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ABSTRACT  
Objectives: Cerebral ischemic stroke is a leading cause of death worldwide. Though timely 
reperfusion reduces the infarction size, it exacerbates neuronal apoptosis due to oxidative stress. 
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor regulating the expression 
of antioxidant enzymes. Activating Nrf2 gives a therapeutic approach to ischemic stroke.
Methods: Herein we explored flavonoids identified from Polypodium hastatum as Nrf2 activators and 
their protective effects on PC12 cells injured by oxygen and glucose deprivation/restoration (OGD/R) 
as well as middle cerebral artery occlusion (MCAO) mice.
Results: The results showed among these flavonoids, AAKR significantly improved the survival of 
PC12 cells induced by OGD/R and activated Nrf2 in a Keap1-dependent manner. Further 
investigations have disclosed AAKR attenuated oxidative stress, mitochondrial dysfunction and 
following apoptosis resulting from OGD/R. Meanwhile, activation of Nrf2 by AAKR was involved in 
the protective effects. Finally, it was found that AAKR could protect MCAO mice brains against 
ischemia/reperfusion injury via activating Nrf2.
Discussion: This investigation could provide lead compounds for the discovery of novel Nrf2 
activators targeting ischemia/reperfusion injury.
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1. Introduction

Cerebral stroke is still a global burden due to the high mor
bidity and mortality, which has been the major cause of dis
ability and death worldwide [1]. There are two major types 
of cerebral stroke, ischemic stroke and hemorrhagic stroke. 
The former accounts for more than 80% [2]. Pathogenesis 
of cerebral ischemic stroke has revealed there is a core of irre
versibly injured necrotic tissue, surrounding which there is a 
potentially salvageable area called penumbra [3]. In that 
area, the cells are available to ATP and show delayed apopto
sis without oxygen and glucose supply [4]. Thus, the cells in 
the penumbra are determinants of infarction size. Though 
timely thrombolysis and endovascular thrombectomy could 
reduce the infarction size resulting from the occlusion of 
blood flow, the reperfusion also exacerbates the injury in 
brain tissue due to the oxidative stress following the overpro
duction of reactive oxygen species (ROS) [5]. Therefore, tar
geting oxidative stress is one of the promising therapeutic 
approaches to attenuate cerebral ischemic stroke.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a tran
scription factor belonging to the basic leucine transcription 
factor family, which regulates the transcription of targeting 
genes encoding antioxidant enzymes through binding to 
their antioxidant response elements (ARE) in the promoter 
region [6]. Under basal condition, Nrf2 is sequestered by 
Kelch-like ECH-associated protein 1 (Keap1) in cytoplasm, 
which facilitates the degradation of Nrf2 via ubiquitination. 

Whereas oxidants or electrophiles can disrupt the Keap1-Nrf2 
complex through covalent modification of the key cysteine 
residues in Keap1, which leads to the liberation of Nrf2 [7]. 
Then the free Nrf2 will translocate into nuclei and enhance 
the expression of target genes at transcription level, which 
results in the up-regulation of antioxidant enzymes such as 
heme oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase 
1 (NQO1), superoxide dismutase (SOD), catalase (CAT), gluta
thione peroxidase (GPx) and so on [8]. Therefore, activating 
Nrf2 can attenuate oxidative stress and relevant diseases [9]. 
In the development of cerebral ischemic stroke, oxidative 
stress plays a pivotal role and activation of Nrf2 gives a poten
tial strategy to ameliorate ischemia/reperfusion injury [10].

Structure analysis of Keap1-Nrf2 complex has revealed two 
Keap1 monomers form a dimer and interact with the DLG and 
ETGE motifs in a Nrf2 using their Kelch domains, respectively 
[11]. Since the affinity of DLG to Kelch domain is much lower 
than that of ETGE, it is proposed that Nrf2 binds to Keap1 via a 
‘hinge and latch’ model [12]. Therefore, it has been approved 
that targeting the Nrf2 binding cavity of Kelch domain will 
give an effective approach to activate Nrf2 [13]. According 
to the molecular dynamics simulation and mechanics-gener
alized Born surface area free energy calculation, the Nrf2 
binding cavity can be divided into six subpockets (P1–P6) 
[14]. Small molecules interacting with the key amino acid resi
dues in those subpockets will directly activate Nrf2 via dis
rupting the Keap1-Nrf2 complex [15].
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Phytochemicals are the important pool to discover Nrf2 
activators [16]. Many natural compounds showed significant 
activity to activate Nrf2 such as sulforaphane, curcumin, 
resveratrol and so on [17]. Polypodium hastatum is a medicinal 
herb distributed in most areas of China, Japan and Korea. In 
Chinese folklore, this plant is used to treat respiratory and 
urinary diseases [18]. Previous phytochemical investigations 
have revealed there are polyphenols including phenolic 
acids and flavonoids as the major chemical constituents in 
this plant [18–20]. As a large class of polyphenols, flavonoids 
showed various bioactivities. To search natural Nrf2 activators 
targeting ischemia/reperfusion injury, we have revisited the 
flavonoids in Polypodium hastatum using in vitro and in vivo 
models and explored the underlying mechanisms.

2. Materials and methods

2.1. Chemicals and reagents

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium 
bromide (MTT) assay kit, lactate dehydrogenase (LDH) release 
assay kit, ROS assay kit, malondialdehyde (MDA) assay kit, 
SOD assay kit, CAT assay kit, GPx assay kit, reduced glutathione 
(GSH) and oxidized glutathione disulphide (GSSG) assay kit, 
cysteinyl aspartate specific proteinase-3 (caspase-3) assay kit, 
mitochondrial permeability transition pore assay kit, nuclear 
and cytoplasmic protein extraction kit, bicinchoninic acid 
(BCA) protein assay kit, and enhanced chemiluminescence 
(ECL) assay kit as well as 4′,6-diamidino-2-phenylindole 
(DAPI) staining solution, 3,3′-diaminobenzidine (DAB) solution, 
hematoxylin–eosin (HE) staining solution, rabbit IgG, Fluo-3 
AM and rhodamine-123 were provided by Beyotime Biotech
nology (Shanghai, China). DyLight 594-conjugated secondary 
antibody and horseradish peroxidase-labeled secondary anti
body were obtained from Abcam (Cambridge, UK). Primary 
antibodies against B-cell lymphoma-2 (Bcl-2), Bcl-2-associated 
X (Bax), cleaved caspase-3, Nrf2, Keap1, lamin B1 and β-actin 
were provided by Proteintech (Rosemont, IL). HO-1 and 
NQO1 enzyme-linked immunosorbent assay (ELISA) kits were 
obtained from Colorfulgene Biotechnology (Wuhan, China). 
The ARE-luciferase reporter plasmid (pGL4.37[luc2P/ARE/ 
Hygro]), renilla luciferase reporter plasmid (pRL-TK) and dual- 
luciferase reporter assay system were purchased from 
Promega (Madison, WI). Lipofectamine 2000, nimodipine 
(Nim) and the Nrf2 activator, sulforaphane (SFN) were furn
ished by Thermo Fisher Scientific (Waltham, MA). Tiron (a 
superoxide anion radical scavenger) was provided by Med
ChemExpress (Shanghai, China). LCS-1 (a specific SOD1 inhibi
tor), 3-amino-1,2,4-triazole (3-AT, a specific CAT inhibitor) and 
JKE-1674 (a specific GPx4 inhibitor) were obtained from 
Selleck Chemicals (Houston, TX). Negative control siRNA (NC- 
siRNA) and Nrf2-siRNA were supplied by Santa Cruz Biotech
nology (Dallas, TX). Protein A-Agarose was purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA).

