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This study investigated the roles and mechanisms of PINK1 activity in neonatal hypoxia-induced 
seizures with shRNA intervention targeting translocase outer mitochondrial membrane 7 (TOM7), 
the positive regulator of PINK1 autophosphorylation, or overlapping with the m-AAA protease 1 
homolog (OMA1), the negative regulator of PINK1 autophosphorylation. Studies have suggested that 
in hypoxia-induced neonatal seizures, the phosphorylation level of PINK1 is significantly increased and 
the mitophagic pathway is activated, accompanied by neuronal damage and learning-memory deficits. 
Inhibiting PINK1 phosphorylation by reducing TOM7 expression alleviated mitophagy, mitochondrial 
oxidative stress, neuronal damage and seizures. In contrast, the inhibition of OMA1 expression 
resulted in a further increase in PINK1 phosphorylation and aggravated hypoxia-induced seizures and 
neuronal injury. This study implicated PINK1 activity in neonatal hypoxia and suggest that attenuated 
PINK1 autophosphorylation may have neuroprotective and anti-seizure effects in neonatal hypoxia.
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Hypoxia is a common brain disease in newborns that may lead to nervous system damage, permanent disability, 
and even death1–3. In developed countries, the incidence of perinatal and neonatal hypoxia is approximately 
0.1–0.2%, while the proportion is 1–2% in developing countries. Perinatal hypoxia is an important trigger 
of epilepsy4. Moreover, both early convulsions and later seizures may further aggravate neuronal damage3–5. 
Hypoxia-induced neonatal seizures are commonly resistant to anticonvulsants. Moreover, the anti-convulsion 
drugs might lead to damage in brain development6. The treatment of neonatal hypoxia is a major challenge3. 
Therefore, in-depth research on the mechanisms governing neonatal hypoxia is necessary for identifying possible 
therapeutic targets.

Hypoxia has been confirmed to induce the initiation of mitophagy, and the process of hypoxic-ischemic brain 
injury is accompanied by activation of mitophagy7,8. Mitophagy is closely related to mitochondrial dysfunction 
and ROS accumulation9–12 and opposite effects were reported in various disease states13–17. Excessive mitophagy 
may aggravate mitochondrial damage, cause the accumulation of ROS, especially mitochondrial ROS14,18,19. 
Subsequently, oxidative stress-induced mitochondrial injury will further promote mitophagy and mitochondrial 
ROS production9,13,14. Moreover, excessive ROS can trigger seizures and neuronal damage, and is the vital 
pathological changes in occurrence and development of epilepsy9,12,16,20. Therefore, mitophagy interacting with 
mitochondrial ROS accumulation play critical roles in epileptogenesis and seizures16,20.

PTEN-induced kinase 1 (PINK1) activation is a major initiator of mitophagy in the central nervous system21–23. 
PINK1 has an N-terminal mitochondria-targeting sequence that specifically recognizes mitochondria and 
participates in mitochondrial elimination by mediating mitophagy24,25. In normal mitochondria, PINK1 
is continuously transferred from the outer mitochondrial membrane to the inner membrane by the outer 
mitochondrial membrane protein transporter (TOM) and the inner mitochondrial membrane transporter 23. 
Then it is cleaved and degraded. Therefore, PINK1 level is critical for maintaining mitophagy within the normal 
range26,27. When mitochondria are damaged under certain adverse conditions, the mitochondrial membrane 
potential (MMP) is depolarized22,25,28, and the transport path of PINK1 into the inner mitochondrial membrane 
is blocked. PINK1 is therefore fixed and aggregated in the outer mitochondrial membrane (OMM)22,25,29. 
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With the assistance of translocase outer mitochondrial membrane 7 (TOM7), the kinase domain of PINK1 is 
autophosphorylated at the Ser-228/Ser-402 site to activate its ubiquitination30–34. Autophosphorylated PINK1 
recruits and activates Parkin, which ubiquitinates a number of OMM proteins, recruits mitophagy receptors, and 
initiates mitophagy32–36.

Considering the critical role of PINK1 autophosphorylation in mitophagy and the vital contribution of 
mitophagy to neonatal hypoxia28,32–38, we designed experiment to explore the roles of PINK1 activity in neonatal 
hypoxia by genetically altering the positive and negative regulators of PINK1 autophosphorylation respectively.

Materials and methods
Animals
C57BL/6J mice (certificate no. SCXK 2019-003; Jinan Pengyue Experimental Animal Breeding Co., Ltd., China) 
on the 7th day after birth (P7, gender inclusive) were used in this experiment. After the experiment, each litter 
was immediately returned to their mothers to continue breastfeeding. The investigators were blinded during the 
experiment. Total 171 pups were used in this study, and 5 pups died after hypoxia treatment. The techniques 
and methods used in this study were in accordance with the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals (NIH Publications No. 80 − 23, revised 1996), and the animal experiments were 
approved by the Experimental Animal Ethics Committee of Binzhou Medical University (approval no. 2020002). 
The experiment followed the ARRIVE guidelines.

