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Abstract Type B monoamine oxidase (MAO-B) is pro-
posed to be involved in the pathogenesis of neurodegen-
erative disorders, such as Parkinson’s disease, through
oxidative stress and synthesis of neurotoxins. MAO-B
inhibitors, rasagiline and selegiline [(—)deprenyl], protect
neuronal cells by direct intervention in mitochondrial death
signaling and induction of pro-survival Bcl-2 and neuro-
trophic factors. Recently, type A MAO (MAO-A) was
found to mediate the induction of anti-apoptotic Bcl-2 by
rasagiline, whereas MAO-A increases in neuronal death
and also serves as a target of neurotoxins. These contro-
versial results suggest that MAO-A may play a decisive
role in neuronal survival and death. This paper reports that
rasagiline and selegiline increased the mRNA, protein
and catalytic activity of MAO-A in SH-SYSY cells.
Silencing MAO-A expression with small interfering
(si)RNA suppressed rasagiline-dependent MAO-A expres-
sion, but MAO-B overexpression in SH-SYS5Y cells did not
affect, suggesting that MAO-A, not MAO-B, might be
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associated with MAO-A upregulation. Rasagiline reduced
R1, a MAO-A specific repressor, but selegiline did not.
Mithramycin-A, an inhibitor of Spl binding, and actino-
mycin-D, a transcriptional inhibitor, reduced the rasagiline-
dependent upregulation of MAO-A mRNA, indicating that
rasagiline induced MAQO-A transcriptionally through
R1-Spl pathway, whereas selegiline by another non-defined
pathway. These results are discussed in relation to the role of
MAO-A and these MAO-B inhibitors in neuronal death and
neuroprotection.
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Abbreviations

MAO Monoamine oxidase
MAO-A and MAO-B Type A and B MAO
PD Parkinson’s disease
ROS Reactive oxygen species
SiRNA Small interfering RNA
Introduction

Monoamine oxidase [monoamine: oxygen oxidoreductase
(deaminating), EC 1.4.3.4, MAQO] is a major catabolism
enzyme of monoamine neurotransmitters and classified as
types A and B, according to the substrate specificity and
the sensitivity to distinct inhibitors (Shih et al. 1999). Type
B MAO (MAO-B) has been proposed to be involved in
the pathogenesis of Parkinson’s disease (PD) through
increased generation of reactive oxygen species (ROS)
from oxidation of monoamine substrates and the oxidative
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synthesis of neurotoxins from precursors, such as 1-methyl-
4-phenyl-pyridinium ion (MPP") from 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP). Selegiline [(—)deprenyl,
N-(phenylisopropyl)-N-methylpropargylamine] was the first
MAO-B inhibitor that protected neuronal cells from MPP*
cytotoxicity (Heikkila et al. 1985). Selegiline and another
MAO-B inhibitor, rasagiline [N-propargyl-1(R)-aminoin-
dan], are now applied as adjunct of L-DOPA therapy or
monotherapy in PD (Riederer et al. 2004; Ebadi et al. 2006;
Youdim et al. 2006; Bortolato et al. 2008). These MAO-B
inhibitors protect neuronal cells in cellular and animal
models of neurodegenerative disorders, through suppression
of mitochondrial apoptotic signaling and upregulation of
anti-apoptotic Bcl-2 and Bcl-xL and pro-survival neurotro-
phic factors, including glial cell line-derived neurotrophic
factor (GDNF) and brain-derived neurotrophic factor
(BDNF) (Akao et al. 2002; Maruyama et al. 2004; Naoi and
Maruyama 2010; Naoi et al. 2011; Maruyama and Naoi
2012). Inhibition of MAO activity is not considered as the
sole mechanism underlying neuroprotective function of
MAO-B inhibitors (Finberg and Youdim 2002).

