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Abstract.

Background: Parkinson’s disease (PD) is a progressive neurodegenerative disorder linked to the loss of dopaminergic
neurons in the substantia nigra. Mitophagy, mitochondrial selective autophagy, is critical in maintaining mitochondrial
and subsequently neuronal homeostasis. Its impairment is strongly implicated in PD and is associated with accelerated
neurodegeneration.

Objective: To study the positive effect of dimethyl fumarate (DMF) on mitophagy via the NRF2/BNIP3/PINK1 axis activation
in PD disease models.

Methods: The neuroprotective effect of DMF was explored in in vitro and in vivo PD models. MTT assay was performed
to determine the DMF dose followed by JC-1 assay to study its mitoprotective effect in MPP* exposed SHSYSY cells.
For the in vivo study, C57BL/6 mice were divided into six groups: Normal Control (NC), Disease Control (DC), Sham
(Saline i.c.v.), Low Dose (MPP* iodide+DMF 15 mg/kg), Mid Dose (MPP* iodide+DMF 30 mg/kg), and High Dose (MPP*
iodide+DMF 60 mg/kg). The neuroprotective effect of DMF was assessed by performing rotarod, open field test, and pole
test, and biochemical parameter analysis using immunofluorescence, western blot, and RT-PCR.

Results: DMF treatment significantly alleviated the loss of TH positive dopaminergic neurons and enhanced mitophagy by
increasing PINK1, Parkin, BNIP3, and LC3 levels in the MPP* iodide-induced PD mice model. DMF treatment groups
showed good locomotor activity and rearing time when compared to the DC group.
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Conclusions: DMF confers neuroprotection by activating the BNIP3/PINK 1/Parkin pathway, enhancing the autophagosome
formation via LC3, and improving mitophagy in PD models, and could be a potential therapeutic option in PD.

Keywords: Alzheimer’s disease, autophagy, dimethyl fumarate, 1-methyl-4-phenyl pyridinium iodide, nuclear factor E2-

related factor 2, Parkinson’s disease

INTRODUCTION

Neurological disorders are the leading cause of
disability, and Parkinson’s disease (PD) is the fastest
growing of these disorders [1]. First described by
James Parkinson in 1817 in “An Essay on the Shaking
Palsy” [2], PD is a progressive neurodegenerative
disorder clinically associated with significant motor
symptoms like resting tremor, rigidity, postural insta-
bility, and bradykinesia and non-motor symptoms
like cognitive changes, autonomic dysfunction, sleep
disturbances, and sensory pain [3]. The prevalence of
PD increased by 21.7% from 1990 to 2016, making
it the second most common neurodegenerative
disorder after Alzheimer’s disease. As many as 6.1
million people were affected by PD globally in 2016
over 65 years, and it is expected to rise to 9.3 million
in 2030 [4, 5].

PDis associated with the selective loss of dopamin-
ergic neurons in substantia nigra pars compacts
(SNpC) in the midbrain, and the accumulation of
Lewy bodies, the cytoplasmic inclusions from insol-
uble a-syn aggregates [6]. The pathophysiology of
PD is complex and multifactorial because of vari-
able contributions from genetic and environmental
factors [7], leading to oxidative stress [8], mitochon-
drial dysfunction [9, 10], neuroinflammation [11, 12],
disturbed protein homeostasis [13], and reduced neu-
rotransmitter levels [3]. Among these, dysfunctional
protein degradation pathways commonly termed as
autophagy pathways are vital in PD pathology, as
neurons depend on them to maintain the effective
turnover of the proteins and damaged organelles to
prevent toxicity and cell death [14].

Mitophagy refers to mitochondria selective
autophagy that is activated in response to vari-
ous mitochondrial stressors like mitochondrial
depolarization, ER stress and selectively degrades
damaged mitochondria [15, 16]. Mitophagy can be
broadly classified into Parkin-dependent and Parkin-
independent pathways. In Parkin dependent pathway,
accumulation of PINK1 on the mitochondrial outer
membrane (OMM) as a result of mitochondrial depo-
larization leads to subsequent phosphorylation of
parkin and activation of its E3 ligase activity, which

