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Abstract
The flavonoids quercitrin, isoquercitrin, and afzelin were isolated from the ethyl acetate fraction of Acer okamotoanum. 
The effectiveness of these flavonoids in protecting human cells was investigated using SH-SY5Y neuronal cells. Oxidative 
stress was induced by hydrogen peroxide  (H2O2) and cells treated with flavonoids had an increased viability as compared 
with untreated cells. The flavonoid-treated cells showed significantly less reactive oxygen species production and lactase 
dehydrogenase release than the untreated cells. Especially, quercitrin and isoquercitrin showed the strongest protective effects 
against oxidative stress among several tested flavonoids as determined by the results for cell viability, reactive oxygen spe-
cies (ROS) production, and lactate dehydrogenase release. Furthermore, we measured the expression of inflammation- and 
apoptosis-related proteins. These flavonoids attenuated inflammation by downregulating the expression of cyclooxygenase-2, 
inducible nitric oxide synthase, and apoptotic signaling via inhibiting caspase activation. The present results suggest that 
three flavonoids of A. okamotoanum protect against cellular oxidative stress possibly through regulating inflammation, 
apoptosis, and ROS-scavenging.
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Introduction

Oxidative stress due to the accumulation of reactive oxy-
gen species (ROS) is a risk factor for the development of 
Alzheimer’s disease and other neurodegenerative diseases 
(Facheris et al. 2004). ROS including free radicals [e.g., 
hydroxyl radicals (•OH) and superoxide radicals (•O2

−)] as 

well as hydrogen peroxide  (H2O2) are associated with neu-
ronal cell death in various neurodegenerative diseases (Gella 
and Durany 2009; Kwon et al. 2015; Valko et al. 2007). The 
overproduction of ROS promotes lipid peroxidation, protein 
oxidation, and DNA damage, resulting in neuronal apop-
tosis in brain cells (Facheris et al. 2004; Gella and Durany 
2009). In addition, over-accumulation of ROS can also trig-
ger inflammation reactions as well as aggravate brain dam-
age in patients with neurodegenerative disease (Gella and 
Durany 2009; Smith et al. 2000).  H2O2 is the critical ROS 
for inflammation and apoptosis in neuronal cells and the 
major precursor of highly reactive free radicals (Rhee 1999). 
To protect against oxidative stress such as  H2O2-induced 
neuronal damage, some studies have focused on bolster-
ing cellular antioxidant defenses by supplying exogenous 
antioxidants. Antioxidant compounds derived from plant 
sources can protect the human body against oxidative stress 
and attenuate the progression of several neurodegenerative 
diseases (Hu et al. 2015; Nirmaladevi et al. 2014; Zhou et al. 
2018). To identify natural substances that can have potential 
neuroprotective activities, several studies have reported the 
assessment of candidate compounds or extracts from various 
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plant species using cell lines induced to undergo oxidative 
stress in culture (Ju et al. 2012; Park et al. 2015).

Acer okamotoanum (AO) has been demonstrated to exert 
biological activities such as cognitive improvement, anti-
oxidant, and anti-cancer effects (Choi et al. 2017; Jin et al. 
2008; Takayama et al. 2013; Qadir et al. 2007). Several 
studies have reported that AO contains active compounds 
such as β-amyrin as well as cleomiscosin A and C (Jin et al. 
2007; Kim et al. 1998). In addition, we previously isolated 
and identified flavonoids such as quercitrin (QU quercetin-
3-rhamnoside), isoquercitrin (IQ quercetin-3-glucoside), and 
afzelin (AF kaempferol-3-rhamnoside) from the aerial parts 
of AO (Fig. 1) (Lee et al. 2018).

Furthermore, we previously demonstrated that QU, IQ, 
and AF had anti-diabetic effects through the inhibition of 
aldose reductase activity (Lee et al. 2018). These three fla-
vonoids have been reported to exert anti-inflammatory, anti-
oxidative, and anti-cancer effects (Ma et al. 2016; Li et al. 
2016a; Vellosa et al. 2015; Yin et al. 2013; Zhu et al. 2015). 
However, the potential neuroprotective effects of three fla-
vonoids (QU, IQ, and AF) against oxidative stress-induced 
inflammation and apoptosis in neuronal cells have not been 
previously studied.

Therefore, this study aimed to examine the potential pro-
tective effects of the flavonoids QU, IQ, and AF isolated 
from AO against  H2O2-induced oxidative stress in human 
neuronal SH-SY5Y cells.

Materials and methods

Preparation of Plant Materials

QU, IQ, and AF were previously isolated from the ethyl 
acetate fraction of AO (Lee et al. 2018).

Reagents

Dulbecco’s modified eagle medium (DMEM), fetal bovine 
serum (FBS), penicillin–streptomycin, and trypsin-ethylene-
diaminetetraacetic acid (EDTA) solution were obtained from 
Welgene (Daegu, Korea). Dimethyl sulfoxide (DMSO) and 
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT) were purchased from Bio Pure (Ontario, 
Canada) and Bio Basic (Toronto, Canada), respectively. 
Dichlorofluorescein diacetate (DCF-DA) was purchased 
from Sigma–Aldrich (St. Louis, MO, USA), and  H2O2 was 
purchased from Junsei (Tokyo, Japan). Radio-immuno-pre-
cipitation assay (RIPA) buffer was purchased from Elpics 
Biotech (Daejeon, Korea), protease inhibitor cocktail from 
Calbiochem (Cambridge, MA, USA), polyvinylidene fluo-
ride (PVDF) membranes from Millipore (Bedford, MA, 
USA), and enhanced chemiluminescence (ECL) substrate 
solution from Bio-Rad Laboratories (Hercules, CA, USA). 
The primary antibodies cyclooxygenase-2 (COX-2, #sc-
7951), inducible nitric oxide synthase (iNOS, #sc-8310), B 
cell lymphoma 2 associated X (Bax, #sc-493), and B cell 
lymphoma 2 (Bcl-2, #-sc-492) were purchased from Santa 
Cruz Biotechnology (Dallas, TX, USA). Poly-ADP ribose 
polymerase (PARP, #9532), β-actin (#8457), caspase-3 
(#9662), caspase-9 (#9508), and secondary antibodies 
(#7074, #7076) were purchased from Cell Signaling Tech-
nology (Beverly, MA, USA).

