reacts with nitric oxide formed by inducible nitric oxide synthase
(iNOS). Peroxynitrite can induce cytoplasmic free zinc release, mitochondria dysfunction, and lead to
BBB disruption, and finally neuronal death, in several types of brain injuries [64–66]. To test whether
ROS activation was reduced by amiloride, 4HNE staining was performed in the hippocampal Sub, CA1,
CA2, and CA3 regions. The 4HNE fluorescence signal was significantly increased in the GCI-vehicle
group. For the amiloride-administered group after GCI, the 4HNE fluorescence signal was significantly
decreased in hippocampal regions compared with the GCI-vehicle group. Amiloride, which inhibits
NHE-1 and decreases NCX activity, reduces ROS formation by regulating the intracellular ion balance.

Finally, we evaluated the BBB balance after GCI. Abnormal intracellular zinc accumulation and
vesicular zinc release may mediate BBB disruption after brain insults such as ischemia, multiple
sclerosis, and traumatic brain injury [67]. Thus, administration of amiloride may decrease zinc
accumulation and reduces BBB disruption after GCI. After GCI insult, the BBB was destroyed, leading
to extravasation of plasma components, such as erythrocytes, leukocytes, and several immunoglobulins.
BBB disruption triggers neurodegenerative processes and produces neurotoxic substrates, which causes
brain dysfunction that is deleterious to synapse function and disturbs neural transmission [68,69].
So, to evaluate the effects of amiloride on BBB disruption, we conducted IgG staining. As a result,
we found that the IgG staining intensity was reduced in the amiloride-administered group compared
with the vehicle group after GCI. This result indicates that the neuroprotective provided by amiloride
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administration might be mediated via protection against BBB disruption, which is one of the main
mechanisms associated with GCI-induced neuronal death [70].

Taken together, we conclude that inhibition of NHE-1 by amiloride reduces neuronal death and
zinc accumulation. We found that amiloride reduced various deleterious features associated with GCI,
such as neurodegeneration, zinc accumulation, oxidative damage, microtubule damage, glial activation,
and BBB disruption, which strongly indicates that amiloride administration has neuroprotective effects
by decreasing ROS production and zinc accumulation in hippocampal neurons through the inhibition
of NHE-1. Therefore, the present study suggests that amiloride can be a potential therapeutic tool to
prevent ischemia-induced neuronal death.

4. Materials and Methods

4.1. Ethics Statement

The present study was performed in accordance with the protocols of the Guidelines for the Use
and Care of Laboratory Animals, allowed by the National Institutes of Health. Animal studies were
conducted in accordance with the guidelines of the Committee on Animal Use for Study and Education
at Hallym University (protocol # Hallym-2018-32; Data of approval: July 19,2018). We sacrificed mice
under isoflurane anesthesia to minimize any pain and suffering.

4.2. Experimental Animals

The present study used 2–3 month old adult male C57BL/6J mice (20–25 g, DBL Co.,
Chungcheongbuk-do, Eumseong-gun, Korea). The mice were housed three to four mice per cage under
conditions of sustained temperature (20 ± 2 ◦C) and humidity (55% ± 5%). Animal room lights were
managed automatically, turned on and off in a 12 h cycle (on at 6:00 a.m. and off at 6:00 p.m.).

4.3. Global Cerebral Ischemia Surgery

Male C57BL/6J mice (aged 2–3 months, weight 20–25 g) from DBL (Chungcheongbuk-do,
Eumseong-gun, Korea) were used as controls. The mice were anesthetized with 2% isoflurane
in a 75:25 mixture of oxygen and nitrous oxide. Core temperature was maintained at 36.7–37.5 ◦C with
a homeothermic blanket control unit (Harvard Apparatus, Holliston, MA, USA). Bilateral common
carotid arteries (BCCAs) were exposed through a midline neck incision. The BCCAs were loosely
encircled with a 4/O silk suture before the occlusion. Aneurysmal clips were used to occlude BCCAs.
Mice were subjected to common carotid artery occlusion for 30 min while anesthetized with 1%
isoflurane [71–73]. The aneurysmal clips were removed, and the BCCAs were inspected for normal
recovery of blood flow after the end of the 30 min ischemic period. Anesthetics were discontinued
following the suture of the skin incision. When mice confirmed spontaneous respiration, they were
returned to a recovery room retained at 37 ◦C. Sham-operated animals received the same neck skin
incision under isoflurane anesthesia without BCCA occlusion.

4.4. Amiloride Administration

To confirm the effect of amiloride on GCI-induced neuronal death, the experimental groups were
divided into four groups: sham (vehicle, amiloride) and global cerebral ischemia (vehicle, amiloride).
The amiloride-treated groups were administrated amiloride (10 mg/kg, i.p.) dissolved in 0.9% normal
saline. After GCI induction, we immediately injected the amiloride into the intraperitoneal space.
The vehicle group was given 0.9% normal saline instead of amiloride. All experimental groups were
sacrificed 24 h after GCI.

4.5. Brain Sample Preparation

Mice were sacrificed at 24 h or 3 days after GCI using urethane (1.5 g/kg, i.p.) to deeply anesthetize
them. After anesthetizing, mice were perfused transcardially with 0.9% saline, followed by 4%
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paraformaldehyde (PFA). Afterwards, harvested brains were post-fixed for approximately 1 h in 4%
PFA. After fixation in PFA, brains were moved into a 30% sucrose solution overnight for cryoprotection.
After the brain sank to the bottom of the sucrose solution, they were frozen in the freezing medium for
10 min and then cut with cryostats at 30 μm thicknesses. Brain slices were kept in storage solution
until used for immunohistochemistry and immunofluorescence staining.

4.6. Confirmation of Hippocampal Neuronal Death

To confirm neuronal death after GCI, brain sections (30 μm) were put on gelatin-coated slides
(Fisher Scientific, Pittsburgh, PA, USA). To detect degenerating neurons, brain slices were stained by the
FJB staining method [74,75]. Firstly, a slide with a brain section was soaked in a 100% ethanol solution
for 3 min, a 70% ethanol solution for 1 min, distilled water for 1 min, and then in 0.06% potassium
permanganate for 15 min. Next, the slides were put into 0.001% FJB (Histo-Chem Inc., Jefferson,
AR, USA) solution for 30 min and washed three times for 10 min in distilled water. After washing,
slides were dried by a gentle air flow (Labtech, Co., Ltd., Namyangju, Korea), dehydrated in xylene for
2 min, and then mounted with DPX (Sigma-Aldrich Co., St. Louis, MO, USA). Slides were checked
under a fluorescence microscope (Olympus, Japan) via blue (450–490 nm) excitation light. We chose
about six to eight coronal brain sections that were collected from each mouse. A blinded observer
counted the FJB-positive cells. The FJB-positive cells were counted and evaluated in the hippocampal
Sub, CA1, CA2, and CA3 regions from the bilateral hemisphere. The total number of FJB-positive
cells from the hippocampal region was used for statistical analysis. A blinded observer counted the
FJB-positive cells. The FJB-positive cells were counted and evaluated in the hippocampal Sub, CA1,
CA2, and CA3 regions from the bilateral hemisphere. The total number of FJB-positive cells from the
hippocampal region was used for statistical analysis.

4.7. Confirmation of Hippocampal Zinc Translocation

Intracellular free zinc was verified using TSQ staining [76]. Mice were sacrificed 24 h after
amiloride (10 mg/kg, i.p.) administration and the fresh frozen, but not fixed, brains were coronally
sectioned at 10 μm thicknesses in a −15 ◦C cryostat, then mounted on gelatin-coated slides and dried.
Five evenly spaced sections were chosen from the hippocampal region of each brain and soaked in
a solution of 4.5 mmol/L TSQ (Enzo Life Science, Enzo Biochem, Inc, Farmingdale, New York, NY, USA,
ENZ-52153) for 1 min, then washed for 1 min in 0.9% saline. Each sample was photographed with
a microscope under 360 nm UV light and a 500 nm long-pass filter. We used the Image J (National
Institute of Health, Bethesda, Rockville, MD, USA) program to measure zinc intensity and evaluated
the mean gray value.

4.8. Evaluation of Hippocampal Oxidative Stress

To analyze oxidative damage induced by the lipid peroxidation product from the brain sections,
4HNE was detected by immunofluorescence staining. 4HNE antibodies (Alpha Diagnostic Intl. Inc.,
San Antonio, TX, USA) for immunohistochemical staining were used as in previous studies [77,78].
Brain sections were soaked in a monoclonal mouse anti-4HNE serum (diluted 1:500, Alpha Diagnostic
Intl. Inc., San Antonio, TX, USA) with the PBS containing 0.3% TritonX-100 overnight in a 4 ◦C
incubator. After overnight incubation, brain sections were washed three times for 10 min with 0.01 M
PBS, and then the brain sections were also soaked in a solution of Alexa-Fluor-594-conjugated donkey
anti-mouse IgG secondary antibody (diluted 1:250, Invitrogen, Grand Island, NY, USA) for 2 h at
room temperature (RT). The brain sections were raised on gelatin-coated slides for analysis under
a microscope. We used the Image J (NIH, Bethesda, Rockville, MD, USA) program to measure the
oxidative injury and measured the mean gray value [79].
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4.9. Evaluation of Hippocampal Microtubule Damage

To analyze microtubule damage from the brain sections, MAP2 was detected by
immunofluorescence staining. MAP2 antibodies (Alpha Diagnostic Intl. Inc., San Antonio, TX, USA)
for immunohistochemical staining were used as in a previous study [80]. Brain sections were soaked in
a polyclonal rabbit anti-MAP2 serum (diluted 1:200, Alpha Diagnostic Intl. Inc., San Antonio, TX, USA)
with PBS containing 0.3% TritonX-100 overnight in a 4 ◦C incubator. After overnight incubation, we
washed the sections three times for 10 min with 0.01 M PBS, and then the brain sections were soaked in
a solution of Alexa-Fluor-488-conjugated donkey anti-rabbit IgG secondary antibody (diluted 1:250,
Invitrogen, Grand Island, NY, USA) for 2 h at RT. The brain sections were raised on gelatin-coated
slides for analysis under a microscope. We used the Image J (NIH, Bethesda, Rockville, MD, USA)
program to measure the microtubule damage and measured the mean gray value.

4.10. Evaluation of Hippocampal Astrocytes and Microglia

To analyze astrocyte and microglial activation, we performed Iba-1 and GFAP staining. Staining
was used with a mixture of goat antibody to mouse Iba-1 (diluted 1:500, Abcam, Cambridge, UK)
and rabbit antibody to mouse GFAP (diluted 1:1000, Abcam, Cambridge, UK). Following incubation
in 0.01 M PBS containing 0.3% TritonX-100, we left it overnight in a 4 ◦C incubator. After overnight
incubation, we washed the sections three times for 10 min with 0.01 M PBS. Then, the sections
were soaked in a secondary antibody (Alexa-Fluor-488-conjugated donkey anti-rabbit IgG secondary
antibody and Alexa-Fluor-594-conjugated donkey anti-goat IgG secondary antibody, both diluted 1:250,
Invitrogen, Grand Island, NY, USA) for 2 h at RT. The brain sections were raised on gelatin-coated
slides for analysis under a microscope. We used the Image J (NIH, Bethesda, Rockville, MD, USA)
program to measure the astrocytes. In the case of microglia, five brain sections were scored with the
same area (20×magnification) of the hippocampal CA1 region. The functional standards of microglia
cells were their number, morphology, and intensity of microglia activation. Iba-1-immunoreactive cell
score of 0: no cells are present; 1:1–9 cells; 2:10–20 cells; and 3:>20 cells with continuous processers
per 100 μm2. Morphology score of 0:no activated morphology (amoeboid morphology with enlarged
soma and thickened processes); 1:1–45% of microglia activation; 2:45–90% of microglia activation;
and 3: >90% of microglia with the activated morphology. The intensity of microglial activation was
measured using the Image J (NIH, Bethesda, Rockville, MD, USA) program. After the measurements,
an intensity score of 1:0–19% expression; 2:20–29% expression; and 3:>29% expression. Therefore,
the total score summed up the three scores depending on the categories, ranging from 0 to 9 [18,81,82].

4.11. Evaluation of BBB Disruption

To analyze the putative breakdown of the BBB, we used immunohistochemistry to find serum
IgG leakage [83]. To detect IgG-like immunoreactivity, the ABC immunoperoxidase protocol was
used [84]. Mouse brains were fixed by transcardiac perfusion with 0.9% normal saline, followed
by 4% paraformaldehyde. We used anti-mouse IgG (diluted 1:250, Burlingame, Vector, CA, USA)
which can discover leakages of IgG when the BBB is damaged. After washing in 0.01 M PBS, brain
sections were deeply soaked in the ABC complex mixture (Vector, Burlingame, CA, USA) for 2 h at RT.
The immunoreactivity was visualized with 0.06% 3,3’-diaminobenzidine (DAB ager, Sigma–Aldrich
Co., St. Louis, MO, USA) in 0.1 M PBS buffer. Leaked IgG extravasations were detected using
a bright-field microscope.

4.12. Evaluation of Live Hippocampal Neurons

To assess the number of live neurons present in a sample, NeuN was detected by
immunofluorescence staining. NeuN antibodies (diluted 1:500, EMD Millipore, Billerica, MA, USA)
for immunohistochemical staining were used as in previous studies. Brain sections were soaked in
a monoclonal rabbit anti-NeuN serum with PBS containing 0.3% TritonX-100 overnight in a 4 ◦C
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incubator. After overnight incubation, brain sections were washed three times for 10 min each with
0.01 M PBS, and then the brain sections were also soaked in a solution of Alexa-Fluor-594-conjugated
donkey anti-rabbit IgG secondary antibody (diluted 1:250, Invitrogen, Grand Island, NY, USA) for 2 h
at room temperature (RT). The brain sections were raised on gelatin-coated slides for analysis under a
microscope. A blinded observer counted the NeuN-positive cells. NeuN-positive cells were counted
and evaluated in the hippocampal Sub, CA1, CA2, and CA3 regions from each hemisphere. The total
number of NeuN-positive cells from the hippocampal region was used for statistical analysis [18].

4.13. Statistical Analysis

We conducted nonparametric testing to confirm any statistical significance between the
experimental groups. Data were analyzed using the Bonferroni post-hoc test, and the Kruskal–Wallis
test was employed to compare among the four groups. For comparison across two groups, data were
analyzed using the Mann–Whitey U test. Data are displayed as the mean ± SEM. Statistical significance
is described as p < 0.05.

5. Conclusions

This present study supports the hypothesis that the administration of amiloride protects against
hippocampal neuronal death and zinc accumulation after GCI. In addition, inhibition of NHE-1 by
amiloride may have considerable therapeutic potential for the prevention of GCI.
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Abstract: A variety of pathogenic mechanisms, such as cytoplasmic calcium/zinc influx, reactive
oxygen species production, and ionic imbalance, have been suggested to play a role in cerebral
ischemia induced neurodegeneration. During the ischemic state that occurs after stroke or heart
attack, it is observed that vesicular zinc can be released into the synaptic cleft, and then translocated
into the cytoplasm via various cation channels. Transient receptor potential melastatin 2 (TRPM2) is
highly distributed in the central nervous system and has high sensitivity to oxidative damage. Several
previous studies have shown that TRPM2 channel activation contributes to neuroinflammation
and neurodegeneration cascades. Therefore, we examined whether anti-oxidant treatment, such
as with N-acetyl-l-cysteine (NAC), provides neuroprotection via regulation of TRPM2, following
global cerebral ischemia (GCI). Experimental animals were then immediately injected with NAC
(150 mg/kg/day) for 3 and 7 days, before sacrifice. We demonstrated that NAC administration reduced
activation of GCI-induced neuronal death cascades, such as lipid peroxidation, microglia and astroglia
activation, free zinc accumulation, and TRPM2 over-activation. Therefore, modulation of the TRPM2
channel can be a potential therapeutic target to prevent ischemia-induced neuronal death.

Keywords: global cerebral ischemia; N-acetyl-l-cysteine; transient receptor potential melastatin 2;
zinc; neurodegeneration

1. Introduction

Recent decades have seen a dramatic increase in the attention and focus on the study of brain
disease. In particular, cerebral ischemia is a global problem and is the leading cause of brain disease
and morbidity [1,2]. There are many reasons why cerebral ischemia is so widespread, in part due to
the diverse number of individual pathologies that converge on the emergence of the ischemic state;
the largest risk factor for development of cerebral ischemia is occlusion of blood vessels to the brain.
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Upon the occlusion of these blood vessels, cerebral blood flow is considerably reduced to regions of
the brain and essential supplies of oxygen, nutrients, glucose, and many other cellular substrates are
reduced [3]. Cerebral ischemia is divided into two sub-categories. The first, focal cerebral ischemia,
involves transiently or permanently reduced blood flow and nutrient supply to particular brain areas
that are directly fed by the occluded vasculature. Damage to the brain after focal ischemia is thus
focused on the affected areas and injury occurs locally [4]. Global cerebral ischemia (GCI) is similar
to focal cerebral ischemia, although the mechanisms of induction and patterns of damage to specific
brain regions are different. This brain injury occurs due to several reasons, but is best described by a
sudden and near-complete stop in cerebral blood-flow, such as is seen under cardiac arrest-induced
cessation of blood circulation [5].

Once the ischemic insult has occurred, abnormal physiological changes to brain function have
already began to occur. Under the ischemic condition, disruption of brain homeostasis is disturbed
and cell death mechanisms are initiated. This cerebral injury leads to an alteration in ionic balance
within the intra-extracellular space [6], reactive oxygen species (ROS) production [7], microglia [8] and
astrocyte [9] activation, zinc accumulation [10], and neuronal cell degeneration [11–13] in the brain.
Blockage of blood flow to the brain by ischemic insult causes tissue infarction, dysfunction of ionic
balance, and intracellular calcium overload [14]. In a previous study, excessive release of calcium ions
from synaptic vesicles after brain ischemia was shown to have deleterious effects on neurons and
glia [15]. Overloaded intracellular calcium ions trigger glutamate release, proteolysis, mitochondrial
dysfunction, and other deleterious cascades [16]. As discussed above, calcium overload contributes to
ischemic injury-induced cell death mechanisms. According to a recent report, the cation zinc has an
essential role in brain ischemia, in addition to the calcium ion [17].

Zinc is the most widely distributed metal ion in the central nervous system, and is especially
abundant in the hippocampus. Zinc has many important roles in enzymes and transcription factors,
and its concentration in neurons and glia is controlled by binding proteins, known as metallothionein,
as well as several transporters and channels [17–19]. In addition, zinc regulates neural synaptic
transmission, innate and adaptive immunity, signal transduction, and cell proliferation, particularly for
DNA synthesis [20,21]. In the pre-synaptic vesicles, chelatable zinc is abundant. It is released into the
synaptic cleft, moved into pre-synaptic neurons via several transporters, and subsequently undergoes
reuptake from the synaptic cleft under normal physiological conditions [22,23]. Under abnormal
physiological conditions, such as neurological disorders, zinc homeostasis is disturbed and dysregulated.
In the case of neurological disorders, vesicular zinc is excessively released and largely accumulates
within post-synaptic neurons. In addition to releasing zinc from synaptic vesicles, zinc that is loosely
bound by proteins can be divided into the categories of chelatable free zinc and proteins [12,24,25].
Pathological zinc accumulation can influence cellular dysfunction in several ways. In a previous study,
it was demonstrated that zinc-treated cultured neurons produce ROS from their mitochondria [18]
and trigger microglial activation [26]. In addition, previous studies by our group have observed
that excessive zinc accumulation within brain hippocampal regions can lead to neurodegeneration
after cerebral insult, such as ischemia [10,27], head trauma [25], hypoglycemia [28], and cultured
neurons [29].

N-acetyl-l-cysteine (NAC), which contains an acetylated cysteine residue, acts as a powerful
antioxidant by supplementation of cysteine and promotion of glutathione biosynthesis [30,31].
Injury-induced oxidative damage plays a primary role in central nervous system dysfunction and
contributes to neurodegenerative cascades [32,33]. To protect against brain injury-induced oxidative
damage, our group has previously used NAC to treat hypoglycemia and traumatic brain injury.
NAC stabilized glutathione concentrations, reduced degenerating neurons, and decreased oxidative
damage within hippocampal regions [24,34]. Hippocampal neurodegeneration can be prevented
or reduced when oxidative damage and other deleterious cascades are prevented by regulating
physiologic concentrations of glutathione via providing ample cysteine, which is supplied from
NAC [35]. Moreover, NAC has binding sites for trace metals that include copper, magnesium, and zinc.
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These studies demonstrate that NAC can neutralize toxically accumulated trace metals occurring in
neuropathies [24,36].

Transient receptor potential melastatin 2 (TRPM2) is one of the non-selective cationic channels,
and the activity of this channel is triggered by ROS production promoted by deleterious cell death
mechanisms in several neurological disorders. Recently, the TRPM2 channel has been reported
to be included in both physiological and pathological conditions [37,38]. Several previous studies
have shown that the TRPM2 channel is expressed in the central nervous system (CNS), which is
largely expressed within the hippocampus, stratum, and cortex [39]. These studies found that several
divalent cations, for example, calcium and magnesium, moved into the intracellular space via TRPM2,
and that its activity was regulated by external stimuli such as ROS, hydrogen peroxide, and tumor
necrosis factor-α (TNF-α) [40–42]. In addition, TRPM2 is distributed in both neurons and glia, and is
involved in pathophysiological conditions of nitric oxide (NO) and ROS production signaling [38,43].
Following several neurological injuries, excessive calcium influx via TRPM2 can trigger release of
diverse cytokines and thus contributes to the inflammatory response [44]. Several brain diseases,
such as stroke or head trauma, lead to excitotoxicity, which is caused by the inappropriate activation
of voltage-dependent calcium channels and excitatory amino acid release from the dendritic and
presynaptic space into the extracellular cleft. Previous studies verified that in a rodent disease model of
ischemia, TRPM2 mRNA levels were significantly increased. Interestingly, a recent study demonstrated
that TRPM2 deficiency in mice decreased cytosolic zinc concentrations and reduced zinc influx from
the extracellular space [45]. These findings suggest that, during several brain diseases, TRPM2 is
activated and this contributes to cell death mechanisms [44,46].

In the present study, we tested the hypothesis that if ischemia-induced oxidative damage leads to
TRPM2 activation, inhibition of this channel may have therapeutic effects through blockade of zinc
influx-induced cell damage, which is supported by evidence that NAC administration decreased brain
damage in several other neurological diseases [24,34]. Following this logic, we hypothesized that if
the TRPM2 level was increased by global cerebral ischemia-induced cell death cascades, regulation
of TRPM2 as a potential target for preventing ischemia-induced injury could ameliorate a diverse
number of cerebral pathologies associated with ischemia. In addition, we speculated that the zinc
ion is closely related to TRPM2 and is excessively moved into the intracellular space via this channel.
To test our hypothesis, we used a GCI brain disease model in adult rats and conducted several types of
histological evaluations and behavioral assessments.

2. Results

2.1. Global Cerebral Ischemia-Induced Neuronal Death and Zinc Accumulation Is Attenuated by
Post-Administration of NAC

Timeline showing the experimental design for 3 days and 7 days (Figure 1A). Whole GCI conducted
experimental animals were monitored for arterial blood pressure and electroencephalography
continuously during the before-isoelectric, isoelectric, and after-blood reperfusion condition
(Figure 1B–D).
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Figure 1. (A) Timeline representing the experimental design for 3 and 7 days following global cerebral
ischemia (GCI). Experimental animals were given vehicle and N-acetyl-l-cysteine (NAC) (dosage:
150 mg/kg) once per day for 3 and 7 days. During the 7 days of the experiment, animals were subjected
to behavioral outcome assessment by adhesive removal test and modified neurological severity score
measurement. Global cerebral ischemia (GCI) induces electroencephalograph (EEG) and blood pressure
changes, and timeline of experiment. (B) Normal blood pressure, resting EEG pattern. (C) Blood
pressure decreased up to 40 (diastolic)–50 (systolic) mmHg, and EEG displayed isoelectric pattern.
(D) Blood pressure and EEG pattern completely normalized after blood reperfusion.

To determine whether GCI-induced neuronal death and zinc accumulation was attenuated
by NAC post-administration, we used FJB (Fluoro-Jade B) and TSQ (N-(6-methoxy-8-quinolyl)-
para-toluenesulfonamide staining at 3 days after GCI. The degenerating neurons were strongly
present in the GCI–vehicle groups. When compared with vehicle-treated groups, NAC-treated groups
showed significantly reduced numbers of degenerating neurons (Figure 2A). Quantified numbers
of degenerating neurons are displayed using bar graphs (vehicle: subiculum, 168.48 ± 19.63; CA1,
140.03 ± 16.81; CA2, 132.75 ± 14.96; NAC: subiculum, 52.17 ± 20.09; CA1, 54.97 ± 19.74; CA2,
54.98 ± 19.24; Figure 2B). Consequently, GCI-induced zinc accumulation in post-synaptic neurons
was observed in vehicle-treated groups. However, NAC administration after GCI reduced zinc
accumulation in hippocampal areas (Figure 2C). Representative bar graph shows number of quantified
TSQ-positive cells in both GCI–vehicle and GCI–NAC groups (vehicle: subiculum, 84.6 ± 4.29; CA1,
76.28 ± 5.32; CA2, 76.53 ± 3.18; NAC: subiculum, 37.66 ± 2.18; CA1, 32.63 ± 10.52; CA2, 27.77 ± 4.77;
Figure 2D).
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Figure 2. Number of GCI-induced degenerating neurons and zinc accumulation was attenuated by
NAC treatment. (A) Brain sections were stained with fluorescence dye for detection of degenerating
neurons, Fluoro-Jade B (FJB, green signal) in the hippocampal subiculum, cornus ammonis (CA) 1
and CA2 regions. Brain tissues that suffered GCI condition have numerous degenerating neurons
in hippocampal regions and administration of NAC reduces the number of FJB-positive neurons in
the same regions. Scale bar = 20 μm. (B) Quantification of FJB-positive neurons counted in each
hippocampal region. Data are mean ± standard error of mean (SEM), n = 6 each group, * p < 0.05
versus vehicle-treated group (Mann–Whitney U test, Subiculum: z = 2.562, p = 0.010; CA1: z = 2.402,
p = 0.016; CA2: z = 2.082, p = 0.037). (C) Fluorescence microscopic images of free zinc stained by
N-(6-methoxy-8-quinolyl)-para-toluenesulfonamide (TSQ) staining. Bright blue fluorescence signal
means ischemic condition-induced excessive zinc release and translocation into hippocampal neurons.
The NAC-administered group had a remarkably reduced number of TSQ-positive neurons. Scale
bar = 20 μm. (D) Quantification of TSQ fluorescence signal-positive neurons counted from the
hippocampus. Data are mean ± SEM, n = 4–5 each group, * p < 0.05 versus vehicle-treated group
(Mann–Whitney U test, Subiculum: z = 2.205, p = 0.027; CA1: z = 2.449, p = 0.014; CA2: z = 2.449,
p = 0.014).

2.2. NAC Post-Treatment Regulates Global Cerebral Ischemia-Induced Loss of Neuronal Glutathione and
Lipid Peroxidation

One strategy to solve the problem of ischemic injury is to focus on reducing oxidative damage.
We speculated that post-administration of NAC can supply cysteine to produce the powerful
anti-oxidant glutathione and influence neuronal oxidative damage. Representative images show
glutathione (GS-NEM) levels (Figure 3A). Sham groups show a wide distribution of glutathione
within neurons, but the GCI–vehicle group shows a loss of glutathione after injury, particularly
oxidative damage. NAC treatment after GCI elevates glutathione concentration in damaged neurons.
Based on the above results, we confirmed whether NAC administration directly protects against
ROS-induced neuronal oxidative damage by enhancing glutathione levels. ROS triggers lipid
peroxidation, and 4-hydroxy-2-nonenal (4-HNE) is a histological marker for lipid peroxidation.
GCI led to an increase in ROS, and 4-HNE-positive fluorescence signal was largely increased in
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the hippocampal subiculum, CA1, and CA2 regions (Figure 3B). Increased lipid peroxidation by
GCI-induced ROS production was significantly attenuated following post-treatment of NAC (mean
gray value, GCI–vehicle: subiculum, 25.93 ± 2.08; CA1, 28.89 ± 1.69; CA2, 26.36 ± 2.41; GCI–NAC:
subiculum, 17.20 ± 0.97; CA1, 16.34 ± 0.99; CA2, 16.90 ± 0.31; Figure 3C). Sham groups had no
differences in 4-HNE signal (sham–vehicle: subiculum, 11.12 ± 0.37; CA1, 9.76 ± 0.64; CA2, 11.12 ± 0.97;
sham NAC: subiculum, 10.10 ± 0.92; CA1, 8.65 ± 0.43; CA2, 10.89 ± 1.21; Figure 3C).

Figure 3. GCI-induced decreasing concentration of glutathione and increasing oxidative damage
was restored by anti-oxidant, NAC. (A) Representative histological images show concentration of
glutathione marker GS-NEM in the hippocampal CA1. Neuronal glutathione level was remarkably
reduced after GCI and was restored to normal levels. Scale bar = 20 μm. (B) 4-hydroxy-2-nonenal
(4-HNE) immunofluorescence staining was used as a marker for lipid peroxidation. Sham–vehicle
and NAC groups show minimized 4-HNE-positive signal (red color) in hippocampal regions. It was
remarkably increased in the GCI–vehicle group and NAC administration after GCI attenuates oxidative
damage-induced lipid peroxidation. Scale bar = 20 μm. (C) Bar graph means intensity of 4-HNE signal
in the hippocampal regions. Data are mean ± SEM, n = 4–7 each group, * p < 0.05 versus vehicle-treated
group; # p < 0.05 versus sham-operated group (Kruskal–Wallis test followed by Bonferroni post-hoc
test, Subiculum: chi square = 18.688, df = 3, p < 0.001; CA1: chi square = 18.783, df = 3, p < 0.001;
CA2: chi square = 18.229, df = 3, p < 0.001).

2.3. NAC Attenuates TRPM2 Activation in Hippocampal Neurons and Glial Cells

GCI activates TRPM2 channels in the brain, which is localized to glial cells in addition to
hippocampal neurons. To demonstrate whether TRPM2 is located within neurons or glial cells in our
experimental setting, we conducted immuno-fluorescence staining. Figure 4A shows distribution of
TRPM2 channels in the hippocampal pyramidal layer CA1 region, where it was co-localized with
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neuronal nuclei (NeuN). There was no difference in TRPM2-positive fluorescence signals in sham
groups (mean gray value, sham–vehicle: 11.08 ± 0.58; sham NAC: 11.09 ± 0.62; Figure 4B). However,
the ischemic condition contributes to activation of TRPM2 in the brain and this is highly localized to the
hippocampal pyramidal CA1 layer, which is also known to be especially vulnerable to ischemic injury.
The TRPM2-positive signal was dramatically increased in the GCI–vehicle group and significantly
decreased in the NAC post-treatment group (GCI–vehicle: 29.55 ± 1.15; GCI–NAC: 18.25 ± 1.76,
Figure 4B).

Figure 4. GCI-induced transient receptor potential melastatin 2 (TRPM2) activation was attenuated by
NAC treatment. (A) Representative histological images of TRPM2-positive signal in the hippocampal
CA1. The neuronal TRPM2 level was remarkably increased in the GCI–vehicle group and NAC
administration after GCI reduced TRPM2 activation. Scale bar = 20 μm. (B) Bar graph shows intensity
of TRPM2-positive signal (red color) within the hippocampal pyramidal layer. Data are mean ± SEM,
n = 5 each group, * p < 0.05 versus vehicle-treated group; # p < 0.05 versus sham-operated group
(Kruskal–Wallis test followed by Bonferroni post-hoc test: chi square = 16.097, df = 3, p = 0.001).

To explore the localization of TRPM2 in non-neuronal cells, we conducted glial cell immunostaining.
Sham groups showed that Iba-1-positive microglia were distributed throughout the hippocampus in
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an inactivated state. However, GCI triggers microglial activation, which was significantly decreased by
NAC post-treatment (Figure 5A). The bar graph shows quantified microglia intensity (mean gray value,
sham–vehicle, 7.59 ± 0.70; sham NAC, 7.82 ± 0.54; GCI–vehicle, 48.35 ± 4.60; GCI–NAC, 23.59 ± 1.01;
Figure 5B). Figure 5C shows co-localized TRPM2 with microglia in GCI–vehicle groups. Similarly,
astrocytes were distributed throughout the hippocampus, and there were no differences in sham
groups. GCI triggers astrocyte activation, which was significantly reduced by NAC post-treatment
(Figure 5D). The bar graph shows quantified astrocyte activation (mean gray value, sham–vehicle,
12.52 ± 1.29; sham NAC, 11.88 ± 1.96; GCI–vehicle, 61.46 ± 5.21; GCI–NAC, 36.75 ± 4.58; Figure 5E).
Figure 5F shows co-localized TRPM2 with astrocyte in GCI–vehicle groups.

Figure 5. GCI-induced glial cell activation was attenuated by NAC treatment. (A) Microglial activation
was estimated by Iba-1 immuno-staining. Sham groups (vehicle and NAC) had no difference in
Iba-1-positive signal (green color). GCI triggers excessive microglial activation in the hippocampal
pyramidal layer, and this was attenuated by NAC administration for 3 days after onset of GCI. Scale
bar = 10 μm. (B) Bar graph representing intensity of Iba-1-positive signals from hippocampal pyramidal
layer administered with vehicle and NAC for 3 days after sham and GCI surgery. Data are mean ± SEM,
n = 5–7 each group, * p < 0.05 versus vehicle-treated group; # p < 0.05 versus sham-operated group
(Kruskal–Wallis test followed by Bonferroni post-hoc test: chi square = 20.248, df = 3, p < 0.001).
(C) Distribution of TRPM2 in microglial cells (merged image). (D) Astrocyte activation was evaluated by
GFAP immuno-staining. Sham groups had no difference in GFAP-positive signal (red color). Astrocyte
activation was stimulated by GCI, and reduced by NAC administration. Scale bar = 10 μm. (E) Bar
graph displaying intensity of GFAP-positive signals from the hippocampal pyramidal layer in vehicle
and NAC-treated groups after sham and GCI surgery. Data are mean ± SEM, n = 5–6 each group,
* p < 0.05 versus vehicle-treated group; # p < 0.05 versus sham-operated group (Kruskal–Wallis test
followed by Bonferroni post-hoc test: chi square = 18.747, df = 3, p < 0.001). (F) Distribution of TRPM2
in astrocyte following GCI (merged image).
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2.4. NAC Restores Global Cerebral Ischemia-Induced Sensorimotor Deficit, Neurologic Decline, and
Neurodegeneration

To investigate the effects of NAC post-administration on GCI-induced sensorimotor deficit and
loss of neurological function, experimental animals were analyzed using the adhesive removal test and
modified neurological severity score (mNSS) methods. First, to evaluate sensorimotor deficit after
ischemic damage we used the adhesive removal test method. The GCI–vehicle-treated groups spent
longer periods of time recognizing adhesive tapes on palms than the GCI–NAC-treated groups after
ischemic insult. Sham–vehicle and NAC groups had no difference in removal time during the test
days. These results showed that GCI-induced sensorimotor deficit was restored by NAC treatment
(Figure 6A). Next, we also assessed whether NAC administration restored GCI-induced neurological
decline. Because the sham groups had no impairment, the mNSS count was zero. Following
GCI, neurological impairment lead to high scores in the vehicle group and NAC administration
attenuated this neurologic decline (Figure 6B). In addition, we determined whether post-administration
of NAC provides neuroprotective effects on GCI-induced neurodegeneration following 7 days of
consecutive treatment (Figure 6C). Sham groups show numerous neuronal nuclei (NeuN)-positive
cells in hippocampal subiculum, CA1, and CA2 regions. There were no significant differences
in the number of NeuN-positive cells between the sham–vehicle and NAC group (sham–vehicle:
subiculum, 170.5 ± 5.5; CA1, 180.5 ± 5.5; CA2, 210 ± 11, sham-NAC: subiculum, 177 ± 7; CA1,
179 ± 10; CA2, 205 ± 7; Figure 6D). In contrast, the number of NeuN-positive cells was dramatically
decreased in the GCI–vehicle group. However, NAC administration significantly restored the number
of NeuN-positive cells in the hippocampal regions (GCI–vehicle: subiculum, 79.95 ± 7.69; CA1,
62.74 ± 11.15; CA2, 66.82 ± 4.91, GCI–NAC: subiculum, 110.47 ± 6.42; CA1, 108.12 ± 9.87; CA2,
110.31 ± 7.81; Figure 6D).

Figure 6. Cont.
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Figure 6. Post administration of NAC reduces GCI-induced behavioral outcome deficits and delays
neuronal loss. (A) The adhesive removal test to assess sensorimotor deficit was conducted at both
3 h and 7 days after sham and GCI surgery. Sham groups showed no difference in time to remove
the adhesive tape during the test. GCI–vehicle group took significantly longer to remove the tape.
Post treatment of NAC after GCI reduces removal time (time dependently). Data are mean ± SEM,
n = 5–8 each group, * p < 0.05 versus vehicle-treated group; # p < 0.05 versus sham-operated group
(repeated measure test followed by ANOVA, time: F = 6.365, p < 0.001; group: F = 33.354, p < 0.001;
time * group: F = 3.061, p < 0.001). (B) The mNSS was conducted at 3 h and 7 consecutive days
after sham and GCI surgery. Sham groups indicate a 0 score which means all tasks were performed
completely without defect. Under the ischemic condition, the vehicle group showed a failure of mNSS
sessions. Post administration, NAC improved mNSS procedures and reduced failure of tasks. Data are
mean ± SEM, n = 6–8 each group, * p < 0.05 versus the vehicle-treated group (repeated measure test
followed by ANOVA, time: F = 35.621, p < 0.001; group: F = 17.576, p = 0.001; time * group: F = 2.322,
p = 0.032). (C) Immunohistochemistry images show NeuN-positive neurons in the hippocampal
subiculum, CA1, and CA2 regions. Scale bar = 50 μm. (D) Bar graph shows analysis of NeuN-positive
cells in each hippocampal region. Post treatment of NAC restores GCI-induced delayed neuronal loss
in the following 7 days. Data are mean ± SEM, n = 5–6 each group, * p < 0.05 versus vehicle-treated
group; # p < 0.05 versus sham-operated group (Kruskal–Wallis test followed by Bonferroni post-hoc
test, Subiculum: chi square = 17.792, df = 3, p < 0.001; CA1: chi square = 17.958, df = 3, p < 0.001; CA2:
chi square = 17.735, df = 3, p < 0.001).

3. Discussion

In the present study, we verified whether NAC administration attenuates GCI-induced neuronal
death via inhibition of TRPM2 channels. Our findings indicate that NAC reduces accumulation of
intracellular free zinc and TRPM2 over-activation by maintaining a sufficient supply of glutathione
production. Cysteine is the rate-limiting substrate required for the biosynthesis of glutathione and the
cysteine residue present in NAC can serve as an immediate source of cellular cysteine to maintain high
levels of intracellular glutathione, which in turn protects against oxidative damage arising from free
radicals. In addition, daily administration of NAC for 3 days after GCI also clearly attenuated several
GCI-induced cell death cascades involving neurodegeneration, intracellular free zinc accumulation,
oxidative damage-induced lipid peroxidation, loss of glutathione, TRPM2 over-activation, and
glial activation. Furthermore, post-treatment of NAC for 7 days prevented GCI-induced delayed
hippocampal neuron death, sensorimotor impairment, and neurological deficits. Taken together, these
results suggest that reduction of intracellular free zinc and restoration of neuronal GSH concentration
by NAC administration attenuates GCI-induced neurodegenerative cascades and promotes behavioral
impairments. Therefore, NAC may be an outstanding therapeutic agent for preventing GCI-induced
neuronal death.

In general, ionic gradients are actively maintained within finely tuned ranges via several selective
and non-selective ion channels throughout the central nervous system, and this process is fundamental
to preserving healthy brain function. However, during many neurological injuries that include ischemic
stroke [12] and traumatic brain injury [25] damage leads to an ionic imbalance, which in turn allows
for the initiation of multiple neurodegenerative cascades. Our previous studies have focused on these
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mechanisms that follow ionic imbalance in several neurological diseases, such as global ischemia [13,47],
hypoglycemia [48], and traumatic brain injury [49]. In particular, we have focused on the abnormal
phenomenon of excessive release of vesicular zinc ions following brain injuries and its subsequent
cellular pathology. Chelatable zinc that is liberated in this manner moves into post-synaptic neurons
through non-selective cation channels, TRPM2 [50], and once chelatable zinc has accumulated within
post-synaptic neurons it acts as a neurotoxin [51]. TRPM2 is one of the non-selective cation channels
that regulates physiological and pathological processes in the central nervous system via modulation
of numerous signaling pathways [38]. In addition, brain disease-induced ROS production triggers
TRPM2 activation, leading to calcium influx from the extracellular space, and finally triggers cell
death cascades that include PARP-1/PARG and caspase-dependent cell-death pathways [50,52,53].
In this present study, we focused on attenuating the effects of excessively released free zinc ions
from synaptic vesicles after GCI that translocate into post-synaptic neurons via the TRPM2 channel.
Hence, we hypothesized and verified that by reducing ROS production through supplementation of
cysteine by NAC administration to maximize glutathione production, one can reduce hippocampal
neurodegeneration through inhibition of zinc accumulation and TRPM2 activation.

N-acetyl-l-cysteine (NAC) is a derivative of cysteine and acts as a scavenger for elimination of
free radicals [54]. In the present study, we focused on NAC as a cysteine donor to improve glutathione
synthesis, and also as a chelator of heavy metal ions. Excessively released and accumulated free
zinc ions after ischemic stroke have a deleterious effect on the nervous system. Previous studies
determined that NAC can bind heavy metals (nickel, copper, zinc) because NAC has a thiol group (-SH),
which allows it to bind cationic metal ions [55]. In addition, NAC can restore neuronal glutathione
concentrations and protect against brain injuries. Kho et al. recently demonstrated that hypoglycemic
brain disease-induced hippocampal neurodegeneration, lipid peroxidation, and zinc accumulation
were restored to pre-insult levels by NAC administration [24]. Furthermore, Choi et al. recently verified
that genetic deletion of the cysteine-related transporter, excitatory amino acid carrier 1 (EAAC1),
exacerbates traumatic brain injury (TBI)-induced neurological damage, compared with wild type
controls. These cell death cascades were attenuated by NAC treatment in both wild type and EAAC1
gene deletion animals [34]. In light of the abovementioned results, we hypothesized that NAC
treatment after GCI may chelate zinc ions, and reduce accumulation of zinc-induced neurotoxicity and
downregulation of the TRPM2 channel by reducing ROS production.

The post-global ischemic neuro-inflammatory response contributes to formation of the glial scar
and exacerbates neuronal damage. Both microglia and astrocytes play an essential role in maintaining
ionic gradients within the extracellular space and in supporting neurotransmission in neighboring
neurons. In general, inactivated (resting) microglia and astrocytes regulate the maintenance of central
nervous system homeostasis [56]. However, neurodegenerative diseases, such as head trauma, multiple
sclerosis, epilepsy and stroke, trigger gliosis which is a non-specific alteration of glial cells and this
can lead to glial scar formation if unchecked [57]. Lakhan et al. demonstrated that stroke-induced
excitotoxicity and oxidative damage triggers activation of microglia and astrocytes, and these cells
secrete several cytokines, chemokines, and matrix metalloproteases [58]. In addition, Kauppinen et al.
verified that the zinc-overloaded condition alters the morphology of resting microglia to an activated
form in cultured microglia, which was attenuated by treatment with the extracellular zinc chelator,
CaEDTA, during the ischemic condition [59]. Barreto et al. reported that astrocyte viability was
important for the restoration of neurons following ischemic damage. Furthermore, they asserted that
although reactive astrocytes trigger the production of pro-inflammatory cytokines, they also perform
functions for maintaining neuronal survival [9].

In the present study, our findings indicate that TRPM2 activation in neurons and glial cells were
found after GCI, but were significantly correlated with astrocytes. Astrocytes have a dual nature when
activated that can both alleviate or exacerbate the effects of brain damage depending on a sensitive
mix of cellular factors. Accordingly, Barreto et al. assert that any solution that adequately addresses
the problem of stroke-induced neurodegenerative must involve astrocytes [9]. No details about the
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interaction of TRPM2 and astrocytes has been reported, but we assumed that there must be some
ischemia-related cascades between TRPM2 channels and astrocytes, and began to test this hypothesis.
In the case of our research, TRPM2 activation in microglia was only mildly observed compared with
astrocytes. However, microglia have a strong influence on CNS diseases, and it is also necessary to
consider them for understanding injury-induced neuroinflammation and neurodegeneration in several
neurological conditions. Malko et al. reported that calcium influx via TRPM2 after external stimuli
triggers microglial activation and generates pro-inflammatory mediators from activated microglial
cells, which further exacerbate damage. Furthermore, the TRPM2 activation process was closely related
with NADPH oxidase-mediated ROS production, and PARP-1 (poly ADP-ribose polymerase-1) and
ADPR (ADP-ribose) activation [60]. As mentioned in the introduction, oxidative damage following
ischemic stroke is an essential factor for understanding brain damage, and is closely related with
regulation of cation channel activity.

Based on our study and other previous studies, we speculated that a possible neuronal death
cascade could be triggered by zinc influx via TRPM2 (Figure 7). In Figure 7A, schematic drawings
describe the process of GCI-induced zinc accumulation, ROS production, and TRPM2 activation.
Predicted steps of zinc-related neuronal death are as follows. (1) GCI induces vesicular zinc release
from the pre-synaptic terminal to the synaptic cleft [10,13], where it translocated into post-synaptic
neurons via the non-selective cation channel, TRPM2 [50,61]. In the post-synaptic neurons, translocated
zinc contributes several deleterious cascades such as apoptosis [62,63], necrosis [63], as well as
ROS-producing signaling. (2) Following ischemia zinc aggravates ROS production via neuronal
NADPH oxidase activation [64]. Synaptically released zinc after GCI stimulates protein kinase C (PKC),
and PKC contributes NADPH oxidase activation [65]. (3) A major activator of TRPM2 is ADP-ribose
(ADPR), which is released upon oxidative stress including ROS [66,67]. (4) ROS-induced TRPM2
activation triggers increased secondary zinc influx [61]. (5) Secondary translocation of zinc promotes
increased ROS production [59,68]. (6) Zinc and ROS induce neuronal death. In Figure 7B, the predicted
mechanism of NAC on TRPM2 is shown, as follows. (7) GCI induces zinc translocation from the
synaptic terminal into neurons through TRPM. Zinc increases ROS production via NADPH oxidase
activation. (8) NAC-supplied cysteine enters into post-synaptic neurons through EAAC1. EAAC1 acts
as a cysteine carrier in the brain. (9) Cysteine is converted to glutathione, which has an anti-oxidative
effect. ROS production is attenuated by glutathione. (10) Reduction of ROS production decreases
TRPM2 activation. (11) Reduced TRPM2 induces diminished secondary zinc influx. Zinc influx
reduction contributes neuroprotection. (12) NAC administration induced reduced ROS production
and diminished zinc influx, which finally attenuates neuronal death. Thus, as discussed above, steps
(1)–(6) shown in the Figure 7A have been demonstrated by our and other group’s previous studies.
However, steps (7)–(12) in the Figure 7B have been verified in this study; it is shown in Figures 2–6
that NAC treatment reduced GCI-induced zinc accumulation, oxidative stress, TRPM2 activation and
neuronal death.

Taken together, the present study demonstrates the efficacy of NAC in preventing GCI-induced
neuronal death, sensorimotor deficits, and neurological pathology via several signaling cascades. NAC
inhibits GCI-induced zinc accumulation and influx via TRPM2 into postsynaptic neurons. Therefore,
we speculate that inhibition of zinc influx and TRPM2 activation by NAC may have a potential for the
treatment of ischemic stroke.
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Figure 7. Predicted reactions of NAC post treatment on GCI-induced neuronal death. Representative
schematic illustration indicates NAC action via reduction of reactive oxygen species (ROS) production
and subsequent decrease in TRPM2 activation. (A) (1) Released zinc after GCI moves into the
post-synaptic neurons through TRPM2. (2) Translocated zinc contributes to ROS production.
(3) Oxidative damage including ROS activated TRPM2. (4) ROS-induced TRPM2 activation increased
secondary zinc influx. (5) Increased translocated of zinc contributes to greater ROS production. (6) Zinc
and ROS induces neuronal death. (1)–(6) Image shows the hypothesized cascade produced upon
GCI-induced zinc influx and TRPM2 activation. (B) (7) Zinc translocated into the post-synaptic neurons
via TRPM2 after GCI. (8) Cysteine supplied by NAC administration moves into post-synaptic neurons
through excitatory amino acid carrier 1 (EAAC1). (9) Cysteine is converted to glutathione which has an
anti-oxidant effect and inhibits ROS production. (10) Inhibition of ROS production leads to reduced
TRPM2 activation. (11) Reduced TRPM2 activation leads to less secondary zinc influx. (12) Reduction
of ROS production and secondary zinc influx reduces neuronal death. (7)–(12) Process shows possible
neuroprotective cascade of NAC after GCI.

4. Materials and Methods

4.1. Ethics Statement and Experimental Animals

All animal care protocols and experimental procedures were approved by the Committee on
Animal Use for Research at Hallym University (protocol # Hallym 2019-70, 21 February 2020). To test
our hypothesis, experimental animal groups were divided as follows: sham (Vehicle, NAC) and GCI
(Vehicle, NAC). All rats were housed in a consistently controlled environment (temperature: 22 ± 2 ◦C,
humidity: 55 ± 5%, light regulation: 12-h light/dark cycle) and given water and standard feed by Purina
(Gyeonggi-do, Korea) ad libitum. To minimize any suffering of experimental animals, we used 2~3%
isoflurane anesthesia during all procedures. Additionally, this manuscript was written in accordance
with the standards put forth in ARRIVE (Animals in Research: Reporting In Vivo Experiments) [69].
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4.2. Global Cerebral Ischemia Surgery

The experimental disease model of global cerebral ischemia was performed as previously described
and reported [70]. To explain again in detail, rats were deeply anesthetized with 2~3% isoflurane,
which was ventilated using mixed 70% nitrous oxide and 30% oxygen and kept at a body temperature
of 37 ± 1 ◦C using a homeothermic monitoring system (Harvard Apparatus, Holliston, MA, USA).
To consistently monitor systemic arterial blood pressure and to remove blood as needed, a catheter
filled with 10 units of heparin was inserted into the femoral artery. Then, common carotid arteries
located beside the tracheal muscle were carefully isolated and transiently occluded. In this dissecting
process, we used a surgical microscope (SZ61, Olympus, Shinjuku, Japan) to enhance surgical accuracy
and avoid vagus nerve impairment. At the same time, to monitor the electroencephalograph (EEG),
electrodes were placed in two bilateral burr holes. To induce the ischemic condition, we drained
blood (8~10 cc) from the femoral artery and set systemic arterial blood pressure within the range
of 40 ± 10 mmHg. The isolated bilateral common carotid arteries were occluded with a surgical
clamp (Fine Science Tools, Foster city, CA, USA). When the systemic arterial blood pressure range
was within 40 ± 10 mmHg and the electroencephalograph reached a sustained isoelectric point, we
maintained these conditions for 7 min to induce the global cerebral ischemic condition. After occlusion,
blood circulation to the brain was restored by unclamping the device and reperfusing the removed
blood. During this period, the systemic arterial blood pressure and EEG signal were consistently
monitored and vital signs of the experimental animal were periodically monitored and adjusted as
required. Experimental animal groups were immediately administered NAC to the intraperitoneal
space following restoration of blood perfusion and normal EEG activity; vehicle groups were given the
same volume of 0.9% normal saline.

4.3. Experimental Procedures and NAC Administration

Planned experimental procedures were 3 days and 7 days. These time points mean the termination
of GCI surgery. In the acute phase (3 days), GCI-induced neurodegenerative cascades were assessed
using several immunostaining processes for histological evaluation. In the chronic phase (7 days),
GCI-induced cognitive decline and neurological deficits were verified by behavior tests. Vehicle
and NAC was administered daily during the acute and chronic phases. To investigate the effects of
NAC post-administration to reduce GCI-induced hippocampal neurodegenerations, we used NAC
(Sigma-Aldrich, St. Louis, MO, USA). NAC was dissolved with 0.9% normal saline and injected into
the intraperitoneal space once per day for 3 days and 7 days at a dose of 150 mg/kg in the present study.
Vehicle groups (sham and GCI) were administered the same volumes of 0.9% normal saline only.

4.4. Sample Preparation

Three and seven days after global cerebral ischemia, all experimental rats were deeply anesthetized
with urethane (1.5 g/kg) dissolved in 0.9% normal saline to obtain brain samples. For removal of
whole blood, deeply anesthetized experimental animals were intracardially perfused with 0.9% normal
saline followed by 4% paraformaldehyde (PFA) dissolved in phosphate-buffered saline (PBS) for brain
sample fixation. Terminated sample fixation occurred during perfusion, and the whole brain sample
was obtained and was immersed in 4% PFA for one hour. After post-fixation, samples were moved
into 30% sucrose for cryoprotection. Brain samples sank to the bottom of the tube, and the whole brain
was coronally sectioned into thicknesses of 30 μm each using a cryostat microtome (CM1850, Leica,
Wetzlar, Germany).

4.5. Assessment of Neuronal Death

Three or seven days after GCI, we estimated hippocampal neuronal death using Fluoro-Jade B (FJB,
Histo-Chem, Jefferson, AR) staining method (as previously described in detail [12]). Approximately
nine to ten coronal brain sections (based on 30-μm thickness, 270- to 300-μm intervals) were obtained
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from 3.00 to 4.68 mm caudal to bregma. These brain sections were mounted on gelatin-coated slides,
and photographed using a fluorescence microscope (SZ61, Olympus, Shinjuku, Japan, FITC green
fluorescence excitation-emission wavelength: 460–490 nm). To avoid experimenter bias, a blind
observer counted the whole number of FJB-positive neurons in the hippocampal subiculum, cornu
ammonis 1 (CA1), and CA2 regions. Collected data were used for statistical analysis.

4.6. Zinc Fluorescence Staining

To verify the alteration of intraneuronal free zinc concentrations under normal or ischemic
conditions, fresh brain samples were obtained without transcardial perfusion process, immediately
frozen, and stored in a freezer at a consistently maintained temperature of −80 ◦C. These samples
were coronally sectioned with 10-μm thickness in cryostat and sectioned samples were stained with
N-(6-methoxy-8-quinolyl)-para-toluenesulfonamide (TSQ; Molecular Probes, Eugene, OR, USA) [25].
In the present study, the concentration of TSQ solution contained 4.5 μM TSQ, 140 mM sodium barbital,
and 140 mM sodium acetate. The TSQ-zinc binding fluorescence signal was verified using an Olympus
fluorescence microscope (DAPI blue fluorescence excitation-emission wavelength: ~400 nm).

4.7. Histological Analysis

Before initiation of brain tissue immunostaining, blocking of endogenous peroxidase activity is
important. The previously described activity was blocked by 1.2% hydrogen peroxide incubation
for 20 min at room temperature. After incubation and washing in 0.01% phosphate buffered saline,
sections were incubated with several antibodies to analyze our data. In this study, the antibodies
used were as follows: 4HNE (diluted 1:500, Alpha Diagnostic Intl. Inc., San Antonio, TX, USA),
GFAP (diluted 1:1000, Abcam, Cambridge, UK), Iba-1 (diluted 1:500, Abcam), TRPM2 (diluted 1:400,
Abcam), and NeuN (diluted 1:500, Billerica, Millipore Co., Burlington, MA, USA).

4.8. Behavior Outcome Assessment

1. Adhesive removal test: to test whether NAC restores against GCI-induced sensorimotor deficit,
all of the experimental groups were evaluated using the adhesive removal test method for
7 consecutive days after GCI. This behavior test was conducted with reference to previous
descriptions [13,71]. To explain again in detail, the overall evaluation process was divided into
the following steps. Before initiation, rats were acclimated to the transparent testing box (size:
45 × 35 × 20 cm) for 1 min. After acclimating, two pieces of adhesive tape (1 × 1 cm) were attached
to the palm of each forepaw and the experimental animal’s behavioral outcome for removal time
in the testing box was observed (maximum time: 120 s). Removal time is defined as recognizing
and detaching the adhesive tape on the bilateral forepaw. If the adhesive tape was detached by
shaking its forepaw or bringing its forepaw to its mouth, time was recorded. This process was
conducted for five trials with a minute between each trial. In the case that adhesive tapes could
not be detached during the test period, removal time was considered the maximum.

2. Modified neurological severity score: to test whether NAC administration attenuated GCI-induced
neurological deficits, we used the modified neurological severity score (mNSS) method [72].
The mNSS includes several evaluations of motor (muscle status, abnormal movement), sensory
(visual, tactile, and proprioceptive), balance, and reflex functionality. The mNSS assessment
criteria were graded from 0 (normal, no deficits) to 18 (maximum points). To explain in detail,
this functional test is based on several criteria that include raising subject by the tail and observing
flexion (3 points), walking on the floor (3 points), sensory test (2 points), maintaining balance on
a beam (6 points), and absence of reflex/abnormal movements (4 points) [73]. This procedure was
conducted consecutively for 7 days after GCI. A higher score means a more severe condition.
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4.9. Statistical Analysis

All data analyses were conducted using a blind test to reduce researcher bias. All quantified
results in the present study were displayed as the mean value ± standard error of mean (SEM), and
statistically significant differences were considered at p < 0.05. Behavioral data were analyzed by
analysis of variance (ANOVA) using Statistical Package for the Social Sciences (SPSS, Chicago, IL, USA).
Comparisons between vehicle and NAC-treated groups were conducted with the Mann–Whitney U test,
and other comparisons between 4 groups and the remaining data were analyzed by the Kruskal–Wallis
test with post-hoc Bonferroni correction. Non-parametric tests were chosen because of the small sample
size and lack of normally distributed data.
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Abstract: We investigated the effects of pyridoxine deficiency on ischemic neuronal death in the
hippocampus of gerbil (n = 5 per group). Serum pyridoxal 5′-phosphate levels were significantly
decreased in Pyridoxine-deficient diet (PDD)-fed gerbils, while homocysteine levels were significantly
increased in sham- and ischemia-operated gerbils. PDD-fed gerbil showed a reduction in neuronal
nuclei (NeuN)-immunoreactive neurons in the medial part of the hippocampal CA1 region three days
after. Reactive astrocytosis and microgliosis were found in PDD-fed gerbils, and transient ischemia
caused the aggregation of activated microglia in the stratum pyramidale three days after ischemia.
Lipid peroxidation was prominently increased in the hippocampus and was significantly higher in
PDD-fed gerbils than in Control diet (CD)-fed gerbils after ischemia. In contrast, pyridoxine deficiency
decreased the proliferating cells and neuroblasts in the dentate gyrus in sham- and ischemia-operated
gerbils. Nuclear factor erythroid-2-related factor 2 (Nrf2) and brain-derived neurotrophic factor
(BDNF) levels also significantly decreased in PDD-fed gerbils sham 24 h after ischemia. These results
suggest that pyridoxine deficiency accelerates neuronal death by increasing serum homocysteine levels
and lipid peroxidation, and by decreasing Nrf2 levels in the hippocampus. Additionally, it reduces
the regenerated potentials in hippocampus by decreasing BDNF levels. Collectively, pyridoxine is an
essential element in modulating cell death and hippocampal neurogenesis after ischemia.

Keywords: pyridoxine deficiency; ischemia; gerbil; homocysteine; cell death; glia; neurogenesis
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1. Introduction

Vitamin B6 vitamers consist of pyridine derivatives such as naïve and phosphorylated forms
of pyridoxine, pyridoxal, and pyridoxamine. Intakes of B6 vitamers are absorbed in the intestine
and transformed into its active form, pyridoxal 5′-phosphate (PLP), in the liver. However, among B6

vitamers, naïve forms can cross the blood–brain barrier in the brain [1]. PLP acts as a coenzyme or
cofactor in more than 100 reactions associated with energy metabolism and neurotransmitter synthesis.
In addition, vitamin B6 has antioxidant properties that quench reactive oxygen [2] and reduce the
formation of advanced glycation end-products [3,4].

Brain ischemia is one of the major life-threatening diseases worldwide, and it debases the quality
of life in survivors. Mongolian gerbils (Meriones unguiculatus) are used in animal models for brain
ischemia because they have incomplete posterior communicating arteries that cause brain ischemia
only by occlusion of the common carotid artery for 5 min in the neck region [5]. However, more
sophisticated models with complete interruption of cerebral blood flow have been implemented in
rats [6–8] and mice [9], which are more widely used in research. Several studies demonstrate that PLP
has neuroprotective effects against various neurological diseases including ischemia [10,11], vascular
dementia [12], Parkinson’s disease [13], and cortical damage [14]. In addition, pyridoxine treatment
increases proliferating cells and neuroblasts in the dentate gyrus [15]. There is conflicting evidence
of dietary vitamin B6 on cardiovascular diseases in human studies [16–19]. Plasma vitamin B6 levels
are inversely related to risk and incidence of cardiovascular diseases in the United States, Japan, and
Korea [16–18], while a Finnish study demonstrates that there is no relationship between vitamin B6

intake and cardiovascular diseases [19].
In contrast, feeding with pyridoxine deficient diets causes cognitive impairment in normal

mice [20] and in animal models for Alzheimer’s disease [21]. Additionally, pyridoxine deficiency
increases homocysteine levels because pyridoxine is used in homocysteine metabolism [22]. Increased
homocysteine is considered as a risk factor for stroke [23], and it facilitates the production of reactive
oxygen species by auto-oxidation [24]. However, there are no studies on the effects of pyridoxine
deficiency on neuronal cell death after ischemia in the hippocampus. In this study, we examined the
effects of pyridoxine deficiency on ischemia-induced cell death based on the oxidative stress in the
hippocampus after 5 min of forebrain ischemia.

2. Results

2.1. Pyridoxine Deficiency Decreases PLP and Increases Homocysteine Levels in Serum

In the Control diet (CD)-fed sham group, PLP and homocysteine levels were 32.5 ± 12.1 μmol/L
and 4.91 ± 2.05 μmol/L in the serum, respectively. In the Pyridoxine-deficient diet (PDD)-fed sham
group, PLP levels were dramatically decreased to 0.298 ± 0.205 μmol/L, while homocysteine levels
were significantly increased to 57.4 ± 16.9 μmol/L. Transient forebrain ischemia decreased PLP levels
in CD- and PDD-fed groups, although the statistical significance was not detected between CD- and
PDD-fed groups. PLP levels were significantly lower in the PDD-fed group compared to the CD-fed
group three and four days after ischemia. In contrast, homocysteine levels were maintained with
significant increases in PDD-the fed group compared to that in the CD-fed group three and four days
after ischemia, although homocysteine levels were slightly higher after ischemia compared to that in the
sham group. The two-way analysis of variance (ANOVA) test showed that there were no interactions
between ischemia and PDD diets in PLP and homocysteine levels in the serum (Figure 1A,B).
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Figure 1. Pyridoxine deficiency decreases serum pyridoxal 5′-phosphate (PLP) levels (A) and increases
serum homocysteine levels (B) in the control diet (CD)- and pyridoxine-deficient diet (PDD)-fed gerbils
of sham- and ischemia-operated groups. Data were analyzed with a two-way ANOVA test followed by
Bonferroni post-hoc tests (n = 7 per group; * p < 0.05, significant difference between CD- and PDD-fed
group). All data are expressed as mean with standard deviation.

2.2. Pyridoxine Deficiency Causes Early Neuronal Death after Ischemia

In the CD-fed sham group, neuronal nuclei (NeuN)-positive neurons were abundantly observed in
all hippocampal regions, including the CA1 region, and the same observation was also obtained in the
PDD-fed sham group. In the PDD-fed sham group, the number of NeuN-positive neurons was slightly
decreased to 94.8% of the CD-fed sham group. In the CD-fed ischemic group, numerous NeuN-positive
neurons were found in the hippocampus three days after ischemia, while NeuN-positive neurons
were decreased in the medial side of the CA1 region and not in the lateral region three days after
ischemia. The number of NeuN positive neurons was significantly decreased in the PDD-fed group
compared to that in the CD-fed sham group to 83.2% of the CD-fed sham group. Four days after
ischemia, NeuN-positive neurons were prominently decreased in the hippocampal CA1 region of the
CD- and PDD-fed ischemia group to 4.9% and 4.4% of the CD-fed sham group. However, there were
no significant differences in the number of NeuN-positive neurons between groups. The two-way
ANOVA test demonstrated that there were no interactions between ischemia and PDD diets in neuronal
numbers in the hippocampal CA1 region (Figure 2A,B).
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Figure 2. Immunohistochemical staining for neuronal nuclei (NeuN) in the whole hippocampus (A) and
its magnified CA1 region (B) in the CD- and PDD-fed gerbils of sham- and ischemia-operated groups.
Note that fewer NeuN-positive cells (arrows) are found in the medial side of the stratum pyramidale
(SP) in the PDD-fed gerbils three days after ischemia. SO, stratum oriens; SR, stratum radiatum. Scale
bar = 400 μm (A), 50 μm (B). The number of NeuN-immunoreactive nuclei in the CA1 region compared
to the CD-fed sham group per section, in all the groups, is shown (n = 7 per group; * p < 0.05, significant
difference between CD- and PDD-fed group; # p < 0.05, significant difference between sham- and
ischemia-operated groups). All data are expressed as mean with standard deviation.

