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Abstract
Objective: The feature of Parkinson's disease (PD) is the heavy dopaminergic neuron 
loss of substantia nigra pars compacta (SNpc), while glutaredoxin (GLRX) has been 
discovered to modulate the death of dopaminergic neurons. In this context, this study 
was implemented to uncover the impact of GRX1 on motor dysfunction and dopa-
mine neuron degeneration in PD mice and its potential mechanism.
Methods: A PD mouse model was established via injection with 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) into mice. After gain- and loss-of-function assays 
in mice, motor coordination was assessed using rotarod, pole, and open-field tests, 
and neurodegeneration in mouse SNpc tissues was determined using immunohisto-
chemistry of tyrosine hydroxylase and Nissl staining. NRF1, methyltransferase-like 
3 (METTL3), and GLRX expression in SNpc tissues were evaluated using qRT-PCR, 
Western blot, and immunohistochemistry. The N6-methyladenosine (m6A) levels of 
GLRX mRNA were examined using MeRIP. The relationship among NRF1, METTL3, 
and GLRX was determined by RIP, ChIP, and dual luciferase assays.
Results: Low GLRX, METTL3, and NRF1 expression were observed in MPTP-induced 
mice, accompanied by decreased m6A modification level of GLRX mRNA. GLRX over-
expression alleviated motor dysfunction and dopamine neuron degeneration in MPTP-
induced mice. METTL3 promoted m6A modification and IGF2BP2-dependent stability 
of GLRX mRNA, and NRF1 increased METTL3 expression by binding to METTL3 
promoter. NRF1 overexpression increased m6A modification of GLRX mRNA and 
repressed motor dysfunction and dopamine neuron degeneration in MPTP-induced 
mice, which was counteracted by METTL3 knockdown.
Conclusion: Conclusively, NRF1 constrained motor dysfunction and dopamine neuron 
degeneration in MPTP-induced PD mice by activating the METTL3/GLRX axis.
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1  |  INTRODUCTION

Parkinson's disease (PD), a prevalent neurodegenerative disease, 
is mainly featured by dopaminergic neuron death in the substantia 
nigra pars compacta (SNpc).1,2 PD is related to the following risk 
factors, including age (the most prominent risk factor), genetics, en-
vironmental factors (such as insecticides and water contaminants), 
and behavioral factors (such as coffee, tobacco use, head trauma, or 
exercise) and more susceptible to males than females.3 This disease 
is related to motor (such as rigidity, postural instability, bradykine-
sia, and resting tremor) and non-motor (including fatigue, pain, au-
tonomic dysfunction, olfactory dysfunction, psychiatric symptoms, 
cognitive impairment, and sleep disturbances) features.4,5 Cures are 
shelved and eventually result in death since PD is generally identi-
fied at a late stage of complete neuronal degeneration because of 
the absence of early diagnostic technologies.6 Therefore, the search 
for molecules deregulated in PD may shed new light on the diagnosis 
and treatment of PD.

Glutaredoxin (GLRX), a small protein with one active site cys-
teine pair, can catalyze glutathione-dependent redox modulation 
through glutathionylation, glutathione conjugation to the sub-
strate, and deglutathionylation.7 GLRX is vital for maintaining the 
intracellular reduced environment and protecting against oxida-
tive stress, which exerts a critical function in the pathology of 
most neurodegenerative diseases.8 Miller et al. elaborated that 
GLRX1 regulates apoptotic signaling in dopaminergic neurons 
and loss of GLRX1 results in enhanced cell death in PD.9 Likewise, 
knockdown of GLRX led to augmented apoptosis in immortalized 
dopaminergic neurons.10

N6-methyladenosine (m6A), a methylation occurred at the 
adenosine N6 position, represents the commonest chemical 
modification of eukaryotic mRNAs, which is installed by methyl-
transferases, removed by demethylases, and recognized by read-
ing proteins to modulate RNA metabolism, such as translation, 
splicing, folding, export, degradation, and mRNA stability.11,12 
Methyltransferase-like 3 (METTL3) is a m6A methyltransferase,13 
which was predicted to be proportional to GLRX expression in 
SNpc by GEPIA2 website in our research. m6A methylation is a 
critical RNA modification abundant in cerebral tissues, and the 
genes engaged in m6A modification are associated with diverse 
neurological disorders.14 A prior article identified the downreg-
ulation of m6A modifications of mRNAs in the brain striatum of 
PD rats and 6-OHDA-induced PC12 cells.15 Of note, METTL3 is 
downregulated in human Alzheimer's disease brain.16

METTL3 expression in SNpc was also predicted to be associated 
with nuclear factor erythroid 2-like 1 (NRF1) expression by GEPIA2 
website. NRF1, a transcription factor that belongs to the Cap'N' 
Collar family, is a commonly expressed endoplasmic reticulum trans-
membrane protein engaged in detoxification and stress adaptation, 
as well as transcription regulation via genomic antioxidant response 
elements.17 NRF1 is an essential transcription regulator of protea-
somal gene expression in neurons, and disruption of NRF1 function 
may cause neurodegenerative disease pathogenesis.18 Furthermore, 

NRF1 has been reported to be downregulated in PD rats.19 There-
fore, it was reasonable to conjecture that the NRF1/METTL3/GLRX 
axis might influence PD progression. The present study was ex-
pected to delve into the impact of NRF1, METTL3, and GLRX on PD 
and the underlying mechanisms.

2  | MATERIALS AND METHODS

2.1  |  Establishment of a PD mouse model and 
stereotactic injection

Eight-week-old male C57BL/6 mice (weighing 22–25 g, Shanghai 
SLAC Laboratory Animal Co., Ltd.) were housed in separate cages 
in a specific pathogen-free animal laboratory at 22–25°C with 
60%–65% humidity and free access to water and food under a 
12-h cycle of light and darkness. Experiments were initiated after 
1 week of acclimatization with the health status of mice inspected 
before the experiments. All experiments on animals abided by the 
regulations and codes of practice for laboratory animal manage-
ment and the ethical requirements of laboratory animals and were 
ratified by the animal care and use committee of Hunan Provincial 
People's Hospital.