Hypoxia-induced seizures
P7 pups in the same litter (less than 2 g were excluded) were randomly sorted into groups, and hypoxia-induced 
seizures were simulated37,38. Prior to the experiment, we prepared a mixed gas of 5% O2/95% N2 (Yantai Rulin 
Gas Co., Ltd., Chi, na) and a hypoxia box with a bottom inlet and top outlet. A CY-12c oxygen meter (Hangzhou 
Jiachang Electronic Technology Co., Ltd., China) monitored the oxygen concentration in the box in real-time. P7 
pups were exposed to constant 5% O2/95% N2 for 15 min. The mice in the control group were given 21% O2/79% 
N2 (Yantai Rulin Gas Co., Ltd., China) treatment in the same way38. Animal behavorial seizures at 2 months were 
consistently recorded by video for 3 days and daily average of seizure frequency and duration was calculated. 
Similarly, electroencephalograms (EEGs) changes were recorded and analyzed (power spectrum density [PSD]) 
using a PowerLab data acquisition and analysis system (ADInstruments, Australia) at 2 months after hypoxia. 
Behavorial seizures were evaluated according to the Racine Scale39. EEGs of seizures were identified for at least 
3 s spiny shapes with double amplitude of the standard background rhythm40. The detailed experimental process 
is shown in supplementary Fig. 1.

ShRNA intervention
According to the brain atlases of mice41 and related literature of lateral ventricle administration42, pups were 
injected with 0.4 µL lentivirus-shRNA targeting TOM7 (0.38 × 108 TU) or OMA1 (1 × 108 TU) into the lateral 
ventricle three days before hypoxia to evaluate the role of PINK1 activity in neonatal hypoxia (Jikai, China). 
The needle was removed after it was stopped for 2 min following slow injection. The oligonucleotide sequences 
targeting TOM7 were 5’-​G​C​T​G​A​G​C​A​A​G​G​A​A​G​C​C​A​A​A​C​A-3’; the negative control: 5’-​T​T​C​T​C​C​G​A​A​C​G​T​G​T​
C​A​C​G​T-3’. The oligonucleotides sequences targeting OMA1 were 5’-​T​T​G​G​A​C​T​A​C​A​G​C​T​G​G​C​T​G​C​A​A-3’; and 
the negative control, 5’-​T​T​C​T​C​C​G​A​A​C​G​T​G​T​C​A​C​G​T-3’.

Western blotting
Four mice were randomly selected from each group at 24 h, 3 days, and 2 months after hypoxia. As previously 
described38,43,44, after anesthesia (sodium pentobarbital dissolved in saline; 50 mg/kg; intraperitoneal injection 
[i.p.]; CAS no. 57-33-0; Xiya Reagent, China), mice were decapitated, and hippocampus and cortex were isolated 
on ice, then the left and right of same brain regions were pooled for organizational homogenization. Protein 
quantification was performed using bicinchoninic acid assay kit (BCA; P0010; Beyotime Biotechnology, China). 
Low molecular weight proteins, such as GAPDH (37 KD), caspase 3 (35 KD), and active caspase 3 (17 KD) were 
separated by 12% sodium dodecyl sulfate polyacrylamide gels (P0012A; Beyotime Biotechnology, China), and 
PINK 1 (63 KD), P-PINK 1 (66 KD), P62 (62 KD), OMA1 (60 KD), Parkin (52 KD), and P-Parkin (55 KD) were 
analyzed using 10% gels. Because GAPDH and caspase-3 have similar molecular weights, they were separated 
respectively under identical conditions. The target proteins were transferred to polyvinylidene difluoride 
membranes (PVDF; 0.45  μm; Gensheng Biotechnology Co., Ltd., China) respectively. The membranes were 
blocked with 5% skim milk for 3 h, then incubated with primary antibody at 4 °C overnight. Rabbit polyclonal 
antibodies anti-OMA1 (1:1,000; ab154949; Abcam, UK), anti-phosphorylated PINK1 (1:1,000; AF7081; Affinity 
Biosciences, USA), anti-phosphorylated Parkin (1:1,000; AF3500; Affinity Biosciences), anti-P62 (1:1000; 
ab56416; Abcam, UK), anti-caspase-3 (1:1,000; 9662; CST, USA), anti-active caspase-3 (1:1,000; ab2302; 
Abcam), and rabbit monoclonal antibodies anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH; AB-PR 
001; 1:1,000; Kangcheng, China), anti-PINK1 (1:1,000; ab186303; Abcam), and anti-Parkin (1:1,000; ab77924; 
Abcam) were used. The membrane was then incubated with secondary antibody (1:3000; ZB-2301/ZB-2305; 
peroxidase-conjugated goat anti-rabbit/mouse IgG; Beijing Zhongshan Jinqiao Biotechnology Co., Ltd., China) 
for 2  h, and subsequently, Western Lightning® Plus ECL luminescent solution (NEL105001EA, PerkinElmer, 
USA) was added, and the target protein was detected and analyzed using the Odyssey infrared imaging system 
(LI-COR, NE, USA). The results were presented as the ratio of intensity of the protein to that of GAPDH.