then ubiquitinates several OMM substrates like
TBKI1 [17, 18]. These ubiquitinated proteins recruit
the autophagy receptor proteins like OPTN, NDP52
and eventually result in LC3-coated autophagosome
formation [19]. In contrast, parkin-independent
pathway, operates on the presence of LC-3 interact-
ing region (LIR) motifs present on several OMM
proteins like AMBRAT [20], FUNDCI [21], BNIP3
like (BNIP3L/NIX) protein [22], BNIP3 which upon
activation interact with ATG8 protein resulting in
autophagosome formation [23]. Mitophagy is critical
in order to maintain the mitochondrial homeostasis,
the failure of which leads to the accumulation of
damaged mitochondria and accelerates PD pathology
[24]. Mitophagy is found to be compromised in
several NDDs including PD [25]. Treatments aimed
at restoring autophagy especially mitophagy have
shown to be neuroprotective in the case of PD [26,
27].

Several proteins were identified to play role in
regulation of autophagy. BCL2 interacting protein
3 (BNIP3) is a nuclear encoded protein that exerts
its functions by interacting with various OMM
proteins. It plays a crucial role in the regulation
of apoptosis, autophagy, and mitophagy. BNIP3
has been found to regulate mitophagy in hypoxia
dependent manner in tumor cells [28]. It con-
tains the LIR motif which enables it to regulate
mitophagy via parkin-independent pathway. BNIP3
protein levels were found to be decreased in PD
[29]. Recently Zhang et al. have shown that increased
BNIP3 binds to PINK1 and decreases the proteolytic
cleavage of PINK1 resulting in activation of parkin-
dependent mitophagy [30]. Hence activating BNIP3
would promote mitophagy via both pathways. NRF2
(Nuclear factor E2-related factor 2), a basic leucine-
zipper transcription factor, majorly promotes cellular
defense mechanisms against oxidative and elec-
trophilic stresses, and its role in autophagy has been
explored widely [31]. Recently, a study concluded
that autophagy was restored by NRF2-mediated
BNIP3 upregulation through IGF-1 signaling [32].
Dimethyl fumarate (DMF), an NRF2 activator, is
an FDA-approved drug for psoriasis and multiple
sclerosis. It exhibited antioxidant, anti-inflammatory,
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immunomodulatory, neuroprotective, and cognition-
enhancing properties in PD and Alzheimer’s disease
models [33-37]. The robust bioavailability and ther-
apeutic efficacy of DMF is mediated by its potent
metabolite MMF through the activation of NRF2
pathway, a key transcription factor involved in antiox-
idant response [38]. In our previous study, we have
shown that DMF modulates autophagy via NRF2-
TIGAR-LAMP2/Cathepsin D pathway in rotenone
induced PD model [39]. Similarly, inducing NRF2
through the administration of DMF can be used to
directly induce BNIP3, PINK1/PARKIN expression
in the PD disease model and promote mitophagy.

METHODS

Materials used include: MPP*Iodide (Abcam),
dimethyl fumarate (DMF) (Sigma Aldrich), JC-1
stain (Invitrogen, 3168), MTT (Invitrogen, M6494),
DMSO (Sigma-Aldrich, D8418), Chemilumines-
cence western blotting substrate (Bio-Rad Labora-
tories, 1705061), Sucrose (Hi-media, MB025), OCT
media (Sigma-Aldrich, SHH0026), T-PER extrac-
tion buffer (ThermoFisher, 78510), protease inhibitor
(Sigma-Aldrich, P8340), Nitrocellulose membrane
(GC-NCM-302), Bovine serum albumin (SRL,
A6003), anti-Tyrosine Hydroxylase (TH) (Santa
Cruz Biotechnology, sc25269), anti-a-synuclein
(Santa Cruz Biotechnology, sc53955), anti-f3-actin
(Santa Cruz Biotechnology, sc47778), anti-NRF1
(Cell Signaling Technology, 12381S), anti-NRF2
(Sigma-Aldrich, SAB5700720), anti-PINK1 (Santa
Cruz Biotechnology, sc517353), anti-Parkin (Santa
Cruz Biotechnology, sc30130), LC-3A/B (Cell Sig-
naling Technology, 12741S), anti-mouse Alexa
flour 488 (A21202L.C3), BECLIN-1 (3495S), BCL2
(NBP2-67182), anti-mouse secondary antibody
(HRP-conjugated) (7076s), anti-rabbit secondary
(HRP-conjugated) (AP307P), fluoroshield DAPI
(F6057), Alexa fluor 488 Donkey Anti-Mouse IgG
(H+L) (A-11008). All the chemicals used in the
study were obtained from commercial vendors unless
otherwise specified.

