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Abstract

Objective: The therapeutic efficacy of apigenin in PC12 cells and rats remains uncertain. The aim
of this study was to investigate the neuroprotective effects of apigenin against cerebral ischemia/
reperfusion injury, both in vitro and in vivo.

Methods: We first treated PCI2 cells with cobalt chloride (CoCl,) to create a model of oxi-
dative stress injury. Cell viability was then determined using a multifunctional microplate reader.
In addition, reactive oxygen species (ROS) levels, apoptosis, and mitochondrial membrane poten-
tials (MMPs) were examined using high-content cytometer analysis. The efficacy of apigenin
treatment was also analyzed in a rat middle cerebral artery occlusion (MCAQO) model using
TTC staining and neurological deficit scores.

Results: The half-inhibitory concentration of CoCl, was 1.2 mM. Pretreatment with [0
ug-mL~" apigenin significantly enhanced cell viability, reduced ROS levels, alleviated apoptosis,
and improved MMP in PCI2 cells with CoCl,-induced injury in vitro. In addition, apigenin treat-
ment in vivo significantly improved neurological deficit scores and reduced infarct areas in MCAO
rats. These results suggest that the neuroprotective mechanisms of apigenin may be related to
mitochondrial activation.

Conclusions: Apigenin had excellent neuroprotective effects for the treatment of cerebral
ischemia/reperfusion injury in vitro and in vivo.

'Institute of Innovation and Applied Research in Chinese *These authors contributed equally to this work.
Medicine, Training Base of Province-Ministry Joint State Corresponding author:

Key Laboratory of Chinese Medicinal Powder and Yuhong Wang, Institute of Innovation and Applied
Innovative Medicinals, Hunan University of Chinese Research in Chinese Medicine, Training Base of Province-
Medicine, Changsha, Hunan, PR China Ministry Joint State Key Laboratory of Chinese Medicinal
2The Second Affiliated Hospital, Hunan University of Powder and Innovative Medicinals, Hunan University of
Chinese Medicine, Changsha, Hunan, PR China Chinese Medicine, 300 Xueshi Road, Yuelu District,
3School of Pharmacy, Hunan University of Chinese Changsha, Hunan 410208, PR China.

Medicine, Changsha, Hunan, PR China Email: wyh107@126.com

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative

G Commons Attribution-NonCommercial 4.0 License (http://www.creativecommons.org/licenses/by-nc/4.0/) which
permits non-commercial use, reproduction and distribution of the work without further permission provided the original work is
attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://orcid.org/0000-0002-1411-2201
https://orcid.org/0000-0003-4221-574X
mailto:wyh107@126.com
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/0300060520945859
journals.sagepub.com/home/imr

Journal of International Medical Research 0(0)

Keywords

Cerebral ischemia/reperfusion, neuropharmacology, apigenin, flavonoids, PC12 cell model, oxi-
dative stress, mitochondria, middle cerebral artery occlusion rat model

Date received: 27 April 2020; accepted: 8 July 2020

Introduction

Ischemia stroke (IS, also known as cerebral
ischemia/reperfusion) makes up more than
80% of all stroke, and is a primary cause of
human disability and death.! Mechanisms
of IS injury include energy metabolism dis-
order, glutamate excitotoxicity, oxidative
stress, apoptosis, ion balance disorder, and
inflammation, because of the blocked blood
supply.” Oxidative stress, which occurs
because of an imbalance between antioxi-
dants and pro-oxidants, plays a major role
in IS events. Neuronal cells are highly sen-
sitive to injuries induced by oxidative
stress,> which can result from the suppres-
sion of mitochondrial metabolic function.
The main manifestation of oxidative stress
is the production of free radicals.*
Increasing evidence has revealed that apo-
ptosis, changes in mitochondrial membrane
potential (MMP), and oxidative stress are
related to IS, and are connected by the
mitochondrial pathway.>

Reactive oxygen species (ROS) are the
main products of cellular processes, and in
PDI12 cells they are primarily generated in
the mitochondria.”® Approximately 2% of
mitochondrial oxygen consumption is used
to generate ROS.” ROS have been reported
to serve a critical role in the release of proa-
poptotic proteins and cytochrome c, which
induces apoptosis in neuronal cells."”
Furthermore, ROS accumulation during
hypoxia-induced lipid peroxidation results
in altered brain functions.'' It has been
reported that cobalt chloride (CoCl,)-
induced hypoxia causes oxidative stress by

lowering the activities of antioxidative
enzymes.'> Therefore, the inhibition of
ROS-induced oxidative stress is considered
a promising therapeutic strategy for the
treatment of IS."?

