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Abstract 

Background  Stroke is a leading cause of death worldwide, with oxidative stress and calcium overload playing signifi-
cant roles in the pathophysiology of the disease. Ozone, renowned for its potent antioxidant properties, is commonly 
employed as an adjuvant therapy in clinical settings. Nevertheless, it remains unclear whether ozone therapy on par-
thanatos in cerebral ischemia–reperfusion injury (CIRI). This study aims to investigate the impact of ozone therapy 
on reducing parthanatos during CIRI and to elucidate the underlying mechanism.

Methods  Hydrogen peroxide (H2O2) was utilized to mimic the generation of reactive oxygen species (ROS) in SH-
SY5Y cell reperfusion injury in vitro, and an in vivo ischemic stroke model was established. Ozone saline was intro-
duced for co-culture or intravenously administered to mice. Apoptosis and oxidative stress were assessed using 
flow cytometry and immunofluorescence. Western blotting was utilized to examine the expression of parthanatos 
signature proteins. The mechanism by which ozone inhibits parthanatos was elucidated through inhibiting PPARg 
or Nrf2 activity. 

Results  The findings demonstrated that ozone mitigated H2O2-induced parthanatos by either upregulating nuclear 
factor erythroid 2-related factor 2 (Nrf2) or activating peroxisome proliferator-activated receptorg (PPARg). Further-
more, through the use of calcium chelators and ROS inhibitors, it was discovered that ROS directly induced part-
hanatos and facilitated intracellular calcium elevation. Notably, a malignant feedback loop between ROS and calcium 
was identified, further amplifying the induction of parthanatos. Ozone therapy exhibited its efficacy by increasing 
PPARg activity or enhancing the Nrf2 translation, thereby inhibiting ROS production induced by H2O2. Concurrently, 
our study demonstrated that ozone treatment markedly inhibited parthanatos in stroke-afflicted mice. Addition-
ally, ozone therapy demonstrated significant neuroprotective effects on cortical neurons, effectively suppressing 
parthanatos.

Conclusions  These findings contribute valuable insights into the potential of ozone therapy as a therapeutic strategy 
for reducing parthanatos during CIRI, highlighting its impact on key molecular pathways associated with oxidative 
stress and calcium regulation.
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Background
Parthanatos is a significant type of programmed cell 
death in cerebral ischemia–reperfusion injury (CIRI) 
[1–3], which is dependent on poly (ADP-ribose) poly-
merases (PARP) activation and poly (ADP-ribose) 
(PAR) formation [4]. Parthanatos becomes irrevers-
ible subsequent to the loss of mitochondrial membrane 
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potential loss, the transfer of apoptosis-inducing fac-
tor (AIF) from mitochondria to the nucleus, and the 
ensuing chromatin degradation [4, 5]. Oxidative stress 
and calcium overload have been identified as signifi-
cant contributors to parthanatos [6, 7], which can be 
induced in various cells by N-methyl-N-nitro-N-nitros-
oguanidine (MNNG) [8], hypoxia/ reoxygenation (H/R) 
[9], acidosis [3] and endotoxin [10] in various cells.

Ischemia/reperfusion (I/R) injury is known to be 
influenced by reactive oxygen species (ROS) and cal-
cium (Ca2+), both of which are the primary contribu-
tors to this type of injury. Hydrogen peroxide (H2O2), 
the most stable form of ROS, has been reported to gen-
erate intracellular Ca2+ signals [11]. Given the impor-
tant of ROS and Ca2+ in PARP activation, it is crucial 
to reduce excessive ROS production and calcium over-
load is essential to alleviate parthanatos. Some drugs 
with antioxidant effects, such as quercetin, baicalein, 
and crocetin [9, 12, 13], have been found to alleviate 
parthanatos and improve neurological function after 
ischemic stroke. Additionally, ROS exacerbates neuro-
inflammation and contributes to cell death by activat-
ing inflammatory cells during reperfusion [14].

Ozone, a highly reactive compound, typically induces 
oxidative stress by generating ROS. However, appropri-
ate ozone administration can elicit antioxidant responses 
and regulate conditions related to oxidative stress and 
inflammation [15]. Recent studies using animal models 
have demonstrated that low-dose ozone preconditioning 
protects the brain, heart, and kidneys from I/R damage 
[16–18]. Additionally, the antioxidant activity of ozone is 
linked to its ability to inhibit ROS production and acti-
vate cytoprotective pathways driven by nuclear factor 
erythroid 2-related factor 2 (Nrf2) and peroxisome pro-
liferator-activated receptor g (PPARg), thus attenuating 
CIRI [19, 20]. Nevertheless, few studies have explored the 
effect of ozone on parthanatos both in vivo and in vitro, 
and the associated mechanisms involved remain unclear.

In this study, we investigated the effect of ozone on par-
thanatos and the underlying molecular mechanisms in 
SH-SY5Y cells. We also provide evidence to suggest that 
ozone may be a potential treatment for ischemic stroke.

Materials and methods
Animals
Male C57BL/6  J mice (25 ± 2  g, 8–10  weeks old) were 
obtained from Guangdong Yaokang Biotechnology Co., 
Ltd (Guangzhou, China). The animal experiments were 
carried out in accordance with the experimental animal 
welfare and security system and were approved by the 
Animal Ethics Committee of Guangdong Medical Uni-
versity (ethical approval number: GDY2002071).

Transient middle cerebral artery occlusion (tMCAO) model 
and drug treatment
The tMCAO model was performed as previously 
reported [21]. Mice were anesthetized with an intra-
peritoneal injection of pentobarbital sodium and tolu-
ene thiazide. The right common carotid artery, external 
carotid artery, and internal carotid artery were exposed 
and separated, and a threaded plug (~ 2  cm) was then 
carefully inserted from the external carotid artery 
through the internal carotid artery, reaching into 
the middle cerebral artery. After 90  min of ischemia, 
reperfusion was initiated by carefully removing the 
plug. Mice were randomly divided into the following 
groups (n = 6): sham, tMCAO, and tMCAO + ozone 
(tMCAO + O3). Ozone saline(20  mg/mL, 1.5  mg/kg) 
was intravenously administered at the onset of reperfu-
sion. The sham and tMCAO groups were injected with 
an equal volume of normal saline.