2.2. Phytochemical investigation

The whole pant of Polypodium hastatum was collected from 
Xiamen, Fujian Province, China in August 2019 and identified 
by Dr Yan Li at the Department of Microbial and Biochemical 
Pharmacy, School of Pharmacy, Xuzhou Medical University. 
The voucher specimen (No. 201908003) was deposited at 
the same institution.

The air-dried plant (3.0 kg) was grounded and extracted with 
ethanol (20.0 L × 3) under reflux for 4 h each time. After remov
ing the solvent under reduced pressure, the residue (153.0 g) 
was suspended in water (1.5 L) and partitioned with petroleum 
ether (1.5 L × 3), acetyl acetate (1.5 L × 3) and n-butanol (1.5 L ×  
3), successively. The acetyl acetate and n-butanol extracts were 
condensed under reduced pressure to give acetyl acetate 
residue (58.0 g) and n-butanol residue (73.0 g), respectively. 
The acetyl acetate part was subject to column chromatography 
(i.d. 8.0 cm) on silica gel (200–300 mesh, 700.0 g) eluted with 
gradient dichloromethane/methanol (100% 5.0 L, 95% 10.0 L, 
90% 20.0 L, 80% 15.0 L, 70% 10.0 L, 60% 10.0 L, 50% 5.0 L 
40% 5.0 L, v/v) and gave 12 fractions. Fraction 5 (5.5 g) was 
further handled on silica gel (200–300 mesh, 55.0 g) column 
chromatography (i.d. 3.5 cm) eluted with gradient dichloro
methane/methanol (95% 1.0 L, 90% 1.5 L, 80% 1.5 L, 70% 1.0 
L, v/v) and then crystalized in ethanol to afford 2 (12.0 mg). Frac
tion 8 (7.5 g) was separated on Toyopearl HW-40C (800.0 g) 
column chromatography (i.d. 5.0 cm) with isocratic dichloro
methane/methanol (66% 4.0 L, v/v) to give 1 (21.0 mg). The n- 
butanol part was separated on AB-8 porous resin (1.0 kg) 
column chromatography (i.d. 8.0 cm) eluted with ethanol 
(30% 15.0 L, 60% 15.0 L, 90% 15.0 L, v/v) to give three fractions. 
Fraction 1 (27.0 g) was separated on Diaion HP-20SS (300.0 g) 
column chromatography (i.d. 5.0 cm) eluted with gradient 
methanol/water (10% 2.0 L, 30% 2.0 L, 60% 2.0 L, 90% 2.0L, v/ 
v) to afford six subfractions. Subfraction 2 (3.5 g) was handled 
on ODS (50.0 g) column chromatography (i.d. 2.0 cm) eluted 
with methanol/water (10% 300.0 mL, 30% 200.0 mL, 50% 
400.0 mL, 70% 200.0 mL, 90% 200.0 mL, v/v) and then 
purified on Sephadex LH-20 (60.0 g) column chromatography 
(i.d. 2.5 cm) to give 3 (16.0 mg) and 5 (31.0 mg), respectively. 
Subfraction 3 (1.1 g) was further purified on Sephadex LH-20 
(60.0 g) column chromatography (i.d. 2.5 cm) with the elution 
of isocratic methanol to yield 4 (15.0 mg).

2.3. Cell culture and treatment

Rat pheochromocytoma (PC12) cells were supplied by Cell 
Bank of Shanghai Institute of Biological Sciences, Chinese 
Academy of Sciences (Shanghai, China) and maintained in 
Dulbecco’s modified Eagle medium (DMEM) including 10% 
FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 
37°C at a humid atmosphere with 5% CO2 and 95% air. The 
cells were divided into control group and experimental 
groups and treated as our previous description [21]. In brief, 
after removing the normal culture medium, the cells in exper
imental groups were cultured in glucose-free DMEM with 
95% N2 and 5% CO2 at 37°C for 4 h, and then incubation in 
normal medium with 95% air and 5% CO2 was implemented 
for 24 h. During the treatment of OGD/R, the cells in exper
imental groups were also exposed to certain flavonoids, 
SFN, Nim, tiron, LCS-1, 3-AT or JKE-1674. The cells in control 
group were maintained at a normoxic atmosphere.

2.4. MTT assay

To evaluate the protective effects of these compounds, MTT 
assay was performed. Briefly, the cells were treated as above 
and then 10 μL MTT solution was added. After incubation for 
4 h at 37°C, 100 μL DMSO was added to dissolve the formazan. 
After another incubation for 4 h at 37°C, the absorbance was 
read on a microplate reader (BioTek, Winooski, VT) at 570 nm.
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2.5. LDH release

To reveal the release of LDH, the extracellular LDH activity 
was detected using the commercially available kit. Briefly, 
the PC12 cells were treated as above and centrifuged at 
400g for 5 min. Then the supernatant was collected and 
mixed with the working solution. After incubation for 30 
min, the absorbance was recorded on a microplate reader 
at 490 nm. The LDH activity was expressed as the relative per
centage of absorbance against a control group.

2.6. Dual luciferase reporter assay

Dual luciferase reporter assay was implemented herein to 
reveal the transcription capacity of Nrf2 in PC12 cells. In the 
light of the manufacturer’s instruction, the PC12 cells were 
co-transfected with ARE luciferase reporter plasmid 
(pGL4.37[luc2P/ARE/Hygro]) and renilla luciferase reporter 
plasmid (pRL-TK) using lipofectamine 2000 and incubated a 
37°C for 18 h. Then the cells were treated as above and the 
luciferase activity was determined using the dual luciferase 
reporter assay system on a Promega GloMax luminometer 
(Madison, WI). The transcription capacity of Nrf2 was 
expressed as relative luciferase activity derived through nor
malizing the firefly luciferase against the renilla luciferase.

2.7. Intracellular ROS level

The production of intracellular ROS was determined using the 
ROS assay kit. The PC12 cells were treated as above and rinsed 
with serum-free medium. Then the cells were exposed to 
2′,7′-dicholorofluorescein diacetate (DCFH-DA) solution in 
the assay kit and incubated in the dark for 30 min at 37°C. 
After removing the solution and washing with serum-free 
medium, the fluorescence of DCF was read on a fluorescence 
microplate reader (Molecular Devices, San Jose, CA) at an 
excitation wavelength of 485 nm and emission wavelength 
of 520 nm.

2.8. MDA content

Thiobarbituric acid method was employed to demonstrate 
the MDA content of PC12 cells. In brief, after treatment, the 
supernatant of PC12 cells was collected and mixed with a 
working solution in the assay kit. After boiled for 15 min, 
the mixture was cooled to room temperature followed by 
centrifugation at 1000g for 10 min. And the absorbance 
was monitored at 532 nm.

