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Abstract
Activated autophagy/mitophagy has been intensively observed in ischemic brain, but its roles remain controversial. Peroxynitrite
(ONOO−), as a representative of reactive nitrogen species, is considered as a critical neurotoxic factor in mediating cerebral
ischemia-reperfusion (I/R) injury, but its roles in autophagy/mitophagy activation remain unclear. Herein, we hypothesized that
ONOO− could induce PINK1/Parkin-mediated mitophagy activation via triggering dynamin-related protein 1 (Drp1) recruitment
to damaged mitochondria, contributing to cerebral I/R injury. Firstly, we found PINK1/Parkin-mediated mitophagy activation
was predominant among general autophagy, leading to rat brain injury at the reperfusion phase after cerebral ischemia.
Subsequently, increased nitrotyrosine was found in the plasma of ischemic stroke patients and ischemia-reperfused rat brains,
indicating the generation of ONOO− in ischemic stroke. Moreover, in vivo animal experiments illustrated that ONOO− was
dramatically increased, accompanied with mitochondrial recruitment of Drp1, PINK1/Parkin-mediated mitophagy activation,
and progressive infarct size in rat ischemic brains at the reperfusion phase. FeTMPyP, a peroxynitrite decomposition catalyst,
remarkably reversed mitochondrial recruitment of Drp1, mitophagy activation, and brain injury. Intriguingly, further study
revealed that ONOO− induced tyrosine nitration of Drp1 peptide, which might contribute to mitochondrial recruitment of
Drp1 for mitophagy activation. In vitro cell experiments yielded consistent results with in vivo animal experiments. Taken
together, all above findings support the hypothesis that ONOO−-induced mitophagy activation aggravates cerebral I/R injury
via recruiting Drp1 to damaged mitochondria.
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Introduction

Autophagy is characterized as the process of Bself-eating^ to
digest aggregated proteins or damaged organelles via degra-
dation within autolysosomes [1, 2]. Activated autophagy has
been intensively observed in ischemic brains with the evi-
dences from both basic studies [3, 4] and clinical investiga-
tions [5, 6]. Although basal level autophagy is undoubtedly
indispensable for cell survival, the roles of activated autopha-
gy in cerebral ischemia-reperfusion (I/R) injury remain con-
troversial [7, 8].

Neurons are highly dependent on mitochondrial function
[9, 10]. Damaged mitochondria with deceased membrane po-
tential in the ischemic brain are sophisticatedly removed by
autophagy, termed mitophagy [11, 12]. Dynamin-related pro-
tein 1 (Drp1) is a key factor for mitochondrial fission/
fragmentation [13, 14]. Subsequently, PINK1/Parkin signal-
ing pathway plays critical roles in the mitophagic process
under cerebral ischemia injury [15–17]. Similar to autophagy,
basal-level mitophagy is essential for the removal of
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dysfunctional mitochondria to maintain mitochondrial ho-
meostasis [9, 18]. Nevertheless, the roles of activated
mitophagy in ischemic brain need to be further elucidated.
For examples, mitophagy was reported to promote the clear-
ance of injured mitochondria and then attenuate the inflam-
mation in traumatic and ischemic brains [19, 20]. However,
strategies for suppressing mitochondrial fragmentation/
mitophagy showed the neuroprotective effects against cere-
bral I/R injury [21, 22]. When and how autophagy/
mitophagy activation mediates neuroprotective or detrimental
effects are still puzzles. We systematically reviewed current
divergent literatures and suspected that reperfusion might be a
critical turning point determining autophagy/mitophagy acti-
vation from the protective process to destructive procedure in
ischemic brain [23]. Given that recanalization is the most ef-
fective therapeutic strategy for ischemic stroke [24], under-
standing the mechanisms how reperfusion-mediated
autophagy/mitophagy contributes to ischemic brain injury
would have therapeutic values.

Cerebral I/R insults induce free radical productions [25,
26]. Nitric oxide (NO) and superoxide anion (O2

·−) are gener-
ated and subsequently form peroxynitrite (ONOO−) at diffu-
sion rates during the reperfusion phase. ONOO− and its deriv-
atives play critical roles in mediating oxidative and nitrosative
stress, as well as neuronal cell death during cerebral I/R injury
[27]. ONOO− could mediate inflammation, lipid membrane
peroxidation, and mitochondrial dysfunction, exacerbating
the blood-brain barrier (BBB) disruption and brain dysfunc-
tion [28, 29]. As a parent free radical of ONOO−, NO was
reported to induce mitochondrial fission via S-nitrosylation of
Drp1, resulting in excessive mitophagy and neuronal cell
death [30, 31]. Actually, mitochondrial proteins are suscepti-
ble to ONOO−-triggered nitrative stress [32, 33]. From this
perspective, we raised the hypothesis that ONOO− could in-
duce mitophagy activation via recruiting Drp1 to damaged
mitochondria under cerebral I/R insults. With the in vivo
and in vitro experiments, we demonstrated that ONOO− could
trigger mitochondrial recruitment of Drp1 and initiate PINK1/
Parkin-mediated mitophagy activation, aggravating brain
damage during cerebral I/R injury.

Methods

Focal Cerebral Ischemia-Reperfusion Model

Adult male Sprague Dawley (SD) rats weighing 250–280 g
were supplied by the Laboratory Animal Unit, The University
of Hong Kong. Animal experimental protocols were approved
and supervised by the Committee on the Use of Live Animals
in Teaching and Research, The University of Hong Kong. SD
rats were maintained at controlled temperature (22 ± 2 °C) and
kept available to food and water. Rats underwent middle

cerebral artery occlusion (MCAO) followed by reperfusion
to mimic cerebral I/R injury. All rats were randomly divided
into MCAO-operated and sham-operated groups. Briefly, rats
were anesthetized with 4% isoflurane (Abbott, IL, USA) dur-
ing the induction of anesthesia and maintained with 1.5%
isoflurane. During the operation, the rats were placed on the
heating pad for maintaining body temperature at 37 °C. Before
incision, the skin around the neck was sterilized with 75%
ethanol after shaving the fur. Under the microscope, the left
common carotid artery (CCA), external carotid artery (ECA),
and internal carotid artery (ICA) were exposed and isolated
through making a 2-cm middle incision of neck. Notably,
nerves, especially the vagus nerve, should be carefully dissect-
ed from the CCA and ICA. The ECAwas tied with suture and
cut to serve as a stump. The blood flow of the CCA and ICA
was temporarily blocked with the knot or clamp. Then, a
monofilament with a silicon coating on the tip and a diameter
of 0.36 mm (L3600; Jialing Co. Ltd., China) was inserted into
the ICA and advanced forward to occlude the origin of the
MCA, inducing the cessation of blood flow. After 2 h of oc-
clusion, the arteries were exposed again under anesthesia and
then the monofilament was withdrawn to achieve reperfusion.
Sham-operated rats were subjected to similar surgical opera-
tion except occluding the MCA with the monofilament. All
rats recovered from the anesthesia in a recovery cage. With
regard to postoperative care, all rats were individually housed.
There was approximately 2% mortality rate among MCAO-
operated rats. Yet, all rats in sham-operated group survived.
Those rats were sacrificed after 6, 14, or 22 h of reperfusion.