O3 preparation
The O3 was produced using ozone treatment 
apparatus(HUMAZON ProMedic, Germany) and 
injected into sterile saline immediately after extrac-
tion. The O3 concentration in ozone sterile saline was 
measured using a high-precision medical ozone meter 
(HUMAZON ProMedic, Germany). The concentration 
range analyzed ranged from 1 to 56  µg/mL, while the 
gas flow rate varied between 0 and 1,300 mL/min.

The 2,3,5‑triphenyltetrazolium chloride (TTC) staining
The cerebral infarct volume was assessed using TTC 
staining 24  h after tMCAO. Following anesthesia, the 
brains of mice were swiftly removed, sliced into 2 mm 
tissue sections, stained with 2% TTC (Sigma-Aldrich, 
St. Louis, MO, USA) for 20 min, and then immersed in 
4% formaldehyde for 24 h. The infarct area was deline-
ated and analyzed using Image J.

Neurological scoring
A blinded investigator evaluated the neurological defi-
cit (ND) score 24 h after reperfusion. The scoring sys-
tem was as follows: (1) no ND (0 points); (2) forelimb 
weakness and torso turning to the ipsilateral side when 
held by the tail (1 point); (3) circling to the affected side 
(2 points); (4) inability to bear weight on the affected 
side (3 points); and (5) no spontaneous locomotor 
activity or barrel rolling (4 points).

Rotarod test
The mice underwent a 2-day training period prior to 
modeling. Following 24 h of reperfusion, the mice were 
placed on a suspended rod and the speed was increased 
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from 4 to 40 rpm over 5 min. The trial concluded when 
the mice fell off the rotarod or after reaching 300  s. 
Each mouse was tested three times with a 5-min rest 
period between each test. The average latency was uti-
lized for subsequent calculations.

Cell counting assay
SH-SY5Y cells (CL-0208, Porcell, Wuhan, China)were 
cultivated on 96-well plates to perform the cell counting 
assay. Following treatment with H2O2 and drugs, a fresh 
medium containing CCK8 (K009, Zeta Life, CA, USA) 
was added and incubated at 37  °C for 2  h. An enzyme 
marker was then used to measure the absorbance at 
450 nm.

Flow cytometry
For apoptosis detection, SH-SY5Y cells were incubated 
with AnnexinV-PE (559763, BD Biosciences, New Jer-
sey, USA) for 15 min, and 7AAD was added 5 min before 
detection. To detect ROS, dichloro-dihydro-fluorescein 
diacetate (DCFH-DA) (S0033S, Beyotime, Shanghai, 
China) was diluted in a serum-free medium at a final con-
centration of 10 µM. The cells were incubated in the cell 
incubator at 37  °C for 20  min. Subsequently,, they were 
washed three times in serum-free cell culture. For Ca2+ 
detection, cells were removed from the medium, washed 
with Hank’s Balanced Salt Solution (HBSS) solution three 
times, and cultured at 37 °C for 15 min after adding 1 µM 
Fluo-3 AM probe (40703ES50, Yeasen, Shanghai, China) 
working solution. Detection was performed using a FAC-
Scalibur cytometer (BD Biosciences, New Jersey, USA), 
and data processing was done using FlowJo 10.8.1. The 
fluorescence signal was analyzed on at least 10,000 posi-
tive events.

Western blotting
In western blotting, an SDS-PAGE gel was utilized for 
electrophoresis. Once the bands reached the desired 
position, they were transferred to a membrane and 
blocked with 5% skim milk. A diluted primary antibody 
was then added and incubated overnight at 4 °C. On the 
following day, the bands were incubated with secondary 
antibodies specific to the species. The primary antibodies 
used are listed in Table 1.

Measurement of Adenosine triphosphate (ATP) levels
The ATP Assay Kit (S0175, Beyotime, Shanghai, China) 
was employed to quantify the intracellular ATP levels. 
Cells were harvested, lysed, and then centrifuged at 4 °C 
at 12000  g for 5  min, after which the supernatant was 
collected. Subsequently, 100 µl of ATP working solution 
was added to the assay well, left at room temperature for 
3–5 min, and then measured using a luminometer.

Cellular nicotinamide adenine dinucleotide (NAD+) 
analysis
The NAD+/NADH Assay Kit with WST-8 (S0175, Beyo-
time, Shanghai, China) was used to assess cellular NAD+ 
levels. Cells were harvested and suspended in 200  µl of 
NAD+/NADH extraction buffer. After centrifugation 
at 12,000 g for 10 min at 4 ℃, the supernatant was col-
lected. To decompose NAD+, 100  µl of the sample was 
heated in a 60 ℃ water bath for 30 min, and 20 µl of the 
supernatant was utilized for testing. Alcohol dehydroge-
nase working solution was added, and the mixture was 
incubated in the dark at 37 ℃ for 10  min. Optical den-
sity at 565 nm was measured after 0 and 15 min using a 
spectrophotometer.

Mitochondrial membrane potential (JC‑1) assay
The Mitochondrial membrane potential assay kit with 
JC-1 (C2006, Beyotime, Shanghai, China) was utilized 
to measure the expression of mitochondrial membrane 
potential. Cells were incubated with 1  ml of JC-1 stain-
ing solution at 37  ℃ for 20  min in the cell incubator. 
After removing the supernatant, cells were washed twice 
with JC-1 staining buffer. The mitochondrial membrane 
potential was observed using a laser confocal microscope 
(FV10i-DOC, Olympus, Japan).