2.3. Pyridoxine Deficiency Facilitates the Activation of Astrocytes and Microglia after Ischemia

In the CD-fed sham group, glial fibrillary acidic protein (GFAP)-immunoreactive astrocytes and
ionized calcium-binding adapter molecule 1 (Iba-1)-immunoreactive microglia had small cytoplasm
with long and distinct processes. In the PDD-fed sham group, they had enlarged cytoplasm with
thickened processes in the hippocampal CA1 region, and GFAP and Iba-1 immunoreactivities were
significantly increased in this group, compared to that in the CD-fed sham group. Three days after
ischemia/reperfusion, GFAP-immunoreactive astrocytes showed similar morphology in CD- and
PDD-fed groups compared to the PDD-fed sham group, and GFAP immunoreactivity was similarly
observed. In contrast, Iba-1-immunoreactive microglia showed similar morphology in CD-fed ischemic
group three days after ischemia/reperfusion, but in the PDD-fed group, Iba-1-immunoreactive microglia
were abundantly found in the medial side of the stratum pyramidale, where the neuronal death
occurred. Additionally, Iba-1-immunoreactive microglia that were detected in the stratum pyramidale
had round cytoplasm without processes, and Iba-1 immunoreactivity was significantly increased. Four
days after ischemia/reperfusion, GFAP-immunoreactive astrocytes had punctuated cytoplasm with
thickened processes in CD- and PDD-fed groups. Iba-1-immunoreactive microglia were abundantly
observed in the stratum pyramidale of the CA1 region as well as the stratum oriens and radiatum in CD-
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and PDD-fed groups. There were no significant differences in the GFAP and Iba-1 immunoreactivities
between CD- and PDD-fed groups after ischemia. However, the two-way ANOVA test indicated that
ischemia and PDD diets significantly increased the GFAP (df = 2, F = 5.341, p = 0.0093) and Iba-1
immunoreactivity (df = 2, F = 19.06, p < 0.0001) (Figure 3A,B).

 

Figure 3. Immunohistochemical staining for GFAP (A) and Iba-1 (B) in the hippocampal CA1 region in
the CD- and PDD-fed gerbils of sham- and ischemia-operated groups. Note that GFAP-immunoreactive
astrocytes (arrows) and Iba-1-immunoreactive microglia (arrows) show morphological changes after
PDD-diet and ischemic damage. SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum.
Scale bar = 50 μm. Relative optical density (ROD) corresponding to the percentage of GFAP and Iba-1
immunoreactivity value in the hippocampal CA1 region of the CD-fed sham group per section is
shown (n = 7 per group; * p < 0.05, significant difference between CD- and PDD-fed groups; # p < 0.05,
significant difference between sham- and ischemia-operated groups). All data are expressed as mean
with standard deviation.

2.4. Pyridoxine Deficiency Decreases Ischemia-Induced Proliferating Cells and Neuroblasts

In all groups, Ki67-positive nuclei and cell bodies of doublecortin (DCX)-immunoreactive
neuroblasts were mainly found in the subgranular zone of the dentate gyrus, and processes of
neuroblasts branched out to the molecular layer of the dentate gyrus. However, there were
significant changes in the number of proliferating Ki67-positive cells and the immunoreactivity
of DCX-immunoreactive neuroblasts among groups. In the sham group, the DCX immunoreactivity
was significantly decreased in the PDD-fed group compared to that in the CD-fed group, while the
number of Ki67-positive cells was slightly decreased. Three and four days after ischemia/reperfusion,
the number of Ki67-positive cells and the DCX immunoreactivity were significantly increased compared
to the sham group, and there were fewer Ki67-positive cells and lower DCX immunoreactivity in the

193



Int. J. Mol. Sci. 2020, 21, 5551

PDD-fed group compared to that in the CD-fed group. However, the two-way ANOVA test indicated
that ischemia and PDD diets significantly changes the number of proliferating Ki67-positive cells
(df = 2, F = 8.816, p = 0.0008), and there were no interaction effects of ischemia and PDD diets in the
density of DCX-immunoreactive neuroblasts (Figure 4A,B).

 

Figure 4. Immunohistochemical staining for Ki67 (A) and doublecortin (DCX) (B) in the dentate
gyrus in the CD- and PDD-fed gerbils of sham- and ischemia-operated groups. Note that fewer
proliferating Ki67-positive cells (arrows) and lower DCX immunoreactivity (arrows) are found in the
PDD-fed gerbils than in the CD-fed ones. SO, stratum oriens; SP, stratum pyramidale; SR, stratum
radiatum. Scale bar = 50 μm (A) and 100 μm (B). The number of Ki67-positive nuclei in the dentate
gyrus and the ROD of DCX compared to the CD-fed sham group per section, in all the groups, are
shown (n = 7 per group; * p < 0.05, significant difference between CD- and PDD-fed group; # p < 0.05,
significant difference between sham- and ischemia-operated groups). All data are expressed as mean
with standard deviation.

2.5. Pyridoxine Deficiency Increases Lipid Peroxidation and Decreases Nrf2 and BDNF Expression

In the PDD-fed sham group, malondialdehyde (MDA) levels in the hippocampus were higher
(43.5%) compared to that in the CD-fed sham group. MDA levels in CD- and PDD-fed groups were
dramatically increased three hours after ischemia to 368.0% and 395.0% of their respective sham gerbils
and thereafter, MDA levels decreased with time after ischemia in both CD- and PDD-fed groups.
Twenty-four hours after ischemia, MDA levels in CD- and PDD-fed groups showed 180.4% and 222.5%
of their respective sham group. MDA levels were significantly higher in the PDD-fed group compared
to that in the CD-fed group after ischemia, and this was not observed in the sham group (Figure 5A).
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Figure 5. Measurement of malondialdehyde (MDA) levels (A) in the hippocampus and Western blot
analysis of nuclear Nrf2 (B) and total mature brain-derived neurotrophic factor (BDNF) levels (C) in
the CD- and PDD-fed gerbils of sham- and ischemia-operated groups (n = 6–7 per group; * p < 0.05,
significant difference between CD- and PDD-fed groups; # p < 0.05, significant difference between sham-
and ischemia-operated groups). All data are expressed as mean with standard deviation.

In the PDD-fed sham group, nuclear factor erythroid-2-related factor 2 (Nrf2) levels in nuclear
fraction decreased compared to that in the CD-fed sham group, although statistical significance was
not detected between groups. Twenty-four hours after ischemia, nuclear Nrf2 levels were slightly,
but not significantly, increased in the CD-fed group, but they were maintained in the PDD-fed group.
At this time point, nuclear Nrf2 showed significantly lower levels (71.6% of the CD-fed group) in the
PDD-fed group (Figure 5B).

In the sham group, brain-derived neurotrophic factor (BDNF) levels in the PDD-fed gerbils were
significantly decreased to 71.1% of CD-fed gerbils. Moreover, BDNF levels were significantly decreased
in the hippocampus 24 h after ischemia/reperfusion in CD- and PDD-fed gerbils, and significantly
lower levels (67.5% of CD-fed gerbils) of BDNF were found in the PDD-fed gerbils 24 h after ischemia
(Figure 5C).

The two-way ANOVA test indicated that ischemia and PDD diets significantly changed MDA
levels (df = 3, F = 3.807, p = 0.0193) in the hippocampus, while there were no interactive effects of
ischemia and PDD diets on Nrf2 and BDNF expression in the hippocampus.

3. Discussion

Vitamin B6 is one of the essential vitamins that maintain the health of the nervous system in
mammals, which should be taken in sufficient quantity from the food because it is not synthesized
in mammals [25,26]. Deficiency of vitamin B6 causes cognitive function impairment, hippocampal
neurogenesis reduction, cardiovascular disease, and Alzheimer’s disease [20,27]. In the present study,
we observed the effects of pyridoxine deficiency on cell death in the hippocampal CA1 region and
on neuroblasts in the dentate gyrus after transient forebrain ischemia. We observed the changes in
serum levels of PLP and homocysteine because vitamins B6, B12, and folic acid have been reported to
be associated with the regulation of the methionine–homocysteine cycle [22]. PDD-fed gerbils showed
a significant reduction in serum PLP levels in sham-operated animals as well as ischemic animals three
and four days after ischemia. This result is consistent with our previous study that PDD-fed mice
showed a significant reduction in serum and hippocampal PLP levels [20]. In contrast, pyridoxine
deficiency significantly increased serum homocysteine levels in sham- and ischemia-operated animals
and showed hyperhomocysteinemia, which is characterized by > 15 μmol/L homocysteine levels in
the blood. Vitamin B6, B12, and folic acid are associated with homocysteine metabolism [18], and
our previous study showed the presence of hyperhomocysteinemia in folic acid deficient gerbils, and
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this condition increased the DNA damage in the hippocampus after ischemia [28]. Moreover, many
studies demonstrated that hyperhomocysteinemia caused neuronal damage, cognitive impairments,
and psychiatric diseases [29–33].

To confirm whether pyridoxine deficiency facilitates neuronal death in the hippocampal CA1
region, we conducted immunohistochemical staining of NeuN, a marker for mature neurons, in the
hippocampus three and four days after ischemia because neuronal death was detected in the CA1
region four days after ischemia. In the sham group, NeuN-positive neurons slightly decreased in the
CA1 region, although there is no statistical significance between the CD- and PDD-fed gerbils. A study
showed that hyperhomocysteinemia significantly increased neuronal death in the rat hippocampus [34].
In the present study, we observed that pyridoxine deficiency significantly reduced the number of
NeuN-positive neurons in the medial side of the CA1 region, and this suggests that pyridoxine
deficiency facilitates neuronal death in the CA1 region after ischemia. However, we did not observe
any significant changes in the number of NeuN-positive nuclei four days after ischemia in CD- and
PDD-fed gerbils because most of the neurons showed degeneration in the CA1 region. Pyridoxine
deficiency also showed activation of astrocytes and microglia in the hippocampus of sham-operated
gerbils, and microglial aggregation was found in the medial side of the stratum pyramidale three
days after ischemia/reperfusion because of neuronal death in this region. These results suggest
that pyridoxine deficiency facilitates glial activation in the hippocampal CA1 region of sham- and
ischemia-operated gerbils three days after ischemia. Our study provides new insight into the
relationship between pyridoxine deficiency and glial activation in the hippocampus. We could not
elucidate the mechanisms of glial activation in the hippocampus of PDD-fed gerbils. One hypothesis
is hyperhomocysteinemia induced by pyridoxine deficiency because treatment with homocysteine
significantly increased reactive gliosis in astrocytes and microglia in rats [35], and excess homocysteine
causes toxicity in the brain [36,37].

We examined the possible mechanisms of pyridoxine deficiency in the hippocampal neuronal death
after ischemia based on oxidative stress due to the presence of antioxidant potentials in vitamin B6, which
can quench hydroxyl radicals similar with vitamin C. In contrast, transient forebrain ischemia increases
oxidative stress, including DNA damage and lipid peroxidation in the hippocampus [24,38–41]. In the
present study, lipid peroxidation measured by MDA levels was significantly increased 3 h after ischemia
in the CD-fed gerbils and thereafter decreased with time after ischemia. This result is consistent with
previous studies that MDA products increased as an accumulation of aldehyde in various neurological
disorders such as Alzheimer’s disease, ischemia, and Parkinson’s disease [24,40–45]. Additionally,
MDA levels in this study were significantly higher in PDD-fed gerbils than in CD-fed ones 3, 12, and
24 h after ischemia, and not in the sham-operated group. This result suggests that PDD increases
reactive aldehyde in the hippocampus, which aggravates neuronal death in the hippocampal CA1
region after transient forebrain ischemia. Changes in Nrf2 expression were also observed in the
hippocampus because it is believed to be a key transcription factor in decreasing reactive oxygen
species [46]. There have been reports that Nrf2 decreased ischemic damage by reducing oxidative
stress [47], while Nrf2 deficient mice showed vulnerability to oxidative stress [48]. In the present study,
lower Nrf2 expression levels were found in the PDD-fed gerbils than in the CD-fed gerbils 24 h after
ischemia, and this result suggests that the reduction of Nrf2 may be associated with early neuronal
damage after transient forebrain ischemia.

In this study, we also observed the effects of pyridoxine deficiency on regenerative potentials
based on proliferating cells and neuroblasts in the dentate gyrus because we observed the reduction
of neuroblasts in the mice hippocampus [20]. In gerbil brain, the proliferating cells and neuroblasts
were reduced in the dentate gyrus of sham- and ischemia-operated animals, and this result suggests
that pyridoxine deficiency reduces the regeneration potentials in ischemic brain. Additionally, we
observed BDNF levels in the hippocampus because it modulates the hippocampal neurogenesis [49,50].
Pyridoxine deficiency and/or brain ischemia decreased BDNF levels in the hippocampus, and BDNF
levels were lowest in PDD-fed ischemic gerbils. This result supports the immunohistochemical finding
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for proliferating cells and neuroblasts in the dentate gyrus. Interestingly, Nrf2 is one of the essential
elements to regulate the hippocampal neurogenesis [51] and homocysteine reduced cell differentiation
in chicken embryonic brain [52]. However, neurogenesis in the dentate gyrus is unlikely to be related to
regeneration; rather, migrating neuroblasts from SVZ may contribute to regeneration [53,54]. Moreover,
the initial increase in neurogenesis in the dentate gyrus may be accompanied by its significant decrease
at a later stage after ischemia [7] due to the limited pool of stem cells in this region [55].

In conclusion, pyridoxine deficiency facilitates neuronal death in the hippocampal CA1 region
after transient forebrain ischemia by increasing homocysteine levels in the serum and lipid peroxidation
in the brain, as well as reducing the Nrf2 levels in the hippocampus. Moreover, pyridoxine deficiency
reduces the proliferating cells and neuroblasts, probably by reducing BDNF levels. This result suggests
that pyridoxine is an essential element in fighting neuronal death and in increasing the regenerative
potentials after ischemia.

4. Materials and Methods

4.1. Experimental Animals

Male Mongolian gerbils (5 weeks of age) were purchased from Japan SLC, Inc. (Shizuoka, Japan).
The animals were housed and cared based on the Guide for the Care and Use of Laboratory Animals
(8th edition, 2011). Experimental protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) of Seoul National University (SNU-190408-2) on 14 May 2019.

After a week of acclimation, gerbils were fed with pyridoxine-deficient diet (PDD, D10001,
Research Diets) and its control diet (CD, D15501R, control, Research Diets, New Brunswick, NJ, USA)
for 56 days as described in the previous study [20] since the half-life of the elimination of pyridoxine
exceeds 15 to 20 days [56]. All animals used in this study were sacrificed on the 56th day of diet feeding.

4.2. Ischemic Surgery

Animals were anesthetized with 2.5% isoflurane (Baxter, Deerfield, IL, USA) and then carotid
arteries were isolated from adjacent tissue and occluded using aneurysm clips for 5 min as previously
reported [57]. Blood flow through carotid arteries was monitored in the central artery of the retinae using
an ophthalmoscope (HEINE K180®; HEINE Optotechnik, Herrsching, Germany). Body temperature
(37 ± 0.5 ◦C) was regulated by a thermometric blanket under the monitoring using a rectal temperature
probe (TR-100; Fine Science Tools, Foster City, CA, USA) until recovered from anesthesia. Two animals
with incomplete ischemic induction were excluded. The sham group received the same procedures
except for carotid artery occlusion.

4.3. Immunohistochemistry

To show the morphological evidence of the changes in neurons, astrocytes, and microglia in the
hippocampus, immunohistochemical staining was conducted for NeuN, GFAP, and Iba-1, respectively,
as previously described [20,57]. In addition, proliferating cells and neuroblasts were visualized with
the immunohistochemistry of Ki67 and DCX. Briefly, animals (n = 5 per group) were anesthetized
with a mixture of 75 mg/kg alfaxalone and 10 mg/kg xylazine on the 56th day of diet feeding, and
blood was obtained by cardiac puncture in the right ventricle. Thereafter, animals were perfused
transcardially, and the brain was coronally sectioned with a 30 μm thickness between 2.0 and 2.7 mm
caudal to the bregma based on gerbil stereotaxic coordinates [58]. Four sections located 150 μm apart
were selected and incubated with each antibody; mouse anti-NeuN antibody (1:1000; Merck Millipore,
Temecula, CA, USA), rabbit anti-GFAP antibody (1:1000; Merck Millipore), rabbit anti-Iba-1 (1:500;
Wako, Osaka, Japan), rabbit anti-Ki67 (1:1000; Abcam, Cambridge, UK), or rabbit anti-DCX (1:2000;
Abcam). Immunoreaction was visualized with 3,3′-diaminobenzidine tetrachloride (Sigma, St. Louis,
MO, USA) in 0.1 M Tris-HCl buffer (pH 7.2). Sections were dehydrated and mounted on gelatin-coated
slides in Canada balsam (Kanto Chemical, Tokyo, Japan).
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4.4. High-Performance Liquid Chromatography (HPLC) Analysis

Blood samples were obtained by cardiac puncture in gerbils for immunohistochemical staining
described in Section 2.3. PLP and homocysteine levels were measured in the serum as described
before [20]. Briefly, serum was injected onto a C18 reverse-phase column (250 mm × 4.6 mm, 5 μm;
Agilent Technologies, Santa Clara, CA, USA) in an HPLC system (Agilent 1100 series, Agilent
Technologies, Santa Clara, CA, USA) equipped with an electrochemical detector.

4.5. Malondialdehyde Assay

To elucidate the effects of pyridoxine deficiency on lipid peroxidation induced by ischemia,
transient forebrain ischemia was induced with occlusion of common carotid arteries, and the animals
(n = 5 per group) were sacrificed at 3, 12, and 24 h after ischemia/reperfusion on the 56th day of diet
feeding. Both hippocampi were quickly removed, and MDA levels were measured with a Bioxytech
MDA-586 kit (Oxis Research, Portland, OR, USA) as described in the previous study [59]. MDA levels
were normalized to the protein concentration and the assay was triplicated.

4.6. Western Blot Analysis

Nrf2 and BDNF levels were assessed by Western blotting as described in the previous study [16].
Briefly, animals (n = 5 per group) were sacrificed 24 h after ischemia/reperfusion under deep anesthesia
with a mixture of 75 mg/kg alfaxalone and 10 mg/kg xylazine on the 56th day of diet feeding. The left
hippocampus was homogenized briefly, and the nuclear and cytosolic fractions were separated using
extraction kits following the manufacturer’s instructions (Abcam). Homogenized proteins were loaded
onto sodium dodecyl sulfate polyacrylamide gel electrophoresis. Thereafter, the gel was transferred
onto a nitrocellulose membrane (Pall Crop, East Hills, NY, USA), and the membrane was incubated
with rabbit anti-Nrf2 (1:1000, Abcam) and rabbit anti-BDNF (1:5000, Abcam). Protein bands were
visualized using a chemiluminescence solution (GE Healthcare, Buckinghamshire, UK) and were
normalized versus laminin A + C and β-actin levels, respectively, as demonstrated in the previous
study [20].

4.7. Data Analysis

Four sections per antibody between 2.0 mm and 2.7 mm caudal to the bregma [27] were examined
using an image analysis system and ImageJ software v. 1.5 (National Institutes of Health, Bethesda, MD,
USA). Digital images of the whole dentate gyrus and midpoint of the CA1 region were captured with a
BX51 light microscope (Olympus, Tokyo, Japan) equipped with a digital camera (DP72, Olympus).
The number of NeuN- and Ki67-positive nuclei were counted in the hippocampal CA1 region and
dentate gyrus, respectively, using an image analysis system (Optimas 6.5, CyberMetrics, Scottsdale, AZ,
USA). Intensities for GFAP, Iba-1, and DCX were evaluated by ROD obtained after transforming the
mean gray level using this formula: ROD = log(256/mean gray level). The ROD of background staining
was determined in unlabeled portions of the sections using Photoshop CC software (Adobe Systems
Inc., San Jose, CA, USA), and this value was subtracted to correct for nonspecific staining using ImageJ
v. 1.50 software (National Institutes of Health, Bethesda, MD, USA). The data are expressed as the
percentage of the vehicle-treated group values (set to 100%).

4.8. Statistical Analysis

The data obtained represent the mean with standard deviation. Differences among means were
statistically analyzed using the two-way ANOVA test, followed by Bonferroni post-hoc tests. Statistical
significance was considered at p < 0.05.
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Abstract: Currently, the main fundamental and clinical interest for stroke therapy is focused
on developing a neuroprotective treatment of a penumbra region within the therapeutic window.
The development of treatments for ischemic stroke in at-risk patients is of particular interest. Preventive
gene therapy may significantly reduce the negative consequences of ischemia-induced brain injury.
In the present study, we suggest the approach of preventive gene therapy for stroke. Adenoviral
vectors carrying genes encoding vascular endothelial growth factor (VEGF), glial cell-derived
neurotrophic factor (GDNF) and neural cell adhesion molecule (NCAM) or gene engineered umbilical
cord blood mononuclear cells (UCB-MC) overexpressing recombinant VEGF, GDNF, and NCAM were
intrathecally injected before distal occlusion of the middle cerebral artery in rats. Post-ischemic brain
recovery was investigated 21 days after stroke modelling. Morphometric and immunofluorescent
analysis revealed a reduction of infarction volume accompanied with a lower number of apoptotic
cells and decreased expression of Hsp70 in the peri-infarct region in gene-treated animals. The lower
immunopositive areas for astrocytes and microglial cells markers, higher number of oligodendrocytes
and increased expression of synaptic proteins suggest the inhibition of astrogliosis, supporting the
corresponding myelination and functional recovery of neurons in animals receiving preventive gene
therapy. In this study, for the first time, we provide evidence of the beneficial effects of preventive triple
gene therapy by an adenoviral- or UCB-MC-mediated intrathecal simultaneous delivery combination
of vegf165, gdnf, and ncam1 on the preservation and recovery of the brain in rats with subsequent
modelling of stroke.

Keywords: stroke; preventive gene therapy; adenoviral vector; VEGF; GDNF; NCAM; human
umbilical cord blood mononuclear cells

1. Introduction

The current options for ischemic stroke treatment are extremely limited and are aimed at restoring
blood flow in the ischemic area by intravenous infusion of recombinant tissue plasminogen activator
and/or physical removal of the clots [1]. To date, the main fundamental and clinical interest is focused

Int. J. Mol. Sci. 2020, 21, 6858; doi:10.3390/ijms21186858 www.mdpi.com/journal/ijms203



Int. J. Mol. Sci. 2020, 21, 6858

on developing a neuroprotective treatment of the penumbra region within the therapeutic window.
The strategy of cell-, gene-, and gene-cell therapy for neuroprotection in stroke treatment has been
proven by numerous experiments in animal models [2–4]. Besides brain-specific cell types, umbilical
cord blood (UCB) is widely used for neuroprotection in the central nervous system (CNS) for different
pathological conditions [5]. UCB cells are considered a valuable source of stem cells, growth and
neurotrophic factors for cell therapy. The mononuclear fraction of UCB contains populations of
different immature cells that are capable of differentiating into many cell types [6] and, thus, represent
an alternative to embryonic stem cells for transplantation to patients with post-ischemic, post-traumatic
and degenerative diseases [7,8]. To date, the following have been discovered in UCB: Hematopoietic
stem cells (HSCs), endothelial progenitor cells, mesenchymal stem cells (MSCs), unrestricted somatic
stem cells (USSCs), and side population cells (SP) [9–12].

Due to the immaturity of the immune system of a new-born, the use of UCB cells for cell therapy
does not require matching of genes relating to HLA (Human Leucocyte Antigens) human tissue
compatibility, as evidenced by the absence of an acute or chronic form of the disease “graft-versus-host”
(graft versus host disease) [13,14]. In addition, with UCB cell transplantation, tumor transformation of
cells in the recipient’s body is practically prevented [15].

Another attractive reason for using UCB cells for cell therapy is their ability to produce various
biologically active molecules, such as proteins which are antioxidant, angiogenic, neurotrophic,
and growth factors [16–20]. Thus, transplantation of UCB cells can be aimed at replacing dead cells
and at preventing the further death of surviving cells due to secreted biologically active molecules.
Enhancement of the positive effects of UCB cells on tissue regeneration after their genetic modification
is a relatively new and promising gene-cell approach in cell therapy to stimulate post-traumatic
or post-ischemic brain injury [21,22]. Gene-modified UCB cells may provide addressed delivery of
therapeutic genes and supply the expression of the recombinant molecules at the site of regeneration.

In our previous studies, we showed the positive effect of gene-modified umbilical cord blood
mononuclear cells (UCB-MC), simultaneously producing three recombinant molecules—vascular
endothelial growth factor (VEGF), glial cell-derived neurotrophic factor (GDNF) and neural cell
adhesion molecule (NCAM)—in animal models of amyotrophic lateral sclerosis [23], spinal cord
injury [24], and stroke [25]. The rationale of using a combination of two neurotrophic factors with cell
adhesion molecules is based on the well-known neuroprotective effects of VEGF and GDNF [26,27],
with the expression of NCAM increasing the homing and survivability of UCB-MC at the brain injury
site [28] supporting local production of the therapeutic molecules. In the model of middle cerebral
artery occlusion (MCAO) in rats, we demonstrated that intrathecal injection of genetically-engineered
UCB-MC over-expressing VEGF, GDNF, and NCAM, four hours after MCAO results in a reduction of
infarct volume, the positive reaction of neuroglial cells and an increase in synaptic protein expression.
Thus, ex vivo gene modification may enhance the naïve neuroprotective properties of UCB-MC.

The development of treatment under the threat of stroke is of particular interest. Preventive therapy
may highly reduce the consequences of a stroke-induced brain injury. In the present study, we suggest the
approach of preventive cell-mediated gene therapy for stroke. The efficacy of gene-engineered UCB-MC
overexpressing recombinant molecules-stimulants of neuroregeneration VEGF, GDNF, and NCAM,
administered intrathecally 3 days before MCAO in rats, was investigated using morphometric and
immunofluorescent methods.

2. Results

2.1. Molecular Analysis of Gene-Modified UCBC

The efficiency of UCB-MC transduction by Ad5-GFP adenoviral vector was confirmed after 72 h of
UCB-MC+Ad5-GFP cultivation using fluorescent microscopy. In the cytoplasm of UCB-MC+Ad5-GFP,
a specific green glow was detected (Figure 1A). By the flow cytometry method, it was established that
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the percentage of GFP-positive human UCB-MC at multiplicity of infection (MOI) equal to 10 reaches
29.5% (Figure 1B).

 

Figure 1. Molecular analysis of gene modified umbilical cord blood mononuclear cells (UCB-MC).
(A,B)—Production of green fluorescent protein (GFP) in UCB-MC, 72 h after transduction with Ad5-GFP
(MOI = 10). (A)—fluorescent microscopy shows a specific green glow in UCB-MC+Ad5-GFP. Cell
nuclei are stained with Hoechst 33342 (blue glow). Scale bar = 200 μm. (B)—flow cytometry analysis
demonstrates that 29.5% of UCB-MC effectively produce reporter GFP. (C)—Quantitative analysis of
mRNA vegf165, gdnf, and ncam1 levels in intact (naïve) UCB-MC and genetically-modified UCB-MC,
72 h after transduction with three adenoviral vectors simultaneously carrying the therapeutic genes
(Ad5-VEGF, Ad5-GDNF, and Ad5-NCAM) or with Ad5-GFP (UCBC + Ad5-GFP), with a MOI = 10.
Data from two independent experiments are represented as an average value of ± SE, *—p < 0.05.
(D)—Radial comparative diagram of cytokine, chemokines and growth factors in supernatant obtained
72 h after incubation of gene modified UCB-MC (UCB-MC+Ad5- vascular endothelial growth factor
(VEGF)- glial cell-derived neurotrophic factor (GDNF)- neural cell adhesion molecule (NCAM) and
UCB-MC+Ad5-GFP) and intact UCB-MC.
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Evaluation of mRNA levels of transgenes (vegf165, gdnf, and ncam1) in genetically-modified
UCB-MC was performed by RT-PCR, 72 h after incubation of UCB-MC+Ad5-VEGF-GDNF-NCAM.
The molecular analysis revealed that the content of mRNA vegf165 increased 141.8 ± 8.24 times, gdnf
mRNA 167.51 ± 6.85 times and ncam1 mRNA 122.9 ± 13.5 times compared with intact (naïve) UCB-MC
(Figure 1C).

Multiplex analysis of cytokines, chemokines and growth factors in supernatants harvested after
the cultivation of naïve UCB-MC identified a wide range of pro- and anti-inflammatory cytokines,
chemokines and growth factors (Figure 1D). However, the concentrations of Flt-3L, IL12-p70, IL-15,
IL-17a, IL-9, and TNFb were lower than the detection level. Genetic modification of human UCB-MC
by recombinant adenovirus Ad5-GFP does not affect the secretory profile of modified cells in relation
to the investigated factors when compared to the naïve cells. UCB-MC simultaneously transduced
with Ad5-VEGF, Ad5-GDNF, and Ad5-NCAM also preserves the qualitative and quantitative profile
of expression of the investigated factors. However, as expected, in comparison with the naïve and
UCB-MC+Ad5-GFP, we observed a 200-fold increase of VEGF level. The presented results correlate
with PCR-RT data above and confirm the efficiency of UCB-MC transduction and its ability to synthesize
and secrete recombinant molecules, as with the example of VEGF. In addition, the results support
that adenoviral vector does not affect the production of the studied biologically active molecules by
human UCB-MC.

2.2. Morphometric Analysis of Infarct Area

Three weeks after ischemic stroke modelling, cerebral infarction volume analysis revealed an infarct
zone located in the parietal lobe (parietal cortex, area 1 (Par1), which corresponds to the site of MCAO
(Figure 2A,B). Morphometric analysis of the brain cortex infarct cavities volume showed the differences
between therapeutic and control groups (Figure 2C,D). The infarct cavities volume was significantly less
in the Ad5-VEGF-GDNF-NCAM (0.177 [0.155; 0.197]) and UCB-MC+Ad5-VEGF-GDNF-NCAM (0.070
[0.014; 0.245]) groups when compared with the control saline (0.607 [0.568; 0.759]) and Ad5-GFP (0.817
[0.754; 0.865]) groups (p < 0.05). In the UCB-MC+Ad5-GFP (0.249 [0.119; 0.305]) group, the infarction
volume did not differ from the gene-treated groups and was lower when compared with the saline
group (p < 0.05) (Figure 2E).

2.3. Immunofluorescent Study of Brain

Comparative analysis of the molecular and cellular changes in the peri-infarct zone (Figure 2C)
of experimental rats’ brains revealed different patterns in the expression of cellular stress, apoptosis,
and synaptic proteins and in the reorganization of neuroglial cells in relation to data obtained from
intact animals.
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Figure 2. Ischemic stroke in rats 3 weeks after the distal middle cerebral artery occlusion. (A,C)—The brain
from the control (NaCl) group. (B,D)—The brain from the therapeutic (UCB-MC+Ad5-VEGF-GDNF-NCAM)
group. In (A) and (B) the stroke area in the parietal lobe of the brain is shown with the arrow. Par1—cortex
parietals, area 1 is marked by a dotted line. In (C) and (D)—frontal sections of the brain in the stroke
area stained with hematoxylin and eosin. RH—right hemisphere; LH—left hemisphere. Inserts with
arrows show the stroke area with the maximum depth and the maximum radius of the infarct cavities
at higher magnification. White boxes in the insert in (C) panel indicate areas with S = 0.05 mm2 in the
peri-infarct zone used for immunofluorescent analysis. (E)—comparative morphometric analysis of the
infarct cavities volume in experimental groups; *—p < 0.05.
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2.3.1. Cellular Stress and Apoptosis Proteins

The expression of heat shock protein 70 kDa (Hsp70) in neural and glial brain cells has constitutional
and inductive options. Thus, Hsp70 expression is significantly upregulated in ischemic conditions [29].
In this study, analysis of the intensity of immunofluorescent brain cortex staining with antibodies
against Hsp70 revealed a different response of brain cells in the area of ischemic damage in experimental
animals when compared with intact animals (Figure 3A,G). The Hsp70 expression level in control
(NaCl) (Figure 3B,G) and Ad5-GFP (Figure 3C,G) groups was 27.375 [24.940; 28.649] and 34.361 [31.315;
35.612], respectively, and was significantly higher than that of intact animals (18.422 [17.786; 19.510]).
In the therapeutic groups with preventive gene therapy with Ad5-VEGF-GDNF-NCAM (20.419 [18.510;
22.950]) (Figure 3E,G) and UCB-MC+Ad5-VEGF-GDNF-NCAM (18.169 [17.462; 18.964]) (Figure 3F,G),
Hsp70 immunoexpression was lower compared to the control groups (p < 0.05) and did not differ
from intact group (p < 0.05). In the UCB-MC+Ad5-GFP group (Figure 3D,G), the expression level of
Hsp70 (17.651 [17.648; 20.832]) was lower than the control groups and did not differ from the intact
and therapeutic groups.

 
Figure 3. Immunoexpression of Hsp70 in the rat brain cortex, 21 days after the middle cerebral artery
occlusion. Immunofluorescent staining with antibody to heat shock protein 70 kDa in intact (A), control
NaCl (B) and Ad5-GFP (C), and therapeutic UCB-MC+Ad5-GFP (D), Ad5-VEGF-GDNF-NCAM (E)
and UCB-MC+Ad5-VEGF-GDNF-NCAM (F) groups. Arrows indicate cytoplasmic localization of
Hsp70 (red glow) in brain cells. Arrowheads point to cell nuclei visualized using DAPI (blue glow).
Scale bar in (A–F) = 50 μm; scale bar in the insert = 20 μm. (G)—comparative analysis of fluorescence
intensity level of Hsp70 in experimental groups; *—p < 0.05.
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Activation of Caspase3 enzyme characterizes the irreversible phase of nuclear DNA
degradation and subsequent cell death. In the present study, the activity of the pro-apoptotic protein
Caspase3 was studied in the ischemic brain cortex in experimental rats (Figure 4A–F). It was
found that the therapeutic groups Ad5-VEGF-GDNF-NCAM (12.00 [9.00; 13.00]) (Figure 4D,F)
and UCB-MC+Ad5-VEGF-GDNF-NCAM (9.00 [7.50; 9.00]) (Figure 4E,F) had significantly less
Caspase3-positive cells than the control NaCl (25.00 [22.00; 27.00]) group (Figure 4A,F). The number of
apoptotic cells in the UCB-MC+Ad5-VEGF-GDNF-NCAM group was also lower than the Ad5-GFP
control group (15.50 [11.75; 19.00]) (Figure 4B,F) (p < 0.05). In the UCBC+Ad5-GFP group (6.00
[3.25; 9.75]) (Figure 4C,F), the content of Caspase3-positive cells was lower than in the control groups
(p < 0.05) and did not differ from other therapeutic groups.

 
Figure 4. Count of Caspase3-positive cells in the rat brain cortex, 21 days after the middle
cerebral artery occlusion. Immunofluorescent staining with antibody to Caspase3 in control NaCl
(A) and Ad5-GFP (B), and therapeutic UCB-MC+Ad5-GFP (C), Ad5-VEGF-GDNF-NCAM (D) and
UCB-MC+Ad5-VEGF-GDNF-NCAM (E) groups. Arrow indicates nuclear localization of Caspase3
(red glow) in brain cells. Arrowheads point to cell nuclei visualized using DAPI (blue glow). Scale bar
in (A–E) = 50 μm; scale bar in the insert = 20 μm. (F)—comparative analysis of Caspase3-positive cells
number in experimental groups; *—p < 0.05.
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2.3.2. Neuroglia Cells

Analysis of GFAP-positive cells (astrocytes), Olig2-positive cells (oligodendrocytes), and Iba1-positive
cells (microglia) revealed different reactions of neuroglia cells in the ischemic area of the brain in
experimental animals.

Microglial cells are the dominant cell type involved in post-stroke neuroinflammation and
the organization of the glial scar. In the intact group, the immunopositive area for microglia
cells detected with Iba1 marker was lower (5.42 [4.96; 5.98]) (Figure 5A,G) than in the control
NaCl (12.57 [10.31; 16.82]) (Figure 5B,G) and Ad5-GFP (14.43 [12.93; 16.01]) (Figure 5C,G) groups
and in the therapeutic UCB-MC+Ad5-GFP (10.07 [7.67; 10.52]]) group (Figure 5D,G) (p < 0.05).
The Iba1-positive area in the therapeutic Ad5-VEGF-GDNF-NCAM (5.60 [4.89; 6.69]) (Figure 5E,G) and
UCBC+Ad5-VEGF-GDNF-NCAM (8.80 [6.37; 9.99]) (Figure 5F,G) groups was lower when compared
with the control groups and did not differ from the intact group (p < 0.05).

 

Figure 5. Immunoexpression of Iba1 in the rat brain cortex, 21 days after the middle cerebral artery
occlusion. Immunofluorescent staining with antibody to microglia specific calcium-binding protein
Iba1 in intact (A), control NaCl (B) and Ad5-GFP (C), and therapeutic UCB-MC+Ad5-GFP (D),
Ad5-VEGF-GDNF-NCAM (E), and UCB-MC+Ad5-VEGF-GDNF-NCAM (F) groups. Arrows indicate
cytoplasmic localization of Iba1 (green glow) in microglial cells. Arrowheads point to cell nuclei
visualized using DAPI (blue glow). Scale bar in (A–F) = 50 μm; scale bar in the insert = 20 μm.
(G)—comparative analysis of Iba1-positive areas in experimental groups; *—p < 0.05.
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Astrocytes in the post-ischemic brain, in association with microglial cells, are involved in
the formation of the glial scar, with physical and chemical properties inhibitory for brain recovery.
Decreased astrogliosis often correlates with reduced volume of ischemic infarct [30]. The GFAP-positive
areas in the brains of the intact group was lower (4.12 [3.36; 4.85]) (Figure 6A,G) than in the control
NaCl (9.34 [8.08; 10.15]) (Figure 6B,G) and Ad5-GFP (8.92 [6.25; 12.42]]) (Figure 6C,G) groups
(p < 0.05). In the therapeutic groups Ad5-VEGF-GDNF-NCAM (4.22 [3.36; 5.19]) (Figure 5E,G) and
UCBC+Ad5-VEGF-GDNF-NCAM (3.43 [2.81; 4.19]) (Figure 5F,G), the GFAP-positive areas were lower
than in the control (NaCl and Ad5-GFP) groups and did not differ from intact group (p < 0.05). In the
UCBC+Ad5-GFP (Figure 5D,G) group, the GFAP-positive area did not differ in comparison with all
experimental groups (p < 0.05).

 

Figure 6. Immunoexpression of GFAP in the rat brain cortex, 21 days after the middle cerebral
artery occlusion. Immunofluorescent staining with antibody to astrocyte specific cytoskeletal glial
fibrillary acidic protein GFAP in intact (A), control NaCl (B) and Ad5-GFP (C), and therapeutic
UCB-MC+Ad5-GFP (D), Ad5-VEGF-GDNF-NCAM (E) and UCB-MC+Ad5-VEGF-GDNF-NCAM (F)
groups. Arrows indicate cytoplasmic localization of GFAP (red glow) in astrocytes. Arrowheads
point to cell nuclei visualized using DAPI (blue glow). Scale bar in (A–F) = 50 μm; scale bar in the
insert = 20 μm. (G)—comparative analysis of GFAP-positive areas in experimental groups; *—p < 0.05.
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Postischemic brain damage is accompanied by the destruction of oligodendrocytes and the
subsequent demyelination of neural processes [31]. The number of Olig2-positive cells was significantly
reduced in the control NaCl (10.00 [9.00; 11.00]) (Figure 7B,G) and Ad5-GFP (10.00 [9.00; 11.00])
(Figure 7C,G) groups and in the UCBC+Ad5-GFP group (9.00 [9.00; 11.00]) (Figure 7D,G) relative to
the intact group (14 [13; 19]) (Figure 7A,G) (p < 0.05). The number of Olig2-positive cells in the intact
group did not differ from the therapeutic Ad5-VEGF-GDNF-NCAM (12.00 [9.00; 18.00]) (Figure 7E,G)
and UCBC+Ad5-VEGF-GDNF-NCAM (14.00 [12.00; 16.00]) (Figure 7F,G) groups. It is important to
note that there were more oligodendrocytes in the UCBC+Ad5-VEGF-GDNF-NCAM group than in the
control groups and in the UCBC+Ad5-GFP group (p < 0.05), but the number did not differ from the
Ad5-VEGF-GDNF-NCAM group.

 

Figure 7. Count of Olig2-positive oligodendrocytes in the rat brain cortex, 21 days after the
middle cerebral artery occlusion. Immunofluorescent staining with antibody to oligodendrocyte
transcription factor Olig2 (red glow) in intact (A), control NaCl (B), and Ad5-GFP (C), and therapeutic
UCB-MC+Ad5-GFP (D), Ad5-VEGF-GDNF-NCAM (E), and UCB-MC+Ad5-VEGF-GDNF-NCAM (F)
groups. Arrows indicate nuclear localization of Olig2 (red glow) in oligodendrocytes. Arrowheads
point to cell nuclei visualized using DAPI (blue glow). Scale bar in (A–F) = 50 μm; scale bar in the
insert = 20 μm. (G)—comparative analysis of Olig2-positive cells number in experimental groups;
*—p < 0.05.
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2.3.3. Synaptic Proteins

Synaptothysin is associated with synaptic vesicles involved in nerve impulse transmission, and its
content in the presynaptic area reflects the functional activity of neurons. The synaptophysin
level of fluorescence was reduced in the control NaCl (55.00 [53.00; 61.00]) (Figure 8B,G) and
Ad5-GFP (56.00 [48.00; 59.00]) (Figure 8C,G) groups when compared with the intact group (78.00
[61.00; 87.00]) (Figure 8A,G) (p < 0.05). Immunoexpression of synaptophysin in the therapeutic
Ad5-VEGF-GDNF-NCAM (64.00 [61.00; 72.00]) (Figure 8E,G), UCBC+Ad5-VEGF-GDNF-NCAM (62.00
[61.00; 65.00]) (Figure 8F,G) and UCBC+Ad5-GFP groups (79.00 [76.00; 81.00]) (Figure 8D,G) was higher
than in the control groups and did not differ from the intact group (p < 0.05).

 
Figure 8. Immunoexpression of Synaptophysin in the rat brain cortex, 21 days after the middle cerebral
artery occlusion. Immunofluorescent staining with antibody to synaptic vesicle membrane protein
Synaptophysin in intact (A), control NaCl (B) and Ad5-GFP (C), and therapeutic UCB-MC+Ad5-GFP
(D), Ad5-VEGF-GDNF-NCAM (E) and UCB-MC+Ad5-VEGF-GDNF-NCAM (F) groups. Arrows
indicate Synaptophysin (green glow) in neurons. Arrowheads point to cell nuclei visualized using
DAPI (blue glow). Scale bar in (A—F) = 50 μm; scale bar in the insert = 20 μm. (G)—comparative
analysis of fluorescence intensity level of Synaptophysin in experimental groups; *—p < 0.05.
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Postsynaptic density protein 95 kDa (PSD95) is associated with the functional activity of the
postsynaptic membrane, providing its stability and plasticity in interactions with neurotransmitters.
As for the intact group, the immune expression of PSD95 (65.0 [62.00; 69.00]) (Figure 9A,G)
was reduced in all experimental groups except for the group UCBC+Ad5-VEGF-GDNF-NCAM
(55.00 [50.00; 57.00]) (p < 0.05) (Figure 9F,G). However, the level of PSD95 fluorescence was
significantly higher in the therapeutic Ad5-VEGF-GDNF-NCAM (62.50 [57.75; 67.00]) (Figure 9E,G),
UCBC+Ad5-VEGF-GDNF-NCAM and UCBC+Ad5-GFP (50.00 [48.50; 57.50]) (Figure 9D,G) groups,
in comparison with the control group NaCl (43.00 [38.50; 46.00]) (Figure 9B,G), which did not differ
from the Ad5-GFP group (49.00 [46.00; 51.00]) (Figure 9C,G) (p < 0.05).

 

Figure 9. Immunoexpression of PSD95 in the rat brain cortex 21 days after the middle cerebral
artery occlusion. Immunofluorescent staining with antibody to postsynaptic membrane protein
PSD95 in intact (A), control NaCl (B) and Ad5-GFP (C), and therapeutic UCB-MC+Ad5-GFP (D),
Ad5-VEGF-GDNF-NCAM (E) and UCB-MC+Ad5-VEGF-GDNF-NCAM (F) groups. Arrows indicate
PSD95 (green glow) in neurons. Arrowheads point to cell nuclei visualized using DAPI (blue glow).
Scale bar in (A–F) = 50 μm; scale bar in the insert = 20 μm. (G)—Comparative analysis of fluorescence
intensity level of PSD95 in experimental groups; *—p < 0.05.
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2.4. Expression of Recombinant Molecules in the Rat Brain after Intrathecal Adenoviral-Mediated Delivery
of Transgenes

The expression of the reporter gfp and therapeutic vegf165, gdnf and ncam1 genes was
studied in the stroke area of rat brains, 25 days after an intrathecal injection of Ad5-GFP or
Ad5-VEGF-GDNF-NCAM. Green fluorescent protein was detected in brain cells by laser microscopy
(Figure 10A). Immunofluorescent analysis using specific antibodies to VEGF, GDNF, and NCAM also
revealed target molecules in the brain cells (Figure 10B–D). In the peri-infarct zone, we observed an
approximately equal distribution of the cells producing reporter GFP or recombinant VEGF, GDNF,
and NCAM molecules.

 
Figure 10. Expression of recombinant molecules in rat brain on 25th day after intrathecal injection of
Ad5-GFP and Ad5-VEGF-GDNF-NCAM. (A)—Specific green glow of GFP in the transduced brain
cells. (B)—Immune reaction with antibody to vascular endothelial growth factor (VEGF) in brain cells
(red glow). (C)—Immune reaction with antibody to glial-derived neurotrophic factor (GDNF) (red
glow). (D)—Immune reaction with antibody to neuronal cell adhesion molecule (NCAM) (red glow).
Arrows point to the transduced brain cells. Arrowheads indicate cell nuclei visualized using DAPI
(blue glow). Scale bar in (A–D) = 50 μm; scale bar in the inserts = 20 μm.

2.5. Expression of Recombinant Molecules in Rat Brain after Intrathecal UCB-MC-Mediated Delivery
of Transgenes

The synthesis of the reporter GFP in UCB-MC in vivo was studied on day 24 after intrathecal
injection of UCB-MC transduced with Ad-GFP. Antibody to human nuclear antigen (HNA) was
used for the identification of UCB-MC in the rat brain cortex. HNA-positive cells producing GFP
were revealed in the peri-infarct zone (Figure 11A). The production of therapeutic molecules (VEGF,
GDNF, and NCAM) in transplanted, genetically-modified UCB-MC was studied using a double
immunofluorescent staining method with antibodies against HNA and to one of the recombinant
molecules. HNA-positive cells producing recombinant human molecules VEGF (Figure 11B), GDNF
(Figure 11C), and NCAM (Figure 11D) were detected in the left hemisphere, 24 days after the intrathecal
injection of UCB-MC+Ad5-VEGF-GDNF-NCAM.
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Figure 11. Expression of recombinant molecules in rat brain on the 24th day after intrathecal injection
of UCB-MC+Ad5-GFP and UCB-MC+Ad-VEGF-GDNF-NCAM. UCB-MC+Ad-VEGF-GDNF-NCAM
are visualized with antibody against the human nuclear antigen (HNA). Cell nuclei are counterstained
with DAPI (blue glow). (A)—Specific green glow in UCB-MC+Ad5-GFP. (B)—Immune reaction with
antibody against vascular endothelial growth factor (VEGF) (red glow). (C)—Immune response with
antibody against glial-derived neurotrophic factor (GDNF) (red glow). (D)—Immune response with
antibody against neuronal cell adhesion molecule (NCAM) (red glow). Arrows point to the UCB-MC.
Arrowheads indicate cell nuclei visualized using DAPI (blue glow). Scale bar in (A–D) = 50 μm; scale
bar in the inserts = 20 μm.

2.6. Multiplex Analysis of Cytokines, Chemokines and Growth Factors in Blood (Serum) and Cerebrospinal
Fluid (Liquor) Samples of Experimental and Intact Animals

Granulocyte colony-stimulating factor (G-CSF), granulocyte and monocyte colony-stimulating
factor (GM-CSF), interferon-γ (IFN-γ), interleukin-4 (IL-4), interleukin-10 (IL-10), interleukin-12
(IL-12), and VEGF are considered cytokines with neuroprotective action, while interleukin-1 (IL-1),
interleukin-6 (IL-6), interleukin-17 (IL-17), and tumor necrosis factor-α (TNF-α) can cause secondary
death of nerve cells. In the present study, preliminary analysis of endogenous cytokines, chemokines
and growth factors in cerebrospinal fluid in animals from the control group NaCl showed no significant
differences in comparison with intact rats, which probably indicates the cessation of inflammatory
response 21 days after modelling a stroke. In addition, intrathecal injection of a combination of
adenoviral vectors carrying cDNA encoding VEGF, GDNF, and NCAM, or genetically-modified
UCB-MC+Ad5-VEGF-GDNF-NCAM on day 21 of the experiment does not reliably affect the cytokine
levels in liquor samples when compared with intact rats.
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3. Discussion

It is known that ischemic stroke leads to massive loss of neurons and glial cells immediately
after acute arterial occlusion. Neuron death caused by necrosis and apoptosis is the result of blood
flow impairment, oxidative stress, mitochondrial dysfunction, and excitotoxicity. Unfortunately,
these irreversible changes rapidly spread beyond the epicenter of the ischemic damage, resulting
in progressive neurodegeneration on the following days, and even over the following week [32].
However, during the first hours, an ischemic penumbra with blood supply below a normal level is
formed around the ischemic core with irreversible changes. The viability of cells in the penumbra is
limited to a 3–6-h period of the therapeutic window, during which it is possible to restrain the entry
into apoptosis of neurons and glial cells and thus prevent the increase of infarction volume.

Despite the improved efficiency of modern therapy for ischemic brain stroke, recovery of patients
is not satisfactory. Today, specific therapy for acute stroke is aimed at restoring blood circulation
in the ischemic area and maintaining the metabolism of brain cells. However, the drugs used in
practical medicine are not effective in controlling the death of nerve cells in the ischemic penumbra,
which results in an extensive increase in brain infarction. It is known that there are natural limitations
neuroregeneration in the CNS; therefore, there is a need to develop new effective approaches to
maintain the viability of nerve cells in the ischemic penumbra in the 3–6-h therapeutic window.

It is known that neuroontogenesis (addressed migration of brain cells, directed axon growth and
establishment of intercellular contacts) involves an information exchange between neurons, which
is realized through neurotrophic factors produced in some neurons or in non-neural cells that affect
other neurons. In postnatal ontogenesis, there is no formation of new cortical neurons. Therefore,
dying neurons are not restored. This does not mean that there is no regeneration in brain cortex;
however, as regeneration is carried out due to intracellular regeneration of damaged neurons, growth
of their neuritis and restoration of synaptic connections between regenerating and intact neurons.
During neuroregeneration, neurotrophic factors support neuronal survival, stimulate axonal growth,
and establish lost synaptic contacts.

At present, the most promising of the actively developed strategies to prevent brain cell death in
penumbra is the development of gene and cellular technologies. Gene therapy is mainly aimed at the
delivery of therapeutic genes encoding neurotrophic factors. Among them, the most promising are genes
encoding neurotrophic factors (BDNF, CNTF, GDNF, VEGF), anti-apoptotic proteins (Bcl-2, Bcl-XL),
heat shock proteins (Hsp25, Hsp70), and anti-inflammatory molecules (IL-1RA). The neuroprotective
effect of these factors has been experimentally proven, but there is no unequivocal, let alone exhaustive,
answer to the question of which of these factors may be recommended as neuroprotective factors in
practical medicine. It has been established that combinations of several neurotrophic factors may have
a more pronounced effect on nerve cell survival [25,28].

Other equally important issues in the strategy for the gene therapy of stroke include the
development of technology to deliver transgenes to the brain. Difficulties in the delivery of therapeutic
genes to the cerebral infarction area are one of the main reasons for the unavailability of effective gene
therapy in treating post-ischemic negative consequences in the brain. Direct (in vivo) gene therapy
provides for the delivery of transgenes into the recipient brain plasmid or viral genetic vectors [33].
Cell-mediated (ex vivo) gene therapy is based on the delivery of therapeutic genes using cells that
serve as carriers of transgenes, as well as producers of recombinant protein molecules.

For the treatment of stroke, various methods of gene therapy are known, the effectiveness of which
has been proven in numerous experiments on animals [2,4,34]. Injections of viral vectors carrying
transgenes into the ventricles or the infarction area are mainly used to deliver the therapeutic genes to
the brain. Genetic vectors based on Sendai virus vectors containing gdnf or ngf genes were injected
30 min after stroke simulation [35]. The adeno-associated viral vector carrying gdnf was injected 2 days
after the stroke modelling [36]. In other studies, viral vectors carrying therapeutic genes were delivered
before modelling the stroke. The positive effect was shown after local delivery to the brain of gdnf or
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cntf genes—7 days [37], bdnf —2 weeks [38], gdnf —4 weeks [39], or ngf and bdnf —4 to 5 weeks [40]
before stroke modelling.

The list of genes employed in gene therapy for stroke is quite long. Of these, we find vegf, gdnf,
and ncam to be the most promising.

In addition to angiogenic action, VEGF exhibits the properties of a typical neurotrophic
factor. It supports survival of sensitive [41] and motor neurons [42] and stimulates proliferation of
astrocytes [43], neural stem cells [44], and Schwann’s cells [41]. GDNF has a pronounced neuroprotective
effect on dopaminergic brain neurons and cholinergic spinal cord motoneurons [45] and stimulates the
growth of nerve processes [46]. NCAM (CD56) is expressed on the surface of neurons and glial cells.
Intercellular interactions mediated by NCAM in neuro-ontogenesis and posttraumatic regeneration
provide survival and migration of neurons, directed neurite growth and synaptogenesis.

The efficiency of cell therapy for stroke treatment in experiments using neural precursors derived
from embryonic stem cells [47], induced pluripotent cells [48], MSCs isolated from red bone marrow [49]
or UCB [50] suggests the use of these cells as carriers of therapeutic genes for delivery to the brain.
Thus, MSCs were used for delivery of bdnf [51], pigf [52], and vegf165 [53] to the brain. Of particular
interest is the transduction of cell carriers by two or more expression vectors [28]. This approach allows
simultaneous overexpression of several molecules/stimulants of neuroregeneration to be obtained.
In our studies, in addition to the gene encoding neurotrophic factors, a gene encoding NCAM was
delivered into UCB-MC, which, according to the obtained data, promoted the addressed migration of
transplanted cells into the CNS after intravenous injection, increased their survival in the recipient’s
tissues and supported prolonged production of recombinant therapeutic molecules [28]. In clinical
investigations, autologous cells isolated from the red bone marrow (mononuclear and MSCs) or
peripheral blood (CD34+) are predominantly used in the cell therapy of patients after stroke [54,55].

The most promising cell carriers of therapeutic genes are UCB-MC [56–58]. The basis for their
application is the suitability for both allografting and autotransplantation in humans, availability,
and the ease of obtaining and storage. An important factor is the absence of legal, ethical, and
religious prohibitions related to blood cell transplantation. In our previous study, we showed that
intrathecal injection of adenoviral vectors carrying vegf, gdnf, and ncam, or genetically-modified
UCB-MC+Ad5-VEGF-GDNF-NCAM, 4 h after stroke modelling in rats, had a positive effect
on the morpho-functional recovery of the post-ischemic brain [25]. Adenoviral vectors and
genetically-modified UCB-MC with cerebrospinal fluid reached the ischemic area and delivered
the production of recombinant VEGF, GDNF, and NCAM, lasting up to 21 days in the experiment.

Other important issues in the strategy for the treatment of ischemic stroke include the development
of approaches to enhance the viability of neurons with the threat of a stroke. Patients with transient
ischemic attacks, arterial hypertension, atrial fibrillation, disorders of lipid metabolism with high
cholesterol and diabetes are at high risk of ischemic stroke. Preventive therapy aimed at increasing the
survivability of neurons in at-risk patients may prevent severe post-ischemic consequences in the brain,
or improve the outcome of the disease. Currently, in medical practice, measures to prevent stroke are
based on the use of anticoagulants and prosthetics of blood vessels. At the same time, the preventive
methods that are able to considerably decrease the death of neurons in the “ischemic penumbra” during
the 3–6-h “therapeutic window” are unknown. Enhancement of the viability of nerve cells at risk of
stroke is also associated with the delivery of therapeutic genes that encode molecules to the brain, which
inhibit neuronal death and stimulate neuroregeneration. In this study, for the first time, we propose the
approach of preventive gene therapy to improve the viability of brain neurons under threat of ischemic
stroke to contain neuronal death in the first hours of a stroke. The use of leucocytes for delivery of
therapeutic genes (vegf165, gdnf, and ncam1) in the brain was based on their biological properties.
Leucocytes are cells with high secretory and migration potentials, which suggest their exclusive role
as cell carriers for addressed delivery and effective expression of transgenes. The results obtained
in the study demonstrate that preventive intrathecal adenoviral- or UCB-MC-mediated delivery of
vegf165, gdnf, and ncam1 results in a reduction of apoptosis and, consequently, the infraction volume.
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In addition to the decrease in expression of proteins of cellular stress and restraining neuronal death in
the area of ischemic damage, we found evidence of the restoration of functional activity of neurons
(increase in expression of synaptic proteins), maintenance of myelinization (increase in the number of
oligodendrocytes) and an obstacle to astrogliosis development (decrease in the immunopositive areas
for astrocytes and microglial cells markers). Importantly, transplantation of gene-modified UCB-MC is
safer and more efficacious compared with direct gene therapy. These data are in line with our results
using the same gene and gene-cell constructs for ischemic stroke treatment in rats and allow us to
conclude that preventive gene therapy may be effective in overcoming the negative consequences of
ischemic stroke in the rehabilitation period.

Recently, for personalized ex vivo gene therapy, we suggested the use of gene-modified
leucoconcentrate (GML) prepared from patient’s peripheral blood and chimeric adenoviral vectors
(Ad5/35F) carrying one or a combination of therapeutic genes [59]. Taken together with the concept of
GML-therapy and the data of this study, we propose the use of GML carrying vegf165, gdnf, and ncam1
for personalized preventive gene therapy in the threat of stroke.

4. Materials and Methods

4.1. Preparation and Molecular Analysis of Gene-Modified UCB-MC

Human (vegf165, gdnf, ncam1) and reporter (gfp) genes were inserted into recombinant
replication-defective adenovirus serotype 5 (Ad5) in the Gamaleya Research Institute of Epidemiology
and Microbiology (Moscow, Russia), as described previously [25]. Viral vectors were grown in HEK-293
cell culture, purified by exclusion chromatography and the titres of Ad5-VEGF (2.6 × 109 PFU/mL),
Ad5-GDNF (1.7 × 1010 PFU/mL), Ad5-NCAM (2.4 × 1010 PFU/mL) and Ad5-GFP (1.2 × 1010 PFU/mL)
were determined in the HEK-293 cell culture using the plaque formation technique.

The fraction of mononuclear cells from UCB was isolated onto a density barrier by the standard
technique of sedimentation, seeded in 10 cm culture dishes and simultaneously transduced with
three adenoviral vectors at an equal ratio: Ad5-VEGF (1/3)+Ad5-GDNF (1/3)+Ad5-NCAM (1/3) or
with Ad5-GFP with MOI of 10, as described previously [25]. To confirm the efficacy of UCB-MC
transduction, the gene-modified cells were cultured for 96 h. Transduction with therapeutic genes
(vegf165, gdnf, ncam1) was confirmed by a real-time polymerase chain reaction (RT-PCR) and with
reporter green fluorescent protein (gfp) using fluorescent microscopy, as described previously [57].

For direct (in vivo) preventive gene therapy, a mixture of 2 × 107 virus particles in an equal
ratio of Ad5-VEGF (1/3)+Ad5-GDNF (1/3)+Ad5-NCAM (1/3) in 20 μL of saline and Ad5-GFP in
20 μL of saline were prepared. For cell-mediated (ex vivo) preventive gene therapy, 2 × 106

UCB-MC+Ad5-VEGF+Ad5-GDNF+Ad5-NCAM in 20 μL of saline and 2 × 106 UCB-MC+Ad5-GFP in
20 μL of saline were prepared.

The efficiency of UCB-MC genetic modification by adenoviral vector, bearing green fluorescent
protein reporter gene, was analyzed 72 h after cell transduction. The production of green fluorescent
protein UCB-MC+Ad5-GFP was examined with the Axio Oberver Z1 inverted fluorescence microscope
(Carl Zeiss, Germany). The number of transduced UCBC was estimated using a BD FACSAria III flow
cytomography fluorimeter (BD Bioscience, New York, NY, USA) and BD FACS Diva7 software (BD
Bioscience, New York, NY, USA).

mRNA levels of vegf165, gdnf, and ncam1 transgenes in the UCB-MC, simultaneously
transduced by a combination of three adenoviral vectors Ad5-VEGF, Ad5-GDNF and Ad5-NCAM,
were analyzed with PCR-RT. Extraction of common RNA from UCB-MC+Ad5-VEGF-GDNF-NCAM
and UCB-MC+Ad5-GFP, 72 h after cell incubation, was carried out using a set Yellow Solve (Silex),
according to the manufacturer’s instructions. Reference samples of common RNA were derived from
non-transduced UCBC. The cDNA synthesis was performed using six nucleotide random primers
and reverse transcriptase RevertAid Reverse Transcriptase (Thermo Fisher Scientific). Quantitative
level analysis mRNA of the target cDNA was performed using a CFX 96 Real-Time PCR System
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thermocirculator (BioRad, Hercules, CA, USA), using the TaqMan system. Sequences of primers and
probes of the reaction mixture are presented in Table 1. Received data was normalized by the 18S
rRNA reference gene. For each target gene, the results were obtained in two independent experiments
and presented as a mean value ± SE, p < 0.05.

Table 1. Experimental groups of animals.

Groups Preparation for Animals Treatment Number of Animals

Control 20 μL 0.9% NaCl intrathecally injected 4 days before ischemic
stroke modelling 5

Ad5-GFP Ad5 carrying gfp in 20 μL of saline intrathecally injected 4 days
before ischemic stroke modelling 6

Ad5-VEGF+Ad5-
GDNF+Ad5-NCAM

Mixture of the three Ad5 carrying vegf165, gdnf and ncam1 in
20 μL of saline intrathecally injected 4 days before ischemic

stroke modelling
6

UCBC+Ad5-GFP
2 × 106 UCBC transduced with Ad5 carrying gfp in 20 μL of

saline intrathecally injected 3 days before ischemic stroke
modelling

6

UCBC+Ad5-VEGF-GDNF-NCAM
2 × 106 UCBC simultaneously transduced with three Ad5

carrying vegf165, gdnf and ncam1 in 20 μL of saline
intrathecally injected 3 days before ischemic stroke modelling

6

Supernatant obtained 72 h after incubation of gene-modified UCB-MC (UCB-MC+Ad5-VEGF
-GDNF-NCAM and UCB-MC+Ad5-GFP) and intact UCB-MC were used for multiplex profiling.
In this work, commercially available panels, Human Cytokine/Chemokine Magnetic Bead Panel
(HCYTMAG-60K-PX41), were applied, containing the following analytes: EGF, FGF2, Eotoxin, TGF-a,
G-CSF, Flt-3L, GM-CSF, Fractalkine, IFNa2, IFN-g, GRO, IL10, MCP-3, IL12-p40, MDC, IL12-p70,
PDGF-AA, IL-13, PDGF-AB/BB, IL-15, sCD40L, IL-17a, IL-1ra, IL-1a, IL-9, IL-1bIL-2, IL-3, IL-4,
IL-5, IL-6, IL-7, IL-8, IP10, MCP-1, MIP-1a, MIP-1b, RANTES, TNFa, TNFb, and VEGF (Millipore).
The quantitative analysis of target molecules was performed on a Bio-Plex200 System (BioRad, USA)
according to the protocol recommended by the manufacturer and using Bio-Plex Manager 4.1 software
(Bio-RadLaboratories). The results were statistically processed using the following methods, using
linear models implemented in the limma package. Fold Change was used as an estimate for the effect
size, obtained for pairwise comparison.

