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Background: The myelin sheath can be damaged by genetic and/or environmental factors,
leading to demyelinating diseases, for which effective treatments are lacking. Recently,
cyclooxygenase-2 (COX-2) overexpression was detected in demyelinating lesions both in
patients and animal models, opening an avenue for promoting endogenous remyelination.
The aim of this study was to investigate the therapeutic effect of celecoxib, a selective COX-
2 inhibitor, against demyelination in a zebrafish model.

Methods: The biotoxicity of celecoxib was evaluated on zebrafish embryos. Metronidazole
was used to deplete the oligodendrocytes in Tg (mbp:nfsB-egfp) transgenic fish. Celecoxib
was then administered both in larvae and adults. The regeneration of the myelin sheath and
the underlying mechanisms were explored by immunohistochemistry, flow cytometry,
Western blot analysis, quantitative real-time polymerase chain reaction, and behavioral test.
Results: Celecoxib had low in vivo toxicity. A stable and practical demyelination model was
established by metronidazole induction. Following celecoxib treatment, the number of
oligodendrocytes was increased significantly and the concentric structure of the myelin
sheath reappeared. The locomotor ability was notably improved and was close to its
physiological levels. The expression of argl, mrcl, il-10, and il-4 was upregulated, while
that of il-1B, il-12, tnf-a, il-6, caspase-3 and caspase-7 was downregulated.

Conclusion: Inhibition of COX-2 contributed to the transformation of microglia/macro-
phages from the M1 to the M2 phenotype, improved the inflammatory microenvironment,
and suppressed caspase-dependent apoptosis, thus exerting a therapeutic effect against
demyelination.
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Introduction

The myelin sheath is a multilayered membranous structure that protects, supports,
and nourishes axons, and increases the conduction velocity of nerve impulses.'
Concentric myelin membranes originate from oligodendrocytes in the central ner-
vous system (CNS) and Schwann cells in the peripheral nervous system.>* Internal
or external conditions may damage the myelin sheath, leading to demyelination.
Multiple sclerosis (MS) is the most common chronic neuroinflammatory demyeli-
nating disease, and it mainly occurs in young people, especially women.* The
hallmark of MS is the formation of sclerosing plaques in the brain, spinal cord,
optic nerve, etc., due to the depletion of oligodendrocytes accompanied by axonal

degeneration and inflammatory cell infiltration. At the early stage, the myelin
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sheath can be regenerated to a certain degree. Clinical
studies demonstrated that individuals with more remyeli-
nation capacity had milder clinical disability symptoms.>°
However, this regeneration is not long-lasting.” Hence,
improving endogenous myelin regeneration is a useful
approach for the treatment of MS.

Cyclooxygenase (COX) is a rate-limiting enzyme in
arachidonic acid metabolism. There are two isoforms of
COX, namely, COX-1 and COX-2. COX-1, the constitu-
tive isoform, is highly expressed in normal tissues. In
contrast, the COX-2 inducible isozyme is expressed at
much lower levels under physiological conditions. High
expression of COX-2 is found in sites of inflammation,
tissue damage, and malignant transformation.® Recently, it
was reported that COX-2 overexpression can be detected
at active demyelinating lesions in MS patients, as well as
in animal models of demyelination.””'" Celecoxib, a COX-
2 inhibitor, is a nonsteroidal anti-inflammatory drug
(NSAID) and widely used to relieve the symptoms of
arthritis and pain. Its benzenesulfonamide structure had
high selectivity for the COX-2 receptor, leading to
a decrease in the synthesis of prostaglandin E,. However,
celecoxib did not inhibit COX-1. Celecoxib was also
reported to treat tumors, cardiovascular diseases, retino-
pathy, fatty liver, etc. To our knowledge, its effects on
demyelination are still not understood.

Zebrafish (Danio rerio), a member of the teleost family,
has become an ideal animal model for investigating neu-
rodegenerative diseases.'> The structure of the myelin
sheath and myelination process are very similar between
zebrafish and mammals.'> In zebrafish, a noncompact
myelin structure appears at 4 days post fertilization (dpf),
while a tight myelin sheath forms at 7 dpf. Thus, myelina-
tion occurs within the first week, which greatly limits the
time. The mechanisms of myelination can be explored or
drugs for remyelination can be screened in a short
period.'* Since the myelin basic protein (mbp) gene
is a specific marker of the myelin sheath and plays
a critical role during demyelination, we generated
a stable and heritable transgenic zebrafish line in our
previous work. In Tg (mbp:nfsB-egfp) fish, oligodendro-
cytes continuously express a fusion protein consisting of
enhanced green fluorescent protein (GFP) and nitroreduc-
tase (NTR) from the mbp promoter.'® Therefore, oligoden-
drocytes can be specifically ablated by treatment with
metronidazole (Mtz). This model not only allows demye-
lination to be visualized in vivo but also offers a feasible
tool for evaluating the response of drugs to remyelination.

