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Introduction: Demyelination causes neurological deficits involving visual, motor, sensory
symptoms. Deregulation of several enzymes has been identified in demyelination, which
holds potential for the development of treatment strategies for demyelination. However, the
specific effect of methionine sulfoxide reductase A (MsrA) on demyelination remains
unclear. Hence, this study aims to explore the effect of MsrA on oxidative stress and
inflammatory response of microglia in demyelination.

Methods: Initially, we established a mouse model with demyelination induced by cuprizone
and a cell model provoked by lipopolysaccharide (LPS). The expression of MsrA in wild-
type (WT) and MsrA-knockout (MsrA”") mice were determined by RT-qPCR and Western
blot analysis. In order to further explore the function of MsrA on inflammatory response, and
oxidative stress in demyelination, we detected the expression of microglia marker Ibal,
inflammatory factors TNF-a and IL-1p and intracellular reactive oxygen species (ROS),
superoxide dismutase (SOD) activity, as well as expression of the NOX2-MAPKSs/NF-xB
signaling pathway-related genes in MsrA”" mice and LPS-induced microglia following
different treatments.

Results: MsrA expression was downregulated in MsrA” mice. MsrA silencing was shown
to produce severely injured motor coordination, increased expressions of Ibal, TNF-a, IL-1p,
ROS and NOX2, and extent of ERK, p38, IxBa, and p65 phosphorylation, but reduced SOD
activity. Conjointly, our study suggests that Tat-MsrA fusion protein can prevent the cellular
inflammatory response and subsequent demyelination through negative regulation of the
NOX2-MAPKs/NF-kB signaling pathway.

Conclusion: Our data provide a profound insight on the role of endogenous antioxidative
defense systems such as MsrA in controlling microglial function.

Keywords: demyelination, MsrA, NOX2-MAPKs/NF-kB signaling pathway, microglia,

oxidative stress, inflammatory activation

Introduction

Demyelination refers to a loss of myelin with associated preservation of axons
which plays a critical role in the transmission of neural signal in the central nervous
system.' The types of demyelinating disease include multiple sclerosis (MS),
progressive multifocal leukoencephalopathy, acute-disseminated encephalomyelitis,
and extrapontine myelinolysis.! Demyelination is a critical pathologic hallmark in
MS, which is a complicated neurological disease affecting millions of people
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worldwide.”> The most prevalent manifestation of MS
patients is compensated mobilization, due to which almost
half of patients become dependent on walking aids and
need a wheelchair for more than a decade with the
disease.> Glial cells are reported to act as neuronal sup-
portive cells and keep the health of the neurons.” Besides,
abnormally activated microglia can facilitate the produc-
tion of multiple kinds of pro-inflammatory mediators such
as cytokines, chemokines and reactive oxygen species
(ROS) that are deemed to enhance the inflammatory cas-
cade and to induce neuronal damage by activating oxida-
tive stress and several programmed cell-death pathways.’
It is reported that inflammatory reactions are well-known
important course of the secondary damage cascade, includ-
ing inflammatory cell infiltration as well as neuronal and
glial cell destruction.® Interestingly, a previous study has
suggested that an autoimmune inflammatory reaction
potentially leads to demyelination and axonal damage in
the central nervous system which can result in chronic
inflammatory demyelinating disease.’

A recent study has reported that enzymes involving
metabolism are related to the treatment of central nervous
system diseases,® which emphases the need to further
explore the molecular mechanisms of enzymes in demye-
lination. Methionine sulfoxide reductase A (MsrA), an
antioxidant enzyme, exerts a critical function in cell and
tissue protection, and its interaction with other proteins or
growth factors holds potential to provide a target for
therapeutic modalities to combat degenerative diseases.’
An existing study has reported that MsrA, as one of the
antioxidant defenses in cells, is crucial in the prevention of
oxidative stress-related disease.'® Although oxidative
stress has been proven to be one inducer of demyelination;
however, no direct evidence supports the speculation that
MsrA is related to demyelination. NADPH oxidases
(NOX) enzymes function as a mediator to transfer elec-
trons across membranes, which then react with oxygen
generating the superoxide anion O®.'" Currently five
NOX family members (NOXI1-5) have been identified,
and NOX2 is typically classified in the brain and
neurons.'?> NOX enzymes function as major producers of
ROS, which regulates the progression of central nervous
system disorders, and ROS and NOX2 have been reported
to serve as regulators of fundamental neuronal functions
and neuroinflammatory processes in the central nervous
system.'" One study flagged the ability of MsrA to use
NADPH to reduce the oxidized form of methionine back
to its reduced form thus serving as a barrier for protecting

the proteins.'® In another study, it is also suggested that
NOX2-dependent ROS generation can result in activation
of the mitogen-activated protein kinase (MAPK) and
downstream transcription factors nuclear factor-kB
(NF-kB)." In the current study, we assumed that MsrA
affects demyelination by regulating the NOX2-MAPKs
/NF-kB signaling pathway, and we aimed to explore the
molecular mechanisms of MsrA in oxidative stress and
inflammatory activation by mediating the NOX2-MAPKs

/NF-kB signaling pathway in demyelination.

Materials and Methods

Ethics Statement

This study was conducted in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.
The experimental protocols were approved by the
Institutional Animal Care and Use Committee of the First
Affiliated Hospital, and College of Clinical Medicine of
Henan University of Science and Technology. Optimal mea-
sures were taken to minimize the usage of animals as well as

their suffering.