Cell culture

The SH-SY5Y human neuronal cells were acquired from 
American Type Culture Collection (Manassas, VA, USA). 
Cells were maintained in a T-75 flask containing DMEM 
supplemented with FBS (10%) and penicillin (5%) at 37 °C 
in a humidified atmosphere of  CO2 (5%) in air. The cells 

Fig. 1  The structures of flavo-
noids extracted from AO
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were washed with phosphate-buffered saline (pH 7.4) and 
sub-cultured with 0.05% trypsin–EDTA.

Cell viability

The MTT colorimetric assay was used to determine cell 
viability (Mosmann 1983). Five milligrams per milliliter of 
MTT solution was added to each well of a 96-well plate, 
followed by incubation for 4 h at 37 °C. Next, the medium 
containing the MTT was removed. The formazan crystals 
incorporated into the cells were solubilized with DMSO 
(200 μL) for 30 min, and then the absorbance was read at 
540 nm using a microplate reader (Thermo Fisher Scientific, 
Waltham, MA, USA).

Measurement of ROS production

Intracellular ROS production was determined using the 
DCF-DA fluorescence assay (Wang and Zhu 2003). DCF-
DA solution (80 μM) was added to each well of a black 
96-well plate, followed by incubation for 30 min. Next, the 
fluorescence emission from each well was read at an excita-
tion of 480 nm and emission of 535 nm using a fluorescence 
spectrophotometer (BMG Labtech., Ortenberg, Germany).

Measurement of lactate dehydrogenase (LDH) 
release

Lactate dehydrogenase (LDH) release was determined using 
an LDH cytotoxicity detection kit (Clontech Laboratories, 
Mountain View, CA, USA) according to the manufactur-
er’s protocol. The cell culture supernatant from each well 
was mixed with LDH solution, followed by incubation for 
30 min at 25 °C. Next, the absorbance of each well was 
read at 540 nm using a microplate reader (Thermo Fisher 
Scientific).

Western blotting

The cells were lysed with RIPA buffer containing a protease 
inhibitor cocktail. Equal amounts of protein were loaded 
into each lane of the gel. After electrophoretic separation, 
the proteins were transferred to a PVDF membrane. The 
membranes were blocked with skim milk (5%) for 1 h at 
room temperature, and then probed with primary antibodies 
against iNOS, COX-2, caspase-3, PARP, Bax, caspase-9, and 
Bcl-2. Next, the membrane was washed with PBS contain-
ing  Tween®-20 and then incubated with the corresponding 
secondary antibody for 1 h at room temperature. Finally, the 
immunoreactive blots were detected using ECL solution and 
visualized using a Davinch-Chemi™ chemiluminescence 
imaging system (Core Bio, Seoul, Korea).

Statistical analysis

Data are presented as mean ± standard deviation (SD). 
The data were analyzed by one-way analysis of variance 
(ANOVA) followed by Duncan’s multiple range test. 
p < 0.05 was considered statistically significant.

Results

Protective effects of flavonoids from AO 
against  H2O2‑induced growth inhibition

The effect of three flavonoids from AO such as QU, IQ, 
and AF on the cell viability of SH-SY5Y neuronal cells 
under  H2O2-induced oxidative stress was determined using 
the MTT assay (Fig. 2).

We initially examined the potential cytotoxic effects of 
the flavonoids using SH-SY5Y cells. Various concentra-
tions (1–10 μg/mL) of the three flavonoids had no effect on 
the viability of SH-SY5Y cells (Supplemental data). Treat-
ment with 300 μM  H2O2 decreased the cell viability to 
48.60 ± 0.93% relative to that of untreated cells. However, 
treatment with QU, IQ, and AF at 10 μg/mL increased 
the cell viability to 64.63 ± 1.19%, 69.86 ± 3.40%, and 
61.48 ± 3.14%, respectively. In summary,  H2O2-induced 
neuronal cell death was significantly attenuated by these 
three flavonoids.

Fig. 2  Effects of flavonoids from AO on the cell viability of SH-
SY5Y cells treated with  H2O2. Cells were treated for 2  h with the 
three flavonoids from AO (QU, IQ, and AF) at 1, 5, and 10 μg/mL, 
followed by the addition of  H2O2 for 24  h. Values are mean ± SD. 
a–gMeans with different letters were significantly different (p < 0.05) 
by Duncan’s multiple range test
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Inhibitory effects of flavonoids from AO 
against  H2O2‑induced ROS formation

To investigate the protective effects of the three flavonoids 
from AO, their ROS scavenging activities were measured by 
the DCF-DA assay (Fig. 3).

Cells treated with 1 mM  H2O2 exhibited a steady increase 
in ROS production as compared to untreated cells. However, 
treatment of the cells with QU, IQ, and AF significantly 
inhibited  H2O2-induced ROS production. Furthermore, the 
IQ-treated cells showed an inhibition of ROS formation in 
a concentration-dependent manner. These results indicated 
that  H2O2-induced ROS generation was attenuated by fla-
vonoids from AO.

Effect of flavonoids from AO against  H2O2‑induced 
LDH release

The exposure of SH-SY5Y cells to 300 μM  H2O2 -ele-
vated LDH release as compared with that in untreated cells 
(Fig. 4), while IQ treatment of the  H2O2-induced cells sup-
pressed the  H2O2-induced LDH release.

