
INTRODUCTION

Black soybeans (Glycine max) have been used for hun-
dreds of years in Oriental medicine as a food source to pro-
mote human health and protect against numerous diseases 
(Lee and Chou, 2006). In particular, black soybeans have 
a variety of beneficial properties such as antioxidant and 
anti-aging effects (Xu and Chang, 2008). As one of the im-
portant components of black soybeans along with genistein, 
daidzein has been mainly investigated for its antioxidant and 
anti-inflammatory activities (Li et al., 2014; Eren-Guzelgun et 
al., 2018). This isoflavone is readily bioconverted to various 
metabolized forms, such as 7,8,4’-trihydroxyisoflavone (7,8,4’-
THIF, Fig. 1) and 6,7,4’-THIF, in the human body (Heinonen 
et al., 2003). Among these metabolized products derived 
from daidzein, 7,8,4’-THIF possesses beneficial properties 

for human health, including anti-atopic and antioxidant effects 
(Kim et al., 2014), as well as anti-neuroinflammatory activity, 
in lipopolysaccharide (LPS)-stimulated BV-2 microglial cells 
(Wu et al., 2018). Moreover, 7,8,4’-THIF could be a potential 
functional food source due to its prevention effect on the risk 
of cardiovascular diseases (Lee et al., 2018). However, the 
effects of 7,8,4’-THIF on neurotoxin-induced oxidative stress 
and neuronal cell death are poorly understood.

Parkinson’s disease (PD) is a progressive nervous system 
disorder that affects approximately 1% of the population by 
age 65 (Eriksen et al., 2003). PD is characterized by loss of 
dopaminergic neurons in the substantia nigra pars compacta, 
leading to a significant reduction in dopamine level in the stria-
tum (Rodriguez-Oroz et al., 2009). The major motor symptoms 
of PD are tremors, rigidity, bradykinesia, and impaired balance 
(Yu et al., 2016), and many studies have demonstrated that 
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Daidzein isolated from soybean (Glycine max) has been widely studied for its antioxidant and anti-inflammatory activities. Howev-
er, the protective effects of 7,8,4’-trihydroxyisoflavone (THIF), a major metabolite of daidzein, on 6-hydroxydopamine (OHDA)-in-
duced neurotoxicity are not well understood. In the current study, 7,8,4’-THIF significantly inhibited neuronal cell death and lactate 
dehydrogenase (LDH) release induced by 6-OHDA in SH-SY5Y cells, which were used as an in vitro model of Parkinson’s disease 
(PD). Moreover, pretreatment with 7,8,4’-THIF significantly increased the levels of superoxide dismutase (SOD), catalase (CAT), 
and glutathione (GSH) and decreased malondialdehyde (MDA) activity in 6-OHDA-induced SH-SY5Y cells. In addition, 7,8,4’-THIF 
significantly recovered 6-OHDA-induced cleaved caspase-3, cleaved caspase-9, cleaved poly-ADP-ribose polymerase (PARP), 
increased Bax, and decreased Bcl-2 levels. Additionally, 7,8,4’-THIF significantly restored the expression levels of phosphorylated 
c-Jun N-terminal kinase (JNK), p38 mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinase 1/2 (ERK 1/2), 
phosphatidylinositol 3-kinases (PI3K)/Akt, and glycogen synthase kinase-3 beta (GSK-3β) in 6-OHDA-induced SH-SY5Y cells. 
Further, 7,8,4’-THIF significantly increased the reduced tyrosine hydroxylase (TH) level induced by 6-OHDA in SH-SY5Y cells. 
Collectively, these results suggest that 7,8,4’-THIF protects against 6-OHDA-induced neuronal cell death in cellular PD models. 
Also, these effects are mediated partly by inhibiting activation of the MAPK and PI3K/Akt/GSK-3β pathways.
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oxidative stress may be closely related to the pathogenesis 
and aggravation of motor decline in PD (Yuan et al., 2007). In 
particular, increased oxidative stress, dysfunction of the anti-
oxidant system, and mitochondrial damage have been shown 
to induce apoptotic processes in various cellular systems 
(Blum et al., 2001). Therefore, attenuation of oxidative stress 
may be an important strategy for treatment and/or prevention 
of PD.

6-Hydroxydopamine (OHDA) has been widely used to pro-
duce oxidative stress associated with damage to dopaminer-
gic neurons. Therefore, 6-OHDA is a well-known neurotoxin 
for inducing PD in vitro and in vivo (Kopalli et al., 2013) includ-
ing in the human neuroblastoma SH-SY5Y cell line (Guo et al., 
2005). 6-OHDA induces neuronal cell death by inhibiting an-
tioxidant systems including reducing the levels of glutathione 
(GSH), catalase (CAT), and superoxide dismutase (SOD) and 
inducing mitochondrial deficits (Kwon et al., 2012; Park et al., 
2017). In addition, the neurotoxin 6-OHDA stimulates several 
pro-apoptosis molecular factors for mitogen-activated protein 
kinases (MAPKs) including extracellular signal-regulated ki-
nase 1/2 (ERK1/2), p38, c-Jun N-terminal kinase (JNK), phos-
phatidylinositol 3-kinases (PI3K)/Akt, and glycogen synthase 
kinase-3 beta (GSK-3β) (Kim and Choi, 2010; Kwon et al., 
2014).