Preparation of MsrA Knockout Mice
(MsrA™) Mice by Small Hairpin RNA
(shRNA) Lentivirus in vivo and Wild-Type
(WT) Mice

Eighty normal WT C57BL/6 mice were purchased from
the Beijing Vital River Laboratory Animal Technology
Company (Beijing, China), among which MsrA”" mice
were prepared by shRNA lentivirus in 40 mice.

MsrA gene was amplified by conducting polymerase
chain reaction. The shRNAs were constructed using the
third generation of self-inactivated lentiviral vectors contain-
ing a CMV-driven GFP reporter and a U6 promoter upstream
of the cloning sites (Age I and EcoR I) (Shanghai Genechem
Co., Ltd., Shanghai, China) and sequenced.]5

The shRNAs were injected into the corpus callosum of
MsrA™" mice. The anesthetized mice were then positioned
in a stereotactic framework (Narishige, Tokyo, Japan).
A stereotactic injection of sShRNA was instilled in the cor-
pus callosum (anteroposterior - 1.0 mm from bregma, med-
iolateral + 0.5 mm from the midline, dorsoventral - 1.0 mm
from dura). A Hamilton syringe (31 gauge, Sigma-Aldrich
Chemical Company, St Louis, MO, USA) connected to the
microsyringe (IMS-3, Narishige,

Tokyo, Japan) was
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inserted into the corpus callosum and sustained for 3 min
before injecting each sample (1 ul).'

Establishment of Cuprizone-Induced

Demyelination Mouse Models

All mice (6-weeks old, weighing 18-22 g) were housed in
a room (12 h day/night alternate cycles) under controlled
temperature and humidity. Mice were fed with food pow-
der containing 0.2% (w/w) cuprizone (Sigma-Aldrich
Chemical Company, St Louis, MO, USA) for 4 weeks
while the control mice were fed normal food. Food con-
taining cuprizone was renewed every 2 days for 4 weeks.'’
The mice were then assigned into the WT (WT mice, n =
20), the MsrA™" (MsrA knockout mice, n = 20), the WT +
cuprizone (WT mice treated with cuprizone, n = 20) and
the MsrA™" + cuprizone (MsrA knockout mice treated with
cuprizone, n = 20) groups.

Brain Tissue and Microglia Extraction
Mice were anesthetized using 3% sodium pentobarbital
solution (P3761, Sigma-Aldrich Chemical Company, St
Louis, MO, USA). The chest was excavated and flushed
with saline through the heart, after which the brain tissue
was isolated. The brain tissue of 10 mice from each group
was stored in liquid nitrogen for reverse transcription
quantitative polymerase chain reaction (RT-qPCR) and
Western blot analysis, respectively. The brain tissues of
remaining 10 mice in each group were dissected and one
hemisphere was fixated using 4% paraformaldehyde over-
night. The brain tissue was then immersed in 20% diethyl
phosphorocyanidate (DEPC) sucrose water. After sedi-
mentation, the brain tissue was extracted, and embedded
with optical coherence tomography (OCT). Then the cor-
pus callosum was isolated for preparing frozen coronal
sections. The other hemisphere was used to isolate micro-
glia, respectively.

According to the provided instructions, the tissue was
homogenized using a mild MACS™ Dissociator (Miltenyi
Biotec, Bisley, Surrey, UK). The separated tissues were
filtered, rinsed and centrifuged. The precipitates containing
the microglia were resuspended. The tissue was then
stained with CD11b beads (Miltenyi Biotec, Bisley,
Surrey, UK) and magnetically separated using the
QuadroMACS separator (Miltenyi Biotec, Bisley, Surrey,
UK) in strict accordance with the provided instructions.
The sample was resuspended and the final microglia pre-
cipitate was resuspended in phosphate-buffered saline

(PBS) (75 pL). The cells were seeded in multiple 48-
well plates (2.5 x 10* cells/well, final volume 200 pL)
and cultured using Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with a combination of M-CSF
(100 ng/mL; R&D Systems, UK) and GM-CSF (100 ng/
mL; R&D Systems, UK). The microglia were adapted for
5 days, and the culture medium was replaced on alternate
days. On the 5th day, the relevant experiments were con-
ducted. Lipopolysaccharide (LPS) treatment was con-
ducted on the 9th day after culture.'®

Rotarod Test

Coordination and balance of mice were evaluated using
a rotarod instrument (Med Associates Inc, St. Albans, VT,
USA). The mice were evaluated daily on a carousel, at
a speed between 8 r/min and 80 r/min. The grabbing time
for each mouse and an average of nine trials for 3 con-
secutive days (3 times a day) were recorded.'’

Oil Red O Staining

After anesthesia, the mice were perfused with PBS and
then with 4% paraformaldehyde solution. The brain under-
went perfusion with different concentrations of sucrose
solution (15-30%) to facilitate the formation of 15 mm
frozen brain sections. Frozen sections were then incubated
using distilled water for 1 min and 100% propylene glycol
(Polyscientific, Bayshore, NY, USA) for 2 min. A section
was transferred to Oil red O for 36 h at room temperature
and the other section was incubated using 85% propylene
glycol for 1 min, stained with hematoxylin and fixed using
the gelatin fixation medium.