Thrombolytic agents have been adopted
for the clinical treatment of IS, and work by
converting inactive plasminogen to plasmin,
thus improving cerebral blood flow.
Nevertheless, their efficacy is limited
because of their narrow therapeutic time
window and a number of side effects.'*
Hence, the development of novel, effective
monomer compounds for the treatment of
IS are urgently needed. Apigenin (chemical
name: 4°,5,7-trihydroxyflavone, PubChem
number: 329756029, molecular weight:
270.24) is found in many fruits, vegetables,
and herbs, such as oranges, onions, and
parsley.'® It is one of the main monomeric
flavonoids, can be extracted from celery, and
has strong antioxidant activity.'® Apigenin
has been reported to prevent UVB-induced
oxidative stress and DNA damage in adult
human dermal fibroblasts.'”'® Apigenin can
also ameliorate injury caused by cerebral
ischemia/reperfusion in the hearts and
brains of rats, and alleviates drug-induced
nephrotoxicity in human renal proximal
tubular epithelial cells in vitro.'>*° In addi-
tion, the treatment effects of flavonoids
on oxidative DNA damage have been
widely researched, and flavonoids have
been demonstrated to reduce damage by
eliminating ROS generation.”!

In the present study, we aimed to inves-
tigate the neuroprotective effects of



Ling et al.

apigenin on CoCl,-induced oxidative stress
injury and apoptosis in PC12 cells in vitro,
and to identify the therapeutic effects of
apigenin on cerebral ischemia/reperfusion
injury in rats. The results demonstrated
that apigenin has significant efficacy against
cerebral ischemia/reperfusion injury, both
in vitro and in vivo.

Materials and methods

Materials

Apigenin (purity >97%, batch number:
17011304) was purchased from Pufei
Biotechnology Co., Ltd. (Chengdu, China).
The CoCl, (batch number: 20180724), ROS
Kit  (2/,7-dichlorofluorescin  diacetate,
DCFH-DA), and MMP Kit were purchased
from Beyotime Biotechnology Co., Ltd.
(Shanghai, China). Annexin V-FITC and
propidium iodide (PI) were purchased from
BioVision Inc. (Milpitas, CA, USA). PCI12
cells were purchased from the Cell Bank at
Chinese Academy of Sciences (Shanghai,
China). The 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT, batch
number: 1015D0510), Dulbecco’s Modified
Eagle’s medium (DMEM), and fetal bovine
serum (FBS) were purchased from Sijiging
Biological Engineering Materials Co., Ltd.
(Hangzhou, China). All other materials
were sourced from the Hunan University of
Chinese Medicine. Adult male Sprague
Dawley rats (250-300 g) were purchased
from Hunan SJA Laboratory Animal Co.,
Ltd. (Changsha, China). The animal experi-
ment protocol was approved by the Animal
Experimentation Ethics Committee of
Hunan University of Chinese Medicine.

Cell cultures

The PC12 cell line is a rat adrenal pheo-
chromocytoma cell line provided by
ATCC (Manassas, VI, USA). After differ-
entiation, PC12 cells resemble neurons with

synapses and angular morphology.
Differentiated PC12 cells were grown on
polystyrene  tissue culture dishes in
DMEM containing 10% FBS at 37°C in a
humidified atmosphere containing 95% air/
5% CO,. The culture medium was
exchanged twice per week.?

Cytotoxicity of apigenin

To investigate the toxicity of apigenin in
PCI12 cells, an MTT assay was carried out
according to the manufacturer’s protocol.

Apigenin was dissolved in dimethyl sulf-
oxide (DMSO) and diluted to the final con-
centration in phosphate-buffered saline
(PBS). The final proportion of DMSO was
no more than 1%. The PCI12 cells were
treated with apigenin (0, 1, 10, 100, 200,
300, 400, 500, 600, 700, 800, 900, and
1,000 pg - mL ") for 24 hours. After the incu-
bation, MTT (2mg-mL™") solution was
added and co-incubated for 4 hours. Next,
the supernatant solution was suctioned off
and 150 pL of DMSO was added to each
well to produce formazan dissolution. The
absorbance (optical density [OD] value) of
cells was detected at 570 nm. Cell viability
was calculated using the following equation:
cell viability (%) =mean ODcyperimental group/
mean ODconirol group X 100%.

