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Abstract 

Active autophagy/mitophagy could mediate neurodegeneration and motor 

disabilities in multiple sclerosis (MS). Mitochondrial recruitment of dynamin-related 

protein 1 (Drp1) is a crucial step to initiate mitophagy. Peroxynitrite (ONOO-) could 

be a player in MS pathology but the mechanisms remain unknown. We used animal 

model of experimental autoimmune encephalomyelitis (EAE) and tested whether 

ONOO- mediates Drp1 assembly in mitochondria for mitophagy and aggravates MS 

pathology. We found that autophagy/mitophagy activation was coincidently increased 

with axonal damage, apoptosis and disease progression in active EAE mice, which 

were remarkably attenuated by mitochondrial division/mitophagy inhibitor Mdivi-1. 

Importantly, increased ONOO- production was companied with Drp1 mitochondrial 

recruitment, PINK1/Parkin-mediated mitophagy, axonal degeneration and neuronal 

cell death, which were reversed by peroxynitrite decomposition catalyst (PDC). 

Furthermore, ONOO- production induced Drp1 nitration, promoted Drp1 assembly 

and mitochondrial recruitment for mitophagy activation, contributing to the EAE 

pathology. Together, we conclude that ONOO- serves as a key mediator in Drp1 

nitration modification and assembly for facilitating mitophagy activation. Targeting 

ONOO--mediated Drp1 assembly and mitochondrial recruitment could be an 

important therapeutic strategy for multiple sclerosis treatment. 
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1. Introduction 

 

Multiple sclerosis (MS) is clinically characterized by massive inflammatory 

infiltration, demyelination and axonal degradation, subsequently resulting in the motor 

disabilities [1]. Experimental autoimmune encephalomyelitis (EAE) is a widely adopted 

animal model mimicking the key features of MS, including CNS-directed leukocyte 

infiltrations and inflammatory microenvironment induction, which destroy CNS 

structures and lead to progressive paralysis [2]. Although large efforts have been made, 

the molecular mechanisms of MS are still largely unknown. 

Autophagy, a “self-eating” process, appears to have both neuroprotective and 

detrimental roles in MS/EAE pathology. Mitophagy, defined by autophagic removal of 

damaged/dysfunctional mitochondria, is an important type of autophagy. Basal 

autophagy/mitophagy maintains cellular homeostasis by removing damaged 

components whereas excessive level could be a pathological process [3-5]. The roles of 

autophagy/mitophagy in MS or EAE rely on the cell-types, inflammatory/autoimmune 

status and stages of the disease progress. For example, autophagy activation in 

inflammatory cells aggravates disease progression during EAE injury due to the 

increased encephalitic cell survival [6]. Elevated autophagy promoted T cells survival 

and proliferation in EAE mice and MS patients [7]. Autophagy deficiency in dendritic 

cells or neutrophils reduced EAE severity [8, 9]. Neurons are the inflammatory/ 

autoimmune target cells. Activated autophagy, especially for mitophagy, was observed 

in motor neurons in EAE [10-13]. However, the roles of neuronal autophagy/mitophagy 

in MS pathology remain unclear yet. It is desirable to explore whether neuronal 

autophagy/mitophagy contributes to the MS/EAE pathology and affects motor function. 

Oxidative stress is intimately associated autophagy/mitophagy in MS pathogenesis. 

Free radicals, mainly derived from macrophage/microglia, could induce oxidative 

damage, increase mitochondrial membrane permeability and initiate autophagosome 

formation, triggering bulk autophagy in EAE pathology [14]. As a representative RNS, 

nitric oxide (NO) rapidly reacts with superoxide anion (O2
•-) to form peroxynitrite 



(ONOO-). ONOO- mediates oxidative damage and mitochondria dysfunction, etc. 

Human adult CNS-derived oligodendrocytes and motor neurons are highly susceptible 

to ONOO--mediated injury [15]. As an ONOO- scavenger, uric acid level in serum or 

CSF could reflect disease activity and correspond to therapeutic responses in MS 

patients [16, 17]. Peroxynitrite decomposition catalyst (PDC) or blocking ONOO- 

formation ameliorated acute and chronic relapsing in EAE [18, 19]. Thus, ONOO- could 

be a player in MS pathology. However, direct evidence is still lack whether ONOO- 

mediates mitophagy activation during MS/EAE pathology.  

Dynamin-related protein 1 (Drp1) is a key factor in regulating mitophagy. Drp1 is 

recruited to the damaged mitochondria and triggers mitochondrial fission/fragmentation, 

subsequently facilitating mitophagy induction [20]. Dysfunction of Drp1 contributes to 

excessive mitochondrial fragmentation, leading to synaptic damage and neuronal loss 

[21]. Drp1 inhibitor abolished Drp1 translocation to mitochondria and attenuated 

mitochondrial fragmentation and EAE progress [22]. Posttranslational modifications of 

Drp1 could regulate mitochondrial fission. Nitrosative stress appears to promote Drp1 

translocation and mitochondrial fragmentation. S-nitrosylation of Drp1 could mediate 

beta-amyloid mitochondrial fission and neuronal injury [21]. NO induces 

S-nitrosylation of Drp1, linking excessive mitochondrial fission and contributing to 

neuronal injury [23]. Notably, the nitration of mitochondrial proteins have been reported 

to induce mitochondrial dysfunction, apoptosis and neurodegeneration in EAE animal 

model [24]. We recently reported that ONOO- production induced the recruitment of 

Drp1 into the damaged mitochondria and activated mitophagy in cerebral 

ischemia-reperfusion injury [25]. Thus, we raise the question about the roles of the 

ONOO- -mediated mitophagy in MS/EAE pathology. If it is the case, how ONOO- 

initiates the recruitment of Drp1 into the mitochondria would be a critical question for 

understanding the molecular mechanisms of the MS/EAE pathology. In the present 

study, we aim to explore the potential function of nitrative-modified Drp1 as a 

mitophagy activator during EAE pathogenesis. Our results demonstrate that ONOO- 

could be a critical factor in EAE development through inducing nitration of Drp1 for the 



mitochondrial recruitment, subsequently triggering mitophagy activation and 

aggravating axonal degeneration and neuronal injury. 

 

2. Materials and methods 

 

2.1. Animals 

Female C57BL/6N mice (10-14week old) and fetal Sprague-Dawley rats 

(embryonic days E17-18 day) were obtained from the Laboratory Animal Unit, the 

University of Hong Kong. All animal care and experimental procedures were 

approved by the University Committee on the Use of Live Animals in Teaching and 

Research (CULATR). Animals were housed in the pathogen free environment with 12 

hours dark/light cycles. 

 

2.2. Active EAE induction. 

Female C57BL/6N mice were immunized for active induction of EAE as our 

previous described [26]. Briefly, the mice were subcutaneously injected with 200μg 

MOG35–55 in complete Freund’s adjuvant (5 mg/ml, Sigma-Aldrich). Pertussis Toxin 

(200 ng, List Biological Laboratories) was injected intravenously twice on 0 and 2 

days postimmunization (dpi.). The immunized mice were monitored daily with body 

weight measurement and clinical scores evaluation. EAE symptoms were scored daily 

as follows: 0, no clinical signs; 0.5, partially limp tail; 1, paralyzed tail; 1.5, hindlimb 

paresis or loss in coordinated movement; 2, loss in coordinated movement and 

hindlimb paresis; 2.5, one hindlimb paralyzed; 3, both hindlimbs paralyzed; 4, 

hindlimbs paralyzed, weakness in forelimbs; 5, forelimbs paralyzed. 

 

2.3. Experimental Groups and Drug Treatment 

To investigate the roles of autophagy/mitophagy in neuronal injury and disease 

severity at acute phases of active EAE mice, we designed parallel groups including 

vehicle control, EAE, and EAE treated by autophagy inhibitor 3-methyladenine 

(3-MA, M9281; Sigma, MO, USA) and mitochondrial division/mitophagy inhibitor 

mdivi-1 (M0199; Sigma). Female C57BL/6N mice were divided into sham control, 



EAE-vehicle, EAE plus 3-MA or mdivi-1 groups (n=8-12). 3-MA (75mg/kg/day), 

mdivi-1 (50 mg/kg/day) or vehicle (saline) were administered intraperitoneally from 

the disease onset (11 dpi) for 7 consecutive days.  

