
1. Introduction

Overproduction of reactive oxygen species (ROS), such as super-

oxide anion (O2
-), hydroxyl radical (�OH), nitric oxide (NO), and hydro-

gen peroxide (H2O2) causes lipid peroxidation and protein damage,

resulting in oxidative stress.1 Brain has a higher oxygen demand for

metabolism than that of other organs, and it also has low concentra-

tions of antioxidants and related enzymes.2 Because unsaturated

fatty acids are abundant in the brain, lipid peroxidation occurs more

easily in the brain than in other organs.3,4 Neuronal cells in the brain

are constantly exposed and irreversibly damaged by oxidative stress,

which may cause neurodegenerative diseases, such as amyotrophic

lateral sclerosis, Parkinson’s disease (PD), multiple sclerosis, and

Alzheimer’s disease (AD).5 Therefore, the antioxidant effects of

natural plant products, such as resveratrol, green tea, and curcumin,

have received much attention owing to their effects in reducing the

risk of neurodegenerative disease.6–8

The dried roots of peony, Paeonia lactiflora (PL), had been widely

used in Asian countries, including China, Japan, and Korea. PL has

been reported to have beneficial health effects, such as anti-oxi-

dant,9 anti-cancer,10 and anti-inflammatory effects.11 Studies on

component analysis have shown that PL contains monoterpene

glycosides, such as paeoniflorin (PF), albiflorin, and lactiflorin.12

Among these components, PF, a water-soluble monoterpene glu-

coside, is an essential active ingredient in the biological activities of

PL. Previous studies showed that PF has various pharmacological ef-

fects, including anti-oxidant,13 anti-inflammatory,14 and neuro-pro-

tective effects.15 In particular, PF has been reported to ameliorate

cognitive impairment in mouse model.16 However, the neuropro-

tective mechanisms of PL and PF against oxidative stress have not

been fully understood. Therefore, we investigated the neuro-protec-

tive effects of PL and PF against oxidative stress and the underlying

mechanism of these effects on apoptosis in H2O2-treated SH-SY5Y

neuronal cells.

2. Material and methods

2.1. Preparation of sample

The PL used in this research was supplied by the Gyeongnam

Oriental Anti-aging Institute (Sancheong, Korea). PL was dried by hot

air and stored at -5 �C until extraction. PL was added to 20 times of its

volume of purified water and heated for 3 h at 90 �C for extraction.

The PL-extracted water was filtered using No.2 filter papers (What-

man, Kent, UK), and the extracted water was evaporated at 40 �C.

Next, the extract was stored at 4 �C in a refrigerator. PF (purity > 98%)

was supplied from Cayman Chemical Co. (Ann Arbor, MI, USA).
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Background: Hydrogen peroxide (H2O2), a major risk factor of neuronal oxidative stress, initiates a cas-

cade of neuronal cell death. The purpose of this study is to investigate the neuroprotective effects and

mechanisms of Paeonia lactiflora (PL) and its active compound, paeoniflorin (PF), against oxidative

stress.

Methods: Cell viability, lactate dehydrogenase (LDH) release, reactive oxygen species (ROS) production,

and apoptosis-related protein expression were observed using H2O2-induced SH-SY5Y neuronal cells.

Results: Treatment with 300 �M H2O2 induced cell loss, LDH release, ROS production, and nuclei con-

densation as shown through Hoechst 33342 staining in SH-SY5Y cells. However, PL and PF treatments

significantly diminished neuronal cell death, LDH release, ROS production, and the number of apoptotic

cell body. Furthermore, our data showed that treatment with PL and PF significantly attenuated

H2O2-induced neuronal apoptosis by down-regulating the expression of cleaved caspase-9, caspase-

3, and poly (ADP-ribose) polymerase. The expression of B-cell lymphoma 2/B-cell lymphoma 2-associ-

ated X was up-regulated, and PF (10 �g/mL) showed the strongest protective activity against neuronal

oxidative stress.

