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Amyloid beta (AB) oligomers and oxidative stress, typical of Alzheimer's disease, are highly neurotoxic.
Previously we identified ATP-y-S as a most promising antioxidant and neuroprotectant. To further
improve both potency and metabolic stability of ATP-y-S, we designed a related analogue, ATP-y-S-(a,f-
CH;). We found that ATP-y-S-(a,3-CH;) effectively inhibited ROS formation in PC12 cells subjected to

1<€yW0r§lSi Fe(Il)-oxidation, slightly better than ATP-y-S (ICs¢ 0.18 and 0.20 uM, respectively). Moreover, ATP-y-S-
II:”?leoFC'lde (0.,8-CH>) rescued primary neurons from APy, toxicity, 4-fold more potently than ATP-y-S, (ICso 0.2 and
N:Sf:;l)rspetctant 0.8 uM, respectively). In addition, the metabolic stability of ATP-y-S-(a,$-CHy) in PC12 cells during 4 h of

incubation, was up to 20% greater than that of ATP-y-S and ATP. Previously, we found that ATP-y-S-(,f-
CH;) resisted hydrolysis by ecto-nucleotidases such as, NPPs and TNAP, and was found to be ~7-fold more
potent agonist than ATP at P2Y11 receptor. Therefore, we propose ATP-y-S-(a,B-CHz) as a promising

Amyloid beta

agent for rescue of neurons from insults typical of Alzheimer's disease.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The main features of Alzheimer's disease (AD) include amyloid
plaques, neurofibrillary tangles, oxidative stress [1], and neuro-
inflammatory processes [2]. AR (amyloid beta) forms oligomers
which give rise to fibrils. Ap binds Cu(II), Fe(Ill) and Zn(II) ions with
high affinity [3]. High concentrations of Zn(II), Cu(II), and Fe(II) ions
have been found in senile plaques. When excess iron ions are
present, their redox activity might lead to significant oxidative
damage via reactive oxygen species (ROS) production within the
brain [4].

The effect of naturally occurring purine nucleotides on Fe(II)-
induced OH radical production from either O, or H,O, (Fenton
reaction), was studied earlier [5—7]. We have shown that nucleo-
tides modulate Fenton reaction in a concentration-dependent
biphasic fashion [8]. In addition to natural nucleotides, we inves-
tigated a series of phosphate-modified nucleotides, dinucleotides,
and inorganic phosphates, as potential biocompatible anti-oxidants
in in-vitro and cellular systems [9]. The purine nucleotide scaffold
contains metal binding sites at both the phosphate chain and
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purine ring (N7-nitrogen atom), and makes a natural divalent metal
ion chelator [8]. Indeed we showed that nucleotides are efficient
Fe(Il)-chelators [10].

Previously we also found that nucleotides containing phos-
phorothioate moieties inhibited ROS formation in Fe(Il)-treated
PC12 cells up to 300-fold better than natural nucleotides and
were up to 4.5-fold more metabolically stable [9]. We identified
ATP-v-S (Fig. 1) as a highly potent antioxidant that inhibited Fe(II)-
induced ROS production under Fenton reaction conditions, in both
non-cellular and cellular system, ICs¢9 14 uM [8] and 180 nM [9],
respectively.

We reported that nucleotides are also capable of dissolution of
ABaoja2-Cu(1)/Cu(Il)/Zn(1l) aggregates. Specifically, ATP-y-S-(a.B-
CH,) (Fig. 1) effectively dissolved AB4o-Cu(I) and AB4x-Cu(I)/Zn(II)
aggregates [10] better than ATP-y-S or ATP, as monitored by 'H
NMR, TEM, and turbidity assays. Furthermore, ATP-y-S-(a,3-CH>)
re-solubilized AB4o—Cu(ll) aggregates more efficiently than EDTA
[10].