Cells treated with IQ at 5 and 10  μg/mL showed a 
significant inhibition of LDH release by 85.47 ± 0.74% 
and 86.74 ± 4.73%, respectively, as compared to the 
 H2O2-treated control group. These findings demonstrate 
that among these AO-derived flavonoids, IQ was par-
ticularly effective in protecting neuronal stress against 
 H2O2-induced damage.

Protective effects of flavonoids from AO 
against  H2O2‑induced inflammation

To investigate the protective effects of flavonoids from AO 
against  H2O2-induced oxidative stress in neuronal cells and 
asses the underlying mechanisms, the abundances of inflam-
mation-related proteins were measured by western blotting. 
As shown in Fig. 5, cells treated with 300 μM  H2O2 showed 
higher abundances of iNOS and COX-2 than untreated cells.

Furthermore, cells treated with 10 μg/mL QU or IQ 
showed significant reductions in the abundances of iNOS 
and COX-2, while the AF-treated group showed a signifi-
cant downregulation of COX-2 only. These results showed 
that the three flavonoids from AO regulated inflammatory 
pathways in the  H2O2-induced SH-SY5Y neuronal cells.

Fig. 3  Effects of flavonoids from AO on ROS generation in SH-
SY5Y cells treated with  H2O2. a Change of ROS fluorescence during 
60 min of treatment. b The intensity of ROS fluorescence at 60 min. 
Cells were treated for 2  h with three flavonoids from AO (QU, IQ, 
and AF) at 1, 5, and 10 μg/mL, followed by the addition of  H2O2 for 
24 h. Values are mean ± SD. a–hMeans with different letters were sig-
nificantly different (p < 0.05) by Duncan’s multiple range test

Fig. 4  Effects of flavonoids from AO on LDH release from SH-SY5Y 
cells treated with  H2O2. Cells were treated for 2 h with three flavo-
noids from AO (QU, IQ, and AF) at 1, 5, and 10 μg/mL, followed by 
the addition of  H2O2 for 24 h. Values are mean ± SD. a–cMeans with 
different letters were significantly different (p < 0.05) by Duncan’s 
multiple range test
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Protective effects of flavonoids from AO 
against  H2O2‑induced neuronal apoptosis

We further investigated the effects of these three flavonoids 
on  H2O2-induced apoptosis in SH-SY5Y neuronal cells. 
The results showed that cells treated with 300 μM  H2O2 
had significantly increased the abundances of cleaved cas-
pase-9, caspase-3, and PARP as compared with untreated 
cells, indicating neuronal cell apoptosis via the activation 
of caspases (Fig. 6).

However, the groups treated with  H2O2 followed by the 
three flavonoids showed significant reductions in the abun-
dances of cleaved caspase-9, caspase-3, and PARP as com-
pared with the cells treated with  H2O2-only. Additionally, 
 H2O2-treated control group showed an increase in the abun-
dance of pro-apoptotic protein Bax/anti-apoptotic protein 
Bcl-2 (Fig. 7).

However, the flavonoid-treated group showed a down-
regulation of Bax/Bcl-2 ratio. These results showed that the 
three flavonoids attenuated oxidative stress-induced neuronal 
cell dysfunction by regulating proteins involved in apoptosis.

Fig. 5  Effects of flavonoids 
from AO on the abundances of 
iNOS and COX-2 in SH-SY5Y 
cells treated with  H2O2. Cells 
were treated for 2 h with three 
flavonoids from AO (QU, IQ, 
and AF) at 10 μg/mL, fol-
lowed by the addition of  H2O2 
for 24 h. β-Actin was used as 
loading control. Values are 
mean ± SD. a–eMeans with dif-
ferent letters were significantly 
different (p < 0.05) by Duncan’s 
multiple range test

Fig. 6  Effects of flavonoids from AO on the abundances of cleaved 
caspase-9, caspase-3, and poly-ADP ribose polymerase in SH-SY5Y 
cells treated with  H2O2. Cells were treated for 2 h with three flavo-
noids from AO (QU, IQ, and AF) at 10 μg/mL, followed by the addi-

tion of  H2O2 for 24 h. β-Actin was used as loading control. Values are 
mean ± SD. a–eMeans with different letters were significantly different 
(p < 0.05) by Duncan’s multiple range test
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Discussion

The brain contains high contents of polyunsaturated fatty 
acids as well as redox-active iron and copper; therefore, 
brain tissue is more susceptible to oxidative stress than 
other organs (Garbarino et al. 2015). Recent reports have 
focused on the identification of potential compounds that 
protect central nervous tissue against oxidative stress (Fach-
eris et al. 2004; Smith et al. 2000). To study the potential 
neuroprotective activities of candidate compounds, the SH-
SY5Y neuronal cell line has been widely used (Agholme 
et al. 2010; Park et al. 2015). For the induction of neuronal 
damage,  H2O2 has been used to trigger inflammation and cell 
apoptosis (Rhee 1999).