Immunohistochemistry
Four mice were randomly selected from each group at desinged timepoints after hypoxia, and 
immunohistochemical staining was performed. As previously described16,43,44, after animals were narcotized 
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with pentobarbital sodium (i.p., 50  mg/kg, dissolved in saline), 0.9% saline and 4% paraformaldehyde were 
applied successively for cardiac perfusion. Brains were immersed in 4% paraformaldehyde for fixation for 24 h 
and then transferred to 15% and 30% sucrose for gradient dehydration. Serial coronal Sect. (11 µm) were prepared 
using a cryomicrotome (CM1860; Leica, Germany). Brain sections were washed with 0.01 M phosphate buffered 
saline (PBS) and incubated with primary antibody, including mouse monoclonal antibody against TOM7 (1:200; 
15071-1-AP; Proteintech, USA), LC3B (1:200; ab48394; Abcam), TOMM20 (1:200; ab56783; Abcam), and 
rabbit monoclonal antibody against Ser-65-phospho-Ub (1:200; 70973, CST) at 4°C overnight respectively. After 
washing and incubating with the corresponding fluorescent secondary antibody (1:200; A0562, FITC-labeled 
goat anti-mouse IgG; A0516, Cy3-labeled goat anti-rabbit IgG; Beyotime Biotechnology) at 37°C for 1.5 h, the 
brain sections were washed with 0.01 M PBS and incubated with 4’,6-diamidino-2-phenylindole (DAPI; C1005; 
1:1000; Beyotime Biotechnology) for 15  min at room temperature. Finally, images (× 4, × 40) was acquired 
(FITC, excitation/emission wavelength, 490  nm/520 nm; CY3, excitation/emission wavelength, 550  nm/570 
nm) using a fluorescence microscope (Olympus, Tokyo, Japan). The mean fluorescence intensity of each section 
was quantitatively analyzed using ImageJ V.1.37 software (National Institutes of Health, Bethesda, Maryland, 
USA). Three slices from the same brain was stained repetitively, then the mean fluorescence intensity of each 
sample were calculated. At the designed time point, 4 samples of each group were involved in statistical analysis. 
The data acquisition and analysis were blinded.

Fluoro-Jade B (FJB) staining
Three days, four weeks, and two months after hypoxia, four mice were randomly selected from each group. 
As our previous reports43,44, coronal sections were acquired and then fully dried in an oven at 50 °C, gradient 
eluted with ethanol, rinsed with distilled water, treated with potassium permanganate, stained with FJB solution 
(AG310-30MG, EMD Millipore, USA). Eventually, the brain sections were sealed with neutral resin. FJB signals 
were observed under a microscope (Olympus, Japan). During the process of FJB image analysis and statistics, we 
first determined the maximum and minimum range of positive signals, and then, selected all positive signals in 
the range and used ImageJ V.1.37 software to count the quantity.

MitoSOX™ detection
The MitoSOX™ indicator is a fluorescent dye that is used to evaluate the level of mitochondrial reactive 
oxygen species (mito-ROS)43,44. The fluorescence intensity is directly proportional to the ROS content in 
the mitochondria. After anesthesia (i.p., 50 mg/kg pentobarbital sodium), the hippocampus and cortex were 
quickly separated on ice at 24 h, 3 days and 2 months (n = 4/group). PBS (0.01 M, 10 µL/mg) was added to every 
sample and a single-cell suspension was prepared using a low-temperature tissue homogenizer (SCIENTZ-
650E; Ningbo Xinzhi Biotechnology Co., Ltd., China). After centrifugation using a desktop high-speed freezing 
microcentrifuge (2000  rpm, D3024R, Shanghai Wujiu Automation Equipment Co., Ltd., China), MitoSOX™ 
reagent (M36008, ThermoFisher, USA) was added, and the fluorescence intensity of each group was detected 
at excitation wavelengths 510  nm and emission wavelengths 580  nm using a fluorescence microplate reader 
(ThermoFisher, USA) and flow cytometry (BDCanto II, Becton, USA), respectively.

Morris water maze
As previously described37,38, the water maze test (ZS-001, Beijing Zhongshi Di Chuang Technology Development 
Co., Ltd., China) was performed in a circular pool (diameter, 150 cm; height, 50 cm) at 2 months after hypoxia 
treatment. On the day before the experiment, mice were allowed to swim in the pool for 2 min to adapt to the 
environment. Subsequently, in the positioning navigation experiment, mice were trained twice daily from day 
1 to day 4. The time allowed for mice to find the platform was 60 s. If the mice did not find the platform within 
60 s, they were guided to stay on the platform for 10 s. On the 5th day, the platform was removed, and the mice 
were placed in the pool. The platform latency, platform crossing time, target and opposite quadrant residence 
time of each mouse were recorded and analyzed.

Statistical analysis
SPSS software (version 25.0; IBM, USA) was used for statistical analysis of the experimental data, and the data met 
normal distribution and variance homogeneity. The group size was determined by a pre-experiment balanced 
One-way analysis of variance (ANOVA). The nonparametric Mann-Whitney U test was used to analyze seizure 
frequency and cumulative seizure duration in each group. The line chart of water maze latency was analyzed 
using Two-way repeated-measures ANOVA. Other experimental data were analyzed using One-way ANOVA 
and Dunnett’s T3 post-hoc test. p < 0.05 was considered statistically significant.