Drug Treatment

To examine the roles of autophagy/mitophagy in MCAO
model with 2 h of ischemia plus 22 h of reperfusion, we
designed parallel groups treated with 3-methyladenine (3-
MA, M9281; Sigma, MO, USA) and Mdivi-1 (M0199;
Sigma). Briefly, SD rats were anesthetized with a mixture of
100 mg per kg body weight (mg/kg) ketamine hydrochloride
(Alfasan, Woerden, Holland) and 10 mg/kg xylazine hydro-
chloride (Alfasan) and then fixed in a rat brain stereotaxic
instrument (Stoelting Co., IL, USA). Five microliters of 3-
MA (600 nmol), Mdivi-1 (3 mg/kg), and the same volume
vehicle were administered at the onset of reperfusion after
2 h of ischemia. In order to minimize the side effects and
improve the bioavailability, the drugs and vehicle were direct-
ly injected into the left ipsilateral cerebral ventricle by using a
10-μL microsyringe (Hamilton Co., Reno, NV, USA) at the
rate of 1 μL/min. The stereotaxic coordinates for the lateral
ventricle (Paxinos, G. andWatson, C.) were 1 mm posterior to
the bregma (anterior-posterior), 1.2 mm lateral to the midline
(medial-lateral), and 3.5 mm below the dura (dorsal-ventral).
By the end of injection, the micro-injector remained for 5 min.
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To elucidate the roles of ONOO− during cerebral I/R injury,
FeTMPyP (75854; Cayman, MI, USA) was used as a positive
control. FeTMPyP at 1 and 3 mg/kg was administered intra-
venously through the rat femoral vein once at the onset of
reperfusion. Then, the monofilament was withdrawn to per-
form reperfusion. All animals received individual care after
operation.

Cerebral Infarct Size Measurement

Cardiac perfusion with phosphate-buffered saline (PBS) was
performed after anesthetizing rats with a mixture of 200 mg/kg
ketamine hydrochloride and 20 mg/kg xylazine hydrochloride
through intraperitoneal injection. Brain samples were collect-
ed and cut into 2-mm coronal slices with a rat brain matrix
(Braintree, MA, USA). Obtained slices were 2–8 mm away
from frontal pole. Then, the slices were immersed into 2%
2,3,5-triphenyltetrazolium chloride (TTC, T8877; Sigma) so-
lution at 37 °C in the dark for 20 min. Staining images were
captured by a camera, and the infarct size was measured and
analyzed by ImageJ. To minimize the effect of brain edema,
the infarct size percentage was calculated with following for-
mula: the infarct size percentage = (the size of the right
hemisphere − the red size of the left hemisphere) / the right
hemisphere size × 100%.

Mitochondrial Isolation

Followed by cardiac perfusion with PBS, brain tissues were
collected and stored in − 80 °C for further use. Mitochondrial
isolation of rat brain was performed using a commercially
available kit (89801; Thermo, IL, USA). We majorly chose a
unique reagent-based method to enable simultaneous multi-
sample processing. In detail, rat brain tissue was disrupted via
four Dounce strokes to obtain a homogeneous suspension.
Then, mitochondria were separated from cytosolic fraction
using extraction reagents and differential centrifugation.
After mitochondrial isolation, mitochondrial protein was then
extracted with 2% CHAPS (C9426; Sigma) in Tris-buffered
saline (TBS) (300μL CHAPS buffer per 200 mg brain tissue).
Further, mitochondrial and cytosolic proteins were stored in −
80 °C for western blot analysis. The integrity and purity of
isolated mitochondria was tested with western blot using the
mitochondrial marker VADC1/porin (ab15895; Abcam,
Cambridge, UK).

Cell Line

Human SH-SY5Y cell line was purchased from ATCC (cata-
log CRL-2266™). SH-SY5Y cells were cultured with 10%
fetal bovine serum, 1% L-glutamine, as well as 1% penicillin
and streptomycin in Dulbecco’s modified Eagle’s medium

(DMEM). Each medium was purchased from Life
Technologies (Gibco; Carlsbad, CA, USA).

Cell Treatment

To explore the relationship between mitophagy and ONOO−

production in cells, we applied ONOO− donor 3-
morpholinosydnonimine (SIN-1, 82220; Cayman) and syn-
thesized sodium ONOO− (81565; Cayman) to induce the
nitrative stress in SH-SY5Y cells in vitro. In detail, SH-
SY5Y cells were treated with 1, 2, and 4 mM SIN-1 and 20,
40, and 80 μM sodium ONOO−, respectively, for 2 h. In
addition, 50 μM FeTMPyP was used as positive control in
the cells challenged by 4 mM SIN-1 or 80 μM sodium
ONOO−. Then, western blot analysis and immunofluores-
cence test were conducted.

Immunofluorescence Staining

SD rats were successively subjected to cardiac perfusion with
200 mL PBS and 400 mL of 4% paraformaldehyde (PFA) in
PBS. Brain tissues were collected and fixed again with 4%
PFA in PBS overnight. After dehydrated with 15 and 30%
sucrose in PBS, the brains were embedded in optimal cutting
temperature (OCT) compound (14020108926; Leica,Wetzlar,
Germany) for frozen slices. Before staining, epitopes of the
samples were retrieved with 10 mM sodium citrate buffer
(pH = 6.0) by using the microwave oven for 10 min. After
incubation with 5% goat serum (G9023; Sigma) and perme-
abilization with 3‰ Triton X-100 (22686; USB, OH, USA) in
PBS for 2 h at room temperature (RT), brain sections were
then labeled with primary antibodies including LC3, ATP sub-
unit beta (ATPB), Drp1, and 3-nitrotyrosine (Supplementary
Table 1) at 4 °C overnight, followed by the incubation with
fluorescent dye-conjugated secondary antibodies (1:800; Life
Technologies, CA, USA) for 2 h at RT. Nuclear was stained
with 4′,6-diamidino-2-phenylindole (DAPI) (Thermo) for
10 min at RT. Finally, the slices were mounted with mounting
medium (S302380; Dako, Agilent, CA, USA) for fluores-
cence detection.

For the cell staining, SH-SY5Y cells were firstly cultured
on the microscope slides (0111500; GmbH & Co. KG,
Germany), followed by corresponding treatment. After
20 min of fixation and dehydration with 4% PFA plus 4%
sucrose in PBS at RT, cell slides were blocked and perme-
abilized with 5% goat serum and 0.1‰ Triton X-100 in PBS
for 1.5 h. After labeling with primary and secondary antibod-
ies, nuclear was stained with DAPI for another 10 min at RT.