Flavonoids, such as quercetin and kaempferol, are natural 
phenolic compounds, and their glycosides are present in a 
wide range of plants. QU and IQ are quercetin derivatives 
containing rhamnoside and glucoside, respectively, while 
AF is a kaempferol derivative containing rhamnoside (Lee 
et al. 2014; Li et al. 2016b). Three flavonoids (QU, IQ, and 
AF) are chemically but different from sugar binding and 
number of −OH group. Three flavonoids have a double bond 
between C-2 and C-3 position and a ketone group at C-4 
on the C ring in the backbone structure. In addition, they 
have link hydroxyl group (−OH) at C-7 on the A ring and 
C-4′ position on the B ring. QU and IQ bind −OH group 
at C-5′ on the B ring, but AF binds − H at same position. 
Therefore, QU and IQ have a catechol moiety (4′,5′-di-OHs 

on B ring); while AF has no catechol moiety. In addition, 
quercetin and kaempferol have −OH group at C-3 on the C 
ring, it commonly glycosylated. QU and AF glycosylated 
rhamnoside, and IQ glycosylated glucoside at C-3 on the C 
ring (Panche et al. 2016). Previous study reported catechol 
moiety (4′,5′-di-OHs on B ring) in the flavonoids molecule 
is higher anti-oxidant ability by attributing to the stabil-
ity of its oxidized product form (Li et al. 2014). Several 
studies reported that flavonoids linked by −OH at C-7 and 
C-4′ showed higher anti-oxidant activity on the renal cel-
lular membrane by radical scavenging activity and inhibi-
tion of lipid peroxidation than a lack of −OH at C-7 and 
C-4′ (Yokozawa et al. 1999; Zhang et al. 2014). In addi-
tion, three flavonoids constituted sugar such as glucose or 
rhamnose attached at C-3 (R2) position. Previous study 
investigated that sugar linked at C-3 in the structural back-
bone would higher anti-oxidation capability among other 
flavonoids (Yokozawa et al. 1999). More phenolic hydroxyl 
groups linked to the flavonoid structure backbone possess 
high anti-oxidant activity (Zhang et al. 2014). The present 
study indicated that the catechol moiety in B ring played the 
anti-oxidative role from oxidative stress. In addition, three 
flavonoids bind different sugar. QU and AF are linked with 
rhamnoside, but IQ is linked with glucoside at C-3 on the 
C ring. It indicated that the biological activity of flavonoids 
depends on the number of −OH, binding position of −OH 
and presence of sugar.

These flavonoid glycosides can exert several biological 
activities. QU reportedly has anti-diabetic (Babujanart-
hanam et al. 2011), anti-inflammatory (Ma et al., 2016), 
and anti-oxidant (Yin et al. 2013) effects.; IQ has shown 
hepatoprotective (Xie et al. 2016), anti-oxidant (Li et al. 
2016b), and anti-inflammatory (Li et al. 2016a) effects; and 
AF has been reported to exert anti-oxidant (Vellosa et al. 
2015), anti-cancer (Zhu et al. 2015), and anti-bacterial (Lee 
et al. 2014) effects. However, the neuroprotective activities 
of flavonoids isolated from AO in  H2O2-induced SH-SY5Y 
neuronal cells had not previously been investigated. In this 
study, we tested the three flavonoids (QU, IQ, and AF) and 
found that these compounds protected SH-SY5Y neuronal 
cells against  H2O2-induced oxidative stress by regulating 
inflammation and apoptosis.

In our results, SH-SY5Y cells treated with  H2O2 showed a 
decreased cell viability and increased ROS generation, indi-
cating that oxidative stress was induced by  H2O2 in these 
cells. However, treatment with the flavonoids from AO sig-
nificantly increased cell viability and attenuated ROS pro-
duction in SH-SY5Y cells exposed to  H2O2, demonstrat-
ing that the flavonoids exerted protective effects against 
 H2O2-induced oxidative stress in these neuronal cells. Pre-
vious study demonstrated that presence of catechol moiety 
in the flavonoids higher ROS scavenging activity (Li et al. 
2014). In our results (Figs. 2, 3), QU and IQ showed higher 

Fig. 7  Effects of flavonoids from AO on the abundances of Bax and 
Bcl-2 in SH-SY5Y cells treated with  H2O2. Cells were treated for 2 h 
three flavonoids from AO (QU, IQ, and AF) at 10 μg/mL, followed by 
the addition of  H2O2 for 24 h. β-Actin was used as loading control. 
Values are mean ± SD. a–eMeans with different letters were signifi-
cantly different (p < 0.05) by Duncan’s multiple range test
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protective effect from oxidative stress by increasing cell 
viability and decreasing ROS production than AF, indicat-
ing the role of catechol moiety on anti-oxidative activity. 
In addition, QU inhibited the production of ROS (such as 
 H2O2 and  O2

−) in ultraviolet B radiation-exposed epider-
mal cells (Yin et al. 2013), while IQ reduced intracellular 
lipid and protein oxidation via its ROS scavenging effects 
in yeast cells (Silva et al. 2009). AF has also been examined 
in vitro for its anti-oxidant effects on free radical and ROS 
(Vellosa et al. 2015). These studies demonstrated protective 
effects conferred by QU, IQ, and AF against cellular oxida-
tive stress.

LDH is a stable cytoplasmic enzyme (López et al. 2003) 
and it is rapidly secreted through the cell membrane upon 
damage to the membrane via  H2O2-induced lipid peroxi-
dation (Garcimartín et al. 2014). Our results demonstrated 
that  H2O2-treated cells showed increased LDH release as 
compared with untreated cells. However, treatment with 
IQ significantly attenuated the LDH release as compared 
with  H2O2-treated cells. When comparing the antioxidant 
activity of QU and IQ in vitro, the 6″-OH group in IQ con-
ferred a higher ROS-scavenging activity than that of QU (Li 
et al. 2016b). The present results suggest that IQ protected 
against  H2O2-induced LDH leakage from neuronal cells, and 
the −OH group in IQ probably contributed to its protective 
activity.

