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Introduction

Neuronal injury, which is induced by cerebral ischemia/

Abstract

Aim: To evaluate the neuroprotective effect and mechanisms of scutellarin (Scu)
against PC12 cell injury after oxygen and glucose deprivation followed by
reperfusion (OGD-Rep). Methods: Undifferentiated rat pheochromocytoma PC12
cells, exposed to oxygen and glucose deprivation followed by reperfusion (OGD-
Rep), used as an in vitro model of ischemia/reperfusion. Cell survival was evalu-
ated by diphenyltetrazolium bromide (MTT) assay and the amount of LDH release
was determined using assay kits. [Ca”']; was monitored using a fluorescent Ca?'-
sensitive dye Fura-2 acetoxymethyl ester. Cell apoptosis was detected by a
DNA ladder and by flow cytometric detection. The expression of protein kinase
C (PKC)y was determined using both RT-PCR and Western blotting. The trans-
location of PKCy was assayed by subcellular fractionation and Western blotting.
Results: OGD-Rep injury significantly elevated the level of LDH release, [Ca*],,
mRNA expression and the translocation of PKCy compared in the PC12 cells
with those of the normal group. Scu (10-100 umol/L) exerted a protective
effect against OGD-Rep injury by reducing LDH release, [Ca®'],, the percent of
apoptosis, and the translocation of PKCy. Conclusion: Scu inhibits the increase
of [Ca*'];and the activation of PKCy, exerting protective effects against PC12
cell injury induced by OGD-Rep.
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reperfusion, is a very complex process associated with
excitotoxicity, oxidative stress, apoptosis, and variations in HO
gene expression or the activation of kinase!". Scutellarin
(Scu), a known flavone glycoside, is a major active ingredi-
ent in breviscapine, which is a mixture extracted from the
Chinese herb, Erigeron breviscapus. Scu is used in clinics
to treat ischemic cerebrovascular diseases in China (Figure 1).

It is reported that Scu has protective effects against neu-
ronal damage induced by chemical hypoxia or hydrogen per-
oxide through interaction with a wide variety of targets, in-
cluding antioxidative action and attenuating neuron damage'!.
There is no sufficient evidence proving the effects of Scu
against ischemia/reperfusion injury, especially at molecular
and cellular level. Therefore, we used the oxygen and

OH

Figure 1. Structure of scutellerin.

glucose deprivation followed by reperfusion (OGD-Rep)
model, an in vitro model of cerebral ischemia/reperfusion, to
investigate the effects of Scu on protein kinase C (PKC)y
and PC12 cell injury.

PKCy, a serine/threonine kinase expressed exclusively in
neurons of the brain and spinal cord, is activated by Ca*',
diacylglycerides (DAG) and free fatty acids (FFA)™,
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Therefore, this isozyme plays a central nervous system-spe-
cific role in mediating the response to ischemic/reperfusion
injury. Ischemia causes extensive membrane phospholipids
hydrolysis with accumulation of FFA, DAG, and other break-
down products®™. The changes in membrane phospholipids
may modulate the function of membrane proteins and also
shift the distribution of PKCy. Furthermore, during ischemia,
irreversible processes including mitochondrial collapse, rapid
energy depletion, and ion pump failure result in large in-
creases in intracellular calcium, leading to the activation and
increased expression of PKCy”). Multiple reports now sug-
gest that PKC may be involved in a positive feedback loop
to potentiate NMDAR activity, worsening calcium loading,
mitochondrial dysfunction, and promoting cell death™”. So
as reported earlier, PKCy is most effectively translocated to
membranes and the nucleus during cerebral ischemia, and
plays an important role in neuronal damage!'”. Previous
studies have suggested that breviscapine inhibits the activ-
ity of PKC. So we estimated that the protective effects of
Scu on neuron apoptosis might be related to this inhibitive
effect on PKC, especially on PKCy "',