Eight mice were randomly assigned to each group. Each mouse 
in the PD group was intraperitoneally injected with 30 mg/mL 1-m
ethyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, 30 mg/kg, Sigma-
Aldrich) dissolved in 0.9% sterile normal saline for 5 days. Mice in the 
control group were injected with an equal amount of normal saline 
in the same manner as the negative control (NC). Behavioral experi-
ments were conducted 1 week later.

For adeno-associated virus (AAV) injection, mice in the PD group 
were anesthetized with a mixture of isoflurane/oxygen 2 weeks prior 
to MPTP injection.20 After the mice were fixed on a stereotactic de-
vice (David Kopf Instrument), the skin over the skull was incised and 
drilled with a surgical drill to expose the skull. A 10 μL Hamilton sy-
ringe (33-gauge needle) was utilized for the injection with 2 μL AAV 
serotype 9 solution (5 × 1013 vg/mL) at a rate of 0.2 μL/min. The in-
jections were given at anterior–posterior −3.60, dorsal-ventral (DV) 
−3.75, and medio-lateral +1.15. After injection, the syringe was left 
in place for 5 min and then slowly withdrawn. Behavioral tests to 
assess motor function-related behaviors in mice were performed 
8 weeks after injection.21

The target sequence was cloned into pAAV-CAG-enhanced 
green fluorescent protein (EGFP) vector (28014, Addgene) and vali-
dated by sequencing. AAV-GFP virus was produced and purified by 
Hanbio. AAV titers were determined by quantitative real-time poly-
merase chain reaction (qRT-PCR), accompanied by the measurement 
of virus purity: AAV-GFP (titer: 4.7 × 1014 vg/mL), AAV-GLRX (titer: 
5.7 × 1014 vg/mL), AAV-GFP (titer: 6.1 × 1014 vg/mL), AAV-short hair-
pin RNA (sh)NC (titer: 7 × 1014 vg/mL; 5′-TTTGT​TGG​TTA​CGG​GGT​
ATC​GAT​TCA​AGA​GAT​CGA​TAC​CCC​GTAACCAACTTTTT-3′), and 
AAV-shMETTL3 (titer: 3.7 × 1014 vg/mL; 5′-TTTGC​GGA​TGC​AGT​
GAT​CTA​ATA​AGT​TCT​CTA​TTA​GAT​CAC​TGCATCCGCTTTTT-3′).22
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2.2  |  Rotarod test

The rotarod test was applied to test the motor coordination of mice. 
Before the formal test, mice were trained twice a day for 3 days. On 
the fourth day, the mice were placed on a rotarod to measure the du-
ration of stay. The rotation speed was accelerated from 0 to 30 rpm 
within 1 minute, followed by 5-min test at 30 rpm. The test was com-
pleted when the mice fell off the rotarod or grabbed and did not walk 
on the rotarod after the rotarod was rotated twice in a row. The test 
data were counted as the time the mice spent moving on the rotarod.23

2.3  |  Pole test

The mice were trained on a climbing pole for 3 days, twice a day. The 
test setup consisted of non-slip metal rod with a length of 50 cm and 
a diameter of 1.2 cm and a ball with a diameter of 2 cm at the top of 
the pole. The pole was placed at an angle of 45° to the horizontal. 
Mice were placed face up on the ball, followed by the recording of 
the total time from the time mice stood on the ball to the time they 
climbed to the bottom of the pole.23

2.4  | Hanging test

The hanging test was performed to examine the neuromuscular 
strength and motor function of mice. Briefly, the test setup consisted 
of a box and a metal bar with a diameter of 12 mm. The metal bar was 
placed horizontally at a height of 30 cm with a lid 1 cm above the bar 
to prevent the mice from sitting on the bar. During the test, the timing 
was started after the mice were hung on the metal bar and stopped 
when the mice fell. The test was repeated three times for each mouse, 
at an interval of 1 min, after which the mean hanging time of each 
mouse was counted. The test was repeated three times individually.24

2.5  | Open-field test

The open-field test, or spontaneous activity, was a common indi-
cator for detecting hypermobility after MPTP injury. The size of 
the test boxes was 500 × 500 × 300 mm, and the color of the pe-
rimeter wall was black. The bottom of the open field was evenly 
divided into 16 small squares of 4 × 4. The camera was set up di-
rectly above the test box, with the field of view covering the entire 
open field. The animals were placed in the central square, followed 
by videography and timing for 5 min. The activity status of mice 
during a certain period was analyzed using a computerized tracer 
analysis system. The laboratory was kept quiet, with around 20°C 
room temperature and sufficient light. The observation indexes 
were the number of crossings between the squares (the limbs of 
mice entered from one square into another square as one pass) 
and the total movement distance. The test was repeated three 
times individually.

2.6  |  Brain tissue acquisition

After the behavioral test, the mice were anesthetized, followed by 
the insertion of a perfusion needle from the left ventricle into the 
aorta. Normal saline was injected to flush out the blood, and the 
heart was injected with 4% paraformaldehyde to completely immo-
bilize the brain. The brain was extracted and fixed in paraformal-
dehyde for 48 h. The midbrain was excised, dehydrated in gradient 
ethanol, cleared in xylene, embedded in paraffin, and sectioned to 
identify the SNpc region, followed by preparation of 5 μm brain sec-
tions for use.23

2.7  |  Immunohistochemistry and 
immunofluorescence

Sections were dewaxed with xylene and rehydrated with gradient 
alcohol.