Exposure to oxidative stress via  H2O2 can trigger inflam-
matory reactions in the neurons (Rhee 1999). Major inflam-
matory proteins such as iNOS and COX-2 play critical roles 
in the development and progression of neurodegenerative 
diseases. Furthermore, iNOS can directly influence neu-
ronal apoptosis by inducing the synthesis and release of 
nitric oxide (Lyman et al. 2014), while the upregulation 
of COX-2 in the brain could induce synaptic dysfunctions 
and memory impairment (Cowley et al. 2008; Lyman et al. 
2014). To determine the mechanisms underlying the inflam-
matory effects of the flavonoids from AO, we assessed the 
abundances of iNOS and COX-2 in the  H2O2-exposed SH-
SY5Y neuronal cells. In our present study, QU and IQ signif-
icantly down-regulated the expressions of iNOS and COX-2. 
Consistent with these findings, previous reports also dem-
onstrated that QU downregulated inflammatory cytokines 
(TNF-α and IL-1β) and pro-inflammatory genes such as 
iNOS via inhibiting NF-κB signaling in the inflammation-
induced macrophages (Comalada et al. 2005; Satué et al. 
2013). Several studies indicated that QU ameliorated iNOS 
expression in vivo as well as in vitro system under oxidative 
stress and inflammation (Camuesco et al. 2004; Dai et al. 
2013; Jo et al. 2008). IQ also suppressed the production of 
inflammatory cytokines (IL-1B, IL-6, and IL-8) in human 
basophilic cells (Li et al. 2016a). In addition, the anti-inflam-
matory effect of IQ was also demonstrated on lipopolysac-
charide-induced nitrite production in rat macrophages and 

acetaminophen-induced oxidative stress in liver injury by 
down-regulation of the iNOS protein (Xie et al. 2016; Lee 
et al. 2008). In the oxidative damage, inflammatory reaction 
leads to two inducible enzymatic pathways such as iNOS 
and COX-2. The over-expression of iNOS produces NO 
from oxygen and l-arginine and COX-2 is up-regulated by 
prostaglandins from arachidonic acid, during the inflamma-
tory process (Needleman and Manning 1999). In our results, 
treatment of AF showed down-regulated protein expression 
of COX-2, but not iNOS, in the  H2O2-treated SH-SY5Y 
cells. Rho et al. (2011) demonstrated anti-inflammatory 
effects of kaempferol and its derivatives including AF, but 
AF is lower NO inhibitory activity among kaempferol and 
other kaempferol derivatives, consistent with our results. 
Therefore, we suggest that QU and IQ have protective effect 
from inflammatory reaction via down-regulations of both 
iNOS and COX-2, whereas the anti-inflammatory activity 
of AF would be only related to COX-2 down-regulation and 
other mechanisms. Therefore, these results indicated that 
the three flavonoids can help to ameliorate oxidative stress-
induced inflammation reactions.

Oxidative stress induced upon exposure to  H2O2 stimu-
lates mitochondrial membrane injury in the brain, leading to 
apoptotic neuronal cell death by the regulation of Bcl-2 fam-
ily proteins and caspase-dependent factors (Grutter 2000). 
The activation of caspase-3, caspase-9, and PARP can result 
in neuronal cell death, thus contributing to the development 
of neurodegenerative diseases such as Alzheimer’s disease 
(Waldmeier and Tatton 2004). Bax and Bcl-2 are apoptotic 
and anti-apoptotic proteins, respectively, in the Bcl-2 family. 
An increase in the abundance of Bax can lead to neuronal 
cell death by caspase activation and neuronal cell death in 
patients with neurodegenerative diseases (Hartmann et al. 
2001). Therefore, the inactivation of caspases and lowering 
of the Bax/Bcl-2 ratio play protective roles against neurode-
generative diseases. To investigate the effects of flavonoids 
from AO on apoptosis, we investigated the abundances of 
caspases and Bcl-2 family proteins in  H2O2-treated SH-
SY5Y cells. Our results indicated a downregulation of Bcl-2 
and up-regulation of Bax, cleaved caspase-9, -3, and PARP 
by  H2O2 in SH-SY5Y neuronal cells, leading to apoptotic 
cell death. However, the flavonoids from AO suppressed 
the  H2O2-induced upregulation of pro-apoptotic cleaved 
caspase-3, -9, PARP, and Bax in SH-SY5Y neuronal cells. 
This indicates that flavonoids from AO can suppress apopto-
sis in cells exposed to oxidative stress. The previous studies 
reported anti-apoptosis effects of three flavonoids from AO 
(QU, IQ, and AF) in the oxidative stress-induced apopto-
sis (Zhu et al. 2016; Chen et al. 2006; Shin et al. 2013). 
IQ showed down-regulation of apoptotic protein expres-
sion such as cleaved caspase-9, -3, PARP, and p53 under 
 H2O2-induced apoptotic cell (Zhu et al. 2016). In addition, 
IQ inhibited  H2O2-induced apoptosis in the cellular system 
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and the treatment of IQ showed attenuation of apoptotic 
rate in the Hoechest 33342/PI double staining and Annexin 
V-FITC/PI staining (Zhu et al. 2016). QU also inhibited pro-
apoptotic protein expressions by down-regulation of caspase 
activity and MAPK pathway in the western blot analysis and 
attenuated  H2O2-induced cytotoxicity through anti-apoptotic 
morphological observations in the flow cytometric analysis 
(Chen et al. 2006). AF also has cellular anti-apoptotic effects 
at morphological level in the TUNEL assay and H&E stain-
ing and down-regulation of apoptotic protein expressions 
such as caspase-8, -3, -9, and PARP under the oxidative 
stress-induced cell damage (Shin et al. 2013). Moreover, 
we will further investigate the anti-apoptotic mechanisms 
of three flavonoids from AO under oxidative stress-induced 
neuronal dysfunction.

