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6-hydroxygenistein attenuates
hypoxia-induced injury via
activating Nrf2/HO-1 signaling
pathway in PC12 cells

Pengpeng Zhang'?, Jie Zhang?, Chuan Ma?, Huiping Ma?*“ & Linlin Jing%?"*
4',5,6,7-tetrahydoxyisoflavone (6-hydroxygenistein, 6-OHG) is a hydroxylated derivative of genistein
with excellent antioxidant activity, but whether 6-OHG can protect hypoxia-induced damage is
unclear. The objective of current study was to evaluate the protective effect and underling mechanism
of 6-OHG against hypoxia-induced injury via network pharmacology and cellular experiments.
6-OHG-related and hypoxia injury-related targets were screened by public databases. The intersected
targets were used for constructing PPl network and performing GO and KEGG functional analysis.

We induced injury in PC12 cells under hypoxia conditions and observed the effects and molecular
mechanisms of 6-OHG on cellular damage. Network pharmacological analysis predicted that 6-OHG
delayed hypoxia injury by mitigating oxidative stress, inflammatory response and apoptosis. Cellular
experiments suggested that 6-OHG treatment mitigated cell damage, enhanced cell viability, reduced
ROS production and MDA level, increased SOD and CAT activities and elevated GSH level in PC12 cell
exposed to hypoxia. Additionally, 6-OHG treatment reduced the TNF-a and IL-6 levels and elevated
the IL-10 content, while downregulated the NF-kB and TNF-a expressions. 6-OHG also inhibited the
caspase-3 and — 9 activation and the Bax and cleaved caspase-3 expressions, and elevated the Bcl-2
expression. Moreover, 6-OHG remarkably enhanced Nrf2 nuclear translocation and increased HO-1
expression. Molecular docking also proved the strong binding affinities of 6-OHG with Nrf2 and HO-1.
Furthermore, ML385, a specific Nrf2 inhibitor, eliminated the beneficial effects of 6-OHG. In summary,
6-OHG can alleviate hypoxia-induced injury in PC12 cells through activating Nrf2/HO-1 signaling
pathway and may be developed as candidate for preventing neuro-damage induced by hypoxia.

Keywords 6-hydroxygenistein, Hypoxia injury, Oxidative stress, Nrf2/HO-1 signaling pathway,
Inflammatory response, Apoptosis

Abbreviations

6-OHG 6-hydroxygenistein

PC12 Rat pheochromocytoma

GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes
ROS Reactive oxygen species

MDA Malondialdehyde

SOD Superoxide dismutase

CAT Catalase

GSH Glutathione

IL-6 Interleukin-6

IL-10 Interleukin-10

TNF-a Tumor necrosis factor-a

Nrf2 Nuclearfactor erythroidderived 2-like 2
HO-1 Heme oxygenase 1
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ATP Adenosine triphosphate

LDH Lactate dehydrogenase

NF-xB Nuclear factor kappa-light-chain-enhancer of activated B cells
GSH-Px Glutathione peroxidase

CNS Central nervous system

HPLC High-performance liquid chromatographic

DCFH-DA 2,7-Dichlorofluorescein diacetate

DAPI 46-diamidino-2-phenylindole

DMEM Dulbecco’s Modified Eagle Medium

FBS Fetal bovine serum

PBS Phosphate buffered saline

OD Optical density

TUNEL Terminal deoxynucleotidyl transferase-mediated deoxy-UTP (dUTP) nick end labeling
SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
PVDF Polyvinylidene difluoride

ECL Enhanced chemiluminescence

BP Biological process

CcC Cellular composition

MF Molecular function

PPI Protein-protein interaction

PHD Prolyl Hydroxylase

Mcl-1 Myeloid cell leukemia-1

Bcl-2 b-cell lymphoma-2

Bax Bcl-2-associated X protein

Bak Bcl-2 antagonist/killer protein

NQO1 NAD(P)H quinone oxidoreductase

AREs Antioxidant response elements

Molecular oxygen (O,) is essential for most species on earth. Cells consume oxygen to synthesize ATP, which
is used to maintain normal cellular physiological functions. Hypoxia, defined as insufficient oxygen supply, is
a major stressor, especially for central nervous system (CNS) due to its high metabolic utilization of oxygen.
Hypoxia has been associated with cognitive dysfunction!, depression?, and a decline in health-related quality of
life®. Therefore, effective strategies to minimize hypoxia-induced neurological damage are essential.

Although the molecular mechanisms of hypoxic injury are not fully understood, there is growing evidence
that oxidative stress, neuroinflammation, and apoptosis play key roles in hypoxia-induced neuronal injury.
Compounds with the abilities of reducing oxidative stress, inflammation and apoptosis have been reported to be
effective in treating hypoxia induced injury*-°.

45,6,7-tetrahydoxyisoflavone (6-hydroxygenistein, 6-OHG, Fig. 1A) is a hydroxylated derivative of genistein
found in fermented soybean or microbial fermentation broth’, which has emerged as an important part of
people’s dietary food because of the unique flavors and improved health benefit®. Its molecule contains four
phenolic hydroxyl groups and ortho-dihydroxy structure in the A ring, all of which contribute to its excellent
free radicals scavenging activities in vitro®. In addition, 6-OHG also exhibits anticancer!?, antimelanogenesis“,
and hepatoprotective!? activities. However, whether 6-OHG protects against hypoxia induced injury and the
underlying mechanisms have yet to be revealed.

Network pharmacology is an emerging interdisciplinary discipline based on the theory of systems biology,
using bioinformatics and network analysis methods to analyze biological systems and study the potential
mechanisms of multi-target drugs at the system level'>. Rat pheochromocytoma (PC12) cells, which have the
property of neurite growth, have been widely used in neuroscience research!'®. In the current study, network
pharmacology and in vitro experiments on PC12 cell were employed to clarify the protective effects and the
underling mechanism of 6-OHG against hypoxia-induced injury. This study provides a scientific basis for
understanding the protective effects of 6-OHG against hypoxic neuronal injury at the molecular level.

