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1,8-Naphthyridine derivatives related to 17 (ITH4012), a neuroprotective compound reported by our
research group, have been synthesized. In general, they have shown better inhibition of acetylcholinesterase
(AChE) and butyrylcholinesterase (BuChE) than most tacrine derivatives previously synthesized in our
laboratory. The compounds presented an interesting neuroprotective profile in SH-SYS5Y neuroblastoma
cells stressed with rotenone/oligomycin A. Moreover, compound 14 (ethyl S-amino-2-methyl-6,7,8,9-
tetrahydrobenzo[b][1,8]naphthyridine-3-carboxylate) also caused protection in cells stressed with okadaic
acid (OA) or amyloid 5 1—42 peptide (Af|—4»). Interestingly, compound 14 prevented the OA-induced PP2A
inhibition, one of the enzymes implicated in T dephosphorylation. This compound also exhibited neuropro-
tection against neurotoxicity elicited by oxygen and glucose deprivation in hippocampal slices. Because these
stressors caused neuronal damage related to physiopathological hallmarks found in the brain of Alzheimer’s
disease (AD) patients, we conclude that compound 14 deserves further in vivo studies in AD models to test its

therapeutic potential in this disease.

Introduction

Alzheimer’s disease (AD?) is an age-related neurodegenera-
tive disease characterized by progressive memory loss, decline in
language skills, and loss of function." Although the etiology of
AD is unknown, histopathological hallmarks such as amyloid
(Ap) deposits,” T-protein aggregation,” oxidative stress,* and low
levels of acetylcholine (ACh) have been characterized.’~” Cur-
rently, there are four drugs for AD approved by regulatory agen-
cies, three cholinesterase inhibitors (rivastigmine, donepezil and
galantamine), and a NMDA receptor blocker (memantine).®
Cholinesterase inhibitors can reduce AD symptoms by inhibit-
ing acetylcholinesterase (AChE), the enzyme responsible for the
hydrolysis of ACh at the synaptic cleft.” This therapeutic
strategy is based on the so-called cholinergic hypothesis,' which
suggests that the selective loss of cholinergic neurons in AD
results in a deficit of ACh in specific areas of the brain that
mediate learning and memory functions.'®
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There is no agreement in the scientific community about the
benefits of the cholinergic therapy.'"'> However, a renewed
interest for AChE inhibitors arose when beneficial effects, not
linked to cholinergic neurotransmission, were demonstrated
for some of them.'>'* For instance, galantamine has been
described to protect human neuroblastoma cells'® and cortical
neurons against Af-induced neurotoxicity.'® Furthermore,
donepezil reduced z-phosphorylation by inhibition of GSK-
38."7 In addition, AChE seems to accelerate amyloid fibrils
aggregation in the brain, forming stable complexes with AS;'®
this action involves the peripheral anionic binding site (PAS)
of AChE." These effects, together with the fact that AD
pathogenesis appears to be multifactorial, have led to the
current opinion that drugs with moderate activities acting
on two or more targets will be more effective than a highly
potent and selective drug acting on a single target.”® The multi-
target approach®' includes tacrine—donepezil hybrids as Af
aggregation inhibitors,”> coumarin or tacrine derivatives
that inhibit both AChE and fS-site APP cleaving enzyme
(BACE1),>*** and highly potent neuroprotectant rasagiline—
rivastigmine hybrids,”> among many others.

During the past decade, we have devoted our effort to the
design and synthesis of multitarget compounds and their
biological evaluation as potential drugs for AD, based on
the juxtaposition of the structures of tacrine and 1,4-dihydro-
pyridines (1,4-DHPs). Up to now, we have described the
synthesis and biological evaluation of 4 H-pyranopyridines,
1,8-naphthyridines,”” and 1,4-dihydro[1,8]naphthyridines**
(Chart 1).
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Chart 1. Selected Tacrine—1,4-DHP Hybrids Described in Pre-
vious Papers
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Chart 2. 1,8-Naphthyridines Based on the Juxtaposition
of an AChE Inhibitor (Tacrine) and a 1,4-Dihydropyridine
(Nifedipine)
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Tacrine (9-amino-1,2,3,4-tetrahydroacridine) was the first
AChE inhibitor (AChEI) described,*® while 1,4-DHPs are selec-
tive blockers of the L-type voltage-dependent Ca®" channel
(VDCC, Cayl.1—1.4).3! 1,4-DHPs have exerted neuroprotec-
tion in several in vivo models of ischemia and neurodegenera-
tion.*>*3 The hybrid compounds prepared in our laboratory
have shown inhibitory activity of AChE and potent L-type
VDCC blockade.”** Additionally, they were able to protect
neuroblastoma cells against various toxic stimuli, such as Ap,
veratridine, Ca®>" overload, H,O,, and thapsigargin.”** One of
them, the derivative 17 (ITH4012, Chart 1),* induced expres-
sion of the antiapoptotic protein Bcl-2 and the neurotrophic
factor BDNF, activities that could be mediating its neuropro-
tective actions. Compound 17 was the most potent AChEI of its
family but 4-fold less active than tacrine.”” Docking studies
suggested that the aromatic substituent at C4 of 17 might hinder
passing through the gorge to reach the catalytic binding site of
AChE.** These computational data prompted the design of a
series of compounds lacking an aromatic substituent at C4 (X =
H; Chart 2), thus favoring their accommodation into the AChE
catalytic binding site and potentiating the inhibitory activity of
cholinesterase enzymes. Therefore, we present in this paper the
synthesis and pharmacological evaluation of novel 1,8-naphthy-
ridine derivatives, analogues to compound 17 without substitu-
tion at C4. This implies an important modification from all of
our previous studies. Thus, this series of compounds has been
designed to find the first structural hits for further optimization,
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like cycloalkane-fused ring expansion or contraction (n = 0, 1, 2,
3; Chart 2) or the change in the carboxylic ester alkyl chain (R =
Me, Et). Together with the synthesis and inhibitory activity on
cholinesterase enzymes, we describe here the neuroprotective
properties in two different models of cell death related to AD
pathology, as well as their modulating activity of VDCCs.

Results and Discussion

Chemistry. For the synthesis of 1,8-naphthyridine precur-
sors, we started from the conveniently substituted 2-pyridi-
nones (Scheme 1), prepared as described by Abu-Shanab and
co-workers.*® Following the experimental procedure described
for the synthesis of 2, a mixture of 2 (17%) and the methyl ester
derivative 1 as major compound (55%) was obtained. Com-
pound 1 was presumably formed by transesterification process
with methanol, generated in the reaction of ethyl acetoacetate
with dimethylformamide dimethyl acetal. Compound 2 was
chemoselectively prepared using dimethylformamide diethyl
acetal instead, with medium yield (48%). As shown in the
literature, we had scarcely studied structure—activity relation-
ships by modifications at the alkyl ester.?**"**3% Therefore, we
considered using both methyl and ethyl esters to synthesize new
1,8-naphthyridine derivatives.

From the 2-pyridinone derivatives 1 and 2, chlorination with
phosphorus oxychloride®” followed by aromatic nucleophilic
substitution with benzylamine® and subsequent deprotection
of the amine® yielded both methyl and ethyl esters of 6-amino-
S-cyano-2-methylpyridine-3-carboxylic acids 7 and 8 in good
yields from commercial materials (Scheme 1). Next, Friedlander
reaction®® with the corresponding cycloalkanone, under
standard conditions (AICls, 1,2-dichloroethane, reflux)*’ pro-
vided compounds 9—16 with the desired 1,8-naphthyridine
structure (Scheme 2), with yields from medium to excellent.
These molecules have been conveniently characterized by
their analytical and NMR spectroscopic data.

