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Abstract Melatonin and N-acetylserotonin (NAS) are trypto-
phan metabolites that have potent anti-oxidant, anti-
inflammatory and neuroprotective properties in several animal
models of neurological injury and disease including multiple
sclerosis (MS). The therapeutic effect of NAS has not been
reported previously in experimental autoimmune encephalo-
myelitis (EAE), a commonly used animal model of MS. Using
a MOG-peptide induced EAE mouse model we examined the
effects of melatonin and NAS on clinical score, inflammatory
markers, free radical generation, and sparing of axons, oligo-
dendrocytes and myelin. We found that NAS and melatonin
reduced clinical scores when administered prior to or after
symptom onset. This effect was more pronounced when mel-
atonin and NAS were administrated prior to symptom onset
whereby the appearance of motor symptoms was significantly
delayed. Activated microglia and CD4* T-cells were increased
in the white matter of untreated EAE mice, with a return to
near control levels after melatonin or NAS treatment. The
expression of the NADPH oxidase component p67phox and
inducible nitric oxide synthase (iNOS) was increased in the
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EAE mice as compared with controls, and both drug treated
groups had significant reductions in their expression.
Melatonin and NAS treatment significantly reduced the loss
of mature oligodendrocytes, demyelination and axonal injury.
Both compounds also significantly attenuated iNOS induction
and reactive oxygen species (ROS) generation in
lipopolysaccharide-activated microglia in culture. Our results
show for the first time the therapeutic effects of NAS and
confirm previous reports on the effectiveness of melatonin in
the EAE model of MS.
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Introduction

Multiple sclerosis (MS) is a chronic neuro-inflammatory dis-
case that affects young adults with a prevalence in different
populations of 5-200 cases per 100,000 individuals (Milo and
Kahana 2010). Cytokines derived from CD4"* T helper (Th)
lymphocytes including Th1 and Th17 cells drive the inflam-
matory process in MS, which is amplified by CNS microglia
targeting myelin proteins such as myelin basic protein, myelin
oligodendrocyte glycoprotein (MOG) and proteolipid protein.
Peroxynitrite, the reaction product of nitric oxide and super-
oxide, is a powerful oxidant released by reactive microglia (Li
et al. 2005) which can be toxic to oligodendrocytes (Li et al.
2011a; Li et al. 2011b). The Thl cytokines interferon-y and
tumor necrosis factor-o« (IFN-y, TNF-«) and the Th17 cyto-
kines interleukin 17 and 22 (IL-17, IL-22) have been identi-
fied in MS lesions (Maddur et al. 2012; Miossec 2009) and are
thought to be involved in the disease progression. Opposing
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the pro-inflammatory actions of Th1 and Th17 lymphocytes,
regulatory T cells (Treg) play an inhibitory role in MS espe-
cially in the later phases of the disease.

Reactive oxygen and nitrogen species including superox-
ide anion, hydrogen peroxide, nitric oxide, and peroxynitrite,
are produced in response to inflammatory stimuli and have a
critical role in tissue damage in MS and experimental autoim-
mune encephalomyelitis (EAE). Studies from our group and
others have previously demonstrated the production and ac-
cumulation of high levels of nitric oxide, superoxide and
peroxynitrite in spinal cord white matter of EAE mice (Li
et al. 2011b; Vana et al. 2011) and in cerebral spinal fluid of
MS patients (Calabrese et al. 2002). The increased induction
of inducible nitric oxide synthase (iNOS) and activation of
NADPH oxidases are thought to be the major sources of nitric
oxide and superoxide, which contribute to loss of oligoden-
drocytes and demyelination (Lin et al. 1993). Melatonin has
been shown to reduce oxidative stress, for example it was
reported that melatonin stimulates antioxidant enzymes thus
acting as an indirect antioxidant (Bonnefont-Rousselot and
Collin 2010).

Metabolites in the melatonin and kynurenine pathways of
tryptophan catabolism have potent effects on immune system
activity and inflammation. In the melatonin pathway, N-
acetylserotonin (NAS) and melatonin possess anti-
inflammatory and antioxidant actions. Tryptophan derivatives
in the kynurenine pathway can have excitotoxic (e.g.,
quinolinic acid) or anti-inflammatory (e.g.,
hydroxyanthranilate) actions in the nervous system
(Darlington et al. 2010; Stone et al. 2012). The regulation of
tryptophan metabolism via melatonin and kynurenine path-
ways can have significant effects on the progression and re-
mission of inflammatory CNS disorders including MS.
Conversion of tryptophan to kynurenine and other down-
stream metabolites via the rate limiting enzyme indoleamine
2,3-dioxygenase (IDO) is an important regulatory pathway in
inflammatory disorders including MS (Kwidzinski et al. 2005;
Mancuso et al. 2015). IDO is strongly upregulated by IFN-y
resulting in the production of both immunosuppressive
(Sakurai et al. 2002) and neurotoxic (Sundaram et al. 2014)
metabolites in the kynurenine pathway of tryptophan
catabolism.