Materials and methods

Network pharmacology research

Construction of networks

The SwissTargetPrediction (http://www.swisstargetprediction.ch/), Similarity ensemble approach (https://sea.bk
slab.org/), PharmMapper (http://www.lilab-ecust.cn/pharmmapper/), and SuperPred (https://prediction.charite
.de/) databases were used to retrieve the potential targets of 6-OHG. A search for “hypoxia injury” and “hypoxia
damage” was performed in the GeneCards (https://www.genecards.org/) and OMIM (https://www.omim.org
/) databases to identify candidate targets. The intersection targets were obtained and visualized by Venny 2.1.
Then those overlapped targets were used for PPI analysis by importing into the STRING (https://string-db.org)
database. Cytoscape 3.9.0 was used to visualize the results.

Gene Ontology (GO) and Kyoto Encyclopedia of genes and genomes (KEGG) pathway
enrichment analysis®®

To elucidate the potential targets of 6-OHG against hypoxia injury, DAVID database (https://david.ncifcrf.gov/)
was utilized for GO and KEGG enrichment analyses of the overlapped targets. Then, visualization was carried
out using the R 4.4.1.
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Fig. 1. Network pharmacological analysis of 6-OHG in treating hypoxia-induced injury. (A) Structure of
6-hydroxygenistein (6-OHG). (B) Venn diagram of targets shared by both 6-OHG and hypoxia injury. (C)
PPI network by STRING. (D) PPI network by Cytoscape. (E) GO functional enrichment analysis (F) KEGG
pathway enrichment analysis.

Chemicals and regents

6-OHG (high-performance liquid chromatographic (HPLC purity>98%)) was synthesized in accordance
with our earlier published method®. Rutin (HPLC purity > 98%, 20121106), purchased from Shaanxi Ci Yuan
Biotechanology Co., Ltd (Xi'an, China) and was used as positive control'®. ML385 (HY-100523), a selective Nrf2
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inhibitor, was obtained from Medchem Express (Shanghai, China). 6-OHG, rutin and ML385 were prepared as
a 10 mM stock solution with dimethyl sulfoxide (DMSO) and then diluted with culture medium to the desired
concentration. The content of DMSO in final culture medium didn’t surpass 0.1%. 2,7-Dichlorofluorescein
diacetate (DCFH-DA, E004-1-1) was provided by Nanjing Jiancheng Bioengineering Research Institute
(Nanjing, China) for measurement of ROS. 4’6-diamidino-2-phenylindole (DAPI, C1005) was purchased
from Byotime Biotechnology Company (Hangzhou, China) for labeling the nuclei. Dulbecco’s Modified Eagle
Medium (DMEM, C7078), Fetal bovine serum (FBS, C7074), phosphate buffered saline (PBS, C01-01002), 0.25%
Trypsin-Ethylenediamine tetraacetic acid (C7042), 1% penicillin/streptomycin (C7072) and Cell counting kit-8
(CCK-8, BA00208) were provided by Bioss Biotechnology (Hangzhou, China). The primary antibodies against
VEGF (ab46154), NF-kB (ab220803), TNF-a (ab183218), Bax (ab182733), Bcl-2 (ab196495), cleaved caspase-3
(ab214430) and B-actin (ab8227) were provided by Abcam (Cambridge, UK). The primary antibodies against
HIF-1a (D2U3T) and Lamin B (D9V6H) were provided by Cell Signaling Technology (Danvers, MA, USA). The
primary antibody against Nrf2 (AF0639) was provided by Affinity Biosciences (Nanjing, China). The secondary
antibodies were provided by Proteintech (Manchester, UK).

Cell culture and hypoxia model

Highly differentiated PC12 cells, obtained from Chinese Academy of Sciences Committee Type Culture
Collection cell bank (Shanghai, China), were cultured in high-glucose DMEM (Bioss Biotechnologym
Hangzhou, China) containing 10% FBS and 1% penicillin/streptomycin. PC12 cells were maintained at 37 °C
in a humidified incubator supplied with 5% CO,. The medium was refreshed every alternate day. PC12 cells in
the logarithmic phase were incubated in a hypoxia condition containing 1% O,, 5% CO,, and 94% N, for 24 h
to induce a hypoxia model.

Drug treatment and cell grouping

PC12 cells were plated onto 96-well plates at a density of 1x 10* cells per well and incubated at 37 °C with
5% CO, for 24 h. In order to determine the optimal concentration of 6-OHG, cells were treated with various
concentrations of 6-OHG (0, 0.004, 0.02, 0.10, 0.50 and 2.50 4gM) or rutin (1.0 uM) for 2 h. Following that, PC12
cells were incubated under normoxia or hypoxia condition for 24 h. Next, to further investigate the protective
effects of 6-OHG on hypoxia injury, PC12 cells were assigned to four groups: Normoxia (Nor) group, Hypoxia
(Hy) group, Hy + rutin group and Hy + 6-OHG (5 ymol/L) group. To elucidate the role of Nrf2/HO-1 pathway in
the protective effect of 6-OHG against hypoxia injury, PC12 cells were divided into four groups: Nor group, Hy
group, Hy +6-OHG group and Hy + 6-OHG +ML385 group (cells were treated with 0.5 ymol/L 6-OHG and 10
M ML385 for 2 h, and then incubated in hypoxia conditions for 24 h). The concentration of ML385 was selected
based on previous studies'”"!® and our preliminary experiment.