Biology. AChE/BuChE Inhibitory Activity. Compounds
9—16 were evaluated as inhibitors of AChE from both
Electrophorus electricus (eeAChE) and human erythrocytes
(hAChE) and of BuChE from equine serum, following Ellman’s
method*' (Table 1). Compared to the eeAChE inhibitory
activity of related compounds,** compounds 9—16 were at least
10-fold more potent than those bearing an aryl substituent at C4,
confirming our hypothesis that aryl substituents at C4 were
barely accommodated into the catalytic binding site of AChE.**
Thus, from a previous molecular modeling study with 17°* and
the X-ray structure of eeAChE,** we propose compound 14
could be well-accommodated between Trp86 and Tyr337 of
eeAChE, generating a 7— stacking interaction. This confor-
mation would be facilitated by a hydrogen bond between pro-
tonated aromatic nitrogen and the carbonyl group of His447. In
agreement with previous studies from our laboratory,””** the
cyclohexene moiety was the hit for an optimal inhibition of
eeAChE. Replacement of the ethyl by a methyl ester slightly
modified the eeAChE inhibitory activity, either improving or
lowering the inhibitory activity of eeAChE (Table 1). Inhibition
experiments using hAChE showed ICs, data in the micromolar
range, between | and 2.1 uM, except for the cyclohexane-fused
ethyl ester derivative 14, which inhibited hAChE with an ICs of
0.78 uM. It is interesting to note how the cycloalkane ring
expansion or contraction diminished the inhibitory activity by
approximately 2-fold (Table 1). The reason for the enzymatic
selectivity of these compounds, about 10-fold more active
eeAChEI than hAChEI, could be due to some structural
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Scheme 1. Synthesis of Naphthyridine Precursors”
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Scheme 2. Synthesis of the 1,8-Naphthyridine Derivatives 9—16

{j ,AICl5 NH,
CN

CICHZCHZCI NN M
9R =Me, n=1(60%)

n
7R =Me reflux

8 R=Et 10 R =Me, n =2 (70%)

11 R =Me, n=3(67%)
12R =Me, n =4 (57%)
13R =Et,n=1(69%)
14 R = Et, n =2 (93%)
15 R = Et, n = 3 (80%)
16 R = Et, n = 4 (90%)

differences, such as eeAChE being a flexible tetramer,* while
human erythrocyte AChE is presented in globular dimers,* or
because they show different rate of glycosylation.** Although
some authors have not found any differences in the catalytic
behavior of both enzymes,* there are several papers describing a
differential inhibitory activity for eeAChE and human erythro-
cytes AChE with physostigmine, organophosphorus, and carba-
mate analogues.***’ Otherwise, the fact that these compounds
were better inhibitors of eeAChE, an enzyme structurally related
to the brain enzyme,*® than the peripheral human erythrocyte
AChE could be beneficial for a potential further clinical deve-
lopment, taking into account that many of the side effects of
AChE inhibitors are due to the inhibition of the peripheral
enzyme.

Inhibition of eqBuChE by compounds 9—16 showed ICs
values in a wide concentration range, between 0.49 and 36 uM
(Table 1). Fixing the cycloalkane, methyl esters were better
BuChEI than ethyl esters. Thus, cycloheptane-fused derivatives
11 and 15 appeared to be the best inhibitors, with ICs, of 0.49
and 2.1 uM, respectively. This result could be explained by the
fact that BuChE possesses a more open catalytic site. In this
manner, ring expansion improved the inhibitory activity because
of a better accommodation of cycloheptane-fused derivatives
into the catalytic site of BuChE. Compound 11, the most potent
BuChE inhibitor, was 100-fold less potent than tacrine. Also, it
was 1.7-fold and 24-fold more potent than donepezil and galan-
tamine, respectively (Table 1). Thus, the potencies to inhibit Bu-
ChE were in the order tacrine > compound 11 > donepezil >

galantamine. In spite of the lesser potency of these 1,8-naphthyr-
idines compared to tacrine, it is worth noting that compounds
9—16 had better activities than 4-aryl-substituted naphthyridine
derivatives previously synthesized in our laboratory.** The poor
inhibitory activity of BuChE found in previously described
compounds could be a consequence of discarding either methyl
ester or cycloheptene-fused derivatives in the chemical design of
our tacrine—1,4-DHP hybrid compounds.

Kinetic Study of AChE Inhibition. The mechanism in-
volved in the AChE inhibition by compounds 9—16 was
investigated using compound 14, the most potent AChE
inhibitor here described (Table 1). The type of inhibition was
elucidated from the analysis of Lineweaver—Burk reciprocal
plots (Figure 1) showing both increasing slopes (lower Vy.x)
and intercepts (higher K,,) with higher inhibitory concentra-
tion. This suggests a mixed-type inhibition.*’ The graphical
analysis of steady-state inhibition data for compound 14 is
shown in Figure 1. A K; value of 24 4+ 3 nM was estimated
from the slopes of double reciprocal plots versus compound
14 concentrations (Figure 1, inset).

Propidium Iodide Displacement Assay. Compounds 9—16
were designed to improve their binding to the AChE catalytic
site. To confirm whether our compounds could partially interact
with the PAS of AChE, experiments to evaluate the competition
with propidium iodide for its binding to this site were per-
formed. Propidium, a selective ligand for the PAS of AChE,
exhibits a fluorescence increase upon binding to this site.>
Decrease of propidium fluorescence in the presence of the
compounds can be interpreted as a displacement of propidium
from the PAS. At 1 and 10 uM, compounds 9—16 did not show
a significant ability to displace propidium from the PAS of
AChE (see Supporting Information). At 10 4M, although
compound 10 reduced propidium iodide binding by 16%, it
seems that compounds 9—16 would preferentially bind to the
catalytic binding site rather than to the PAS of AChE.

Effects of Compounds 9—16 on Ca>" Entry Elicited by K™
Depolarization of SH-SY5Y Cells. Since Ca®" ions are
involved in neuronal death in AD,”! we first studied whether
compounds 9—16 had any effect on Ca®* entry induced by K™
depolarization in Fluo-4/AM-loaded SH-SY5Y human neuro-
blastoma cells. Cells were incubated in the presence of com-
pounds 9—16 at 1 uM for 10 min and then stimulated with a
concentrated solution of KClI so that the final K* concentration
in the medium was 70 mM. At 3 uM, the 1,4-DHP nifedipine
caused 46% inhibition of K"-evoked [Ca®'], increase. Most
compounds had no effect on Ca®" uptake (see Supporting In-
formation). Only compound 12 significantly blocked Ca’>*
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Table 1. Inhibition of AChE from both Electrophorus electricus (eeAChE) and Human Erythrocytes (hAChE) and of BuChE from Equine Serum

(eqBuChE) by 1,8-Naphthyridines 9—16

ICso (uM)*
selectivity
compd R, n eeAChE eqBuChE hAChE eqBuChE/eecAChE

tacrine 0.027 4 0.002 0.0052 + 0.0002 0.10 +0.01 0.193
donepezil 0.0134 £+ 0.0009 0.84 £+ 0.05 0.0082 + 0.0004 62.7
galantamine 0.56 £ 0.06 1241 0.60 £+ 0.04 21.4
9 R =Me,n=1 0.12 +£0.01 S+1 1.9+0.2 41.7
10 R =Me,n=2 0.093 & 0.005 34403 1.0 £0.1 36.6
11 R =Me,n=3 0.36 £ 0.07 0.49 +£0.03 20+0.3 1.36
12 R =Me,n=4 0.25+0.03 4.07 +£0.07 1.8+0.2 16.3
13 R=Etn=1 0.35+0.04 39+7 2.1+0.2 111

14 R =Et,n=2 0.060 £ 0.006 12+1 0.78 + 0.08 200
15 R =Et,n=3 0.31 £0.02 2.1+0.2 20+0.3 6.77
16 R =Et,n =4 0.40 + 0.02 53403 1.8+0.2 13.2
17* 0.8+£0.2 50+0.6 6.1

“ICsq values are the mean + SEM of quadruplicates of at least three independent experiments.
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Figure 1. Steady-stateinhibition of AChE hydrolysis of acetylthiocho-
line (ATCh) by compound 14. Lineweaver—Burk reciprocal plots of
initial velocity and substrate concentrations (0.1—1 mM) are presented.
Lines were derived from a weighted least-squares analysis of data. Inset:
slope of the double reciprocal plots versus [14].

entry by 20% (Figure 2). Figure 2 also shows the time course of
[Ca®"]. changes in cells treated with nifedipine or with com-
pound 14, as an example of those compounds unable to inhibit
[Ca®"]. increases. The absence of Ca®" channel regulatory
activity of these new compounds in comparison to previous
analogues was expected, since the 1,4-DHP moiety, which is
believed to confer such activity, is absent.”*** As shown in
Chart 2, substituent X used to be an aryl ring, while it is a
hydrogen in compounds 9—16. Hence, they are not tacrine-1,4-
DHP hybrids any longer.

