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Objective: Parkinson’s disease (PD) is associated with dysregulated neural cell death, such as pyroptosis, but its regulatory
mechanisms are poorly understood. This study investigated roles of nuclear factor E2-related factor 2 (Nrf2) in regulating pyroptosis
and PD development.
Methods: Cellular and rat PD models established by 6-OHDA exposure were subjected to Nrf2 overexpression. Neurobehavioral
functions were assessed by the traction test, Morris Water Maze, and open field test. Cell proliferation was analyzed by MTS assay,
while flow cytometry was applied to quantify levels of reactive oxygen species (ROS) and apoptosis. Nissl bodies in rat brains were
detected by Nissl staining, and cell apoptosis in brain tissues was assessed by terminal deoxynucleotidyl transferase dUTP nick-end
labeling. Differential expression of lncRNA and mRNA was characterized by deep sequencing.
Results: A cellular PD model was successfully established by inducing PC12 cell differentiation with nerve growth factor-β and
exposing differentiated cells to 6-OHDA. Cells exhibited significantly increased ROS levels, enhanced pyroptosis, and inhibited Nrf2
phosphorylation. The rat PD model exhibited impaired muscle strength, increased pyroptosis, and repressed Nrf2 phosphorylation.
Nrf2 overexpression effectively repressed pyroptosis in both cellular and rat PD models. Marked alterations of lncRNA and mRNA
profiles were induced by Nrf2 overexpression in the cellular PD model, which involved multiple signaling pathways. Silencing of the
lncRNA AABR07032261.5 significantly promoted pyroptosis in the cellular PD model.
Conclusion: Nrf2 suppressed PD pathogenesis in cellular and animal models by promoting AABR07032261.5, which repressed
pyroptosis.
Keywords: Nrf2, lncRNAs, AABR07032261.5, oxidative stress, pyroptosis, Parkinson’s disease

Introduction
Parkinson’s disease (PD), a common and severe neurological disorder characterized by neurodegenerative progression
resulting from early death of dopaminergic neurons in the substantia nigra pars compacta, results in dopamine deficiency
in the basal ganglia and movement disorders.1,2 First described in detail nearly two centuries ago, PD remains the second
most prevalent neurodegenerative disorder after Alzheimer’s disease, with an annual incidence greater than 160 per
1×105 persons in the aged population.1,3 Recently available methods for PD clinical management, including levodopa,
dopamine agonists, monoamine oxidase type B inhibitors, and deep brain stimulation, are mainly used to treat motor
symptoms or motor complications of patients of PD rather than be curative.1,4 Previous epidemiological investigations
reported that the initiation of PD was associated with multiple risk factors including dairy products, exposure to
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hazardous chemicals such as pesticides, amphetamine and methamphetamine use, as well as other pathogenic conditions
including cancer, traumatic brain injury, diabetes, and hypertension.3 Moreover, research progress during the past
decades has shown that the development and progression of PD are closely linked with multiple genetic mutations in
genes encoding α-synuclein (α-syn), leucine-rich repeat kinase 2, Parkin, and PTEN-induced putative kinase 1.1,5

Nevertheless, molecular mechanisms driving PD initiation and progression are still poorly understood.
Chronic oxidative stress in the substantia nigra was recently reported to be an essential cellular event closely linked to

the pathogenesis of PD.6 Under normal physiological conditions, homeostatic production of cellular reactive oxygen
species (ROS) in mitochondria is maintained by the cooperative actions of multiple antioxidant proteins, such as
glutathione and superoxide dismutase.7,8 However, mitochondrial depolarization, α-syn accumulation, endoplasmic
reticulum stress, abnormal elevation of cytosolic dopamine content, and age-dependent antioxidant dysfunctions con-
tribute to high cellular oxidative stress. Ultimately, this leads to oxidation of proteins, lipids, and other macromolecules,
damage to cellular structures, and irreversible neural cell death during the development and progression of PD.7

Furthermore, excessive ROS accumulation and oxidative stress activate various cell-death pathways during PD patho-
genesis including apoptosis, autophagic cell death, and necroptosis.6,9 Pyroptosis, a newly discovered inflammatory type
of cell death, is characterized by activation of the Nod-like receptor protein 3 (NLRP3) inflammasome, caspase-1
processing, and release of inflammatory factors including damage-associated molecular patterns and inflammatory
cytokines including interleukin-1β (IL-1β) and IL-18.10 Although pyroptosis has critical roles in PD development,11 its
interplay with oxidative stress and upstream regulatory factors in PD pathogenesis remain largely unexplored.

Nuclear factor E2-related factor 2 (Nrf2), a critical transcription factor belonging to the leucine zipper subfamily, is
involved in various cellular processes including antioxidant responses, redox homeostasis, metabolic modulation,
proliferation, DNA repair, autophagy, and mitochondrial biology. Nrf2 exerts these varied effects by mediating tran-
scriptional regulation of an array of functional genes.12 Cellular abundance of Nrf2 protein is negatively regulated by
ubiquitination catalyzed by the E3 ubiquitin ligase complex of Kelch ECH-associated protein 1 (Keap1) and cullin 3, and
subsequent proteosome-mediated degradation.13 However, under certain stresses or pathological conditions, inactivation
of Keap1 stabilizes Nrf2 protein, allowing it to enter the nucleus and bind antioxidant response elements to promote
target gene expression.13 Specifically, the effects of Nrf2 during oxidative stress are mediated by its transcriptional
modulation of heme oxygenase-1, NADH-quinone oxidoreductase 1, and other antioxidant genes.14 Importantly, recent
research showed that Nrf2 signaling regulates mitochondrial functions and oxidative stress associated with PD pathogen-
esis, indicating Nrf2 activation might be a new method to prevent neurodegeneration during PD progression.15 Consistent
with this notion, chlorpyrifos repressed Nrf2 signaling to promote oxidative stress and pyroptosis in a cellular PD
model.16 However, how Nrf2 affects oxidative stress and pyroptosis in patients with PD requires further investigation.