Cell culture

Human neuroblastoma cell line SHSYSY was pro-
cured from the National Centre of Cell Science
(NCCS) Pune, India. SHSYS5Y cells were maintained
in MEM+F12 (1:1) media with 10% Fetal Bovine
Serum (FBS) at 37°C in an incubator with 5% CO,
and 95% air. The culture media was replaced every

three days and sub cultured upon 80-90% conflu-
ency for further use or plated as per the experimental
requirements [34, 40].

Cell viability assay (MTT ASSAY)

MTT (3-[4, 5-dimethylthiazol-2-y1]-2,5-diphenyl
tetrazolium bromide) assay was performed to assess
the cell viability. SHSYSY cells were plated at a
density of 1000020000 cells per well into 96 well
microplate and incubated for 24 h for adhesion.
The cells were treated with different concentra-
tions of MPPT iodide (100-5000 wM) and DMF
(10-100 wM) diluted in DMEM media and incubated
for 24 h at 37°C with 5-6.5% CO,. The media con-
taining MPP* iodide was discarded and MTT reagent
(0.5 mg/ml in DMEM) was added and incubated for
4 h at 37°C with 5% CO;. The formed formazan
crystals were solubilized using 150 pul DMSO, and
the absorbance was measured at 570 nm using a
microplate reader. The intensity of the color the for-
mazan crystals show, determines the % viability of
the cells [41].

JC-1 assay

JC-1 (5,5,6,6’-tetraethylbenzaimidazolcarbocya
nine iodide) assay was used to determine the
mitochondrial membrane potential, which signifies
the functional state of the mitochondria within
the cells. The cells were subcultured in a 6-
well plate and incubated for 24 h at 37°C for
the groups, NC: Normal control, DC: MPP™
(500 uM), LD: MPP* (500 pM)+DMF (15 pM),
MD: MPP* (500 pM)+DMF (30 pM), HD: MPP*
(500 uM)+DMF (45 uM), HD only: DMF (45 uM).
The doses were chosen based on the results obtained
from MTT assay. The cells were pretreated with DMF
(15 pM, 30 uM, 45 uM) for 3 h followed by treat-
ment with 500 uM of MPP™ iodide and incubated
overnight. Then the media was removed, 10 uM JC-
1 dye was added and incubated for 20 min. Then,
the cells were washed with PBS and observed under
fluorescent microscope.

Animals

Healthy male C57BL6 mice weighing 20-25 g at 8
weeks of age were utilized for this study. They were
maintained under standard laboratory conditions of
12:12-h light/dark cycle, 25 4 1°C, relative humid-
ity 60 & 10% with standard food and filtered water ad
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Experimental animal groups

No. Treatment Group No. of Animals
1 Normal Control 12
2 Disease Control (MPP* iodide, 18 pg/3 pl, i.c.v) 12
3 Sham Control (Saline, 3 pl, i.c.v) 12
4 Low dose group (MPP™ iodide+DMF 15 mg/kg p.o. in saline) 12
5 Mid dose group (MPP* iodide+DMF 30 mg/kg p.o. in saline) 12
6 High dose group (MPP™ iodide+DMF 60 mg/kg p.o. in saline) 12

libitum [42]. All the experiments were conducted in
accordance with the ARRIVE guidelines regulations
specified by the Institutional Animal Ethics Com-
mittee (IAEC)-NIPER Hyderabad with the approved
animal protocol number NIP/010/2022/PC/496.