In the present study, the effects of 7,8,4’-THIF, a meta-
bolic product of daidzein, on 6-OHDA-induced neurotoxicity 
and cell viability were investigated in human neuroblastoma 
SH-SY5Y cells as a model of PD. To evaluate the possible 
mechanism(s) underlying the effects of 7,8,4’-THIF against 
6-OHDA-induced apoptotic cell death, we measured the lev-
els of SOD, CAT, GSH, and malondialdehyde (MDA), as well 
as lactate dehydrogenase (LDH) release, in SH-SY5Y cells. 
To determine the effects of 7,8,4’-THIF on 6-OHDA-induced 
apoptosis pathways, we assessed the expression levels 
of Bax, Bcl-2, cleaved caspase-3, cleaved caspase-9, and 
cleaved poly-ADP-ribose polymerase (PARP), as well as the 
activation of MAPK and PI3K/Akt/GSK-3β cascades, using 
Western blotting. Finally, we determined the level of tyrosine 
hydroxylase (TH), an important rate-limiting enzyme in dopa-
mine metabolism, in 6-OHDA-stimulated SH-SY5Y cells.

MATERIALS AND METHODS

Chemicals and reagents
7,8,4’-THIF was purchased from Indofine Chemical Com-

pany (San Mateo, CA, USA). 3-(4,5-Dimethyl thiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), anti-β-actin antibody, 
dimethyl sulfoxide (DMSO), 6-OHDA, and Tween 20 were 
purchased from Sigma Chemicals (St. Louis, MO, USA). 
Dulbecco’s modified Eagle’s medium (DMEM) was obtained 
from HyClone (Logan, UT, USA). Fetal bovine serum (FBS), 
0.25% trypsin-EDTA, and penicillin/streptomycin were ob-

tained from Gibco–BRL (Grand Island, NY, USA). Dulbecco’s 
phosphate-buffered saline (D-PBS) was obtained from Wel-
gene (Gyeongsan, Korea). Rabbit anti-Bax, rabbit anti-Bcl-2, 
rabbit anti-caspase-3, rabbit anti-caspase-9, rabbit anti-PARP, 
rabbit anti-phospho Erk1/2 (Thr202/Tyr204), rabbit anti-Erk1/2 
(Thr202/Tyr204), rabbit anti-phospho JNK (Thr183/Tyr185), 
rabbit anti-phospho GSK-3β (D75D3), and rabbit anti-GSK-3β 
antibodies were purchased from Cell Signaling Technology 
(Boston, MA, USA). Rabbit anti-JNK, rabbit anti-phospho p38 
MAPK (Thr180/Tyr182), and rabbit anti-p38 MAPK antibod-
ies were purchased from Epitomics (Burlingame, CA, USA). 
Rabbit anti-TH antibody was purchased from Merck Millipore 
(Darmstadt, Germany). Secondary antibodies were pur-
chased from Jackson ImmunoResearch Laboratories (West 
Grove, PA, USA). All other chemicals were of analytical grade.

Cell culture and treatment
Human neuroblastoma SH-SY5Y cells (catalog #CRL-

2266, RRID: CVCL_0019) were obtained from the ATCC 
(Manassas, VA, USA) and were maintained in DMEM supple-
mented with 10% heat-inactivated FBS and 0.1% penicillin/
streptomycin at 37°C in a humidified atmosphere of 5% CO2 
and 95% air. The medium was replaced every 3 days until 
the cells reached 80-90% confluency in 100-mm2 cell culture 
dishes. For subcultures, SH-SY5Y cells were dissociated with 
trypsin-EDTA and subcultured in culture dishes. 6-OHDA was 
prepared as a 20 mM stock solution immediately before use 
and diluted in PBS to the final concentration. The test com-
pound was dissolved in DMSO, and the stock solution was 
added to the culture media to a final concentration of 0.1% 
(v/v) DMSO.

Measurement of cell viability
SH-SY5Y cells were plated in 96-well plates (2.5×104 cells/

well). After pretreatment with either 7,8,4’-THIF (1, 2.5, 5, 10, 
or 20 μM) or vehicle (0.1% v/v DMSO) for 30 min, the cells 
were incubated with 200 μM 6-OHDA for 24 h and subse-
quently treated with MTT solution (5 mg/ml). In addition, in 
order to avoid the direct molecular reaction of 7,8,4’-THIF with 
6-OHDA present in the cell culture medium, the cells were pre-
treated with 7,8,4’-THIF for 1 h, washed three times with PBS, 
and then incubated with 6-OHDA for 24 h in another group of 
experiments (Tian et al., 2007). The dark blue formazan crys-
tals formed in the viable cells were dissolved in DMSO, and 
the absorbances at 540 nm were measured with a microplate 
reader (SpectraMax 250, Molecular Device, Sunnyvale, CA, 
USA).

Measurement of LDH release
LDH release was spectrophotometrically measured using a 

Cytotoxicity Cell Death kit (Takara Bio, Shiga, Japan) accord-
ing to the manufacturer’s instructions. SH-SY5Y cells (2.5×104 
cells/well in 96-well plates) with or without 7,8,4’-THIF pre-
treatment were incubated at 37°C with 200 μM 6-OHDA for 24 
h, and the cell supernatant was collected and assayed. Then, 
the total protein amounts were normalized using a protein as-
say kit (Thermo Scientific, Rockford, IL, USA). The reaction 
mixture (100 μl) was added to each well and incubated for 
30 min at room temperature. The absorbance at 490 nm was 
measured using a microplate reader, and the LDH expressed 
due to cytotoxicity (%) was calculated using the following for-
mula: % of LDH release=[(LDH activity in the medium)/(LDH 
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Fig. 1. Chemical structure of 7,8,4’-THIF.
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activity in the medium+LDH activity in the cell)]×100.