In this study, we validated the pathological functions of Nrf2 signaling in modulation of oxidative stress and
pyroptosis in cellular and animal models of PD. We also investigated potential roles of long non-coding RNAs
(lncRNAs) in Nrf2-regulated oxidative stress and pyroptosis during PD development and progression. This study
provides new perspectives on the molecular events driving neurodegeneration and cell death in PD pathogenesis,
which might aid the development of new diagnostic and therapeutic methods for patients with PD.

Materials and Methods
Cellular PD Model
The cellular PD model was established by inducing the differentiation of PC12 cells into neural cells with nerve growth
factor-β (NGF-β) as previously described,17 and then exposing differentiated cells to 6-hydroxydopamine hydrobromide
(6-OHDA) according to a previous report.18 In brief, the PC12 cell line (CC9120) was obtained from Cellcook Company
(Guangzhou, China), identified by the short tandem repeat profiling, and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% horse serum (Sigma-Aldrich, St Louis, USA), 5% fetal bovine serum (Gibco,
Waltham, MA, USA) and 100 T/mL penicillin/streptomycin. Differentiation of PC12 cells in 12-well plates (105 cells/
well) was subsequently induced by culturing cells in DMEM containing 1% horse serum and 50 ng/mL NGF-β
continuously for 7 d, with the renewal of culture medium every 2 d. Microscopic observation, as well as the detection
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of tyrosine hydroxylase (TH) mRNA and protein levels, were used to assess PC12 differentiation. Subsequently,
differentiated cells were exposed to 100, 300, 500, 700, or 900 μM 6-OHDA (H116; Sigma-Aldrich) for 24 h to induce
neurotoxicity mimicking PD development.

Cell Transfection
To overexpress Nrf2 in cells, the coding sequence of rat Nrf2 was amplified by quantitative RT-PCR, ligated into the
LV003 plasmid (ForeverGen, Guangzhou, China), and transfected into cultured PC12 cells using Lipofectamine 3000
(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. To silence
AABR07032261.5 expression in cells, the si-AABR07032261-1 (5’- GATCCTCTGGGAATGGAAA-3’), si-
AABR07032261-2 (5’-GGGAGGAGAGACAAAGGAA-3’), and the si-NC (5’-UUCUCCGAACGUGUCACGUTT-
3’) were synthesized by GenePharma (Shanghai, China) and introduced into cultured PC12 cells as described above.
Forty-eight hours after transfection, Nrf2 and AABR07032261-1 expression were validated by Western blot and
quantitative RT-PCR, respectively.

Rat PD Model
Establishment of the rat PD model was performed by unilateral destruction of the nigral system with a 6-OHDA injection
as previously described with minor modifications.19 In brief, male Wistar rats weighing 200–220 g and aged 10–12 w
were purchased from Experimental Animal Center of Southern Medical University (Guangzhou, China) and maintained
in cages at 20–23°C under a 12:12 light: dark cycle. All experiments were carried out in accordance with the Guide For
the Care and Use of Laboratory Animals and were approved by the Ethics Committee for Animal Research of Third
Affiliated Hospital of Sun Yat-Sen University. All rats were anesthetized by an intraperitoneal injection of xylazine
hydrochloride and ketamine hydrochloride. Rat skulls were exposed by first making an incision and then drilling a hole in
the left side of the substantia nigra. Subsequently, 4.8 µL of 6-OHDA solution (2.5 µg/µL; dissolved in saline containing
2 mg/mL ascorbic acid) was injected into the left substantia nigra (5.52 mm posterior to the anterior fonticulus, 1.4 mm
on the left side of the center line, and 8.1 mm subdural) at a rate of 1 µL/min. Rats injected with the same volume of
saline containing 2 mg/mL ascorbic acid were used as the sham group. Rat brain tissues were collected for assays 4
weeks after the model was established.

Nrf2 Overexpression in Rat Model
Eighteen male Wistar rats were randomly divided into three groups (n = 6 per group): Sham+Vector, PD+Vector, and PD
+Nrf2. A recombinant adeno-associated virus vector (AAV) used to overexpress Nrf2 (AAV9-Nrf2) was constructed by
WZ Biosciences (Jinan, China). Rats in the PD+Nrf2 group were injected with 1 µL of AAV9-Nrf2 (1.25×1014 vg/mL) in
the left substantia nigra. Three weeks after virus injection, rats were subjected to PD model establishment as described
above. Rats in the PD+vector group were injected with the same volume of empty AAV9 vector (AAV9-hSyn; 2×1013 vg/
mL) and then subjected to PD model establishment. Rats in the Sham+Vector group were injected with the same volume
of empty AAV9 vector and subjected to sham operation.

Neurobehavioral Functions
The muscle strength and equilibrium of rats were evaluated by the traction test as previously described.20 The spatial
memory capability of rats was assessed by Morris Water Maze test as previously reported.21 Rat motor dysfunction was
analyzed with an open field test (OFT) by recording the total distance traveled as described previously.21 The behaviors
and spatial memory of rats were observed at days 3 and 5 after injection of 6-OHDA during PD model establishment.
Morris Water Maze training was initiated on five days after 6-OHDA injection. Space navigation, space exploration, and
OFT were performed on days 5, 6, and 7, respectively, after the initiation of Morris Water Maze training.

Immunocytochemistry
PC12 cell slides were rinsed with phosphate-buffered saline (PBS), fixed at room temperature with 4% paraformaldehyde
in PBS (pH 7.4) for 13 min, and washed twice with pre-chilled PBS. Permeabilization was achieved by incubation with
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PBS solution containing 0.2% Triton X-100 for 8 min. After washing with PBS, PC12 cell slides were blocked by
incubation with 1% bovine serum albumin (BSA) for 35 min, followed by incubation with diluted antibodies recognizing
TH (25859-1-AP; Proteintech, Rosemont, IL, USA) for 1 h at room temperature. Following three washes with PBS,
slides were incubated with the diluted Peroxidase-AffiniPure goat Anti-Rabbit IgG (H+L) (111-035-003; Jackson
Immunoresearch, West Grove, PA, USA) for 1 h at room temperature, rinsed three times with PBS for 2 min, and
incubated with DAB substrates. Finally, slides were counterstained with hematoxylin for 20 sec, rinsed twice with
distilled water for 2 min, and dehydrated for 2 min each with 50%, 70%, 80%, 90%, 95% and 100% ethanol solutions.
Subsequently, slides were immersed in xylene for 10 min, mounted, sealed, and observed by microscopy.