Results
Increased levels of phosphorylated PINK1/Parkin/Ub during hypoxia-induced seizures
Western blotting and immunohistochemistry were used to detect the levels of PINK1-related proteins. Western 
blotting results indicated the increased levels of phosphorylated PINK1 (cortex, 24 h, p = 0.009; 3 days, p = 0.001; 
2 months, p < 0.001; hippocampus, 24  h, p = 0.016; 3 days, p < 0.001; 2 months, p < 0.001) and total PINK1 
compared to the control group (Fig. 1A,B). Similarly, the levels of phosphorylated Parkin (cortex, 24 h, p = 0.014; 
3 days, p = 0.001; 2 months, p < 0.001; hippocampus, 24 h, p = 0.011; 3 days, p < 0.001; 2 months, p < 0.001) and 
total Parkin increased (Fig.  1C,D). Immunohistochemical results showed increased levels of phosphorylated 
ubiquitin (P-Ub, dentate gyrus (DG), p < 0.001; entorhinal cortex (EC), p < 0.001, Fig. 1E-M, Supplementary 
Fig. 2).
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Hypoxia-induced seizures are accompanied by increased levels of mitophagy, apoptosis, and 
neuronal damage
Western blotting results showed that compared with the control group, the levels of apoptosis-related active 
caspase-3 were increased (cortex, 24  h, p = 0.044; 3 days, p = 0.002; 2 months, p = 0.007; hippocampus, 24  h, 
p = 0.048; 3 days, p = 0.003; 2 months, p = 0.045; Fig.  2A, B), while the levels of caspase-3 were significantly 
decreased (cortex, 24 h, p = 0.048; 3 days, p = 0.003; 2 months, p = 0.045; hippocampus, 24 h, p = 0.030; 3 days, 
p = 0.002; 2 months, p = 0.025; Fig. 2A, C) in the hypoxia group. At the same time, the levels of the autophagy-
related P62 in the cortex (24 h, p = 0.001; 3 days, p < 0.001; 2 months, p = 0.038) and hippocampus (24 h, p = 0.038; 
3 days, p = 0.003; 2 months, p = 0.043) were increased (Fig.  2D, E). Immunohistochemical results confirmed 
increased immunoreactivity of autophagy marker LC3B (DG, p < 0.001, EC, p < 0.001; Fig. 2F, G; Supplementary 
Fig. 3) and mitochondrial marker TOMM20 (DG, p < 0.001, EC, p < 0.001; Fig. 2F, H; Supplementary Fig. 3). The 
results indicate that the increase in autophagy was mainly due to mitophagy. FJB staining results also showed 
that compared with the control group, the neuronal damage was increased significantly in the hippocampus 
(e.g., DG, p < 0.001; CA3, p < 0.001) and EC (p < 0.001) at the 3rd day after hypoxia (Fig. 2I, J, Supplementary 
Fig. 4).

Inhibition of TOM7 expression reduced the levels of phosphorylated PINK1/Parkin/Ub during 
hypoxia-induced seizures
TOM7 is a positive regulator of PINK1 autophosphorylation25. Immunohistochemical results showed that the 
levels of TOM7 were significantly increased after hypoxia treatment, and the increase was significantly attenuated 
after inhibiting TOM7 expression by shRNA intervention (Fig. 3A, B, Supplementary Fig. 5).

At the same time, by inhibiting the expression of TOM7, the levels of phosphorylated PINK1 (cortex, 24 h, 
p = 0.035; 3 days, p = 0.047; hippocampus, 24 h, p = 0.041; 3 days, p = 0.021) and total PINK1 were significantly 

Fig. 1.  Increased levels of phosphorylated PINK1/Parkin/Ub during hypoxia-induced seizures. (A-D) The 
increased levels of PINK1/P-PINK1 and Parkin/P-Parkin in the cortex and hippocampus (n = 4/group). (E-
L) Immunohistochemistry staining of P-Ub (red) in the EC and DG (3 day). DAPI, blue. Bar = 50 μm. (M) 
Mean intensity of P-Ub immunostaining (n = 4/group). Mean ± SEM are presented. *P < 0.05, **P < 0.01, and 
***P < 0.001, compared with controls (one-way ANOVA). C cortex; DG dentate gyrus; EC entorhinal cortex; H 
hippocampus; Hy Hypoxia; P-Parkin phosphorylated Parkin; P-PINK1 phosphorylated PTEN-induced kinase 
1; P-Ub: phosphorylated ubiquitin.
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reduced (Fig.  3C-E), accompanied with decreased levels of total Parkin (Fig.  3F-H) and phosphorylated 
Parkin (cortex, 24  h, p = 0.043; 3 days, p = 0.037; hippocampus, 24  h, p = 0.041; 3 days, p = 0.004, Fig.  3F-H). 
Immunohistochemical results further verified that after inhibiting the expression of TOM7, the increased 
P-Ub level induced by hypoxia treatment was significantly decreased (DG, p < 0.001, EC, p = 0.003, Fig. 3I, J, 
Supplementary Fig. 2).

Inhibition of TOM7 expression attenuated mitophagy, mitochondrial oxidative stress, 
apoptosis, and neuronal damage
As shown in Fig. 4A–C, inhibition of TOM7 expression significantly reduced the levels of LC3B (DG, p < 0.001, 
EC, p = 0.013), which mainly overlapped with decreased TOMM20 (DG, p = 0.001, EC, p = 0.037). Western 
blotting results also showed that inhibiting the expression of TOM7 significantly decreased the level of P62 