Effects of Compounds 9—16 on Cell Viability. Before eva-
luating the neuroprotective properties of these compounds,
we tested whether compounds 9—16 exerted cytotoxic effects
by themselves in human SH-SY5Y neuroblastoma cell line
by measuring lactate dehydrogenese (LDH) release as a
parameter of cell death. All compounds were studied by
incubation of cells with compounds at 1 uM for 24 h. In all
cases, LDH release was not statistically significant with
respect to the DMSO group. Therefore, compounds 9—16
were not toxic at the concentration we are using to analyze
their neuroprotective effects (see Supporting Information).

Neuroprotective Effect of Compounds 9—16 against Rote-
none/Oligomycin A Induced Cell Death. Rotenone and oli-
gomycin A block complexes I and V, respectively, of the
mitochondrial electron transport chain, thus disrupting ATP

25+
20+ Control
- 14
X
by 15
Q 12
c
@
@
o 104 Nife
5]
E
ic
5
0

Figure 2. Effect of compounds 12 and 14 on [Ca®']. increase
induced by high K* in SH-SY5Y neuroblastoma cells. Experiments
were performed in Fluo-4-loaded cells (» = 4). The curves are
representative examples of the averaged time course of [Ca®*]. in
control conditions and in the presence of 12, 14 (at 1 uM), or
nifedipine at 3 uM.

synthesis.” The exposure of SH-SY5Y cells to a mixture of rote-
none plus oligomycin A (Rot/Olig) constitutes a good model of
oxidative stress having its origin in mitochondria; it elicits
neurotoxicity and allows the evaluation of potential neuropro-
tective drugs used to treat AD patients, which inhibit AChE,
such as galantamine, donepezil, and rivastigmine. Hence, the
neuroprotective effect of compounds 9—16 against this toxic
stimulus was evaluated with the method of the LDH release™ at
I uM on SH-SYSY neuroblastoma cells, exposed to 30 uM
rotenone plus 10 uM oligomycin-A for 24 h. The results, shown
in Figure 3, indicate that these compounds efficiently protected
against oxidative stress in the same range as well-known refer-
ence antioxidants such as melatonin (MEL) and N-acetyl-
cysteine (NAC).>* Most of the compounds produced approxi-
mately a 30% decrease in cell death induced by Rot/Olig
(Figure 3 and Supporting Information). Compounds 12 and
14 reduced cell death by 42% and 48%, respectively, while
4-phenyl-substituted analogue 17 protected by 27% (Figure 3).
The good profile of these compounds as neuroprotectants
against Rot/Olig neurotoxicity is currently an open question
that deserves further studies.

Effect of Compounds 9—16 on Okadaic Acid Induced
Cytotoxicity. Okadaic acid (OA), a potent and nonselective
inhibitor of Ser/Thr phosphatases, induces 7 hyperpho-
sphorylation and cell death in both primary cortical neurons
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Figure 3. LDH release assay with rotenone/oligomycin A stimulated SH-SY5Y cells in the presence of compounds 9—16 or the 4-phenyl-substituted
analogue 17. SH-SYSY neuroblastoma cells were treated with 1 #M drugs 24 h before and during the incubation period with the toxic stimulus (30 uM
rotenone plus 10 uM oligomycin-A, Rot/Olig). The 10 nM melatonin (Mel) and 1 mM N-acetylcysteine (NAC) were used as reference compounds.
After exposure to Rot/Olig, cell death was quantified by measuring the LDH released to the media and normalized in each individual experiment as
percentage with respect to the maximum LDH released, considered as 100% cell death, and LDH released by nontreated cells, considered as 0% cell

death. Data are the means + SEM of triplicates of seven different cell batches: (x) p < 0.05 in comparison to control cell death.

1pM of Compound

Okadaic Acid + 1uM of Compound

| Preincubation 24 h |
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Figure 4. MTT reduction assay in okadaic acid stimulated SH-SYS5Y cells in the presence of compounds 9—16 and the 4-phenyl-substituted
analogue 17. SH-SY5Y neuroblastoma cells were treated with 1 uM compounds or 0.3 uM galantamine (used as reference compound) 24 h
before and during the incubation period with the toxic stimulus (30 nM okadaic acid, 24 h). After this period, cell viability was quantified by

evaluating MTT reduction to a formazan salt. Control group was considered as 100% of viability and represents cell viability of cells incubated
only with cell culture medium. Data are the mean + SEM of triplicates of seven different cell batches: (###) p < 0.001, comparing control and
okadaic acid-lesioned cells; (+*) p < 0.01, comparing to okadaic acid lesioned cells in the absence of drug.

and neuroblastoma cell lines, which leads to subsequent
neuronal degeneration, synaptic loss, and memory impair-
ment, resembling AD pathology.>>>® Although these experi-
mental paradigms are insufficient to characterize the
development of AD pathology, they provide a potentially
useful tool for determining the role of 7 hyperphosphoryla-
tion in neuronal death processes.”>® In this study, SH-
SYS5Y cells were incubated with compounds 9—16 at 1 uM
for 24 h before addition of 30 nM OA and co-incubated with
OA and the selected compound for an additional 24 h period.
Cell viability at the end of this period was evaluated by the
MTT reduction method,>” as described in the Experimental
Section. Results are expressed as percentage of MTT reduc-
tion with respect to nontreated (control) cells; this value was

taken as 100% of cell viability. Galantamine (GAL), at 0.3
uM, was used as reference.”® Compound 17 did not protect
SH-SYSY cells against OA. Only compound 14 protected
cells against OA-induced cell death with statistically signifi-
cant values. Cells treated with compound 14 were able to
reduce MTT by 89% compared to control, having 75% more
viability than that found in OA cells. MTT was reduced by
91% compared to control in cells incubated with OA plus
GAL. Thus, by comparison to OA cells, GAL afforded 85%
protection against OA-elicited toxicity (Figure 4).
Molecular Modeling Studies on Okadaic Acid Induced
Toxicity Prevention by Compound 14. Molecular field-based
similarity is a powerful tool for identifying patterns in
bioactive molecules, even when the molecules appear quite
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Scheme 3. Tautomeric Equilibrium for Compound 14
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Chart 3. Structure of Okadaic Acid and Tautomer 14d Show-
ing the Regions and the Selected Atoms To Be Aligned

Okadaic acid 010

dissimilar. To locate the structural commonalities, molecules
must be superimposed with respect to their molecular field
(steric, electrostatic, etc.). In some cases many possible
superpositions of nearly equal similarity can exist; therefore,
it is essential that consistent superimpositions be obtained
through the use of higher-order similarity relations.

In order to understand the good biological data of compound
14 protecting SH-SYSY neuroblastoma cells against cell death
elicited by OA-induced 7 hyperphosphorylation, molecular
modeling studies of these two structurally different molecules
have been done. We used OA as the 3D template to locate
essential features for recognition of ligands that bind to the same
receptor. Compound 14 might exist in amino and imino
tautomeric forms, and it is noted that in tautomers 14b and
14d there is a chiral center (Scheme 3).

When OA and compound 14 were compared, a location in
OA that has two regions to fit with compound 14 was found. OA
and each of the four tautomers were compared for stereoelec-
tronic congruence on the basis of cyclohexane and aminopyr-
idine rings attachment onto the two tetrahydropyran rings
(Chart 3). The quantitative criterion used for judging the super-
imposition of the ligands and template is the root means square
(rms) distance between selected atoms in the ligand and the
paired atoms of the template. The selected atoms are the ones
marked by an asterisk in Chart 3. Tautomer 14d, with S confi-
guration, showed the best fit with a rms deviation of 0.188 A.

The structural similarities between tautomer 14d and OA are
depicted in Figure 5, where a rigid least-squares fit has been
performed. The structural congruences between the cyclohex-
ane and the tetrahydropyran rings, and the aminopyridine ring
with the other tetrahydropyran ring are evident from the
Figure 5. Moreover, the imino group and two pyridine nitrogens
in compound 14d are in the same region as O8, O9, and O10
(Chart 3 and Figure 5) in OA, respectively.

