MOLECULAR MEDICINE REPORTS 23: 428, 2021

Upregulation of antioxidant and autophagy pathways via NRF2
activation protects spinal cord neurons from ozone damage
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Abstract. Ozone therapy can relieve multiple types of pain
but exhibits potential neurotoxicity, the mechanism of which is
unclear. The present study aimed to identify the role of nuclear
factor (erythroid‑derived‑2)‑related 2 (NRF2) in preventing
spinal cord injury caused by ozone overdose. Primary neuronal
cells were extracted from newborn Wistar rats and authenticated
by immunofluorescence using anti‑microtubule‑associated
protein 2 as a cell type‑specific marker. Cell viability assay
with different ozone concentrations (0, 10, 20, 30 and 40 µg/ml)
was used to determine the concentration that caused primary
neuron injury; 30 min of 40 µg/ml ozone therapy notably
decreased cell viability to 71%. In order to test the effects
of ozone, the cells were divided into five treatment groups
[0‑, 30‑ and 40 µg/ml ozone, tert‑butylhydroquinone (tBHQ)
+ 40 µg/ml ozone (T40) and tBHQ (T0)]. Cells in the T40
and T0 groups received 40 µmol/l tBHQ on the fifth day of
SCN cultivation. Reverse transcription‑quantitative PCR and
western blotting showed that protein expression levels of
heme oxygenase‑1 (HO‑1) and mRNA expression levels of
HO‑1 and NRF2 were decreased. NRF2, ubiquitin‑binding
protein p62 and microtubule‑associated proteins 1A/1B light
chain 3B expression levels were decreased following treat‑
ment with 40 µg/ml ozone. Immunofluorescence showed that
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NRF2 nuclear expression levels also decreased following
40 µg/ml ozone treatment. However, cells in the T40 group
did not display decreased NRF2 nuclear expression levels.
Normal/Apoptotic/Necrotic Cell Detection kit revealed that
necrosis rate increased following treatment with 40 µg/ml
ozone; however, the T40 group did not exhibit this increased
necrosis. At 40 µg/ml, ozone increased spinal cord neuron
(SCN) death in vitro. Moreover, treatment with 40 µg/ml
ozone damaged SCNs. The p62/NRF2/antioxidant response
element pathway prevented such injury. tBHQ activated this
pathway, upregulated autophagy and increased local nuclear
NRF2 concentration, thus enhancing the antioxidant system
to protect SCNs from injury caused by high concentrations of
ozone.
Introduction
Ozone therapy is widely used in clinics to treat herniated
lumbar discs and osteoarthritis (1,2) due to its effectiveness
and convenient application. However, certain studies have
shown that ozone overdose may induce an oxidant‑antioxidant
imbalance, resulting in damage to the nervous system (3,4).
The nervous system is sensitive to this imbalance due to its
high demand for oxygen. The spinal cord may be preferentially
damaged in cases where ozone overdose occurs during ozone
therapy for lumbar disc herniation (5). However, the mecha‑
nism by which ozone overdose damages spinal cord neurons
(SCNs) is poorly understood (6). Nonetheless, it has been
shown that ozone‑induced neurotoxicity is associated with its
strong oxidizing properties (7).
Liu et al (4) reported that ozone activates endoplasmic
reticulum stress‑mediated Ca 2+ release and the calmod‑
ulin‑dependent protein kinase II/MAPK signaling pathway
to produce neurotoxicity in SCNs. Both autophagy and the
nuclear factor (erythroid‑derived‑2)‑related 2 factor/anti‑
oxidant response element (NRF2/ARE) signaling pathway
are key contributors to the antioxidant system. Kelch‑like
ECH‑associated protein 1 (KEAP1) associates with and nega‑
tively regulates NRF2 (8,9). This interaction may be disrupted
by ubiquitin‑binding protein p62, which promotes degrada‑
tion of KEAP1 and maintains levels of NRF2. Through a
positive feedback mechanism, NRF2 activates p62 to main‑
tain redox homeostasis (10). Moreover, autophagy and the
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NRF2/ARE antioxidant pathway influence formation, injury,
repair, degeneration and aging of the nervous system (11‑17).