2.9. SOD, CAT and GPx activity

The activity of antioxidant enzymes in PC12 cells including 
SOD, CAT and GPx was measured using the commercially 
available assay kits according to the supplier’s protocols. 
The treated cells were washed with PBS and lysed on ice- 
cold lysis solution. Then the lysates were centrifuged at 
12,000g for 5 min, and the supernatant was collected for 
further analysis after determination of proteins concentration 
using the BCA assay kit. For the SOD activity assay, 20 μL 
supernatant was mixed with 160 μL nitro-blue tetrazolium 
(NBT)/enzyme working solution and 20 μL initiating 
working solution in the assay kit. Then incubation was 
carried out at 37°C for 30 min, and the absorbance was 

recorded on a microplate reader at 560 nm. For the CAT 
activity assay, 10 μL supernatant was mixed with 10 μL 
H2O2 working solution and 30 μL assay buffer solution in 
the assay kit. After incubation at 25°C for 5 min, terminating 
solution was added and votex was performed. Then the 
mixture was diluted using assay buffer solution with the 
ratio of 1:4 followed by the addition of chromogenic solution 
in the kit, and the absorbance was determined on a micro
plate reader at 520 nm after incubation at 25°C for 15 min. 
For GPx activity assay, 5 μL supernatant was mixed with 
178 μL GPx assay solution, 5 μL GSH solution, and 12 μL per
oxide solution. After incubation at 25°C for 10 min, 6.6 μL 5,5′- 
dithiobis-(2-nitrobenzoic acid) (DTNB) solution in the kit was 
added followed by another incubation at 25°C for 10 min. 
Then the absorbance was read on a microplate reader at 
412 nm.

2.10. GSH and GSSG levels

To further reveal the GPx activity in PC12 cells, intracellular 
GSH and GSSG were detected using a commercially available 
kit herein. Briefly, in light of the supplier’s protocol, the cells 
were treated as above and harvested. After washed with 
PBS, the cells were treated with protein scavenger M in the 
kit under freeze–thaw conditions. After centrifugation at 
10,000g for 10 min at 4°C, the supernatant was collected as 
the sample for total GSH analysis. The sample was exposed 
to 5,5′-dithiobis-2-nitrobenzoic acid (DTNB) and glutathione 
reductase at 25°C for 5 min. Then NADPH was added and 
incubation was implemented for 25 min. The absorbance 
was recorded on a microplate reader at 412 nm. After remov
ing GSH using the scavenger in the assay kit, the GSSG was in 
the sample detected as above. The GSH/GSSG ratio was calcu
lated according to the supplier’s instructions.

2.11. Intracellular calcium level

To reveal the intracellular calcium level in PC12 cells, the 
fluorescence probe Fluo-3 AM was employed. In brief, the 
treated PC12 cells were exposed to Fluo-3 AM at 37°C in 
the dark for 1 h. Then the cells were washed with PBS three 
times to clear the extracellular dye. The fluorescence intensity 
of Fluo-3 was detected on a fluorescence microplate reader at 
the excitation/emission wavelength of 488/525 nm.

2.12. Mitochondrial membrane potential

The mitochondrial membrane potential in PC12 cells was 
determined using rhodamine-123. The PC12 cells were 
treated as above and washed with PBS. Then rhodamine- 
123 was loaded in the dark at 37°C for 20 min. After 
washing with PBS, the fluorescence intensity was read on a 
microplate reader at the excitation wavelength of 507 nm 
and emission wavelength of 525 nm.

2.13. Mitochondrial permeability transition pore 
opening

The mitochondrial permeability transition pore was explored 
using the assay kit according to the supplier’s protocol. The 
treated PC12 cells were collected and suspended in an 
assay buffer containing calcium ion. Calcein AM staining sol
ution together with fluorescence quenching solution 
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including CoCl2 was added. After incubation in the dark at 37° 
C for 30 min, the cells were washed with assay solution to 
remove the excessive reagents. The fluorescence intensity 
of calcein was detected on a fluorescence microplate reader 
at 494/517 nm as excitation/emission wavelength.

2.14. Caspase-3 activity

Colorimetric method was used to determine the activity of 
caspase-3 in PC12 cells using the commercially available assay 
kit. Briefly, the PC12 cells were treated as above and then cen
trifuged at 600g and 4°C for 5 min. After washed with PBS, the 
cells were lysed on ice with lysis solution in the kit for 15 min. 
Then the lysates were centrifuged at 20,000g and 4°C for 10 
min, and the supernatant was mixed with specific substrate 
(Ac-DEVD-pNA). After incubation at 37°C for 2 h, the absorbance 
was recorded on a microplate reader at 405 nm.

2.15. Western blot analysis

The proteins including Bcl-2 and Bax together with nuclear 
and total Nrf2 in PC12 cells were analyzed by western blot. 
After being treated as above, the proteins were extracted as 
per our previous description (Yao et al. 2020) and analyzed 
by BCA analysis. Then the proteins were separated on 10% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred to polyvinylidene fluoride 
(PVDF) membranes. After blocking with defatted milk, the 
blots were incubated with the primary antibodies against 
Bcl-2 (1:1000), Bax (1:5000), Nrf2 (1:1000), β-actin (1:1000) 
and lamin B1 (1:10000) at 4°C overnight. After washed with 
buffer solution including 0.1% Tween-20, the blots were incu
bated with horseradish peroxidase-labeled secondary anti
body at room temperature for 1 h. ECL substrate was used 
to visualize the blots. Densitometric analysis was carried out 
using Image J software (NIH, Bethesda, MD).

2.16. Enzyme-linked immunosorbent assay (ELISA)

To reveal the levels of intracellular HO-1 and NQO1 in PC12 
cells, ELISA was performed using the assay kits. After quantifi
cation using the BCA assay kit, the samples were treated 
according to the suppliers’ protocols. The absorbance was 
recorded on a microplate reader at 450 nm.

2.17. Immunofluorescence staining

To detect the localization of intracellular Nrf2 in PC12 cells, 
immunofluorescence staining was employed. Briefly, the 
PC12 cells were cultured in 12-well microplates with a cov
erslip in each well and treated as above. Then the cells 
were washed with PBS and fixed using 4% paraformalde
hyde at 4°C for 15 min. After permeabilization using PBS 
containing 0.1% Triton X-100 for 10 min, the cells were 
blocked with 1% BSA for 30 min. Then the cells were 
exposed to the primary antibody against Nrf2 (1:200) at 
4°C overnight. After washed with PBS, the cells were incu
bated with DyLight 594-conjugated secondary antibody at 
37°C in the dark. Then the cells were washed with PBS 
again and exposed to DAPI solution in the dark for 2 
min. The coverslips were mounted on glass slides and 
the images were captured under a fluorescence micro
scope (Olympus, Tokyo, Japan).

2.18. Nrf2 knockdown assay

To demonstrate the role of Nrf2 activation in the protective 
effects, siRNA interference assay was performed. The PC12 
cells were transfected with NC-siRNA or Nrf2-siRNA according 
to the producer’s protocol. Then western blot analysis was 
implemented to determine the transfection was attained suc
cessfully. Then the transfected PC12 cells were treated as 
above and subsequently MTT assay was employed to 
explore the cell viability.