In contrast, the expression of type A MAO (MAO-A)
was upregulated in apoptosis induced by withdrawal of
nerve growth factor (NGF) or serum (De Zutter and
Davis 2001; Ou et al. 2006a). An endogenous neurotoxin,
N-methyl(R)salsolinol bound to MAO-A and induced
apoptosis in SH-SYSY cells (Yi et al. 2006). In stauro-
sporine-induced apoptosis, MAO-A activity was post-
transcriptionally upregulated, in SH-SYSY cells, resulting
in increased ROS production (Fitzgerald et al. 2007). Vice
versa, hydrogen peroxide increased MAO activity in human
brain homogenates (Konradi et al. 1986). A selective
MAO-A inhibitor, clorgyline [N-methyl-N-propargyl-3(2,4-
dichlorophenoxy)-propylamine], prevented the apoptosis
induced by NGF depletion and also reduced MPTP neuro-
toxicity (De Girolamo et al. 2001). Clorgyline inhibits
MAO-A activity and reduces ROS production, which is
proposed to account for its neuroprotective function. These
results suggest that MAO-A may be an apoptogenic gene.

On the other hand, we found that MAO-A mediated the
induction of anti-apoptotic Bcl-2 expression by rasagiline
and silencing MAO-A expression with short interfering
(si)RNA suppressed the induction (Inaba-Hasegawa et al.
2012). In cDNA microarray study on the gene induction in
SH-SYSY cells, rasagiline increased MAO-A, suggesting
the involvement of MAO-A also in the neuroprotective
function of rasagiline (Naoi et al. 2007).

In this paper, we investigated the effects of rasagiline and
selegiline on the mRNA, protein and enzymatic activity of
MAO-A in SH-SYS5Y cells, in which only MAO-A protein
and enzymatic activity are expressed. To examine the role
of MAO-A and MAO-B, MAO-A expression was silenced
with siRNA, and MAO-B was overexpressed by enforced
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transfection of MAO-B DNA in SH-SYSY cells. The
molecular mechanism behind MAO-A induction by rasag-
iline and selegiline was investigated in relation to R1, a
transcriptional repressor of MAO-A (Chen et al. 2005) and
the following transcriptional processes. The results are
discussed in concern to the role of MAO-A in regulation of
neuronal death and survival in neurodegenerative disorders.

Materials and methods
Materials

Rasagiline, selegiline and clorgyline were kindly donated
from TEVA (Netanya, Israel), Dr. Knoll (Semmelweis
University, Budapest, Hungary) and May and Baker
(Dagenham, UK), respectively. Kynuramine and mithra-
mycin-A were purchased from Sigma (St. Louis, MO,
USA), an inhibitor of NF-kB, sc-3060, and its inactive
control, sc-3061, from Santa Cruz Biotechnology (Santa
Cruz, CA, USA), actinomycin-D, Dulbecco’s modified
Eagle’s medium (DMEM) and other chemicals from Wako
(Osaka, Japan).

Cell culture and MAO-B transfection

SH-SYSY cells were cultured in Cosmedium-001 tissue
culture medium (CosmoBio, Tokyo, Japan) supplemented
by 5 % fetal calf serum in 95 % air-5 % CO,. Stable clone
expressing MAO-B was established in SH-SYSY cells by
DNA transfection of MAO-B gene (MAO-B SH cells)
(Yi et al. 2006). Using pIRES1neo eukaryotic expression
vector (Invitrogen, San Diego, CA, USA), pIRESIneo-
MAO-B was constructed and transfected in SH-SYSY cells
using cationic liposomes (Lipofectamine 2000), according
to the manufacturer’s Lipofection protocol (Invitrogen).
Selection was started 2 days after the transfection using the
culture medium containing 0.7 mg/ml geneticin (Sigma).

Quantitative assay for protein levels of MAO-A, R1
and NF-xB p65 by Western blot analysis