To assess the electronic congruence between these two
molecules, we have calculated their electrostatic potencial
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Figure 5. Superposition of tautomer 14d and okadaic acid. Hydro-
gen atoms are omitted for clarity.

surfaces (EPS) and performed a similarity analysis in the
same way as before (Figure 6).

At the top of each compound we can recognize a red area
corresponding to a region of high electronic density; the
same occurs in the region of the imino group (14d) and OS8
(OA). Therefore, tautomer 14d and OA are congruent in an
electrostatic sense in these areas, which can play an impor-
tant role for the binding to the receptor. On the basis of the
molecular modeling studies, we propose that the active
conformation of compound 14 is the tautomer 14d.

Reduction of the OA-Induced PP2A Inhibition by Com-
pound 14. According to the molecular modeling studies,
compound 14 would be competing with OA for the binding
to Ser/Thr phosphatases, e.g., PP2A, preventing OA-in-
duced phosphatases inhibition. Since compound 14 would
be mimicking a portion of OA not essential for its inhibitory
activity, the entry of OA to the binding site would be
hampered, but Ser/Thr phosphatase-catalyzed 7 depho-
sphorylation would be preserved. PP2A is the most OA-
sensitive Ser/Thr phosphatase enzyme.”® To confirm this
hypothesis, experiments of PP2A inhibition with OA in the
presence of compound 14 were carried out by the method of
the malachite green (Figure 7).°“¢! Immunoprecipitated
PP2A was able to release 1.90 + 0.07 nmol (100 = 4% control)
of inorganic phosphorus to the assay medium. This phosphate
generation was significantly reduced in the presence of 30 nM
OA (1.31 £ 0.01 nmol, 69 & 2% control). Under these experi-
mental conditions, compound 14 significantly prevented the
OA inhibitory activity in a concentration-dependent manner.
At 1 uM and in the presence of 30 nM OA, compound
14 increased the inorganic phosphorus release to 1.456 +
0.004 nmol (77 & 2% control). This effect was more significant
when the concentration of compound 14 was 10 uM, gene-
rating 1.72 + 0.01 nmol of inorganic phosphorus (91 £ 3%
control) (Figure 7).

Molecular Docking of Compound 14 with PP2A. In order
to go into depth into the binding mode of compound 14
compared to OA in PP2A, a molecular docking analysis has
been carried out. The blind docking of the 14d—PP2A
molecules was successful as indicated by the statistically
significant scores. An important finding is the location of
the binding site, which is situated where we proposed based
on superimposition protocol (Figure 8).

Figure 9 shows the residues involved in the predicted
binding site. Hydrogen bond interaction of the ester side
chain with Arg214 may strengthen the ligand binding.

Thus, the computational studies were in accordance with
the biological activity found for compound 14, with regard to



Article

Electrostatic Potential

-0.0450
-0.0300
-0.0150
0.0000
0.0150
0.0300
0.0450

Journal of Medicinal Chemistry, 2010, Vol. 53, No. 14 5135

Figure 6. Molecular electrostatic potential surfaces for tautomer 14d (left) and okadaic acid (right).
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Control
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Figure 7. Effect of compound 14 on the inhibition of PP2A-derived
phosphatase activity induced by OA, measured with the malachite
green assay. Immunoprecipitated PP2A from rat brain lysates was
treated with vehicle (control), 30 nM OA (maximal inhibition), and
30 nM OA plus 14 (1 or 10 uM), before adding the threonine phospho-
peptide (Lys-Arg-pThr-lle-Arg-Arg) used as enzymatic substrate. After
10 min, malachite green was added and the enzymatic reaction was
allowed 15 min more for color development. After this period, PP2A
activity was quantified by measuring color generation at 620 nm.
Control group represents the maximal phosphatase activity. Data are
the mean 4+ SEM of triplicates of two different brain lysates: (###) p <
0.001 versus control; (%) p < 0.05 and (%) p < 0.001 in comparison to
OA in the absence of drug.

the prevention of OA-induced inhibition of PP2A. Hence,
the neuroprotective activity induced by compound 14
against the toxicity elicited by OA (Figure 4) was hypothe-
sized to be due to this down-regulating effect of the OA-
induced Ser/Thr phosphatases inhibition.

Neuroprotection of Compound 14 against AS-Induced Cyto-
toxicity. Taking into account the good neuroprotective
profile of compound 14 against models of both 7 hyperpho-
sphorylation and oxidative stress, we evaluated whether it was
also able to protect against the neurotoxicity evoked by AS—4».
The 1—42 peptide is the most amyloidogenic isoform of AfS.%>
When SH-SYS5Y neuroblastoma cells were exposed to 30 uM
Af1—4> for 24 h, cell viability, measured as MTT reduction,
decreased significantly (78 £ 2% vs control; Figure 10). We
found that compound 14 was able to increase cell viability in a
concentration-dependent manner (0.1—1 xM). When cells were

treated with AB;_4, plus compound 14 at 1 uM for 24 h,
viability augmented significantly to 90 + 1%, which implies
54% more viability than that found in cells treated only with
exogenous Af_4,. Used as reference compound, 10 nM mel-
atonin caused 58% protection.®*¢*

Neuroprotection Elicited by Compound 14 in Rat Hippo-
campal Slices Subjected to Oxygen and Glucose Deprivation.
Because compound 14 exhibited neuroprotective properties
against different stressors in neuroblastoma cell cultures, it
was of interest to test whether the compound exerted neuropro-
tection in a more complex model, e.g., the rat hippocampal slice
subjected to oxygen and glucose deprivation (OGD) followed
by reoxygenation. Thus, 15 min of OGD followed by 2 h reoxy-
genation produced 35% decrease of cell viability with respect to
control slices. We found that compound 14 was able to increase
cell viability in a concentration-dependent manner (1—30 uM),
with a maximal protection of 65.5% at 30 uM. This protection
was comparable to that of the reference drug galantamine.®’
ECs for compound 14 was 6 uM (Figure 11).

Conclusions

We have synthesized and evaluated a series of 1,8-naphthyri-
dine derivatives related to tacrine and compound 17, a neuro-
protectant previously reported by our research group. These new
compounds were easily prepared by smooth reactions in high
yields from readily available precursors. The compounds were
dual inhibitors of both AChE and BuChE, with slight selectivity
toward AChE inhibition. Cholinesterase inhibition was modu-
lated by tiny modifications of the structure. AChE inhibition
was improved in cyclohexene-fused compounds, while BuChE
inhibition was better in methyl esters than in ethyl esters, the
cycloheptene-fused compound 11 being the most active. Com-
pared to previous 1,8-naphthyridines reported by our group,
removal of the aryl susbtituent at C4 improved both AChE and
BuChE inhibition. Only compound 12 kept the Ca®" channel
modulating activity (20% blockade) as found in previously des-
cribed compounds. Furthermore, these 1,8-naphthyridine deri-
vatives showed neuroprotection against oxidative stress elicited
by the rotenone/oligomycin A cocktail, but only compound 14,
the best AChE inhibitor of this series, was able to improve cell
viability of SH-SYSY cells subjected to OA-induced 7 hyper-
phosphorylation. Also, compound 14 protected SH-SYSY cells
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Figure 8. (a, left) Molecular docking model of 14d—PP2A complex. Yellow portions indicate positions of the pocket. (b, right) Molecular
docking model of 14d—PP2A complex including okadaic acid (zoom): 14d (blue), okadaic acid (red).