To examine the roles played by ONOO- in EAE pathology, we used FeTMPyP, a 

representative peroxynitrite decomposition catalyst (PDC). In the experiments, 

FeTMPyP (20 mg/kg/day, n=8-12) or vehicle (saline) were intraperitoneally injected 

into EAE mice started at onset of disease (11 dpi) continuously for 7 days. Body 

weights and clinical scores were daily evaluated.  

 

2.4. Cell Culture 

Human neuroblastoma SH-SY5Y cell line was purchased from ATCC (Catalog 

CRL-2266™). SH-SY5Y cells were cultured in high-glucose Dulbecco's modified 

Eagle's medium (DMEM) with 10% fetal bovine serum, 1% L-glutamine, plus 1% 

penicillin and streptomycin. Each medium was purchased from Gibco, Life 

Technologies (Carlsbad, CA, USA). 

Primary rat motor neuron was prepared from the cortex of fetal Sprague-Dawley 

rats (embryonic days E17-18 day), as described previously [27, 28]. Briefly, neurons 

were dissociated from the cerebral cortex of embryonic rats, digested with accutase 

(Thermo Fisher, USA), filtered into single cells with strainer and seeded on 

microscope slides pre-coated with Poly-D-Lysine (Sigma-Aldrich, USA). Cells were 

maintained in neurobasal medium supplement with 2% B27 (Life technologies, USA). 

At 24 hours after seeding, the cultured medium was supplemented with 1 μM cytosine 

arabinoside (Cayman Chemical, USA) to suppress the proliferation of glia. At day 2, 

half of the culture medium was changed twice per week and the cells were cultured at 

37 °C in a 95% O2 and 5% CO2 humidified incubator for at least 7 days.  

 

2.5. Cell Treatment 

We explored the causal link between ONOO- production and mitophagy 

activation in neurons. SH-SY5Y cells or primary neurons were exposed to ONOO- 

donor synthesized sodium peroxynitrite (81565; Cayman) to induce the nitrative stress 

in vitro. Specifically, the cells were treated with 20, 40, and 80 μM sodium 



peroxynitrite respectively for 2 h. In PDC treatment group, FeTMPyP (50 μM) was 

added into the culture medium when the cells were challenged by sodium 

peroxynitrite (80 μM). The samples were collected for western blot, 

immunofluorescence or/and TEM studies. 

 

2.6. Plasmid and Cells Transfection 

The plasmid mCherry-Drp1 was purchased from Addgene (#49152). Escherichia 

coli with the plasmid were grown in LB medium at 37°C overnight with 50 mg/ml 

kanamycin. The plasmids were extracted by QIAGEN Plasmid Mini Kit (Cat No./ID: 

12125). 

To visualize Drp1, SH-SY5Y cells were transformed with Dnm1-mCherry. In 

detail, SH-SY5Y cells (4×105 cells/ml) were seeded in a 20mm confocal dish (MatTek) 

for 24 h before transfection. Then, 0.5 µg Dnm1-mCherry plasmids were transfected 

in OPTI-MEM media (Invitrogen) with 5 µL Lipofectamine 2000 (Invitrogen) per 

well for 48h. After received different treatments, the live cells were imaged over time 

by a confocal laser scanning microscope LSM 800 (Carl Zeiss). 

 

2.7. Mitochondrial Isolation 

Mitochondrial isolation was performed by using a commercial mitochondria 

isolation kit (89801; Thermo, IL, USA). In detail, the mouse spinal cord was 

dissociated and the tissue was carefully triturated into homogeneous suspension with 

a glass homogenizer. Mitochondria were separated from cytosolic fraction by using 

extraction reagents and differential centrifugation. Mitochondrial protein was 

extracted with 2% CHAPS (C9426; Sigma) in Tris-buffered saline (TBS). Then, 

mitochondrial and cytosolic proteins were collected respectively for further study. 

Western blot analysis was performed to determine the integrity and purity of isolated 

mitochondria by using mitochondrial marker VADC1/porin (ab15895; Abcam, 

Cambridge, UK). 

  

2.8. TUNEL Assay 

Apoptotic cell death was detected by terminal deoxynucleotidyl 

transferase-mediated dUTP nick end labeling (TUNEL) assay. Briefly, isolated L4-L6 



spinal cord was collected at the peak time of the disease (18 dpi) and fixed with 4% 

paraformaldehyde (PFA). After dehydrated in gradient ethanol and permeabilized with 

xylene, the tissues were embedded into paraffin and cut into 5 μm sections. Slides 

were stained with TUNEL reagents (Roche Diagnostics, IN, USA) for labelling 

apoptotic cells and DAPI for marking nucleus. The fluorescent images were observed 

by using a confocal laser scanning microscope LSM 800 (Carl Zeiss). 

 

2.9. Peroxynitrite assessment 

We developed and patented a series of fluorescent probes for ONOO- detection 

with high selectivity and sensitivity, including HKYellow, HKYellow-AM and 

MitoPN-1 [29-31] (U.S. 11848-027-999; WO2013113279A1). Those probes were 

used to detect the levels of ONOO- in serum and CNS tissues. The dynamic changes 

of ONOO- in the serum of EAE mice at different time points (0, 5, 10, 15, 20, 25 and 

30 dpi) were detected by HKYellow probe. Detailly, HKYellow (10 μM, 1mL/kg) 

were intravenously injected into the mice at 5 min prior to serum collection. The 

serum was transferred to 96-well black plates and the fluorescent intensity was 

determined at an excitation wavelength of 543 nm and emission wavelength of 567 

nm by using a spectrofluorometer (Lambda55, PerkinElmer). The relative ONOO- 

concentration in EAE mice was calculated by comparing with sham mice with the 

formula [(AEAE-Asham)/ Asham]*100%.  

To detect ONOO- levels in CNS, as previous described, we intravenously injected 

HKYellow-AM (10 μM, 1mL/kg) or MitoPN-1(100 nM, 0.01mL/kg) into the mice at 

18 dpi at 15 min before sacrificed. After perfused with PBS, fresh L4-L6 spinal cords 

were immediately dissected out, embedded into O.T.C., cut into 30 um sections, 

counterstained the nucleus with DAPI. Mitochondrial ONOO- production was 

detected by using MitoPN-1. The tissue sections were post-fixed for 30 min before 

embedding process and then co-stained with neuron marker MAP-2 and 

3-nitrotyrosine (3-NT, an ONOO- footprint marker). Images were captured by a 

confocal laser scanning microscope LSM 800 at an excitation wavelength of 543 

nm/emission wavelength of 567 nm.  



 

2.10. Immunoprecipitation 

Total Drp1 proteins in mice spinal cords or SH-SY5Y cells were pulled down by 

Dynabeads using Dynabeads® protein G immunoprecipitation kit (10007D, Novex, 

Life Technologies) according to manufacturer’s instructions. In brief, samples were 

incubated with 50 μL Dynabeads and then Drp1 primary antibody (Cell Signaling 

Technology, 8570) in 200 μL antibody (Ab) binding and washing buffer for 30 min at 

RT. After removed supernatant and washed Dynabeads, the extracted sample 

containing 500 μL antigen (Ag)-containing protein was incubated with the 

Dynabeads-Ab complex for 2 h under rotation. The supernatant was collected as the 

flow-through sample by using a magnet after washed three times. The washed 

Dynabeads-Ab-Ag complex was gently eluted as the target Drp1 sample for western 

blot analysis. 

 

2.11. LC-MS/MS analysis  

The spinal cords from EAE mice (18dpi) were suspended in the RIPA lysis buffer. 

The proteins were extracted from cell lysate by using Precellys homogenizer followed 

by centrifugation at 15000 g for 25 min at 4 oC. Supernatant fraction was collected for 

protein quantitation by using BCA assay. Briefly, 200 µg proteins were subjected to 

trypsin digestion following reduction and alkylation by using Filter-Aided Sample 

Preparation (FASP) method. LysC-Tryptic peptides were cleaned by using C18 stage 

tips and speedvac dried. To enhance the proteins coverage, the peptides from each 

sample were fractionated with the High pH Reversed Phase Peptide Fractionation Kit 

(Thermo) into 4 concatenated fractions. The eluted peptides were desalted using C18 

ZipTips before submitting for LC-MS/MS analysis.  