Tert‑butylhydroquinone (tBHQ), an activator of NRF2, has
been used to investigate the function of NRF2 in inflammation,
antioxidative stress response, autophagy and neuroprotec‑
tion (18‑21). However, there is a lack of evidence regarding the
function of tBHQ in SCN injury by ozone overdose. In the
present study, the Cell Counting Kit 8 (CCK8) was used to
detect cell viability to identify an appropriate concentration
of medical ozone for subsequent experiments. Reverse tran‑
scription‑quantitative PCR (RT‑qPCR) and western blotting
were performed to detect alterations in the mRNA and protein
expression levels of NRF2, heme oxygenase 1 (HO‑1), P62 and
LC3. Immunofluorescence assays were conducted to detect the
expression of nuclear NRF2. The Normal/Apoptotic/Necrotic
Cell Detection Kit (AO/EB) was used to detect the rate of
live, apoptotic and necrotic cells. In the present study, tBHQ
was used to activate NRF2 to investigate the role of the
p62/NRF2/ARE pathway in SCN injury caused by ozone
overdose.
Materials and methods
Reagents, chemicals and antibodies. Neonatal Wistar rats
were purchased from the Experimental Animal Center of
Shandong University. All programs involving the use of
animals were performed in accordance with the Guide for the
Care and Use of Laboratory Animals of the National Institutes
of Health (NIH; olaw.nih.gov/sites/default/files/Guide‑
for‑the‑Care‑and‑Use‑of‑Laboratory‑Animals.pdf) and were
approved by the Animal Care and Use Committee of the School
of Medicine of Shandong University (Shandong, China).
Poly‑L‑lysine hydrobromide (PLL; Beijing Solarbio Science
& Technology Co., Ltd.), FBS (Biological Industries),
DMEM‑High Glucose (HG; Invitrogen; Thermo Fisher
Scientific, Inc.), B27 (Invitrogen; Thermo Fisher Scientific,
Inc.), L‑glutamine (Gln; Beijing Solarbio Science & Technology
Co., Ltd.), Neurobasal‑A medium (Thermo Fisher Scientific,
Inc.), penicillin‑streptomycin (Beijing Solarbio Science &
Technology Co., Ltd.), PBS (Gibco; Thermo Fisher Scientific,
Inc.), Tyrisin (Gibco; Thermo Fisher Scientific, Inc.), 4% para‑
formaldehyde (Beijing Solarbio Science & Technology Co.,
Ltd.), and normal goat serum (Abbkine Scientific Co., Ltd.)
were used to extract and cultivate primary neuronal cells. The
antibodies included anti‑MAP2 antibody (rabbit anti‑rat IgG;
cat. no. 17490‑1‑AP; ProteinTech Group, Inc.), Dylight 594 goat
anti‑rabbit IgG (H+L; cat. no. A23420; Abbkine Scientific Co.,
Ltd.), Dylight 488 goat anti‑rabbit IgG (H+L; cat. no. A23220;
Abbkine Scientific Co., Ltd.), anti‑NRF2 NFE2L2 (rabbit
anti‑rat; cat. no. 16396‑1‑AP; ProteinTech Group, Inc.),
anti‑GAPDH (EPR16891 rabbit anti‑rat; cat. no. ab181602;
Abcam), anti‑light chain (LC)3B (EPR18709 rabbit anti‑rat;
cat. no. ab192890; Abcam), anti‑sequestosome (SQSTM)1/p62
(EPR4844 rabbit anti‑rat; cat. no. ab109012; Abcam), anti‑HO‑1
(EPR1390Y rabbit anti‑rat; cat. no. ab68477; Abcam)
and horseradish peroxidase (HRP)‑goat anti‑rabbit IgG
(H+L; cat. no. SA00001‑2; ProteinTech Group, Inc.). Other
reagents and kits included Fluorescent Mounting Media
(cat. no. S2100‑5; Beijing Solarbio Science & Technology
Co., Ltd.), CCK8 (Abcam), PMSF (cat. no. P1260‑1; Beijing

Solarbio Science & Technology Co., Ltd.), AG RNAex Pro
Reagent (Accurate Biotechnology; cat. no. AG21101), Custom
DNA/RNA oligos (BioSune; cat. no. 5002), Pro Taq HS
SYBR Green quantitative (q)PCR kit (AG, cat. no. AG11701),
Evo M‑MLV RT Premix for qPCR (AG, cat. no. AG11706),
tBHQ (MedChemExpress; cat. no. HY‑100489), bicinchoninic
acid (BCA) protein assay kit (cat. no. PC0020‑500; Beijing
Solarbio Science & Technology Co., Ltd.), enhanced chemi‑
luminescence (ECL) substrate (cat. no. WBKLS0100; Merck
KGaA) and the Normal/Apoptotic/Necrotic Cell Detection kit
(cat. no. KGA501; Nanjing KeyGen Biotech Co., Ltd.).