Both stained brain sections and SH-SY5Y cells were visu-
alized using a Zeiss 780 reverse laser-scanning confocal mi-
croscope (Germany).
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TUNEL Assay

Apoptot ic ce l l dea th was detec ted by terminal
deoxynucleotidyl transferase-mediated dUTP nick end la-
beling (TUNEL) assay. After preparing 4-μm paraffin-em-
bedded brain sections, TUNEL reagents (Roche
Diagnostics, IN, USA) were used to label apoptotic cells
following deparaffinization and hydration. Briefly, the tis-
sue slices were immersed into 0.1 M citrate buffer (pH =
6.0) for the microwave irradiation. After washing with
PBS three times, the tissue samples were incubated with
TUNEL reaction mixture (50 μL/tissue) for 1 h at 37 °C
in the dark. Besides, DAPI was also used to mark the
nucleus. The fluorescent images were obtained by the
Carl Zeiss Fluorescence Imaging System.

MTT Assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay was widely used to detect the cell viability.
After cell treatment, MTTwas added into the medium for 4 h
at 37 °C. Of note, culture medium was replaced with fresh
medium before adding MTT. After 4 h of incubation, culture
medium was removed and 200 μL dimethyl sulfoxide
(DMSO) was added into the wells. Then, the absorbance at
490 nm was measured with a multi-plate reader (model 680;
Bio-Rad).

Immunoprecipitation

To detect Drp1 nitration modification, total Drp1 extract-
ed from the rat brains and SH-SY5Y cells was firstly
pulled down by Dynabeads using the Dynabeads®

Protein G Immunoprecipitation Kit (10007D; Novex,
Life Technologies). Briefly, 50 μL Dynabeads for each
sample was incubated with Drp1 primary antibody
(Supplementary Table 1) in 200 μL antibody (Ab) binding
and washing buffer for 30 min at RT. After removing the
supernatant and washing Dynabeads, a 500-μL antigen
(Ag)-containing protein sample was incubated with the
Dynabeads-Ab complex for another 2 h, keeping rotation.
Then, the supernatant was collected using a magnet as a
flow-through sample. Followed by washing three times,
the Dynabeads-Ab-Ag complex was gently suspended
again in 20 μL elution buffer for 2 min. Separating with
the magnet, the supernatant was considered as the target
Drp1 sample for further western blot analysis.

Western Blot Analysis

Mitochondrial and cytosolic proteins from the rat brains
were prepared after mitochondrial isolation. Cellular pro-
teins were extracted with RIPA (R0278; Sigma) lysis

buffer plus 1% protease inhibitor and phosphatase inhib-
itor (Sigma). All procedures were referred to the standard
western blot protocol. After quantitative analysis, an equal
amount of proteins was loaded and separated with sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) by 8 to 12% gels and then transferred to 0.45-μm-
pore size polyvinyl idene dif luor ide membranes
(IPVH00010; EMD Millipore, Germany). After blocking
with 5% bovine serum albumin, membranes were incubat-
ed with primary antibodies (Supplementary Table 1) over-
night at 4 °C followed by washing with TBS-Tween 20
buffer and incubating in secondary antibody (1:2000) for
2 h at 4 °C. Chemiluminescence detection was performed
with enhanced chemiluminescence (ECL) reagents
(RPN2235; GE Healthcare, IL, USA) using the Bio-Rad
ChemiDoc™ XRS+ System (USA).

Drp1 Peptide Preparation

The target protein Drp1 pulled downed by immunoprecip-
itation was further analyzed with mass spectrometry (MS)
analysis. Firstly, Drp1 protein was separated with 8%
SDS-PAGE gel. Then, SDS-PAGE gel was stained with
Coomassie brilliant blue R-250 solution (1610436; Bio-
Rad, UK) for 2 h with gentle shaking at RT. After rinsing
three times with deionized water, the stained gel was
destained with the mixture of 25% ethanol, 10% acetic
acid, and 65% deionized water for four times. The target
gel band was cut as close to the edge as possible. The gel
plugs were rehydrated with 12.5 ng/μL trypsin (Promega)
in 10 mM ammonium bicarbonate for 16 h at 37 °C. After
incubation, the peptides were successively extracted with
5% formic acid (FA)/50% acetonitrile (ACN) and 100%
ACN. After desalting, the peptides were dissolved by ap-
plying 1 μL of 10 mg/mL α-cyano-4-hydroxycinnamic
acid matrix (Fluka) in 0.1% FA/50% ACN and stored at
4 °C until MS analysis.

MALDI-TOF/TOF Tandem Mass Spectrometry Analysis

Drp1 peptide modification was analyzed using the 4800
MALDI-TOF/TOF Analyzer (AB Sciex). All mass spectra
were acquired in positive ion reflector mode using the
4000 Series Explorer, version 3.5.28193, software (AB
Sciex). Before each detection, MS was calibrated with
the peptide calibration standard, 4700 Cal-Mix (AB
Sciex). Characteristic spectra were attained by averaging
500 acquisitions in reflector mode. The scanning range of
general peptides was 900–4000 m/z. The peak detection
criteria used were a minimum S/N of 5. The peptide mass
fingerprint search was then performed with the GPS
Explorer algorithm (version 3.6; AB Sciex) against the
Swiss-Prot database using the in-house MASCOT search
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engine, version 2.2. Further, MASCOT search analysis
setting for protein nitration modification was listed as fol-
lows: a peptide with one single tyrosine nitrated was ex-
pected to have a mass increase of 45 Da [34].

Clinical Study Design and Analysis

This clinical observational study was designed to observe
nitrotyrosine (NT) level in the plasma after ischemic stroke
and evaluate the correlation between NT level and neuro-
logical deficits, providing the evidence for screening po-
tential therapeutic target. This clinical study was approved
by the Ethics Committee of Hong Kong (UW14-319). We
recruited ischemic stroke patients from Huizhou First
People’s Hospital, Guangdong Province, China, during
June 2015 to April 2016. Informed consent was obtained
from the patients and participants before enrolment. One
hundred one ischemic stroke patients meeting the criteria
were included. Twenty-six participants in the control group
with no stroke history were also recruited. Ischemic stroke
is defined according to the World Health Organization

criteria [35]. The National Institutes of Health Stroke
Scale (NIHSS) [36] was used to evaluate the stroke sever-
ity by two experienced neurologists on admission. The
NIHSS score ranges from 0 to 42, in which a higher score
reflects more severe damage. Blood was collected within
24 h after stroke symptom onset. Blood sample was col-
lected in ethylenediaminetetraacetic acid (EDTA) tubes
and centrifuged at 1000g for 15 min, and then plasma
was stored at − 80 °C for enzyme-linked immunosorbent
assay (ELISA) analysis. Plasma NT level was determined
with a commercially available ELISA kit from USCN
(Wuhan, China).