In this study, we induced demyelination in Tg (mbp:
nfsB-egfp) zebrafish and investigated the therapeutic
effects of celecoxib. We observed the following: (1) the
in vivo toxicity of celecoxib on zebrafish embryos; (2) the
process of remyelination and its functional changes fol-
lowing celecoxib treatment; and (3) the underlying
mechanisms by which celecoxib governs remyelination.
Our study might help develop a celecoxib-based treatment
approach for demyelinating diseases.

Materials and Methods

Experimental Animals

Tg (mbp:nfsB-egfp) transgenic zebrafish and wild-type
zebrafish (AB strain) were used in this study. Fish were
raised at 28.5°C on a 14/10-hour light/dark cycle.'®
Embryos were incubated in E3 medium (5 mmol/L NaCl,
0.17 mmol/L KCI, 0.33 mmol/L CaCl,, and 0.33 mmol/L
MgSO,, pH 7.2) and staged by hours post fertilization
(hpf) or days post fertilization (dpf). All zebrafish experi-
mental protocols were approved by the Institutional
Animal Care and Use Committee of Nankai University
and complied with guide for the care and use of laboratory
animals by National Institutes of Health (NIH).

In vivo Toxicity Analysis

To test the toxicity of celecoxib, embryos were collected at
1 hpf, placed in a 6-well plate (10 embryos/well), and
exposed to celecoxib (S1261; Selleck Chemicals,
Houston, TX, USA) at concentrations of 0.5, 1, 2, and 4
pM. In the control group, the same number of embryos
was cultured in E3 medium. Embryonic phenotypes were
imaged with a DP72 digital camera mounted on an SZX16
stereomicroscope (Olympus Corporation, Tokyo, Japan) at
6, 24, 48, and 72 hpf. In addition, the survival rate and
hatching rate were calculated to evaluate the in vivo
toxicity.

Metronidazole Induction and Celecoxib

Treatment
In this study, metronidazole (Mtz; M3761, Sigma,
St.  Louis, MO, USA) was used to induce

demyelination.'>'” Briefly, 20 Tg (mbp:nfsB-egfp) adults
and 100 larvae were continuously induced with 5 mM
Mtz-0.2% dimethyl sulfoxide (DMSO; V900090, Sigma)-
system water or E3 medium in the dark for 4 days. The
same number of adults and larvae were incubated in 0.2%
DMSO-system water or E3 medium as controls. Celecoxib
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was administered following Mtz induction. Celecoxib was
dissolved in DMSO to prepare a stock solution at
a concentration of 200 mM. Adults and larvae were then
treated with celecoxib at different concentrations for 6 and
3 days, respectively. The control adults and larvae were
incubated with 0.2% DMSO for 6 and 3 days, respectively.
Both the Mtz induction experiments and the celecoxib
treatment experiments were repeated 3 times.

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)

Total RNA was extracted from larvae and adult brain
tissues using TRIzol reagent (Thermo, Austin, TX, USA)
according to the manufacturer’s protocol. Reverse tran-
scription (RT) was carried out using TransScript First-
Strand ¢cDNA Synthesis SuperMix (TransGen Biotech,
Beijing, China). Real-time PCR was performed using
TransStart Top Green qPCR SuperMix (TransGen). The
protocol was as follows: 30 seconds at 94°C followed by
45 cycles of 5 seconds at 94°C, 30 seconds at 60°C, and
10 seconds at 72°C. The relative expression of mRNA was
calculated by the 272" method. The experiment was
repeated 3 times for each gene. The gene-specific primer
sequences are listed in Supplementary Table S1.