Primary culture of newborn Wistar rat neurons. A total of
400 Wistar rats (weight, 4‑6 g; age, <24 h) were euthanized
by decapitation and dehydrated by soaking in 75% alcohol for
3 min at 0˚C. The spinal cord was removed and sectioned into
0.5‑1 mm³ pieces. The sections were incubated in 3 ml 0.125%
trypsin for 15 min at 37˚C. The digestion was terminated by
incubating the sections in isopycnic FBS for 3 min at room
temperature, after which the liquid supernatant was removed.
A temporary medium, composed of FBS, DMEM‑HG and
penicillin‑streptomycin, was added, followed by mixing and
agitating the solution 15 times with a pipette. The liquid
supernatant was aspirated into a new centrifuge tube following
2 min incubation at room temperature; this step was repeated
twice. The supernatant was filtered and the cells were counted
using a BX51 light microscope (magnification, x400; Olympus
Corporation).
The cells were plated onto a culture plate (1x107/cm2) that
had been coated 3 times with PLL. The cells were incubated for
4 h at 37˚C, after which the temporary medium was removed.
PBS was used to wash the plate 2‑3 times and medium was
replaced with complete medium (97.5 Neurobasal‑A medium,
1.0 B27, 0.5 Gln and 1.0% penicillin‑streptomycin) for incuba‑
tion at 37˚C. During the culture, half of the culture medium
was changed every 3 days; on the seventh day, cells were
harvested for subsequent experiments.
Immunofluorescence assay. In order to authenticate the purity
of cell culture, cells were cultured for 7 days. The cells were
washed 3 times (5 min each) with PBS and immobilized
by incubation in 4% paraformaldehyde for 30 min at room
temperature. After immobilization, the cells were washed
3 times (5 min each) with PBS again and blocked with 10%
goat serum for 1 h in an incubator at 37˚C. Subsequently, cells
were washed 3 times (5 min each) to remove the goat serum.
Anti‑MAP2 monoclonal antibody (1:300) attenuated by goat
serum was added, followed by overnight incubation in a refrig‑
erator at 4˚C. The following day, cells were washed 3 times
(5 min each) with PBS, then Dylight 594 Goat anti‑rabbit
IgG (H+L; 1:200) attenuated by 100% goat serum was added,
followed by incubation at room temperature for 1 h. The
secondary antibody was removed by washing the cells 3 times
(5 min each) with PBS.DAPI (10 µg/ml) was added to the
cells and incubated for 10 min at room temperature, followed
by washing with PBS to remove excess DAPI. A fluorescent
mounting media (cat. no. S2100‑5; Beijing Solarbio Science &
Technology Co., Ltd.) was added, and the cells were observed
under a confocal immunofluorescence microscope (magni‑
fication, x400). The same procedure was performed with
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Figure 1. Extraction, cultivation and authentication of SCNs. (A) Cultivated SCNs on days 3, 5 and 7 (scale bar, 100 µm). (B) Immunofluorescent staining of
SCNs using neuronal cytoskeletal marker MAP2 (red) and DAPI (blue) (scale bar, 50 µm). SCN, spinal cord neuron.

anti‑NRF2 NFE2L2 (1:300) and Dylight 488 Goat anti‑rabbit
IgG (H+L) (1:200) to compare expression levels of NRF2 in
the nucleus.
CCK8 assay. In order to determine the appropriate concen‑
tration of medical ozone for future assays, the cells were
cultured in a 96‑well plate (100 µl/well) for 7 days. Different
concentrations of medical ozone (0, 10, 20, 30 and 40 µg/ml)
were administered to the cells for 30 min at room temperature.