4.2. Animals and Treatments

The animal protocols were conducted in strict compliance with the guidelines established by the
Kazan State Medical University Animal Care and Use Committee (approval No. 10, 2017). Experiments
were performed on adult female Wistar rats (weight of 200–250 g) obtained from Pushchino Laboratory
(Pushchino, Russia). Animals were housed one per cage according to approved procedures for the use
of animals in laboratory experiments.

For preventive gene therapy, rats were deeply anesthetized intraperitoneally with Zolitil 100
(Virbac Laboratoires, France) 3 mg/kg and Xyla (Interchemie werken “De Adelaar” B.V., Netherlands)
4.8 mg/kg. A laminectomy was made over the L4–L5 vertebral level and gene-modified UCBC or
adenoviral vectors were infused intrathecally. The rats were divided into five experimental groups
according to the injected substances (Table 1).

Ischemic stroke in the rats was induced 3 days after intrathecal injection of UCB-MC+Ad5-GFP
and UCB-MC+Ad5-VEGF-GDNF-NCAM or 4 days after intrathecal injection of 0.9% NaCl, Ad5-GFP
and Ad5-VEGF-GDNF-NCAM. The ischemic stroke was induced by permanent MCAO, as described
previously [25]. In brief, to reduce blood flow in the circle of Willis, the right common carotid artery
was ligated with surgical silk. In the left side, a 4–5 mm hole was drilled in the temporal bone and
MCAO was performed by thermocoagulation using an operating microscope.
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To reduce suffering and distress, post-operative care included analgesic therapy with Ketamine
(Dr. Reddy’s Laboratories, Ltd., Hyderabad, Andhra Pradesh, India) intramuscularly (2.5 mg/kg)
once-a-day and antibacterial therapy with Ceftriaxone (Sandoz, Austria) intramuscularly (50 mg/kg)
once-a-day for 5 days. Based on our previous study [25] for evaluation of preventive gene therapy,
experimental animals were sacrificed three weeks after MCAO.

4.3. Morphometric and Immunofluorescent Analysis of the Brain

For histological analysis, rats were deeply anesthetized by intraperitoneal injection of sodium
pentobarbital (60 mg/kg) and intracardially perfused with 4% paraformaldehyde (PFA, Sigma) in
phosphate-buffered saline (PBS, pH 7.4). The brains of the rats were isolated from the skull, post-fixed
in 4% paraformaldehyde and cryoprotected in 30% sucrose. Frozen frontal sections of the brain were
obtained through the epicenter of ischemic injury using a cryostat (Microm HM 560, Thermo Scientific,
Waltham, MA, USA).

Morphometric analysis of the volume of the cerebral infarction included macroscopic evaluation
of the infarct area of the whole brain by capturing digital images and microscopic study every 10
frontal brain sections (with 200 μm interval) through the ischemic injury area, after staining with
hematoxylin and eosin. To calculate the infarction volume, maximal depth and maximal diameter of
the infarct cavities were estimated using ImageJ software (NIH). The calculation was carried out as
V = 1/3 ×maximal depth × π × (maximal diameter/2)2.

Immunofluorescent staining was performed on 20 μm sections of frontal brain using primary
antibodies (Ab) reacting with cell specific markers (Table 2). The viability of neural cells was evaluated
using Ab to pro-apoptotic protein (Caspase3) and heat shock protein 70 kDa (Hsp70). Synaptic function
of preserved neurons was assessed with Ab against synaptophysin and postsynaptic density protein
95 kDa (PSD95). Responses of glial cells were assessed with Ab to GFAP for astrocytes, Ab to Olig2 for
oligodendrocytes and Ab to Iba1 for microglia. Anti-human nuclear antigen (HNA) antibodies were
used for identification of human UCBC in the rat brain. Double immunofluorescent staining with Ab
to HNA and Ab to human VEGF, GDNF, and NCAM were employed to analyze the expression of
those recombinant molecules in UCB-MC. For immunofluorescent labelling, sections were incubated
with secondary antibodies (Table 2). Appropriate secondary Alexa Fluor 647 and 488 conjugated Abs
were used for immunofluorescent labelling of the target molecules. Cell nuclear counterstaining was
performed with DAPI (10 μg/mL in PBS, Sigma), sections were embedded in glycerol (GalenoPharm,
Saint Petersburg, Russia) and observed under a LEICA TCS SP5 MP microscope (Leica Microsystems,
Wetzlar, Germany).

Digital images were captured using identical confocal settings in areas of 0.05 mm2 and analyzed
with ImageJ software (NIH) in 10 captured fields in the peri-infarct zone (Figure 2C) in each section, as
described previously [25]. The number of immunopositive cells for apoptosis protein Caspase3 and
oligodendroglial cells transcription factor Olig2 were counted in regard to nuclear counterstaining
with DAPI. Neuroglial markers for astrocytes (GFAP) and microglia (Iba1) were evaluated as the
immunopositive areas and presented in percentages. The level of synaptic proteins (synaptophysin
and PSD95) and Hsp70 immunoexpression in brain sections was evaluated as mean pixel intensities.
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Table 2. Antibodies used in immunofluorescent analysis.

Antibody against: Host Dilution Source

Caspase3 Rabbit 1:200 Abcam

Glial cell-derived neurotrophic factor (GDNF) Rabbit 1:100 Santa Cruz

Glial fibrillary acidic protein (GFAP) Mouse 1:200 Santa Cruz

Ionized calcium binding adaptor molecule 1 (Iba1) Rabbit 1:150 Biocare Medical

Human Nuclear Antigen (HNA) Mouse 1:150 Millipore

Heat shock protein 70 kDa (Hsp70) Rabbit 1:200 Abcam

Oligodendrocyte transcription factor 2 (Olig2) Rabbit 1:100 Santa Cruz

Neural cell adhesion molecule (NCAM) Rabbit 1:100 Santa Cruz

Postsynaptic density protein 95 kDa (PSD95) Rabbit 1:200 Abcam

Synaptophysin Rabbit 1:100 Abcam
Vascular endothelial growth factor (VEGF) Goat 1:300 Sigma

Rabbit IgG conjugated with Alexa 647 Donkey 1:200 Invitrogen

Mouse IgG conjugated with Alexa 488 Donkey 1:200 Invitrogen

4.4. Multiplex Cytokine Analysis of the Cerebrospinal Fluid

Multiplex profiling was performed in cerebrospinal fluid (liquor) of experimental and intact
animals using the commercially available Bio-Plex Pro™ Rat Cytokine 23-Plex Assay panel, containing
the following analytes: G-SCF, GM-CSF, GRO/KC, IFN-g, IL-10, IL-12p70, IL-13, IL-18, IL-1a, IL-1b, IL-2,
IL-4, IL-5, IL-6, IL-7, IL17A, M-CSF, MCP-1, MIP1a, MIP3a, RANTES, TNFa, and VEGF. Quantitative
analysis of target molecules was performed on a Bio-Plex200 System analyzer (BioRad, USA),
as recommended by the manufacturer, using Bio-Plex Manager 4.1 software (Bio-RadLaboratories).
The statistical processing of obtained results was carried out using linear models implemented in the
limma package.

4.5. Statistics

Statistical data analysis and visualizations were performed using R version 3.5.3 (R Foundation for
Statistical Computing, Vienna, Austria). Sample distributions of quantitative values were visualized
using box plots, and descriptive statistics are presented as: (Median [1st quartile; 3rd quartile]).
The Kruskal–Wallis test was used to compare morphometric and immunofluorescent staining data
between experimental groups when a null hypothesis was rejected; we used Dunn’s-test as the post
hoc method. Differences were considered statistically significant where p < 0.05.

5. Conclusions

Methods of preventive gene therapy of ischemic stroke in at-risk patients are currently unknown.
In this study, for the first time, we provide evidence of the beneficial effects of preventive triple
gene therapy by an adenoviral- or UCB-MC-mediated intrathecal simultaneous delivery combination
of vegf165, gdnf, and ncam1 on the preservation and recovery of the brain in rats with subsequent
modelling of stroke. The obtained data represent a novel and potentially successful approach for
ischemic stroke treatment in patients.
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Abstract: Stroke is a life-threatening condition that leads to the death of many people around
the world. Reperfusion injury after ischemic stroke is a recurrent problem associated with various
surgical procedures that involve the removal of blockages in the brain arteries. Lipid emulsion
was recently shown to attenuate ischemic reperfusion injury in the heart and to protect the brain
from excitotoxicity. However, investigations on the protective mechanisms of lipid emulsion against
ischemia in the brain are still lacking. This study aimed to determine the neuroprotective effects
of lipid emulsion in an in vivo rat model of ischemic reperfusion injury through middle cerebral
artery occlusion (MCAO). Under sodium pentobarbital anesthesia, rats were subjected to MCAO
surgery and were administered with lipid emulsion through intra-arterial injection during reperfusion.
The experimental animals were assessed for neurological deficit wherein the brains were extracted
at 24 h after reperfusion for triphenyltetrazolium chloride staining, immunoblotting and qPCR.
Neuroprotection was found to be dosage-dependent and the rats treated with 20% lipid emulsion
had significantly decreased infarction volumes and lower Bederson scores. Phosphorylation of Akt
and glycogen synthase kinase 3-β (GSK3-β) were increased in the 20% lipid-emulsion treated group.
The Wnt-associated signals showed a marked increase with a concomitant decrease in signals
of inflammatory markers in the group treated with 20% lipid emulsion. The protective effects of lipid
emulsion and survival-related expression of genes such as Akt, GSK-3β, Wnt1 and β-catenin were
reversed by the intra-peritoneal administration of XAV939 through the inhibition of the Wnt/β-catenin
signaling pathway. These results suggest that lipid emulsion has neuroprotective effects against
ischemic reperfusion injury in the brain through the modulation of the Wnt signaling pathway and
may provide potential insights for the development of therapeutic targets.

Keywords: neuroprotection; stroke; ischemia; middle cerebral artery occlusion; reperfusion injury;
lipid emulsion; excitotoxicity

1. Introduction

Stroke is an acute life-threatening condition in which poor blood perfusion in the brain causes cell
death. Life style modification and pharmacological interventions to manage risk factors have been used
to lower the incidence of strokes worldwide [1]. Despite such efforts, stroke is still associated with high
mortality and morbidity across the globe [2]. Ischemic reperfusion injury in the brain is detrimental
and elicits major dysfunctions within the body, such as impairments in movement, cognition and
other vital functions [3]. Ischemic reperfusion injury in the brain encompasses abnormal production
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of oxygen radicals that may exacerbate initial ischemic injuries [4]. Such injury can occur in the current
clinical therapies for stroke, such as thrombectomy. These surgeries are effective to ameliorate ischemic
damage in the brain by the elimination of blockages [5]. However, it is currently arduous to prevent
further oxidative damage caused by reperfusion. Again, secondary damage caused by reperfusion is
intractable and could render leaving the reversible areas, such as the penumbra, vulnerable to oxidative
damage [6]. Meanwhile, increases in inflammatory markers have been shown to reflect ischemic injuries
in clinical settings. Cytokines, such as interleukin-1β (IL-1β), interleukin-6 (IL-6), interleukin-8 (IL-8),
tumor necrosis factor-α (TNF-α), ficolin-1 and others, have been reported to increase in relations with
the incident of stroke [7–10]. Therefore, decreasing inflammatory activity may be a goal for effective
therapies. In previous studies, the administration of recombinant interleukin-1 receptor antagonist
in rat models of middle cerebral artery occlusion (MCAO) successfully provided protection against
ischemic injury [11,12]. However, the protective effects of interleukin-1 receptor antagonist have not
been able to translate to neuroprotection in clinical trials but remain as a potential therapy through
continued research [7].

Previous studies have implicated the importance of the canonical Wnt signaling pathway
in the case of ischemic reperfusion injury [13,14]. The activation of glycogen synthase kinase-3β
(GSK-3β) and the downregulation of protein kinase B (Akt) have been reported as important factors that
contribute to the death of neurons [15,16]. The modulation of these proteins has been reported to affect
survival of neurons in excitotoxic conditions [16,17]. The activity of GSK-3β leads to the degradation
of downstream survival markers such as β-catenin through ubiquitination. Furthermore, canonical
Wnt signals, which are lipid-modified glycoproteins, have been reported to inactivate GSK-3β
through phosphorylation and thereby promote cell survival [18]. A recent study reported that motor
exercise stimulated the canonical Wnt/β-catenin pathway for recovering from focal cerebral ischemic
reperfusion injury in juvenile rats. Motor activity regulated canonical Wnt/β-catenin pathway and
promoted neurogenesis and myelin repair [19]. Another study reported that electroacupuncture
in multiple acupoints of a paralyzed limb stimulated the proliferation of neural progenitor cells through
the activation of the Wnt/β-catenin signaling pathway and suppression of GSK-3β [20].

Lipid emulsion (LE) was approved for clinical use as a component of parenteral nutrition
in 1962 [21]. LE is composed of 20% soybean oil, 1.2% egg yolk phospholipids, 2.25% glycerin
and water for injection (Intralipid™ 20%, Fresenius Kabi, Uppsala, Sweden). The major fatty
acids that constitute soybean oil are linoleic acid (44–62%), oleic acid (19–30%), palmitic acid
(7–14%), linolenic acid (4–11%) and stearic acid (1.4–5.5%). In 1998, Weinberg et al. [22] shed
light on the cardioprotective properties of LE against local anesthetic toxicity. Clinical reports have
utilized the administration of LE for resuscitation from cardiac toxicity induced by lidocaine [23],
ropivacaine [24] or bupivacaine [25]. The mechanism of protection of cardiac cells from excitotoxic
conditions by LE depends on the phosphorylation of Akt [26] and GSK-3β [27] that contributes to cell
survival. LE also has been reported to provide cardioprotection against ischemic reperfusion injury
in the isolated rat heart [28]. While research into the utilization of LE against various cardiotoxic
conditions is being actively conducted, investigations delineating the protective properties of LE
in the central nervous system are still lacking. Neurons and cardiomyocytes share key similarities such
as excitability and conductibility, which lead to their vulnerability to excitotoxic conditions. Relevant
reports have claimed that distinct cardioprotective properties of LE might provide therapeutic targets
or diagnostic tools for neuroprotection [29,30]. Our recent study has reported the protective effects
of LE against kainic acid-induced excitotoxicity when administered directly into the brain, thereby
revealing the potential neuroprotective aspects of LE [31]. However, the neuroprotective effects of LE
against ischemic reperfusion injury in the brain have not been clearly elucidated.

Therefore, the present study investigated the neuroprotective effects of LE against ischemic
reperfusion injury and elucidates the mechanism involved in the protection process. We examined
the neuroprotective roles of LE in an in vivo rat model of the middle cerebral artery occlusion
(MCAO) and reperfusion. We assessed the neurological deficits using the modified Bederson
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score [32] and extracted the brain to measure the severity of infarctions in experimental groups.
We assessed the changes in protein and mRNA expression of distinct genes related to cell survival,
Wnt/β-catenin signaling pathway and inflammation. We verified that XAV939, a Wnt/β-catenin
signaling pathway inhibitor, reversed the protective effects. Based on our results, we propose
that LE provides neuroprotection against ischemic reperfusion injury in the brain by regulating
the Wnt/β-catenin signaling pathway.

Figure 1. Neuroprotective effects of lipid emulsion (LE) or vehicle (Veh) after the middle cerebral artery
occlusion (MCAO) and reperfusion injury. (a) Triphenyltetrazolium chloride (TTC)-stained brain slices
for infarction measurement. Decrease in infarction volumes were observed in MCAO+LE 10% and
MCAO+LE 20% groups. Sham group did not show ischemic reperfusion injury; (b) Measurement
of infarction volume from TTC staining. The MCAO+Veh group increased significantly in infarction
volume compared to Sham+Veh group. Both MCAO+LE 10% and MCAO+LE 20% decreased
in infarction volume but only the MCAO+LE 20% group had significant difference compared
to the MCAO+Veh group; (c) Bederson scores of the experimental groups. The MCAO+Veh group
increased in Bederson score significantly compared to Sham+Veh group. Both MCAO+LE 10% and
MCAO+LE 20% groups decreased in Bederson scores compared to MCAO+Veh group; however,
only the MCAO+LE 20% group decreased significantly. Data are presented as mean ± standard error
of the mean (SEM); n = 16 for each group; *** p < 0.001 vs. Sham+Veh, # p < 0.05 vs. MCAO+Veh.
Statistical analysis for the measurement of infarction volume was performed using one-way analysis
of variance (ANOVA) followed by Tukey’s multiple comparison test. Statistical analysis for Bederson
scores was performed using Kruskal-Wallis non-parametric test followed by Dunn’s post hoc test.
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2. Results

2.1. Dosage-Dependent Reduction in Infarction and Behavior by LE

The severity of infarction was measured by triphenyltetrazolium chloride (TTC) staining and
neurological deficit assessment. The severity of infarction was visible through the unstained areas
of the brain in Figure 1a. The Sham+Vehicle (Veh) group did not experience notable infarction.
The MCAO+Veh group suffered an injury of approximately 35% of the left hemisphere. The MCAO+LE
10% group exhibited decrease in infarction volume to about 31%, which was not significant compared
to MCAO+Veh group (p > 0.05, one-way ANOVA). There was a significant decrease in infarction
to about 26% in the MCAO+LE 20% group compared to the MCAO+Veh group (p < 0.05, one-way
ANOVA followed by Tukey’s multiple comparison test) (Figure 1b). In behavioral test, all experimental
groups suffered a certain degree of behavioral deficit except for the Sham+Veh group. The MCAO+Veh
group had an average Bederson score of 3. The MCAO+LE 10% group scored lower in the behavior
test and did not differ significantly compared to the MCAO+Veh group (p > 0.05, Kruskal-Wallis
non-parametric test). The administration of LE 20% significantly decreased the average Bederson score
to approximately 2 (p < 0.05, Kruskal-Wallis non-parametric test followed by Dunn’s post hoc test).
The majority of the MCAO+LE 20% group achieved a Bederson score of 2 or under, while the majority
MCAO+Veh group recorded between 2 and 4. (Figure 1c).

2.2. Wnt/β-Catenin-Dependent Reduction in Infarction and Behavior by LE

Experimental groups were administered with intra-peritoneal (i.p.) injection of XAV939 to inhibit
the Wnt/β-catenin signaling pathway induced by LE. The control group was administered with DMSO
instead of XAV939. The severity of infarction was visible through the unstained areas of the brain
as depicted in Figure 2a. The DMSO+Sham+Veh group did not experience notable infarction.
Approximately 33% of the left hemisphere of the DMSO+MCAO+Veh group suffered an injury, while
a significant decrease in infarction to about 24% was observed in the DMSO+MCAO+LE 20% group
(p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison test). The XAV939+MCAO+LE
20% failed to protect the brain with approximately 29% infarction volume, which was not significantly
different from the DMSO+MCAO+Veh group (p > 0.05, one-way ANOVA followed by Tukey’s
multiple comparison test) (Figure 2b). All experimental groups suffered a certain degree of infarction
except for the DMSO+Sham+Veh group. The DMSO+Sham+Veh group did not experience notable
neurological deficits. The DMSO+MCAO+Veh group recorded an average Bederson score of 3.
The administration of LE 20% decreased the Bederson score to approximately 2 (p < 0.05, Kruskal-Wallis
non-parametric test followed by Dunn’s post hoc test). The XAV939+MCAO+Veh group achieved
an average Bederson score of 3, which was similar to the DMSO+MCAO+Veh group (p > 0.05,
Kruskal-Wallis non-parametric test) (Figure 2c). The i.p. injection of DMSO did not induce significant
differences in the experimental group.

2.3. LE Dosage-Dependent Alleviation of Ischemic Reperfusion Injury through the Wnt/β-Catenin Signaling
Pathway and Reduction of Inflammatory Protein Markers

The administration of LE affected the protein expression of survival and inflammation-related
signals (Figure 3a). The expression of total Akt did not differ among the experimental groups (Figure 3b).
The MCAO+Veh group showed significant decrease in phosphorylation of Akt levels (pAkt) compared
to the Sham+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison test).
The MCAO+LE 10% group also exhibited an increase in pAkt levels. However, such an increase
was not statistically significant compared to the MCAO+Veh group (p > 0.05, one-way ANOVA).
The significantly elevated level of pAkt in MCAO+LE 20% group compared to the MCAO+Veh
group indicated the increased survival of neurons after ischemic reperfusion injury (p < 0.05, one-way
ANOVA followed by Tukey’s multiple comparison test) (Figure 3c). The ratio of pAkt and Akt was
markedly decreased in the MCAO+Veh group compared to the Sham+Veh group (p < 0.05, one-way
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ANOVA followed by Tukey’s multiple comparison test). pAkt/Akt increased in expression in a dosage
dependent manner in MCAO+LE 10% and MCAO+LE 20% groups; but only the MCAO+LE 20%
group was significantly different from the MCAO+Veh group (p < 0.05, one-way ANOVA followed
by Tukey’s multiple comparison test) (Figure 3d).

Figure 2. Neuroprotective effects of LE or vehicle on the MCAO and reperfusion injury after
the administration of DMSO or XAV939. (a) TTC-stained brain slices for infarction measurement.
Decrease in infarction volume was observed in the DMSO+MCAO+LE 20% group but not
in the XAV939+MCAO+LE 20% group. Sham group (DMSO+Sham+Veh) did not experience ischemic
reperfusion injury; (b) Measurement of infarction volume by TTC staining. The DMSO+MCAO+Veh
group exhibited significant increase in infarction volume compared to the DMSO+Sham+Veh group.
DMSO+MCAO+LE 20% group decreased significantly with respect to infarction volume when
compared to the DMSO+MCAO+Veh. The XAV939+MCAO+LE 20% group had significantly
increased infraction volume compared to the DMSO+MCAO+LE 20% group; (c) Bederson scores
of experimental groups. The DMSO+MCAO+Veh group significantly increased in Bederson scores
compared to the DMSO+Sham+Veh group. The DMSO+MCAO+LE 20% group showed significant
decrease in Bederson scores compared to the DMSO+MCAO+Veh groups. The XAV939+MCAO+LE
20% group significantly increased in Bederscon scores compared to the DMSO+MCAO+LE 20% group.
Data are presented as mean ± standard error of the mean (SEM); n = 16 for each group; *** p < 0.001
vs. DMSO+Sham+Veh, # p < 0.05 vs. DMSO+MCAO+Veh, † p < 0.05 vs. DMSO+MCAO+LE 20%.
Statistical analysis for the measurement of infarction volume was performed using one-way ANOVA
followed by Tukey’s multiple comparison test. Statistical analysis for Bederson scores was performed
using Kruskal-Wallis non-parametric test followed by Dunn’s post hoc test.
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Figure 3. Effects of LE or vehicle on protein expressions after MCAO and reperfusion injury.
(a) Representative Western blots indicating the expression of specific proteins in the penumbra
region of the left hemisphere; (b–d) Expression and phosphorylation of Akt in the experimental
groups. pAkt levels in MCAO+Veh group decreased significantly compared to the Sham+Veh
group. pAkt was significantly increased in the MCAO+LE 20% group compared to the MCAO+Veh
group; (e–g) Expression and phosphorylation levels of GSK-3β (pGSK-3β) in the experimental groups.
pGSK-3β and GSK-3β levels in the MCAO+Veh group was significantly lower than the Sham+Veh
group. The MCAO+LE 20% had significantly increased pGSK-3β and GSK-3β levels compared to the
MCAO+Veh group; (h–m) Wnt signal-related protein expressions of experimental groups. Decreased
levels of Wnt1, Wnt3, PORCN and β-catenin were observed in the MCAO+Veh group compared to the
Sham+Veh group. The MCAO+LE 20% group had significantly increased protein levels of Wnt1,
PORCN and β-catenin compared to MCAO+Veh group. Increased levels of pβ-catenin and tankyrase 1
were observed in the MCAO+Veh group compared to the Sham+Veh group. The MCAO+LE 20% group
had significantly decreased levels of pβ-catenin and tankyrase 1 compared to the MCAO+Veh group;
(n–q) Inflammatory protein expressions of experimental groups. Significantly increased expressions
of inflammatory markers were observed in MCAO-injured groups compared to the Sham+Veh
group. The MCAO+LE 20% group had significantly decreased inflammatory protein expression levels
compared to the MCAO+Veh group. Data are presented as mean ± standard error of the mean (SEM);
n = 8 for each group; * p < 0.05, ** p < 0.01 vs. Sham+Veh, # p < 0.05, ### p < 0.001 vs. MCAO+Veh,
one-way ANOVA followed by Tukey’s multiple comparison test.

Significant decrease in total GSK-3β expression was observed in the MCAO+Veh group compared
to the Sham+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison
test). The MCAO+LE 10% group showed substantial increase in GSK-3β levels but this increment
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was not statistically significant compared to the MCAO+Veh group (p > 0.05, one-way ANOVA).
The total GSK-3β expression of the MCAO+LE 20% was also significantly increased compared
to the MCAO+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison test)
(Figure 3e). The phosphorylation of GSK-3β (pGSK-3β) was significantly decreased in the MCAO+Veh
group compared to the Sham+Veh group (p < 0.01, one-way ANOVA), which might be indicating
a diminished Wnt activity. The phosphorylation of GSK-3βwas significantly increased in the MCAO+LE
10% (p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison test) and MCAO+LE 20%
(p < 0.001, one-way ANOVA followed by Tukey’s multiple comparison test) group when compared
to the MCAO+Veh group. There was also a significant increase in pGSK-3β in the MCAO+LE
20% group compared to the Sham+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s
multiple comparison test), thereby indicating an increased activity of the Wnt/β-catenin signaling
pathway (Figure 3f). The pGSK-3β/GSK-3β activity exhibited marked decrease in the MCAO+Veh
group compared to the Sham+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s multiple
comparison test). The pGSK-3β/GSK-3β expression for MCAO+LE 10% did not differ significantly
compared to the MCAO+Veh group (p> 0.05, one-way ANOVA). pGSK-3β/GSK-3β activity significantly
increased in the MCAO+LE 20% group compared to the MCAO+Veh group (p < 0.05, one-way ANOVA
followed by Tukey’s multiple comparison test) (Figure 3g).

Wnt1, a canonical Wnt signal and upstream marker of GSK-3β, was significantly decreased
in the MCAO+Veh group compared to the Sham+Veh group (p < 0.05, one-way ANOVA followed
by Tukey’s multiple comparison test) and significantly increased in the MCAO+LE 20% group compared
to the MCAO+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison
test) (Figure 3h). All experimental groups (p < 0.05, one-way ANOVA followed by Tukey’s multiple
comparison test), excluding the Sham+Veh group, displayed robust decrease in the neurogenesis marker,
Wnt3. Although Wnt3 is one of canonical Wnt signals, it does not seem to affect the Wnt/β-catenin
signaling pathway induced by LE (Figure 3i). Porcupine (PORCN), a key regulator of Wnt proteins [33],
decreased significantly in the MCAO+Veh group compared to the Sham+Veh group (p < 0.05, one-way
ANOVA followed by Tukey’s multiple comparison test). PORCN expression increased in the MCAO+LE
20% group compared to the MCAO+Veh group, implying elevated activity in the modulation of Wnt
proteins (Figure 3j). The downstream survival marker of GSK-3β, β-catenin, was decreased in all MCAO
injury groups compared to the Sham+Veh group due to infarction. However, β-catenin was significantly
preserved in the MCAO+LE 20% group compared to the MCAO+Veh group (p < 0.05, one-way
ANOVA followed by Tukey’s multiple comparison test) (Figure 3k). Phosphorylation of β-catenin
(pβ-catenin) was increased significantly in the MCAO+Veh group compared to the Sham+Veh group
(p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison test), indicating an elevated
level of β-catenin degradation. The MCAO+LE 20% group had a significantly lower expression level
of pβ-catenin compared to the MCAO+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s
multiple comparison test), which supported the survival of cells (Figure 3l). The expression level
of tankyrase 1 was significantly increased in the MCAO+Veh group compared to the Sham+Veh group
(p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison test), indicating the accumulation
of tankyrase 1 through increased axis inhibition protein (AXIN) stabilization for β-catenin degradation.
The MCAO+LE 20% group had a significantly lower expression level of tankyrase 1 compared
to the MCAO+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison test)
(Figure 3m).

Inflammatory protein markers of ischemic reperfusion damage, IL-1β, IL-6, IL-8 and TNF-α [34,35],
increased significantly for all MCAO-injured groups when compared to the Sham+Veh group. However,
attenuated levels of inflammatory markers were observed in the MCAO+LE 20% group compared
to the MCAO+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison test),
indicating the reduction of ischemic reperfusion injury (Figure 3n–q).
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Figure 4. Effects of LE or vehicle on protein expression on the MCAO and reperfusion
injury after the administration of DMSO or XAV939. (a) Representative Western blots of proteins
in the penumbra region of the left hemisphere; (b–d) Levels of Akt and pAkt in the experimental groups.
The DMSO+MCAO+Veh group and XAV939+MCAO+LE 20% group decreased significantly in pAkt
level compared to DMSO+Sham+Veh group. pAkt was significantly increased in the DMSO+MCAO+LE
20% group compared to the DMSO+MCAO+Veh group and XAV939+MCAO+LE 20% group;
(e–g) Levels of GSK-3β and pGSK-3β in the experimental groups. GSK-3β and pGSK-3β levels
of DMSO+MCAO+Veh group and XAV939+MCAO+LE 20% group were significantly lower than
the DMSO+Sham+Veh group. The DMSO+MCAO+LE 20% had significantly increased pGSK-3β and
GSK-3β levels compared to the DMSO+MCAO+Veh and XAV939+MCAO+LE 20% groups; (h–m) Wnt
signal-related protein expressions of experimental groups. Significantly decreased levels of Wnt1,
Wnt3, PORCN and β-catenin were observed in the DMSO+MCAO+Veh group compared to the
DMSO+Sham+Veh group. The DMSO+MCAO+LE 20% group had significantly increased protein
levels of Wnt1 and PORCN compared to the DMSO+MCAO+Veh group. The XAV939+MCAO+LE
20% group had decreased expression levels of Wnt1 and PORCN compared to the DMSO+MCAO+LE
20% group. The β–catenin expression level in the DMSO+MCAO+LE 20% and XAV939+MCAO+LE
20% groups did not differ significantly. There was a significant increase in pβ–catenin and tankyrase 1
in the DMSO+MCAO+Veh compared to the DMSO+Sham+Veh group. Pβ–catenin and tankyrase1
was significantly decreased in the DMSO+MCAO+LE 20% compared to the DMSO+MCAO+Veh
group. The XAV939+MCAO+LE 20% group had significantly increased pβ–catenin and tankyrase
1 expression levels compared to the DMSO+MCAO+LE 20% group; (n–q) Inflammatory protein
expressions in the experimental groups. Significantly increased expressions of inflammatory
markers were observed in the MCAO-injured groups compared to the DMSO+Sham+Veh group.
The DMSO+MCAO+LE 20% group had significantly decreased inflammatory protein expression levels
compared to the DMSO+MCAO+Veh group. Significant decrease in inflammatory protein expressions
were observed in the XAV939+MCAO+LE 20% group compared to the DMSO+Sham+Veh group.
TNF-α expression level was increased significantly in the XAV939+MCAO+LE 20% group compared
to the DMSO+MCAO+LE 20% group. Data are presented as mean ± standard error of the mean
(SEM); n = 8 for each group; * p < 0.05, ** p < 0.01 vs. DMSO+Sham+Veh, # p < 0.05, ### p < 0.001
vs. DMSO+MCAO+Veh, † p < 0.05, ††† p < 0.001 vs. DMSO+MCAO+LE 20%, one-way ANOVA
followed by Tukey’s multiple comparison test.
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2.4. Wnt/β-Catenin-Dependent Alleviation of Ischemic Reperfusion Injury and Reversal of Protection-Related
Proteins

The administration of XAV939 inhibited the activity of the Wnt/β-catenin signaling pathway,
which was reflected in the protein expression (Figure 4a) of distinct genes. The expression of total
Akt did not differ among the experimental groups (Figure 4b). The DMSO+MCAO+Veh group
and XAV939+MCAO+LE 20% group significantly showed substantial decrease in pAkt levels
compared to the DMSO+Sham+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s
multiple comparison test). There was significant elevation in the level of pAkt in DMSO+MCAO+LE
20% group compared to the DMSO+MCAO+Veh group (p < 0.05, one-way ANOVA followed
by Tukey’s multiple comparison test) and XAV939+MCAO+LE 20% group (p < 0.01, one-way
ANOVA followed by Tukey’s multiple comparison test) (Figure 4c). The pAkt/Akt expression was
decreased significantly in the DMSO+MCAO+Veh and XAV939+MCAO+LE 20% groups compared
to the DMSO+Sham+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison
test). The expression of pAkt/Akt in the DMSO+MCAO+LE 20% group was significantly increased
compared to DMSO+MCAO+Veh and XAV939+MCAO+LE 20% groups (p < 0.05, one-way ANOVA
followed by Tukey’s multiple comparison test) (Figure 4d).

Significant decrease in total GSK-3β expression was observed in the DMSO+MCAO+Veh
and XAV939+MCAO+LE 20% groups when compared to the DMSO+Sham+Veh group
(p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison test). Total GSK-3β
expression of the DMSO+MCAO+LE 20% group was also significantly increased compared
to the DMSO+MCAO+Veh and XAV939+MCAO+LE 20% groups (p < 0.05, one-way ANOVA followed
by Tukey’s multiple comparison test) (Figure 4e). The level of pGSK-3β was significantly decreased
in the DMSO+MCAO+Veh and XAV939+MCAO+LE 20% groups compared to the DMSO+Sham+Veh
group (p < 0.01, one-way ANOVA followed by Tukey’s multiple comparison test), which might
be indicative of a compromised Wnt activity. The phosphorylation of GSK-3β was significantly
increased in the DMSO+MCAO+LE 20% group compared to the DMSO+Sham+Veh group
(p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison test). There was also
a significant increase in the pGSK-3β levels in the DMSO+MCAO+LE 20% group compared
to the DMSO+MCAO+Veh and XAV939+MCAO+LE 20% groups (p < 0.001, one-way ANOVA
followed by Tukey’s multiple comparison test) (Figure 4f). The pGSK-3β/GSK-3β activity was
significantly decreased in the DMSO+MCAO+Veh and XAV939+MCAO+LE 20% groups when
compared to the DMSO+Sham+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s
multiple comparison test) and significantly increased in the DMSO+MCAO+LE 20% group compared
to the DMSO+MCAO+Veh and XAV939+MCAO+LE 20% groups (p < 0.05, one-way ANOVA followed
by Tukey’s multiple comparison test). The administration of XAV939 effectively decreased the
phosphorylation GSK-3β induced by LE (Figure 4g).

Wnt1 was significantly decreased in the DMSO+MCAO+Veh and XAV939+MCAO+LE 20%
groups compared to the DMSO+Sham+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s
multiple comparison test) and significantly increased in the DMSO+MCAO+LE 20% group compared
to the DMSO+MCAO+Veh and XAV939+MCAO+LE 20% groups (p < 0.05, one-way ANOVA
followed by Tukey’s multiple comparison test) (Figure 4h). All experimental groups, excluding
the DMSO+Sham+Veh group, showed steep decrease (p < 0.05, one-way ANOVA followed
by Tukey’s multiple comparison test) in Wnt3 (Figure 4i). PORCN decreased significantly
in the DMSO+MCAO+Veh group (p < 0.01, one-way ANOVA followed by Tukey’s multiple
comparison test) and XAV939+MCAO+LE 20% group (p < 0.05, one-way ANOVA followed
by Tukey’s multiple comparison test) compared to the DMSO+Sham+Veh group. PORCN expression
increased in expression in the DMSO+MCAO+LE 20% group compared to the DMSO+MCAO+Veh
and XAV939+MCAO+LE 20% groups (p < 0.05, one-way ANOVA followed by Tukey’s multiple
comparison test) (Figure 4j). β-catenin was decreased in all MCAO injury groups compared
to the DMSO+Sham+Veh group due to infarction. Significantly attenuated level of β-catenin was also
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observed in the XAV939+MCAO+LE 20% group, while DMSO+MCAO+LE 20% group were preserved
significantly compared to DMSO+MCAO+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s
multiple comparison test). Average β-catenin expression decreased in the XAV939+MCAO+LE 20%
group compared to the DMSO+MCAO+LE 20% group but not to a significant level (p > 0.05
one-way ANOVA) (Figure 4k). pβ-Catenin was increased in the DMSO+MCAO+Veh group
compared to the DMSO+Sham+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s
multiple comparison test), indicating lowered cellular survival. The level of pβ-catenin was
significantly decreased in the DMSO+MCAO+LE 20% group compared to the DMSO+MCAO+Veh
group (p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison test). The pβ-catenin
expression level was significantly increased in the XAV939+MCAO+LE 20% group compared
to the DMSO+MCAO+LE 20% group (p < 0.05, one-way ANOVA followed by Tukey’s multiple
comparison test) (Figure 4l). The accumulation of tankyrase 1 was significant in the DMSO+MCAO+Veh
compared to DMSO+Sham+Veh (p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison
test). The tankyrase 1 expression of DMSO+MCAO+LE 20% group significantly decreased compared
to the DMSO+MCAO+Veh group (p< 0.05, one-way ANOVA followed by Tukey’s multiple comparison
test). The XAV939+MCAO+LE 20% group had significantly higher levels of tankyrase 1 expression
levels compared to the DMSO+MCAO+LE 20% group (p < 0.05, one-way ANOVA followed by Tukey’s
multiple comparison test). The administration of XAV939 successfully inhibited tankyrase 1 activity
which increased degradation of β-catenin (Figure 4m).

Inflammatory protein markers of ischemic reperfusion damage, IL-1β, IL-6, IL-8 and TNF-α,
also significantly increased for all MCAO-injured groups compared to the DMSO+Sham+Veh group.
Attenuated levels of inflammatory markers were observed in the DMSO+MCAO+LE 20% group
compared to the DMSO+MCAO+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s multiple
comparison test). The expression levels of the XAV939+MCAO+LE 20% group were not significantly
different from the DMSO+MCAO+Veh group (p > 0.05, one-way ANOVA) The TNF-α expression level
of the XAV939+MCAO+LE 20% group increased significantly compared to the DMSO+MCAO+LE
20% group (p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison test) (Figure 4n–q).

2.5. LE Dosage-Dependent mRNA Expression Against Ischemic Reperfusion Injury

According to the results of qPCR, Wnt1 can be implicated as one of the main regulators
for neuroprotection. in the MCAO+Veh group, Wnt1 expression level was approximately 0.4 folds
compared to the Sham+Veh group (p< 0.05, one-way ANOVA followed by Tukey’s multiple comparison
test). The mRNA expression of Wnt1 signals of MCAO+LE 20% was upregulated by approximately
2.4 folds compared to the Sham+Veh group (p < 0.01, one-way ANOVA followed by Tukey’s multiple
comparison test) and 4 folds compared to the MCAO+Veh group (p < 0.001, one-way ANOVA followed
by Tukey’s multiple comparison test) (Figure 5a). Wnt3 expression was attenuated in all MCAO-injured
groups compared to the Sham+Veh group. The MCAO+LE 10% (p< 0.05, one-way ANOVA followed by
Tukey’s multiple comparison test) and MCAO+LE 20% groups’ (p < 0.001, one-way ANOVA followed
by Tukey’s multiple comparison test) Wnt3 expression levels were significantly decreased compared
to the MCAO+Veh group (Figure 5b). Mki67, a cell proliferation marker, increased in all MCAO-injured
groups compared to the Sham+Veh group. The Mki67 expression level increased significantly
in the MCAO+LE 20% group compared to the MCAO+Veh group (p < 0.05, one-way ANOVA followed
by Tukey’s multiple comparison test), which may have been affected by the elevated expression
level of Wnt1 (Figure 5c). The Wnt regulator, Porcn, decreased significantly in the MCAO+Veh
group compared to the Sham+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s multiple
comparison test). Significant increase of Porcn was observed in the MCAO+LE 20% group compared
to the MCAO+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison test),
which may be induced by the increase in Wnt1 activity (Figure 5d). Inflammatory markers, IL-1β,
IL-6, IL-8 and TNF-α, significantly increased in MCAO-injured groups compared to the Sham+Veh
group. Significantly lower inflammatory mRNA markers were observed in the MCAO+LE 20%
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group compared to the MCAO+Veh group (p < 0.05, one-way ANOVA followed by Tukey’s multiple
comparison test) (Figure 5e–h).

Figure 5. Effects of LE or vehicle on mRNA expression after the MCAO and reperfusion injury.
(a,b) Wnt expressions in experimental groups. The Wnt1 mRNA expression of the MCAO+Veh group
was significantly decreased compared to the Sham+Veh group. Significantly increased expression
of Wnt1 was expressed in the MCAO+LE 10% and MCAO+LE 20% groups compared to the MCAO+Veh
group. Wnt3 expressions were significantly lower in MCAO injury groups compared to the Sham+Veh
group. Significantly decreased Wnt3 expressions were observed in the MCAO+LE 10% and MCAO+LE
20% groups compared to the MCAO+Veh group; (c) Mki67 expression was increased in all MCAO-injury
groups compared to the Sham+Veh group. Significant increase in Mki67 expression was observed
in the MCAO+LE 20% group compared to the MCAO+Veh group; (d) Porcn expression was significantly
decreased in the MCAO+Veh group compared to the Sham+Veh group. Significant increase of Porcn
was observed in the MCAO+LE 20% group compared to the MCAO+Veh group; (e–h) mRNA
expression of inflammatory markers. MCAO-injury groups expressed significantly increased levels
of inflammatory markers compared to the Sham+Veh group. Significantly decreased inflammatory
expression levels were observed in the MCAO+LE 20% group compared to the MCAO+Veh group.
Data are presented as mean ± standard error of the mean (SEM); n = 8 for each group; * p < 0.05, ** p <
0.01, *** p < 0.001 vs. Sham+Veh, # p < 0.05, ### p < 0.001 vs. MCAO+Veh, one-way ANOVA followed
by Tukey’s multiple comparison test. Wnt subfamily mRNA expressions are shown in Supplementary
Materials S1.

2.6. Wnt-Dependent mRNA Expression of LE Against Ischemic Reperfusion Injury

XAV939 injection inhibited Wnt activity in mRNA levels to reverse neuroprotection.
in the DMSO+MCAO+Veh group (p< 0.05, one-way ANOVA followed by Tukey’s multiple comparison
test) and XAV939+MCAO+LE 20% group, Wnt1 mRNA expression levels were approximately
0.5 folds and 0.6 folds compared to the DMSO+Sham+Veh group, respectively. Expression
of Wnt1 signals in the DMSO+MCAO+LE 20% was upregulated by approximately 2.2 folds
compared to the DMSO+Sham+Veh group (p < 0.01, one-way ANOVA followed by Tukey’s
multiple comparison test) and 4.2 folds compared to the DMSO+MCAO+Veh group (p < 0.001,
one-way ANOVA followed by Tukey’s multiple comparison test). There was a significant decrease
in Wnt1 expression in the XAV939+MCAO+LE 20% group compared to the DMSO+MCAO+LE
20% group (p < 0.01, one-way ANOVA followed by Tukey’s multiple comparison test) (Figure 6a).
Wnt3 expression was attenuated in all MCAO-injured groups compared to the DMSO+Sham+Veh
group. The DMSO+MCAO+LE 20% group’s Wnt3 expression was significantly decreased compared
to the DMSO+MCAO+Veh group (p< 0.001, one-way ANOVA followed by Tukey’s multiple comparison
test). The XAV939+MCAO+LE 20% group was also showed significant decreased in Wnt3 expression
level compared to the DMSO+Sham+Veh group (p < 0.01, one-way ANOVA followed by Tukey’s
multiple comparison test) but displayed marked increase when compared to the DMSO+MCAO+LE
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20% group (p < 0.001, one-way ANOVA followed by Tukey’s multiple comparison test) (Figure 6b).
Mki67 levels increased in all MCAO-injured groups compared to the DMSO+Sham+Veh group.
in the DMSO+MCAO+LE 20% group, Mki67 expression level increased significantly compared
to the DMSO+MCAO+Veh group (p< 0.05, one-way ANOVA followed by Tukey’s multiple comparison
test); while in the XAV939+MCAO+LE 20% group, it was significantly downregulated compared
to the DMSO+MCAO+LE 20% group (p < 0.05, one-way ANOVA followed by Tukey’s multiple
comparison test) (Figure 6c). Porcn decreased significantly in the DMSO+MCAO+Veh group (p < 0.05,
one-way ANOVA followed by Tukey’s multiple comparison test) and XAV939+MCAO+LE 20%
group compared to the DMSO+Sham+Veh group. Significant increase of Porcn was observed
in the DMSO+MCAO+LE 20% group when compared to the DMSO+MCAO+Veh group (p < 0.05,
one-way ANOVA followed by Tukey’s multiple comparison test). The XAV939+MCAO+LE 20%
group decreased in Porcn compared to the DMSO+Sham+Veh group but did not differ significantly.
The XAV939+MCAO+LE 20% group expression levels of Porcn were significantly decreased compared
to the DMSO+MCAO+LE 20% group (p < 0.05, one-way ANOVA followed by Tukey’s multiple
comparison test) (Figure 6d). Inflammatory markers, IL-1β, IL-6, IL-8 and TNF-α, significantly
increased in MCAO-injured groups compared to the DMSO+Sham+Veh group. Significantly lower
inflammatory mRNA markers were observed in the DMSO+MCAO+LE 20% group compared
to the DMSO+MCAO+Veh group (p < 0.05, one-way ANOVA). XAV939 injection significantly reversed
attenuated levels of inflammation by LE 20% (Figure 6e–h).

3. Discussion

Our results suggest that LE provides neuroprotection against ischemic reperfusion injury
in a dosage-dependent manner. Intra-arterial injection of 20% LE during reperfusion after MCAO
was able to reduce infarction significantly. The decreases in infarction volumes have been reflected
in the improved performance in the neurological deficit assessment. Rats injected with LE 20%
possessed better control over their paralyzed limb. Increased levels of Wnt1 signaling in both protein
and mRNA levels in 20% LE-treated rats were observed, which in turn enhanced the resistance
to reperfusion injury following ischemia. Especially, a notable increase in Wnt1 mRNA expression
was observed, which may have led to increased Wnt1 protein expression. The elevated levels of Wnt1
are consistent with previous studies that have indirectly stimulated Wnt/β-catenin signaling pathway
for cell survival after ischemic injury [20,36]. The expression levels of Wnt3 decreased in all MCAO
groups which may be due to a decline in cell populations as a result of ischemic reperfusion injury [37].
Although Wnt3 is also known as a canonical Wnt signal, not all canonical Wnt signals seem to be
involved in the protection process. As in our previous study [31], Wnt3 did not seem to be involved
in protection process in response to the administration of LE. In addition, the phosphorylation
of GSK-3β increased due to 20% LE injection, which inactivated the β-catenin destruction complex.
β-catenin was preserved to promote cell survival, which resulted in enhanced resistance to the ischemic
reperfusion damage. Elevation of PORCN expression may have been due to the increase in demand
for Wnt1 to resist damage; however, a clear link between PORCN and LE cannot be formulated
at this stage. A previous study on the ischemic reperfusion injury in the heart has reported that
palmitic acid of LE affects the lipid-modification of Wnt ligands for protection [38]. Clear distinctions
between cardiac cells and neurons exist but Wnt modifications seem to occur regardless of their
metabolic factors. Inflammatory markers, IL-1β, IL-6, IL-8 and TNF-α, are known to increase after
ischemic reperfusion injury [34,35]. Inflammation by oxidative stress was significantly decreased
in the 20% LE-treated group, indicating an anti-inflammatory action of LE in the central nervous
system. The preservation of β-catenin through the activation of the Wnt signaling pathway induces
the transcription of T cell factor/lymphoid enhancer factor, which results in decreased inflammatory
activity [39]. Therefore, the expressions of inflammatory cytokines, including IL-1β, IL-6 and TNF-α,
might be reduced. The decrease in the expression of IL-8 is assumed to be reduced by an overall
decline in inflammatory activity.
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Figure 6. Effects of LE or vehicle on mRNA expression on the MCAO and reperfusion injury
after the administration of DMSO or XAV939. (a,b) Wnt expressions in experimental groups.
The Wnt1 mRNA expression of the DMSO+MCAO+Veh group was significantly decreased compared
to the DMSO+Sham+Veh group. Significantly increased expression of Wnt1 was expressed Wnt1
decreased significantly in the XAV939+MCAO+LE 20% group compared to the DMSO+MCAO+LE
20% group. There was no significant difference in Wnt1 expression in the XAV939+MCAO+LE
20% group compared to the DMSO+MCAO+Veh group. Wnt3 expressions were significantly lower
in MCAO-injury groups compared to the DMSO+Sham+Veh group. Significantly decreased Wnt3
expressions were observed in the DMSO+MCAO+LE 20% group compared to the DMSO+MCAO+Veh
and XAV939+MCAO+LE 20% groups; (c) Mki67 expression was increased in all MCAO-injury groups
compared to the DMSO+Sham+Veh group. Significant increase in Mki67 expression was observed
in the DMSO+MCAO+LE 20% group compared to the DMSO+MCAO+Veh. The XAV939+MCAO+LE
20% group had a significant decrease in Mki67 expression compared to the DMSO+MCAO+LE 20%
group; (d) Porcn expression was significantly decreased in the DMSO+MCAO+Veh group compared
to the DMSO+Sham+Veh group. Significant increase of Porcn was observed in the DMSO+MCAO+LE
20% group compared to the DMSO+MCAO+Veh. The XAV939+MCAO+LE 20% group had
a significant decrease in Porcn expression compared to the DMSO+MCAO+LE 20% group.
There was no significant difference in Porcn expression in the XAV939+MCAO+LE 20% group
compared to the DMSO+MCAO+Veh group; (e–h) The mRNA expression of inflammatory markers.
MCAO injury groups expressed significantly increased levels of inflammatory markers compared
to the DMSO+Sham+Veh group. Significantly decreased inflammatory expression levels were observed
in the DMSO+MCAO+LE 20% group compared to DMSO+MCAO+Veh group. Significantly increased
levels of inflammatory markers were observed in the XAV939+MCAO+LE 20% group compared
to the DMSO+MCAO+LE 20% group and DMSO+Sham+Veh group but there was no significant
difference compared to the DMSO+MCAO+Veh group. Data are presented as mean ± standard error
of mean (SEM); n = 8 for each group; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. DMSO+Sham+Veh,
# p < 0.05, ### p < 0.001 vs. DMSO+MCAO+Veh, † p < 0.05, ††† p < 0.001 vs. DMSO+MCAO+LE 20%,
one-way ANOVA followed by Tukey’s multiple comparison test. Wnt subfamily mRNA expressions
are shown in Supplementary Materials S1.

The Wnt/β-catenin signaling pathway has been considered a potential therapeutic target
in preventing cell death for an extensive amount of time [18,40,41]. The down-regulation of Wnt
ligands and increased antagonistic activity have been observed in neurodegenerative and excitotoxic
disorders [42–44]. In order to verify the protective mechanism of LE, which increased Wnt1, we were
required to interrupt the protective process. XAV939, a Wnt/β-catenin signaling pathway inhibitor,
has been commonly utilized to inhibit Wnt activity in many studies [45,46]. in the present study,
the i.p. injection of XAV939 successfully inhibited Wnt activity and reversed the protective effects
induced by LE. The XAV939+MCAO+LE 20% group exhibited infarction volumes nearly as arge
as our control, the DMSO+MCAO+Veh group. Akin to earlier studies, our results show that
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the Wnt/β-catenin signaling pathway might be a potential therapeutic target for neuroprotection.
The administration of XAV939 inhibited the mRNA expression level of Wnt1, indicating that Wnt1
may be dependent on the activity of GSK-3β. XAV939 is known to inhibit tankyrase 1, which prevents
the degradation of axis inhibition protein 2 (AXIN2), allowing the accumulation of the GSK-3β
destruction complex [47]. Therefore, pGSK-3β was attenuated in the XAV939+MCAO+LE 20%
group, which reversed the protective effect of LE by the degradation of the downstream survival
marker, β-catenin (Figure 4k). We can infer that LE has effects on the upstream signals of GSK-3β
and not on the downstream signals of GSK-3β (Figure 7). If LE affected the GSK-3β downstream
marker, β-catenin, XAV939 might not have affected the protection effect. In addition, if LE affected
GSK-3β directly, a less effective or partial reversal of protection may have occurred. We observed that
the infarction damage was not significantly different between the DMSO+MCAO+Veh group and
XAV939+MCAO+LE 20% group, implying an effective reversal from the effects of 20% LE injection.

Figure 7. Schematic diagram of the protective mechanism of LE in ischemic reperfusion injury.
LE increases the lipid modification of Wnt proteins by PORCN. Lipid-modified/active Wnt proteins are
released to the extra-cellular space for the binding to Frizzled/LRP receptors. The activated receptors
induce the phosphorylation of GSK-3β, which prevents the destruction complex from the degradation
of β-catenin by proteasomes. Preserved levels of β-catenin lead to cell survival. The injection
of XAV939 prevents the phosphorylation of GSK-3β, which allows β-catenin degradation for cell
death. Abbreviations: PORCN—porcupine, Wnt—wingless integration, LRP—low-density lipoprotein
receptor-related protein, GSK-3β—glycogen synthase kinase 3β, APC—adenomatous polyposis coli,
AXIN—axis inhibition protein.

The protective roles of fatty acids have received much attention in studies regarding stroke.
Different compositions of lipid emulsions, such as omega-3, have been reported to provide
neuroprotection against ischemic stroke injuries [48]. Emulsions of n-3 fatty acids have been shown
to effectively reduce infarction volume and inflammation in the ischemic brain in neonatal mice [49].
in the present study, we observed significant neuroprotective effects of LE against ischemic reperfusion
injury but limitations exist. Although we were able to investigate protective properties of LE regarding
the Wnt/β-catenin signaling pathway, we are yet to discover specific targets of LE. Further studies should
consider other signals that are involved in the Wnt/β-catenin signaling pathway, such as frizzled-1,
low-density lipoprotein receptor-related protein 5/6 or PORCN, that can be subjected for inhibition.
Elucidation of specific signals may lead to more effective therapeutic targets in the brain. Through our
study, we suggested that the neuroprotective mechanism of LE is dependent on the Wnt/β-catenin
signaling pathway through the inhibition of GSK-3β phosphorylation. We assumed that lipid
modification occurs through PORCN through the constituents of LE that interact with the protein.
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As a result, the expression levels of Wnt1 increased, which also affects its downstream signals. The scope
for future studies is considerable: LE may be utilized with other lipophilic anti-inflammatory drugs
to further extend its neuroprotective properties. Furthermore, the investigation of different routes
of delivery may also be considered with regard to invasiveness and safety.

In conclusion, the intra-arterial administration of 20% LE alleviated ischemic reperfusion injury
induced by MCAO and reperfusion. Infarction volumes and Bederson scores were attenuated in
a dosage-dependent manner. Protein and mRNA expression levels of the Wnt/β-catenin signaling
pathway were elevated and inflammatory markers decreased significantly in the 20% LE-treated group.
Especially, GSK-3β was phosphorylated significantly, which in turn preserved β-catenin to promote
cell survival. The protective actions were reversed by the administration of XAV939 indicating that
the protection mechanism of LE has been induced through the Wnt/β-catenin signaling pathway.
These findings regarding the anti-inflammatory and neuroprotective properties of LE may provide
a foundation for further research regarding excitotoxic neural injuries and functional recovery.

4. Materials and Methods

4.1. Animals

Adult Sprague-Dawley rats weighing 260-300 g (Koatec, Pyeongtaek, South Korea) were used
for experiments in this study. Animals were housed in groups of three per cage under 12-h light/dark
cycles, with free access to food and water. Animals were subjected to 7 days of acclimatization
upon arrival at the Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC)-accredited Yonsei University College of Medicine Animal Care Facilities. All experimental
procedures were approved by the Institutional Animal Care and Use Committee of Yonsei University
Health System (permit no.: 2019-0263, approval date: 22 January 2020) and performed according
to the National Institutes of Health Guide for Care.

4.2. Middle Cerebral Artery Occlusion and Reperfusion

Rats were anesthetized by i.p. injection of 50 mg/kg sodium pentobarbital (Hanlim Pharmaceutical,
Seoul, South Korea) and were placed on a heated mat to maintain body temperature of 37.0 ± 1.0 ◦C.
The surgical and injection process is illustrated in Figure 8. The Koizumi method [50] of MCAO was
used for inducing ischemic reperfusion injury. Cervical skin incision was made to expose the common
carotid artery (CCA), external carotid artery (ECA) and internal carotid artery (ICA). The CCA was
permanently ligated below the bifurcation to the ECA and ICA. The ECA was temporarily ligated
while a small incision was made in the CCA to insert a silicone coated nylon filament (403723PK10Re,
Doccol Corporation, Sharon, MA, USA) into the ICA until a mild resistance stopped the insertion.
The length of the insertion was approximately 18-20 mm (Figure 8a). The rat was occluded for 90
min. and the filament was removed. The experimental group undergoing sham surgery did not have
the filament inserted. Polyethylene tubing with an inner diameter of 0.28 mm and outer diameter
of 0.61 mm (427401, Becton, Dickson and Company, Sparks, MD, USA) was inserted for injection of LE
or vehicle (Figure 8b). Injections were made at 0.5 mL/min over 2 min. The polyethylene tubing was
removed after the injection and the CCA above the incision was permanently ligated. The temporary
ligation of the ECA was removed. A total of 374 rats were used for this study. The MCAO surgery was
conducted on 310 rats and sham surgery was conducted on 64 rats. 84 rats that deceased during MCAO,
reperfusion or intra-arterial injection were excluded from the experiment. None of Sham-operated rats
deceased. 34 rats that underwent MCAO and reperfusion but did not show infarction due to surgical
errors were also excluded from the study.
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Figure 8. Illustration of middle cerebral artery occlusion and injection. (a) Insertion of nylon filament
for MCAO. The CCA was ligated permanently while the ECA and ICA were temporarily ligated to stop
blood flow. A small incision was made in the CCA for the filament insertion. The silicone-coated
filament was inserted until it reached the MCA. The artery was occluded for 90 min. Then the filament
was removed for reperfusion; (b) Insertion of polyethylene tubing for injection of LE or vehicle.
The polyethylene tubing was inserted near to the MCA. After injection, the tubing was removed and
the CCA near the bifurcation was permanently ligated. The temporary ligations on the ICA and
ECA were removed. Abbreviations: CCA—common carotid artery, ECA—external carotid artery,
ICA—internal carotid artery, MCA—middle cerebral artery.

4.3. Drug Treatment

LE (Intralipid™ 20%, Fresenius Kabi, Uppsala, Sweden) was dissolved in sterile 0.9% NaCl
to a final concentration of 10% for the injection of the LE 10% group. Vehicle, 10% LE and 20% LE were
intra-arterially administered during reperfusion after 90 min. of MCAO. Intra-peritoneal injection
XAV939 (S1180, Selleck Chemicals, Houston, TX, USA) 40mg/kg or DMSO were injected for 2 days
prior to the MCAO surgery and on the day of the surgery before MCAO.

4.4. Neurological Deficit Assessment

A neurological examination of experimental animals was performed in accordance with
the modified Bederson method [51] 24 h after MCAO or sham surgery by a blinded researcher.
The scoring criteria are as follows: score 0: no deficit; score 1: lost forelimb flexion; score 2: as for 1,
plus decreased resistance to lateral push; score 3: unidirectional circling; score 4: longitudinal spinning
or seizure activity; score 5: no movement.

4.5. Infarction Volume Assessment

The infarction volume was assessed by TTC staining of consecutive 2.0 mm coronal sections from
bregma +4 mm to −6.0 mm. The sections were immersed into 2% TTC (T8877, Sigma Aldrich, St. Louis,
MO, USA) solution for 30 min at 37.0 ◦C. The sections were transferred into 4% paraformaldehyde
solution for 24 h. The sections were then photographed and analyzed using the ImageJ software
(ImageJ, National Institute of Health, Bethesda, MD, USA). The infarction volume was calculated
using the following formula [50]: (contralateral volume – non-infarct ipsilateral volume)/contralateral
volume × 100%. The contralateral volume refers to the opposite brain hemisphere of the infarcted side.

4.6. Western Blotting

Frozen samples were homogenized for protein extraction in lysis buffer (ProPrep; Intron
Biotechnology, Pyeongtaek, South Korea) with phosphatase inhibitors (Phosstop; Roche, Mannheim,
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Germany). Supernatants were collected from homogenized samples that were centrifuged at 15,000 rpm
for 15 min at 4 ◦C. Total protein concentrations were measured using a spectrophotometer (Nano Drop
ND-1000, NanoDrop Technologies Inc., Wilmington, DE, USA) and equal amount of protein (30 mg
per well) were resolved on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to a polyvinylidene difluoride membrane (Merck Millipore, Darmstadt, Germany)
for 2 h. Phospho-proteins were detected by immunoblotting prior to their corresponding total protein
levels, which were detected after the membrane had been stripped. Transferred proteins on membranes
were fixed using 0.05% glutaraldehyde in Tris-buffered saline containing 0.05% Tween-20 (TBST)
for 15 min at room temperature. The membrane was stained with Ponceau S (P7170, Sigma-Aldrich,
St. Louis, MO, USA) for visualization of the transferred proteins and cut into strips according to the size
of the target protein to minimize interactions between antibodies. Membranes were blocked with 5%
bovine serum albumin (BSA) dissolved in TBST for 1 h at room temperature. The membranes were
incubated overnight with primary antibodies diluted in 5% BSA in TBST at 4 ◦C. Rabbit was the host
of all primary antibodies used for immunoblotting. The following antibodies were used—anti-Wnt1
(ab15251, 1:1000, Abcam, Cambridge, UK), anti-Wnt3 (ab32249, Abcam), anti-PORCN (ab105543,
Abcam), anti-β-catenin (#9562, 1:3000, Cell Signaling Technology, Beverly, MA, USA), anti-Akt (#4691,
1:3000, Cell Signaling Technology), anti-Phospho-Akt (#9271, 1:1000, Cell Signaling Technology),
anti-GSK3-β (#9315, 1:3000, Cell Signaling Technology), anti-Phospho-GSK3-β (#9336, 1:1000, Cell
Signaling Technology), anti-pβ-catenin (#9561, 1:1000, Cell Signaling Technology), anti-tankyrase
1 (MBS8531631, 1:1000, MyBioSource, San Diego, CA, USA), anti-IL-1β (AB1832P, 1:1000, Sigma
Aldrich), anti-IL-6 (ARC0062, 1:500, Invitrogen, Carlsbad, CA, USA), anti-IL-8 (MBS9385550, 1:500,
MyBioSource), anti-TNF-α (AAR33, 1:1000, Bio-Rad, Hercules, CA, USA) and anti-β-actin (#4967,
1:10,000, Cell Signaling Technology). After overnight incubation of primary antibodies, the membranes
were incubated with anti-rabbit horseradish peroxidase-conjugated secondary antibody (#7074, 1:10,000,
Cell Signaling Technology). Visualization of immunoreactive proteins was performed with the
application of chemiluminescent detection reagent (ECL™ Prime, GE Healthcare, Little Chalfont, UK)
and images were taken by ImageQuant™ LAS 4000 (GE Healthcare). Protein immunoreactivity was
measured using Multi-gauge software (Fuji Film Inc., Tokyo, Japan).

Table 1. Primer pairs for qPCR.