MAO-A protein levels were quantified by Western blot
analysis with densitometry, as reported previously (Inaba-
Hasegawa et al. 2012). SH-SYS5Y cells (3 x 10° cells/well)
were cultured for 24 h in a 6-well poly-L-lysine coated
culture flask (Iwaki, Asahi Glass, Tokyo, Japan), then
treated with 107°~107'> M MAO inhibitors for further
24 h. The cells were gathered, washed with phosphate-
buffered saline (PBS) and suspended in RIPA buffer
(10 mM Tris—HCI buffer, pH 7.5, containing 1 % NP-40,
0.1 % sodium deoxycholate, 0.1 % sodium dodecyl sulfate,
150 mM NaCl and 1 mM EDTA 2Na), containing a
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protease inhibitor cocktail (Roche, Mannheim, Germany).
Lyzed protein was separated by SDS-PAGE using
1020 % gradient polyacrylamide gel (Bio-Rad Lab.,
Hercules, VA, USA). Resolved proteins were electroblot-
ted onto PVDF membranes (Amersham Hybond-P, GE
Healthcare, Buchinghamshire, UK). After blocked with
5 % fat-free milk, MAO-A was detected with the antibody
recognizing MAO-A (SC-20156 x500 dilution, Santa Cruz
Biotechnology), and f-actin as control with anti-f-actin
antibody (x5,000 dilution, Sigma) on the same membrane.
R1 (JPO2/RAM?2) protein was stained with the antibody
against R1 (JPO2/RAM2) (x500 dilution, Bethyl, Mont-
gomery, TX, USA) and NF-«B p65 with anti-p65 antibody
(x2,000 dilution, Code No. 100-4165, Rockland Immu-
nochemicals, Gilbertsville PA, USA). Then, the membrane
was treated with the second antibody at the room temper-
ature. The second antibody for MAO-A, R1 and NF-xB/
p65 was anti-rabbit IgG horseradish peroxidase-linked
species-specific whole antibody (GE Healthcare), and for
p-actin anti-mouse IgG (GE Healthcare), respectively. The
immunoreactive bands were visualized using Amersham
ECL plus Western blotting detection reagents (GE
Healthcare) or Immunostar LD (Wako). Protein amounts
were quantitatively determined using a Fujifilm LAS-4000
luminescent image analyzer (Tokyo, Japan). The amounts
were quantified by densitometry, and the values were
expressed as the relative density intensity against back-
ground, normalized with corresponding f-actin, and cal-
culated as the ratio to control. To determine MAO-A, R1
and f-actin on the same membrane, MAO-A was stained
with anti-MAO-A antibody, quantified, and the antibody
was washed out, then R1 and f-actin were visualized with
the respective antibody and quantitatively assayed.

Quantitative determination of MAO-A mRNA levels
by real-time RT-PCR

MAO mRNA levels were quantitatively measured by real-
time reverse transcription-polymerase chain reaction
(RT-PCR) method (Inaba-Hasegawa et al. 2012). SH-SYS5Y
cells (3 x 10° cells/well) cultured in a six-well culture flask
were treated with MAO inhibitors (107°-10~'2 M) for 6 or
24 h. The cells were gathered and washed with PBS, and the
total RNA was extracted using Trizol plus RNA purification
kit according to the manufacture’s protocol (Invitrogen).
The cDNA was generated by reverse transcription of the
total RNA (100 ng) and the cDNA fragments were ampli-
fied. f-actin mRNA was quantified with HA067803-F/-R as
a PCR primer and used as an internal standard. The relative
concentrations of PCR products were determined from the
standard curve prepared by real-time PCR of serial dilutions
of template cDNAs. MAO-A mRNA levels were quantita-
tively determined from cycle threshold (Cy) of the PCR

reaction analyzed by Real time system software (TaKaRa
Bio) and the standard curve, and expressed as the relative
values against control after normalized with corresponding
p-actin levels.

Assay for MAO activity

The effects of rasagiline on MAO activity were examined
in SH-SYSY cells cultured in a 6-well poly-L-lysine
coated culture flask for 24 h, and treated with rasagiline
(107710~ M) for further 24 h. The cells were gathered,
washed with PBS and mitochondrial faction was prepared,
according to Desagher et al. (1999). MAO activity was
quantitatively determined by the fluorometric assay using
kynuramine as a substrate, according to Kraml (1965).
Protein concentration was quantified according to Bradford
(1976).

Silencing MAO-A expression with siRNA
and the effects of inhibitors of transcription and NF-xB

Silencing MAO-A expression was carried out in SH-SYS5Y
cells using siRNA targeting MAO-A mRNA (sc-35847,
Santa Cruz Biotechnology) (Yi et al. 2006). The cells
(1.5 x 10° cells/well) were cultured in a six-well culture
flask for 24 h, and treated with siRNA for 48 h. The siRNA
(40 nM) was transfected into the cells using Lipofect-
amine™ RNAIMAX (Invitrogen), according to the man-
ufacturer’s Lipofection protocol. The transfection
efficiency was evaluated by the Western blot analysis of
MAO-A protein. The siRNA-treated cells were treated with
rasagiline or selegiline for further 24 h and MAO-A protein
levels were quantitatively measured.