Measurement of SOD and CAT activities and GSH content
SOD and CAT activities and GSH content were measured 

using commercial assay kits (BioVision, Milpitas, CA, USA). 
SH-SY5Y cells (5×105 cells/well in 6-well plates) with or with-
out 7,8,4’-THIF pretreatment were incubated at 37°C with 200 
μM 6-OHDA for 24 h. The medium was then removed, and 
the cells were harvested. The cells were washed with ice-cold 
PBS, dissociated with cell lysis buffer, and centrifuged for 5 
min (15,000×g). The cell pellet was resuspended in 500 μl of 
ice-cold buffer and lysed via vortexing. The cell suspension 
was then used for assays according to the manufacturer’s pro-
tocols (BioVision). The total protein amounts were normalized 
for avoiding the pure cell-killing toxic effect of 6-OHDA. The 
absorbance of all samples was measured using a microplate 
reader (SpectraMax 250, Molecular Device) at 450 nm for 
SOD, 570 nm for CAT, and 405 nm for GSH.

Measurement of MDA level
SH-SY5Y cells (5×105 cells/well in 6-well plates) were incu-

bated at 37°C with 200 μM of 6-OHDA for 6 h with or without 
7,8,4’-THIF pretreatment. The medium was then removed, 
and the cells were harvested. The cells were washed with ice-
cold PBS, dissociated with cell lysis buffer, and centrifuged for 
5 min (15,000×g). The total protein amounts were quantified 

using a protein assay kit (Thermo Scientific). The MDA level 
in the supernatant was measured using a specific assay kit 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China) 
based on the manufacturer’s instructions.

Western blot analysis
Western blotting was conducted as previously described 

(Ko et al., 2018b). Briefly, SH-SY5Y cells (5×105 cells/
well in 6-well plates) were incubated at 37°C with 200 μM 
of 6-OHDA for 1 or 6 h with or without 7,8,4’-THIF pretreat-
ment. The cells were then washed, harvested with ice-cold 
PBS, and centrifuged at 400×g for 3 min. The cell pellet was 
resuspended in 100 μl of ice-cold T-PER tissue protein ex-
traction buffer (Thermo Scientific) containing protease and 
phosphatase inhibitor cocktails (Roche Diagnostics, GmbH, 
Berlin, Germany) and incubated on ice for 30 min. Following 
centrifugation at 10,000×g for 15 min, the supernatant was 
isolated and stored at –70°C. The protein concentration was 
calculated using a protein assay kit (Thermo Scientific). The 
protein samples were separated using 8-12.5% sodium do-
decyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred onto polyvinylidene difluoride (PVDF) 
membranes (Pall Corporation, Pensacola, FL, USA) using 
transfer buffer (25 mM Tri-HCl buffer, pH 7.4, containing 192 
mM glycine and 20% v/v methanol) and blocked with 5% 
non-fat milk in 0.5 mM Tris-HCl (pH 7.5) containing 150 mM 
NaCl and 0.1% Tween 20 for 1 h at room temperature. Each 
membrane was incubated in a primary antibody overnight at 

Fig. 2. Effects of 7,8,4’-THIF on viability (A) of SH-SY5Y cells. 
Dose-dependent cytotoxic effects of 6-OHDA on viability (B) of SH-
SY5Y cells. Protective effects of 7,8,4’-THIF on 6-OHDA-induced 
neuronal cell death (C) and LDH release (D) in SH-SY5Y cells. The 
cells were pretreated with 7,8,4’-THIF (2.5, 5, 10, 25, or 50 μM) for 
30 min followed by exposure to 200 μM 6-OHDA for 24 h. The vi-
ability of the cells and LDH release were assessed using MTT and 
LDH assays, respectively, and are expressed as a percentage of 
the corresponding values for the control group.The data are pre-
sented as mean ± SEM (n=6). *p<0.05 and ***p<0.001 compared 
with the control group. ###p<0.001 compared with the 6-OHDA-
treated group.

Fig. 3. Effects of 7,8,4’-THIF on 6-OHDA-induced SOD (A) and 
CAT (B) activities, GSH content (C), and MDA level (D) in SH-
SY5Y cells. The cells were pretreated with 7,8,4’-THIF (5, 10, 25, 
or 50 μM) for 30 min followed by exposure to 200 μM 6-OHDA for 
6 or 24 h. SOD and CAT activities, GSH content, and MDA level 
were assessed using commercial assay kits and are expressed 
as a percentage of the corresponding values for the control group. 
The data are presented as mean ± SEM (n=6). ***p<0.001 com-
pared with the control group. #p<0.05, ##p<0.01, and ###p<0.001 
compared with the 6-OHDA-treated group.
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4°C. These primary antibodies comprised anti-Bax (1:1000 
dilution), anti-Bcl-2 (1:1000), anti-caspase-3 (1:1000), anti-
caspase-9 (1:1000), anti-PARP (1:1000), anti-phospho JNK 
(1:1000), anti-JNK (Thr183/Tyr185) (1:1000), anti-phospho 
p38 (Thr180/Tyr182) (1:1000), anti-p38 (1:1000), anti-phos-
pho ERK1/2 (Thr202/Tyr204) (1:2000), anti-ERK1/2 (1:2000), 
anti-phospho Akt (Ser473) (1:1000), anti-Akt (1:1000), anti-
phospho GSK-3β (D75D3) (1:1000), anti-GSK-3β (1:1000), 
and anti-TH (1:1000). After washing the membranes with 
TBST (Tris-buffered saline with 0.1% Tween 20), the blots 
were incubated in horseradish-peroxidase-conjugated sec-
ondary antibodies (Jackson ImmunoResearch Laboratories, 
West Grove, PA, USA) for 1 h at room temperature. The band 
density was determined with enhanced chemiluminescence 
(ECL) by immersing the probed membrane in a 1:1 mixture 
of ECL reagents A and B (Animal Genetics, Suwon, Republic 
of Korea) for 5 min. The membranes were then exposed to 
photographic film for several minutes. The protein bands were 
quantified using densitometric analysis with ImageJ software 
(National Institutes of Health, Bethesda, MD, USA).