Tryptophan enters the melatonin pathway when the en-
zyme tryptophan hydroxylase converts this essential amino
acid to 5-hydroxytryptophan, which can then be sequentially
converted to serotonin, NAS and melatonin. In addition to
their antioxidant and anti-inflammatory properties, melatonin
and NAS are known to act as immune signaling agents that
play important roles in MS (Anderson and Rodriguez 2015).
In view of the safety and effectiveness via multiple biochem-
ical mechanisms, melatonin has attracted widespread attention
in a variety of disease conditions involving inflammation and
oxidative conditions, including MS (Chen et al. 2016). As a
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potent anti-inflammatory and antioxidant agent NAS was
found to be effective in experimental models of ischemic in-
jury (Zhou et al. 2014). However, the effectiveness of NAS in
the animal model of MS has not been investigated. Here we
show that NAS and melatonin have therapeutic potential in
EAE with NAS being as effective as melatonin for preventa-
tive treatment under our experimental conditions.

Methods
Materials

Fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s
medium (DMEM) were purchased from Invitrogen (Carlsbad,
CA). 2',7'-dichlorofluorescein diacetate (DCF) was purchased
from Molecular Probes, Inc. (Eugene, OR). NAS, melatonin
and other chemicals and reagents were purchased from Sigma
(St. Louis, MO), unless stated otherwise.

Animals

Female 7-week-old C57BL/6 J mice were from Jackson
Laboratory (Bar Harbor, ME). Animal care and experimental
procedures were carried out in accordance with NIH guide-
lines and approved by the Uniformed Services University
Animal Care and Use Committee. Animals were housed in
an environmentally controlled room (20-23 °C, ~44 % hu-
midity, 12 h light/dark cycle, 350-400 Ix, lights on at
6:00 am), with food and water available continuously.
Animal handling was minimized to reduce animal stress.

Induction of EAE and Clinical Score

EAE was induced in C57BL/6 mice as we previously reported
(Vana et al. 2011; Li et al. 2011b). In brief, following a sterile
preparation of the skin, female 8-week-old C57BL/6 J mice
were injected subcutaneously with 200 ug MOG 35-55 pep-
tide emulsified in complete Freund’s adjuvant containing
500 ug Mycobacterium tuberculosis (DIFCO). Immediately
and 24 h after immunization, mice were administered 200 ng
pertussis toxin intraperitoneally (List Biological Labs). At
1 week after induction, EAE mice received a booster of
200 pg of MOG in incomplete Freund’s adjuvant. Animals
were monitored blindly and daily by two independent ob-
servers and neurological signs were assessed as follows: 0,
normal; 1, piloerection, tail weakness; 2, tail paralysis; 3, tail
paralysis plus hind limb weakness/paralysis; 4, tail, hind limb
and fore limb paralysis; 5, moribund/death, using increment of
0.5 points for intermediate clinical findings. The onset of EAE
was defined as the first day when an animal showed a clinical
score > 0.5.
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Drug Treatment

NAS or melatonin (20 mg/kg i.p.) were administered to one of
two groups of mice starting at day 3 after MOG injection (pre-
treatment) or at the disease onset at around day 10 after EAE
induction (post-treatment) and then once a day until day 28.
All drugs were dissolved in 1 % DMSO, which was used as a
vehicle control.

Immunostaining

Animals were euthanized using a combination of ketamine
and xylazine solution (90 mg ketamine/10 mg xylazine per
ml, i.p.), then transcardially perfused with ice cold PBS
followed by 4 % paraformaldehyde in the same buffer.
Spinal cords were dissected and kept in 4 % paraformalde-
hyde at 4 °C overnight. Tissues were then transferred into PBS
containing 30 % sucrose at 4 °C overnight and stored at
—80 °C after being embedded in OCT (Tissue Tek).
Transverse sections of lumbar spinal cord were cut at 14 pm
using a cryostat (Leica model CM1900) and mounted onto
Superfrost Plus slides for immunohistochemistry. Primary an-
tibodies including anti-mouse F4/80 (1:300; eBioscience;
Cat# E04273-1635), anti-rabbit iNOS (1:50; Abcam; Cat#
ab15323), anti-mouse CD4 (1:100; BD Pharmingen, San
Jose, CA; Cat# E04273—1635), anti-mouse APC monoclonal
(CC1, 1:100; Calbiochem; Cat# OP80), anti-fluoromyelin
(1:1000; Thermo Fisher; Cat# F34651), anti-rabbit NF-200
(1:250; Calbiochem; Cat# AB1989) and anti-p67phox
(1:100; BD Pharmingen; Cat# 610,913) were used for immu-
nofluorescence studies. Briefly, the slides were washed twice
with PBS and then incubated in PBS containing 1 % donkey
serum and 0.3 % Triton X-100 for 30 min at room tempera-
ture, followed by respective primary antibody incubation in
the same buffer overnight. The slides were then washed with
PBS containing 0.2 % Triton X-100 and incubated with Alexa
fluor 488 or Alexa fluor 594 conjugated donkey anti-rabbit,
mouse or rat secondary antibodies (1:750; Invitrogen, Grand
Island, NY) for 1 h. The slides were again washed with PBS
twice and covered with Fluoroshield mounting medium in-
cluding DAPI for nuclear staining. Immunofluorescence im-
ages shown in Figs. 2-4 were obtained with a fluorescence
microscope (Nikon Eclipse TE-2000 U).