Superoxide dismutase (SOD) activity detection
SOD activity was assessed using the total SOD Activ-
ity Detection Kit (WST-8 Method) (S0101S, Beyotime, 
Shanghai, China). The WST-8/enzyme working solution 
was added as per according to the instructions and then 
incubated at 37 ℃ for 30 min. The absorbance at 450 nm 
was measured using a microplate reader.

Table 1  Primary antibodies used in current study

Primary antibodies Cat. Numb Supplier

PARP 9532 Cell Signaling Technology

PAR AM80 Merck Millipore

AIF 5318 Cell Signaling Technology

p-PPARg AF3284 Affinity Biosciences

PPARg 16643-1-AP Proteintech

Nrf2 16396-1-AP Proteintech

p-NF-kB p65 3033 Cell Signaling Technology

NF-kB p65 8242 Cell Signaling Technology

p-p38 4511 Cell Signaling Technology

p38 8690 Cell Signaling Technology

GAPDH 60004-1-Ig Proteintech

Lamin B sc-56144 Santa Cruz
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Hematoxylin–Eosin (HE) staining
After dewaxing and dehydrating, paraffin sections were 
stained with Harris hematoxylin for 3–8  min and then 
differentiated with 1% hydrochloric acid alcohol for sev-
eral seconds. The sections were subsequently rinsed with 
tap water and returned to a blue color using 0.6% ammo-
nia. Following rinsing with running water, the eosin dye 
solution was applied for 1–3  min. The sections were 
dehydrated, mounted, and examined under a micro-
scope. Images were captured and analyzed.

Terminal deoxynucleotidyl transferase dUTP nick‑end 
labeling (TUNEL) assay
The neuron apoptosis was detected using the Vazyme 
Biotech Co., Ltd. (Nanjing, China) kit via TUNEL stain-
ing following the provided instructions. Paraffin sections 
were dewaxed, dehydrated, and subjected to antigen 
retrieval before adding 50 μl of TUNEL working solution 
to the sample, which was then incubated in the dark at 
37 ℃ for 60 min.

Immunofluorescence
For SH-SY5Y cells seeded on 12-mm glass coverslips, 
the process involved fixation with 4% paraformaldehyde 
and permeabilization with 0.1% TritonX-100 were fol-
lowed by overnight incubation with the specified primary 
antibody at 4 ℃, after blocking with 5% bovine serum 
albumin (BSA) for 30 min at room temperature. Follow-
ing incubation with fluorescent conjugated secondary 
antibodies and 4’,6-diamidino-2-phenylindole (DAPI), 
the designated primary antibody was applied to paraffin 
sections. The sections were incubated in a sealing solu-
tion containing 0.5% Triton and 5% BSA and left to incu-
bate at room temperature for 2 h. The fluorescence signal 
was visualized using an Olympus confocal microscope 
(FV10i-DOC, Olympus, Japan).

Transmission electron microscopy
Mice were systemically infused with 4% paraformalde-
hyde under deep anesthesia, followed by 5 ml of 2.5% glu-
taraldehyde. The brains of the mice were then extracted, 
and the cortex was sliced into 1–2 mm small pieces using 
a blade. The cortex pieces were immersed in 2.5% glutar-
aldehyde and fixed overnight. Following dehydration, the 
tissues were embedded in epon and ultra-thin sections 

were obtained using a microtome. These sections were 
placed on copper electron microscopy grids and sub-
sequently stained with uranyl acetate and lead citrate. 
Micrographs were then captured and collected using a 
transmission electron microscope (Hitachi H7500 TEM, 
Tokyo, Japan).

Statistical analysis
Statistical analyses were conducted using GraphPad 
Prism 9. The Student’s t-test was employed to assess 
differences between two groups. One-way analysis of 
variance (ANOVA) was utilized to analyze datasets com-
prising more than two groups with consistent sample 
sizes, while two-way ANOVA (with Turkey’s multiple 
comparisons test) was used for datasets with varying 
sample sizes. All graphs depict the mean ± standard devi-
ation (SD). A p-value less than 0.05 was considered statis-
tically significant (* p < 0.05, ** p < 0.01, *** p < 0.001, and 
**** p < 0.0001).

Result
H2O2 induced parthanatos in SH‑SY5Y cells
Exogenous H2O2 can initiate PARP1-mediated Part-
hanatos via DNA damage [22]. Despite this, the pre-
cise mechanism underlying H2O2-induced Parthanatos 
remains poorly elucidated. In our study, SH-SY5Y cells 
were exposed to varying doses and durations of H2O2 
to identify the optimal conditions for H2O2-induced cell 
death (Fig.  1a–d). Compared to the control group, SH-
SY5Y cell viability decreased significantly in a concentra-
tion- and time-dependent manner, with 400  mM H2O2 
exerting the significant effect on cell death (Fig.  1e–j). 
H2O2 also induced PAR formation and activated PARP-1 
within 30 min of treatment. Notably, pretreatment with 
low doses of z-vad-fmk (a caspase inhibitor), chloroquine 
(an autophagy inhibitor) or ferrostatin-1 (a ferroptosis 
inhibitor) demonstrated minimal impact on cellular via-
bility following H2O2 treatment. Slight increases in cell 
viability were observed only when the inhibitors reached 
specific concentrations. In contrast, when SH-SY5Y cells 
were treated with the same concentration of H2O2, a sig-
nificant improvement in cell activity was observed after 
the use of 3-AB (a parthanatos inhibitor). These results 
indicate that H2O2-induced cell death in SH-SY5Y cells 
involved apoptosis, autophagy or ferroptosis but is 

(See figure on next page.)
Fig. 1  H2O2 induced SH-SY5Y cells parthanatos. a and b cell death measurement after different concentrations of H2O2 by FASC analysis. c and d 
measurement of cell viability after different concentrations of H2O2 and and 400 mM H2O2 treatment at different time points by CCK8 assay. e–j 
PAR protein quantification by WB after treatment with H2O2 at different concentrations (e) and at different time points (h). Cell viability measured 
by CCK8 assay after treatment with z-vad-fmk (k), chloroquine (i), 3-AB (m) or ferrostatin-1 (n). Each bar represents the mean ± SD. n = 3, *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001
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Fig. 1  (See legend on previous page.)
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primarily dominated by parthanatos (Fig.  1k–n). These 
findings suggest that H2O2 predominantly induces part-
hanatos as a prominent form of cell death.