Statistical analysis
All data are presented as mean ± SEM and were analyzed 

using Prism software, version 6.0 (GraphPad Software, San 
Diego, CA, USA). Statistical analyses were performed using 
one-way analysis of variance (ANOVA) following by the New-
man–Keuls post hoc test for multiple comparisons. Statistical 
significance was defined as p<0.05.

RESULTS

Effects of 7,8,4’-THIF on 6-OHDA-induced cell viability and 
LDH release in SH-SY5Y cells

Pretreatment with 7,8,4’-THIF (2.5, 5, 10, 25, or 50 μM) 
alone did not affect cytotoxicity in SH-SY5Y cells (Fig. 2A). 
In addition, SH-SY5Y cells were treated with varying doses of 
6-OHDA (25, 50, 100, 200, or 500 μM) for 24 h, and the viabil-
ity of the cells was determined using the MTT formazan assay. 
As shown in Fig. 2B, all concentrations of 6-OHDA induced 
significant neuronal cell death in a dose-dependent manner 
(Fig. 2B, F(5, 30)=52.60, p<0.05 and p<0.001, respectively). 
Only 55.8% of the cells exposed to 200 μM 6-OHDA remained 
viable compared with the control group. Therefore, 200 μM 

6-OHDA was selected for all subsequent experiments. To as-
sess the effects of 7,8,4’-THIF on neuronal injury, 6-OHDA-
induced SH-SY5Y cells were treated with various concentra-
tions of 7,8,4’-THIF. 6-OHDA (200 μM) significantly decreased 
cell viability (Fig. 2C, F(5, 30)=31.82, p<0.001) and increased 
LDH release compared with the control group (Fig. 2D, F(5, 

30)=59.86, p<0.001). However, pretreatment with 7,8,4’-THIF 
(10, 25, or 50 μM) significantly ameliorated 6-OHDA-induced 
cell death (Fig. 2C, p<0.001, p<0.001, and p<0.001, respec-
tively) and LDH release in SH-SY5Y cells (Fig. 2D, p<0.001, 
p<0.001, and p<0.001, respectively).

Effects of 7,8,4’-THIF on 6-OHDA-induced SOD and CAT 
activities, GSH content, and MDA level in SH-SY5Y cells

To investigate the effects of 7,8,4’-THIF on 6-OHDA-induced 
antioxidant enzymes, we assessed the activities of SOD, CAT, 
and GSH in SH-SY5Y cells. A marked reduction in the activi-
ties of SOD (55.4% decrease) (Fig. 3A, F(5, 30)=11.06, p<0.001) 
and CAT (in 55.1% decrease of the control level) (Fig. 3B, 
F(5, 30)=14.35, p<0.001), as well as the GSH content (54.1% 
decrease) (Fig. 3C, F(5, 30)=13.38, p<0.001), were seen after 
treatment with 6-OHDA (200 μM) compared with the control 
group. However, the reductions in CAT and GSH levels were 
significantly restored by 7,8,4’-THIF (10 μM) to 75.1% and 
75.6% of the control level, respectively (p<0.05 and p<0.01). 
In addition, pretreatment with 25 μM 7,8,4’-THIF significantly 
increased SOD, CAT, and GSH levels to 75.5%, 73.1%, and 
81.3% of the control level, respectively (p<0.05, p<0.05, and 
p<0.001). Pretreatment with 50 μM 7,8,4’-THIF also resulted 
in significant increases in SOD, CAT, and GSH to 84.0%, 
85.1%, and 82.8% of the control level, respectively (p<0.01, 
p<0.001, and p<0.001). When cells were incubated with 200 
μM of 6-OHDA in the absence of 7,8,4’-THIF pretreatment, 
the MDA level was significantly increased compared with the 
control cells (Fig. 3D, F(5, 30)=11.14, p<0.001). However, pre-
treatment with 7,8,4’-THIF (25 or 50 μM) markedly decreased 
the level of MDA compared with the 6-OHDA-treated cells 
(Fig. 3D, p<0.001 and p<0.001, respectively). These results 
indicate that 7,8,4’-THIF might improve 6-OHDA-induced dys-
function of the antioxidant system in SH-SY5Y cells.

Effects of 7,8,4’-THIF on 6-OHDA-induced increased Bax 
and decreased Bcl-2 expression levels in SH-SY5Y cells

To explore the effects of 7,8,4’-THIF on 6-OHDA-induced 
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Fig. 4. Effects of 7,8,4’-THIF on 6-OHDA-induced increased Bax and decreased Bcl-2 expression levels in SH-SY5Y cells. The cells were 
pretreated with 7,8,4’-THIF (10, 25, or 50 μM) for 30 min followed by exposure to 200 μM 6-OHDA for 6 h (A). The expression levels of Bax 
(B) and Bcl-2 (C) were evaluated using Western blot analysis. The densitometric data are expressed as mean ± SEM (n=3). **p<0.01 com-
pared with the control group. #p<0.05 and ##p<0.01 compared with the 6-OHDA-treated group.
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Bax and Bcl-2 expression levels, we performed Western 
blotting on SH-SY5Y cells (Fig. 4A). Treatment of cells with 
200 μM 6-OHDA resulted in a significant increase in the level 
of Bax to 187.5% of the control level (Fig. 4B, F(4, 10)=14.57, 
p<0.01). In contrast, 6-OHDA treatment significantly de-
creased the level of Bcl-2 to 55.4% of the control value (Fig. 
4C, F(4, 10)=11.07, p<0.05). However, pretreatment with 25 or 
50 μM 7,8,4’-THIF significantly recovered the levels of Bax to 
109.5% (Fig. 4B, p<0.01) and 105.0% (Fig. 4B, p<0.01) of the 
control value, respectively. In addition, pretreatment with 25 or 
50 μM 7,8,4’-THIF dramatically restored the levels of Bcl-2 to 
82.7% (Fig. 4C, p<0.05) and 112.1% (Fig. 4C, p<0.01) of the 
control group.