The cells with both DAPI and primary antibody fluores-
cence were defined as positively stained cells. All immuno-
fluorescence data were obtained in a minimum of 57 serial
sections from the lumbar spinal cord of the same animal.
Negative controls were performed in which the primary anti-
bodies were omitted. For cell counting, the image of whole
spinal cord cross-section was assembled from separate images
taken under 20x objective and the positively stained cells in
spinal cord white matter were counted in each serial section.
The data shown in the figures represents the average of the

positively stained cells over the entire white matter area as
expressed as cell number/mm?.

Cell Culture

Forebrains of postnatal day 2 rats were dissected, dissociated
and plated in 75 cm? flasks containing DMEM plus 20 % FBS
and 1 % penicillin/streptomycin. After 10 days, the mixed
cultures containing microglia, astrocytes and oligodendro-
cytes were shaken on an orbital shaker for 1 h at 200 rpm
and 37 °C. The loosely attached microglial cells were de-
tached into the medium while astrocytes and oligodendrocytes
remain attached to the flask. Microglia in the medium were
collected, centrifuged and then plated into 24-well plates at the
density of 2 x 10° cells/well and 96-well plates at a density of
5x 10 cells/well.

Western Blot Analysis

Microglial cultures grown in 96 well plates were pretreated
with 0.3 and 3 mM NAS or melatonin for 15 min before the
addition of LPS (0.1 pg/ml), and were incubated for an addi-
tional 3 h. Cells were washed, and the whole cell lysates from
the cultured primary microglial cells were obtained by using
ice cold protein lysis buffer (containing 1x Tris buffered saline
(TBS), 1 % Nonidet P-40, 0.5 % sodium deoxycholate, 0.1 %
SDS, 0.004 % sodium azide) with freshly added protease in-
hibitor cocktail. The lysates were subject to centrifugation at
10,000 g for 10 min at 4 °C. Five pg of the whole cell lysates
were mixed with one-third volume of 4x electrophoresis sam-
ple buffer and boiled for 5 min. The samples were separated
on Novex 4-12 % Bis-tris gel and protein was transferred to
PVDF membrane using a Bio-Rad mini-trans-blot cell.
Transferred blots were then blocked by incubating the mem-
brane with 5 % BSA for 1 h at room temperature to reduce
non-specific binding. The blocked membrane was incubated
with a rabbit anti-iINOS antibody overnight. After washing
with TBS containing 1 % Tween 20, the membrane was incu-
bated with horseradish peroxidase-conjugated secondary anti-
body and washed three times in the same buffer. Finally, the
membrane was incubated using a chemiluminescence western
blot detection kit from Pierce (Rockford, IL) for 1 min and
protein was visualized using Image Reader LAS-3000
software.

Measurement of Reactive Oxygen Species (ROS)

Microglia were grown in 96-well plates and were pre-treated
with NAS or melatonin at 0.5 and 2.5 mM for 15 min and then
lipopolysaccharide (LPS, 100 ng/ml) was added. Six hours
later, wells were washed with Earle’s balanced salt solution
(EBSS) three times and incubated with 20 uM DCEF in the
incubator at 37 °C for 30 min. The generation of ROS was
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quantified using the Spectra MAX Gemini XS microplate
reader with excitation wavelength at 485 nm and emission
wavelength at 530 nm at room temperature.

Statistical Analysis

Statistical analyses were performed using GraphPad Instat 3
software (GraphPad Software). Analysis of variance
(ANOVA) together with Bonferroni’s multiple comparison
post-test was used to compare the differences among the mul-
tiple groups. Results were quantified and expressed as means
+ standard error of mean (SEM). Statistical difference was
defined as p < 0.05.