Statistics

Data were expressed as Mean ± SEM. Differences in
measured variables between two groups were assessed by
the unpaired two-sided t-test. One-way ANOVA followed
by Dunnett’s multiple-comparison test was used for multi-
ple comparisons. The numbers of rats used are described in
the corresponding figure legends. For clinical study, no

Fig. 1 Activated autophagy aggravates the infarct size and cell death of
ischemia-reperfused rat brains. a 2,3,5-Triphenyltetrazolium chloride
(TTC) staining of brain tissues after 2 h of ischemia plus 6 h (I2/R6)
(n = 5 rats), 14 h (I2/R14) (n = 5 rats), and 22 h (I2/R22) (n = 7 rats) of
reperfusion and sham operation (n = 5 rats). b The infarct size percentage
was analyzed by ImageJ and quantitatively calculated with following
formula: the infarct size percentage = (the size of the right
hemisphere − the red size of the left hemisphere) / the right hemisphere
size × 100%. Data are expressed as mean ± SEM. **P < 0.01;
***P < 0.001, relative to the sham group (one-way analysis of variance
(ANOVA) followed by Dunnett’s multiple-comparison test). c Western
blot images of the expression levels of indicated proteins involved in

apoptosis (Bcl-2, Bax, and cytochrome c (Cyt c)) and autophagy (p62).
d Representative confocal images of LC3 staining (green) (n = 3
rats/group). Scale bar (left), 20 μm; scale bar (right), 10 μm. e–g
Autophagy inhibitor 3-methyladenine (3-MA) (600 nmol) was
administered into SD rats at the onset of reperfusion via
intracerebroventricular injection. TTC staining of brain tissues (e) and
quantitative analysis of the infarct size measured by ImageJ (f) (n = 5
rats/group). Data are expressed as mean ± SEM. ***P < 0.001, versus
the vehicle-I2/R22 group (one-way ANOVA followed by Dunnett’s
multiple-comparison test). Western blot analysis on the expression
levels of Bcl-2, Bax, and p62 proteins extracted from the rat brains in
the sham, vehicle-I2/R22, and 3-MA-I2/R22 groups (g)
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patient was excluded for analysis. Data were shown as the
median with interquartile range. Unpaired t-test with

Welch’s correction was used for the comparison between
the control and ischemic stroke groups. One-way ANOVA

Fig. 2 PINK1/Parkin-mediated mitophagy, as a selective autophagy,
dominates in ischemia-reperfused brains. a Western blot detection for
the ratio of LC3-II/LC3-I in total and mitochondrial fractions from the
rat brains suffering I2/R22. b Quantitative analysis of LC3-II/LC3-I ratio
in the I2/R22 group. Data are expressed as mean ± SEM. *P < 0.05;
***P < 0.001 (t-test). c Mitochondrial and cytosolic fractions were
isolated from brain tissues after 2 h of ischemia followed by different
time length reperfusion. Involved protein expression levels were
detected with western blot. d Co-staining images of mitochondrial

marker ATPB (red), LC3 (green), and nuclear (blue). Subcellular
locations of ATPB and LC3 in the sham and I2/R22 groups were
visualized with a confocal microscope. Scale bar, 50 μm. Enlarged
immunofluorescent images of representative cells are shown (right)
(n = 3 rats/group). e Co-stained with ATPB (red), Drp1 (green), and
nuclear (blue) to detect mitophagy level in the brains after I2/R22.
Scale bar, 50 μm. Typical cell images were enlarged (right) (n = 3
rats/group)
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followed by Bonferroni’s multiple-comparison test was ap-
plied for multiple comparisons. All data were analyzed
using GraphPad Prism (version 6.0; GraphPad Software,
Inc., CA, USA). Two-sided P < 0.05 was considered as
statistical significant.

Results

Inhibition of Autophagy Activation Attenuates
Cerebral I/R Injury

We first sought to detect autophagy level during cerebral I/R
injury. SD rats were subjected to 2 h of cerebral ischemia plus
6, 14, or 22 h of reperfusion by occluding and releasing the
middle cerebral artery. TTC staining revealed that the infarct size
of rat brain was increased with the time length of reperfusion as
expected (Fig. 1a, b). Cell death was also aggravated, as evi-
denced by the decreased ratio of Bcl-2/Bax and the enhanced
cytochrome c releasing in ischemia-reperfused brains (Fig. 1c).
Autophagy activation was simultaneously indicated by the deg-
radation of p62, an indicator for the autophagic late phase, in the
ischemic brains (Fig. 1c). Compared with the sham-operated
group, the 2 h of ischemia plus 22 h of reperfusion (I2/R22)
group had a change in the distribution of LC3, showing the
cytosolic LC3 aggregation to form puncta in the ischemic brains
(Fig. 1d).

We next performed the experiments to investigate the ef-
fects of autophagy inhibitor 3-MA on the infarct size in the
brains subjected to I2/R22. Treatment of 3-MA at the onset of
reperfusion obviously decreased the infarct size (Fig. 1e, f),
restored the ratio of Bcl-2/Bax, and upregulated the expres-
sion of p62 (Fig. 1g). These results suggest that activated
autophagy contributes to brain injury at the stage of reperfu-
sion after cerebral ischemia.

PINK1/Parkin-Mediated Mitophagy is Activated
via Recruiting Drp1 to Damaged Mitochondria,
Contributing to Cerebral I/R Injury

Mitochondrial recruitment of Drp1 is a hallmark of mitophagy
fission/fragmentation, and PINK1/Parkin pathway subsequently
mediates the mitophagic process to degrade damaged mitochon-
dria in most cases [37, 38]. Firstly, we found the ratio of LC3-II
to LC3-I (LC3-II/LC3-I) was relatively mild in total protein frac-
tion from the infarcted hemisphere. Conversely, the ratio of LC3-
II/LC3-I was markedly increased in mitochondrial fraction iso-
lated from the I2/R22 group (Fig. 2a, b). We then monitored the
dynamic level of mitophagy in the brains during cerebral I/R
injury. The expression of indicated proteins from mitochondrial
and cytosolic fractions was detected with western blot. The ratio

of LC3-II/LC3-I inmitochondrial fractionwas enhancedwith the
time length of reperfusion following cerebral ischemia (Fig. 2c).
Meanwhile, Parkin translocation from the cytoplasm to the mi-
tochondria was accompanied with increased Drp1 and decreased
cytochrome c expression in the mitochondria (Fig. 2c).
Immunofluorescence revealed that LC3 was evenly distributed
in the cytoplasm of the sham group, yet it translocated to the
mitochondria marked by ATPB to form intensive immunofluo-
rescent puncta in the I2/R22 group (Fig. 2d). Similarly, Drp1was
also recruited from the cytosol to the mitochondria in the I2/R22
group (Fig. 2e). In addition, co-immunostaining images of neu-
ron marker TuJ1 and Parkin revealed that Parkin translocation to
mitochondria occurred in neurons during cerebral I/R injury
(Supplementary Fig. 1). These results suggest that mitophagy is
time-dependently activated with mitochondrial recruitment of
Drp1 and Parkin during cerebral I/R injury.