Effects of 7,8,4’-THIF on 6-OHDA-induced expression 
levels of cleaved caspase-9, cleaved caspase-3, and 
cleaved PARP in SH-SY5Y cells

To assess the effects of 7,8,4’-THIF on the underlying apop-
totic pathway, we verified the regulation of caspase and PARP 
proteins using Western blot analysis in 6-OHDA-stimulated 
SH-SY5Y cells (Fig. 5A). Treatment with 200 μM 6-OHDA re-
sulted in increased expression levels of cleaved caspase-9, 
cleaved casepase-3, and cleaved PARP to 159.8% (Fig. 5B, 
F(4, 10)=7.06, p<0.01), 283.0% (Fig. 5C, F(4, 10)=36.88, p<0.001), 
and 208.5% (Fig. 5D, F(4, 10)=21.35, p<0.001) of the control val-
ues, respectively. However, treatment of SH-SY5Y cells with 
25 μM 7,8,4’-THIF significantly decreased the levels of cleaved 
caspase-9 and cleaved PARP to 107.4% (Fig. 5B, p<0.01) 
and 158.8% (Fig. 5D, p<0.05) compared with the 6-OHDA-
treated group, respectively. In addition, treatment with 50 μM 
7,8,4’-THIF significantly reduced the 6-OHDA-induced levels 
of cleaved caspase-9, cleaved caspase-3, and cleaved PARP 
to 100.7% (Fig. 5B, p<0.01), 176.2% (Fig. 5C, p<0.001), and 
107.1% (Fig. 5D, p<0.001) of the control values, respective-
ly. These results indicate that 7,8,4’-THIF effectively inhibits 
events downstream of the apoptotic pathway, including cas-
pase-9, caspase-3, and PARP activation, in SH-SY5Y cells.

Effects of 7,8,4’-THIF on 6-OHDA-induced expression 
levels of phosphorylated JNK, p38, ERK 1/2, Akt, and GSK-
3β in SH-SY5Y cells

As shown in Fig. 6A, the effects of 7,8,4’-THIF on the 6-OH-

DA-induced expression levels of phosphorylated JNK, p38, 
ERK 1/2, Akt, and GSK-3β were assessed using Western blot 
analysis in SH-SY5Y cells. Treatment with 200 μM 6-OHDA sig-
nificantly increased the expression of phosphorylated JNK, p38, 
ERK 1/2, Akt, and GSK-3β to 202.4% (Fig. 6B, F(4, 10)=20.45, 
p<0.001), 160.4% (Fig. 6C, F(4, 10)=6.98, p<0.05), 265.3% (Fig. 
6D, F(4, 10)=19.81, p<0.001), 188.3% (Fig. 6E, F(4, 10)=16.74, 
p<0.001), and 242.3% (Fig. 6F, F(4, 10)=9.42, p<0.01) of the con-
trol values, respectively. However, 10 μM 7,8,4’-THIF recovered 
the increases in phospho GSK-3β caused by 6-OHDA to 174.6% 
(Fig. 6F, p<0.05) of the control value. In addition, 25 μM 7,8,4’-
THIF significantly reversed the increased expression of phos-
phorylated p38, ERK 1/2, Akt, and GSK-3β to 94.7% (Fig. 6C, 
p<0.05), 194.1% (Fig. 6D, p<0.05), 145.0% (Fig. 6E, p<0.05), 
and 161.3% (Fig. 6F, p<0.05), respectively. Pretreatment with 50 
μM 7,8,4’-THIF also significantly reduced the elevated expres-
sion of phosphorylated JNK, p38, ERK 1/2, Akt, and GSK-3β to 
145.1% (Fig. 6B, p<0.01), 92.2% (Fig. 6C, p<0.05), 199.7% (Fig. 
6D, p<0.05), 126.5% (Fig. 6E, p<0.01), and 124.7% (Fig. 6F, 
p<0.01), respectively, in SH-SY5Y cells. Taken together, these 
data show that 7,8,4’-THIF effectively attenuates 6-OHDA-in-
duced activation of the MAPK and PI3K/Akt/GSK-3β cascades.

Effects of 7,8,4’-THIF on 6-OHDA-induced TH expression 
level in SH-SY5Y cells

TH is a rate-limiting enzyme in dopamine metabolism and 
has been found to be downregulated in many studies using in 
vitro and in vivo PD models (Jing et al., 2015). Therefore, we 
further evaluated the effects of 7,8,4’-THIF on TH expression 
level in SH-SY5Y cells (Fig. 7A). In 6-OHDA-induced cells, 
the expression level of TH was significantly downregulated 
to 49.7% of the control values (Fig. 7B, F(4, 10)=4.51, p<0.05). 
However, 50 μM 7,8,4’-THIF significantly increased the TH 
level to 97.6% (Fig. 7B, p<0.05), suggesting a positive effect 
of 7,8,4’-THIF against 6-OHDA-induced dopaminergic cell 
damage.