Cell viability assay

Cell viability was evaluated using CCK-8 assay. In brief, ten microliters of CCK-8 reagent (Bioss Biotechnology,
Hangzhou, China) were added to each well and the mixtures were incubated at 37 °C for another 2 h. The optical
density (OD) at 450 nm was measured using a microwell plate reader (Molecular Devices, Sunnyvale, USA). Cell
viability was expressed as the percentage of normal cells.

Cell morphology and lactate dehydrogenase (LDH) release

The PC12 cells were inoculated into six-well culture plates at a density of 1 X 10° cells per well, and incubated in
an incubator at 37 °C for 24 h. After treatment same as 2.2, the cell morphology was observed using ChemiDoc
MP Imaging System (Bio-Rad). Then the cell culture medium was collected and centrifuged at 2500 r/min for
10 min obtain the supernatant. LDH levels in supernatant were determined using the commercial assay kit
(Nanjing Jiancheng Bioengineering Research Institute, Nanjing, China) as per the manufacturer’s protocol.

Calcein-AM/Propidium iodide (PI) staining assay

Calcein-AM/PI staining kits (Byotime Biotechnology Company, Hangzhou, China) was employed to detect the
rates of live/dead cell. After stimulation as described above, the PC12 cells were collected and mixed with 1 mL
Calcein AM solution, and then cultured for 0.5 h at 37 °C. Cells were rinsed twice with precooled PBS, and
then stained with 4.5 yM PI for 5 min at 37 °C. A fluorescence microscope was used to capture the images. Red
fluorescence and green fluorescence represented dead cells and live cells, respectively.

Reactive oxygen species (ROS) assay

Intracellular ROS levels were assessed using the DCFH-DA probe (Nanjing Jiancheng Bioengineering Research
Institute, Nanjing, China). After stimulation as described above, the culture medium was removed, and then
PC12 cells were incubated with 1 mL DCFH-DA solution (10 yM) for 20 min at 37 °C. After washing twice
with precooled PBS, PC12 were observed under a fluorescence microscope. Percentage of positive cells were
calculated from the captured images using image J software (version 8, National Institutes of Health).

Oxidative stress parameters assay

PC12 cells were inoculated at a density of 1x10° cells per well into six-well culture plates and treated as
aforementioned. The PC12 cells were collected by centrifugation at 4 °C, 1500 r/min for 5 min. After washing
with precooled PBS, cells were resuspended in 500 uL of lysis buffer and cracked on ice for 20 min. When
completed, cell lysates were centrifuged at 4 °C, 12000 g for 15 min to obtain the supernatant. The protein
concentration was measured by BCA kit (Solarbio, Beijing, China). The levels of MDA, GSH, SOD and CAT
were assessed using commercial assay kits (Nanjing Jiancheng Bioengineering Research Institute, Nanjing,
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China) as per the manufacturer’s protocol. The MDA and GSH results were expressed as nmol/mg protein. SOD
and CAT activities were expressed as U/mg protein.

ELISA assay

After different stimulation as aforementioned, PC12 cells were collected. The contents of TNF-a, IL-6 and IL-10
in the cells were determined using commercial ELISA kits (Ruixin Biotechnolog company, Quanzhou, China) as
per the manufacturer’s protocol and expressed as pg/mg protein.

Caspase-3 and Caspase-9 activities assay

After different stimulation as aforementioned, PC12 cells were collected. Commercial kits (Nanjing Jiancheng
Bioengineering Research Institute, Nanjing, China) were employed to determine caspase-3 and caspase-9
activities in cells as per the manufacturer’s protocol. Samples were analyzed using a SpectraMax i3 plate reader
(Molecular Devices, San Jose, CA, USA) at 405 nm, followed by fold change calculation.

Terminal deoxynucleotidyl transferase-mediated deoxy-UTP (dUTP) nick end labeling
(TUNEL) staining assay

A TUNEL assay kit (Beyotime, Shanghai, China) was used to analyze apoptotic cells. PC12 cells in different
groups were collected and then fixed with immunol staining fix solution for 30 min at 25 °C. Then, cells were
washed with PBS and permeabilized with enhanced immunostaining permeabilization buffer for 5 min.
Afterward, the cells were rinsed twice with PBS, and then 100 4L TUNEL solution were added to resuspend cells
and maintained at 37 °C for 1 h in dark. After rinsing with PBS another three times, cells were analyzed using a
fluorescence microscope. Percent positive cells were assessed by image ] software (version 8, National Institutes
of Health).

Immunofluorescence staining

PC12 cells were treated as aforementioned. The culture medium was discarded and cells in different groups
were rinsed with PBS twice, fixed with immunol staining fix solution (P0098, Beyotime) for 20 min, and then
permeabilised with enhanced immunostaining permeabilization buffer (P0097, Beyotime) for 30 min at 25 °C.
Cells were blocked with 3% BSA for 30 min at 25 °C and incubated with primary antibody against Nrf2 and
HO-1 for 12 h at 4 °C. Afterward, cells were incubated with the secondary antibody (Alexa Fluor 555 anti-rabbit
IgG, 1:500, 4413 S; Cell Signaling Technology) in 37 °C water bath for 1 h away from light. Finally, DAPI was
used stained nuclei for 5 min. After mounting with antifade mounting medium (Servicebio), cells were observed
via a fluorescence microscope.