Then, Mdivi-1, a selective inhibitor of Drp1, was used to
test the roles of Drp1 in mitophagy activation during cerebral
I/R injury. Mdivi-1 treatment significantly decreased the in-
farct size (Fig. 3a, b), upregulated Bcl-2, and downregulated

Fig. 3 Mdivi-1 significantly attenuates cerebral I/R injury via inhibiting
Drp1 recruitment and mitophagy activation. SD rats were
intracerebroventricularly administered with the Drp1 inhibitor Mdivi-1
(3 mg/kg) at the onset of reperfusion following 2 h of cerebral
ischemia. Brain samples were collected 22 h after reperfusion. TTC
staining (a) and statistical analysis (b) for the infarct size in the sham,
vehicle-I2/R22, and Mdivi-1-I2/R22 groups (n = 5 rats/group). Data are
expressed as mean ± SEM. ***P < 0.001, versus the vehicle-I2/R22
group (one-way ANOVA followed by Dunnett’s multiple-comparison
test). c, d Representative western blot images of indicated cytosolic and
mitochondrial proteins from the rat brains related to cell death and
mitophagy. GAPDH and VDAC1 were used as cytosolic and
mitochondrial loading control, respectively. Western blot analysis was
repeated at least three times
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Bax expression in ischemia-reperfused brains (Fig. 3c). For
mitophagy, Mdivi-1 treatment inhibited the translocation of
Drp1 and Parkin from the cytosol to the mitochondria, de-
creased mitochondrial PINK1 expression, and restored the
expression of p62, consistent with the reduced ratio of mito-
chondrial LC3-II/LC3-I (Fig. 3c, d). Collectively, above find-
ings indicate that PINK1/Parkin-mediated mitophagy is acti-
vated via recruiting Drp1 to damaged mitochondria, aggravat-
ing brain damages during cerebral I/R injury.

ONOO− Triggers Mitochondrial Recruitment of Drp1
and InducesMitophagy Activation During Cerebral I/R
Injury

In order to explore the clinical correlation of ONOO−

production and neurological deficits in ischemic stroke,
we detected NT, a footprint of ONOO−, in the plasma of
acute ischemic stroke patients. Characteristics of ischemic
stroke patients and control individuals were compared in
Supplementary Table 2. Intriguingly, ELISA analysis re-
vealed that ischemic stroke patients within 24 h after

ischemic stroke onset had a higher NT level in the plasma
than the control group (P < 0.0001) (Fig. 4a). The predic-
tive ability of NT to distinguish ischemic stroke patients
from control individuals was evaluated with receiver op-
erating characteristic (ROC) curve analysis, indicated by
an area under the ROC curve (AUC) at 0.71 (95% CI 0.61
to 0.80) (P < 0.01) (Fig. 4b). Furthermore, we evaluated
the NIHSS for neurological deficits. Spearman correlation
analysis showed that plasma NT level was positively cor-
related with an NIHSS score within 12 h after symptom
onset (P = 0.04) (Fig. 4c). In addition, plasma NT level in
stroke patients had an upward trend over time (Fig. 4d). In
line with the results from ischemic stroke patients, animal
experiments revealed a time-dependent increase in the ex-
pression of cytosolic iNOS, NADPH oxidase subunit
p47phox, as well as mitochondrial 3-nitrotyrosine (3-NT)
in the rat brains subjected to 2 h of ischemia plus different
durations of reperfusion (Fig. 4e, f). These results from
clinical investigations and animal experiments indicate the
involvement of ONOO− in the process of cerebral I/R
injury.

Fig. 4 Nitrotyrosine/3-nitrotyrosine (NT/3-NT), as a footprint of
peroxynitrite (ONOO−), is increased in the plasma of ischemic stroke
patients and ischemia-reperfused rat brains. a ELISA analysis for NT
level in the plasma of control individuals and ischemic stroke patients
within 24 h after ischemic stroke onset (control, n = 26; ischemic stroke,
n = 101). Data are shown as median with interquartile range.
***P < 0.0001, relative to the control (unpaired t-test with Welch’s
correction). b Receiver operating characteristic curve analysis to test the
predictive ability of NT with an area under ROC curve of 0.71 (95% CI
0.61 to 0.80). **P < 0.01. c The Spearman correlation analysis to assess
the association between NT level and neurological NIHSS score in

ischemic stroke patients within 12 h after symptom onset (n = 49). *P =
0.04 < 0.05. d Plasma NT level of ischemic stroke patients at different
time points after symptom onset (control, n = 26; 3–6 h, n = 14; 6–12 h,
n = 35; 12–24 h, n = 47). *P = 0.022 < 0.05, versus control (one-way
ANOVA followed by Bonferroni’s multiple-comparison test). Western
blot images (e) and quantitative analysis (f) for iNOS and p47phox

proteins in cytosolic fraction and 3-NT in mitochondrial fraction of rat
brains in the sham, I2/R6, I2/R14, and I2/R22 groups. Data are expressed
as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001, versus the sham
group (one-way ANOVA followed by Dunnett’s multiple-comparison
test)
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We then examined whether ONOO− was sufficient to
induce mitophagy activation via triggering Drp1 mito-
chondrial recruitment of the rat brains in the I2/R22
group. FeTMPyP, a representative peroxynitrite decompo-
sition catalyst (PDC), was intravenously administered into
the rats at the onset of reperfusion after 2 h of cerebral
ischemia. PDC treatment dose-dependently reduced the
infarct size and inhibited apoptotic cell death in
ischemia-reperfused brains (Fig. 5a–d). Meanwhile, PDC
administration dose-dependently reduced 3-NT level and
mitochondrial LC3-II/LC3-I ratio (Fig. 5e). Further, west-
ern blot analysis revealed that PDC inhibited the translo-
cation of Drp1 and Parkin from cytosol to mitochondria
during cerebral I/R injury (Fig. 5f, g). Immuno fluo-
rescence analysis also showed that PDC reversed the I/R-
induced LC3 punc ta accumula t ion around the

mitochondria (Fig. 6a). Similarly, PDC intervention
blocked the I/R-induced Drp1 redistribution from being
ubiquitous in the cytosol to punctate around the mito-
chondria (Supplementary Fig. 2). Moreover, the Drp1 re-
distribution was simultaneously presented with increased
3-NT level in ischemia-reperfused brains, as illustrated by
immunofluorescence (Fig. 6b). These results suggest that
ONOO− could initiate mitophagy activation by recruiting
Drp1 to damaged mitochondria, leading to cerebral I/R
injury.