2.19. Co-immunoprecipitation assay

To explore the interaction between Keap1 and Nrf2 in PC12 
cells, co-immunoprecipitation assay was carried out. Accord
ing to the supplier’s protocol, the treated cells were harvested 
and lysed on ice using the RIPA buffer solution. After centrifu
gation at 10,000g for 10 min at 4°C, the supernatant was col
lected and preclear reaction was implemented using the 
rabbit IgG together with suspended Protein A-Agarose to 
remove the non-specific combination. Then the supernatant 
was incubated at 4°C for 30 min and centrifuged at 1000g 
for 5 min. The supernatant was collected and incubated 
with the primary antibody against Nrf2 or rabbit IgG at 4°C 
for 1 h. Then Protein A-Agarose was added and shook at 4° 
C overnight. After centrifugation at 1000g for 5 min, the 
supernatant was carefully aspirated and discarded. Then the 
pellets were washed with RIPA buffer four times and sus
pended in an SDS loading buffer. After boiled for 3 min, the 
samples were analyzed by western blot analysis with respect
ive antibodies.

2.20. Molecular docking

To visualize the binding mode of Keap1 with the flavonoids, 
the interaction between Keap1 and compound 5 was 
explored by molecular docking performed by SYBYL X2.1. 
The 3D structure of compound 5 was established from 
SYBYL sketch and optimized using Tripos force field and Gas
teiger-Huckel charges. The 3D structure of Keap1 Kelch 
domain was obtained from RSCB Protein Data Bank (PDB 
code: 4IQK). After extracting the ligand and removing the 
water molecules, hydrogen atoms and charges were added 
to the structure of Keap1 Kelch domain. Then the protomol 
file was generated to produce docking envelope and 
Surflex-Dock program with default parameters was run for 
docking calculation.

2.21. Animal model

20 male C57BL/6 mice (8–10 weeks, 20–25 g) were pro
vided by Laboratory Animal Center of Xuzhou Medical Uni
versity. The mice were randomly divided into four groups 
including sham group, MCAO group, MCAO + AAKR group 
(AAKR, 50.0 mg/kg), MCAO + AAKR + ML385 group (AAKR, 
50.0 mg/kg; ML385, 30.0 mg/kg), All the mice were 
housed under the circumstance with 12-h light/dark 
cycle, approximately 60% relative humidity, and 25 ± 2°C 
temperature. And the mice were freely access to food 
and water. Focal cerebral ischemia was performed using 
middle cerebral artery occlusion (MCAO). In brief, mice 
were anesthetized with 4% isofluorane and maintained at 
2% via inhalation. After the left external carotid artery 
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was completely exposed and ligated, a nylon monofila
ment was inserted into the internal carotid artery to 
occlude the middle cerebral artery. After 1 h of occlusion, 
the monofilament was carefully dismantled to restore the 
blood flow for 24 h. Mice were eliminated from the 
groups if they died following ischemia or the cerebral 
blood flow did not decrease at least 70%. Before 1 h of 
MCAO, AAKR or ML385 was administered by intraperito
neal injection. Mice in the sham group were exposed to 
the same surgical procedure except the insertion of a 
monofilament. And mice in MCAO group were intraperito
neally injected with a vehicle. After aforementioned treat
ment, the mice were sacrificed under anesthesia with 4% 
isofluorane, and brain tissues were obtained. The tissues 
were homogenized at 4°C. After centrifugation at 12,000g 
and 4°C for 3 min, the supernatant was collected for 
further analysis of antioxidant enzymes and western blot 
as above.

2.22. HE staining

After perfused with physiological saline, brain tissues were 
fixed with 4% paraformaldehyde, embedded in paraffin, 
and cut into sections (4 μm). Then the sections were depar
affinized, rehydrated and stained with hematoxylin–eosin. 
The sections were observed under a microscope (Olympus, 
Tokyo, Japan) to assess histopathological changes in the 
cortex.

2.23. Immunohistochemical (IHC) assays

The brain tissues were treated as above and sections (4 μm) 
were prepared. Then the sections were deparaffinized, and 
rehydrated. The sections were incubated in 3% H2O2 for 15 
min to block endogenous peroxidase. After rinsing with PBS 
for three times, the sections were exposed to primary anti
body against cleaved caspase-3 (1:500) overnight at 4°C. 
After washed with PBS for three times, secondary antibody 
was added and incubation was carried out for 15 min. Then 
the sections were reacted with DAB solution for 5 min. Sub
sequently, the sections were washed with water and 
stained with hematoxylin for 1 min. The sections were 
observed under a microscope.

2.24. Statistical analysis

All experimental data were expressed as mean ± standard 
deviation. GraphPad Prism 8.0 (San Diego, CA) were 
employed to perform data analysis. Shapiro–Wilk normality 
test was carried out to validate the data followed a normal 
distribution. Then one-way analysis of variance (one-way 
ANOVA) followed by Tukey test was performed for multiple 
comparisons and Student’s t-test was implemented for 
single comparisons. And p < .05 was considered as significant 
difference in statistics.

3. Results

3.1. Structure elucidation

The 1H and 13C NMR spectra were recorded on a Bruker 
AVANCE III NMR spectrometer. The structures of these com
pounds obtained were determined by analysis of their 1H 

and 13C NMR spectra as well as comparison of these data 
with literature. Their structures were identified as kaemp
ferol-7-O-α-L-rhamnopyranoside (KR, 1) [22], kaempferol-3- 
O-α-L-arabinofuranoside (juglanin, 2) [23], 3-O-α-L-arabino
furanosyl-kaempferol-7-O-α-L-rhamnopyranoside (AKR, 3) 
[24], kaempferol-3,7-O-α-L-dirhamnopyranoside (kaempferi
trin, 4) [25], and 3-O-β-D-apiofuranosyl-(1→2)-α-L-arabinofur
anosyl-kaempferol-7-O-α-L-rhamnopyranoside (AAKR, 5) [26] 
(Figure 1). The 1H and 13C NMR data were assigned as follows:

Kaempferol-7-O-α-L-rhamnopyranoside (1): yellow amor
phous powder; 1H NMR (400 MHz, DMSO-d6) δ: 8.10 (2H, d, J  
= 9.0 Hz, H-2′, 6′), 6.94 (2H, d, J = 9.0 Hz, H-3′, 5′), 6.83 (1H, d, 
J = 1.9 Hz, H-8), 6.43 (1H, d, J = 1.9 Hz, H-6), 5.56 (1H, br s, H- 
1′′), 3.32-3.86 (m, H-2′′, 3′′, 4′′, 5′′ overlapped with – OH 
proton signals), 1.14 (3H, d, J = 6.4 Hz, H-6′′); 13C NMR (100 
MHz, DMSO-d6) δ: 176.0 (C-4), 161.4 (C-7), 160.3 (C-5), 159.3 
(C-4′), 155.7 (C-9), 147.5 (C-2), 136.0 (C-3), 129.6 (C-2′, 6′), 
121.5 (C-1′), 115.4 (C-3′, 5′), 104.6 (C-10), 98.8 (C-1′′), 98.3 (C- 
6), 94.3 (C-8), 71.6 (C-4′′), 70.2 (C-3′′), 70.0 (C-2′′), 69.8 (C-5′′), 
17.9 (C-6′′).