For MS/MS processing, the eluted peptides were analysed with Dionex Ultimate 

3000 nanoRSLC system coupled to Thermo Fisher Orbitrap Fusion Tribid Lumos. 

The peptides were separated on commercial C18 column (75 μm i.d. × 50cm length) 

with 1.9 μm particle size (Thermo Fisher). Separation was attained by using a linear 

gradient of increasing buffer B (80% ACN and 0.1% formic acid) and declining buffer 



(0.1% formic acid) at 300 nL/min, and followed by 180 min analytical separation 

including 5% B for 10 min, a linear increase to 32% B at 148 min, 95% B wash from 

158 to 168 min, and re-equilibration at 5% B from 169−180 min. Mass spectrometer 

was operated in positive polarity mode with capillary temperature of 300 °C. Full MS 

survey scan resolution was set to 120 000 with an automatic gain control (AGC) 

target value of 2 × 106, maximum ion injection time (IT) of 100 ms, and for a scan 

range of 350−1700 m/z. Higher-energy collisional dissociation (HCD) was used for 

operation in which a data-dependent top 10 method was selected. Spectra were 

obtained at 30000 MS2 resolution with 1×105 AGC target operated with the maximum 

ion injection time (IT) at 100 ms, isolation width at 1.6 m/z, and normalized 

collisional energy at 30. Preceding precursor ions targeted for HCD were dynamically 

excluded for 50 s.  

For data analysis, Maxquant version 1.6.3.3 was adopted, in which the high 

resolution and high mass accuracy MS data analysed in triplicates were searched 

using the Andromeda algorithm against Mouse UniProt FASTA database. Nitration 

was selected as modifications with a nitrated residue as a mass increase of 44.985 Da. 

Confident proteins were identified by using a target-decoy approach with a reversed 

database, strict false-discovery rate <0.001 at peptide and PSM level.  

 

2.12. Histopathology  

Luxol fast blue (LFB) was employed for the assessment of demyelination and 

evaluation of histological severity during EAE pathology. In detail, isolated L4-6 

spinal cords at different phases (0, 11, 18, 30 dpi) were post fixed in 4% PFA, 

dehydrated in gradient ethanol, embedded into paraffin and cut into 5μm sections. For 

Luxol fast blue (LFB) staining, slides were rinsed in 95% alcohol, stained with 0.1% 

luxol fast blue solution (0.1g LFB powder, 0.5% glacial acetic acid in 95% alcohol) at 

60°C overnight. Rinse slides in 95% ethyl alcohol and differentiated in 0.05% lithium 

carbonate solution for 30-40 seconds and 70% ethyl alcohol until white matter and 

grey matter were sharply defined. Counterstained the sections with 0.1% cresyl violet 

for 10-20 seconds. The myelin in the white matter should be blue which can sharply 



distinguish from the demyelination areas. 

 

2.13. Transmission electron microscopy (TEM) 

Isolated lumbar spinal cords were cut into 1.0 mm thick sagittal block and fixed 

in EM fixative (2% PFA and 2.5% glutaraldehyde in 0.01M PB solution) at 4°C for 

72-96 hours followed by post fixed in 1% osmic acid at 4°C overnight. Then, the 

blocks were dehydrated in graded ethanol, infiltrated in propylene oxide (P.O.), 

embedded into EPON, polymerized and cut into 90 nm ultrathin sections with 3% 

uranyl acetate and 1% lead citrate staining. Digital images were captured by electron 

microscopy (TEM, Phillips CM100). 

Recombinant human Drp1 protein (Abcam, 153041) was diluted to 5 μg/ml in 

buffer (20 mM Hepes pH 7.4, 100 mM NaCl, 1 mM MgCl2) and treated with or 

without fresh synthesized sodium ONOO- (80 μM) for 10 min on ice and protected 

from light. To obtain oligomerization, protein samples were incubated with 1 mM 

GTP for about 30 min at RT. Samples were adsorbed to carbon-coated copper EM 

grids, negatively stained with 1% uranyl acetate, air dried and imaged with a FEI 

Tecnai G2 20 Scanning TEM (FEI) at an accelerating voltage of 120 kV and equipped 

with an AMT XR80C CCD camera (Advanced Microscopy Techniques, NJ). 

 

2.14. Immunofluorescence Staining 

Post-fixed tissues were immersed in 30% sucrose solution at 4°C for complete 

dehydration, embedded in O.C.T, cut into 30 μm sections as frozen slices and stored 

at -20°C. For immunofluorescence in vitro, cells were seeded onto 12 mm microscope 

slides (0111500; GmbH & Co. KG, Germany). After different experiment, cells were 

fixed in 4% PFA for 20 minutes at RT and stored at 4°C in PBS. For immunostaining, 

the epitopes of frozen slice samples were retrieved with 10 mM sodium citrate buffer 

(pH=6.0) by using the microwave oven for 30 min. Then, after washed by PBS, the 

sections or cells were blocked in 5% goat serum, incubated with primary antibodies, 

stained with fluorochrome conjugated secondary antibodies, counterstained the 

nucleus with DAPI and mounted with antifade medium (Dako). Immunofluorescent 

images were visualized using a confocal laser scanning microscope LSM 800 (Carl 



Zeiss). All antibodies were listed in Supplementary Table 1. 

 

2.15. Direct Stochastic Optical Reconstruction Microscopy  

We then directly visualized the protein-protein interactions and their 

colocalization by using direct stochastic optical reconstruction microscopy 

(dSTORM). We detected the nitration of Drp1 by co-staining Drp1 with 3-NT 

expression in the 5 μm-paraffin sections isolated from L4-L6 spinal cords from 

control or EAE mice at 18 dpi in vivo. We also performed in vitro experiments to 

further understand the direct effects of ONOO- on mediating mitochondrial 

translocation of Drp1 in SH-SY5Y cells. After challenged by ONOO- exposure, the 

cells were co-stained Drp1 with HSP60, a mitochondrial marker. The slices or 

coverslips were incubated with immediately dissolved image buffer (1ml including: 

350μl MilliQ H2O, 500μl 20% Glucose, 50μl 1M Tris-HCl 8.0, 50μl 0.5M TECP, 10μl 

200mM Cyclooctatetrane, 10μl 100mM Ascorbic acid, 10μl 100mM Methyl Viologen, 

10μl 65mg/ml Glucose oxidase and 10μl 4mg/ml Catalase), which fulfilled in the 

chamber with the coverslip under the bottom. Chamber was placed under the 100x oil 

objective to process the image acquisition. Wide field images were obtained 

beforehand. Followed by calibrating the position based on the beads, super-resolution 

progress then was performed under the Lunar software.  

 

2.16. Live imaging by confocal microscopy  

To detect the mitochondrial translocation of Drp1, the mCherry-Drp1-transfected 

SH-SY5Y cells were grown on glass-bottom MatTek dishes and stained with 

Mito-tracker Green FM (Invitrogen) at 37°C for 15min. Then, dishes were loaded to a 

Wave FX spinning disk confocal microscope (Quorum Technologies) on an Eclipse Ti 

microscope (Nikon) equipped with Hamamatsu ImageM EM CCD cameras and 

Bionomic Controller (20/20 Technology) with temperature-controlled stage at 37°C. 

After equilibrating to temperature for 10 min, cells were treated with freshly prepared 

ONOO- (80 µM final concentration on cells) during imaging. The cells were imaged 

with the 488-nm laser and 525/30 filter for Mito-tracker, 561-nm and 595/25 for 

mCherry on a confocal laser scanning microscope LSM 800 (Carl Zeiss).  



 

2.17. GTPase Assay 

The GTPase enzymatic activity of Drp1 was measured using a Novus Biological 

calorimetric kit (Littleton, CO, USA) as previous described [32-34]. Based on Drp1 

hydrolyzing GTP to GDP and inorganic phosphorous (Pi), GTPase activity was 

evaluated by measuring the amount of produced inorganic Pi. Then, by adding the 

ColorLock Gold (orange) substrate, the orange complex reacted with the Pi and 

generated to form inorganic complex solution (green). Calorimetric measurements 

(green) were read in the wavelength range of 650 nm. We detected GTPase Drp1 

activity in the lysates of spind cord tissues from control mice and active EAE mice 

(18dpi). In detail, spinal cords were excised, homogenized in PBS with protease 

inhibitors, added Triton X-100 to a final concentration of 1% and frozen at -80°C 

overnight. Then, the frozen samples were thaw and centrifuged at 10,000 x g for 15 

minutes to remove cellular debris and collected the supernatant. Sample protein 

concentrations were quantified by using a total protein assay. For in vitro detection of 

GTPase Drp1 activity in recombinant Drp1 and ONOO- -treated Drp1, Drp1 proteins 

were pre-incubated with or without synthesized sodium ONOO- (80 μM final working 

concentration) for 10 min on ice to induce Drp1 nitration. In a GTPase assay, 

according to the manufacturer’s instructions, 100 µl equal amounts of proteins were 

added 96-well plates, added 100 µl substrate/buffer for 5-90min, added 50 µl of Pi 

ColorLock mix to stop reactions, added 20µl of Stabilizer for 30 min and read the 

plate at a wavelength in 650 nm.  