Fig. 2.  Hypoxia-induced seizures were accompanied by apoptosis, mitophagy and neuronal damage. (A-E) 
The levels of active caspase-3, caspase-3 and P62 in the cortex and hippocampus were detected by western 
blotting. (F-H) The immunofluorescence intensity of LC3B (red) and TOMM20 (green) increased after 
hypoxia treatment (3 day; n = 4/group). DAPI, blue. Bar = 20 μm. (I-J) The neuronal damage of DG, CA3 
and EC after hypoxia treatment detected by FJB staining (3 day; n = 4/group). Bar = 50 μm. Compared with 
controls, *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way ANOVA). Mean ± SEM are shown. C cortex, H 
hippocampus, CA3 cornu ammonis area 3, DG dentate gyrus, EC entorhinal cortex, Hy Hypoxia, LC3B 
microtubule-associated protein light chain 3B, TOMM20 translocase of outer mitochondrial membrane 20.
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Fig. 3.  Inhibition of TOM7 expression reduced the levels of phosphorylated PINK1/Parkin/Ub during 
hypoxia-induced seizures. (A,B) TOM7 (green) immunofluorescence intensity (3 day; n = 4/group). Bar 
= 50 μm. (C-H) Changed levels of PINK1/P-PINK1 and Parkin/P-Parkin due to TOM7 intervention (n = 4/
group). (I-J) P-Ub (red) immunofluorescence intensity in the EC and DG (3 day; n = 4/group). DAPI, blue. 
Bar = 50 μm. Mean ± SEM are shown. Compared with controls, *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way 
ANOVA). ###P < 0.001 compared with each other (one-way ANOVA with Dunnett’s T3 post-hoc test). C cortex, 
DG dentate gyrus, EC entorhinal cortex, H hippocampus, Hy Hypoxia, P-Parkin phosphorylated Parkin, 
P-PINK1 phosphorylated PTEN-induced kinase 1, P-Ub phosphorylated ubiquitin, TOM7 translocase outer 
mitochondrial membrane 7.
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(cortex, 24 h, p = 0.05; 3 days, p = 0.021; hippocampus, 24 h, p = 0.044; 3 days, p = 0.003, Fig. 4D, E); at the same 
time, the apoptosis-related protein active caspase-3 (cortex, 24 h, p = 0.011; 3 days, p = 0.016; hippocampus, 24 h, 
p = 0.011; 3 days, p = 0.033) was significantly decreased, while caspase-3 was significantly increased (Fig. 4F-H). 
We further detected changes in mitochondrial oxidative stress in the cortex and hippocampus of each group. 
The results showed that the increased levels of mitochondrial oxidative stress after hypoxia were significantly 
reduced (Fig. 4I, J) by inhibition of TOM7 expression. Similar changes were confirmed by flow cytometry results 
(Fig. 4K, L). FJB staining results further indicated that neuronal damage in the hippocampus (DG, p = 0.041; 
CA3, p < 0.001) and EC (p = 0.002) regions was significantly attenuated (days 3, Fig.  4M, N, Supplementary 
Fig. 4) due to TOM7 intervention.

Inhibition of TOM7 expression attenuated seizures, learning and memory deficits
The number (p = 0.048; Fig. 5A) and the cumulative duration (p = 0.035, Fig. 5B) of behavorial seizures were 
significantly reduced after the inhibition of TOM7 expression. Seizure number and cumulative seizure duration 
of EEGs were also significantly reduced (Fig. 5C,D). Representative EEGs and PSD analyses for each group are 
presented in Fig. 5E-G.

The water maze was used to evaluate the learning and memory abilities of each group. Compared with the 
control group, the decreased target quadrant time (p < 0.001) and the target zone frequency (p < 0.001), the 
increased opposite quadrant time (p = 0.045) in the hypoxia group were reversed by the intervention of TOM7 
expression (Fig. 5H-J). At the same time, increased latency to platform in the hypoxia group (p < 0.001) was 
significantly decreased (p = 0.027) after TOM7 intervention (Fig. 5K).

Inhibition of OMA1 expression further increased the levels of phosphorylated PINK1/Parkin/
Ub during hypoxia-induced seizures
OMA1 is known as a negative regulator of PINK1 autophosphorylation25. Western blotting results showed 
that after hypoxia, the expression levels of OMA1 were significantly increased in the cortex and hippocampus 
(Fig. 6A, B), and this increase was reduced after the inhibition of OMA1 expression (Fig. 6C, D, Supplementary 
Fig. 6). Simultaneously, the reduced OMA1 expression led to increased levels of total PINK1 and phosphorylated 
PINK1 (cortex, 24 h, p = 0.001; 3 days, p = 0.04; hippocampus, 24 h, p = 0.012; 3 days, p = 0.049, Fig. 6E-G), as 
well as total Parkin and phosphorylated Parkin (Fig.  6H-J). Immunohistochemical results also showed that 
inhibition of OMA1 expression significantly increased the level of P-Ub (DG, p = 0.014, EC, p = 0.001, Fig. 6K, 
L, Supplementary Fig. 2).

Inhibition of OMA1 expression aggravated mitophagy, mitochondrial oxidative stress, 
apoptosis, and neuronal damage
As shown in Fig. 7A–C, inhibiting OMA1 expression significantly increased the fluorescence intensity of LC3B 
(DG, p = 0.002; EC, p = 0.006) and TOMM20 (DG, p = 0.021; EC, p = 0.011). Western blotting results also showed 
that inhibiting the expression of OMA1 significantly increased the level of P62 (Fig. 7D, E); at the same time, the 
level of active caspase-3 was significantly increased, with decreased level of caspase-3 (Fig. 7F-H).