Juglanin (2): yellow amorphous powder; 1H NMR (400 
MHz, DMSO-d6) δ: 8.03 (2H, d, J = 8.9 Hz, H-2′, 6′), 6.90 (2H, 
d, J = 8.9 Hz, H-3′, 5′), 6.46 (1H, d, J = 1.9 Hz, H-8), 6.21 (1H, 
d, J = 1.9 Hz, H-6), 5.63 (1H, d, J = 6.4 Hz, H-1′′), 4.16 (1H, m, 
H-2′′), 3.74 (1H, m, H-5′′b), 3.28-3.54 (m, H-3′′, 4′′, 5′′b over
lapped with – OH proton signals); 13C NMR (100 MHz, 
DMSO-d6) δ: 177.6 (C-4), 164.3 (C-7), 161.2 (C-5), 159.9 (C-4′), 
156.7 (C-9), 156.3 (C-2), 133.4 (C-3), 130.8 (C-2′, 6′), 120.7 (C- 
1′), 115.4 (C-3′, 5′), 103.9 (C-10), 108.0 (C-1′′), 98.7 (C-6), 93.7 
(C-8), 86.3 (C-4′′), 77.1 (C-3′′), 82.1 (C-2′′), 60.8 (C-5′′).

3-O-α-L-arabinofuranosyl-kaempferol-7-O-α-L-rhamnopyra
noside (3): yellow amorphous powder; 1H NMR (400 MHz, 
DMSO-d6) δ: 8.09 (2H, d, J = 8.5 Hz, H-2′, 6′), 6.91 (2H, d, J =  
8.5 Hz, H-3′, 5′), 6.84 (1H, br s, H-8), 6.46 (1H, br s, H-6), 5.65 
(1H, br s, H-1′′′), 5.57 (1H, br s, H-1′′), 3.32-5.30 (m, H-2′′, 3′′, 
4′′, 5′′, 2′′′, 3′′′, 4′′′, 5′′′ overlapped with – OH proton signals), 
1.13 (3H, J = 5.5 Hz, H-6′′′); 13C NMR (100 MHz, DMSO-d6) δ: 
177.8 (C-4), 161.6 (C-7), 160.8 (C-5), 160.1 (C-4′), 157.2 (C-9), 
155.9 (C-2), 133.7 (C-3), 130.8 (C-2′, 6′), 120.5 (C-1′), 115.4 (C- 
3′, 5′), 108.1 (C-1′′), 105.6 (C-10), 99.3 (C-1′′′), 98.3 (C-6), 94.6 
(C-8), 86.4 (C-4′′), 82.1 (C-2′′), 77.1 (C-3′′), 71.6 (C-4′′′), 70.2 (C- 
3′′′), 70.0 (C-2′′′), 69.8 (C-5′′′), 60.9 (C-5′′), 17.9 (C-6′′′).

Kaempferitrin (4): yellow amorphous powder; 1H NMR (400 
MHz, DMSO-d6) δ: 7.77 (2H, d, J = 7.4 Hz, H-2′, 6′), 6.90 (2H, d, J  
= 7.4 Hz, H-3′, 5′), 6.77 (1H, s, H-8), 6.44 (1H, s, H-6), 5.53 (1H, s, 
H-1′′), 5.28 (1H, s, H-1′′′), 3.00-4.00 (m, H-2′′, 3′′, 4′′, 5′′, 2′′′, 3′′′, 
4′′′, 5′′′ overlapped with – OH proton signals), 1.11 (3H, d, J =  
3.9 Hz, H-6′′′), 0.79 (3H, br s, H-6′′). 13C NMR (100 MHz, DMSO- 
d6) δ: 177.9 (C-4), 161.6 (C-7), 160.9 (C-5), 160.1 (C-4′), 157.7 (C- 

Figure 1. Chemical structures of flavonoids from Polypodium hastatum.
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9), 156.1 (C-2), 134.5 (C-3), 130.7 (C-2′, 6′), 120.3 (C-1′), 115.4 (C- 
3′, 5′), 105.7 (C-10), 101.8 (C-1′′), 99.4 (C-1′′′), 98.4 (C-6), 94.5 (C- 
8), 71.6 (C-4′′), 71.1 (C-5′′), 70.6 (C-4′′′), 70.3 (C-2′′), 70.2 (C-2′′′), 
70.1 (C-3′′), 70.0 (C-3′′′), 69.8 (C-5′′′), 17.9 (C-6′′′), 17.4 (C-6′′).

3-O-β-D-apiofuranosyl-(1→2)-α-L-arabinofuranosyl- 
kaempferol-7-O-α-L-rhamnopyranoside (5): yellowish amor
phous powder; 1H NMR (400 MHz, DMSO-d6) δ: 8.03 (2H, d, 
J = 8.7 Hz, H-2′, 6′), 6.92 (2H, d, J = 8.7 Hz, H-3′, 5′), 6.84 (1H, 
br s, H-8), 6.46 (1H, br s, H-6), 5.81 (1H, br s, H-1′′′′), 5.57 
(1H, br s, H-1′′), 5.08 (1H, d, J = 2.8 Hz, H-1′′′), 3.30-5.50 (m, 
H-2′′, 3′′, 4′′, 5′′, 2′′′, 4′′′, 5′′′, 2′′′′, 3′′′′, 4′′′′, 5′′′′ overlapped 
with – OH proton signals), 1.14 (3H, J = 6.0 Hz, H-6′′′′); 13C 
NMR (100 MHz, DMSO-d6) δ: 177.8 (C-4), 161.6 (C-7), 160.8 
(C-5), 160.1 (C-4′), 157.2 (C-9), 155.9 (C-2), 133.3 (C-3), 130.8 
(C-2′, 6′), 120.4 (C-1′), 115.5 (C-3′, 5′), 107.8 (C-1′′), 106.1 (C- 
1′′′), 105.6 (C-10), 99.4 (C-1′′′′), 98.4 (C-6), 94.5 (C-8), 87.8 (C- 
4′′), 85.7 (C-2′′), 78.7 (C-3′′′), 76.1 (C-2′′′), 75.6 (C-3′′), 73.5(C- 
4′′′), 71.6 (C-4′′′′), 70.2 (C-3′′′′), 70.1 (C-2′′′′), 69.8 (C-5′′′′), 
63.0 (C-5′′′), 60.3 (C-5′′), 17.9 (C-6′′′′).