Immunofluorescence Assay

After rewarming, the sections were rinsed three times with
0.01 mol/L PBS, after which section was blocked using
bovine serum albumin (BSA) in PBS solution. Then, the
sections were incubated at 4°C overnight with several
primary antibodies including the rabbit antibody to 2',3'-
cyclic nucleotide 3'-phosphodiesterase (CNP) (1:10,000,
ab227218, Abcam Inc., Cambridge, MA, USA), rabbit
antibody to Olig2 (1:100, ab42453, Abcam Inc.,
Cambridge, MA, USA), rabbit antibody to Ibal (1:100,
ab178847, Abcam Inc., Cambridge, MA, USA) and mouse
antibody to Ibal (1:200, ab6319, Abcam Inc., Cambridge,
MA, USA). Next, the sections were supplemented with
secondary antibodies including the goat anti-rabbit I1gG
(1:200, ab150077, Abcam Inc., Cambridge, MA, USA)
and goat anti-mouse IgG (1:1000, ab150113, Abcam Inc.,
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Cambridge, MA, USA). The nucleus was stained with 4'-
(DAPI). A
blocked wusing the fluorescent quenching agent and

6-diamidino-2-phenylindole section was
observed under a microscope with five visual fields.
Photoshop CS3 software was used for cell counting.

RT-qPCR

Total RNA was extracted using Trizol (15596026, Invitrogen,
Carlsbad, California, USA), which was reversely transcribed
into complementary DNA (cDNA) using the RT kit (RR047A,
Takara Bio Inc., Otsu, Shiga, Japan). Using the SYBR Premix
EX Taq kit (RR420A, Takara Bio Inc., Otsu, Shiga, Japan),
RT-qPCR was performed on an ABI 7500 instrument (Applied
Biosystems, Foster City, CA, USA). Three duplicated wells
were set for each sample. Primers were synthesized and pro-
vided by Shanghai Sangon Biotechnology Co., Ltd.
(Shanghai, China) (Table 1). With B-actin and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) serving as inter-
nal references, the fold changes were calculated based on
relative quantification (2" method).

Western Blot Analysis

The total proteins were extracted from tissues and cells
using the radio-immunoprecipitation assay (RIPA) lysis
buffer containing proteinase inhibitor phenylmethylsulfo-
nyl fluoride (PMSF) and incubated on ice at 4°C for
30 min. After a regimen of centrifugation at 4°C and
8000 g for 10 min, the supernatant was collected. Total
protein concentration was measured using a bicinchoninic
acid protein assay kit. The protein (50 png) was subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) treatment and subsequently transferred onto
polyvinylidene difluoride membranes by the wet transfer
method. Membrane was blocked using 5% skim milk for
1 h at room temperature and probed at 4°C overnight with

Table | Primer Sequences for RT-qPCR

Gene Sequences
MsrA F: 5'-CTGGGAGAATCACGACCCG-3’
R: 5-CGGATGTGGGATAGACTGCT-3
f-actin F: 5-GCCTTCCTTCTTGGGTAT-3'
R: 5-GGCATAGAGGTCTTTACGG-3’
GAPDH F: 5'-TGACTTCAACAGCGACACCCA-3’
R: 5'-CACCCTGTTGCTGTAGCCAAA-3’

Abbreviations: RT-qPCR, reverse transcription quantitative polymerase chain
reaction; F forward; R, reverse; MsrA, methionine sulfoxide reductase A;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

the following primary rabbit antibodies from Abcam Inc.
(Cambridge, MA, USA): MsrA (1:2000, ab16803), CNP
(1:10,000, ab227218), NOX2 (1:1000, ab80508), extracel-
lular signal-regulated kinase (ERK) (1:1000, ab184699),
phosphorylated ERK (p-ERK, 1:1000, ab201015), p38
(1:1000, ab225534), phosphorylated p38 (p-p38, 1:1000,
ab47363), INK (1:1000, ab179461), phosphorylated JNK
(p-JNK, 1:10,000, ab124956), IxBa (1:10,000, ab32518),
phosphorylated IkBa (p-IxBo, 1:10,000, ab133462), p65
(1:1000, ab16502), phosphorylated p65 (p-p65, 1:2000,
ab86299), and GAPDH (1:10,000, ab181602). After
a rinse, the membrane was incubated with the horseradish
peroxidase-conjugated secondary antibody (1:10,000,
ab6721, Abcam Inc., Cambridge, MA, USA). The immu-
nocomplexes on the membrane were visualized using the
enhanced chemiluminescence (ECL) fluorescence test kit
(BB-3501, Amersham Pharmacia Biotech, Little Chalfont,
United Kingdom) and band intensities were quantified
using the Bio-Rad image analysis system (BIO-RAD
Laboratories, CA, USA) and the Quantity One v4.6.2 soft-
ware. The relative protein expression was expressed as the
gray value of the corresponding protein band to that of the
GAPDH protein band.