Various flavonoids have been reported to exert neuro-
protective effects. QU attenuated amyloid β-induced neu-
rotoxicity in hippocampal neuronal cells by inhibiting lipid 
peroxidation and activating anti-oxidant enzymes such as 
glutathione peroxidase (Rattanajarasroj and Unchern 2010). 
In addition, IQ has been reported to protect against hydroxyl 
dopamine-induced neurotoxicity in PC12 cells by activating 
anti-oxidant enzymes including superoxide dismutase, cata-
lase, glutathione, and glutathione peroxidase (Magalingam 
et al. 2014). However, the neuroprotective activities of three 
flavonoids from AO (QU, IQ, and AF) in SH-SY5Y neuronal 
cells exposed to  H2O2 have not yet been fully understood. 
Taken together, our findings indicated that the AO-derived 
flavonoids, QU, IQ, and AF have protective effects against 
oxidative stress-induced inflammation and apoptosis in SH-
SY5Y neuronal cells.

Conclusion

Our study has demonstrated that flavonoids from AO pro-
tect against  H2O2-induced cytotoxicity via reducing ROS 
generation and inhibiting LDH release. In addition, three 
flavonoids from AO (QU, IQ, and AF) attenuated the activa-
tion of inflammation and apoptosis. We propose that these 
flavonoids from AO may have protective effects against oxi-
dative stress-induced neurodegenerative diseases. In addi-
tion, we suggest that flavonoids from AO could be useful 
as preventing and therapeutic agents for neurodegenerative 
diseases including AD, although further clinical studies have 
to be supported to elucidate clearly protective mechanisms 
of flavonoids from AO against neurodegenerative diseases.

Acknowledgements This work was supported by Basic Sci-
ence Research Program through the National Research Foun-
dation of Korea (NRF) funded by the Ministry of Education 
(2015R1D1A1A01058868), Republic of Korea. This research was 
supported by Global PH.D Fellowship Program through the National 

Research Foundation of Korea (NRF) funded by the Ministry of Educa-
tion (2016_H1A2A1906940).

References

Agholme L, Lindström T, Kågedal K, Marcusson J, Hallbeck M (2010) 
An in vitro model for neuroscience: differentiation of SH-SY5Y 
cells into cells with morphological and biochemical characteristics 
of mature neurons. J Alzheimers Dis 20:1069–1082

Babujanarthanam R, Kavitha P, Mahadeva Rao US, Pandian MR 
(2011) Quercitrin a bioflavonoid improves the antioxidant status 
in streptozotocin: induced diabetic rat tissues. Mol Cell Biochem 
358:121–129

Camuesco D, Comalada M, Rodríguez-Cabezas ME, Nieto A, Lorente 
MD, Concha A, Zarzuelo A, Gálvez J (2004) The intestinal anti-
inflammatory effect of quercitrin is associated with an inhibition 
in iNOS expression. Br J Pharmacol 143:908–918

Chen TJ, Jeng JY, Lin CW, Wu CY, Chen YC (2006) Quercetin inhibi-
tion of ROS-dependent and -independent apoptosis in rat glioma 
C6 cells. Toxicology 223:113–126

Choi SY, Lee J, Lee DG, Lee S, Cho EJ (2017) Acer okamotoanum 
improves cognition and memory function in Aβ25-35-induced 
Alzheimer’s mice model. Appl Biol Chem 60:1–9

Comalada M, Camuesco D, Sierra S, Ballester I, Xaus J, Gálvez J, 
Zarzuelo A (2005) In vivo quercitrin anti-inflammatory effect 
involves release of quercetin, which inhibits inflammation through 
down-regulation of the NF-kappaB pathway. Eur J Immunol 
35:584–592

Cowley TR, Fahey B, O’Mara SM (2008) COX-2, but not COX-1, 
activity is necessary for the induction of perforant path long-
term potentiation and spatial learning in vivo. Eur J Neurosci 
27:2999–3008

Dai X, Ding Y, Zhang Z, Cai X, Li Y (2013) Quercetin and quercitrin 
protect against cytokine-induced injuries in RINm5F β-cells via 
the mitochondrial pathway and NF-κB signaling. Int J Mol Med 
31:265–271

Facheris M, Beretta S, Ferrarese C (2004) Peripheral markers of oxida-
tive stress and excitotoxicity in neurodegenerative disorders: tools 
for diagnosis and therapy? J Alzheimers Dis 6:177–184

Garbarino VR, Orr ME, Rodriguez KA, Buffenstein R (2015) Mecha-
nisms of oxidative stress resistance in the brain: lessons learned 
from hypoxia tolerant extremophilic vertebrates. Arch Biochem 
Biophys 576:8–16

Garcimartín A, Merino JJ, González MP, Sánchez-Reus MI, Sánchez-
Muniz FJ, Bastida S, Benedí J (2014) Organic silicon protects 
human neuroblastoma SH-SY5Y cells against hydrogen peroxide 
effects. BMC Complement Altern Med 14:384

Gella A, Durany N (2009) Oxidative stress in Alzheimer disease. Cell 
Adhes Migr 3:88–93

Grutter MG (2000) Caspases: key players in programmed cell death. 
Curr Opin Struct Biol 10:649–655

Hartmann A, Michel PP, Troadec JD, Mouatt-Prigent A, Faucheux 
BA, Ruberg M, Agid Y, Hirsch EC (2001) Is Bax a mitochondrial 
mediator in apoptotic death of dopaminergic neurons in Parkin-
son’s disease? J Neurochem 76:1785–1793

Hu XL, Niu YX, Zhang Q, Tian X, Gao LY, Guo LP, Meng WH, 
Zhao QC (2015) Neuroprotective effects of Kukoamine B against 
hydrogen peroxide-induced apoptosis and potential mechanisms 
in SH-SY5Y cells. Environ Toxicol Pharmacol 40:230–240

Jin W, Min BS, Lee J, Thuong PT, Lee HK, Song K, Seong YH, Bae 
K (2007) Isolation of constituents and anti-complement activity 
from Acer okamotoanum. Arch Pharm Res 30:172–176