Cell injury model and treatment

The cell injury model was established by
adding CoCl, to PCI2 cells.”® Briefly,
CoCl, was dissolved in distilled H,O (10
mM), and was freshly prepared immediate-
ly before use. Next, stock solutions were
diluted to the final concentrations in
DMEM (without FBS). Logarithmically
growing PC12 cells were seeded at a density
of 3 x10* cells/mL. After adherence, the
CoCl, solution at different concentrations
(0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0,
and 3.0 mM) was added directly to the
cells and incubated for 24 hours. A culture
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of untreated PC12 cells was also maintained
in DMEM for the same duration, under
normoxic conditions. Thus, the half inhibi-
tory concentration (ICsy) of CoCl, in PCI12
cells was obtained.

For the apigenin experiments, cells incu-
bated with 1.2 mM CoCl, for 24 hours
served as the control group, while the
untreated cells served as the normal
group. To detect the most effective concen-
tration of apigenin, the PC12 cells were pre-
treated with various concentrations of
apigenin (1, 5, 10, 20, 40, 60, 80, 100, and
200pg-mL™") for 1 hour before being
treated with 1.2 mM CoCl, for 24 hours.
Cell viability was determined by MTT
assay, and the follow-up steps were the
same as in the cytotoxicity of apigenin
experiments.

Cell viability

The MTT assay was used to determine cel-
lular mitochondrial dehydrogenase activity,
reflecting cell viability. PCI12 cells were
plated in 96-well plates and treated as
described in the cytotoxicity of apigenin
methods. Cell viability was determined by
conventional MTT reduction assay. The
dark blue formazan solids that formed in
intact cells were solubilized with DMSO.
The OD values were measured using a
microplate reader (BioTek Instruments,
Inc., Winooski, VT, USA) at 570 nm.

Determination of ROS levels

Intercellular ROS levels were measured
using a ROS Assay Kit according to the
manufacturer’s protocol. In brief, the
dichlorodihydrofluorescein diacetate
(DCFH-DA; 10 mM) supplied in the kit
was diluted to 10 uM in serum-free
medium. Subsequently, PCI12 cells were
pretreated with apigenin (10 pg-mL™") for
1 hour at a density of 3 x 10?/96-well. Next,
1.2 mM CoCl, solution was added and

co-incubated for 24 hours. The supernatant
was then replaced with serum-free medium.
The DCFH-DA solution (10puM) was
added to the cells for 30 minutes at 37°C,
and they were then resuspended with PBS
(0.1 mM) after washing twice with the indi-
cated inducers. Fluorescence intensity was
detected using a high-content cytometer
(PerkinElmer, Shanghai, China) to deter-
mine ROS levels.

Cell apoptosis

The annexin V-FITC/PI assay was per-
formed to analyze cell apoptosis. PCI2
cells  were treated with  apigenin
(10pg-mL~") and 1.2 mM CoCl, solution
for 24 hours, as described in the previous
paragraph. Next, PC12 cells were washed
with PBS and resuspended in binding
buffer (500puL) before being incubated
with annexin V-FITC (5 pL) and PI
(10uL) for 15 minutes in the dark. After
washing twice with PBS, 100 uL PBS was
added to each well. Cell apoptosis was ana-
lyzed using a high-content cytometer at 488
nm and 525 nm. In this assay, annexin
V-FITC represents early apoptosis, while
PI represents late apoptosis.

Detection of MMP

To evaluate mitochondrial function, mito-
chondrial transmembrane potential was
evaluated according to the manufacturer’s
instructions. The MMP was measured using
a specific cyanine dye, JC-1. Briefly, JC-1
was diluted in JC-1 buffer at a ratio of
1:4. PC12 cells were then treated with api-
genin (10 pg-mL™") and 1.2 mM CoCl,
solution for 24 hours, as outlined in the sec-
tion describing the determination of ROS
levels. Cells were then resuspended in 500
pL incubation buffer containing JC-1 at
37°C for 20 minutes, washed twice with
PBS, and resuspended in 1x incubation
buffer. Adherent cells were detected and
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the fluorescence intensity was quantified
using a high-content cytometer at 514 nm.