For immunohistochemistry, the sections were incubated with 3% 
hydrogen peroxide to block endogenous peroxidase activity. Slides 
underwent 30-min boiling in 10 mM sodium citrate (pH 6.0) and 15-
min sealing in 10% normal goat serum. Slides were incubated over-
night with antibodies (1:100, Invitrogen) against GLRX (PA5-92389), 
NRF1 (MA5-32782), METTL3 (PA5-121190), or tyrosine hydroxylase 
(TH, PA1-4679) in a wet chamber at 4°C. The following day, slides 
were washed with phosphate-buffered saline (PBS) and incubated 
with secondary antibodies at room temperature for 1 h. Immunore-
activity was measured with the diaminobenzidine (DAB) kit (Invitro-
gen), followed by observation and photographing under an inverted 
microscope. ImageJ software was employed for analysis.23,24

For immunofluorescence, the sections were treated with citrate 
buffer (0.1 M, pH 6.0) for 10 min at 95°C for antigen repair. Following 
three washes with PBS with 0.2% Tween-20 for 10 min each, the 
sections underwent 10-min treatment with 0.5% Triton X-100, seal-
ing in 5% bovine serum albumin, and overnight incubation with TH 
antibodies (PA1-4679, 1:100, Invitrogen) in a wet chamber at 4°C. 
Then, the sections were incubated with Alexa Fluor 546-coupled 
goat anti-rabbit antibodies (1:500, Invitrogen) and Hoechst 33342 
(1:1000, Life Technologies) for 1 h, washed thrice with PBS, and 
sealed with anti-fluorescence quenching agent. Five different fields 
were chosen under the FV-1000/ES confocal microscope for obser-
vation and photography.24

2.8  | Nissl staining

The sections underwent 2-h baking at 65°C, dewaxing with xylene, 
rehydration with gradient alcohol, and staining with preheated 
Nissl staining solution (Beyotime) at 56°C for 10 min. Thereafter, 
the sections were subjected to color separation for several seconds 
and rinsed with double-distilled water, followed by twice treat-
ment with anhydrous ethanol and xylene, respectively. Following 
being mounted with neutral gum, the sections were observed and 
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photographed with an inverted microscope, and the Nissl body was 
stained in purple.23

2.9  |  TdT-mediated dUTP-biotin nick end-labeling

Apoptosis was determined with the TdT-mediated dUTP-biotin 
nick end-labeling (TUNEL) kit (C1091, Beyotime) as per the speci-
fications. Paraffin sections were dewaxed in xylene for 5–10 min, 
dewaxed again in fresh xylene for 5–10 min, and treated with an-
hydrous ethanol for 5 min, 90% ethanol for 2 min, 70% ethanol 
for 2 min, and distilled water for 2 min. The sections were reacted 
with 20 μg/mL DNase-free proteinase K (ST532, Beyotime) for 
15–30 min at 20–37°C, and washed thrice with PBS. The sections 
underwent 20-min incubation with PBS-prepared 3% hydrogen 
peroxide solution at room temperature, three PBS washes, and 
60-min incubation with 50 μL TUNEL solution at 37°C in the dark. 
After that, the sections were subjected to 30-min incubation with 
Streptavidin-horseradish peroxidase working solution at room 
temperature, and development with DAB (each step was followed 
by three PBS washes). After the sections were mounted, five dif-
ferent fields were chosen under the inverted microscope for ob-
servation, photography, and analysis.

2.10  |  Cell culture and transfection

Mouse microglia BV-2 cells (Procell) underwent cultivation in mini-
mum essential medium with 10% fetal bovine serum and 1% peni-
cillin/streptomycin (Gibco) at 37°C with 5% CO2. Small interfering 
RNAs (siRNAs) were synthesized by Hanbio Biotechnology: si-NC 
(5′-UUCUC​CGA​ACG​UGU​CAC​GUTT-3′), si-METTL3 (5′-GGACC​AAG​
GAA​GAG​UGCAU-3′), si-insulin-like growth factor 2 mRNA-binding 
protein 1 (si-IGF2BP1: 5′-GCAAG​CUA​UCA​UGA​AGC​UATT-3′), si-
IGF2BP2 (5′-GCAGA​GAA​GCC​UGU​CAC​AATT-3′), si-IGF2BP3 (5′-
GCAGA​GGA​UUC​GUA​AAC​UUTT-3′), and si-NRF1 (5′-CACAU​UGG​
CUG​AUG​CUU​CAUU-3′), as well as oe-GLRX and oe-NC. Transfec-
tion was conducted using Lipofectamine 2000 reagent (Invitrogen), 
and follow-up experiments were carried out after 48-h transfection.

2.11  | Quantitative real-time polymerase 
chain reaction

Total cell or tissue RNA was isolated with TRIZOL (Invitrogen), 
followed by reverse transcription as per the manuals of a reverse 
transcription kit (TaKaRa). Gene expression was examined using a 
LightCycler 480 fluorescent quantitative PCR instrument (Roche Di-
agnostics). The reaction conditions were set as per the protocols of 
the fluorescent quantitative PCR kit (SYBR Green Mix, Roche Diag-
nostics), including 10 s at 95°C, 45 cycles of 5 s at 95°C, 10 s at 60°C, 
and 10 s at 72°C, and 5-min extension at 72°C. Three replicates were 
set for each quantitative PCR. The internal reference was β-actin, 

and the 2−ΔΔCt method was applied for data analysis. The primers are 
specified in Table 1.

2.12  | Western blot

Protein samples were harvested by lysing the cells using Radio-
Immunoprecipitation assay lysis solution (Beyotime). Subsequent 
to the measurement of protein concentration using the bicin-
choninic acid kit (Beyotime), the corresponding volume of pro-
teins was mixed with the loading buffer (Beyotime) and heated 
in a boiling-water bath for 3 min for denaturation. The proteins 
underwent 30-min electrophoresis at 80 V for 30 min and 1–2 h 
of electrophoresis at 120 V once the bromophenol blue entered 
the separation gel. Next, the proteins were transferred to mem-
branes in an ice bath for 60 min with 300 mA current. After that, 
the membranes were rinsed for 1–2 min in the washing solution 
and sealed in the sealing solution for 60 min at room temperature 
or overnight at 4°C. The membranes were probed on a shaker at 
room temperature with primary antibodies against GLRX (PA5-
92389, 1:1000, Invitrogen), NRF1 (MA5-32782, 1:1000, Invit-
rogen), METTL3 (PA5-121190, 1:1000, Invitrogen), METTL14 
(PA5-117138, 1:1000, Invitrogen), and β-actin (ab8226, 1:5000, 
Abcam) for 1 h, followed by three washes with the washing solu-
tion for 10 min each. Thereafter, the membranes were probed 
for 1 h with secondary antibodies (1:5000, Abcam) of goat anti-
rabbit immunoglobulin G (IgG, ab6702) or goat anti-mouse IgG 
(ab6708) at room temperature before three washes for 10 min 
each. The membranes were added with developer solution, fol-
lowed by detection with a chemiluminescent imaging system 
(Bio-Rad).