Results

Tryptophan Metabolites NAS and Melatonin Reduce
Clinical Severity of EAE

Mice were observed daily for 28 days after induction of EAE.
We observed significant attenuation of the clinical signs in the
experimental groups given melatonin or NAS starting on day
3, prior to disease onset (Fig. 1a). Mice treated with NAS
showed a significant delay in the appearance of the symptoms
compared to the untreated EAE group (p < 0.01). The clinical
symptoms in EAE vehicle group mice reached peak on day 17
with the average highest score of 2.7, which remained at the
same level until the end of the experiment on day 28. The
NAS treated group reached peak clinical scores on day 20
with the average score of 1.4. The highest score was only
maintained for three days and then was slightly reduced.
From days 12 to 28, the clinical scores in the NAS treated
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group were significantly lower compared to those in the
EAE vehicle group. Consistently, EAE mice treated with mel-
atonin displayed dampened clinical symptoms. From days 15
to 18 and days 22 to 28, treated mice had significantly reduced
clinical scores with the highest average score of 2. In the pre-
treatment group NAS was somewhat more effective at
delaying and reducing clinical signs as compared with mela-
tonin. The therapeutic effect of NAS and melatonin was also
observed in mice treated after the onset of clinical signs
(Fig. 1b). Treatment with NAS and melatonin after symptom
onset (day 10 after induction) improved motor function, but
the effect was not as great as seen with the groups pre-treated
with the two compounds. The clinical scores were significant-
ly reduced from days 22 to 28 after EAE induction in groups
treated with both melatonin and NAS with an average score
difference between vehicle and drug treated groups of 1
(p < 0.05).

Inflammatory Infiltrates within Spinal Cord during EAE
Are Diminished in the NAS and Melatonin Treated Mice

The progression of MS, as well as that of EAE, is mediated by
the infiltration of T- and B-lymphocytes and the activation of
microglia and macrophages. The peripherally expanded cells
infiltrate into CNS and release inflammatory cytokines, ROS
and nitric oxide that contribute to demyelination and axonal
degeneration. We investigated the effectiveness of post-
treatment with NAS or melatonin (beginning after symptom
onset) in EAE mice on reducing lymphocyte infiltration and
microglial activation in spinal cord. We examined lumbar spi-
nal cord sections from 28 day control mice and vehicle and
drug treated EAE mice with immunofluorescence histochem-
istry using an anti-F4/80 antibody that recognizes reactive
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Fig. 1 Both NAS and melatonin ameliorated clinical severity of EAE.
Melatonin or NAS were administrated on day 3 after EAE induction and
the clinical scores were recorded based on the reported criteria. Data for
clinical score are means = SEM for 12 mice per group. The score in the
pre-treatment melatonin group (blue line) was significantly lower than the
untreated (vehicle) EAE group (red line, *p < 0.05). The clinical score in
the pre-NAS treated group (black line) was also significantly lower than
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that in the EAE vehicle group (*p < 0.05, **p < 0.01, ***p < 0.001) (a).
After the onset of clinical signs on day 10, melatonin or NAS were
administrated. The clinical scores in the post-treatment of melatonin
(blue line) and NAS (black line) were significantly lower than that in
the EAE vehicle group, (*p < 0.05 NAS treated group from day 23 to
28; melatonin treated group from day 22 to 28) (b)
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microglia and an anti-CD4 antibody that labels CD4" T lym-
phocytes. We found increased activated microglia and CD4"
T-cells in the untreated EAE spinal cord white matter in com-
parison to the control mice (Fig. 2a). The cell counts for F4/80
positive cells in the lumber spinal cord white matter of EAE
vehicle group were 359 + 43 cells/mm? (Fig. 2b) and the
number of CD4" T cells was 477 + 80 cells/mm” (Fig. 2a
and b). These values were significantly greater than those in
the melatonin and NAS treated groups. The number of F4/80
positive microglia in the melatonin and NAS treated EAE
groups was 83 £ 28 cells/mm?, 102 £ 26 cells/mm?, respec-
tively. The positive stained CD4" T cell in melatonin and NAS
treated group was also significantly decreased, with 33 + 17
cells/mm? and 23 + 14 cells/mm? respectively (Fig. 2a and c).
Overall, post-treatment with NAS or melatonin significantly
reduced microglial activation and lymphocyte infiltration in
EAE mouse spinal cord.

NAS and Melatonin Are Effective at Reducing Oxidative
and Nitrative Stress in EAE

We next examined whether NAS and melatonin can regulate
expression of enzymes involved in generating reactive oxygen
and nitrogen species. NADPH oxidases generate superoxide
anion and are composed of several subunits, including
p67phox which acts as the activator subunit (Pick 2014).
Staining for p67phox was very low in the spinal cord of con-
trol mice. In spinal cord tissues of the experimental EAE mice
there was increased immunofluorescence staining with anti-

Control EAE EAE/Mel

F4/80

Fig. 2 Melatonin or NAS post-treatment reduced microglial activation
and lymphocyte infiltrates in the spinal cord white matter of EAE mice.
Immunofluorescence staining was done on transverse sections from
mouse lumbar spinal cord 28 days after EAE induction (a). The micron