Jin L, Han JG, Ha JH, Jeong HS, Kwon MC, Jeong MH, Lee HJ, 
Kang HY, Choi DH, Lee HY (2008) Comparison of antioxidant 



1143Chemical Papers (2019) 73:1135–1144 

1 3

and glutathione S-transferase activities of extracts from Acer 
mono and A. okamotoanum. Korean J Med Crop Sci 16:427–433

Jo HY, Kim Y, Nam SY, Lee BJ, Kim YB, Yun YW, Ahn B (2008) 
The inhibitory effect of quercitrin gallate on iNOS expres-
sion induced by lipopolysaccharide in Balb/c mice. J Vet Sci 
9:267–272

Ju HY, Chen SC, Wu KJ, Kuo HC, Hseu YC, Ching H, Wu CR (2012) 
Antioxidant phenolic profile from ethyl acetate fraction of Fruc-
tus Ligustri Lucidi with protection against hydrogen peroxide-
induced oxidative damage in SH-SY5Y cells. Food Chem Toxicol 
50:492–502

Kim HJ, Woo ER, Shin CG, Park H (1998) A new flavonol glycoside 
gallate ester from Acer okamotoanum and its inhibitory activity 
against human immunodeficiency virus-1 (HIV-1) integrase. J Nat 
Prod 61:145–148

Kwon SH, Hong SI, Ma SX, Lee SY, Jang CG (2015) 3’,4’,7-Trihy-
droxyflavone prevents apoptotic cell death in neuronal cells from 
hydrogen peroxide-induced oxidative stress. Food Chem Toxicol 
80:41–51

Lee S, Park HS, Notsu Y, Ban HS, Kim YP, Ishihara K, Hirasawa N, 
Jung SH, Lee YS, Lim SS, Park EH, Shin KH, Seyama T, Hong 
J, Ohuchi K (2008) Effects of hyperin, isoquercitrin and quercetin 
on lipopolysaccharide-induced nitrite production in rat peritoneal 
macrophages. Phytother Res 22:1552–1556

Lee SY, So YJ, Shin MS, Cho JY, Lee J (2014) Antibacterial effects 
of afzelin isolated from Cornus macrophylla on Pseudomonas 
aeruginosa, a leading cause of illness in immunocompromised 
individuals. Molecules 19:3173–3180

Lee J, Lee DG, Rodriguez JP, Park JY, Cho EJ, Jacinto SD, Lee S 
(2018) Determination of flavonoids in Acer okamotoanum and 
their aldose reductase inhibitory activities. Hortic Environ Bio-
technol 59:131–137

Li X, Mai W, Chen D (2014) Chemical study on protective effect 
against hydroxyl-induced DNA damage and antioxidant mecha-
nism of myricitrin. J Chin Chem Soc 61:390–393

Li L, Zhang XH, Liu GR, Liu C, Dong YM (2016a) Isoquercitrin 
suppresses the expression of histamine and pro-inflammatory 
cytokines by inhibiting the activation of MAP Kinases and NF-κB 
in human KU812 cells. Chin J Nat Med 14:407–412

Li X, Jiang Q, Wang T, Liu J, Chen D (2016b) Comparison of the 
antioxidant effects of quercitrin and isoquercitrin: understanding 
the role of the 6″-OH group. Molecules 21:9

López E, Figueroa S, Oset-Gasque MJ, González MP (2003) Apoptosis 
and necrosis: two distinct events induced by cadmium in cortical 
neurons in culture. Br J Pharmacol 138:901–911

Lyman M, Lloyd DG, Ji X, Vizcaychipi MP, Ma D (2014) Neuroin-
flammation: the role and consequences. Neurosci Res 79:1–12

Ma JQ, Luo RZ, Jiang HX, Liu CM (2016) Quercitrin offers protec-
tion against brain injury in mice by inhibiting oxidative stress and 
inflammation. Food Funct 7:549–556

Magalingam KB, Radhakrishnan A, Haleagrahara N (2014) Protec-
tive effects of flavonol isoquercitrin, against 6-hydroxy dopamine 
(6-OHDA)-induced toxicity in PC12 cells. BMC Res Notes 7:49

Mosmann T (1983) Rapid colorimetric assay for cellular growth and 
survival: application to proliferation and cytotoxicity assays. J 
Immunol Methods 65:55–63

Needleman P, Manning PT (1999) Interactions between the inducible 
cyclooxygenase (COX-2) and nitric oxide synthase (iNOS) path-
ways: implications for therapeutic intervention in osteoarthritis. 
Osteoarthr Cartil 7:367–370

Nirmaladevi D, Venkataramana M, Chandranayaka S, Ramesha 
A, Jameel NM, Srinivas C (2014) Neuroprotective effects of 
bikaverin on  H2O2-induced oxidative stress mediated neuronal 
damage in SH-SY5Y cell line. Cell Mol Neurobiol 34:973–985

Panche AN, Diwan AD, Chandra SR (2016) Flavonoids: an overview. 
J Nutr Sci 5:47

Park HR, Lee H, Park H, Jeon JW, Cho WK, Ma JY (2015) Neuro-
protective effects of Liriope platyphylla extract against hydrogen 
peroxide-induced cytotoxicity in human neuroblastoma SH-SY5Y 
cells. BMC Complement Altern Med 15:171

Qadir SA, Kim CH, Kwon MC, Lee HJ, Kang HY, Choi DH, Lee 
HY (2007) Comparison of anticancer and immuno-modulatory 
activities in the different parts of the Acer mono Max. and Acer 
okamotoanum. Korean J Med Crop Sci 15:405–410