Gene Name Forward Primer (5′-3′) Reverse Primer (5′-3′)
Wnt1 GCAACCAAAGTCGCCAGAA TATGTTCACGATGCCCCACCA
Wnt2b GCTACCCAGACATCATGCG ACACTCTCGGATCCATTCCC
Wnt3 AATTTGGTGGTCCCTGGC GATAGAGCCGCAGAGCAGAG
Wnt4 GTTTCCAGTGGTCAGGATGC AGGACTGTGAGAAGGCTACGC
Wnt5a AAGGGAACGAATCCACGCC ATACTGTCCTGCGACCTGCTTC
Wnt7a CCAAGGTCTTCGTGGATGC TGTAAGTTCATGAGGGTTCGG
Wnt7b CGTGTTTCTCTGCTTTGGC CACCACGGATGACAATGC
Wnt9a GTACAGCAGCAAGTTTGTCAAGG CACGAGGTTGTTGTGGAAGTCC
Wnt10a CGGAACAAAGTCCCCTACG AGGCGAAAGCACTCTCTCG
Wnt16 GCACTCTGTAACCAGGTCATGC TGCAAGGTGGTGTCACAGG
Mki67 TTCAGTTCCGCCAATCCAAC CCGTGCTGGTTCCTTTCCA
Porcn CCTACCTCTTCCCCTACTTCA CTTTGCGTTTCTTGTTGCGA
IL-1β AATGCCTCGTGCTGTCTG TCCATTGAGGTGGAGAGC
IL-6 ATGAAGTTTCTCTCCGCAAG CAACAACATCAGTCCCAAG
IL-8 AGCCTTCCTGATTTCTGC AGCACTCCTTGGCAAAAC
TNFα CAGCCGATTTGCCATTTC TCTTGATGGCAGAGAGGAG
β-Actin GTCCACCCGCGAGTACAAC TATCGTCATCCATGGCGAACTGG

4.7. qPCR

RNA was extracted by using the Hybrid-R kit (305-010; GeneAll Biotechnology, Seoul, Korea).
The concentration of RNA was measured using a spectrophotometer (Nano Drop ND-1000, NanoDrop
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Technologies Inc.). cDNA was prepared from 1 μg of total RNA using the PrimeScript 1st strand
cDNA synthesis kit (Takara Bio, Shiga, Japan). PCR amplification was executed using the SYBR-Green
reagent (Takara Bio) in the ABI 7500 real-time PCR system (Applied Biosystems, Foster City, CA, USA).
PCR amplification was performed in 20 μL reaction volumes. Sequences for oligonucleotide primers
were selected using the Gene Database of National Center for Biotechnology Information (NCBI) and
Primer Express™ Software v3.0.1 (Thermo Fisher Scientific, Waltham, MA, USA). Primer pairs are
listed in Table 1.

4.8. Statistical Analysis

Statistical evaluations were performed using one-way ANOVA or unpaired t-test, as indicated
in figure legends. Post hoc analyses were performed using the Tukey’s multiple comparisons test
or as otherwise specified in the figure legends. All statistical analyses were performed using GraphPad
Prism software (GraphPad Software Inc., San Diego, CA, USA). A p-value less than 0.05 was considered
statistically significant for all analyses.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/19/
7373/s1.
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Abstract: Whether and under what conditions astrocytes can mount a collective network response
has recently become one of the central questions in neurobiology. Here, we address this problem,
investigating astrocytic reactions to different biochemical stimuli and ischemic-like conditions in vitro.
Identifying an emergent astrocytic network is based on a novel mathematical approach that extracts
calcium activity from time-lapse fluorescence imaging and estimates the connectivity of astrocytes.
The developed algorithm represents the astrocytic network as an oriented graph in which the nodes
correspond to separate astrocytes, and the edges indicate high dynamical correlations between
astrocytic events. We demonstrate that ischemic-like conditions decrease network connectivity in
primary cultures in vitro, although calcium events persist. Importantly, we found that stimulation
under normal conditions with 10 μM ATP increases the number of long-range connections and the
degree of corresponding correlations in calcium activity, apart from the frequency of calcium events.
This result indicates that astrocytes can form a large functional network in response to certain stimuli.
In the post-ischemic interval, the response to ATP stimulation is not manifested, which suggests a
deep lesion in functional astrocytic networks. The blockade of Connexin 43 during ischemic modeling
preserves the connectivity of astrocytes in the post-hypoxic period.

Keywords: astrocytes; astrocytic networks; ischemia; connexin 43; calcium activity

1. Introduction

For a long time, astrocytes have been thought to play an auxiliary role without generally affecting
the higher functions of the central nervous system. However, recent experimental evidence has allowed
for a more profound view on the functions of astrocytes and their role in adaptive processes in the CNS.
Currently, there is no doubt that astrocytes are not simply passive transmitters of energy substrates and
structural supports for neurons but also active participants in a large number of metabolic reactions [1].
Several studies have demonstrated the role of astrocytes in the pathological processes at sites of
mechanical trauma and in the development of neurodegenerative diseases, such as Alzheimer’s disease
and Parkinson’s disease [2–4].

While astrocytes are not electrically excitable cells, they are capable of producing and transmitting
Ca2+ signals that can propagate between them, resulting in “calcium waves” [5]. It is known that
astrocytes interact with neurons, mutually regulating the functional activity of each other [5]. At the
same time, it remains unclear whether the astrocytes are able to respond to external stimuli and develop
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a consolidated response to stress independently on neurons. Investigating the collective dynamics of
astrocytic calcium activity, particularly the coordinated activity, which would answer the long-standing
problem of the existence of functional astrocytic networks, is highly anticipated.

In particular, a fundamental question is whether astrocytes are able to coordinate their activity
over long distances. In other words, can a large-scale dynamic astrocytic network emerge in the absence
of neurons? Another key question is whether a functional astrocytic network can be observed in the
normal state or if its activity becomes manifested only after stimulation. Generally, the mechanisms
that could possibly affect the strength of connections between cells in response to stress factors, thus
reshaping the network, remain unknown. In this respect, elucidating the role of astrocytes in the
neuroprotective function in the framework of functional astrocytic network reorganization would
provide a novel perspective in understanding the processes of CNS adaptation.

Astrocytic interaction relies on gap junctions [6], which enable direct intercellular communication
and transport of small molecules for maintaining homeostasis in the brain, glutamate, ATP, and Ca2+ [7].
Gap junctions are formed by two connexons (or hemichannels), and each of them consists of six
connexin proteins. Overall, the brain expresses 11 connexins, among which connexin 43 (Cx43) is
mostly attributed to astrocytes [6], affecting communication between them.

Understanding the influence of ischemia on the cellular network activity is also of paramount
importance. While the resulting disturbance of neuronal activity has been well studied, much less
is known regarding the alterations in functional consolidated astrocytic calcium activity. Arguably,
elucidating the latter will pave the way to improving the therapy for ischemic stroke.

It is known that astrocytic gap junctions are normally open, while hemichannels formed by
connexin 43 demonstrate a low probability of opening [8]. However, after an ischemic interval,
the hemichannels become activated, which leads to the uptake of Na+ and Ca2+ into cells, accompanied
by the release of ATP and other metabolites. This can cause changes in the calcium activity, an overload
of Ca2+ up to toxic values, and osmotic imbalance up to cell death [9,10]. Additionally, ATP released
from hemichannels can provoke neuroinflammation due to microglia and astrocyte activation [11].
Instructively, recent evidence demonstrates that hemichannel blockers, such as connexin 43 blocker
GAP19, manifest neuroprotective effects in cerebral ischemia (reperfusion) [8].

Gap19 inhibits the opening of hemichannels without affecting gap junctions in astrocytes [12].
According to observations, selective inhibition of hemichannels Cx43 by Gap19 decreases the
severity of a stroke and prevents the death of astrocytes in vivo and in vitro [13–15]. However,
the effect of connexins 43 blockade on the consolidation of post-ischemic astrocytic calcium activity is
currently unknown.

Primary astrocyte cultures could be considered as a model for studying the role of the consolidated
astrocytic response because in such cultures, astrocyte–astrocyte interactions form without neuronal
regulation, and the reactions of cells to various biochemical and physiological stimuli in isolation from
neural activation can be observed.Accordingly, the study aimed to investigate the networks and related
parameters of calcium activity in primary astrocytic cultures in a model of ischemic damage, as well as
to estimate the neuroprotective effects of connexin 43 Gap19 blocker. For this purpose, we used the
calcium event analysis tool for time-lapse fluorescence image recordings of astrocytic cultures [16] and
developed an approach for reconstructing functional astrocytic networks based on inferred dynamic
correlations. We demonstrate that model stress conditions and biochemical stimuli may produce a
dramatic impact on the structure and statistics of these networks, suggesting the underlying changes
in consolidated astrocytic activity and indicating the potential of the method for elucidating the effect
of the other imposed conditions.
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2. Results

2.1. ATP and Gap19 Effects on Functional Calcium Signaling in Astrocytes

The starting point of the study was estimating the level of consolidated calcium activity of primary
astrocytic cultures under normal conditions. This relied on the novel method of computational analysis
of time-lapse calcium imaging as described in the materials and methods.

Astrocytes can easily exchange low-molecular-weight compounds (peptides up to 2 kDa,
nucleotides, sugars) between adjacent cells through gap junctions that unite neighboring cells into
a single functional conglomerate. However, such signals cannot propagate over long distances,
as the speed of such passive transport is small and depends on the gradient of concentrations of
low-molecular-weight substances in the cytoplasm of adjacent cells [17]. In this regard, an informative
evaluation of functionally consolidated signals is given by remote in space and correlated in time
calcium events in astrocytes. The correlation graph method showed a low-grade formation of functional
networks between distant astrocytes in the “control” group of primary astrocyte cultures under normal
conditions, characterized by a large number of disconnected subgraphs (Figure 1).

Figure 1. Representative examples of changes in correlation networks after ATP and connexin 43
blocker Gap19 application. (A) Control (PBS); (B) ATP (10 μM); (C) Gap19 (100 μM). (1)—before
application; (2)—after application.

To examine the role of one of the most common types of connexins (connexins 43) in the
consolidated astrocyte response, we used the selective blocker Gap19 at a concentration of 100 μM/mL.
The application of Gap19 for 40 min did not affect the number of direct long-distance connections per
astrocyte under normal conditions, which was 4.94 [3.94; 6.68] (“control” 3.95 [3.10; 4.47]). To validate
the ability of astrocytes to become activated and produce a coordinated response to biochemical
stimuli, we used ATP (10 μM), which led to a significant 3.5-fold increase in the average number of
direct long-distant connections of an astrocyte (13.63 [3.61; 33.23]) over 10 min after ATP application
(Figure 2).

251



Int. J. Mol. Sci. 2020, 21, 7952

 
Figure 2. Average number of direct long-distance connections of a single astrocyte. �—versus baseline,
�—versus “Ischemia”, p < 0.05, the Kolmogorov–Smirnov test.

Analysis of the main parameters of functional calcium activity in primary astrocyte cultures
revealed that ATP addition did not cause significant changes in the percentage of cells that exhibited
calcium activity. The percentage of oscillated cells in the “ATP” group was 61.47 [43.7; 70.9]% (“control”
69.5 [61.37; 79.33]%, Figure 3A). At the same time, significant changes in the frequency (before ATP
addition 1.959 [1.605; 2.177] osc./min, after ATP addition 2.874 [1.884; 3.635] osc./min, Figure 3C) and
duration (before ATP addition 13.449 [11.542; 15.135] s, after ATP addition 10.421 [9.611; 11.492] s) of
calcium oscillations are shown (Figure 3B).

Studies on the characteristics of astrocyte connectivity showed that ATP application led to a
significant increase in the mean values of the maximum correlation between pairs of average astrocyte
calcium levels over time by 20% relative to the baseline (p < 0.05 the Kolmogorov–Smirnov test)
(Figure 4). In the “ATP” group, an absolute change from 0.096 [0.094; 0.099] to 0.126 [0.105; 0.156] was
identified. The application of Gap19 did not significantly change this parameter.

An analysis of network characteristics revealed that ATP application leads to a significant increase
in the number of long-distant astrocytic connections that can be considered an emergence of complex
interactions between astrocytes. The total number of connections per series increases from 732 [548;
796] to 2133 [515; 5134] (the Kolmogorov–Smirnov (KS) test). Such interactions cannot be considered a
result of a simple increase in the frequency of calcium oscillations. At the same time, the number of
correlated distant astrocytes was also increased.

The most important parameters that characterize network activity are the distribution of calcium
signals between astrocytes in a culture, including the time of signal propagation and frequency
characteristics of calcium oscillations. The application of ATP increased the number of high-frequency
events and suppressed low-frequency events (Figure 5). To characterize the frequency of calcium
events, we computed the power spectral density of the cell calcium intensity time series, and took the
frequencies corresponding to the 10th and 90th signal energy percentiles as the characteristic lower
and upper frequency bounds. These bounds were then averaged over the whole image field.

These findings indicate changes in the activity profile of the entire system in monoastrocytic
culture. The low-frequency events are most likely associated with long-term metabolic changes and
are fairly stable under normal conditions.

The study of the effects of connexin 43 blocker (Gap19) on the main parameters of network activity
showed that despite the great physiological importance of this type of astrocytic connexin, significant
changes were detected only in the speed of signal propagation between astrocytes under normal
conditions (Figure 6). The percentage of cells that exhibited Ca2+ activity did not change significantly
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and was 83.1 [78.7; 88.4]% (Figure 3A). There were also no significant alterations in the duration (15.130
[12.634; 16.740] s) or frequency (1.792 [1.524; 1.975] osc./min) of Ca2+ events (Figure 3B,C).

 

Figure 3. Main parameters of functional calcium activity in primary astrocyte cultures in the context of
ATP and Gap19 influence under normal conditions and 7 days after ischemia-like condition modeling.
(A) Proportion of astrocytes exhibiting calcium activity; (B) Duration of Ca2+ oscillations, s.; (C) Number
of Ca2+ oscillations per min. �—versus baseline (before application), p < 0.05, Wilcoxon rank-sum test.
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Figure 4. Mean value of the correlation maximum on the shift between pairs of average astrocyte calcium
levels over time. �—versus “Control”, �—versus “Ischemia”, p < 0.05, the Kolmogorov–Smirnov test.

 

Figure 5. Average low-frequency component of calcium intensity in primary astrocyte cultures after
ATP and Gap19 addition. � ATP—versus baseline, p < 0.05, t-criteria (p = 0.004);�—versus “Control”,
p < 0.05, the Kolmogorov–Smirnov test (p = 0.005); �—versus “Ischemia”, p < 0.05, t-criteria (p = 0.004).

Figure 6. The rate of signal delay between astrocytes. � Gap19—versus baseline, p < 0.05, t-criteria
(p = 0.036); versus “Control”, p < 0.05, the Kolmogorov–Smirnov test (p = 0.018). �—versus “Ischemia”,
p < 0.05, the Kolmogorov–Smirnov test (p = 0.006).
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An analysis of network connectivity parameters did not reveal significant changes in the network
characteristics of the astrocytic network under the selective blocker Gap19 application. Therefore,
the role of connexin 43 in the formation of correlated calcium dynamics in primary astrocyte cultures
under normal conditions is not significant.

2.2. Correlated Astrocytic Response to Ischemic Influence

The next stage of our study aimed to analyze changes in the adaptive capacity of the astrocytic
network in response to modeling ischemia-like conditions. Hypoxia is one of the most common
experimental models of brain cell damage [18]. Several studies have shown a significant decrease in
the viability and functional activity of brain cells in models of 10-min acute hypoxia in vitro [18–20].
However, astrocytes are considered more resistant to hypoxic damage than neurons. In this regard,
to create stress conditions that affect astrocytic network functional activity, we adapted a model of
oxygen-glucose deprivation (“ischemia”) lasting for 30 min (see the materials and methods). The results
showed a significant decrease in the viability of primary astrocyte cultures in the “ischemia” group
(see Supplementary Materials 1, Supplementary Materials Table S1), whereas blockage of Cx43 during
ischemia modeling maintained the viability of astrocytes at the intact culture level (“control” 98.25
[96.99; 99.197]%, “ischemia” 95.59 [94.55; 97.35]%, “ischemia+Gap19” 99.21 [97.61; 100.0]%).

The number of cells that manifested calcium activity matched the control group and was 56.178
[53.258; 67.692]%. Furthermore, no statistically significant differences in the frequency and duration of
Ca2+ oscillations were detected (1.612 [1.25; 2.01] osc./min and 10.967 [10.854;11.708] s, respectively)
(Figure 3B,C).

Changes in the pattern of response to ATP stimulation in astrocytic cultures after ischemia-like
condition modeling are of particular interest (see Supplementary Materials 1, Supplementary Materials
Table S1). Under normal conditions, an increase in the frequency of Ca2+ oscillations after ATP
application was observed. In contrast, the frequency of Ca2+ events in response to ATP application was
decreased significantly in the “ischemia+ATP” group (1.156 [1.052;1.249] osc./min) (p < 0.05, Wilcoxon
rank-sum test) (Figure 3C). The percentage of working cells and the duration of Ca2+ oscillations
did not change. Therefore, ischemia leads to the loss of the functional response of astrocytes to the
stimulating effect of ATP.

Analyzing astrocytic connectivity in the culture after ischemia modeling is of particular interest.
While the primary astrocytic cultures in the post-ischemic period exhibited calcium events, their
degree of synchrony and correlation was substantially different compared with that of the control
cultures. In particular, the modeled ischemia-like conditions manifested as a significant decrease of all
the parameters that characterized the connectivity of astrocytes. The number of direct long-distance
connections was reduced by a factor of 30 (from 3.95 [3.1; 4.47] to 0.13 [0.07; 0.32]) (Figure 2). In the
“ischemia” group, the average value of the maximum correlation of the shift between the average
calcium level of neighboring astrocytes over time was 0.110 [0.107; 0.123], which is 2 times lower than
that in the “control” group (0.242 [0.226; 0.263]; p < 0.05, the KS test). The number of long-distance
connections in the “ischemia” group was 0.087 [0.087; 0.091] (“control” 0.096 [0.094; 0.099], p < 0.05,
the KS test). Importantly, ischemia leads to changes in the astrocytic response to ATP stimulation in the
post-ischemic period. Characteristic examples of changes in the dynamics of astrocytic calcium activity
after ATP application in normal conditions and in model ischemia-like conditions are presented in
Figure 7. Despite the statistically significant increase in distant connections after ATP application,
similar to the control group (Figure 2), the average correlation level remained unchanged (Figure 4),
which indicates the impairment of the functional astrocytic network.
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Figure 7. Characteristic examples of the dynamics of Oregon Green calcium sensor fluorescence in
primary monoastrocytic cultures in vitro. (A,B)—normal conditions, PBS application; (C,D)—normal
conditions, ATP applications; (E,F)—ischemic model, ATP application. (A,C,E)—examples of culture
images segmented according to astrocyte positions. (B,D,F)—dynamics of calcium sensor fluorescence
in selected astrocytes, note the correspondence between the astrocyte numbering and line colors.
Vertical black lines indicate the moments of PBS or ATP application.

The frequency characteristics, particularly the average low-frequency component of calcium
intensity, of the astrocytic network were also changed significantly after ischemia-like condition
modeling. The average frequency of base-level oscillations was increased by a factor of 3 relative to the
control values on day 7 after ischemia influence and was 0.0219 [0.0206; 0.0237] (p < 0.05, the KS test).
Moreover, the signal delay rate between astrocytes was reduced significantly (“control”: 24.81 [21.32;
26.85], “ischemia”: 16.98 [16.96; 20.84], p < 0.05, the KS test).

Investigation of the role of connexin 43 in the regulation of astrocytic resistivity to ischemic
conditions revealed that the Cx43 blockade during ischemia modeling improves the viability of cells
in the post-ischemic period. On the seventh day from the start, the number of viable cells in the
“ischemia+Gap19” group was not distinguishable from that in the control group (Supplementary
Materials 1).

Assessment of the functional calcium activity in the “ischemia+Gap19” group did not reveal
significant changes in the main parameters of functional Ca2+ activity compared with the “ischemia”
and “control” group values on day 7 after induction of the ischemia model (Figure 3).

In contrast, the application of Gap19 during ischemia modeling maintained all parameters of
network connectivity. The average number of long-distance connections of an astrocyte, the average
value of the correlation between pairs of astrocytes, average low-frequency component of calcium
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intensity, and the signal delay rate were preserved at the level of the control values. Furthermore,
partial normalization of the response to ATP application was observed, namely, the increasing average
correlation of astrocytic activity, although the number of distant connections of a single astrocyte and the
frequency of calcium oscillations were not significantly different. Thus, the blockade of hemichannels
during ischemic modeling preserves the connectivity of astrocytes in the post-hypoxic period.

3. Discussion

Earlier studies showed that astrocytes interact with each other by transferring
low-molecular-weight compounds through gap junctions [17]. This process not only enables
the long-distance transfer of energy substrates but is also important for the activation of several
ATP-dependent reactions in two adjacent astrocytes. Calcium waves can propagate between astrocytes
and form complex spatial-temporal patterns of Ca2+ activity [5]. However, whether astrocytes can
regulate metabolic activity and autonomously provide a systematic response to stress conditions
independently of neurons remains unclear.

The most important issue in investigating the collective actrocytic response is defining calcium
activity characteristics that would reflect the network behavior. Our proposed approach to dynamic
astrocytic network construction allows us to identify functional connections between astrocytes and
determine the presence and changes of network activity. The developed algorithm represents the
astrocytic network as an oriented graph, the vertices of which correspond to separate astrocytes, while
the edges designate above-threshold correlations between astrocytic events. When the correlation
between a pair of astrocytes is maximal for a significant time shift between calcium signals, it is
attributed to the directional coupling. In turn, such causality allows us to define and estimate the rate
of calcium wave propagation in primary astrocyte culture.

Selecting a threshold for the correlation value is crucial for identifying and tracking astrocytic
networks. The choice is not apparent since even statistically independent random time series can
yield nonzero correlations over finite time windows. Moreover, the characteristic level of spurious
correlations would not be universal and depends on particular signals. To circumvent the problem,
we defined the ‘baseline’ correlation level as the correlation value for the most distant astrocytes in the
observation field in the control case, assuming that little or no actual interaction exists between them.
The threshold chosen in this way is equally applicable to astrocyte cultures subject to external stimuli.
In this case, changes in the network statistics provide insight into the modification of the astrocytic
interaction network.

The developed algorithms are integrated into the custom-written software package, which
performs complete analysis and data processing from the obtained microscope images to the dynamic
network construction and can be a convenient tool for analyzing image series of cell metabolic activity.
The approach currently applied to study the behavior of astrocytic cultures can further be used
to analyze network activity in neuronal cultures and mixed neuron-glial cultures. More generally,
the developed algorithms allow the processing of series of images obtained from arbitrary cell cultures
with some intracellular chemical dynamics.

Our studies revealed that astrocytes exhibit comparatively low network activity under normal
conditions in vitro. The number of long-distance connections and the level of correlations increase
significantly in response to an increase in intercellular ATP concentration, which cannot be explained by
simple ATP-mediated activation of calcium homeostasis, as the calculated correlations are insensitive
to the changes in the base level of calcium activity and the frequency of calcium oscillations. This
demonstrates that astrocytes can become organized into a functional dynamic network in response to
external stimulation.

Ischemia modeling has a significant impact on network activity, manifested by the decrease in all
values that characterize network connectivity. The results also highlight important changes in astrocyte
responses to ATP stimulation after ischemic influence. We hypothesize that the depression of the
ATP-stimulated network emergence in this case is due to adaptive astrocytic reactions. Several studies
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addressed the changes in the functional activity of neuronal networks in hypoxic and ischemic lesions.
Earlier, we demonstrated that hypoxia leads to the dramatic suppression of network interactions
between neural cells, up to complete disruption, that is manifested in the alterations of both the calcium
and bioelectric activity, as recorded by multi-electrode matrices [19,20]. At the same time, little is
known regarding the network activity of mono-astrocytic cultures. Here, we are the first to show
that while the calcium oscillations persist in the post-ischemic period, the correlations between cells
are almost completely lost. Importantly, 10 μM ATP stimulation in normal conditions increases the
frequency and improves correlations between calcium oscillations in distant astrocytes, such that a
large-scale connected functional network emerges. In the post-ischemic period, such a response to
ATP is absent, which suggests deep functional impairment of the astrocytic network.

There are experimental data showing changes in gliotransmitter regulation after hypoxic influence.
It has been established that ATP release in the brain stem, presumably carried out by astrocytes, helps
maintain cellular respiration and counteract hypoxia. It has been demonstrated that acute systemic
hypoxia (a 5-min reduction in oxygen concentration in the breathable air to 10%) causes the release
of a key gliotransmitter (ATP) in the brain stem areas responsible for the formation of breathing
rhythm. Blockade of ATP receptors in the same brain stem area alleviates hypoxia-induced respiratory
depression [21].

Interestingly, blockade of the main type of astrocytic connexins Cx43, which should provide a
metabolically consolidated response under stress, preserves network parameters in primary astrocyte
cultures for at least 7 days after the modeled ischemia-like conditions. A substantial increase in
cell viability in primary astrocyte cultures in ischemia modeling and blockade of gap junctions was
also observed. Accumulated experimental data indicate that Cx43 expression in astrocytes increases
under hypoxic influence, and Cx43 plays an important role in cell death and neuronal damage
caused by cerebral ischemia [22,23]. It is assumed that ischemia/reperfusion leads to an increase in
the concentration of extracellular Ca2+ ions, the release of inflammatory factors, and, as a result,
the activation of astrocytic hemichannels [24]. Hemichannels consisting of Cx43 can also be activated
by kinase p38 and proinflammatory cytokines released by activated microglia [25]. This leads to
an uncontrolled release of ATP, glutamate, and calcium, leading to calcium overload and tissue
excitotoxicity [8]. Our data on the preservation of cell viability and network parameters of astrocytic
cultures in the remote posthypoxic period are consistent with a study demonstrating that the use of the
Cx43 blocker Gap26 improves neurological function in animals and decreases the incidence of heart
attack in an ischemia model in vivo [26]. Therefore, Cx43 could be a promising therapeutic target in the
development of methods for brain ischemia protection. This is an exciting area for upcoming research.

The current study revealed the emergent property of astrocytes to functionally unite in a large-scale
network, and the Cx43 inhibition in ischemic conditions may be considered a favorable factor. In this
regard, it is essential to further investigate astrocytic interactions as a factor in brain adaptation to
ischemic damage, especially changes in these adaptive properties under physiological astrogliosis.

4. Materials and Methods

4.1. Ethics Statement

All experimental procedures were approved by the Bioethics Committee of Lobachevsky University
and carried out in accordance with Act 708n (23 082010) of the Russian Federation National Ministry
of Public Health, which states the rules of laboratory practice for the care and use of laboratory
animals, and Council Directive 2010/63 EU of the European Parliament (22 September 2010) on the
protection of animals used for scientific purposes. Newborn C57BL/6 (P1-P3) mice were killed by
cervical vertebra dislocation.
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4.2. Isolation of Primary Astrocyte Cultures

Primary astrocyte cultures were obtained from the cerebral cortex of newborn C57BL/6 mice (1–3
days after birth). The use of brain tissue in the early postnatal period minimizes the risk of the presence
of nondifferentiated astrocytes in cultures.

Preparation and long-term culture of primary astrocyte cultures were performed in accordance
with a protocol based on studies by [27] and [28] with several modifications. Surgically isolated cerebral
cortices were cleared from the meninges and then mechanically dissected. To disrupt interconnections
between cells, the tissue was additionally incubated with 0.25% trypsin solution (Thermo Fisher
Scientific, Waltham, MA, USA) for 20 min in a CO2 incubator (BINDER GmbH, Tuttlingen, Germany).
Next, the cell suspension was washed three times in phosphate-buffered saline (PBS) and once in
Dulbecco’s Modified Eagle Medium (DMEM) containing 4.5 g/L glucose and supplemented with 0.5%
L-glutamine, 1% B27 (Thermo Fisher, Waltham, MA, USA), 0.1% sodium pyruvate (Thermo Fisher,
Waltham, MA, USA), and 10% fetal bovine serum (PanEco, Moscow, Russia). The suspension of
dissociated cells was centrifuged at 800 rpm for 3 min. Then, the pellet was resuspended in culture
medium, and, the obtained suspension was placed on coverslips pretreated with polyethylenimine
solution (1 μg/mL) (Merck KGaA, Darmstadt, Germany), which provides effective cell attachment to
the substrate. The initial cell density was 4500 cells/mm2. Primary astrocyte culture viability was
maintained under constant conditions of 35.5 ◦C, 5% CO2, and a humidified atmosphere in a cell
culture incubator for more than 30 days. Half of the medium was replaced every third day.

4.3. Immunocytochemical Analysis

To verify the cellular content, primary astrocyte cultures were subjected to immunocytochemical
staining on day 21 of culture development in vitro (DIV) (Supplementary Materials 1, Supplementary
Materials Figure S1). The cultures were fixed with 4% paraformaldehyde for 15 min at room temperature,
followed by incubation with a solution of 0.2% Triton X-100/PBS for effective cell permeabilization. For
immunofluorescence reactions, the cultures were then incubated for 2 h in the presence of a polyclonal
chicken anti-GFAP (glial fibrillary acidic protein, marker of differentiated astrocytes) primary antibody
(Abcam, Cambridge, UK, 1:1000 dilution) and polyclonal goat anti βIII-tubulin (marker of differentiated
neurons) primary antibody (Abcam, Cambridge, UK, 1:750 dilution). Next, the cultures were subjected
to a 45-min incubation in the following secondary antibody mixture: mouse anti-chicken Alexa 647
(Thermo Fisher Scientific, Waltham, MA, USA, 1:100 dilution) and rabbit anti-mouse Alexa Fluor 555
(Thermo Fisher Scientific, Waltham, MA, USA, 1:100 dilution). The stained material was observed
using a Zeiss 510 NLO fluorescence confocal microscope (Carl Zeiss, Oberkochen, Germany).

4.4. Calcium Imaging

The functional calcium activity of astrocytes was studied using an LSM 510 laser scanning
microscope (Carl Zeiss, Oberkochen, Germany) with a W Plan-Apochromat 20×/1.0 objective.
The calcium imaging technique allowed visualization of the functional architecture of cells in culture.
We used the fluorescent calcium-sensitive dye Oregon Green 488 BAPTA-1 AM (OGB-1) (0.4μM,
Thermo Fisher Scientific, Waltham, MA, USA) dissolved in dimethylsulfoxide (DMSO) (Merck KGaA,
Darmstadt, Germany) with 4% Pluronic F-127 (Thermo Fisher Scientific, Waltham, MA, USA). OGB-1
was added to the culture medium and incubated for 40 min in a CO2 incubator. The fluorescence of
OGB1 was excited at 488 nm by argon laser radiation, and emission was recorded in the range of 500 to
530 nm. The dynamics of intracellular calcium concentration were measured by analysis of a time
series of 512 × 512 pixel images capturing 420 μm × 420 μm fields of view that was recorded at 2 Hz.
The following parameters of the functional calcium activity were assessed: duration of the calcium
oscillations (time from the beginning to the end of an oscillation (s)), frequency of calcium oscillations
(average number of oscillations per min), and percentage of working cells (ratio of the number of cells
in which at least one oscillation was recorded among the total number of cells (%)) [29,30].
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4.5. Ischemia-Like Condition Model

Ischemia-like conditions were modeled on day 21 of primary astrocyte culture development
in vitro by replacing the culture medium with a medium with low oxygen (0.37 mL/L) free of glucose,
lactate, and pyruvate for 30 min. The experiment was performed in a sealed chamber in which air was
also replaced by argon gas.

4.6. Cell Viability Analysis

To identify the nuclei of dead cells and the total number of cell nuclei in the primary astrocyte
cultures, propidium iodide (Merck KGaA, Darmstadt, Germany) and bis-benzimide (Merck KGaA,
Darmstadt, Germany) were used. Solutions of 5 μg/mL propidium iodide and 1 μg/mL bis-benzimide
were added separately to the culture medium 30 min before viability registration. The stained cultures
were observed using a ZEISS Observer A1 inverted fluorescence microscope (Carl Zeiss, Oberkochen,
Germany). The proportion of dead cells was calculated as the ratio of nuclei stained with propidium
iodide to the total number of nuclei.

4.7. Biochemical Screening

To analyze the features of the functional activity of astrocytes, the following agents were added to
the culture medium on day 28 of culture development in vitro: ATP (10 μM, Merck KGaA, Darmstadt,
Germany) as an activator of calcium activity and Gap19 (100 μM, Merck KGaA, Darmstadt, Germany)
to estimate the role of connexin blockade in the implementation of functional calcium reactions.
The same volume of PBS was used as a control. The baseline activity was recorded for 10 min.

4.8. Calcium Event Analysis

Calcium event detection in astrocytes was performed by a previously developed algorithm [16].
Input data for the algorithm consist of two image series with the same dimensionality that are obtained
from the same microscope: the astrocyte activity and images of a cell-free medium. The software
pipeline includes the following steps:

1. To correctly measure relative changes of a signal, we subtract a constant offset, given by the time
average of the cell-free image series.

2. In the second step, the two filters are applied sequentially: VBM3D signal filtering and
spatial-temporal 3D box filtering.

3. Based on the cell-free image series, we evaluate the baseline of the calcium activity for each pixel.
Next, the relative signal changes are estimated by referring to the baseline.

4. The astrocytic dynamic activity is defined as the signal that exceeds a spatial adaptive threshold
above the baseline level. The adaptive threshold is computed by the statistical model of noise
reduction adjusted according to the cell-free images (see details in [16]).

5. In the last step of the algorithm, spatiotemporal clustering of activity patterns into calcium events
is performed by DBSCAN over time and by a window-based approach over space.

Initially, the entire image plane is considered, and events are identified as spatiotemporally
connected areas with significant activity. Next, the watershed method is applied to the long-exposure
calcium intensity image to discriminate the areas corresponding to individual astrocytes. Finally,
calcium events are segmented according to astrocyte regions. Further analysis utilizes the obtained
individual astrocyte calcium events and filtered intensity signals.
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4.9. Construction of a Dynamic Astrocytic Network

The approach for reconstruction of an astrocytic network is based on calculating the Pearson
correlation coefficient between filtered signals of each cell pair:
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k—calcium signal of i-th cell at time k,

x̌i
k—calcium signal minus moving average with window size w,

〈xi
s〉k−w,k—average of signal in range [k−w, k].

The astrocytic network is represented as an undirected graph, where vertices correspond to cells,
and edges are drawn between the cells for which the correlation coefficient exceeds a certain threshold.
Cellular signals are characterized by two main quantities: the level of intracellular calcium and the size
of a calcium event inside the cell. Both are used to construct the network. Furthermore, the propagation
of calcium signals between cells leads to detectable time delays in calcium elevations (Supplementary
Material Movie 1) and in certain cases allows for assignment of a directed edge. Different time delays
were probed to choose the one for which the correlation between a pair of cells would be maximal
(Supplementary Material 2).

A threshold was set to reject spurious correlations between cell calcium signals that would be
caused by coincidence rather than actual interaction. The choice of the threshold was based on the
following. Since the direct interaction between astrocytes is local, the mutual influence should decrease
with distance. Therefore, the baseline level of correlations can be estimated from values that are found
for remote astrocytes. Given the typical size of an astrocyte up to 40 μm, we referred to the correlation
level between cells separated by at least 100 μm as the baseline [31].

The implementation of this approach is illustrated in Figure 8A,B, which shows a typical
relationship between the level of correlation and the distance in pairs of astrocytes in the control
experiment. Adjacent cells are marked in red. Three indicative groups of points are highlighted in the
figure. For the nearby and directly interacting astrocytes (distance between central points < 40 μm),
the correlation coefficient can reach 0.9. For distant astrocytes (distance > 300 μm), the correlation
does not exceed 0.3. We used this value as a threshold to distinguish a significant correlation between
pairs of astrocytes. The third group of points is represented by pairs of astrocytes located at distances
ranging from 40 to 300 μm with cross-correlation values exceeding 0.3. These properties are interpreted
as the result of an indirect dynamic interaction between astrocytes and almost do not occur in the
control group.

The correlation astrocytic network is constructed as follows: the vertices of the graph are mapped
to astrocytes, and the presence of a significant level of correlation between pairs of astrocytes (correlation
greater than 0.3) is indicated by an edge connecting the corresponding vertices. A characteristic
example of the obtained network for the control group is presented in Figure 8C. Such networks
typically display a sufficiently large number of small local groups.
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Figure 8. The distance–correlation relationship between pairs of neighboring (red) and distant (blue)
astrocytes in the control state (A) and after applying ATP; (B) An example of a correlation network of
astrocytes with a threshold ρ > 0.3 for the control state (C) and after applying ATP (D).

4.10. Dynamic Astrocytic Network Analysis

The impact of external factors on astrocytic culture can lead to changes in the correlation and
dynamic properties of the system. As a result of exposure to ATP, the point cloud expands and shows
higher correlation values at long distances (Figure 8A,B). This reflects an increase in the connectivity
of the dynamical astrocytic network. While the original graph would contain several disconnected
subgraphs, the resulting correlation astrocytic network manifests the so-called giant component,
a connected subgraph of the size of the order of the entire network, due to the emerging large number
of long-range functional connections (Figure 8D).

Network analysis focuses on the following key features: the number of functional connections
between astrocyte pairs, the average number of connections between astrocytes, the average propagation
speed of delays between signals, the average correlation level of network cells, and the frequency of
cell signals, as described in detail in Supplementary Material 2.

4.11. Statistical Analysis

The astrocytic responses to various biochemical stimuli were investigated using statistical analysis.
Astrocyte cultures were divided into different groups. The control group was designated as representing
a normal state of astrocytic activity.

The influence of external factors on the astrocyte state was determined by comparing feature
samples of the control and case groups by the one-sided two-sample Kolmogorov–Smirnov test. This
is a nonparametric test that quantifies the distance between the empirical distribution functions of two
samples [32]. The computed features of some groups violate the normality assumption for parametric
tests. The normality of distributions is tested by applying the Kolmogorov–Smirnov test (KS test)
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(p < 0.05 for some groups, but not for all). To overcome this, a two-sample KS test was applied.
Determination of the distribution shift direction was provided by a one-sided KS test. To assess
whether group mean ranks differ, the Wilcoxon rank-sum test was applied to the data. A t-test was
performed to compare group values with the initial baseline.

Statistical significance was determined using stats module of SciPy library [33]. The one-sided
two-sample KS test is performed by the ks_2samp function. The Wilcoxon rank-sum test is performed
by the Mann-Whitney function. Differences between groups were considered statistically significant if
p < 0.05.

Descriptive statistics of each feature per group are represented as “M [Q1; Q3]”, where M—median,
Q1—first quartile (quantile 0.25), and Q3—third quartile (quantile 0.75) of the group samples.

5. Conclusions

We developed a novel mathematical approach to reconstruct functional astrocytic networks based
on an analysis of dynamic correlations between calcium events. This approach revealed dramatic
changes in the structure and properties of astrocytic networks in normal and ischemia-like conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/21/7952/s1,
Figure S1: Morphology of primary astrocyte cultures on day 21 of cultivation in vitro, Table S1: Cell viability
analysis of primary astrocyte cultures on day 7 after modeled stress factors, Video S1: the propagation of calcium
signals between astrocytes.
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Abstract: Effective pharmacological neuroprotection is one of the most desired aims in modern
medicine. We postulated that a combination of two clinically used drugs—nimodipine (L-Type
voltage-gated calcium channel blocker) and amiloride (acid-sensing ion channel inhibitor)—might
act synergistically in an experimental model of ischaemia, targeting the intracellular rise in calcium
as a pathway in neuronal cell death. We used organotypic hippocampal slices of mice pups and a
well-established regimen of oxygen-glucose deprivation (OGD) to assess a possible neuroprotective
effect. Neither nimodipine (at 10 or 20 μM) alone or in combination with amiloride (at 100 μM)
showed any amelioration. Dissolved at 2.0 Vol.% dimethyl-sulfoxide (DMSO), the combination of
both components even increased cell damage (p = 0.0001), an effect not observed with amiloride alone.
We conclude that neither amiloride nor nimodipine do offer neuroprotection in an in vitro ischaemia
model. On a technical note, the use of DMSO should be carefully evaluated in neuroprotective
experiments, since it possibly alters cell damage.

Keywords: neuroprotection; neural injury; nimodipine; subarachnoid haemorrhage; acid-sensing ion
channels; amiloride; oxygen-glucose deprivation

1. Introduction

Despite years of research pharmacological neuroprotection remains challenging. Neuronal cell
death represents the smallest common denominator occurring within the pathophysiological cascade of
acute cerebrovascular or traumatic brain diseases. For example, subarachnoid haemorrhage occurs with
an incidence of 9/100,000 per year [1], while traumatic brain injury is one of the leading causes for death
and disability in the young with reported incidences of 262/100,000 per year [2]. Considering the dreads
of brain damage for patients and their dependants, therapeutic means of effective neuroprotection is
possibly one of the most aimed-for means in modern medicine.

Although the pathomechanisms of neuronal cell death are yet to be fully understood, one of the first
and most frequently investigated events is the elevation of intracellular calcium concentration. Elevated
intracellular calcium represents a central part within the early phenomenon of excitotoxicity as well as
all the pathways resulting in or from these raised ion concentrations [3–7]. Various drugs blocking the
excitotoxicity-induced calcium influx have failed to show effective neuroprotection in the first place
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or failed in overcoming the translational roadblock from in vivo or animal in vitro experiments to
actual clinical application (e.g., trials of glutamate-receptor antagonists) [8,9]. Beside calcium influx via
glutamate receptor overactivation, calcium influx may also occur via voltage-gated calcium channels
(VGCC) located within neuronal membranes. Additionally, VGCCs are also expressed by vascular
smooth muscle cells responsible for intracellular calcium rise and vasoconstriction when activated.

The L-type calcium channel inhibitor nimodipine is well established as an oral agent for the
management of delayed cerebral ischaemia (DCI) for patients after subarachnoid haemorrhage
(SAH) [10–15]. Although nimodipine induces vascular smooth muscle relaxation [16] and hence is
widely believed to reduce vasospasms, research has shown that the beneficial effects in SAH patients
with DCI may not be primarily caused by this effect on larger cerebral vessels [12,17], but possibly
by a direct neuroprotective effect. Experimental studies have been rather controversial with some
arguing towards direct neuroprotection [18–21] and some against [22–25]. In brief, the inhibition of
voltage-gated L-type calcium channels is believed to provide protection against raised intracellular
calcium concentration once the cell depolarises in ischaemic conditions. However, it remains unclear
whether this effect also counts for the observed beneficial effect of VGCC inhibitors in SAH.

Other possible drug targets regarding cerebral ischaemia are sodium- and (to a lesser extent)
calcium-permeable acid-sensing ion channels (ASICs), with the ASIC1a subtype channel as the most
prominent amongst them [26]. ASIC1a channels can be responsible for neuronal damage in acidosis and
provide a neither voltage-gated nor glutamate-dependent mechanism for calcium influx. Amiloride
can block this non-specifically [27–29]. Many experiments have already shown that neuroprotection
can be achieved by blocking ASIC1a and thus targeting these channels might be promising [9,30,31].
Some studies point out connections between the affinity of ASIC for H+ depending and the extracellular
concentration of calcium [32,33], as it occurs in brain ischemia [34].

In our experiment, we investigated the possible neuroprotective effect of two clinically used
drugs, which both block calcium channels: The L-type calcium channel inhibitor nimodipine and the
acid-sensing ion channel (ASIC1a) blocker amiloride.

We hypothesised a possible synergistic neuroprotective effect of the two compounds being used
in combination since ASIC channels are known to be influenced by external and internal calcium
levels [32,33]. To assess our postulation, we used a well-established in vitro model of oxygen–glucose
deprivation (OGD) in organotypic hippocampus slices of mice with propidium iodide (PI) staining
for cell death assessment. Nimodipine was investigated for neuroprotective effects alone and in
combination with amiloride to observe a possible synergistic interaction.

2. Results

2.1. OGD Damage

Comparing our control group (n = 102) with our OGD group (n = 96) a significant difference was
seen (p < 0.0001, Mann–Whitney test), thus demonstrating significant and robust cell damage by our
OGD regimen (Figure 1).
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Figure 1. Damage intensity of the control group (n = 101) vs. oxygen–glucose deprivation (OGD) group
(n = 96). Mann–Whitney U test was used to determine whether our OGD model caused adequate
damage. Slice images shown are example slices for control and OGD groups, both at 72 h with typical
means for the grey-scale value. Slice images are red-channel-filtered and contrast-enhanced.

2.2. Effect of DMSO as Vehicle on OGD-Induced Damage

To rule out possible effects of our vehicle, slices were incubated receiving dimethyl-sulfoxide
(DMSO) without any drug in addition either as controls (Figure 2, left) or undergoing OGD (Figure 2,
right) at levels of 0.1, 1.0, or 2.0 Vol.% DMSO. For pure vehicle control slices without OGD, there
was a tendency towards a concentration dependent effect; however, with significant cell impairment
observed only with the highest concentration of 2.0 Vol.% DMSO (p = 0.0001, Kruskal–Wallis with
post hoc Dunn’s test). Following OGD, there was a slight albeit far not significant tendendy towards a
protective effect of DMSO (Figure 2, right: DMSO concentration of 1.0 Vol.%, p = 0.2237) compared
with the OGD slices without vehicle or with other DMSO concentrations.

Figure 2. (Left): Slices receiving 2.0 Vol.% dimethyl-sulfoxide (DMSO) alone (n = 20) without
undergoing OGD showed significantly (p = 0.0001) more cell damage. This effect can be observed for
0.1 (n = 25) and 1.0 Vol.% (n = 12) as well but at a much lower level without statistical significance.
(Right): No significant effects of DMSO in slices undergoing OGD were observed for 0.1 (n = 41), 1.0
(n = 19) or 2.0 (n = 45) Vol.% DMSO compared to the OGD group without DMSO (n = 96). The figure
depicts a tendency towards less cell damage at 1.0 Vol.% DMSO.
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2.3. Effect of Nimodipine at 10 or 20 μM Dissolved in Varying DMSO Concentrations

L-type calcium channel blockage with nimodipine at either 10 or 20 μM dissolved in 0.1 or
1.0 Vol.% DMSO, respectively, did not show significant neuroprotection (Figure 3).

Figure 3. Slices undergoing OGD received nimodipine at either 10 or 20 μM dissolved in 0.1 or 1.0 Vol.%
DMSO. No significant differences in cell damage were observed at 72 h after OGD (OGD n = 96;
dissolved in 0.1 Vol.% DMSO: 10μM nimodipine n = 77, 20 μM nimodipine n = 64; dissolved in 1.0 Vol.%
DMSO: 10 μM nimodipine n = 30, 20 μM nimodipine n = 25).

2.4. Effect of Nimodipine at 10 or 20 μM in Combination with 100 μM Amiloride Dissolved in Varying
DMSO Concentrations

To observe a neuroprotective effect of combined blockage of L-type calcium channels and ASIC1a,
a combination of 10 or 20 μM nimodipine and 100 μM amiloride dissolved in 1.1 Vol.% DMSO was
applied. No significant effect for the combination of nimodipine and amiloride or amiloride alone at
1.0 Vol.% DMSO could be observed (Figure 4). Further, no significant difference was detected in slices
receiving nimodipine at 10 or 20 μM in 1.0 Vol.% DMSO or with the vehicle alone. These slices showed
a tendency towards less severe cell damage when compared to the OGD group and slices receiving
regimens with 0.1 Vol.% DMSO (also Figure 4).

Lastly, treatment combination of 100 μM amiloride and either 10 or 20 μM nimodipine was
investigated while using a final concentration of 2.0 Vol.% DMSO. No combination of nimodipine and
amiloride or amiloride alone showed any significant neuroprotective effect. However, slices receiving
the combination of 100 μM amiloride and 10μM (p = 0.0001, Kruskal–Wallis with post hoc Dunn’s
test, Cohen’s d = 1.196243) or 20 μM (p = 0.0001, Kruskal–Wallis with post hoc Dunn’s test, Cohen’s
d = 1.219638) nimodipine at 2.0 Vol.% DMSO displayed significantly higher levels of cell damage at
72 h after OGD compared to the OGD group without any treatment (Figure 5).
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Figure 4. Slices receiving 10 (n = 30) or 20 μM (n = 25) nimodipine in 1.0 Vol.% DMSO compared to
slices receiving 100 μM amiloride alone in 1 Vol.% DMSO (n = 50) or in combination with 10 (n = 56) or
20 μM (n = 59) nimodipine in 1.1 Vol.% DMSO. No significant difference in cell damage intensity was
observed at 72 h after OGD.

Figure 5. Slices receiving a combination of either 10 (n = 47) or 20 μM (n = 46) nimodipine with 100 μM
amiloride in 2.0 Vol.% DMSO showed significant impairment of cell viability at 72 h (Kruskal–Wallis
test with post hoc Dunn’s test, p < 0.0001) compared to OGD slices (n = 96). This effect was not observed
for slices receiving 100 μM amiloride in 2.0 Vol.% DMSO (n = 43) or 2.0 Vol.% DMSO alone (n = 45).
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3. Discussion

In our study, we investigated the clinically commonly used drugs nimodipine and amiloride to
test for neuroprotective effects in an in vitro model of brain ischemia using OGD. No protective effect
could be observed for nimodipine or amiloride alone or in combination. Our model was already used
in the past to prove neuroprotective effects of other drugs, such as the noble gas argon, which showed
a protection of >80% in the best suited protocol [35]. DMSO, which was used as vehicle to dissolve
both drugs, induced significant impairment of cell integrity at 2.0 Vol.% in our control slices (that did
not undergo OGD) compared with the control group without DMSO. Paradoxically, this effect was not
observed at the same concentration in slices undergoing OGD. There was even a tendency towards
ameliorated levels of cell damage in OGD slices at 1.0 Vol.% DMSO (Figure 2, right). Interestingly,
the combination of nimodipine and amiloride significantly increased cell damage when dissolved at
2.0 Vol.% DMSO. This effect was not apparent for 2.0 Vol.% DMSO alone or with the same concentration
as vehicle for 100 μM amiloride. Nimodipine alone in 2.0 Vol.% DMSO was not investigated.

3.1. The Role of Calcium for Cell Death and Failure to Provide Neuroprotection

The exact mechanisms of neuronal cell death in ischemia are yet to be fully understood. Dirnagl et al.
postulated in 1999 that there are several main mechanisms: excitotoxicity (i.e., damage through an
overshooting release of neurotransmitters, mainly glutamate, followed by intracellular calcium
overload), oxidative stress, cortical spreading depolarisations, inflammation, and apoptosis [36].
Calcium influx has long been labelled as “final common pathway” [3] of toxic cell death; however,
this term might be misleading, since calcium itself activates a cascade of intracellular reactions and
thus the possible mechanisms are manifold [37], e.g., a two-step model was suggested consisting of
neuronal swelling in a first step and a delayed entrance of calcium in a second [23].

The main hypothesis of our study was that neuroprotection can be achieved by preventing the
intracellular rise in calcium concentration by a combined blockade of two postulated calcium entry
pathways, while blocking the L-Type calcium channel with nimodipine and the ASIC1a channel
using amiloride.

Nimodipine has been reported to improve functional outcome in ischaemic and haemorrhagic
stroke in in vivo animal experiments as well as in clinical trials [13,18,20,38,39] and is still the only
therapeutic option in the treatment of DCI after SAH [40]. However, the effect of L-type channel
inhibition might primarily be targeted to smooth muscle cell function to prevent large as well as
small vessel contractions. A possible additional effect on neurons (and astrocytes) might be overrated.
To separate direct neuroprotective from vascular effects, models without the dependency of blood
circulation (such as cell culture or slice culture models) have been used to investigate this postulated
effect of nimodipine and other VGCC inhibitors. Although there are data showing that nimodipine
decreases membrane depolarization and thus calcium influx in OGD [21], Kass et al. for instance
pointed out that it is rather the loss of calcium extrusion mechanisms (i.e., the dysfunction of the
Ca2+-ATPase and the Na+-Ca2+-Exchanger due to the loss of ATP in hypoxic condition [41]) and not an
increased calcium influx that is responsible for cell damage [42]. In addition, the question remains how
relevant the portion of the L-type channel for calcium overload within ischaemic damage is. Some
data suggest Q-type and N-type channels are far more critical with regard to neuronal injury and that
the L-type channel accounts for less than 10% of total damage [24]. Most of the intracellular calcium
overload appears to be the result of excitotoxic activation of N-methyl-D-aspartate (NMDA) receptors
that become permeable for the ion [41,43]. Moreover, only targeting calcium as single ion might be too
simplistic. Goldberg and colleagues demonstrated in experiments that if only calcium is removed, the
neuronal damage is enhanced. Only if calcium, sodium, and potassium are removed from the culture
medium, protection is achieved. The group concluded that there are two phases to neuronal ischaemic
damage pathways: the first one caused by acute swelling, the second one depending on the rise in
intracellular calcium concentrations [23]. Thus, there are calcium-independent effects. Regarding
these publications, it seems reasonable to conclude that nimodipine does play a role in the calcium
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metabolism of an ischaemia-exposed neuron; however, the L-type calcium channel alone is likely not
central enough in the complex system of calcium-mediated cell death to act as a promising drug target.
Our data show no evidence of a protective effect against OGD in our hippocampal slice culture model.
This points towards a minor role for L-type calcium channels within the pathophysiological cascade of
early ischaemic cell damage.

3.2. Amiloride and Combined L-Type Calcium Channel and ASICs Inhibition

ASICs have been identified to be accountable for increased levels of intracellular calcium in
ischaemic conditions. Under acidic conditions, as it occurs during ischaemia, ASIC1a channels
become permeable for calcium and provide a mechanism for calcium influx that is not dependent
on depolarisation or excitotoxicity [29]. In our study, the ASIC channel inhibitor amiloride did not
show any significant neuroprotective effect. This contrasts with other studies showing a protective
effect of ASIC inhibition on brain injury [27]. Positive effects of ASIC inhibition were most prominent
in a combined acidosis and OGD model. That may explain the insufficient protection of amiloride
in our pure OGD model in which the OGD induced acidosis may be less pronounced. Besides, a
combination of L-type calcium channel and ASIC inhibition by nimodipine plus amiloride did also
not show a protective effect in our model. These findings point against a significant damaging role
of calcium entry in parenchymal cells via VGCCs and ASICS during OGD in models not depending
on an intact blood supply. In our study, the amount of damage was investigated 72 h after the insult.
It can therefore not be ruled out that an early, only transient, and thus not sustained effect of calcium
entry blockade via VGCCs and ASICs may have occurred.

Interestingly, in slices treated with regimes using the possibly harmful concentration of 2.0 Vol.%
DMSO, we observed a significant further increase in cell damage only for slices where nimodipine
and amiloride were applied in combination. DMSO at this high concentration already caused damage
in our control slices without OGD. It is also known from the literature that DMSO higher than 5%
may have harmful effects on biological tissue and cells [44,45]. Safe concentrations are described up
to 3% in hippocampal neurons [44]. In combination with OGD, 2 Vol.% DMSO did not induce an
increase in damage beyond the OGD induced damage. In addition, slices receiving DMSO at this
high concentration with additional 100μM amiloride did not significantly differ from the OGD control
group. We did not investigate nimodipine alone in a concentration of 2.0 Vol.% DMSO. Thus, we
cannot draw conclusions whether this effect is caused by the combination of amiloride and nimodipine
in 2.0 Vol.% DMSO, or whether nimodipine combined with high concentration of DMSO alone would
have the same effect. The high DMSO concentration of 2 Vol.% may have affected the system in
addition to OGD, inducing a setting of higher damage-susceptibility, where calcium channel inhibition
(equal whether via nimodipine alone or in combination with amiloride) is even harmful instead of
neuroprotective. If we assume a combined mechanism, impairment of regulatory systems responsible
for ASIC function by the simultaneous L-type calcium channel inhibition with nimodipine might be the
answer. This could either be caused by a reduction in intracellular calcium or by the missing reduction
in extracellular calcium. Paukert et al., for example, showed that extracellular calcium influences ASIC
function and can be competitively inhibited by calcium ions. Furthermore, they suggest that higher
extracellular calcium shifts ASIC sensitivity to more acidic pH levels [33]. Admittedly, we would rather
expect less ASIC activity and thus less damage if we follow this argumentation. A further explanation
may be based on amiloride’s unspecific effects. Amiloride does also interfere with other channels,
e.g., Na+/H+- or Na+/Ca2+-exchangers and even T-type calcium channels [46]. As aforementioned,
calcium extrusion mechanisms appear to be crucial for neuronal integrity. It could be imagined that
unspecific blockage mechanisms in combination with L-type inhibition prevent calcium homeostasis
mechanisms in the damaging environment of possible toxic effects of DMSO and OGD. Lastly, the
concentration of 2.0 Vol.% DMSO is a comparably high choice for the solvent. We recommend avoiding
this concentration if feasible.
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3.3. Nimodipine—Most Important Effect on the Vasculature

Despite years of research, nimodipine is the only drug available that shows an improved functional
outcome and positive effects on mortality after SAH. However, the exact underlying mechanism is still
unclear [40]. As pointed out in this publication, a direct neuroprotective effect appears to be unlikely.
After the CONSCIOUS-1 study [47], the scientific community changed their perspective on vasospasms
of large vessels and DCI. The latter is now considered a complex condition with possible pathways
in micro-thrombi [48,49], micro-vasculature spasms (mostly described in experiments and possibly
a cause for the secondary development of micro-thrombi) [50–52], neuroinflammation [53,54], and
cortical spreading depolarization [55]. Indeed, there is evidence from the literature that nimodipine
interacts with several of the abovementioned mechanisms rather than directly acting on neurons, finally
resulting in neuroprotection and better functional outcome. That explains a lack of neuroprotection in
our model using organotypic slice cultures.

3.4. DMSO as Solvent

DMSO is a commonly used solvent in slice experiments similar to the one presented here.
In healthy slices, DMSO applied for 72 h displayed significant damage to the slices at the highest
concentration of 2 Vol.% tested. The lower concentrations only induced a concentration-dependent
tendency towards slightly enhanced but not relevant damage. In contrast to this effect on slices
without OGD, while applying DMSO following OGD, 1.0 Vol.% DMSO alone appears to induce a slight,
although not statistically significant, reduction in cell damage. The highest concentration of 2 Vol.%
DMSO did not show a protective effect but also did not significantly add to the OGD induced damage.
This suggests identical damage pathways for DMSO at this high concentration and OGD. DMSO
seems to have a U-shaped concentration-dependent effect on slices after OGD. Neuroprotective effects
through DMSO have been described in different experimental designs and models [44,56,57], and thus,
DMSO was even suggested as a treatment option for ischaemic brain conditions [58]. Lu and Mattson,
e.g., report that DMSO inhibits the glutamate-induced (excitotoxic) calcium influx in hippocampal
rat neurons at DMSO levels from 0.5 to 2.0% [44]. Suppression of excitotoxicity may thus also be
a possible explanation for our observation of slightly protective effects at 1.0 Vol.%, since neuronal
connections stay intact in organotypic hippocampal slices [59]. Another suggested explanation is
DMSO’s property as a scavenger for free oxygen radicals [58]. However, in our control slices, we
observed a dose-depending increase in cell damage with significantly more damage for DMSO at
2.0 Vol.% compared to slices without DMSO or with 0.1 Vol.%. Contrary to the inhibiting effect on
excitotoxicity, Galvao et al. have reported apoptosis-inducing effects in retinal cells using DMSO
concentrations as low as 1% [60]. Zhang et al. confirmed these observations in experiments with
neurons and astrocytes, reporting neuronal alterations at 0.5% DMSO [61]. In addition, even the
smallest DMSO concentrations are described to have effects on cell metabolism, and the solvent possibly
accumulates in brain slices [62]. From these diverse literature findings, a clear concentration-dependent
effect—regardless of protective or harmful—cannot be identified. We consider it an important technical
note to this paper that for brain slice experiments addressing mechanisms of neuroprotection, DMSO
should be avoided if feasible. If DMSO is utilised, it should only be done so with the utmost caution
and proper utilisation of vehicle controls.

3.5. Quality of Slices—Need for Defined Exclusion Criteria

In our group, we recognised that in many publications using organotypic hippocampus slices the
inclusion criteria for slices are unclear or not exactly defined. Organotypic slice cultures are highly
sensitive to external influences and can therefore be inhomogeneous with regard to cell damage [63].
We claim that a standardised inclusion pipeline would benefit further research conducted using this
method. With the here-suggested pipeline (see Materials and Methods), we are confident that we
enhanced the quality of data used for statistical analysis in our experiments.
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3.6. Limitations

There are several limitations that may be considered given our conclusions:
Firstly, the described interactions of DMSO in the concentrations used may have interfered with

the neuroprotective effects of both tested substances. However, this may only account for the highest
concentration of 2.0 Vol.% of DMSO and not for the lower concentrations, not showing significant
effects on the outcome in control as well as OGD. Secondly, we did not use a specific imaging technique
to depict calcium concentrations. By applying well-established concentrations of nimodipine and
amiloride, we are confident that an effective channel blockade was achieved, preventing calcium influx
via these ion channels. Thirdly, we planned smaller groups for vehicle controls and control groups
from the beginning to minimise the number of required animals. Thus, some control groups have
limited sample size compared to treatment groups, and further power would be eligible regarding our
observation of a possible neuroprotective effect of DMSO at a concentration of 1.0 Vol.%. Lastly, we did
not investigate the effect of nimodipine in 2.0 Vol.% DMSO. Hence, it is not possible to draw specific
conclusions from our observation of enhanced damage of combined treatment with nimodipine and
amiloride at 2.0 Vol.% DMSO.

4. Materials and Methods

4.1. Mediums

Preparation medium (Gey’s balanced salt solution (Sigma-Aldrich, Munich, Germany), 5 mg/mL
D-(+)Glucose (Roth, Karlsruhe, Germany)) [63] was used for initial slice manufacturing. The growth
medium used for slice culturing consisted of 50% Eagle minimal essential medium with Earle‘s
salts (Sigma-Aldrich), 25% Hank’s balanced salt solution (Sigma-Aldrich), 25% heat inactive horse
serum (Sigma-Aldrich) with additional 5 mg/mL D-(+)Glucose (Roth, Karlsruhe, Germany), 1 Vol.%
antibiotic/antimycotic solution [penicillin G GIBCO™, 10,000 units/mL, streptomycin sulphate
10 mg/mL, amphotericin B 25 μg/mL] (Thermo Fisher Scientific, Waltham, MA, USA), 5 μL/mL medium
L-Glutamine solution (Sigma-Aldrich) and 10 μL/mL HEPES buffer solution (Sigma-Aldrich) [63].
For experiments, the experimental medium (75% Eagle minimal essential medium with Earle‘s
salts (Sigma-Aldrich), 25% Hank’s balanced salt solution (Sigma-Aldrich) with additional, 5 mg/mL
D-(+)Glucose (Roth, Karlsruhe, Germany), 1 Vol.% antibiotic/antimycotic solution [penicillin G
GIBCO™, 10,000 units/mL, streptomycin sulphate 10 mg/mL, amphotericin B 25 μg/mL] (Thermo
Fisher Scientific, Waltham, MA, USA), 5 μL/mL L-Glutamine solution (Sigma-Aldrich) and 10 μL/mL
HEPES buffer solution (Sigma-Aldrich)) or OGD medium (75% Eagle minimal essential medium with
Earle‘s salts (Sigma-Aldrich), 25% Hank’s balanced salt solution (Sigma-Aldrich) with additional
1 Vol.% antibiotic/antimycotic solution [penicillin G GIBCO™, 10,000 units/mL, streptomycin sulphate
10 mg/mL, amphotericin B 25 μg/mL] (Thermo Fisher Scientific, Waltham, MA, USA), 5 μL/mL
L-Glutamine solution (Sigma-Aldrich) and 10 μL/mL HEPES buffer solution (Sigma-Aldrich)) were
used, respectively. In essence, OGD medium is simply experimental medium without D-(+)Glucose.

4.2. Slice Preparation and Cultivation

The experiments in this article were strictly conducted according to institutional and governmental
guidelines (TierSchG) with institutional permission by the animal protection representative of the
Institute of Animal Research at the RWTH Aachen University Hospital and the local institutional
committee (LANUV North Rhine-Westphalia, TV-11141A4). After decapitation of 4–7-day-old
mice pups (C57BL/6N from Charles Rivers Laboratories, Sulzfeld, Germany and from Janvier
Labs, La Rochelle, France, n = 138), their brains were extracted and instantaneously immersed
into ice-cold preparation medium. The hippocampus slices were prepared using an already established
method [58,63]. In brief, the brains were sagittally divided in half, and the frontal pole, as well as the
cerebellum, was resected. Using a McIlwain Tissue Chopper (The Mickle Laboratory Engineering
Co. ltd. [Now: Cavey Laboratory Engineering Co. ltd], Gomshall, UK), the brains were sliced into
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400 μM thick slices from which the hippocampus was then carefully dissected. The hippocampus
slices were then transferred onto MilliCell tissue culture inserts (MilliCell-CM, Millipore Corporation,
Billerica, MA, USA) placed in 1 mL growth medium. Slices were cultivated at 37 ◦C and 5% CO2 for
14 days with the growth medium exchanged one day after the preparation and every following third
day. On average, 9.1 slices per pup were prepared. Slices of one animal were allocated in two wells,
which were then randomly allocated to the experimental groups to avoid allocation of slices of the
same animal to only one experimental group. Overview in Figure 6a.

Figure 6. Experimental design. (a) Slice preparation, culturing for 14 days and baseline propidium
iodide (PI) imaging. (b) OGD experiments with overview of experimental groups. (c) Incubation for
72 h after OGD, PI imaging for cell death assessment at 72 h, analysis of experimental groups. Created
with BioRender.com.