Conclusion: Taken together, PL shows to be a promising agent for protection against oxidative stress-

related apoptotic neuronal cell death, and its effects were attributed to PF, a major compound of PL.
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2.2. Instruments and chemicals

Dulbecco’s modified eagle medium (DMEM) and penicillin/

streptomycin were obtained from Welgene (Daegu, Korea). 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was

obtained from Sigma Chemical Co. (MO, USA). H2O2 was supplied

from Junsei Chemical Co. (Tokyo, Japan). Bis-acrylamide 30% solu-

tion and radioimmunoprecipitation assay (RIPA) buffer were ob-

tained from Elpis Biotech (Dajeon, Korea). Pre-stained protein size

markers were obtained from GenDEPOT Inc. (Katy, TX, USA).

2.3. Cell culture

SH-SY5Y cells were grown in DMEM medium containing with

10% fetal bovine serum (Welgene), penicillin (100 U/mL), and

streptomycin (100 �g/mL) at 37 �C in a humidified atmosphere

with 5% CO2 incubator. The cells were sub-cultured using 0.05%

trypsin-EDTA solution in phosphate buffered saline (PBS) when the

cells were reached an 80% confluence. To assess the effect of PL and

PF on SH-SY5Y cells, they were divided into 8 groups; ‘normal’ group

represents non-treated group, ‘control’ group represents H2O2 (300

�M)-treated control group, ‘PL10’, ‘PL50’, and ‘PL100’ group repre-

sents PL (10, 50, or 100 �g/mL)-treated group stimulated with H2O2

(300 �M), and ‘PF1’, ‘PF5’, and ‘PF10’ group represents PF (1, 5, or 10

�g/mL)-treated group stimulated with H2O2 (300 �M).

2.4. MTT assay

After reaching approximately 80% confluence, the SH-SY5Y cells

were seeded at a density of 3 � 104 cells/well into a 96-well plate and

incubated for 24 h. Various concentrations of PL (10, 50, or 100

�g/mL) or PF (1, 5, or 10 �g/mL) utilized to incubate the cells for 4 h.

Next, the cells were stimulated with H2O2 300 �M for 24 h. After-

ward, MTT solution was added to the cells in a 96-well plate, which

was then incubated 4 h at 37 �C. After incubation, the medium

containing MTT was removed. The insoluble formazan crystals were

dissolved in 200 �L of dimethyl sulfoxide (Sigma Chemical Co.) and

absorbance was read at 540 nm using a microplate reader (Model

680, Bio-Rad, Hercules, CA, USA).17

2.5. Measurement of intracellular ROS levels

The ROS scavenging effect of PL and PF was determined using

dichloro-dihydro-fluorescein diacetate (DCFH-DA; Sigma Chemical

Co.).18 80 �M DCFH-DA were added into the each well and incubated

the cells for 30 min at 37 �C. Fluorescence was determined by a

FLUOstar OPTIMA (BMG Labtech., Ortenberg, Germany) at excita-

tion and emission absorbances of 480 nm and 535 nm, respectively.

2.6. Lactate dehydrogenase (LDH) release assay

The LDH release assay was detected by an LDH Kit (Takara Bio

Inc., Shiga, Japan) following the manufacture’s protocol. 100 �L of

cell supernatant and 100 �L of reaction mixture were added to the

plate and were incubated for 30 min at room temperature. Ab-

sorbances were detected at 490 nm using a microplate reader

(Model 680, Bio-Rad, Hercules, CA, USA).19

2.7. Hoechst 33342 staining

For the observation of apoptosis nuclei, SH-SY5Y cells were

plated onto 8 chamber slides (1 � 105 cells/well). Cells were bathed

with PBS (pH 7.4) and fixed with 4% paraformaldehyde for 10 min.