MTS
Rates of PC12 cell proliferation were determined quantitatively with an MTS Assay kit (Colorimetric; ab197010;
Abcam, Cambridge, UK) according to the manufacturer’s protocol. Briefly, PC12 cells cultured in 96-well plates (5 ×
103 cells/well; 100 μL) for 24 h were mixed with 10 μL of MTS reagent and cultured under normal conditions for another
2–3 h at 37°C. Finally, 96-well plates were briefly placed on a shaker and the absorbance of each well was measured at
490 nm (OD490). Three biological replicates were used for the quantitation and comparison of cell proliferation rates.

Flow Cytometry
The apoptosis of cultured PC12 cells was detected by flow cytometry using an Annexin V-APC/7-AAD Cell Apoptosis
Kit (AT105; Multi Sciences Biotech, Hangzhou, China) according to the manufacturer’s instructions. Briefly, approxi-
mately 1×106 PC12 cells were collected, washed twice with pre-chilled PBS solution, and resuspended in 500 μL of
Positive Control Solution. After incubation on ice for 30 min, cells were washed with PBS, resuspended in 1× binding
buffer, stained in the dark with 5 μL of Annexin V-APC and 10 μL 7-AAD solutions for 6 min, and analyzed on a flow
cytometer. ROS content of cultured PC12 cells were determined using a Reactive Oxygen Species Assay Kit
(50101ES01; Yeason Biotech, Shanghai, China) according to the manufacturer’s instructions. Briefly, cultured PC12
cells at or near 60% confluency were incubated in the dark with DMEM containing 10 μM DCFH-DA at 37°C for 35
min, washed twice with serum-free medium, and evaluated by flow cytometry.

LDH Release
Lactate dehydrogenase (LDH) release by PC12 cells was evaluated using an LDH Cytotoxicity Assay Kit (C0017;
Beyotime Biotech, Shanghai, China) according to the manufacturer’s instructions. Briefly, PC12 cells were added to 96-
well plates and grown under normal conditions until they reached 80% confluency. Next, cells were washed with PBS
and cultured with fresh medium for another 24 h. Subsequently, plates were centrifuged at 400 × g for 5 min and the
resulting supernatants were collected. After placing supernatants in a new 96-well plate, 60 μL of fresh LDH detection
solution was added and plates were incubated for 30 min at room temperature in the dark. Finally, plates were subjected
to measurement of OD490 with a microplate reader.

Histological Evaluation
Distribution of neural cells in the rat hippocampus was assessed by microscopy following standard hematoxylin-eosin
(H&E) staining. Nissl bodies in rat brain tissues were detected by a previously described Nissl staining method.22 Briefly,
rat brain tissues were fixed in phosphate-buffered 10% formalin, dehydrated, embedded in paraffin, and sliced into
sections (10 μm thick). After staining with Nissl dyes using Nissl Staining Solution (G1430; Solarbio Life Science,
Beijing, China) according to the manufacturer’s instructions, sections were observed by microscopy. Apoptotic cells in
the brain tissues of rats were evaluated using a One Step TUNEL Apoptosis Assay Kit (C1086; Beyotime Biotech,
Shanghai, China) according to the manufacturer’s instructions. Briefly, rat brain tissue sections embedded in paraffin
were dewaxed with xylene and ethanol, and incubated with 20 μg/mL Protease K solution for 25 min at 37°C. After
washing three times with PBS, sections were incubated in the dark with 50 μL of terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) solution for 1 h at 37°C, washed with PBS, mounted, and observed on a fluorescence
microscope.
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Immunofluorescence
Levels of Nrf2 proteins in rat brain tissues were detected by immunofluorescence using antibodies targeting Nrf2
(ab137550; Abcam). Briefly, rat brain tissue slides were dewaxed, incubated with Protease K, blocked by incubation
with 4% BSA for 50 min at room temperature, and incubated with Nrf2 antibodies (1:500) at 4°C overnight. Following
three washes with PBS, rat brain sections were incubated in the dark with green fluorophore-conjugated secondary
antibodies for 1.5 h at room temperature. After counterstaining with DAPI, sections were mounted and observed by
fluorescence microscopy.

ELISA
The levels of interleukin (IL)-18 and IL-1β in cell cultures or rat serum samples were analyzed by enzyme-linked
immunosorbent assay (ELISA) kits (IL-18: CSB-E04610r; IL-1β: CSB-E08055r; Cusabio Technology, Houston, TX,
USA) according to the manufacturer’s instructions. Briefly, cell culture supernatants were collected, added into 96-well
plates (100 μL per well), and incubated at 37°C for 2 h. Following the removal of any liquid, 100 μL of biotin antibody
was added to each well for 1-h incubation at 37°C. After three washes, samples were incubated with 100 μL of
horseradish peroxidase-conjugated avidin for 1 h at 37°C, washed five times, and incubated in the dark with 90 μL of
TMB Substrate for 30 min at 37°C. Following incubations, samples were mixed with 50 μL of Stop Solution and the
OD450 of each well was measured with a microplate reader.

RNA Sequencing and Bioinformatics
Differential expressions of lncRNA and mRNA in differentiated PC12 cells induced by Nrf2 overexpression were
characterized by deep RNA sequencing. Briefly, total RNA was prepared from cultured PC12 cells using Trizol
(15596026; Thermo Fisher Scientific) according to the manufacturer’s instructions. After RNA quality validation and
removal of rRNA components from total RNAwith a Human/Mouse/Rat rRNA Removal Kit (Illumina, San Diego, CA,
USA), cDNA libraries were constructed using approximately 1.2 μg of total RNA sample from each group by reverse
transcription with a TruSeq RNA LT Kit (Illumina). Subsequently, the obtained cDNA library of each group was
subjected to sequencing using an Illumina HiSeq 2000 sequencing platform. Following adapter trimming and other
processing, reads with a length of >35 bases were mapped to the reference genome database. Differential expressions of
lncRNAs and mRNAs between the two groups were defined as the combination of a log2 Ratio (Nrf2/NC) value of ≥0.6
and a P-value ≤0.05 based on reads per kilobase million using Cuffdiff software. Hierarchical clustering and scatter plots
of differentially expressed lncRNAs and mRNAs were constructed using R language. Enrichment of Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways for differentiation expressed lncRNAs and mRNAs was performed using the
Database for Annotation, Visualization, and Integrated Discovery system. Finally, the interactions between lncRNA,
microRNA, and mRNAs were predicted using miRanda 3.3a software (https://anaconda.org/bioconda/miranda).