DISCUSSION

In the current study, we evaluated the effects of 7,8,4’-THIF 
(8-hydroxydaidzein), one of the metabolites of daidzein isolat-

Fig. 5. Effects of 7,8,4’-THIF on 6-OHDA-induced cleaved caspase-9, cleaved caspase-3, and cleaved PARP expression levels in SH-
SY5Y cells. The cells were pretreated with 7,8,4’-THIF (10, 25, or 50 μM) for 30 min followed by exposure to 200 μM 6-OHDA for 6 h (A). 
The expression levels of cleaved caspase-9 (B), cleaved caspase-3 (C), and cleaved PARP (D) were evaluated using Western blot analysis. 
Densitometric data are expressed as mean ± SEM (n=3). **p<0.01 and ***p<0.001 compared with the control group. #p<0.05, ##p<0.01, and 
###p<0.001 compared with the 6-OHDA-treated group.
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ed from soybean (Glycine max) products, on neurotoxicity in 
SH-SY5Y cells stimulated by 6-OHDA. It has been previously 
reported that 7,8,4’-THIF possesses several biological activi-
ties associated with the benefits of human health. In particu-
lar, the anti-inflammatory effect of 7,8,4’-THIF in LPS-induced 
models was exerted by inhibiting Akt/nuclear factor (NF)-κB 
and activator protein 1 (AP-1) signaling, as well as pro-inflam-
matory cytokines, inducible nitric oxide synthase (iNOS), and 
cyclooxygenase-2 (COX-2) activity (Kim et al., 2018; Wu et 
al., 2018). Also, the antioxidant property of 7,8,4’-THIF was 
proved by investigating its effects on reactive oxygen species 
(ROS), free radical scavenging, and cellular activity (Rimbach 
et al., 2003) and may be affected by nuclear factor E2-related 
factor 2 (Nrf2) (Wu et al., 2018). However, the anti-apoptotic 
effects of 7,8,4’-THIF on neuronal cell death have not been 
investigated in 6-OHDA-induced cellular PD models until now. 
In addition, the possible mechanisms of 7,8,4’-THIF were 
studied by evaluating the underlying intracellular signaling 
pathways in human neuronal SH-SY5Y cells.

Many studies have demonstrated that damage from 6-OH-
DA-induced oxidative stress can cause cell toxicity and im-
pair the antioxidant defense system, which eventually leads to 
apoptotic processes associated with PD (Chen et al., 2012). 
Therefore, suppression of oxidative stress, subsequent do-
paminergic neuronal loss, and apoptosis are considered 
possible therapeutic strategies for treating PD. As provided 
above, 6-OHDA, a selective neurotoxin, could induce dopa-
minergic neuronal cell death through the several molecular 
mechanisms. For example, this neurotoxin inhibits antioxidant 
system, including the decreases in SOD and GSH contents 
and increases ROS levels (Kwon et al., 2012). Moreover, 

6-OHDA-induced lesion could change the ratio of Bax/Bcl-2 
proteins associated with mitochondrial function and activate 
MAPK and PI3K/Akt/NF-κB molecular pathways related to the 
processes of cell survival or apoptosis caused by oxidative 
stress (Zhang et al., 2012; Kim et al., 2017). These changes 
in mechanisms induced by 6-OHDA may cause neurodegen-
erative lesion such as PD and Alzheimer’s disease (AD). In 
this study, we found that cells treated with 200 μM 6-OHDA 
showed a significant decrease in cell viability and elevated 
LDH release as determined using MTT and LDH assays, 
respectively. LDH is another marker for cell toxicity and is 
released into the extracellular membrane due to damage to 
neuronal cells caused by neurotoxin such as 6-OHDA or H2O2 
(Tan and Kim, 2016). Our results showed that various con-
centrations of 7,8,4’-THIF significantly inhibited the decreased 
cell viability and increased LDH release due to 6-OHDA. In 
addition, in another group of experiments avoiding the direct 
reaction of 7,8,4’-THIF with 6-OHDA, the MTT and LDH as-
says indicated that 7,8,4’-THIF also has a protective effect on 
6-OHDA-induced neurotoxicity like the results above (data not 
shown). Thus, the protective activity of 7,8,4’-THIF may be not 
related to the direct interaction with 6-OHDA or the quench-
ing effect on the toxicity of 6-OHDA. Moreover, we examined 
the levels of antioxidant enzymes (SOD, CAT, and GSH) and 
MDA content after 6-OHDA treatment, and the results indicate 
that the neurotoxin changed the activities of these products. 
In cells, these antioxidant enzymes prevent the production of 
free radicals from peroxides or superoxides (Jin et al., 2015). 
In addition, 6-OHDA increases the level of MDA, an end-
product of lipid peroxidation, in neuronal cells under condi-
tions of oxidative stress (Porres-Martínez et al., 2015). Thus, 
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Fig. 6. Effects of 7,8,4’-THIF on 6-OHDA-induced expression of phosphorylated JNK, p38, ERK 1/2, Akt, and GSK-3β in SH-SY5Y cells. 
The cells were pretreated with 7,8,4’-THIF (10, 25, or 50 μM) for 30 min followed by exposure to 200 μM 6-OHDA for 1 h (A). The expres-
sion levels of phospho JNK (B), phospho p38 (C), phospho ERK 1/2 (D), phospho Akt (E), and phospho GSK-3β (F) were evaluated using 
Western blot analysis. Densitometric data are expressed as mean ± SEM (n=3). *p<0.05, **p<0.01, and ***p<0.001 compared with the con-
trol group. #p<0.05 and ##p<0.01 compared with the 6-OHDA-treated group.
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the increased MDA content is closely associated with oxida-
tive damage to the cell membrane, which can result in cel-
lular damage (Xiao et al., 2008). In our results, pretreatment 
with 7,8,4’-THIF normalized these changes, demonstrated by 
elevation of the SOD, CAT, and GSH contents the reduction 
of MDA activity. Thus, our data indicate that 7,8,4’-THIF is ef-
fective in preventing neuronal cell death, which may be partly 
mediated by recovery of the antioxidant defense system and 
inhibition of MDA level involved in oxidative stress in neuronal 
cells.