4.3. Imaging

To obtain baseline images, immediately before the OGD experiment growth medium was
exchanged for the experimental medium with additional 3 μL/mL propidium iodide (PI) and then
incubated again for a minimum of 30 min at 37 ◦C and 5% CO2. Propidium iodide stains DNA
of cells with impaired cell membrane and was used to assess the number of cells damaged [64]
using a fluorescence microscope (Zeiss Axioplan, Carl Zeiss MicroImaging GmbH, Jena, Germany)
(exposure time was calculated for every imaging session and typically ranged between 15.500 and
16.500 milliseconds) and MetaVue software (MetaVue, Molecular Devices, Sunnyvale, CA, USA).
Imaging was performed at baseline for all slices and 72 h after experiments. Imaging is depicted in
Figure 6a,c.
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4.4. Oxygen–Glucose Deprivation (OGD)

For OGD (Figure 6b), first OGD medium was aerated with 95% N2, 5% CO2 for 30 min using a
Spectron flowmeter FLM-32 (Spectron Gas Control Systems GmbH, Frankfurt, Germany) at a rate of
15% at 0.2 bar to desaturate the OGD medium from oxygen and warmed up afterwards. The medium
was quickly exchanged with OGD medium for the OGD groups and normal experimental medium for
control groups, respectively, before immediately being transferred into air-tight experimental chambers
(750 mL volume). Chambers containing OGD slices were then flushed with 95% N2, 5% CO2 at a
rate of 100% at 0.5 bar for 6 min (resulting in a flow of 2.73 L/min) to guarantee a sufficiently hypoxic
environment [35]. The chambers were then sealed, and OGD was sustained for 60 min to receive a
reasonable amount of cell damage [23]. After OGD, all slices were changed back to experimental
medium with additional 3 μL/mL propidium iodide (PI) and randomly allocated to neuroprotective
protocols. Thereafter, the slices were again incubated at 37 ◦C and 5% CO2 for 72 h.

4.5. Neuroprotective Protocols

Neuroprotective drugs were dissolved using dimethyl-sulfoxide (DMSO) (Sigma-Aldrich, St.
Louis, MO, USA) [65]. Vehicle controls were performed for OGD and control groups for 0.1 Vol.%,
1.0 Vol.% and 2.0 Vol.% DMSO. For OGD groups, nimodipine was applied at 10 or 20 μM dissolved in
either 0.1 Vol.% or 1.0 Vol.% DMSO and in combination with amiloride at 100 μM [27] again at 10 or
20 μM with 1.1 Vol.% or 2.0 Vol.% DMSO, respectively. Finally, we applied amiloride at 100 μM alone
with either 1.0 Vol.% or 2.0 Vol.% DMSO. All agents remained within the medium for 72 h after OGD
or time control, ending the experiments with the final imaging. An overview of all protective protocols
can be seen in Figure 6b and in Appendix A.

4.6. Cell Death Assessment

PI resulted in red staining of damaged cells. To assess the amount of cell death within each
slice, we used python to split channels for each picture into red, green, and blue and then created a
corresponding picture in grey values for the red channel only. Again, using python, histograms were
created for each picture depicting the corresponding grey-scale values from 0 to 255. A threshold for
pixels below a grey-scale value of 100 was used to filter background fluorescence [35,63,66]. Finally,
all pixel values were summed to resulting in one value per pixel representing the total damage for
each slice.

4.7. Pre-Statistical Image Processing

To further process the slices for total damage analysis, the following exclusion criteria were
defined. Every slice was excluded when [1.] more than one slice was shown on the corresponding
images at 72 h (n = 6 excluded), when [2.] the dentate gyrus was not reliably identifiable (n = 57
excluded), when [3.] the CA1-region was not reliably identifiable (n = 28 excluded), when [4.] we
identified unexplained dark spots in the picture (n = 31 excluded), when [5.] PI clots were observed
on the image (n = 18 excluded), when [6.] slices were not plane but exhibited “wrinkling” that likely
occurred in the cultivation process (n = 78 excluded), or when [7.] slices presented an inhomogeneous
margin, likely due to inadequate preparation technique (n = 67 excluded). In total, 227 slices were
excluded, and 1032 slices were used for further analysis. It should be noted that several slices showed
more than one of the abovementioned features. We provide examples and possible explanations for
our observations in the Appendix B.

In addition, to only include slices showing no preparation and cultivation induced damage already
before OGD, we specified a maximal pre-damage threshold at the mean plus one standard deviation of
all 1032 slices so far identified as useful. Seventy-four slices at 0 h presented a level of pre-experimental
damage that was above that threshold. Finally, we defined a further threshold for the slices at 72 h after
OGD to obviate extreme outliers in each of the experimental groups. For each of our 20 experimental

277



Int. J. Mol. Sci. 2020, 21, 8921

groups, we established an individual threshold of the mean plus two times the standard deviation as a
maximal damage plausibly caused by our OGD method (this excluded 33 slices at 72 h). By applying
these criteria, comparability between slices was enhanced, as pre-damaged slices were restrained from
entering the experiment and unrealistic outliers were excluded. The experimenter applied all exclusion
criteria blinded to the slice allocation to the experimental groups. In total, 334 slices were eliminated,
and 925 slices were included in our final analysis.

4.8. Statistical Analysis

Statistical Analysis was performed using GraphPad Prism version 8.2.0 for Windows (GraphPad
Software, San Diego, CA, USA). Our data were normalised with the mean of the untreated OGD
group as reference. Using a Kolmogorov–Smirnov test, we concluded that the assumption of a normal
distribution was not met by our data. A two-tailed Mann–Whitney test between our control and our
OGD group was used to verify our OGD model caused adequate damage. We used the Kruskal–Wallis
test comparing the mean of rank of each group with every other group between the 72 h data of all
OGD groups and for our control groups, respectively. Dunn’s test was used to correct for multiple
comparisons. For all statistical analysis, a p-value <0.05 was considered significant. To calculate
Cohen’s D, a short Python script was used.

5. Conclusions

The cellular mechanisms of neuronal ischaemic damage are incredibly complex and effective
neuroprotection is—as desired as it might be for all professionals working in that field—still a long way
down the road. The idea of only targeting one of the mechanisms, while ischemia activates a symphony
of potentially harmful pathways, is probably too simplistic. Nevertheless, the role of calcium is crucial,
and the interplay of different calcium channels and their respective effect on cell injury needs further
research efforts. Nimodipine remains a hot topic in SAH research mainly due to its vascular effect.
Based on encouraging recent findings of a possible calcium-independent effect of nimodipine on
microglia [67], we suggest to additionally add a perspective of possible neuro-regeneration to the list
of experimental questions, as well as further observing effects on the microvasculature.

We again want to stress that in vitro experiments using DMSO as a solvent should be evaluated
critically, since the popular drug vehicle interacts with neuronal damage mechanisms.
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Appendix A

Table A1. Overview of all experimental regimes.

OGD/Control
Vol.%

DMSO
Nimodipine

Concentration in μM
Amiloride

Concentration in μM
n Slices Median

95% CI
(Lower–Upper)

Control - - - 101 0.02308 0.01774–0.03227

Control 0.1 - - 25 0.03409 0.01500–0.05189

Control 1.0 - - 12 0.06632 0.01006–0.3592

Control 1.0 - 100 63 0.1470 0.09480–0.1877

Control 2.0 - - 20 0.7912 0.3633–1.253

Control 2.0 - 100 6 0.02141 0.000–0.1145

OGD - - - 96 0.8978 0.8099–1.118

OGD 0.1 - - 41 1.261 0.8406–1.697

OGD 0.1 10 - 77 0.7449 0.4920–1.027

OGD 0.1 20 - 64 1.152 0.9478–1.471

OGD 1.0 - - 19 0.4013 0.2374–0.6065

OGD 1.0 10 - 30 0.6925 0.3331–1.012

OGD 1.0 20 - 25 0.5422 0.2462–0.8696

OGD 1.0 - 100 50 0.6901 0.4543–0.8942

OGD 1.1 10 100 56 0.7106 0.4539–0.8876

OGD 1.1 20 100 59 0.7777 0.5228–1.001

OGD 2.0 - - 45 0.8082 0.5730–1.515

OGD 2.0 - 100 43 1.172 1.067–1.353

OGD 2.0 10 100 47 2.147 1.775–3.085

OGD 2.0 20 100 46 2.563 1.526–2.939

Appendix B

Figure A1. Example slices for our exclusion criteria. Upper left and middle picture show normal slices
at 72 h after OGD or control, respectively. [1.] Image files with more than one slice were excluded. If
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the dentate gyrus [2.] or the CA1 region [3.] were not or only unreliably identifiable, slices were
excluded. [4.] Dark spots and [7.] inhomogeneous margins are likely due to imprecise preparation
technique, while [6.] wrinkling is most likely caused by problems in the culturing process. Lastly, [5.] on
a few slices, PI clots were present. Again, slice images are red-channel-filtered and contrast-enhanced.
Contrast enhancement does not change grey scale values and is purely performed to ensure a more
comfortable visual evaluation of slice images.

The python scripts can be found at https://github.com/jonasort/OGD-analysis-scripts-in-Python. All
questions may be asked to the corresponding author.
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Abstract: Alzheimer’s disease (AD) is a progressive degenerative disorder and the most common
cause of dementia in aging populations. Although the pathological hallmarks of AD are well defined,
currently no effective therapy exists. Liver growth factor (LGF) is a hepatic albumin–bilirubin
complex with activity as a tissue regenerating factor in several neurodegenerative disorders such as
Parkinson’s disease and Friedreich’s ataxia. Our aim here was to analyze the potential therapeutic
effect of LGF on the APPswe mouse model of AD. Twenty-month-old mice received intraperitoneal
(i.p.) injections of 1.6 μg LGF or saline, twice a week during three weeks. Mice were sacrificed one
week later, and the hippocampus and dorsal cortex were prepared for immunohistochemical and
biochemical studies. LGF treatment reduced amyloid-β (Aβ) content, phospho-Tau/Tau ratio and
the number of Aβ plaques with diameter larger than 25 μm. LGF administration also modulated
protein ubiquitination and HSP70 protein levels, reduced glial reactivity and inflammation, and the
expression of the pro-apoptotic protein Bax. Because the administration of this factor also restored
cognitive damage in APPswe mice, we propose LGF as a novel therapeutic tool that may be useful
for the treatment of AD.

Keywords: liver growth factor; Alzheimer’s disease; inflammation; neuroprotection; microglia;
Tg2576 transgenic mice; amyloid-beta

1. Introduction

Alzheimer’s disease (AD), the most common cause of dementia, was discovered by Alois Alzheimer
in 1901. The prevalence of AD is about 1% in individuals aged 60–64, but shows an exponential increase
with age, so that in people aged 85 years or older the prevalence is between 24–33% in the Western World.
The hallmarks of the disease are extracellular deposits of plaques composed of amyloid-β (Aβ) and
intracellular neurofibrillary tangles, composed of hyperphosphorylated tau (phospho-tau), a normal
axonal protein that binds to microtubules [1]. The relationship among Aβ deposits, tangle formation
and neurodegeneration, and cell death is not clear at present. The areas more vulnerable for the
neurodegeneration processes are the cortex and the hippocampus, affecting mechanisms of spatial,
semantic and episodic memories [2]. Other processes implicated in the pathological pathways in
AD are cholinergic dysfunction, neuroinflammation, calcium channels, oxidation, iron chelation,
abnormalities in the mitochondrial DNA and lipid metabolism, among others [3].
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Therapeutic strategies in AD trying to ameliorate or eliminate its main disturbances, include the
elimination of Aβ deposits, vaccination and immunization against Aβ, inhibitors of β or γ-secretases
(enzymes excising Aβ from APP), antifibrillisation agents, statins (inhibitors of cholesterol synthesis),
neuroprotectors, antioxidants and anti-inflammatory drugs, among others (reviewed in [4]). However,
although the pathological hallmarks of AD are well defined, no effective therapy exists currently.

Liver growth factor (LGF) is a hepatic mitogen purified in 1986 by Dr. Diaz-Gil’s group [5].
This 64 kDa factor is an albumin–bilirubin complex that stimulates the proliferation of different cell
types, and promotes regeneration of damaged tissues including the brain (reviewed in [6]). Thus,
administration of LGF was able to stimulate axonal growth in the striatum, to increase the number of
dopaminergic neurons in the damaged substantia nigra, and to improve rotational behavior stimulated
by apomorphine in experimental Parkinson’s disease [7,8]. LGF also promoted the proliferation and
migration of neural progenitors from the forebrain subventricular zone [9], and improved the viability,
differentiation and integration of stem cell grafts into the host tissue [10]. Besides, our previous studies
have reported the remarkable anti-inflammatory and antioxidant activities of LGF in extracerebral
tissues [11–13], and in several experimental models of neurodegeneration where its main cellular target
in the brain appears to be microglia [7,9,14,15]. Both effects are considered to be closely related with
Alzheimer’s disease pathology [16,17].

To analyze the potential therapeutic effectiveness of LGF in AD, we have used Tg2576 transgenic
mice (from now APPswe mice) that over-express the Swedish APP mutation (K670N/M671L) on a
C57Bl/6 9 SJL background [18]. From 12 months onwards, these mice show Aβ plaque depositions
in the hippocampus and cerebral cortex, reactive gliosis, inflammation and cognitive impairment
that are neuropathological features of AD [19]. Chronic LGF administration to a 20–21-month-old
APPswe mouse, significantly reduces Aβ and phospho-Tau protein levels and modulates protein
ubiquitination and the expression of the heat shock protein 70 (Hsp70) that is involved in Aβ clearance.
LGF also reduces microglia activation, astrogliosis and the expression of the apoptosis-associated
speck-like protein containing a CARD (ASC), which is a component of the inflammatory response and
cognitive impairment in AD pathology. Moreover, LGF up-regulates the expression of the Nuclear
factor erythroid 2-related factor 2 (Nrf2), which plays an important role against oxidative stress.
Because these beneficial effects correlate with a better cognitive outcome in APPswe mice, we may
propose LGF as a potential novel therapeutic tool that may be useful for the treatment of AD.

2. Results

2.1. LGF Improves Behavioral Working Memory in APPswe Mice

The alternance index in the Y-maze, a parameter considered as an indicator of mnemonic function,
was significantly reduced in the APPswe mice with respect to WT (Figure 1A). This important marker
of working memory was recovered in APP-LGF treated mice (Figure 1A). APP mice also exhibited a
reduced number of entries in comparison with WT mice, indicating a low general locomotor activity
(18.8 ± 0.9 (n = 10) and 11 ± 1.8* (n = 11) in WT and APP mice, respectively * p ≤ 0.05 vs. WT). Instead,
no significant differences were observed in the number of entries after LGF treatment in comparison
with APP mice (APP-LGF: 13 ± 1.7 (n = 12)).

The marble-burying test is a useful model of neophobia, anxiety, and obsessive-compulsive
behavior. As shown in Figure 1B, the marble burying test index was significantly reduced in APPswe
aged mice, and LGF recovered this index of potential hippocampal affection.
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Figure 1. Liver growth factor (LGF) improves cognitive behavior in APPswe mice. Panel (A) shows
how the alternance index in the Y-maze is significantly reduced in APP mice, and how LGF treatment
recovers this important marker of working memory. As shown in panel (B), the marble burying test
index is significantly reduced in APP mice, and LGF recovers this potential index of hippocampal
and cortical affection. Results represent the mean ± SEM of 11 to 16 independent mice. The statistical
analysis was performed by one-way ANOVA followed by Newman–Keuls test. * p ≤ 0.05, *** p ≤ 0.001
vs. wild type (WT). + p ≤ 0.01, ++ p ≤ 0.01, +++ p ≤ 0.001 vs. APP mice.

2.2. LGF Modulatesβ-Amyloid Protein Expression in Hippocampus and Cerebral Cortex of APPswe Mice

β-amyloid protein accumulation in the Central Nervous System (CNS) is the most important
feature of the experimental model of AD used in this study. As shown in Figure 2A, APPswe mice
expressed the APP 695 human protein, and several Aβ peptides of different molecular weight lower
than 60 kDa which expression was up-regulated in the hippocampus and cerebral cortex, in comparison
with WT mice (Figure 2B). The immunohistochemical analysis also revealed the presence of Aβ-positive
plaques in the hippocampus (40± 7 (n= 5) Aβ-positive plaques/mm2) and cerebral cortex (38 ± 6 (n = 5)
Aβ-positive plaques/mm2) of APPswe mice. These plaques had different sizes with a 78 ± 9% of them
showing a diameter lower than 25μm in both brain structures (Figure 2C). In the APP-LGF experimental
group, the total number of plaques was not significantly different to that observed in APPswe mice
(54.6 ± 3.2 (n = 4) and 44 ± 3.5 (n = 4) Aβ-positive plaques/mm2in the hippocampus and cerebral
cortex, respectively). However, LGF treatment significantly reduced Aβ protein levels (Figure 2B),
and the number of plaques with a diameter higher than 25 μm compared to APPswe mice treated
with the vehicle (Figure 2D). Besides, LGF slightly augmented, but not significantly, augmented the
percentage of plaques with a diameter lower than 25 μm by 1.5 ± 0.1-fold and 1.3 ± 0.14-fold in the
hippocampus and cerebral cortex, respectively.

2.3. Effects of LGF in Tau Phosphorylation and Protein Ubiquitination

A neuropathological feature of AD is the accumulation of Tau and ubiquitin in the neurofibrillary
tangles (NFT). At 20 months of age, phospho-Tau/Tau ratio was increased by 2.5-fold in the hippocampus
of APPswe mice, and LGF administration partially reduced this parameter to similar values of those
observed in WT mice (Figure 3A,D). Phospho-Tau/Tau ratio was similar in the cerebral cortex of
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APPswe and WT mice, but LGF treatment significantly reduced this ratio below WT levels (Figure 3A).
A similar effect was observed in the cerebral cortex of WT-LGF treated mice (Figure 3A).

Protein ubiquitination is essential in an important number of processes including protein
degradation by the proteosome. Accumulation of polyubiquitinated proteins was observed in
the hippocampus and cerebral cortex of APPswe mice, and LGF administration reduced this parameter
in both structures (Figure 3B,D).

HSP-70 is a chaperone that allows the correct folding of mis-folded proteins that could lead
to their aggregation. As shown in Figure 3C, the hippocampus of APP-LGF treated mice showed
significantly higher levels of HSP-70 than WT or APPswe mice. HSP-70 protein expression was
down-regulated in the cerebral cortex of APPswe mice, and LGF treatment restored its levels to control
values (Figure 3C,D).

Figure 2. LGF reduces amyloid-β accumulation and the size of amyloid-β positive plaques in the
hippocampus and cerebral cortex of APPswe mice. Panels (A,B) show a Western blot representative
image of Aβ aggregates in the hippocampus (A) and the quantification of Aβ-aggregates ≤40 kDa in the
hippocampus and cerebral cortex (B). Note that Aβ protein levels are up-regulatedin the hippocampus
and cerebral cortex of APPswe mice and that LGF treatment significantly reduces its expression in both
structures. Panel (C) shows a representative image of Aβ-positive plaques of large (C, black arrows)
and small size (C, black arrowheads) in one hemisphere of APP mice brain (scale bar: 600 μm). Note that
in APP-LGF mice, large plaques are reduced, while small plaques increase. Panel (D) shows how
LGF treatment significantly reduces the number of plaques with a diameter higher than 25 μm in
the hippocampus and cerebral cortex. Results represent the mean ± SEM of 7 to 8 (B) and 4 to 5 (D)
independent mice in each experimental group. The statistical analysis was performed by one-way
ANOVA followed by Newman–Keuls test. *** p ≤ 0.001 vs. WT. + p ≤ 0.05, +++ p ≤ 0.001 vs. APP mice.

2.4. LGF Modulates Microglia Activation and Reduces Inflammation in APPswe Mice

Recent reports suggest that microglia play an important role in the evolution of AD.
The immunohistochemical analysis of the hippocampus and cerebral cortex of APPswe mice showed
that the number of microglial cells that expressed the Ionized Calcium Binding Protein-1 (Iba1)
was significantly higher than in WT control mice (Figure 4A). Most of the Iba1-positive cells associated
with the plaques were located around them (Figure 4B), and a few showed Iba1-positive processes
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penetrating into the plaques (Figure 4C). Iba1 protein levels were also up-regulated in both structures
(Figure 4D,H), suggesting the presence of activated microglia in these mice. Increased proliferation has
also been associated with microglia activation. As shown in Figure 4E, the expression of PCNA was
significantly increased in the hippocampus and cerebral cortex of APPswe mice. Similar to this finding,
BrdU incorporation was higher in these mice than in the WT group in both structures (Figure 4F),
and more than 61 ± 4% (n = 8) of the proliferating cells were Iba1-positive microglia (Figure 4G).

Figure 3. Effects of LGF in tau pathology, ubiquitinated protein levels and HSP70 heat shock protein
expression. Panel (A), shows the relative optical density of phospho-tau/tau ratio analyzed by Western
blot and expressed as % vs. WT. Note how LGF treatment reduces the expression of phosphorylated
tau in the hippocampus and cerebral cortex in APP mice. Panels (B,C) show the quantification of
accumulated ubiquitinated proteins (B) and HSP-70 (C) in the hippocampus and cerebral cortex of
APPswe mice. Note how LGF reduces the accumulation of ubiquitinated proteins (B) and increases
HSP70 expression (C). Panel (D) shows representative Western blot images of phospho-tau, total tau,
Hsp-70 and β-actin as charge control. Results represent the mean ± SEM of 4 to 8 independent mice.
The statistical analysis was performed by one-way ANOVA followed by Newman–Keuls test. * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001 vs. WT. + p ≤ 0.05, ++ p ≤ 0.01, +++ p ≤ 0.001 vs. APPswe mice.

The APP-LGF group of animals showed a significant reduction in Iba1 (Figure 4D,H) and PCNA
protein expression (Figure 4E,H), and a slight but reduced number of BrdU-positive cells in comparison
with APPswe mice (Figure 4F). Besides, LGF treatment increased from 6 ± 2.9 (n = 3) to 19 ± 11 (n = 4)
the percentage of Iba1-positive cells, which prolongations penetrated profoundly in the plaques in
the hippocampus.
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Figure 4. Liver growth factor modulates microglia cell activity in the hippocampus and cerebral cortex
of APPswe mice. Panel (A) shows the quantification of Iba1-positive microglia cells in APPswe mice.
Panels (B,C) show different responses of Iba1-positive cells: in (B) microglial prolongations do not
penetrate inside the deposit, while in (C) they actively phagocytize the plaque (scale bar: 50 μm).
Panels (D,E) show quantitative Western blot analysis of Iba1 (D) and PCNA (E) protein expression.
Note how LGF administration significantly reduces the over-expression of Iba1 (D) and PCNA (E)
in the hippocampus and cerebral cortex. LGF also reduces BrdU cell incorporation (F) as an index
of cellular proliferation. Note how BrdU (G, red) is associated with Iba1-positive cells (G, green,
white arrows). Panel (H) show representative Western blots of Iba1 and PCNA and their respective
β-actin as charge control. The results represent the mean± SEM of 4 (A,F) and 8 to 10 (D,E). independent
mice. The statistical analysis was performed by one-way ANOVA followed by Newman–Keuls test.
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 vs. WT. + p ≤ 0.05, ++ p ≤ 0.01, +++ p ≤ 0.001 vs. APPswe mice.
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GFAP is a protein expressed by astrocytes for which up-regulation has been associated with
inflammatory states in chronic processes as AD and aging. As shown in Figure 5A, GFAP was
over-expressed in the hippocampus and cerebral cortex of APPswe mice, and LGF treatment significantly
reduced its levels in both structures. On the other hand, LGF decreased ASC protein levels that were
up-regulated in the hippocampus and the cerebral cortex of APPswe aged mice (Figure 5B,D). ASC is
involved in the production of Interleukin-1beta (Il-1beta) but, neither APP nor APP-LGF treated mice
showed any significant change in the levels of this pro-inflammatory cytokine in the hippocampus
(113 ± 6 (n = 6) and 101 ± 7 (n = 6) % of IL-1beta expression vs. WT in APP and APP-LGF treated mice,
respectively) and the cerebral cortex (102 ± 11 (n = 5) and 92 ± 12 (n = 6) % of IL-1beta expression
vs. WT in APP and APP-LGF treated mice, respectively). Similar results were observed when we
analyzed the potential effects of LGF in Tumor Necrosis Factor-alpha (TNF-alpha) protein expression
in the hippocampus (92 ± 6 (n = 6) and 88 ± 10 (n = 8) % of TNF-alpha expression vs. WT in APP
and APP-LGF treated mice, respectively) and cerebral cortex (95 ± 6 (n = 5) and 107 ± 9 (n = 5) % of
TNF-alpha expression vs. WT in APP and APP-LGF treated mice, respectively). This latter cytokine
mediates LGF-induced neuroregeneration/neuroprotection [6,20].

LGF also modulated the expression of the transcription factor Nrf2, and the class B scavenger
receptor CD36, two proteins that regulate oxidative stress and inflammatory responses in AD. As shown
in Figure 5D, Nrf2 protein levels were reduced in the hippocampus and cerebral cortex of APPswe
mice, and LGF treatment up-regulated Nrf2 protein expression to reach control values. LGF treatment
reduced the levels of CD36 that is over-expressed in the hippocampus of APPswe mice (Figure 5C,E).
Besides, LGF up-regulated CD36 protein expression in the hippocampus of WT mice (Figure 5C,E),
but it lacked activity in the cerebral cortex, a brain structure where neither APP nor APP-LGF mice
showed any alteration in CD36 protein levels (Figure 5C).

2.5. LGF Modulates the Expression of Proteins Involved in Cell Survival

Our previous studies showed how in an experimental model of Parkinson’s disease,
LGF potentiates cell survival through the regulation of Bcl2 and Bax protein expression [9]. In the
hippocampus of APPswe mice the Bcl2/Bax ratio was significantly reduced, and LGF treatment
increased this ratio to control values (Figure 6A). This effect was due to a reduction in the expression
of the pro-apoptotic protein Bax which levels were significantly up-regulated in the hippocampus of
APPswe mice (Figure 6B).

Akt is another protein involved in cell survival modulated by LGF in neurodegeneration [9].
As shown in Figure 6C, phospho-Akt/Akt ratio was up-regulated in the hippocampus of APPswe
mice where phospho-Akt levels were significantly increased in comparison with WT mice (Figure 6D).
The APP-LGF group of mice also showed an increased phospho-Akt/Akt ratio and higher levels of
phospho-Akt than control mice (Figure 6C,D). Neither Bcl2/Bax nor phospho-Akt/Akt ratio were
affected in the cerebral cortex at any of the experimental conditions used in this study (Figure 6A,B).
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Figure 5. LGF reduces the inflammatory response in APPswe mice. Panel (A) shows how LGF
significantly reduces GFAP protein expression in the cerebral cortex and hippocampus of APPswe.
LGF administration also decreases the expression of ASC (B), which is a protein involved in the
production of pro-inflammatory cytokines. Panel (C) shows quantitative Western blot analysis of the
receptor scavenger CD36 that is over-expressed in the hippocampus of APP mice. Panel (D) represents
the quantitative analysis of the transcription factor Nrf2 as an oxidative stress regulator. Representative
Western blots of GFAP, Nrf2, ASC, CD36 and their respective β-actin as charge are shown in panel (E).
Results represent the mean ± SEM of 4 to 10 independent mice. The statistical analysis was performed
by one-way ANOVA followed by Newman–Keuls test. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 vs. WT.
+ p ≤ 0.05, ++ p ≤ 0.01, +++ p ≤ 0.001 vs. APPswe mice.
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Figure 6. Effect of LGF on the expression of proteins involved in cell survival. Protein expression
was analyzed by Western blot using specific antibodies against Bcl2, Bax, p-Akt and Akt. Panel (A),
shows that LGF increases Bcl-2/Bax ratio in the hippocampus. This effect is mainly due to a reduction in
Bax protein levels (B). Panels (C,D) show that phospho-Akt/Akt ratio (C) and phospho-Akt protein levels
(D) are significantly increased in the hippocampus of APP and APP-LGF treated mice. Results represent
the mean ± SEM of 4 to 8 independent mice. The statistical analysis was performed by one-way
ANOVA followed by Newman–Keuls test. * p ≤ 0.05, ** p ≤ 0.01, vs. WT.+ p ≤ 0.05, ++ p ≤ 0.01 vs.
APPswe mice.

3. Discussion

In the experimental model of AD used in this study (APPswe mouse), LGF treatment reduced
Aβ and phospho-Tau protein levels as well as the number of Aβ plaques with a diameter higher
than 25 μm. LGF administration also modulated protein ubiquitination and HSP70 protein levels,
reduced glial reactivity and inflammation, and up-regulated the expression of proteins involved in cell
survival. These LGF beneficial effects correlate with a better cognitive outcome in APPswe mice.

Amyloid-β aggregation and deposition of Aβ plaques are considered as causative agents in AD,
so many therapies have been directed to modify Aβ levels (reviewed in [21]). Under our experimental
conditions, LGF modulated Aβ by reducing its levels to WT values in the hippocampus and cerebral
cortex. This reduction was observed in the expression of those Aβ peptides with a molecular weight
lower than 60 kDa. This fraction includes the Aβ1-42 peptide that has been extensively studied due
to its abundance in patients predisposed to AD [22] and mouse models of AD [19]. Here, we also
show that LGF treatment reduced the accumulation of polyubiquitinated proteins, and up-regulated
HSP70 protein expression in both structures. The high levels of ubiquitinated proteins observed in
APPswe mice indicate that proteins are not correctly proteolyzed, probably due to the generation of
free radicals and/or an inflammatory environment promoted by the accumulation of Aβ HSP70 is a
chaperone which overexpression could suppress the progression of AD by promoting Aβ clearance
(reviewed in [23]). HSP70-mediated Aβ clearance from the brain has been associated with the
up-regulation of insulin-degrading enzyme (IDE) and transforming growth factor β1 (TGF-β1) [24].
This study did not evaluate IDE and TGF-β1 expression but LGF administration significantly reduced
plasmatic levels of insulin in an experimental model of atherosclerosis in mice [25], and modulated the
synthesis of TGF-β1 in bile duct-ligated rats [11].

Another major histopathological characteristic in AD is neurofibrillary tangles composed of
aggregates of hyperphosphorylated forms of the protein associated with Tau microtubules [26,27].
As shown here, LGF treatment reduced phospho-Tau/Tau ratio in the hippocampus of APPswe mice.
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Interestingly, Tau homeostasis is controlled through the action of molecular chaperones, such as
HSP70 [28,29] that, as noted above, was up-regulated in this structure. In the case of the cerebral
cortex, phosphoTau/Tau ratio in APP mice was not significantly different from untreated WT mice
but, in this brain structure, LGF treatment reduced phospho-Tau/Tau ratio in both, WT and APP mice.
At present we do not have a possible explanation for this event. We could suggest that this is a potential
specific effect of LGF not associated to the accumulation of Aβ plaques and inflammation observed in
APP mice. However, according to our results it does not seem the case because similar results were
not observed in the hippocampus of WT mice where, as already mentioned, LGF did not reduced
p-Tau/Tau ratio. Besides HSP70, which was also up-regulated in the cerebral cortex of APP-LGF mice,
LGF could modulate Tau phosphorylation in this brain structure by different mechanisms not analyzed
in this study. Further studies must be conducted in order to elucidate these discrepancies.

Activated microglia and reactive astrocytes are two pathological markers observed in AD [30–32].
Both cell types are considered cell targets of LGF in the CNS [6,7,9,20]. According to the present
results, LGF significantly reduced proliferation (as measured by BrdU incorporation and PCNA protein
expression) and Iba1 protein levels, which are two features of activated microglia. These results are in
agreement with previous studies that show how chronic administration of LGF reduced microglia
cell reactivity in an experimental model of Parkinson’s disease in rats [9] and in ataxic rats [15].
Our immunohistochemical studies also suggest that the administration of LGF could prime microglia
to acquire a phagocytic phenotype. Thus, although the number of Iba1-positive cells was not reduced
in APP-LGF treated mice, this treatment increased by 3-fold the percentage of Iba1-positive cells
that invaded Aβ plaques and reduced the number of Aβ large plaques while increasing the number
of smaller plaques, which would explain the slight, but not significant increase observed in this
parameter. How LGF modulates microglia activity in APPswe mice is unknown but, as mentioned
above, LGF could stimulate TGFβ1expression that is a cytokine that stimulates Aβ clearance through
activation of phagocytic microglia [33]. On the other hand, activation of phagocytic microglia has been
associated with increased levels of interleukin 6 and TNF-alpha [34]. This latter cytokine seems to play
an important role in the mitogenic cascade of LGF in the liver, and in LGF-induced neuroregeneration
(reviewed in [6]) and neuroprotection [20].

Reactive astrogliosis is a well-known hallmark of AD that is identified, among others, by an
increased expression of GFAP. We also found that LGF reduced GFAP over-expression in the
hippocampus and cerebral cortex of APPswe mice, suggesting that astrocytes are potential targets of
LGF in this experimental model of AD. Microglia cell reactivity to Aβ and phagocytic activity are also
under the regulation of astrocytes [35] so, their stimulation with LGF could lead to the release of factors
with antioxidant and/or anti-inflammatory effects that could modulate both events. In this regard,
we should mention that LGF modulates the expression of TNF-alpha in cultures of mesencephalic
glia [20], and significantly reduced by 36 ± 11% the expression of ASC in these cultures (p ≤ 0.05 vs.
untreated cultures).

The anti-oxidative and anti-inflammatory activities of LGF have also been observed in vivo. Thus,
chronic LGF decreased oxidized glutathione concentration in ataxic mice [14], and reduced TNF-alpha
protein levels in 6-OHDA-lesioned rats [9]. As presented here, LGF modulates the expression of
several proteins that regulate oxidative stress and inflammatory responses in AD. ASC is an adaptor
protein that participates in the production of pro-inflammatory cytokines, and contributes to the
inflammatory response and cognitive impairment in AD pathology [36–39]. Chronic administration
of LGF down-regulated ASC protein levels in the hippocampus and cerebral cortex of APPswe mice.
In these mice, ASC is mainly expressed by microglia, which is associated with Aβ plaques (Reimers et al.
manuscript in preparation). Because ASC released by microglia forms an aggregate complex with Aβ

that promotes inflammation [37,39], we may argue that ASC reduction is associated with a potential
anti-inflammatory effect of LGF in this experimental model of AD. Although we were unable to detect
any significant change in TNF-alpha and Il-1beta protein expression at the experimental time analyzed
in this study, we cannot exclude the possibility that LGF modulates the expression of these cytokines
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at earlier times of treatment, as observed for TNF-alpha in 6-OHDA-lesioned rats [9]. In addition,
small changes in the levels of both proteins may not be detected by Western blot analysis, so that it may
be necessary to use other methods with higher sensitivity as ELISA. Other studies have reported that
reduced levels of ASC stimulate phagocytosis in glial cells in a mouse model of AD [40], so LGF-induced
down-regulation of ASC could also mediate the increase in phagocytic activity proposed in our study.

CD36 is a class B scavenger receptor involved in phagocytosis which expression in microglia
plays a key role in the Aβ-mediated activation of this cell type (reviewed in [41]). Moreover,
CD36 over-expression in microglia seems to mediate the inflammatory processes associated to Aβ

pathology in transgenic mice [42], and the production of ROS in response to Aβ in AD human
brains [43,44]. Similarly, the increased levels of CD36 observed in the hippocampus of APPswe mice
could contribute to creating an inflammatory environment in this structure. According to our results,
LGF treatment could modulate inflammation and/or ROS production in the APPswe hippocampus
by decreasing CD36 protein expression and, in consequence, its interaction with Aβ in this structure.
In fact, the inhibition of Aβ interaction with CD36 has been proposed as a potential therapeutic
strategy in AD [45]. An interesting observation of our study is that LGF up-regulated CD36 levels
in the hippocampus of WT mice. These high levels of CD36 could promote the phagocytic activity
of microglia to improve the clearance of debris that is accumulated in the normal brain during the
processes of aging [46,47]. Although similar results were observed in the cerebral cortex of APPswe
and APP-LGF treated mice, no statistically significant differences were detected. Perhaps CD36 levels
are not sufficient to be detected through Western blot in this structure, or we need to study a higher
number of mice, or mice at different ages. De facto, we were unable to detect CD36 up-regulation in
the hippocampus of thirteen months old APPswe mice (100 ± 7 (n = 4) and 104 ± 6 (n = 4) % of CD36
expression in WT and APPswe mice, respectively).

Nrf2 is a transcription factor that regulates oxidative stress [48,49] and anti-inflammatory
responses [50,51]. Nrf2 mRNA and protein deficiency have been observed in AD patients [52,53] and
AD models in mice [54,55]. As shown here, LGF up-regulated Nrf2 protein levels that were reduced in
the cerebral cortex and the hippocampus of APPswe mice. Nrf2 up-regulation ameliorated cognitive
impairment in APP Knock-in AD mice [56], and in APPswe/PSEN1dE9 hypoxic mice, the intranasal
administration of Nrf2 modulated CD36 protein expression, reduced Aβ deposition, and improved
spatial memory [57]. In both studies, these beneficial effects were associated to a reduction in oxidative
stress and neuroinflammation promoted by the increased levels of Nrf2. Since in our mice LGF
significantly ameliorates cognitive impairment, we may consider that up-regulation of Nrf2 could
underlie this behavioral improvement through the activation of anti-oxidant and anti-inflammatory
responses, as has been reported in other experimental pathologies[58].

Our previous results indicate a potential neuroprotective role of LGF in the brainstem and
cerebellum of ataxic rats [15], and in the substantia nigra and striatum of 6-hydroxydopamine-lesioned
rats [9]. In both experimental models of neurodegeneration, LGF raised the ratio Bcl2/Bax due to the
up-regulation of the anti-apoptotic protein Bcl2, which is involved in the survival of neural cells [59].
In the experimental model of AD used in this study, LGF also restored Bcl2/Bax ratio to control values,
but this effect was due to the down-regulation of the pro-apoptotic protein Bax that was over-expressed
in the hippocampus of APPswe mice. Up-regulation of Bax has been observed in neurons that exhibit
neurofibrillary tangle pathology [60], and APP transgenic mice [61]. Besides, a neuroblastoma cell
line co-transfected with Swedish mutant APP showed a higher Bax/Bcl2 ratio [62]. LGF-induced
down-regulation of Bax could contribute to decreasing the excessive neuronal apoptosis reported in
AD [63]. The increase in Bax levels observed in APPswe could result in neuronal death. However,
APPswe mice did not show any reduction in the expression of the specific nuclear neuronal marker
NeuN in the hippocampus (100 ± 8 (n = 6) and 99 ± 10 (n = 5) % of NeuN expression in WT and APP
mice, respectively), and cerebral cortex (100 ± 7 (n = 6) and 99 ± 12 (n = 5) % of NeuN expression in WT
and APP mice, respectively). These results agree with the lack of neuronal death previously reported
in this experimental model of AD [64,65]. Akt, is a serine/threonine kinase which phosphorylated
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form plays a critical role in the regulation of neuronal survival [66,67] that has been involved in the
pathogenesis of AD [68]. Our results showed an increased phospho-Akt/Akt ratio in the APPswe
hippocampus due to the higher levels of phospho-Akt observed in this brain structure. Phospho-Akt
may protect neuronal cell death through different mechanisms including the phosphorylation and
inhibition of cytosolic pro-apoptotic proteins (reviewed in [69]). Because the phosphorylation of Bax
by active Akt affects its translocation to the mitochondria [70], we may consider the up-regulation
of phospho-Akt in the hippocampus as an intrinsic mechanism to protect neurons of Bax-mediated
apoptotic cell death in the APPswe mice.

From our study, we cannot define if the observed effects of LGF are due to a direct or indirect
action of the factor on the brain of APPswe mice. A potential direct action would imply that LGF
could cross the blood–brain barrier by binding to specific receptors found in the endothelium known
as RAGE receptors (receptors for advanced glycation end-products) [71]. In fact, LGF show some
structural similarities with the advanced glycation end products (AGE) which structure is mainly based
on albumins bound to glucose with the ability to change albumin conformation [72]. RAGE receptors
are also expressed by astrocytes and microglia [73], and their activation elicits TNF-alpha release from
these cells [73].

Present results show how LGF treatment also improves memory performance impairment in
APPswe mice. The APPswe mice in comparison with the WT animals, had a reduced ambulatory
behavior in the Y-maze, as shown by the total number of entrances and this pattern was unchanged by
LGF treatment, so we may consider that motor activity and anxiety were affected in this experimental
model of AD. However, the alternance index in the Y-maze, which is an indicator of mnemonic
function, was significantly reduced in these mice. LGF treatment recovered this important parameter
of working memory to similar values to those observed in WT mice. Other studies have reported a
reduction in the exploratory behavior from 10 months old APPswe mice that are coincident with the
presence of Aβ plaque depositions in the hippocampus and cerebral cortex (reviewed in [74]). Thus,
LGF-induced reduction in Aβ plaques size and levels could contribute to the cognitive improvement
observed in our study. In addition, LGF could ameliorate the exploratory behavior in these mice
through the reduction of glial reactivity, and its anti-inflammatory and anti-oxidative responses referred
to above.

The marble-burying test index was lower in the APPswe mice than in WT mice, and LGF rescued
this behavioral parameter. Other studies have shown reduced scrabble behavior and buried marbles
in mice with cortical and hippocampal lesions [75] and in Tg-APP/PS1 mice [76]. In the latter study,
the behavioral deficits were attributed to the accumulation of Aβ in the brain, so we may consider that
the beneficial effects observed in APP-LGF treated mice could be in part due to the reduction in Aβ

levels promoted by the factor.

4. Materials and Methods

4.1. Ethics Statement

The Ethics Committee of the Hospital Ramón y Cajal, Madrid (animal facilities ES280790002001)
approved on 11 May 2015 all the protocols related to the use of laboratory animals. All procedures
associated with animal experiments were in accordance with Spanish legislation (RD 53/2013) and the
European Union Council Directive (2010/63/EU).

4.2. LGF Purification

LGF was obtained and purified from serumof rats that were subjected to a bile duct ligation
for 5 weeks, as previously described by Díaz-Gil et al. [77]. The quantitation of the purity of LGF
was performed by HPLC [78] and serum samples that showed the highest concentrations of the
growth factor were chosen to continue with the process. The method included three chromatographic
procedures using DEAE-cellulose, Sephadex G-150, and hydroxylapatite. The absence of contaminants
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and other growth factors (purity) in the LGF samples was also evaluated according to the standard
criteria described by Díaz-Gil et al. [5,77,79]. All LGF preparations showed a single band in SDS-PAGE
electrophoresis and were lyophilized and stored at 4 ◦C until use. Finally, LGF aliquots were dissolved
in saline prior to intraperitoneal administration.

4.3. Transgenic Animals

The Tg2576 line over-expressing human APP695 was used as a model of AD in this study. This line
contains the human mutated APPswe that includes the double mutation M671L and K670N under
the control of the prion protein promoter [18]. This mouse line of AD was generously donated by
Dr. Carro [80]. These mice develop age-dependent AD-type neuropathology [18]. Tg2576 mice show
elevated levels of the major soluble form of brain amyloid (Aβ1-40) at 1 year old. An intercross between
APP Tg2576 and Wild-type (WT) C57BL6 was performed in order to obtain WT littermate controls.

Transgenic (Tg) animals were generated by breeding the mice according to the following diagram:
male APPswe × female WT→ APPswe (50/57.6) and WT (50/42.4)—(the numbers in brackets show the
expected/found genotype frequencies of the offspring expressed in %).

Eighteen WT mice were divided into 2 experimental groups, WT control (WT, n = 11) and LGF
treated group (WT-LGF, n = 7). APPswe mice were also divided in APPswe control (APP, n = 12)
and LGF treated APPswe (APP-LGF, n = 16). Four mice per group were used for histological assays,
and 4 to 10 mice were used for biochemical studies. All mice included in each experimental group
were used for behavioral studies. The animals were studied at 21 months of age.

4.4. Genotype by PCR

The genotype of each animal was confirmed as described by Carro et al. [80]. Genomic DNA was
extracted from the mouse tail using the High Pure PCR template preparation kit (Roche, Barcelona,
Spain) according to the manufacturer’s instructions. Briefly, 150 ng of DNA was amplified by
polymerase chain reaction (PCR) using the specific primers described in [80] to detect mutant human
APP sequence.

4.5. LGF and BrdU Administration

Twenty-month-old mice received 2 weekly 100 μL i.p. injections of saline used as a vehicle (WT and
APP groups) or LGF (1.6 μg/100 μL) (WT-LGF and APP-LGF groups) for 3 weeks. This optimal dose of
LGF has been used in different model systems using an identical or similar schedule [13,14]. Mice were
sacrificed 1 week after the last treatment with vehicle or LGF (Figure 7).

Figure 7. Representative scheme showing the methodological procedure followed for the administration
of LGF or vehicle to 20 months old WT and APPswe mice.

To determine whether the i.p. administration of LGF increased cell proliferation, a group of WT
and APP animals were injected daily for 3 weeks with the mitotic marker 5-bromodeoxyuridine (BrdU)
(50 mg/kg i.p.), starting 24 h after the beginning of LGF/saline injections.
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4.6. Behavioral Studies

Exploratory behavior and body weight were measured before treatment initiation to allocating
the animals to the experimental groups (WT, WT-LGF, APP, APP-LGF). After 3 weeks of treatment
with vehicle or LGF, mice were subjected to behavioral analysis. Two behavioral tests were carried out
in this study: Y-maze test and marble burying test.

4.6.1. Y-Maze

Spatial working memory was measured using the Y-maze behavioral paradigm. The Y-maze
test is based on the natural exploratory preference of mice to alternate arms when exploring a
new environment. The spontaneous alternation behavior of mice in the Y-maze was analyzed to
assess short term memory impairment in mice, following the methodology previously reported by
Perucho et al. [81,82]. Testing takes place in a Y-shaped maze with three white, opaque plastic arms
spaced at an angle of 120 degrees. Briefly, after acclimatizing the mice to the behavioral room (30 min),
each mouse was placed at the same end of one arm of the Y-maze and allowed to move freely through
the maze for 5 min. The number of arms entered, as well as the number of spontaneous alternations,
defined as a sequence of entries in each of 3 consecutive arms without repetition, were recorded to
determinate the alternation rate. The percentage of alternation score was calculated as follows:

Spontaneous alternation% =

(
number of spontaneous alternations

total number of arm entries− 2

)
× 100 (1)

4.6.2. Marble Burying Test

Marble burying was assessed as an additional measure of exploratory digging. This test is a
useful paradigm to study repetitive compulsive-like behaviors based on the observation of rodents
burying objects in their bedding, a phenomenon dependent on hippocampal function [75]. Briefly,
mice were individually housed in a cage filled with 5 cm of wood chip bedding for a 30 min testing
period of acclimation, and continued throughout the test session. Tests were performed between 18:00
and 20:00 h, under standard laboratory conditions of temperature, 22 ± 2 ◦C, 12 h light:dark cycle,
relative humidity 50–60% and with food and water restriction. The mice were placed individually
for 30 min in plastic cages, with 9 marbles placed on top of the bedding material, in a 3 × 3 grid
with 4 cm center-to-center spacing. A new cage, clean marbles and fresh bedding were used for
each mouse. At the end of that time, each mouse was returned to its home cage and the number of
marbles uncovered; completely buried (not visible); 2/3 covered (only top visible) and half covered,
were counted. This classification was used to obtain a “buried index”, as an indication of activity and
interaction with their environment [83].

4.7. Antibodies and Immunochemicals for Immunohistochemistry

The primary antibodies used in this study were: rabbit polyclonal anti-Iba1 (1:100; Wako Chemicals
USA, Inc., Los Angeles, CA, USA), mouse monoclonal anti-5-bromodeoxyuridine (BrdU, 1:25;
DakoCytomation, Glostrup, Denmark), and mouse monoclonal anti-Aβ (6E10, 1:100; Covance,
Emeryville, CA, USA). The secondary antibodies used were: Alexa Fluor-568 goat anti-mouse
IgG, and Alexa Fluor-488 goat anti-rabbit IgG (1:400; both from Molecular Probes; Eugene, OR,
USA), fluorescein-conjugated goat anti-mouse IgG (1:25; Jackson ImmunoResearch Laboratories Inc.,
West Grove, PA, USA).

4.8. Tissue Processing, Immunohistochemistry and Morphometric Analyses

Four weeks after the beginning of LGF or saline treatment transgenic mice were perfused
intracardially under deep anesthesia with 10 mL of heparinized isotonic saline, followed by 40 mL of
4% paraformaldehyde. Brains were postfixed in the same solution for 24 h at 4 ◦C, cryoprotected and
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frozen, before sectioning into 20 μm-thick coronal sections in a cryostat. For quantitative measurements
and immunohistochemical analysis of the dorsal hippocampus and dorsal cortex, coronal sections
were obtained at the antero-posterior level of −2.5 to −3 mm from Bregma [84].

Tissue sections were mounted on coated FLEX IHC microscope slides (DakoCytomation, Glostrup,
Denmark), treated with sodium acetate 10 mM, pH 6.0, at 95 ◦C for 4 min, and blocked with 5%
normal goat serum (NGS) and 0.1% Triton-X 100 in phosphate buffer saline (PBS), pH 7.4, for 30 min.
Primary antibodies diluted in 0.5% NGS in PBS, were applied for 24 h at 4 ◦C, and were visualized using
fluorescent secondary anti-rabbit and anti-mouse antibodies diluted in 0.5% NGS in PBS. The slides
were coverslipped in a medium containing p-phenylenediamine and bisbenzimide (Hoechst 33342;
Sigma, St. Louis, MO, USA) for detection of nuclei. For double immunolabeling with anti-Iba1 and
anti-BrdU antibodies, the former immunostaining was performed prior to the immunodetection of
BrdU incorporated into nuclei. The latter detection needed pretreatment of sections with 2N HCl at
37◦C for 30 min, previous to the NGS blocking step. In the case of Aβ immunodetection in plaques,
sections were pretreated with 70% formic acid for 20 min at RT, followed by the blocking step.

For quantification of proliferating BrdU-positive cells, microglial Iba1-positive cells, and Aβ

6E10-positive plaques, panoramic views were obtained from one representative coronal section for each
immunostaining technique and for each brain. These panoramic views, where the complete transversal
surface of dorsal hippocampus and dorsal cortex of each cerebral hemisphere were visualized (3 mm2

for each structure), were obtained by using the stitching tool of the software NIS ELEMENTS C,
version BR 3.2 (Nikon Instruments Inc., Tokio, Japan), coupled to a Nikon ECLIPSE Ti-e microscope
(Nikon Instruments Inc., Tokio, Japan) with a motorized stage, and the 10× objective. Four WT,
4 APP and 4 APPL-GF were analyzed for these evaluations. The data entered in the corresponding
graphs were: (a) the mean ± SEM obtained from the data of both cerebral hemispheres (number of
plaques/mm2); (b) the mean of 2 different regions in the cortex and of 4 different regions in the
hippocampus of one cerebral hemisphere (density of Iba1-positive cells); and (c) the sum of data from
both hemispheres (density of BrdU-positive cells).

4.9. Brain Regions and Tissue Preparation for Biochemical Analysis

After decapitation the brain was extracted and the hippocampus and cortex were free-hand
dissected, then the samples were frozen on dry ice for biochemical studies (Western blot). For the protein
extraction, dried tissue samples were weighed and placed in six volumes (w/v) of phosphate-buffered
saline (PBS) with protease inhibitor cocktail 1× (Calbiochem, Temecula, CA, USA) and 20 mM
N-ethylmaleimide to inactivate deubiquitinating enzymes and subjected to two 30-s rounds of
sonication. The lysates were immediately boiled for 5 min and centrifuged at 12,000× g at 4 ◦C for
30 min. The supernatant-PBS-inhibitors was defined as the soluble fraction and was used for protein
analysis by Western blot. To obtain the total Aβ (soluble plus insoluble) fraction, the initial homogenate
(200 μL) was extracted with 5 M guanidine in 6 mM Tris–HCl, pH 8.0 by rotating the sample at room
temperature overnight. The sample obtained after guanidine extraction represented the total fraction.
Soluble and total fractions were used for protein analysis by Western blot.

4.10. Protein Analysis

Aliquots of 20–30 μg of protein were added to sample loading buffer 2× (50 mM Tris pH 6.8,
10% glycerol, 2% SDS, 5% β-mercaptoethanol and 0.1% bromophenol blue). The electrophoresis was
performed using SDS-polyacrylamide gels (10–15%) and then the samples were electro-blotted using
nitrocellulose membranes (0.45 μm). The blots were blocked using TTBS solution (5% dry skimmed
milk, 137 mM NaCl plus 0.1% Tween-20 and 20 mM Tris-HCl pH 7.6) at room temperature for 2 h.
Once the blocking of non-specific binding was performed, the membranes were incubated overnight
at 4 ◦C with specific primary antibodies diluted in blocking solution. Then, the membranes were
washed twice for 10 min using blocking solution followed by another two washes with TTBS for 5 min.
β-actin was used as a loading control and housekeeping protein. The membranes were developed by
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enhanced chemiluminescence detection using a commercial kit (Bio-Rad Laboratories Inc., Hercules,
CA, USA) and quantified by computer-assisted video densitometry using the Bio-Rad Quantity One
software (Bio-Rad Laboratories Inc, Hercules, CA, USA). The data of the proteins of interest analyzed
in the study were normalized with respect to β-actin levels.

4.10.1. Primary Antibodies

The primary antibodies used in this study were: Mouse monoclonal amyloid-β antibody 6E10
(BioLegend Inc., San Diego, CA, USA), diluted 1:1000. Mouse monoclonal anti-HSP70 (1:1000)
and rabbit polyclonal antibody against ASC (1:500) were from Santa Cruz (Temecula, CA, USA).
Mouse monoclonal anti tau-5 (for measurement of total tau protein) antibody (Chemicon, Madrid,
Spain) diluted 1:5000 and rabbit polyclonal to phospho-tau (phospho serine199 + serine202) (1:1000)
were from Abcam (Cambridge, UK). Mouse monoclonal anti-glial fibrillar acid protein (GFAP) antibody
diluted 1:5000 was from Chemicon (Madrid, Spain) and rabbit polyclonal antibody for anti-Iba1,
1:1000 was for WAKO (Japan). Rabbit anti-proliferating cell nuclear antigen (PCNA, 1:75; SantaCruz
Biotechnology, Santa Cruz, CA, USA), and mouse monoclonal anti-ubiquitin antibody (1/500) was from
Chemicon (Chemicon International Inc., Temecula, CA, USA). Mouse anti Bcl2 (1:250) and rabbit
anti-Bax (1:250) were from Santa Cruz (Santa Cruz Biotechnology). Rabbit anti-phospho-Akt (Ser473P)
(1:2000) and rabbit anti-Akt (1:2000) were from Cell Signaling Technology, Beverly, MA, USA. Rabbit anti
Nrf2 (1:1000) and rabbit anti CD36 (1:500) were from Thermo Fisher Scientific, Rosemont, IL, USA.
To correct and quantify the protein charge mouse monoclonal anti-β-actin antibody diluted 1:10,000
was used from Sigma.

4.10.2. Secondary Antibodies

Goat anti-mouse-IGg-HRP and anti-rabbit-IGg-HRP secondary antibodies diluted 1:1000 were
purchased from Bio-Rad (Bio-Rad Laboratories Inc., Hercules, CA, USA).

4.11. Statistical Analysis

Results are expressed as mean ± SEM of (n) independent animals. Statistical analysis was
performed with the GraphPad Prism software, version 6.01 (La Jolla, CA, USA). Before analysis,
the Shapiro–Wilk test was used to test normality. One-way ANOVA followed by the Newman–Keuls
multiple comparison test were performed. Differences were considered significant when p ≤ 0.05.

5. Conclusions

Liver growth factor is an albumin–bilirubin complex that exhibits remarkable neuroprotective,
anti-inflammatory, and anti-oxidant activities in several models of neurodegenerative diseases. In the
experimental model of AD used in this study (APPswe mouse), chronic LGF treatment reduced Aβ and
phospho-Tau protein levels which are the main neuropathological features associated to the disease.
LGF also reduced microglia and astroglia cell reactivity and modulated the expression of ASC CD36
and Nrf2 which are proteins involved in the regulation of inflammatory and oxidative processes.
Because these beneficial effects correlated with an improvement in the cognitive deficits observed in
the APPswe mice, we may consider LGF as a potential new therapeutic factor for AD.

6. Patents

US 8,642,551 B2, 4 February 2014
CE, num. 09732019.6-1456, Ref. EP-883, April 2015
US 14/140.014, 26 May 2015
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Abstract: Background: Trimethyltin (TMT) is a potent neurotoxin affecting various regions of
the central nervous system, including the neocortex, the cerebellum, and the hippocampus.
Phosphatidylserine (PS) is a membrane phospholipid, which is vital to brain cells. We analyzed
the neuroprotective effects of soybean-derived phosphatidylserine (Bean-PS) on cognitive function,
changes in the central cholinergic systems, and neural activity in TMT-induced memory deficits in
a rat model. Methods: The rats were randomly divided into an untreated normal group, a TMT
group (injected with TMT + vehicle), and a group injected with TMT + Bean-PS. The rats were treated
with 10% hexane (TMT group) or TMT + Bean-PS (50 mg·kg−1, oral administration (p.o.)) daily
for 21 days, following a single injection of TMT (8.0 mg/kg, intraperitoneally (i.p.)). The cognitive
function of Bean-PS was assessed using the Morris water maze (MWM) test and a passive avoidance
task (PAT). The expression of acetylcholine transferase (ChAT) and acetylcholinesterase (AchE) in
the hippocampus was assessed via immunohistochemistry. A positron emission tomography (PET)
scan was used to measure the glucose uptake in the rat brain. Results: Treatment with Bean-PS
enhanced memory function in the Morris water maze (MWM) test. Consistent with the behavioral
results, treatment with Bean-PS diminished the damage to cholinergic cells in the hippocampus,
in contrast to those of the TMT group. The TMT+Bean-PS group showed elevated glucose uptake in
the frontal lobe of the rat brain. Conclusion: These results demonstrate that Bean-PS protects against
TMT-induced learning and memory impairment. As such, Bean-PS represents a potential treatment
for neurodegenerative disorders, such as Alzheimer’s disease.

Keywords: neuroprotection; neurodegenerative disorder; choline acetyltransferase (ChAT);
trimethyltin (TMT); bean phosphatidylserine (Bean-PS)

1. Introduction

Trimethyltin (TMT) intoxication is regarded as an appropriate model of chronic neuronal
degeneration associated with cognitive impairment, and is therefore useful in the study of Alzheimer’s
disease (AD) [1,2]. The organotin trimethyltin chloride (TMT) is a neurotoxin that induces neuronal
degeneration in the central nervous system (CNS) [3]. In particular, TMT injection leads to substantial
damage of the hippocampus, which is implicated in memory [4]. Necrosis of hippocampal pyramidal
cells and granule cells, produced by TMT, has been associated with the disruption of normal
behavioral patterns [5], hippocampal physiological activity [6,7], and neurochemical markers of
endogenous hippocampal neurotransmitters [7,8]. Rats exposed to TMT show behavioral, biochemical,
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and histological deficits [4]. For example, granule cells in the dentate gyrus, and cornu ammonis 1
(CA1) and cornu ammonis 3 (CA3) pyramidal cells, were significantly impregnated with TMT [9–11].
TMT intoxication attenuates hippocampal-dependent behavior in the Morris water maze [12] and the
passive avoidance test [13]. TMT injection causes massive neuronal death, accompanied by enhanced
hippocampal neurogenesis in the rat brain [14].

Several studies have shown that the cognitive dysfunction was associated with damaged
cholinergic neurons in the brains of animal models of AD. Damage to the cholinergic system in
the brain is closely associated with memory deficits. These anatomical and behavioral findings in
TMT-intoxicated rats have been used to develop an attractive model of degenerative diseases such
as AD [15]. AD has also been correlated with the loss of cholinergic neurons and decreased levels of
acetylcholine (ACh) and choline acetyltransferase (ChAT). Lesions in these pathways lead to decreased
ACh release, resulting in learning and memory dysfunction [16]. Current therapeutic measures are
designed to increase levels of ACh in the brains of AD patients via suppression of acetylcholinesterase.
Drugs, including the cholinesterase inhibitors, donepezil, galantamine, and rivastigmine, slow the
breakdown of synaptic ACh, prolong its ability to stimulate post-synaptic receptors, and amplify the
natural pattern of ACh release in the brain [17,18]. The drugs currently approved for the treatment of
AD act by countering the acetylcholine deficits, leading to symptomatic relief, improved cognitive
function, and enhanced acetylcholine levels in the brain.

Phosphatidylserine (PS) is the major anionic phospholipid found in the inner leaflet of eukaryotic
cell membranes. PS-supplemented rodents showed enhanced memory, learning capacity, and other
cognitive parameters [19]. In human studies, the efficacy of bovine-brain-derived PS (BC-PS) has been
reported in patients with dementia [20]. Treatment with BC-PS improved memory function, especially
delayed recall in the elderly with memory complaints. Although PS extracts from bovine cortex are
known to be effective in improving memory function in humans and animals, alternative sources of PS
are increasingly in demand [21]. It has been demonstrated that soybean-derived PS, one of the most
promising alternatives, improved memory function in humans as much as BC-PS [22]. In addition,
the treatment of rodents with BC-PS improved scopolamine-induced amnesia in the passive avoidance
test, and cognitive disorders in senile subjects [23].

However, few studies have reported the effects of soybean-derived phosphatidylserine (Bean-PS)
on cognitive improvement and its underlying mechanisms. The purpose of this study is to investigate
whether Bean-PS prevents the neurodegeneration of the hippocampus, and the impairment of learning
and memory, induced by TMT. The study demonstrated that Bean-PS improved cognitive function,
and activated cholinergic systems in the hippocampus in addition to neural activation, in rats with
TMT-induced cognitive deficits.

2. Results

2.1. Morris Water Maze Test

Figure 1A represents the escape latency intervals recorded during successive training trials. In the
acquisition trials, the TMT group showed deteriorated cognitive deficits compared with the normal
group, reflected by the increased escape latency (*** p < 0.001, on Days 1 and 4, ** p < 0.01, on Days 2
and 3). The TMT + Bean-PS group demonstrated amelioration of spatial memory and learning ability
relative to the TMT group starting from Day 2 (p < 0.05) and Day 4 (p < 0.05). In the retention test,
the times spent on the platform varied significantly among the groups. The TMT group spent less
time on the platform than the normal group (F2, 18 = 6.42, p < 0.05). The TMT + Bean-PS group did not
affect the time spent in the platform area as seen in Figure 1B.
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A 

B 

Figure 1. Effects of soy-bean-derived phosphatidylserine (Bean-PS) on spatial learning and memory
dysfunction in trimethyltin (TMT)-induced rats. (A) The latency in escaping onto the hidden platform
during the acquisition test. In the acquisition test, the task entailed three trials each day over 4 days.
The values are presented as mean ± S.E.M. ** p < 0.01, *** p < 0.001 vs. normal group, # p < 0.05 vs.
TMT group, respectively. (B)Retention was tested on Day 5. Results are expressed as means ± S.E.M.
** p < 0.01 vs. normal group. Normal group (N = 9); TMT group (N = 5); TMT-Bean-PS (N = 5).

2.2. Passive Avoidance Test

The passive avoidance test was conducted to determine the ability of working memory and
learning. As shown in Figure 2, there was no significant difference among the three groups.

2.3. ChAT and AchE Immunoreactivity

The results of the evaluations of the ChAT-positive cells per section from the different hippocampal
formations are shown in Figure 3. The ChAT activity in the hippocampus of the normal group was
significantly higher than that of the TMT group. In particular, there were significant differences in the
hippocampal CA1 (F2, 18 = 8.53, p < 0.01) and CA3 (F2, 18 = 22.94, p < 0.001).
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Figure 2. Effect of Bean-PS on escape latency into the dark phase of the retention test during the
passive avoidance task. Each value is expressed ± S.E.M. Normal group (N = 6); TMT group (N = 5);
TMT-Bean-PS (N = 5).

The numbers of ChAT-positive cells in the TMT+Bean-PS group were higher than those in the
TMT group, particularly in CA1 (p < 0.05). Immunoreactivity of ChAT in the TMT + Bean-PS group
was significantly increased in CA1 (p < 0.05), as seen in Figure 3A,B. The TMT + Bean-PS group in
the CA3 region showed no difference compared with that of the TMT group as seen in Figure 3A,B.
The results of the evaluations of the acetylcholinesterase (AchE) immunoreactive cells per section from
the different hippocampi are shown in Figure 4A,B. The AChE activity in the hippocampus of the
TMT group was significantly lower than that of the normal group (p < 0.001). In particular, there were
significant differences in both CA1 (F2, 15 = 12.07, p < 0.01) and CA3 (F2, 15 = 10.85, p < 0.01). However,
the AChE reactivity in the TMT+Bean-PS group was higher than that in the TMT group, particularly in
CA1 (p < 0.01) and CA3 (p < 0.01).

