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ABSTRACT

In the treatment of Parkinson’s disease, potent disease-modifying drugs are still needed
to halt progressive dopaminergic neurodegeneration. We have previously shown that
meloxicam, an oxicam non-steroidal anti-inflammatory drug (NSAID), elicits a potent
neuroprotective effect against 1-methyl-4-phenyl pyridinium (MPP")-induced toxicity
in human dopaminergic SH-SY5Y neuroblastoma cells. This
cyclooxygenase-independent neuroprotection of meloxicam is mediated via the
phosphatidylinositol 3-kinase (PI3K)/Akt pathway; however, the specific chemical
structure involved in inducing neuroprotection remains unresolved. In this study, we
therefore investigated the structure-specific for eliciting the neuroprotective eftect by
examining a series of NSAIDs against MPP" toxicity in SH-SY5Y cells. Three
oxicam-bearing NSAIDs showed potent neuroprotective effects, although none of the
other 10 oxicam-nonbearing NSAIDs (3 salicylates, 6 coxibs and 1 polyphenol) or 3
piroxicam analogs (including ampiroxicam, a precursor of piroxicam) exerted any
neuroprotection. Tenoxicam and piroxicam prevented MPP -induced reduction of
phosphorylated Akt levels in cells: a protective mechanism similar to that of meloxicam.

Therefore, the oxicam structure was likely to be responsible for exhibiting the



neuroprotection by sustaining survival-signaling in dopaminergic cells. The present

results raise the possibility that the oxicam-bearing NSAIDs may serve as potential

therapeutic drugs to retard or terminate progression of Parkinson's disease via a novel

mechanism.
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1. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely used for treatment of

diseases accompanied with excessive inflammatory responses, such as rheumatoid

arthritis (Gaffo et al., 2006), and several types of pain (Langford and Mehta, 2006)

attributed to peripheral inflammation. Neuro-inflammation in the central nervous

system has reportedly been suggested to be responsible for the initiation and

progression of Parkinson’s disease (McGeer and McGeer, 2004; Ouchi et al., 2005). The

mechanism of inflammation suppression of NSAIDs in the central nervous system

arises from the inhibition of cyclooxygenase (COX), which has been activated in

microglial cells adjacent to the affected neurons during inflammation onset (McGeer et

al., 1988). Indeed, non-aspirin NSAIDs have been reported to be beneficial for the

treatment of Parkinson’s disease in several epidemiological studies (Chen et al., 2003;

Hernan et al., 2006; Ton et al., 2006). Efficacy of this anti-inflammatory mechanism of

NSAIDs for Parkinson’s disease has also been experimentally supported by cellular and

animal models (Esposito et al., 2007; Teismann and Ferger, 2001; Wang et al., 2005).

In addition to suppression of inflammation, one of the NSAIDs, meloxicam, has

been found to exhibit direct neuroprotective activity in human dopaminergic SH-SYSY



neuroblastoma cells (without microglia) in our previous study (Tasaki et al., 2010).
COX-1 and COX-2 are known to be expressed and to produce prostaglandin E2 in the
SH-SYSY cells (Alique et al., 2007). However, the neuroprotective effect has not been
observed in other typical NSAIDs, such as indomethacin and ibuprofen and potently
selective COX-2 inhibitors. The neuroprotection of meloxicam is induced via
specifically maintaining PI3K/Akt of the intracellular signaling pathways without the
involvement of COX-1 or COX-2 (Tasaki et al., 2010). There is heterogeneity in the
chemical structures of NSAIDs that determine the isoform selectivity and potency of
COX-1 and COX-2 inhibition (Taketo, 1998). However, the relationship between the
chemical structure and neuroprotective activity has not been examined to date,
especially in the case of clinical applications of NSAIDs in Parkinson’s disease patients.
Therefore, it is essential to elucidate the structural specificity of NSAIDs, such as
meloxicam, in neuroprotection.

The present study attempted to identify the structural specificity responsible for
inducing neuroprotective effect in NSAIDs by examining the protective effects of a
series of NSAIDs on 1-methyl-4-phenyl pyridinium (MPP")-induced neuronal death.
Furthermore, the involvement of the protective signaling pathway, PI3K/Akt, was

studied to identify and clarify the neuroprotective sites and mechanism, respectively.