3.2. Flavonoids improve the survival of PC12 cells 
injured by OGD/R

To evaluate the protective effects of these flavonoids, MTT 
assay was performed first. The results showed AAKR from 

0.1 μM could significantly attenuate the poor cell viability 
resulting from OGD/R, which even afforded more protective 
effects than the reference drug nimodipine at 50.0 μM. And 
juglanin and AKR also afforded moderate protective effects 
on PC12 cells injured by OGD/R while the effects of KR and 
kaempferitrin were weak (Figure 2(A)). Meanwhile, extracellu
lar LDH activity in PC12 cells was detected to further validate 
the protective effects of these flavonoids (Figure 2(B)). As a 
result, AAKR remarkably reduced the activity of extracellular 
LDH, which was similar to the effects of nimodipine at 
50.0 μM. And these results indicated AAKR could suppress 
the release of LDH induced by OGD/R. Meanwhile, it was 
also found juglanin and AKR attenuated the release of LDH 
moderately, but compounds KR and kaempferitrin displayed 
poor effects against that. Taken together, these results 
implied of all the five flavonoids, AAKR possessed significant 
protective effects against the injury caused by OGD/R, and 
juglanin and AKR gave moderate effects. Nevertheless, the 
protection of KR and kaempferitrin was poor.

3.3. Flavonoids interact with Keap1 to activate Nrf2

To demonstrate the effects of these flavonoids on the acti
vation of Nrf2, we have assessed the transcription capacity 
of Nrf2 binding to ARE in PC12 cells using a dual luciferase 

Figure 2. Effects of the flavonoids on the survival of PC12 cells injured by OGD/R. (A) MTT assay. (B) Extracellular LDH activity. Nimodipine (Nim) was used as a 
reference drug. n = 3, ###p < .001 vs control group, *p < .05, **p < .01 and ***p < .001 vs OGD/R group.
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reporter system. As shown in Figure 3(A), in the presence of 
AAKR at 5.0 μM, the transcription capacity of Nrf2 was remark
ably elevated (11.64 ± 0.40) compared with the cells treated 

without that compound (0.46 ± 0.06) and even more potent 
than the sulforaphane (7.17 ± 0.14). Meanwhile, KR, juglanin 
and AKR also showed significant enhancement for the 

Figure 3. Effects of the flavonoids on the Nrf2 activation in PC12 cells injured by OGD/R. (A) ARE luciferase activity. SNF was used as a reference drug. (B) Binding 
modes of compounds 1–4 with Keap1 including binding poses and interactions via hydrogen bonds. (C) Binding pose of AAKR in the Nrf2 binding cavity. (D) 
Interaction for AAKR with Kelch domain via hydrogen bonds. (E) 2D diagram for the interaction between AAKR and Keap1. n = 3, ###p < .001 vs control group, 
*p < .05, **p < .01 and ***p < .001 vs OGD/R group.

Figure 4. Effects of AAKR on Keap1-dependent activation of Nrf2 in PC12 cells injured by OGD/R. (A) Immunofluorescence staining, as the yellow arrows indicated, 
the red fluorescence represented the intracellular Nrf2, blue fluorescence represented nuclei and the merged purple fluorescence represented the nuclear Nrf2. 
(B)–(D) Western blot analysis together with densitometric analysis of total and nuclear Nrf2. (E) and (F) HO-1 and NQO1 levels in PC12 cells detected by ELISA. (G) 
Co-immunoprecipitation assay for Nrf2. IP:Nrf2: Nrf2 was precipitated using its specific antibody. Input: The lysates were analyzed by western blot without pre
cipitation. n = 3, #p < .05, ##p < .01 and ###p < .001 vs control group, ***p < .001 vs OGD/R group, @p < .05 and @@p < .01 vs AAKR group.

REDOX REPORT 7



transcription capacity of Nrf2 in PC12 cells. Molecular docking 
results revealed these compounds could enter the Nrf2 
banding cavity and interact with the residues in Kelch 
domain of Keap1 via hydrogen bonds (Figure 3(B–D)). Of 
these compounds, AAKR afforded the highest total score as 
9.16, which is higher than the in situ ligand (total score is 
7.66). And other total scores of these compounds are 6.78 
for AKR, 6.42 for juglanin, 5.50 for KR and 5.06 for kaempfer
itrin. In addition to the amino acid residues including Leu365 
(2.4 Å), Gly367 (2.4 Å), Ile559 (1.9 and 1.9 Å), Val604 (2.1 Å), 
and Val606 (2.1 Å), AAKR also interacted with those in the 
subpockets of Nrf2 binding cavity encompassing Arg415 
(1.8 Å), Arg483 (2.3 Å) and Ser508 (2.2 Å) of P1, Arg380 (2.1 
Å), Asn382 (2.0 Å) and Asn414 (2.6 Å) of P2, and Ser602 (2.0 
Å) of P3 via hydrogen bonds (Figure 3(D)). The 2D diagram 
gave the indication that there was hydrophobic interaction 
between the B-ring of AAKR and the residues including 
Gly509 and Ala556 of P3 (Figure 3(E)). These interactions 
are the driving forces for AAKR to bind to Keap1 and activate 
Nrf2. The results indicated that AAKR was the most potent 
Nrf2 activator of the five flavonoids.

3.4. AAKR activates Nrf2 in PC12 cells injured by OGD/ 
R in a Keap1-dependent manner

To demonstrate the effects of AAKR on the activation of Nrf2, 
immunofluorescence staining was implemented to visualize 
and locate Nrf2. As a result, AAKR at 5.0 μM increased the 
level of Nrf2 and promoted its translocation into nucleus 
from the cytoplasm as the yellow arrows implied in the 

immunofluorescence images, which indicated it stabilized 
and activated Nrf2 (Figure 4(A)). Then western blot analysis 
together with densitometric analysis has also revealed 
AAKR resulted in the increment of total and nuclear Nrf2 com
pared with the group treated without this compound (Figure 
4(B–D)). At the same time, as the downstream enzymes the 
antioxidant enzymes including HO-1 and NQO1 were upregu
lated by AAKR (511.24 ± 14.83% and 613.57 ± 17.61% for HO- 
1 and NQO1, respectively) in contrast to the cells injured by 
OGD/R (58.07 ± 7.07% and 64.82 ± 7.08%, respectively) 
(Figure 4(E,F)). To elucidate the underlying mechanism of 
Nrf2 activation by AAKR, co-immunoprecipitation assay was 
performed. As shown in Figure 4(G), following the precipi
tation of Nrf2 with itself primary antibody, Keap1 was precipi
tated in both control group and the group treated without 
AAKR. Whereas, in the presence of AAKR, the precipitated 
Keap1 was reduced, which implied this compound could 
interact with Keap1 to disrupt the formation of Keap1-Nrf2 
complex.