Ozone treatment protected SH‑SY5Y cells 
from parthanatos
Ozone has been found to exhibit antioxidant proper-
ties at high concentrations, while at high levels,it acts 
act as an oxidant. To investigate the impact of ozone on 
SH-SY5Y cells, we exposed the cells to varying ozone 
concentrations for different time intervals. The mean 
survival rate of SH-SY5Y cells decreased as ozone con-
centration and incubation time increased, indicating that 
high ozone concentrations induce SH-SY5Y cell death, 
whereas low concentrations have minimal effect on cell 
activity. The identified optimal therapeutic dose of ozone 
was 20 mg/ml (Fig. 2a).

Subsequent analysis aimed to assess whether ozone 
could protect SH-SY5Y cells from H2O2-induced cell 
death. Treatment with 20  mg/ml of ozone, adminis-
tered 30 min before exposure to H2O2, resulted in a sig-
nificant improvement in the survival rate of SH-SY5Y 
cells, as evidenced by flow cytometry analysis (Fig.  2b, 
c). Additionally, we investigated the impact of ozone on 
parthanatos. Western blot analysis showed that ozone 
inhibited PARP-1 activation and PAR formation (Fig. 2d–
f) and reduced the nuclear level of AIF (Fig. 2g, h). Con-
focal microscopy also revealed that ozone prevented 
H2O2-induced AIF translocation (Fig.  2i). Furthermore, 
ozone pretreatment alleviated the reduction in ATP and 
NAD+ levels induced by H2O2 (Fig.  2j, k). These results 
suggest that ozone protects against H2O2-induced cell 
death, particularly involving parthanatos, by inhibiting 
PARP-1 activation, PAR formation, and AIF translocation 
to nuclei.

Ozone prevented parthanatos by decreasing ROS 
production and Ca2+ release
We assessed relevant indicators of mitochondrial func-
tion due to its association with the occurrence of parthan-
atos. Following H2O2 treatment, the activity of the SOD 
activity was significantly inhibited, and the MDA con-
tent increased compared to the control group. However, 
ozone pretreatment significantly restored SOD activ-
ity and reduced MDA levels relative to the H2O2 alone 
group (Fig. 3a, b). Additionally, mitochondrial probe JC-1 

staining revealed a substantial decrease in green fluo-
rescence (JC monomer) intensity under H2O2 treatment 
but a relative increase after ozone pretreatment (Fig. 3c). 
To determine whether ozone decreases parthanatos by 
inhibiting ROS production and intracellular Ca2+ release, 
we measured ROS and intracellular calcium levels in SH-
SY5Y cells after H2O2 treatment using the ROS fluores-
cent probe DCFH2-DA and the cytosolic calcium marker 
fluo-3 AM, respectively. Ozone pretreatment signifi-
cantly reversed the H2O2-induced ROS outburst (Fig. 3d, 
S1a) and inhibited intracellular Ca2+ (Fig. 3e, S1b). More-
over, H2O2-induced cell death could be partially reversed 
by the intracellular free-calcium chelator BAPTA-AM, 
IP3R inhibitor 2APB, or extracellular calcium chelating 
agent EGTA, which block intracellular calcium, endo-
plasmic reticulum (ER) calcium release, and extracellular 
calcium entry, respectively (Fig. S1c). Furthermore, pre-
treatment with calcium blockers reduced H2O2-induced 
cytosolic Ca2+ elevation and inhibited PAR generation 
(Fig. 3g, h). Conversely, PAR formation induced by iono-
mycin, a Ca2+ ionophore, could not be effectively inhib-
ited by ozone treatment (Fig. 3i, j). These results indicate 
that ozone alleviates H2O2-induced parthanatos by inhib-
iting oxidative stress and calcium overload. Moreover, we 
found that pretreatment with calcium blocker partially 
reversed H2O2-induced ROS production (Fig.  3e, S1e), 
and NAC treatment significantly inhibited intracellu-
lar Ca2+ compared with the H2O2-treated group (Fig. 3l, 
S1f ). Furthermore, H2O2-induced PAR accumulation was 
mitigated by NAC treatment (Fig. 3g, h). These findings 
collectively suggest that ROS and Ca2+ and their inter-
play, play a crucial role in parthanatos.

Ozone alleviated ROS production by upregulating PPARg/
Nrf2
Upregulation of PPARg/Nrf2 by ozone was observed to 
alleviate intracellular ROS expression, mitigate mito-
chondrial damage and regulate intracellular redox 
balance. Western blot analysis revealed that ozone sup-
pressed the phosphorylation of PPARg, indicating 
increased nuclear translocation of PPARg in SH-SY5Y 
cells (Fig.  4a, b). Additionally, ozone treatment signifi-
cantly upregulated the level of Nrf2 after H2O2 treatment, 
and the localization of Nrf2 observed through immuno-
fluorescence was consistent with Western blot results 
(Fig. 4d–f). Inhibition of PPARg or Nrf2 by GW9662 or 

Fig. 2  Ozone alleviated H2O2-induced Parthanatos in vitro. a Cell viability measured by CCK8 assay after treatment with different ozone 
concentrations. b and c Cell death measured by flow cytometry. d–i Quantification of PARP-1 (d), PAR (d), and AIF (g) expression by WB. i 
Immunofluorescence shows the intracellular translocation of AIF (scale bar, 10 mm). j Quantification of ATP levels. k NAD+ activity measured 
by WST-8. Each bar represents the mean ± SD. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

(See figure on next page.)
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Fig. 2  (See legend on previous page.)



