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Abstract: Prunus cerasoides (PC) has been reported to have antimicrobial and anti-inflammatory prop-
erties, but its potential as a neuroprotective agent in a mouse model of cerebral ischemia has not been
explored. Considering neuroglobin (Ngb), an endogenous neuroprotective factor, as a novel approach
to neuroprotection, in this study, Ngb promoter activity, Ngb expression changes, and antioxidant
protection by PC extract (PCE) and PC component compounds (PCCs) were analyzed in oxygen–
glucose deprivation (OGD)-treated neurons. In vivo analysis involved transient middle cerebral
artery occlusion (tMCAO) in mice with pre- and post-treatment exposure to PCE. Following ischemic
stroke induction, neurological behavior scores were obtained, and cellular function-related signals
were evaluated in the ischemic infarct areas. In addition to PCE, certain component compounds
from PCE also significantly increased Ngb levels and attenuated the intracellular ROS production
and cytotoxicity seen with OGD in primary neurons. Administration of PCE reduced the infarct
volume and improved neurological deficit scores in ischemic stroke mice compared with the vehicle
treatment. Increased Ngb levels in infarct penumbra with PCE treatment were also accompanied
by decreased markers of apoptosis (activated p38 and cleaved caspase-3). Our findings point to
the benefits of Ngb-mediated neuroprotection via PCE and its antioxidant activity in an ischemic
stroke model.
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1. Introduction

Ischemic stroke, as a vascular event, is caused by the blockage of an artery that supplies
oxygen and nutrients to the brain, leading to the damage and death of brain cells [1–3]. It
also leads to a secondary impairment called ischemia–reperfusion (I/R) injury, manifested
as additional damage to the affected area once the blood flow is restored; I/R results in
a further ischemic cascade, leading to a neurodegenerative-like condition [4,5]. Part of
cerebral I/R injury is caused by the formation of reactive oxygen and nitrogen species
(ROS and RNS) that exacerbate the condition of affected tissues over time. Anatomically,
blood flow reduction is most severe at the center of the ischemic territory, which is called
the ischemic core, and this results in rapid cell death. However, at the periphery of the
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ischemic territory, called the penumbra, cerebral blood flow is sufficient to keep neurons
alive [6]. Pathological progression leads to the growth of the center ischemic region into
the penumbral region and expansion of the injury to the entire ischemic area. To this end,
therapeutic approaches are required to identify the potentially salvageable penumbra and
to promote survival-related mechanisms targeting the penumbra.

Neuroglobin (Ngb), a member of the globin family, was discovered in 2000 [7] and
is a highly conserved protein. It has a high affinity for oxygen and is mainly expressed
in the neurons of the central and peripheral nervous system (CNS and PNS), as well
as in the retina [8–10]. Ngb exerts a critical antiapoptotic function in cells exposed to
accumulating oxidative stress, as it acts as an oxygen sensor and ROS scavenger [11–13].
In the mitochondrial pathway of apoptosis, Ngb inhibits cytochrome C release, directly
interfering with the apoptotic pathway and affecting various types of upstream stressor
signals in the neuron [14]. Thus, a promising neuroprotective strategy may be to increase
Ngb levels in the penumbra area as it is experiencing oxidative stress.

Prunus cerasoides (PC) has been used as a traditional medicine for wound healing,
backaches, and sprains [15,16], and its phytochemical profile shows the presence of bioac-
tive constituents, including terpenoids, flavonoids, and phenolics [17–20]. Previous studies
have focused on the antimicrobial, anti-inflammatory, and antiplasmodial activities of
PC [21–24]. Earlier, we reported on the isolation of single components of PC extract (PCE),
and their chemical structures were identified [25]. It has also been observed that PCE and its
bioactive components have estrogenic activities in vitro and in vivo in relevant preclinical
models. Despite previous studies on the beneficial properties of PC, the potential benefit
of PCE in neuroprotection has not been studied. As flavonoids promote the expression of
Ngb [26], which is closely associated with neurological disease progression, flavonoids and
isoflavonoids in PC could also lead to increased Ngb expression in treated cells and animal
models. Therefore, this study investigated whether PCE upregulates Ngb expression in
cell-based systems and whether PCE leads to protection against cerebral ischemic damage
following tMCAO in mice.

2. Materials and Methods
2.1. Prunus cerasoides (PC) Sourcing and Characterization

Fresh bark, xylem, stems, and leaves of PC were obtained from the Dali Bai au-
tonomous prefecture of Yunnan province, China; they were identified by Dr. Sang Woo Lee
of Korea Research Institute of Bioscience and Biotechnology (KRIBB, Daejeon, Korea) in
2012 and were analyzed by Dr. Sei-Ryang Oh (KRIBB, Ochang, Korea). A voucher specimen
(accession number 0082450) of the retained material has been stored at the herbarium of
KRIBB (Daejeon). The PC materials were first processed and then analytically isolated
and characterized. Briefly, for processing, collected PC stems (PCS, 640 g) and PC leaves
(PCL, 350 g) were first cleaned properly, dried, and then ultrasonically extracted twice
by 95% ethanol to obtain the PCS (45 g) and PCL extracts (35 g), respectively. Eighteen
compounds from the extracts were described in detail in our previous report [25]. In Table 1,
18 compounds present in PCE with their structure/formula are listed.

2.2. Cell Culture

Human neuroblastoma (SKNSH) and mouse neuroblastoma (N2a) cells were trans-
fected with Ngb promoter-reporter plasmids as well as the plasmid pRL-TK, which encodes
Renilla luciferase for transfection efficiency, and these were kindly provided by Dr. Xiaoying
Wang (Tulane University School of Medicine, New Orleans, LA, USA) [27]. In an incu-
bator with humidified atmosphere and 5% CO2, SKNSH and N2a cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 1% antibiotic–antimycotic solution (Gibco/Thermo Fisher, Carlsbad,
CA, USA) and 10% fetal bovine serum (FBS) (Gibco/Thermo Fisher) at 37 ◦C.
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Table 1. List of 18 compounds identified from PCE.

No. Chemical Name Structure
Molecular
Formula

(Molecular
Weight)

No. Chemical Name Structure
Molecular
Formula

(Molecular
Weight)

PCC1 cis-Melilotoside
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2.2. Cell Culture 

Human neuroblastoma (SKNSH) and mouse neuroblastoma (N2a) cells were trans-

fected with Ngb promoter-reporter plasmids as well as the plasmid pRL-TK, which en-

codes Renilla luciferase for transfection efficiency, and these were kindly provided by Dr. 

Xiaoying Wang (Tulane University School of Medicine, New Orleans, LA, USA) [27]. In 

an incubator with humidified atmosphere and 5% CO2, SKNSH and N2a cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO, 

USA) supplemented with 1% antibiotic–antimycotic solution (Gibco/Thermo Fisher, 

Carlsbad, CA, USA) and 10% fetal bovine serum (FBS) (Gibco/Thermo Fisher) at 37 °C. 

2.3. Materials and Reagents 

Most of the reagents and chemicals were purchased from Gibco/Thermo Fisher, 

Welgene (Gyeongsan, Korea), and Sigma Aldrich. All materials employed in this research 

were of research grade, suitable for cell culture. Unless specified, each of the chemicals for 

analysis and the assays were first dissolved in dimethyl sulfoxide (DMSO) before being 

used. The final DMSO solvent concentration in the culture medium, however, did not ex-

ceed 0.5% (vol/vol) when used for a biological assay. 

2.4. Animals 

All animal studies were in accordance with the current guidelines for animal welfare 

of Sookmyung Women’s University. The animal protocols were first reviewed and then 

approved by the Institutional Animal Care and Use Committee (IACUC) of the university 

(approval number SMWU-IACUC-1911-022). Eight- to ten-week-old female C57BL/6 mice 

(20–25 g) were purchased from Saeronbio Inc. (Uiwang, Korea). The animals were housed 

in a purpose-built facility with a controlled environment and were maintained in isolation 

at a temperature and relative humidity of 24 ± 2 °C and 50%, respectively. The lighting 
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2.2. Cell Culture 

Human neuroblastoma (SKNSH) and mouse neuroblastoma (N2a) cells were trans-

fected with Ngb promoter-reporter plasmids as well as the plasmid pRL-TK, which en-

codes Renilla luciferase for transfection efficiency, and these were kindly provided by Dr. 

Xiaoying Wang (Tulane University School of Medicine, New Orleans, LA, USA) [27]. In 

an incubator with humidified atmosphere and 5% CO2, SKNSH and N2a cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO, 

USA) supplemented with 1% antibiotic–antimycotic solution (Gibco/Thermo Fisher, 

Carlsbad, CA, USA) and 10% fetal bovine serum (FBS) (Gibco/Thermo Fisher) at 37 °C. 

2.3. Materials and Reagents 

Most of the reagents and chemicals were purchased from Gibco/Thermo Fisher, 

Welgene (Gyeongsan, Korea), and Sigma Aldrich. All materials employed in this research 

were of research grade, suitable for cell culture. Unless specified, each of the chemicals for 

analysis and the assays were first dissolved in dimethyl sulfoxide (DMSO) before being 

used. The final DMSO solvent concentration in the culture medium, however, did not ex-

ceed 0.5% (vol/vol) when used for a biological assay. 

2.4. Animals 

All animal studies were in accordance with the current guidelines for animal welfare 

of Sookmyung Women’s University. The animal protocols were first reviewed and then 

approved by the Institutional Animal Care and Use Committee (IACUC) of the university 

(approval number SMWU-IACUC-1911-022). Eight- to ten-week-old female C57BL/6 mice 

(20–25 g) were purchased from Saeronbio Inc. (Uiwang, Korea). The animals were housed 

in a purpose-built facility with a controlled environment and were maintained in isolation 

at a temperature and relative humidity of 24 ± 2 °C and 50%, respectively. The lighting 
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2.2. Cell Culture 

Human neuroblastoma (SKNSH) and mouse neuroblastoma (N2a) cells were trans-

fected with Ngb promoter-reporter plasmids as well as the plasmid pRL-TK, which en-

codes Renilla luciferase for transfection efficiency, and these were kindly provided by Dr. 