EAE/NAS

p67phox antibody (Fig. 3a). In the spinal cord white matter of
the EAE vehicle group p67phox positively stained cells num-
bered 183 + 24 cells/mm?, whereas in the melatonin and NAS
treated EAE groups significantly lower numbers of p67phox
positive cells were seen, with cell counts of 32 + 8 cells/mm?
and 43 = 11 cells/mm? respectively (Figs. 3a, b). Similarly, the
increased expression of iNOS in the spinal cord white matter
of EAE mice was also greatly reduced by NAS and melatonin
treatments. In the EAE-vehicle group the positively stained
iNOS cells with the average number of 90 + 13 cells/mm?
were much greater than those in the melatonin and NAS treat-
ed EAE groups. The numbers of positive iNOS cells in the
treated group were 12 + 5 cells/mm? in melatonin treated
group and 9 + 4 cells/mm? in the NAS treated group
(Figs. 3a, c). These results show that NAS and melatonin exert
inhibitory actions on the expression and activation NADPH
oxidase and iNOS in EAE mice.

NAS and Melatonin Protect EAE Mice
from Neurodegeneration

Having shown that NAS and melatonin exhibit beneficial anti-
oxidative and anti-inflammatory effects in the EAE model, we
then investigated the neuroprotective effects of NAS and mel-
atonin on axonal damage and inflammatory demyelination.
We compared the neurofilament 200 (NF-200) positive profile
and the extent of myelination in the spinal cords of treated and
untreated EAE mice. We employed anti-NF200 antibody and
FluoroMyelin™ Green Fluorescent myelin stain for this
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Fig. 3 Melatonin and NAS down-regulated the expression of NADPH
oxidase component p67phox and inducible nitric oxide synthase (iNOS)
in the spinal cord white matter of EAE mice. Immunohistochemistry was
performed with mouse lumbar spinal cord 28 days after EAE induction

purpose. In the EAE-vehicle group, there was approximately
3.5 % NF-200 positive stain area in spinal cord as compared to
10 % NF-200 positive stain area in the control animals. In the
melatonin and NAS treated EAE animals increased NF-200
positive staining was observed. With the treatment, the NF-
200 positive stain area increased to 8.3 % (melatonin) and
9.6 % (NAS), indicating less axonal injury (Figs. 4a, b).
Compared to the 5.1 % of the myelinated spinal cord areas
in the EAE vehicle group, melatonin and NAS treated EAE
groups presented 11.2 % and 12.8 % myelinated areas, which
were significantly greater than the myelinated spinal cord
areas in the EAE vehicle group and were closer to the
14.6 % myelinated area observed in the control group
(Fig. 4a, c¢). These results demonstrate the neuroprotective
effects of melatonin and NAS on EAE mice.

The loss of oligodendrocytes in MS patients leads to de-
myelination and motor and cognitive deficits. CC1 is a marker
to detect mature, myelin producing oligodendrocytes in the
CNS. We further investigated the degree of oligodendrocyte
loss in the spinal cord white matter with anti-CC1 antibody in
the spinal cord tissue from EAE mice. The results showed that
compared to the control mice there was remarkably reduced
CCI1 positive staining in the spinal cord white matter of the
vehicle-treated EAE mice (Fig. 4a). Administration of mela-
tonin and NAS attenuated the loss of oligodendrocytes with
spinal cord sections from the treated mice showing similar
CCI1 positive staining to that in the control mice (Fig. 4d).
Overall, our immunofluorescence findings indicate that NAS
and melatonin have significant anti-inflammatory, anti-
oxidant and neuroprotective effects in the EAE mouse model.
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The expression of p67phox and iNOS were both significantly decreased
in the melatonin and NAS treated groups, (***, p < 0.001, n = 12) (b, ¢)

NAS and Melatonin Attenuate Oxidative Stress
in Primary Microglial Culture

To further explore the mechanism underlying NAS and melato-
nin anti-oxidative function, primary microglia were activated by
LPS in the presence of NAS or melatonin to evaluate their roles
on the production of reactive oxidative spices (ROS) and iNOS.
We pre-treated primary microglia cells with NAS or melatonin
at concentrations of 0.3 and 3 mM starting at 30 min before and
then 6 h after the start of LPS exposure. The iNOS production
was determined by Western Blot. No iNOS expression was
observed in microglial cells that were not treated with LPS
(Fig. 5a). Treatment of LPS-stimulated microglia with NAS or
melatonin at a concentration of 0.3 mM did not significantly
affect iINOS expression. However, treatment with NAS or mel-
atonin at 3 mM significantly inhibited the production of iNOS,
and melatonin was more effective at this concentration than
NAS. Relative band intensity analysis in LPS-treated microglia
showed a 4-fold reduction in iNOS expression with 3 mM mel-
atonin and a 2-fold reduction with 3 mM NAS (Fig. 5b). These
observations demonstrate that tryptophan metabolites can mod-
ulate microglial iNOS induction.