A 

Figure 3. Cont.
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B 

Figure 3. Effect of Bean-PS on the number of choline acetyltransferase (ChAT)-positive neurons in
the hippocampus. Representative photographs and the number of positive neurons are indicated in
(A) and (B). Black square represents region of CA1 and CA3 in the hippocampus and the scale bar
represents 200 μm. Results are expressed as means ± S.E.M. *** p < 0.001, ** p < 0.01 vs. normal group,
# p < 0.05 vs. TMT group. Normal group (N = 9); TMT group (N = 5); TMT-Bean-PS (N = 5).

 
A 

Figure 4. Cont.

311



Int. J. Mol. Sci. 2020, 21, 4901

B 

Figure 4. Effect of Bean-PS on the density of acetylcholinersterase (AchE)-immunostained nuclei in the
hippocampus. Representative photographs and the density of AchE-immunostained nuclei are indicated
in (A) and (B). Black square represents region of CA1 and CA3 in the hippocampus and the scale bar
represents 200 μm. The values are presented as means ± S.E.M. ** p < 0.01 vs. normal group, ## p < 0.01
vs. TMT group, respectively. Normal group (N = 6); TMT group (N = 5); TMT-Bean-PS (N = 5).

2.4. Brain Glucose Metabolism

Figure 5 and Table 1 show the results of 18F-fluorodeoxyglucose (FDG) uptake measurements
from the different brain regions. The cerebral glucose activity of the TMT group was markedly
reduced in the hippocampus and frontal lobe compared with that of the normal group in statistical
parametric mapping (SPM) analysis of FDG-positron emission tomography (PET) (Figure 5A and
Table 1A, p < 0.05). In addition, the activity of the TMT + Bean-PS group was significantly increased in
the frontal lobe and hippocampus compared with the TMT group (Figure 5B and Table 1B, p < 0.05).

Table 1. The changes of Z values in the hippocampus and frontal lobe. The results of voxel-wise
comparison between the TMT + Bean-PS and TMT group datasets are shown (Table 1A). In the
statistical parametric mapping (SPM) analysis, the cerebral glucose uptake of TMT+Bean-PS datasets
was significantly increased in the hippocampus and frontal lobe compared with that of the TMT group
(Table 1B).

A

Brain Area Coordinates (x, y, z) Z Value

Frontal lobe (8, 1, 10) 1.95
Hippocampus (Right) (9, −1, 11) 1.69
Hippocampus (Left) (−9, −1, 10) 1.66

B

Brain Area Coordinates (x, y, z) Z Value

Frontal lobe (2, 4, 8) 3.24
Hippocampus (Right) (7, −3, 3) 4.57
Hippocampus (Left) (−5, −5, 1) 3.3
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Figure 5. Brain regions showing regional glucose metabolism. (A) Brain regions where the regional
18F-fluodeoxyglucose (FDG) uptake in the TMT group (N = 3) was markedly lower than in the normal
group (N = 3) (hippocampus and frontal lobe). (B) Brain region where reginal glucose uptake in
the TMT + Bean-PS group (N = 3) was significantly higher than in the TMT group (frontal lobe and
hippocampus). Green line: cross hair

3. Discussion

AD is characterized by deterioration in memory, thinking, and the ability to carry out activities.
An estimated 50 million people worldwide manifest dementia, and almost 10 million new cases
are reported every year [24]. There is no established therapeutic agent currently available to treat
dementia. Numerous new treatments are being investigated, in various stages of clinical trials.
This study suggested that injection of TMT caused critical deficits in performance during tests of
cognitive function, as well as causing corresponding signs of neurodegeneration, including decreased
cholinergic neurons in the hippocampus. Our results showed that administration of Bean-PS reduced
the TMT-induced learning and memory deficits in the Morris water maze, and suppressed TMT-induced
reduction in ChAT and AchE in the hippocampus.
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TMT exposure triggers severe behavioral and cognitive defects in both humans [25] and
experimental animals [26]. TMT injection induced damage to the hippocampal pyramidal neurons,
and also in the associated areas in rats [26–33]. Furthermore, previous studies have reported that
TMT injection increases the risk of neuronal cell death, via possible excitotoxicity, intracellular
calcium overload, and mitochondrial damage [34]. Several behavioral studies have suggested that the
performance of TMT-induced rats is poor in memory and learning tasks [35,36]. The Morris water
maze test has been used to test permanent spatial learning ability and reference memory, and utilized
to evaluate cognitive-enhancing agents for the treatment of neurocognitive disorders [37,38].

Our study indicated that spatial memory impairment was ameliorated in the TMT+Bean-PS groups
during the training days in contrast with that of the TMT group. In addition, the data demonstrated
that Bean-PS preserved the TMT-induced reduction in spatial retention. These results suggested that
Bean-PS improved learning and memory deficits in TMT-intoxicated rats used as experimental models
of neurodegeneration for the study of Alzheimer-like diseases [15,39].

The animal model used in this study clearly demonstrates the functional significance of
hippocampal neurodegeneration induced by TMT. The cholinergic system is involved in information
processing associated with hippocampal learning and memory [40]. The hippocampus carries
information derived from the related regions of the brain that are involved in learning and memory [41],
and any damage to the cholinergic system may result in altered behavioral responses [42]. In particular,
the loss of cholinergic function has been associated with a decline in cognition during aging and in
AD [43]. Thus, the expression of AchE and ChAT in the hippocampus and its relation to TMT-induced
cognitive impairment in rats was examined. Bean-PS also continuously improved the activity of
cholinergic neurons in the hippocampus, which eventually restored the cholinergic pathway [44].

Based on the cholinergic hypothesis, patients with senile dementia show a selective and irreversible
lack of cholinergic function in the brain [45]. Therefore, in patients with AD, treatment with
cholinesterase inhibitors and ChAT activators may compensate for decreased ACh levels.

It is quite probable that the observed improvement in spatial learning deficits following the
treatment with Bean-PS of rats was related to the enhanced release of ACh. According to the results from
the Morris water maze (MWM), exposure to Bean-PS ameliorated the TMT-induced deficits in learning
and memory. In addition, treatment with Bean-PS decreased cell loss, increased central cholinergic
function, and prevented degeneration of cholinergic neurons mediating cognitive processes [46].

Our previous study reported that treatment with Bean-PS dissolved in medium-chain triglyceride
(MCT) improved cognitive function and enhanced the neural activity in rats with TMT-induced
learning and memory deficits. The active biological ingredient in the resulting extract is affected by the
solvents [47]. Therefore, we investigated how the activity of Bean-PS in 10% hexane solvent affected
TMT-induced memory deficits in rats.

The present study analyzed the effect of 10% hexane solvent on Bean-PS-attenuated TMT-induced
cognitive defects in the Morris water maze, and found a protective effect in contrast to TMT-induced
reduction in ChAT and AchE in the hippocampal areas.

Exposure to Bean-PS resulted in upregulation of glucose uptake in the hippocampus and frontal lobe.
Administration of Bean-PS may have robust therapeutic potential as a treatment for neurodegenerative
disorders, such as AD.

4. Material and Methods

4.1. Animals and Experimental Design

Male Sprague-Dawley rats weighing 250–580 g each were purchased from Samtaco Animal Corp.
All rats were housed individually in a room at 23 ◦C (room temperature) under an alternating 12 h
light/dark cycle. The rats were fed a commercial diet and provided with tap water ad libitum throughout
the study. Food and water were made accessible ad libitum. This experiment was conducted in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals,
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revised in 1996, and was approved by the Institutional Animal Care and Use Committee of Kyung
Hee University (KHUAP(SE)-18-073, 05/30/2018). In this study, the rats were randomly assigned to
three groups: untreated, naïve (Normal, n = 9); TMT injected with vehicle (TMT, n = 5); and TMT
injected along with 50 mg/kg−1 Bean-PS (Bean-PS, n = 5). The rats were injected intraperitoneally (i.p.)
with TMT (8.0 mg/kg, body weight) dissolved in 0.9% saline and then returned to their home cages.
The TMT+Bean-PS mixture (50 mg/kg, oral administration (p.o.)) was dissolved in 10% hexane and
orally administered for two weeks after TMT-induced neurodegeneration.

4.2. Drug Treatment

PS was produced from soy lecithin by enzymatic transphophatidylation, and comprised a
mixture of 90% phosphatidylserine (PS), 2% phosphatidylcholine (PC), and 6% phosphatidic acid
(PA). The Bean-PS contained palmitic (17.7%), palmitoleic (1.3%), stearic (1.3%), oleic (14.4%), limoleic
(61.2%), linolenic (1.4%), eicosapentaenoic acid (EPA), and other fatty acids (9.4%). PS and 10% hexane,
used as a solvent for PS, were provided by Doosan Co. Glonet BG (Youngin, Korea) and the PS was
stored in a freezer (−60 ◦C).

4.3. Morris Water Maze (MWM)

From the 17th day after the treatment with Bean-PS, the Morris water maze test was performed
for 5 days. The black, plastic pool used in the Morris water maze test measured 200 cm in diameter and
was filled to a depth of 35 cm with clear water maintained at 23 ± 2 ◦C. It was inserted in a submerged
platform using external cues around the pool and within the behavioral room. For behavioral analysis,
a personal computer was used to assort a charge coupled device (CCD). A probe test was run after
the last trial on Day 4. In the experiment, the rats were exposed to an acquisition trial on each of
4 consecutive days. On Day 5, they were also trained in retention tests. The rats were allowed to search
for the platform for 180 s during the acquisition test. On Day 5 of the retention test, the rats underwent
a 1 min probe trial, in which the platform was eliminated from the pool. Probe trials were run at 1 min
intervals. The animals in the performance test of each water maze trial were evaluated with a personal
computer during the behavioral analysis (S-mart program, Barcelona, Spain).

4.4. Passive Avoidance Task (PAT)

A passive avoidance task was performed after 21 days of the treatment with Bean-PS. A test
chamber was composed of two platforms, one light (white partition, 20 cm × 20 cm × 30 cm) and
the other dark (black partition, 20 cm × 20 cm × 30 cm). A guillotine door opening (6 cm × 6 cm)
was made on the floor in the center of the divider between the two partitions. Stainless steel bars,
of diameter approximately 5 mm, were spaced at about 1 cm apart. Electric shocks (5 V, 0.5 mA, 10 s)
were transferred to the grid on the floor of the dark compartment. All rats were again located on the
platform, and the escape latency was recorded in the retention test.

4.5. Immunohistochemical Staining

After completion of the 18F fluorodeoxyglucose (FDG), rats were anesthetized with sodium
pentobarbital (100 mg·kg−1, intraperitoneally). Rats were perfused with saline solution, followed by
4% paraformaldehyde (PFA). The brain was anatomized from the skull, post-fixed in PFA overnight,
and stored in a 30% sucrose in PBS until it subsided. The brain was embedded and serially sectioned
on a cryostat (Leica Microsystem Co., Ltd., Wetzlar, Germany) at 30 μm thickness in the coronal plane
and the sections were collected in phosphate buffered saline (PBS). The primary antibodies against
the following specific antigens were used: ChAT and AchE. The primary antibody was diluted from
the concentrate with the blocking solution (0.2% phosphate buffered saline with tween 20 (PBST),
2% blocking serum in PBST). The primary antibody was infused into the brain sections for 72 h at
4 ◦C. After several rinses in PBST, the sections were incubated with secondary biotinylated antibodies
against rabbit immunoglobulin G (IgG) or sheet IgG (Vector Laboratories, Burlingame, CA, USA) for
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2 h. After washing with PBST, the sections were incubated with an appropriate biotinylated secondary
antibody and processed with an avidin–biotin complex kit (Vectastain ABC kit; Vector Laboratories,
Burlingame, CA, USA). The staining was conducted using 0.05% 3,3′-Diaminobenzidine (DAB) in the
presence of 0.003% H2O2 in 0.1 M PB. After rinsing with 0.1 M PB, the stained tissue sections were
mounted on the slide. The images were captured using a DP2-BSW imaging system (Olympus, CA,
USA) and processed using Adobe Photoshop Cells. Those testing positive for ChAT and AChE were
counted on a grid that was placed on CA1 and CA3 in the hippocampus area. The number of cells was
counted at a magnification of 100×, using a rectangular microscopic grid measuring 200 × 200 μm2.
The cells were counted in 3 sections per rat within the hippocampus.

4.6. Image Processing and Analysis

After completion of the behavioral test, animals underwent prior fasting over 12–15 h and bedding
was changed during the fasting period to avoid ingestion of bedding. The animals were treated with
500 mCi/100 g 18F-FDG via tail intravenous insjsmsjection, and the animals inhaled 2% isoflurane in
100% oxygen (Forane solution; ChoongWae Pharma, Korea) until the positron emission tomography
(PET) scan. A transverse resolution of <1.8 mm was used at the center [48]. The emission data were
acquired at an energy window setting (350–650 keV, 30 min). The acquired data in the emission list
mode were arranged into three-dimensional (3D) sinograms and reconstructed using 3D Reprojection
(3DRP) methods. To distinguish the cerebral glucose metabolism, between TMT + Bean-PS and TMT
group datasets, a voxel-based statistical analysis was performed using SPM. In summary, the area of
the brain was masked using the rectangular method. The PET data were spatially reconstructed onto
a rat brain template, smoothed using a 3 mm isotropic Gaussian kernel, and counted. A Statistical
Parametric Mapping 8 program was used in the voxel-wise t-test between the TMT + Bean-PS and
TMT group datasets (p < 0.05, K > 50).

4.7. Statistical Analysis

Results were assessed using one-way or two-way analysis of variance (ANOVA), and repeated
measures of ANOVA, followed by Tukey’s post hoc test, using SPSS 15.0 for Windows, for statistical
analysis, for multi-group comparisons, and Student’s t test for single comparisons, using Prism 5.01
software (Graphpad Software Inc., San Diego, CA, USA). In all statistical assessments, p < 0.05 was
considered to be statistically significant. Results are expressed as the mean± standard error of the mean.

5. Conclusions

Treatment with Bean-PS attenuated the TMT-induced memory impairment in the MWM test.
Furthermore, the Bean-PS improved cognitive function, and generated a neuroprotective effect by
increasing the expression of cholinergic neurons and glucose metabolism. Thus, Bean-PS is a potential
agent that can be used to prevent and protect against neurodegenerative diseases such as dementia
and AD. It may represent a good therapeutic agent for of the management of AD.

Author Contributions: Conceptualization, M.Y., K.K., and I.S.; Data curation, M.Y., J.S.K., and B.H.H.; Formal
analysis, M.Y., J.S.K., and B.H.H.; Investigation, M.Y., K.K., and I.S.; Methodology, M.Y., J.S.K., and I.S.; Project
administration, K.K., and I.S.; Software, M.Y. and J.S.K.; Validation, M.Y. and J.S.K.; Writing—original draft, M.Y.;
Writing—review & editing, M.Y., K.K., and I.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Korean Institute of Planning and Evaluation for Technology in Food,
Agriculture, Forestry and Fisheries (IPET 11080-03-3-HD020), funded by the Ministry of Agriculture, Food and
Rural Affairs (MAFRA).

Conflicts of Interest: The authors have no conflicts of interest to declare. The funders had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision
to publish the results.

316



Int. J. Mol. Sci. 2020, 21, 4901

References

1. Jung, E.-Y.; Lee, M.-S.; Ahn, C.J.; Cho, S.-H.; Bae, H.; Shim, I. The Neuroprotective Effect of Gugijihwang-Tang
on Trimethyltin-Induced Memory Dysfunction in the Rat. Evid. Based Complement. Altern. Med. 2013, 2013,
1–6. [CrossRef]

2. Kang, J.Y.; Park, S.K.; Guo, T.J.; Ha, J.S.; Lee, D.S.; Kim, J.M.; Lee, U.; Kim, D.; Heo, H.J. Reversal of
Trimethyltin-Induced Learning and Memory Deficits by 3,5-Dicaffeoylquinic Acid. Oxidative Med. Cell.
Longev. 2016, 2016, 1–13. [CrossRef] [PubMed]

3. Chen, J.; Huang, C.; Zheng, L.; Simonich, M.; Bai, C.; Tanguay, R.L.; Dong, Q. Trimethyltin chloride (TMT)
neurobehavioral toxicity in embryonic zebrafish. Neurotoxicol. Teratol. 2011, 33, 721–726. [CrossRef]

4. Liu, Z.; Jiang, C.; Li, R.; Zhao, S.; Li, W.; Tang, X. The neuroprotective effect of lithium chloride on cognitive
impairment through glycogen synthase kinase-3beta inhibition in intracerebral hemorrhage rats. Eur. J.
Pharmacol. 2018, 840, 50–59. [CrossRef]

5. Corvino, V.; Marchese, E.; Giannetti, S.; Lattanzi, W.; Bonvissuto, D.; Biamonte, F.; Mongiovì, A.M.; Michetti, F.;
Geloso, M.C. The neuroprotective and neurogenic effects of neuropeptide Y administration in an animal
model of hippocampal neurodegeneration and temporal lobe epilepsy induced by trimethyltin. J. Neurochem.
2012, 122, 415–426. [CrossRef]

6. Dyer, R.S.; Boyes, W.K. Trimethyltin reduces recurrent inhibition in rats. Neurobehav. Toxicol. Teratol. 1984, 6,
367–371.

7. Naalsund, L.U.; Allen, C.N.; Fonnum, F. Changes in neurobiological parameters in the hippocampus after
exposure to trimethyltin. NeuroToxicology 1985, 6, 145–158.

8. Valdes, J.J.; Mactutus, C.F.; Santos-Anderson, R.M.; Dawson, R.; Annau, Z. Selective neurochemical and
histological lesions in rat hippocampus following chronic trimethyltin exposure. Neurobehav. Toxicol. Teratol.
1983, 5, 357–361.

9. Chang, L.W.; Dyer, R.S. Early effects of trimethyltin on the dentate gyrus basket cells: A morphological study.
J. Toxicol. Environ. Heal. Part A 1985, 16, 641–653. [CrossRef]

10. Oderfeld-Nowak, B.; Zaremba, M. GM1 ganglioside potentiates trimethyltin-induced expression of interleukin-1
beta and the nerve growth factor in reactive astrocytes in the rat hippocampus: An immunocytochemical study.
Neurochem. Res. 1998, 23, 443–453. [CrossRef]

11. Koczyk, D.; Oderfeld-Nowak, B. Long-term microglial and astroglial activation in the hippocampus of
trimethyltin-intoxicated rat: Stimulation of NGF and TrkA immunoreactivities in astroglia but not in
microglia. Int. J. Dev. Neurosci. 2000, 18, 591–606. [CrossRef]

12. Halladay, A.; Wilson, D.; Wagner, G.; Reuhl, K. Trimethyltin-induced alterations in behavior are linked to
changes in PSA-NCAM expression. NeuroToxicol. 2006, 27, 137–146. [CrossRef] [PubMed]

13. Kim, C.R.; Choi, S.J.; Kwon, Y.K.; Kim, J.K.; Kim, Y.-J.; Park, G.G.; Shin, N.-H. Cinnamomum loureirii Extract
Inhibits Acetylcholinesterase Activity and Ameliorates Trimethyltin-Induced Cognitive Dysfunction in Mice.
Boil. Pharm. Bull. 2016, 39, 1130–1136. [CrossRef]

14. Da Silva, I.F.; Lima, L.C.F.; Graceli, J.B.; Rodrigues, L.C.D.M. Organotins in Neuronal Damage, Brain Function,
and Behavior: A Short Review. Front. Endocrinol. 2018, 8, 366. [CrossRef] [PubMed]

15. Woodruff, M.L.; Baisden, R.H.; Cannon, R.L.; Kalbfleisch, J.; Freeman, J.N. Effects of trimethyltin on
acquisition and reversal of a light-dark discrimination by rats. Physiol. Behav. 1994, 55, 1055–1061. [CrossRef]

16. Kobayashi, H.; Saito, F.; Yuyama, A. Effects of organotins on the cholinergic system in the chicken brain
in vitro. Toxicol. Vitr. 1992, 6, 337–343. [CrossRef]

17. Francis, P.T.; Palmer, A.M.; Snape, M.; Wilcock, G.K. The cholinergic hypothesis of Alzheimer’s disease:
A review of progress. J. Neurol. Neurosurg. Psychiatry 1999, 66, 137–147. [CrossRef]

18. Van Marum, R. Current and future therapy in Alzheimer’s disease. Fundam. Clin. Pharmacol. 2008, 22, 265–274.
[CrossRef]

19. Lee, B.; Sur, B.-J.; Han, J.-J.; Shim, I.; Her, S.; Lee, H.-J.; Hahm, D.-H. Krill phosphatidylserine improves
learning and memory in Morris water maze in aged rats. Prog. Neuro-Psychopharm. Boil. Psychiatry 2010, 34,
1085–1093. [CrossRef]

20. Amaducci, L.; Crook, T.H.; Lippi, A.; Bracco, L.; Baldereschi, M.; Latorraca, S.; Piersanti, P.; Tesco, G.; Sorbi, S.
Use of Phosphatidylserine in Alzheimer’s Disease. Ann. N. Y. Acad. Sci. 1991, 640, 245–249. [CrossRef]

317



Int. J. Mol. Sci. 2020, 21, 4901

21. Friedland, R.P.; Petersen, R.B.; Rubenstein, R. Bovine Spongiform Encephalopathy and Aquaculture.
J. Alzheimer’s Dis. 2008, 17, 277–279. [CrossRef]

22. Kato-Kataoka, A.; Sakai, M.; Ebina, R.; Nonaka, C.; Asano, T.; Miyamori, T. Soybean-Derived Phosphatidylserine
Improves Memory Function of the Elderly Japanese Subjects with Memory Complaints. J. Clin. Biochem. Nutr.
2010, 47, 246–255. [CrossRef]

23. Jorissen, B.; Brouns, F.; Van Boxtel, M.; Ponds, R.; Verhey, F.; Jolles, J.; Riedel, W. The influence of soy-derived
phosphatidylserine on cognition in age-associated memory impairment. Nutr. Neurosci. 2001, 4, 121–134.
[CrossRef]

24. Wimo, A.; Winblad, B. Economical Aspects of Dementia. Hendbook Clin. Neurol. 2008, 89, 137–146. [CrossRef]
25. Fortemps, E.; Amand, G.; Bomboir, A.; Lauwerys, R.; Laterre, E.C. Trimethyltin poisoning report of two cases.

Int. Arch. Occup. Environ. Health 1978, 41, 1–6. [CrossRef]
26. Dyer, R.S. Physiological methods for assessment of Trimethyltin exposure. Neurobehav. Toxicol. Teratol. 1982,

4, 659–664.
27. Brown, A.W.; Aldridge, W.N.; Street, B.W.; Verschoyle, R.D. The behavioral and neuropathologic sequelae of

intoxication by trimethyltin compounds in the rat. Am. J. Pathol. 1979, 97, 59–82.
28. Chang, L.W.; Tiemeyer, T.M.; Wenger, G.R.; McMillan, D.E. Neuropathology of trimethyltin intoxication. III.

Changes in the brain stem neurons. Environ. Res. 1983, 30, 399–411. [CrossRef]
29. Balaban, C.; Callaghan, J.; Billingsle, M. Trimethyltin-induced neuronal damage in the rat brain: Comparative

studies using silver degeneration stains, immunocytochemistry and immunoassay for neuronotypic and
gliotypic proteins. Neuroscience 1988, 26, 337–361. [CrossRef]

30. Chang, L.W.; Dyer, R.S. A time-course study of trimethyltin induced neuropathology in rats. Neurobehav. Toxicol.
Teratol. 1983, 5, 443–459.

31. Chang, L.W.; Dyer, R.S. Trimethyltin induced pathology in sensory neurons. Neurobehav. Toxicol. Teratol.
1983, 5, 673–696.

32. Chang, L.W.; Wenger, G.R.; McMillan, D.E.; Dyer, R.S. Species and strain comparison of acute neurotoxic
effects of trimethyltin in mice and rats. Neurobehav. Toxicol. Teratol. 1983, 5, 337–350.

33. Chang, L.W.; Dyer, R.S. Septotemporal gradients of trimethyltin-induced hippocampal lesions. Neurobehav. Toxicol.
Teratol. 1985, 7, 43–49. [PubMed]

34. Noraberg, J.; Gramsbergen, J.B.P.; Fonnum, F.; Zimmer, J. Trimethyltin (TMT) neurotoxicity in organotypic
rat hippocampal slice cultures. Brain Res. 1998, 783, 305–315. [CrossRef]

35. Swartzwelder, H.S.; Hepler, J.; Holahan, W.; King, S.E.; Leverenz, H.A.; A Miller, P.; Myers, R.D. Imparied maze
performance in the rat caused by trimethyltin treatment: Problem-solving deficits and perseveration.
Neurobehav. Toxicol. Teratol. 1982, 4, 169–176.

36. Andersson, H.; Luthman, J.; Lindqvist, E.; Olson, L. Time-course of trimethyltin effects on the monoaminergic
systems of the rat brain. NeuroToxicology 1995, 16, 201–210. [PubMed]

37. Koczyk, D.; Skup, M.; Zaremba, M.; Oderfeld-Nowak, B. Trimethyltin-induced plastic neuronal changes in
rat hippocampus are accompanied by astrocytic trophic activity. Acta Neurobiol. Exp. 1996, 56, 237–241.

38. Zhao, T.F.; Xu, C.X.; Li, Z.W.; Xie, F.; Zhao, Y.T.; Wang, S.Q.; Luo, C.H.; Lu, R.S.; Ni, G.L.; Ku, Z.Q.; et al.
(Effect of Tremella fuciformis Berk on acute radiation sickness in dogs (author’s transl)). Zhongguo Yi Xue Ke
Xue Yuan Xue Bao 1982, 4, 20–23.

39. Walsh, T.J.; Gallagher, M.; Bostock, E.; Dyer, R.S. Trimethyltin impairs retention of a passive avoidance task.
Neurobehav. Toxicol. Teratol. 1982, 4, 163–167.

40. Squire, L.R.; Davis, H.P. The Pharmacology of Memory: A Neurobiological Perspective. Annu. Rev. Pharmacol.
Toxicol. 1981, 21, 323–356. [CrossRef]

41. Lanier, L.P.; Isaacson, R.L. Activity changes related to the location of lesions in the hippocampus. Behav. Boil.
1975, 13, 59–69. [CrossRef]

42. Agrawal, A.K.; Roy, A.; Seth, K.; Raghubir, R.; Seth, P. Restorative potential of cholinergic rich transplants
in cholchicine induced lesioned rats: A comparative study of single and multiple micro-transplantation
approach. Int. J. Dev. Neurosci. 2003, 21, 191–198. [CrossRef]

43. Muir, J.L. Acetylcholine, Aging, and Alzheimer’s Disease. Pharmacol. Biochem. Behav. 1997, 56, 687–696. [CrossRef]
44. Shinjo, H.; Ueki, A.; Miwa, C.; Morita, Y. Effect of entorhinal cortex lesion on hippocampal cholinergic system

in rat in operant learning task as studied by in vivo brain microdialysis. J. Neurol. Sci. 1998, 157, 13–18.
[CrossRef]

318



Int. J. Mol. Sci. 2020, 21, 4901

45. Giacobini, E. Long-term stabilizing effect of cholinesterase inhibitors in the therapy of Alzheimer’ disease.
J. Neural. Transm. Suppl. 2002, 62, 181–187. [CrossRef]

46. Lorenzini, C.A.; Baldi, E.; Bucherelli, C.; Sacchetti, B.; Tassoni, G. Role of dorsal hippocampus in acquisition,
consolidation and retrieval of rat’s passive avoidance response: A tetrodotoxin functional inactivation study.
Brain Res. 1996, 730, 32–39. [CrossRef]

47. Ajanal, M.; Gundkalle, M.B.; Nayak, S.U. Estimation of total alkaloid in Chitrakadivati by UV-Spectrophotometer.
Anc. Sci. Life 2012, 31, 198–201. [CrossRef]

48. Bao, Q.; Newport, D.; Chen, M.; Stout, D.B.; Chatziioannou, A.F. Performance evaluation of the inveon
dedicated PET preclinical tomograph based on the NEMA NU-4 standards. J. Nucl. Med. 2009, 50, 401–408.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

319





 International Journal of 

Molecular Sciences

Article

Exercise-Induced Elevated BDNF Level Does Not
Prevent Cognitive Impairment Due to Acute Exposure
to Moderate Hypoxia in Well-Trained Athletes

Zofia Piotrowicz 1,*, Małgorzata Chalimoniuk 2, Kamila Płoszczyca 3, Miłosz Czuba 3,4

and Józef Langfort 1

1 Institute of Sport Sciences, The Jerzy Kukuczka Academy of Physical Education, 40-065 Katowice, Poland;
langfort@imdik.pan.pl

2 Department of Tourism and Health in Biała Podlaska, The Józef Piłsudski University of Physical Education,
00-968 Warsaw, Poland; malgorzata.chalimoniuk@awf-bp.edu.pl

3 Department of Kinesiology, Institute of Sport, 01-982 Warsaw, Poland; kamila.ploszczyca@insp.waw.pl (K.P.);
milosz.czuba@insp.waw.pl (M.C.)

4 Faculty of Health Sciences, Jan Dlugosz University, 42-200 Czestochowa, Poland
* Correspondence: zofia.a.piotrowicz@gmail.com

Received: 16 July 2020; Accepted: 31 July 2020; Published: 4 August 2020

Abstract: Exposure to acute hypoxia causes a detrimental effect on the brain which is also manifested
by a decrease in the ability to perform psychomotor tasks. Conversely, brain-derived neurotrophic
factor (BDNF), whose levels are elevated in response to exercise, is a well-known factor in improving
cognitive function. Therefore, the aim of our study was to investigate whether the exercise under
hypoxic conditions affects psychomotor performance. For this purpose, 11 healthy young athletes
performed a graded cycloergometer exercise test to volitional exhaustion under normoxia and
acute mild hypoxia (FiO2 = 14.7%). Before, immediately after exercise and after a period of
recovery, choice reaction time (CRT) and number of correct reactions (NCR) in relation to changes
in serum BDNF were examined. Additionally, other selected factors which may modify BDNF
production, i.e., cortisol (C), nitrite, catecholamines (adrenalin-A, noradrenaline-NA, dopamine-DA,
serotonin-5-HT) and endothelin-1 (ET-1), were also measured. Exercise in hypoxic conditions extended
CRT by 13.8% (p < 0.01) and decreased NCR (by 11.5%) compared to rest (p < 0.05). During maximal
workload, NCR was lower by 9% in hypoxia compared to normoxia (p < 0.05). BDNF increased
immediately after exercise in normoxia (by 29.3%; p < 0.01), as well as in hypoxia (by 50.0%; p < 0.001).
There were no differences in BDNF between normoxia and hypoxia. Considering the fact that similar
levels of BDNF were seen in both conditions but cognitive performance was suppressed in hypoxia,
acute elevation of BDNF did not compensate for hypoxia-induced cognition impairment. Moreover,
neither potentially negative effects of C nor positive effects of A, DA and NO on the brain were
observed in our study.

Keywords: brain-derived neurotrophic factor; moderate hypoxia; physical exercise; psychomotor
function; reaction time; cortisol; catecholamines; nitrite; endotheline-1; lactate

1. Introduction

Hypoxia is a condition in which some organ(s) or a whole organism is deprived of adequate
oxygen supply. Except in very short or static exercises [1–3], hypoxia negatively affects exercise
performance [4,5]. In particular, the maximal aerobic workload that can be sustained during exercise
involving large muscle groups (e.g., cycling, running) is considerably lower in hypoxia compared
with normoxia. The origin of human performance limitation in hypoxia is attributed to a decrease
in maximal oxygen uptake (VO2max). Dempsey and Wagner [6] observed that each 1% decrement in
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SaO2% below the 95% level approximates to a 1–2% decrement in VO2max. Diminished VO2max in
hypoxia is accompanied by a lowered O2 partial pressure in arterial blood (PaO2), which reduces O2

delivery to tissues and negatively affects muscle metabolism and contraction [7,8], leading to so-called
peripheral fatigue. There is also evidence that maximal cardiac output and maximal heart rate (HRmax)
during maximal exercise in hypoxia are decreased [9] and the decrease in HRmax is linearly related
to the decrease in SaO2% [10]. This effect can be reversed by oxygen administration during hypoxia
exposure in both acute [11] and chronic hypoxia [9,11–13].

The aforementioned factors do not fully explain the hypoxia-induced reduction in exercise
performance. As biochemical, electromyographic and mechanical signs of muscle fatigue are reduced
in severe hypoxia compared with normoxia, peripheral (muscle) fatigue may not be the main factor
responsible for impaired exercise performance [12,14]. It is well recognized that metabolites produced
in working muscles can directly modulate central nervous system (CNS) functions by changes in
sensory nerve impulses. Moreover, chemical messengers originating from working muscle are released
into the circulation [15] and can affect brain function after their translocation to the CNS. An alternative
hypothesis that may, at least partially, explain reduced exercise performance in hypoxic condition
attributes it to so-called central fatigue [16]. This assumption is supported by studies showing
impairment of cognitive performance [17] by reduced O2 delivery. Several studies [18,19] have
reported that moderate levels of hypoxia degraded the ability to perform psychomotor tasks, and the
main cause of cognitive impairment is the low PaO2 regardless of the type of hypoxia (normobaric vs.
hypobaric) [20].

The negative impact of hypoxia on cognitive functions is manifested by memory deterioration,
reduced learning ability, decreased concentration, and psychomotor performance [21]. One of the best
indicators of the speed and efficiency of mental processes is choice reaction time (CRT) and the number
of correct reactions (NCR), especially if these variables are used to assess the cognitive function within
the same group of participants [22,23]. However, in previous studies, the effect of hypoxia on CRT was
ambiguous and most likely depended on the time of exposure [24,25] and level of hypoxia: moderate
vs. severe [24,26,27]. Some studies show that acute exposure to severe hypoxia led to an increase
in CRT [24,27]. However, prolonged exposure to moderate hypoxia did not disturb CRT [24,27].
Animal studies reveal that hypoxia causes neuronal injuries in the hippocampus and cortex, leading to
functional and behavioral deficits [28–30]. Likewise, data obtained from neuroimaging proved that
intermittent hypoxia may result in a decrease in the volume of the hippocampus in humans [31].

Some previous studies performed in normoxia indicated that exercise of low or moderate intensity
improves psychomotor performance [32–37], while other studies showed a significant decrease in
psychomotor performance during heavy exhaustive exercise [34,37,38]. It is not known if these
aforementioned effects can be modulated by a hypoxia-induced deleterious influence on the CNS.
Most recent data suggest that an essential role in these phenomena is played by brain-derived
neurotrophic factor (BDNF) (for review, see [39,40]).

BDNF plays a key role in the physiology of the developing and mature CNS, showing a high
affinity for the TrkB receptor. Consequently, it is responsible for neurogenesis, differentiation,
survival, and remodeling of neurons, and it also positively affects synaptogenesis, synaptic plasticity,
and long-term potentiation [41–43]. The upregulation of BDNF may influence brain functions including
learning and memory [44].

Several lines of evidence suggest a link between BDNF and physical activity. Both acute and chronic
aerobic activity were effective for increasing peripheral BDNF concentrations [45]. An elevated level of
BDNF was also seen in active sportsman compared to sedentary individuals [46,47]. Another factor
that can be considered a stimulator of BDNF production within the brain is nitric oxide (NO). A role
for NO in increased BDNF production in response to exercise has been recently evidenced [48,49].
Exercises of extreme intensity or duration are known to greatly elevate blood cortisol (C) [50,51],
while high circulating corticosterone has been shown to suppress brain production of BDNF in rats [52].
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Of importance, BDNF induces expression of the monocarboxylate transporter that enables the use of
lactate as an alternative energy source [53].

There are also very limited data about the efficacy of hypoxia exposure on psychomotor
performance where subjects performed exercise with low and high intensity. Some data suggest that
exposure to hypoxia reduces cognitive functions [17]. Also, mechanisms of hypoxia’s effect on the
CNS are still poorly understood. One possible candidate which might take part in this phenomenon
is BDNF. It has been shown that cognitive impairment is noticeable in neurodegenerative diseases,
which is associated with a lower serum BDNF level as compared to healthy individuals [54]. Moreover,
the level of this decrease depends on the degree of cognitive impairment [54]. On the other hand,
BDNF is thought to be responsible for improving cognitive function as a result of exercise effort [55].
Moreover, it has been proven that both resting and post-exercise peripheral BDNF levels correspond to
its brain production [45,56] and its level is elevated in response to exercise effort [46].

Therefore, the aim of this study was to examine the impact of a single bout of exercise to
volitional exhaustion during acute exposure of well-trained endurance athletes to moderate hypoxia
on psychomotor performance. For this purpose, we measured a peripheral level of BDNF and CRT and
NCR as indices of psychomotor performance during graded cycloergometer exercise test. Furthermore,
we examined a level of selected circulating biochemical factors, such as C, NO pathway-related
metabolites (nitrite, endothelin-1(ET-1), catecholamines), because they are known to affect BDNF
expression/production [48,49,52,57–60] and their expression can be influenced by both exercise and
hypoxia [34,48–51,61–68].

2. Results

2.1. Maximal Workload and Respiratory Variables

The paired sample t-test showed that maximal workload (WRmax) decreased significantly
(p < 0.001) by 16.3% in hypoxia (3000 m) compared to the initial measurements in normoxia (Figure 1).
The same trend of changes was observed in VO2max values. The values of VO2max decreased significantly
(p < 0.001) in hypoxia compared to normoxia respectively by 14.5% (Figure 1). Additionally, there were
statistically significant changes in delta values of blood lactate concentration (ΔLA) after the incremental
test between normoxia and hypoxia 3000 m. The Wilcoxon test showed that ΔLA increased significantly
(p < 0.01) by 6.05% despite the significant reduction in WRmax in hypoxia 3000 m compared to the
measurements in normoxia (Figure 2).

Figure 1. Maximal workload (WRmax), and maximal oxygen uptake (VO2max) during incremental test
performed in different conditions. *** p < 0.001.
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Figure 2. Delta values of blood lactate concentration (ΔLA) during incremental test performed in
different conditions. ** p < 0.01.

2.2. Choice Reaction Time and Number of Correct Reactions

No significant interaction (condition x time of measure) effect was found on CRT but only a
significant main effect of time of measurement (at rest, max and after 3 min of recovery) on CRT values
(F = 21.88; p < 0.001) was observed. Additionally, there was a significant interaction (condition × time
of measure) effect in the NCR (F = 3.44; p < 0.05) during the incremental test.

The post-hoc Tukey’s test showed that CRT decreased significantly (p < 0.05) by 9.7% after 3 min
of recovery after the incremental test (CRTafter 3′ of recovery) compared to initial values observed at
rest (CRTrest) in normoxia. Additionally, the values of CRTafter 3′ of recovery decreased significantly
in normoxia (p < 0.001) and hypoxia (p < 0.01) compared to CRT during maximal workload of the
incremental test (CRTmax) respectively by 17.7 and 12.2% However, CRTmax increased significantly
(p < 0.01) by 13.8% compared to CRTrest in hypoxic conditions (Figure 3).

Figure 3. Choice reaction time (CRT) at rest, during maximal effort (max) and after 3 min of the recovery
period in normoxia and hypoxia (3000 m). * p < 0.05; ** p < 0.01; *** p < 0.001.

The post-hoc Tukey’s test showed that number of correct reactions (NCR) during maximal
workload of the incremental test (NCRmax) decreased significantly (p < 0.05) by 9% in hypoxic
conditions compared to normoxia. NCRmax values in hypoxia were significantly lower compared
to NCR at rest (11.5%; p < 0.001) and NCR after 3 min of recovery after the incremental test (9.7%;
p < 0.01) (Figure 4).
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Figure 4. Number of correct reactions (NCR) at rest, during maximal effort (max) and after 3 min of the
recovery period in normoxia and hypoxia (3000m). * p < 0.05; ** p < 0.01; *** p < 0.001.

2.3. Brain-Derived Neurotrophic Factor and Selected Biochemical Variables

There was a significant interaction (condition x time of measure) effect in the BDNF (F = 3.66;
p < 0.05) serum concentrations.

The post-hoc Tukey’s test showed that BDNF concentration increased significantly immediately
after the incremental test (BDNFmax) in normoxia (by 29.3%; p < 0.01), as well as in hypoxia (by 50.0%
p < 0.001). Additionally, BDNF concentration decreased significantly after a 1 h recovery period
(BDNFrest) by 20.7% (p < 0.01) in normoxia and by 41.3% (p < 0.001) in hypoxia (Figure 5). There were
no statistically significant differences in BDNF concentration between normoxia and hypoxia trials.

Figure 5. Brain-derived neurotrophic factor (BDNF) serum concentration at rest, during maximal effort
(max) and after 1 h recovery of the recovery period in normoxia and hypoxia (3000 m). ** p < 0.01;
*** p < 0.001.

The Friedman test showed a statistically significant effect of the time of measurement on selected
biochemical variables such as NO2

−, C, adrenalin (A) and dopamine (DA) in both conditions (normoxia
and hypoxia) (Table 1).

The post-hoc Friedman test showed that NO2
− concentration measured immediately after the

incremental test was significantly higher (p < 0.05) compared to the NO2
− concentration observed at

rest and 1 h after the incremental test in normoxia as well as hypoxia. However, the Wilcoxon test
showed that were no significant differences between normoxia and hypoxia in NO2

− concentrations
(Table 1).
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There was no significant effect of the time of measurement (at rest, max, 1 h after test) on C
concentrations in both conditions. However, there was a significant effect of conditions (normoxia vs.
hypoxia) on C concentration. The Wilcoxon test showed that C concentration measured immediately
after the incremental test (Cmax) was significantly higher (p < 0.05) by 20.7% in normoxic conditions
compared to hypoxia (Table 1).

Moreover, the post-hoc Friedman test showed that A concentration measured immediately after
the incremental test (Amax) was significantly higher (p< 0.05) compared to the A concentration observed
at rest (Arest; by 656.1%) and 1 h after the incremental test (A1h after; by 215,1%) in normoxia. However,
in hypoxia, Amax and A1h after were significantly higher (p = 0.001) compared to Arest respectively by
505.9% and 86.4%. The Wilcoxon test showed that Arest, Amax and A1h after in hypoxia were significantly
higher (p = 0.001) compared to these values in normoxia, respectively by 368.2%, 275% and 534.2%
(Table 1).

The post-hoc Friedman test showed that DA concentration measured 1 h after the incremental test
(DA1h after) significantly decreased (p < 0.05) by 26.9% compared to the DA concentration measured
immediately after the incremental test (DAmax) in normoxia. However, in hypoxia, DAmax and
DA1h after significantly increased (p < 0.05) compared to the DA concentration at rest, respectively by
97% and 104.5%. Additionally, the Wilcoxon test showed that DAmax and DA1h after in hypoxia were
significantly higher (p < 0.01) compared to these values in normoxia, respectively by 69.2% and 140.3%
(Table 1).

3. Discussion

Physical training is planned to improve physical fitness and performance, which confers numerous
positive effects on the whole body function [69]. A pivotal role in regulation of these changes is
assigned to the brain, particularly the prefrontal cortex, which takes part in regulation of many executive
functions to prepare humans for situations demanding high levels of working memory, attention and
cognitive flexibility [70]. On the other hand, altitude training, which nowadays has become a standard
training protocol in many sports to increase exercise capacity [71–73], causes cognitive frailty [74].
The cognitive decline is most intensely manifested after acute hypoxic exposure and is more profound
in athletes than non-trained individuals [75]. Therefore, the primary purpose of this study was to
examine the impact of a single bout of exercise to volitional exhaustion during acute exposure well
endurance-trained athletes to moderate hypoxia on psychomotor performance. We also measured
serum BDNF, some selected hormones (C and catecholamines), the NO pathway metabolites (nitrite),
as well as ET-1, as a possible candidate that may be involved in modulation of this phenomenon.
We used measurements of CRT and NCR as indicators of psychomotor skills because these variables
were demonstrated to be a dependable measure of cognition in different experimental approaches [22].

Results from this investigation revealed that exercise to volitional exhaustion extended CRT
in both experimental conditions but only the impact of hypoxic conditions on this variable was
statistically significant. A similar alteration, but with statistically significant changes in both cases,
was seen in NCR (Figure 4). Additionally, NCR was significantly increased in response to exercise
to volitional exhaustion performed in hypoxia as compared with normoxia. These results are in
agreement with previous data reported by others which showed cognitive impairment of trained
subjects at high altitude [75] and additionally suggested that NCR which specified response accuracy
was a more sensitive tool for estimating cognitive state than CRT. Interestingly, the aforementioned
exercise-induced effect was transient in both experimental conditions and studied variables returned
to basal values within a few minutes after cessation of exercise.

Increasingly more evidence supports the action of BDNF as an underlying factor that elicits
exercise/training-induced beneficial changes CNS [76–78]. Moreover, there are also suggestions that the
negative impact on cognitive function in hypoxia can be at least partially explained by the simultaneous
decrease of BDNF [79,80]. Studies with animal models have shown that this neurotrophin is produced,
among other tissues, in brain by motor neurons [81] and intermittent hypoxia increases BDNF levels in
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neurons of the primary motor cortex [82]. Also, central BDNF cannot be measured in living humans.
It has been suggested that the brain is the main source of the increased BDNF in circulation [83,84].
If so, and considering the fact that in our study similar circulating levels of BDNF were seen in both
experimental groups but cognitive performance was suppressed in hypoxia, one could conclude that
acute elevation of BDNF did not compensate for hypoxia-induced cognition impairment. Previous
evidence suggests that BDNF plays a key role in memory and learning [85] and is a vital regulator
of neuronal function and plasticity [86,87]. However, these aforementioned effects appeared almost
selectively in response to a repetitive or chronic stimulus or in studies in vitro. Results of the current
research are in line with reports of some studies using cognitive tasks such as executive function or
attention which were unrelated to changes in BDNF after acute exercise [88–90]. One reason which
at least theoretically might be considered for the acute action of BDNF is its involvement in synaptic
transmission [91]. The results from animal studies indicate that during hypoxia neurons can within
minutes alter synaptic transmission [92,93]. Support for a link between exposure to hypoxia and
run-down of synaptic transmission has been widely documented in in vitro studies [94,95] and in
rats subjected to severe (6100 m) hypoxia [96]. The mechanism by which severe hypoxia induced
cognitive impairment was accompanied by a decrease in Acetylcholine (Ach) level and increase in
Acetylcholinesterase (AChE) in the cortex [96].

Apart from BDNF, C has been identified as a possible endocrinological mediator of exercise which
may modulate brain function [97,98]. Both hypoxia and exercise stimulate the gland cortex to release
C. While it is well recognized that elevation of C has been observed in response to acute exercise of
higher than moderate intensities, data from hypoxic studies are less consistent. In response to this
environmental stimulus, increases or lack of changes have been reported. In our study, when maximal
effort was performed in moderate hypoxia the C level was significantly lower compared to normoxia.
As this hormone impairs the prefrontal cortex [99,100], the region of the brain that controls more of our
cognitive function, one can argue that its deteriorative impact on psychomotor performance, if any,
was negligible. However, there is a study showing similar exercised increased plasma C in normoxia
and acute hypobaric hypoxia (3000 m altitude) [101]. This discrepancy may be the result of different
research designs between aforementioned and our studies (normobaric vs. hypobaric hypoxia as well
as cyclists vs. cross-country skiers and ice hockey players).

Previous studies demonstrated that physically active persons have shorter CRT than sedentary
ones [102] and the regular U-shaped curve was obtained in athletes when CRT values were plotted
against A and noradrenaline (NA) during graded incremental exercise to volitional exhaustion [34,62].
The latter results indicate that CRT exceeds the resting values at exercise loads close to maximal,
and catecholamines may play a role in this phenomenon. Although most studies agree that
catecholamine levels increase at rest and exercise at high altitude, brief or moderate hypoxia does
not always elevate their levels [103,104], and this is especially true for NA [105]. The present finding
reflects this phenomenon in the case of NA and serotonin (5-HT) while indicating elevated A as a
potential player in cognitive control in our experimental paradigm. In favor of such an assumption
is the significantly elevated A level during maximal effort in hypoxia with simultaneous statistically
significant extension of CRT. Previous studies on patients with psychological trauma indicate that A
and DA are involved in the activation of the prefrontal cortex [106] and similarly stress and aggressive
behavior were shown to increase turnover of both A and DA in this area in rodents [107]. Acute hypoxia
is considered as a systemic stress factor and was also seen to reduce cognitive function in rats, which was
associated with DA signaling in the prefrontal cortex [63]. This finding is additionally supported
by increased errors in the cognitive test, which were associated with reduced DA signaling in the
prefrontal cortex [108]. However, the lack of significant differences in DA between our investigated
groups probably excludes DA participation in the modulation of cognitive function in our subjects. It is
worth noting that there is also a study [66] showing that during a short episode of anoxia, an increase
in A level can have a protective effect against its disruptive effects. In the present study, this effect did
not occur in response to exercise either in normoxia or in moderate hypoxia despite an elevated level of
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A in both cases. Collectively, the aforementioned results lead to the conclusion that A probably reveals
biphasic action on cognitive function in hypoxic conditions, i.e., a positive effect during short-term and
negative after prolonged actions.

It is well established that hypoxia releases a diffusible vasoconstrictor and vasodilator substance
and this process can affect blood flow to the brain. Some evidence supports the view that an increase
of blood flow to the brain may induce cognitive improvement by delivering elevated oxygenated
hemoglobin [109]. In accordance with the above knowledge, we have measured in this research ET-1 and
NO metabolites as the most potent representatives of endothelial released vasoconstrictors [110] and
vasodilators [111], respectively. In humans, no changes in ET-1 response to maximal exercise in acute
hypobaric hypoxia (3000) were noted as compared to normoxia [101]. In our study, both exercise and
exercise in hypoxia also provoked no changes in ET-1, confirming occurrence of the above-mentioned
effect in normobaric hypoxia, and suggesting that ET-1 had no important influence on blood low
regulation in the acute response to moderate hypoxia.

Nitric oxide is mainly generated in the body by endothelial cells, but it is also produced in the
CNS, where it is closely involved in neurotransmission and modulation of neuron metabolism [112].
A previous study conducted with diabetic patients indicated that increased bioavailability of NO was a
factor that might enhance cognitive function [113]. However, the latest data questioned this possibility
when psychomotor performance was tested in hypoxic conditions [114]. Our research conducted in a
normobaric hypoxic chamber revealed an inconsiderable rise in serum NO2

− levels both in basal and
exercise conditions as compared to normoxia. Since simultaneously cognitive performance was blunted
it implied that NO production under these circumstances was likely too low to affect cognitive functions
or NO was not a crucial player in this phenomenon. These assumptions are partially in line with recent
findings which do not support a beneficial effect of NO3

− supplementation on cognitive function in
sedentary males at moderate and very high simulated altitude [115]. However, it is clear that if during
a profound reduction of absolute work under hypoxia the NO2

− level was higher than in normoxia
then an additional exercise-independent system was responsible for NO2

− formation. This pathway is
activated in parallel during exercise under hypoxic conditions, yet it needs to be identified.

Physical exercise involves markedly increased activity of many brain structures [116].
The metabolites produced in the muscles, which can diffuse into the CNS and can be utilized as a
fuel to sustain increased energy requirements, may participate in this process [117]. Such possibility
underscores the importance of the muscle produced lactate (LA) during exercise which can be
transferred to neurons via monocarboxylate carriers and used in addition to LA delivered via
astrocytes-neurons lactate shuttle [118] as energy fuel during neuronal activation as well. On the other
hand, LA was recognized as a signaling molecule in the brain [119]. Among others, it can bind a
receptor of the G protein coupled receptor family (GPRs) [120] and thereby cause a decrease of cyclic
adenosine monophosphate (cAMP) level. This raises the possibility of interaction between LA and A in
metabolism regulation on a subcellular level. If true, this phenomenon should have been more strongly
connected with hypoxic conditions because A level during maximal effort in hypoxia was significantly
elevated while lowering LA (as compared to controls). This was accompanied with simultaneous
statistically significant extension of CRT.

4. Materials and Methods

4.1. Participants

Eleven cyclists (20 ± 1.4 years of age) were recruited for the study as volunteers. All participants
had current valid medical examinations and showed no contraindications that would exclude them from
the study. They declared that for at least one month before testing they did not take either medications
or dietary supplements. Written informed consent was obtained prior to study commencement.

The basic anthropometric data of the volunteers (body height—BH, body mass—BM,
fat content—FAT) are presented in Table 2. The experimental procedures involved, and the related
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risks were explained to all the participants verbally, informed written consent was taken from each
participant and they could withdraw at any time of the study. The research project was conducted
according to the Helsinki Declaration and was approved (no. 5/2013, approval date: 26.06.2013) by the
Ethics Committee for Scientific Research at the Jerzy Kukuczka Academy of Physical Education in
Katowice, Poland.

Table 2. Mean values of body height (BH), body mass (BM) and fat content (FAT) of study participants
(n = 11).

BH (cm) BM (kg) FAT (%)

180.5 ± 6.5 70.3 ± 6.8 9.4 ± 3.1

The subjects participating in the study were tested on two randomized occasions separated by
5 days duration in normoxic and hypoxic conditions. Participants were allocated to conditions using a
computer-generated randomized list [121].

Hypoxic conditions were created using a normobaric hypoxia chamber (LOSA HYP/HYOP-2/3NU
system, LOWOXYGEN SYSTEMS, Berlin, Germany) that is in use in the Laboratory of Hypoxia of the
Jerzy Kukuczka Academy of Physical Education and the selected hypoxia was an equivalent of 3000 m
altitude (FiO2 = 14.7%).

On each occasion, the participants were subject to two graded ergocycle tests each performed
under normobaric normoxic and normobaric hypoxic conditions (3000 m asl). Before each test,
body mass and body composition of each participant was determined using a model Inbody 720
(Biospace Co., Tokio, Japan) body composition analyzer using electrical impedance measurements.

4.2. Ergocycle Graded Exercise Test

The ergocycle tests were performed on a model Excalibur Sport (Lode BV, Groningen Netherlands)
cycloergometer, beginning at a work load of 40 W, which was increased by 40 W every 3 min
until volitional exhaustion. If a subject terminated the test before completing a given workload,
then the maximum workload was calculated from the formula WRmax =WRk + (t/T ×WRp) [122],
where WRk—previous workload, t—exercise duration with the work-load until premature failure,
T—duration of each workload, WRp—the amount of workload by which exercise intensity increased
during the test.

During the tests, heart rate (HR), minute ventilation (VE), breathing frequency (BF), oxygen
uptake (VO2) and carbon dioxide content in expired air (VCO2) were recorded in the subjects with
the MetaMax 3B gas analyzer (Cortex, Leipzig, Germany). Fingertip capillary blood samples for the
assessment of LA concentration (Biosen C-line Clinic, EKF-diagnostic GmbH, Barleben, Germany) were
drawn at rest and at the end of each step of the test, as well as during the 3rd, 6th, 9th, and 12th minute
of recovery. Additionally, capillary rest and post-exercise blood samples were used to determine
acid-base equilibrium and oxygen saturation of hemoglobin (Rapid Lab 248, Siemens/Bayer Diagnostics,
Erlangen, Germany).

4.3. Psychomotor Performance Determination

The choice reaction time and NCR were selected as indices of psychomotor performance as
described previously [26]. Briefly, the CRT console was mounted on the wall in front of the ergometer
at eye level, 1.5 m away from the subject. The test included 15 positive (red light or a sound) and
15 negative (green and yellow lights) stimuli applied in a randomized order in 1 to 4 s intervals.
The subjects were asked to press and then to release, as quickly as possible, the button of the switch
devised kept in the right hand in response to the red light, the button in the left hand in response to the
sound and not react to the negative stimuli. The total time for each CRT was 107 s. The stimuli and the
subjects’ responses were recorded using the reaction time measuring device (MRK 432, ZEAM, Zabrze,
Poland). The reaction time was determined to the nearest 0.01 s. The results are presented at the mean
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reaction time of 15 responses to positive stimuli. The subjects were familiarized with the procedure a
week before the study by practicing the task both at rest and during cycling.

4.4. Venous Blood

The participants were cannulated into the antecubital vein on the day of ergocycle testing 15 min
prior to the breakfast. Venous blood samples (2 samples per time point) were collected 10 min later, then
immediately after cessation of each ergocycle test, and 1 h after each ergocycle test. One sample of each
pair was taken using ethylenediaminetetraacetic (EDTA) tubes (for morphology analysis); the other
one was drawn using no anti-coagulant tubes and processed for serum for the other biochemical assays
(BDNF, ET-1, C, catecholamines). After 30 min, blood samples were centrifuged at 1500× g for 15 min.
The sera obtained were stored at −80 ◦C until analyzed.

4.5. Determination of Brain-Derived Neurotrophic Factor, Cortisol and Endothelin-1 Concentrations

Serum BDNF, C, and ET-1 concentrations were determined using a commercially available
Quantikine ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the procedure supplied
by the manufacturer. This method allows measurement of BDNF, C, and ET-1 in the range of
0.372–4000 pg/mL, 0.030–100 ng/mL, and 0.031–50 ng/mL respectively. The intra-assay coefficient of
variance was <4.0%, <8%, <4%, respectively. To quantify the level, a standard curve was performed
using a standard solution.

4.6. Determination of Catecholamines by HPLC Method

Adrenalin, NA, DA and 5-HT were assayed in the serum using high performance liquid
chromatography (HPLC, Gynkotek, Copenhagen, Denmark) with electrochemical detection using
Coulochem III model 520 (ESSA, Copenhagen, Denmark).

Serum samples were mixed with 0.1 M perchloric acid containing 22.5 ng/mL ascorbic acid (ASC,
Sigma-Aldrich, St. Louis, MO, USA). After centrifugation at 15,000 g, 10 min, at 4 ◦C, supernatant was
filtered through a nylon syringe filter (Millipore, 0.22 μm, Merck KGaA, Darmstadt, Germany). Samples
of 20 μL filtrate were injected into a high performance liquid chromatography system (Gynkotek,
Copenhagen, Denmark) equipped with a Hypersil Gold (15 cm × 4.6 mm) column (Thermo Electron
Corporation, Kleinostheim, Germany). The samples were eluted by a mobile phase made of 107 mM
of Na2HPO4 × 2H2O, 107 mM citric acid, 0.3 mM octane-1 sulfonic acid sodium salt (OSA), 0.2 μM
of EDTA, pH, 4.6, 1.5% methanol and 1.5% acetonitrile at a flow rate of 0.8 mL/min. The column
temperature was set at 25 ◦C. Peaks were detected by electrochemical detection (Coulochem III, ESSA,
Copenhagen, Denmark) at potentials of E1 = −50 mV and E2 = +400 mV. Data were collected and
analyzed using Chromeleon software run on a PC (Gynkotek, Copenhagen, Denmark). DA and 5-HT
contents in the sample were calculated by extrapolating the peak area from a standard cure.

4.7. Determination of Nitrite Concentration

Serum nitrite concentration were determined using a commercially colorimetric kit (R&D Systems,
Minneapolis, MN, USA) according to the procedure supplied by the manufacturer.

4.8. Statistical Analysis

The results of the study were analyzed using Statistica 13.0 software (StatSoft, Cracow, Poland).
The results are presented as arithmetic means (x) and standard deviations (SD). The statistical
significance was set at p < 0.05. Prior to all statistical analyses, the normality of the distribution of
variables was verified using the Shapiro-Wilk test. The paired sample t-test was used to determine the
significance of differences in VO2max, WRmax between the two trials in different conditions. Furthermore,
due to the lack of normality of distribution, the Wilcoxon test was used to determine the significance
of differences in delta values in lactate concentrations (Delta LA) between the trials. The intergroup
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differences between the research trials (condition × time of measurement) were determined using
the two-way ANOVA for repeated measures. When significant differences were found, the post hoc
Tukey’s test was used. If the normality assumption was violated, the Friedman test was applied,
whereas when significant differences were found, we used the post hoc Friedman test. The comparisons
of repeated measurements (normoxia vs. hypoxia) were assessed by the Wilcoxon signed-rank test.

5. Conclusions

In conclusion, the results of this study showed that maximal physical exercise, regardless of
whether it is performed under normoxia or mild normobaric hypoxia (equivalent of 3000 m altitude)
caused a similar increase in BDNF concentration in the blood of well-trained athletes. Despite the fact
that BDNF has been known to possess a protective effect on the brain, an elevated BDNF level did not
protect our participants from cognitive impairment due to acute exposure to hypoxia, because indices of
this variable, i.e., CRT and NCR, were worse in hypoxic conditions. All examined potential circulating
factors that are known to affect BDNF expression/production (C, nitrite, ET-1, catecholamines, LA)
most likely did not affect psychomotor functions in our experimental paradigm.
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Abstract: Status epilepticus may cause molecular and cellular events, leading to hippocampal
neuronal cell death. Peroxisome proliferator-activated receptor γ coactivator 1-α (PGC-1α) is an
important regulator of vascular endothelial growth factor (VEGF) and VEGF receptor 2 (VEGFR2),
also known as fetal liver kinase receptor 1 (Flk-1). Resveratrol is an activator of PGC-1α. It has been
suggested to provide neuroprotective effects in epilepsy, stroke, and neurodegenerative diseases.
In the present study, we used microinjection of kainic acid into the left hippocampal CA3 region
in Sprague Dawley rats to induce bilateral prolonged seizure activity. Upregulating the PGC-1α
pathway will increase VEGF/VEGFR2 (Flk-1) signaling and further activate some survival signaling
that includes the mitogen activated protein kinase kinase (MEK)/mitogen activated protein kinase
(ERK) and phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) signaling pathways and offer
neuroprotection as a consequence of apoptosis in the hippocampal neurons following status epilepticus.
Otherwise, downregulation of PGC-1α by siRNA against pgc-1αwill inhibit VEGF/VEGFR2 (Flk-1)
signaling and suppress pro-survival PI3K/AKT and MEK/ERK pathways that are also accompanied
by hippocampal CA3 neuronal cell apoptosis. These results may indicate that the PGC-1α induced
VEGF/VEGFR2 pathway may trigger the neuronal survival signaling, and the PI3K/AKT and
MEK/ERK signaling pathways. Thus, the axis of PGC-1α/VEGF/VEGFR2 (Flk-1) and the triggering of
downstream PI3K/AKT and MEK/ERK signaling could be considered an endogenous neuroprotective
effect against apoptosis in the hippocampus following status epilepticus.
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1. Introduction

Epilepsy is one of the most common serious brain conditions characterized by the recurrence of
unprovoked seizures, affecting more than 70 million people worldwide [1]. Status epilepticus is a
common neurological and medical emergency, which is associated with high morbidity, mortality, and
health-care burden [1]. Sustained seizure activities during status epilepticus usually result in significant
neuronal damage in the cerebral cortex, particularly in the hippocampus [2,3]. Evidence has shown
both in human and animal studies that prolonged seizures may lead to a large number of changes of
molecular and cellular cascades, including axonal sprouting, gliosis, network reorganization, activation
of neuroinflammation, acquired channelopathies, oxidative stress, mitochondrial dysfunctions,
angiogenesis, neurogenesis, and activation of some late cell death pathways, which contribute
to neurodegeneration and brain damage [4–7].

Vascular endothelial growth factors (VEGFs) and their receptors (VEGFRs) have important roles in
the formation, function, and maintenance of blood vessels and are essential regulators of angiogenesis
and vascular permeability [8]. Recent evidence have shown that VEGFs also have crucial roles in
other organ systems, including the central nervous system (CNS), kidney, lung, and liver, where
they directly influence organ function and development [9]. Among the VEGF family, VEGF-A is
currently considered to play an important role in neuroprotective effects on hypoxic motor neurons
and amyotrophic lateral sclerosis [8]. The physiological functions of VEGF are majorly mediated by
the receptors of VEGF (VEGFRs). VEGF-A can bind to and activate two tyrosine kinase receptors,
including VEGFR-1 and VEGFR-2 [8]. VEGFR-2 is also referred to as the fetal liver kinase receptor
1 (Flk-1) [9], which mediates most of the endothelial growth and survival signals [8]. In addition,
VGEFR2 has been reported on glia and neurons where they might be upregulated during neuronal
perturbations [10–13]. In the nervous system, the most important VEGF receptor pathway is VEGF
receptor 2 (VEGFR2) [9–11]. Under perturbations of neuronal cells, availability of VEGFA to bind to
VGEFR2 (Flk-1) will increase and promote VGEFR2 (Flk-1) downstream signaling [9,12,14]. Recent
evidence suggests that VEGF has therapeutic potential as a neuroprotective factor in many neurological
diseases [12,15], such as stroke [16–18], epilepsy [14,19], and neurodegenerative diseases [12,20–22].