TABLE  1 Primer sequences.

Name of primer Sequences (5′–3′)

GLRX F: TCCTC​AGT​CAA​CTG​CCT​TTCA

R: CTCCG​GTG​AGC​TGT​TGTAAA

METTL3 F: CCCAA​CCT​TCC​GTA​GTG​ATAG

R: TGGCG​TAG​AGA​TGG​CAAGAC

NRF1 F: TCGTG​GGT​GGT​AGG​GTACAT

R: TCTAG​CAG​AGG​TCT​AGGCGG

METTL14 F: GGTCG​GAG​TGT​GAA​CCTGAT

R: GGTCC​TCT​TCC​ACG​CTGTAT

IGF2BP1 F: CTTTG​TAG​GGC​GTC​TCA​TTGGC

R: CCTTC​ACA​GTG​ATG​GTC​CTCTC

IGF2BP2 F: TGAAG​CCT​GTG​CCA​ATG​CTGAG

R: CCAGT​CGA​AAA​GAT​GCC​AAGTGC

IGF2BP3 F: CCACC​CAG​TTT​GTT​GGA​GCCAT

R: GGATA​GTA​ATG​GAC​TTC​TCCGCG

β-Actin F: CATTG​CTG​ACA​GGA​TGC​AGAA

R: ATGGT​GCT​AGG​AGC​CAGAGC

Note: F, forward; R, reverse.
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2.13  | Methylated RNA immunoprecipitation

A Magna MeRIP™ m6A kit (EMD Millipore) was employed for the 
methylated RNA immunoprecipitation (MeRIP) assay. Specifically, 
total RNA was extracted from pretreated cells or tissues and ran-
domly split into 100 nucleotides. The RNA samples were then im-
munoprecipitated with magnetic beads pre-coated with anti-m6A 
antibody (EMD Millipore) or anti-mouse IgG (EMD Millipore). The N6-
methyladenosine 5′-monophosphate sodium salt was applied to elute 
m6A-modified RNA fragments for further qRT-PCR analysis. Specific 
primers for qRT-PCR analysis were designed as per the SRAMP web-
site (http://www.cuilab.cn/sramp/) analysis: F, 5′-GCATC​GCA​GGA​
TGT​CAGTA-3′; R, 5′-CTGGA​TTT​GGA​AAA​CCT​GGGC-3′.

2.14  |  RNA immunoprecipitation

A Magna RIP RNA-binding protein immunoprecipitation kit (17-700, 
Sigma-Aldrich) was employed for RNA immunoprecipitation (RIP) as-
says. After cells were lysed with RIP lysis solution, the whole cell 
lysates were incubated with IGF2BP2 antibodies (11601-1-AP, 1:50, 
Proteintech) and magnetic beads from the kit at 4°C, with IgG anti-
body (ab205718, 1:50, Abcam) as the NC. The beads were washed 
with pre-cooled RIP Wash and incubated with proteinase K (10 mg/
mL) to disrupt non-specific binding. The immunoprecipitated RNA 
was purified with GLRX mRNA expression examined by qRT-PCR.25

2.15  |  Chromatin immunoprecipitation

An EZ-Magna ChIP TMA kit (17-10,086, EMD Millipore) was adopted 
for the chromatin immunoprecipitation (ChIP) assay. Logarithmically 
growing BV-2 cells were cross-linked for 10 min with 1% formalde-
hyde, reacted with 125 mM glycine for 5 min at room temperature 
to terminate the cross-linking, washed twice with pre-chilled PBS, 
and centrifuged at 2000 g for 5 min, followed by cell collection. The 
collected cells were resuspended in cell lysis to a final concentra-
tion of 2 × 106 cells per 200 μL. The resuspended cells were supple-
mented with protease inhibitor mixture, centrifuged at 5000 g for 
5 min, resuspended in nuclear isolation buffer, lysed in an ice-water 
bath for 10 min, and sonicated to attain 200–1000 bp chromatin 
fragments. The chromatin fragments were centrifuged at 14,000 g 
for 10 min at 4°C, followed by the obtaining of the supernatant. 
The supernatant (100 μL, DNA fragment) in each group was mixed 
completely with 900 μL ChIP dilution buffer, 20 μL protease inhibi-
tor cocktail (50×), and 60 μL Protein A Agarose/Salmon Sperm DNA 
for 1 h at 4°C and then left to stand for 10 min at 4°C, followed by 
1-min centrifugation at 700 g. The supernatant (20 μL) was taken as 
the Input. The supernatant was supplemented with 1 μL NRF1 rab-
bit antibody (ab175932, Abcam) in the experimental group and 1 μL 
rabbit anti-IgG (ab172730, Abcam) in the NC group. Each tube was 
supplemented with 60 μL Protein A Agarose/Salmon Sperm DNA, 
mixed well at 4°C for 2 h, and allowed to stand for 10 min. After 

1-min centrifugation at 700 g and the removal of the supernatant, 
the precipitate was washed with l mL low salt buffer, high salt buffer, 
LiCl solution, and tromethamine-ethylene-diamine tetra-acetic acid 
buffer (twice), eluted twice with 250 μL ChIP Wash Buffer, and de-
cross-linked with 20 μL NaCl (5 M) to recycle DNA. The enriched 
chromatin fragments were assayed by qRT-PCR with METTL3 
promoter primers: F, 5′-AATCA​TGT​GCA​TGC​CTGGTG-3′ and R, 5′-
CGCTC​GTC​CAG​AAG​ACTCAG-3′.