Figure 9. Binding mode of the most stable docked orientation of
14d with PP2A.

against Af3;_4, neurotoxicity in concentration-dependent man-
ner. On the basis of this promising neuroprotective profile,
compound 14 was studied in an experimental preparation that
mimics tissue neurodegeneration, the rat hippocampal slices
subjected to OGD and reoxygenation, where it protected up to
65.5% against this toxic stimulus, with an ECsy of 6 uM. As this
family of 1,8-naphthyridines scarcely affected Ca®" entry, they
should exert their neuroprotective actions by a different mechan-
ism, e.g., free radical scavenging. This would explain the neuro-
protective profile of compound 14 in the OGD experiments, as
well as Rot/Olig experiments. The fact that compound 14 also
offered neuroprotection against both OA-induced 7 hyperpho-
sphorylation and exposure to exogenous Af3 makes us think that
its mechanism of action could be located at the beginning of the
cascade of events that lead to neurodegeneration. Likely, as
hypothesized by computational studies, compound 14 could be
preventing the Ser/Thr phosphatase inhibition. The maintenance
of the Ser/Thr phosphatase activity exerted by compound 14
could have consequences in a neurodegeneration scenario,

24 h Preincubation
[

24 h Co-incubation

y MTT
540 nm

Compound 14 Compound 14

+
AB.i2 30uM

804

704

MTT REDUCTION (%)

Control Mel 10nm 0.1 0.3 1 3
L ] C

pound 14 (uM)
AB1.42 30uM

Figure 10. MTT reduction assay in Af-lesioned SH-SY5Y neuro-
blastoma cells in the presence of compound 14. Neuroblastoma cells
were treated with 14 (0.1—3 M) or 10 nM of melatonin (Mel, used
as reference) 24 h before and during a 24 h incubation period with
30 uM ApBi_4,. After this period, cell viability was quantified by
measuring MTT reduction. Control group was considered as 100%
and represents cell viability of cells incubated only in culture medium.
Data are the mean == SEM of triplicates of four different cell batches:
##) p < 0.01 versus control; (+k) p < 0.01 and (xxx) p < 0.001 in
comparison to Af3|_4; lesioned cells in the absence of drug.

reducing the generation of neurofibrilary tangles by slowing
down the 7 hyperphosphorylation. Hence, compound 14
improves the neuroprotective properties of previous neuro-
protectants described by our group, like compound 17. For
these reasons, compound 14 (ethyl 4-amino-2-methyl-6,7,8,9-
tetrahydrobenzo[b][1,8]naphthyridine-3-carboxylate) can be
considered as a new potential neuroprotective drug acting on
different models of neurodegeneration, both in neuroblasto-
ma cultures and in cerebral tissues, which deserves a further
preclinical investigation and characterization of its mechan-
ism of action. Together with compound 14, compound 12 also
presented interesting properties, since it exhibited moderate and
dual inhibitory activity of cholinesterases (ICsy of 0.25 and
4.07 uM to inhibit eeAChE and eqBuChE, respectively), K*-
evoked Ca’* entry blockade, and a 42% protection of SH-
SYSY neuroblastoma cell line against rotenone/oligomycin
A neurotoxicity. This pharmacological profile could be
interesting taking into account that Ca®" channel blockade
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Figure 11. MTT reduction assay in rat hippocampal slices sub-
jected to 15 min of OGD and 120 min of reoxygenation in absence
(OGD bar) or presence of increasing concentrations (1, 3, 10, and
30 uM) of compound 14 (see protocol at the top of the figure).
Galantamine (GAL, 15 uM) was used as reference. Slices, kept
during the same period of time with oxygen and glucose, were run in
parallel to define the control condition (Control). MTT reduction in
control slices was taken as 100% of tissue viability. Data are the
mean + SEM of six experiments: (###) p < 0.001 comparing
control respect to OGD; (x#%) p < 0.001 in comparison to OGD.

has been reported to induce neuroprotection in several models
of cell death.** The results of this work are in agreement with
the current opinion about the necessity of finding multitarget
drugs for the development of AD medicines, like dimebon,*® an
antihistaminic and anticholinesterasic drug that was found to
preserve mitochondrial function®” and protected neurons
against several neurotoxic stimuli.®®

Experimental Section

Materials. Melatonin, rotenone, oligomycin A, N-acetylcys-
teine (NAC), tacrine, nifedipine, dimethyl sulfoxide (DMSO),
EDTA, EGTA, leupeptin, PMSF, Af protein fragment 1—42,
and okadaic acid were purchased from Sigma Aldrich (Madrid,
Spain). Galantamine was purchased from Tocris House
(Bristol, U.K.). Protease inhibitor cocktail was purchased from
Roche (Mannheim, Germany). Fluo-4/AM was purchased from
Molecular Probes (Invitrogen, Barcelona, Spain), and PP2A
immunoprecipitation phosphatase assay kit was purchased
from Millipore (Temecula, CA).

Chemistry. Reactions were monitored by TLC (thin layer
chromatography) using precoated silica gel aluminum plates
containing a fluorescent indicator. Detection was done by UV
(254 nm) followed by charring with sulfuric—acetic acid spray,
1%, aqueous potassium permanganate solution, or 0.5% phos-
phomolybdic acid in 95% ethanol. Anhydrous Na,SO,4 was used
to dry organic solutions during workups, and the removal of
solvents was carried out under vacuum with a rotary evaporator.
Flash column chromatography was performed using silica gel 60
(230—400 mesh). Melting points were determined in a Stuart
SMP-10 apparatus and are uncorrected. IR spectra were obtained
in a Bruker IFS60v spectrophotometer. MS spectra were obtained
in a QSTAR spectrometer (Applied Biosystems). 'H and '*C
NMR spectra were recorded with a Varian VXR-200S or Bruker
AMX-300 spectrometer, using tetramethylsilane as internal stan-
dard. All the assignments for protons and carbons were in
agreement with 2D COSY, gHSQC, gHMBC, and 1D NOESY
spectra. Elemental analyses were used to determine the purity of
compounds and carried out on a LECO CHNS-932 apparatus.
Positive electrospray HRMS spectra were obtained in an API
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QSTAR pulsar spectrometer (Applied Biosystems). All the de-
scribed compounds had >95% purity.

General Method for the Synthesis of 6(1H)-Pyridinone Deri-
vatives. In a three-necked round-bottomed flask, a mixture of
the corresponding alkyl acetoacetate (1 equiv) and N,N'-di-
methylformamide dialkyl acetal (1 equiv) in dry DMF (1 mL/
mmol) was stirred at room temperature under argon for 24 h. A
mixture of cyanoacetamide (1 equiv) and sodium hydride
(2 equiv) in dry DMF (1.4 mL/mmol), previously prepared at
0 °C and stirred at room temperature for 10 min under argon,
was added slowly, and the mixture was allowed to stir for 24 h. A
solution of ethanol/H,O (50:50, 5 mL/mmol) was added, and
the resulting mixture was acidified to pH 4 with concentrated
HCI and stirred for 24 h. The mixture was filtered to afford a
solid with good analytical and spectral data.

Methyl Ester of 5-Cyano-2-methyl-6-oxo0-1,6-dihydropyridine-
3-carboxylic Acid (1). Following the general method for the
synthesis of 2(1H)-pyridinone derivatives, reaction of ethyl
acetoacetate (6.500 g, 50 mmol) and N,N’-dimethylformamide
dimethyl acetal (5.950 g, 50 mmol) in dry DMF (50 mL)
afforded after filtration a yellow solid that was assigned to
compound 1 (5.280 g, 55%) with spectral data in accordance
with the literature.*® Anal. (CoHgN,O5) C, H, N.

Ethyl Ester of 5-Cyano-2-methyl-6-0xo-1,6-dihydropyridine-
3-carboxylic Acid (2). Following the general method for the
synthesis of 2(1H)-pyridinone derivatives, reaction of ethyl
acetoacetate (3.797 g, 29.2 mmol) and N, N'-dimethylformamide
diethyl acetal (4.295 g,29.2 mmol) indry DMF (29 mL) afforded
after filtration a yellow solid that was assigned to compound 2
(2.900 g, 48%) with spectral data in accordance with the
literature.>® Anal. (C;oH,oN>O53) C, H, N.

General Method for the Synthesis of 6-Chloropyridine Deriva-
tives. The corresponding 6(1H)-pyridinone was dissolved in
POCI;, and the mixture was heated under reflux. Ice (40—80
g) was poured into the mixture, and the mixture was neutralized
(pH 7) with aqueous ammonia. The resulting solid was filtered
and washed with H,O. Pure compounds were isolated after
desiccation with a vacuum pump.

Methyl Ester of 6-Chloro-5-cyano-2-methylnicotinic Acid (3).
Following the general method for the synthesis of 6-chloropyridine
derivatives, reaction of 1 (1.000 g, 5.20 mmol) in POCl; (10 mL),
after 41 h, yielded compound 3 (1.085 g, 99%) as a yellow solid. IR
(KBr) v 3431, 3074, 2925, 2854, 2238, 1727, 1588, 1535, 1437, 1416,
1282, 1245, 1113, 929, 782 cm™'; "H NMR (CDCls, 300 MHz) 6
8.39 (s, 1 H, H4), 3.88 (s, 3 H, OCH3), 2.81 [s, 3 H, CH;(C2)]; "*C
NMR (CDCls, 75.4 MHz) 6 165.7 (C6), 164.6 (CO), 154.3 (C2),
145.1 (C4), 124.7 (C3), 114.5 (CN), 108.6 (C5), 53.4 (OCH3), 25.6
[CH3(C2)]. MS (API-ES+) m/z: [M + 1]* 211.0.