2. Materials and methods

2.1. Materials

All primary antibodies were obtained from Cell Signaling Technology (Danvers,
MA, USA). Horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibody from
donkey (GE Healthcare; Little Chalfont, UK) was used in the experiments. NSAIDs
such as celecoxib (BioVision, Inc., Mountain View, CA, USA), meloxicam and
tenoxicam (Sigma; St Louis, MO, USA), piroxicam (ENZO life Sciences; Farmingdale,
NY, USA) and MPP" (Sigma; St Louis, MO, USA) were commercially acquired.
Piroxicam analog G (Methyl 4-hydroxy-2H-1,2-benzothiazine-3-carboxylate methyl
ester 1,1-dioxide) and piroxicam analog J (Methyl 4-hydroxy-2-methyl-2H-
1,2-benzothiazine-3-carboxylate methyl ester 1,1-dioxide) were from Toronto Research
Chemicals (North York, ON, Canada), and ampiroxicam from Wako (Osaka, Japan).
The other NSAIDs were from Cayman Chemical (Ann Arbor, MI, USA), including

APHS (2-(2-heptynylthio)-phenol acetate), SC-560 (5-(4-chlorophenyl)-1-



(4-(methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazole), CAY 10452 (4-[5-phenyl-3-
(trifluoromethyl)-1H-pyrazol-1-yl]-benzensulfonamide), SC-58125 (5-(4-fluorophenyl)-
1-[4-(methylsulfonyl)phenyl]-3-(trifluoromethyl)-1H-pyrazole), and t-resveratrol
((E)-5-[2-(4-hydroxyphenyl)ethenyl]-1,3-benzenediol). All other chemicals (Wako;

Osaka, Japan) used in this experiments were either of the highest or analytical grade.

2.2. Cell culture and drug treatment

SH-SY5Y human neuroblastoma cells were maintained in Dulbecco’s modified
Eagle’s medium containing 10% heat-inactivated fetal bovine serum, penicillin (100
U/ml) and streptomycin (100 pg/ml) before being seeded onto a 6- or 96-well plate at
1.5 x 10° cells/cm” and cultured in a humidified incubator (95% air and 5% CO,) for 24
h at 37°C. After rinsing, cells in the plates were treated with serum-free culture media
containing a test-agent dissolved in ethanol or dimethyl sulfoxide (final 0.1%) and the
antibiotics. Concurrently, the cells were co-incubated with MPP" (final concentration: 5
mM) and/or LY294002 (final concentration: 10 uM) for 4 h (Western blot preparations)

or 24 h (evaluation of cell toxicity).



2.3. Evaluation of cell toxicity

Cell viability was assessed by measuring the optical density at 450 nm with a
microplate reader (ImmunoMini NJ-2300, System Instruments, Tokyo, Japan) after
2.5-h loading with WST-8 test reagent (Dojindo, Kumamoto, Japan), according to the
manufacture’s instruction. The relative cell viability was calculated as percentage of
vehicle control in the absence of MPP". Cell damage was determined by lactate
dehydrogenase (LDH) leakage into the culture medium from cells using the LDH
cytotoxic test (Wako, Osaka, Japan). LDH leakage was determined by measuring the
optical density at 540 nm. When cells were treated with culture medium containing 1%

Tween 20, LDH leakage into the culture medium was designated as 100%.