Page 8 of 14Li et al. Biological Research           (2024) 57:71 

Fig. 3  Ozone treatment affected ROS and Ca2+ expression after H2O2 treatment. a Total SOD activity measured by WST-8. b MDA levels assessed. c 
Mitochondrial membrane potential (JC-1) detected by immunofluorescence (scale bar, 10 mm). Intracellular ROS (d) and Ca2+ (e) expression were 
measured by flow cytometry after ozone pretreatment. f Intracellular Ca2+ expression measured by flow cytometry after using various calcium 
chelators. g–j Quantification of PAR expression by WB. k Intracellular ROS expression after various calcium chelator pretreatment. l Intracellular Ca2+ 
expression after NAC pretreatment. Each bar represents the mean ± SD. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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ML385 notably increased ROS production, even in the 
presence of ozone (Fig. 4g, S1g). Moreover, GW9662 or 
ML385 prevented the reduction of PAR resulting from 
ozone after H2O2 treatment (Fig. 4h, i). Ozone was also 
found to reduce the phosphorylation of P38 and NF-kB 
p65 induced by H2O2, indicating its anti-inflammatory 
effects (Fig.  4j, k). These finding suggest that PPARg or 
Nrf2 is essential for the antioxidant activity of ozone in 
parthanatos.

Ozone protected against cerebral infarction 
by ameliorating parthanatos
We next investigated the effect of ozone on parthanatos 
following CIRI in vivo. The experimental design is illus-
trated in Fig.  5a. TTC staining was employed to assess 
the infarct size in mice. Ozone treatment significantly 
reduced the infarct volume compared to the group sub-
jected to CIRI alone (Fig.  5b, c). Furthermore, ozone 
attenuated the severe neuronal damage observed in the 
CIRI model group (Fig. 5d). CIRI induced neuronal apop-
tosis, while ozone treatment reduced apoptosis in the 
ischemic cerebral cortex (Fig.  5d). Neurological scoring 
and rotarod tests conducted 24 h after focal I/R demon-
strated that ozone-treated mice exhibited improved neu-
rological scores (Fig.  5e) and motor functions (Fig.  5f ). 
These results indicate that ozone protects the brain from 
I/R injury and enhances neurological function after 
stroke.

To investigate whether the inhibition of parthanatos 
induced by stroke is due to the protection of mitochon-
dria and ER by ozone, we employed transmission elec-
tron microscopy to observe ultrastructural changes in 
mitochondria and ER at 24  h after reperfusion. In the 
CIRI group, mitochondria exhibited swelling, vacuola-
tion, and ridge remodeling, while the ER appeared dis-
persed and swollen. Ozone treatment improved these 
damage, resulting in only mild mitochondrial swelling, 
vacuolar degeneration, reduced ridge debris, and rela-
tively continuous and less swollen ER (Fig. 5g). Western 
blot analysis revealed that CIRI led to elevated levels of 
PAR formation, PARP-1 overproduction, and AIF in the 
nucleus compared to the sham group. However, these 
outcomes were reversed by ozone therapy (Fig.  5h–l). 
PARP-1 expression in the cerebral cortex at 24  h after 
reperfusion was also observed, with consistent results 

obtained through Western blot analysis (Fig. 5m). Over-
all, these findings suggest that ozone suppresses parthan-
atos by mitigating mitochondrial damage and ER during 
CIRI.

Discussion
In this study, we delved into the mechanism through 
which ozone enhances regulation of CIRI by inhibiting 
parthanatos via the PPARg/Nrf2-ROS-Ca2+ signaling 
pathway. Our findings contribute a novel perspective to 
understanding the antioxidant capabilities of ozone in 
the context of ischemic stroke, building upon previously 
published studies.

Parthanatos stands out as a distinct form of cell death, 
characterized by its caspase-independent nature, setting 
it apart from conventional cell death modes like apop-
tosis and autophagy. Its progression primarily hinges on 
the rapid activation of PARP-1, synthesis, and accumu-
lation of PAR polymers, mitochondrial depolarization, 
and nuclear AIF translocation [23–25]. These events cul-
minate in cellular demise, with DNA damage occurring 
through the ROS-ER Ca2+-mitochondria pathway [8]. 
In this pathway, ROS triggers parthanatos directly, while 
disruptions in calcium levels prompt mitochondria to 
release ROS, thereby perpetuating parthanatos. ROS fur-
ther increases Ca2+ release from ER, resulting in a vicious 
feedback loop [26, 27]. This intricate interplay between 
ROS, calcium imbalance, and mitochondrial dysfunction 
underscores the unique and intricate nature of parthana-
tos as a cell death mechanism.

Ozone therapy, recognized as a natural bioactive mole-
cule with antioxidant properties, has proven successful as 
an adjuvant or complementary treatment for various dis-
eases [28, 29]. Despite its potential, it’s important to note 
that ozone transforms into an oxidant at high concentra-
tions, contributing to the ongoing controversy surround-
ing ozone therapy. Several studies have demonstrated the 
effectiveness of low-dose ozone therapy in treating oxi-
dative stress damage through its antioxidant properties 
[30]. It has shown efficacy in animal models of diverse 
conditions, including multiple sclerosis [31], testicular 
injury [32], experimental sepsis [33, 34] and organic dam-
age [35], memory impairments caused by sleep depriva-
tion [36] and behavioral changes caused by Alzheimer’s 
disease [37]. Ozone plays a regulatory function through 