ONOO− Triggers Tyrosine Nitration of Drp1

Mitochondria are not only the pools for redox signaling
and reactive species but also the targets of free radicals
including ONOO− [39, 40]. We then tested how

Fig. 5 FeTMPyP (peroxynitrite decomposition catalyst, PDC) inhibits
mitochondrial recruitment of Drp1 and mitophagy activation,
attenuating cerebral I/R injury. Rats were treated with PDC (1 and
3 mg/kg) at the onset of reperfusion after 2 h of cerebral ischemia via
femoral injection. Brain tissues were prepared 22 h after reperfusion for
further detection. TTC staining images (a) and quantification (b) of the
infarct size in the groups of sham (n = 5 rats), I2/R22 (n = 7 rats), and I2/
R22 plus PDC (PDC 1 mg/kg, n = 5 rats; PDC 3 mg/kg, n = 6 rats). Data
are expressed as mean ± SEM. *P < 0.05; ***P < 0.001, versus the
vehicle-I2/R22 group (one-way ANOVA followed by Dunnett’s

multiple-comparison test). c Representative TUNEL staining (green) for
apoptotic cell death in the sham, I2/R22, and I2/R22 plus PDC (3 mg/kg)
(n = 4 rats/group). Scale bar, 100 μm. dQuantitative analysis of TUNEL-
positive cells. Data are expressed as mean ± SEM. ***P < 0.001, versus
the vehicle-I2/R22 group (one-way ANOVA followed by Dunnett’s
multiple-comparison test). e Representative western blot images of
mitochondrial LC3 and 3-NT, as well as cytosolic 3-NT levels in the
sham, vehicle-I2/R22, and PDC-I2/R22 groups. f Western blot analysis
for cytosolic Drp1 and Parkin expression levels. gWestern blot detection
for mitochondrial Drp1, Parkin, and PINK1 expression levels
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ONOO− triggered mitochondrial recruitment of Drp1
during mitophagy. Western blot analysis following
Drp1 immunoprecipitation revealed a rise in the ratio
of the nitrated Drp1 to total Drp1 in the I2/R22 brains
(Fig. 7a, b), indicating the potential effects of ONOO−

on the Drp1 nitration and translocation. Interestingly,
comparing the brain samples between the sham and I2/
R22 groups, MS analysis revealed that the tyrosine in
peptide sequence YPSLANR could be a nitration mod-
ification target point of Drp1 protein (Table 1;
Supplementary Fig. 3). Consistently, the PDC treatment
group had a significant decrease in the nitrated Drp1,
compared with the I2/R22 group (Fig. 7c, d). Thus,

these data provide a clue that ONOO−-mediated Drp1
tyrosine nitration might initiate Drp1 recruitment in the
ischemic brains.

ONOO− Donors Initiate Mitochondrial Recruitment
of Drp1 and Mitophagy Activation In Vitro

We then performed in vitro experiments to confirm the
roles of ONOO− in mediating mitophagy by using
ONOO− donor SIN-1 and synthesized sodium ONOO−.
Immunofluorescent staining showed that SIN-1 treatment
induced the punctate distribution of LC3 in SH-SY5Y
cells (Fig. 8a). Concomitantly, SIN-1 treatment induced

Fig. 6 PDC reverses the
redistribution of LC3 and Drp1
during cerebral I/R injury. Brain
slices in the sham, vehicle-I2/
R22, and PDC 3 mg/kg-I2/R22
groups were prepared 22 h after
reperfusion for
immunofluorescence. a Co-
staining images of LC3 (green),
ATPB (red), and nuclear (blue) in
the brains of the sham, I2/R22,
and I2/R22 plus PDC (3 mg/kg)
groups. Scale bar, 50 μm.
Immunofluorescent images of
representative cells were enlarged
(right) (n = 3 rats/group). b
Representative co-staining
images of Drp1 (green), 3-NT
(red), and nuclear (blue) in the
brains of corresponding groups.
Scale bar, 50 μm. Typical cell
images were enlarged (right) (n =
3 rats/group)
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mitophagy activation, illustrated by the increased fluores-
cent co-localization of LC3 puncta and mitochondrial
marker ATPB (Fig. 8a), as well as Drp1 accumulation
around the mitochondria (Fig. 8b). SIN-1 treatment
dose-dependently upregulated the level of 3-NT and the
ratio of LC3-II/LC3-I and downregulated the level of Bcl-
2 and p62 (Fig. 8c). Consistently, PDC treatment reversed
these changes in the cells. Alternatively, 3-MA interven-
tion also upregulated the expression of Bcl-2 in the SIN-
1-treated cells (Supplementary Fig. 4).

In addition, the experiments with synthesized sodium
ONOO− yielded the similar results to SIN-1 donor exper-
iments (Fig. 9). Synthesized sodium ONOO− dose-
dependently reduced cell viability and increased cell
death, which was attenuated by PDC treatment (Fig. 9a,
b). Immunofluorescent analysis showed LC3 was recruit-
ed to the mitochondria in SH-SY5Y cells exposed to
ONOO− , which was reversed by PDC treatment
(Fig. 9c). Notably, PDC treatment reversed ONOO−-in-
duced Drp1 nitration and mitochondrial recruitment in
SH-SY5Y cells (Fig. 10). Those in vitro experiments fur-
ther confirm the roles of ONOO− in Drp1-mediated
mitophagic cell death.

Discussion

To our knowledge, this is the first report that ONOO− could
recruit Drp1 to damaged mitochondria and subsequently in-
duce PINK1/Parkin-mediated mitophagy activation, contrib-
uting to cerebral I/R injury. Potentially, ONOO−-induced
mitophagy could be a promising therapeutic target for cerebral
I/R injury.

We previously reviewed current progress about the
roles of autophagy/mitophagy during cerebral I/R injury
and speculated that reperfusion after ischemia could be a
critical turning point of autophagy/mitophagy from neu-
roprotection to neurotoxicity in ischemic brain injury
[23]. To verify the speculation, we designed the experi-
ments with different reperfusion time points after cerebral
ischemia in the present study. We found that autophagy/
mitophagy was increased in the ischemic brains with the
extension of reperfusion time after cerebral ischemia.
After I2/R22, the ischemic rat brains had a significant
increase in the infarct size and autophagic level.
Administration of the autophagy inhibitor 3-MA at the
onset of reperfusion remarkably reduced the infarct size.
Those data directly support the idea about the detrimental
roles of activated autophagy at the reperfusion phase.
However, it should be mentioned that the infarct size of

Fig. 7 ONOO− triggers Drp1 nitration modification in cerebral ischemia-
reperfused rat brains, which is reversed by PDC treatment. Drp1 extracted
from the rat brains was pulled down and relatively purified by the
immunoprecipitation method. a, b Western blot images (a) and
quantification (b) of the ratio of nitrated Drp1 to total Drp1 in the sham
and I2/R22 groups with 3-NT antibody. Data are expressed as mean ±
SEM. **P = 0.0062 < 0.01 (t-test). Western blot detection (c) and
quantitative analysis (d) of Drp1 nitration level in the brains of the
sham, vehicle-I2/R22, and PDC 3-I2/R22 groups. Values are expressed
as mean ± SEM. **P < 0.01, versus the vehicle-I2/R22 group (one-way
ANOVA followed by Dunnett’s multiple-comparison test). Above
experiments were repeated three times

Table 1 MALDI-TOF MS
analysis for Drp1 peptide
modification

Group Protein
(CI %)

Observed peptide Start
seq.