Ethyl Ester of 6-Chloro-5-cyano-2-methylnicotinic Acid (4).
Following the general method for the synthesis of 6-chloropyr-
idine derivatives, reaction of 2 (2.000 g, 9.70 mmol) in POCl; (10
mL), after 48 h, yielded compound 4 (2.023 g, 93%) as a yellow
solid. IR (KBr) v 3431, 3063, 2991, 2926, 2850, 2239, 1723, 1582,
1533, 1413, 1370, 1357, 1275, 1241, 1110, 1033, 988, 872, 782
em™'; "TH NMR (CDCl;, 300 MHz) 6 8.43 (s, 1 H, H4), 4.35(q, 2
H,J = 7.1 Hz, CO,CH,CHs), 2.80 [s, 3 H, CH3(C2)], 1.37 (t, 3
H,J = 7.1 Hz, CO,CH,CHj5); '*C NMR (CDCl;, 75.4 MHz) 6
165.7 (C6), 164.1 (CO), 154.1 (C2), 145.0 (C4), 125.1 (C3), 114.5
(CN), 108.5 (C5), 62.7 (CO,CH,CHj;), 25.6 [CH;3(C2)], 14.6
(CO,CH,CH3). MS (API-ES+) m/z: [M + 1]7225.1;[M + Na]
247.1.

General Method for the Synthesis of Benzyl-Protected Amino-
pyridine Derivatives. A mixture of the corresponding 6-chloro-
pyridine (1 equiv) and benzylamine (1—1.2 equiv) in methanol
(2 mL/mmol) was stirred at room temperature for several days.
The solution was then poured into ice-cold water (10—20 mL/
mmol) and kept overnight in a refrigerator. The resulting
precipitate was filtered and purified by silica gel flash chromato-
graphy using hexane/ethyl acetate mixtures as eluent to give
pure compounds.
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Methyl Ester of 6-(Benzylamino)-5-cyano-2-methylnicotinic
Acid (5). Following the general method for the synthesis of
benzyl-protected aminopyridine derivatives, reaction of 3 (506 mg,
2.40 mmol) and benzylamine (309 mg, 2.88 mmol) in MeOH
(7 mL), after 7 days, yielded compound 5 (648 mg, 96%) as a white
solid. IR (KBr) v 3354, 3034, 2957, 2223, 1719, 1599, 1580, 1454,
1435, 1325, 1262, 1237, 1210, 1149, 1090, 780, 693 cm ™ '; "H NMR
(CDCls, 300 MHz) 6 8.28 (s, 1 H, H4), 7.35 (m, 5H, Ph), 5.75 (br,
1H,NH),4.79(d,J = 8.7Hz, 2 H, CH,), 3.86 (s, 3 H, OCH3), 2.77
[s, 3 H, CH3(C2)]; *C NMR (DMSO-ds, 75.4 MHz) 8 165.1, 164.9
(CO, C6), 157.8 (C2), 145.2 (C4), 139.5 (C1"), 128.4 (C3"), 127.7
(C2), 127.0 (C4), 116.1 (C3), 112.8 (CN), 88.1 (C5), 52.0
(CO,CH3), 44.2 (CH,N), 25.7 [CH;5(C2)]. MS (API-ES+) m/z:
[M + 177 282.3, 296.3; [M + Na]™ 304.3, 318.3.

Ethyl Ester of 6-(benzylamino)-5-cyano-2-methylnicotinic
Acid (6). Following the general method for the synthesis of
benzyl-protected aminopyridine derivatives, reaction of 4 (225
mg, 1.00 mmol) and benzylamine (129 mg, 1.20 mmol) in MeOH
(2 mL), after 4 days, yielded compound 6 (203 mg, 69%) as a
white solid. IR (KBr) v 3350, 3062, 3032, 2985, 2926, 2903, 2225,
1716, 1600, 1582, 1454, 1403, 1368, 1327, 1258, 1234, 1148, 1109,
1091, 1033, 779, 742, 714, 693, 615 cm™'; "H NMR (CDCls, 300
MHz) 6 8.29 (s, 1 H, H4), 7.35 (m, SH, Ph), 5.72 (br, 1 H, NH),
4.79 (d,J = 8.4 Hz, 2 H, CH»), 4.32(q, J = 7.2 Hz, 2 H, CO»-
CH,CHs), 2.77 [s, 3 H, CH5(C2)], 1.37 (t, 3 H, J = 7.2 Hz,
CO,CH,CH3); C NMR (CDCls, 75.4 MHz) 6 166.5, 165.3
(CO, C6), 158.2(C2), 144.9 (C4), 138.3 (C1"), 129.2 (C3'), 128.4
(C2), 128.2 (C4'), 116.6 (C3), 114.7 (CN), 89.1 (C95), 61.3
(CO,CH,CH3), 45.7 (CH;,N), 26.4 [CH3(C2)], 14.7 (CO,CH>-
CH3). MS (API-ES+) m/z: [M + 1]7 296.0; [M + Na]™ 318.0.
Anal. (C17H17N302) C, H, N.

General Method for the Synthesis of Aminopyridine Deriva-
tives. Trifluoromethanesulfonic acid (10—13 equiv) was added
dropwise to a solution of the corresponding benzyl-protected
6-aminopyridine in anhydrous dichloromethane (8 mL/mmol)
under argon at 0 °C. The mixture was then refluxed for 2—3 h,
cooled and diluted in water, basified to pH 10 with 10% NaOH,
and extracted with dichloromethane. The organic phase was
dried over anhydrous sodium sulfate, evaporated, and purified
by flash chromatography using hexane and ethyl acetate mix-
tures as eluent to give pure compounds.

Methyl Ester of 6-Amino-5-cyano-2-methylnicotinic Acid (7).
Following the general method for the synthesis of aminopyr-
idine derivatives, reaction of 5 (69 mg, 0.25 mmol) and trifluor-
omethanesulfonic acid (482 mg, 3.22 mmol) in dichloromethane
(2 mL) after 3 h yielded compound 7 (47 mg, 98%) as a yellow
solid. IR (KBr) v 3387, 3334, 3144, 2224, 1719, 1667, 1598, 1550,
1439, 1340, 1292, 1265, 1170, 1072, 780 cm ™ '; "H NMR (CDCls,
300 MHz) 6 8.31 (s, 1 H, H4), 5.55 (br, 2 H, NH>), 3.87 (s, 3 H,
OCH3;), 2.73 [s, 3 H, CH3(C2)]. MS (API-ES+) m/z: [M + 117
192.2; [M + Na]* 214.0.

Ethyl Ester of 6-Amino-5-cyano-2-methylnicotinic Acid (8).
Following the general method for the synthesis of aminopyr-
idine derivatives, reaction of 6 (1.000 g, 3.39 mmol) and tri-
fluoromethanesulfonic acid (5.080 g, 33.88 mmol) in dichloro-
methane (27 mL) after 2.5 h yielded compound 8 (679 mg, 98%)
as a yellow solid. IR (KBr) v 3390, 3333, 3140, 2973, 2226, 1719,
1672, 1599, 1549, 1400, 1369, 1338, 1291, 1265, 1172, 1069, 943,
779, 556 cm”'; "H NMR (CDCls, 200 MHz) 6 8.32 (s, 1 H, H4),
5.50 (br,2H,NH;),4.33(q,J = 7.0Hz,2 H, CO,CH,CH;),2.74
[s, 3 H, CH5(C2)], 1.38 (t, 3 H, J = 7.0 Hz, CO,CH,CH,); "*C
NMR (CDCls, 75.4 MHz) 6 166.5, 165.0 (CO, C6), 159.7 (C2),
145.1 (C4), 116.3, 116.2 (C3, CN), 88.9 (C5), 61.5 (CO,CH>-
CH3), 25.9[CH3(C2)], 14.7 (CO,CH,CH3). MS (API-ES+) m/z:
[M + 1]+ 206.0. Anal. (C,oH,;N50,) C, H, N.