MPPT iodide-induced PD and DMF treatment in
study animals

The animals were divided into 6 groups with 12
animals in each group (Table 1). The mice were
induced with PD using MPP™' iodide (Abcam,
Cambridge, UK) with a single dose of 18 ug/3 ul
[43, 44] at a rate of 0.5 pl/min using the stereotaxic
apparatus. The animals were anesthetized by using a
combination of Ketamine (100 mg/kg) and Xylazine
(10 mg/kg) i.p. before proceeding with stereotaxis
under aseptic conditions. The head skin was shaved
to expose the skin covering the skull. The animal
was then mounted on the head stage using ear
bars. After disinfecting the skin using 70% alcohol,
an incision was made with the blade to expose
the skull, and bregma was located. With respect
to bregma, a burr hole was made at co-ordinates
Mediolateral: —1.2mm, Anteroposterior: 3.4 mm,
and Dorsoventral: —4.3 mm (corresponding to the
SNpC region of the brain) [45] to enable the entry
of the Hamilton syringe. The burr hole was closed
with dental cement, and the cut was sealed with
endocrylate. Throughout the surgery, the vitals of
the animal were closely monitored, and the eyes
were kept moist using saline solution. Sufficient
antibacterial powder was applied to the surgical site,
and the animals were placed on heating pads to avoid
heat loss. Diclofenac (10 mg/kg, i.p.), moistened
food, and isotonic solutions were given as a part of
post-operative care for 7 days. DMF (Sigma-Aldrich,
St. Louis, MO) was administered for 21 days at 15,
30, and 60 mg/kg (p.o. in saline) after completion of
7 days of post-operative care. After DMF treatment
period for 21 days, the mice were anesthetized with
isoflurane intranasally and then decapitated with
and without perfusion using large bandage scissors;

their brains were isolated and stored for further
processing. The study design was given in Fig. 1.

Neurobehavioral tests

Rotarod test

Coordinated motor skills and ability to balance are
evaluated by using the rotarod test, which requires the
animals to walk on an accelerating cylinder to mark
the maximal duration of time the animal lasted on the
rod [46]. The test was conducted on day 0, day 7, and
after the DMF treatment period (day 28). The mice
were trained for 3 days prior to the procedure wherein
they were allowed to walk on the apparatus for 120 s at
5 RPM. During the test procedure, the animals were
placed on an accelerating rod at 40 RPM for 300 s
[47]. The time spent on the revolving rod by animals,
i.e., latency to fall was measured in three trials per day
with 15 min time intervals, and the average latency to
fall was recorded.

Actophotometer

An automated actimeter (Panlab Apparatus,
Barcelona, Spain) was used to assess the spontaneous
locomotor activity of the animal. The equipment
comprised of 22.5%x22.5 cm area with 16 surround-
ing infrared beams attached to a computerized control
unit [48]. After 1 min of habituation, the locomo-
tor activity was recorded for a period of 10 min in
a dark room. Various parameters like the distance
travelled, the number of rearing, mean velocity, and
resting time were assessed by employing Acti-Track
software.

Pole test

Pole test was used to evaluate motor function by
using a 50 cm-long wooden pole wrapped with ban-
dage gauze. The pole was placed in the plastic cage
and filled with corn bedding. Initially, the animals
were trained for two consecutive days. Later, the ani-
mals were placed on the pole, and the time taken to
descend, i.e., its posterior limbs touching the ground,
was noted. They were tested three times, separated by
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Fig. 1. Study timeline.

a time period of 15 min, and the average value was
considered for the statistical analysis [49, 50].

Biochemical experiments

Western blotting

80 mg of mid-brain tissue was homogenized using
TPER buffer and Protease Inhibitor (25X) combi-
nation of volume 10 times the weight of the tissue,
left undisturbed in ice for an hour and centrifuged at
12000 rpm for 20 min at 4°C, and the supernatant was
collected. BCA assay was performed to estimate the
total protein content in the tissue homogenate. The
sample was prepared in Laemmle buffer at 95°C for
15 min and immediately transferred to 4°C.

The samples containing 30 pg were loaded, SDS-
PAGE was run and the proteins were transferred
to the nitrocellulose membrane. The membrane
was blocked using 3% BSA for 1-2h, followed
by overnight incubation in the following primary
antibodies at 4°C: Anti-NRF2 (Sigma Aldrich,
1:1000), Anti-BNIP3 (Sigma Aldrich, 1:1000),
TH (Santa Cruz, 1:2500), B-actin (Santa Cruz,
1:1000), a-synuclein (Santa Cruz, 1:500), NRF1
(Santa Cruz, 1:2500), PINK1 (Santa Cruz, 1:500),
PARKIN (Santa Cruz, 1:500), LC3 (CST, 1:1000),
BECLIN-1 (Santa Cruz, 1:1000), BCL2 (Santa
Cruz, 1:500). Then, blots were incubated with HRP-
conjugated anti-mouse (CST) and anti-rabbit (Santa
Cruz) secondary antibody (1 : 10000 dilution) before

visualizing using ECL reagent through chemilu-
minescence [39]. The relative band densities were
quantified by densitometry using Image J analyzing
software (Image J 1.53 k, National Institute of Health,
Bethesda, MD, USA). Equal loading of protein was
confirmed by measuring (3-actin expression [51].