Fig. 4  Ozone treatment activated PPARg or Nrf2 to reduce Parthanatos and exert anti-inflammatory effects. a and b, d and e Protein expression 
of p-PPARg, PPARg and Nrf2 in different groups measured by WB. f Immunofluorescence showing the intracellular localization of PPARg and Nrf2 
after ozone treatment (scale bar, 10 mm). g ROS production measured by FACS analysis after PPARg or Nrf2 inhibition. h and i Protein expression 
of PAR in different groups measured by WB. j and k Protein expression of p-NF-kB p65, NF-kB p65 and p-p38/ p38 measured by WB. Each 
bar represents the mean ± SD. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

(See figure on next page.)
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Nrf2, inducible nitric oxide synthase (iNOS), NF-kB, and 
others. Presently, research on ozone therapy is predomi-
nantly focused on its antioxidant effects, with limited 
exploration into its impact on central nervous system 
diseases. Moreover, few studies have specifically delved 
into the protective effects of ozone on cell death in CIRI. 
Notably, recent work by Huang et  al. has indicated that 
ozone protects against I/R-induced brain injury by mod-
ulating autophagy in astrocytes [38]. Our study further 
revealed that ozone influenced parthanatos by regulating 
Nrf2 and PPARg, subsequently suppressing ROS produc-
tion and the ensuing calcium release. Since elevated ROS 
levels cause different types of damage, ozone exhibits sig-
nificant potential for clinical applications.

PPARg is a ligand-induced nuclear receptor that, when 
activated and binds to the retinoid X receptor (RXR) to 
form heterodimers, is transported to the nucleus and 
neutralizes oxidative stress [39, 40]. In pathological con-
ditions, such as the excessive accumulation of ROS, Nrf2 
is translocated into the nucleus, promoting the transcrip-
tion of protective molecules that defend cells against 
damage from oxidative stress. Numerous pharmacologi-
cal experiments have shown that PPARg and Nrf2 play 
a synergistic role in antioxidant stress and inhibit the 
NF-kB pathway [41–43]. In the acute injury phase, PPARg 
directly stimulates the Nrf2/ARE (antioxidant response 
element) axis to reduce ROS production and restrict tis-
sue damage [40]. Consistently, we observed activation of 
Nrf2 and PPARg after ozone treatment and inhibition of 
the NF-kB pathway. This suggests that ozone has both 
antioxidant and anti-inflammatory effects. Ozone treat-
ment did not control the occurrence of parthanatos when 

pretreated with PPARg or Nrf2 inhibitor. It may indicate 
that PPARg and Nrf2 are required for the antioxidant 
activity of ozone. Although we have proposed that ozone 
inhibits Parthanatos through PPARg/Nrf2 pathway, the 
underlying mechanism still requires exploration. Moreo-
ver, whether ozone regulates parthanatos through direct 
interaction with other molecules needs further investiga-
tion. In cellular experiments, ozone therapy is currently 
administered in the form of preconditioning. While it has 
shown promising results, its ability to replicate clinical 
efficacy in treating diseases remains uncertain. We can-
not definitively assert that post-processing will yield the 
same outcomes. These aspects necessitate further inves-
tigation and comprehensive understanding.

In conclusion, we have demonstrated for the first time 
that ozone promotes the increased activation of PPARg 
or Nrf2 translation efficiency, thus inhibiting the produc-
tion of ROS caused by H2O2. Additionally, we found that 
ozone can ameliorate cortical damage in apoplectic mice 
by antagonizing parthanatos.

Conclusion
In summary, our findings highlight the significant impact 
of ozone in inhibiting ROS accumulation after H2O2 
treatment, showcasing its potential in ischemic stroke 
therapies. We found that ozone attenuated parthana-
tos by either activating PPARg or upregulating Nrf2 in 
SH-SY5Ycells. At the same time, we determined that 
ozone therapy alleviates cortical neuron death in stroke-
afflicted mice. These compelling results collectively posi-
tion ozone as a promising adjunctive treatment strategy 
for ischemic stroke.

(See figure on next page.)
Fig. 5  Ozone reduced cerebral infarction and prevents CIRI-induced cortex neuron Parthanatos. a Experiment design. b and c Infarct volume 
measured by TTC staining of brain slices and percentage. d HE and TUNEL staining of brain sections (scale bar, 20 mm). e Neurological deficit score 
of mice. f Motor function assessed by rotarod test. g Electron micrograph of mitochondria (white) and ER (black) in cerebral cortex neurons. h–l The 
protein level of PARP-1, PAR, and AIF measured by WB. m Confocal showing PARP-1 expression in cerebral cortex neurons (scale bar, 10 mm). All data 
shown are the means ± SD. n = 6, *P < 0.05, **P < 0.01, ***P < 0.001



Page 12 of 14Li et al. Biological Research           (2024) 57:71 

Fig. 5  (See legend on previous page.)



Page 13 of 14Li et al. Biological Research           (2024) 57:71 	

Abbreviations
CIRI	� Cerebral ischemia–reperfusion injury
H2O2	� Hydrogen peroxide
ROS	� Reactive oxygen species
Nrf2	� Nuclear factor erythroid 2-related factor 2
PPARg	� Peroxisome proliferator-activated receptorg
PARP	� Poly (ADP-ribose) polymerases
PAR	� Poly (ADP-ribose)
AIF	� Apoptosis-inducing factor
MNNG	� N-methyl-N-nitro-N-nitrosoguanidine
H/R	� Hypoxia/ reoxygenation
I/R	� Ischemia/reperfusion
tMCAO	� Transient middle cerebral artery occlusion
TTC​	� 2,3,5-Triphenyltetrazolium chloride
ND	� Neurological deficit
DCFH-DA	� Dichloro-dihydro-fluorescein diacetate
HBSS	� Hank’s Balanced Salt Solution
ATP	� Adenosine triphosphate
NAD+	� Nicotinamide adenine dinucleotide
SOD	� Superoxide dismutase
HE	� Hematoxylin–Eosin
TUNEL	� Terminal deoxynucleotidyl transferase dUTP nick-end labeling
BSA	� Bovine serum albumin
DAPI	� 4’,6-Diamidino-2-phenylindole
iNOS	� Inducible nitric oxide synthase
RXR	� Retinoid X receptor

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40659-​024-​00547-5.