Western blot
PC12 cells in different groups were harvested and lysed by RIPA buffer containing 1% protease inhibitor cocktail
(Meilunbio, Shanghai, China). Nuclear proteins were extracted using a nuclear and cytoplasmic protein extraction
kit (P0028, Beyotime) as per the manufacturer’s protocol. The protein concentration was quantified using the
BCA kit. Equal quality of proteins was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels and then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, MA, USA).
The membranes were blocked with 5% non-fat milk at 25 °C for 2 h and then incubated with primary antibodies
against HIF-1a (1:800), VEGF (1:1000), TNF-a (1:1000), NF-kB (1:1000), Bax (1:1000), Bcl-2 (1:1000), cleaved
caspase-3 (1:1000), Nrf2 (1:1000), HO-1 (1:1000), B-actin (1:3000) and Lamin B (1:1000) overnight at 4 °C.
Afterward, membranes were rinsed with Tris-buffered saline with Tween 20 (TBST).

three times and incubated with secondary antibody (1:10000) at 25 °C for 1 h. Finally, the membrane bands
were visualized by the enhanced chemiluminescence (ECL) reagent under the Tanon 460SF Chemiluminescent
Imaging System (Tanon Science & Techonlogy Co, Shanghai, China) and analyzed by Image J software (version
8, National Institutes of Health).

Molecular docking

The potential binding mode of 6-OHG to Nrf2 and HO-1 was investigated using Molecular docking analysis.
The three-dimensional (3D) structure of 6-OHG was downloaded from PubChem (Compound CID: 5492944,
https://pubchem.ncbi.nlm.nih.gov/). The structures of the Nrf2 (7K2F) and HO-1(3CZ1) were downloaded from
the Protein Data Bank (PDB, http://www.rcsb.org)] and appropriately modified using Pymol software. Maestro
13.7 software was used to dock the 6-OHG to the receptor protein, and the docking results were visualized and
analyzed by PyMOL software.

Statistical analysis

All data were analyzed using Prism software Version 8 (GraphPad, La Jolla, USA) and presented as a
mean + standard error of the mean (SEM). Differences were compared by one-way analyses of variance
(ANOVA) corrected with Dunnett’s test or Tukey’s test when the data were normally distributed. p value less
than 0.05 was considered as statistically significant.

Results

The integrated network pharmacology analysis indicated the potential targets mediated by
6-OHG in treating hypoxia injury

To predict the potential targets and pathways of 6-OHG against hypoxia injury, a network pharmacology
approach was applied in the current study. As shown Figs. 1B and 534 potential targets of 6-OHG and 5847
hypoxia injury-associated targets were obtained, and 229 targets of 6-OHG interfering with hypoxia injury were
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obtained through VENN screening. To explore the interactions in these genes, we constructed a PPI network,
which consisted of 208 nodes and 699 edges. Notably, as seen from the PPI network (Fig. 1C and D), EGFR,
HSP90AAL, HIF1A, ESR1, CCND1, PRKACA, MMP9 and NFKB1 were regarded as the corn targets for 6-OHG
against hypoxia-induced injury.

To further explore the biological function of 6-OHG in the therapy of hypoxia-induced injury, functional
and pathway enrichment analysis was performed in this study. 709 GO items were obtained by GO enrichment
analysis, of which 466 were biological process (BP), 92 were cellular composition (CC), and 151 were molecular
function (MF). As shown in Fig. 1E, BP was mainly associated with response to protein phosphorylation,
negative regulation of apoptotic process and inflammatory response. The MF was associated with ATP
binding, protein binding, protein kinase activity and enzyme binding. CC was mainly associated with nucleus,
cytoplasm, nucleoplasm and mitochondrion. A total of 139 signaling pathways were obtained in the KEGG
category. Notably, these signaling pathways related to oxidative stress, inflammatory response and apoptosis,
such as MAPK signaling pathway, reactive oxygen species, p53 signaling pathway, HIF-1 signaling pathway and
apoptosis, were highly enriched (Fig. 1F).

6-OHG attenuated hypoxia-stimulated injury in PC12 cells
The effect of 6-OHG at varying concentrations on the viability of PC12 cells was detected by CCK-8 assay. As
seen in Figs. 2A and B and 3-OHG at doses from 0.004 gmol/L to 2.5 ymol/L had no significant toxicity on
PC12 cells under normoxic condition. After 24 h of hypoxia exposure, PC12 cell viability remarkably reduced
compared to the Nor group (p <0.01), while treatment with 6-OHG at diverse doses from 0.004 ymol/L to 0.5
pmol/L elevated the cell viability (p <0.01 or p <0.05) in a dose dependent manner. When the concentration of
6-OHG reached 2.5 ymol/L, a small decrease in cell viability was observed, but it was still higher than that in
the Hy group (p <0.05). Thus, the subsequent experiments were performed at the concentration of 0.5 ymol/L.
We first analyzed the cellular morphology changes in PC12 cell. As seen in Fig. 2C, the cells in the Nor
group grew well, with fusiform shape and clearly visible edges. The cells in the Hy group become round, and
massive cells were shed and suspended in the culture medium. LDH is an indicator of cell membrane integrity
and is released when the cell membrane is disrupted. As shown in Fig. 2D, compared to the Nor group, LDH
content was remarkably increased in the supernatant of hypoxic PC12 cell. This effect was significantly inhibited
by 6-OHG or rutin treatment, indicating that 6-OHG was able to preserve the integrity of the cell membrane.
Moreover, we observed the survival status of the PC12 cell via Calcein-AM/PI staining. As shown in Fig. 2E,
massive live cells (green fluorescence) and few dead cells (red fluorescence) were observed in the Nor group,
whereas hypoxia stimulation induced more dead cells. 6-OHG was able to inhibit hypoxia-induced cells damage
as evidence by the significant decreased number of dead cells. Thus, these findings demonstrate that 6-OHG can
protective PC12 cells against hypoxia stimulated injury.