End
seq.

Sequence Modification

Calc.
(m/z)

Obsrv.
(m/z)

Sham Drp1
(100)

948.5261 948.5200 285 292 KYPSLANR –

I2/R22 Drp1
(100)

1265.6233 1265.6995 286 296 YPSLANRNGTK Tyr nitration
(Y) [1]
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rat brains in the I2/R22 group anesthetized with isoflurane
(Figs. 1a and 5a) was larger than that of rats anesthetized
with ketamine and xylazine hydrochloride (Figs. 1e and
3a). Increased infarct size might be attributed to the en-
hanced cerebral blood flow induced by isoflurane, com-
pared with ketamine and xylazine hydrochloride [41, 42].

Mitochondria, as the power house of the cell, play a
key role in many essential cellular functions, including
energy metabolism, adenosine triphosphate production,
and calcium ion homeostasis [43, 44]. However, under
cerebral I/R insults, mitochondria are also the primary
intracellular sources of free radicals, such as NO and O2

·

−. The simultaneous presentation of NO and O2
·− rapidly

induces ONOO− production. ONOO− possesses stronger
lipid membrane permeability than O2

·− and reflects both
oxidative and nitrosative stress [45]. ONOO− plays a crit-
ical role in mediating neuronal cell death and the BBB
disruption during cerebral I/R injury [46–48]. Due to its
strong biomembrane permeability, it could be reflected by
NT level, an ONOO− footprint marker, in the peripheral

blood [49]. Consistently, we found that the NT level in
the plasma was increased in ischemic stroke patients and
had an upward trend over time (Fig. 4a, b, d). More im-
portantly, plasma NT level was positively correlated with
the neurological deficit score (Fig. 4c). Of note, age and
hypertension (Supplementary Table 2), two major risk
factors of stroke, have also been reported to have a pos-
itive correlation with NT/3-NT [50, 51]. Thus, more rig-
orous clinical data need to be collected in further study,
excluding the potential influence of other factors like age
and hypotension.

Mitochondria are often the major targets of ONOO−

[32, 33]. The roles of ONOO− in mitochondria turnover
and their impacts on brain injury remain unknown.
Herein, we found that mitophagy activation was dominat-
ed in the I2/R22 rat brains (Fig. 2a, b). Akin to the effects
of autophagy, inhibition of mitophagy remarkably reduced
the infarct size of rat brains at the stage of reperfusion
after cerebral ischemia (Fig. 3). Subsequently, we logical-
ly addressed whether ONOO− served as a potential factor

Fig. 8 3-Morpholinosydnonimine (SIN-1, ONOO− donor) induces
mitochondrial recruitment of Drp1 and mitophagy activation, leading to
SH-SY5Y cell death in vitro. a SH-SY5Y cells were treated with 4 mM
SIN-1 and vehicle for 2 h. Fifty micromolars of PDC was used as a
positive control drug. Representative confocal staining images of LC3
(green), ATPB (red), and nuclear (blue). Scale bar, 50 μm. b SH-SY5Y
cells were incubated in SIN-1 at 1, 2, and 4 mM for 2 h. For the positive

control group, cells were co-treated with 4 mM SIN-1 and 50 μM PDC.
Representative staining images of Drp1 (green), ATPB (red), and nuclear
(blue) in each group. Scale bar, 50 μm. cWestern blot images of cellular
proteins involved in cell death (Bcl-2), autophagy (LC3-II/LC3-I, p62),
and ONOO− (3-NT) in the groups of control, SIN-1 (1, 2, and 4 mM), and
SIN-1 (4 mM) plus PDC (50 μM). Above in vitro experiments were
repeated at least three times
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contributing to mitophagy activation. Intriguingly, 3-NT
level was increased in ischemia-reperfused rat brains, ac-
companied with mitochondrial recruitment of Drp1,
PINK1/Parkin-mediated mitophagy activation, and en-
hanced apoptosis. Moreover, PDC dose-dependently re-
versed the increase in 3-NT level, suppressed Drp1 re-
cruitment and mitophagy activation, and reduced apopto-
tic cell death after I2/R22 injury. These results conveyed
an important message that ONOO− could play a crucial
role in PINK1/Parkin-mediated mitophagy via triggering
mitochondria recruitment of Drp1, leading to cerebral I/R
injury.

The Drp1’s mitochondrial recruitment plays an impor-
tant role in mitochondrial fission and fragmentation dur-
ing mitophagy. The Drp1 recruitment is regulated by the
activity of Drp1 via modification, such as phosphorylation
[17] and nitrosylation [30]. Actually, mitochondrial pro-
teins are comparatively vulnerable to nitrative stress [32,
33]. Thus, we investigated the effects of ONOO− on mito

chondrial recruitment of Drp1 during cerebral I/R injury.
The results showed that ONOO− recruited Drp1 to the
damaged mitochondria and then activated mitophagy in
the ischemic brain. More excitingly, we found the tyrosine
nitration of Drp1 peptide YPSLANR might contribute to
Drp1 recruitment in vivo (Table 1; Supplementary Fig. 3),
and PDC significantly attenuated Drp1 nitration and re-
cruitment (Fig. 7c, d; Supplementary Fig. 2). Besides, we
confirmed these findings on SH-SY5Y cells after treat-
ment of synthesized sodium ONOO− in vitro (Fig. 10).
To our knowledge, this is the first evidence that ONOO−

could induce Drp1 nitration and mitochondrial recruit-
ment in the ischemia-reperfused brains. However, the pre-
cise impacts of Drp1 nitration on Drp1 mitochondrial re-
cruitment and mitophagy activation remain obscure. Thus,
more experiments need to be conducted to exclude other
potential modification influences and elucidate exact ef-
fects of tyrosine nitration on Drp1 mitochondrial
recruitment.