Quantitative RT-PCR
Total RNA samples were extracted from cultured PC12 cells using Trizol according to the manufacturer’s instructions.
Concentrations of total RNA samples were measured using a NanoDrop 2000 instrument (Thermo Fisher Scientific).
cDNA was synthesized from 1.5 μg of RNA from each group by reverse transcription using a miScript II RT Kit
(218160; QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. A QuantiTect SYBR Green PCR Kit
(204143; QIAGEN) was used to quantitate expression levels by quantitative PCR. Relative expressions of mRNAs,
microRNAs and lncRNAs were calculated using the standard 2−ΔΔCt method for at least three biological replicates, and
calibrated using GAPDH or U6 levels. Primer sequences are listed in Table 1.

Western Blot
Total proteins from cultured PC12 cells or rat brain tissues were extracted using cell lysis buffer for Western
blotting (P0013; Beyotime Biotech) according to the manufacturer’s instructions. Protein concentrations were
analyzed using the BCA method. About 25 μg of protein from each group was boiled in loading buffer for
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Table 1 A List of Primers Used for qRT-PCR Assay

Primer ID Primer Sequences (5’-3’)

Th-F CTACTGTCCGCCCGTGATTT

Th-R GGTCAGCCAACATGGGTACA

Rat-GAPDH-F GCAAGAGAGAGGCCCTCAG

Rat-GAPDH-R TGTGAGGGAGATGCTCAGTG

AABR07030091.1-F ACTGTTTGGCCTGGAGTCAG

AABR07030091.1-R CCAGAGATCCGCTCAGTCAC

AABR07032261.5-F CTTGAGCCCACTGAGGTGAAT

AABR07032261.5-R GAGCCCAAATGCTGCTCATC

AABR07032439.1-F ACAGAGTTTTGCCATGGGCT

AABR07032439.1-R ACACGGGCAAAATGTTTCAACT

AABR07047044.2-F GCCAGCATAGTGAGCCTTGA

AABR07047044.2-R AGTCTCCCATTTTGCTCGCT

AC108574.2-F AAGCATCCCTGGGCACATTA

AC108574.2-R AAGAAAGAGGTGCCCACCAA

rno-miR-378a-5p RT CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACACAGGA

rno-miR-378a-5p F GCCGAGCTCCTGACTCCAGG

rno-miR-1-3p RT CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGATACACAC

rno-miR-1-3p F TCGGCAGGTGGAATGTAAAGAA

rno-miR-24-3p RT CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTGTTCCT

rno-miR-24-3p F GCCGAGTGGCTCAGTTCAGC

rno-miR-34a-5p RT CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACAACCAG

rno-miR-34a-5p F TCGGCAGGTGGCAGTGTCTTAG

rno-miR-124-3p RT CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGGCATT

rno-miR-124-3p F TCGGCAGGTAAGGCACGCGGTG

rno-miR-98-5p RT CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAACAATAC

rno-miR-98-5p F TCGGCAGGTGAGGTAGTAAGTT

rno-miR-9a-5p RT CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCATACAG

rno-miR-9a-5p F TCGGCAGGTCTTTGGTTATCTAG

U6-F CTCGCTTCGGCAGCACA

U6-R AACGCTTCACGAATTTGCGT

R-Bcl2l1-F AGGCTGGCGATGAGTTTGAA

R-Bcl2l1-R AGAAGAAGGCCACAATGCGA

R-Camk2g-F GAAGAAAACGTCGACGCAGG

R-Camk2g-R TACTGTCATGGAGACGCACG
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5 min, separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis, and blotted onto polyvinylidene
fluoride membranes. Subsequently, membranes were blocked by incubation with 5% BSA at room temperature for
2 h, incubated with diluted primary antibodies for 1–2 h at room temperature. After washing twice with Tris-
buffered saline containing Tween, membranes were incubated with diluted secondary antibodies for 2 h at room
temperature and developed using BeyoECL Plus Substrates (P0018S; Beyotime Biotech). The abundance of GAPDH
was used as an internal standard. Antibodies used for Western blotting were anti-TH (25859-1-AP; Proteintech),
anti-NRF2 (ab137550; Abcam), anti-p-NRF2 (#bs2013R; BIOSS, Beijing, China), anti-α-syn (4179; Cell Signaling
Technology, Danvers, MA, USA), anti-caspase 1 (p10; 22915-1-AP, Proteintech), anti-NLRP3 (ab214185, Abcam),
and anti-NLRP1 (4990, Cell Signaling Technology).