 

2.18. Western blotting 

Following different experimental conditions, protein samples from tissues or 

culture cells were extracted by using radioimmunoprecipitation assay (RIPA) buffer 

containing 1% proteinase and phosphatase inhibitor cocktails (Sigma-Aldrich). 

Mitochondrial and cytosolic proteins from mouse spinal cords were prepared after 

mitochondrial isolation. For oligomeric/ polymeric Drp1 detection, the samples were 

processed without reductant and dithiothreitol (DTT). All procedures were referred to 

the standard western blot protocol. After protein quantification, equal amounts of 



proteins were applied and separated in SDS-PAGE, electronic transferred onto 

polyvinylidene difluoride (PVDF) membranes (0.45um pore size, Millipore, CA, 

USA), blocked with 5% bovine serum albumin overnight at 4 °C and immunoblotted 

with primary antibodies following HRP-conjugated secondary antibodies 

(Supplementary Table 1). The signals were detected by chemiluminescent ECL Select 

Kit (GE Healthcare, IL, USA), captured by Gel-Doc system (Bio-Rad, CA, USA) and 

analyzed by Image Lab software (Bio-Rad, CA, USA).  

 

2.19. Statistical analysis 

Data were expressed as the Mean ± S.E.M. Statistical analysis was assessed by 

using unpaired Student’s t test for two group designed comparisons or One-way 

ANOVA followed by Dunnett’s multiple-comparison test for multiple group 

comparisons. The numbers of mice used are described in the corresponding figure 

legends and all experiments were repeated three or more times. All data were 

performed using GraphPad Prism Version 6.0 software (GraphPad Software Inc., CA, 

USA). A value of p < 0.05 was considered statistically significant. 

 

3. Results 

 

3.1. Inhibition of autophagy activation attenuates EAE symptoms. 

Basal autophagy maintains cellular homeostasis by removing damaged 

components for survival whereas activated autophagy aggravates axonal destruction 

and leads to cell death [4, 5, 35]. Thus, we first sought to detect dynamic levels of 

autophagy at different phase of EAE pathological progression. We collected spinal 

cords from EAE mice at 0, 11, 18 and 30 dpi, corresponding to the time points of 

initial injection, the disease onset, the peak and the recovery phase respectively. As 

shown by LFB staining and TEM imaging (Fig. 1A), the EAE mice had the 

remarkable increased demyelination in spinal cords at the peaktime of disease 

progresses (18 dpi). The EAE mice had the enhanced expression of amyloid precursor 



protein (APP) and the decreased ratio of bcl-2/Bax in the spinal cords, indicating the 

axonal damage and cell death respectively (Fig. 1B). At the disease peaktime (dpi 18), 

the EAE mice had peak levels of axonal damages, cell death, body weight loss and 

clinical deficit scores. Consistently, TUNEL staining showed that the EAE mice had 

elevated apoptotic cell death in the spinal cords at 18dpi (Fig. 1C). Simultaneously, 

the increased LC3-II/I, an autophagosome marker, was found in the spinal cords of the 

EAE mice at 18 dpi (Fig. 1B). We then identified the neuronal autophagy by 

co-staining LC3 with a neuronal marker Tuj1. Compared with the control group, the 

EAE group (18 dpi) had an obvious change in the distribution of LC3, showing the 

cytosolic LC3 aggregation to form puncta in the neurons of spinal cords (Fig. 1D). 

These results suggest that the activated neuronal autophagy could be coincident with 

the severities of axonal degeneration, neuronal cell death and disease progression in 

the spinal cords of the active EAE mice.  

We next investigated the effects of autophagy inhibitor 3-MA on the disease 

severity in EAE mice. Since autophagy activation was gradually enhanced starting 

from the disease onset, we injected 3-MA (75mg/kg/day) intraperitoneally into EAE 

mice started at 11 dpi continuously for 7 days. Treatment of 3-MA attenuated the loss 

of body weight and alleviated clinical scores in the active EAE mice (Fig.1 E-G). 

Those results suggest that the activated autophagy might contribute to CNS damages 

and disease progression in EAE pathology. Considering the synchronism between 

autophagy and disease severity in EAE, we collected all tissues from the EAE mice at 

peak of disease (18dpi) for further study. 

 



 

Fig 1. Autophagy level was obviously increased accompanying with axonal 

degradation and neuronal cell death and autophagy inhibitor 3-MA alleviated 

EAE symptoms. (A) Histological examination of demyelination in the lumbar spinal 

cords (L4-L6) of control and active EAE mice by Luxol fast blue (LFB) staining 

(scalebar,100m), and electronic microcopy (scalebar, 5m) at different phases (0, 

11,18 and 30 dpi). (B) Western blot detection of the time-dependent response of APP, 

Bcl-2, Bax and LC3I/II expressions in spinal cord of immunized EAE mice. (C) 

TUNEL assay of lumbar spinal cords in vehicle or active EAE mice at peak of disease 

(18dpi). Scale bars, 50 μm. (D) Immunofluorescent co-staining of LC3 with Tuj1 in 

the gray matter of spinal cords of immunized EAE mice (18dpi). Scale bars, 50 μm. 

(E) Mice received treatments of vehicle (n=8) or 3-MA (75 mg/kg/day, n=8) by i.p. 

starting from day 11 after EAE induction for 7 days consecutively. The body weights 

were evaluated daily for up till day 30 post immunization. (F) Clinical scores of 

vehicle, active EAE or 3-MA treated mice after immunization. (G) Accumulative 

clinical scores of vehicle, active EAE or 3-MA treated mice for 30 dpi. **p<0.01 was 

determined by one way ANOVA followed by Newman Keuls test. 

 

3.2. PINK1/Parkin-mediated mitophagy is activated via recruiting Drp1 into 

damaged mitochondria in EAE pathology 

Mitochondrial recruitment of Drp1 is essential for the initial step of mitochondrial 

fission/fragmentation, and PINK1/Parkin pathway subsequently regulates the 

mitophagic process to degrade damaged mitochondria in most cases [36, 37]. To 



detect mitophagy, we isolated cytosol and mitochondrial fractions from spinal cords 

of the EAE mice. We found that the ratio of LC3-II/LC3-I was markedly increased in 

mitochondrial fraction isolated from the EAE mice (18dpi) when compared with the 

total protein extraction (Fig. 2A). Electron microscopy imaging revealed the 

obviously damaged mitochondria with blurry ruptured cristae and extensive 

mitochondrial fragmentation in the spinal cords of the EAE mice (Fig. 2B). Western 

blot results showed that Parkin translocation from cytoplasm to mitochondria was 

companied with the increased PINK-1 expression in mitochondrial outer membrane 

(MOM) and the enhanced Drp1 recruitments into mitochondria (Fig. 2C). 

Consistently, immunofluorescence revealed that LC3 was evenly distributed in the 

cytoplasm of the control group, whereas intensive LC3 puncta was aggregated to 

mitochondria marked by ATPB in the spinal cords of EAE mice (18dpi) (Fig. 2D). By 

co-staining of Drp1 and ATPB, we also found that Drp1 was translocated into the 

mitochondria in the samples from the EAE mice, suggesting that mitophagy could be 

activated in Drp1 and Parkin dependent manners (Fig. 2E). Besides, by using 

co-immunostaining of TuJ1 and Drp1, we found that the Drp1 mitochondrial 

translocation was associated with mitophagy activation in neurons of the 

EAE-induced spinal cords (Supplementary Fig.1). These results suggest that 

mitophagy, as a selective autophagy, might dominate in the neurons of the EAE mice. 