Xiaoying Wang (Tulane University School of Medicine, New Orleans, LA, USA) [27]. In 

an incubator with humidified atmosphere and 5% CO2, SKNSH and N2a cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO, 

USA) supplemented with 1% antibiotic–antimycotic solution (Gibco/Thermo Fisher, 

Carlsbad, CA, USA) and 10% fetal bovine serum (FBS) (Gibco/Thermo Fisher) at 37 °C. 

2.3. Materials and Reagents 

Most of the reagents and chemicals were purchased from Gibco/Thermo Fisher, 

Welgene (Gyeongsan, Korea), and Sigma Aldrich. All materials employed in this research 

were of research grade, suitable for cell culture. Unless specified, each of the chemicals for 

analysis and the assays were first dissolved in dimethyl sulfoxide (DMSO) before being 

used. The final DMSO solvent concentration in the culture medium, however, did not ex-

ceed 0.5% (vol/vol) when used for a biological assay. 

2.4. Animals 

All animal studies were in accordance with the current guidelines for animal welfare 

of Sookmyung Women’s University. The animal protocols were first reviewed and then 

approved by the Institutional Animal Care and Use Committee (IACUC) of the university 

(approval number SMWU-IACUC-1911-022). Eight- to ten-week-old female C57BL/6 mice 

(20–25 g) were purchased from Saeronbio Inc. (Uiwang, Korea). The animals were housed 

in a purpose-built facility with a controlled environment and were maintained in isolation 

at a temperature and relative humidity of 24 ± 2 °C and 50%, respectively. The lighting 
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2.2. Cell Culture 

Human neuroblastoma (SKNSH) and mouse neuroblastoma (N2a) cells were trans-

fected with Ngb promoter-reporter plasmids as well as the plasmid pRL-TK, which en-

codes Renilla luciferase for transfection efficiency, and these were kindly provided by Dr. 

Xiaoying Wang (Tulane University School of Medicine, New Orleans, LA, USA) [27]. In 

an incubator with humidified atmosphere and 5% CO2, SKNSH and N2a cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO, 

USA) supplemented with 1% antibiotic–antimycotic solution (Gibco/Thermo Fisher, 

Carlsbad, CA, USA) and 10% fetal bovine serum (FBS) (Gibco/Thermo Fisher) at 37 °C. 

2.3. Materials and Reagents 

Most of the reagents and chemicals were purchased from Gibco/Thermo Fisher, 

Welgene (Gyeongsan, Korea), and Sigma Aldrich. All materials employed in this research 

were of research grade, suitable for cell culture. Unless specified, each of the chemicals for 

analysis and the assays were first dissolved in dimethyl sulfoxide (DMSO) before being 

used. The final DMSO solvent concentration in the culture medium, however, did not ex-

ceed 0.5% (vol/vol) when used for a biological assay. 

2.4. Animals 

All animal studies were in accordance with the current guidelines for animal welfare 

of Sookmyung Women’s University. The animal protocols were first reviewed and then 

approved by the Institutional Animal Care and Use Committee (IACUC) of the university 

(approval number SMWU-IACUC-1911-022). Eight- to ten-week-old female C57BL/6 mice 

(20–25 g) were purchased from Saeronbio Inc. (Uiwang, Korea). The animals were housed 

in a purpose-built facility with a controlled environment and were maintained in isolation 

at a temperature and relative humidity of 24 ± 2 °C and 50%, respectively. The lighting 
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2.2. Cell Culture 

Human neuroblastoma (SKNSH) and mouse neuroblastoma (N2a) cells were trans-

fected with Ngb promoter-reporter plasmids as well as the plasmid pRL-TK, which en-

codes Renilla luciferase for transfection efficiency, and these were kindly provided by Dr. 

Xiaoying Wang (Tulane University School of Medicine, New Orleans, LA, USA) [27]. In 

an incubator with humidified atmosphere and 5% CO2, SKNSH and N2a cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO, 

USA) supplemented with 1% antibiotic–antimycotic solution (Gibco/Thermo Fisher, 

Carlsbad, CA, USA) and 10% fetal bovine serum (FBS) (Gibco/Thermo Fisher) at 37 °C. 

2.3. Materials and Reagents 

Most of the reagents and chemicals were purchased from Gibco/Thermo Fisher, 

Welgene (Gyeongsan, Korea), and Sigma Aldrich. All materials employed in this research 

were of research grade, suitable for cell culture. Unless specified, each of the chemicals for 

analysis and the assays were first dissolved in dimethyl sulfoxide (DMSO) before being 

used. The final DMSO solvent concentration in the culture medium, however, did not ex-

ceed 0.5% (vol/vol) when used for a biological assay. 

2.4. Animals 

All animal studies were in accordance with the current guidelines for animal welfare 

of Sookmyung Women’s University. The animal protocols were first reviewed and then 

approved by the Institutional Animal Care and Use Committee (IACUC) of the university 

(approval number SMWU-IACUC-1911-022). Eight- to ten-week-old female C57BL/6 mice 

(20–25 g) were purchased from Saeronbio Inc. (Uiwang, Korea). The animals were housed 

in a purpose-built facility with a controlled environment and were maintained in isolation 

at a temperature and relative humidity of 24 ± 2 °C and 50%, respectively. The lighting 
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2.2. Cell Culture 

Human neuroblastoma (SKNSH) and mouse neuroblastoma (N2a) cells were trans-

fected with Ngb promoter-reporter plasmids as well as the plasmid pRL-TK, which en-

codes Renilla luciferase for transfection efficiency, and these were kindly provided by Dr. 

Xiaoying Wang (Tulane University School of Medicine, New Orleans, LA, USA) [27]. In 

an incubator with humidified atmosphere and 5% CO2, SKNSH and N2a cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO, 

USA) supplemented with 1% antibiotic–antimycotic solution (Gibco/Thermo Fisher, 

Carlsbad, CA, USA) and 10% fetal bovine serum (FBS) (Gibco/Thermo Fisher) at 37 °C. 

2.3. Materials and Reagents 

Most of the reagents and chemicals were purchased from Gibco/Thermo Fisher, 

Welgene (Gyeongsan, Korea), and Sigma Aldrich. All materials employed in this research 

were of research grade, suitable for cell culture. Unless specified, each of the chemicals for 

analysis and the assays were first dissolved in dimethyl sulfoxide (DMSO) before being 

used. The final DMSO solvent concentration in the culture medium, however, did not ex-

ceed 0.5% (vol/vol) when used for a biological assay. 

2.4. Animals 

All animal studies were in accordance with the current guidelines for animal welfare 

of Sookmyung Women’s University. The animal protocols were first reviewed and then 

approved by the Institutional Animal Care and Use Committee (IACUC) of the university 

(approval number SMWU-IACUC-1911-022). Eight- to ten-week-old female C57BL/6 mice 

(20–25 g) were purchased from Saeronbio Inc. (Uiwang, Korea). The animals were housed 

in a purpose-built facility with a controlled environment and were maintained in isolation 

at a temperature and relative humidity of 24 ± 2 °C and 50%, respectively. The lighting 
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2.2. Cell Culture 

Human neuroblastoma (SKNSH) and mouse neuroblastoma (N2a) cells were trans-

fected with Ngb promoter-reporter plasmids as well as the plasmid pRL-TK, which en-

codes Renilla luciferase for transfection efficiency, and these were kindly provided by Dr. 

Xiaoying Wang (Tulane University School of Medicine, New Orleans, LA, USA) [27]. In 

an incubator with humidified atmosphere and 5% CO2, SKNSH and N2a cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO, 

USA) supplemented with 1% antibiotic–antimycotic solution (Gibco/Thermo Fisher, 

Carlsbad, CA, USA) and 10% fetal bovine serum (FBS) (Gibco/Thermo Fisher) at 37 °C. 

2.3. Materials and Reagents 

Most of the reagents and chemicals were purchased from Gibco/Thermo Fisher, 

Welgene (Gyeongsan, Korea), and Sigma Aldrich. All materials employed in this research 

were of research grade, suitable for cell culture. Unless specified, each of the chemicals for 

analysis and the assays were first dissolved in dimethyl sulfoxide (DMSO) before being 

used. The final DMSO solvent concentration in the culture medium, however, did not ex-

ceed 0.5% (vol/vol) when used for a biological assay. 

2.4. Animals 

All animal studies were in accordance with the current guidelines for animal welfare 

of Sookmyung Women’s University. The animal protocols were first reviewed and then 

approved by the Institutional Animal Care and Use Committee (IACUC) of the university 

(approval number SMWU-IACUC-1911-022). Eight- to ten-week-old female C57BL/6 mice 

(20–25 g) were purchased from Saeronbio Inc. (Uiwang, Korea). The animals were housed 

in a purpose-built facility with a controlled environment and were maintained in isolation 

at a temperature and relative humidity of 24 ± 2 °C and 50%, respectively. The lighting 
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2.2. Cell Culture 

Human neuroblastoma (SKNSH) and mouse neuroblastoma (N2a) cells were trans-

fected with Ngb promoter-reporter plasmids as well as the plasmid pRL-TK, which en-

codes Renilla luciferase for transfection efficiency, and these were kindly provided by Dr. 

Xiaoying Wang (Tulane University School of Medicine, New Orleans, LA, USA) [27]. In 

an incubator with humidified atmosphere and 5% CO2, SKNSH and N2a cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO, 

USA) supplemented with 1% antibiotic–antimycotic solution (Gibco/Thermo Fisher, 

Carlsbad, CA, USA) and 10% fetal bovine serum (FBS) (Gibco/Thermo Fisher) at 37 °C. 

2.3. Materials and Reagents 

Most of the reagents and chemicals were purchased from Gibco/Thermo Fisher, 

Welgene (Gyeongsan, Korea), and Sigma Aldrich. All materials employed in this research 

were of research grade, suitable for cell culture. Unless specified, each of the chemicals for 

analysis and the assays were first dissolved in dimethyl sulfoxide (DMSO) before being 

used. The final DMSO solvent concentration in the culture medium, however, did not ex-

ceed 0.5% (vol/vol) when used for a biological assay. 