PC12 cells have been extensively used as an in vitro
model system to study the mechanisms of neuronal cell death
after ischemic insult, and to develop potential neuropro-
tective agents. Ischemic stroke causes a significant amount
of cell damage resulted from an insufficient supply of glu-
cose and oxygen to brain tissues''*'*. PC12 cells are sub-
jected to an initial short phase of OGD-Rep. The initial
phase of OGD mimics the lack of oxygen and glucose
supply, while the prolonged phase of OGD-Rep reflects the
reperfusion of oxygen and glucose supply to the injured
brain!">'%,

In the present study, we investigated whether Scu, the
major ingredient of Erigeron breviscapus, had neuronal
protective effects against ischemia/reperfusion injury by
influencing PKCy. So we used undifferentiated rat pheo-
chromocytoma PC12 cells and the OGD-Rep model to
study the effects of Scu on cell survival, apoptosis, [Ca*],,
and the expression and activation of PKCy

Materials and methods

Chemicals and drugs Scu (purity >92%) was supplied
by Kunming Institute of Botany, Chinese Academy of Sci-
ence (Kunming, Yunnan, China). Fura-2 acetoxymethyl es-
ter (Fura-2AM) and propidium iodide (PI) staining solu-
tion were purchased from BD PharMingen (San Diego, CA,
USA). TRIzol Reagent was purchased from Invitrogen
(Carlsbad, CA, USA). M-MLV reverse transcriptase was
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purchased from Promega (Madison, WI, USA). Diphenyl-
tetrazolium bromide (MTT) and monoclonal anti-protein
kinase Cy (PKCy) was purchased from Sigma (St Louis, MO,
USA). The SuperSignal West Pico Trial Kit was purchased
from Pierce (Rockford, MA, USA). Dulbecco’s modified
Eagle’s medium (DMEM) was purchased from Gibco
(Carlsbad, CA USA). LDH activity kits were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
All other chemicals and solvents in experiments were of ana-
lytical grade.

Cell culture The PC12 cell line was obtained from
American Type Culture Collection (ATCC, Manassas, VA,
USA) and maintained at 37 °C in a humidified atmosphere
containing 5% CO,in high glucose DMEM supplemented
with 10% heat-inactivated fetal calf serum, 5% heat-inac-
tivated horse serum, 100 kU/L penicillin, and 100 mg/L
streptomycin.

PC12 ischemic model The PC12 cells were grown as
monolayers in tissue culture flasks under normal conditions.
To initiate OGD, the cell culture medium was removed and
the cells were washed twice with glucose-free DMEM, and
incubated in the same volume glucose-free DMEM contain-
ing Scu (10, 30, and 100 wmol/L). The cell culture was
incubated at 37 °C in an oxygen-free incubator (95% N,
and 5% CQO,) for 4 h (OGD). Then the OGD glucose was
added to attain a final concentration of 4.5 mg/L, followed by
incubation for 20 h (OGD-Rep) in normal conditions!”. Scu
was freshly prepared as stock solution with dimethyl sulfox-
ide (DMSO) and diluted with glucose-free DMEM. Less
than 0.1% DMSO has no protective or toxic effects when
used alone.

Assay of cell survival and cell damage Cell survival was
evaluated by MTT assay. After reperfusion, MTT solution
in phosphate-buffered saline was added to attain a final con-
centration of 0.5 g/L, then incubation continued for 4 h.
Finally, the media was removed and an equal volume of
dimethylfuramide was added. After the mixtures were kept
for 10 min, the amount of MTT was quantified by determin-
ing its absorbance at 570 nm using a Spectra MAX 190
micro-plate reader (Molecular Devices Inc, USA). The
amount of LDH released by the cells was determined using
an LDH activity assay kit according to manufacturer’s
instructions. LDH activity is proportional to the rate of pyru-
vate loss, which was measured at 440 nm. LDH activity in
the cells was determined after incubation in a hypotonic so-
lution containing 1% Triton X-100, at pH 7.4.