Establishment of the middle cerebral
artery occlusion (MCAO) model in rats

To investigate the neuroprotective effects of
apigenin in vivo, an MCAO model was
established. In brief, the rats (250-300 g)
were anesthetized with 10% chloral hydrate
(approximately 1.2mL) administered by
intraperitoneal ~ (i.p.)  injection.  The
common carotid artery (CCA) was separat-
ed from the adjacent muscles and nerves to
expose the external carotid artery (ECA).
The CCA and ECA were then ligated, and
the internal carotid artery (ICA) was
clamped and a small opening was cut on
one side using ophthalmic scissors.”* A
poly-L-lysine-coated monofilament nylon
thread was inserted into the ICA at a
depth of approximately 17 to 18 mm.
Next, the nylon thread was slowly with-
drawn about 1 mm, until it encountered
resistance, and the nylon thread was fixed.
After 1.5 hours, the whole monofilament
nylon thread was slowly withdrawn to
allow reperfusion.?® Finally, 1 mL of saline
was administered via i.p. injection.

Triphenyltetrazolium chloride (TTC)
staining

The rats were randomly divided into the
following groups: sham group, control
group (MCAO), and apigenin group
(MCAO +apigenin). The sham group
received the same surgery as the other
rats, except nylon monofilaments were not
inserted. At 2 hours post-reperfusion, the
rats were administrated either saline or api-
genin. For the control and sham groups,
I mL saline was administered. For the api-
genin group, the dose of apigenin was
25mg-kg~', which was dissolved in distilled
water and administered by i.p. injection
(ImL) once every 24 hours for 7 days.

Neurological deficit scores were evaluated
in the rats.”> The scores were assessed as
follows: 0, no motor disability (normal); 1,
limb weakness and limbs cannot fully
extend (mild); 2, circling to one side (mod-
erate); 3, leaning to one side (severe); and 4,
unconscious or unable to ambulate sponta-
neously (critical).

After 24 hours, the hearts of the rats
were perfused with saline. Their brains
were immediately sliced into sections of 2
mm thickness. Brain sections were stained
with 1% TTC solution for 20 minutes at
37°C, and were then fixed with 4% parafor-
maldehyde buffer for 10 minutes at room
temperature.”> The total infarction area
was displayed using ImageJ software and
the infarction rate was calculated using
the following formula: white area/whole
brain area x 100%,>® where the white
parts of the brain represented the infarct
area and the red parts of the brain were
normal.

Statistical analysis

The results were analyzed using GraphPad
software (GraphPad Software Inc., La
Jolla, CA, USA). Statistical differences
were evaluated using a f-test for the com-
parison of two groups and a one-way anal-
ysis of variance for multiple-group
comparisons. Data are expressed as the
mean + standard deviation (SD), and
P <0.05 was taken to indicate a significant
difference.

Results

Effects of CoCl, concentrations on
PC12 cell viability and morphology

PC12 cell wviability decreased in a
concentration-dependent ~ manner  with
increasing concentrations of CoCl, for 24
hours (Figure 1a). The results from the
MTT assay demonstrated that the ICsy of
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Figure 1. Viability of PCI2 cells treated with different concentrations (0.1, 0.2, 0.4, 0.6, 0.8, I, 1.2, 1.5, 2,
and 3 mM) of CoCl, for 24 hours. Cell viability was assessed using the MTT assay. Data are expressed as
mean £ SD. **P < 0.0] vs. 0 mM concentration of CoCl, (n=#6). (a) PC12 cells were treated with 1.2 mM
CoCl, for 24 hours (200x magnification) (b) Blank PCI2 cell group. (c) 1.2 mM CoCl, group.

CoCl, for PC12 cells was 1.2 mM. That is,
the viability of PC12 cells was close to 50%
(47.34+5.04%) when the concentration of
CoCl, was set as 1.2 mM; thus, this concen-
tration was adopted for the following studies.

To further characterize the effects of
CoCl, on PCI12 cells, morphological
changes were observed in differentiated
cells under an optical microscope (bright
field). The morphology of normal PCI12
cells and CoCl,-treated PCI12 cells con-
trasted sharply (Figure 1b,c). Normal cells
had round cell bodies with fine dendritic
networks similar to those of neurons,
whereas CoCl,-treated cells were small
and proliferated to form cell clusters with-
out neuronal characteristics. We observed
pyknosis and a loss of angular morphology

in the PCI2 cells treated with 1.2 mM
CoCl, for 24 hours. Thus, CoCl, treatment
decreased PC12 cell proliferation and sig-
nificantly influenced the survival of PC12
cells via CoCly-induced injury. Together,
these results suggest that CoCl, can be
used to simulate free radical oxidative
damage in vitro.