2.16  | Dual-luciferase assay

Dual-luciferase reporter gene plasmids encompassing wild-type 
(WT) and mutant (Mut, without high 3′-untranslated region (UTR) 
confidence AAACT, Attachment S1) GLRX mRNA sequences, as well 
as METTL3 promoter WT (full-length METTL3 promoter sequences) 
and Mut (METTL3 promoter sequence without the binding sites to 
NRF1, Attachment S2), were constructed, respectively. The reporter 
plasmids were co-transfected into BV-2 cells with si-NC, si-METTL3, 
or si-NRF1, respectively. Subsequent to 24-h transfection, the cells 
were lysed and centrifuged at 13,000 g for 1 min, followed by the 
harvesting of the supernatant. The luciferase activity was exam-
ined using a dual-luciferase reporter gene assay kit (16,185, Thermo 
Fisher Scientific). Each cell sample was added with 100 μL Firefly 
luciferase working solution to detect Firefly luciferase activity and 
100 μL Renilla luciferase working solution to measure Renilla lucif-
erase activity (the internal reference). The ratio of Firefly to Renilla 
luciferase activity was adopted as the relative luciferase activity.

2.17  |  Statistical analysis

All experiments were repeated individually at least thrice. All data 
were stated as mean ± SD and analyzed using SPSS 13.0 software 
(SPSS Inc.). Comparisons between the two groups were analyzed 
using Student's t-test, and comparisons among three or more groups 
were performed using one-way analysis of variance and Tukey's post 
hoc test. p < 0.05 represented a statistically valuable difference.

3  |  RESULTS

3.1  | GLRX expression was low in MPTP-induced 
PD mice

To dissect the impact of GLRX on PD, the PD mouse model was es-
tablished by injecting mice with MPTP, with the motor coordination 
ability of mice tested by rotarod, pole, and open-field tests, and the 
grip strength of forelimbs and hindlimbs examined by hanging test. 
Relative to control mice, MPTP-injected mice exhibited a consider-
able reduction in time on the rotarod (Figure 1A), hanging time (Fig-
ure 1C), the number of crossings (Figure 1D), and total movement 
distance (Figure  1E) and an augmentation in the time of climbing 

http://www.cuilab.cn/sramp/
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the pole (Figure  1B). These results indicated that MPTP induced 
motor dysfunction in mice, which is a symptom of PD. The results 
of Nissl and immunohistochemistry staining demonstrated that the 
number of Nissl-positive neurons and TH expression were remark-
ably reduced in mouse SNpc after MPTP injection (Figure 1F–G). 
Collectively, the MPTP-induced PD mouse model was successfully 
established. The results of qRT-PCR and Western blot disclosed 
that GLRX expression prominently decreased in the SNpc of MPTP-
induced PD mice (Figure 1H–I), suggesting that GLRX was poorly 
expressed in MPTP-induced PD mice.

3.2  | Overexpression of GLRX mitigated PD 
progression in mice

Viruses overexpressing GLRX with AAV-GFP as the vector were 
injected into the brains of PD mice through stereotactic injection. 
The immunofluorescence assay displayed that there was GFP fluo-
rescence in TH-positive neurons in the SNpc of PD mice (Figure 2A). 
As depicted in Figure  2B, GFP-GLRX protein was successfully ex-
pressed in the SNpc of MPTP-induced PD mice. These results indi-
cated a successful infection of mice with AAV-GFP.

The data manifested that after overexpression of GLRX, the time 
spent on the rotarod (Figure 1C), hanging time (Figure 1E), the num-
ber of crossings (Figure 1F), and the total movement distance (Fig-
ure 1G) were appreciably augmented but the time spent on climbing 
the pole (Figure 1D) apparently declined in MPTP-induced PD mice. 
After overexpression of GLRX, the number of Nissl-positive neurons 
and TH expression were dramatically elevated in the SNpc of PD 
mice (Figure 2H–I). Moreover, the TUNEL assay demonstrated that 
overexpression of GLRX diminished cell apoptosis in the SNpc of 
MPTP-induced PD mice (Figure 2J). Conclusively, overexpression of 
GLRX alleviated motor dysfunction and dopamine neuron degener-
ation in MPTP-induced PD mice.

3.3  | METTL3 promoted m6A modification of GLRX 
mRNA and enhanced IGF2BP2-dependent stability of 
GLRX mRNA

The presence of methylation modification sites on GLRX mRNA se-
quences was identified using the m6A prediction website SRAMP 
(http://www.cuilab.cn/sramp), with the most likely modification site 
located in the 3′-UTRs (Figure 3A, Attachment S1). (MeRIP)-qPCR 

F IGURE  1 Low GLRX expression is observed in PD mice. (A) Residence time of mice on the rotarod in rotarod tests; (B) time required for 
mice to climb from the top of the pole down to the bottom (landing on both front paws) in pole tests; (C) hanging time of mice in hanging 
tests; (D) the number of crossings between the squares in open-field tests; (E) total movement distance of mice in open-field tests; (F) 
results of Nissl staining of mouse SNpc tissues; (G) immunohistochemistry detection of TH expression in mouse SNpc tissues; (H–I) qRT-PCR 
and Western blot measurement of GLRX mRNA and protein expression in mouse SNpc tissues. The scale: 200×; data were displayed as 
mean ± SD, with t-test for statistical analysis between the two groups. *p < 0.05 compared with the control group. N = 8. GLRX, glutaredoxin; 
PD, Parkinson's disease; SNpc, substantia nigra pars compacta; TH, tyrosine hydroxylase.

http://www.cuilab.cn/sramp
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results depicted that m6A antibody markedly enriched GLRX mRNA 
in mouse SNpc versus IgG group but remarkably reduced GLRX 
mRNA enrichment in PD mice relative to control mice (Figure 3B). 
This result illustrated that m6A modification occurred in GLRX 

mRNA and that the m6A modification level of GLRX decreased in 
the MPTP-induced PD mouse model.