Detection of Intracellular ROS Level
Dichlorofluorescin diacetate (DCFH-DA) and flow cytome-
try were conducted to detect the level of intracellular ROS.
A total of 1 x 10° cells was detached using ethylenediami-
netetraacetic acid-free trypsin and immersed in ice-cold
PBS. Then the supernatant was discarded after centrifuga-
tion. DCFH-DA was diluted to 10 pmol/L using serum-free
medium. The cells were incubated under conditions devoid
of light for 10 min, and finally rinsed once with PBS. Flow
cytometry was adopted for quantitative detection of the
fluorescence intensity of dichlorofluorescein (DCF) after
an ice bath. DCF exhibiting green fluorescence depicted
the emission wavelength of 530 nm and the average fluor-
escence intensity value = total fluorescence intensity value/
total cells.

Detection of Superoxide Dismutase
(SOD) Activity

Superoxide anion (O%) was produced by xanthine and the
xanthine oxidase reaction system. O> could reduce nitro-
blue tetrazolium to blue formazan, which was absorbed at
560 nm. SOD could remove O*, accordingly inhibiting the
formation of formazan. The appearance of navy blue of the
reaction solution was indicative of lower activity of SOD,
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and otherwise, the activity of SOD was higher. The activ-
ity of SOD in microglia of mice was detected in a similar
manner. The specific steps were conducted in strict accor-
dance to the provided instructions of the SOD determina-
tion kit (BCO175, Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China). The activity of SOD was cal-
culated in accordance to the formula enlisted in the
instructions.

Enzyme-Linked Immunosorbent Assay
(ELISA)

With detection of interleukin (IL)-1B for example, the
mouse microglia in the logarithmic growth phase were
cultured in serum-free DMEM for 24 h. Cell supernatants
from each group were collected the following day, and
2 mL of supernatants were taken for vacuum freeze-drying
and dissolved in 100 pL diluent. The microporous plate
was sealed using 50 pL standard solution or sample solu-
tion per well, incubated for 2 h and then rinsed 5 times.
Next, the plate was incubated for 30 min after supplemen-
tation with 50 pL streptavidin-peroxidase solution in each
well. Subsequently, 50 puL substrate was added to the plate
for incubation for 10 min after which 50 pL of terminating
solution was added and the color changed from green to
yellow. A microplate reader (Bio-Rad Laboratories,
Hercules, CA, USA) was adopted to record the absorbance
value at 450 nm. The detection of tumor necrosis factor-o
(TNF-a) level was performed according to the aforemen-
tioned procedures. IL-1B (ML-Elisa-0378, R&D Systems,
Minneapolis, MN, USA) and TNF-a (RAB0477, Sigma-
Aldrich Chemical Company, St Louis, MO, USA) Kkits
were used.

Tat-MsrA Protein Preparation

The cDNA fragment encoding MsrA was derived from
pcDNA3.1-MsrA. The pET-32a (+) vector and amplifica-
tion products were detached using BamHI and Xhol
(MBI) endonucleases (MBIFERMENTAS, Burlington,
ON, Canada). Then the complete PCR fragment of the
mouse MsrA coding region was ligated to the restriction
pET-32a (+) vector using the phage T4 ligase (MBI
Fermentas, Burlington, ON, Canada). The insertion of
the MsrA ¢cDNA in pET-32a (+) vector was determined
at least twice in each direction. BL21 cell transformation
and recombinant plasmids were cultured in luria-bertani
(LB) medium containing ampicillin (50 ug/mL) at 37°C.
When the absorbance of the cells at an excitation

wavelength of 600 nm was 0.7, 0.5 mM IPTG (Amresco,
Cochran solon, OH, USA) was added to the medium to
attain the final concentration for further incubation for
4 h. The cells after centrifugation were suspended in
buffer A (20 mM Tris-HCI, 0.5 mM imidazole and 500
mM NaCl) and subjected to ultrasound treatment for 4
times, 30 s each time. Next, the supernatant was added to
a 4 mL Ni-Trap nickel chelate column (Qiagen GE
Healthcare, Hilden, Germany). Subsequently, the recom-
binant peptide containing the entire MsrA protein was
eluted with buffer A, and 5 mL of protein concentrate
was isolated by the centrifugation ultrafiltration method.
The His tag at the N end of the recombinant peptide was
removed using a thrombin kit (New England Biolabs,
Ipswich, MA, USA). The protein (500 pg) was detached
at 20°C for 24 h. The purity of the recombinant protein
was confirmed by SDS-PAGE and Coomassie blue stain-
ing. The recombinant protein MsrA was stored at —80°C
for further experiments.

Analysis of the Activity of Tat-MsrA
Tat-rMsrA activity was monitored by detection of Meto
reduction activity. Firstly, 20 pg of recombinant Tat-rMsrA
protein was added to the reaction mixture (pH = 7.4)
containing 50 mM sodium phosphate, 10 mm MgCl,,
30 mm KCI, 20 mm dithiothreitol (DTT, Sigma-Aldrich,
St. Louis, MO, USA) and 0.5 mM MetO (Sigma-Aldrich,
St. Louis, MO, USA). The mixture was incubated at 37°C
for 30 min and the reaction was terminated by the addition
of diamine. The content of Tat-rMsrA was monitored
under a combination method of liquid chromatography
and electrospray. After inactivation of Tat-MsrA, Meto
reduction activity was not detectable. The activity of
recombinant Tat-rMsrA was determined by colorimetric
analysis before each experiment. Different concentrations
of recombinant rMsrA peptide (active or inactive) were
added to the reaction buffer to facilitate incubation. Due to
the potential reduction activity of DTT, the reaction was
conducted in a airtight and dark atmosphere. Then, DTT
was incubated after supplementing 100 pL reaction mix-
ture and 100 pL dithionitrobenzoate (DTNB) (4 mM) for
10 min. The absorbance at 412 nm was measured using
a microplate reader (ELx800, Bio Tek, Instrument, Inc.,
Winooski, VT, USA). The optical density (OD) value at
0 min in the incubation was defined as the initial value,
and compared with the initial value, the decrease (A) in
OD at 412 nm after completion of the reaction was calcu-
lated and monitored.