To determine if ROS generation was also affected by the
tryptophan metabolites we used the dichlorofluorescein assay
in primary microglial cultures. Microglia were cultured in 96-
well plates and treated with different doses of NAS or mela-
tonin for 30 min, followed by 6 h LPS stimulation. Figure 5¢
shows that with LPS stimulation, primary microglia produced
almost three times more ROS than untreated cells. Both NAS
and melatonin treatment attenuated ROS generation in a dose
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a Control EAE

EAE/NAS

Fig. 4 Administration of melatonin and NAS protected neurons from
damage and demyelination in the spinal cord white matter of EAE
mice. Immunofluorescence staining was performed with transverse
sections of lumbar spinal cord tissue from the mice 28 days after EAE
induction. Sections were stained with anti-neurofilament 200 and Myelin-
Fluoro (a). The micron bar =100 um. Axon loss and demyelination were
observed in the untreated EAE mice. Greatly reduced axon loss and less
demyelination were seen in the EAE mice with melatonin and NAS
treatment. Neurofilament 200-positive area and myelinated area were

dependent manner. At a concentration of 0.5 mM NAS and
melatonin decreased ROS generation by ~15 % relative to
untreated LPS-stimulated microglia. At a concentration of
2.5 mM NAS and melatonin reduced ROS generation in
LPS-activated primary microglia cells by approximately
40 %. These findings indicate that NAS and melatonin reduce
both iNOS expression and ROS generation in LPS-activated
microglial cultures.

Discussion

MS is the most common inflammatory demyelinating disease
of the central nervous system. Increasing evidence has

EAE/Mel
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in white matter (%)
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o
1

o

CC1 positive cells/mm?

measured and showed in comparison to the whole spinal cord area
(**p < 0.01; ***p < 0.001, n = 12) (b, ¢). The marker of mature
oligodendrocyte CC1 was used to evaluate the number of mature
oligodendrocytes in the EAE and melatonin and NAS treated groups
(A). The positive stained cells in the treated group were significantly
more numerous than that in the EAE vehicle group. The number of
positive stained cells in the different treated groups is shown, (*p < 0.01,
##kp < 0,001, n = 12) (d)

demonstrated that inflammation and ROS play significant
roles in the pathogenesis of MS and the murine model,
EAE. Thus, treatment with anti-inflammatory and antioxidant
biologics should reduce tissue damage and improve neurolog-
ical outcomes. NAS, the immediate biochemical precursor of
melatonin, has previously been shown to have oncostatic,
(Blask and Hill 1986; Sanchez-Barcelo et al. 2012) immune
modulatory (Guerrero and Reiter 2002; Carrillo-Vico et al.
2005) and anti-inflammatory effects (Cuzzocrea and Reiter
2002). NAS also has neuroprotective properties through the
activation the tropomyosin receptor kinase B (TrkB) receptor,
whereas melatonin does not activate this pathway (Jang et al.
2010). Melatonin has both immune enhancing and inhibiting
effects depending on the state of immune activation and the

@ Springer



J Neuroimmune Pharmacol (2016) 11:763-773

770
LPS 0.1ug/mi
a - L
g MEL NAS
o 03 3 03 3(mM)
iNOS - e e -

B-actin e -, = — - -

Ratio of INOS to B-actin

LPS 0.1ug/ml

FLU (AU)

LPS 0.1pg/ml

Fig. 5 NAS and melatonin reduced iNOS and ROS expression in
primary microglial culture. Primary microglial cells were treated with
LPS (0.1 pg/ml) for 6 h in the presence of different concentrations of
melatonin or NAS. Western blots showed that melatonin at 3 mM almost
completely blocked iNOS induction and 3 mM NAS halved iNOS
expression compared to the untreated LPS-activated microglia (a). The
ratio of the relative band intensity of iNOS to -actin from 4 different
experiments is shown. Significant reductions in iNOS induction were
obtained when the NAS and melatonin treated groups were compared
to the LPS group (*p < 0.05, ***p < 0.001). (b). Primary microglial
cells cultured in 96-well plates were treated with LPS (0.1 pg/ml) for
3 h in the presence of melatonin or NAS as indicated. The fluorescence
from each well was obtained using the Spectra MAX Gemini XS
microplate reader with excitation wavelength at 485 nm and emission
wavelength at 530 nm. Melatonin and NAS dose dependently blocked
ROS generation in reactive microglia. Significant reductions were
obtained when the LPS alone treated group were compared to the drug
treated groups (*p < 0.05, **p < 0.01, ***p < 0.001). (c). A representative
experiment of four that were performed is shown