To identify the roles of Drp1 in mitophagy activation for EAE pathogenesis, we 

treated the EAE mice with Mdivi-1, a selective Drp1 inhibitor. Treatment of Mdivi-1 

attenuated pathological symptoms, postponed disease progression, and alleviated 

clinical scores in the active EAE mice (Fig. 2F-H). The Mdivi-1 administration 

suppressed the translocation of Drp1 and Parkin into the mitochondria, decreased 

mitochondrial PINK1 expression and inhibited mitophagy activation with the reduced 

ratio of mitochondrial LC3-II/LC3-I in the spinal cords of the EAE mice (18dpi) (Fig. 

2I). These results, when taken together, indicate that Drp1 recruitment into 

mitochondria plays crucial roles in PINK1/Parkin-mediated mitophagy activation, 

contributing to EAE symptomatic aggravation. 

 



 

 

Fig 2. PINK1/Parkin-mediated mitophagy was dominated with mitochondrial 

recruitment of Drp1 in spinal cords of active EAE mice, which was reversed by 

Drp1 inhibitor Mdivi-1 with attenuating EAE progression. (A) Western blot 

detection for the ratio of LC3-II/LC3-I in total and mitochondrial fractions from the 

lumbar spinal cords in vehicle or active EAE mice (18 dpi). (B) The ultrastructure of 

axon, myelin sheath or mitochondria in the gray matter of lumbar spinal cord regions 

(L4-L6) (18 dpi) was evaluated by transmission electron microcopy (TEM). Asterisk 

pointed the myelin; Arrow for mitochondria. Scale bars, 200 nm. (C) Western blot 

detection for involved protein expression levels in mitochondrial and cytosolic 

fractions isolated from spinal cord tissues (18dpi). (D) Immunofluorescent co-staining 

of LC3 with ATPB in the gray matter of spinal cords of immunized EAE mice (18dpi). 

Scale bars, 50 μm. (E) Immunofluorescent co-staining of Drp1 with ATPB in the gray 

matter of spinal cords of active EAE mice(18dpi). Scale bars, 50 μm. (F) Mice 

received treatments of vehicle (n=8) or Drp1 inhibitor Mdivi-1 (50 mg/kg/day, n = 8, 

i.p. started at 11 dpi for 7 days). The body weights were evaluated daily for up till day 

30 post immunization. (G) Clinical scores of vehicle, active EAE or Mdivi-1-treated 

mice after immunization. (H) Accumulative clinical scores of vehicle, active EAE or 

Mdivi-1-treated mice for 30 dpi. **p<0.01 was determined by one way ANOVA 

followed by Newman Keuls test. (I) Western blot detection for the ratio of 

LC3-II/LC3-I and involved proteins in mitochondrial fractions from spinal cords in 

vehicle, active EAE or Mdivi-1-treated EAE mice (18 dpi).  

 

3.3. ONOO- triggers Drp1 mitochondrial recruitment and induces mitophagy 

activation during EAE pathology 



To elucidate the roles of ONOO- in mitophagy activation during EAE 

pathogenesis, we detected the dynamic changes of ONOO- production in the period of 

active EAE. Interestingly, by using our extracellular ONOO- probe HK-Yellow, we 

found that the elevated serum ONOO- level was coincident with axonal damages, 

clinical scores and disease progression, which was reached to the peak level 

simultaneously with the disease severity at 18 dpi in the active EAE mice (Fig. 3A).  

ELISA assay showed that the trend of serum NT levels was similar to ONOO- 

production (Supplementary Fig. 2). In line with the increased ONOO- level in 

peripheral serum, we found the increased expressions of iNOS, NADPH oxidase 

subunit p47 phox and p67 phox, as well as 3-NT in the spinal cords of the active EAE 

mice (Fig. 3B). We further confirmed the increased ONOO- production in 

mitochondria of the neurons by co-staining MitoPN-1 (a mitochondrial specific 

ONOO- probe) with neuronal marker MAP-2 in the spinal cord of the active EAE 

mice (18dpi) (Fig 3C). These results indicate the increased ONOO- production in both 

peripheral serum and CNS during EAE pathology. 

To explore the roles of ONOO- in mediated mitophagy activation, we injected 

FeTMPyP, a representative peroxynitrite decomposition catalyst (PDC) 

intraperitoneally into the EAE mice started from 11 dpi until to 18 dpi. As showed in 

Fig. 3D-F, PDC treatment prevented body weight loss and alleviated neurological 

deficit scores. Simultaneously, PDC treatment inhibited 3-NT expression and 

remarkably decreased intracellular ONOO- level in the spinal cords of the EAE mice 

(Fig. 3G, H). We further tested whether ONOO- was sufficient to induce mitophagy 

activation in the active EAE mice (18dpi). Western blot analysis revealed that the 

PDC treatment significantly reduced the ratio of LC3-II/LC3-I in mitochondria (Fig. 

4A). The TEM study showed that the PDC-treated mice had less mitophagosome form 

and better mitochondrial structures with clear cristae in the spinal cords than the 

vehicle-treated EAE mice (Fig. 4B). Besides, PDC treatment suppressed the 

translocation of Drp1 and Parkin from cytosol to the mitochondria and reduced the 

expression of PINK1 in the mitochondria membrane obtained from spinal cords of the 

EAE mice. Immunofluorescent images showed that PDC intervention reversed LC3 



puncta accumulation in the neurons and prevented Drp1 mitochondrial recruitment, as 

evidenced by co-immunostaining LC3 with ChAT, a motor neuron marker motor and 

Drp1 with ATPB respectively (Fig. 4C, D). Collectively, those results indicate that the 

ONOO- could mediate Drp1 mitochondrial recruitment and trigger neuronal 

mitophagy activation, subsequently aggravating disease progression in the EAE 

pathogenesis.  

 

Fig 3. Peroxynitrite was largely generated in serum/spinal cords of active EAE 

mice, coinciding with EAE progression, which was attenuated by PDC. (A) 

Serum ONOO- levels detection in time-dependent active EAE mice after 

immunization by using HKyellow probe. (B) Western blot detection of 3-NT, iNOS, 

p67 phox and p47 phox expressions in spinal cords of active EAE mice at different 

phases. (C) Immunofluorescent co-staining of MitoPN-1 with 3-NT and MAP-2 in the 

gray matter of spinal cords of immunized mice(18dpi). Scale bars, 100 μm. (D) EAE 

mice were received vehicle (n=8) or PDC (20 mg/kg/day, i.p., n = 8) for 7 days. The 

body weights were evaluated daily for up till day 30 post immunization. (E) Clinical 

scores of vehicle, active EAE or PDC-treated mice after immunization. (F) 



Accumulative clinical scores of vehicle, active EAE or PDC-treated mice for 30 dpi. 

**p<0.01 was determined by one way ANOVA followed by Newman Keuls test. (G) 

Western blot detection for the ratio of 3-NT, iNOS, p67 phox and p47 phox 

expressions in spinal cords of active EAE mice at different phases in vehicle, active 

EAE or PDC-treated EAE mice (18 dpi). (H) Immunofluorescent staining of 

HKyellow-AM in the gray matter of spinal cords of vehicle, immunized EAE or 

PDC-treated EAE mice (18 dpi). Scale bars, 50 μm. 

 

 

 

Fig 4. PDC treatment attenuated mitophagy activation via inhibiting 

mitochondrial recruitment of Drp1 in active EAE spinal cords. (A) Western blot 

detection for involved protein expression levels in mitochondrial and cytosolic 

fractions isolated from the spinal cord tissues of vehicle, immunized EAE or 

PDC-treated EAE mice (18 dpi). (B) The ultrastructure of axon, myelin sheath or 

mitochondria in the gray matter of lumbar spinal cord regions (L4-L6) from vehicle, 

immunized EAE or PDC-treated EAE mice (18 dpi) was evaluated by transmission 

electron microcopy. Arrow pointed the mitochondria. Scale bars, 200 nm. (C) 

Immunofluorescent co-staining of LC3 with ChAT in the gray matter of spinal cords 

of vehicle, active EAE or PDC-treated EAE mice (18 dpi). Scale bars, 50 μm. (D) 

Immunofluorescent co-staining of Drp1 with ATPB in the gray matter of spinal cords 

of vehicle, immunized EAE or PDC-treated EAE mice (18 dpi). Scale bars, 50 μm. 