Fixed cells were bathed with PBS and then stained with Hoechst

33342 (Life Technologies, Grand Island, NY, USA) for 20 min. Nuclear

DNA staining was viewed under an Olympus BX50 fluorescence

microscope (Tokyo, Japan).20

2.8. Western blotting

SH-SY5Y cells were scraped and rinsed with PBS. The cells were

then centrifuged and subsequently lysed using RIPA buffer supple-

mented with 1 x protease inhibitor cocktail (Sigma Chemical Co.)

according to the manufacturer’s instructions. Equal amounts of

protein lysates were analyzed by electrophoresis in a precast 10–

13% SDS-polyacrylamide gel and transferred onto polyvinylidene

fluoride membranes (Millipore, MA, USA). Next, the membrane

was incubated with 5% skimmed milk (dissolved in PBS-Tween� 20)

for 60 min. The membranes incubated with a primary antibody

[Cleaved caspase-9, cleaved caspase-3, poly (ADP-ribose) poly-

merase (PARP; 1:1000, Cell Signaling, MA, USA); B-cell lymphoma

2-associated X (BAX), B-cell lymphoma 2 (BCL-2; 1:200, Santa Cruz,

CA, USA); �-actin (1:1000, Cell Signaling)] for 12 h at 4 �C. The

membranes were washed and incubated with secondary antibodies.

Lastly, the immunostaining was visualized using a chemiluminescent,

and the results were normalized to �-actin expression.

2.9. Statistical analysis

All data are provided as mean 	 standard deviation (SD). Sta-

tistical analysis evaluated using the program IBM SPSS version 23

by Duncan’s multiple range test (IBM Corporation, NY, USA). Signifi-

cance was set at p < 0.05.

3. Results

3.1. The protective effects of PL and PF on H2O2-induced

cell death in SH-SY5Y cells

Cell viability in the H2O2-induced control group was decreased

to 38.77% compared to that of the normal group (100%) (Figure 1).

However, treatment with PL and PF expressively increased cell
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Figure 1. The protective effects of PL and PF on H2O2-induced cell death in

SH-SY5Y cells. All the data are provided as the mean 	 SD.
a~f

Means catego-

rized with different letters for each experimental variable were expressed

statistically significance (p < 0.05). PL: Paeonia lactiflora; PF: Paeoniflorin.



viability. Especially PL (100 �g/mL) and PF (10 �g/mL) showed

49.90% and 56.87% of viability, respectively.

3.2. The inhibitory effects of PL and PF on H2O2-induced

intracellular ROS levels in SH-SY5Y cells

Our result shows that ROS levels in H2O2-treated SH-SY5Y cells

significantly increased in a time-dependent manner (Figure 2).

Compared to normal group (83.76%), ROS production in H2O2 (300

�M)-treated group was increased (100%). However, PL (100 �g/mL)

and PF (10 �g/mL) significantly inhibited the excessive ROS pro-

duction by decreasing it to 90.82% and 87.04%, respectively.

3.3. The protective effects of PL and PF on H2O2-induced

LDH release in SH-SY5Y cells

H2O2 treatment significantly increased LDH activity to 100%,

compared with normal group (68.84%) (Figure 3). However, LDH

release was decreased to 96.82% and 93.37% in the cells treated

with 100 �g/mL PL and 10 �g/mL PF, respectively. Our results re-

vealed that PL and PF have protective effects against neuronal

damage induced by H2O2.

3.4. The anti-apoptotic activities of PL and PF against

H2O2 by staining with Hoechst 33342 in SH-SY5Y cells

To elucidate the neuroprotective effects of PL and PF against

H2O2-induced apoptosis, we carried out Hoechst 33342 staining. A

significant increase in the number of shrunken nucleus and con-

densed chromatin stained with vital dye Hoechst 33342 was ob-

served in the control group treated with H2O2 (300 �M) (Figure 4).

On the contrary, the SH-SY5Y cells treated with PL (100 �g/mL) and

PF (10 �g/mL) revealed inhibition of H2O2-induced nucleus conden-

sation and apoptotic cell body.