Prediction by the GEPIA2 website (http://gepia2.cance​r-pku.
cn/#index) revealed that in SNpc, GLRX expression was proportional 

F IGURE  2 PD progression is attenuated via overexpression of GLRX in mice. The brains of PD mice were injected with viruses 
overexpressing GLRX using AAV-GFP as the vector. (A) Immunofluorescence measurement of GFP and TH expression in SNpc tissues of PD 
mice, scale bar: 20 μm. (B) Western blot examination of GFP-GLRX expression in SNpc tissues of PD mice; (C) residence time of mice on the 
rotarod in rotarod tests; (D) time required for mice to climb from the top of the pole down to the bottom (landing on both front paws) in pole 
tests; (E) hanging time of mice in hanging tests; (F) total movement distance of mice in open-field tests; (G) the number of crossings between 
the squares of mice in open-field tests; (H) results of Nissl staining of SNpc tissues of PD mice; (I) immunohistochemistry determination 
of TH expression in SNpc tissues of PD mice; (J) TUNEL assay for cell apoptosis in SNpc tissues of PD mice. The scale: 200×; data were 
displayed as mean ± SD, with t-test for statistical analysis between the two groups. *p < 0.05 compared with the AAV-GFP group. N = 8. AAV, 
adeno-associated virus; GFP, green fluorescent protein; GLRX, glutaredoxin; PD, Parkinson's disease; SNpc, substantia nigra pars compacta; 
TH, tyrosine hydroxylase.

http://gepia2.cancer-pku.cn/#index
http://gepia2.cancer-pku.cn/#index
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to both m6A methylation enzymes METTL3 and METTL14 (Fig-
ure 3C). Western blot and qRT-PCR identified low METTL3 expres-
sion and no apparent alteration in METTL14 expression in the PD 
model (Figure 3D–E). Therefore, we speculated that METTL3 might 
mediate the m6A modification of GLRX mRNA.

After knockdown of METTL3 in BV-2 cells, GLRX expression was 
considerably diminished (Figure 3F–G), as was the m6A modification 

level of GLRX mRNA (Figure 3H). Considering that m6A modification 
positively regulates GLRX mRNA levels, it was tested whether m6A 
modification affected the stability of GLRX mRNA. qRT-PCR assay was 
performed after treatment of cells with the transcriptional inhibitor 
actinomycin D, which exhibited that knockdown of METTL3 signally 
decreased the stability of GLRX mRNA (Figure  3I). Dual-luciferase 
assay presented that knockdown of METTL3 evidently decreased the 
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transcription levels of WT GLRX but did not affect the transcription 
levels of Mut GLRX (Figure 3J). In addition, we combined si-METTL3 
with the overexpression vector AAV-GLRX to investigate the effect 
on GLRX expression in BV-2 cells. The results showed that compared 
with the si-METTL3 group, the si-METTL3 + oe GLRX group showed 
a significant increase in GLRX expression, but no significant change in 
METTL3 expression (Figure S1). These results indicated that METTL3 
promoted GLRX expression through m6A modification.

It was reported that IGF2BPs, including IGF2BP1/2/3, enhance 
mRNA stability and translation by recognizing m6A motifs to target 
thousands of mRNA transcripts.26 Therefore, three specific siRNAs 
were designed for IGF2BP1/2/3, and the results described that 
knockdown of IGF2BP2 conspicuously reduced GLRX mRNA ex-
pression, while knockdown of IGF2BP1 or IGF2BP3 had no prom-
inent effect (Figure  3K,L). Moreover, IGF2BP2-specific antibodies 
strikingly enriched GLRX mRNA, whereas knockdown of METTL3 
noticeably diminished GLRX mRNA enriched by IGF2BP2-specific 
antibodies (Figure  3M). Collectively, IGF2BP2 enhanced GLRX 
mRNA stability in an m6A-dependent manner.

3.4  |  The transcription factor NRF1 bound to 
METTL3 promoter and promoted the transcriptional 
expression of METTL3

Through the GEPIA2 website prediction, METTL3 expression was 
proportional to NRF1 expression in SNpc (Figure 4A). The analysis of 
the JASPAR CORE website (https://jaspar.gener​eg.net/) identified 
the target binding sites for NRF1 in the METTL3 promoter region 
(Attachment S2, Figure 4B). Therefore, we hypothesized that NRF1 
might facilitate METTL3 transcriptional expression by binding to the 
METTL3 promoter.

As reflected by Western blot and qRT-PCR, NRF1 expression was 
low in PD mice (Figure 4C,D). ChIP assay results documented that 
NRF1 was enriched in METTL3 promoter in BV-2 cells (Figure 4E). 
Dual-luciferase assay exhibited that knockdown of NRF1 evidently 
decreased the luciferase activity in METTL3 promoter WT but did 
not change the luciferase activity in METTL3 promoter Mut (Fig-
ure  4F). Meanwhile, knockdown of NRF1 strikingly decreased the 
expression of NRF1, METTL3, and GLRX and the m6A modification 

level of GLRX3 mRNA in BV-2 cells (Figure 4G–I). Collectively, the 
transcription factor NRF1 was enriched in METTL3 promoter and 
elevated METTL3 transcriptional expression.

3.5  | Knockdown of METTL3 reversed the 
alleviatory impact of NRF1 overexpression on motor 
dysfunction and dopamine neuron degeneration in 
PD mice

To dissect the influence of NRF1-mediated METTL3 expression on 
motor dysfunction and dopamine neuron degeneration in MPTP-
induced PD mice, viruses overexpressing NRF1 and knocking down 
MELLT3 were constructed to infect PD mice. qRT-PCR and immu-
nohistochemistry manifested that overexpression of NRF1 elevated 
NRF1, METTL3, and GLRX expression in PD mice, while further 
knockdown of METTL3 diminished METTL3 and GLRX expression 
in the presence of overexpression of NRF1 (Figure 5A,B). In addition, 
NRF1 upregulation augmented m6A modification of GLRX1 mRNA, 
which was abrogated by further knockdown of METTL3 (Figure 5C).