Apigenin increased cell viability in PCI2
cells with CoCly-induced injury

To investigate the optimal effective concen-
tration of apigenin, we first determined the
range of non-toxic concentrations of apige-
nin in PCI12 cells. The MTT results showed
that, when the concentration of apigenin
was below 200 pg - mL ™", PC12 cell viability
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Figure 2. Effects of apigenin on PCI2 cell viability. (a) PCI12 cells were treated with different concentra-
tions of apigenin (0, I, 10, 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 pg/mL) for 24 hours to

investigate its effects on cell viability. (b) The viability of PCI12 cells pretreated with various concentrations of
apigenin (I, 5, 10, 20, 40, 60, 80, 100, 200 pg/mL) for | hour before injury was induced by CoCl,. Data are
expressed as the mean £SD (n=6), *P < 0.0l vs. 0 pg/mL concentration of apigenin.

was higher than 90% and was not signifi-
cantly different from that of untreated
PC12 cells (Figure 2a). This result indicates
that apigenin is not cytotoxic below 200 pg/
mL in these cells. Therefore, we used an
apigenin concentration range of 0 to
200 pg/mL for further experiments.

Before PC12 cells were treated with
CoCl,, they were pretreated with apigenin
at a series of concentrations (1, 5, 10, 20, 40,
60, 80, 100, and 200 pg/mL) for 1 hour. As
shown in Figure 2b, the viability of PC12
cells was enhanced to 73.78£3.35%
(P<0.01) with an apigenin concentration
of 10 ug/mL, and there was a statistically
significant  difference in cell viability
between the control group and the 10 ug/
mL apigenin group. Furthermore, cell via-
bility in the 10 pg/mL apigenin group was
significantly higher than with other concen-
trations. Based on these findings, an apige-
nin concentration of 10 pg/mL was used in
all subsequent experiments. Moreover,
these results demonstrated that apigenin
has neuroprotective effects against neuronal
cell injury.

Apigenin reduced CoCly-induced
intracellular ROS levels in PCI 2 cells

Mitochondria are considered to be the main
site. of ROS production, and increased
intracellular ROS levels reflect mitochon-
drial dysfunction. Thus, we further evaluat-
ed the effects of apigenin on CoCl,-induced
ROS generation using DCFH-DA, which
freely crosses the cell membrane. The
mean fluorescence intensity of this marker
represents ROS accumulation. The mean
(£SD) fluorescence intensities in the
untreated (normal group) and CoCl,-
treated (control group) cells were 9.0 (£
1.3) and 52.1 (£2.1), respectively (Figure
3a,b). The green fluorescence of the control
group was markedly stronger than that of
the normal group. Compared with the con-
trol group, the green fluorescence intensity
was weaker in the apigenin group (mean £+
SD, 17.0£2.6) (Figure 3c). Thus, CoCl,
treatment in PC12 cells significantly elevat-
ed intracellular ROS levels (P <0.01,
Figure 3d) compared with untreated cells.
Compared with the control group, pre-
treatment  with  10pug/mL  apigenin
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Figure 3. Protective effects of apigenin on CoCl,-induced intracellular reactive oxygen species (ROS)
accumulation. Intracellular ROS levels were determined based on dichlorofluorescin (DCF) fluorescence, as
described in the materials and methods section. Representative images from the untreated (normal) group
(@), 1.2 mM CoCl, (control) group (b), and 10 pg/mL apigenin pretreatment+ |.2 mM CoCl, (apigenin)
group (c). (d) The bar chart shows the quantitative analysis of the median fluorescence intensity. CoCl, is
commonly used to identify and test ROS inducers, and to induce ROS. Data are expressed as the mean + SD

(n=3), *P < 0.01.

significantly decreased CoCl,-induced ROS
production (P <0.01).