Following the manufacturer's protocol, 10 µl CCK8 solution
was added to each well. The plate was incubated at 37˚C for
4 h and the absorbance was measured at 450 nm.
RT‑qPCR analysis. Total RNA was extracted from SCNs
using AG RNAex Pro Reagent according to the manufac‑
turer's protocol. The sample concentration was subsequently
measured and Evo M‑MLV RT Premix for qPCR (AG) was
used to synthesize cDNA (500 ng total RNA per 10 µl reaction
mixture) according to the manufacturer's instructions. The
Pro Taq HS SYBR Green qPCR kit was used for RT‑qPCR
to quantify RNA on a Roche LightCycler480 system. The
following thermocycling conditions were used for qPCR:
95˚C for 30 sec; followed by 40 cycles of 95˚C for 5 sec and
60˚C for 30 sec. β‑actin was used as an internal control. The
2‑ΔΔCq method (22) was used to calculate the fold changes in
gene expression levels. The primer sequences were as follows:
β ‑actin forward, 5'‑CTC  T GT  G TG  GAT  T GG  T GG  C T‑3'
and reverse, 5'‑CGCAGC TCAGTA ACAGTCCG‑3'; NRF2
forward, 5'‑CCAT TTACGGAGACCCACCG‑3' and reverse,

5'‑TTTGACACT TCCAGGGGCAC‑3'; p62 forward, 5'‑CTG
AGAAGGACTCGCTCGAC‑3' and reverse, 5'‑TCAGTACCC
GCTCTTTCAGC‑3'; HO‑1 forward, 5'‑GAGCGAA ACA AG
CAGAACCC‑3' and reverse, 5'‑ACCTCGTGGAGACGCTTT
AC‑3' and LC3, forward, 5'‑TTG GTCA AGATCATCCGG
CG‑3' and reverse, 5'‑GTCAGCGATGGGTGTGGATA‑3'.
Western blotting. SCNs were lysed using RIPA lysis buffer with
PMSF and phosphatase inhibitor (PI; RIPA:PMSF:PI=100:1:1),
stored on ice for 30 min and vortexed every 5 min. The super‑
natant was collected following centrifugation at 16,000 x g for
30 min at 4˚C. The BCA protein assay kit was used to measure
the total protein concentration. Sodium dodecyl sulfate‑poly‑
acrylamide gel electrophoresis (12%) was used to separate the
proteins (30 µg/lane). After loading the samples, the gel was
pre‑run at 75 V for 45 min and then at 110 V for ~90 min. The
protein was transferred to a polyvinylidene fluoride membrane
via electrotransformation at 220 mA (1 min per molecular
weight). The membranes were blocked in 5% skimmed milk for
60 min at room temperature, followed by 3 washes for 5 min
each in TBST (1% Tween‑20). The membranes were then incu‑
bated overnight with primary anti‑NRF2 NFE2L2 (1:2,000),
anti‑GAPDH (1:5,000), anti‑LC3B (1:5,000), anti‑SQSTM1/p62
(1:10,000) and anti‑HO‑1 antibody (1:2,000) at 4˚C. The primary
antibody was removed by washing the membranes three times
with TBST (10 min each). The membranes were then incubated
for 1 h at room temperature with HRP‑Goat anti‑rabbit IgG
(H+L; 1:5,000) antibody, followed by three 10‑min washes.
The membranes were developed using ECL substrates for
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Figure 2. CCK8 and reverse transcription‑quantitative PCR. (A) CCK8 assay showed that 40 µg/ml ozone decreased cell viability by 71%. Changes in mRNA
levels of (B) NRF2, (C) p62, (D) HO‑1 and (E) LC3 in each group. β‑actin was used as the internal control. The data are presented as the mean ± SD (n=3).
*
P<0.05 vs. 0 µg/ml ozone; &P<0.05 vs. 30 µg/ml ozone; #P<0.05 vs. 40 µg/ml ozone. T40, 40 µmol/l tBHQ + 40 µg/ml ozone; T0, 40 µmol/l tBHQ; CCK8, Cell
Counting Kit‑8; NRF2, nuclear factor (erythroid‑derived‑2)‑related 2 factor; HO‑1, heme oxygenase 1; tBHQ, tert‑butylhydroquinone.