2.4. Western blotting

After rinsing with 1 ml ice-cold phosphate-buffered saline, cells were collected and
sonicated in 100 pl of ice-cold lysis buffer containing 20 mM Tris buffer (pH 7.5), 250
mM NacCl, 1% Triton X-100, 1 mM EDTA, 1 mM dithiothreitol, 10 mM NaF, 2 mM

sodium orthovanadate and the protease-inhibitor cocktail (EDTA-free complete type;



Roche Applied Science, Switzerland). Cellular debris was removed from the lysate by

centrifugation (15,000 x g, 10 min), and protein contents of supernatant were

determined using the BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL,

USA). After boiling with Laemmli buffer for 5 min, proteins (20 pg) separated by 7.5%

SDS-polyacrylamide gel electrophoresis were electrophoretically transferred onto a

polyvinylidene fluoride membrane. The membrane was sequentially treated with Block

Ace (DS Pharma Biomedical, Osaka, Japan) and incubated overnight at 4°C with

anti-phosphorylated-Akt (Ser 473, 1 : 1,000) or anti-Akt (1 : 5,000) from rabbit in 10

mM Tris buffer (pH 7.5) containing 0.9% NacCl, 0.05% Tween 20 and 10% methanol

(TBST). For the other antibody for -actin the dilution rate of 1:2,000 in TBST was

used. The membrane was then washed three times with TBST and probed with the

HRP-conjugated anti-rabbit IgG antibody from donkey (1:10,000) for 1 h at room

temperature. The washing procedure was repeated before the membrane was treated

with a chemiluminescent reagent (ECLplus; GE Healthcare, Little Chalfont, UK). The

proteins were visualized using an LAS3000 image-analyzer (FUJIFILM, Tokyo, Japan).

2.5. Statistical Analysis



Data were analyzed by one factorial ANOVA followed by the Tukey’s multiple

comparison test for post-hoc significance testing.

3.  Results

3.1. Effects of salicylates, coxibs, oxicams, and a polyphenol belonging to NSAIDs on

neuronal toxicity induced by MPP™ exposure

Thirteen NSAIDs comprising 3 salicylates (valeroyl salicylate, aspirin and APHS), 6
coxibs (SC-560, CAY 10452, valdecoxib, celecoxib, SC-58125 and licofelone), 3
oxicams (piroxicam, tenoxicam and meloxicam) and 1 polyphenol (t-resveratrol) were
each evaluated at 30 uM concentration by the cell viability and LDH leakage assays in
MPP"-exposed SH-SY5Y cells. Only 3 oxicams of the 13 tested NSAIDs showed
neuroprotection in both assays: i.e. cell viability and LDH leakage (Fig. 1). The
neuroprotective activities of piroxicam and tenoxicam were elicited in a dose-dependent
manner (Fig. 2). All non-oxicam drugs at lower concentrations (1, 3 and 10 uM) were

also tested by the both assays, however, any protective effect was not observed.
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3.2. Effects of piroxicam -analogs on neuronal toxicity induced by MPP* exposure

To identify the structure specificity, three commercially available analogs of
piroxicam (Fig. 3A), including ampiroxicam (the in vivo precursor of piroxicam), were
tested by the cell viability and LDH leakage assays. None of these analogs showed any

neuroprotective effect (Fig. 3B and C).

3.3. Effects of PI3K inhibitor, LY294002, on neuroprotective activities of piroxicam and

tenoxicam

We have previously identified a PI3K inhibitor (LY294002) that abolished the
neuroprotective effect of meloxicam against MPP" toxicity (Tasaki et al., 2010). To
investigate if the neuroprotective activities of piroxicam and tenoxicam were also
mediated by cell survival signaling in the PI3K/Akt pathway, the effect of LY294002 on
neuroprotection were evaluated by the cell viability and LDH leakage assays.

Interestingly, the protective effects of piroxicam and tenoxicam were completely

abolished by LY294002 in both assays (Fig. 4).
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3.4. Involvement of PI3K/Akt pathway in the neuroprotection by piroxicam and

tenoxicam

Since LY294002 blocked the neuroprotection of tenoxicam and piroxicam against
MPP "-induced toxicity, the amount of phosphorylated Akt (pAkt) (Ser 473), which is an
activation marker of PI3K/Akt pathway, was measured 4 h after the incubation with
MPP" by the Western blot analysis. Piroxicam and tenoxicam significantly (p < 0.001 or
0.05) reversed the MPP"-induced reduction of pAkt levels (Fig. SA and C). LY294002
completely (p < 0.001) abolished the recovery of pAkt by these oxicams (Fig. SA and
C). Neither piroxicam nor tenoxicam per se affected pAkt in the presence or absence of
MPP". Note that none of the treatments affected the total Akt levels (Fig. 5B and D).
The Akt antibody used in this study recognized two proteins, which were considered to
be isoforms of Akt (Figs. 5 and 6). On the other hand, pAkt (473) antibody recognized
the phosphorylation of the lower protein band of two which were recognized by the Akt

antibody.