In experiments using mithramycin-A, an inhibitor
of Spl binding (0.1 or 1 uM), or actinomycin-D, a tran-
scriptional inhibitor (1 or 5 pg/ml), SH-SYS5Y cells (9 x
10° cells/well) were cultured in a six-well culture flask for
24 h, then treated with mithramycin-A or actinomycin-D
for 1 h, and with rasagiline (107% or 1072 M) for further
24 h. The levels of MAO-A mRNA were quantified as
described above.

To investigate nuclear translocation of NF-xB by
rasagiline, SH-SYSY cells were treated with sc-3060 (30 or
40 pg/ml) or sc-3061 (40 pg/ml) as control for 1 h, then
with rasagiline (10~® or 10~ M) for 24 h. The cells were
gathered and the nuclear fraction was prepared with
Nuclear/Cytosol fraction kit (MBL, Nagoya, Japan)
according to the manufacture’s protocol. After SDS-PAGE,
NF-xkB p65 and MAO-A protein were quantitatively
determined and the values were expressed as the relative
ratio to those in cells treated with sc-3060 in the absence of
rasagiline.
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Statistics

Experiments were repeated at least 3—4 times in triplicate
or quadruplicate measurements, and the results were
expressed as the mean and SD. Differences were statisti-
cally evaluated by analysis of variance (ANOVA) followed
by Scheffe’s F test. A p value less than 0.05 was consid-
ered to be statistically significant.

Results

Rasagiline and selegiline increased the protein, mRNA and
enzymatic activity of MAO-A.

The effects of rasagiline and selegiline on MAO-A protein
levels were examined in SH-SYS5Y cells after treatment at
107°=10""> M for 24 h. These MAO-B inhibitors increased
MAO-A protein significantly, as shown by Western blot
analysis (Fig. 1a). By staining with anti-MAO-A antibody,
only one protein band with molecular mass of about 60 kDa
was detected. MAO-A protein was quantitatively deter-
mined by densitometry, and rasagiline at 10°~10"® M and
selegiline at 10"°~10'% M increased MAO-A significantly
(p < 0.05, from control) (Fig. 1b). The increase of MAO-A
by rasagiline was marked at the higher concentrations,
whereas selegiline upregulated MAO-A at the lower con-
centrations. On the other hand, clorgyline did not affect the
MAO-A levels. Serotonin (5-hydroxytryptamine), a MAO-
A substrate, and f-phenylethylamine, a MAO-B substrate,
did not affect MAO-A levels (data not shown).

Rasagiline and selegiline increased also MAO-A mRNA,
as quantified by real-time RT-PCR method. Figure 2a, b
shows the increased mRNA levels after 6 and 24 h treat-
ment with these MAO-B inhibitors. Rasagiline increased
MAO-A mRNA at 10~'-10"" M and 10~'°-10"* M after
6 and 24 h treatment, respectively. Selegiline enhanced
MAO-A mRNA levels at 107321072 M except 10_9, and
107%-10"% M after treatment for 6 and 24 h, respectively.
The increase by selegiline was more marked than rasagiline
at the lower concentrations.

The effects of rasagiline on MAO-A enzymatic activity
was studied in mitochondrial fraction prepared from SH-
SYSY cells treated with rasagiline at 107=10"'' M for
24 h. The enzymatic activity was significantly increased
after incubation with rasagiline at 10~ and 107'° M:
72.6 £ 5.8 and 64.2 £ 3.6 pmol/min/mg protein from
control, 56.5 £ 2.3 pmol/min/mg protein (p < 0.05)
(Fig. 2¢c). Rasagiline at 107" M inhibited MAO activity
significantly, indicating that rasagiline, a MAO-B inhibitor,
could inhibit MAO-A activity at the higher concentration.
The effects of rasagiline and selegiline varied on the mRNA,
protein and catalytic activity of MAO-A, suggesting that the
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Fig. 1 Effects of rasagiline and selegiline on MAO-A protein levels
in SH-SYSY cells. The cells were treated with the MAO-B inhibitors
(1075 10712 M), and MAO-A levels were determined. a Western blot
analyses for MAO-A. ff-Actin was used as control. b The quantitative
determination of MAO-A levels. The values were presented as the
relative ratio to control treated without MAO inhibitors [(—)]. Black,
white and gray columns show the values in cells treated with
rasagiline, selegiline and clorgyline, respectively. The column and bar
represent the mean and SD of four experiments. Significantly
different from control and between rasagiline- and selegiline-treated
cells, respectively, **p < 0.05

post-transcriptional modification and the direct inhibition
of the activity might determine their distinct expression
levels.