detection. The band densities were quantified by ImageJ soft‑
ware (version 1.51; NIH).
Acridine orange/ethidium bromide (AO/EB) assay. The
Normal/Apoptotic/Necrotic Cell Detection kit was used
to calculate the necrosis and apoptosis rates. SCNs were
extracted and cultured for 7 days. SCNs were subsequently
subjected to digestion (0.125% trypsin for 10 min), centrifuga‑
tion (72 x g for 4 min at room temperature) and resuspension
in PBS (1x106 cells/ml). Mixed dye reagent (1 µl dye reagent
1:dye reagent 2=1:1) was added to 25 µl cells and mixed
thoroughly. A total of 10 µl mixture was dropped on glass
slides and covered with a cover slip. A total of 200 cells were
observed under a confocal immunofluorescence microscope
at x100 magnification and necrosis and apoptosis rates were
calculated.
Statistical analysis. SPSS (version 23.0; IBM Corp.) was
used for statistical analysis. The data are expressed as the

mean ± SD (n≥3). Data were analyzed by one‑way ANOVA,
followed by Tukey's post hoc test for multiple comparisons.
P<0.05 was considered to indicate a statistically significant
difference.
Results
Primary neuron authentication. MAP2 was used as a specific
neuronal marker to verify the purity of the primary neuron
extraction (Fig. 1A and B). The results showed purity >90%
(calculated according to the formula: MAP2 staining/DAPI
staining), which was considered acceptable for use in subse‑
quent experiments.
Medical ozone at 40 µg/ml impacts cell viability. CCK8 assay
was performed to determine assess cell viability and deter‑
mine an appropriate experimental concentration of ozone for
subsequent experiments. No notable change in absorbance
at 520 nm was observed in cells treated with 10‑30 µg/ml
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Figure 3. Changes in protein levels of NRF2, p62, HO‑1 and LC3. Changes in (A) NRF2, (B) p62, (C) HO‑1 and (D) LC3 protein levels following different
treatments. GADPH was used as the internal control. All experiments were performed in triplicate (n=3). *P<0.05 vs. 0 µg/ml ozone; &P<0.05 vs. 30 µg/ml
ozone; #P<0.05 vs. 40 µg/ml ozone. T40, 40 µmol/l tBHQ + 40 µg/ml ozone; T0, 40 µmol/l tBHQ; NRF2, nuclear factor (erythroid‑derived‑2)‑related 2; HO‑1,
heme oxygenase 1; LC3, light chain 3; tBHQ, tert‑butylhydroquinone.

ozone. However, at 40 µg/ml, absorbance at 520 nm decreased
significantly (Fig. 2A). Thus, 40 µg/ml ozone was selected for
subsequent experiments.
Changes in mRNA levels of NRF2 and HO‑1 following ozone
and tBHQ treatment. RT‑qPCR was used to assess the relative
changes in mRNA levels of genes involved in redox homeo‑
stasis. No statistically significant difference was observed in
the mRNA expression levels of p62 and LC3II following treat‑
ment with 40 µg/ml ozone compared with the control group
(Fig. 2C and E). However, mRNA levels of NRF2 and HO‑1
were increased in the T0 group [40 µmol/l tBHQ treatment]
compared with the control group, which indicated that tBHQ
activated the NRF2 signaling pathway. The concentration of
tBHQ selected in the present study was based on previous
studies (23,24). Furthermore, the levels of NRF2 increased
more in the T40 than in the 40 µg/ml ozone group; levels of
HO‑1 were lower in the 40 µg/ml ozone group compared with
those in the 30 µg/ml ozone group. The addition of tBHQ in

the T40 group did not result in a similar decrease in HO‑1
(Fig. 2B and D).
High ozone dose alters expression levels of proteins in the
NRF2/ARE pathway. Protein levels of NRF2 and HO‑1 were
assessed to determine changes in the NRF2/ARE pathway
following ozone administration. Protein levels of NRF2 and
HO‑1 were increased in the 30 µg/ml ozone group compared
with the 0 µg/ml ozone group, and HO‑1 levels were decreased
in the 40 and 30 µg/ml ozone groups. Conversely, treatment
with tBHQ in the T40 group reversed the changes in protein
expression levels observed in the 40 µg/ml ozone group
(Fig. 3A and C).