Supplementary material 1

Supplementary material 2

Acknowledgements
Not applicable.

Author contributions
JH, XL, JT, GX conceive and plan projects. JH, XL, ZZ and PY performed most 
of the experiments, and MZ and ZZ assisted in writing the paper. JH, XL, JT 
and GX modify, edit, contribute. JT and GX oversaw the study. All authors 
conducted data collation and analysis.

Funding
This work was supported by National Natural Science Foundation of China 
(Grant No: 81873951, 82072208), Natural Science Foundation of Guangdong 
Province(Grant No: 2023A1515010332).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
The animal experiments were carried out in accordance with the experimental 
animal welfare and security system and were approved by the Animal Ethics 
Committee of Guangdong Medical University (ethical approval number: 
GDY2002071).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 18 May 2023   Accepted: 5 September 2024

References
	1.	 Fricker M, Tolkovsky AM, Borutaite V, Coleman M, Brown GC. Neuronal cell 

death. Physiol Rev. 2018;98:813–80.
	2.	 Tuo QZ, Zhang ST, Lei P. Mechanisms of neuronal cell death in ischemic 

stroke and their therapeutic implications. Med Res Rev. 2022;42:259–305.
	3.	 Zhang J, et al. Augmentation of poly(ADP-ribose) polymerase-dependent 

neuronal cell death by acidosis. J Cerebr Blood F Met. 2017;37:1982–93.
	4.	 Andrabi SA, et al. Poly(ADP-ribose) (PAR) polymer is a death signal. P Natl 

Acad Sci USA. 2006;103:18308–13.
	5.	 Wang Y, Dawson VL, Dawson TM. Poly(ADP-ribose) signals to mitochon-

drial AIF: a key event in parthanatos. Exp Neurol. 2009;218:193–202.
	6.	 Mashimo M, Kato J, Moss J. ADP-ribosyl-acceptor hydrolase 3 regulates 

poly (ADP-ribose) degradation and cell death during oxidative stress. P 
Natl Acad Sci USA. 2013;110:18964–9.

	7.	 Gerace E, et al. PARP-1 activation causes neuronal death in the hippocam-
pal CA1 region by increasing the expression of Ca(2+)-permeable AMPA 
receptors. Neurobiol Dis. 2014;70:43–52.

	8.	 Zhong H, et al. Propofol inhibits parthanatos via ROS-ER-calcium-mito-
chondria signal pathway in vivo and vitro. Cell Death Dis. 2018;9:932.

	9.	 Li WH, et al. Baicalein attenuates caspase-independent cells death via 
inhibiting PARP-1 activation and AIF nuclear translocation in cerebral 
ischemia/reperfusion rats. Apoptosis. 2020;25:354–69.

	10.	 Xue Q, et al. Erlotinib protests against LPS-induced parthanatos through 
inhibiting macrophage surface TLR4 expression. Cell Death Discov. 
2021;7:181.

	11.	 Wu L, Li Z, Yao Y. Hydrogen peroxide preconditioning is of dual role in 
cardiac ischemia/reperfusion. Eur J Pharmacol. 2023;947:175684.

	12.	 Riche K, Lenard NR. Quercetin’s effects on glutamate cytotoxicity. 
Molecules. 2022;27:7620.

	13.	 Wu H, et al. Crocetin antagonizes parthanatos in ischemic stroke via 
inhibiting NOX2 and preserving mitochondrial hexokinase-I. Cell Death 
Dis. 2023;14:50.

	14.	 Maccarrone M, Brüne B. Redox regulation in acute and chronic inflam-
mation. Cell Death Differ. 2009;16:1184–6.

	15.	 Clavo B, et al. Modulation of oxidative stress by ozone therapy in the 
prevention and treatment of chemotherapy-induced toxicity: review 
and prospects. Antioxidants. 2019;8:588.

	16.	 Chen H, et al. Ozone oxidative preconditioning inhibits inflammation 
and apoptosis in a rat model of renal ischemia/reperfusion injury. Eur J 
Pharmacol. 2008;581:306–14.

	17.	 Zhu L, Ding S, Xu L, Wu Z. Ozone treatment alleviates brain injury in 
cerebral ischemic rats by inhibiting the NF-κB signaling pathway and 
autophagy. Cell Cycle. 2022;21:406–15.

	18.	 Meng W, et al. Ozone protects rat heart against ischemia-reperfusion 
injury: a role for oxidative preconditioning in attenuating mitochon-
drial injury. Biomed Pharmacother. 2017;88:1090–7.

	19.	 Scassellati C, Galoforo AC, Bonvicini C, Esposito C, Ricevuti G. Ozone: a 
natural bioactive molecule with antioxidant property as potential new 
strategy in aging and in neurodegenerative disorders. Ageing Res Rev. 
2020;63:101138.

	20.	 Lacavalla MA, et al. Ozone at low concentration modulates microglial 
activity in vitro: a multimodal microscopy and biomolecular study. 
Microsc Res Techniq. 2022;85:3777–92.

	21.	 Liu S, Zhen G, Meloni BP, Campbell K, Winn HR. Rodent stroke model 
guidelines for preclinical stroke trials (1st edition). J Exp Stroke Transl 
Med. 2009;2:2–27.

	22.	 Yamamoto T, Kida Y, Kuwano K. Mycoplasma pneumoniae protects 
infected epithelial cells from hydrogen peroxide-induced cell detach-
ment. Cell Microbiol. 2019;21:e13015.