Fig. 9 Synthesized sodium
ONOO− triggers nitrative stress
and mitophagy activation, leading
to SH-SY5Y cell death. SH-
SY5Y cells were incubated in
synthesized sodium ONOO− (20,
40, and 80 μM) for 2 h, similar to
SIN-1. PDC (50 μM) was treated
as a positive scavenger drug. a
MTT assay for cell viability after
2 h of incubationwith synthesized
sodium ONOO−. Data are
expressed as mean ± SEM.
***P < 0.001, relative to the
control group (one-way ANOVA
followed by Dunnett’s multiple-
comparison test); ###P < 0.001,
relative to ONOO− 80 μM group
(t-test). b Western blot analysis
for relevant protein expression
levels including p62, LC3-II/
LC3-I, Bcl-2, and active caspase-
3. c Cell slices in each group were
prepared after 2 h of treatment for
immunofluorescent staining.
Representative co-staining
images of mitochondrial marker
ATPB (red), autophagosome
marker LC3 (green), and nuclear
(blue). Scale bar, 50 μm. The
experiments were repeated at least
three times
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It has been widely accepted that ONOO− is a critical
factor to induce DNA damage and cell apoptosis, con-
tributing to the pathological process in ischemic stroke
[52, 53]. However, it is needed to be further addressed
about how ONOO− induces apoptotic cell death. In the
present study, we found that ONOO− mediated excessive
autophagy/mitophagy activation under cerebral I/R in-
sults. Notably, direct and indirect evidences indicate that
autophagy/mitophagy has a close interaction with apo-
ptosis via a mechanistic overlap [54, 55]. The autophagy
protein like Atg12 has been reported to initiate mito-
chondrial apoptosis via binding and inactivating
prosurvival Bcl-2 family members in response to the
stress [56]. Additionally, autophagosomal membrane
was revealed to serve as a platform for the recruitment
of caspase-8 to initiate the caspase-8/caspase-3 cascade
[57]. Consis tently, our data showed that apoptosis and
autophagy/mitophagy were simultaneously activated

during cerebral I/R injury, and the autophagy inhibitor
3-MA remarkably upregulated Bcl-2/Bax ratio in
ischemia-reperfused brains (Fig. 1g). Moreover, the
in vitro experiment also showed that 3-MA intervening
led to an increase of Bcl-2 expression in SH-SY5Y cells
exposed to ONOO− donor SIN-1 treatment (Supp
lementary Fig. 4). Of course, these findings just provide
a clue to explain the relationship between autophagy/
mitophagy and apoptosis during cerebral I/R injury.
Obviously, further study is needed to elucidate the in-
depth underlying mechanisms.

Of note, it is worthy to discuss the reliability of
several experimental methods, including mitochondrial
isolation referring to reagent-based protocol and 3-MA
administration. It is critical to avoid the potential con-
tamination with autophagosomes. Otherwise, the ratio of
mitochondrial LC3-II/LC3-I may be due to the co-
enrichment with autophagosomes in the mitochondrial

Fig. 10 Synthesized sodium
ONOO− triggers Drp1 nitration
and mitochondrial recruitment of
Drp1, which is inhibited by PDC
treatment. SH-SY5Y cells were
incubated in synthesized sodium
ONOO− (80 μM) and ONOO−

(80 μM) plus PDC (50 μM) for
2 h. Then, cell slices and cellular
proteins were collected for
immunofluorescence and western
blot analysis, respectively. a Co-
staining images of mitochondrial
marker VDAC1 (green), Drp1
(red), and nuclear (blue) in each
group. Scale bar, 50 μm. Western
blot images (b) and quantification
(c) of the level of nitrated Drp1 in
sham, ONOO−, and ONOO− plus
PDC groups with 3-NT antibody
following Drp1
immunoprecipitation. Data are
expressed as mean ± SEM.
**P < 0.01, versus the vehicle-
ONOO− group (one-way
ANOVA followed by Dunnett’s
multiple-comparison test). Above
all experiments were repeated at
least three times
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fraction. To avoid the potential contamination of
autophagosomes maximally, we chose the centrifuging
at 3000×g, instead of 12,000×g. Centrifuging at
3000×g often results in less yield, but less contamina-
tion. Besides the reagent-based method, another mito-
chondrial isolation protocol with Dounce homogeniza-
tion was also applied for quality control. The data
showed that the ratio of LC3-II/LC3-I in mitochondrial
fraction was enhanced in ischemia-reperfused rat brains
after separating with above two protocols (Supp
lementary Fig. 5). Furthermore, immunofluorescent im-
ages also indicated the induction of mitophagy activa-
tion by co-staining of the mitochondria marker ATPB
and the autophagosome marker LC3.

To date, efforts have been made for searching a sin-
gle silver bullet for autophagy regulation, like finding a
fitting shoe for Cinderella. But, no one is perfect yet
[58]. 3-MA, as the first generation of autophagy inhib-
itor, has been applied for autophagy study [59].
However, it was reported that the concentration of 3-
MA can influence its effects on autophagy. For instance,

3-MA at 2.5 mM did not show inhibitory effects on the
basal level of autophagy but reversely triggered autoph-
agic flux [60]. To some extent, well-designed experi-
ments could overcome some limitations of 3-MA. To
ensure its working solution and minimize the side ef-
fects of the peripheral system, we directly injected 3-
MA (600 nmol, 5 μL) into the cerebral lateral ventricle.
Western blot analysis also showed the inhibitory effects
of 3-MA on autophagy (Fig. 1g). Of course, with the
development of tools, more specific agents would pave
a way for autophagy study in the future.

Taken together, we advanced the underlying mecha-
nisms of activated mitophagy during cerebral I/R injury.
As illustrated in the diagram (Fig. 11), ONOO− could
induce PINK1/Parkin-mediated mitophagy activation via
recruiting Drp1 to damaged mitochondria, leading to
cerebral I/R injury. Thus, ONOO−-induced mitophagy
could be a novel molecular target for seeking therapeu-
tic drugs to protect the brain against I/R injury, which
might have a significant implication for a combined
therapeutic strategy with thrombolytic treatment.

Fig. 11 ONOO− induces PINK1/Parkin-mediated mitophagy activation
via recruiting Drp1 to damagedmitochondria, contributing to cerebral I/R
injury. At the onset of reperfusion after cerebral ischemia, a large amount
of ONOO− generates and induces nitrative stress. Then, ONOO− triggers
Drp1 nitration modification and recruits Drp1 to damaged mitochondria,
which are divided into functionally uneven two parts: healthy daughter
mitochondria (green) and dysfunctional ones (red). Subsequently,

PINK1/Parkin pathway is activated to initiate mitophagic flux to
remove the daughter mitochondria with decreased membrane potential
(red) by autophagosomes. Once mitophagy is over-activated by a
consistent stimulus of ONOO−, it will aggravate cerebral I/R injury.
Obviously, ONOO−-induced mitophagy could be a novel molecular
target for seeking therapeutic drugs to protect the brain against I/R injury
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