Immunofluorescence

The mid brain region of 4% PFA-perfused and
sucrose-processed brains were used for immunofluo-
rescence. Tissue sections were taken using Cryotome
(Leica CM 1950) and mounted on gelatin-coated
slides. The slides containing sections were first incu-
bated in 100% methanol/acetone (chilled at —20°C)
at room temperature for 10 min followed by washing
with ice-cold PBS (5min, 3 times), blocking with
3% BSA for a time period of 45 min. The sections
were incubated in TH primary antibody (Santa Cruz,
1:200 dilution using 1% BSA in PBST) overnight
at 4°C followed incubation in Alexa Fluor 488 sec-
ondary antibody (Invitrogen, 1:2000 dilution using
1% BSA in PBST) for 2h in the dark at room
temperature. The sections were counterstained with
fluoroshield DAPI and visualized under the fluores-
cent microscope (Olympus, BX53) [39].

RT-PCR

Total RNA was extracted from 100 mg of the study
animals’ midbrain tissue using TRI reagent (Sigma
Aldrich), chloroform, isopropyl alcohol and quanti-
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Primer sequences used for RT-PCR

Primer Sequence

GAPDH forward primer 5’ TGT-GAA-CGG-ATT-TGG-CCG-TA 3’
GAPDH reverse primer 5" ACT-GTG-CCG-TTG-AAT-TTG-CC 3’

TH forward primer 5" AAG-CTG-ATT-GCA-GAG-ATT-GCC 3’
TH reverse primer 5 'TTC-CTC-CTT-TGT-GTA-TTC-CAC-GT 3’
SNCA forward primer 5’ TAT-CTG-CGC-GTG-TGC-TTG-G 3’
SNCA reverse primer 5" ACT-TTC-CGA-CTT-CTG-GCT-GC 3’

fied in Nanodrop 2000c spectrophotometer (Thermo
scientific). cDNA was synthesized from the obtained
RNA samples using Prime script 1% strand cDNA
synthesis kit (Takara) in thermal cycler (BIO-RAD
T100™ Thermal Cycler). Real time PCR was per-
formed for TH, SNCA using TB Green Premix Ex
Tag™ 1I (Tli RNaseH Plus) kit (Takara) as per the
manufacturer’s instructions in Quantstudio 7 Pro
(Applied biosystems by Thermo Scientific). Primers
for GAPDH, TH, SNCA were obtained from Euro-
gentec and sequences for the same are given in
Table 2. Relative mRNA expression for TH, SNCA
was calculated using LIVAK method using GAPDH
as endogene control.

Statistical analysis

All the data was expressed as the Mean + Standard
error of mean (SEM) for animals. The results were
statistically analyzed using one-way analysis of
variance (ANOVA) utilizing the GraphPad Prism
Version-8.0 software. Post hoc analysis was done
with “Bonferroni’s Multiple Comparison Test.” A
probability level of p values <0.05 was considered
as statistically significant.

RESULTS

Effect of MPP iodide and DMF on cell viability
of SHSYS5Y cell line

MTT assay of MPP* iodide and DMF was per-
formed on SHSYSY cell line to identify the cytotoxic
concentrations. ICsg of MPP™ iodide was found to be
1430 uM. We used 500 wM at which more 50% cell
viability was observed for further experiments. Sim-
ilarly, 10-50 M concentrations of DMF showed no
cytotoxic effects and were used for further experi-
ments (Fig. 2).

DMF maintained the mitochondrial membrane
potential (MMP) in MPPY exposed SHSY5Y cell
line

Pretreatment with DMF significantly maintained
the mitochondrial integrity in MPP' exposed
SHSYSY cells. The red:green fluorescence was low
in MPP™ exposed cells (DC) indicating the loss of
MMP, whereas the ratio increased in DMF treated
groups in dose dependent manner (Fig. 3). The
results show that 30 uM and 45 pM DMF exerted
maximum mito-protective effect by preserving
mitochondrial membrane integrity in MPP™ exposed
SHSYSY cells.