Immunohistochemistry

Adult zebrafish were anesthetized with 0.1% 3-aminobenzoic
acid ethyl ester methanesulfonate (MS-222; A5040, Sigma)
and euthanized immediately. The brain, optic nerve, and spinal
cord were dissected, fixed in 4% paraformaldehyde (PFA)
overnight, dehydrated in 20% sucrose in 0.1 M phosphate-
buffered saline (PBS, pH 7.4) at room temperature, embedded
in optimal cutting temperature compound (Sakura Finetek,
Torrance, CA, USA) and processed for cryosectioning at 8
um. Immunohistochemistry was performed as previously
described.'® The primary antibodies were an anti-GFP anti-
body (1:500; ab6556, Abcam, Cambridge, MA, USA), which
was used to label oligodendrocytes in Tg (mbp:nfsB-egfp)
zebrafish, and an anti-COX-2 antibody (1:200; 55070-1-1AP,
Proteintech, Chicago, IL, USA). The secondary antibody was
a FITC-conjugated antibody (1:500; Millipore, Billerica, MA,
USA). 4'6-Diamidino-2-phenylindole (DAPI) was used to
counterstain the nuclei.

Western Blot Analysis
Brain tissues from adult zebrafish and larvae were col-
lected and lysed in RIPA buffer containing protease

inhibitors. The protein concentrations were measured
BCA Protein Assay Kit (CWO0014S;
CWBiotech, Beijing, China). Western blotting was per-

using the

formed as previously described.'® Two antibodies, namely,
an anti-MBP antibody (1:500; #55,811, Anaspec, Fermont,
CA, USA) and an anti-COX-2 antibody (1:1000;
Proteintech), were used in this study.

Flow Cytometry

Following Mtz induction, adult fish were divided into two
groups: the celecoxib group, in which fish were treated
with celecoxib, and the control group, in which fish were
cultured with E3 medium. The adult fish were anesthetized
with 0.1% MS-222 and immediately euthanized. To pre-
pare a single cell suspension, 3 brain tissues from each
group were dissected, washed twice in prechilled 0.1
M PBS, dissociated in 300 pL of 0.25% trypsin solution,
and suspended in 0.1 M PBS. Brain tissues from wild-type
fish were used to remove autofluorescence interference.
Then, GFP-positive cells from the two groups were sorted
with a FACS Aria III system (Becton Dickinson, Franklin
Lakes, NJ, USA) with a Coherent Innova 70 laser at 488
nm at 4°C. The above experiment was repeated three
times.

Behavioral Analysis

Tg (mbp:nfsB-egfp) larvae were subjected to behavioral
tests. Larvae treated with Mtz and celecoxib were used as
the Mtz"/celecoxib’ group. Larvae induced only with Mtz
were used as the Mtz '/celecoxib™ group. Larvae not trea-
ted with any agent were used as the control group. Six
larvae from each group were collected, washed in E3
medium, and placed in a 24-well plate. Each well con-
tained 2 mL of E3 medium and one larva. Following 15
minutes of aquarium acclimation, locomotion was tracked
with a camera positioned above the plate for 10 minutes.
All digital tracks and heat maps were analyzed by
Ethovision XT software (Noldus Information Technology,
Wageningen, the Netherlands). Four parameters, including
total distance, average speed, total movement time, and
maximum acceleration, were analyzed. The behavioral test
was repeated three times.

Statistical Analysis

Statistical analysis was performed using Prism software
(version 7.0, GraphPad Software, La Jolla, USA). The
values are shown as the mean =+ standard deviation (SD)
or standard error of the mean (SEM). P <0.05 was
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considered statistically significant. Values from two groups
were compared with Student’s #-test. Data from more than
two groups were analyzed using one-way analysis of var-
iance (ANOVA).

Results

Celecoxib Has Low in vivo Toxicity

To evaluate the potential toxicity of celecoxib, zebrafish
embryos at 1 hour post fertilization (hpf) were incubated
with 0.5, 1, 2, or 4 uM celecoxib. As shown in Figure 1A,
no obvious malformation was observed in the celecoxib-
exposed groups at any time point (6, 24, 48, or 72 hpf). We
then calculated the survival rate at 6, 12, and 24 hpf and
the hatching rate at 48, 60, and 72 hpf. No significant
difference was found between the groups (Figure 1B and
C; ANOVA, P>0.05). These data indicate that celecoxib
has low vivo toxicity and does not affect the development
of zebrafish embryos.