MAO-A silencing suppressed rasagiline-induced
MAO-A expression

The effects of siRNA treatment were investigated on the
rasagiline-dependent MAO-A induction. MAO-A-targeted
siRNA (MAO-A-siRNA) (40 nM) reduced MAO-A pro-
tein markedly to 42.9 & 6.1 % of control, and the catalytic
activity to 46.7 £ 9.9 % of control (Inaba-Hasegawa et al.
2012). In MAO-A-silenced cells, rasagiline did not affect
MAO-A protein levels, but it upregulated MAO-A in cells
treated with non-specific (NS)-siRNA (Fig. 3a, b). These
results suggest that MAO-A itself might mediate MAO-A
induction by rasagiline.
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Fig. 2 Effects of rasagiline and
selegiline on MAO-A mRNA
levels and of rasagiline on MAO
activity. MAO-A mRNA levels
in SH-SYSY cells after treated
with rasagiline (a) or selegiline
(b) at 107°-107"> M for 6 h
(black column) or 24 h (white
column). MAO-A mRNA was
quantified by real time RT-PCR,
and the column and bar
represent the mean and SD of
four independent experiments.
¢ MAO activity in
mitochondrial fraction prepared
from cells treated with
rasagiline (1077-107* M) for
24 h. The column and bar
represent the mean and SD of
the quadruplicate measurements
of three experiments.
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Rasagiline reduced R1 a transcription repressor and Spl
transcription factor was associated with MAO-A induction,
but not in the case with selegiline.

To confirm the intracellular mechanism behind increased
MAO-A expression, the effects of rasagiline and selegiline
on protein levels of R1, a MAO-A specific repressor, were
investigated. Western blot analyses show that rasagiline
decreased R1 and increased MAO-A (Fig. 4a). R1 protein
with molecular mass of about 56 kDa was detected with
anti-R1 antibody recognizing a region between residue 400
and the C terminus (residue 454) of human R1 (JPO2,
RAM?2). Rasagiline (10~® and 10™° M) significantly down-
regulated R1 levels to 70 and 86 % of control (p < 0.01 and
p < 0.05, respectively), and it upregulated MAO-A
expression significantly (p < 0.01) (Fig. 4b). On the other
hand, selegiline did not reduce, but rather increased Rl
protein at 107¢ M and did not affect R1 level at 1072 M.
In addition, Sp1 transcription factor, a controlling factor of
MAO-A, was associated with the increase of MAO-A mRNA
by rasagiline. Mithramycin-A, a specific inhibitor of Spl

binding to GC-rich regions of gene promoters (Spl response
elements) significantly inhibited MAO-A mRNA expression
by rasagiline (Fig. 4c). Mithramycin-A (0.1 and 1 pM)
reduced the basal values of MAO-A mRNA to 34 and 23 % of
control, and inhibited the rasagiline-dependent upregulation to
25-39 % of control. The reduction was statistically significant
from control and cells treated with rasagiline in the absence of
mithramycin-A (p < 0.01). Actinomycin-D (1 and 5 pg/ml), a
transcriptional inhibitor, also suppressed rasagiline-induced
MAO-A mRNA expression, and significantly reduced the basal
mRNA value to less than 50 % of control (p < 0.01 from
control) (Fig. 4c). The reduction in the basal MAO-A mRNA
levels by mithramycin-A and actinomycin-D may be due to
elevated basal expression of NF-xB-dependent genes in
the absence of activated nuclear NF-xB (Hirano et al. 1998).