The potential pharmaceutical use of nucleotides as therapeutic
agents is limited because of their rapid dephosphorylation in
extracellular media by hydrolyzing enzymes such as nucleotide
pyrophosphatases (NPPs), ecto-nucleoside triphosphate diphos-
phohydrolases (NTPDases), and alkaline phosphatase (AP) [11].
Recently, we reported that ATP analogues modified at Pa/PB/Py
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Fig. 1. Structures of ATP, ATP-y-S, and ATP-y-S-(a,3-CHa).

positions by bridging methylene and thiophosphate moieties, such
as ATP-y-S-(a,B-CHy), at 100 pM were stable to hydrolysis by
NTPDase1,2,3,8 as compared to ATP (4.4—5.5% hydrolysis vs.
45-74%, respectively). Likewise, ATP-y-S-(a,-CHy) at 100 uM was
not catabolized by NPP1 or NPP3 and was highly stable to tissue
non-specific alkaline phosphatase (TNAP) hydrolysis. Furthermore,
ATP-y-S-(a,$-CH;) was found to be an potent NPP1 inhibitor, Ki
20 nM [12].

Adenine nucleotides are not only substrates of ectonucleotidases
but also potent agonists at P2Y1, P2Y2, and P2Y11 G-protein-coupled
receptors [13]. These receptors are distributed in a large variety of
tissues and are widely expressed in the nervous system [14]. These
receptors trigger neuroprotective effects due to their activation by
adenine nucleotides during brain injury, i.e. following ischemia,
necrosis or trauma, in which massive release of ATP occurs [15].

Recently we reported that ATP-y-S-(a,$-CH,) was a 6.7-fold
more potent P2Y11-R agonist than the endogenous agonist, ATP
(ECsp 1 and 6.7 pM, respectively), and was selective to P2Y11-R
exhibiting no activity at P2Y1 or P2Y2 receptors [12].

The highly promising properties of ATP-y-S-(«,3-CH3) as a
Fenton reaction inhibitor [10], an effective ion chelator [16], a
powerful agent for in-vitro dissolution of AB4g42-M(II) oligomers
and aggregates [10], together with its enzymatic stability, and its
high activity at P2Y11-R [12], encouraged us to explore the poten-
tial of ATP-y-S-(a,B-CH>) for the rescue of primary neurons sub-
jected to insults typical of Alzheimer's disease.

2. Materials and methods
2.1. General

ATP-v-S-(a,p-CH>) was prepared according to Nadel et al. [12].
Trolox was obtained from Acros Organics (Morris Plains, NJ). DMEM
medium, glutamine, and penicillin-streptomycin-nystatin were
obtained from Biological Industries, Inc. (Kibbutz Beit Haemek,
Israel). DCFH, Cytosine B-D-arabinofuranoside (Ara-C), DMSO, (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(MTT), FeSO4, ATP and ATP-vy-S were obtained from Sigma Chemical
Co. (St. Louis, MO). AB4, was obtained from GL-Biochem (Shanghai,
China). PC12 cells were obtained from the American Type Culture
Collection (Manassas, VA). Absorbance was read by a spectrometer,
Spectrafluor plus (Tecan, Switzerland). The metabolic stability of

nucleotides was evaluated by HPLC (Merck-Hitachi) using an
analytical reverse-phase column (Gemini 5u C-18 110A,
150 x 4.60 mm; 5 micron; Phenomenex, Torrance, CA).

2.2. Determination of ROS production in cultured PC12 cells in the
presence of FeSO4 and nucleotide analogues

Determination of ROS production in cultured PC12 cells was
performed according to our previous protocol [9]. Oxidation was
initiated by the addition of FeSO4 (0.16 uM) to the wells in the
presence of nucleotide analogues at 0.2—200 uM. The plates were
incubated for 1 h at 37 °C, and read at 485/530 nm.

2.3. Determination of metabolic stability of the tested nucleotides in
PC12 cell culture

Determination of metabolic stability was performed according
to our previous protocol [9].

2.4. Primary neuron cultures

Preparation of primary neuron culture was performed according
to our previous protocol [17].

2.5. Evaluation of the effect of nucleotide analogues on primary
neuron-cultures subjected to FeSOy4 insult

Primary ortical neurons were seeded in 96-well plates and
treated with FeSO4 at a final concentration of 3 uM and nucleotide
analogues at various concentrations (0.008—200 uM), after 24 h the
cells were tested for cell viability by MTT assay. Percentage of control
of cell viability was plotted against nucleotide concentration. ICsg
values were obtained by “Sigma Plot” software. The value of nucle-
otide concentration at 50% inhibition was determined as ICs.