3.5. The effects of PL and PF on the H2O2-induced protein

expression of cleaved capase-9, -3, cleaved PARP, and

BCL-2/BAX ratio in SH-SY5Y cells

To examine the protective effects of PL and PF on neuronal

oxidative stress-induced apoptosis-related pathway, the caspase

activation and PARP regulation were analyzed by Western blotting in

H2O2-induced SH-SY5Y cells. Treatment with 300 �M of H2O2 en-

hanced the levels of cleaved caspase-9, and -3, and cleaved PARP.

However, treatment of SH-SY5Y cells with PL and PF significantly

diminished the expression levels of these proteins (Figure 5A, 5B,

and 5C). In addition, in the cells treated with 10 �g/mL PF group, the

expression of cleaved PARP protein, which is the final stage of

apoptosis-related protein activated by the cleaved caspase-3, was

nearly 2 times lower than that in the control group.
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Figure 2. The inhibitory effects of PL and PF on H2O2-induced intracellular

ROS levels in SH-SY5Y cells. (A) Fluorescence changes of the DCFH-DA in re-

sponse to ROS in SH-SY5Y cells treated with PL. (B) Fluorescence changes of

the DCFH-DA in response to ROS in SH-SY5Y cells treated with PF. (C) Scaveng-

ing activity of PL and PF on ROS generation treated with H2O2. All the data are

provided as the mean 	 SD.
a~d

Means categorized with different letters for

each experimental variable were expressed statistically significance (p <

0.05). PL: Paeonia lactiflora; PF: Paeoniflorin.

Figure 3. The protective effects of PL and PF on H2O2-induced LDH release in

SH-SY5Y cells. All the data are provided as the mean 	 SD.
a~e

Means catego-

rized with different letters for each experimental variable were expressed

statistically significance (p < 0.05). PL: Paeonia lactiflora; PF: Paeoniflorin.



To investigate the effects of PL and PF on upstream caspase

activation, we measured the levels of BCL-2/BAX proteins ex-

pression. Treatment with 300 �M H2O2 increased the expression

levels of the BAX and decreased the expression levels of BCL-2.

However, treatment of SH-SY5Y cells with PL and PF significantly

enhanced BCL-2 protein expression levels and attenuated BAX

(Figure 5D). These results showed that PL and PF inhibited ca-

spase-3, -9, and PARP cleavage by up-regulating the expression of

BCL-2/BAX.

4. Discussion

PL has been known for its various effects, in particular, PL has

been reported to ameliorate neuronal cell apoptosis and neuro-

degeneration induced by oxidative stress.21 PF has been identified as

a main active compound in PL. PF constitutes approximately 7% of

components found in the root of PL.22,23 Among the seven mono-

terpenes from PL extracts (albiflorin, benzoylpaeoniflorin, paeo-

niflorin, paeonilactone-B, paeonilactone-C, paeoniflorigenone, and

oxypaeoniflorin), PF showed effective anti-inflammatory and neuro-

protective properties.24,25 However, the underlying mechanism in-

volved in the protective effect of PL and PF, a major bioactive

compound of PL, against oxidative stress-induced neuronal cell

death has not been fully studied.

Firstly, we investigated the effect of PL and PF on cell viability,

LDH release, and ROS production in SH-SY5Y neuronal cells treated

with H2O2. Treatment with H2O2 significantly decreased the cell via-

bility, compared with normal group. However, PL and PF significantly

increased the cell viability. DCFH-DA is deacetylated to non-flu-

orescent DCFH by intracellular esterase, and this DCFH can be oxi-

dized by H2O2.26 Our results showed that PL and PF, especially PF,

significantly decreased H2O2-induced ROS production. Also, when

cell plasma membrane is damaged, LDH, a soluble cytosolic enzyme,

is released into culture medium. Our results indicated that PL and PF

significantly decreased LDH release, compared with H2O2-treated

control group.