2.4. Animals 

All animal studies were in accordance with the current guidelines for animal welfare 

of Sookmyung Women’s University. The animal protocols were first reviewed and then 

approved by the Institutional Animal Care and Use Committee (IACUC) of the university 

(approval number SMWU-IACUC-1911-022). Eight- to ten-week-old female C57BL/6 mice 

(20–25 g) were purchased from Saeronbio Inc. (Uiwang, Korea). The animals were housed 

in a purpose-built facility with a controlled environment and were maintained in isolation 

at a temperature and relative humidity of 24 ± 2 °C and 50%, respectively. The lighting 

C15H12O5
(272.25) PCC16 Hyperoside

Antioxidants 2022, 11, x FOR PEER REVIEW 3 of 25 
 

PCC3 
Genistein 

5-glucoside  
C21H20O10 (432.38) PCC12 Epicatechin 

 

C15H14O6 (290.27) 

PCC4 
Prunetino-

side 
 

C22H22O10 (446.40) PCC13 

Quercetin 

3-sophoro-

side  

C27H30O17 (626.52) 

PCC5 Genistein 
 

C15H10O5 (270.24) PCC14 

Quercetin 

3-sam-

bubioside  

C26H28O16 (596.49) 

PCC6 Prunetin 
 

C16H12O5 (284.26) PCC15 
Sophorafla-

vonoloside 
 

C27H30O16 (610.52) 

PCC7 Naringenin 
 

C15H12O5 (272.25) PCC16 Hyperoside 

 

C21H20O12 (464.38) 

PCC8 Sakuranin 

 

C22H24O10 (448.42) PCC17 Leucoside 

 

C26H28O15 (580.49) 

PCC9 
Neosa-

kuranin  

C22H24O10 (448.42) PCC18 

Gentisic 

acid 5-O-β-

D-(6’-O-

trans-4-

couma-

royl)-gluco-

pyranoside 

 
C22H22O11 (462.40) 

2.2. Cell Culture 

Human neuroblastoma (SKNSH) and mouse neuroblastoma (N2a) cells were trans-

fected with Ngb promoter-reporter plasmids as well as the plasmid pRL-TK, which en-

codes Renilla luciferase for transfection efficiency, and these were kindly provided by Dr. 

Xiaoying Wang (Tulane University School of Medicine, New Orleans, LA, USA) [27]. In 

an incubator with humidified atmosphere and 5% CO2, SKNSH and N2a cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO, 

USA) supplemented with 1% antibiotic–antimycotic solution (Gibco/Thermo Fisher, 

Carlsbad, CA, USA) and 10% fetal bovine serum (FBS) (Gibco/Thermo Fisher) at 37 °C. 

2.3. Materials and Reagents 

Most of the reagents and chemicals were purchased from Gibco/Thermo Fisher, 

Welgene (Gyeongsan, Korea), and Sigma Aldrich. All materials employed in this research 
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C22H22O11
(462.40)

2.3. Materials and Reagents

Most of the reagents and chemicals were purchased from Gibco/Thermo Fisher,
Welgene (Gyeongsan, Korea), and Sigma Aldrich. All materials employed in this research
were of research grade, suitable for cell culture. Unless specified, each of the chemicals for
analysis and the assays were first dissolved in dimethyl sulfoxide (DMSO) before being
used. The final DMSO solvent concentration in the culture medium, however, did not
exceed 0.5% (vol/vol) when used for a biological assay.

2.4. Animals

All animal studies were in accordance with the current guidelines for animal welfare
of Sookmyung Women’s University. The animal protocols were first reviewed and then
approved by the Institutional Animal Care and Use Committee (IACUC) of the university
(approval number SMWU-IACUC-1911-022). Eight- to ten-week-old female C57BL/6 mice
(20–25 g) were purchased from Saeronbio Inc. (Uiwang, Korea). The animals were housed
in a purpose-built facility with a controlled environment and were maintained in isolation
at a temperature and relative humidity of 24 ± 2 ◦C and 50%, respectively. The lighting
was artificial with a 12 h light/dark cycle, and the animals were provided with sterile water
and food ad libitum.

To examine the effect of drug pretreatment, the animals were randomly divided into
5 groups and received the following treatment (Scheme 1): the sham and vehicle-tMCAO
groups were administered 1% carboxymethyl cellulose (CMC) in 0.9% NaCl (i.p), and the
PCE group was administered 1% CMC in 0.9% NaCl containing PCE (250 mg/kg, i.p)
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for 3 consecutive days before ischemic stroke. Moreover, the treatment to examine the
effect of the post-treatment was as follows: the sham and vehicle-tMCAO groups were
administered 1% CMC in 0.9% NaCl (i.p), and the PCE group was administered 1% CMC
in 0.9% NaCl containing PCE (50 or 100 mg/kg, i.p). In the case of post-treatment, it was
intraperitoneally injected once 1 h after ischemic stroke. At the end of the experiment, all
animals were euthanized, followed by the collection of brain samples.
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Scheme 1. The timeline of experiments. Ischemic stroke was induced in all mice. For pread-
ministration, mice were randomly intraperitoneally administered vehicle or PCE (250 mg/kg) for
3 consecutive days prior to tMCAO. For postadministration, mice were intraperitoneally administered
vehicle or PCE (50, 100 mg/kg) once after tMCAO.

2.5. Transient Middle Cerebral Artery Occlusion (tMCAO)

The tMCAO stroke model was induced via occlusion of the middle cerebral artery
using a 6-0 nylon monofilament suture (Doccol, Sharon, MA, USA). Briefly, the mice were
anesthetized using 1.6–2% isoflurane (Vspharm, Korea) in oxygen/nitrous oxide (1:2) using
a face mask. The mice were placed on a heat pad, and their cerebral blood flow (CBF)
was monitored with a laser-Doppler probe (PeriFlux System 5000 with PF 5010) (Perimed,
Järfälla, Sweden) throughout the procedure. The mice were subjected to 45 min of tMCAO
as described previously with minor modifications [28]. This involved a suture with a
round, coated tip (Cat# 602256PK10, Cat# 602356PK10; Doccol Corporation, Sharon, MA,
USA) being inserted into the external carotid artery (ECA) lumen, which was then gently
advanced into the internal carotid artery (ICA) lumen to block the MCA blood flow and
was left there for 45 min, until reperfusion. In sham-operated mice, after incision of the
skin and exposure of blood vessels (as in tMCAO), a knot was made in the common carotid
artery (CCA). After 10 min, the knot was removed, and the skin was sutured. After surgery,
the mice were euthanized at various time points. The exclusion criteria were as follows:
(1) death during surgery or anesthesia problems; (2) a reduction in CBF to less than
20–30% of baseline; (3) death before sampling; and (4) a severe neurological behavior score.

2.6. Neurological Severity Score (NSS)

The neurological deficits were evaluated and recorded based on the following four
parameters with minor modifications [28].

i. Zea-longa criteria

A 5-point scale was adopted as follows: 0, no neurological symptoms; 1, unable to
fully stretch the contralateral forepaw; 2, tilting to the contralateral side while walking;
3, falling or limping on the contralateral side; 4, unable to walk spontaneously; and 5,
death [29].

ii. Forelimb score

The mice were held by their tail; they were observed in the air and given a score
as follows: 0, normal activity; 1, occasional flexion of the asymmetric forelimb; 2, asym-
metric forelimb flexion; 3, flexion of the asymmetric forelimb and torso; and 4, no motor
reaction [30].
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iii. Circling score

Circling behavior was determined by observing the mice with only their tail and their
forelegs in contact with the floor; the scores were: 0, no observable deficits; 1, flexion of
the contralateral torso; 2, circling clockwise; 3, continuously spinning clockwise; and 4, no
movement or reactions [30].

iv. Prehensile traction 4-grade score

A 0.5 cm diameter wire was fixed horizontally at a height 70 cm above the floor. After
placing the mice forepaws onto the wire, the time until falling was measured: 0, hanging
on the wire for over 5 s with its hind legs; 1, hanging on the wire for over 5 s; 2, hanging on
the wire for 3~4 s; and 3, hanging on the wire for 0~2 s [31].

2.7. Primary Neuron Culture

Primary neuron cultures were prepared from the cortex of embryonic day 15 (E15)
C57BL/6 mice. For the protocol, the brain was harvested, and the meninges and hippocam-
pus were removed from the hemisphere under a microscope. The cortical neurons were
collected in modified Eagle’s medium (MEM, Gibco/Thermo Fisher) with 1% glutamate
and were washed once. The cortices were then treated with 0.125% trypsin at 37 ◦C for
10 min. The cell suspensions were filtered through a 40 µm cell strainer and plated on
plate wells precoated with poly-D-lysine (P4707; Sigma-Aldrich). The collected cortical
cells were counted and seeded at a density of 1.25 × 106 neurons/well for in a 6-well
plate and 3 × 105 neurons/well for in a 24-well plate in Neurobasal medium containing
2% B27 supplement, 1% GlutaMAX (100×), and 1% antibiotic–antimycotic solution (all
from Gibco/Thermo Fisher). One day after seeding the cells, the medium was replaced, and
culture medium was then partially changed once every 3–4 days with freshly supplemented
Neurobasal medium. The cultures were maintained at 37 ◦C in a humidified incubator of
atmosphere mix containing 5% CO2.

2.8. Oxygen–Glucose Deprivation (OGD) Treatments

Oxygen–glucose deprivation (OGD) experiments were performed using a hypoxic
humidified incubator that was flushed with a gas mixture of 90% N2, 5% H2, and 5% CO2
at 37 ◦C and contained an anaerobic gas mixture (also 90% N2, 5% H2, and 5% CO2), as
described previously with minor modifications [32]. The primary neuronal cells were
treated with vehicle (0.1% DMSO), PCE (10−7−10−5 g/mL), and PCCs (10−6 M) for 24 h
prior to OGD insult. In the case of N2a cells, the cells were treated with vehicle (0.1% DMSO)
and PCE (10−7−10−5 g/mL) for 24 h prior to OGD insult. To initiate OGD in neuronal
cells, culture medium was replaced with glucose-free DMEM for the indicated time periods.
After OGD treatment, the culture medium was replaced with maintenance medium, and
the cells were returned to a humidified atmosphere incubator containing 5% CO2 at 37 ◦C
for the reoxygenation period. Normoxic cells were incubated under normoxic-oxygenated
DMEM containing glucose for the corresponding durations.