Figure 1 Elevated oxidative stress and pyroptosis in the cellular PD model. (A) Outgrowth of neurites from PC12 cells treated with NGF-β. Morphological alterations of
PC12 cells were observed by microscopy following NGF-β treatment for 7 d. (B) Relative TH mRNA levels in PC12 cells treated with NGF-β. Quantitative RT-PCR was
performed to detect TH mRNA levels. (C) In situ expression of TH proteins in PC12 cells following NGF-β treatment. TH protein contents in PC12 cells were analyzed by
immunocytochemistry. (D) Proliferation of PC12 cells treated with NGF-β and exposed to 6-OHDA (100 μM). Proliferation was assessed by MTS assay. (E) Alteration of
apoptosis in PC12 cells following NGF-β induction and 6-OHDA exposure (100 μM). Apoptosis of PC12 cells was evaluated by flow cytometry. (F) Elevated ROS contents in
the cellular PD model. Flow cytometry was performed to detect ROS levels in cells. (G and H) Increased IL-1β and LDH release in the cellular PD model. IL-1β (G) and
LDH release (H) were detected by ELISA. (I) Alterations of α-synuclein, Nrf2, and pyroptosis marker proteins in the cellular PD model. Protein abundance in cultured PC12
cells was analyzed by Western blot. Relative protein expression was calculated based on the gray values. GAPDH was used as an internal standard. **P < 0.01.
Abbreviations: NC, negative control; NGF-β, nerve growth factor β; TH, tyrosine hydroxylase; 6-OHDA, 6-hydroxydopamine hydrobromide; α-Syn, α-synuclein; Nrf2,
nuclear factor E2-related factor 2; NLRP1/3, Nod-like receptor protein 1/3; IL-1β, interleukin 1β; LDH, lactate dehydrogenase.
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Statistical Analysis
Quantitative data from at least three biological replicates were presented as the mean ± standard deviation and analyzed
using SPSS 20.0 software (Chicago, IL, USA). Differences between two or more groups were evaluated using the
Student’s t-test and ANOVA, respectively. Significant differences were defined when P < 0.05.

Results
Enhanced Oxidative Stress and Pyroptosis in Cellular PD Model
To investigate the association of oxidative stress and pyroptosis with PD pathogenesis, we established a cellular PD
model by inducing PC12 cell differentiation and exposing differentiated cells to 6-OHDA. Following induction with
NGF-β, we observed significant neurite outgrowth in PC12 cells compared with the negative control group (Figure 1A).
Moreover, we observed that TH mRNA levels in PC12 cells treated with NGF-β were significantly higher compared with
the negative control group (Figure 1B). Immunocytochemistry indicated that NGF-β treatment markedly increased the
TH protein levels in PC12 cells (Figure 1C). These results indicated that treatment with NGF-β induced the differentia-
tion of PC12 cells into neural cells. Next, we exposed differentiated PC12 cells to 100, 300, 500, 700, or 900 μM 6-
OHDA to generate a cellular PD model. Our results show that 6-OHDA exposure significantly repressed the proliferation
of NGF-β-treated PC12 cells in a concentration-dependent manner (Figure 1D). In addition, 6-OHDA exposure markedly
increased the apoptosis of NGF-β-treated PC12 cells, as shown by flow cytometry (Figure 1E). Collectively, these results
indicate the successful establishment of a cellular PD model using PC12 cells.

Figure 2 Oxidative stress and pyroptosis were promoted in the rat PD model. (A) Impaired muscle strength and equilibrium in rats of the PD model group. Motor
dysfunctions in PD model rats were assessed by traction test scores. (B) Morphological changes in hippocampus were assessed by H&E and Nissl staining, In addition, Nissl-
stained cells were evaluated in whole brain tissues of PD model rats. And the number of nerve cells was counted. (C) Increased numbers of apoptotic cells in brain tissues of
the rat PD model group. TUNEL staining was used to detect cell apoptosis. (D) Changes in Nrf2 expression and subcellular locations in brain tissues of the rat PD model.
Nrf2 expression and distribution were analyzed by immunofluorescence. (E) Protein abundances of PD and pyroptosis markers and phosphorylated Nrf2 in the rat PD
model. Protein levels in rat tissues were quantified by Western blotting. (F) Relative protein levels of were quantified for westerns blot based on gray values. (G and H)
Increased levels of IL-1β and IL-18 in serum from the PD model group. ELISA was used to determine IL-1β (F) and IL-18 (G) levels in rat serum. (I) Enhanced LDH release
from rats in the PD model group. *P < 0.05; **P < 0.01.
Abbreviations: PD, Parkinson’s disease; α-Syn, α-synuclein; Nrf2, nuclear factor E2-related factor 2; NLRP1/3, Nod-like receptor protein 1/3; IL-1β/18, interleukin 1β/18;
LDH, lactate dehydrogenase.

https://doi.org/10.2147/JIR.S345895

DovePress

Journal of Inflammation Research 2022:15676

Zhong et al Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Flow cytometry indicated that ROS content in the cellular PD model (NGF-β+6-OHDA group) were substantially
increased compared with the NGF-β group (Figure 1F). Levels of IL-1β in cultures of the cellular PD model group were
also markedly elevated compared with the NGF-β group (Figure 1G). In addition, we observed that LDH in the cellular
PD model group was substantially increased compared with the NGF-β group (Figure 1H). Western blotting demon-
strated increased levels of the PD marker α-syn, as well as pyroptosis markers Nod-like receptor protein 1 (NLRP1),
NLRP3, and caspase-1 (p10) in the cellular PD model group compared with the NGF-β group, indicating enhanced
oxidative stress and pyroptosis (Figure 1I). In addition, the phosphorylation of Nrf2 proteins was markedly suppressed in
the cellular PD model compared with the NGF-β group, suggesting Nrf2 regulates oxidative stress and pyroptosis during
PD development (Figure 1I).

Increased Oxidative Stress and Pyroptosis in a Rat PD Model
To further explore the roles of oxidative stress and pyroptosis in PD pathogenesis, we established a rat PD model by
inducing unilateral destruction of the nigral system with 6-OHDA. Rat muscle strength and equilibrium in the PD model
group were markedly impaired compared with the sham group, as indicated by traction test scores (Figure 2A).
Furthermore, numbers of H&E-stained neural cells and Nissl-stained neurons in the hippocampus were significantly
reduced in the rat PD model group compared with the negative control group (Figure 2B). Moreover, TUNEL staining
showed that numbers of apoptotic cells in the hippocampus of PD model group rats were markedly increased compared
with the sham group (Figure 2C). These observations confirmed successful establishment of the rat PD model.
Immunofluorescence demonstrated that nuclear distribution of Nrf2 proteins was significantly repressed in the rat PD
model compared with the Sham group (Figure 2D). Furthermore, abundances of α-syn, NLRP1, NLRP3, and caspase-1
(p10) proteins were markedly increased, and phosphorylated Nrf2 proteins were markedly downregulated in the rat PD
model compared with the sham group (Figure 2E and F). ELISA results demonstrated that IL-1β and IL-18 contents in
the rat PD model group were markedly higher compared with the sham group (Figure 2G and H). Furthermore, LDH
release in the rat PD model group was higher compared with the sham group (Figure 2I). These results demonstrated
enhanced oxidative stress and pyroptosis in the rat PD model.