3.4. ONOO- triggers nitration of Drp1 

We then tested how ONOO- triggered mitochondrial recruitment of Drp1 to 

induce mitophagy activation during EAE pathology. 3-NT blotting analysis following 

Drp1 immunoprecipitation (IP) revealed the increased ratio of the nitrated Drp1 to 

total Drp1 in the spinal cords of the EAE mice (18 dpi) (Fig. 5A, B). The results 

suggest the potential roles of ONOO- in mediating Drp1 nitration and translocation. 

Concomitantly, by using d-STORM imaging technology, we directly visualized the 

co-localization of Drp1 and ONOO- footprint marker 3-NT, indicating the nitrated 

Drp1 fluorescence in the spinal cords of the EAE mice (Fig. 5C). Furthermore, 

western blot study following Drp1 immunoprecipitation showed that PDC treatment 

group had remarkable lower the nitrated Drp1 level than the vehicle EAE group (Fig. 

5D, E). Those results provide a clue that ONOO--mediated Drp1 nitration might 

initiate Drp1 mitochondrial recruitment in the spinal cords of the EAE mice.  

 

 

Fig 5. ONOO- triggered Drp1 nitration modification in the spinal cords of active 

EAE mice, which was reversed by PDC treatment. (A) Drp1 extracted from the 

spinal cords was pulled down and relatively purified by the immunoprecipitation 

method. Western blot detecting the ratio of nitrated Drp1 to total Drp1 in the vehicle 

and active EAE mice (18dpi) with 3-NT antibody. (B) Statistical analysis of A. (n=3) 

(C) Immunofluorescent co-staining of Drp1 with 3-NT in the gray matter of spinal 

cords of vehicle or immunized EAE mice (18 dpi) by dSTORM assay. Scale bars, 1 

μm. (D) Western blot detection of Drp1 nitration level in active EAE mice and 



PDC-treated EAE mice (18dpi) with 3-NT antibody. (E) Quantitative analysis of D. 

(n=3). Data are mean±SEM. **P<0.01, versus the EAE group, determined by 

unpaired Student’s t test (B and E). 

 

3.5. ONOO- donor initiates mitochondrial recruitment of Drp1 and mitophagy 

activation in vitro 

We further conducted in vitro experiments to exclude the potential influences of 

other pathological factors and examine the exact roles played by ONOO- in 

mitophagy activation and neuronal cell death. SH-SY5Y cells was exposed to 

synthesized sodium ONOO- to induce nitrative stress in vitro. The ONOO- treatment 

dose-dependently increased LC3-II/LC3-I ratio and decreased in the expressions of 

bcl-2 (Fig. 6A). TUNEL staining experiment showed obviously apoptotic cell death in 

the SH-SY5Y cells after exposed to ONOO- challenge (Fig. 6B). Immunofluorescent 

staining study indicated that ONOO- treatment promoted the co-localization of LC3 

puncta with ATPB and Drp1 with HSP60, a mitochondrial marker (Fig. 6C, D). 

Concomitantly, PDC treatment prevented the ONOO- mediated mitophagy activation 

and neuronal cell death.  

We next examined the effects of ONOO- on mitochondrial division in the living 

SH-SY5Y cells transiently transfected with fluorescent marker for Drp1 (mCherry) 

and stained for mitochondria (mitotracer-green) by using fluorescence microscopy. 

The treatment of ONOO- led the Drp1 translocation and the puncta formation in the 

mitochondria where mitochondrial constriction and mitochondrial division events 

occurred over time (Fig. 6E). Thus, we concluded that ONOO- could trigger Drp1 

mitochondrial recruitment and lead to mitochondrial division at that sites. Next, we 

determined the nitration of Drp1 and explored the roles of nitration of Drp1 in 

mediating mitochondrial division. Western blot analysis following Drp1 

immunoprecipitation showed that ONOO- induced Drp1 nitration, whose effects were 

abolished by PDC treatment in SH-SY5Y cells (Fig. 6F, G).  

Consistent results were also found in primary cultured neurons. Western blot 

analysis showed that ONOO- increased the ratio of LC3II/I and the expression of Bax 

in the cells (Fig. 7A, B). TEM study showed obvious fragmented mitochondria and 



increased mitophagosome in the ONOO--treated neurons (Fig. 7C). 

Immunofluorescence study revealed that the ONOO- treated cells had LC3 

accumulation in the mitochondria with marked by ATPB whereas the control cells had 

ubiquitous distribution of LC3 in cytosol (Fig. 7D). Similarly, Drp1 was revealed to 

form puncta around mitochondria under ONOO- condition (Fig. 7E). PDC treatment 

abrogated ONOO--induced excessive mitophagy activation and neurotoxic events. 

Those in vitro experiments confirm that ONOO- could be a player in activating 

Drp1-mediated mitophagy and aggravating neuronal cell death. 

 

Fig 6. PDC inhibited Drp1 nitration and mitochondrial recruitment in SH-SY5Y 

cells exposing to peroxynitrite. (A) SH-SY5Y cells were exposed to synthesized 

sodium ONOO- for 2h to induce nitrative stress. Western blot images of cellular 

proteins involved in cell death (Bcl-2) and autophagy (LC3-II/LC3-I) in the groups of 

control, ONOO- (20, 40, and 80 uM), and ONOO- (80 μM) treated with PDC (50 μM). 

(B) TUNEL images of control, ONOO- (80 μM) and PDC-treated SH-SY5Y cells (50 

μM). Scale bars, 20 μm. (C) Immunofluorescent co-staining of LC3 with ATPB in 

SH-SY5Y cells of control, ONOO- (80 μM) and PDC-treated groups (50 μM). Scale 

bars, 5 μm. (D) Immunofluorescent co-staining of Drp1 with HSP60 in SH-SY5Y 

cells of control, ONOO- (80 μM) and PDC-treated groups (50 μM) by dSTORM 

analysis. Scale bars, 1 μm. (E) Immunofluorescent co-staining of Drp1-mcherry with 

mitotracer-green in the time-dependent response to 80 μM ONOO- challenge on 

SH-SY5Y cells. Arrow pointed out the site that mitochondrial fission occurred. Scale 

bars, 1 μm. (F) Western blot images of nitrated Drp1 levels in ONOO- and ONOO- 

plus PDC groups with 3-NT antibody following Drp1 immunoprecipitation. (G) 

Statistical analysis of F. Data are expressed as mean±SEM. *P<0.05, versus the 

vehicle-ONOO- group (unpaired Student’s t test). 



 

 

 

Fig 7. PDC inhibited ONOO- -induced mitophagy activation and suppressed 

Drp1 mitochondrial recruitment in primary cultured neurons. (A) Primary 

neuron isolated from rat cerebral cortex were exposed to synthesized sodium ONOO- 

(80 μM) for 2h to induce nitrative stress. Western blot images of cellular proteins 

involved in cell death (Bax) and autophagy (LC3-II/LC3-I) in the groups of control, 

ONOO- (80 μM), and ONOO- (80 μM) plus PDC (50 μM). (B) Statistical analysis of 

A. Data are expressed as mean±SEM. **P<0.01, ***P<0.001 versus the 

vehicle-ONOO- group (One-way ANOVA followed by Dunnett’s 

multiple-comparison test). (C) The ultrastructure of mitochondria or autophagosome 

in primary neuron of control, ONOO- (80 μM) or PDC-treated groups (50 μM) was 

evaluated by transmission electron microcopy. Scale bars, 500 nm. (D) 

Immunofluorescent co-staining of LC3 with ATPB in primary neuron of control, 

ONOO- (80 μM) and PDC-treated groups (50 μM). Scale bars, 5 μm. (E) 

Immunofluorescent co-staining of Drp1 with ATPB in primary neuron of control, 

ONOO- (80 μM) and PDC-treated groups (50 μM). Scale bars, 5 μm. 

 

3.6. Nitrative modification sites locate at GED domain of Drp1 



We next sought to identify the target residues for nitration on Drp1. Orbitrap 

Fusion MS/MS analysis was performed on the spinal cords of EAE mice at 18dpi. 