	23.	 Andrabi SA, Dawson TM, Dawson VL. Mitochondrial and nuclear cross 
talk in cell death: parthanatos. Ann NY Acad Sci. 2008;1147:233–41.

	24.	 Harraz MM, Dawson TM, Dawson VL. Advances in neuronal cell death 
2007. Stroke. 2008;39:286–8.

	25.	 David KK, Andrabi SA, Dawson TM, Dawson VL. Parthanatos, a messen-
ger of death. Front Biosci-Landmrk. 2009;14:1116–28.

https://doi.org/10.1186/s40659-024-00547-5
https://doi.org/10.1186/s40659-024-00547-5


Page 14 of 14Li et al. Biological Research           (2024) 57:71 

	26.	 Zhang F, Xie R, Munoz FM, Lau SS, Monks TJ. PARP-1 hyperactivation 
and reciprocal elevations in intracellular Ca2+ during ROS-induced 
nonapoptotic cell death. Toxicol Sci. 2014;140:118–34.

	27.	 Hamanaka RB, Chandel NS. Mitochondrial reactive oxygen species 
regulate hypoxic signaling. Curr Opin Cell Biol. 2009;21:894–9.

	28.	 Hao K, Tang S, Xie H, Li X, He X. Application of ozone therapy in inter-
ventional medicine. J Interv Med. 2019;2:8–11.

	29.	 Elvis AM, Ekta JS. Ozone therapy: a clinical review. J Nat Sci Biol Med. 
2011;2:66–70.

	30.	 Bocci V, Valacchi G, Corradeschi F, Fanetti G. Studies on the biologi-
cal effects of ozone: 8. Effects on the total antioxidant status and on 
interleukin-8 production. Mediat Inflamm. 1998;7:313–7.

	31.	 Delgado-Roche L, et al. Medical ozone promotes Nrf2 phosphorylation 
reducing oxidative stress and pro-inflammatory cytokines in multiple 
sclerosis patients. Eur J Pharmacol. 2017;811:148–54.

	32.	 Tusat M, Mentese A, Demir S, Alver A, Imamoglu M. Medical ozone 
therapy reduces oxidative stress and testicular damage in an 
experimental model of testicular torsion in rats. Int Braz J Urol. 
2017;43:1160–6.

	33.	 Kapicibaşi HO, Kiraz HA, Demir ET, Adali Y, Elmas S. Pulmonary effects of 
ozone therapy at different doses combined with antibioticotherapy in 
experimental sepsis model. Acta Cir Bras. 2020;35:e202000604.

	34.	 Yamanel L, et al. Ozone therapy and hyperbaric oxygen treatment in 
lung injury in septic rats. Int J Med Sci. 2011;8:48–55.

	35.	 Guanche D, et al. Effect of ozone/oxygen mixture on systemic oxidative 
stress and organic damage. Toxicol Mech Method. 2010;20:25–30.

	36.	 Yan YN, et al. Intraperitoneal ozone injection prevents REM sleep dep-
rivation - induced spatial learning and memory deficits by suppressing 
the expression of Sema3A in the hippocampus in rats. Iran J Basic Med 
Sci. 2022;25:980–8.

	37.	 Lin SY, et al. Ozone inhibits APP/Aβ production and improves 
cognition in an APP/PS1 transgenic mouse model. Neuroscience. 
2019;418:110–21.

	38.	 Huang N, Gao D, Zhou S, Huang Z. Ozone reduces ischemic damage 
after a stroke by regulating the autophagy of astrocytes. Ann Transl Med. 
2023;11:79.

	39.	 Villapol S. Roles of peroxisome proliferator-activated receptor gamma on 
brain and peripheral inflammation. Cell Mol Neurobiol. 2018;38:121–32.

	40.	 Cai W, et al. Peroxisome proliferator-activated receptor γ (PPARγ): a master 
gatekeeper in CNS injury and repair. Prog Neurobiol. 2018;163–164:27–58.

	41.	 He F, Ru X, Wen T. NRF2, a transcription factor for stress response and 
beyond. Int J Mol Sci. 2020;21:4777.

	42.	 Abdelhamid AM, Elsheakh AR, Suddek GM, Abdelaziz RR. Telmisartan alle-
viates alcohol-induced liver injury by activation of PPAR-γ/ Nrf-2 crosstalk 
in mice. Int Immunopharmacol. 2021;99:107963.

	43.	 Hsu WH, Lee BH, Pan TM. Monascin attenuates oxidative stress-mediated 
lung inflammation via peroxisome proliferator-activated receptor-
gamma (PPAR-γ) and nuclear factor-erythroid 2 related factor 2 (Nrf-2) 
modulation. J Agr Food Chem. 2014;62:5337–44.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Ozone therapy mitigates parthanatos after ischemic stroke
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Animals
	Transient middle cerebral artery occlusion (tMCAO) model and drug treatment
	O3 preparation
	The 2,3,5-triphenyltetrazolium chloride (TTC) staining
	Neurological scoring
	Rotarod test
	Cell counting assay
	Flow cytometry
	Western blotting
	Measurement of Adenosine triphosphate (ATP) levels
	Cellular nicotinamide adenine dinucleotide (NAD+) analysis
	Mitochondrial membrane potential (JC-1) assay
	Superoxide dismutase (SOD) activity detection
	Hematoxylin–Eosin (HE) staining
	Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay
	Immunofluorescence
	Transmission electron microscopy
	Statistical analysis

	Result
	H2O2 induced parthanatos in SH-SY5Y cells
	Ozone treatment protected SH-SY5Y cells from parthanatos
	Ozone prevented parthanatos by decreasing ROS production and Ca2+ release
	Ozone alleviated ROS production by upregulating PPARgNrf2
	Ozone protected against cerebral infarction by ameliorating parthanatos

	Discussion
	Conclusion
	Acknowledgements
	References