As depicted in Figure 5D–H, overexpression of NRF1 obviously 
augmented the time spent on the rotarod, hanging time, the num-
ber of crossings, and total movement distance while observably 
decreasing the time spent on climbing the pole. Additionally, NRF1 
overexpression noticeably enhanced Nissl-positive neuron num-
ber and TH expression but substantially reduced apoptotic cells in 
SNpc tissues of MPTP-induced PD mice (Figure 5I–K). Nevertheless, 
further knockdown of METTL3 reversed the aforementioned phe-
nomena (Figure 5D–K). Conclusively, overexpression of NRF1 ame-
liorated motor dysfunction and dopamine neuron degeneration in 
MPTP-induced PD mice via promotion of METTL3 expression.

4  | DISCUSSION

With no curable treatment and increasingly severe motor problems 
and non-motor features that are resistant to treatment, PD is still 
a progressive disease that ultimately leads to serious disability.27 
Therefore, the hunt for modification factors that result in dis-
ease progression and further alleviate the disease is an issue to be 

F IGURE  3 METTL3 promotes m6A modification and IGF2BP2-dependent stability of GLRX mRNA. (A) SRAMP website prediction of 
the abundance of m6A methylation sites of GLRX; (B) MeRIP to evaluate the m6A methylation level of GLRX in SNpc tissues of PD mice; (C) 
GEPIA2 database to predict the correlation of GLRX expression with the expression of m6A methylation enzymes METTL3 and METTL14 in 
SNpc tissues; (D–E) qRT-PCR and Western blot to assess the mRNA and protein expression of METTL3 and METTL14 in SNpc tissues of PD 
mice; (F–G) qRT-PCR and Western blot to test METTL3 and GLRX mRNA and protein expression in BV-2 cells after knockdown of METTL3. 
(H) MeRIP to measure the m6A methylation level of GLRX in BV-2 cells. (I) qRT-PCR to identify GLRX expression after treatment of BV-2 cells 
with transcriptional inhibitor actinomycin D. (J) Dual-luciferase assay to evaluate the binding relationship between METTL3 and GLRX; (K, 
L) qRT-PCR determination of GLRX mRNA expression in BV-2 cells; (M) RIP assay to determine the binding relationship between IGF2BP2 
and GLRX in BV-2 cells. *p < 0.05 compared with the Flowthrough, si-NC, or control group. Data were displayed as mean ± SD, with t-test for 
statistical analysis between the two groups and one-way analysis of variance for statistical analysis among multiple groups, and Tukey's test 
for post hoc analysis. The cell experiments were all repeated thrice. For animal experiment, N = 8. GLRX, glutaredoxin; IGF2BP2, insulin-like 
growth factor 2 mRNA-binding protein 2; METTL3, methyltransferase-like 3; NC, negative control; PD, Parkinson's disease; SNpc, substantia 
nigra pars compacta; TH, tyrosine hydroxylase.

https://jaspar.genereg.net/
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F IGURE  4 NRF1 binds to the METTL3 promoter to enhance METTL3 transcriptional expression. (A) GEPIA2 database prediction of the 
correlation between NRF1 expression and the m6A methylation enzyme METTL3 expression in SNpc tissues. (B) JASPAR CORE website 
analysis of the presence of binding sites of NRF1 to METTL3 promoter region. (C, D) qRT-PCR and Western blot measurement of NRF1 
mRNA and protein expression in SNpc tissues of PD mice. (E) ChIP assay to assess NRF1 enrichment in METTL3 promoter region; (F) dual-
luciferase assay to detect the targeting relationship between METTL3 and NRF1 in BV-2 cells; (G) MeRIP to measure the m6A methylation 
level of GLRX in BV-2 cells. (H–I) qRT-PCR and Western blot to assess NRF1, METTL3, and GLRX mRNA and protein expression in BV-2 cells, 
*p < 0.05 compared with the si-NC, control, or anti-IgG group. Data were displayed as mean ± SD, with t-test for statistical analysis between 
the two groups and one-way analysis of variance for statistical analysis among multiple groups, and Tukey's test for post hoc analysis. The 
cell experiments were all repeated thrice. For animal experiment, N = 8. GLRX, glutaredoxin; METTL3, methyltransferase-like 3; NC, negative 
control; NRF1, nuclear factor erythroid 2-like 1; PD, Parkinson's disease; SNpc, substantia nigra pars compacta.

F IGURE  5 NRF1 elevates METTL3 expression to mitigate PD progression in mice. The brains of PD mice were injected with viruses 
overexpressing NRF1 or/and viruses knocking down METTL3 using AAV-GFP as the vector. (A) qRT-PCR detection of NRF1, METTL3, and 
GLRX mRNA expression in SNpc tissues of PD mice; (B) immunohistochemistry to test NRF1, METTL3, and GLRX expression in SNpc tissues 
of PD mice; (C) MeRIP examination of m6A methylation level of GLRX mRNA; (D) residence time of mice on the rotarod in rotarod tests; (E) 
time required for mice to climb from the top of the pole down to the bottom (landing on both front paws) in pole tests; (F) hanging time of 
mice in hanging tests; (G) the number of crossings between the squares of mice in open-field tests; (H) total movement distance of mice in 
open-field tests; (I) results of Nissl staining of SNpc tissues of PD mice; (J) immunohistochemistry to detect TH expression in SNpc tissues 
of PD mice; (K) TUNEL assay to measure cell apoptosis in SNpc tissues of PD mice. The scale: 200×. Data were displayed as mean ± SD, 
with one-way analysis of variance for statistical analysis among multiple groups, and Tukey's test for post hoc analysis. *p < 0.05 compared 
with the AAV-GFP + sh-NC group and #p < 0.05 compared with the AAV-NRF1 + sh-NC group. For animal experiment, N = 8. AAV, adeno-
associated virus; GFP, green fluorescent protein; GLRX, glutaredoxin; METTL3, methyltransferase-like 3; NC, negative control; NRF1, 
nuclear factor erythroid 2-like 1; PD, Parkinson's disease; SNpc, substantia nigra pars compacta; TH, tyrosine hydroxylase.
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addressed in current and future research for the treatment of PD. 
The present study revealed that transcription factor NRF1 mitigated 
motor dysfunction and dopamine neuron degeneration in PD mice 
by elevating GLRX expression through the enhancement of METTL3 
transcription.