We explored whether PL and PF exert neuro-protective ac-

tivities against H2O2-induced neuronal cell apoptosis, by using

Hoechst 33342 staining to observe DNA condensation and morpho-

logical changes caused by H2O2. In our results, PL- and PF-treated

cells showed reductions in H2O2-induced nucleus shrunken and

nuclei condensation. According to a previous study, PL protects

PC12 cells from H2O2-induced apoptosis and corticosterone-induced

neurotoxicity mediated by its antioxidant action.27 Additionally, PF

attenuates amyloid �1-42-induced chemotaxis and inflammation of

microglia by inhibiting the nuclear factor kappa-light-chain-en-

hancer of activated B cells and vascular endothelial growth factor

receptor Flt-1 signaling pathways.28 Considering our current find-

ings, the antioxidant ability of the PL may be strongly related with

their active compound, PF.

Many reports showed that PARP activated by caspase-3 plays an

important role in apoptosis.29,30 According to our result, compared

with H2O2 treatment only, treatments with PL and PF significantly

diminished PARP cleavage by suppressing the activation of caspase-3

and -9. Especially, treatment with PF, compared with any concentra-

tion of PL, mostly suppressed the expression of the apoptosis-related

proteins, cleaved caspase-9 and -3. Therefore, PF exerted an anti-

apoptotic effect against H2O2-induced neuronal cell death through

inactivation of the apoptosis-related signaling pathway.

The BCL-2 family composed of the anti-apoptotic members

BCL-2 and BCL-XL, as well as the pro-apoptotic members BAX and

BID. Previous study has reported that BCL-2 blocks the apoptotic

pathway by decreasing oxidative damage from ROS and increasing

the activity of antioxidants, leading to protection of mitochondrial

membrane from oxidative damage.31 On the contrary, BAX pro-

motes apoptosis by perturbing the permeability of the mito-

chondrial outer membrane and facilitating cytochrome c release.32

In our current study, treatments with PL and PF up-regulated the

expression of the anti-apoptotic protein BCL-2 and down-regulated

that of the pro-apoptotic protein BAX. Treatment with PF particularly

up-regulated the ratio of BCL-2/BAX protein expression. This evi-

dence indicates that PL and PF blocked the H2O2-mediated ne-

uronal cell apoptotic pathway, and PF contributed to these anti-

apoptotic effects by regulating the protein expression of cleaved

PARP, cleaved caspase-3, -9, and BCL-2/BAX.

5. Conclusion

PL and PF, an active compound of PL, increased cell viability and

decreased ROS production. In addition, LDH release and nuclei con-

densation by H2O2 were reduced by treatments with PL and PF. Our

data clearly showed that treatments with PL and PF, especially PF,

exhibited a potential anti-apoptotic effect against H2O2 by down-

regulating the protein expression of cleaved capase-3 and -9, cleaved
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Figure 4. The anti-apoptotic activities of PL and PF against H2O2 by staining

with Hoechst 33342 in SH-SY5Y cells. (A) Fluorescence images of SH-SY5Y cells

stained with Hoechst 33342. Arrows illustrated apoptotic bodies. (B) Qua-

litative analysis of the apoptotic cells using a fluorescence microscope under

UV illumination. All the data are provided as the mean 	 SD.
a~c

Means

categorized with different letters for each experimental variable were

expressed statistically significance (p < 0.05). PL: Paeonia lactiflora; PF:

Paeoniflorin.



PARP and BAX, as well as up-regulating BCL-2 protein levels. In addi-

tion, PL exerted a modulating effect against oxidative stress-related

apoptotic neuronal cell death, and this effect was attributed to PF, a

major compound of PL. This evidence strongly showed that PF is a

preventive and therapeutic agent for oxidative stress-induced ne-

uronal apoptosis.
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Figure 5. The effects of PL and PF on the H2O2-induced protein expression of cleaved capase-9 (A), -3 (B), cleaved PARP (C), and BCL-2/BAX ratio (D) in SH-SY5Y

cells. All the data are provided as the mean 	 SD.
a~g

Means categorized with different letters for each experimental variable were expressed statistically

significance (p < 0.05). PL: Paeonia lactiflora; PF: Paeoniflorin.