DMF alleviated MPP iodide-induced
behavioral impairments

The animals belonging to all the study groups
were evaluated for their motor coordination using
Rotarod test (latency fall), Actophotometer (distance
travelled, no. of rearings, and Vpean, and resting
time), and Pole test (time to descend) at O™ and
28" day. For Rotarod Test, on Day-7, all the animals
remained on the revolving rod for around 300s. On
day 7, MPP™ iodide-treated mice expressed signifi-
cant motor deficits (p <0.001) in terms of decreased
latency fall, whereas on Day 28, DMF-treated mice
(15mg/kg, 30 mg/kg, 60 mg/kg) exhibited gradual
and dose-related improvement (p <0.001) in their
motor coordinating activities when compared to the
MPP™ iodide-induced mice (Fig. 4A). For the Pole
test, on Day 0, all the animals were able to reach the
bottom of the pole within the time span of 15 s. MPP™
iodide-treated mice expressed slowness of movement
and loss of grip (p <0.001) in terms of increased time
to descend, with few animals falling from the pole
as soon as they were placed on Day 28. Whereas
DMF-treated mice exhibited significant improve-
ment (p < 0.001) in their motor coordinating activities
when compared to the MPPT iodide-induced mice
(Fig. 4B).
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There was an improvement in motor coordina-
tion in DMF-treated groups, as observed through
the Actophotometer. The track plots indicated
that the motor activity of diseased animals was
severely compromised, and upon treating them

with DMF, the motor deficits were restored in a
dose-dependent manner (Fig. 5). All the assessed
parameters (Fig. 6A-D) were significantly improved,
indicating the ability of DMF to reverse PD-based
bradykinesia.
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Fig. 7. A) Representative western blot image of parkinsonian markers, TH and a-syn, B) Quantitative analysis of TH (DF=12), C) Quan-
titative analysis of a-syn (DF=12), D, E) Relative mRNA expression of SNCA and TH respectively (DF=12); n=3. Data represent
mean + SEM. The p-values were calculated using a one- way analysis of variance using Bonferroni method (ANOVA). ***p <0.001 versus
NC; * p<0.05,* p<0.01, ## p <0.001 versus DC.
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Fig. 8. A) Graphical representation of immunofluorescence of TH, scale 50 uM. B) % fluorescence of TH in various groups (DF =12);
n=3. Data represents mean & SEM. The p-values were calculated using a one-way analysis of variance using Bonferroni method (ANOVA).
#% 1 <0.001 versus NC; # p<0.05, # p <0.01, #* p <0.001 versus DC.

DMF abrogated MPP™ induced affects the synthesis of dopamine, causing gradual
neurodegeneration, elevated TH levels and loss of dopaminergic neurons, a-syn aggregation
attenuated o-syn in dopaminergic neurons accelerates the production of Lewy bodies, ulti-
mately disrupting the synthesis, storage, reuptake,

The establishment of the PD model was con- and efflux of dopamine. A significant decline in
firmed by decreased expression of TH and elevated o-synlevels and enhanced TH concentration in DMF-
a-syn in MPP™ treated group, both being the patho- treated mice (Fig. 7A-C) through western blotting

logical hallmarks of the disease. While TH deficit confirmed the neuroprotective potential of DMF in
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Fig.9. A)Image of western blots of NRF2 and NRF1 B) Quantitative analysis of NRF2 (DF = 12), C) Quantitative analysis of NRF1(DF = 12);
n=3. Data represents mean & SEM. The p-values were calculated using a one-way analysis of variance using Bonferroni method (ANOVA).
< 0.001 versus NC; # p<0.05, # p <0.01, #* p <0.001 versus DC.

PD. Further relative mRNA expression levels of TH,
o-syn were also in line with western blot results
(Fig. 7D, E). Immunofluorescence confirmed that the
TH-expressing dopaminergic neurons present in the
SNpC region were significantly reduced under the
influence of MPP iodide at the site of the injection,
i.e., the right side of the brain. A visible increase in the
TH-expressing dopaminergic neurons was observed
upon the administration of DMF in MPP+-treated
mice, especially in the dose of 30 mg/kg (Fig. 8A,
B).