Rasagiline increased MAO-A expression
through activating NF-xB

Rasagiline was found to induce neuroprotective GDNF and
Bcl-2 through extracellular-regulated kinase 1/2 (ERK
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Fig. 3 Effects of silencing MAO-A expression with siRNA on MAO-
A protein. a Western blot analysis of MAO-A protein in SH-SYS5Y
cells treated with MAO-A-specific [MAO-A-siRNA] or non-specific
(NS)-siRNA [NS-siRNA]. Cells treated with 40 nM siRNA for 48 h,
and further 24 h without [(—)] or with rasagiline (107%-10712 M.
b Quantitative analyses of MAO-A levels in cells treated with
specific- (black column) or NS-siRNA (white column). The protein
levels were expressed as the relative values to those in cells treated
without rasagiline. The column and bar represent the mean and SD.
Significantly different from control, and between the specific- and
NS-siRNA-treated cells, respectively. *%p < 0.05

1/2)-nuclear factor-xB (NF-xB) pathway (Maruyama et al.
2004; Inaba-Hasegawa et al. 2012). The role of NF-kB in
rasagiline-induced MAO-A expression was investigated
using sc-3060, a selective inhibitor of nuclear translocation
of the NF-xB active complex (Fig. 5a). Nuclear translo-
cation of NF-xB p65 was determined in the nuclear frac-
tion prepared from SH-SYSY cells treated with sc-3060 or
sc-3061, and then with rasagiline. By staining with anti-
body against NF-kB p65 subunit, only one protein band
with about 65 kDa corresponding NF-xB p65 was detected
in lysate of the nuclear fraction. Rasagiline (10~° and 10~°
M) increased NF-xB in the nuclear fraction, and sc-3060
(30 and 40 pg/ml) inhibited the nuclear translocation, but
sc-3061 a negative control (40 pg/ml) did not. Treatment
with sc-3060 (40 pg/ml) suppressed rasagiline-dependent
MAO-A induction, whereas sc-3061 at the same concen-
tration did not affect MAO-A levels, as shown by Western
blot analyses (Fig. 5b). Figure 5c shows the quantitative
determination of MAO-A protein and sc-3060 markedly
suppressed MAO-A increase by rasagiline, but sc-3061
did not. The difference of the affects of sc-3060 was
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Fig. 4 Effects of rasagiline and selegiline on RI1 levels and the
inhibitors of Spl transcription on MAO-A mRNA. a Western blot
analyses of R1 and MAO-A in the cells treated with rasagiline and
selegiline (107% and 107° M) for 24 h. b Quantitative analyses of R1
and MAO-A levels. The values of R1 (black column) and MAO-A
(white column) were presented as the relative values against those in
control cells treated without MAO inhibitors. Column and bar
represent the mean and SD of three independent experiments.
Significantly different from control, *p < 0.05. ¢ The effects of
mithramycin-A (0.1 and 1 pM) and actinomycin-D (1 and 5 pg/ml)
on MAO-A mRNA levels. SH-SYSY cells treated with these inhibitors
and further with rasagiline. I Control, /I and I cells treated with
rasagiline at 107 and 10~° M. Column and bar represent the mean
and SD. All the results after treatment with mithramycin-A and
actinomycin-D were significantly different from corresponding con-
trol cells treated without and with rasagiline, *p < 0.01. Significantly
different from cells treated without rasagiline or with 107° M
rasagiline in the absence of mithramycin-A or actinomycin-D

statistically significant from control and the cells treated
with sc-3061 (p < 0.05).

Role of MAO-B in MAO-A induction by rasagiline
and selegiline in MAO-B expressed SH-SYSY cells

In SH-SYS5Y cells, neither MAO-B protein nor the enzy-
matic activity was detected, even though the RT-PCR
analysis detected MAO-B mRNA. Therefore, the role of
MAO-B in MAO-A induction by rasagiline and selegiline
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Fig. 5 Effects of a NF-«xB inhibitor, sc-3060, on rasagiline-induced
nuclear translocation of NF-«kB and expression of MAO-A in SH-
SYS5Y cells. The cells were cultured in a six-well tissue culture flask,
treated with sc-3060 or sc-3061 for 1 h, and then cultured without or
with rasagiline (107° or 107° M) for further 24 h. a Western blot
analyses of NF-xB p65 in the nuclear fraction. I, II, Il and IV
Control, treated with sc-3060 at 30 and 40 pg/ml, or sc-3061 as
control at 40 pg/ml. b Western blot analyses of MAO-A protein after
treated with rasagiline in sc-3060-pretreated cells. /, I and /Il Control
and cells treated with 40 pg/ml sc-3060 or sc-3061. ¢ Quantitative
determination of MAO-A detected by Western blot analyses. The
values were expressed as the ratio to those in control cells treated
without sc-3060 and rasagiline. The white, black and gray columns
represent MAO-A in the cells pretreated without and with sc-3060 or
sc-3061. The column and the bar represent the mean and SD of four
independent experiments. Significantly different from the cells treated
without rasagiline, or with rasagiline after treated with sc-3061,
*p < 0.05