2.6. Evaluation of the effect of nucleotide analogues on primary
neuron-cell cultures subjected to AB4 insult

Amyloid-beta (1—42) oligomers were prepared according to
Amir et al. [10]. Briefly, AB4> (3 mg) was dissolved in 10 mM NaOH,
sonicated for 3 min, and then freeze-dried. To evaluate the presence
of oligomers, we measured the size of AB4, aggregates by dynamic
light scattering (DLS) and TEM. A primary mixed culture of neurons
and astrocytes was prepared in a similar way to that used to pre-
pare the primary neuron-cell cultures, but without the treatment
with Ara-C, in order to create conditions resembling those in ani-
mal models. Next, 50 uM (final) of AB4» was added to the cells in the
presence or absence of nucleotide analogues at 0.04—25 pM, for
48 h. After 48 h, cells were tested for viability by dyeing them with
trypan blue, and counting the vital cells.

2.7. Statistical analysis

All experiments were performed at least three times. Where
appropriate, the data were expressed as the mean + standard error
of the mean. Probability (P) was calculated using a Student t-test. P
values lower than 0.05 were considered significant.

3. Results

3.1. ATP-y-S-(«,8-CH3) reduced ROS production in PC12 cells under
oxidizing conditions

We evaluated the inhibition of ROS production in PC12 cells in
the presence of FeSO4 by ATP-y-S-(a,3-CH;), using the DCFH-DA [9]
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assay, and compared it to ATP and ATP-y-S. The antioxidant activity
of ATP-y-S-(a,Bf-CHy) was almost similar to that of ATP-y-S, with
ICs5p values of 0.18 and 0.20 pM, respectively. However, ATP, up to
200 pM, did not achieve 50% reduction in the ROS production.
Fig. S1 shows the inhibition percentage of ROS production by ATP-
v-S-(a,B-CHy), ATP-vy-S, and ATP (at the concentration range of
0.2—200 pM).

3.2. ATP-y-S-(a,3-CHy) rescued primary neurons from FeSOy4-
induced cell death

The above finding that ATP-y-S-(a,3-CH>) is a potent antioxidant
at PC12 cells, encouraged us to evaluate its neuroprotective activity,
vs. ATP-v-S and ATP, in primary cortical neurons subjected to FeSO4.
Specifically, neuronal cells were treated with ATP-y-S-(a,B-CH),
ATP-v-S, and ATP at increasing concentrations (0.008—25 pM)
simultaneously with FeSO4 (3 uM) for 24 h. ATP-y-S and ATP-y-S-
(a,B-CHy), maintained the vitality of 50% of the neuronal culture at
0.01 and 0.04 pM, respectively. At 25 pM, both compounds showed
80% cell viability. ATP proved to be a poor neuroprotectant with ICsg
value of 30 puM (Fig. 2).

3.3. ATP-y-S-(a,B-CHy) rescued a primary mixed culture of neurons
and astrocytes from A4y toxicity

Iron chelators have been shown to protect neuron cells against
the pro-apoptotic signaling of amyloid beta [18]. In order to study
the protective activity of ATP-y-S-(a,B-CHy) against AB4z-induced
cell death, we used a primary mixed culture of neurons and as-
trocytes to create conditions resembling those in animal models
[19]. APs oligomers [10] induced a concentration-dependent
decrease in cell viability, as assessed by trypan blue staining and
counting the vital cells following 48 h of exposure. At 50 uM ABa4p,
60% cell loss was observed (data not shown).

The neuroprotective effect of ATP-y-S-(a,8-CH,) was evaluated
and compared to ATP-y-S and ATP in a primary mixed culture
exposed to 50 uM AB4 for 48 h. ATP-y-S-(a,3-CH>) proved to be a 4-
and-125 fold more potent neuroprotectant vs. ATP-y-S and ATP,
IC59 0.2, 0.8 and 25 uM, respectively (Fig. 3). At 5 uM, ATP-y-S
brought about almost 80% of the cell survival, while addition of
5 uM ATP-y-S-(a,B-CHy) resulted in 65% survival.