Funding statement

This research was supported by Basic Science Research Program

through the National Research Foundation of Korea (NRF) funded by

the Ministry of Education (2018R1A6A3A01011960). This study was

also financially supported by the [2018 Post-Doc. Development Pro-

gram] of Pusan National University.

Declarations of interest

None.

References

1. Cabiscol CE, Tamarit SJ, Ros SJ. Oxidative stress in bacteria and protein

damage by reactive oxygen species. Int Microbiol. 2000;3:3–8.

2. Lehtinen MK, Bonni A. Modeling oxidative stress in the central nervous

system. Curr Mol Med. 2006;6:871–881.

3. Chen X, Guo C, Kong J. Oxidative stress in neurodegenerative diseases.

Neural Regen Res. 2012;7:376–385.

4. Floyd RA, Carney JM. Free radical damage to protein and DNA: Mecha-

nisms involved and relevant observations on brain undergoing oxidative

stress. Ann Neurol. 1992;32:S22–S27.

5. Uttara B, Singh AV, Zamboni P, et al. Oxidative stress and neurodege-

nerative diseases: A review of upstream and downstream antioxidant

therapeutic options. Curr Neuropharmacol. 2009;7:65–74.

6. Li F, Gong Q, Dong H, et al. Resveratrol, a neuroprotective supplement for

Alzheimer’s disease. Curr Pharm Des. 2012;18:27–33.

7. Choi YT, Jung CH, Lee SR, et al. The green tea polyphenol (-)-epigal-

locatechin gallate attenuates �-amyloid-induced neurotoxicity in cul-

tured hippocampal neurons. Life Sci. 2001;70:603–614.

8. Park SY, Kim HS, Cho EK, et al. Curcumin protected PC12 cells against

beta-amyloid-induced toxicity through the inhibition of oxidative dam-

age and tau hyperphosphorylation. Food Chem Toxicol. 2008;46:2881–

2887.

9. Chen G, Guo LX, Deng XH, et al. Effects of total glucosides of paeony on ni-

tric oxide and inducible nitric oxide synthase production in macrophages

and its mechanism. Chinese Journal of Immunology. 2008;24:345–347.

10. Ou TT, Wu CH, Hsu JD, et al. Paeonia lactiflora Pall inhibits bladder cancer

growth involving phosphorylation of Chk2 in vitro and in vivo. J Ethno-

pharmacol. 2011;135:162–172.

11. Duan WJ, Yang JY, Chen LX, et al. Monoterpenes from Paeonia albiflora

and their inhibitory activity on nitric oxide production by lipopolysac-

charide-activated microglia. J Nat Prod. 2009;72:1579–1584.

12. Choung MG, Kang KH. Isolation and determination of paeoniflorin and

albiflorin in Korean peony (Paeonia lactiflora Pall) root. Korean J Med

Crop Sci. 1997;5:249–254.

13. Wankun X, Wenzhen Y, Min Z, et al. Protective effect of paeoniflorin

against oxidative stress in human retinal pigment epithelium in vitro. Mol

Vis. 2011;17:3512–3522.

14. Zhang LL, Wei W, Wang NP, et al. Paeoniflorin suppresses inflammatory

mediator production and regulates G protein-coupled signaling in fibro-

blast-like synoviocytes from collagen induced arthritic rats. Inflamm Res.

2008;57:388–395.

15. Liu DZ, Xie KQ, Ji XQ, et al. Neuroprotective effect of paeoniflorin on

cerebral ischemic rat by activating adenosine A1 receptor in a manner

different from its classical agonists. Br J Pharmacol. 2005;146:604–611.