Flow cytometric detection of apoptosis cells The cells
were collected and resuspended in ice-cold ethanol (70%),
then fixed at 4 °C for 24 h and resuspended in 1 mL DNA
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staining reagent (RNase 50 mg/mL, 0.1% Triton X-100, 0.1
mol/L EDTA, and 50 mg/mL PI). Red fluorescence was de-
tected by using a FACS 440 flow cytometer (Becton Inc,
USA). Ten thousand cells in each sample were analyzed and
the percentage of apoptotic cell accumulation in the sub-G,
peak was calculated.

Evaluation of DNA laddering The total DNA was ex-
tracted according to a previous study"®.. The DNA pellet
was resuspended in loading buffer (10 mmol/L Tris, 1 mmol/L.
EDTA, 5% glycerol, and 0.25% bromophenyl blue, pH
7.5), and the entire sample was then subjected to electro-
phoresis on a 2% agarose gel using a TBE running buffer
(89 mmol/L Tris, 89 mmol/L boric acid, and 2 mmol/L
EDTA, pH 8.3) containing 0.5 g/L ethidium bromide. The
fluorescence intensity of the DNA bands was measured
using the Bio-Rad Molecular Imaging System (Bio-Rad,
USA).

Measurement of [Ca®]; After reperfusion, the PC12
cells were loaded with 5 mmol/L (final concentration)
Fura-2AM, 0.1% DMSO and 1% BSA for 30 min at room
temperature in dark conditions, then in a humidified incu-
bator for 30 min at 37 °C. Fluorescence measurement was
carried out with an F-4500 fluorescence spectrophotom-
eter (Hitachi, Japan). Fura-2AM-loaded PC12 cells were
exposed sequentially to an excitation wavelength of 340
nm and 380 nm (bandwidth 10 nm), and the emission signal
was monitored at a wavelength of 510 nm (bandwidth 10
nm). Fluorescence ratios were converted into calcium concen-
trations by using the following equation: [Ca*']=K, (R-R,i,)/
(Rpa-R)B.

Preparation of total RN A and semiquantitative RT-PCR
The cells were collected and the total RNA was extracted
using TRIzol reagent according to the manufacturer’s
instructions. RNA concentration was estimated by absor-
bance at 260 nm using a UV spectrophotometer. The total
RNA of each sample was reverse-transcribed into cDNA
using the reverse transcription system. The cDNA was am-
plified with the following specific primers: PKCy: 5'-TTG
ATG GGG AAG ATG GGG AGG-3' (upstream) and 5'-GAA
ATC AGCTTG GTC GAT GCT G-3' (downstream). Ampli-
fications were performed as follows: 30 cycles, at 94 °C
for 30 s, 58 °C for 1 min, and 72 °C for 1 min. The PCR
products were normalized in relation to standards of
GAPDH mRNA.

Preparation of total PKCy protein and subcellular frac-
tionation The cells were collected, and the total PKCy pro-
tein was extracted using TRIzol reagent according to the
manufacturer’s instructions. The subcellular fraction of PKCy
was extracted according to a previous study!"”. Twenty pL

of each sample was solubilized with NaOH (1 mol/L) for pro-
tein concentration determination.

Polyacrylamide gel electrophoresis and Western blot
analysis Twenty pg protein per lane was subjected to 10%
SDS-PAGE electrophoresis for 2 h. Resolved proteins were
electroblotted onto NC membranes for 2 h at 250 mA. The
blots were incubated with TBST (0.1 mol/L Tris buffer, pH 7.4,
0.9% NaCl, and 0.1% Tween 20) containing 5% dry skim milk,
followed by incubation with TBS (0.1 mol/L Tris buffer, pH 7.4,
0.9% NaCl) containing anti-PKCy monoclonal antibodies and
3% BSA for 2 h, and incubation with secondary antibody
streptavidin-horseradish peroxidase-conjugated affinity
mouse anti-rat IgG (1:10000 dilution) for 2 h. The bound
immunoproteins were detected by enhancer chemilumines-
cent assay, and band intensity was quantified with a densi-
tometric scanner.

Statistical analysis Data were expressed as mean+SD.
Statistical analysis was performed by ANOVA, with P<0.05
as the significant level.