2.9. Ngb Promoter Assay

Ngb transcriptional activity was assessed as described previously [26]. SKNSH cells
were seeded in a 96-well plate at an initial density of 2.5 × 104 cells per well and cultured
in 10% FBS in DMEM. After 10 h, with the cell confluence at about 40–50%, the culture
medium was replaced with the experimental medium (2% FBS in phenol red-free DMEM).
After the cell confluency reached about 70–80%, the vehicle (0.1% DMSO) and various
concentrations of PCE (10−8−10−6 g/mL) and its compounds (10−8–10−6 M) were dis-
solved in experimental medium for 24 h. The cells were lysed after incubation for 15 min
using 1× lysis buffer with shaking. Luciferase activities were measured using a luciferase
reporter assay system (Promega, Madison, WI, USA). Luminescence was detected with a
GloMax Explorer Multimode Detection System (Promega).
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2.10. RNA Extraction and Quantitative Polymerase Chain Reaction (qPCR)

SKNSH cells were seeded in a 6-well plate and cultured in 10% FBS in DMEM. After
24 h, the vehicle (0.1% DMSO), PCE (10−7–10−5 g/mL), and PCCs (10−6 M) were dissolved
in experimental medium for 24 h. Total RNA from SKNSH cells was extracted with Tri-
zol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) or with the RNeasy mini
kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. cDNA was
synthesized from 0.5 µg of total mRNA using ReverTra Ace qPCR RT Master Mix with
gDNA Remover (FSQ-301, Toyobo, Osaka, Japan). The qPCR reactions were made up
of the source cDNA, the primer pairs for each target gene, and the PCR SYBR Green kit
reagent (Bio-Rad, Hercules, CA, USA). We examined the expression of the human Ngb
gene. The quantitative gene expression reaction for the target gene was in a final volume
of 20 µL and run in the QuantStudio 3 Real-Time PCR (Thermo Fisher) and the Applied
Biosystems 7500 Real-Time PCR system (Thermo Fisher). The gene expression curves were
analyzed on a log scale, and the threshold cycles were calculated mathematically. The
quantitative target gene expression was calculated using the 2−∆∆CT method and normal-
ized for experimental errors from several steps with the levels of the housekeeping gene,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All of the reactions were performed
in triplicate. The chosen primers were (5′→3′): (Qiagen hNgb QuantiTect Primer Assay)
hNgb forward, TGGAAGACCTGTCCTTCACTG; hNgb reverse, GAGCAGAGACTCAC-
CCACTG; hGAPDH forward, GGCTGAGAACGGGAAGCTTGTCAT; hGAPDH reverse,
CAGCCTTCTCCATGGTGGTGAAGA. The reaction for hNgb was performed at 95 ◦C for
10 min, followed by 40 cycles of 95 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for 30 s.

2.11. Western Blot Analysis

In this experiment, primary neuronal cells were treated with the vehicle (0.1% DMSO),
PCE (10−7−10−5 g/mL), and PCCs (10−6 M) for 24 h, and the animals were intraperi-
toneally administered the vehicle and PCE (250 mg/kg) for 3 consecutive days before
ischemic stroke. Prior to protein extraction from brain tissue, coronal section samples
stained with 2,3,5-triphenyltetrazolium chloride (TTC) were used on day 1 post-stroke.
This provided a distinction between the two parts, the core and penumbra, in the infarct
area. The animal experiment was conducted by distinguishing the core and penumbra area.
Whole-cell proteins were extracted from the primary neuron cells and brain tissue using
lysis buffer (Cell Signaling, Danvers, MA, USA) supplemented with proteases and phos-
phatase inhibitors (Sigma-Aldrich). After homogenizing and clearing the lysates, the ob-
tained protein lysates were quantified using Pierce BCA Protein Assay Kit (Thermo Fisher).
Equal amounts of proteins were separated via sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) in 12% gels at 80 V for 2 h and transferred onto PVDF
membranes (Millipore, Burlington, MA, USA) for 1.5 h at 100 V. The PVDF membrane
was then blocked in 5% bovine serum albumin (BSA) in phosphate-buffered saline (PBS)
buffer containing 0.1% Tween-20 (T-PBS) at room temperature (RT) for 1 h. Subsequently,
the membrane was incubated at 4 ◦C with the primary antibodies overnight. Next, the
membrane was washed with T-PBS, followed by incubation with horseradish peroxidase
(HRP)-conjugated secondary antibodies at RT for 1 h. The positive signals were then
visualized by the enhanced chemiluminescent kit (Dharmacon/Thermo Scientific, Rock-
ford, IL, USA) using the Amersham Imager 600 apparatus (GE Healthcare, Chicago, IL,
USA). The protein band intensities were normalized against β-actin (Sigma-Aldrich) as
the loading control. The list of primary antibodies and their dilutions are as follows: Ngb
(1:1000, RD181043050, BioVendor, Asheville, NC, USA) (1:1000, 13499-1-AP, Proteintech.,
Manchester, UK), p38 (1:1000, cs9212, Cell Signaling), phospho-p38 (p-p38, 1:1000, cs9216,
Cell Signaling), phospho-AKT (p-AKT, 1:1000, cs9271, Cell Signaling), caspase 3 (1:1000,
cs9662, Cell Signaling), cleaved caspase-3 (cCasp3, 1:1000, cs9661, Cell Signaling), Bcl-2
(1:1000, 610539, BD Biosciences, USA), and phospho-Bad (1:1000, cs9295, Cell Signaling).
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2.12. Cytotoxicity Assay

Cell death was evaluated using the lactate dehydrogenase (LDH) assay kit (BioVision,
Milpitas, CA, USA). After OGD and reoxygenation, the culture medium was transferred to a
96-well plate in duplicate and incubated with LDH catalyst and dye mix at 37 ◦C in the dark.
After 30 min, the absorbance was measured for each sample at 490 nm with the reference
wavelength at 600 nm using a GloMax Explorer Multimode Detection System (Promega).

2.13. ROS Measurements

Intracellular ROS production was detected using the fluorescence probe 2′,7′-dichlo-
rodihydrofluorescein diacetate (H2DCFDA, D399, Thermo Fisher), which is oxidized to the
highly fluorescent 2′,7′-dichlorofluorescein (DCF) when intracellular ROS are generated.
H2DCFDA was dissolved in DMSO to obtain a 10 mM stock solution. After treatment
with different agents, neuronal cells and brain sections were washed and loaded with
10 µM H2DCFDA at 37 ◦C for 30 min in the dark. The cells were washed and fixed
with 4% paraformaldehyde (PFA) (Biosesang, Seongnam, Korea). The brain sections were
also washed twice. The cells and sections were counterstained with 4′,6-diamidino-2-
phenylindole (DAPI) (Vectashield mounting medium with DAPI, H-1500, Vector Laborato-
ries, Burlingame, CA, USA). ROS production was detected with a confocal laser scanning
microscope (LSM-800, Zeiss, Munich, Germany) at excitation/emission wavelengths of
488/525 (for DCF) and 358/461 nm (for DAPI). In the collected images, fluorescence in-
tensities indicating DCF-positive cells were quantified using the ImageJ software (NIH,
Bethesda, MD, USA).

2.14. Determination of Antioxidant Enzyme Activity

N2a cells were cultured in a 6-well plate at a density of 2 × 105 cells per well for 24 h.
The cultured cells were treated with the vehicle (0.1% DMSO) and PCE (10−7–10−5 g/mL)
for 24 h. After 24 h, OGD insult was performed for 4 h and followed by reoxygenation for
24 h. The activities of the two antioxidant enzymes (glutathione (GSH) and catalase (CAT))
in N2a cells were assessed using commercial assay kits (Biomax, Seoul, Korea). Briefly,
for the GSH assay, the cells were washed twice and scraped from the plate, and then a
density of 1–5 × 106 cells were collected and washed. After resuspension with ice-cold 5%
metaphosphoric acid (MPA), the cells were homogenized and followed by centrifugation at
12,000 rpm and 4 ◦C for 10 min. For the CAT assay, cells at a density of 1–2 × 106 cells/mL
were collected and washed. The cells were homogenized, followed by centrifugation
to remove the debris. In both the GSH and CAT assays, after the supernatant was col-
lected, antioxidant enzyme activities were determined according to the manufacturer’s
instructions. The samples for the GSH assay were measured by the kinetic method with
absorbance at 412 nm, and fluorescence for the CAT assay was measured using a GloMax
Explorer Multimode Detection System (Promega) at excitation/emission wavelengths of
520/590 nm.

2.15. Estimations of Infarct Volume by Cresyl Violet and 2,3,5-Triphenyltetrazolium Chloride
(TTC) Staining

All experimenters performing the assessments were blinded to their experimental
groups. The mice were cardioperfused with saline, followed by fixation using 4% PFA. Their
brains were removed and frozen for 1 h at −80 ◦C. The obtained brains were cryosectioned
coronally into 30 µm thick slices. Infarct volume was evaluated using a protocol described
previously with minor modifications [33]. Briefly, 13 serial coronal sections were made;
these were 30 µm thick and taken at 600 µm intervals from the frontal pole. The sliced
sections were rehydrated and stained with 0.1% cresyl violet (Sigma-Aldrich) in distilled
water and then dehydrated. The infarct areas were measured using the ImageJ software
(NIH). The infarct volumes were calculated by taking the sum of infarct areas from all
of the sections and multiplying by 600 µm. For TTC staining, anesthetized animals were
decapitated, and their brains were carefully removed and sliced coronally into six 1 mm
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thick slices using a mouse brain matrix guide. The coronal slices were then incubated in 2%
TTC solution (Sigma-Aldrich) at 37 ◦C for 10 min [34]. The infarct volumes were measured
using the ImageJ software (NIH). The total infarct volume was obtained as the sum of the
infarctions of all slices multiplied by the thickness of the brain sections. The TTC-stained
brain regions were dissected and immediately frozen at −80 ◦C.

2.16. Immunohistochemistry

Immunohistochemistry was performed on 30 µm coronal sections. The brain sections
were washed twice for 10 min and blocked with 5% normal horse serum for 1 h. The
sections were incubated with primary antibodies against Ngb (Proteintech), phospho-p38
(Cell Signaling), cleaved caspase-3 (Cell Signaling), manganese superoxide dismutase
(mnSOD (SOD2), SOD110, StressGen, Victoria, BC, Canada), and gp91phox (BD611414,
BD Biosciences). Staining was also performed with antineuronal nuclei (NeuN) directly
conjugated to Alexa Fluor 488 (MAB377X, Millipore). The primary antibody incubations
were performed at 4 ◦C overnight. After incubation of primary antibodies, the sections were
washed, and for the unlabeled antibodies, the samples were then incubated with Alexa
Fluor conjugated secondary antibodies (Invitrogen/Thermo Fisher) for 1 h at 25 ◦C. The
sections were counterstained with DAPI, and the fluorescence signals were examined using
a confocal laser scanning microscope (LSM-800, Zeiss) at excitation/emission wavelengths
of 495/519 (for Alexa Fluor 488), 590/617 (for Alexa Fluor 594), and 358/461 (for DAPI) nm.