100
90

80
70 OATP-y-S (a,B-CH2)

BATP
mATP-y-S

60
50
40
30
20
10

% of cell viability (v.s control)

Fe(n) 0.008 0.04 0.2 1 5 25
Concentration (um)

Fig. 2. Neuroprotective activity of ATP-y-S-(a,3-CHy), ATP-y-S, and ATP. Cortical neu-
rons were treated with various concentrations (0.008—200 pM) of nucleotide ana-
logues and 3 pM FeSO4 for 24 h. After 24 h, cell viability was measured by MTT assay.
The viability of untreated cells (control) was taken as 100%, all other experimental
values were determined as percentage of control relative to this reference. The results
shown are the mean + S.D. of three independent experiments performed in triplicate
(*P < 0.05).

3.4. ATP-y-S (a,3-CH>) was relatively metabolically stable in PC12
cell culture and human blood serum

The potential pharmaceutical use of nucleotide analogues de-
pends on their resistance to degradation processes by ectoenzymes
of a given cell type. Here, we used PC12 cell line as a physiological
model to evaluate the stability of studied nucleotides.

ATP-v-S-(a,8-CH3), ATP-v-S, and ATP were incubated at 37 °C
with or without PC12 cells for 0.2—24 h. The stability of the nu-
cleotides was evaluated and monitored by HPLC for dephosphor-
ylation products. After 2 h of incubation in the presence of PC12
cells, the amounts of ATP-y-S(a,B-CH>), ATP-v-S, and ATP decreased
by 22, 40, and 77%, respectively. After 24 h, ATP-y-S and ATP were
more than 90% degraded as compared to only 50% degradation of
ATP-y-S-(a,B-CHy) (Fig. S2a).

When ATP-y-S-(a,B-CHy), ATP-v-S, and ATP were incubated cell
media without PC12 cells, the amount of ATP remained almost
unchanged after 24 h, while the amounts of ATP-y-S-(a,3-CH3) and
ATP-v-S, decreased by 10 and 20%, respectively (Fig. S2b). In human
blood serum after 24 h incubation, ATP-y-S-(a,B-CHy) (t12 14 h),
was found to be 30% more stable than ATP (ti; 5 h) (data not
shown), consistent with previous findings [20].

4. Discussion

Our working hypothesis here was that protection of neurons
from Fe(Il)-oxidation or A4, insult may be achieved by biocom-
patible, metabolically stable and effective Fe(Il)-chelators. Hence,
our approach to the development of drug candidates for treating
typical AD insults was based on ATP scaffold. The latter was
chemically modified to improve its metabolic stability, activity as
Fe(II)-chelator, and activity as an agonist of P2Y-receptor involved
in neuroprotection.

Indeed, ATP-y-S-(a,B-CH>) selected here for this purpose, was
found to be an antioxidant equipotent to ATP-y-S and reduced
50% of ROS formation in PC12 cells under oxidative stress at
0.18 uM.

ATP promotes cell proliferation, growth, and development [21]
and may play a beneficial role in various neurological disorders
[21,22]. Therefore, here we evaluated the possible neuroprotective
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Fig. 3. Rescue of neurons and astrocytes culture from Af4, toxicity by ATP-y-S-(a,B-
CH,), ATP-v-S, and ATP. Primary neuronal cells were cultured in 96-well plates. After
24 h, the cells were treated with 50 uM AB4, in PBS and various concentrations
(0.04—-25 uM) of ATP-y-S-(a.,B-CHz), ATP-y-S, and ATP for 48 h. Cell viability was
measured by dyeing the cells with trypan blue and counting the vital cells. The results
shown are the mean + S.D. of three independent experiments performed in triplicate
(*P < 0.05 vs. AB4, treatment).
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activity of ATP-y-S-(a,3-CH>) in primary neuron culture exposed to
FeSO4 insult. Indeed, ATP-y-S-(a,8-CH>) rescued primary neurons
under oxidizing conditions with IC5q of 0.04 uM. Yet, ATP-y-S was
found to be more effective. At 0.01 uM it maintained the vitality of
50% of the neuron culture, while ATP-y-S-(a,3-CH>), at the same
concentration, maintained only 40% cell viability. At 25 puM, both
compounds showed 80% cell viability. The ability of ATP-y-S-(a.,B-
CH;) and ATP-y-S to protect neurons better than ATP, could be
linked to their role as agonists of P2Y receptors. Both ATP and ATP-
v-S activate P2Y11 receptor [23] with ATP-y-S being the most
potent agonist of the two [24].