Mass spectrometry data analysis revealed that two tyrosine in peptide sequences 

LIKSYFLIVR (Y 628) and AVMHFLVNHVKDTLQSELVGQLYK (Y 665) 

respectively were nitrative modification target points of Drp1 protein (Supplementary 

Fig. 3A, B). Sequence alignment of Drp1 demonstrated four distinct structural 

domains: a N-terminal guanosine triphosphatase (GTPase) domain, a dynamin-like 

middle domain, an insert B domain, and a C-terminal GTPase effector domain (GED). 

The nitrated peptide sequences both LIKSYFLIVR (Y 628 nitration) and 

AVMHFLVNHVKDTLQSELVGQLYK (Y 665 nitration) were located at GED of 

Drp1 (Fig. 8). The GED affects both GTPase activity and Drp1 oligomer/polymer 

formation, facilitating mitochondrial fission [38]. Drp1 self-assembly is a prerequisite 

in mitochondria dynamin [39, 40]. Dimers/tetramers Drp1 assemble to mitochondria 

and form rings, contributing to mitochondria fission due to physical forces and 

cooperative increased GTPase activity [41, 42]. Logically, the impacts of nitration of 

Drp1 on the Drp1 assembly or GTPase activity should be further explored. 

 

 

 

Fig 8. The tyrosine nitration of Drp1 located in GED domain. 3D structure of 

dimer Drp1. Predicted ribbon structure of human Drp1 showing nitration 

modification. 

 



3.7. Nitration of Drp1 has no effect GTPase activity but stimulates its aggregation. 

We finally investigated the impacts of nitrated modifications on GTPase activity 

or oligomers/polymers formation of Drp1. We determined the GTPase Drp1 

enzymatic activity in the spinal cords of EAE mice (18dpi) and control mice. As 

showed in Fig. 9A, there was no significant difference in the GTPase activity of the 

spinal cords between the control mice and the EAE mice (18dpi). We also detected the 

GTPase activity in human recombinant Drp1 with or without ONOO- exposure. As 

expected, the in vitro study by using recombinant Drp1 exposed ONOO- treatment 

yielded similar results to the in vivo EAE animal experiments (Fig. 9B). We then 

detected oligomerization/polymerization of Drp1. Western blot analysis showed that 

Drp1 oligomer/polymer levels in the spinal cords were coincident with the clinical 

scores and disease progression in EAE mice with simultaneous peak time at 18 dpi, 

which were reversed by PDC treatment (Fig. 9C, D). Similarly, ONOO- donor 

induced oligomer/polymer formation of Drp1 in the cultured SH-SY5Y cells, which 

was also abolished by PDC treatment (Fig. 9E). Since the nitrative modifications of 

Drp1 induced its aggregation in vivo, we speculated whether in the in vitro study on 

the nitration of Drp1 would be similar to the in vivo study. Indeed, incubation of 

recombinant Drp1 protein with synthesized sodium ONOO- increased the generation 

of high molecular weight SDS-resistant oligomers/polymers (Fig. 9F). Finally, we 

confirmed our western blot results by detecting the morphology of Drp1 or nitrated 

Drp1 using TEM (Fig. 9G). Taken together, those results suggest that 

ONOO--mediated Drp1 assembly and mitochondrial recruitment could mediate 

mitophagy activation and aggravate disease progression in the EAE pathogenesis.  

 



 

 

Fig 9. The nitration of Drp1 affected the Drp1 oligomer/polymer formation 

rather than GTPase activity. (A) GTPase enzymatic activity in spinal cord tissues 

from vehicle or immunized mice (18dpi). (B) GTPase activity of recombinant 

Drp1(0.5 μM) or ONOO- (80 μM) -incubated Drp1 plotted as concentration of Pi 

released over time. (C) Western blot detection of monomer/oligomer/polymer Drp1 

expressions in spinal cords of active EAE mice at different phases. (D) Western blot 

images of monomer/oligomer/polymer Drp1 expressions in spinal cords of vehicle, 

active EAE or PDC-treated EAE mice at peak of disease (18dpi). (E) Western blot 

detection of monomer/oligomer/polymer Drp1 expressions in SH-SY5Y cells exposed 

to vehicle, ONOO-(80 μM) or ONOO- plus PDC (50 μM). (F) Western blot images of 

human recombinant Drp1(0.5 μM) or ONOO- -incubated Drp1 protein following Drp1 

antibody blotting. (G) Electron micrographs of negatively stained recombinant Drp1 

in the presence of vehicle or ONOO- (80 μM) for 30 min. Scale bar, 100 nm and 50 

nm corresponding 2× zoom of regions of interest.  

 



4. Discussion 

 

Autophagy appears to have dual neuroprotective and detrimental roles in 

MS/EAE pathology, relying on its levels, involved cell-types, inflammatory/ 

autoimmune status and disease progress stages. Neurons are inflammatory/ 

autoimmune target cells and ultimately damaged during MS/EAE pathology, resulting 

in paresis or paralysis. The roles of neuronal autophagy in MS pathology and its 

underlying mechanisms remain unclear yet. Herewith, we investigated the dynamic 

changes of autophagy at different stages of EAE in vivo and found that autophagy 

activation was coincidently increased with axonal damage, apoptosis and disease 

progression in the CNS lesions of active EAE mice. Autophagy activation was mainly 

orientated in neurons and reached its maximum at peak time of disease (18 dpi). 

Treatment of 3-MA, an autophagy inhibitor, alleviated EAE neurological defect 

throughout the disease course. Those results suggest that excessive neuronal 

autophagy might contribute to the CNS damages and the disease progression in EAE 

pathology.  

Mitochondria dysfunction, the earliest hallmark of MS, is a prerequisite for axon 

damage and neuronal injury. Mitochondrial damage was found in CNS motor neurons 

from MS patients [43-45]. Mitophagy is highly activated in CNS lesion of the EAE 

mice and the patients died from MS [46, 47]. Mitochondrial recruitment of Drp1 is 

essential step for mitophagy fission/fragmentation, and PINK1/Parkin pathway 

subsequently regulates the mitophagic process to degrade damaged mitochondria [36, 

37]. Inhibition of Drp1 translocation to the mitochondria reduced mitochondrial 

fragmentation, the loss of oligodendrocytes and demyelination in EAE model [22]. 

Mitochondrial division/mitophagy inhibitor Mdivi-1 blocked the phosphorylation of 

Drp1, inhibited mitochondrial fragmentation and attenuated kainic acid induced 

neuronal cell death [48]. In the present study, we found that Drp1 mitochondrial 

recruitment was a crucial step in the PINK1/Parkin-mediated mitophagy, which was 

predominant in the neurons of the spinal cords in active EAE mice. Mdivi-1 treatment 



remarkably suppressed the mitochondrial translocation of Drp1, inhibited 

PINK1/Parkin-mediated mitophagy, alleviated EAE symptoms, postponed disease 

progression and reduced the disease severity. Those results provide a clue that Drp1 

translocation to mitochondria could be a critical step for neuronal mitophagy 

activation during EAE pathogenesis. 

Mitochondria are the direct targets of ONOO- to induce mitochondria dysfunction 

during MS/EAE pathogenesis [26, 49]. Our recent study revealed that PDC treatment 

inhibited the recruitment of Drp1 into the damaged mitochondria and suppressed 

mitophagy activation in experimental ischemic stroke model [25]. However, the roles 

of ONOO- in Drp1 mitochondrial translocation and mitophagy activation in EAE 

pathology are unknown. ROS/RNS, derived from activated macrophages/ microglia, 

can trigger mitochondrial pathology [14]. As a representative RNS, ONOO- has 

strongly membrane penetrability and highly cytotoxicity to CNS, inducing axonal 

degeneration and neuronal cell death during EAE/MS [50]. Increased 3-NT was found 

in serum, CSF and CNS of the MS patients as well as EAE mice [51, 52]. Thus, we 

explored the underlying mechanisms of ONOO- in activating neuronal mitophagy 

during EAE pathology. By using our newly developed fluorescent probes, we found 

the elevated ONOO- level in the serum and the spinal cords of the EAE mice, 

consistent with the results of 3-NT. Importantly, the increased ONOO- production was 

coincident with axonal damages, clinical scores and disease progression. The levels of 

ONOO- in the serum and the spinal cords reached to the peak at 18 dpi, matched well 

with the activated autophagy and the disease severity in the active EAE mice. 