6-OHG inhibited hypoxia-stimulated oxidative stress in PC12 cells

Oxidative stress is critically associated with hypoxic injury!®. Therefore, we investigated indicators of oxidative
stress in hypoxic PC12 cells treated with 6-OHG. As seen in Fig. 3A-E, compared to the Nor group, hypoxia
exposure significantly elevated the contents of cellular ROS and MDA, and decreased the activities of cellular
SOD and CAT and the level of cellular GSH. 6-OHG treatment significantly reversed these changes. These
results indicate that 6-OHG inhibits hypoxia-stimulated oxidative stress via removing excessive ROS, alleviating
intracellular lipid peroxidation and increasing the antioxidant enzymes activities.

6-OHG regulated hypoxia-related factors in PC12 cells following hypoxia exposure

HIF-1a and its transcriptional target VEGF are two of main hypoxia-responsive genes?. Their expressions
are regulated by oxygen concentration. As seen in Fig. 3F-H, compared to the Nor group, hypoxia stimulation
significantly up-regulated the expressions of HIF-1a and VEGF proteins in PC12 cells (p <0.01). However,
6-OHG treatment significantly down-regulated HIF-1a and VEGF protein expressions in hypoxic PC12 cells
(p<0.01), improving hypoxic status.

6-OHG inhibited hypoxia-stimulated inflammatory response in PC12 cells

Hypoxia-induced injury is also related to activation of the inflammatory response?!. To assess whether 6-OHG
could suppress hypoxia-induced inflammatory responses, we evaluated the levels of inflammatory factors
in PC12 cells using ELISA kits and Western blotting. As seen in Fig. 4A-C, compared to the Nor group, the
contents of pro-inflammatory cytokines TNF-a and IL-6 were significantly elevated, whereas the level of
anti-inflammatory cytokine IL-10 was remarkably decreased in the hypoxia PC12 cells (p <0.01). However,
these effects were reversed by 6-OHG administration (p <0.01). Western blot analysis indicated that hypoxia
stimulation markedly increased the expressions of TNF-a and NF-«xB in PC12 cell (p <0.01). However, 6-OHG
significantly reduced the increase in the expressions of TNF-a and NF-kB in PC12 cell (Fig. 4D-F). These results
indicate that 6-OHG mitigates hypoxia damage on PC12 cells by suppressing inflammatory response.

6-OHG inhibited hypoxia-stimulated apoptosis in PC12 cells

Both hypoxia-induced oxidative stress and inflammatory responses can induce cell apoptosis. To evaluate
whether 6-OHG protected PC12 cell against hypoxia-induced apoptosis, the number of apoptotic cells was
analyzed by TUNEL staining. As seen in Fig. 5A, hypoxia stimulation significantly increased the number of
apoptotic cells compared to the Nor group (p<0.01). However, 6-OHG treatment remarkably decreased the
number of the apoptotic cells. Given that caspases are key regulators of cell apoptosis??, the activities of caspase-3
and — 9 were assessed. As shown in Fig. 5B-C, compared to the Nor group, the activities of caspase-3 and — 9 were
significantly enhanced in PC12 cell under hypoxia conditions, whereas 6-OHG treatment significantly decreased
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Fig. 2. 6-OHG attenuated hypoxia-stimulated injury in PC12 cells. (A) Effect of 6-OHG on cell viability

in PCI12 cells under normal condition, (B) Effect of 6-OHG on cell viability in PC12 cells under hypoxia
condition, (C) LDH release from PC12 cells, (D) Cell morphology was viewed under the light microscope, red
arrow: round and floating cells, blue arrow: wrinkled cell. (E) Living and dead cells were detected by calcein-
AM/PI staining and then visualized by fluorescence microscopy (magnification, X200). The cells stained with
green were living cells, and those stained with red were dead cells. Data are expressed as mean +SEM (n=6 or
3). Statistical analysis was performed using one-way ANOVA corrected with Dunnett’s test (A, B) or Tukey’s
test (C). *p <0.05 or #p < 0.01 versus Nor group; ‘p<0.05 or “p<0.01 versus Hy group.

the activities of caspase-3 and — 9 in hypoxia PC12 cells. Bax acts in the upstream pathway of caspases, leading to
the release of cytochrome ¢ from mitochondria, which in turn activates caspase. As shown by western blot assay
(Fig. 5D-F), hypoxia stimulation significantly up-regulated the protein levels of Bax and cleaved caspase-3 and
the ratio of Bax/Bcl-2, whereas down-regulated the protein level of Bcl-2 (p < 0.01) in PC12 cells compared with
Nor group. However, 6-OHG treatment could reverse these changes. Together, these data indicate that 6-OHG
suppresses hypoxia induced apoptosis.

6-OHG activated the Nrf2/HO-1 signaling pathway in PC12 cells following hypoxia exposure
To explore whether the Nrf2/HO-1 signaling pathway is engaged in the protective effect of 6-OHG against
hypoxia injury, the expressions of Nrf2 and HO-1 were analyzed using western blot and immunofluorescence
staining. As seen in Fig. 6A-C, hypoxia stimulation significantly inhibited Nrf2 nuclear translocation and the
expression of HO-1 (p <0.01), indicating that the Nrf2/HO-1signaling pathway was inhibited. 6-OHG treatment
significantly reversed these changes. The results of immunofluorescence staining (Fig. 6D-F) were consistent
with the above results, indicating that 6-OHG may activate the Nrf2/HO-1 signaling pathway to exert protective
role in PC12 cells following hypoxia exposure.
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Fig. 3. 6-OHG inhibited hypoxia-stimulated oxidative stress in PC12 cells. (A) The ROS level measured by
DCFH-DA on a fluorescence microscope. MDA content (B), SOD activity (C), CAT activity (D), and GSH
level (E) in the cell lysis supernatant were determined by corresponding kits. (F) The protein expression levels
of HIF-1a and VEGF were detected by Western blotting. (B) Quantitative analysis of the expression of HIF-1a
(G) and VEGF (H) proteins. Data are expressed as mean +SEM (n=3 or 4). Statistical analysis was performed
using one-way ANOVA corrected with Tukey’s test. *p < 0.05 or *p <0.01 versus Nor group; 'p <0.05 or
“p<0.01 versus Hy group.