3.5. Effects of celecoxib and other coxibs on phosphorylated Akt in neuroblastoma
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SH-SY5Y with or without MPP*

Since celecoxib has been known to disrupt Akt signaling in prostate and breast
cancer cells (Hsu et al., 2000; Kucab et al., 2005), we examined if coxibs (including
celecoxib) would deactivate Akt signaling in SH-SY5Y neuroblastoma cells. Five
coxibs (30 uM) were evaluated if their effects would affect pAkt (Ser 473) and Akt
levels after 4-h incubation with or without MPP". None of the five coxibs affected either

pAkt (Ser 473) or Akt expression independently of the presence of MPP" (Fig. 6).

4. Discussion

In this study, we investigated 13 NSAIDs as possible candidate drugs for the
treatment of Parkinson’s disease. In our current research, there were two major new
findings. Firstly, NSAIDs having an oxicam structure (Fig. 7) exerted direct
neuroprotective activity against MPP -induced toxicity in SH-SY5Y cells. Secondly, the
intracellular signaling pathway related to the neuroprotection of oxicam-bearing

NSAIDs served to maintain the pro-survival cascade, PI3K/Akt. This finding coincides
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well with our previously published data on meloxicam (Tasaki et al., 2010). Apart from
these major findings, coxib-bearing NSAIDs, including celecoxib did not affect
PI3K/Akt signaling in dopaminergic human neuroblastoma SH-SY5Y cells.

NSAIDs are divided into groups with various chemical structures, such as propionic
acids, arylacetic acids, salicylates, coxibs, oxicams and others. Ibuprofen and
indomethacin, which are respectively the typical drugs of propionic acids and arylacetic
acids, show no in vitro neuroprotective activity against MPP" toxicity in SH-SYSY cells
(Tasaki et al., 2010). In addition to the previous data (Tasaki et al., 2010), salicylates
(e.g., aspirin), coxibs (e.g., celecoxib) and polyphenols (e.g., t-resveratrol) were
confirmed not to exhibit any neuroprotective property. However, oxicam-bearing
piroxicam and tenoxicam showed potent neuroprotective effects in a
concentration-dependent manner similar to that of meloxicam. Based on our findings on
the chemical structure to date, only oxicam-bearing NSAIDs were expected to have
neuroprotective activity. In terms of neuroprotective effect, this is partly supported by a
previous finding that piroxicam, but not ibuprofen, attenuates MPP"-induced toxicity in
Neuro-2A neuroblastoma cells (Soliman et al., 2009).

To further investigate the relationship between the oxicam structure and

neuroprotective activity, three piroxicam derivatives were evaluated. In the case of
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ampiroxicam (a pro-drug of piroxicam), the absence of neuroprotection is probably
because of the structurally bulky addition of 1-(ethoxycarbonyloxy) ethoxy group to the
hydroxy group in piroxicam. As for the other two piroxicam derivatives (which lack the
2-pyridyl amine group from piroxicam), similar negative results of neuroprotective
activity were noted as well. This structure-specific result strongly indicates that the
presence of an oxicam structure (Fig. 7) is critical for oxicams to exert the
neuroprotective effect. As far as we know, there has not been a single article that
correlates on the structure-activity relationship on COX-independent neuroprotective
property of NSAIDs.

The second major finding depicts that the neuroprotective intracellular signaling
pathway affected by piroxicam and tenoxicam coincides with the mechanism of
meloxicam: viz., maintenance of the PI3K/Akt cascade. Reduction of pAkt levels by
MPP", which would reduce survival-signaling in cells, was completely reversed to
non-treatment control levels by the presence of piroxicam or tenoxicam at 4 h after
incubation when apoptosis was yet to be observed (data not shown). This result suggests
that preservation of the pAkt level may lead to cell survival against MPP" cytotoxicity.
In addition, a PI3K inhibitor, LY294002, cancelled the neuroprotective effects of

piroxicam and tenoxicam not only in cell viability and LDH assays but also in the

15



Western blot analysis of pAkt, thus indicating that the neuroprotective mechanism was
mediated via PI3K/Akt. This finding coincides with results of our previous elucidation
of meloxicam (Tasaki et al., 2010).