DMEF activated NRF2 and NRFI genes

NRF?2 has a multifaceted role in autophagy, mito-
chondrial biogenesis, and dynamics in physiological
conditions. The significant downregulation of NRF2
was evident in PD-induced mice, indicating the abil-
ity of MPPTiodide to disrupt the protein homeostasis
of the dopaminergic neurons. Upon the administra-
tion of DMF, the expression of NRF2 (Fig. 9A, B) has
visibly increased in a dose-dependent manner when
compared to the disease-control animals exerting a
neuroprotective effect. Activation of the NRF2 path-
way by DMF is also linked to an increase in the levels
of NRF1 (Fig. 9A, C). Though a significant difference

in NRF1 expression was not found in PD animals,
DMF increased the NRF1 expression in DMF-treated
animals when compared to normal control signifying
the positive correlation of NRF2 with NRF1 gene.

DMF promoted protein homeostasis by
enhancing mitophagy in PD

Mitochondrial dysfunction triggered by MPP™
iodide reduced the levels of BNIP3, PINKI1, and
PARKIN (Fig. 10A-D) proteins which are involved
in mitophagy evident through western blotting of the
mid-brain samples of the disease induced mice. These
results can be linked to the reduced NRF2 expres-
sion, which fails to increase the expression of BNIP3
protein, disrupting the protein homeostasis due to
impaired autophagy. Further, the decline in PINK1-
PARKIN molecules lead to the failure of cellular
mitophagy. The concentration of these mitophagy-
associated proteins was significantly upregulated in
DMF-treated mice, demonstrating the restoration of
the protein homeostasis to a greater extent when
compared to the disease group. MPPT exposure
has been linked to an increase in LC3A/BII lev-
els (Fig. 10E), indicating a drop in autophagosome
degradation. DMF-treated mice expressed lower
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Fig. 10. A) Image of western blots of proteins involved in mitophagy; PINK1, PARKIN, BNIP3, LC3, B) Quantitative analysis of PINK1
(DF = 12), C) Quantitative analysis of PARKIN (DF = 12), D) Quantitative analysis of BNIP3(DF = 12), E) Quantitative analysis of LC3A/BII
(DF =12); n=3; Data represents mean &= SEM. The p-values were calculated using a one-way analysis of variance using Bonferroni method

(ANOVA). **p <0.001 versus NC; * p <0.05,

LC3A/BII concentration, probably due to the reac-
tivation of autophagy.

DMF is involved in the breakdown of the
BCL2-Beclinl complex through BNIP3
upregulation

When compared to the normal control, a significant
downregulation of Beclinl and upregulation of BCL2
was observed. A decrease in Beclinl (Fig. 11A, B)
concentration indicates reduced autophagy in MPP+-
induced animals, whereas elevated BCL2 (Fig. 11A,
C) can be linked to the non-availability of BNIP3
protein to form a complex with it which was sup-
posed to enhance autophagy. A significant reversal
of the concentrations of these proteins was observed
in DMF-treated mice in a dose-dependent manner.
This indicates the ability of DMF to positively affect
the disrupted autophagic process through BNIP3 ele-
vation, rescuing neurodegeneration in PD.

# p<0.01, ¥ p<0.001 versus DC.

DISCUSSION

This study was designed to investigate the
neuroprotective effect of DMF through NRF2-
BNIP3-PINK1 axis using PD model. The disease
was induced using MPP™ iodide, a metabolite of
MPTP, which has been used as a gold standard in PD
research. MPTP-based PD model yields large vari-
ations in disease development due to difference in
MAO-B enzyme concentration, the one responsible
for the conversion of MPTP to MPP™ in the study ani-
mals. In order to induce homogenous dopaminergic
damage and avoid the systemic side effects of MPTP,
i.c.v. injection of MPPtiodide is being preferred over
MPTP over the recent past [43, 44, 52-54]. Addi-
tionally, MPP* provides advantages like simplicity,
affordability, practicability, and fewer ethical con-
siderations (like its parent molecule MPTP). MPP ™,
being an excellent substrate for DAT, possesses selec-
tive toxicity towards the dopaminergic neurons. It is
a Complex-I inhibitor, thereby rapidly reducing the
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Fig. 11. A) Image of western blots of proteins Beclinl and BCL2 B) Quantitative analysis of Beclinl (DF =12) C) Quantitative analysis of
BCL2 (DF = 12); n=3; Data represents mean == SEM. The p-values were calculated using a one-way analysis of variance using Bonferroni
method (ANOVA). ***p <0.001 versus NC; # p<0.05, *# p<0.01, ¥ p<0.001 versus DC.