The main members of the Bcl-2 mitochondrial protein fam-
ily, including Bcl-2 and Bax, are associated with apoptosis 
regulation during mitochondrial membrane dysfunction (Kwon 
et al., 2011). Translocation of the pro-apoptotic protein Bax 
to the mitochondrial membrane enhances the progression 
of apoptosis by changing membrane permeability (Vander 
Heiden and Thompson, 1999). In contrast, Bcl-2, an integral 
membrane protein located in the outer membrane, has anti-
apoptotic activity and protects neuronal cells from oxidative 
injury and early apoptosis caused by various factors such as 
6-OHDA (Tortosa et al., 1997). Thus, the balance of Bcl-2 fam-
ily proteins (i.e., pro- and anti-apoptotic molecules) likely plays 
an important role in apoptosis and neuronal cell survival. In 
addition, 6-OHDA activates caspase-9 and caspase-3, which 
are primarily associated with neuronal apoptosis (Lee et al., 
2005). These activated caspase proteins are also mediated 
by upregulation of cleavage of the DNA repair enzyme PARP 
(Grütter, 2000). Thus, inhibition of caspase-3 and caspase-9 
may contribute to protection against neuronal cell loss. Our 
present results reveal that 6-OHDA induced increased Bax 
and decreased Bcl-2 expression levels, which were ameliorat-
ed by pretreatment with 7,8,4’-THIF in SH-SY5Y cells. More-
over, 6-OHDA-mediated increases in the caspase cascade, 
including increased levels of cleaved caspase-9, cleaved 
caspase-3, and cleaved PARP, were inhibited by 7,8,4’-THIF. 
These findings suggest that 7,8,4’-THIF can inhibit 6-OHDA-
stimulated apoptotic cell death processes by regulating the 
expression of Bax and Bcl-2, as well as caspase proteins.

To evaluate the effects of 7,8,4’-THIF on the 6-OHDA-
stimulated MAPK cascade, we next performed Western blot 
analysis on SH-SY5Y cells. The MAPK cascade is activated 
by major stimuli, such as oxidative stress, and is mainly in-

volved in cell survival and death (Xia et al., 1995). The MAPK 
pathway, including JNK, p38, and ERK 1/2, regulates vari-
ous cellular events such as differentiation, proliferation, and 
apoptosis (Lewis et al., 1998). In addition, PI3K/Akt and its 
downstream molecule GSK-3β are necessary for diverse cel-
lular processes such as proliferation, growth, survival, and 
apoptosis (Chen et al., 2004). Thus, the MAPK and PI3K/Akt/
GSK-3β signaling pathways are closely associated with patho-
logical aspects of PD. Specifically, increased the expression 
levels of phosphorylated MAPKs, PI3K/Akt, and GSK-3β were 
found in the postmortem brain of patients with PD (Dzamko 
et al., 2014). In addition, 6-OHDA-induced PD exhibits in-
creased levels of phospho MAPKs and PI3K/Akt/GSK-3β in 
both in vitro and in vivo models (Xie et al., 2016). These in-
hibitions of the MAPK and PI3K/Akt molecular cascades may 
be targets for treatment of neurodegenerative diseases such 
as PD. Previous studies have reported that several therapeu-
tic natural sources and their major compounds were able to 
inhibit neurotoxin-induced cell death by blocking the above-
mentioned apoptotic signaling in cellular PD models (Kwon 
et al., 2012; Kim et al., 2017). Consistent with previous stud-
ies using other therapeutic candidate compounds, we found 
that pretreatment with 7,8,4’-THIF significantly suppressed the 
6-OHDA-induced increases in the expression of phosphory-
lated JNK, p38, and ERK 1/2, as well as PI3K/Akt. Thus, these 
results obtained from Western blot analyses demonstrate that 
7,8,4’-THIF may prevent 6-OHDA-induced neuronal cell death 
by blocking apoptotic signaling pathways in SH-SY5Y cells. In 
addition, there is a possibility that 7,8,4’-THIF probably affects 
Nrf2 involved in the protection of cells from oxidative stress. 
Many previous studies have indicated that Nrf2, a redox-sen-
sitive transcription factor, is stimulated by the neurotoxin and 
ROS, which lead to the translocation of Nrf2 into the nucleus 
where it binds to promoter sequence known as antioxidant 
response elements (AREs) and could increase a series of an-
tioxidant genes, including heme oxygenase-1 (HO-1) (Keum, 
2012; Kwon et al., 2015). Nrf2-dependent pathway has also 
been reported to be associated with MAPKs and PI3K/Akt 
signaling. Thus, 7,8,4’-THIF may increase antioxidant genes, 
such as HO-1, and show cytoprotective effects on 6-OHDA-
induced neurotoxicity through, at least in part, the activation 
of the PI3K/Akt/Nrf2 signaling cascade. Although we did not 
evaluate the remaining markers such as Nrf2 or HO-1, it is 
indirectly predicted that 7,8,4’-THIF could increase the anti-
oxidant genes through the evaluation of MAPKs and PI3K/Akt 
pathways as well as the assessment of antioxidant enzymes 
associated with ROS.