Furthermore, the co-localization of MitoPN-1 fluorescence with MAP-2 revealed the 

elevated mitochondrial ONOO- production specifically in the neurons of the spinal 

cords during EAE pathogenesis (18dpi). Given that increased ONOO- level was 

consistent with activated autophagy/mitophagy and EAE neurological damages, we 

proposed that ONOO- could be sufficient to induce mitophagy activation. In 

supporting this assumption, PDC treatment reduced ONOO- level, suppressed 

PINK1/Parkin-mediated mitophagy activation and the mitochondrial recruitment of 

Drp1 in the neurons, and attenuated the neurological defect scores in the active EAE 



mice. Consistently, in the cultured SH-SY5Y cells and primary neurons, the treatment 

of exogenous synthesized ONOO- remarkably activated Drp1-mediated mitophagy 

and triggered apoptotic cell death, which were abolished by PDC treatment. In 

addition, to better mimic in vivo situations, we also employed SIN-1 as an 

endogenous ONOO- donor to produce O2
•- and NO simultaneously, rapidly forming 

ONOO- in biological systems. In line with the results of synthesized sodium ONOO- 

experiments, SIN-1 treatment induced mitophagy activation in SH-SY5Y with Drp1 

mitochondrial accumulation, which were reversed by PDC intervention, implying 

ONOO- could be sufficient to trigger mitophagy activation (Supplementary Fig. 4). 

Together, these results suggest that ONOO- could be a crucial player in 

PINK1/Parkin-mediated mitophagy activation via triggering mitochondrial 

recruitment of Drp1, leading to neurological injury during EAE pathology. 

As an initial step of mitophagy, mitochondrial fission is a stepwise reaction 

regulated by Drp1 recruitment, oligomerization, polymer assembly, subsequently 

mitochondrial membrane constriction and GTP hydrolysis. Thus, we investigated the 

effects of ONOO- on Drp1 during EAE injury. We found that ONOO- recruited Drp1 

to the damaged mitochondria and then activated mitophagy in the spinal cords of 

active EAE mice. The in vitro cell experiments yielded the similar results when the 

cells were treated by synthesized sodium ONOO- or SIN-1. Those results suggest that 

ONOO- could mediate the recruitment of Drp1 into mitochondria for activating 

mitophagy.  

Next, we logically addressed whether and how ONOO- affects the functions of 

Drp1 and leads the Drp1 mitochondrial recruitment for mitophagy activation. 

Posttranslational modification implicates in the regulation of Drp1 function under 

diverse cellular stimuli, including phosphorylation, S-nitrosylation, ubiquitination, 

and SUMOylation. Emerging evidence indicate that Drp1 is comparatively vulnerable 

to nitrosative and nitrative stress [23, 25, 53]. NO could trigger mitochondrial fission 

and neuronal injury via S-nitrosylation of Drp1 [21]. The precise impacts of Drp1 

nitration on its functions and mitophagy activation in EAE pathology remain obscure. 

Thus, we investigated the nitration of Drp1 in CNS of active EAE mice. Two tyrosine 



nitration of Drp1 peptides LIKSYFLIVR (Y 628) and 

AVMHFLVNHVKDTLQSELVGQLYK (Y 665) were found to locate at GED domain, 

which could mediate GTPase activity or/and Drp1 oligomers/polymers formation. 

More excitingly, we found that ONOO- induced Drp1 oligomerization/ polymerization 

in vivo rather than GTPase activity. Notably, there are two major challenges in data 

interpretations. The first challenge is to distinguish the nitrated proteins acting as 

causal drivers of the pathology from collateral damage; the second is that other free 

radicals in biological systems might also participate in the oxidation of Drp1. To solve 

these problems, we designed the in vitro experiments by exploring recombinant 

human Drp1 protein to ONOO- directly and examined the impacts of ONOO- on Drp1 

function. As expected, the in vitro results were consistent with the in vivo EAE animal 

model. Subsequently, targeting nitrated Drp1 could be a novel therapeutic approach 

for MS. Nevertheless, we should note that other amino acids, such as cysteine and 

tryptophan, could be also the targets for oxidation and regulate Drp1 functions [54]. 

Still, further study is needed to exclude other potential modification influences and 

elucidate the exact effects of tyrosine nitration on Drp1 mitochondrial division. 

In conclusion, we demonstrate that the critical involvement of ONOO--mediated 

excessive mitophagy in EAE/MS pathogenesis. To our knowledge, this is a first report 

that ONOO- could trigger PINK1/Parkin-mediated mitophagy activation via inducing 

Drp1 nitration modification and assembly, leading to neurological deficits in EAE 

pathogenesis. The ONOO- -mediated Drp1 assembly and mitochondrial recruitment 

could be a critical pathological process with the potentials for developing novel 

therapeutic approaches for MS.  
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Supplementary materials 

Materials and methods 

Nitrotyrosine (NT) level detection 

To detect the dynamic levels of nitrotyrosine (NT) in serum during EAE pathogenesis, 

the serum of EAE mice at different time points (0, 5, 10, 15, 20, 25 and 30dpi) were 

collected respectively. In detail, serum was prepared followed by centrifuged at 1000g 

for 15 min and was stored at − 80 °C for enzyme-linked immunosorbent assay 

(ELISA) analysis. Serum NT level was determined with a commercially available 

ELISA kit from USCN (Wuhan, China). 

 

 

 

 

 

 

 



 

Supplementary Fig 1. The redistribution of Drp1 occurred in neurons of the 

EAE-induced spinal cords. Co-immunostaining images of Drp1 (red), neuronal 

marker TuJ1 (Green), and nuclear (blue) in control and active EAE groups (18dpi). 

Scale bar, 50 μm. (n = 3 mice/group). 

 

Supplementary Fig 2. Nitrotyrosine productions were largely generated in the 

serum of active EAE mice, coinciding with EAE progression. Serum NT levels 

detection in time-dependent active EAE mice after active immunization by ELISA 

assay. (n = 3 mice/group, **P < 0.01, versus the control group (one-way ANOVA 

followed by Dunnett’s multiple-comparison test). 



 

 

Supplementary Fig 3. Mass spectrogram of Drp1 peptide sequences contained 

with tyrosine nitration residues in the spinal cords of active EAE mice (18dpi). 

(A) Mass spectrogram of AVMHFLVNHVKDTLQSELVGQLYK with nitrated Y665 

(B) Mass spectrogram of DCEVIERLIKSYFLIVR with nitrated Y628. 

 

 

 



 

Supplementary Fig 4. PDC inhibited mitophagy activation with suppressing 

Drp1 mitochondrial recruitment in SH-SY5Y cells exposed to peroxynitrite. 

SH-SY5Y cells were exposed to a ONOO- donor SIN-1 for 2h to induce nitrative 

stress. Immunofluorescent co-staining of LC3 with ATPB (A) and Drp1 with ATPB 

(B) in SH-SY5Y cells of control, SIN-1(4mM) and PDC-treated groups (50 μM). 

Scale bars, 5 μm. 



Supplementary Table 1. Primary antibodies used in this study. 

Antibodies Source Catology No. Dilution 

   WB IF IP 

Amyloid precursor protein 

(APP) 

Abcam ab32136 1:1000 - - 

MAP-2 Cell Signaling Technology 8707 - 1:400 - 

Choline Acetyltransferase 

(ChAT) 

Millipore AB144P - 1:200 - 

HSP60 Abcam ab46798 - 1:400 - 

Bcl-2 Cell Signaling Technology 2876 1:1000 - - 

Bax Cell Signaling Technology 2772 1:1000 - - 

LC3 Abcam ab128025 1:1000 1:400 - 

Parkin Abcam ab15954 1:1000  - 

Drp1 Cell Signaling Technology 14647 1:1000 1:400 - 

Drp1 Cell Signaling Technology 8570 - - 1:100 

PINK1 Abcam ab63950 1:1000 - - 

iNOS Abcam ab3523 1:1000  - 

p47phox Santa Cruz sc-7660 1:500 - - 

P67phox Santa Cruz sc-374510 1:500 - - 

3-Nitrotyrosine (3-NT) Abcam ab61392 1:1000 1:50 - 

β-Tubulin III (Tuj-1) Covance MMS-435P - 1:400 - 

GAPDH Merck Millipore AB2302 1:1000 - - 

ATPB Abcam ab14730 1:1000 1:400 - 

VDAC1/Porin Abcam ab15895 1:1000 - - 

Western blot, WB; Immunofluorescence, IF; Immunoprecipitation, IP. 
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