ATP production in the SNpC region of the brain [55,
56].

Autophagy is a vital phenomenon involved in
maintaining the effective turnover of proteins and
damaged organelles. a-syn accumulation is a con-
sequence of malfunctional autophagic-lysosomal
degradation in PD. Because dopaminergic neurons
are more vulnerable to inadequate clearance of
damaged mitochondria, accumulation of defective
mitochondria increases reactive oxygen species lev-
els and further accelerates the disease progression
[14]. NRF?2 is an important regulator of endogenous
defense mechanisms in response to neurodegener-
ation in PD. Its activator, DMF, has been proven
to be effective in reversing neuronal damage in
various PD models [33-35]. Recently, evidence
stated that NRF2 stimulates oxidative stress-induced
autophagy in Parkinsonism. In this study, we proved
that DMF exerts neuroprotective effect by promot-
ing mitophagy via NRF2-BNIP3-PINK1 axis. The
detailed mechanism is illustrated in Fig. 12.

The neurobehavioral evaluation was performed
using the rotarod, actimeter, and pole test. They sug-
gested that the motor coordination of PD-induced
mice was severely compromised, with bradykinesia

being clearly evident. The latency fall (in rotarod);
distance travelled, number of rearings, Vean, resting
time (in actimeter); and time to descend (in pole test)
were significantly alleviated in DMF-treated mice in
a dose-dependent manner (Figs. 4-6).

Western blot of mid-brain samples of the study ani-
mals revealed the downregulation of TH and a-syn
aggregation in disease control animals, which was
reversed upon 21-day exposure to DMF in differ-
ent concentrations of 15, 30, and 60 mg/kg (Fig. 7).
TH expression the SNpC region of the brain was
also studied through immunofluorescence (Fig. 8). Its
expression was minimal and DMF significantly ele-
vated the TH concentration. Additionally, the decline
in NRF2 expression as seen in PD mice was counter-
acted by DMF. The expression of NRF2 was found
to be significantly increased in DMF-treated mice.
We tried investigating the role of NRF2 in initiating
the process of autophagy. NRF2 enables autophagy
by enhancing the concentration of BNIP3 protein
through a mediator NRF1 (Fig. 9). Loss of BNIP3
as MPP™ treated mice was reversed in DMF-treated
mice.

As expected, the autophagic proteins PINK1 and
PARKIN were found in lower levels in DC group
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Fig. 12. Neuroprotective effect of DMF in MPP™ iodide-induced PD model. Created in Biorender.com.

when to the drug-exposed subjects. Increased BNIP3
by DMF is believed to be involved in upregulating
the recruitment of PINKI1 and PARKIN molecules
thereby initiating the clearance of the damaged
organelles through autophagy and promoting cell sur-
vival. Increased LC3A/BII levels in diseased animals
denote the disturbance in the autophagolysosomal
degradation which was alleviated through DMF. The
effect of BNIP3 protein on BCL2-Beclinl complex
has also been investigated in this study (Fig. 10). In
general, BNIP3 binds to BCL2 and the dissociation
of Beclinl from this complex activates autophagy
[57]. In PD animals, the Beclinl concentration was
decreased upon the onset of stress (i.c.v. injection
of MPP* iodide) and the BCL2 expression was
increased because of non-availability of BNIP3 pro-
tein to bind to it (Fig. 11). Taken together, our study
has demonstrated that DMF has a neuroprotective
potential especially by enhancing the NRF2-BNIP3-
PINKI1 axis and by targeting this pathway beneficial
management of PD is possible. From this study, we
conclude that DMF promoted mitophagy via NRF2-
BNIP3-PINK1 axis in MPP* induced PD model and
ameliorated PD pathology in the study animals in a

dose dependent manner. Thus, DMF exerts neuropro-
tective effect via its antioxidant as well as mitophagy
promoting mechanism of actions in PD and can
be further explored for its therapeutic potential
in PD.
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