Results

Effect of Scu on PC12 cell viability and cell damage The
effect of Scu alone on cell viability was studied using MTT
assay. The results showed Scu (5—200 pmol/L) had no ef-
fects on PC12 cells. After OGD-Rep, PC12 cell viability de-
creased significantly (<20%) and LDH release increased from
6.77% to 12.30%. The addition of Scu at the concentration
of 10—100 pmol/L significantly attenuated the decrease of
cell viability and the increase of LDH release. LDH leak-
age was expressed as the percentage of the total LDH ac-
tivity (LDH in the medium+LDH in the cells), according
to the following equation: %LDH=(LDH activity in the
medium/total LDH activity)>x100 (Table 1).

Effect of Scu on cell apoptosis The sub-G, peak in the
flow cytometry detection was considered an indicator of cell

Table 1. Effect of Scu on the decrease of PC12 cell viability and the
increase of LDH release induced by OGD-Rep. Control, without treat-
ment of OGD-Rep and Scu; OGD-Rep, without treatment of Scu.
n=5. Mean=SD. °P<0.01 vs control, °P<0.05, P<0.01 vs OGD-Rep.

GROUP Dose/umol'L"  Cell viability LDH release
(As7) (% of total)

Control - 0.6954+0.108 6.769+1.54
OGD-Rep - 0.1144+0.015°¢ 12.30+1.83¢
Scu+OGD-Rep 10 0.1504+0.020°¢ 8.651+1.87°¢
30 0.1778+0.029F 7.197+1.09f
100 0.2168+0.052f 6.459+0.94f
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Figure 2. Inhibitory effects of scutellarin (Scu) on OGD-Rep-induced apoptosis in PC12 cells. Control: without treatment with OGD-Rep and
Scu; OGD-Rep: without treatment of Scu. n=6. MeantSD. °P<0.01 vs control; P<0.01 vs OGD-Rep.

Marker 1 2 3 4 5

Figure 3. Effects of Scu on OGD-Rep-induced fragmentation in PC12 cells.
1, Control; 2, OGD-Rep; 3, OGD-Rep+Scu 10 umol/L; 4, OGD-Rep+Scu 30
wmol/L; 5, 0GD-Rep+Scu 100 pmol/L.

apoptosis. The data was presented as the percentage of
apoptotic cells. OGD-Rep significantly induced the sub-G,
peak, indicating an apoptotic cell accumulation of 33.34%.
The addition of Scu at the concentration of 10—100 umol/L
significantly attenuated OGD-Rep-induced apoptosis
(25.88%,21.67%, and 13.85%; Figure 2). The data isin agree-
ment with the results of the DNA ladder analysis (Figure 3).

Effect of Scu on [Ca**]; OGD-Rep induced a significant
increase in the resting levels of [Ca*']; from 646+92 to 2112+
376 nmol/L. This increase was significantly inhibited by Scu
at 10, 30, and 100 umol/L (Figure 4).

Effect of Scu on PKC mRNA expression in PC12 cells
After OGD-Rep, there was a significant increase in PKCy
mRNA expression. At the concentration of 10-100 umol/L,
Scu was less potent in antagonizing the OGD-Rep-induced
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Figure 4. Inhibitory effect of Scu on OGD-Rep-induced [Ca*']; in-

crease in PC12 cells. n=4. Mean=SD. °P<0.01 vs control; °P<0.05, ‘P
<0.01 vs OGD-Rep.