Molecular docking

To verified the potential targets of 6-OHG against hypoxia-induced injury, we conducted molecular docking
analysis. As illustrated in Fig. 6G and H, amino acid residues SER602, SER363 and ARG380 in the Nrf2 protein
and amino acid residues PH3117 and TRP116 in the HO-1 protein can interact with 6-OHG. The docking score
of 6-OHG with Nrf2 and HO-1 were calculated to be —4.744 and — 5.463 with free binding energies of —47.40
and —25.54 kcal/mol, respectively. The low binding free energy indicates that 6-OHG owns strong binding
stability with Nrf2 and HO-1.

ML385 reversed the effect of 6-OHG on proliferation vitality and activation of Nrf2/HO-1 signaling pathway in
PC12 cells exposed to hypoxia

To elucidate the mechanism underlying the protective effect of 6-OHG against hypoxia injury via the Nrf2/
HO-1 pathway, we investigated the impact of ML385, a specific inhibitor of the Nrf2, on PC12 cells treated
with 6-OHG under hypoxia condition. As seen in Fig. 7A-C, compared to the Hy group, 6-OHG treatment
remarkably increased cell viability, decreased the LDH release and the numbers of dead cell. As expected, the
beneficial effects of 6-OHG against hypoxia injury was counteracted by ML385. Furthermore, we measured the
key markers of Nrf2/HO-1signaling pathway by western blotting and immunofluorescence staining. 6-OHG
treatment significantly increased Nrf2 nuclear translocation and the expression of HO-1 compared to the Hy
group. However, treatment with ML385 significantly reversed these changes (Fig. 7D-F). Similar results were
also obtained by Immunofluorescence staining (Fig. 7G-I). These results indicate that ML385 significantly
inhibits the activation of Nrf2/HO-1 signaling pathway by 6-OHG in hypoxic PC12 cells.

ML385 counteracted the inhibitory effect of 6-OHG on hypoxia-stimulated oxidative stress, inflammatory
response and apoptosis in PCI12 cells

We also confirmed that ML385 treatment counteracted the effects of 6-OHG on the reduction of ROS and MDA,
as well as the elevation of SOD and GSH in PC12 cells exposed to hypoxia (p <0.05) (Fig. 8A-D). In addition,
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Fig. 4. 6-OHG inhibited hypoxia-stimulated inflammatory response in PC12 cells. The levels of TNF-a (A),
IL-6 (B) and IL-10 (C) in the cell lysis supernatant were analyzed by ELISA. (D) The protein expression levels
of TNF-a and NF-kB were detected by Western blotting. Quantitative analysis of the expression of TNF-a (E)
and NF-kB (F) proteins. Data are expressed as mean + SEM (n=3 or 4). Statistical analysis was performed
using one-way ANOVA corrected with Tukey’s test. “p < 0.05 or *p < 0.01 versus Nor group; ‘p < 0.05 or
“p<0.01 versus Hy group.

ML385 greatly upregulated the protein levels of TNF-a and NF-kB (p <0.05) (Fig. 8E-G) and counteracted the
ameliorative effect of 6-OHG on hypoxia-induced inflammatory response. Finally, ML385 treatment offset the
inhibitory effect of 6-OHG against apoptosis induced by hypoxia (p <0.01 or p <0.05) (Fig. 8H-K).

Dissussion

Hypoxia is an important stressor that induces cellular damage, and the central nervous system is highly sensitive
to hypoxic stress®*. However, effective preventive and therapeutic drugs are still lacking. This study verified for
the first time the protective mechanism of 6-OHG against damage caused by hypoxia via network pharmacology
and cellular experiments in vitro, which was related to attenuate oxidative stress and inflammatory response, as
well as suppress apoptosis via activation of Nrf2/HO-1 signaling pathway.

We first systematically analyzed the possible mechanisms of action of 6-OHG in ameliorating hypoxia injury
using a network pharmacology approach. The results indicated that 229 potential therapeutic targets of 6-OHG
for the treatment of hypoxia injury were identified, among which EGFR, HSP90AA1, HIF1A, ESR1, MMP9 and
NFKBI were the core targets. Subsequent PPI network, GO and KEGG enrichment analysis demonstrated that
6-OHG might be effective in the treatment of hypoxia injury by regulating hypoxia-induced oxidative stress,
inflammatory response and apoptosis.

In vitro study, we clarified that after 6-OHG intervention, hypoxia-induced changes in cell morphology,
reduction in cell viability, and damage to cell membrane integrity were all ameliorated, which effectively
attenuated the injury caused by hypoxia in PC12 cells. In addition, hypoxia induces intense oxidative stress along
with a decrease in the activity of antioxidant enzymes and excessive generation of ROS?*, which attacks cellular
proteins, lipids, DNA and other biological molecules, ultimately triggering injury?>. MDA is the end product of
lipid peroxidation and can reflect the severity of cellular exposure to free radicals. SOD, CAT and GSH-Px are
important antioxidant enzymes for cells to fight against oxidative stress damage, and their activities reflect the
body’s ability to scavenge excess ROS?. In the current study, hypoxia stimulation greatly elevated the contents
of ROS and MDA, but significantly reduced the SOD and CAT activities, and GSH content in PC12 cells. While
6-OHG treatment remarkably inhibited oxidative stress by reducing ROS and MDA levels, and enhancing GSH
level as well as SOD and CAT activities.