Drug Design, Development and Therapy 2020:14

submit your manuscript

1381

Dove


http://www.dovepress.com
http://www.dovepress.com

Fan et al

Dove

Culture of LPS-Induced Microglia in vitro
Mouse microglia were purchased from the Basic Medical
Cell Center of the Institute of Basic Medical Sciences,
Chinese Academy of Medical Sciences (Beijing, China).
The microglia were seeded in a 6-well plate at a density
of 1 x 10° cells each well. Briefly, the microglia were
transfected with WT, WT + LPS, shMsrA + nonactive
Tat-MsrA + LPS and shMsrA + Tat-MsrA + LPS. Among
the latter three treatments, 0.01 ug/mL LPS was supple-
mented to the culture medium. After 18 h of pre-culture,
the microglia were treated with 1 ug/mL LPS for 6 h,
after which the cells were preserved for further
experiments.

Statistical Analysis

The data collected from experiments were analyzed using
the SPSS 21.0 statistical software (IBM Corp. Armonk,
NY, USA). The measurement data were expressed as mean
+ standard deviation. The unpaired ¢-test was adopted to
compare data with normal distribution and homogeneous
variance between two groups. The comparisons between
multiple groups were analyzed by one-way analysis of
variance (ANOVA), followed by Tukey’s post hoc test.
A value of p < 0.05 indicated that the difference was
statistically significant.

Results

MsrA Exhibits Poor Expression in
Cuprizone-Induced Mice

In order to analyze the expressions of MsrA, RT-qPCR
(double internal reference genes GAPDH and B-actin) and
Western blot analysis were performed in WT mice fed
cuprizone and WT mice fed normal food over 4 weeks

(Figure 1A and B). The result demonstrated a poor expres-
sion of MsrA in cuprizone-induced mice.

Aggravated Demyelination and Impaired
Motor Coordination in Cuprizone-
Induced MsrA 7~ Mice

In order to ascertain the establishment of mouse model with
demyelination, a series of experiments were performed.
Western blot analysis was conducted to determine the
expression of MsrA protein in the 20 normal WT mice and
20 MsrA-knockout mice (Figure 2A). The results showed
that the MsrA expression was significantly reduced after
silencing MsrA (p < 0.05). After instillation of cuprizone,
the brain tissue sections of the mice were taken for model
identification, and the degree of demyelination in cerebral
corpus callosum as well as motor coordination ability in
mice of each group was detected by performing Oil Red
O staining and rotarod test (Figure 2B and C), respectively.
No significant difference was observed in MsrA”" mice
compared to the relative controls (p > 0.05). Both of the
WT or MsrA™" mice had evident lipid-enriched myelin deb-
ris, demyelination, shorter dwell time in the rotation test, and
the impaired motor coordination administrating cuprizone
(p < 0.05), and the latter ones presented with even inferior
results. Accumulating studies have confirmed that overex-
pression of Olig2 not only promotes the migration of oligo-
dendrocyte precursor cells during embryonic development,
the differentiation of oligodendrocytes and the early forma-
tion of myelin sheath, but also promotes myelin regeneration
in adult demyelinated mice.”*** CNP, a fundamental marker
of mature oligodendrocytes (the main component of myelin
sheath), plays a vital supportive role in the oligodendrocyte
skeleton. CNP may primitively appear in the early stage of
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Figure | MsrA is down-regulated in cuprizone-induced mice. (A) detection of MsrA expression in cuprizone-induced mice by RT-qPCR, normalized to double internal
reference genes GAPDH and B-actin. (B) detection of the MsrA protein expression in cuprizone-induced mice by Western blot analysis. *p < 0.05, compared to WT mice.
The values are measurement data, expressed as mean + standard deviation, and the unpaired t-test is used for data comparisons between two groups, N = 10.
Abbreviations: MsrA, Methionine sulfoxide reductase; WT, wild type; RT-qPCR, reverse transcription quantitative polymerase chain reaction.
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Figure 2 Cuprizone-induced MsrA™* mice exhibit aggravated demyelination and impaired motor coordination. (A) detection of MsrA protein expression in WT mice and
MsrA-knockout mice by Western blot analysis; (B) Oil Red O staining of demyelination in corpus callosum of mice (% 200, scale bar = 50 um); (C) analysis of the motor
coordination ability of mice by the rotarod test; (D) detection of Olig2-positive cells in corpus callosum by immunofluorescence assay (% 200, scale bar = 50 um); (E)
detection of CNP-positive cells in corpus callosum by immunofluorescence assay (* 400, scale bar = 25 pm). *p < 0.05, compared to WT mice; #p < 0.05, compared to WT
mice treated with cuprizone. The values are measurement data, expressed as mean * standard deviation, and the comparisons between multiple groups were analyzed by

one-way ANOVA, followed by Tukey’s post hoc test, N = 10.