3.5. AAKR attenuates oxidative stress resulting from 
OGD/R in PC12 cells

To assess the protective effects of AAKR against oxidative 
stress, the intracellular ROS was detected herein. The results 
showed OGD/R gave rise to the overproduction of ROS 
(402.12 ± 19.68%), which was reversed by AAKR at 5.0 μM 
(168.47 ± 16.51%). And its effects were similar to Tiron, a 
superoxide anion radical scavenger (Figure 5(A)). Meanwhile, 
as the major product of lipid peroxidation, the content of 

Figure 5. Effects of AAKR on oxidative stress induced by OGD/R in PC12 cells. (A) Intracellular ROS levels. (B) MDA content. (C)–(E) SOD, CAT and GPx activity. (F) 
GSH/GSSG ratio. n = 3, ###p < .001 vs control group, *p < .05 and ***p < .001 vs OGD/R group, @@p < .01 vs AAKR group.
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MDA in PC12 cells was measured. It was observed that the 
excessive generation of MDA resulting from OGD/R was 
reduced by AAKR (118.83 ± 10.58%) compared to the group 
treated without that compound (225.05 ± 11.69%) (Figure 
5(B)). In addition, we have found that OGD/R resulted in the 
declined activity of SOD (46.14 ± 5.31%), CAT (43.56 ±  
6.57%) and GPx (39.29 ± 3.61%) in PC12 cells. Whereas, after 
exposure to AAKR, the activity of these antioxidant enzymes 
has been enhanced as 86.06 ± 5.74%, 85.27 ± 6.68% and 
79.14 ± 6.64%, respectively. When the specific inhibitors 
including LCS-1, 3-AT and JKE-1674 targeting SOD1, CAT 
and GPx4 were added separately, the enhanced activity for 
these enzymes by AAKR was reduced (Figure 5(C–E)), which 
further implied AAKR activated these enzymes to attenuate 
oxidative stress. Meanwhile, the GSH/GSSG ratio also dis
closed AAKR elevated the activity of GPx (Figure 5(F)). Collec
tively, these results demonstrate AAKR could inhibit oxidative 
stress induced by OGD/R in PC12 cells.

3.6. AAKR ameliorates mitochondrial dysfunction in 
PC12 cells injured by OGD/R

To disclose the protective effects of AAKR on PC12 cell 
against the injury resulting from OGD/R, mitochondrial 
function was evaluated herein. As a result, we have 
observed OGD/R caused the overload of intracellular 
calcium (234.48 ± 9.03%), while in the presence of AAKR 

at 5.0 μM, the overloaded calcium was attenuated 
(138.78 ± 8.08%) (Figure 6(A)). At the same time, the col
lapse of mitochondrial membrane potential (36.63 ±  
7.66%) and opening of mitochondrial permeability tran
sition pore (46.12 ± 6.77%) were also detected in PC12 
cells due to OGD/R. However, AAKR significantly reversed 
the collapse of mitochondrial membrane potential (83.89  
± 5.18%) as well as mitochondrial permeability transition 
pore opening (85.98 ± 6.72%) (Figure 6(B,C)). These obser
vations manifested AAKR ameliorated OGD/R-induced 
mitochondrial dysfunction in PC12 cells.

3.7. AAKR inhibits apoptosis of PC12 cells induced by 
OGD/R

The proteins related to apoptosis were explored to uncover 
the protective effects of AAKR. In the present investigation, 
OGD/R has activated the activity of caspase-3 in PC12 cells 
(264.61 ± 12.00%). Whereas, after exposure to AAKR, the 
activity of caspase-3 was inhibited at 140.55 ± 7.56% (Figure 
7(A)). Though OGD/R down-regulated the expression of Bcl- 
2 and up-regulated Bax in PC12 cells, western blot analysis 
has shown that Bcl-2 was elevated by AAKR while Bax was 
diminished (Figure 7(B)). Meanwhile, the relative ratio of 
Bcl-2/Bax further substantiated AAKR inhibited the apoptosis 
induced by OGD/R in PC12 cells (Figure 7(C)).

Figure 6. Effects of AAKR on mitochondrial dysfunction induced by OGD/R in PC12 cells. (A) Intracellular calcium levels. (B) Mitochondrial membrane potential. (C) 
Mitochondrial permeability transition pore. n = 3, ###p < .001 vs control group, **p < .01 and ***p < .001 vs OGD/R group.

Figure 7. Effects of AAKR on apoptosis of PC12 cells induced by OGD/R. (A) Caspase-3 activity. (B) Western blot analysis for Bcl-2 and Bax. (C) Relative ratio of Bcl-2/ 
Bax. n = 3, ###p < .001 vs control group, ***p < .001 vs OGD/R group.
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3.8. The protective effects of AAKR are associated 
with Nrf2 activation

To unravel the role of Nrf2 activation in the protective 
effects of AAKR, we have carried out the siRNA interfer
ence assay. As shown in Figure 8(A), the Nrf2 knockdown 
was attained after western blot analysis. The PC12 cells 
transfected with NC-siRNA were still sensitive to OGD/R 
and AAKR also displayed protective effects. However, in 
PC12 cells transfected with Nrf2-siRNA, the MTT assay 
showed the protective effects of AAKR were reduced 
sharply following the poor cell viability after exposure to 
OGD/R (Figure 8(B)). These results revealed activation of 
Nrf2 was involved in the protective effects of AAKR on 
PC12 cells against the injury induced by OGD/R.

3.9. AAKR protects mice brains against the injury 
induced by MCAO via activating Nrf2

To validate the neuroprotective effects of AAKR via Nrf2 
activation, we have implemented the in vivo evaluation 
using MCAO mice. As a result, HE staining showed the 
nuclei stained as blue by hematoxylin, and the apoptotic 
nuclei condensed. This observation indicated that MCAO 
resulted in the apoptosis of neurons in mice brains, 
while AAKR at 50.0 mg/kg could attenuate the apoptosis. 
However, in the presence of Nrf2 inhibitor, ML385, the 
protective effects of AAKR were reduced. At the same 
time, from immunohistochemical assay, it was observed 
that AAKR decreased the expression of cleaved caspase-3 
stained as brown by DAB, which was up-regulated after 
MCAO treatment. And ML385 could reduce the inhibitory 
effect of AAKR on caspase-3 (Figure 9(A)). Meanwhile, 
western blot together with densitometric analysis showed 
AAKR could increase the level of Nrf2 in the brains of 
MCAO mice, but ML385 reversed this effect (Figure 9(B)). 
In addition, the antioxidant enzymes including SOD, CAT 
and GPx were inhibited in MCAO mice. Whereas, AAKR 
could enhance the activity of these enzymes via activating 

Nrf2 (Figure 9(C–E)). These findings indicated AAKR pro
tected brains of MCAO mice against oxidative stress and 
apoptosis via activating Nrf2.

4. Discussion

In the treatment of cerebral ischemic stroke, reperfusion after 
cerebral ischemia largely contributes to the neural injury 
though it is effective to reduce the infarction size [27]. The 
pathogenesis of cerebral ischemia/reperfusion injury has 
revealed oxidative stress plays a pivotal role since it initiates 
the cascades of cell apoptosis [28]. At the same time, it is 
approved activation of Nrf2 could suppress oxidative stress 
and related diseases [9]. Therefore, the discovery of Nrf2 acti
vators is a promising approach targeting cerebral ischemia/ 
reperfusion injury, which is imperative [29]. Herein, we have 
evaluated the neuroprotective effects of flavonoids in Polypo
dium hastatum using PC12 cells injured by OGD/R and 
screened their ability of Nrf2 activation. All these flavonoids 
especially compound AAKR at certain concentrations could 
significantly improve the poor cell viability resulting from 
OGD/R and enhance the capability of Nrf2 binding to target 
genes. As a stable cytoplasmic enzyme in most cells, LDH 
can be released into the culture medium from cytoplasm 
when the cell was damaged [30]. In the current investigation, 
these compounds showed inhibitory effects against the 
release of intracellular LDH.