Moreover, after inhibiting OMA1 expression, mitochondrial oxidative stress significantly increased in the 
cortex (24 h, p = 0.044; 3 days, p = 0.049; 2 months, p = 0.048) and hippocampus (24 h, p = 0.024; 3 days, p = 0.044; 
2 months, p = 0.021) at each detection time point (Fig. 7I-L). FJB staining confirmed that inhibition of OMA1 
expression led to further aggravated neuronal injury in the hippocampus and EC (Fig. 7M,N, Supplementary 
Fig. 4).

Inhibition of OMA1 expression aggravated seizures, learning and memory impairment
The aggravated number and cumulative seizure duration of behavorial (Fig. 8A, B) and EEGs analysis (Fig. 8C, 
D) were found after inhibiting the expression of OMA1. Typical EEGs and PSD analyses were shown in Fig. 8E–
G. The results of the water maze experiment showed that after inhibiting the expression of OMA1, the latency to 
the platform was further prolonged (p = 0.025, Fig. 8H), the target zone frequency was further reduced (p = 0.046, 
Fig. 8I), the target and opposite quadrant time had no significantly change (Fig. 8J, K).

Discussion
Our study focused on hypoxia-induced neonatal seizures. We found increased levels of phosphorylated 
PINK1 accompanied by aggravated mitophagy, mitochondrial oxidative stress, neuronal damage, and seizures 
in hypoxia-treated newborn mice during epileptogenesis. To evaluate the roles of altered activity of PINK1, 
we manipulated the expression of the positive regulator (TOM7) and negative regulator (OMA1) of PINK1 
autophosphorylation genetically. Our results showed that decreased TOM7 expression reduced the levels of 
phosphorylated PINK1 and alleviated mitophagy, mitochondrial oxidative stress, neuronal damage, and seizures. 
In contrast, inhibition of OMA1 expression resulted in increased levels of PINK1 phosphorylation and PINK1 
activation-related proteins in the mitophagy pathway, with aggravated seizures and neuronal injury.

Previous studies have confirmed that epilepsy development is associated with mitochondrial dysfunction45. 
Mitochondrial damage and ROS accumulation are critical in seizures and neuronal damage11,15,46, which, 
importantly, appear during neonatal hypoxia47. Mitochondria provide energy, but this is accompanied by the 
production of a large number of ROS9,13,14. Under physiological conditions, there is an antioxidant defense 
system, and the produced ROS are cleared in time. The balance between oxidation and antioxidation in vivo 
is important for maintaining physiological functions. However, when the accumulation of ROS exceeds 
the ability of the antioxidant defense system, it leads to oxidative stress and cell injury, and induces various 
diseases9,14. During seizures, a large amount of ROS is produced, and mitochondrial damage is triggered by 
oxidative stress9–12,16,20. Mitochondrial dysfunction, in turn, promotes ROS production. Moreover, increased 
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ROS levels are closely related to seizures. ROS-induced oxidative stress influences metabolic processes and may 
lead to neuronal excitability and epileptic development48. Moreover, mitochondrial ROS-induced metabolic 
impairments also have critical effects on epileptogenesis and occur in a widespread manner49, and reducing 
ROS levels results in reduced release of excitatory amino acids and inhibits seizures9,13,14,50,51.

Fig. 4.  Inhibition of TOM7 expression attenuated mitophagy, apoptosis, mitochondrial oxidative stress and 
neuronal damage. (A-C) Inhibition of TOM7 expression significantly reduced the fluorescence intensity of 
LC3B (red) and TOMM20 (green) in the EC and DG (3 day; n = 4/group). DAPI, blue. Bar = 30 μm. (D-H) 
The changed levels of P62, active caspase-3 and caspase-3 in the cortex and hippocampus caused by TOM7 
intervention (n = 4/group). (I-L) Mito-SOX levels in the cortex and hippocampus detected by fluorescence 
microplate reader and flow cytometry (n = 4/group). (M,N) Neuronal damage in the DG, CA3 and EC 
(3 day; n = 4/group). Bar = 50 μm. Mean ± SEM are shown. Compared with controls, *P < 0.05, **P < 0.01, and 
***P < 0.001 (one-way ANOVA); and #P < 0.05, ##P < 0.01, compared with each other (one-way ANOVA with 
Dunnett’s T3 post-hoc test). C cortex, CA3 cornu ammonis area 3, DG dentate gyrus, EC entorhinal cortex, H 
hippocampus, Hy Hypoxia, LC3B microtubule-associated protein light chain 3B, TOMM20 translocase of outer 
mitochondrial membrane 20, TOM7 translocase outer mitochondrial membrane 7.
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Mitophagy is closely related to mitochondrial damage and ROS-induced oxidative stress43,44,46,52. Moderate 
mitophagy clears redundant or damaged mitochondria away to maintain the stability of mitochondrial function 
and play a protective role53,54. However, mitophagy plays a “double-edged” role in various disease states. 
Excessive mitophagy may aggravate mitochondrial function and cause ROS accumulation and neuron damage, 
thus playing a destructive role8,13,15–17, and appropriate inhibition may prevent neuronal injury18. Our study 
confirmed that the levels of mitophagy are significantly enhanced, while mitochondrial ROS accumulation and 
neuronal damage occur synchronously, in hypoxia-treated neonatal mice. Interestingly, increased mitophagy 
levels were found not only in the early period but also at two months after hypoxia treatment and were 
accompanied by epileptic seizures in some of the animals. Thus, the long-term changes in mitophagy may be 