dose applied (reviewed in Carrillo-Vico et al. 2013).
Melatonin has been identified as a powerful direct free radical
scavenger (Reiter et al. 2007) and indirect antioxidant (Reiter
et al. 2003; Reiter et al. 2004). Melatonin is also effective in
reducing infiltration of Th1/Th17 lymphocytes in EAE and
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increasing Treg frequency and improving clinical scores
(Alvarez-Sanchez et al. 2015; Chen et al. 2016), but the effi-
cacy of NAS in the treatment of MS has not been investigated.
In order to examine the therapeutic effects of these tryptophan
metabolites, we treated MOG peptide-induced EAE mice with
NAS or melatonin at a dose of 20 mg/kg and monitored clin-
ical progression and pathological outcomes. This dose was
intermediate between the doses of melatonin used in two pre-
vious studies. Kashani et al. found that 5 mg/kg melatonin was
effective in reducing demyelination in the cuprizone model of
MS (Kashani et al. 2014), whereas Chen and colleagues found
that melatonin administered at 200 mg/kg was effective at
suppressing the expression of pro-inflammatory cytokines
such as INF- and IL-17 in the MOG peptide model of MS
(Chen et al. 2016). These doses far exceed the physiological
concentrations of melatonin recorded from serum in control
and MS patients (Farhadi et al. 2014) but considering the well-
established safety profile of melatonin, higher doses may be
required to elicit the full range of antioxidant and anti-
inflammatory actions.

In the present studies we found significant and persistent
improvement with melatonin or NAS treatment in EAE clin-
ical scores based on motor function (Fig. 1). Overall, pre-
treatment with melatonin or NAS, prior to the onset of symp-
toms, provided better protection from motor dysfunction.
Significantly reduced iNOS and p67phox immunoreactivity
was observed in spinal cord white matter in the melatonin
and NAS treated as compared to vehicle treated EAE mice
(Fig. 3) suggesting an attenuated inflammatory response and
reduced reactive nitrogen species formation. Both tryptophan
metabolites also significantly increased NF-200, myelin and
CCl1 staining relative to vehicle treated EAE mice indicating
reduced oligodendrocyte and axonal loss (Fig. 4). Melatonin
and NAS also significantly reduced staining for nitrotyrosine,
a marker of peroxynitrite formation in the EAE spinal cord
white matter (data not shown). Consistently we found that
both NAS and melatonin treatment attenuated the expression
of iNOS and the generation of ROS in microglial cell cultures
after LPS treatment. These results show that these two trypto-
phan metabolites in the serotonin pathway can have therapeu-
tic effects in EAE via anti-oxidative and immunomodulatory
mechanisms.

Previously it has been hypothesized that NAS may have
utility in the treatment of MS (Anderson and Rodriguez 2015)
and our report confirms its effectiveness in an MS model. The
NAS pre-treated group had a delayed onset of motor dysfunc-
tion and displayed no hind-limb paresis (see Fig. 1). Both
melatonin and NAS treated groups had persistently lower clin-
ical scores compared to the untreated EAE group whether
administered before or after symptom onset. The effectiveness
of melatonin in the EAE model of MS has been reported in the
two previous studies noted above (Chen et al. 2016; Kashani
et al. 2014). In the more recent study, both severity of the



J Neuroimmune Pharmacol (2016) 11:763-773

771

disease and incidence were reduced without altering the onset
of the disease. Also, the maximum clinical sign and cumula-
tive scores were significantly lower in the melatonin treated
group (Chen et al. 2016). Another study demonstrated that
melatonin levels are negatively correlated with MS relapses
in humans and the therapeutic effects afforded by melatonin
may be due to its suppression of Th17 cell differentiation and
the enhanced production of IL-10 from regulatory T cells
(Farez et al. 2015). Our observation that NAS showed some-
what greater effectiveness in reducing clinical scores than
melatonin when given prior to the disease onset suggests that
NAS may have better inhibitory effects on Th17 differentia-
tion. Melatonin given at doses up to 300 mg per day was
found to improve primary progressive MS in a 28 year old
patient who failed to respond to the standard treatment
(Lopez-Gonzalez et al. 2015).

We used CD4 and F4/80 as markers for inflammatory ef-
fects and found that both melatonin and NAS suppressed the
inflammatory responses (Fig. 2). Melatonin has been found to
have anti-inflammatory effects in a variety of both central and
peripheral disease conditions involving immune activation
and our results are consistent with those observations
(Alvarez-Sanchez et al. 2015; Esposito and Cuzzocrea 2010;
Carrillo-Vico et al. 2005). An earlier study in the rat model of
MS showed that the protective effects of melatonin are asso-
ciated with reduced inflammatory infiltration due to decreased
vascular ICAM-1 expression in the spinal cord (Kang et al.
2001). Melatonin and NAS have also been shown to inhibit
leukotriene B4-induced leukocyte endothelial adhesion
(Lotufo et al. 2001). A recent study examined the immune-
suppressive effects of melatonin in the EAE model and
showed that melatonin has multiple effects (Alvarez-
Sanchez et al. 2015). For example, melatonin was found to
down-regulate the Th1/Th17 effector immune responses by
decreasing both the number of these T cell populations as well
as the cytokines synthesized by them. Also, melatonin was
found to enhance the number of Treg cells in the CNS which