HIF-1a is a critical oxygen-regulated transcriptional activator that regulates cellular adaptive responses to
hypoxia?’. Up-regulation of HIF-1a can promote cell survival under hypoxia by inducing the transcription of
hypoxia-related genes?®, but HIF-1a has also been implicated as a marker of intracellular hypoxia®. In addition,
ROS can enhance HIF-1a expression by inhibiting PHD function®. Therefore, high expression of HIF-1a also
reflects the oxidative stress status of the cells**2. Our findings supported that 6-OHG treatment inhibited
hypoxia-induced increases in expressions of HIF-1a and VEFG, suggesting that resistance to oxidative stress
injury induced by hypoxia might be one of the protective mechanisms of 6-OHG.

Scientific Reports | 202515:875 | https://doi.org/10.1038/s41598-025-85286-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A
Tunel

PI -- --
- -- --

Normoxia Hypoxia Hypoxia+Rutin Hypoxia+6-OHG
B 2.0+ D E 2.0
*x *x ## *x **x
i Q o
z 1.5 z 154
z 4 e z
g Bel-2 | D S -le\m F . .
o 1.0 S 1044 o oo
)y s
Z 05+ N T - | 21KDa = 05+ I
~ =
0.0 f-actin | W S — — | 43 kDa 0.0=
& < & 4 <)
& & & : v oL S
X & Cleaved 17 kD. Y &
C *@ caspase-3 -— ‘ - E A F R
2.0+ 1.5+ HH# . %
xxax £
S °
Z 154 Bactin | S S SN SN | 13 LDa 2
£ ° 3 5 101 °
2 i < 2 3
2 1.0 : & 8 ¢ R <
Z ' SN 2 80s 0
g 3 S S 0.5
Z 0.5 Ll T3 =
o z
2
0.0 e i Unas ey e e
& S & < & S & (S
< > ~z.\,\* & < & Q_\,\‘ ’o*b
& X X &
D R

Fig. 5. 6-OHG inhibited hypoxia-stimulated apoptosis in PC12 cells. (A) The apoptosis of PC12 cells was
detected by TUNEL staining (Magnification, X 20). The activities of Caspase-3 (B) and Caspase-9 (C) was
measured by corresponding kits. (D) The protein expression levels of Bax, Bcl-2 and cleaved caspase-3 were
detected by Western blotting. Quantitative analysis of the ratio of Bax/Bcl-2 (E) and the expression of cleaved
caspase-3 (F) protein level. Data are expressed as mean + SEM (n=3 or 4). Statistical analysis was performed
using one-way ANOVA corrected with Tukey’s test. *p < 0.05 or *p <0.01 versus Nor group; 'p <0.05 or
“p<0.01 versus Hy group.

Inflammatory response, characterized by increased expression of pro-inflammatory cytokines, including IL-
1B, IL-6, and TNF-q, has been demonstrated under hypoxic conditions?. Consistent with the previous results,
we also found that the levels of pro-inflammatory cytokines IL-6 and TNF-a significantly enhanced, and the
level of anti-inflammatory cytokine IL-10 significantly reduced in PC12 cell following hypoxia stimulation.
While 6-OHG treatment reverse the corresponding trend of change. NF-kB is a key transcription factor that
mediates the inflammatory response by regulating the release of inflammatory cytokines*. TNF-a is one of the
target genes of NF-«B activation, which can regulate NF-«B activity by inhibiting or enhancing the downstream
pathway®. In the current study, the expressions of NF-kB and TNF-a in hypoxic PC12 cells were significantly
increased. While 6-OHG treatment significantly downregulated the expressions of NF-kB and TNF-a. These
results suggest that 6-OHG mitigates hypoxia induced inflammatory response through suppressing the NF-«xB
activation.

Studies have shown that apoptosis induced by oxidative stress and inflammatory responses was also
contributed to the hypoxic injury®®. The results of TUNEL staining in this study also indicated that 6-OHG
treatment remarkably inhibited hypoxia induced cell apoptotic. Apoptosis is a type of programmed cell death that
usually occurs through intrinsic or extrinsic pathways. The intrinsic apoptotic pathway is regulated by members
of the pro-apoptotic b-cell lymphoma-2 (Bcl-2) family, which consists mainly of pro-apoptotic proteins, such
as the Bcl-2-associated X protein (Bax) and the Bcl-2 antagonist/killer protein (Bak) as well as anti-apoptotic
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Fig. 6. 6-OHG activated the Nrf2/HO-1 signaling pathway in PC12 cells following hypoxia exposure (A)
The protein expression levels of Nrf2 and HO-1 were detected by Western blotting. (B) Quantitative analysis
of the expression of Nrf2 in nucleus (C) an HO-1(D). (E) The protein levels of Nrf2 and HO-1 were detected
by Immunofluorescence staining. (F) Quantitative analysis of the fluorescence intensity of Nrf2 and HO-1.
Molecular docking of 6-OHG binding to the targets. (G) Nrf2 (free binding energy,—47.40 kcal/mol). (H)
HO-1 (free binding energy, —25.54 kcal/mol). Data are expressed as mean+SEM (n=3 or 4). Statistical
analysis was performed using one-way ANOVA corrected with Tukey’s test. “p < 0.05 or *p <0.01 versus Nor
group; p<0.05 or “p<0.01 versus Hy group.