Nrf2 Overexpression Repressed Pyroptosis in a Cellular PD Model
To verify the role of Nrf2 in PD development, we overexpressed Nrf2 in the cellular PD model established by 6-OHDA
exposure as described above. Using an MTS assay, we observed that the proliferation rates of PC12 cells exposed to 6-
OHDAwere markedly increased by Nrf2 overexpression (Figure 3A). In addition, apoptosis of PC12 cells induced by 6-
OHDA exposure was partially repressed by Nrf2 overexpression (Figure 3B). Moreover, the decrease of phosphorylated
Nrf2 protein and increase of α-syn, NLRP1, NLRP3, and caspase-1 (p10) proteins in PC12 cells induced by 6-OHDA
exposure were partially mitigated by Nrf2 overexpression (Figure 3C and D). Similarly, IL-1β contents of the cultured
PC12 cells exposed to 6-OHDA were significantly upregulated by Nrf2 overexpression (Figure 3E). In addition, Nrf2
overexpression significantly suppressed LDH release by PC12 cells exposed to 6-OHDA (Figure 3F). These results
indicated that Nrf2 overexpression inhibited pyroptosis in the cellular model of PD.

Nrf2 Overexpression Alleviated Motor Dysfunction and Repressed Pyroptosis in a Rat
PD Model
To further validate the pathogenic roles of Nrf2, we analyzed the influence of Nrf2 overexpression on motor dysfunction
and pyroptosis in the rat PD model. Spatial memory ability was evaluated using the Morris Water Maze test (Figure 4A–
C). Escape latencies in the PD model were significantly increased compared with the sham group, and Nrf2 over-
expression remarkably shortened escape latencies in the PD model group (Figure 4A and B). In terms of space
exploration, the PD model group showed marked decrease in time spent in the target quadrant, mean speed, and numbers
of platform crossings compared with the sham group; however, Nrf2 overexpression rescued decreases in time spent in
the target quadrant and numbers of platform crossings in the PD model group (Figure 4C). OFT results demonstrated a
significant decrease in total distances traveled by rats in the PD model group compared with the sham group, but Nrf2
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overexpression increased the total distance traveled in the PD model (Figure 4D). Compared with the sham group,
expression of α-syn, NLRP3, NLRP1, and Casp-1 (p10) proteins were upregulated and Nrf2 phosphorylation was
repressed in the rat PD model, but these features were significantly mitigated by Nrf2 overexpression (Figure 4E and
F). Levels of IL-1β, IL-18, and LDH in the serum of PD model rats were markedly increased compared with sham group
rats, but Nrf2 overexpression downregulated the IL-1β, IL-18 and LDH levels in the PD model (Figure 4G). These
observations demonstrate that Nrf2 overexpression significantly inhibited motor dysfunction and pyroptosis in the rat PD
model.

Figure 3 Nrf2 overexpression suppressed pyroptosis in the cellular PD model. (A) Proliferation rates of Nrf2-overexpressing PC12 cells exposed to 6-OHDA. Cell
proliferation was assessed by MTS assay. (B) Alterations in apoptotic PC12 cells overexpressing Nrf2 following 6-OHDA exposure. Apoptosis was determined by flow
cytometry. (C) Differential expression of Nrf2 and pyroptosis marker proteins in Nrf2-overexpressing PC12 cells exposed to 6-OHDA. Protein levels in PC12 cells were
analyzed by Western blotting. (D) Relative protein expression was counted in Western blot. (E and F) Changes of IL-1β and LDH release in the cellular PD model with Nrf2
overexpression. Marker protein contents were detected by Western blotting. *P < 0.05; **P < 0.01.
Abbreviations: 6-OHDA, 6-hydroxydopamine hydrobromide; Nrf2, nuclear factor E2-related factor 2; α-Syn, α-synuclein; NLRP1/3, Nod-like receptor protein 1/3; IL-1β,
interleukin 1β; LDH, lactate dehydrogenase.
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Figure 4 Nrf2 overexpression suppresses motor dysfunction and pyroptosis in the rat PD model. (A and B) Influence of Nrf2 overexpression on spatial navigation in the rat PD
model. Escape latency was closely recorded to assess rat spatial navigation (B). (C) Alterations in spatial exploration capacities of the rat PDmodel induced byNrf2 overexpression.
Spatial exploration was evaluated by recording time spent in the target quadrant, mean speed, and platform crossover numbers. Spatial memory ability in rats was assessed using
MorrisWater Maze test. (D) Alterations of total travel length in the rat PDmodel caused byNrf2 overexpression. The open field test was performed to assess motor dysfunction in
the PD rat model. (E) Changes of Nrf2 and pyroptosis marker proteins in brain tissues of the rat PD model caused by Nrf2 overexpression. Western blotting was used to detect
protein levels in rat tissues. (F) On the basis of gray values, relative protein levels were confirmed inWestern blot. (G) Effects of Nrf2 overexpression on release of IL-1β, IL-18, and
LDH in serum of the PD model group. IL-1β, IL-18, and LDH levels in rat serum were measured by ELISA. *P < 0.05; **P < 0.01.
Abbreviations: PD, Parkinson’s disease; Nrf2, nuclear factor E2-related factor 2; α-Syn, α-synuclein; NLRP1/3, Nod-like receptor protein 1/3; IL-1β/18, interleukin 1β/18;
LDH, lactate dehydrogenase.
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Figure 5 Nrf2 modulated lncRNA expression in the cellular PD model. (A and B) Differentially expressed lncRNAs and mRNAs in the cellular PD model with Nrf2
overexpression. Differentially expressed lncRNAs and mRNAs were characterized by deep RNA sequencing. Differences in expression of lncRNAs (A) and mRNAs (B) are
presented as hierarchical clustering and scatter plots. (C) Top 20 KEGG pathways with significant enrichment of Nrf2 overexpression-induced differential mRNAs in the cellular PD
model. (D and E) Proptosis-related signaling pathways with enrichment of differentially expressed mRNAs in the Nrf2-overexpressing PD model. Differentially expressed mRNAs
associated with Toll-like receptor (D) and MAPK (E) signaling pathways marked in red. (F) lncRNA-microRNA-mRNA interaction network based on differentially expressed
lncRNAs targeting neurotrophin, NF-κB, and Toll-like receptor signaling pathways. (G andH) Differential expressions of representative lncRNAs and microRNAs in the cellular PD
model caused by Nrf2 overexpression. Expressions of lncRNAs (G) and microRNAs (H) were determined by quantitative RT-PCR. *P < 0.05; **P < 0.01.
Abbreviations: lncRNA, long non-coding RNA; 6-OHDA, 6-hydroxydopamine hydrobromide; Nrf2, nuclear factor E2-related factor 2.
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Nrf2 Overexpression Promoted Differential lncRNA Expression in the Cellular PD
Model
To analyze the molecular events that mediating Nrf2-regulated pyroptosis in PD, we characterized differentially
expressed lncRNAs and mRNAs in the cellular PD model induced by Nrf2 overexpression. Overall, 53 differentially
expressed lncRNAs, including 26 upregulated and 27 downregulated lncRNAs, were identified in the Nrf2-overexpres-
sing cellular PD model group compared with the model group (Figure 5A). Furthermore, the expressions of 1907
mRNAs in the cellular PD model were significantly altered by Nrf2 overexpression, including 889 upregulated and 1018
downregulated genes (Figure 5B). KEGG analysis demonstrated that differentially expressed genes related to Nrf2 in the
cellular PD model group were significantly enriched in multiple signaling pathways, including the tumor necrosis factor
α (TNF-α), Ras, mitogen-activated protein kinase (MAPK), apoptosis, and Toll-like receptor signaling pathways
(Figure 5C). Of these, the MAPK and Toll-like receptor signaling pathways are closely involved in pyroptosis, further
supporting regulation of pyroptosis by Nrf2 (Figure 5D and E).