2.17. Statistical Analysis

The data are expressed as mean± standard error of the mean (SEM). Statistical analysis
was performed using GraphPad Prism software (GraphPad, San Diego, CA, USA). Student’s
t-tests were used to compare the mean values of two independent groups for one variable.
Comparisons between multiple groups were conducted by one-way analysis of variance
(ANOVA) followed by the Holm–Sidak method and Tukey’s multiple comparison tests.
Differences with p-values of p < 0.001, p < 0.01, and p < 0.05 were considered significant.

3. Results
3.1. PCE and Its Effective Compounds Increase Ngb Expression in Neuronal Cells

Transcriptional activity, mRNA, and protein levels of Ngb were analyzed for Ngb
expression changes due to PCE and its compounds (PCCs). To screen for an effect on Ngb
transcription levels, a luciferase reporter assay for Ngb was performed in SKNSH cells
(Figure 1a). PCE induced Ngb transcriptional activity at a concentration of 10−7 g/mL.
Among the particular PCE components, genistin, prunetinoside, prunetin, naringenin,
sakuranetin, prunin, quercetin 3-sambubioside, hyperoside, leucoside, and gentisic acid
5-O-β-D-(6′-O-trans-4-coumaroyl)-glucopyranoside, a novel compound, significantly in-
creased Ngb transcriptional activity by up to 2-fold at a concentration of 10−6 M (Figure 1a).
In general, most of the component compounds increased Ngb transcription and had
dose-dependent responses. These results indicate that PCE and most of its component com-
pounds, including prunetinoside, prunetin, sakuranetin, and prunin, had dose-dependent
Ngb transcriptional induction activity.

Based on the results of the Ngb promoter assay, the PCE and eight compounds were
selected for evaluating Ngb mRNA level changes in SKNSH cells (Figure 1b). All treatment
concentrations of PCE significantly increased Ngb mRNA levels by more than two-fold
in SKNSH cells. The selected component compounds also increased Ngb mRNA levels in
these cells. Of note, leucoside increased the levels of Ngb mRNA by more than two-fold,
a level higher than that seen for treatment with PCE. From the transcriptional activity
changes for Ngb, among the PCCs, five compounds were selected for assaying protein
level changes in Ngb in the test cells. Increased protein Ngb levels in the treated primary
cultured neuronal cells were observed for these compounds (Figure 1c), as treatment with
concentrations of 10−7 to 10−5 g/mL of PCE and each PCC significantly increased Ngb
protein expression by as much as 1.2-fold in those cells. Overall, these results indicate that
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PCE and its active compounds, including a newly described compound, increases Ngb
transcriptional activity as well as total Ngb protein levels in neuronal cells.
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Figure 1. PCE and PCCs induce Ngb transcriptional activity and increase Ngb protein levels in
treated neuronal cells. (a) Increased Ngb promoter activity levels from PCE and PCCs by luciferase
reporter assay in SKNSH cells. SKNSH cells were treated with various concentrations of PCE
(10−8−10−6 g/mL, n = 10) and PCCs (10−8−10−6 M, n = 10) for 1 day. Results are expressed
as the relative luciferase value (Veh, n = 20). (b) Levels of Ngb mRNA were increased by PCE
(10−7−10−5 g/mL) and PCCs (10−6 M) in SKNSH cells. The ratio of target gene expression to that of
GAPDH housekeeping gene was determined by qPCR as a quantitative measure of gene expression.
Ngb mRNA levels were significantly increased by 10−5 g/mL PCE and leucoside (Veh, n = 18; PCE,
n = 13; PCCs, n = 8). (c) Protein levels of Ngb were induced by PCE (10−7−10−5 g/mL) and selected
PCCs (10−6 M) in primary neuronal cells (n = 4). The mean values in triplicate experiments are
presented as SEM. *** p < 0.001, ** p < 0.01, * p < 0.05 compared with the vehicle control, determined
by the Holm–Sidak method following a one-way analysis of variance.

3.2. PCE and Its Component Compounds Alleviate OGD/Reoxygenation (OGD/R)-Induced Injury
in Primary Neurons

It has been reported that Ngb prevents neuronal cell death due to OGD/R [35]. Our
results indicate that PCE and PCCs upregulate Ngb levels; therefore, we analyzed whether
PCE and PCCs could alleviate OGD/R-induced cytotoxicity in primary neuronal cells
(Figure 2). The primary cultured neurons were treated with PCE and PCCs for 24 h prior to
2 h OGD insult with reperfusion for 24 h after OGD. In the OGD/R group, the measured
cytotoxicity was increased by about six-fold compared with the normoxia control (Nor)
cells. Pretreatment of the cells with PCE at the 10−5 g/mL dose significantly reduced
cell death by more than 30%. Similarly, the PCC compounds sakuranin and gentisic
acid 5-O-β-D-(6′-O-trans-4-coumaroyl)-glucopyranoside also decreased neurotoxicity by
approximately 30% in OGD/R-exposed neurons. Pretreatment with genistin and genistein
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5-glucoside also significantly decreased neurotoxicity in OGD/R-exposed neurons (by
approximately 47% and 39%, respectively). These results indicate that PCE and some of its
component compounds can significantly ameliorate OGD/R-induced cell death in primary
cultured neurons.

Antioxidants 2022, 11, x FOR PEER REVIEW 10 of 25 
 

(c) Protein levels of Ngb were induced by PCE (10−7−10−5 g/mL) and selected PCCs (10−6 M) in pri-

mary neuronal cells (n = 4). The mean values in triplicate experiments are presented as SEM. *** p < 

0.001, ** p < 0.01, * p < 0.05 compared with the vehicle control, determined by the Holm–Sidak 

method following a one-way analysis of variance. 

3.2. PCE and Its Component Compounds Alleviate OGD/Reoxygenation (OGD/R)-Induced In-

jury in Primary Neurons 

It has been reported that Ngb prevents neuronal cell death due to OGD/R [35]. Our 

results indicate that PCE and PCCs upregulate Ngb levels; therefore, we analyzed 

whether PCE and PCCs could alleviate OGD/R-induced cytotoxicity in primary neuronal 

cells (Figure 2). The primary cultured neurons were treated with PCE and PCCs for 24 h 

prior to 2 h OGD insult with reperfusion for 24 h after OGD. In the OGD/R group, the 

measured cytotoxicity was increased by about six-fold compared with the normoxia con-

trol (Nor) cells. Pretreatment of the cells with PCE at the 10−5 g/mL dose significantly re-

duced cell death by more than 30%. Similarly, the PCC compounds sakuranin and gentisic 

acid 5-O-β-D-(6’-O-trans-4-coumaroyl)-glucopyranoside also decreased neurotoxicity by 

approximately 30% in OGD/R-exposed neurons. Pretreatment with genistin and genistein 

5-glucoside also significantly decreased neurotoxicity in OGD/R-exposed neurons (by ap-

proximately 47% and 39%, respectively). These results indicate that PCE and some of its 

component compounds can significantly ameliorate OGD/R-induced cell death in pri-

mary cultured neurons. 

 

Figure 2. Reduced cytotoxicity due to PCE and PCCs from an assay of LDH release in primary neu-

ron cells. Primary cultured mouse neuron cells were pretreated with various concentrations of PCE 

(10−7–10−5 g/mL) and PCCs (10−6 M) for 24 h and then exposed to 2 h of OGD, followed by 24 h of 

reoxygenation. Cell cytotoxicity was assessed by the LDH assay (readings at 490 and 600 nm). The 

mean values in triplicate experiments are presented as SEM. ***p < 0.001, **p < 0.01, compared with 

the Nor, determined by Tukey’s multiple comparison test following a one-way analysis of variance 

(Nor and OGD/R, n = 100; PCE and PCCs, n = 20). 

3.3. PCE Exhibits Antioxidant Activities in Neurons against Hypoxic Injury In Vitro 

It has been reported that Ngb acts as an ROS scavenger in oxidative stress situations 

[36]. A possible role for PCE, being an Ngb activator for antioxidant activity, was investi-

gated for increased intracellular ROS levels induced by OGD/R. DCFDA, a fluorescence 

probe, was used for ROS detection. In primary cultured neurons, OGD/R increased ROS 

levels by more than 4-fold compared with Nor controls, whereas intracellular ROS pro-

duction in PCE-treated neurons was decreased by 48.2% and 76.1% at 10−6 g/mL and 10−5 

g/mL levels, respectively, in a dose-dependent manner (Figure 3a). Similar results were 

observed in N2a cells. PCE-treated N2a cells showed a reduction in the levels of ROS pro-

duction by 69.9% and 82.8% at concentrations of 10−6 to 10−5 g/mL, respectively, matching 

similar trends in ROS reduction by PCE in primary cultured neurons (Figure 3b). To eval-

uate the antioxidant properties of PCE against oxidative stress in vitro, intracellular GSH 

Figure 2. Reduced cytotoxicity due to PCE and PCCs from an assay of LDH release in primary
neuron cells. Primary cultured mouse neuron cells were pretreated with various concentrations of
PCE (10−7–10−5 g/mL) and PCCs (10−6 M) for 24 h and then exposed to 2 h of OGD, followed by 24 h
of reoxygenation. Cell cytotoxicity was assessed by the LDH assay (readings at 490 and 600 nm). The
mean values in triplicate experiments are presented as SEM. *** p < 0.001, ** p < 0.01, compared with
the Nor, determined by Tukey’s multiple comparison test following a one-way analysis of variance
(Nor and OGD/R, n = 100; PCE and PCCs, n = 20).