Mtz Specifically Depletes
Oligodendrocytes in Tg (mbp:nfsB-Egfp)
Zebrafish

The Mbp gene is expressed specifically in differentiated
oligodendrocyte lineage cells and is used as a marker of
the myelin sheath.’?? In this study, the demyelination
process was established in Tg (mbp:nfsB-egfp) adults
and larvae. We evaluated the expression of GFP by immu-
nohistochemical analysis of cryosections from adults fol-
lowing 4 days of Mtz induction. Fewer GFP-expressing
cells were detected in the brains (Figure 2A), optic nerves
(Figure 2C), and spinal cords (Figure 2E) of adults in the
Mtz-induced group than those in the control group. In the
Mtz-induced group, the myelin sheath of the spinal cord
became incomplete and lost its concentric circular struc-
ture surrounding axons (Figure 2E). To quantify the
changes, we analyzed the ratio of the number of GFP-
positive cells to the number of nuclei (GFP/DAPI). The
ratios in the brain, optic nerve, and spinal cord in the Mtz-
induced group were lower than those in the control group
(Figure 2B, D and F; Student’s #-test, *P<0.05, **P<0.01,
**%P<0.001). Similarly, the Western blotting and qRT-
PCR results showed that the expression of MBP protein
and mbp mRNA was remarkably decreased after Mtz
(Figure 2G and H; Student’s #-test,
**%P<0.001). We also examined oligodendrocyte ablation

induction

in larvae. Following 4 days of induction, the fluorescence
signals in the spinal cord in the Mtz-induced group were

lower and more discontinuous than those in the control
group (Supplementary Figure S1A). qRT-PCR and

Western blot analysis indicated that Mtz induction resulted
in a significant downregulation of mbp expression
(Supplementary Figure S1B and C). The above data

demonstrate that induction of Tg (mbp:nfsB-egfp) adults
and larvae with Mtz leads to specific depletion of oligo-
thus an effective model of

dendrocytes, and is

demyelination.

Celecoxib Treatment Promotes

Remyelination in Demyelinated Zebrafish
First, we tested the optimal concentration and duration of
celecoxib treatment based on mbp expression. Following 4
days of Mtz induction, Tg (mbp:nfsB-egfp) adults were
soaked in 0.5, 1, or 2 uM celecoxib for 6 days, and mbp
expression was significantly increased in a dose-dependent
manner in the 1 and 2 pM-treated groups compared to the
0 and 0.5 uM-treated group (Supplementary Figure S2A;
ANOVA, **P<0.01). We then treated demyelinated adults
with 2 pM celecoxib for 2, 4, or 6 days. Compared with

that in the untreated group, mbp expression was distinctly
increased at 6 days post treatment (dpt; Supplementary
Figure S2B; ANOVA, **P <0.01). Therefore, we chose 2
uM and 6 days as the concentration and duration for
celecoxib treatment in adults (Figure 3A). The effects of
celecoxib treatment were verified by two approaches.
First, we measured the number of GFP-positive cells in
brain tissue by cell sorting since oligodendrocytes were
specifically labeled with GFP. As shown in Figure 3B and
C, celecoxib treatment led to an increase in the number of
(Student’s t-test, **P<0.01).
Furthermore, we examined the expression of GFP in the

oligodendrocytes

brain, spinal cord and optic nerve by immunohistochem-
istry and quantified the results based on the GFP/DAPI
ratio (Figure 3D-I). To evaluate the effect of celecoxib
treatment, three groups were set: control group (adults not
treated with any agent), Mtz'/celecoxib™ group (adults
induced only with Mtz), and Mtz'/celecoxib™ group
(adults induced with Mtz and treated with celecoxib).
The number of GFP-positive cells in the white matter of
the brain was increased in the Mtz /celecoxib™ group
compared to the Mtz'/celecoxib  group (Figure 3D and
E; ANOVA, **P<0.01). In the spinal cord, more GFP-
expressing cells were detected in the Mtz'/celecoxib”
group than in the Mtz'/celecoxib  group, mainly on the

ventral side, and the complete concentric structure of the
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sections of the brain (A), optic nerve (C) and spinal cord (E) in the control and Mtz-induced groups. Note that the ratio of GFP to DAPI was significantly decreased in the
Mtz-induced group compared to the control group in the brain (B), optic nerve (D) and spinal cord (F) (Student’s t-test). (G) The expression of MBP protein, as analyzed by
Western blotting. (H) The relative expression of mbp mRNA, as analyzed by qRT-PCR. Note that the expression level in the Mtz-induced group was significantly decreased

compared to that in the control group (Student’s t-test). *P<0.05; **P<0.01; ***P<0.001.
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myelin sheath surrounding axons was relatively restored
(Figure 3F and G; ANOVA, **P<0.01). Similarly, in the
optic nerve, more positive cells were observed in a linear
pattern that matched its physiological distribution in the
Mtz"/celecoxib’ group (see;** Figure 3H and I; ANOVA,
*P<0.05). Surprisingly, the expression pattern of GFP in
the brain, spinal cord, and optic nerve from Mtz'/
celecoxib” group was close to the control group (Figure
3D, F and H) and no significant difference was found in
GFP/DAPI ratio between two groups (Figure 3E, G and I;
ANOVA, P>0.05).