Both in the animal studies following sustained seizure activities [14,19,23], and in resected
tissues from patients with focal cortical dysplasia and refractory epilepsy [24], VEGF is up-regulated
in neural cells and glia in the hippocampus and pyramidal neurons of the cortex. In animal
models, overexpression of VEGF mRNA and protein and blood-brain barrier (BBB) impairment in the
hippocampus occurred early after electroconvulsive shock-induced seizures or pilocarpine-induced
seizures [23–25]. The neuroprotective role of VEGF in ischemic stroke has been well studied. In epileptic
seizures, such as status epilepticus, the literature on the neuroprotective role of the VEGF-A/VEGFR2
pathway is limited. Peroxisome proliferator-activated receptor γ (PPARγ) coactivator 1-α (PGC1-α)
belongs to a small family of transcriptional coactivators identified as a cofactor for the nuclear hormone
receptor PPARγ that possesses a common function in mitochondrial physiology and mitochondrial
biogenesis [5,26]. Additionally, it is also involved in other metabolic processes, such as redox
homeostasis, uncoupled respiration, and gluconeogenesis [26–28]. Hypoxia-induced upregulation of
VEGF mRNA is associated with increases in the transcription factor hypoxia inducible factor (HIF)1-α,
which is also upregulated after cerebral ischemia [11,18].

The trigger for increased neuronal VEGF after seizures and brain insults is unclear. Beyond
well-studied VEGF regulator HIF-1α [11,18], activation of PGC-1α induces the expression of VEGF
signaling, leading to the formation of new blood vessels and protecting from cell damage, in an
HIF-1α independent pathway [29–31]. Therefore, PGC-1α in the regulation of VEGF/VEGFR2

340



Int. J. Mol. Sci. 2020, 21, 7247

signaling pathway in the neuronal cells might be a crucial mechanism in neuroprotection following
status epilepticus.

Recent research showed that the upregulation of VEGF/VEGFR2 (Flk-1) occurred after sustained
seizures and VEGF signaling offered neuroprotective effects against neuronal cell death in the
hippocampus following status epilepticus [14,19,23]. When upregulation of VEGF in neurons and
glial cells occurs after persistent epileptic seizures, it counteracts seizure-induced neurodegeneration
via overexpression of VEGFR2 (Flk-1) [14]. A previous study [14] suggested that increased VEGF
signaling pathway via overexpression of VEGFR2 may affect seizure activity even without altering
angiogenesis. Therefore, VEGFR2 could be considered a novel target for developing therapy strategies
against epileptic activities [14]. However, whether the VEGF/VEGFR2 (Flk-1) signaling pathway
contributes neurogenesis and is counteractive to epileptogenesis remains unclear [14]. Growing
evidence suggests that under stressful stimuli, such as prolonged epileptic seizures, the VEGF/VEGFR2
(Flk-1) signaling pathway may participate in mediating angiogenesis, neuronal migration, hippocampal
cell proliferation, and anti-apoptosis, which provide neuroprotective effects through the downstream
activation of survival signaling, including phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(AKT) and the mitogen activated protein kinase kinase (MEK)/mitogen activated protein kinase
(ERK) [13,14,32,33].

In the present study, we propose that PGC-1α may be activated during experimental status
epilepticus and regulate the VEGF/VEGFR2 signaling pathway, and further protects against apoptotic
neuronal cell death in the hippocampus following status epilepticus through survival signaling and
PI3K/AKT and MEK/ERK-dependent pathways.

2. Results

2.1. Temporal Changes of PGC-1α Expression in the Hippocampal CA3 following Status Epilepticus

Temporal changes of PGC-1α expression in the right hippocampal CA3 region were examined
following status epilepticus. After unilateral microinjection of kainic acid (KA; 0.5 nmol) into the
left CA3 subfield, pgc-1αmRNA expression exhibited a significantly incremental change in the right
hippocampal CA3 area 1 h after the elicitation of prolonged seizure activities, followed by a progressive
decrement that returned to base line at 24 h (Figure 1a). For detection of the PGC-1α protein level,
western blot analysis also presented a significant augment of PGC-1α protein in the right hippocampal
CA3 subfield 1–24 h after the status epilepticus induced by KA (Figure 1b).

2.2. Temporal Changes of VEGF and VEGFR2 Expression in the Hippocampal CA3 Region following Status
Epilepticus

The expression of VEGF and VEGFR2 following KA-induced experimental status epilepticus
were examined. Real-time PCR results showed the expression of vegf mRNA extracted from the right
hippocampal CA3 region was significantly augmented at 3 h, 6 h, and 24 h after administration of KA
(Figure 2a). Correspondingly, western blotting analysis also showed a significant increase of VEGF
protein levels at 3, 6, and 24 h after experimental status epilepticus that peaked at 6 h (Figure 2b).
Additionally, in the parallel experiments, the expression of vegfr2 mRNA also exhibited a significant
increase from 3 to 24 h after KA-induced status epilepticus (Figure 2c). By western blotting analysis,
the VEGFR2 protein levels were revealed to be significantly increased in the right hippocampal CA3
tissue 3–24 h after the induction of status epilepticus (Figure 2d).
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Figure 1. (a) Changes of the pgc-1αmRNA expression and (b) the protein levels of PGC-1α after kainic
acid (KA; 0.5 nmol) was microinjected into the hippocampal CA3 subfield. Tissues were harvested from
the right subfield CA3 of the hippocampus at 1, 3, 6, or 24 h after administration of KA or phosphate
buffered saline (PBS) into the left hippocampal CA3. Values are presented as mean ± SEM of four
animals per experimental group. * p < 0.05 versus the control group in the Scheffé multiple-range test.

Figure 2. Upregulated changes of the expression of vascular endothelial growth factor (vegf ) (a) and
VEGF receptor 2 (vegfr2) (c) mRNA levels, and VEGF (b) and VEGF receptor 2 (VEGFR2) protein
levels (d) after the administration of KA (0.5 nmol) into the hippocampal CA3 region. Samples were
collected from the right hippocampal CA3 subfield at 1, 3, 6, or 24 h after the administration of KA or
PBS into the left hippocampal CA3 subfield. Values are presented as mean ± SEM of quadruplicate
analyses from four animals per experimental group. * p < 0.05 versus the control group in the Scheffé
multiple-range test.
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2.3. Effect of Resveratrol and Gene Knock-Down by Small Interfering RNA (siRNA) Against pgc-1α on VEGF
Expression in the Hippocampus following Experimental Status Epilepticus

In a previous report [26], we demonstrated that resveratrol is a PGC-1α activator, and it can
activate PGC-1α and the following signaling pathways and then promote mitochondrial biogenesis.
To determine the causality of PGC-1α in modulation of VEGF on this experimental paradigm, we
tested the effects of resveratrol, as a positive control, and siRNA against pgc-1α, as a negative control,
on VEGF expression in the hippocampus following status epilepticus. Microinjection of resveratrol
(100 μmol) into the hippocampal CA3 region significantly increased the expression of vegf mRNA
(Figure 3a) and the level of VEGF protein (Figure 3b) in the CA3 region 6 h after the elicitation of
sustained hippocampal seizure activities. On the other hand, the specificity of the gene knock-down
strategy by siRNA against pgc-1αwas tested for VEGF expression in the hippocampus. For confirming
the specific effect of pgc-1α siRNA on VEGF expression, after a pre-treated microinjection with siRNA
against pgc-1α (2 μg) into bilateral hippocampal CA3 region, significant decrease of the vegf mRNA
level was shown in our real-time PCR data (Figure 3c), and western blot analysis also confirmed a
drastically decline in the VEGF protein level in the hippocampal CA3 area 6 h after KA-induced status
epilepticus (Figure 3d) compared with the pre-treatment of the control siRNA group.

Figure 3. (a) Changes of vegf mRNA expression and (b) VEGF protein levels relative to β-actin from
the CA3 of the hippocampus 6 h after microinjection of 0.5 nmol kainic acid (KA) or pretreatment with
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microinjection of resveratrol (Res; 100 μmol) or 3% dimethyl sulfoxide (DMSO) into the hippocampal
CA3 subfield. (c) Changes of vegf mRNA expression in the CA3 of the hippocampus 6 h after the
microinjection of KA (0.5 nmol) into the left hippocampal CA3 subfield, and 24 h before pre-treatment
with application into the bilateral CA3 subfield of control siRNA or siRNA for pgc-1α (2 μg). (d)
Changes in VEGF relative to β-actin from the CA3 subfield of the hippocampus 6 h after the same
experiments. Values are mean ± SEM of quadruplicate analyses from 6–8 animals per experimental
group. * p < 0.05 versus the control group, + p < 0.05 versus DMSO+KA group, and # p < 0.05 versus
control siRNA+KA group in the Scheffé multiple-range test.

To confirm that the changes in expression of VEGF by resveratrol treatment and pgc-1α gene
knock-down observed in our above biochemical analyses, we applied double immunofluorescence
staining to detect the intracellular expression of VEGF in hippocampal CA3 neurons (Figure 4). Within
the unified fields of a laser scanning confocal microscope, signals for VEGF were weak in the neurons,
which were strongly immunoreactive to the neuron-specific nuclear protein (NeuN) neuronal marker,
of hippocampal CA3 in the control animals (Figure 4a–c). In contrast to the control, there was an
increase in VEGF immunoreactivity in the neurons from the same field, the CA3 area, 6 h after
KA-induced status epilepticus (Figure 4d–f). Pretreatment of resveratrol (100 μmol) augmented the
PGC-1α immunoreactivity in the hippocampal CA3 neurons (Figure 4j–l).

Figure 4. Confocal microscopic images of the right CA3b subregion of the hippocampus showing cells
that were immunoreactive to neuron-specific nuclear protein (NeuN) (red fluorescence) or additionally
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stained for VEGF (green fluorescence) in control rats (Figure 4a–c), or 6 h after administration of kainic
acid (KA; 0.5 nmol) (Figure 4d–f) or pre-treatment with resveratrol (Res; 100 μmol) 30 min before
KA-induced status epilepticus (Figure 4g–i). Induction of status epilepticus by KA in animals that
received pre-treatment with application into the bilateral CA3 subfield 24 h after animals received
control siRNA (Figure 4j–l) or siRNA against pgc-1α (2 μg) (Figure 4m–o). Scale bar, 10 μm.

In addition, in the parallel experiments, many VEGF-positive neurons were detected in the
hippocampal CA3 area 6 h after experimental status epilepticus in animals pre-treated with pgc-1α
control siRNA. However, reduced VEGF-positive cells were observed in the hippocampal CA3 subfield
6 h after status epilepticus in rats with pre-treated microinjection of control siRNA (Figure 4j–l) or
siRNA against pgc-1α (2 μg) (Figure 4m–o) into the bilateral hippocampal CA3 field.

2.4. Effect of Resveratrol and Gene Knock-Down by Small Interfering RNA (siRNA) Against pgc-1α on
Expression of VEGF Receptor 2 (VEGFR2) in the Hippocampus Following Experimental Status Epilepticus

To determine the causal effect of PGC-1α in regulation of the expression of VEGFR2 in this
experimental paradigm, we tested resveratrol, a PGC-1α activator, and siRNA against pgc-1α on VEGF
expression on VEGFR2 expression in the hippocampus following status epilepticus. Microinjection
of resveratrol (100 μmol) into the hippocampal CA3 subfield underwent a significant increment of
expression of vegf mRNA (Figure 5a) and the level of VEGFR2 protein (Figure 5b) in the CA3 region 6
h after the elicitation of sustained hippocampal seizure activities. Confirming the specificity of pgc-1α
siRNA on the protein levels of VEGFR2, after a pre-treated microinjection of pgc-1α siRNA (2 μg) into
the bilateral CA3 region, a significant elevation of the expression of vegfr2 mRNA (Figure 5c) and
diminishment of VEGF protein in the CA3 subfield 6 h after KA-induced status epilepticus (Figure 5d)
compared with the rats with pre-treatment of control siRNA was observed.

2.5. Activation of VEGF/VEGFR2 Regulates the PI3K/Akt Survival Signaling Pathway in the Hippocampal
Neurons Following Experimental Status Epilepticus

The activation of VEGF/VEGFR2 can subsequently activate PI3K/AKT signaling by altering
the activation state of numerous downstream proteins relevant to cell proliferation and inhibiting
apoptosis [34,35]. To determinate whether the PGC-1α regulates the survival signaling pathway,
PI3K/Akt, through VEGF/VEGFR2 activation in the hippocampus following KA-induced status
epilepticus, we delineated the regulatory effects of the PGC-1α activator and siRNA against pgc-1α on
PI3K/Akt signaling. In the experiment, the phosphorylation state of PI3K (p-PI3K) and AKT (p-AKT),
and total levels of PIK3 and AKT were measured by western blotting analysis. The ratio of p-PI3K/total
PI3K and p-AKT/total AKT were raised 6 h after microinjection of 3% dimethyl sulfoxide (DMSO) and
KA into the left hippocampal CA3 region compared with controls (Figure 6a,b).

In addition, the ratio of p-PI3K/total PI3K and p-AKT/total AKT were significantly enhanced 6 h
after microinjection of resveratrol (100 μmol) followed by KA administration into the left hippocampal
CA3 region (Figure 6a,b). On the other hand, the ratio of p-PI3K/total PI3K and p-AKT/total AKT were
raised 6 h after administration of control siRNA with KA into left hippocampal CA3 region compared
with the control group (Figure 6c,d). However, the ratio of p-PI3K/total PI3K and p-AKT/total AKT
were inhibited in the hippocampal CA3 neuronal cells 24 h before pre-treated microinjection of siRNA
against pgc-1α (2 μg) followed with KA microinjection into the hippocampus. Akt can be activated by
p-PI3K and active PI3K (Figure 6c,d).
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Figure 5. (a) Changes of vegfr2 mRNA expression and (b) changes of VEGFR2 protein in the hippocampal
CA3 tissues 6 h after administration with kainic acid (KA; 0.5 nmol) with pre-treatment with resveratrol
(Res; 100 μmol), or 3% DMSO into bilateral CA3 subfield. (c) The vegfr2 mRNA expression in the
hippocampus 6 h after the administration of KA into the left CA3 area 24 h after pre-treatment of
control siRNA or pgc-1α siRNA (2 μg) into the bilateral CA3 subfield. (d) Changes in VEGFR2 protein
expression in the CA3 tissue 6 h after the same treatments. Values are presented as mean ± SEM from
four animals per experimental group. * p < 0.05 versus control groups, + p < 0.05 versus DMSO+KA
group, and # p < 0.05 versus control siRNA+KA group in the Scheffé multiple-range test.
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Figure 6. (a) Changes of phosphorylated phosphatidylinositol 3-kinase (p-PI3K), total PI3K,
phosphorylated AKT (p-AKT), and total AKT expression and (b) p-PI3K protein levels relative
to total PI3K and p-AKT relative to total AKT in the CA3 region of the hippocampus 6 h after
microinjection of kainic acid (KA; 0.5 nmol) with pretreatment of microinjection of 3% DMSO or
resveratrol (Res; 100 μmol) into the hippocampal CA3 subfield. (c) Ratio of activated phosphorylation
of PI3K and AKT levels in the CA3 subfield of the hippocampus 6 h after the application of KA (0.5 nmol)
into the left side of the hippocampal CA3 region 24 h before treatment with control siRNA or siRNA for
pgc-1α (2 μg) application into the bilateral CA3 subfield. (d) Phosphorylation levels of PI3K and AKT
in the CA3 region of the hippocampus after 6 h of the same experiments. Values presented as mean ±
SEM from six animals per experimental group. * p < 0.05 versus the control group, + p < 0.05 versus
DMSO+KA group, and # p < 0.05 versus control siRNA+KA group in the Scheffé multiple-range test.

2.6. Activation VEGF/VEGFR2 Regulates the MEK/ERK Signaling Pathway in the Hippocampal Neurons
Following Experimental Status Epilepticus

VEGF/VEGFR2 activates the MEK/ERK signaling pathway as evidenced by an increase in ERK
and MEK phosphorylation levels [36,37]. To determine the regulatory role of VEGE/VEGFR2 in
the MEK/ERK pathway, we examined the protein levels of phosphorylated ERK (p-ERK) and MEK
(p-MEK), and total ERK and MEK. Rats received pre-treatment with resveratrol or siRNA against
pgc-1α and these proteins were analyzed by western blotting 6 h after KA-induced experimental status
epilepticus. The ratio of p-ERK/total ERK and p-MEK/total MEK were increased 6h after microinjection
of DMSO and KA into the left hippocampal CA3 region compared with control animals (Figure 7a,b).
Additionally, the ratios of p-ERK/total ERK and p-MEK/total MEK were significantly increased 6 h
after microinjection of resveratrol (100 μmol) followed by KA administration into the left hippocampal
CA3 (Figure 7a,b). Otherwise, the ratio of p-PI3K/total PI3K and p-AKT/total AKT were increased 6 h
after administration of control siRNA with KA into the left hippocampal CA3 region compared with
control rats (Figure 7c,d). However, the ratio of p-PI3K/total PI3K and p-AKT/total AKT were reduced
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in the hippocampal CA3 area 24 h before pre-treated microinjection of siRNA against pgc-1α (2 μg)
followed by KA microinjection into the hippocampus (Figure 7c,d).

Figure 7. (a) Changes of phosphorylated mitogen activated protein kinase (MEK) (p-MEK), total MEK,
phosphorylated MEK (p-ERK), and total ERK expression, and (b) ratio of phosphorylation level for
MEK protein levels and total MEK and phosphorylation of ERK in the CA3 tissue of the hippocampus
6 h after application of kainic acid (KA; 0.5 nmol) with pre-treated microinjection of 3% DMSO or
resveratrol (Res; 100 μmol) into the hippocampal CA3 subfield. (c) Changes of p-MEK, total MEK,
p-ERK, and total ERK expression in the hippocampus CA3 region 6 h after the microinjection of KA
(0.5 nmol) into the left CA3 region with pre-treatment of application into the bilateral CA3 subfield
with control siRNA or siRNA for pgc-1α (2 μg) 24 h in advance. (d) Ratio of phosphorylation level for
MEK protein levels and total MEK and phosphorylation of ERK in the CA3 region of the hippocampus
6 h after the same experiments. Values are mean ± SEM of quadruplicate analyses from six animals
per experimental group. * p < 0.05 versus control group, + p < 0.05 versus DMSO+KA group, and
# p < 0.05 versus control siRNA+KA group in the Scheffé multiple-range test.

2.7. Effect of VEGF/VEGFR2 on Apoptosis and Neuronal Survival in the Hippocampal CA3 Subfield Following
Experimental Status Epilepticus

To further confirm the role of PGC-1α/VEGF/VEGFR2 signaling in neuroprotection from
hippocampal damage due to prolonged seizure, we investigated the regulatory role of resveratrol on
KA-induced hippocampal neuronal cell death. Significantly, pretreatment with resveratrol (100 μmol)
attenuated the extent of cleaved caspases-3 expression in the hippocampal CA3 subfield 7 days after
KA-induced status epilepticus (Figure 8a). Otherwise, the level of cleaved caspases-3 was significantly
increased in the hippocampal CA3 area 24 h before pre-treated microinjection of siRNA against pgc-1α
(2 μg) followed by KA microinjection into the hippocampus (Figure 8b). Mitigation of neuronal
damage by resveratrol (100 μmol) treatment was demonstrated in the hippocampus in both DNA
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fragmentation qualitative (Figure 9a) and quantitative (Figure 9b) analyses, indexes for cell death,
after inducing status epilepticus for 7 days. On the other hand, the level of qualitative (Figure 9c) and
quantitative (Figure 9d) analysis of DNA fragmentation were aggravated in the hippocampal CA3 area
24 h before pre-treated microinjection of siRNA against pgc-1α (2 μg), followed by KA microinjection
into the hippocampus.

 

Figure 8. (a) Changes of cleaved caspase-3 levels 7 days after microinjection of 0.5 nmol of kainic acid
(KA) with 24-h pretreatment with resveratrol (Res; 100 μmol) or 3% DMSO into the hippocampal CA3
subfield. (b) Increase of cleaved caspase-3 (19 kDa) 7 days after rats were microinjected in the bilateral
CA3 subfields with control siRNA or siRNA for pgc-1α (2 μg) 24 h before the microinjection of KA into
the left hippocampal CA3. Values are mean ± SEM of quadruplicate analyses from four animals per
experimental group. * p < 0.05 versus control group, + p < 0.05 versus DMSO+KA group, and # p <
0.05 versus control siRNA+KA group in the Scheffé multiple-range test.
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Figure 9. Qualitative (a),(c) or quantitative (b),(d) analysis of DNA fragmentation detected in samples
harvested from the hippocampus 7 days after status epilepticus with or without Res and pgc-1α siRNA.
Values are mean± SEM from six animals per experimental group. (a),(b) Seven days after microinjection
of 0.5 nmol kainic acid (KA) with 24-h pretreatment of microinjection of resveratrol (Res; 100 μmol)
into the hippocampal CA3 subfield decreased fragmentation of DNA. Changes of qualitative (c) or
quantitative (d) DNA fragmentation 7 days after microinjected control siRNA or siRNA for pgc-1α
(2 μg) into bilateral CA3 subfields with 24 h before the microinjection of KA into the left hippocampal
CA3. Values are mean ± SEM of quadruplicate analyses from four animals per experimental group.
* p < 0.05 versus control group, + p < 0.05 versus DMSO+KA group, and # p < 0.05 versus control
siRNA+KA group in the Scheffé multiple-range test.

3. Discussion

The concept of neuroprotection under brain insults, such as prolonged seizures (status epilepticus),
should consist of not only the conservation of structural neuronal cell death, but also preservation
of neuronal networks and functions [38,39]. In research on prevention of the deleterious effects
of status epilepticus, the primary focus is on the development of chronic epilepsy and cognitive
decline [38,39]. Thus, a more precise definition of neuroprotection in status epilepticus needs to
include protection not just against neuronal death but also against neuronal and network dysfunction
at the cellular and molecular levels [39,40]. However, the studies of neuroprotective mechanisms
elicited by recurrent seizure activities, especially under status epilepticus, are limited. Considering the
detrimental reaction in brain cells under status epilepticus, acute response proteins to counteract these
detrimental effects elicited by sustained seizures can be a mechanism of endogenous neuroprotection

350



Int. J. Mol. Sci. 2020, 21, 7247

against seizure-induced neuronal cell death [39,41,42]. Following status epilepticus, the mechanism of
endogenous neuronal survival signals is evolutionarily conserved and may actuate extensive signaling
pathways to offer the neuroprotective effect which therefore may be strong candidates for therapeutic
strategies [39,42]. In our previous studies, both in human epilepsy [43] and animal studies following
status epilepticus [5,26,41,44–46], several endogenous neuroprotective mechanisms to lessen neuronal
damage were proposed, including PPARγ [41], mitochondrial uncoupling protein 2 (UCP2) [41], heat
shock protein 70 [43,44], brain-derived neurotrophic factor [45], mitochondrial dynamin-related protein
1 [46], PGC1-α [5,26], and sirtuin 1 [5,26].

The present study demonstrated that activation of PGC-1α activity regulated VEGF/VEGFR2
(Flk-1) signaling and showed the neuroprotective effect against neuronal cell death in the hippocampus
following experimental status epilepticus. Particularly, we noted that PGC-1α expression was
enhanced in the rat hippocampus following status epilepticus and upregulated VEGF and VEGFR2
(Flk-1) expression. Administration of the activator of PGC-1α, resveratrol, was accompanied by
increased VEGF and VEGFR2 expression, and promotion of PI3K/AKT and MEK/ERK pathways and
decreased neuronal cell death in the hippocampus following status epilepticus. Downregulation
of PGC-1α by pretreatment of siRNA against pgc-1α reduced VEGF and VEGFR2 expression and
inhibited PI3K/AKT and MEK/ERK pathways, also accompanied by heightened caspase-3 activity, and
augmented neuronal damage in the hippocampal CA3 subfield. We also noted that the mRNA levels
for vegf and vegfr2 were reduced after pretreatment of siRNA against pgc-1α compared with the levels of
control siRNA groups. This suggests an additional mechanism for seizure-induced activation following
status epilepticus. Therefore, our results indicated that seizure activities triggered the upregulation of
the VEGF/VEGFR2 (Flk-1) pathway, activation of PI3K/AKT and MEK/ERK signaling, and worked
against the hippocampal neuronal apoptotic cell death following status epilepticus. Therefore, our
results showed VEGF/VEGFR2 and related downstream PI3K/AKT and MEK/ERK signaling can exert
endogenous neuroprotection in status epilepticus.

Recently, our research revealed that PGC-1α is an important transcriptional regulator that acts
through regulating the expression of reactive oxygen species (ROS), mitochondrial UCP2, superoxide
dismutase 2, and mitochondrial biogenesis, which plays a beneficial part in neuroprotection in the
CNS following global ischemia and status epilepticus [5,26,28,41,47]. In addition, recent studies
have demonstrated that the PGC-1α signaling pathway exerts potential neuroprotective properties
in many neurological diseases [26,48,49], such as Alzheimer’s disease [50], Parkinson’s disease [51],
acute stroke [28,52], epilepsy [53], and status epilepticus [26,53–55]. Whether activation of PGC-1α
following sustained seizures promotes the endogenous activation of VEGF/VEGFR2 signaling is unclear.
However, recent evidence showed activation of PGC-1α induces the expression of VEGF/VEGFR2
signaling, leading to protection from apoptotic cell damage in the neuronal cells and providing
neuroprotective effects [15,29–31]. Thus, the activation of PGC-1α may regulate the VEGF/VEGFR2
signaling pathway in the neuronal cells and might be a crucial mechanism in neuroprotection following
status epilepticus.

VEGFs are strong endothelial cell mitogens and major regulators of neurogenesis and
angiogenesis [8,56]. In addition to the well-established effects of VEGF, recent research has
demonstrated pivotal roles for VEGF/VEGFR2 in a broad range of neurotrophic and neuroprotective
effects in the CNS that may relate to neurogenesis and angiogenesis [11–13]. The neurotrophic
and neuroprotective effects of VEGF are predominantly mediated by VEGFR2, also called fetal
Flk-1 [14,57–59], or kinase insert-domain containing receptor (KDR) [60]. VEGF/VEGFR2 (Flk-1)
signaling may have neuroprotective effects in many neurological diseases, such as hemorrhagic or
ischemic stroke [16–18], traumatic brain injury [61], amyotrophic lateral sclerosis [20], Huntington’s
disease [62], Alzheimer’s disease [12,21], and Parkinson’s disease [12,22]. Recent evidence showed
that during status epilepticus, VEGF is upregulated and it protects against seizure-induced neuronal
cell death in the hippocampus [14,19,23]. In vitro, VEGF administration suppresses ictal and interictal
epileptiform activity via the VEGFR2 (Flk-1) receptor. Thus, upregulated VEGF signaling through
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VEGFR2 (Flk-1) overexpression may regulate epileptogenesis and ictogenesis in mice and counteract
the focal epileptic seizure [14].

VEGF can directly stimulate the proliferation of neuronal progenitors; however, the possible
mechanism of seizure-induced activation of endogenous PGC-1α that promotes the following VEGF
signaling that contributes to neuroprotection in the hippocampus following status epilepticus is
not clear. Thus, we investigated two downstream pathways of the VEGF/VEGFR2 (Flk-1) signaling
pathways that included PI3K/AKT and MEK/ERK signaling [13,63–65]. Activation of VEGF has been
suggested to regulate PI3K/AKT and MEK/ERK cascades. Furthermore, VEGF is known to be involved
in the trophic and neuroprotective effects of growth factors via binding to its tyrosine kinase receptors,
particularly of which VEGFR2 (Flk-1) is proposed to mediate most of the neuron-specific effects of
VEGF via mediating PI3K/AKT and MEK/ERK signaling [10–13,33].

Mitogen-activated protein kinases (MAPK) are considered to be a family of Ser/Thr protein kinases
and conserved in eukaryotes and involved in many cellular programs. The MEK/ERK pathway is one
of the MAPK cascades involved in transducing cell survival signals via growth factor receptors [66,67].
Interestingly, growing evidence revealed that improving mitochondrial function with activation of
PI3K/AKT and MEK/ERK pathways might tend to inhibit phosphorylation of c-Jun-NH2-terminal
kinase (JNKs) and p38, the second and third major signaling cassettes in the MAPK pathway, which
majorly respond to inflammatory and cellular stress to promote inflammation and cell death, in neuronal
cells under many neurological conditions, both in vitro and in vivo studies [66–68]. Overall, MEK/ERK
pathways have been reported to play a crucial role in protecting neuronal cells from death under
hypoxia, global ischemia, epilepsy, status epilepticus, and Parkinson’s disease [33,63,68,69]. Therefore,
following status epilepticus, endogenous activation of PGC-1α may regulate the VEGF/VEGFR2
(Flk-1) signaling pathway that triggers PI3K/AKT and MEK/ERK cascades and also promotes the
cAMP-CREB signaling axis [45,69], which regulates the anti-apoptotic B-cell lymphoma-2 (Bcl-2) family,
the expression of autophagy [63] and lysosomal genes, and further contributes to neuron survival
mechanisms in hippocampal neuronal cells [70–72].

Several studies showed that the PI3K/AKT signaling pathway can modulate cellular activities, such
as neuronal proliferation, differentiation, cell survival, and synaptic plasticity, and this signaling cascade
activation promotes an important cytoprotective mechanism that promotes neural survival associated
with neurodegenerative disorders and epileptic seizures [13,73,74]. Binding of VEGF may further
trigger VEGFR2 (Flk-1) to activate PI3K and then phosphorylate phosphatidylinositol 4,5-bisphosphate
or PtdIns (4,5)P2 (PIP2) to the second messenger, phosphatidylinositol (3,4,5)-trisphosphate
(PtdIns(3,4,5)P3 (PIP3), on the plasma membrane. PIP3 directly or indirectly binds to AKT to
induce structural changes and facilitate the phosphorylation of AKT amino acid residues under
neurodegenerative diseases [13,73,74]. Therefore, under different acute or chronic neurological
conditions, activated AKT can promote neuronal cell survival in several ways, including subsequently
regulating numerous downstream molecules, such as cyclin D, glycogen synthase kinase-3β, and
mechanistic targets of rapamycin complex 1, thereby regulating cell functions and improving cell
survival advantage [75]. Moreover, phosphorylated AKT regulates cell survival and anti-apoptosis by
targeting the pro- or anti-apoptotic mediators, such as Bcl-2, Bax, and caspases [76–78].

In addition to effects of the PI3K/AKT signaling pathway on cellular proliferation and survival,
the activation of the MEK/ERK pathway encourages cell survival and prevents cell apoptosis [63,65].
Therefore, the role in neuroprotection of the MEK/ERK pathway is emphasized in many acute or chronic
neurological diseases [13,63,79]. Growing evidence has shown that the MEK/ERK pathway plays a
central role as a potential therapeutic target in neurological disorder diseases including epilepsy and
status epilepticus [13,80,81]. The MEK/ERK pathway is also a vital message transmission pathway in
embryonic and adult neurogenesis and plays a role in the regulation of brain physiological function [80].
When the cell suffers external stress, such as prolonged seizures, VEGF may stimulate cellular responses
by binding to a special receptor, VEGFR2 (Flk-1), and this activates receptors in the form of the dimer
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which start signaling output and then triggers the activation of a series of signal transduction molecules,
such as MEK/ERK signaling.

Evidence has shown that mitochondrial related autophagic pathways, such as the Jun N-terminal
kinases-associated B-cell lymphoma-2 (JNK/Bcl-2) pathway, MEK/ERK signaling, and the sirtuin
1/forkhead box protein O1 pathway, may provide neuroprotective effects from neurotoxicity against
dopamine neurons [82]. Activation of the MEK/ERK pathway by phosphorylation of threonine and
tyrosine residues can quickly initiate ERK1/2-dependent biological processes in neurological diseases,
including epilepsy and status epilepticus [39]. Recently, we noted exogenous resveratrol may provide
neuroprotective effects through upregulation of PGC-1α, modulation of mitochondrial dynamics,
and MEK/ERK regulated autophagy in rotenone-induced oxidative stress SH-SY5Y cell lines [63].
These results suggest activation PGC-1α regulated the VEGF/VEGFR2 pathway and further promoted
MEK/ERK signaling which provided neuroprotective effects against epilepsy, status epilepticus, and
neurodegenerative diseases.

4. Materials and Methods

4.1. Animals

The procedures of experimental status epilepticus in animals were carried out in compliance with
the guidelines of Institutional Animal Care and Use Committee (the identification code: 2012122105;
approval date was 01 August 2013) and were certificated by the experimental animal ethics committee
at Chang Gung Memorial Hospital, Kaohsiung, Taiwan. A sample of 168 pathogen-free adult male
Sprague Dawley rats (weight ranged from 280–350 g) were obtained from BioLASCO Taiwan Co. Ltd.
(Taipei, Taiwan) and enrolled in the study. The animals were housed in the Center for Laboratory
Animals in an environmentally controlled room (12 h/12 h light/dark cycle; 24 ± 1 ◦C). Tap water and
rat chow in the laboratory were available ad libitum. All efforts were made to reduce the number of
animals used and to minimize animal suffering during the experiment.

4.2. Experimental Status Epilepticus

The animal model of experimental status epilepticus that we used was well established
previously [5,26,44]. Briefly, a stereotaxic headholder (Kopf, Tujunga, CA, USA) was used to fix
the head of animals after they inhaled 3% of isoflurane for anesthesia, and the body temperature
of animals was maintained at 37 ◦C by heating pads. KA (0.5 nmol; Tocris Cookson, Bristol, UK)
dissolved in PBS (0.1 M, pH 7.4) was stereotaxically microinjected into the CA3 left hippocampal
subfield (3.3–3.8 mm below the cortical surface, 2.4–2.7 mm from the midline, and 3.2–3.5 mm posterior
to bregma) [5,26,44]. Microinjection of KA into the left hippocampal CA3 region caused progressive
and accompanying augmented seizure-like hippocampal electroencephalographic (hEEG) activity that
was routinely detected from the right hippocampal CA3 [83–85]. We therefore observed the seizure
activity (right side hEEG) for 60 min, and then the seizure activities were terminated by diazepam
(30 mg/kg, i.p.) [5,26]. To avoid post-surgical infection, sodium penicillin (10,000 IU; YF Chemical
Corp., New Taipei City, Taiwan) was given intramuscularly. The animals were returned to the recovery
room in individual cages. Animals with anesthesia and surgical preparations without additional
experimental manipulations served as controls. The experimental schemes as the following Figure 10.
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Figure 10. Two experimental schemes which included pharmacological pretreatment of resveratrol
and gene knockdown by siRNA against pgc-1α following status epilepticus.

4.3. Pharmacological Pretreatments

The test agent included resveratrol (R5010, Sigma-Aldrich, St. Louis, MO, USA) [26,86], a
PGC-1α activator, that was microinjected bilaterally and sequentially into the bilateral hippocampal
CA3 areas [26]. The dose of resveratrol used was 100 μmol dissolved in 3% dimethyl sulfoxide
(DMSO) (D5879, Sigma-Aldrich) as in our previous reports [26,41], at a volume of 150 nL on each
side. Rats receiving microinjections of DMSO (3%) were used for the volume and vehicle controls.
Each rat received only a single pharmacological pretreatment to prevent the confounding effects of
drug–drug interactions 30 min before administration of KA (0.5 nmol) or PBS into the left hippocampal
CA3 subfield.

4.4. Gene Knockdown by Microinjection of Small Interfering RNA (siRNA) Against pgc-1α into the
Hippocampus

Gene knockdown was conducted with small interfering RNA (siRNA) against the pgc-1α gene.
Multiple siRNA sequences were synthesized form by GE Healthcare (GE Healthcare, Chicago, IL, USA).
All siRNAs were dissolved in an isotonic RNAi buffer (100 mM potassium acetate; 30 mM Hepes-KOH;
2 mM magnesium acetate; 26 mM NaCl, pH 7.4, at 37 ◦C). The siRNA against pgc-1α as following blow:

pgc-1α Sequence

Sequence 1 5′-CGGUGGAUGAAGACGGAUU-3′
Sequence 2 5′-CAAUGAAUGCAGCGGUCUU-3′
Sequence 3 5′-GAACAAGACUAUUGAGCGA -3′
Sequence 4 5′-AUUCAAACUCAGACGAUUU-3′

Pooled siRNAs were mixed with Lipofectin reagent (1:1, 18292-011, Invitrogen, Carlsbad, CA, US)
and microinjected bilaterally into the CA3 region of the hippocampus 24 h before the microinjected
administration of KA. The pooled non-targeting siRNAs containing four scramble sequences were
used as control siRNA.

4.5. Collection of Tissue Samples from the Hippocampus

At time-intervals (1, 3, 6, or 24; or 7 days) after microinjection of KA or PBS into the hippocampus,
animals were anesthetized with 3% isoflurane and were perfused intracardially [83,85]. The brain
was immediately removed and placed on gauze moistened with 0.9% ice-cold saline. To avoid the
confounding effect of KA toxicity, we routinely collected samples from the CA3 region of the right
hippocampus (this side is the hEEG recording side, with no KA injection). Our method permitted
us to verify that our results from the analyzed samples were directly from sustained seizures (status
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epilepticus) and not indirectly due to KA toxicity [5,26,44]. Hippocampal samples were stored at
−80 ◦C until use in biochemical analyses.

4.6. RNA Isolation and Reverse Transcription Real-Time Polymerase Chain Reaction

To quantitatively analyze the expression of pgc-1α, vegf, and vegfr2 (Flk-1) mRNA in the tissue of
the hippocampal CA3, the brain was rapidly removed after PBS perfusion and total RNA from the
hippocampus was extracted with a RNeasy Mini Kit (Qiagen, Duesseldorf, Germany) according to the
manufacturer’s protocol as in our previous reports [5,26,44]. Reverse transcriptase (RT) reaction was
applied with the ImProm IITM Reverse Transcription System (Promega, Madison, WI, USA) to acquire
first-strand cDNA synthesis. Real-time polymerase chain reaction (PCR) for amplification of cDNA was
performed using a LightCycler® 480 SYBR Green I Master (Roche Diagnostics, Mannheim, Germany).
The qPCR of each sample was carried out in duplicate for all cDNA and for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), the housekeeping gene used as a control [5,26,44]. The primer pairs for
amplification of pgc-1α, vegf, and vegfr2 (Flk-1), and Gapdh cDNA used in this study were as follows:

Gene Forward Primer Reverse Primer

pgc-1α 5′-GTTTCATTACCTACCGTTACAC-3′ 5′-ATCGTCTGAGTTTGAATCTAGG-3′
vegf 5′-GCAGATGTGAATGCAGACCA-3′ 5′-TTTCCCTTTCCTCGAACTGA-3′

vegfr2 5′-AAGCAAATGCTCAGCAGGAT-3′ 5′-GAGGTAGGCAGGGAGAGTCC-3′
Gapdh 5′-AACGGCACAGTCAAGGCTGA-3′ 5′- ACGCCAGTAGACTCCACGACAT -3′

The products of PCR were subsequently subjected to agarose gel electrophoresis for further
confirmation of amplification specificity [5,26,44]. Fluorescence signals from the amplified products
were quantitatively assessed using the LightCycler software program (version 3.5). The second
derivative maximum mode was chosen with baseline adjustment set in the arithmetic mode. The
relative change in target mRNA expression was determined by the fold-change analysis [5,26,44], in
which fold change = 2−[ΔΔCt], where ΔΔCt = (Ct,target mRNA − Ct,GAPDH).

4.7. Western Blotting Analysis

Western blot analysis was carried out on proteins extracted from total lysate or cytosolic fractions
from hippocampal samples. The primary antiserum used included rabbit monoclonal or polyclonal
antibodies against PGC-1α (sc-13067, Santa Cruz Biotechnology, Heidelberg, Germany), VEGF (5365-100,
BioVision Huissen, Netherlands), VEGFR2 (9698S, Cell signaling, Danvers, MA, USA), PI3 Kinase
(4257S, Cell signaling), Phospho-PI3 Kinase (4228S, Cell signaling), AKT (9272, Cell signaling),
Phospho-AKT (4060S, Cell signaling), ERK1/2 (9102S, Cell signaling), Phospho-ERK (4370S, Cell
signaling), Cleaved caspase-3 (9664, Cell signaling), and β-actin (ab8227, abcam, Cambridge, UK).
The primary antibodies were diluted in 5% skimmed milk in TBST. The conditions for the membrane
wash, detection of immunoreactive signals, and quantification of signal intensities on the blots were
performed as previously described [5,26,44,46]. This was followed by incubation with horseradish
peroxidase-conjugated secondary goat anti-rabbit IgG (111-035-045, Jackson ImmunoResearch, West
Grove, PA, USA) to detect the first antibodies for PGC-1α, VEGF, VEGFR2, PI3 Kinase, Phospho-PI3
Kinase, AKT, Phospho-Akt, ERK1/2, Phospho-ERK Cleaved caspase-3, and β-actin. Specific
antibody–antigen complexes were detected by an enhanced chemiluminescence western HRP substrate
(Merck Millipore, Billerica, MA, USA). ImageJ software (National Institutes of Health, Bethesda,
MD, USA) was applied to quantify the amount of proteins and expressed as the ratio relative to
β-actin protein.

4.8. Double Immunofluorescence Staining and Laser Confocal Microscopy

Double immunofluorescence staining [5,26,44,46,84] was carried out using a goat polyclonal
antiserum against VEGF (Santa Cruz Biotechnology) and a mouse monoclonal antiserum against a
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specific marker for neurons, neuron-specific nuclear protein (NeuN) (Chemicon, Temecula, CA, USA).
A goat anti-mouse IgG conjugated with Alexa Fluor 568 (Molecular Probes, Eugene, OR, USA) and
a goat anti-rabbit IgG conjugated with AlexaFluor 488 (Molecular Probes) served as the secondary
antisera. The sections of right hippocampal CA3 tissue were inspected under an epifluorescence
microscope (Olympus AX-51; Olympus, Kyoto, Japan). Under the epifluorescence microscope, the
immunoreactivity for VEGF exhibited green fluorescence, and NeuN manifested red fluorescence.

4.9. Qualitative and Quantitative Analysis of DNA Fragmentation

Hippocampal CA3 tissues were subject to measurement of the apoptotic DNA fragmentation
following status epilepticus [5,26,44,85]. After total DNA was extracted from the hippocampal
CA3 tissues, nucleosomal DNA ladders were amplified by a PCR kit for DNA ladder assay (Cat.#:
APO-DNA1; Maxim Biotech, San Francisco, CA, USA) to heighten the sensitivity according to the
manufacturer’s protocol [5,26,44,85]. For quantification of apoptotic DNA fragmentation, a cell
death detection ELISA kit (Cat.#11774425001; Roche Molecular Biochemicals) was performed to
detect the cytosolic level of histone-associated DNA fragments according to the manufacturer’s
protocol [5,26,44,85]. Proteins from hippocampal tissues served as the source of antigen, jointly with
primary anti-histone antibody and secondary anti-DNA antibody coupled with horseradish peroxidase.
The cytosolic nucleosomes were quantitatively measured using 2,2′-azino-di-[3-ethylbenzthiazoline]
sulfonate as a substrate. Absorbance was determined at 405 nm and referenced at 490 nm using a
Multiskan Spectrum reader (Thermo Scientific, Miami, OK, USA).

4.10. Statistical Analysis

The continuous variables were expressed as mean ± standard error of the mean (SEM). The
statistical method was used to compare all the continuous variables with one-way analysis of variance
(one-way ANOVA). Once the ANOVA was significant, for post hoc assessment, we used Scheffé
multiple range test to assess the difference between groups, especially the experimental group and the
control group. A p < 0.05 was considered statistically significant.

5. Conclusions

In the present study, our results suggested activation of VEGF/VEGFR2 (Flk-1) by PGC-1α
subsequently activates PI3K/AKT and MEK/ERK signaling by alternating the activation state of
numerous of downstream proteins relevant to cell proliferation and inhibiting apoptosis in the
hippocampus following status epilepticus. Otherwise, downregulation of PGC-1α by siRNA against
to pgc-1α will inhibit VEGF/VEGFR2 (Flk-1) signaling and suppress pro-survival PI3K/AKT and
MEK/ERK pathways that also are accompanied by hippocampal CA3 neuronal cell apoptosis. These
results may indicate that the PGC-1α induced VEGF/VEGFR2 pathway may trigger neuronal survival
signaling and PI3K/AKT and MEK/ERK signaling pathways. Thus, the axis of PGC-1α/VEGF/VEGFR2
(Flk-1) and downstream PI3K/AKT and MEK/ERK signaling could be considered as an endogenous
neuroprotective effect against apoptosis in the hippocampus following status epilepticus. Taking
together, our previous research and the results from this study, new strategies for treatment, disease
modification, and neuroprotection in epilepsy, particularly in status epilepticus, should be developed.
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Abbreviations

PPARγ Peroxisome proliferator-activated receptor γ
PGC1-α Peroxisome proliferator-activated receptor γ coactivator 1α
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor
VEGFR2 Vascular endothelial growth factor 2
Flk1 Fetal liver kinase receptor 1
PI3K Phosphatidylinositol 3-kinase
AKT Protein kinase B
MEK Mitogen activated protein kinase
ERK Extracellular signal-regulated kinase
CNS Central nervous system
KA Kainic acid
siRNA Small Interfering RNA
hEEG Hippocampal electroencephalogram
NeuN Neuron-specific nuclear protein
UCP2 Uncoupling protein 2
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Abstract: Increased oxidative damage in the brain, which increases with age, is the cause of abnormal
brain function and various diseases. Ascorbic acid (AA) is known as an endogenous antioxidant
that provides neuronal protection against oxidative damage. However, with aging, its extracellular
concentrations and uptake decrease in the brain. Few studies have dealt with age-related functional
changes in the brain to sustained ascorbate supplementation. This study aimed to investigate
the susceptibility of hippocampal neurons to oxidative injury following acute and chronic AA
administration. Oxidative stress was induced by kainic acid (KA, 5 μM) for 18 h in hippocampal slice
cultures. After KA exposure, less neuronal cell death was observed in the 3 w cultured slice compared
to the 9 w cultured slice. In the chronic AA treatment (6 w), the 9 w-daily group showed reduced
neuronal cell death and increased superoxide dismutase (SOD) and Nrf2 expressions compared to
the 9 w. In addition, the 9 w group showed delayed latencies and reduced signal activity compared to
the 3 w, while the 9 w-daily group showed shorter latencies and increased signal activity than the 9 w.
These results suggest that the maintenance of the antioxidant system by chronic AA treatment during
aging could preserve redox capacity to protect hippocampal neurons from age-related oxidative stress.

Keywords: ascorbic acid; antioxidant; aging; organotypic hippocampal slice culture; neuroprotection

1. Introduction

Oxidative stress is caused by reactive oxygen species (ROS) and leads to structural and
functional cellular changes in neurons, including apoptosis and necrosis [1]. Neurons are
especially vulnerable to oxidative stress due to their high lipid content and high metabolic
rates. Under physiological conditions, ROS are removed by a cellular antioxidant defense
system that includes redox homeostasis and cellular signal transduction. Even though ROS
are considered as damaging agents, ROS generation is initially necessary for cell function,
as ROS act as intracellular messengers and serve as a platform for the transmission of
physiological cellular redox signals in mitochondria and the cellular environment [2,3].
However, over-produced ROS lead to an accumulation of excess oxidant radicals that
could damage the mitochondria and neuronal cells [4]. Increased ROS in the aging process
progressively reduces the maintenance of tissue homeostasis and increases the likelihood of
degenerative diseases. Studies on aging over the past several decades have shown that free
radicals and oxidative stress increase with age and cause age-related increases in oxidative
damage to many human cellular molecules [5]. These previous studies have implicated ROS
as a source of oxidative damage to DNA, proteins, and lipids [6–9]. Mitochondria-generated
ROS, as byproducts of mitochondrial respiration, are primary targets for oxidative damage
and play an important role in aging [10,11]. Vitamins C and E are the main dietary
antioxidants that protect erythrocytes from damage caused by ROS [12].
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Ascorbic acid (AA), also known as vitamin C, is more highly concentrated in the brain
than in other organs and plays an important role in neuronal differentiation and myelin
formation [13]. For normal homeostasis of the nervous system, AA is considered to be the
most important nutrient due to its crucial role in the brain’s antioxidant defense system
responsible for scavenging reactive oxygen and nitrogen species produced during cellular
metabolism [14,15]. High concentrations of AA have been observed predominantly in
neuron-rich areas of the hippocampus and neocortex in the human brain [16], and the
ascorbate content in neurons compared to glia appears to be significantly different [17].
Therefore, AA is very important for brain function and maintenance. Furthermore, many
degenerative central nervous system diseases, including Alzheimer’s disease, multiple scle-
rosis, Parkinson’s disease, and Huntington’s disease [18], as well as psychiatric disorders,
such as depression, anxiety disorders, and schizophrenia [13,14], are highly associated
with AA deficiency. Brain levels of α-tocopherol, ascorbate, and glutathione have all been
reported to decrease with aging, and the ascorbate level decrease was accompanied by
decreased ascorbate synthesis and altered ascorbate transport characteristics [19]. These
decreased ascorbate levels could either contribute to and/or result from the aging pro-
cess. Interestingly, Michels et al. [20] demonstrated that declines in hepatic ascorbate in
rats were associated with an age-related change in ascorbate uptake. Nevertheless, few
studies have dealt with age-related functional changes in the brain to sustained ascorbate
supplementation or the optical activity of neurons capable of restoring functional activity
using optical imaging.

To investigate the results according to age and AA treatment effects, the present study
evaluated the neuroprotective properties of ascorbate treatment for various age-related
oxidation states in hippocampal slices, as well as the difference between acute and chronic
administration of ascorbate during aging. In addition, optical images were used to evaluate
the functional role of ascorbate-rescued neurons after oxidative damage caused by kinetic
acid (KA).

2. Results

2.1. Different Neuroprotection Effects of AA

At 3 w or 9 w after hippocampal slice culture, 5 μM KA was applied for 18 h to induce
oxidative injury and was included in fresh medium (vehicle group). AA with medium was
replaced for 24 h after KA treatment (AA treatment). For the 9 w experiment groups, one
was treated daily with AA from week 3 to week 9 (9 w-daily), and the other was treated
only with medium from week 3 to week 9 (9 w). The experimental groups and the overall
design are presented in Figure 1.

Figure 2 shows the different neuroprotective effects of AA in 3 w, 9 w, and 9 w-daily
organotypic hippocampal slice cultures (OHSCs) before (Pre, 2A upper line) and 24 h
after oxidative injury. KA treatment (5 μM) led to progressive cell death in the CA3 area
of the hippocampus after 24 h (24 h, 2A bottom line). Hippocampal neurons in the 3 w
KA + AA group showed reduced propidium iodide (PI) uptake compared to the 3 w
KA + vehicle group. Similar to the results of 3 w group, the 9 w KA + AA and 9 w-daily KA
+ AA groups also showed decreased PI uptake compared to the 9 w KA + vehicle and 9 w-
daily KA + vehicle groups. These results indicate the neuroprotective effects of AA after KA
exposure. Statistical analysis of neuroprotective effects of AA is shown in Figure 2B. The
3 w KA + vehicle and KA + AA PI uptake values were significantly increased compared
to the 3 w normal PI uptake (normal: 3.01 ± 1.58, KA + vehicle: 90.03 ± 3.02, KA + AA:
33.33 ± 4.75). In addition, 9 w of KA + vehicle and KA + AA and 9 w-daily KA + vehicle
and KA + AA value were significantly increased (9 w normal: 3.80 ± 2.01, KA + vehi-
cle: 91.83 ± 2.33, KA + AA: 74.46 ± 4.50; 9 w-daily normal: 2.73 ± 1.38, KA + vehicle:
76.54 ± 3.68, KA + AA: 59.37 ± 3.78). Moreover, 9 w KA + AA group showed significantly
increased cell death compared to 3 w KA + AA group. These results indicate that the aging
group (9 w) was more vulnerable compared to the young group (3 w) to cell death and
less sensitive to the protective effect of AA treatment following an oxidative injury. In
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addition, 9 w-daily KA + vehicle and 9 w-daily KA + AA groups showed significantly
reduced PI uptake compared to 9 w KA + vehicle and 9 w KA + AA groups. These results
indicate that chronic AA treatment protects hippocampal neurons from KA-induced ox-
idative injury and that prolonged antioxidant treatment during the aging process has a
neuroprotective effect.

Figure 1. Experimental design and paradigm. Organotypic hippocampal slice cultures (OHSCs) were cultured for 3 w and
9 w. Slices were treated with propidium iodide (PI) 2 h before 5 μM kinetic acid (KA) treatment for all cultures (PRE). All
received KA treatment except for the normal controls in each experimental group. After 18 h exposure to KA, the medium
containing KA was changed to a fresh culture medium containing 500 μM ascorbic acid (AA). PI uptake, Western blot, and
electrophysiological studies were conducted 24 h after AA treatment. Experimental groups were divided by culture time
and treatment type, such as 3 w, 9 w, and 9 w-daily. In the 9 w-daily group, 500 μM AA was added to the culture medium
for 6 w before studies began.

2.2. Activation of Antioxidant Signals by AA Treatment in Aging

In our aging model of OHSCs with time in culture, we observed age-related changes in
the hippocampus. Synapsin-1 and PSD 95, pre- and post-synaptic components implicated
in dendritic spine formation and neurotransmission, were observed to confirm the aging
statuses of each culture condition. PSD 95 expression was significantly reduced in the 9 w
group compared to 3 w group, while the 9 w-daily group showed significantly higher PSD
95 expression than the 9 w group. For synapsin-1, the 9 w group showed markedly lower
expression levels than the 3 w and 9 w-daily groups. The expression levels of synapsin-1
and PSD 95 in the 9 w group was markedly reduced compared to the 3 w group, which
indicated the age-related phenomena within the hippocampus in our aging model of
OHSCs. As for the chronic AA treatment group, the expression levels of both synapsin-1
and PSD 95 proteins showed significant differences between the 9 w and 9 w-daily groups
(Figure 3A). These results indicated that chronic AA treatment conserved the decreases in
synaptic ability associated with neurodegeneration in aging.
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Figure 2. Neuroprotective effects of AA against KA-induced oxidative injury in hippocampal neurons. (A) Representative
PI fluorescence images in OHSCs before (Pre) and 24 h after AA-treatment following oxidative injury. Representative images
of PI uptake, as a marker of cell death, showed the effects of AA treatment at different time points. AA-only treatment
(500 μM) showed no toxic effect in KA-untreated normal OHSCs (9 w-daily Normal). (B) KA treatment induced progressive
cell death in the hippocampus compared to the normal group at each time point. After 24 h of AA treatment, PI signals in the
CA3 area of the hippocampus were significantly reduced in the treated groups compared to no-treatment (vehicle) groups
at each time point. After chronic AA treatment (9 w-daily), there was less cell death following the KA insult compared to
the 9 w vehicle group, and the 9 w-daily AA treatment group also showed a significant decrease in the level of PI uptake
compared to the 9 w AA treatment group. ** p < 0.01 compared to normal; † p < 0.05, †† p < 0.01 compared to vehicle;
# p < 0.05, ## p < 0.01 comparing different time points: two-way ANOVA followed by Tukey’s post hoc comparison. Scale
bar: 500 μm.

To observe the antioxidant role of prolonged AA treatment on cell survival, we
examined the expression of superoxide dismutase (SOD) and Nrf2, which are known to be
factors in ROS-related cell survival signaling. At 3 w, the expression levels of SOD protein
significantly increased in the KA + AA group compared to KA + vehicle group. In the
aging model, the 9 w KA + AA group showed significantly higher SOD levels than the
KA + vehicle group. Compared to the 3 w KA + AA group, the levels of SOD expression in
the 9 w KA + AA group were significantly reduced. Moreover, SOD protein significantly
increased in the 9 w-daily KA + AA group compared to the KA + vehicle group. The
9 w-daily KA + vehicle group also showed significantly increased SOD levels compared to
the 9 w KA + vehicle group (Figure 3B). Nrf2 expression reflects the susceptibility of the
brain to the damaging effects of ROS: the level of Nrf2 expression diminished with age, and
consequently, its neuroprotective effect decreased. The expression levels of Nrf2 protein
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decreased in the vehicle group compared to the normal group at 3 w. With aging, the 9 w
group showed no difference in Nrf2 expression between KA + AA and KA + vehicle groups.
Compared to 3 w, Nrf2 expression was significantly decreased at 9 w for both KA + AA
and KA + vehicle groups. In the 9 w-daily group, Nrf2 expression tended to be higher
compared to the 9 w treatment groups (Figure 3C).

2.3. Effect of AA on Neuronal Activity

We performed optical imaging to observe cellular activities to visualize the active
area based on the overall data and provide information on neuronal activation using
a voltage-sensitive dye (VSD). Typical signal transmission and the spatial distribution
of the cellular response after electrical stimulation in different age-related groups are
shown in Figure 4A. As shown in Figure 4A, KA-untreated hippocampal neurons (normal
groups at 3 w, 9 w, and 9 w-daily) demonstrated typical spatiotemporal changes using
Schaffer collateral/commissural stimulation. However, limited activation accompanied by
synaptic propagation was observed in the KA + vehicle group of OHSCs. In contrast, more
activation (indicating more propagation) was observed in the KA + AA group compared to
the KA + vehicle group in each age-related group.

Figure 3. Cont.
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Figure 3. (A) Changes in synaptic protein expression by culture time of OHSCs. PSD 95 and synapsin-1
expression levels significantly reduced at 9 w compared to 3 w. In the chronic AA treatment group,
the expression levels of PSD 95 and synapsin-1 proteins showed a significant difference between 9 w
and 9 w-daily groups. (B) Western blot analysis of SOD and Nrf2 in OHSCs following oxidative injury.
The expression of SOD in the vehicle group was significantly reduced compared to the normal group.
The expression of SOD significantly increased 24 h after 500 μM AA treatment in the 3 w and 9 w
groups, compared to the vehicle group. The chronic AA treatment (9 w-daily) group showed higher
SOD expression than the 9 w group. (C) The expression level of Nrf2 increased in the AA treatment
group compared to the vehicle group at 3 w. The 9 w group showed no difference in Nrf2 expression
between the AA treatment and vehicle groups. However, Nrf2 expression was significantly decreased
in both AA treatment and vehicle groups at 9 w compared to 3 w. In 9 w-daily groups, Nrf2 expression
tended to increase compared to 9 w. The horizontal axis indicates each experimental group (3 w, 9 w,
and 9 w-daily AA treatment), and the vertical axis represents the normalized level of each protein
expression (ratio of each antibody expression/β-actin expression). * p < 0.05, ** p < 0.01 compared to
normal, † p < 0.05, †† p < 0.01 compared to vehicle, # p < 0.05, ## p < 0.01 comparing different time
points: two-way ANOVA followed by Tukey’s post hoc comparison.

N1 latency, a sign of synaptic activation, increased in both KA + vehicle and KA + AA
groups compared to both 3 w and 9 w normal groups by optical signals. The statistical
analysis of the neuronal activity of AA is shown in Figure 4B. At 3 w, the AA treatment
group showed a significantly reduced latency compared to the KA + vehicle group (normal:
8.84 ± 0.91, KA + vehicle: 30.75 ± 3.66, KA + AA: 16.45 ± 0.97). In 9 w, there was no differ-
ence between KA + vehicle and KA + AA groups in N1 latency (9 w normal: 9.05 ± 0.64,
KA + vehicle: 26.93 ± 4.27, KA + AA: 23.23 ± 1.56). Meanwhile, N1 latencies in the 9 w-
daily groups were significantly shorter than those in the 9 w KA + vehicle and KA + AA
groups (9 w-daily normal: 7.66 ± 0.46, KA + vehicle: 12.75 ± 2.52, KA + AA: 8.94 ± 0.81).
These results showed that the chronic treatment AA (9 w-daily) in the aged group af-
fected the neuronal activity as an indication of survival neuronal function (Figure 4B).
In the activation area in Figure 4C, the KA + AA group showed significantly activated
areas compared to the KA + vehicle group at 3 w (normal: 39.70 ± 3.81, KA + vehicle:
15.40 ± 3.58, KA + AA: 27.52 ± 3.00). In 9 w OHSCs, few activated areas were observed
around the stimulating electrode in both the KA + vehicle and KA + AA groups (9 w
normal: 38.41 ± 4.64, KA + vehicle: 9.39 ± 1.31, KA + AA: 14.38 ± 2.61). There was no
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difference between the 9 w-daily groups (9 w-daily normal: 37.81 ± 7.44, KA + vehicle:
26.37 ± 5.44, KA + AA: 30.90 ± 6.02). However, chronic AA treatment in the 9 w-daily
KA + AA group elicited significantly more activated areas than the 9 w KA + AA group.
In addition, the 9 w-daily KA + vehicle group showed significantly larger activated areas
compared to the 9 w KA + vehicle group (Figure 4C). Therefore, synaptic propagation was
better preserved and maintained after chronic AA treatment in the 9 w-daily group, and
this group showed less vulnerability to oxidative injury compared to other 9 w groups.

 

Figure 4. Cont.
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Figure 4. Optical recordings were conducted with a voltage-sensitive dye (VSD) in hippocampal slices to assess AA
treatment effects. (A) Representative pseudo-color optical images show the evoked excitatory neuronal signals and typical
spatiotemporal changes that were observed in OHSCs after electrical stimulation. Each frame of the pseudo-color image (left
side) is presented by an arrow below the wave form (right side) at each time point (a, before stimulation; b, peak of N1; c,
half of the N1; d, post stimulation). The X-axis shows the time (msec), and the y-axis shows the percent change in fluorescent
intensity (% ΔF/F). The blue grid line shows the peak of the negative (N1) point, which was used to quantify the N1 latency.
A colored scale (color calibration) shows the changes in optical signals (upper-left side). Signal transmission indicating
spatiotemporal changes showed an increase in neuronal activity through long-lasting depolarization. The KA + vehicle
groups at each time point showed a few signs of activation, only in the focal stimulation area. Spatiotemporal changes,
reflecting the distribution of neuronal activity, increased after AA treatment. (B) Comparisons of optical signals in the
different experimental groups by latency, an indication of basal synaptic transmission. Latencies were significantly delayed
in the vehicle groups compared to normal groups at each time point. The latency of the optical signals was decreased in
AA-treated hippocampal slices compared to the vehicle group at 3 w. For chronic AA treatment, there was a significant
difference between the 9 w and 9 w-daily groups. (C) Quantification of pseudo-color activated areas that indicate neuronal
activities through neural propagation. The activation area was decreased in the vehicle groups compared to the normal
groups at each time point. In particular, the chronic AA-treated 9 w-daily group showed a significantly greater increase in
activation area compared to the acute 9 w group. * p < 0.05, ** p < 0.01 compared to normal, †† p < 0.01 compared to vehicle,
# p < 0.05, ## p < 0.01 comparing different time points: two-way ANOVA followed by Tukey’s post hoc comparison. Scale
bar: 500 μm.
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3. Discussion

Providing cells with AA as an exogenous antioxidant retards their uptake of en-
dogenous antioxidants. In agreement with previous research [21], AA treatment elicited
significant reductions in neuronal cell death, compared to vehicle, through a reduction in
ROS and oxidative stress by the activation of antioxidant pathways. However, the negative
effect of oxidative decay caused by ROS is considered to be an irreversible progression in
the biology of aging [22]. Research has shown that the number of neurons and astrocytes
remain constant over 21 days in vitro (DIV, 3 w) among OHSCs by cell density analysis and
that the density of synaptic contacts within 21 DIV OHSCs is two times higher than those
in 7 DIV OHSCs [23]. Moreover, DIV 21 cultures have been found to show similarities
to features of the acute slice at P21 [24]. Synapses formed in OHSCs arise from neurons
that survive explanation, and synaptic differences in OHSCs according to culture time
have been observed, with significant reductions in PSD 95 and evoked synaptic activity at
67-76 DIV [25]. In line with the study by Mielke et al. [25], we also observed significant
decreases in PSD 95 and synapsin-1 expressions, which were assessed to reflect age-related
phenomena within the hippocampus in our aging model of OHSCs.