Finally, to explore whether TH expression level was 
changed following treatment with 7,8,4’-THIF, we conducted 
Western blotting on SH-SY5Y cells exposed to 6-OHDA. TH is 
a key enzyme for dopamine metabolism and converts tyrosine 
to the dopamine precursor dihydroxyphenylalanine in dopami-
nergic neurons (Pišlar et al., 2014). The decreased TH level 
leads to dopamine deficits and eventually to the neuropatho-
logical features of PD (Simola et al., 2007). Thus, treatment 
with 6-OHDA markedly reduces the level of TH in neuronal cell 
models (Shukla et al., 2014). Previous studies have indicated 
that α-synuclein, a protein marker for the pathogenesis of PD, 
is the major component of Lewy bodies and could decrease 
the expression of TH in dopaminergic cells (Kirik et al., 2002). 
This overexpression of α-synuclein could be up-regulated by 
some Parkinsonism-inducing neurotoxins such as 6-OHDA 

Fig. 7. Effects of 7,8,4’-THIF on 6-OHDA-induced TH expression 
level in SH-SY5Y cells. The cells were pretreated with 7,8,4’-THIF 
(10, 25, or 50 μM) for 30 min followed by exposure to 200 μM 
6-OHDA for 6 h (A). The expression level of TH (B) was evaluated 
using Western blot analysis. Densitometric data are expressed 
as mean ± SEM (n=3). *p<0.05 compared with the control group. 
#p<0.05 compared with the 6-OHDA-treated group.
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and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Yu 
et al., 2004). Furthermore, there is a possibility that the re-
duction of TH level may be associated with the transcriptional 
inhibition of the TH gene (Yu et al., 2004). However, the de-
tailed molecular mechanisms for the suppression of the TH 
gene expression in dopaminergic cells are not clear. Similarly, 
our study showed that exposure of SH-SY5Y cells to 6-OHDA 
significantly reduced the expression of TH. However, this re-
duction was normalized by pretreatment with 7,8,4’-THIF. As 
described above, 6-OHDA could destroy dopaminergic neu-
rons normally expressing TH and could induce cell death. 
7,8,4’-THIF may increase the survivability of dopaminergic 
cells against 6-OHDA-induced injury, and thus could also re-
verse the levels of TH expression. Also, another possibility is 
that the strong antioxidant effect of 7,8,4’-THIF may protect 
the reduction of TH expression in SH-SY5Y cells. A previous 
study has been reported that SH-SY5Y cells with increased 
TH level have the resistance on oxidative stress induced by 
6-OHDA or H2O2 (Franco et al., 2010). Therefore, there may 
be a correlation between the antioxidant activity of 7,8,4’-THIF 
and TH expression level. Taken together, these results dem-
onstrate the possible neuroprotective profile of 7,8,4’-THIF in 
cellular PD models.

In conclusion, we found that 7,8,4’-THIF, a metabolite of 
daidzein, protects against 6-OHDA-induced neurotoxicity in 
SH-SY5Y cells. Its mechanism of action is likely associated 
with its antioxidant activities, as demonstrated by its ability to 
inhibit LDH and MDA activities as well as increase the levels of 
antioxidant enzymes such as SOD, CAT, and GSH. In addition 
to the antioxidant activities of 7,8,4’-THIF, its protective effects 
against apoptosis caused by 6-OHDA are likely related to it 
decreasing the activation of the MAPK and PI3K/Akt/GSK-3β 
pathways, as well as reducing the expression of cleaved cas-
pase-3, cleaved caspase-9, and cleaved PARP, upregulating 
Bax, and downregulating Bcl-2. These effects may be a direct 
activity on the processes of apoptosis in SH-SY5Y cells. 7,8,4’-
THIF could modulate the apoptotic modulator (Bax and Bcl-2) 
and apoptotic proteins (caspase-9, caspase-3, and PARP) as 
well as inhibit the MAPK signaling molecules deeply involved 
in the process of apoptosis at the molecular levels. However, 
there is also a possibility that the potential anti-apoptotic activ-
ity of 7,8,4’-THIF is mediated partly by changing SOD or GSH 
directly related to the antioxidant function. Therefore, these 
results indicate that 7,8,4’-THIF may provide protection by 
both direct and indirect anti-apoptotic activities against 6-OH-
DA-induced neurotoxicity. Finally, pretreatment with 7,8,4’-
THIF restores the decreased expression of TH, an enzyme 
responsible for dopamine synthesis, in 6-OHDA-stimulated 
SH-SY5Y cells. As mentioned above, our previous studies and 
other studies have indicated that the metabolites of daidzein, 
including 7,8,4’-THIF and 6,7,4’-THIF, have positive effects on 
brain-related disorders such as cognitive impairment and neu-
roinflammation (Ko et al., 2018a; Wu et al., 2018). Although 
the exact mechanisms involved in the effects of 7,8,4’-THIF 
remain unclear, this molecule has potential therapeutic val-
ue in the treatment of neurodegenerative diseases such as 
PD. Furthermore, 7,8,4’-THIF is a metabolite of daidzein and 
is found only in fermented soybean-based foods (Wu et al., 
2018). Therefore, it is produced by the fermentation process 
and may have positive effects on human health. In addition, 
in our results, 50 μM of 7,8,4’-THIF showed a sufficient effect 
to block the toxicity of 6-OHDA. Recent published pharmaco-

kinetics (PK) results showed the changes in the amounts of 
7,8,4’-THIF and its maximum value in soybean extract-fed rat 
plasma within a specific time range (Lee et al., 2018). Thus, 
the possibility of achieving 50 μM of 7,8,4’-THIF concentration 
in vivo may be predicted with reference to this result. Collec-
tively, these data indicate that 7,8,4’-THIF is a potentially ther-
apeutic compound for treating PD and developing functional 
food or medicine. However, the improving effect of 7,8,4’-THIF 
in PD is required to be further investigated in vivo.
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