General Method of Friedlander Reaction for the Synthesis of
[1,8]Naphthyridine Derivatives. Aluminum chloride (1.2—2.2
equiv) was suspended in dry 1,2-dichloroethane (10 mL/mmol)
under argon. The corresponding alkyl 6-amino-5-cyano-2-
methyl-3-pyridinecarboxylate (1 equiv) and the cycloalkanone
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(1.2—2.2 equiv) were added. The reaction mixture was heated
under reflux (27—49 h). After the reaction was complete (TLC
analysis), the mixture was allowed to cool to room temperature
and a mixture of THF/H,O (2:1) was added. An aqueous
solution of 10% NaOH was added dropwise to the mixture
until the aqueous solution was basic (pH 9). After being stirred
for 30 min, the mixture was extracted three times with dichloro-
methane. The organic layer was washed with brine, dried over
anhydrous sodium sulfate, filtered, and the solvent was evapo-
rated. The resultant solid was purified by silica gel flash chro-
matography using methanol/dichloromethane mixtures as
eluent to provide pure compounds.

Methyl Ester of 5-Amino-2-methyl-7,8-dihydro-6 H-cyclopenta-
[5][1,8]naphthyridine-3-carboxylic Acid (9). This compound was
obtained following the general method for the Friedldnder
reaction. To a stirred suspension of AICl; (93 mg, 0.70 mmol)
in dry 1,2-dichloroethane (5 mL) were added methyl 6-amino-5-
cyano-2-methyl-3-pyridinecarboxylate 7 (95 mg, 0.50 mmol)
and cyclopentanone (59 mg, 0.70 mmol). Upon the TLC anal-
ysis, 33 mg of AICI; (0.25 mmol) and 21 mg of cyclopentanone
(0.25 mmol) were added after 28 h of reflux. The reaction was
complete at 49 h of total time, yielding compound 9 (63 mg,
60%) as a yellow solid: mp 255—258 °C; IR (KBr) v 3317, 3188,
2951,2844, 1724, 1645, 1601, 1549, 1431, 1358, 1259, 1114, 802,
777 cm™'; "H NMR (DMSO-d,, 200 MHz) 6 9.14 (s, 1 H, H4),
7.03 (br, 2 H, NH>), 3.89 (s, 3 H, CH;0), 3.37 (m, 2 H, HS), 2.91
(m, 2 H, H6), 2.79 [s, 3 H, CH;C(2)], 2.10 (m, 2 H, H7); '*C
NMR (DMSO-dg, 50.2 MHz) 6 171.8 (CO), 166.5 (C8a), 158.9
(C2), 157.0 (CYa), 148.1 (C4), 135.8 (C5), 119.5 (C3), 114.1
(C5a), 109.0 (C4a), 52.1 (CH;0), 35.1(C8), 27.5[CH5C(2)],25.3
(C6), 21.8 (C7). MS (API-ES+) m/z: 258.1 [(M + 1)*, 100],
245.1,205.1, 157.1. Anal. (C14H;5sN30,) C, H, N.

Methyl 5-Amino-2-methyl-6,7,8,9-tetrahydrobenzo[5][1,8]naph-
thyridine-3-carboxylate (10). This compound was obtained fol-
lowing the general method for the Friedldnder reaction. To a
stirred suspension of AICl; (83 mg, 0.62 mmol) in dry 1,2-
dichloroethane (5 mL) were added methyl 6-amino-5-cyano-2-
methyl-3-pyridinecarboxylate 7 (85 mg, 0.44 mmol) and cyclo-
hexanone (61 mg, 0.62 mmol). Upon the TLC analysis, an
amount of 30 mg of AICI; (0.22 mmol) was added after 6 h of
reflux. Then 30 mg of AICl; (0.22 mmol) and 22 mg of
cyclohexanone (0.22 mmol) were added after 21 h of reflux.
The reaction was complete at 30 h of total time, yielding
compound 10 (85 mg, 70%) as a yellow solid: mp >300 °C
(dark at 185 °C); IR (KBr) v 3338, 3229, 2941, 2862, 1716, 1620,
1601, 1568, 1543, 1437, 1361, 1284, 1246, 1116, 1070, 802, 779
cm”'; '"H NMR (CDCl;, 200 MHz) 6 8.82 (s, 1 H, H4), 5.19 (bs,
2H, NH,), 3.94 (s, 3H, CH30), 3.07 (m, 2H, H9), 2.95 [s, 3H,
CH;C(2)], 2.59 (m, 2H, H6), 1.93 (m, 4H, H7, HS); '*C NMR
(DMSO-ds, 75.4 MHz) 6 166.4 (CO), 161.9 (C9a), 159.6 (C2),
154.1 (Cl10a), 150.9 (C5), 136.0 (C4), 119.7 (C3), 109.9 (C5a),
108.3 (C4a), 52.1 (CH50), 33.4 (C9), 25.2 [CH5C(2)], 23.3 (C6),
22.1,22.0(C7, C8). MS (API-ES+) m/z: 272 [(M + 1)*, 100], 248
(12), 205 (13). Anal. (C;sH7N50,) C, H, N.

Methyl 5-Amino-2-methyl-7,8,9,10-tetrahydro-6H-cyclohepta-
[5][1,8]naphthyridine-3-carboxylate (11). This compound was
obtained following the general method for the Friedlander
reaction. To a stirred suspension of AlCl; (93 mg, 0.70 mmol)
indry 1,2-dichloroethane (5 mL) were added methyl 6-amino-5-
cyano-2-methyl-3-pyridinecarboxylate 7 (95 mg, 0.50 mmol)
and cycloheptanone (78 mg, 0.70 mmol). Upon the TLC anal-
ysis, 33 mg of AICI; (0.25 mmol) and 28 mg of cycloheptanone
(0.25 mmol) were added after 19h of reflux. The reaction was
complete at 27 h of total time, yielding compound 11 (95 mg,
67%) as a yellow solid: mp 227—233 °C; IR (KBr) » 3330, 3199,
2918, 2850, 1720, 1651, 1601, 1579, 1543, 1429, 1361, 1346, 1257,
1105, 1082, 810, 779 cm™'; "H NMR (CDCls, 200 MHz) 6 8.77
(s, 1H, H4), 5.03 (bs, 2H, NH,), 3.96 (s, 3H, CH;0), 3.19 (m,
2H, H10), 2.96 [s, 3H, CH;C(2)], 2.75 (m, 2H, H6), 1.98—1.46
(m, 6H, H7, HS8, H9); *C NMR (DMSO-d;, 75.4 MHz)
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0169.1(CO), 166.4 (C10a), 159.0 (C2), 154.5(Cl11a), 149.2 (C5),
136.0 (C4), 120.1 (C3), 114.9 (C5a), 109.2 (C4a), 52.0 (OCH3;),
39.2(C10), 31.4 (C9), 27.3 (CB), 26.2 (C6), 25.0, 24.9 [CH;C(2),
C7]. MS (API-ES+) m/z: 286 [(M + 1)", 100], 248 (12), 205 (15).
HRMS caled for C;¢H»oN30, 286.1550 (M + H™). Found
286.1544 (M + H™).