Rattanajarasroj S, Unchern S (2010) Comparable attenuation of 
Abeta(25-35)-induced neurotoxicity by quercitrin and 17beta-
estradiol in cultured rat hippocampal neurons. Neurochem Res 
35:1196–1205

Rhee SG (1999) Redox signaling: hydrogen peroxide as intracellular 
messenger. Exp Mol Med 31:53–59

Rho HS, Ghimeray AK, Yoo DS, Ahn SM, Kwon SS, Lee KH, Cho 
DH, Cho JY (2011) Kaempferol and kaempferol rhamnosides 
with depigmenting and anti-inflammatory properties. Molecules 
16:3338–3344

Satué M, del Arriero M, Monjo M, Ramis JM (2013) Quercitrin and 
taxifolin stimulate osteoblast differentiation in MC3T3-E1 cells 
and inhibit osteoclastogenesis in RAW 264.7 cells. Biochem Phar-
macol 86:1476–1486

Shin SW, Jung E, Kim S, Kim JH, Kim EG, Lee J, Park D (2013) 
Antagonizing effects and mechanisms of afzelin against UVB-
induced cell damage. PLoS One 8:e61971

Silva CG, Raulino RJ, Cerqueira DM, Mannarino SC, Pereira MD, 
Panek AD, Silva JF, Menezes FS, Eleutherio EC (2009) In vitro 
and in vivo determination of antioxidant activity and mode of 
action of isoquercitrin and Hyptis fasciculata. Phytomedicine 
16:761–767

Smith MA, Rottkamp CA, Nunomura A, Raina AK, Perry G (2000) 
Oxidative stress in Alzheimer’s disease. Biochim Biophys Acta 
1502:139–144

Takayama K, Sun BY, Stuessy TF (2013) Anagentic speciation in 
Ullung Island, Korea: genetic diversity and structure in the island 
endemic species, Acer takesimense (Sapindaceae). J Plant Res 
126:323–333

Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser J (2007) 
Free radicals and antioxidants in normal physiological functions 
and human disease. Int J Biochem Cell Biol 39:44–84

Vellosa JC, Regasini LO, Belló C, Schemberger JA, Khalil NM, de 
Araújo Morandim-Giannetti A, da Silva Bolzani V, Brunetti IL, 
de Faria Oliveira OM (2015) Preliminary in vitro and ex vivo 
evaluation of afzelin, kaempferitrin and pterogynoside action 
over free radicals and reactive oxygen species. Arch Pharm Res 
38:1168–1177

Waldmeier PC, Tatton WG (2004) Interrupting apoptosis in neurode-
generative disease: potential for effective therapy? Drug Discov 
Today 9:210–218

Wang RG, Zhu XZ (2003) Subtoxic concentration of manganese syn-
ergistically potentiates 1-methyl-4-phenylpyridinium-induced 
neurotoxicity in PC12 cells. Brain Res 961:131–138

Xie W, Wang M, Chen C, Zhang X, Melzig MF (2016) Hepatoprotec-
tive effect of isoquercitrin against acetaminophen-induced liver 
injury. Life Sci 152:180–189

Yin Y, Li W, Son YO, Sun L, Lu J, Kim D, Wang X, Yao H, Wang 
L, Pratheeshkumar P, Hitron AJ, Luo J, Gao N, Shi X, Zhang 
Z (2013) Quercitrin protects skin from UVB-induced oxidative 
damage. Toxicol Appl Pharmacol 269:89–99

Yokozawa T, Dong E, Kawai Y, Gemba M, Shimizu M (1999) Protec-
tive effects of some flavonoids on the renal cellular membrane. 
Exp Toxicol Pathol 51:9–14

Zhang Y, Wang D, Yang L, Zhou D, Zhang J (2014) Purification and 
characterization of flavonoids from the leaves of Zanthoxylum 
bungeanum and correlation between their structure and antioxi-
dant activity. PLoS One 9:e105725



1144 Chemical Papers (2019) 73:1135–1144

1 3

Zhou L, Yao GD, Song XY, Wang J, Lin B, Wang XB, Huang XX, 
Song SJ (2018) Neuroprotective effects of 1,2-diarylpropane 
type phenylpropanoid enantiomers from red raspberry against 
 H2O2-induced oxidative stress in human neuroblastoma SH-SY5Y 
cells. J Agric Food Chem 66:331–338

Zhu KC, Sun JM, Shen JG, Jin JZ, Liu F, Xu XL, Chen L, Liu LT, 
Lv JJ (2015) Afzelin exhibits anti-cancer activity against 

androgen-sensitive LNCaP and androgen-independent PC-3 pros-
tate cancer cells through the inhibition of LIM domain kinase 1. 
Oncol Lett 10:2359–2365

Zhu M, Li J, Wang K, Hao X, Ge R, Li Q (2016) Isoquercitrin inhibits 
hydrogen peroxide-induced apoptosis of EA. hy926 cells via the 
PI3 K/Akt/GSK3β signaling pathway. Molecules 21:356


	Attenuation of hydrogen peroxide-induced oxidative stress in SH-SY5Y cells by three flavonoids from Acer okamotoanum
	Abstract
	Introduction
	Materials and methods
	Preparation of Plant Materials
	Reagents
	Cell culture
	Cell viability
	Measurement of ROS production
	Measurement of lactate dehydrogenase (LDH) release
	Western blotting
	Statistical analysis

	Results
	Protective effects of flavonoids from AO against H2O2-induced growth inhibition
	Inhibitory effects of flavonoids from AO against H2O2-induced ROS formation
	Effect of flavonoids from AO against H2O2-induced LDH release
	Protective effects of flavonoids from AO against H2O2-induced inflammation
	Protective effects of flavonoids from AO against H2O2-induced neuronal apoptosis

	Discussion
	Conclusion
	Acknowledgements 
	References