Protein levels of both p62 and LC3II increased in the
30 µg/ml ozone group, compared with the 0 µg/ml ozone
group, and decreased in the 40 µg/ml ozone group compared
with the 30 µg/ml ozone group. Moreover, tBHQ reversed the
downregulation of p62 and LC3Ⅱ in the 40 µg/ml ozone group
(Fig. 3B and D). Certain reports have shown that p62 can form
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Figure 4. Change in nuclear NRF2 expression levels. (A) Immunofluorescence staining of NRF2 shows expression of NRF2 in the nucleus. (B) Change in
nuclear NRF2 expression levels following treatment. The data are presented as the mean ± SD (n=3). *P<0.05 vs. 0 µg/ml ozone; &P<0.05 vs. 30 µg/ml ozone;
#
P<0.05 vs. 40 µg/ml ozone. T40, 40 µmol/l tBHQ + 40 µg/ml ozone; T0, 40 µmol/l tBHQ; NRF2, nuclear factor (erythroid‑derived‑2)‑related 2; tBHQ,
tert‑butylhydroquinone.

Figure 5. Change in cell viability. (A) Immunofluorescent staining by Normal/Apoptotic/Necrotic Cell Detection kit. Green, live cells; orange, necrotic cells;
mixed green and orange, apoptotic cells (scale bar, 50 µm). (B) Normal, apoptotic and necrotic cells following treatment. All experiments were performed in
triplicate (n=3). *P<0.05 vs. 0 µg/ml ozone; #P<0.05 vs. 40 µg/ml ozone. T40, 40 µmol/l tBHQ + 40 µg/ml ozone; T0, 40 µmol/l tBHQ; tBHQ, tert‑butylhydro‑
quinone.
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a positive feedback loop with KEAP1 and NRF2 (9,25), and
that expression levels of p62 and LC3Ⅱ responds to the level
of autophagy.
NRF2 localizes to the nucleus and increases in the 30 µg/ml
ozone, T40 and T0 groups. Cytoplasmic NRF2 localizes to the
nucleus, activating ARE and increasing antioxidant levels (26).
NRF2 levels in the nucleus were detected by immunofluo‑
rescence, which showed that nuclear NRF2 increased in the
30 µg/ml ozone group compared with the 0 µg/ml ozone
group. However, the 40 µg/ml ozone group exhibited less
nuclear NRF2 than the 30 µg/ml ozone group. Treatment
with tBHQ in the T40 group reversed this decrease in nuclear
NRF2 (Fig. 4A and B).
tBHQ reverses ozone‑induced cell death. CCK8 assay showed
that 30 min ozone therapy at 40 µg/ml decreased cell viability
by 71%. AO/EB assay was used to verify whether tBHQ prevent
and SCN death caused by 40 µg/ml ozone treatment (Fig. 5A).
Confirming the findings of the CCK8 assay, the results showed
a decrease in live cells and an increase in necrotic cells in the
40 µg/ml ozone (Fig. 5B). Conversely, a decrease in necrosis
and increase in live cells was observed in the T40 group
compared with the 40 µg/ml ozone group.
Discussion
The effects of ozone, a gas with strong oxidizing properties,
are concentration‑dependent (4). Overuse of ozone can affect
redox homeostasis and the central nervous system is easily
influenced by ozone due to its high oxygen requirement. SCNs
were here extracted from newborn Wistar rats and subjected
to different ozone concentrations. Similar to a previous report,
40 µg/ml ozone injured the neurons in vitro (4).
Here, 40 µg/ml ozone induced death of SCNs in vitro,
and mRNA and protein levels of HO‑1 decreased with higher
concentrations of ozone (30 and 40 µg/ml). Moreover, protein
levels of NRF2, p62 and LC3Ⅱ and expression of nuclear
NRF2 decreased in the 40 µg/ml ozone group compared with
the 30 µg/ml ozone group. Furthermore, tBHQ prevented this
decrease in the 40 µg/ml ozone group.