3.3. PCE Exhibits Antioxidant Activities in Neurons against Hypoxic Injury In Vitro

It has been reported that Ngb acts as an ROS scavenger in oxidative stress situa-
tions [36]. A possible role for PCE, being an Ngb activator for antioxidant activity, was
investigated for increased intracellular ROS levels induced by OGD/R. DCFDA, a fluores-
cence probe, was used for ROS detection. In primary cultured neurons, OGD/R increased
ROS levels by more than 4-fold compared with Nor controls, whereas intracellular ROS
production in PCE-treated neurons was decreased by 48.2% and 76.1% at 10−6 g/mL and
10−5 g/mL levels, respectively, in a dose-dependent manner (Figure 3a). Similar results
were observed in N2a cells. PCE-treated N2a cells showed a reduction in the levels of
ROS production by 69.9% and 82.8% at concentrations of 10−6 to 10−5 g/mL, respectively,
matching similar trends in ROS reduction by PCE in primary cultured neurons (Figure 3b).
To evaluate the antioxidant properties of PCE against oxidative stress in vitro, intracellular
GSH and CAT activities were measured in OGD/R-exposed N2a cells (Figure 3c). As
shown in Figure 3c, OGD/R-induced hypoxic damage caused a significant decrease in GSH
and CAT activities compared with those in the normoxia control group. GSH activity was
significantly increased by 1.5-fold in the PCE treatment (10−5 g/mL) compared with that in
the vehicle treatment in OGD/R-exposed N2a cells, which increased in a dose-dependent
manner. CAT activity was also significantly increased by 1.2-fold in the PCE treatment
(10−5 g/mL) compared with that in the vehicle treatment in OGD/R-exposed N2a cells. In
particular, PCE at a concentration of 10−5 g/mL showed increased activities of GSH and
CAT, suggesting that PCE has antioxidant properties against hypoxia-induced oxidative
stress. These findings indicate that decreased cytotoxicity by PCE is closely related to
reduced ROS levels and increased antioxidant enzymes in neurons after oxidative stress,
with PCE mediating the effects in multiple cell types.
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Figure 3. Antioxidant properties of PCE in OGD-induced neuronal cells. (a,b) Representative
immunofluorescence images of DCFDA (red) staining showing superoxide levels in neuronal cells
exposed to 2 h OGD/0.5 h R and 4 h OGD/0.5 h R in primary cortical neuronal cells and N2a cells,
respectively. Primary cortical neuronal cells were treated with two concentrations of PCE (10−6

and 10−5 g/mL) before OGD/R. PCE inhibited ROS production in OGD/R-exposed neuronal cells.
(c) Estimation of GSH and CAT enzyme activities in N2a cells exposed to 4 h OGD/24 h R. The
antioxidant enzyme activities were decreased after OGD/R insult in N2a cells, whereas PCE increased
its GSH and CAT activities as compared to the vehicle treatment in OGD/R-exposed N2a cells. The
mean values in triplicate experiments are presented as SEM. White scale bar = 20 µm. *** p < 0.001,
** p < 0.01, * p < 0.05, determined by Student’s t-test for homogeneous variance and one-way ANOVA,
followed by Tukey’s multiple comparison test (N2a, n = 7, primary neuron, n = 4).

3.4. PCE Promotes Antioxidant Activity in the Brain after tMCAO in Mice

We found that neuronal cells treated with PCE exhibited decreased cytotoxicity and
rescued activities of antioxidant enzymes in vitro. To confirm this antioxidant effect of the
PCE in vivo, first, we determined the intracellular ROS production in the ischemic brain
area of tMCAO-treated mice. At 24 h post-tMCAO, ROS production around damaged cells
accumulated to more than 2-fold compared with the sham-operated group in the same brain
area (Figure 4a). By contrast, the PCE-treated tMCAO group had significant reductions
in accumulated ROS, the levels of which were half of those in the vehicle-treated tMCAO
group in both the core and penumbra areas. In fact, ROS production in the PCE-treated
group was similar to that of the sham-operated group. In order to determine the expression
of antioxidant enzymes induced by PCE, we also measured the effects of PCE on SOD2
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levels in ischemic brains in the tMCAO model, which showed the antioxidant properties of
PCE via SOD2 expression in the ischemic area. The expression of SOD2 was rescued by
PCE administration, and this level was similar to that of the sham control group (Figure 4b).
In addition, we found that PCE ameliorated the active superoxide production system
through the reduction in gp91phox, a plasma membrane subunit of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (Nox) (Figure 4c). The PCE-treated tMCAO
group had half of the increased expression of gp91phox in the ischemic area compared
with the vehicle-treated tMCAO group. These results indicate that treatment with PCE
provides an antioxidant effect by reducing intracellular ROS levels produced after hypoxic
injury and by elevating antioxidant enzymes in both neuronal cells and brain tissue. These
findings suggest that PCE upregulates Ngb and that the regulation of antioxidant enzymes
by PCE might be closely associated with PCE-related antioxidant activity.

Antioxidants 2022, 11, x FOR PEER REVIEW 13 of 25 
 

 
Figure 4. Antioxidant effects of PCE in the ischemic brain. Representative images of mouse brain 
stained with DCFDA, SOD2, and gp91phox. (a) DCFDA fluorescence was assessed along with the 
LDH assay following 2 h OGD and 0.5 h reoxygenation. PCE significantly decreased OGD-induced 
neurotoxicity. (b) The expression of SOD2 was decreased in the ischemic area after tMCAO, while 
PCE rescued its expression compared with the vehicle-treated tMCAO. (c) The expression of 
gp91phox was increased by ischemic stroke, whereas its expression in the PCE-treated tMCAO 
group was decreased compared with that in the vehicle-treated tMCAO group. The data represent 
mean ± SEM. White scale bar = 20 μm. ** p < 0.01, * p < 0.05, analyzed using one-way ANOVA fol-
lowed by the Tukey’s multiple comparison test (DCFDA, SOD2, n = 5; gp91phox, n = 4). 

3.5. PCE Improves Neurological Deficits and Infarct Volume following tMCAO in Mice 
To determine the functional extent of PCE-mediated protective effects against ische-

mia/reperfusion (I/R) injury in mice, on days 1 and 3 after the induction of ischemic stroke, 
we measured the infarct area size by Nissl staining (Figure 5a). Pretreatment of the mice 
with PCE (250 mg/kg, i.p) for 3 consecutive days reduced the infarct volume by approxi-
mately 90.6% and 60.1%, respectively, compared to the vehicle group on days 1 and 3 

Figure 4. Antioxidant effects of PCE in the ischemic brain. Representative images of mouse brain
stained with DCFDA, SOD2, and gp91phox. (a) DCFDA fluorescence was assessed along with the
LDH assay following 2 h OGD and 0.5 h reoxygenation. PCE significantly decreased OGD-induced
neurotoxicity. (b) The expression of SOD2 was decreased in the ischemic area after tMCAO, while PCE
rescued its expression compared with the vehicle-treated tMCAO. (c) The expression of gp91phox
was increased by ischemic stroke, whereas its expression in the PCE-treated tMCAO group was
decreased compared with that in the vehicle-treated tMCAO group. The data represent mean ± SEM.
White scale bar = 20 µm. ** p < 0.01, * p < 0.05, analyzed using one-way ANOVA followed by the
Tukey’s multiple comparison test (DCFDA, SOD2, n = 5; gp91phox, n = 4).



Antioxidants 2022, 11, 99 13 of 24

3.5. PCE Improves Neurological Deficits and Infarct Volume following tMCAO in Mice

To determine the functional extent of PCE-mediated protective effects against is-
chemia/reperfusion (I/R) injury in mice, on days 1 and 3 after the induction of ischemic
stroke, we measured the infarct area size by Nissl staining (Figure 5a). Pretreatment of
the mice with PCE (250 mg/kg, i.p) for 3 consecutive days reduced the infarct volume by
approximately 90.6% and 60.1%, respectively, compared to the vehicle group on days 1 and
3 post-tMCAO (Figure 5b). We investigated four different types of neurological deficits and
infarct volume changes in the tMCAO mouse model (Table 2). The neurological impair-
ments increased after 1 day post-stroke, while these neurological deficits were improved
by PCE pretreatment of the mice. The forelimb score of the PCE-pretreated tMCAO group
was 1, the circling score was 0.3 ± 0.21, and the prehensile traction score was 0.3 ± 0.18.
These scores in the PCE-pretreated tMCAO group were significantly lower than those in
the vehicle-treated tMCAO group. For the post-treatment of mice with PCE, they were
intraperitoneally administered once after stroke, and the effects were investigated 2 days
later (Figure 6a,b). Post-treatment with PCE (50 mg/kg) led to a reduction in the cerebral
infarct volume and improved neurological scores compared to the vehicle-treated tMCAO
group (Figure 6a). These results indicate that administration of PCE improved neurological
outcomes and attenuated cerebral infarct size in both pre- and post-treated animals in the
acute cerebral ischemia mouse model.
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Figure 5. Pretreatment PCE group has reduced infarct volume in ischemic stroke mouse brain.
(a) Representative cresyl violet-stained sections of mouse brain on days 1 and 3 post-stroke. (b) Graph
displays the quantification of measured infarct volumes. PCE treatment reduced the infarct volume
by approximately 90.6% and 60.1% compared with the vehicle group after 1 and 3 days post-tMCAO,
respectively (1d, n = 8; 3d, n = 4). Values are mean ± SEM. ** p < 0.01, * p < 0.05, compared with the
vehicle-treated tMCAO group, determined by Student’s t-test.

3.6. PCE Prevents Cerebral Ischemic Damage by Increasing Ngb Expression and Decreasing
Activated p38 in the Penumbra Area

In order to detail the neuroprotective effects of PCE as an activator of Ngb, we mea-
sured the signaling pathway changes related to oxidative stress after cerebral ischemia.
It has been reported that p38 mitogen-activated protein kinase (MAPK) is activated by
oxidative stress and that it is linked to the activation of caspase-3-mediated apoptosis [37].
We evaluated the effect of PCE on Ngb expression levels as well as activation of p38 in the
core and penumbra areas on days 1 and 3 post-stroke (Figure 7). Prior to immunostaining
of the brain samples, the infarct area was identified in the core and penumbra areas by Nissl
staining of the brain sections (Figure 7a,d). The results indicate that the tMCAO group had
decreased levels of Ngb expression in the core area compared to the sham-operated group
(Figure 7b,c). However, PCE treatment of the mice significantly increased Ngb expres-
sion by about 2-fold compared with the vehicle-treated tMCAO group, particularly in the
penumbra area. In addition, the activated p38 MAPK levels were dramatically increased
in the core area in response to cerebral ischemia compared to those in the sham-treated
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group, while the PCE-treated tMCAO group had markedly reduced levels of activated
p38; these levels were decreased by about 80% and 40% compared to the vehicle-treated
tMCAO group on days 1 and 3 post-stroke, respectively (Figure 7b–f). These results also
support the negative correlation of Ngb levels and activated p38 after stroke in the core
area on days 1 and 3 post-stroke (Figure 7b,e).