Interestingly, piroxicam, tenoxicam, and meloxicam, per se, did not increase pAkt in
cells untreated with MPP". Previous literature has suggested that stabilization of the
PI3K/Akt pathway is an important mechanism by which caffeine, dopamine D3 agonists,
nerve growth factor, and brain-derived neurotrophic factor have prevented cell death in
SH-SYS5Y cells against MPP" exposure (Encinas et al., 1999; Halvorsen et al., 2002;
Nakaso et al., 2008; Presgraves et al., 2004). Note that these molecules elicit PI3K/Akt
activation by themselves: i.e., caffeine per se activates phosphorylation of Akt via
antagonism of adenosine A2a transmission (Nakaso et al., 2008). However, the present
results indicate that the site of action of oxicams would be different from that of caffeine
or other PI3K/Akt-activating substances described above. Since oxicams did not
promote cell growth in this study, the cell death-prevention mechanism of oxicams
might be due to the inhibition of a certain molecule that reduced phosphorylation of Akt
by MPP". Further studies to identify and elucidate the target molecule or the site of
oxicam action in maintaining the cell survival-signaling pathway are warranted.

The other finding was that coxibs neither affected cell viability nor reduced pAkt
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levels in our neuroblastoma cellular assays, although celecoxib has been reported to
reduce pAkt level and to inhibit growth of cancer cells (Hsu et al., 2000; Kucab et al.,
2005). The discrepancy between previous (Hsu et al., 2000; Kucab et al., 2005) and
present results could be derived from factors such as the cell type and culture condition.
This anticancer effect of celecoxib might be limited to proliferous cancer cells (Jetzt et
al., 2003). To confirm this hypothesis, we investigated the effect of 5 coxibs on pAkt
levels in nonproliferous SH-SY5Y neuroblastoma cells. The pAkt levels were not
affected by the coxib agents tested with or without MPP", suggesting that coxibs could
not reduce phosphorylation of Akt, at least in nonproliferating SH-SY5Y neuroblastoma
cells.

In conclusion, our results suggest that oxicam-bearing NSAIDs could serve as
potential therapeutic drugs for Parkinson’s disease. The oxicam-bearing NSAIDs could
act as disease-modifying agents to inhibit or delay neuronal dopaminergic cell
degeneration by maintaining PI3K/Akt in addition to COX inhibition, which would also
attenuate neural inflammation in the central nervous system. Indeed, activation and/or
maintenance of the PI3K/Akt pathway could serve as a potential therapeutic target for
the treatment of Parkinson’s disease (Greene et al., 2011; Timmons et al., 2009). Our

findings would perfectly dovetail with this hypothesis. Further studies in vivo to prove

17



this hypothesis are needed for clinical application, although meloxicam has been shown

to be neuroprotective in the MPTP-treated mice (Teismann and Ferger, 2001).

Therefore, clinical trials of oxicams for the treatment of Parkinson's disease may prove

practical and useful since oxicam-bearing NSAIDs are in current use.
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Figure legends

Fig. 1. Effects of non-steroidal anti-inflammatory drugs (NSAIDs) (three salicylates, six
coxibs, three oxicams and one polyphenol NSAID) on neuronal toxicity induced by
1-methyl-4-phenyl pyridinium (MPP") exposure. SH-SYSY cells were incubated with
30 uM of the indicated agents for 24 h in the presence (solid column) or absence (open
column) of 5 mM MPP". Cell toxicity was evaluated by cell viability (A) and LDH
assays (B). The relative cell viability was calculated as percentage of vehicle control in
the absence of MPP". Data are expressed as the mean + S.E.M. of at least three
independent experiments. Differences where P < 0.05 (*) and < 0.001 (**) indicated
significant amelioration, and difference where P < 0.05 (") indicated significant
deterioration when compared with the corresponding vehicle-treated group by the

Tukey’s test for one-factorial ANOVA.