Fig. 5.  Inhibition of TOM7 expression attenuated seizures, learning and memory defects. (A,B) Number 
and cumulative duration of behavorial seizures. (C,D) Seizure number and cumulative seizure duration of 
EEGs (nonparametric Mann–Whitney U test). (E-G) Representative EEGs and PSD analyses of each group. 
(H) Target quadrant time (%). (I) Opposite quadrant time (%). (J) Target zone frequency. (K) Latency to 
platform (two-way ANOVA with Dunnett’s T3 post-hoc test). Control group, n = 11; Hypoxia negative vector 
group, n = 12; TOM7 intervention group, n = 14. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, and 
***P < 0.001, Compared with controls (one-way ANOVA); and #P < 0.05, ###P < 0.001; compared with each 
other (one-way ANOVA with Dunnett’s T3 post-hoc test). EEGs electroencephalograms, PSD power spectrum 
density, TOM7 translocase outer mitochondrial membrane 7.
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associated with hypoxia-induced epileptic seizures. Furthermore, elevated autophagy is a pathological feature of 
epilepsy that responds to oxidative stress induced by epileptic seizures55,56.

The previous studies have revealed multiple mitophagic pathways, e.g. PINK1/Parkin, FUNDC1, NIX/Bnip3, 
etc.; and fatty acids or cholesterol-mediated lipid pathways44. Additionally, PINK1 could trigger mitophagy by 
NDP52, TAX1BP1 and optineurin, even directly interplay with Beclin157. Among mitophagy pathways, the 
PINK1/Parkin pathway initiated by PINK1 autophosphorylation plays a major role in the mammalian nervous 
system22,58. As the upstream of Parkin59, PINK1 is a serine/threonine protein kinase consisting of 581 amino acids 

Fig. 6.  Inhibition of OMA1 expression further increased the levels of phosphorylated PINK1/Parkin/Ub 
during hypoxia-induced seizures. (A-J) Changed levels of OMA1, PINK1/P-PINK1 and Parkin/P-Parkin in the 
cortex and hippocampus caused by OMA1 intervention were detected by western blotting (n = 4/group). (K,L) 
P-Ub (red) immunofluorescence intensity in the EC and DG (3 day; n = 4/group). DAPI, blue. Bar = 50 μm. 
Mean ± SEM. Compared with controls, *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way ANOVA). C cortex, 
DG dentate gyrus, EC entorhinal cortex, H hippocampus, Hy Hypoxia, OMA1 overlapping with the m-AAA 
protease 1 homolog, P-Parkin phosphorylated Parkin, P-PINK1 phosphorylated PTEN-induced kinase 1, P-Ub 
phosphorylated ubiquitin.
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and containing four structural domains: the N-terminal mitochondrial targeting sequence (MTS, amino acids 
1–34), the transmembrane domain (TMD, amino acids 94–110) for inner mitochondrial membrane transfer 
termination, the serine/threonine kinase domain (amino acids 156–509), and the C-terminal domain (amino 
acids 510–581) for OMM retention60,61. In polarized mitochondria, PINK1 recognizes and targets mitochondria 
under the action of MTS and enters the mitochondria with the assistance of TOM and inner mitochondrial 

Fig. 7.  Inhibition of OMA1 expression aggravated mitophagy, mitochondrial oxidative stress, apoptosis, and 
neuronal damage. (A-C) Inhibition of OMA1 expression significantly increased the fluorescence intensity of 
LC3B (red) and TOMM20 (green) in the EC and DG (3 day; n = 4/group). DAPI, blue. Bar = 30 μm. (D-H) 
The changed levels of P62, active caspase-3 and caspase-3 in the cortex and hippocampus were detected by 
western blotting (n = 4/group). (I-L) Mito-SOX levels in the cortex and hippocampus detected by fluorescence 
microplate reader and flow cytometry (n = 4/group). (M,N) Neuronal damage in the DG, CA3 and EC (3 day; 
n = 4/group). Bar = 60 μm. Mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, compared with controls (one-
way ANOVA); and #P < 0.05, ###P < 0.001, compared with each other (one-way ANOVA with Dunnett’s T3 post-
hoc test). C cortex, CA3 cornu ammonis area 3, DG dentate gyrus, EC entorhinal cortex, LC3B microtubule-
associated protein light chain 3B, H hippocampus, Hy Hypoxia, OMA1 overlapping with the m-AAA protease 
1 homolog, TOMM20 translocase of outer mitochondrial membrane 20.
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membrane transporter 2362. The MTS domain is then cleaved by mitochondrial processing peptidase, and the 
TMD segment is cleaved by phosphoglycerate mutase 5-associated rhomboid-like protease. Therefore, in normal 
mitochondria, PINK1 is stable at low levels26,27,29,62–64.