Table 2. Neurological severity score (NSS) changes after PCE treatment in ischemic stroke mouse
model. Evaluation of neurological deficits using four test parameters 1 day after ischemic stroke.
The scores of the mice are marked according to the scales used. Values are mean ± SEM. ** p < 0.01,
* p < 0.05, compared with the vehicle-treated tMCAO group, determined by Student’s t-test.

Group Number Zea-longa Mean ± SEM

0 1 2 3 4
Sham 12 12 0 0 0 0 0

tMCAO-Veh 5 1 0 4 0 0 1.6 ± 0.40
tMCAO-PCE 7 2 1 4 0 0 1.3 ± 0.36

Group Number Forelimb Mean ± SEM

0 1 2 3 4
Sham 12 12 0 0 0 0 0

tMCAO-Veh 5 0 1 3 1 0 2.0 ± 0.32
tMCAO-PCE 5 0 5 0 0 0 1 *

Group Number Circling Mean ± SEM

0 1 2 3 4
Sham 12 12 0 0 0 0 0

tMCAO-Veh 4 1 0 3 0 0 1.5 ± 0.50
tMCAO-PCE 6 4 2 0 0 0 0.3 ± 0.21 *

Group Number Prehensile traction Mean ± SEM

0 1 2 3 4
Sham 12 12 0 0 0 0 0

tMCAO-Veh 5 0 2 3 0 0 1.6 ± 0.24
tMCAO-PCE 7 5 2 0 0 0 0.3 ± 0.18 **

To estimate the PCE-induced changes in Ngb levels in neurons in the ischemic area,
we co-stained the samples for NeuN, a neuronal marker (Figure 8). It was observed that
damaged neurons in the ischemic area had strong p38 activation and also showed relatively
low levels of Ngb. In contrast, PCE treatment of the mice reduced activated p38 and
upregulated Ngb in neurons in the ischemic area.

To investigate whether the neuroprotective effect of PCE was associated with increased
antiapoptotic activity, the expression of cleaved caspase-3 (cCasp3) was also examined
as a signal for increased apoptosis due to oxidative stress. Caspase-3 is rapidly activated
during acute cerebral ischemia, and it generally contributes to cell death in both the core
and penumbra areas after ischemia induction [38]. In the tMCAO group, cCasp3 expression
increased 5-fold and 2-fold on days 1 and 3 post-stroke, respectively, when compared to
the sham-treated group. By comparison, the PCE-treated group had decreased cCasp3
expression in both their core and penumbra areas (Figure 9a). In this analysis, the expression
levels of cCasp3 on day 3 post-stroke induction were still high in the vehicle-treated group,
but significant reductions were retained by the PCE treatment until day 3 post-stroke
(Figure 9b). In order to confirm the role of PCE in antiapoptotic activity in vitro, N2a
cells were stained with cCasp3 after 4 h OGD and 24 h reoxygenation (Figure 9c). After
OGD/R insult, cCasp3 expression significantly increased by about 1.5-fold compared with
the normoxia group. However, increased cCasp3 expression was decreased by about
20% when OGD/R-exposed N2a cells were treated with PCE (10−5 g/mL). These findings
suggest that the effects of PCE on increasing Ngb levels and attenuating activated p38 levels
are also associated with the antiapoptotic benefits of PCE in response to oxidative stress.
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Figure 6. Post-treatment PCE diminishes infarct volume in ischemic stroke mouse model brain.
(a) Representative 2,3,5-triphenyltetrazolium chloride (TTC)-stained sections of mouse brain 2 days
post-stroke. Graph shows quantification of infarct volume. (b) Plots of four neurological subset test
scores 3 h after perfusion. Post-treatment with PCE reduced the infarct volume by approximately 27%
compared with the vehicle group and improved the neurological outcomes (Veh, n = 7; 50 mg/kg,
n = 5; 100 mg/kg, n = 6). Values are mean ± SEM.

3.7. PCE Promotes Survival-Associated Signals in tMCAO Brain

Ischemic injury produces oxidative stress, which then suppresses the expression of
survival genes and induces the expression of genes related to cell death [39]. Therefore, we
examined the expression of certain molecules associated with oxidative stress in vivo and
analyzed whether activation of oxidative-related signaling is obviated in the PCE group.
The protein expression levels of prosurvival/antiapoptotic molecules, p-AKT and Bcl-2,
in the core region of the post-stroke brain were then seen to be higher in the PCE-treated
group than in the vehicle-treated group after tMCAO (Figure 10). Next, we examined
changes in the protein expression level of Ngb and oxidative stress-related molecules in the
ischemic core and penumbra areas. The expression levels of Ngb were decreased, and those
of activated p38 and cleaved Casp3 were elevated in the vehicle-treated tMCAO group,
with the changes blunted in the PCE-treated tMCAO group, particularly in the penumbra
area. These results indicate that in the infarct areas, there are decreases in levels of survival-
related molecules and Ngb expression, but PCE treatment of the mice upregulates both the
prosurvival signals and Ngb levels in the core and penumbra areas.
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Figure 7. Immunofluorescence staining indicates changes in Ngb and activated p38 levels in the 

ischemic stroke brain. (a,d) Representative images of Nissl staining of the areas that were selected 

for quantifying Ngb and p-p38 in the ipsilateral brain area 1 day (a–c) and 3 days (d–f) post-stroke, 

respectively. Black solid line and yellow-labeled boxes (1 × 1 mm2 square field) outline the core and 

penumbra (C and P) infarct regions. (b,c,e,f) Representative images and quantification of Ngb 

(green) and p-p38 (red) staining in the ipsilateral area post-tMCAO in mice. Treatment with PCE 

resulted in significant increases in Ngb and decreases in activated p38 in comparison with the vehi-
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Figure 7. Immunofluorescence staining indicates changes in Ngb and activated p38 levels in the
ischemic stroke brain. (a,d) Representative images of Nissl staining of the areas that were selected
for quantifying Ngb and p-p38 in the ipsilateral brain area 1 day (a–c) and 3 days (d–f) post-stroke,
respectively. Black solid line and yellow-labeled boxes (1 × 1 mm2 square field) outline the core and
penumbra (C and P) infarct regions. (b,c,e,f) Representative images and quantification of Ngb (green)
and p-p38 (red) staining in the ipsilateral area post-tMCAO in mice. Treatment with PCE resulted in
significant increases in Ngb and decreases in activated p38 in comparison with the vehicle-treated
tMCAO group. Data are presented as mean ± SEM. White scale bar = 20 µm. ***, ### p < 0.001,
** p < 0.01, *, # p < 0.05. Statistical significance was determined using one-way ANOVA, followed by
Tukey’s multiple comparisons test (1 day post-stroke, n = 5; 3 days post-stroke, n = 4).
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(a) 

Figure 8. PCE treatment increases Ngb levels in neurons in the ischemic area. Representative
immunofluorescence images and quantification of colocalization with Ngb (red) and NeuN (green)
staining in the ipsilateral area. Immunofluorescence images of activated p38 (white) are also shown
as a reference. The numbers of Ngb-expressing neurons decreased after ischemic stroke. PCE
treatment exhibited increased numbers of Ngb-expressing neurons. Colocalization of Ngb and
neurons is indicated by white arrows. Data are presented as mean ± SEM. White scale bar = 20 µm.
* p < 0.05. Statistical significance was determined using one-way ANOVA, followed by Tukey’s
multiple comparison test (n = 4).
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Bcl-2, in the core region of the post-stroke brain were then seen to be higher in the PCE-

Figure 9. Immunofluorescence staining indicates changes in cleaved caspase-3 (cCasp3) levels in
PCE-treated tMCAO samples. (a,b) Representative images and quantification of cCasp3 (green)
staining in the core and penumbra 1 day (a) and 3 days (b) after stroke induction, respectively. After
ischemic stroke, the vehicle-treated tMCAO group showed increased cCasp3 levels compared with
the sham-operated group; cCasp3 levels were markedly decreased by the PCE treatment in both the
core and penumbra areas. In particular, 3 days post-stroke, the levels of cCasp3 increased compared
to those on day 1, and the significant decreases due to PCE treatment were retained until 3 days
post-stroke. (c) The expression of cCasp3 in N2a cells exposed to OGD/R insult. cCasp3 expression
increased in vehicle treatment, while PCE treatment (10−5 g/mL) decreased cCasp3 expression in
N2a cells exposed to OGD/R insult. Data are presented as mean ± SEM. White scale bar = 20 µm.
**, ## p < 0.01, *, # p < 0.05. Statistical significance was determined by Tukey’s multiple comparison
test following one-way analysis of variance (Sham and tMCAO, n = 5; tMCAO-PCE, n = 4; N2a cells,
n = 2).

In order to detail the neuroprotective effects of PCE as an activator of Ngb, we mea-
sured the signaling pathway changes related to oxidative stress after cerebral ischemia. It
has been reported that p38 mitogen-activated protein kinase (MAPK) is activated by oxida-
tive stress and that it is linked to the activation of caspase-3-mediated apoptosis [36]. We
evaluated the effect of PCE on Ngb expression levels as well as the activation of p38 in the
core and penumbra areas on days 1 and 3 post-stroke (Figure 7). Prior to immunostaining
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of the brain samples, the infarct area was identified in the core and penumbra areas by Nissl
staining of the brain sections (Figure 7a,d). The results indicate that the tMCAO group had
decreased levels of Ngb expression in the core area compared to the sham-operated group
(Figure 7b,c). However, PCE treatment of the mice significantly increased Ngb expres-
sion by about 2-fold compared with the vehicle-treated tMCAO group, particularly in the
penumbra area. In addition, the activated p38 MAPK levels were dramatically increased
in the core area in response to cerebral ischemia compared to those in the sham-treated
group, while the PCE-treated tMCAO group had markedly reduced levels of activated p38;
these levels were decreased by about 80% and 40% compared to the vehicle-treated tMCAO
group on days 1 and 3 post-stroke, respectively (Figure 7b–f). These results also support
the negative correlation of Ngb levels and activated p38 in the core area after stroke on
days 1 and 3 post-stroke (Figure 7b,e).
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Figure 10. Changes are seen in the levels of prosurvival/apoptosis-associated molecules in the
ischemic area due to PCE treatment. Expressions of antiapoptotic molecules p-AKT and Bcl-2 in the
core region of ischemic stroke were higher in the PCE-treated tMCAO group than in the vehicle-
treated tMCAO group. In the core and penumbra of the tMCAO vehicle-treated group, the expression
of Ngb was decreased, and levels of activated p38 and cCasp3 were elevated; these effects were
mostly reversed by PCE treatment. The mean values in triplicate experiments are presented along
with SEM. Statistical significance was determined using the Holm–Sidak method (n = 4), ** p < 0.01,
* p < 0.05.