increase of PKCy mRNA expression (P>0.05; Figure 5).
Effects of Scu on protein expression and subcellular dis-
tribution of PKCyin PC12 cells The translocation of PKCy
from cytosol to the membrane and the nucleus is a hallmark
of PKCy activation. Western blotting experiments were per-
formed to detect the protein level of total PKCy proteins and
PKCy in cytosol, the membrane, and the nucleus of PC12
cells. Our results showed that neither reperfusion nor treat-
ment of Scu changed the expression of PKCy at protein level
(P>0.05), but in OGD-Rep injury, the protein level of PKCy
decreased in cytosol and increased in the membrane and
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Figure 5. Effect of Scu on OGD-Rep-induced increase of protein
kinase Cy (PKCy) mRNA expression in PC12 cells. 1, Control; 2,
OGD-Rep; 3, OGD-Rep+Scu 10 umol/L; 4, OGD-Rep+Scu 30 pmol/L;
5, OGD-Rep+Scu 100 umol/L. n=6. Mean+SD. °P<0.01 vs control.
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Figure 6. Effects of Scu on protein expression and cellular localiza-
tion of PKCy in PC12 cells. 1, Control; 2, OGD-Rep; 3, OGD-
Rep+Scu 10 umol/L; 4, OGD-Rep+Scu 30 umol/L; 5, OGD-Rep+Scu
100 pmol/L.

nucleus significantly. Scu at the concentration of 100 wmol/L
significantly attenuated the decrease of the protein level of
PKC in cytosol and the increase of the protein level of PKCy
in the membrane and nucleus, whereas Scu at the concentra-
tion of 30 wmol/L only attenuated the increase of the protein
level of PKCy in the membrane and nucleus (Figure 6; Table 2).

Discussion

Stroke occurs when local thrombosis, embolic particles,
or the rupture of blood vessels interrupts the blood flow to
the brain. Excitotoxicity, oxidative stress, and apoptosis
propagates through a distinctive and mutually-exclusive sig-
nal transduction pathway and contributes to neuronal in-
jury following ischemia/reperfusion”. In the present study,

Table 2. Effect of Scu on subcellular localization of PKCy in PC12
cells, detected by Western blotting. The data was expressed as the
equivalent of the control. n=4. Mean+SD. °P<0.01 vs control. /P<0.01
vs OGD-Rep.

Group Dose Protein level of PKCy
(umol-L™) (% of control)
Total Cytosol Membrane  Nucleus
Control - 100 100 100 100
OGD-Rep - 10348  5648° 1556+£206° 190+30°
Scu+OGD-Rep 10 108+8  46+7 1611+414 158434
30 100+7  68+£5 474+143F 43+25°
100 102+9 766"  432x116f 38+16°

we demonstrated that Scu (10—-100 pmol/L) significantly
increased cell survival (by MTT assay) and reduced LDH
release after OGD-Rep. Therefore, Scu has a protective
effect against PC12 cell injury induced by OGD-Rep.

Apoptosis that often occurs during the developmental
process is an additional route to pathological neuronal death
in the mature nervous system during ischemia/reperfusion,
and drugs inhibiting those changes attenuate neuronal
injury following ischemia/reperfusion®'*?. The alteration of
various apoptosis-associated genes and proteins, calcium
imbalance, and oxidative stress contribute to apoptosis dur-
ing ischemia/reperfusion. The results in our study indicate
that the OGD-Rep-induced PC12 cell death, in part due to
apoptosis and Scu (10-100 pmol/L), decreased the rate of
apoptosis. Therefore, it is tempting to suggest that the
neuroprotective effect of Scu is related to a reduction in
apoptosis following ischemia/reperfusion.