was examined in MAO-B overexpressed SH-SY5Y (MAO-
B SH) cells. In wild SH-SYS5Y cells, only MAO-A with
59.7 kDa was detected by Western blot analysis (Inaba-
Hasegawa et al. 2012). MAO-B transfection markedly
expressed MAO-B protein with 58.0 kDa, but MAO-A
protein was still detected. In MAO-B SH cells, MAO
activity was increased significantly to 985.7 from
93.7 pmol/min/mg protein in control (p < 0.01). MAO-B
activity contributed about 92 % of the total MAO activity
in MAO-B SH cells, whereas MAO-A activity remained

same as in wild SH-SY6Y cells (82.9 pmol/min/mg pro-
tein). Transfection-enforced MAO-B overexpression did
not affect the protein and enzymatic activity of MAO-A.

In MAO-B SH cells, rasagiline and selegiline at 10™°—
107" M did not increase MAO-A protein, as shown by
Western blot analyses (Fig. 6a, b). These MAO-B inhibi-
tors significantly suppressed MAO-B activity in MAO-B
SH cells in dose-dependent way (Inaba-Hasegawa et al.
2012), suggesting that MAO-B might not be associated
with MAO-A induction by these MAO-B inhibitors.

Discussion

Rasagiline and selegiline increased the mRNA, protein and
catalytic activity of MAO-A in SH-SYSY cells, whereas
clorgyline did not affect MAO-A protein levels and fur-
thermore caused apoptosis at the high concentration.

a -Log [Rasagiline (M)]
-) 5 7 9 11
MAO-A — e Wi e e e -
B-Actin ——————— -
-Log [Selegiline (M)]
) 5 7 9 11
MAO-A

B-ACHN v ——— — - -

b . .
MAO-A protein (Ratio to control)

) 5 7 9 11
-Log [(MAO inhibitors (M)]

Fig. 6 Effects of MAO-B overexpression on MAO-A induction by
rasagiline and selegiline. a Western blot analyses of MAO-A protein
in MAO-B SH cells after treated with the MAO inhibitors (10—
1072 M). b The quantitative measurement of MAO-A protein in
MAO-B SH cells after treated with rasagiline (black columns) or
selegiline (white columns). The values were expressed as the relative
ratio against control treated in the absence of the MAO-B inhibitors.
The column and bar represent the mean and SD of four independent
experiments. The difference of all the results was not statistically
significant from control
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However, increased MAO-A expression by rasagiline and
selegiline has never been reported in the brain of experi-
mental animals. After chronic treatment, rasagiline and
selegiline reduced MAO-A activity (15 and 40 % inhibi-
tion, respectively) in the rat striatum, whereas they inhib-
ited MAO-B activity by 90 % (Lamensdorf et al. 1996). On
the other hand, several compounds increase MAO-
A expression in cellular and animal models. Glucocorticoid
and androgen increase MAO-A and MAO-B promoter and
enzymatic activities (Ou et al. 2006b). Dopamine and
bromocriptine, a D,-receptor agonist, up-regulated the
mRNA, protein and catalytic activity of MAO-A in rat
mesangial cells (Pizzinat et al. 2003). But, we could not
confirm MAO-A induction by serotonin or f-phenylethyl-
amine. Calcium increased MAO-A activity in the monkey
brain (Egashira et al. 2003) and the mRNA and activity in
human cerebellar and rat glial C6 cell extracts by activation
of 38(MAPK) signal pathways, whereas MAO-B activity
remained unaffected (Cao et al. 2009). Valproic acid,
a mood stabilizer and anticonvulsant, induced MAO-
A expression through activation of Akt/FoxOl1 signaling
pathway (Wu and Shih 2011). These results suggest that
various stimuli might increase the expression and activity
of MAO-A and perturb monoamine neurotransmitter sys-
tems, as being observed in some classes of psychiatric and
behavioral disorders (Shih et al. 1999; Youdim and Bakhle
2006). However, it remains elusive if MAO-A itself is
associated with MAO-A induction by these stimuli.