4. Discussion

Despite the increasing incidence of ischemic stroke in the general population [40],
the only FDA-approved and effective therapeutic approach post-stroke is to rescue the
potentially recoverable infarct area through reperfusion using tissue plasminogen activator
(tPA) [41]. In the current study, we propose PCE as a novel drug for treating ischemic
stroke. The present findings demonstrate that the flavonoid-rich PCE upregulates levels of
Ngb, an intracellular neuroprotective agent in oxidative stress, in OGD-exposed neurons
and in ischemic stroke-induced mice. To the best of our knowledge, this is the first study to
examine the effect of PCE on neuroprotection in a cerebral ischemia model.

We reported 18 compounds, including a novel compound, as constituents of PCE in a
previous study [25]. A few studies have shown that flavonoid components upregulate Ngb
promoter activity and its mRNA expression [26,42]. Therefore, we investigated whether
PCE, as it contains abundant levels of flavonoids, would upregulate Ngb levels and act
as a neuroprotectant from oxidative stress. Our results demonstrate that PCE and PCCs
increased Ngb promoter activities as well as the mRNA levels and protein levels of Ngb.
The upregulation of Ngb is thought to be brought about by the bioactive constituents of
PCE, such as isoflavonoids and flavonoids. Among the 18 compounds referred to above in
PCE, genistein, prunetinoside, prunetin, sakuranetin, prunin, leucoside, and gentisic acid
5-O-β-D-(6′-O-trans-4-coumaroyl)-glucopyranoside notably upregulated Ngb expression
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in the treated neuronal cells. It has also been reported that flavonoids such as formononetin,
genistein, and daidzein increase Ngb promoter activity in both mouse and human neuronal
cells [26]; thus, our findings also support the premise that natural extracts containing
abundant levels of flavonoids and isoflavonoids exert their neuroprotective effects by
increasing Ngb expression in target cells.

The present work assessed the neuroprotective properties of Ngb-mediated PCE
toward ischemic injury in the tMCAO mouse model. In this study, ischemia-induced injury
was documented and quantified by the extent of neurological deficits and infarct volume
changes throughout the acute phase, and the PCE-treated tMCAO group was shown to
have significantly improved damage resistance to the four types of neurological deficits and
infarct volume changes. These results are consistent with previous findings that flavonoid-
rich extracts and their flavonoid components promote the recovery of neurological function by
lessening post-stroke neurological deficits and reducing infarct volume increases [43–47]. Our
data point to neurobehavioral and cerebral infarction improvements along with increased
levels of Ngb in the PCE-administered group. These findings in our cerebral ischemia
model suggest that the neuroprotective properties of PCE may be due to the upregulation
of Ngb levels by the flavonoids and isoflavonoids derived from PCE in the affected areas.

Ngb is well-characterized as a neuroprotectant that scavenges ROS against oxidative
damage and protects neurons from apoptosis [11–13]. We expected that PCE, as an Ngb
activator, would also have antioxidative and antiapoptotic properties. To demonstrate this,
first, the antioxidant activity of PCE on intracellular levels of ROS levels was evaluated
by oxidized DCFDA in vitro and in vivo. From oxidized DCFDA measurements, the
application of PCE demonstrated consistent results for intracellular ROS inhibition in both
primary cortical neurons and the ischemia-injured brain.

To further evaluate the potential role of PCE in the antioxidant enzyme system, the
GSH and CAT activities and SOD and NOX2 expression were measured in vitro and in vivo,
respectively. The results indicate that the activities of CAT decreased in the presence of
oxidative damage in N2a cells, but its activities increased with PCE treatment compared
with those in the vehicle treatment. In the ischemic brain, we found that the expression
of SOD in the PCE-treated tMCAO group was 1.5-fold higher than in the vehicle-treated
tMCAO group. As a result of confirming NOX2 expression through gp91phox, the ex-
pression of NOX2 was increased in the ischemic area, whereas PCE treatment abolished
NOX2 expression compared to the vehicle-treated tMCAO group. Taken together, our
findings show that the antioxidant properties of PCE are also associated with increased
SOD and CAT and decreased NOX2, suggesting that the antioxidant properties of PCE are
manifested through the upregulation of the antioxidant enzyme system as well as Ngb.

Some experimental studies have reported that flavonoid-rich extracts exhibit an-
tioxidant properties by inhibiting free radical production in oxidative stress-induced
cells [48] and mitigating I/R-induced brain damage in rats [49]. It has also been shown
that isoflavonoid-rich extracts exhibit potent antioxidant activity by scavenging ROS [50].
These previous studies agree with our observations, but further research is required to
differentiate whether the antioxidant activity of PCE is due to the unique components of
PCE or due to upregulated Ngb by PCE as a general source of isoflavonoids and flavonoids.

We next analyzed the effects of PCE application on oxidative signal changes using
the activated p38 MAPK marker in the mouse samples. p38 MAPK is phosphorylated on
both threonine 180 (Thr180) and tyrosine 182 (Tyr182) residues during oxidative stress [51],
and according to our data, ischemic brains showed an apparent increase in the levels of
activated p38 throughout the acute stroke phase in the core area after tMCAO, while PCE-
treated mice had suppressed levels of activated p38 in both the core and penumbra areas.
In addition to being a marker for enhanced ROS production, activated p38 is associated
with increased apoptosis; thus, the changes in activated p38 levels presumably also point
to PCE treatment exerting an antiapoptotic effect on the target tissues.

Antiapoptotic activity has also been documented as being an additional function of
increased Ngb levels [12]. In our system, in the core area after ischemic stroke, there was a
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negative correlation between changes in the expression of Ngb and levels of activated p38.
In the samples analyzed, the levels of Ngb decreased in the core area, whereas those of p38
activation were increased. In comparison, PCE-treated mice had upregulated Ngb levels
with a reduction in the levels of activated p38 in both the core and penumbra areas. For
the apoptosis-related protein caspase-3, it was observed that PCE treatment suppressed
its activation. The role of PCE in the reduction in cCasp3 was also confirmed in N2a cells
exposed to oxidative damage, suggesting that the antiapoptotic activity of PCE is consistent
both in vitro and in vivo. This observation supports the premise that the reduction in
the levels of activated p38 points to the potent antiapoptotic action of PCE treatment in
cerebral ischemia.

We also examined changes in the levels of survival-associated signals in the ischemic
area. It has been reported that Ngb suppresses apoptosis by activating the PI3K/AKT
pathway [52]. In our data, p-AKT expression, as a survival signal, appeared to increase
together with increased Ngb expression upon PCE treatment. There was also rescue of
prosurvival Bcl-2 levels in the PCE-treated group, as Bcl-2 levels decreased in the penumbra
following cerebral ischemic stroke induction. The changes seen in these markers for
apoptosis and survival support an antiapoptotic role for PCE treatment in the ischemic
stroke mouse model.

According to our results, PC extract exhibits impressive antioxidative activity as an
Ngb activator. However, further mechanistic studies will be necessary regarding the ef-
ficacy of PCE and its components. For instance, an analysis is required on whether the
PCE induction of Ngb directly suppresses ROS production. In addition, a comparative
analysis of the effectiveness of the extract (PCE) and compounds (PCCs) revealed that
PCE (10−7–10−5 g/mL) increased Ngb expression and alleviated neurotoxicity. At a con-
centration of 10−6 M, active purified compounds such as prunetin, prunin, genistein, and
gentisic acid 5-O-β-D-(6′-O-trans-4-coumaroyl)-glucopyranoside also increased Ngb ex-
pression and alleviated neurotoxicity. These in vitro comparisons indicate that the potency
of PCE is as effective as that of purified compounds. To evaluate the in vivo effectiveness
of PCE compared to PCCs, we are now examining the protective effects of prunetin and
5-O-β-D-(6′-O-trans-4-coumaroyl)-glucopyranoside in a mouse stroke model. Our efforts
will provide the individual contributions of PCE-derived PCCs regarding the effectiveness
and mechanism in cerebral ischemic stroke. Furthermore, a recent study demonstrated
that a suboptimally active p38, defined by phosphorylation only on its Thr180, induces
survival [53]. As such, there may be differential regulation of various phosphorylated p38
forms in the affected ischemic regions that need to be defined for the PCE mechanism of
action. As PCE was discovered to act as a phytoestrogen in our previous study, the data
in the present study were mainly obtained using female mice in an in vivo study. In a
female stroke model, PCE significantly improved ischemic damage. On the other hand,
PCE also improved cytotoxicity in mixed-sex primary neuron cultures, which confirmed
the beneficial effects of PCE in both females and males. Our ongoing study showed that
PCE also improved ischemic damage in the male stroke model. For further studies on
sex-related mechanisms, it is also necessary to investigate the effect of PCE in separate-sex
primary neuron culture [54]. A study on the proper dosing of PCE for optimal therapeutic
efficacy in ischemic stroke is also required. Finally, these promising protective properties of
PCE may need to be tested for additional cerebrovascular disease applications.

5. Conclusions

PCE was found to upregulate Ngb levels and to possess neuroprotective properties
in a model of cerebral ischemia, as it suppressed stroke-induced ROS production and
apoptosis. As a potent Ngb activator, our study suggests that PCE may be considered for
therapeutic applications for cases that would benefit from increased Ngb levels, such as
alleviating the functional damage from cerebral ischemia.
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