Fig. 2. Concentration-dependent neuroprotective effects of piroxicam and tenoxicam on
SH-SYS5Y cells. SH-SYS5Y cells were incubated with either oxicam at the indicated
concentrations for 24 h in the presence (solid column) or absence (open column) of 5

mM MPP". Cell toxicity was evaluated by cell viability (A and C) and LDH assays (B
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and D). The relative cell viability was calculated as percentage of vehicle control in the
absence of MPP". Data are expressed as the mean + S.E.M. of at least three independent
experiments. Differences where P < 0.05 (*) and < 0.001 (**) in cell toxicity were
significantly different when compared with the corresponding vehicle group by the

Tukey’s test for one-factorial ANOVA.

Fig. 3. Structures of piroxicam analogs (A) and their effects against MPP" exposure.
Cell toxicity was evaluated by the cell viability (B) and LDH assays (C) in the presence
(solid column) or absence (open column) of 5 mM MPP" and 30 pM indicated agents.
The relative cell viability was calculated as percentage of vehicle control in the absence
of MPP". No statistical difference between any 2 groups was observed by the

one-factorial ANOVA.

Fig. 4. Cancelling effects of LY294002 on the neuroprotective activities of piroxicam

and tenoxicam against MPP"-induced toxicity. Piroxicam and tenoxicam (30 pM) were
examined in cell viability (A and C) and LDH assays (B and D) after a 24-h incubation
with or without LY294002 (10 uM). Differences in cell toxicity where P < 0.05 (*) and

<0.001 (**) were significant between the two groups indicated by the Tukey’s test for
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one-factorial ANOVA.

Fig. 5. Effects of piroxicam and tenoxicam on phosphorylation of Akt. The amounts of
Akt phosphorylation (Ser 473; A and C) and total Akt (B and D) were respectively
determined after 4-h incubation with MPP" (5 mM) and either piroxicam or tenoxicam
(30 uM) with or without a PI3K inhibitor, LY294002 (10 uM). Each value represents
the mean = S.E.M. of 4 independent experiments, with a representative image on
western blotting of phospholylated Akt (Ser 473), Akt or B-actin. Differences in amount,
where P < 0.05 (*) and <0.001 (**), were significant when verified by the one-way

factorial ANOVA followed by the Tukey’s test.

Fig. 6. Effects of coxib NSAIDs on phosphorylation of Akt. The amounts of Akt
phosphorylation (Ser 473) (A and C) and total Akt (B and D) were determined after 4-h
incubation with each coxib (30 pM) in the absence (A and B) or presence (C and D) of
MPP". Each value represents the mean + S.E.M. of 3 or 4 independent experiments,
with representative images on western blotting of phospholylated Akt (pAkt; Ser 473),
Akt or B-actin. No statistical difference was observed in amount of pAkt (Ser 473) or

Akt among experimented groups when verified by the one-way factorial ANOVA.
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Fig.7. Essential structural features of oxicams with regard to elicitation of

neuroprotection against MPP" toxicity.

Supp Fig.1. Effects of NSAIDs (three salicylates, six coxibs, three oxicams and a
polyphenol NSAID) on neuronal toxicity induced by the MPP" exposure. SH-SYSY
cells were incubated with lower concentrations (1, 3 and 10 uM) of the indicated agents
in Fig. 1 for 24 h in the presence (solid or hatched column) or absence (open column) of
5 mM MPP". Aspirin was also evaluated at higher concentrations (100 and 1000 uM).
Cell toxicity was evaluated by cell viability (A) and LDH assays (B). Data are
expressed as the mean £ S.E.M. of four independent experiments. Differences, where P
<0.05 (*) and < 0.001 (**), were significant in the cell viability or the LDH assays,
when compared with the corresponding vehicle-treated group by the Tukey’s test for

one-factorial ANOVA.
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Fig.3.
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Fig.4.
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Supp Fig.1
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