Ca*' is a ubiquitous intracellular messenger, the intracel-
lular concentration of which is tightly regulated in order to
efficiently control signaling mechanisms™**. The selective
accumulation of intracellular Ca* following OGD-Rep injury
can cause neuronal apoptosis through a mechanism that in-
volves the excessive release of glutamate and the activa-
tion of several calcium-dependent/activated enzymes such
as proteases, protein kinases, phospholipases, NO syn-
theses, and endonucleases®??. Our study shows that OGD-
Rep can significantly elevate the level of intracellular Ca®".
This elevation could be attenuated by Scu at concentrations
of 10-100 pmol/L. Previous studies in our laboratory on the
direct effects of Scu on calcium using the intracellular cation
measurement system, with the help of the Ca**-indicator Fura-
2AM, show that Scu had no inhibitory effect on the increase
of [Ca*"]; induced by ATP and high K" in PC12 cells. It was
reported that Scu could scavenge radicals and inhibit lipid
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peroxidation, so we thought the inhibitive effect of Scu on
[Ca®']; might be related to its antioxidation activity'. PKCy
is activated by Ca*', and the activation of PKCy also in-
creases intracellular Ca**. Therefore, Scu might influence
PKCy by decreasing intracellular Ca** following OGD-Rep.
PKC is activated by stroke and plays a damaging role
during stroke. The mechanisms of PKC activation are
multifactorial: ischemia/reperfusion induces an influx of cal-
cium and sodium into the cell, leading to the release of intra-
cellular calcium stores, lipid peroxidation, and the genera-
tion of free radicals”’**, These events lead to increased
expression and activation of multiple PKC isozymes. It
was reported that the expression of PKCy increases over a
period of postischemic reperfusion®. However, other
studies showed that the expression of PKCy decreased dur-
ing an extended reperfusion®”. It was estimated that the
alteration of the expression depended on the ischemic
model and the period of reperfusion used in the studies. A
previous study also showed that Scu could inhibit PKCy
activity in the rat MCAO model. PKCy activity is regu-
lated by 2 distinct mechanisms: by phosphorylation, which
regulates the active site, and subcellular localization of the
enzyme; and by second messengers (Ca*" and DAG) which
promote PKCy membrane association. In our previous
study, we found that Scu inhibited the increase of [Ca®'];
and oxidative stress, both of which influence the transloca-
tion of PKCy after OGD-Rep, so we guess that the Scu in-
hibited the activity of PKCy through inhibiting the translo-
cation of PKCy by influencing the cofactors Ca*" and DAG.
The results showed that the expression of PKCy increased
significantly following OGD-Rep injury. Scu had no sig-
nificant effect on this elevation at concentrations of 10—
100 pmol/L (P>0.05), but the results of Western blotting
showed that the total PKCy protein did not change after
OGD-Rep. It is thought that the membrane-bound PKCy,
compared to the cytosolic form, is more sensitive to
proteolysis, thus the degradation of PKCy increased dur-
ing reperfusion because of the activation of proteinase by
the elevation of [Ca*']; Although reperfusion increased the
expression of PKCy at the mRNA level, it did not alter the
expression of PKCy at the protein level following OGD-
Rep. Selective changes in the redistribution of PKCy
occurred after ischemic injury and reperfusion, but those
changes in PKCy activity are still not clear. Several reports
have demonstrated that PKCy becomes inactive and down-
regulated, whereas others report that PKCy is activated spe-
cifically during reperfusion®*'!. Activation of the PKCy
leads not only to their translocation from cytosol to the plasma
membrane, but also to various intracellular membranes and
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to the cell nucleus>*¥, Nuclear translocation of PKCy is of
particular importance because it may enable PKCy to exert a
direct role in nuclear signaling by phosphorylating nuclear
substrates, including DNA-modifying enzymes or transcrip-
tion factors. In our study, there was a significant increase of
PKCy in both the membrane and nucleus, accompanied with
a significant decrease in cytosol following OGD-Rep-induced
injury. Scu significantly attenuated the translocation of PKCy
to the membrane and nucleus at the concentration of 30 and
100 umol/L. Scu also significantly attenuated the decrease
in cytosol at the concentration of 100 pmol/L. The data
showed that Scu, which attenuated the increase of [Ca®'];
and oxidative stress, could protect PC12 cells against OGD-
Rep-induced injury as a PKCy inhibitor through inhibiting
the activation of PKCy, rather than the expression of PKCy.
However, there is no evidence that the effect of Scu on PKCy
is related to phosphorylation, the key step of the transloca-
tion of PKCy. Further investigation is needed to show the
relationship between Scu and phosphorylation.

In conclusion, these results demonstrate that due to its
antioxidation activity against ischemia/reperfusion-induced
oxidative stress, Scu attenuates the increase of [Ca®'];and
then inhibits the translocation of PKCy, leading to a decrease
in the rate of apoptosis, and possessing a significant protec-
tive effect against OGD-Rep-induced injury in PC12 cells.
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