Abbreviations: MsrA, Methionine sulfoxide reductase; WT, wild type; CNP, C-type natriuretic peptide; ANOVA, analysis of variance.

myelin sheath formation, accounting for about 4% of the
whole central myelin sheath protein. In vitro studies have
confirmed the critical function of CNP as a regulator of the
growth of oligodendrocytes.”*** Thus, immunofluorescence
assay was conducted to detect the number of Olig2-positive
cells and CNP-positive cells in corpus callosum for further
evaluation of demyelination. The results revealed that com-
pared to the relative controls, no significant difference was
evident in the MsrA”mice (p > 0.05), while decreased
number of Olig2-positive cells and number of CNP-
positive cells were found in the WT + cuprizone group
(p < 0.05). The number of Olig2-positive cells and number
of CNP-positive cells decreased after treatment with MsrA™"
+ cuprizone compared to treatment with WT + cuprizone
(p < 0.05) (Figure 2D and E). The aforementioned results
implied that cuprizone-induced MsrA™" mice had aggra-
vated demyelination and impaired motor coordination,
thereby suggesting successful model establishment.

Exacerbated Inflammatory Reaction in
Cuprizone-Induced MsrA”" Mice

In order to investigate the inflammatory response of microglia
in mice, immunofluorescence assay, Western blot analysis
and ELISA were performed. After sectioning the brain

tissues, the mouse microglia were isolated. Then immuno-
fluorescence assay and Western blot analysis were conducted
to detect the concentration of cerebral microglia markers
including Ibal (Figure 3A and B), and ELISA was conducted
to detect the concentration of pro-inflammatory factors
including TNF-a and IL-1f (Figure 3C). No significant dif-
ference was observed in the aforementioned factors between
the WT and MsrA”" mice (p > 0.05), while an increased Ibal
expression, as well as levels of TNF-a and IL-1B were
detected in the WT + cuprizone group (p < 0.05). The Ibal
expression, as well as levels of TNF-o and IL-1p were
increased significantly in the MsrA™ + cuprizone group
when compared with the WT + cuprizone group (p < 0.05).
The aforementioned results elucidated that inflammation in
microglia was exacerbated in cuprizone-induced MsrA™
mice.

Microglia-Derived ROS Increases in Corpus
Callosum of Cuprizone-Induced MsrA™
Mice

In order to detect the expression of ROS in corpus callo-
sum of cuprizone-induced MsrA”" mice, immunofluores-
cence assay and Western blot analysis were conducted to
determine the expression of 8-OHG in mouse microglia,
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Figure 3 Inflammation of microglia is exacerbated in cuprizone-induced MsrA " mice. (A\) detection of Ibal expression means of in mouse microglia by immunofluores-
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Tukey’s post hoc test, N = [0.

Abbreviations: MsrA, Methionine sulfoxide reductase; WT, wild type; ELISA, enzyme-linked immunosorbent assay.

which suggested there was no substantial difference
between WT mice and the MsrA”"mice (p > 0.05), while
an elevated expression of 8-OHG was observed in the WT
+ cuprizone group (p < 0.05). In comparison with the WT
+ cuprizone group, the expression of 8-OHG in microglia
had increased notably in the MsrA " + cuprizone group
(p < 0.05; Figure 4A). Then the detection of intracellular
ROS level and SOD activity was conducted, and the
results showed that compared to the WT mice, there was
no significant difference in MsrA-knockout mice (p >
0.05), while the level of ROS was elevated and SOD
activity in mouse microglia was decreased in the WT +
cuprizone group (p < 0.05). In addition, the level of ROS
increased and the activity of SOD in mouse microglia
decreased in the MsrA”~ + cuprizone group in comparison
to the WT + cuprizone group (p < 0.05; Figure 4B and C).
The aforementioned results suggested that the microglia-
derived ROS was increased in corpus callosum in cupri-
zone-induced MsrA™" mice.

NOX2-MAPKs/NF-kB Signaling Pathway
Is Activated in LPS-Induced Microglia
Upon MsrA Silencing

In order to corroborate the efficiency of transfection,
Western blot analysis was conducted to detect the

transfection efficiency after culturing mouse microglia
in vitro. The results clarified that the expression of
MsrA significantly decreased compared to the controls
after treatment with sh-MsrA (p < 0.05) (Figure 5A),
thereby suggesting successful transfection. In the fol-
lowing examination, the microglia-associated signaling
pathway marker proteins were examined and the results
revealed that compared with the sh-NC group, no sig-
nificant difference was evident in the sh-MsrA group
(p > 0.05), the expression of NOX2, and the extent of
ERK, p38, IkBa, p65 and JNK phosphorylation were
increased (all p < 0.05), while the expressions of ERK,
p38, p65 and JNK denoted no significant differences (all
p > 0.05); however the expression of IkBa decreased
(» < 0.05) in the sh-NC + LPS group. In comparison to
the sh-NC + LPS group, the sh-MsrA + LPS group
presented with an increased NOX2 expression along
with the extent of ERK, p38, IkBa, and p65 phosphor-
ylation, decreased IkBo expression as well as no sig-
nificant change in the expressions of ERK, p38, p65 and
JNK as well as the extent of JNK phosphorylation
(Figure 5B). Next, ELISA demonstrated no notable dif-
ferences in the levels of TNF-a and IL-1B between the
sh-NC and sh-MsrA groups (p > 0.05). In comparison to
the sh-NC group, the up-regulated levels of TNF-a and
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Figure 4 The expression of microglia-derived ROS is increased in corpus callosum of cuprizone-induced MsrA”" mice. (A) detection of the expression of 8-OHG in mouse
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IL-1B were observed in the sh-NC + LPS group
(p < 0.05). Increased levels of TNF-a and IL-1p were
also evident in the sh-MsrA + LPS group compared to
the sh-NC + LPS group (p < 0.05; Figure 5C). The