P2Y1 receptor signaling enhances the neuroprotective capacity
of astrocytes against oxidative stress [25]. The P2Y1 and P2Y11
receptors were found to be co-expressed by several tissues,
including specific cell types in the brain [26], smooth muscle cells,
and cells of the immune system [14]. In HEK293 cells, the P2Y11
receptor was found to be functionally associated with endogenous
P2Y1 receptors [27]. Both receptors are phylogenetically related
[28], yet, respond to different adenine nucleotide derivatives [29].
Hence, we assume that the P2Y1 and P2Y11 receptors are possibly
related in their function as promoters of neuroprotection. Indeed,
previously we found that ATP-y-S-(«,3-CH>) is a 7-fold more potent
agonist than ATP at P2Y11 receptor [12]. This finding is also in
agreement with our reported model of hP2Y11-R and the prefer-
ence of the latter for ATP-v-S over ATP, as a result of the tighter fit of
the larger Py-S moiety [30]. The above data imply that one of the
mechanisms of action of ATP-y-S-(«,$-CH>) as a neuroprotectant
could be the activation of P2Y11/P2Y1 receptors.

Here we have shown that ATP-y-S-(a,3-CHy) also rescues neu-
rons from AP4, toxicity 4- and 125-fold better than ATP-y-S and
ATP, respectively (IC5¢ 0.2, 0.8 and 25 uM, respectively). This ac-
tivity is probably due to the dual activity of ATP-y-S-(a,$-CH>) as
both a metal ion chelator and radical scavenger. Recently, we have
reported the ability of ATP-y-S-(a,-CH>) to dissolve AB4o-Cu(I) and
AB42-Cu(Il)/Zn(II) aggregates, much more effectively than ATP-v-S,
ATP, or EDTA [10]. We have also determined its high affinity to
Zn(Il)-ions [16]. Hence, we assume that the ability of ATP-y-S-(a,B-
CH,) to dissolve AB-M(II) aggregates, and consequently rescue
neurons from A toxicity, results from metal-ions chelation.

On the other hand, various antioxidants have been shown to
protect cells from AP toxicity [31—33]. The antioxidant activity of
these agents resulted in decreased protein oxidation and lipid
peroxidation, decreased radical formation, and elevated mito-
chondrial function vs. that in the presence of Ap alone. Antioxidants
reduce AP toxicity by various mechanisms such as suppression of
expression of inflammatory cytokines [31], and increase of intra-
cellular GSH levels [32] and heme oxygenase-1 and heat shock
protein 72 levels. The latter play a pivotal role in the cytoprotection
of neuronal cells against A toxicity [33].

Importantly, we found that ATP-y-S-(o,B-CH;) was 20% more
stable in PC12 cells than ATP-y-S or ATP, during the first 4 h of
incubation. After 24 h, ATP-y-S and ATP were more than 90%
degraded as compared to 50% degradation of ATP-y-S-(a,B-CH).
Furthermore, the latter (ti> 14 h) proved to be 30% more stable
than ATP in human blood serum.

In summary, the replacement of Pa-Pf bridging oxygen atom in
ATP-vy-S by a methylene group resulted in a biocompatible, rela-
tively metabolically stable and potent agent that rescues primary
neurons from oxidative damage and AP4»-toxicity in the culture.
We propose that the mechanisms of action of ATP-y-S-(a,p-CHy)
involve Fe(Il)-chelation and to a lesser extent, radical scavenging
[8]. Furthermore, ATP-y-S-(a,-CH>) rescues neurons by breaking
toxic AB-aggregates [10], possibly by removing metal-ions from
A4 oligomers/aggregates. Hence, we suggest ATP-y-S-(a,-CHa)
as a lead structure for rescuing neurons from typical AD insults.
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