IFN-Y A —>>1DO A

Trp  f-Kyn—>

Fig. 6 Pathways of tryptophan catabolism in the CNS. The tryptophan
catabolizing enzymes indoleamine 2,3-dioxygenase (IDO) and
tryptophan hydroxylase-2 (TPH2) are expressed in the CNS, and they
can compete for available tryptophan during an inflammatory immune
response such as that in MS. IDO converts tryptophan (Trp) to N-formal
kynurenine (f-Kyn), which is the first metabolite in the kynurenine

Trp  5-HTP —> serotonin—>»

have an immune suppressive phenotype via the membrane
receptor CD44. While not much is known about the immune
suppressive action of NAS, it is reasonable to think that NAS
also acts through similar mechanisms.

We employed iNOS as a marker for oxidative stress effects
in microglial cultures and found that both melatonin and NAS
reduced iNOS expression and ROS generation effectively
(Fig. 5). A recent study using in vitro and in vivo models of
ischemic injury has shown that NAS provides neuroprotection
by inhibiting mitochondrial death pathways and autophagic
activation (Ding et al. 2015). In this study NAS did not appear
to act via any known receptor, including the TrkB receptor, in
the in vivo models of ischemic injury. Recent observations
that NAS can protect against oxidative stress injury caused
by hydrogen peroxide in a hepatic cell line and acute hepatic
ischemia-reperfusion injury in mice are consistent with the
receptor independent action of NAS (Yu et al. 2013). A recent
theoretical study has compared the effects of NAS,
hydroxymelatonin and melatonin against oxidative stress
and concluded that NAS and hydroxymelatonin are better
peroxyl radical scavengers than melatonin (Alvarez-Diduk
et al. 2015). These authors propose that NAS and
hydroxymelatonin derived from melatonin via metabolism
during melatonin treatment could contribute to the protective
effects of melatonin administration. They also stress that the
phenolic moiety of NAS and hydroxymelatonin might play a
major role in the anti-oxidative stress effects.

As much as 10-15 % of the administered melatonin could
be demethylated to NAS and it is therefore likely that part of
the protective effects of melatonin administration could be
mediated by NAS. It is possible that some NAS and melatonin
synthesis occurs throughout the brain, not necessarily only in
the pineal, and that the progression of MS could be influenced
by their local concentrations. Induction of the kynurenine
pathway of tryptophan metabolism in MS can have immuno-
suppressive, oxidative or excitotoxic actions depending on
which metabolites are generated (Stone et al. 2013;

immune CNS
tolerance excitotoxicity

A

immunosuppressive
metabolites

NAD
synthesis

=3 quinolinate *—)

anti-inflammatory

/ anti-oxidant actions

N-acetyl- .
y' —>» melatonin
serotonin

pathway. Tryptophan hydroxylase-2 (TPH-2) converts tryptophan to
5-hydroxytryptophan (5-HTP) which is the first metabolite in the
melatonin pathway. Both pathways produce anti-inflammatory
metabolites. However, the kynurenine pathway also generates
quinolinate, which has excitotoxic actions in the CNS
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Schwarcz 2016; Stone et al. 2012). In fact, IFN-y strongly
induces indoleamine dioxygenase in immune cells and drives
tryptophan metabolism via the kynurenine pathway and away
from the serotonin pathway, potentially reducing production
of serotonin, NAS and melatonin (Fig. 6). Some of the clinical
symptoms of MS such as depression are thought to be caused
by this shifting of tryptophan metabolism away from seroto-
nin, NAS and melatonin. Melatonin also inhibits demyelin-
ation and increases remyelination and therefore its local regu-
lation by serotonin availability in white matter glia could play
a role in the etiology, course and treatment of MS (Anderson
and Rodriguez 2015).

In conclusion, we found that NAS is as effective as mela-
tonin in reducing clinical signs, free radical generation and
iNOS expression as well as reducing oligodendrocyte, axonal
and myelin loss in the EAE model of MS. It is of important to
note that both NAS and melatonin belong to a library of 1040
FDA approved compounds selected by NINDS/NIH for fur-
ther studies. Based on the lack of toxicity, easy access to the
CNS across the blood brain barrier and the demonstrated ef-
fects in the EAE model by us and previous investigators and
the recent case report of improvement in a primary progressive
MS in a 28 year old patient (Lopez-Gonzalez et al. 2015),
clinical trials with proper placebo controls are warranted for
both NAS and melatonin.
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