Apigenin protected PC| 2 cells against
CoCly-induced apoptosis

The annexin V-FITC/PI assay was per-
formed to evaluate the effects of apigenin
on CoCly-induced cell apoptosis. The
annexin V-FITC probe was used to detect
the early apoptosis of PCI2 cells (green
fluorescence), while PI was used to detect
the late apoptosis of PC12 cells (red fluores-
cence). The median fluorescence intensity of
cells incubated with CoCl, (control group)
was markedly stronger than that of

untreated cells (normal group), and pre-
treatment with apigenin reduced the
median fluorescence intensity (Figure 4).
Quantitative analysis revealed that the con-
trol group had a significantly higher apo-
ptosis rate compared with the normal
group (83.3% +3.4% vs. 6.8% +1.7%,
respectively, P <0.01). Apigenin pretreat-
ment significantly lowered the apoptosis
rate (35.8% +3.1%) compared with the
control group (P <0.01). Under the same
conditions, the rates of viable cells
showed equivalent trends. Together,
these results indicate that apigenin treat-
ment suppresses CoCl,-induced apoptosis
in PC12 cells.
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Figure 4. Apigenin decreased apoptosis and increased the number of live cells in CoCl,-treated PCI2 cells.
To analyze the role of apigenin in PCI2 cells, cells were exposed to phosphate-buffered saline (normal
group), 1.2 mM CoCl, (control group), or pretreatment with apigenin + 1.2 mM CoCl, (apigenin group).
The cells were then stained with annexin V-FITC/propidium iodide (Pl). The images are from a represen-
tative experiment. Data are expressed as the mean+SD (n=3), ** P <0.01.

Apigenin protected PCI2 cells against
CoCl;-induced MMP depolarization

When PC12 cells were exposed to CoCl,,
MMPs rapidly depolarized, as shown by
the reduced green fluorescence in the con-
trol group compared with the untreated
(normal) group (Figure Sa,b).
Pretreatment with apigenin increased the
MMPs, as indicated by the enhanced
green fluorescence (Figure 5c). Compared

with the normal group (334.5+49.3), the
control group had significantly less mean
fluorescence (57.2+10.7, P<0.01) in the
quantitative analysis. The mean fluores-
cence value in the group with apigenin pre-
treatment (226.6 +8.1) was significantly
higher than that of the control group
(P<0.01) (Figure 5d). Thus, these results
demonstrate a protective role of apigenin
pretreatment on CoCl,-induced MMP
reduction.
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Figure 5. Effects of apigenin on the mitochondrial membrane potential. High-content analysis images of JC-
| fluorescence (as an indicator of mitochondrial membrane potential) in PCI2 cells with no treatment
(normal group) (a), after 12 hours exposure to CoCl, alone (control group) (b), or after exposure to CoCl,
in combination with 10 ug/mL apigenin (apigenin group) (c). (d) The bar chart shows the quantitative analysis
of the green average fluorescence value. Data are expressed as the mean +SD (n=3), ** P<0.01.

Apigenin decreased the volume of
cerebral infarction in rats

The TTC-stained rat brain slices from the
different groups (n=6 per group) are
shown in Figure 6a. This figure shows that
the apigenin group had markedly smaller
infarct volumes compared with the control
group. The infarct area was then quantified
using ImageJ. The infarct volume percent-
age was significantly lower in the apigenin
group (MCAO rats with apigenin treat-
ment; approximately 28.34+2.6%) than in
the control group (MCAO rats without
any treatment; approximately 37.0 4+ 2.3%;
P <0.01) (Figure 6b). Figure 6¢ shows the
neurological deficit scores of the rats in each
group. The control group had significantly
higher scores compared with the sham

group, indicating that the model was suc-
cessful. Moreover, scores in the apigenin
group were significantly lower than in the
control group (P <0.05). Together, these
results suggest that apigenin has a strong
neuroprotective effect in vivo.

Discussion

Traditional Chinese medicine monomers
are widely used to prevent and treat IS
based on their reliable therapeutic effects
and low toxicities. One such monomer is
apigenin, which is found in vegetables,
fruit, and Chinese medicine, and is a type
of flavonoid. Apigenin has antioxidative,
antitumor, and antimicrobial activities;
offers cerebrovascular protection; and has
other biological activities. Previous studies
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Figure 6. Effects of apigenin on infarct volume and neurological functional outcome in rats (n=6). (a) The
white areas indicate infarcted brain tissue (TTC staining). (b) The percentages of cerebral infarction volume
were calculated as described in the materials and methods section. (c) Neurological deficit scores. *P < 0.05;

**P <0.0l.

have observed that apigenin can attenuate
doxorubicin-induced  cardiotoxicity by
reducing oxidative stress and apoptosis in
male rats.”’ Recently, our group reported
that apigenin has a potential neuroprotec-
tive role in PC12 cells.?®*?’ However, the
underlying mechanisms of the effects of api-
genin on CoCls-induced injury in PC12 cells
have not yet been elucidated. The present
study revealed that apigenin had neuropro-
tective effects against CoCl,-induced neuro-
nal oxidative stress and damage in PC12
cells. These effects mainly included
marked improvements in morphological
changes (such as cell shrinkage and con-
densed nuclei), cell viability, ROS levels,
apoptosis, and MMP.