We found that differentially expressed lncRNAs were predicted to form interaction networks with multiple
microRNAs and functional genes involved in NF-κB, apoptosis, Toll-like receptor, and neurotrophin signaling pathways
(Figure 5F). Validation of expression of multiple lncRNAs by quantitative RT-PCR confirmed significantly increased
expressions of AABR07032261.5 and AC108574.2 in the cellular PD model following Nrf2 overexpression, consistent
with the RNA sequencing results (Figure 5G). We next validated altered expression of eight microRNAs predicted to
interact with AABR07032261.5 and AC108574.2 in the PD models. Our results revealed significant decreases in the
expressions of rno-miR-1-3p, rno-miR-124-3p, and rno-miR-34a-5p, and an increase in rno-miR-98-5p in the cellular PD
model following Nrf2 overexpression (Figure 5H). These results suggest that differential expressions of lncRNAs and
their interactions with microRNAs and mRNAs might have a role in Nrf2-regulated motor dysfunction and pyroptosis
during PD development.

AABR07032261.5 Knockdown Promoted Pyroptosis in the Cellular PD Model
To confirm the role of AABR07032261.5 in PD pathogenesis, we silenced AABR07032261.5 expression in the cellular
PD model by transfection with siRNAs targeting AABR07032261.5. Compared with the negative control,
AABR07032261.5 expression in the cellular PD model was significantly downregulated (Figure 6A). In the cellular
PD model with silenced AABR07032261.5 expression, we observed significantly suppressed proliferation rates com-
pared with the negative control group (Figure 6B). In contrast, flow cytometry indicated that apoptosis in the cellular PD
model was markedly increased by the silencing of AABR07032261.5 expression (Figure 6C). Furthermore, secretion of
IL-1β and IL-18 in the cellular PD model was markedly increased by silencing of AABR07032261.5 (Figure 6D and E).
Western blotting revealed that α-syn, NLRP1/3, and Casp-1 (p10) protein levels in the cellular PD model were markedly
increased by AABR07032261.5 knockdown (Figure 6 and G). Furthermore, expression of the predicted target microRNA
rno-miR-124-3p was significantly increased by AABR07032261.5 knockdown in the cellular PD model (Figure 6H). In
addition, the expression level of Stat3, a target gene of rno-miR-124-3p, was repressed in the cellular PD model by
AABR07032261.5 knockdown (Figure 6I). These results indicated that AABR07032261.5 repressed pyroptosis during
PD pathogenesis, potentially by modulating the downstream rno-miR-124-3p/Stat3 axis.

Discussion
Clinical management of patients with PD greatly depends on elucidation of underlying molecular pathological processes.
The pathological progression of PD is closely controlled by ROS biosynthesis and oxidative stress in the substantia nigra,
and mediated by various cell death pathways including apoptosis, necroptosis, autophagic cell death, and pyroptosis.6,9,11

However, the molecular mechanisms regulating pyroptosis during PD development are poorly understood. In this study,
we investigated roles of elevated oxidative stress and pyroptosis accompanying marked suppression of Nrf2 in cellular
and animal models of PD. Moreover, we identified critical roles of Nrf2 in repressing pyroptosis and suppressing motor
dysfunction during PD pathogenesis, by overexpressing Nrf2 in cellular and animal PD models. Furthermore, we used
deep sequencing to evaluate how Nrf2 modulated expression of various lncRNAs in the PD model. Our results indicate
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that lncRNA AABR07032261.5 repressed pyroptosis during PD development, possibly by targeting microRNAs to
regulate Stat3 and other signaling pathways. These findings reveal new insights into the molecular mechanisms of
pyroptosis regulation underlying PD initiation and progression.