The activity of PINK1 is rapidly response to MMP changes32,34,35. Depolarized MMP inhibits the transport of 
PINK1 into the mitochondria; as a result, accumulated PINK1 in the OMM becomes autophosphorylated32–34. 
Activated PINK1 phosphorylates the Ser-65 site of ubiquitin36. Therefore, PINK1 transmits the information 
of damaged mitochondria to the cytoplasm through autophosphorylation. Subsequent phosphorylation of 
ubiquitin further recruits and phosphorylates Parkin, so that Parkin is translocated and activated in the OMM 
from the cytoplasm29,32–36. Activated Parkin catalyzes the ubiquitination of the OMM matrix protein and forms a 
polyubiquitin chain29,32–36. Receptor proteins related to autophagy, such as P62, are recruited. The microtubule-
associated protein light chain 3B (LC3B) binds to p62 and forms autophagosomes in depolarized mitochondria 

Fig. 8.  Inhibition of OMA1 expression aggravated seizures, learning and memory impairment. (A,B) Number 
and cumulative duration of behavorial seizures. (C,D) Seizure number and cumulative seizure duration of 
EEGs in each group (nonparametric Mann–Whitney U test). (E-G) Representative EEGs and PSD analysis 
in each group. (H) Target quadrant time (%). (I) Opposite quadrant time (%). (J) Target zone frequency. (K) 
Latency to platform (two-way ANOVA with Dunnett’s T3 post-hoc test). Control groups, n = 10; Hypoxia 
negative vector groups, n = 13; OMA1 intervention groups, n = 15. Mean ± SEM are shown. Compared with 
controls, *P < 0.05, ***P < 0.001 (one-way ANOVA); and #P < 0.05 compared with each other (one-way ANOVA 
with Dunnett’s T3 post-hoc test). EEGs electroencephalograms, OMA1 overlapping with the m-AAA protease 
1 homolog, PSD power spectrum density.
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to initiate mitophagy29,32–36. Our study verified that the levels of phosphorylated PINK1 were significantly 
increased, accompanied by increased levels of phosphorylated Parkin, phosphorylated Ub, P62, and LC3B, in 
hypoxia-induced seizures. Our results suggested that the PINK1 activity-mediated mitophagy participated in 
neonatal hypoxia.

Studies have confirmed that PINK1 autophosphorylation-induced mitophagy is important for 
maintaining the structure and function of mitochondria32–34,64, and is closely related to seizures and neuronal 
damage16,20,64–66. Neonatal hypoxia is characterized by seizures and neuronal damage. Therefore, it is reasonable 
to speculate that regulating the activity of PINK1 may be an underlying strategy to treat neonatal hypoxia-
induced seizures and neuronal damage. TOM7, an auxiliary small subunit in TOM, promotes the accumulation 
and autophosphorylation of PINK1 in the OMM25,30,31 and plays a positive regulatory role by increasing the 
level of PINK1 and promoting its activity25,30,31. OMA1 plays a negative regulatory role by cleaving PINK1. 
Inhibition of OMA1 function enhances the autophosphorylation of PINK125,67. The results of this study 
indicated that if hypoxia-induced mice were treated with shRNA interference targeting TOM7, the levels of 
PINK1 phosphorylation were significantly reduced, and the levels of PINK1 activation-related proteins in the 
mitophagy pathway were decreased, with attenuated seizures and neuronal injury. In contrast to the effects in 
the mice treated with TOM7 intervention, the inhibition of OMA1 expression led to elevated levels of PINK1 
phosphorylation and related mitophagic proteins, accompanied by increased levels of mitochondrial oxidative 
stress, neuronal damage and seizures. These results confirmed the contribution of PINK1 activity in neonatal 
hypoxia, and that decreasing PINK1 activity may alleviate neonatal hypoxia-induced seizures and neuronal 
damage. Additionally, the intervention reagent was administrated in lateral ventricle. It is reasonable to speculate 
that the intervention targeting PINK1 activity might lead to changed levels of PINK1-induced mitophagy in 
wide brain regions, and impair mitochondrial quality control.

The electrophysiological basis of seizures is a transient dysfunction syndrome caused by synchronous 
discharge of neurons in the brain16,68–70. Studies have shown that the hippocampus and EC of the intracerebral 
limbic system are usually the origin of abnormal discharge, and there is a classical trisynaptic circuit between 
the hippocampus and EC, in which the EC acts as the beginning of signal transmission and transmits the signal 
to the hippocampal DG region, next to the CA3 and CA1 regions69–71. The integrity of the trisynaptic circuit 
is of great significance for maintaining normal electrophysiological activity in the brain71–73. Moreover, the 
hippocampus and EC play vital roles in learning and memory35,38,43,44. We observed significant neuronal damage 
in the hippocampus and EC, with learning and memory defects, and increased levels of PINK1 activity in 
neonatal hypoxia. Decreased levels of PINK1 activity led to reduced mitophagy and attenuated neuronal injury, 
cognitive defects, and seizures, while increased levels of PINK1 activity played the opposite roles. Therefore, 
the PINK1 activity-mediated mitophagy pathway may promote hypoxia-induced seizures and cognitive defects 
by neuronal damage in the EC and hippocampus. Regulation of PINK1 autophosphorylation may attenuate 
hypoxia-induced cognitive defects and seizures.

Our study confirmed the contribution of PINK1 activity to neonatal hypoxia-induced seizures. Moreover, 
reducing PINK1 activity could attenuate hypoxia-induced neuronal injury, seizures, and cognitive defects. 
The limitation of this study is the shRNA intervention administrated before hypoxia. Moreover, in view of the 
complex progression of PINK1 autophosphorylation, e.g., the intricate phosphorylation sites and conformational 
changes74, further study is expected to investigate the mechanism of PINK1 autophosphorylation in neonatal 
hypoxia in detail.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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