We also evaluated the remyelination process in larvae.
Following 4 days of Mtz induction, larvae were incubated
with 2 uM celecoxib for 3 days (Figure 4A). GFP signals in
the spinal cord were recorded on each dpt. At 1 dpt, there

A

|¢—————— Injury

was little difference between the control and celecoxib-
treated groups. However, in the celecoxib-treated group,
the GFP signals were slightly higher than those in the
control larvae at 2 dpt and were much brighter than those
in control larvae at 3 dpt (Figure 4B). We further examined
mbp expression. In the celecoxib-treated group, MBP pro-
tein expression increased steadily with treatment time,
while little change was found in the control group (Figure
4C). The gRT-PCR results showed that the expression of
mbp mRNA was significantly upregulated following cele-
coxib treatment (Figure 4D; Student’s #-test, **P<0.01,
*#%P<0.001). Taken together, the above data indicate that
celecoxib treatment increases the number of oligodendro-
cytes and mbp expression and restores myelin structure,
thus promoting remyelination in demyelinated zebrafish.
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Figure 4 Celecoxib treatment promotes remyelination in Tg (mbp:nfsB-egfp) larvae. (A) Timeline of Mtz induction and celecoxib treatment in larvae. (B) Images of GFP
fluorescence in the spinal cord (arrows) of demyelinated (control) and celecoxib-treated larvae at I, 2 and 3 days post treatment (dpt). (C) The expression of MBP protein,
as analyzed by Western blotting, at |, 2, and 3 dpt in the control and celecoxib-treated groups. (D) Relative mbp mRNA expression in the control and celecoxib-treated
groups (Student’s t-test). Abbreviations: dpf, days post fertilization; dpt, days post treatment. **P<0.01; ***P<0.001.
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Celecoxib Treatment Restores the
Locomotor Abilities of Tg (mbp:
nfsB-Egfp) Larvae

To evaluate the functional changes following celecoxib
treatment, we subjected larvae to a behavioral test.
Figure 5A shows the digital tracks and corresponding
heat maps. Following celecoxib treatment, the total dis-
tance, movement time, velocity, and maximum accelera-
tion of the Mtz'/celecoxib™ group were significantly
higher than those of the Mtz'/celecoxib group (Figure
5B; ANOVA, *P<0.05, ***P<0.001). Moreover, no
obvious difference was observed between the control
group and Mtz'/celecoxib® group (Figure 5B). These
results suggest that celecoxib treatment remarkably
improves locomotor ability, restoring it to almost the nor-
mal level.

Celecoxib Treatment Improves the
Immune and Inflammatory
Microenvironments and Suppresses
Apoptosis

We investigated the underlying mechanisms of celecoxib
treatment on four parameters in adult zebrafish. First, we
tested the expression of COX-2 following celecoxib treat-
ment. Immunostaining for COX-2 was performed on brain
tissue sections (Figure 6A). The results showed that fewer

Control

Mtz*/Celecoxib-|.