Oxidative stress results from the imbalance between the 
production and consumption of ROS, which is generated 
through one-electron transfers from a redox donor to mol
ecular oxygen, and initially yields the anionic free radical 
superoxide. Then the superoxide can be converted to hydro
gen peroxide by SOD [31]. At the same time, the hydrogen 
peroxide is decomposed as water under the catalysis of 
CAT or GPx [32]. Following oxidative stress, excessive ROS 
will present deleterious effects on lipids, proteins, and 
nucleic acids, which not only leads to the reduced activity 
of antioxidant enzymes but also the overproduction of 
MDA [33]. In addition, it is proved that Nrf2 can regulate 

Figure 8. Activation of Nrf2 by AAKR was involved in the protective effects on PC12 cells against the injury induced by OGD/R. (A) Western blot together with 
densitometric analysis for the Nrf2 knockdown. (B) MTT assay for the PC12 cells transfected with Nrf2-siRNA or NC-siRNA exposed to OGD/R. n = 3, ΔΔΔp < .001 vs 
NC-siRNA group, ###p < .001 vs control group, ***p < .001 vs OGD/R group.
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the transcription of genes encoding these antioxidant 
enzymes [34]. In our investigation, we have found AAKR sup
pressed oxidative stress in PC12 cells and MCAO mice.

As the major sites of ROS production, mitochondria are 
also the target of ROS and mediate the apoptosis induced 
by excessive ROS [35]. The amplified ROS signal can lead to 
the mitochondrial permeability transition pore opening as 
the response to an oxidative challenge [36]. Following that, 
the large conductance can result in the collapse of mitochon
drial membrane potential and overloaded intracellular 
calcium, since the mitochondrial calcium influx is driven by 
mitochondrial membrane potential [37]. In addition, there is 
a mutual interplay between ROS and calcium and excessive 
ROS can recruit calcium in cytoplasm [38]. And the calcium 
can trigger the opening of mitochondrial permeability tran
sition pore [39]. As the early events in apoptosis, mitochon
drial dysfunction including mitochondrial permeability 
transition pore opening and collapse of mitochondrial mem
brane potential is a prominent feature in neuronal cell survi
val and death following injury [40]. Herein, it was observed 
that AAKR could improve the overload of intracellular 
calcium, collapse of mitochondrial membrane potential and 
mitochondrial permeability transition pore opening, which 
implied AAKR can mitigate mitochondrial dysfunction due 
to OGD/R.

In ischemic stroke, neurons undergoing apoptosis in 
penumbra are potentially salvageable and predominant in 
the expansion of infarction size [41]. In the pathogenesis of 

ischemia/reperfusion injury, rapid overproduction of ROS 
overwhelms the detoxification and scavenging capacity of 
cellular antioxidant enzymes viz SOD, CAT, and GPx as well 
as non-enzymatic antioxidants such as GSH, which results in 
severe and immediate damage to cellular proteins, DNA 
and lipids [4]. In addition to the breakdown of antioxidant 
defense system, excessive ROS triggers mitochondria- 
mediated apoptosis [35]. As the source of ROS, mitochondria 
in particular are susceptible to ROS, which could result in 
mitochondrial dysfunction and recruitment of Bcl-2 family 
proteins for cytochrome c release [42]. Then the released 
cytochrome c forms the apoptosome complex to activate 
the caspase cascades [43]. As the key member of caspases, 
caspase-3 is an effector enzyme affording the morphological 
changes of apoptotic cells [44]. Bcl-2 and Bax are important 
members of Bcl-2 protein family, and the former is anti-apop
totic while the latter is pro-apototic [43]. Under apoptotic 
stimuli such as oxidative stress, Bax in cytoplasm will be 
recruited to mitochondrial membrane and oligomerize to 
cause the release of pro-apoptotic proteins in mitochondria, 
which then activate caspase-3 through the intrinsic apoptotic 
cascades [45]. However, the anti-apoptotic Bcl-2 in the mito
chondrial membrane can interact with Bax to form heterodi
mers, which will block the initiation of apoptotic cascades. 
Therefore, the relative ratio of Bcl-2/Bax is the determinant 
to the apoptotic stimuli [46]. In our study, we have observed 
AAKR inactivated the active caspase-3 in vitro and in vivo, 
and up-regulated Bcl-2 but down-regulated Bax, which 

Figure 9. AKRR protected MCAO mice brains via activating Nrf2. (A) HE staining and immunohistochemical assay for cleaved caspase-3, and the arrows indicated 
morphological changes apoptotic cells and the expression cleaved caspase-3 stained as brown. (B) Western blot together with densitometric analysis for Nrf2 level. 
(C)–(E) SOD, CAT and GPx activity in mice brain tissues. n = 3, ##p < .01 and ###p < .001 vs sham group, **p < .01 and ***p < .001 vs MCAO group, @p < .05, @@p < .01 
and @@@p < .001 vs MCAO + AAKR group.
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gave the indication that AAKR could inhibit the apoptosis of 
neurons.

As a crucial transcription factor, Nrf2 can regulate the tran
scription of target genes encoding antioxidant enzymes [47]. 
In addition to the direct antioxidant enzymes such as SOD, 
CAT and GPx, the indirect antioxidant enzymes including 
HO-1 and NQO1 are regulated by Nrf2 and catalyze to 
promote the production of antioxidant products [48]. In cer
ebral ischemia stroke, it was also found Nrf2 could regulate 
these enzymes to afford antioxidant activity [49]. In the 
current study, it was also found that AAKR activated HO-1 
and NQO1 remarkably. The siRNA interfere experiments vali
dated that the Nrf2 activated by AAKR was involved in its neu
roprotection. Michael receptors are prominent electrophiles 
since there are olefins conjugated to electro-withdrawing car
bonyl groups in their structures. As the soft Lewis acids, they 
can react with the critical cysteine thiolate (soft base) groups 
in Keap1 to hinder the formation of Keap1-Nrf2 complex and 
activate Nrf2 [17]. Herein, all these flavonoids including AAKR 
possess the α,β-unsaturated ketone moieties, which may be 
involved in their ability to activate Nrf2.

In present studies, the protective effects of AAKR against 
cerebral ischemia/reperfusion injury were further evaluated 
using MACO mice, which was closely associated with the acti
vation of Nrf2. However, there are many factors such as blood 
pressure (BP) affecting the prognosis of cerebral ischemia/ 
reperfusion injury [50] Meanwhile, due to the limited 
amount of AAKR, the evaluation and mechanisms exploration 
were not widely performed. In the future, the profound inves
tigations will be carried out after the isolation of enough 
AAKR.

5. Conclusion

Collectively, we have evaluated flavonoids in Polypodium has
tatum as Nrf2 activators using PC12 cells and MCAO mice and 
explored their protective effects against ischemia/reperfusion 
injury. Of the five flavonoids, AAKR significantly protected 
PC12 cells and brains of MCAO mice against oxidative 
stress, mitochondrial dysfunction and following apoptosis. 
The protective effects were closely associated with the acti
vation of Nrf2 via interacting with Keap1. These findings 
can give insights into the discovery of Nrf2 activators target
ing cerebral ischemia/reperfusion injury.
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