16. Lan Z, Chen L, Fu Q, et al. Paeoniflorin attenuates amyloid-beta peptide-

induced neurotoxicity by ameliorating oxidative stress and regulating the

NGF-mediated signaling in rats. Brain Res. 2013;1498:9–19.

17. Mosmann T. Rapid colorimetric assay for cellular growth and survival:

Application to proliferation and cytotoxicity assay. J Immunol Methods.

1983;65:55–63.

18. Cathcart R, Schwiers E, Ames BN. Detection of picomole levels of hy-

droperoxides using a fluorescent dichlorofluorescein assay. Anal Bio-

chem. 1983;134:111–116.

19. Racher AJ, Looby D, Griffiths JB. Use of lactate dehydrogenase release to

assess changes in culture viability. Cytotechnology. 1990;3:301–307.

20. Xiao GH, Jeffers M, Bellacosa A, et al. Anti-apoptotic signaling by he-

patocyte growth factor/met via the phosphatidylinositol 3-kinase/Akt

and mitogen-activated protein kinase pathways. Proc Natl Acad Sci USA.

2001;98:247–252.

21. Hong ND, Rho YS, Cho YW, et al. Studies on efficacy of crude drug by

processing (III): Effect of Paeoniae Radix alba on CNS and isolated ileum.

J Pharm Investig. 1986;16:124–131.

22. Shibata S, Nakahara M, Aimi M. Studies on the constituents of Japanese

and Chinese crude drugs. IX. Paeoniflorin, aglucoside of Chinese paeony

root. Chem Pharm Bull. 1963;11:379–381.

23. Kim KJ, Park SD, Park CH, et al. Changes of root yield and paeoniflorin

content affected by harvesting times in peony (Paeonia lactiflora). Ko-

rean J Med Crop Sci. 2000;8:58–63.

24. Nam KN, Yae CG, Hong JW, et al. Paeoniflorin, a monoterpene glycoside,

attenuates lipopolysaccharide-induced neuronal injury and brain micro-

glial inflammatory response. Biotechnol Lett. 2013;35:1183–1189.

25. Sun R, Wang K, Wu D, et al. Protective effect of paeoniflorin against gluta-

mate-induced neurotoxicity in PC12 cells via Bcl-2/Bax signal pathway.

Folia Neuropathol. 2012;50:270–276.

26. Ray PD, Huang BW, Tsuji Y. Reactive oxygen species (ROS) homeostasis

and redox regulation in cellular signaling. Cell Signal. 2012;24:981–990.

27. Mao QQ, Xian YF, Ip SP, et al. Protective effects of peony glycosides

against corticosterone-induced cell death in PC12 cells through anti-

oxidant action. J Ethnopharmacol. 2010;133:1121–1125.

28. Liu H, Wang J, Wang J, et al. Paeoniflorin attenuates A�1-42-induced in-

flammation and chemotaxis of microglia in vitro and inhibits NF-
B- and

VEGF/Flt-1 signaling pathways. Brain Res. 2015;1618:149–158.

29. McIlwain DR, Berger T, Mak TW. Caspase functions in cell death and

disease. Cold Spring Harb Perspect Biol. 2013;5:a008656.

30. Boulares AH, Yakovlev AG, Ivanova V, et al. Role of poly (ADP-ribose) poly-

merase (PARP) cleavage in apoptosis. Caspase 3-resistant PARP mutant

increases rates of apoptosis in transfected cells. J Biol Chem. 1999;274:

22932–22940.

31. Hockenbery DM, Oltvai ZN, Yin XM, et al. Bcl-2 functions in an anti-

oxidant pathway to prevent apoptosis. Cell. 1993;75:241–251.

32. Shamas-Din A, Kale J, Leber B, et al. Mechanisms of action of Bcl-2 family

proteins. Cold Spring Harb Perspect Biol. 2013;5:a008714.

S44 M. N. Nam et al.