A preceding study demonstrated that MPTP, a lipophilic molecule 
that can easily cross the blood–brain barrier, is the most frequently 
applied neurotoxin in animal models of PD.28 Nissl bodies and TH 
are markers of neurons and dopaminergic neurons, respectively.29 
To explore the actions of modification factors on PD progression, a 



12 of 14  |     GONG et al.

PD mouse model was first established by injecting MPTP into mice, 
with examination of the motor coordination ability of mice and the 
number of Nissl-positive neurons and TH expression in mouse SNpc 
tissues.

GLRX is a redox protein in the thioredoxin family, which is in-
creasingly essential in neurodegenerative disorders through me-
diation of neuroprotection from oxidative stress, promotion of 
mitochondrial function, and regulation of gene expression in the 
central nerve system.30 Gong et al. discovered low expression of 
GLRX in the midbrain tissue of PD patients and the SNpc of MPTP-
injected mice.31 Similar to their results, the present study also 
identified low expression of GLRX in the MPTP-induced PD mouse 
model. Absence of GLRX has been reported to aggravate neuro-
degeneration in Caenorhabditis elegans PD models.32 Overexpres-
sion of GLRX1 substantially attenuates MPP+ (a toxic metabolite 
of MPTP that mediates neurodegenerative diseases)-induced cell 
death.33 GLRX1 was reported to protect dopaminergic cells via 
an increase in protein glutathionization in the paraquat-induced 
PD model.34 Verma et al. proposed that downregulation of GLRX1 
in mice contributed to a diminution of TH- and Nissl-positive 
neurons in mouse SNpc tissues, dopaminergic degeneration, and 
motor dysfunction in mice.22 Interestingly, the present study 
demonstrated consistent results that overexpression of GLRX 
augmented the number of Nissl-positive neurons and TH expres-
sion of SNpc tissues and alleviated dopamine neuron degeneration 
and motor dysfunction in MPTP-induced PD mice.

The m6A methylation process involves the transfer and removal 
of methylated groups through writers (methyltransferases) and eras-
ers (demethylases) and the recognition of N6 methylation-modified 
adenosine bases through readers (reading proteins), which activates 
downstream modulatory pathways.35 In our research, SRAMP pre-
dicted that methylation modification sites existed on GLRX mRNA 
sequences, and further (MeRIP)-PCR elucidated that m6A modifica-
tion occurred in GLRX mRNA. Changes in m6A modification levels 
and expression of related enzyme proteins may influence neuronal 
production, cerebral volume, memory and learning, and memory 
forming and consolidating, which is associated with the occurrence 
of disorders like PD, depression, Alzheimer's disease, epilepsy, and 
cerebral neoplasms.14,36 Chen et al. uncovered that the decline in 
m6A leads to apoptosis of dopaminergic neurons.15 Concordantly, 
the present study elaborated that the MPTP-induced PD mouse 
model had diminished the m6A modification level of GLRX. METTL3, 
the most well-known m6A methyltransferase, is responsible for the 
reversible epi-transcriptome manipulation of m6A modifications.13 
Therefore, it could be speculated that METTL3 might orchestrate 
the m6A modification of GLRX mRNA. GEPIA2 website analysis 
displayed that GLRX expression was proportional to METTL3 in 
SNpc. Furthermore, dual-luciferase assay and qRT-PCR unraveled 
that GLRX mRNA stability was mediated by METTL3-related m6A 
modifications. TIGF2BP family members are m6A readers.37 Our 
further experiments indicated that IGF2BP2 potentiated GLRX 
mRNA stability in an m6A-dependent manner. Therefore, METTL3 

promoted m6A modification of GLRX mRNA and increased IGF2BP2-
dependent stability of GLRX mRNA. Of note, a prior article illus-
trated that METTL3 mRNA was declined in the hippocampal tissue 
of postmortem patients with Alzheimer's disease,16 which corrob-
orated our findings of METTL3 downregulation in MPTP-induced 
PD mice. More importantly, ectopic METTL3 obviously facilitates 
long-term memory formation.38 METTL3 silencing results in neuro-
nal death in Alzheimer's disease in vivo and in vitro.39 Similarly, our 
results also documented that METTL3 knockdown decreased the 
number of Nissl-positive neurons and TH expression in SNpc tissues 
and accelerated dopamine neuron degeneration and motor dysfunc-
tion in MPTP-induced PD mice.

NRF1 is essential for maintaining protein and lipid homeostasis 
and cellular redox and takes charge of coordinated gene expression 
of all proteasome subunits when proteasomes are impaired in mam-
malian cells.40 Proteasome activity is necessary to maintain normal 
neurological function and defective activity of proteasome results 
in neurodegenerative disorders.41 Lee et al. noted that deletion of 
NRF1 in the brain caused altered proteasome genes and neurode-
generation.18 A study identified a low NRF1 expression in SNpc tis-
sues of PD mouse models.42 Similarly, the present study elaborated 
that NRF1 expression was poor in MPTP-induced PD mice. NRF1 
participates in the promotion of mitochondrial biogenesis in human 
dopaminergic neuronal cells.43 It was documented that specific de-
ficiency of NRF1 in the central nervous system leads to dysfunc-
tion of progressive motor neuron.44 Concurrent with these findings, 
our data elucidated that overexpression of NRF1 alleviated motor 
dysfunction and dopamine neuron degeneration in MPTP-induced 
PD mice. However, there is no research on the relationship between 
NRF1 and METTL3. JASPAR CORE predicted the binding sites be-
tween METTL3 and NRF1, and subsequent experiments revealed 
that NRF1 boosted METTL3 transcription by binding to the METTL3 
promoter. More importantly, the ameliorating impacts of NRF1 up-
regulation on motor dysfunction and dopamine neuron degenera-
tion in MPTP-induced PD mice were nullified by further knockdown 
of METTL3.

5  |  CONCLUSION

In conclusion, NRF1 relieved motor dysfunction and dopamine neu-
ron degeneration in MPTP-induced PD mice by increasing m6A mod-
ification of GLRX mRNA through elevation of METTL3 transcription. 
This study is hopeful to propose novel insights and theoretical basis 
for the future treatment of PD.
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