Age-dependent changes in brain homeostasis and function occur gradually, particu-
larly by the combination of ROS and the aging brain’s impaired ability to repair increased
oxidative stress damage [26]. Although we observed decreased neuronal cell death with
acute AA treatment after 3 w and 9 w, compared to vehicle, PI uptake quantitation, as
an indicator of cell death, was significantly different (based on age) between the 3 w and
9 w AA treatment groups. The 9 w group showed more vulnerability to oxidative injury
and cell death compared to the 3 w group. Aging of the brain was also associated with
an increase in seizure susceptibility, as well as with seizure-induced neuronal damage,
after KA-induced oxidative injury [27,28]. While Siqueira et al. [19] reported that 2 weeks
of chronic supplementation with ascorbate was unable to protect the hippocampus from
age-related oxidative damage (H2O2), we observed that the 9 w-daily vehicle and 9 w-daily
AA treatment groups showed significantly greater reductions in cell death than did the 9 w
AA treatment group. As a consequence of aging, decreased ascorbate synthesis or altered
ascorbate transport characteristics [19] may explain this reduced neuroprotective effect of
acute AA treatment in the 9 w group compared to chronic AA treatment in the 9 w-daily
group. We hypothesized that chronic AA treatment may lead to persistent regulation
of reactions against increased reactive oxygen and nitrogen species with various target
molecules during aging, a period during which the antioxidant system appears to be less
functional in the brain. Mild prooxidant activity can enhance antioxidant defense systems
through Nrf2 signaling [29–31]. In this regard, chronic treatment of AA, which is not only
able to scavenge free radicals but also maintain an optimal ROS flow, may upregulate
cytoprotective enzymatic antioxidants, thus improving neuronal survival. Chronic treat-
ment of AA might act as a parahormetic phytochemical, which can be attributed to both
antioxidant and mild prooxidant activities that affect the intracellular antioxidant defense
system. As part of the antioxidant defense system, any decrease in SOD and Nrf2 levels
would result in increased ROS [32]. In our Western blot analysis, the expressions of SOD
and Nrf2 significantly decreased in the 9 w groups compared to the 3 w groups. Imbalances
in ROS production due to impaired expression of SOD and decreased levels of antioxidant
molecules occurred with aging, as well as in neurodegenerative diseases [33]. Similar to
the PI results, chronic AA treatment (9 w-daily AA treatment group) significantly increased
SOD levels. The neurons in the 9 w group suffered more severe attacks by free radicals
compared to the neurons with chronic AA treatment, and AA supplementation might have
scavenged free radicals from plasma directly. The present study indicates that the aging
brain is highly susceptible to hippocampal cell loss by KA-induced oxidative stress, and
that chronic AA treatment can aid the cellular antioxidant system against oxidative injury.

To assess neuronal survival and functional property, optical imaging of VSD was
used to examine synaptic changes and strength in OHSCs. Optical imaging data repre-
sent the visualization of electrical signals from the population activity of postsynaptic
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neurons in the activated area as a distribution map of stimulus-induced activities [34].
Here, the differences in activities of surviving neurons were examined between 3 w and
9 w slice cultures that underwent AA treatment after oxidative injury. The 9 w group
showed increased latencies of optical signals and less activated areas compared to the 3 w
group, indicating reduced functionality of surviving neurons. This result may be related
to decreased uptake of radiolabeled ascorbate in aged rats [19], as well as to a decline in
sodium-dependent ascorbate transport during the aging process [20]. Siqueria et al. [19]
reported a 40% decrease in radiolabeled 14C-ascorbate uptake in 11-month-old rats com-
pared to 4-month-old rats, and Michels et al. [20] described an age-related reduction in the
plasma transport of dietary ascorbate. Neurons have a 10-fold-higher level of ascorbate
than the glia, making them more sensitive to ascorbate deficiency and any reduction in total
antioxidant capacity in an older hippocampus [19]. The VSD activation area is dependent
on the spatial distribution of cellular responses to electrical stimulation. In this study,
we demonstrated enhanced synaptic transmission resulting from chronic AA treatment
in older 9 w OHSCs after oxidative injury. To our knowledge, there are no reports that
chronic AA supplementation protects hippocampal cells in the brain from the age-related
increases in susceptibility to oxidative damage. Therefore, with the optical recording results
demonstrating better survival of hippocampal neurons and their connections, chronic AA
supplementation may not only be neuroprotective, but also help restore the endogenous
antioxidant system with advancing age.

4. Materials and Methods

4.1. Organotypic Hippocampal Slices Cultures (OHSCs)

Animal experiments were approved by the Institutional Animal Care and Use Committee
of Yonsei University Health System (permit no.: 2018-0095, approval date: 8 May 2018). Post-
natal Sprague-Dawley rats (6–7 d) were used according to the method of Stoppini et al. [35].
We used 45 rat pups, and 40 hippocampal slices were used in each group (one batch
contained five hippocampal slices, n = 8 batches). Hippocampi were dissected and placed
in Gey’s salt solution (Sigma, Saint Louis, MO, USA) with glucose (6.5 mg/mL). Slices
(350 μm thick) were cut parallel to the transverse axis of the hippocampus using a chopper
(McIlwain tissue chopper; Mickle Laboratory Engineering Ltd., Surrey, UK). Millicell cul-
ture inserts (Millipore, Billerica, MA, USA) containing five slices were cultured in 6-well
plates with medium (50% opti-MEM, 25% HBSS, 25% horse serum, 6.5 mg/mL glucose,
pH adjusted to 7.2) for 3 w or 9 w.

4.2. Propidium Iodide (PI) Staining

To induce oxidative injury, 5 μM KA (Sigma) was applied for 18 h and was included
with fresh medium in 3 w or 9 w after hippocampal slice culture (KA + vehicle). AA with
medium was replaced for 24 h with 5 ug/mL of propidium iodide (PI) (5 μg/mL, Sigma),
which was added to the culture medium (KA + AA). In chronic AA treatment, OHSCs were
maintained in culture medium with 500 μM AA for 6 w before KA exposure (9 w-daily).
As previously described [36], neuronal death was assessed by quantifying the fluorescence
intensity of PI. This was based on the principle that PI is impermeable to normal plasma
membranes and cells, and when cells are damaged, they migrate to the nucleus, where they
form a complex with DNA, making the nucleus fluoresce. PI uptake images were captured
with a fluorescence microscope digital camera (BX-51, Olympus, Tokyo, Japan) and quanti-
fied with the MetaMorph Imaging System (Universal Image Co, Downingtown, PA, USA).
PI uptake was measured before (Pre) and 24 h after the application of drugs, and the value of
the measured fluorescence area was expressed [(24 h − Pre/full kill − Pre) × 100] as the % PI
uptake. N-methyl-D-aspartate (NMDA) (100 μM, Sigma) was applied to induce fulminant
death of pyramidal neurons (full kill) at the termination of each experiment [37,38]. AA
treatment alone (500 μM) showed no toxic effect in KA-untreated normal OHSCs (Normal
group) at 3 w or 9 w.
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4.3. Western Blot Analysis

Homogenized slice lysates were prepared with lysis buffer (PRO-PREPTM, Intron
Biotechnology, Burlington, MA, USA). Proteins were resolved by SDS-PAGE (100 μg/lane)
using 10% (w/v) polyacrylamide gels and transferred to PVDF membranes (Millipore).
Membranes were incubated with antibodies against anti-PSD 95 (1:5000, Abcam, Cam-
bridge, MA, USA); anti-synapsin I (1:3000, Abcam); superoxide dismutase (SOD) (1:7500,
Abcam); and Nrf2 (1:5000, Abcam) for 2 h at room temperature. As a loading control, mem-
branes were also probed with anti-β-actin antibody (1:10,000, Abcam). The reaction was
developed with an enhanced chemiluminescence Western blot analysis system (ECL, GE
Healthcare, Marlborough, MA, USA). Signal intensities were analyzed using a gel-scanning
integrated optical density software program (Multi-gauge 3.0, Fuji film, Tokyo, Japan).

4.4. Optical Recording

Hippocampal slices (n = 8) were stained with a voltage-sensitive dye (VSD) solu-
tion (Di-2-ANEPEQ, JPW114; Invitrogen, Carlsbad, CA, USA) [39]. Briefly, 0.2 mM Di-
2-ANEPEQ staining solution was applied to the OHSCs in the plexiglass mesh-attached
ring. The OHSCs were maintained in a humidified chamber with a mixture of O2 and
CO2 gases for 25 min. The OHSCs were rinsed with artificial cerebrospinal fluid (ACSF:
composition in mM: NaCl, 124; NaHCO3, 26; glucose, 10; KCl, 3; CaCl2, 2; MgCl2, 1; HEPES,
10; pH 7.4) by dipping them through the plexiglass mesh-attached ring and kept for at
least 1 h to be recovered before being used for the experiment. A stained hippocampal slice
was attached to the chamber glass, which was pre-coated with 0.01% polyethylenimine
for approximately 1 h and rinsed with distilled water. Stained OHSCs were stabilized in
the recording chamber, which was continuously perfused with ACSF at 31 ◦C bubbled
with mixed 95% O2 and 5% CO2 gases. The Schaffer collateral (SC)/commissural path-
way was stimulated with a bipolar electrode (CBBPE75, FHC Inc, Bowdoin, ME, USA).
Synaptic activity was observed using an optical imaging system (MiCAM02, Brain Vision
Inc., Tsukuba, Japan) with a high-speed CCD camera. Optical images were recorded with
512 frames (1890 ms total) for the test stimulation and acquired at a sampling rate of 3.7 ms
per frame. Trials were conducted every 20 s (0.05 Hz). Fluorescence intensity [ΔF/F: the
change in the intensity of fluorescence (ΔF) in each pixel relative to the initial intensity of
fluorescence (F)] was used to assess fractional changes in the amount of VSD fluorescence.
Activated areas were determined by averaging images (spatial filter: 3 × 3 pixels, cubic
filter: 3 × 3 pixels). Acquisition and analysis software (BV-Analyzer, Brain Vision Inc.) was
used to display and analyze the optical images.

4.5. Statistical Analysis

Statistical analyses were performed using GraphPad Prism (GraphPad Software, San
Diego, CA, USA). Data are expressed as means ± standard errors of the mean (SEM). The
data were evaluated by two-way analysis of variance (ANOVA) followed by Tukey’s
multiple-range post hoc comparisons. Differences were considered significant when
p-values were less than 0.05.

5. Conclusions

In this study, we demonstrated that chronic AA treatment has a neuroprotective
influence on KA-induced oxidative stress in an aging hippocampus model. Based on
PI staining, chronic AA treatment also reduced age-related neurotoxicity (9 w-daily AA
treatment), and this was similar to its influence on oxidative injury in younger hippocampi
(3 w AA treatment). Western blot analysis demonstrated that chronic AA treatment
activated SOD, a well-known detoxifying enzyme, compared to acute AA treatment in the
9 w group. Therefore, we have shown that chronic AA treatment increases antioxidant
activity and decreases neuronal cell death in this model. Using optical signals to observe the
functional recovery of surviving neurons, AA treatment decreased latencies of the optical
signal, indicating an increase in effective neuronal transmission. These results suggest that
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surviving neurons, protected by chronic AA treatment, show enhanced functional recovery
in this aging model.
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Abstract: In Parkinson’s disease, mitochondrial oxidative stress-mediated apoptosis is a major cause
of dopaminergic neuronal loss in the substantia nigra (SN). G protein-coupled receptor 4 (GPR4),
previously recognised as an orphan G protein coupled-receptor (GPCR), has recently been claimed as a
member of the group of proton-activated GPCRs. Its activity in neuronal apoptosis, however, remains
undefined. In this study, we investigated the role of GPR4 in the 1-methyl-4-phenylpyridinium ion
(MPP+) and hydrogen peroxide (H2O2)-treated apoptotic cell death of stably GPR4-overexpressing and
stably GPR4-knockout human neuroblastoma SH-SY5Y cells. In GPR4-OE cells, MPP+ and H2O2 were
found to significantly increase the expression levels of both mRNA and proteins of the pro-apoptotic
Bcl-2-associated X protein (Bax) genes, while they decreased the anti-apoptotic B-cell lymphoma
2 (Bcl-2) genes. In addition, MPP+ treatment activated Caspase-3, leading to the cleavage of poly
(ADP-ribose) polymerase (PARP) and decreasing the mitochondrial membrane potential (ΔΨm) in
GPR4-OE cells. In contrast, H2O2 treatment significantly increased the intracellular calcium ions (Ca2+)
and reactive oxygen species (ROS) in GPR4-OE cells. Further, chemical inhibition by NE52-QQ57,
a selective antagonist of GPR4, and knockout of GPR4 by clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9 decreased the Bax/Bcl-2 ratio and ROS generation, and stabilised
the ΔΨm, thus protecting the SH-SY5Y cells from MPP+- or H2O2-induced apoptotic cell death.
Moreover, the knockout of GPR4 decreased the proteolytic degradation of phosphatidylinositol
biphosphate (PIP2) and subsequent release of the endoplasmic reticulum (ER)-stored Ca2+ in the
cytosol. Our results suggest that the pharmacological inhibition or genetic deletion of GPR4 improves
the neurotoxin-induced caspase-dependent mitochondrial apoptotic pathway, possibly through the
modulation of PIP2 degradation-mediated calcium signalling. Therefore, GPR4 presents a potential
therapeutic target for neurodegenerative disorders such as Parkinson’s disease.

Keywords: apoptosis; neurodegeneration; GPR4 receptor; MPP+; Parkinson’s disease; CRISPR/cas9

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder characterised by dopamine deficiency.
An important pathological basis of PD is the loss of dopaminergic neurons due to apoptotic cell death
in the substantia nigra (SN) of the brain [1]. An array of evidence suggests that reactive oxygen
species (ROS)-induced oxidative stress is a major cause of the dopaminergic neuronal loss in the
SN [2]. Mitochondria are key players in apoptosis during this neurodegeneration. In a cell undergoing
apoptosis, mitochondria increase the production of oxyradicals and open the pores of its membranes,
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leading to the depolarisation of its transmembrane potential (Δψm) and the release of cytochrome
C [3,4]. The B-cell lymphoma 2 (Bcl-2) family of proteins, which includes anti-apoptotic Bcl-2 and
pro-apoptotic Bcl-2-associated X protein (Bax) members, plays a critical role in the initiation of the
apoptotic pathway. When anti-apoptotic Bcl-2 localises in the mitochondrial inner membrane from the
outer membrane, the intermembrane space protein, cytochrome C, is released. This binds to apoptotic
peptidase activating factor 1 (APAF1) and forms a heptameric structure, known as the apoptosome.
Apoptosomes recruit caspase 9 and activate a series of events, eventually activating Caspase-3 as a
result [5]. Surprisingly, poly (ADP-ribose) polymerase (PARP), a nuclear protein involved in DNA
repair that is specifically cleaved to a signature 89-kDa fragment, has been implicated as an early
marker for apoptotic cell death in neurons [6]. The characteristic hallmarks of the mitochondrial
oxidative damage-induced apoptosis pathway can be considered to be the opening of the mitochondrial
permeability transition pore (mPTP), the collapse of the mitochondrial membrane potential (ΔΨm),
the release of cytochrome C, the activation of Caspase-3, and proteolytic degradation of PARP [7,8].
Surprisingly, the endoplasmic reticulum (ER) acts as a reservoir of calcium ions (Ca2+). The ER
can release Ca2+ through either its ryanodine (RYR) or inositol trisphosphate (IP3) receptors. Ca2+,
once released from the ER, is taken up by the mitochondrial Ca2+ uniporter (MCU) located in the
mitochondrial inner membrane [9]. An increase in mitochondrial Ca2+ is associated with an increase
of the mPTP opening and ROS generation, a decrease in ΔΨm, and release of cytochrome C, as well
as excitotoxicity and apoptosis [10–12]. Recent findings suggest that an increase in the Ca2+ released
from the ER can increase the mitochondrial oxidant stress of the substantia nigra pars compacta (SNc)
dopaminergic (DA) neurons [10,13]. Alteration of the intracellular calcium homeostasis PD cybrids
has also been reported [14].

1-methyl-4-phenylpyridinium ion (MPP+) and hydrogen peroxide (H2O2) are the most
widely employed neurotoxins, due to their ability to mimic a PD-like syndrome with apoptotic
cell death through mitochondrial oxidative damage, in both cellular and animal models of
PD [15–17]. MPP+, the active metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
generates 5–7 times more ROS by selectively inhibiting mitochondrial complex I, thus initiating
pro-apoptotic Bax/Bcl-2-dependent apoptotic cell death [15]. Besides, MPP+- and H2O2-mediated
oxidative stress have also been reported to cause mitochondrial oxidative stress-mediated apoptotic
cell death [18]. Moreover, MPP+- and H2O2-mediated cell death are associated with the alteration
of intracellular Ca2+ homeostasis. An increase in intracellular Ca2+ due to ER stress also potentiates
a decrease in ΔΨm, the release of cytochrome C, and the induction of apoptosis [12,19–21].
Therefore, the inhibition of pro-apoptotic signalling, or the decrease of intracellular ROS and
Ca2+, may be beneficial for the protection of dopaminergic neuronal loss in PD.

G protein-coupled receptor 4 (GPR4), a proton-sensing receptor, is highly sensitive to the alteration
of extracellular proton concentration [22]. It belongs to a small G protein-coupled proton-sensing
receptor family that includes ovarian cancer G protein-coupled receptor 1 (OGR1), also referred to as
GPR68, G2A, also termed GPR132, and T-cell death-associated gene 8 (TDAG8), also known as GPR65.
These receptors signal through either to phosphoinositide mediated increase in intracellular Ca2+ or
through modulating adenylate cyclase activity [23,24]. Information regarding the distribution and
biology of GPR4 in the brain of an individual with PD is limited. An abundant level of GPR4 expression
was observed in the retro-trapezoidal nucleus locus coeruleus, the cerebrovascular endothelium,
the neurons of the dorsal raphe, and the lateral septum of a GPR4-knock-in mouse model [25].
Recently, the role of GPR4 in inflammation during ER stress pathway-mediated apoptotic cell death
has been reported. In human umbilical vein endothelial cells (HUVEC) and other disease models,
such as that of myocardial ischemic mice, knocking out GPR4 has been found to reduce cardiomyocyte
apoptosis and improve cardiac function [26–28]. However, no study has yet to elucidate the role of
GPR4 on apoptotic cell death in neurodegenerative disorders. Therefore, this work aims to forge an
understanding of the role of GPR4 in neurotoxin-induced, mitochondrial oxidative stress-mediated
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apoptosis in a PD model. In particular, through our study of the overexpression and genetic deletion
of GPR4, we investigate the role of GPR4 in the mitochondrial apoptosis pathway.

2. Results

2.1. Expression of GPR4 Is Upregulated in Neurotoxin-Stimulated Apoptosis in SH-SY5Y Cells

To investigate the concentrations of MPP+ and H2O2 that precipitated a cell death of nearly 50%
in the SH-SY5Y cells, 24 h serum-starved SH-SY5Y cells were treated with MPP+ (0.25, 0.5, and 1 mM)
or H2O2 (50, 75, and 125 μM) for 24 h. As is shown in Figure 1A, when treated with the various
concentrations of MPP+ (1 mM; 56.511 ± 1.55%) and H2O2 (125 μM; 53.12 ± 2.34%), half of the cell
population in the MTT assay died. Furthermore, the mRNA and protein expressions of GPR4 in
SH-SY5Y cells in both MPP+- (1 mM) and H2O2- (125 μM) treated serum-free media gradually increased
in a time-dependent manner (3–24 h; Figure 1B).

Figure 1. The cellular viability and the mRNA and protein expressions of GPR4 in MPP+-
and H2O2-treated SH-SY5Y cells. 24 h serum-starved SH-SY5Y cells were treated with different
concentrations of MPP+ (0.25, 0.5, and 1 mM) and H2O2 (50, 75, and 125 μM) for 24 h in serum-free
culture media. (A) The cellular viability of the SH-SY5Y cell after treatment with different concentrations
of MPP+ and H2O2 in serum-free media for 24 h. (B) Reverse transcription-polymerase chain reaction
(RT-PCR) and immunoblotting demonstrate the mRNA and protein expressions of GPR4 in SH-SY5Y
cells at different time points (3, 6, 12, 18, and 24 h) after stimulation with MPP+ (1 mM) and H2O2

(125 μM) in serum-free media. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-actin
were utilised as the internal controls. Mean ± standard error of the mean (SEM; n = 3) was employed to
express the data. Tukey’s multiple comparison test was performed using a one-way analysis of variance
(ANOVA). Each * p < 0.05 refers to the other sample concentrations compared with the control cells.

2.2. Knockout of GPR4 Protects SH-SY5Y Cells from Neurotoxin-Stimulated Apoptosis in SH-SY5Y Cells

To assess the effect of GPR4 overexpression and knockout on MPP+-induced apoptotic cell death,
24 h serum-starved SH-SY5Y cells were treated with MPP+ (1 mM) for 24 h in serum-free media
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(Figure 2). Following the MPP+ (1 mM) treatment for 24 h in serum-free media, the number of
SH-SY5Y viable cells decreased. Furthermore, the cells became rounded, displayed an increased
neurite retraction, and were found to be loosely attached to the plate. Under bright-field optics,
the GPR4-OE cells treated with MPP+ (1 mM) exhibited less cell viability, with increased rounded
cells, increased neurite retraction, and loose attachment to the surface. In contrast, the GPR4-KO cells
treated with MPP+ (1 mM) were more viable, strongly attached, neuronal shaped, and demonstrated
less neuronal retraction than both the control and the GPR4-OE cells (Figure 2A).

Figure 2. The cellular viability and morphology of MPP+-treated SH-SY5Y cells that were stably
GPR4-overexpressing (GPR4-OE) or GPR4-knockout (GPR4-KO). 24 h serum-starved SH-SY5Y cells
were treated with MPP+ (1 mM) for 24 h in serum-free culture media. (A) The morphology of SH-SY5Y
GPR4-OE and GPR4-KO cells was observed through bright-field microscopy. (B) Cell viability was
evaluated using an MTT assay. Mean ± SEM (n = 3) was employed to express the data. Tukey’s multiple
comparison test was performed using a one-way ANOVA. Each * p < 0.05 refers to the other sample
concentrations compared with the control cells.

Cell viability was assessed with an MTT assay. The control SH-SY5Y cells presented a 55.67 ± 5.22%
cell survival rate, whereas only 42.00 ± 2.01% of the GPR4-OE cells treated with MPP+ (1 mM) survived.
In contrast, the MPP+-treated GPR4-KO cells had a significantly higher cell survival rate (71.63 ± 3.54%),
at 15% higher than for the MPP+-treated control SH-SY5Y cells and almost 30% higher than for the
MPP+-treated GPR4-OE cells (Figure 2B).

2.3. Knockout of GPR4 Decreases the Bax/Bcl-2 mRNA Ratio during Neurotoxin-Induced Apoptosis in
SH-SY5Y Cells

To determine the role of GPR4 in both MPP+- (1 mM) and H2O2- (125 μM) stimulated apoptotic cell
death, we investigated the expression levels of the Bcl-2 family proteins (Bax and Bcl-2). Many studies
suggest that the Bcl-2 family plays a critical role in the mitochondrial apoptotic pathway. Bax enhances
the release of cytochrome C from the space of the mitochondrial intermembrane to the cytosol,
resulting in apoptosis. In contrast, Bcl-2 prevents apoptosis through its prevention of cytochrome
C release, thereby maintaining mitochondrial cellular integrity [29,30]. In this study, an RT-PCR
was employed to assess the mRNA expression levels of GPR4, Bax, and Bcl-2 in 24 h serum-starved
SH-SY5Y cells treated with either MPP+ (1 mM) or H2O2 (125 μM; Figure 3A).
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Figure 3. The measurement of GPR4 mRNA expression and the Bax/Bcl-2 mRNA ratio in MPP+- and
H2O2-treated SH-SY5Y cells that were stably GPR4-OE or GPR4-KO. (A) An RT-PCR illustrating the
mRNA expression of pro-apoptotic Bax, anti-apoptotic Bcl-2, and GAPDH in SH-SY5Y, GPR4-OE,
and GPR4-KO cells after stimulation with MPP+ (1 mM) and H2O2 (125 μM) in serum-free media
for 24 h. (B) A semi-quantification of the GPR4 mRNA and Bax/Bcl-2 mRNA expressions relative to
GAPDH. This semi-quantification of the respective mRNA expression levels was performed on ImageJ
software; GAPDH was utilised as an internal control. Mean ± SEM (n = 3) was employed to express
the data. Tukey’s multiple comparison test was performed using a one-way ANOVA. Each * p < 0.05
refers to the sample concentration compared with the same group of non-treated cells.

A semiquantitative analysis (Figure 3B) of the RT-PCR bands highlighted a more than 4-fold
increase in the expression of GPR4 in the GPR4-OE cells without any treatment, compared with the
non-treated SH-SY5Y cells. In comparison with the non-treated SH-SY5Y cells, neurotoxins increased
the expression of GPR4 in the GPR4-OE cells by 3–4-fold (MPP+, 3.65 ± 0.03; H2O2, 3.31 ± 0.17),
whereas no significant difference in the GPR4 expression of the GPR4-OE cells (MPP+, 0.53 ± 0.003;
H2O2, 0.04 ± 0.003) was observed.

Interestingly, the ratio of Bax/Bcl-2 mRNA expression for non-treated GPR4-OE cells was slightly
higher (1.40 ± 0.08) than that for the control SH-SY5Y cells, whereas the Bax/Bcl-2 mRNA ratio was
slightly lower (0.73 ± 0.904) in the non-treated GPR4-KO group than that for the control SH-SY5Y
cells. For the SHSY-5Y cells, treatment with MPP+ or H2O2 significantly increased the ratio of
Bax/Bcl-2 mRNA expression (MPP+, 1.59 ± 0.02; H2O2, 1.55 ± 0.04). Yet, the ratio of Bax/Bcl-2 mRNA
expression in MPP+- and H2O2-stimulated GPR4-OE cells was significantly higher (MPP+, 1.92 ± 0.03;
H2O2, 1.88 ± 0.07) than the neurotoxin-treated SH-SY5Y and non-treated GPR4-OE cells. Meanwhile,
the ratio of Bax/Bcl-2 mRNA expression in both MPP+- and H2O2-stimulated GPR4-KO cells was
significantly lower (MPP+, 1.38 ± 0.02; H2O2, 1.25 ± 0.02) than both the neurotoxin-treated SH-SY5Y
and GPR4-OE cells.

2.4. Effect of a GPR4 Antagonist on the Cellular Morphology and GPR4 mRNA Expression of SH-SY5Y Cells

To investigate the effect of the pharmacological inhibition of GPR4, we adopted a GPR4 antagonist,
NE52-QQ57. At the physiological pH, NE 52-QQ57 has been reported to effectively block the cAMP
that is released by GPR4 activation (IC50 26.8 nM) in HEK293 cells [3]. In this study, the impact of GPR4
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antagonist, NE52-QQ57, on the cellular morphology and mRNA expression of GPR4 in MPP+- (1 mM)
treated, 24 h serum-starved SH-SY5Y cells was assessed (Figure 4). The SH-SY5Y cells were treated
with NE52-QQ57 (1 μM) at pH 7.4 and incubated for 24 h in serum-free culture media, to evaluate
the effect of NE52-QQ57 on cell morphology and viability. However, no morphological alteration or
cellular toxicity was observed in the control SH-SY5Y, GPR4-OE, or GPR4-KO cells (Figure 4A).

Figure 4. The effect of GPR4 antagonist, NE52-QQ57, on the cellular morphology and on GPR4 mRNA
expression in MPP+-treated SH-SY5Y cells that were stably GPR4-OE or GPR4-KO. 24 h serum-starved
SH-SY5Y cells were treated for 1 h with NE52-QQ57 followed by either a 24 h incubation or MPP+

(1 mM) stimulation for 24 h in serum-free culture media. (A) The cell viability and morphology of
SH-SY5Y, GPR4-OE, and GPR4-KO cells that were pre-treated for 1 h with NE52-QQ57. (B) An RT-PCR
highlighting the mRNA expression of GPR4 and GAPDH in SH-SY5Y, GPR4-OE, and GPR4-KO cells
pre-treated for 1 h with NE52-QQ57. (C) A semi-quantification of GPR4 mRNA expression relative to
GAPDH. This semi-quantification of the respective mRNA expression levels was performed on ImageJ
software; GAPDH was utilised as an internal control. Mean ± SEM (n = 3) was employed to express
the data. Tukey’s multiple comparison test was performed using a one-way ANOVA. Each * p < 0.05
refers to the sample concentration compared with the same group of non-treated cells.

For an RT-PCR, RNA was isolated from the cells pre-treated with NE52-QQ57 (1 μM) at pH 7.4;
this was incubated for an additional 24 h in serum-free media, with or without MPP+ (1 mM) stimulation.
The resulting levels of GPR4 mRNA expression illustrated that the NE52-QQ5 (100 nM) had effectively
blocked the expression of GPR4 on the control SH-SY5Y and the GPR4-OE cells, similar to genetically
GPR4-KO cells (Figure 4B).

A semi-quantitative analysis (Figure 4C) of the RT-PCR bands demonstrated that the NE52-QQ5
significantly reduced GPR4 expression in the SH-SY5Y (0.02 ± 0.001 folds) and the GPR4-OE
cells (0.29 ± 0.02 folds), compared with the nontreated SH-SY5Y and GPR4-OE cells, respectively.
Moreover, treatment with NE52-QQ5 (100 nM) decreased GPR4 mRNA expression in the MPP+

(1 mM) treated SH-SY5Y (0.9 ± 0.06 folds) and GPR4-OE cells (0.06 ± 0.004 folds), compared with the
MPP+-stimulated SH-SY5Y and GPR4-OE cells, respectively.
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2.5. Knockout of GPR4 Decreases the Bax/Bcl-2 Protein Ratio and the Cleavage of PARP Expression in
Neurotoxin-Stimulated SH-SY5Y Cells

MPP+-treated SH-SY5Y cells were assessed with immunoblotting to evaluate the effect of GPR4
antagonist, NE52-QQ57, on GPR4; the pro-apoptotic proteins, Bax and Bcl-2; and cleaved PARP
expression (Figure 5). The SH-SY5Y cells were pre-treated with NE52-QQ57 (100 nM) at pH 7.4.
This was followed by 24 h incubation, or MPP+ (1 mM) stimulation for 24 h in serum-free media.

Figure 5. The effect of GPR4 antagonist, NE52-QQ57, on the GPR4 and pro-apoptotic protein
expressions in MPP+-treated SH-SY5Y cells that were stably GPR4-OE or GPR4-KO. 24 h serum-starved
SH-SY5Y cells were pre-treated for 1 h with NE52-QQ57 (100 μM); this was followed by MPP+ (1 mM)
stimulation for 24 h in serum-free culture media. (A) An immunoblot and semi-quantification of
the respective protein expressions of GPR4, Bax, Bcl-2, Cleaved PARP, and β-Actin in SH-SY5Y cells.
(B) An immunoblot and semi-quantification of the respective protein expressions of GPR4, Bax, Bcl-2,
cleaved PARP, and β-Actin in GPR4-OE cells. (C) An immunoblot and semi-quantification of the
respective protein expressions of GPR4, Bax, Bcl-2, cleaved PARP, and β-Actin in GPR4-KO cells.
β-Actin was utilised as an internal control. Mean ± SEM (n = 3) was employed to express the data.
Tukey’s multiple comparison test was performed using a one-way ANOVA. Each * p < 0.05 refers to the
sample concentration compared with the same group of non-treated cells.

For the control SH-SY5Y cells, MPP+ stimulation significantly increased the Bax/Bcl-2 ratio
(22.94 ± 2.02 folds) and the cleaved PARP (5.09± 0.18 folds), in comparison with the non-treated control
SH-SY5Y cells. Pre-treatment with the NE52-QQ57 (100 nM) significantly lowered the GPR4 expression
(3.21 ± 0.18 folds), Bax/Bcl-2 ratio (16.47 ± 1.45 folds), and cleavage of PARP (4.29 ± 0.15 folds) in the
MPP+-stimulated cells, in comparison with the SH-SY5Y cells that were only MPP+-treated (Figure 5A).
For GPR4-OE cells, MPP+ stimulation significantly increased the Bax/Bcl-2 ratio (29.49 ± 2.06 folds) and
the cleaved PARP (6.85 ± 0.23 folds), in comparison with the non-treated GPR4-OE cells. Similar to the
RT-PCR results, pre-treatment with NE52-QQ57 (100 nM) significantly lowered the GPR4 expression
(0.13 ± 0.003 folds), Bax/Bcl-2 ratio (17.81 ± 0.86 folds), and cleavage of PARP (4.98 ± 0.26 folds) in the
MPP+- and NE52-QQ57-treated cells, in comparison with the GPR4-OE cells that were only treated
with MPP+ (Figure 5B). In the GPR4-KO cells, MPP+ increased the Bax/Bcl-2 ratio (19.15 ± 1.45 folds)
and cleaved PARP (4.99 ± 0.27 folds), in comparison with non-treated GPR4-KO cells. In contrast,
MPP+-stimulated GPR4-KO cells that were pre-treated with NE52-QQ57 (100 nM) demonstrated
only a minor increase in Bax/Bcl-2 ratio (15.24 ± 0.91 folds) and cleavage of PARP (4.23 ± 0.22 folds),
in comparison with GPR4-KO cells that were only MPP+-treated (Figure 5C). Overall, the GPR4-KO
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cells displayed a lesser increase in the Bax/Bcl-2 ratio (19.15 ± 1.45 folds) and a decrease in the
PARP cleavage (4.99 ± 0.27 folds), in comparison with both the MPP+-stimulated SHSY-5Y (Bax/Bcl-2,
22.94 ± 2.02 folds; cleaved PARP, 5.09 ± 0.18 folds) and GPR4-OE cells (Bax/Bcl-2, 29.49 ± 2.06 folds;
cleaved PARP, 6.85 ± 0.23 folds). Thus, less apoptotic cell death was induced by MPP+.

2.6. Knockout of GPR4 Decreases the Caspase-3 Activity and Lowers the ROS Generation in
Neurotoxin-Stimulated SH-SY5Y Cells

Caspases are important factors that trigger apoptosis. Caspase-3, in particular, is a crucial
biomarker and executor of neuronal apoptosis [31]. To evaluate Caspase-3 activity, immunoblotting
and a caspase activity assay were performed (Figure 6). SH-SY5Y cells were treated with MPP+

(1 mM) for 24 h in serum-free media, while cell lysates were analysed through a western blot and
a caspase activity assay. MPP+-treated GPR4-OE cells demonstrated a significant increase in their
cleaved Caspase-3 protein levels, whereas knockout of GPR4 prevented an MPP+ stimulated increase
in the level of cleaved Caspase-3 (Figure 6A).

Figure 6. The Caspase-3 activity and intracellular ROS generation in MPP+- and H2O2-treated SH-SY5Y
cells that were stably GPR4-OE or GPR4-KO. 24 h serum-starved SH-SY5Y cells were treated with
MPP+ (1 mM) for 24 h in serum-free culture media for an immunoblot and a caspase activity assay.
SH-SY5Y, GPR4-OE, and GPR4-KO cells were treated with H2O2 (300 μM) for 1 h in serum-free culture
media for a 2′,7′-dichlorofluorescein diacetate (DCFDA) assay. (A) An immunoblot of the pro caspase
& cleaved Caspase-3 and β-Actin. (B) Caspase-3 activity was measured using a colorimetric assay kit
(Sigma, CAS No. CASP-3-C) in MPP+-induced apoptotic cells. (C) The relative intracellular ROS level
after 1 h of H2O2 (300 μM) treatment of 24 h serum-starved SH-SY5Y, GPR4-OE, and GPR4-KO cells.
β-Actin was utilised as an internal control. Mean ± SEM (n = 3) was employed to express the data.
Tukey’s multiple comparison test was performed using a one-way ANOVA. Each * p < 0.05 refers to the
sample concentration compared with the same group of non-treated cells.

The Caspase-3 activity assay results were in complete agreement with the Caspase-3 activity
demonstrated in the immunoblot data (Figure 6B). MPP+-treated GPR4-KO cells presented a lower
level of caspase activity (1.55 ± 0.03 folds) than the MPP+-treated SHSY-5Y (2.06 ± 0.04 folds) and
GPR4-OE cells (2.47 ± 0.011 folds; Figure 6B).

384



Int. J. Mol. Sci. 2020, 21, 7517

We evaluated the effects of GPR4 overexpression and knockout on H2O2-induced intracellular
ROS generation in SH-SY5Y cells [19]. In our study, the protective effect of the knockout of GPR4 against
H2O2 resulted in lower intracellular ROS levels measured in the SH-SY5Y cells. DCFDA, a fluorescent
dye that in the presence of ROS is oxidised to fluorescent DCF, was utilised for the detection of
intracellular ROS levels. Treatment of the SH-SY5Y cells with H2O2 (300 μM) for 1 h led to a marked
increase in their intracellular ROS levels. In H2O2-treated GPR4-OE cells, the level of intracellular
ROS generation was 1.56 ± 0.01 folds higher than that of the non-treated GPR4-OE cells, whereas
the H2O2-treated GPR4-KO cells demonstrated a lower level of ROS generation (1.20 ± 0.04 folds) in
comparison with both the H2O2-treated control SH-SY5Y (1.42 ± 0.001 folds) and the H2O2-treated
GPR4-OE cells (1.56 ± 0.01 folds; Figure 6B).

2.7. Knockout of GPR4 Increases the Mitochondrial Membrane Potential (MMP) in Neurotoxin-Stimulated
SH-SY5Y Cells

Excess intracellular ROS leads to swelling of the mitochondrial matrix and rupture of the outer
membrane, which opens up the mitochondrial permeability transition pores (mPTPs). As a result,
the mitochondrial membrane potential (MMP) is disrupted and mitochondrial oxidative stress-mediated
apoptosis is initiated [4].

In this study, to measure the MMP, 24 h serum-starved SH-SY5Y cells were treated with MPP+

(1 mM) for 24 h in serum-free culture media. MMP was then determined through a JC-10 fluorescence
quantitative assay. Similarly, in a separate experiment in a 6-well plate, cells were utilised for JC-10
fluorescence microscopy to visualise the red and green fluorescence.

Aggregated JC-10 is an indicator of MMP; the greater the ratio of red/green fluorescence, the higher
the level of MMP. In a quantitative JC-10 fluorescence microplate assay, the MPP+-treated SHSY-5Y
cells presented a lower red/green fluorescence ratio (44.75 ± 0.82%) than the untreated SH-SY5Y cells
(Figure 7A). The MPP+-treated GPR4-OE cells, meanwhile, displayed the lowest red/green fluorescence
ratio of all the samples (39.44 ± 0.39%), indicating a loss of MMP. In contrast, GPR4 knockout prevented
the loss of MMP for the MPP+-treated GPR4-KO cells, as indicated by a higher red/green fluorescence
ratio (65.44 ± 0.99%). Therefore, the MPP+-stimulated GPR4-KO cells demonstrated a higher level of
MMP than either the MPP+-stimulated SH-SY5Y (44.75 ± 0.82%) or the GPR-OE (39.44 ± 0.39%) cells.

In this study, the aggregated JC-10 created red fluorescence in the polarised mitochondrial
membrane. When the MMP collapsed in apoptotic cells, the JC-10 retained its monomeric form,
which is characterised by green fluorescence. An increase in the red/green fluorescence intensity ratio
indicated intact mitochondria. In a separate experiment, to visualise the JC-10 fluorescence dye in the
MPP+-treated cells, JC-10 fluorescence microscopy was employed. In the control SHSY-5Y cells, both red
and green fluorescence was observed, with a high level of red fluorescence and low level of green
fluorescence. In contrast, the level of green fluorescence was higher and the red fluorescence remarkably
lower in both the MPP+-treated SHSY-5Y and GPR4-OE cells, when compared with the control SHSY-5Y
cells. In the MPP+-treated GPR4-KO cells, the red fluorescence was restored close to that of the control
SHSY-5Y cells, while the level of green fluorescence was decreased (Figure 7B). These results suggest
that GPR4 knockout restores the MPP+-induced a loss of MMP in dopaminergic neurons.

2.8. Knockout of GPR4 Decreases the Intracellular Calcium in Neurotoxin-Stimulated SH-SY5Y Cells

Increases in intracellular Ca2+ in association with MPP+- or H2O2-mediated apoptotic cell
death have been previously reported [32]. Several studies have suggested that an increase in
the intracellular Ca2+ released from the ER store by the inositol trisphosphate receptor (IP3R) is
directly responsible for mitochondrial Ca2+ overload [33,34]. However, the exact mechanism by
which MPP+ or H2O2 stimulation increases the intracellular calcium is not clearly understood.
Interestingly, several studies have demonstrated that H2O2-/MPP+-mediated mitochondrial oxidative
stress is associated with an intracellular Ca2+ spike, which increases the Bax/Bcl-2 ratio, the release
of cytochrome C, mitochondrial depolarisation, and the Caspase-3 activity in neuronal cells [19,32].
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Previous reports have suggested that many G protein coupled-receptors (GPCRs), such as GPR4,
which releases Gβγ and activates Gi, are capable of Ca2+ signalling. Few GPCRs, however,
harness Gβγ-dependent activation of PLCβ to release ER-stored Ca2+ into the cytoplasm through
PIP2 degradation [35,36]. In this study, the MPP+-treated GPR4-OE cells demonstrated an increased
proteolytic degradation of PIP2, in comparison with the SH-SY5Y cells treated with MPP+. Contrastingly,
the MPP+-stimulated GPR4-KO cells presented a particularly low degradation of PIP2 compared with
both the MPP+-stimulated SH-SY5Y and GPR4-OE cells (Figure 8A).

Figure 7. The measurement of mitochondrial membrane potential (MMP) in MPP+-treated SH-SY5Y
cells that were stably GPR4-OE or GPR4-GPR4-KO. 24 h serum-starved SH-SY5Y cells were treated with
MPP+ (1 mM) for 24 h in serum-free culture media; a JC-10 fluorescence quantitative assay (according to
the manufacturer’s instructions) and fluorescence microscopy were then employed to measure their
MMP. (A) The percentage ratios of J-aggregates (red) and J-monomers (green). (B) MMP changes
were monitored with a JC-10 dye that is detectable through fluorescence microscopy. Mean ± SEM
(n = 3) was employed to express the data. Tukey’s multiple comparison test was performed using a
one-way ANOVA. Each * p < 0.05 refers to the sample concentration compared with the same group of
non-treated cells.

To evaluate whether GPR4 overexpression increased intracellular calcium through Gβγ modulation
of the PLCβ-PIP2 pathway, SH-SY5Y cells were treated with MPP+ (1 mM) for 24 h in serum-free media.
Cell lysates were analysed through western blotting to determine the degradation of PIP2. The SH-SY5Y
cells were treated with H2O2 (200 μM) for 2 h 30 min to determine their relative intracellular Ca2+,
utilising a Fluo-4 AM calcium indicator in a fluorescence microplate assay. Similarly, in a separate 6-well
plate, cells stained with a Fluo-4 AM calcium indicator were observed under a fluorescence microscope.

The quantitative analysis of intracellular Ca2+, as indicated by the Fluo-4 AM microplate assay,
found levels of intracellular Ca2+ for the H2O2-treated GPR4-OE cells that were 369.58 ± 24.75% higher
than those for the non-treated GPR4-OE cells. In contrast, the H2O2-treated GPR4-KO cells presented
significantly lower levels of intracellular Ca2+ (181.28 ± 0.85%), in comparison with the H2O2-treated
SH-SY5Y (243.25 ± 7.81%) and H2O2-treated GPR4-OE cells (369.58 ± 24.75%; Figure 8B).

In a separate experiment to visualise intracellular Ca2+ levels in the H2O2-treated cells, Fluo-4 AM
fluorescence microscopy was employed. This round of microscopy demonstrated similar results to
those obtained from the quantitative microplate assay. H2O2-treated GPR4-OE cells displayed the
highest levels of green Fluo-4 AM fluorescence, while H2O2-treated GPR4-KO cells produced lower
levels of green Fluo-4 AM fluorescence than both the H2O2-treated SH-SY5Y and GPR4-KO cells
(Figure 8C). Overall, these data suggest that the increase in intracellular calcium associated with
H2O2- or MPP+-mediated mitochondrial oxidative stress is exaggerated by GPR4 overexpression,
whereas GPR4 knockout prevents an increase in intracellular Ca2+ through the decrease of PIP2

degradation, and thus restricts the release of Ca2+ from the ER by preventing the degradation of
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PIP2. Therefore, GPR4-PLCβ-PIP2 signalling may act as a key factor through which GPR4 increases
intracellular calcium and potentiates mitochondrial oxidative stress-mediated apoptosis.

Figure 8. Phosphatidylinositol biphosphate (PIP2) calcium signalling and intracellular calcium levels in
MPP+-treated SH-SY5Y cells that were stably GPR4-OE or GPR4-KO. 24 h serum-starved SH-SY5Y cells
were treated with MPP+ (1 mM) for 24 h in serum-free culture media for the purpose of immunoblotting.
The SH-SY5Y cells were then treated with H2O2 (200 μM) for 2 h 30 min in serum-free culture media and
subjected to a Fluo-4 AM fluorescence assay and fluorescence microscopy. Detection of the Fluo-4 AM
fluorescence intensity and related imaging were carried out according to the manufacturer’s instructions.
Cells were counter-stained with Hoechst dye. (A) An immunoblot of the PIP2 and β-Actin. (B) A
quantitative analysis of the Fluo-4 AM fluorescence intensity in H2O2- (200 μM) treated cells. (C) Fluo-4
AM calcium imaging of the intracellular calcium level. Mean ± SEM (n = 3) was employed to express
the data. Tukey’s multiple comparison test was performed using a one-way ANOVA. Each * p < 0.05
refers to the sample concentration compared with the same group of non-treated cells.

3. Discussion

In this study, we investigated the roles of GPR4 overexpression, pharmacological inhibition,
and genetic knockout in the mitochondrial oxidative stress-induced apoptotic cell death that is
associated with PD. Although many studies have reported the activation of GPR4 at the physiological
pH range (7.0–7.4), overexpression of GPR4 showed relatively high GPR4 activity at neutral pH 7.4 [37].
In transiently GPR4-overexpressing HEK293 cells, GPR4 is inactive at pHs higher than 8.0, whereas it is
highly active at the physiological pH, 7.4, and substantially less active at pHs down to 6.8 (plausible in
the range of physiological acidification) [38]. The pH sensitivity of GPR4 has been reported to vary for
different cells, though potentially due to the methods employed in different laboratories [25]. In the
natively GPR4-expressing cell, HUVEC, pHs from 7.4 to 7.0 have been shown to result in a 1.5-fold
activation of GPR4 [25]. In this study, we found an increase in GPR4 mRNA expression at pH 7.4 in both
SH-SY5Y and stably GPR4-OE cells in serum-starved media (data not added). A very slight increase in
the expression of GPR4 was observed at pH 6.4. Therefore, to maintain consistency, we conducted all
the experiments at a pH ~7.4. This was also the pH of the culture media that we employed.

Human-derived neuroblastoma SH-SY5Y cells are widely used in neuroscientific research as an
in vitro model for the investigation of neuronal differentiation and neuroprotective events. Stimulation
with several neurotoxins, such as MPP+, MPTP, rotenone, 6-OHDA, and H2O2, has been utilised to
induce oxidative stress-mediated apoptotic death, thereby mimicking neurodegenerative diseases,
including PD and aging [39–41]. To determine the final concentration of H2O2 and MPP+, SH-SY5Y cells
were treated with H2O2 at different concentrations, ranging from 75 μM to 125 μM, for 24 h, as well
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as with MPP+, ranging from 250 μM to 1 mM. H2O2 and MPP+ both decreased the cell viability in
a concentration-dependent manner, with optimum cytotoxicity being observed at concentrations of
125 μM for H2O2 and 1 mM for MPP+; these concentrations were selected for further experiments to
determine their cytotoxicity in the serum-free SH-SY5Y cell line. In our study, GPR4 mRNA and protein
expressions were increased in a time-dependent manner for 24 h in both MPP+- and H2O2-treated
SH-SY5Y cells. Hence, GPR4 is directly linked with MPP+- and H2O2-induced apoptotic cell death.

Both the pro-apoptotic protein, Bax, and the anti-apoptotic protein, Bcl-2, are members of the
Bcl-2 family and are directly involved in apoptotic cell death. The balance between these two
proteins of the Bcl-2 family, or an increase in the Bax/Bcl-2 ratio, indicates the early phases of an
apoptotic cascade [29,30]. Significant increases in ROS, or the Bax/Bcl-2 ratio, result in the collapse
of the mitochondrial membrane potential, the release of cytochrome C, the activation of Caspase-3,
the cleavage of PARP, and, subsequently, apoptotic cell death [6,7]. Both MPP+- and H2O2-induced
apoptotic cell deaths bear the characteristic hallmarks of an increase in the Bax/Bcl-2 ratio, the release
of cytochrome-C, and the activation of the proteolytic enzyme, Caspase-3, which cleaves PARP
and induces apoptotic cell death [7,8]. In our study, the overexpression of GPR4 in SH-SY5Y cells
significantly increased the effect of either MPP+ or H2O2 and increased the Bax/Bcl-2 ratio, as was
seen in both the immunoblot and RT-PCR. As a result, this significantly increased the protein level of
the cleaved Caspase-3, the Caspase-3 mediated cleavage of PARP, and the Caspase-3 activity. On the
contrary, the CRISPR/Cas9 knockout of GPR4 was found to result in a lesser increase in the Bax/Bcl-2
mRNA and protein ratio in both MPP+- and H2O2-treated cells. Knockout of GPR4 was also shown
to reduce the cleavage of PARP after MPP+ treatment. NE52-QQ57, a selective antagonist of GPR4,
demonstrated a similar level of the inhibition of GPR4 expression, as was determined through both
our immunoblots and RT-PCR.

We further investigated the effect of GPR4 on mitochondrial oxidative stress-induced increases in
intracellular ROS generation and MMP. Surprisingly, GPR4-OE was found to significantly increase
tricellular ROS generation in SH-SY5Y cells, whereas GPR4-KO generated a lower level of intracellular
ROS accumulation, after a high concentration of H2O2 treatment. Similarly, through both a JC-10 assay
and fluorescence microscopy, the knockout of GPR4 was found to decrease mitochondrial membrane
depolarisation. In JC-10-tagged fluorescence microscopy, knockout of GPR4 was seen to prevent MPP+

stimulated decrease red fluorescence and increase green fluorescence. The latter was highly increased
in the case of GPR4-OE as membrane depolarisation occurs 24 h after MPP+ treatment.

Besides mitochondrial dysfunction, abnormal protein aggregation and dysregulated Ca2+

homeostasis are other factors that may be involved in the neurodegeneration observed in individuals
with PD [42]. Recent findings suggest that increases in cytosolic Ca2+ occur at both early and late
stages of the apoptotic pathway. In both cases, ER Ca2+ channels are linked with the release of Ca2+

to the cytoplasm [33,34]. However, the exact mechanism by which intracellular Ca2+ modulates
mitochondrial oxidative stress-mediated apoptosis remains elusive. Many studies have suggested
that MPP+- and H2O2-induced apoptosis are associated with an increase in intracellular calcium
levels [43]. For example, Sing et al. (2016) demonstrated that the administration of Nimodipine,
an L-type calcium channel blocker, protected from MPTP-induced dopaminergic neuronal death in an
animal model of PD. More importantly, providing evidence for Nimodipine as a means to improve
mitochondrial integrity and function. In the study, Nimodipine attenuated the MPTP-induced loss
of tyrosine hydroxylase-positive dopaminergic neurons in the SN. It also improved mitochondrial
oxygen consumption and inhibited ROS production, as well as improving mitochondrial integrity
and function in striatal mitochondria [43]. These findings provide evidence in support of the
notion that calcium signalling is linked with neurotoxin-induced mitochondrial dysfunction and
neurodegeneration. GPR4 is a Gs-coupled receptor that signals through adenylate cyclase and also via
G proteins G13 and Gq/11. GPR4 is well known for its ability to recognise phospholipase C β (PLCβ) as
its canonical target [44]. Gq class α subunits, or Gβγ released by GPCR, activate Ca2+ signalling through
Gβγ-dependent activation of PLCβ. Upon activation, PLCβ hydrolyses PIP2 to generate IP3. IP3 binds
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to the ER-resident IP3 receptors, which act as Ca2+ release channels to release ER-stored Ca2+ into the
cytoplasm [35]. In this study, overexpression of GPR4 significantly increased the intracellular calcium
level in both MPP+- and H2O2-treated cells (MPP+ data not given), whereas knockout generated
very little change in the intracellular calcium. These findings were also observed in our study when
employing the Fluo-4 AM indicator. To determine how GPR4 can modulate the intracellular calcium
level, we investigated GPCR-mediated calcium signalling. We found that GPR4 knockout decreases
the breakdown of PIP2, which is a critical step in Ca2+ release from the ER to the cytoplasm. Therefore,
decreased intracellular Ca2+ may be responsible for GPR4-mediated neuroprotection against MPP+-
or H2O2-induced apoptotic cell death. Our study, for the first time, demonstrated that the knockout
of GPR4 protects SH-SY5Y cells from both MPP+- and H2O2-stimulated mitochondrial apoptotic cell
death, in association with a decrease in intracellular Ca2+.

In summary, our study suggests that overexpression of GPR4 potentiates neurotoxin-induced
mitochondrial oxidative stress, whereas a knockout or pharmacological inhibition of GPR4 improves
the neurotoxin-induced, caspase-dependent mitochondrial apoptosis of dopaminergic neuronal cells.
This study has also found that GPR4 can increase intracellular Ca2+ through the degradation of PIP2.
Further investigation is required to determine how GPR4-mediated calcium signalling can mitigate the
neuronal cell death seen in neurodegenerative disorders, including PD.

4. Materials and Methods

4.1. Reagents and Antibodies

1-methyl-4-phenylpyridinium ion MPP+, H2O2, and 3-(3,4-dimehylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 96-well tissue
culture plates, along with six-well and 100 mm culture dishes, were obtained from Nunc Inc.
(North Aurora Road, Naperville, IL, USA). Foetal bovine serum (FBS) and Dulbecco’s modified
Eagle’s medium (DMEM/F12) were purchased from Gibco-BRL Technologies (Gaithersburg, MD, USA).
RIPA buffer (10×) was purchased from Millipore (Milford, MA, USA). Tween 80 was obtained from
Calbiochem (Gibbstown, NJ, USA). All other chemicals utilised in this research were of analytical
grade and were purchased, unless otherwise noted, from Sigma-Aldrich.

4.2. Cell Culture and Transfection

The human dopaminergic neuroblastoma SH-SY5Y cell line was acquired from the American
Type Culture Collection (ATCC; Manassas, VA, USA). SH-SY5Y cells were cultured in DMEM/F12
with or without phenol red and HEPES, supplemented with 100 U/mL penicillin/streptomycin and
10% (v/v) inactivated foetal bovine serum. The SH-SY5Y cells were maintained in a 5% CO2 and 95%
humidified air incubator at 37 ◦C for the time indicated in the experiments. MPP+ and H2O2 were
dissolved in three-times distilled water (3DW).

To overexpress and knockout the human GPR4 gene, a GPR4 lentiviral vector
(CMV; pLenti-GIII-CMV-C-term-HA) and a GPR4 sgRNA CRISPR/Cas9 lentiviral vector
(pLenti-U6-sgRNA-SFFV-Cas9-2A-Puro) were designed, to generate stable GPR4-overexpressing
(GPR4-OE) and stable GPR4-knockout (GPR4-KO) SH-SY5Y lines. Briefly, the SH-SY5Y cells were
transferred into 60 mm plates at a density of 5 × 104 cells/mL to achieve ~70% confluence at
the time of transfection. The cells were transfected using the Lipofectamine® 3000 transfection
reagent (ThermoFisher, Langenselbold Germany; #L3000015), according to the manufacturer’s
protocol. Both the GPR4-overexpression and knockout-silencing genes were designed to
carry puromycin-resistance genes and were produced using the Lentivector Expression System
(Applied Biological Materials Inc. (ABM), Canada). Stable single clones were selected following
3–5 weeks of puromycin treatment (1 μg/μL). GPR4 overexpression and knockout in the stably infected
clones were assessed through RT-PCR and western blotting. A sequence analysis of the GPR4 insert
was also employed.
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4.3. Measurement of Cell Viability

The cytotoxicity of the MPP+- and H2O2-treated SH-SY5Y cells was measured with an MTT
assay, involving the reduction of formazan crystals [41]. SH-SY5Y cells (2.2 × 104 cells/mL) were
pre-treated in 24-well plates with NE 52-QQ57 (100 nM) and left in serum-free cell culture media for 1 h;
this was followed by stimulation with or without MPP+ (1 mM) or H2O2 for 24 h. After MPP+ or H2O2

stimulation, the medium was replaced with 0.5 mg/mL MTT solution, before the plates were incubated
for 3 h at 37 ◦C. The supernatant was carefully removed and the formazan crystals were dissolved
in dimethyl sulfoxide (DMSO) by gentle shaking for 10 min. A microplate reader (Molecular device,
Sunnyvale, CA, USA) was utilised to measure the absorbance at 550 nm.

4.4. Total RNA Isolation for RT-PCR

SH-SY5Y cells (2.2 × 104 cells/mL) were pre-treated in 60 mm cell culture dishes with
NE 52-QQ57 (100 nM), then left in serum-free cell culture media for 1 h, followed by
stimulation with or without MPP+ (1 mM) or H2O2 for 18 h, once again in serum-free media.
TRIzol (Invitrogen; Burlington, ON, Canada) was employed to extract the total RNA from
the cells. 2.5 μg total RNA from each group was reverse-transcribed using a first-strand
cDNA synthesis kit (Invitrogen). The following primers were utilised for PCR: GPR4
sense, 5′-CCGTTGTCAAGACCGGGG-3′; GPR4 anti-sense, 5′-TCCTAGGACCCCCAGAAAGCA-3′;
Bax sense, 5′-CACCAAGGTGCCGGAACTGA-3′; Bax anti-sense, 5′-AATGCCCATGTCCCCCAATC-3′;
Bcl-2 sense, 5′-ACGACTTCTCCCGCCGCTAC-3′; Bcl-2 anti-sense, 5′-CCCAGCCTCCGTTATCCTGG-
3′; GAPDH sense, 5′-GCAGTGGCAAAGTGGAGATTG-3′; and GAPDH anti-sense, 5′-
TGCAGGATGCATTGCTGACA-3′. Then, adopting the previously mentioned primers, the cDNA was
amplified through PCR [45]. GAPDH was employed as an internal control to evaluate the relative
levels of expression of other genes. PCR products were analysed on 1.0–1.2% agarose gels stained with
GelRed (Sigma-Aldrich; St. Louis, MO, USA). The gels were photographed and, utilising ImageJ (NIH)
software, the pixel intensity for each band in the photographs was measured and normalised to the
band intensity of the GAPDH mRNA, to quantify its relative expression.

4.5. Immunoblot Analysis

SH-SY5Y cells (2.2 × 104 cells/mL) were pre-treated in 60 mm cell culture dishes with NE 52-QQ57
(100 nM) and left in serum-free media for 1 h. They were then stimulated with or without MPP+

(1 mM) or H2O2 for 24 h, again in a serum-free media. Next, the cells were washed two times
with PBS and lysed for 10 min at 4 ◦C using an RIPA lysis buffer (with protease and phosphatase
inhibitors). Supernatants were collected for further investigation after the cell lysates were centrifuged
at 14,000 rpm, at 4 ◦C. The protein concentration of each sample was measured and normalised using a
DC Protein Assay kit (Bio-Rad). Equal amounts of proteins (20–30 μg) were loaded and separated
electrophoretically in 8, 10, and 12% sodium dodecyl sulphate-polyacrylamide gels; these were then
transferred to polyvinylidene difluoride membranes (Millipore; Bedford, MA, USA). The membranes
were incubated overnight at 4 ◦C, with corresponding primary antibodies, GPR4 (1:500) from Novus
Biologicals (Centennial, CO, USA), BCL-2 (1:1000), Caspase-3 (1:1000), cleaved Caspase-3 (1:1000),
cleaved PARP (1:1000) from Santa Cruz Biotechnology (Santa Cruz, CA, USA), Bax (1:1000) from Cell
Signaling Co. (Boston, MA, USA), PIP2 (1:500) from Abcam (Cambridge, United Kingdom), andβ-Actin
(1:2000) from Sigma-Aldrich (St. Louis, MO, USA), followed by 1 h incubation with horseradish
peroxidase (HRP)-conjugated secondary antibodies (1:2000; Cell signalling, MA, USA). The blots
were visualised using a Biorad-ECL (Bio-Rad Laboratories; Hercules, CA, USA) and photographed.
Using ImageJ (NIH) software, the pixel intensity for each band in the photographs was measured and
normalised to the band intensity of β-Actin, to quantify its relative expression.
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4.6. Detection of Intracellular ROS

The ROS-sensitive fluorescent dye, 2′,7′-dichlorofluorescein diacetate (DCFDA; Sigma-Aldrich),
was utilised to measure the intracellular ROS levels. SH-SY5Y cells (2.2 × 104 cells/mL) were cultured in
black 96-well plates in DMEM/F12 without phenol red. Then, 60–70% confluence cells were stimulated
with H2O2 (300 μM) for 1 h in serum-free media and then washed twice with PBS, followed by a 30 min
incubation with DCFDA (10 μM) in PBS. The cells were then rinsed with PBS twice. Finally, 200 μL
PBS was added, and fluorescence was measured using 485 nm excitation and 535 nm in a fluorescence
microplate reader (Molecular Device; Sunnyvale, CA, USA).

4.7. Assessment of Caspase-3 Activity

Caspase-3 activity was measured using a Colorimetric Caspase-3 Assay Kit (Sigma-Aldrich;
St. Louis, MO, USA), as described previously [41]. The reaction mixture (total volume, 200 μL) was
distributed in 96-well plates and incubated at 37 ◦C for 90 min. Absorbance values were measured at
wavelengths of 405 nm in a Tecan Microplate Reader (Meilen; Zurich, Switzerland).

4.8. Assessment of Mitochondrial Membrane Potential (MMP)

A JC-10-based Mitochondrial Membrane Potential Assay Kit (Abcam; Cambridge,
United Kingdom) was employed to assess MMP, while a fluorescence microscope was utilised to
visualise the JC-10 staining, according to the manufacturer’s instructions. In brief, SH-SY5Y cells
(2.2 × 104 cells/mL) were cultured in black, 96-well plates for quantification and in 6-well plates for
imaging in DMEM/F12 without phenol red. Then, 60–70% confluence cells were stimulated with MPP+

(1 mM) for 24 h in serum-free media. The cells were incubated with a JC-10 dye loading solution
at 37 ◦C for 1 h and protected from the light. For the 96-well plates, their fluorescence intensities
(λex = 490/λem = 525 nm) and (λex = 540/λem = 590 nm) the red-green fluorescence ratios were measured
using a fluorescence microplate reader (Molecular Device; Sunnyvale, CA, USA), while confocal images
were acquired with a Nikon Eclipse Ts2-FL diascopic and epi-fluorescence illumination microscope.

4.9. Detection of Intracellular Calcium

Intracellular calcium was assessed with a Fluo-4 AM dye (Abcam; Cambridge, United Kingdom)
and confocal microscopy, following the manufacturer’s instructions. Fluo-4 AM was diluted in DMSO
containing 2 mM probenecid and 0.02% pluronic F-127. In brief, the SH-SY5Y cells (2.2 × 104 cells/mL)
were cultured in black, 96-well plates for quantification and in 6-well plates for imaging in DMEM/F12
without phenol red. Then, 60–70% confluence cells were stimulated with H2O2 (200 μM) for 2 h
30 min in serum-free media. The cells were washed with PBS containing probenecid (2 mM) at room
temperature. The cells were incubated with the Fluo-4 AM (2 μM) dye loading solution at 37 ◦C
for 30 min and protected from light, then washed with PBS containing probenecid (2 mM) at room
temperature for 30 min. For the 96-well plates, the fluorescence intensities (λex = 488/λem = 515 nm)
were measured using a fluorescence microplate reader (Molecular Device; Sunnyvale, CA, USA),
and confocal images were acquired with a Nikon Eclipse Ts2-FL diascopic and epi-fluorescence
illumination microscope.

4.10. Statistical Analyses

Statistical analyses were performed using GraphPad Prism software, version 5 (GraphPad,
La Jolla, CA, USA). Data are expressed as means ± standard error (SEM) of at least three independent
experiments. One-way analysis of variance (ANOVA) followed by Tukey’s post hoc analysis were
performed to determine the significant differences between the groups. p-values < 0.05 were considered
statistically significant.
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MPTP 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine
MPP+ 1-Methyl-4-Phenylpyridinium Ion
MTT 3-(3,4-Dimehylthiazol-2-Yl)-2,5-Diphenyl-Tetrazolium Bromide
DCF-DA 7′-Dichlorofluorescein Diacetate
DMEM Dulbecco’s Modified Eagle’s Medium
ER Endoplasmic Reticulum
FBS Fetal Bovine Serum
HUVEC Human Umbilical Vein Endothelial Cells
MMP Mitochondrial Membrane Potential
Mptp Mitochondrial Permeability Transition Pore
PIP2 Phosphatidylinositol Biphosphate
PARP Poly (ADP-Ribose) Polymerase
SN Substantia Nigra
TDAG8 T-Cell Death-Associated Gene 8
OGR1 The Ovarian Cancer G Protein-Coupled Receptor 1
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