proteins such as Bcl-2 and Mcl-1%. Caspases are apoptosis executors®. In particular, cleaved caspase-3 triggers

downstream protein phosphorylation, leading to membrane vesicles and cell shrinkage and amplifies apoptotic
signals by activating other pre-caspases through protein hydrolysis. Therefore, regulating the expression of Bcl-
2 family proteins and Cleaved caspase-3 is an important strategy to prevent apoptosis. In the present study,
hypoxia exposure resulted in a significant increase in the activities of caspase-3 and —9 and the levels of pro-
apoptotic proteins cleaved caspase-3 and Bax, concomitant with decrease in the level of anti-apoptotic protein
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Fig. 7. ML385 reversed the effect of 6-OHG on proliferation vitality and activation of Nrf2/HO-1 signaling
pathway in hypoxia-stimulated PC12 cells. (A) Cell viability assay (B) Calcein-AM/PI staining assays, (C)
LDH leakage assay, (D) The protein expression levels of Nrf2 and HO-1 were detected by Western blotting.
Quantitative analysis of the expression of Nrf2 in nucleus (E) and HO-1 (F). (G) The protein levels of Nrf2
and HO-1 were detected by Immunofluorescence staining. Quantitative analysis of the fluorescence intensity
of Nrf2 (H) and HO-1 (I). Data are expressed as mean + SEM (n=3 or 4). Statistical analysis was performed
using one-way ANOVA corrected with Tukey’s test. *p < 0.05 or *p < 0.01 versus Nor group; p < 0.05 or
“p<0.01 versus Hy group. ¥p <0.05 or ¥%p < 0.01 versus Hy +6-OHG group.
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Fig. 8. ML385 counteracted the inhibitory effect of 6-OHG on hypoxia-stimulated oxidative stress,
inflammatory response and apoptosis in PC12 cells. (A) The ROS level measured by DCFH-DA on a
fluorescence microscope. MDA content (B), SOD activity (C), and GSH level (D) in the cell lysis supernatant
were determined by corresponding kits. (E) The protein expression levels of TNF-a and NF-kB were detected
by Western blotting. Quantitative analysis of the expression of TNF-a (F) and NF-kB (G). (H) The apoptosis
of PC12 cells was measured by flow cytometry, Percentage of apoptotic cells were counted. (I) The apoptosis
of PC12 cells was detected by TUNEL staining (Magnification, X 20). (J) The protein expression levels of Bax/
Bcl-2 (K) and cleaved caspase-3 (L) were detected by Western blotting. Quantitative analysis of the ratio of
Bax/Bcl-2 and the expression of cleaved caspase-3 protein level. Data are expressed as mean +SEM (n=3 or
4). Statistical analysis was performed using one-way ANOVA corrected with Tukey’s test *p < 0.05 or *p < 0.01
versus Nor group; 'p < 0.05 or “p < 0.01 versus Hy group. p <0.05 or ¥p <0.01 versus Hy + 6-OHG group.
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Bcl-2 in PCI12 cells. 6-OHG treatment significant reversed these changes. These data suggest that the protective
effect of 6-OHG on hypoxia induced damage was associated with its alleviative effect on apoptosis.

When cells are exposed to stressors such as oxidative stress and inflammation, Nrf2 is isolated from Keapl,
then translocated and enriched in the nucleus, which in turn regulates the expression of a series of downstream
antioxidant factors, including HO-1, NAD(P)H quinone oxidoreductase (NQO1), SOD, GSH-Px and etc.,
by binding to the antioxidant response elements (AREs). HO-1 is an important stress-inducible enzyme that
catalytically decomposes hemoglobin into CO, Fe**and biliverdin, which can be further reduced to bilirubin,
thus exerting antioxidant, anti-inflammatory and anti-apoptotic effects®. Therefore, the Nrf2/HO-1 signaling
pathway plays an important role in maintaining cellular homeostasis under stress. Previous studies have proved
that hypoxia inhibited Nrf2/HO-1 pathway“**!and activation of the Nrf2/HO-1 pathway may be effective for
the treatment of hypoxia injury*>*. Also, several natural isoflavones with similar structure with 6-OHG have
been identified as Nrf2 inducers, including daidzein®*, genistein®’, calycosin®®, biochanin A¥. Theses above
researches suggest that the Nrf2/HO-1 pathway may be involved in the beneficial effects of 6-OHG on hypoxic
injury. As expect, our study confirmed that 6-OHG significantly increased the Nrf2 nuclear translocation
and the expression of HO-1 in hypoxia-stimulated PC12 cells. These findings were also consistent with the
results obtained from immunofluorescence staining. In addition, we docked Nrf2 and HO-1 with 6-OHG using
molecular docking. The binding free energy was lower than — 30 kcal/mol, suggesting that both Nrf2 and HO-1
had strong binding ability with 6-OHG. Moreover, ML385, a known inhibitor of Nrf2, partially abolished the
mitigation effect of 6-OHG against oxidative stress, inflammatory response, and apoptosis induced by hypoxia in
PC12 cells. These above results indicate that 6-OHG protects the PC12 cell against hypoxic injury via activating
of the Nfr2/HO-1 pathway.

In summary, we have demonstrated that 6-OHG exhibits significant protective effects against hypoxia-
induced PC12 cell damage. These beneficial effects appear to be achieved through activation of the Nrf2/HO-1
signaling pathway, which attenuates oxidative stress, inflammatory responses and apoptosis. In light of these
findings, 6-OHG is a promising agent for the treatment of hypoxic nerve injury. Future investigations will be
done to verify the results through animal experiments. Additionally, highly efficient formulations of 6-OHG also
need to be developed for enhancing its solubility and bioavailability, which is beneficial for its further clinical
application. This study also has certain limitations. First, we chose the optimal dose of 6-OHG to study its
protective effect on hypoxic injury, that ignored the investigation of the dose dependence. In the future, we will
set up different concentrations in animal experiments to investigate the dose dependence. Second, molecular
docking suggested that 6-OHG could interact with Nrf2 and HO-1 proteins, but further experimental studies
are needed to confirm this finding. Finally, given the complexity of the action mechanism of natural products
and the results of network pharmacology analysis, whether 6-OHG can reduce hypoxia injury through other
pathways, such as PI3K/AKT signaling pathway, also needs to be further assessed.

Data availability
All data generated or analysed during this study are included in this published article and its Supplementary
Information files.
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