Ozone has a strong oxygen‑saturation capacity, and medical
ozone is a mixture of ozone and oxygen with over 100 years
of clinical use. It can interact with organic macromolecules to
induce the production of reactive oxygen species (ROS) and
lipid oxidation products (LOPS) to treat disease (27). However,
the antioxidant system is damaged if excessive ozone concen‑
trations imbalance ROS and LOPS (28). Previously, several
pathways have been implicated in redox homeostasis (29,30).
Reports have shown that the KEAP1/NRF2/ARE pathway
is important to counteracting oxidative stress (31) and that
autophagy is sensitive to oxidative stress (32). p62, a key
protein in autophagy, also regulates the activation of the
KEAP1/NRF2/ARE pathway (33). Based on these studies,
tBHQ (an activator of NRF2), was used to investigate the role
of the p62/KEAP1/NRF2/ARE pathway in responding to the
damage caused to SCNs by ozone overdose.
The NRF2/ARE pathway is a key pathway in antioxidative
stress signaling (31). It participates in all processes of the neuron
system (13‑15) and is critical in supporting the normal activity
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of the nervous system. In the present study, 40 µg/ml ozone
decreased the mRNA levels of HO‑1, and similar decreases in
protein expression levels of NRF2 and HO‑1 were observed.
Similarly, p62 protein levels decreased with ozone treatment.
Moreover, NRF2 localizes to the nucleus to activate ARE and
enhance antioxidant capacity (33); the present study showed
that treatment with ozone increased expression levels of nuclear
NRF2. tBHQ reversed the changes in protein and mRNA
expression levels observed due to administration of 40 µg/ml
ozone. Following treatment with tBHQ and 40 µg/ml ozone,
nuclear NRF2 expression levels and necrosis rate decreased.
These results showed that ozone overdose induced autophagy
in SCNs by inhibiting the activity of NRF2/ARE, and that
tBHQ activated NRF2 to protect SCNs.
Autophagy is the major intracellular degradation system
that is crucial in protecting cells from injury (34) and serves a
key role in nervous system disease (9‑12). p62 is a key protein
in autophagy and, together with LC3II, reflects autophagy in
cells (35). Conversely, p62 and NRF2 form a positive feed‑
back loop to enhance antioxidant capacity to protect cells (8).
On this basis, changes in p62 and LC3Ⅱ were measured.
Previous studies have demonstrated that autophagic capacity
is enhanced by increased LC3Ⅱ and decreased p62 (36‑38).
Conversely, autophagic capacity decreases if the reverse result
is obtained (39). No changes were observed in the mRNA levels
of p62 and LC3II, and decreases in p62 and LC3Ⅱ protein
levels were only observed following 40 µg/ml ozone treatment;
tBHQ reversed this decrease in p62 and LC3II protein levels.
Moreover, tBHQ increased the expression levels of LC3II,
thus showing that autophagic flux was activated. However,
expression of p62 also increased. This may have been due to
simultaneous activation of autophagy (40) and the NRF2/ARE
pathway (19) by ozone in combination with tBHQ treatment.
This positive feedback increased the expression of p62 observed
in the present study. Thus, it was concluded that tBHQ activates
autophagy and the p62/NRF2/ARE pathway to increase nuclear
NRF2 localization and enhance the antioxidant system, which
may protect cells from injury caused by ozone overdose.
Certain limitations exist in the present study. For example,
the mechanism proposed should be further scrutinized
by arresting the rise in NRF2 following tBHQ treatment.
Additionally, other autophagy signaling pathways, such as
PI3K/Akt/mTOR, should be investigated for potential interac‑
tions with p62 and LC3II. Other apoptotic proteins, such as
cytochrome c, activating transcription factor, Bax, Bid and
caspase‑3/9, should also be assessed to clarify the mechanism
underlying ozone and the protective effect of tBHQ. Finally,
the mechanism proposed here needs to be tested in vivo to
identify clinical applications.
The present study proposed a potential mechanism of SCN
injury caused by ozone overdose. The results suggest that
40 µg/ml ozone injured SCNs in vitro. Furthermore, 40 µg/ml
ozone disrupted the p62/NRF2/ARE pathway and disturbed
NRF2 nuclear transfer to injure SCNs. While this study pres‑
ents in vitro data about the protective role of nuclear NRF2
localization, data from in vivo studies are still required.
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