Mtz*/Celecoxib

-
=)
=3
S

@
=1
S

60

Distance / mm

COX-2-expressing cells were detected in the celecoxib-
treated group than the control group. Western blot analysis
showed decreased COX-2 expression (Figure 6B). Cox-2
mRNA expression was also downregulated in the cele-
coxib-treated group compared to the control group
(Figure 6C; Student’s t-test, *P<0.05). These data demon-
strate that celecoxib inhibits the expression of COX-2.
Second, we explored the correlation between microglial/
macrophage polarization phenotype and celecoxib treat-
ment. The expression of M1 type markers (il-1B and il-
12) was decreased in the celecoxib group compared to the
control group. In contrast, the expression of M2 phenotype
markers (argl and mrcl) was increased (Figure 6D;
Student’s f-test, *P <0.05, **P<0.01, ***P<0.001).
These data reveal that celecoxib treatment contributes to
the transformation of microglia/macrophages from the M1
to the M2 phenotype in the CNS. Third, we evaluated the
inflammatory response by qRT-PCR. The expression of
anti-inflammatory cytokines (il-10 and il-4) was upregu-
lated, while that of two pro-inflammatory cytokines (tnf-o
and il-6) were decreased in the celecoxib-treated group
compared to the control group (Figure 6E; Student’s
t-test, **P<0.01, ***P<0.001). Finally, we determined
that the expression of two apoptotic factors, namely, cas-
pase-3 and caspase-7, was decreased in the celecoxib-
treated group compared to the control group (Figure 6F;
Student’s #-test, *P <0.05). To verify the above findings,
we also tested the expression of COX-2, M1/M2 markers,

Velocity (mm/s)
Maximum acceleration

Figure 5 Analysis of the locomotor ability of demyelinated larvae following celecoxib treatment. (A) Digital tracks and corresponding heat maps of larvae from the control,
Mtz"/celecoxib™, and Mtz*/celecoxib® groups. (B) Statistical analysis of total distance, movement time, velocity, and maximum acceleration (ANOVA). *P <0.05; *P<0.001.

Abbreviation: ns, not significant.
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Figure 6 Celecoxib treatment inhibits COX-2 and alters the expression of microglia/macrophage markers, inflammatory cytokines and apoptotic factors. (A)
Immunostaining for COX-2 in brain tissues from adult fish. (B) The expression of the COX-2 protein, as analyzed by Western blotting, at 6 dpt. (C) Relative cox-2
mRNA expression was decreased in the celecoxib-treated group compared to the control group (Student’s t-test). (D) The relative expression of the microglia/macrophage

markers il-1B, il-12, argl and mrcl in the control and celecoxib-treated groups (Student’s t-test). (E)

The relative expression of the inflammatory cytokines il-10, il-4, tnf-o

and il-6 (Student’s t-test). (F) The relative expression of caspase-3 and caspase-7 (Student’s t-test). *P<0.05; **P<0.01; ***P<0.001.

inflammatory factors, and apoptotic factors in larvae fol-
lowing 3 days of celecoxib treatment and observed
a similar tendency as in adults (Supplementary Figure
S3A-D, Student’s rtest, *P <0.05, **P <0.0l,
**%P <0.001). Taken together, the above data reveal that
celecoxib inhibits the expression of the neuroinflammatory

factor COX-2, improves the immune and inflammatory
microenvironments and suppresses apoptotic events.

Discussion

In this study, a stable and practical demyelination model
was induced in Tg (mbp:nfsB-egfp) fish with Mtz. In
adults,
in situ and quantitatively. First, a remarkable decrease in

effective oligodendrocyte ablation was verified

the number of GFP-positive cells was observed in the
brain, spinal cord, and optic nerve. Previously, we studied
demyelination in the spinal cord using the same transgenic
model."” However, the overwhelming majority of patients
who develop MS first present with a clinically isolated
syndrome that involves the optic nerve, brainstem, or
spinal cord.** Therefore, we also explored pathological
changes in the brain and optic nerve. Second, the expres-
sion of MBP protein and mRNA was also significantly
decreased. It has been reported that a reduction in mbp
gene transcription products or synthesis defects can result

in delayed myelination.”> Our results also confirmed this
finding. Because the larval zebrafish were relatively small
in size, it was convenient to observe GFP expression in the
spinal cord in whole mounts in real-time. The weakened
and discontinuous fluorescence signals resulting from sig-
nificantly reduced MBP protein expression verified the
effective demyelination in larvae. To some extent, this
primary demyelination in both adult and larval Tg (mbp:
nfsB-egfp) fish mimics the early pathological events of
MS 2627