Pyroptosis is a critical cellular pathogenic mechanism associated with the development of multiple neurodegenerative
disorders, including PD.11,23 We observed a significant increase in pyroptosis marker gene expression in the cellular and
animal PD models, confirming the involvement of pyroptosis in PD pathogenesis. As observed for other types of cell

Figure 6 AABR07032261.5 silencing promotes pyroptosis in the cellular PD model. (A) Relative expression of AABR07032261.5 in the cellular PD model transfected with
siRNAs targeting AABR07032261.5. lncRNA levels were analyzed by quantitative RT-PCR. (B) Effects of AABR07032261.5 silencing on proliferation in the cellular PD model.
Cell proliferation was assessed by MTS assay. (C) Influence of AABR07032261.5 silencing on apoptosis in the cellular PD model. Flow cytometry was performed to detect
apoptotic cells. (D and E) Altered IL-1β and IL-18 secretion in the cellular PD model with silenced AABR07032261.5 expression. IL-1β and IL-18 contents in cell cultures
were measured by ELISA. (F) Differential expression of pyroptosis marker proteins in the cellular PD model caused by AABR07032261.5 knockdown. (G) On the basis of
the gray values, quantitative analysis of proteins was conducted for Western blot results. (H) Differential expression of AABR07032261.5-interacting microRNAs in the
cellular PD model with AABR07032261.5 knockdown. (I) Relative Stat3 mRNA levels in the cellular PD model with silenced AABR07032261.5 expression. Quantitative RT-
PCR was used to detect microRNA and mRNA levels. *P < 0.05; **P < 0.01.
Abbreviations: NC, negative control; α-Syn, α-synuclein; NLRP1/3, nod-like receptor protein 1/3; IL-1β/18, interleukin 1β/18; Stat3, signal transducer and activator of
transcription 3.

https://doi.org/10.2147/JIR.S345895

DovePress

Journal of Inflammation Research 2022:15682

Zhong et al Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


death, initiation of pyroptosis was closely associated with disturbances in cellular redox homeostasis and resultant
oxidative stress.24,25 Recent research has implicated pyroptosis in various pathogenic conditions including myocardial
ischemia-reperfusion injury,26 osteogenic dysfunction and periodontitis,24 cancer development,25 cardiomyocyte injury,27

and renal ischemia/reperfusion injury.28 For example, oxidative stress-mediated pyroptosis promoted the effect of
enhancer of zeste homolog 2 in regulating renal ischemia/reperfusion injury, which was associated with its ability to
inhibit NADPH oxidase 4-dependent ROS production.29 However, little is known about the association between
pyroptosis and PD development. In this study, we observed that ROS content in the cellular PD model was greatly
increased and positively correlated with enhanced pyroptosis, suggesting oxidative stress is a major causative factor
driving pyroptosis during PD pathogenesis. In addition, we discovered that upregulation of caspase-1 (p10) could be
rescued by Nrf2 overexpression in PC12 cells exposed to 6-OHDA and PD model rats. Silencing of AABR07032261.5
could also regulate caspase-1 (p10) in the cellular PD model, although total caspase-1 protein (p45) was unchanged.
Caspase-1 can be activated by the NLRP3 inflammasome formation during NLRP3-regulated pyroptosis,30 whereas
cleaved caspase-1 (p10) is generated by hydrolysis during activation of caspase-1.31 Although total expression of
caspase-1 (P45) did not change, regulation of caspase-1 (p10) levels indicates a change in pyroptosis.

Nrf2 is a major regulator of cellular redox status and oxidative stress, which are implicated in PD pathogenesis.12,15

Furthermore, the Nrf2 signaling pathway is an essential modulator of pyroptosis under various contexts.28,32 Activation
of the Nrf2 signaling pathway inhibited pyroptosis underlying the development of renal ischemia-reperfusion injury in a
mouse model.28 In addition, enhancement of Nrf2 signaling with phenolic acid suppressed pyroptosis and alleviated
Gouty arthritis development.32 Moreover, inhibition of Nrf2 signaling by chlorpyrifos enhanced oxidative stress and
pyroptosis in a cellular PD model.16 The relationship between Nrf2 signaling and pyroptosis in PD development requires
further validation using animal models or clinical investigations. In the present study, we showed that Nrf2 expression
was repressed in the cellular and animal PD models evaluated, but Nrf2 overexpression inhibited pyroptosis marker gene
expression in these models. These findings confirm a regulatory role of Nrf2 in pyroptosis during PD pathogenesis.

lncRNA is a type of large non-coding RNA (>200 nucleotides) that regulates gene transcription.33 A recent study
showed that lncRNA-regulated gene transcription is a critical molecular mechanism associated with PD development and
progression.34 Specifically, lncRNAs were reported to be implicated in multiple pathological events of PD, including α-
syn aggregation, apoptosis of dopaminergic neurons, mitochondrial dysfunction, autophagy, and neuroinflammation.34 In
addition, accumulating evidence indicates important roles of Nrf2 as an upstream regulator of lncRNA expression and
function.35 Several lncRNAs, such as smoking-and-cancer-associated lncRNA-1 and nuclear-LUCAT1, are regulated by
the Nrf2 signaling pathway.35 However, the interplay between Nrf2 and lncRNAs in PD remains poorly understood. In
this study, we comprehensively characterized differentially expressed lncRNAs and mRNAs caused by Nrf2 over-
expression in a cellular PD model. We found that the lncRNA AABR07032261.5 suppressed pyroptosis during PD
development. Also, we found that AABR07032261.5 regulated rno-miR-124-3p to modulate Stat3 expression in the PD
model. Recent research demonstrated that targeting of Stat3 expression by miR-124-3 is closely involved in the
progression of PD and other neurological disorders.36,37 Collectively, these results indicate that Nrf2-regulated
AABR07032261.5 expression plays essential roles in modulating pyroptosis in PD pathogenesis, possibly by regulating
downstream players such as rno-miR-124-3p and Stat3.

In summary, we found that Nrf2 could suppress the development and progression of PD by promoting expression of
lncRNA AABR07032261.5, which inhibited pyroptosis. These findings provide new insights into the molecular mechan-
isms underlying PD development and progression, especially in terms of epigenetic modulation, that can be explored as
new targets for PD diagnosis and treatment. However, because of the limitations of this study (for instance, 6-OHDA-
mediated oxidative stress responses were not confirmed in the rat PD model), it is necessary to further explore the role
and molecular mechanism of AC108574.2 in pyroptosis associated with PD.
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