CoCl,-treated PC12 cells are a common-
ly used model for investigating cerebral
ischemia/reperfusion injury in vitro.*® It is
also a common method for evaluating the
antioxidant efficiency or oxidative stress

susceptibility of cells that are susceptible
to oxidative injury.' CoCl, can induce neu-
ronal cell injury and lead to the generation
of intracellular ROS, apoptosis, changes in
MMP, and transcriptional changes in some
genes (e.g., genes encoding HIF-lo and
p53) and plasmid DNA.*>3* These substan-
ces accelerate PC12 cell death. It has been
reported that CoCl, can mimic oxidative
stress injury conditions at the cellular
level, including the production of ROS in
neuronal cells.*** PC12 cells are similar
to neuronal cells in morphology, structure,
and function, and have typical characteris-
tics of neuronal cells.*® Moreover, as a
model to study exocytosis for neurosecre-
tion, PCI12 cells have some advantages,
including  over  chromaffin  cells.’’
Therefore, we used CoCl,-induced PC12
cells to study cell viability, ROS levels, cell
apoptosis, and MMP. In the present study,
we thus established an in vitro model
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of CoCly-induced oxidative injury in
PC12 cells.

Mitochondria have previously been
described as the most important sensors of
oxidative stress.*® However, mitochondria
are also the major ROS-producing organ-
elles and the target of a number of
ROS-related diseases. ROS function as
messengers in multiple intracellular signal-
ing pathways and serve as mediators of oxi-
dative injury.® Previous studies suggest that
overexpression of protein deglycase DIJ-1
improves mitochondrial function via a
mechanism involving protein kinase B
phosphorylation on threonine 308.%°
Apoptotic signals initially lead to enhanced
mitochondrial permeability and a loss of
mitochondrial  transmembrane  poten-
tial.*>*! Alterations in MMP, cell apopto-
sis, increased ROS, mitochondria swelling,
and decreased superoxide dismutase are all
characteristics of mitochondrial dysfunc-
tion.** In the present study, we demonstrat-
ed that oxidative stress led to the inhibition
of cell apoptosis, the generation of ROS,
and the reduction of MMP via
mitochondrial-dependent pathways in vitro.

Recent studies have reported that apige-
nin protects the brain against cerebral ische-
mia/reperfusion injury via caveolin-1/
VEGF both in vitro and in vivo.”
Apigenin also has protective effects against
I-methyl-4-phenylpyridinium-induced neu-
rotoxicity in PC12 cells.”® Moreover, sever-
al investigations have suggested that
apigenin has antioxidative and anti-
apoptotic effects on the numbers of viable
and apoptotic blastomeres in mice.** The
results of the current study suggest that api-
genin alleviates CoCl,-induced oxidative
stress injury and apoptosis in PC12 cells
via mitochondrial pathways. Our findings
consistently demonstrated that apigenin
ameliorated CoCl,-induced ROS genera-
tion, apoptosis, and MMP reduction in
PC12 cells by inhibiting mitochondrial dys-
function. Thus, the present study provides

evidence for the possible neuroprotective
application of apigenin as an antioxidant
flavonoid.

Conclusion

Apigenin protected against CoCl,-induced
oxidative stress injury and apoptosis in
PC12 cells. The ICs, value of CoCl, in
PC12 cells was 1.2 mM, and the optimal
effective concentration of apigenin was
10 pg-mL~". This treatment concentration
resulted in reduced ROS generation, the
inhibition of cell apoptosis, increased num-
bers of live cells, and improved MMP in
PC12 cells with CoCl,-induced injury. We
also demonstrated that apigenin significant-
ly improved neurological deficit scores and
reduced the infarct area in rats. Together,
these results suggest that apigenin has great
potential as a clinical therapeutic drug and
might be useful for treating oxidative stress
injury in IS.
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