aforementioned results implied that after treatment with
LPS induction and MsrA silencing, the NOX2-MAPKs
/NF-xB signaling pathway was stimulated and the
inflammation was intensified.
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Tat-MsrA Fusion Protein Inhibits LPS-

Induced Cellular Inflammatory Response
by Negatively Regulating the NOX2-
MAPKs/NF-kB Signaling Pathway

In order to substantiate the role of MsrA in demyelination,
the microglia were treated with sh-NC, sh-NC + LPS, sh-
MsrA + nonactive Tat-MsrA + LPS or sh-MsrA + Tat-
MsrA + LPS, respectively. Firstly, detection of the activity
of Tat-MsrA protein showed that the activity of Tat-MsrA
protein increased following Tat-MsrA treatment compared
to the nonactive Tat-MsrA treatment (p < 0.05; Figure
6A). Western blot analysis concluded (Figure 6B) that
compared to matched control, the expression of NOX2
and the extent of ERK, p38, IkBa, p65 and JNK phosphor-
ylation were increased (all p < 0.05), while the IxBa
expression was decreased, the expressions of ERK, p38,
p65, and JNK demonstrated no significant differences (all

p > 0.05) after treatment of sh-NC + LPS (p < 0.05).
However, the expression of NOX2 and the extent of
ERK, p38, IxBa, and p65 phosphorylation were decreased
(all p < 0.05), while IkBa expression was increased, the
expressions of ERK, p38, p65 and JNK as well as the
extent of JNK phosphorylation exhibited no significant
differences (all p > 0.05) in the sh-MsrA + Tat-MsrA +
LPS group compared to the sh-MsrA + nonactive Tat-
MsrA + LPS group. The results of detection of intracel-
lular ROS level and SOD activity suggested that compared
with the relative controls, the level of intracellular ROS
increased and SOD activity decreased after treatment with
sh-NC + LPS (both p < 0.05). In comparison to the
matched control, the level of intracellular ROS decreased
while SOD activity increased in cells treated with sh-MsrA
+ Tat-MsrA + LPS (both p < 0.05; Figure 6C and D).
Moreover, Western blot analysis demonstrated that in con-
trast to the sh-NC group, the expression of Ibal increased
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Figure 6 Tat-MsrA fusion protein suppresses LPS-induced cellular inflammatory response by inactivating the NOX2-MAPKs/NF-«B signaling pathway. (A) detection of the
activity of Tat-MsrA fusion protein; (B) Western blot analysis of NOX2-MAPKs/NF-«B signaling pathway-related proteins in cells; (C) detection of intracellular ROS in cells;
(D) detection of SOD activity; (E) Western blot analysis of Ibal protein in cells. In panel (A), *p < 0.05, compared to treatment with nonactive Tat-MsrA. In panel (B-E),
*pb < 0.05, compared to treatment with sh-NC. #p < 0.05, compared to treatment with sh-MsrA + nonactive Tat-MsrA + LPS. The values are measurement data, expressed
as mean * standard deviation, and the comparisons between multiple groups were analyzed by one-way ANOVA, followed by Tukey’s post hoc test, and the experiment was
repeated three times.

Abbreviations: NK, c-Jun N-terminal kinase; ERK, extracellular-signal-regulated kinases; MsrA, Methionine sulfoxide reductase; LPS, lipopolysaccharide; NC, negative
control; ANOVA, analysis of variance.
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in the sh-NC + LPS group (p < 0.05); while the expression
of Ibal decreased in the sh-MsrA + Tat-MsrA + LPS
group compared to the sh-MsrA + nonactive Tat-MsrA +
LPS group (p < 0.05; Figure 6E). The aforementioned
results suggested that Tat-MsrA fusion protein suppressed
LPS-induced cellular inflammatory response by negatively
regulating the NOX2-MAPKs/NF-«kB signaling pathway,
thus preventing demyelination.

Discussion

Demyelination, a hallmark of MS, is a definite and func-
tionally debilitating deficit, and it is a characteristic of
several inflammatory diseases.”> These diseases pose
a heavy health burden for families with the highest pre-
valence in developed countries.” Previous studies suggest
that in the central nervous system, multiple enzymes
including NOX2 enzyme, and peripheral cholinergic
enzymes are indicated in the treatment of demyelinating
diseases.”®*’" However, the specific role of MsrA in
demyelination remains largely unknown. The aim of our
study was to offer a new perspective on the function of
MsrA in demyelination and to obtain a deeper insight into
the complexity of demyelination. Our study demonstrated
that the MsrA fusion protein could potentially inhibit
oxidative stress and inflammatory activation of microglia
by negatively regulating the NOX2-MAPKs/NF-kB sig-
naling pathway, thus preventing demyelination.