It was important to evaluate the in vivo toxicity of
celecoxib before we investigated its therapeutic effect.
Following 72 hours of exposure, celecoxib had little effect
on zebrafish development. The concentration of celecoxib
treatment used in this study in both demyelinated adults
and larvae was 2 uM. This dose is almost equivalent to the
oral administration dose. The rate and effect of absorption
of oral celecoxib is rapid and good, with 97% plasma
protein binding, suggesting that it is extensively distribu-
ted in tissues.”® Because oligodendrocytes are specifically
labeled with GFP in Tg (mbp:nfsB-egfp), we assessed the
status of remyelination in adults following 6 days of cel-
ecoxib treatment through two approaches. First, GFP-
expressing cells were quantified by cell sorting. Second,

the in situ expression of GFP was examined by
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immunohistochemistry. The number of oligodendrocytes
was significantly increased in the celecoxib-treated group
compared to the control group. Moreover, the localization
of GFP-positive cells (including in the brain, spinal cord,
and optic nerve) was very similar to that observed before
Mtz induction. We also treated demyelinated larvae with
celecoxib for 3 days. The GFP signals in the spinal cord
were increased in the celecoxib-treated group compared to
the control group, and the continuous distribution was
restored in the celecoxib-treated group. The expression of
mbp was also upregulated. Moreover, we measured func-
tional changes. In most MS patients, the clinical manifes-
tations involve motor, sensory, visual, and autonomic
nervous system dysfunction.”’ Surprisingly, locomotor
ability was dramatically restored to almost physiological
levels in the celecoxib-treated group. Another noteworthy
finding was the different treatment times between adults
and larvae. We speculated that this was due to the age-
related decline in the regeneration rate. In animal models
and MS patients, it was evident that the efficiency of CNS
remyelination decreases with age.*® It has been reported
that celecoxib has potential neuroprotective effects. In a rat
model of hypoxia-reoxygenation, celecoxib is one of the
most effective NSAIDs for preventing nerve cell death.’!
In a middle cerebral artery occlusion model, celecoxib
treatment can prevent or delay the occurrence of selective
neuronal loss, inhibit glial activation, and improve neuro-
logical deficits.>® Our findings revealed that celecoxib can
significantly increase the number of oligodendrocytes;
hence, the morphology and function of the myelin sheath
can be restored in a short period.

In MS patients, inflammation, the immune response, and
apoptosis play pivotal roles in the nervous system.33’34
Microglia and macrophages mediate cell damage or neuro-
protection and are involved in the pathogenesis of MS; at the
early stage, microglia and macrophages are activated toward
the classical proinflammatory M1 phenotype. As antigen-
presenting cells, M1 microglia and macrophages also parti-
cipate in activating helper T cells such as Th1 and Th17 cells
to support immune responses. At later stages, the anti-
inflammatory M2 phenotype is predominant in the CNS.*
M2 microglia and macrophages can promote the differentia-
tion of Th2 cells and regulatory T cells to inhibit Thl cell
activity and proinflammatory cytokine release.**>’ In
response to distinct microenvironmental cues, a fully polar-
ized M1 or M2 subpopulation can reverse its phenotype and
function. In this study, we found decreased expression of M1
@iI-1B and il-12) and

phenotype markers increased

expression of M2 phenotype markers (argl and mrcl). The
different subtypes not only play a key role in the immune
response and protect the organism against infection but also
regulate inflammation.®® The upregulation of anti-
inflammatory cytokines (il-4 and il-10) and downregulation
of pro-inflammatory mediators (tnf-a and il-6) further con-
firmed the transition of microglia and macrophages from the
M1 to the M2 phenotype since pro-inflammatory mediators

3940 \while

are released by M1 microglia and macrophages,
anti-inflammatory cytokines are released by M2 microglia
and macrophages.*' The correlation between COX-2 inhibi-
tion and apoptosis was also addressed in this study. In
virus (TMEV)

model, the COX-2 protein is colocalized with the apoptotic

a Theiler’s murine encephalomyelitis

mediator caspase-3.” In a cuprizone-induced demyelination
model, COX-2 activity is correlated with caspase-3
activation.*” Whether mediated by the extrinsic or intrinsic
pathway, apoptosis depends on the activity of two end-
apoptotic effector enzymes, namely, caspase-3 and
caspase-7.* Following celecoxib treatment, the expression
of caspase-3 and caspase-7 was significantly decreased. Our
findings reveal for the first time that celecoxib treatment can
improve the inflammatory and immunity response and
attenuate caspase-dependent apoptosis, leading to rapid tis-

sue regeneration.

Conclusion

The main conclusions of this study are as follows: (1)
celecoxib treatment promotes the regeneration of oligo-
dendrocytes and contributes to the structural and func-
tional recovery of the myelin sheath; (2) by selectively
inhibiting COX-2, celecoxib can improve the immune and
inflammatory microenvironments and suppress caspase-
dependent apoptosis, thus exerting a therapeutic effect
against demyelination.
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