R1-Spl pathway was found to mediate MAO-A induc-
tion by rasagiline, whereas selegiline might increase MAO-
A though a different signal pathway. MAO-A expression is
suppressed by R1 and activated by a transcription factor
Spl (Shih et al. 2011), which are downstream of p38
mitogen activated protein kinase (MAPK) functions (De
Zutter and Davis 2001; Ou et al. 2006a). On the other hand,
Spl and Sp4 activate MAO-B promotor activity, which is
downregulated by a transcription repressor Sp3 (Shih et al.
2011). MAO-B promotor activity is increased by phorbol
12-myristate through activating MAPK pathway, including
protein kinase C, MAP kinase 1, ERK 1/2, and c-Jun NH,-
terminal kinase (Wong et al. 2002). Ethanol induced
nuclear translocation of GAPDH and increased MAO-B
activity, leading to cell death in U118MG and SH-SY5Y
cells (Ou et al. 2009).

Rasagiline and selegiline protect neurons against cell
death in cellular and animal models of neurodegenerative
disorders, but they show different potencies to protect
neuronal cells (Tazik et al. 2009). In clinical trials, rasagi-
line is more potent as an anti-Parkinson drug than selegiline
(Parkinson Study Group 2002). Rasagiline is metabolized
to aminoindan with a neuroprotective function (Bar Am
et al. 2004, 2010), whereas metabolites of selegiline
are neurotoxic L-methamphetamine and L-amphetamine

@ Springer

(Abu-Raya et al. 2002). These metabolites may account for
different functions of these MAQO-B inhibitors (Zhu et al.
2008). In addition, rasagiline increases GDNF more mark-
edly than neurotrophins [BDNF, NGF and neurotropin-3
(NT-3)], and vice versa selegiline preferentially increases
neurotrophins (Maruyama and Naoi 2012). At present, it
remains to be clarified whether the different molecular
mechanism to induce MAO-A might be associated with the
distinct neuroprotective functions of rasagiline and
selegiline.

Rasagiline and selegiline are selective inhibitors of
MAO-B, but they bind to MAO-A, as shown by the inhi-
bition of MAO-A activity at the high concentrations or
longer treatment. Rasagiline adducts with the FAD moiety
of both MAO types, even the affinity to MAO-A is less
than 1/100th of that to MAO-B (Hubalek et al. 2004; Ed-
mondson et al. 2007). Our presented results present that the
binding of MAO-B inhibitors to MAO-A, not to MAO-B,
may initiate MAO-A induction, which does not depend on
inhibition of the catalytic activity of either MAO types.
The different responses of MAO-A and MAO-B to these
inhibitors might be due to the difference in the substrate-
binding site, the occurrence of MAO-A as a monomer,
whereas MAO-B as a dimer (Edmondson et al. 2007), or to
the different localization on mitochondrial outer membrane
(Wang and Edmondson 2011). MAO-A occurs on the
cytosolic face and MAO-B on the surface facing the
intermembrane space. The binding to the FAD cofactor of
MAO alters the environment of aromatic residues in the
substrate-binding site, “aromatic cage” and causes the
conformational changes in MAO-A (Hynson et al. 2004).
Or, a novel binding of rasagiline and selegiline may occur
in MAO-A with quite high affinity, but the imidazoline I,-
binding site in MAO was not associated with gene induc-
tion by these MAO-B inhibitors (Naoi et al. 2011).

It remains to be clarified whether MAO-A induction by
these MAO-B inhibitors may regulate signal pathway,
either in a way to accelerate cell death by activating death
signaling, or to protect neurons by inducing pro-survival
and anti-apoptotic genes. In addition, we should be cau-
tious to apply our results observed in neuroblastoma SH-
SYS5Y cells to neurodegenerative process in the human
brain, and we should reconfirm our results at least in ani-
mal subclinical models. Nevertheless, understanding of the
regulation mechanism mediated by MAO-A to induce pro-
survival genes and finding of new compounds with affinity
to MAO-A will bring us a new way to develop novel
classes of neuroprotective agents for PD and related neu-
rodegenerative disorders.
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