Initially, we found that MsrA exhibited a low expres-
sion in mouse demyelination models, which exacerbated
the degree of demyelination. Partially in consistency with
our findings, an existing study suggested that MsrA exhib-
ited a poor expression in the brain tissues of patients with
Alzheimer’s disease, which is related to neuron degenera-
tion and loss and further inhibits the resistance of neurons
to oxidative damage.?® Besides, a prior report have docu-
mented a reduced MsrA expression in the dopaminergic
cells in Parkinson’s disease.”” Moreover, MsrA has been
documented to be poorly expressed in several neurodegen-
erative diseases and loss of MsrA activity facilities oxida-
tive stress, manifested by the accumulation of faulty
proteins, deposition of aggregated proteins, and premature
brain cell deaths.*® These findings suggested the potential
of a low level of MsrA in nervous system diseases and its
deficiency to serve as a predictor for the risk of an adverse
outcome in patients with the corresponding diseases.

Another key finding in our study was that MsrA silen-
cing resulted in increased inflammatory activation in
microglia and stimulated oxidative stress, illustrated by

up-regulated Ibal, TNF-a and IL-1p levels as well as up-
regulated ROS level and down-regulated SOD activity.
Hyperactivation of microglia is recognized as a key man-
ifestation of brain inflammation with vital function in
mediating neuroinflammatory disorders.*’ MsrA, belong-
ing to the methionine sulfoxide reductase family, can
extensively decrease methionine sulfoxide concentration

stress.32

in proteins to further decrease oxidative
Overexpression of MsrA protects the retinal pigment
epithelial cells from oxidative stress and silencing or
knockdown of MsrA reduces cell survival in degenerative
diseases.” Silencing of MsrA can evidently exacerbate
activation of microglia induced by LPS and increase the
expression of relevant inflammatory markers."” It has been
documented an association between Ibal and inflamma-
tory response and the interact of Ibal with proteins funda-
mental for activation of the inflammatory response.’® Both
IL-1 and TNF are proinflammatory cytokines, the over-
expression of which can lead to inflammation, fever, tissue
destruction, and in severe circumstances even shock and
death.*® ROS are byproducts of aerobic metabolism, which
induces mutilation to lipids, proteins and DNA, and oxi-
dative stress refers to high intracellular expression of
ROS.%-¢ Adenovirus-mediated upregulation of MsrA
can significantly regress hypoxia-induced elevation in
ROS levels and foster cell survival, thereby exhibiting
the protective properties of MsrA against hypoxia/reoxy-
genation-induced cell injury and suggesting its therapeutic
potential in ischemic heart and brain diseases.*” The func-
tion of SOD has been identified in many inflammatory
diseases, neurodegenerative diseases as well as ischemia
and reperfusion diseases.>® An existing study suggested
that the overexpression of SOD-1 alleviated oxidative
stress thereby solidifying the vitality of SOD-1 in oxida-
tive stress protection.’” These results demonstrate the pro-
tective properties of MsrA against microglia activation.
Another subsequent finding denoted the significance
of activation of the NOX2-MAPKs/NF-kB signaling
pathway in LPS-stimulated microglia upon MsrA silen-
cing treatment. Evidence has indicated that the genetic
and pharmacological inhibition of p38a, a p38 mitogen-
activated protein kinases (MAPKSs) isoform is associated
with elevated NADPH oxidase (NOX2) activity.*
Moreover, an existing study suggested that NADPH oxi-
dases (NOXs), in sizeable fragment, mediated the pro-
duction of ROS which was stimulated by LPS and NOX2
is a major NOX isoform observed in the macrophage cell
membrane.*' The aforementioned literature solidifies the
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implication of NOX2 as an essential regulator of neu-
rons. Evidence from another study suggested the activa-
tion of the MAPK/NF-kB signaling pathway in rat brain
tissues after severe traumatic brain injury through up-
regulation of proteins pertinent to the MAPK signaling
pathway and NF-kB nuclear translocation.*> A further
mechanistic study displayed that compound R6 treatment
reduced the degree of LPS-induced MAPK-related pro-
tein (ERK, JNK and p38) phosphorylation and exten-
sively reduced the degradation of IkB-o in BV2
microglial cells.*> An existing study reported that up-
regulated MsrA could suppress ROS-augmented NF-«B
signaling pathway activation in endothelial cells.**
Furthermore, MsrA has been reported to negatively reg-
ulate microglia-mediated neuroinflammation through
inhibition of the ROS/MAPKs/NF-kB signaling pathway
in a catalytic antioxidant manner.'> Therefore, we eluci-
dated a potential downstream mechanism of the NOX2-
MAPK/NF-kB signaling pathway in the progression of
demyelination.

In conclusion, our study suggests that the Tat-MsrA
fusion protein could potentially reduce oxidative stress and
inflammatory activation of microglia to inhibit demyelina-
tion by suppressing the NOX2-MAPKs/NF-«kB signaling
pathway. Our data support that MsrA is a potential candi-
date marker and therapeutic target for demyelination in the
central nervous system. However, due to the limitations of
experimental funding and time, the downstream mechan-
ism of the NOX2-MAPKSs/NF-kB signaling pathway in the
demyelination mouse models has not been studied in the
present study, which proposes an avenue for future studies

with comprehensive experiments.
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