Methyl 5-Amino-2-methyl-6,7,8,9,10,11-hexahydrocycloocta-
[6][1,8]naphthyridine-3-carboxylate (12). This compound was
obtained following the general method for the Friedlander
reaction. To a stirred suspension of AICl; (146 mg, 1.10 mmol)
indry 1,2-dichloroethane (8 mL) were added methyl 6-amino-5-
cyano-2-methyl-3-pyridinecarboxylate 7 (150 mg, 0.78 mmol)
and cyclooctanone (139 mg, 1.10 mmol). Upon the TLC anal-
ysis, 52 mg of AICl; (0.39 mmol) and 50 mg of cyclooctanone
(0.39 mmol) were added after 20 h of reflux. The reaction was
complete at 28 h of total time, yielding compound 12 (134 mg,
57%) as a white solid: mp 259—262 °C; IR (KBr) v 3349, 2923,
2851, 1725,1713,1620, 1600, 1571, 1541, 1432, 1361, 1351, 1291,
1260, 1249, 1109, 1093 cm™'; 'H NMR (CDCls, 200 MHz) 6
8.80 (s, 1H, H4), 5.10 (bs, 2H, NH,), 3.97 (s, 3H, CH;0), 3.15
(m, 2H, H11), 2.98 [s, 3H, CH5C(2)], 2.88 (m, 2H, H6), 1.90 (m,
2H, H10), 1.73 (m, 2H, H7), 1.43 (m, 4H, HS, H9); °C NMR
(CDCl3, 75.4 MHz) ¢ 167.6 (CO), 166.5 (Clla), 161.9 (C2),
148.2 (Cl12a), 146.2 (C5), 134.9 (C4), 121.4 (C3), 114.2 (C5a),
109.0 (C4a), 52.4 (OCH3), 36.2 (Cl11), 30.8 (C10), 27.8 (C7),
26.3, 26.2 (C8, C9), 25.9 [CH5C(2)], 24.7 (C6). MS (API-ES+)
m/z: 300.3 [(M + 1)*, 100], 322.3 [(M + Na)", 13]. Anal.
(Ci7H21N;0,) C, H, N.

Ethyl 5-Amino-2-methyl-7,8-dihydro-6 H-cyclopenta[h][1,8]-
naphthyridine-3-carboxylate (13). This compound was obtained
following the general method for the Friedldnder reaction. To a
stirred suspension of AICl; (91 mg, 0.68 mmol) in dry 1,2-
dichloroethane 8 (5 mL) were added ethyl 6-amino-5-cyano-2-
methyl-3-pyridinecarboxylate (100 mg, 0.49 mmol) and cyclo-
pentanone (57 mg, 0.68 mmol). Upon the TLC analysis, 32 mg
of AICI; (0.24 mmol) and 20 mg of cyclopentanone (0.24 mmol)
were added after 14 and 25 h of reflux. The reaction was
complete at 40 h of total time, yielding compound 13 (91 mg,
69%) as a yellow solid: mp 237—240 °C; IR (KBr) v 3329, 3176,
2964, 1716, 1657, 1604, 1550, 1433, 1400, 1358, 1252, 1217, 1117,
1086, 1051, 806, 779 cm™~'; "TH NMR (CDCls, 200 MHz) 6 8.74
(s, 1H, H4), 4.80 (bs, 2H, NH,), 4.44 (q, J = 7.2 Hz, 2H, CO,-
CH,CH3),3.16 (t,J;5 = 7.6 Hz, 2H, H8), 2.98 [s, 3H, CH5C(2)],
2.88(t,Js7 = 7.6 Hz,2H, H6), 2.23 (quintet, 2H, Js 75 = 7.6 Hz,
H7),1.45(t,J = 7.2 Hz, 3H, CO,CH,CH;); >*C NMR (DMSO-
ds, 50.2 MHz) 0 171.6 (CO), 166.1 (C8a), 158.7 (C2), 156.9
(C9a), 148.0 (C4), 135.6 (CS5), 120.0 (C3), 114.0 (C5a), 109.0
(C4a), 60.8 (OCH,CH3), 35.0 (C8), 27.5 (C6), 25.2 [CH3C(2)],
21.8 (C7), 14.1 (OCH,CH3;). MS (API-ES+) m/z: 272.2 [(M +
1)*, 100], 258.1 (8), 245.1 (7). Anal. (C;sH;7N30,) C, H, N.

Ethyl 5-Amino-2-methyl-6,7,8,9-tetrahydrobenzo[b][1,8]naph-
thyridine-3-carboxylate (14). This compound was obtained fol-
lowing the general method for the Friedlander reaction. To a
stirred suspension of AICl; (112 mg, 0.84 mmol) in dry 1,2-
dichloroethane (6 mL) were added ethyl 6-amino-5-cyano-2-
methyl-3-pyridinecarboxylate 8 (123 mg, 0.60 mmol) and cyclo-
hexanone (82 mg, 0.84 mmol). Upon the TLC analysis, 40 mg of
AICl; (0.30 mmol) and 30 mg of cyclohexanone (0.30 mmol)
were added after 22 h of reflux. The reaction was complete at 31
h, yielding compound 14 (159 mg, 93%) as a yellow solid: mp
212-215; IR (KBr) v 3374, 3324, 3182, 2934, 1717, 1664, 1602,
1577, 1546, 1434, 1363, 1350, 1252, 1222, 1120, 1072, cm™'; 'H
NMR (CDCl;, 300 MHz) 6 8.82 (s, 1H, H4), 5.33 (bs, 2H, NH,),
4.39(q,J = 7.5Hz,2H, CO,CH,CH3;), 3.05 (m, 2H, H9),2.91[s,
3H, CH5C(2)], 2.58 (m, 2H, H6), 1.92 (m, 4H, H7, H8), 1.41 (t,
J = 7.5Hz, 3H, CO,CH,CH;); *C NMR (CDCl;, 75.4 MHz) 6
166.7 (CO), 163.9 (C9a), 162.0 (C2), 154.6 (C10a), 149.5 (C5),
135.0 (C4), 121.8 (C3), 111.5 (C5a), 109.0 (C4a), 61.8 (OCH,-
CH3), 34.2 (C9), 26.4 [CH5C(2)], 23.9 (C6), 22.8 (C7, C8), 14.7
(CH3CH,0). MS (API-ES+) m/z: 286.2 [(M + 1)*, 100], 593.5
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[(2 x M +Na)™, 5],308.3[(M + Na)™, 4], 272.2 (10), 258.2 (12).
Anal. (C;sH9N50,) C, H, N.

Ethyl 5-Amino-2-methyl-7,8,9,10-tetrahydro-6 H-cyclohepta-
[5][1,8]naphthyridine-3-carboxylate (15). This compound was
obtained following the general method for the Friedlander
reaction. To a stirred suspension of AlCl; (100 mg, 0.75 mmol)
in dry 1,2-dichloroethane (6 mL) were added ethyl 6-amino-5-
cyano-2-methyl-3-pyridinecarboxylate 8 (110 mg, 0.54 mmol)
and cycloheptanone (84 mg, 0.75 mmol). Upon the TLC anal-
ysis, 36 mg of AICl; (0.27 mmol) and 30 mg of cycloheptanone
(0.27 mmol) were added after 10 and 24 h of reflux. The reaction
was complete at 33 h of total time, yielding compound 15 (130
mg, 80%) as a yellow solid: mp 252—255 °C; IR (KBr) v 3381,
3327,3153,2923,2850, 1714, 1670, 1603, 1576, 1543, 1344, 1288,
1254, 1223, 1111, 1082, 1049, 812, 781 cm™'; "TH NMR (CDCl;,
200 MHz) 6 8.75 (s, [H, H4), 5.03 (bs,2H, NH»), 4.44 (q,/ = 7.0
Hz, 2H, CO,CH,CH3), 3.19 (m, 2H, H10), 2.96 [s, 3H, CH;C-
(2)], 2.75 (m, 2H, H6), 2.00—1.60 (m, 6H, H7, H8, H9), 1.44 (t,
J = 7.0 Hz, 3H, CO,CH,CH;); *C NMR (DMSO-d,, 75.4
MHz) 6 169.1 (CO), 166.1 (C10a), 158.8 (C2), 154.6 (Clla),
149.1(C5), 135.9(C4), 120.5(C3), 114.9 (C5Sa), 109.3 (C4a), 60.8
(OCH,CH3;), 39.2 (C10), 31.5 (C9), 27.3 (C8), 26.2 (C6), 25.1,
25.0 [CH5C(2), C7], 14.1 (OCH,CHj3). MS (API-ES+) m/z:
300.2 [(M + 1)*, 100], 205.1 (17), 157.1 (13). Anal. (C;7H,,-
N3;0,) C, H, N.

Ethyl 5-Amino-2-methyl-6,7,8,9,10,11-hexahydrocycloocta-
[6][1,8]naphthyridine-3-carboxylate (16). This compound was
obtained following the general method for the Friedlander
reaction. To a stirred suspension of AICl; (73 mg, 0.55 mmol)
in dry 1,2-dichloroethane (4 mL) were added ethyl 6-amino-5-
cyano-2-methyl-3-pyridinecarboxylate 8 (80 mg, 0.39 mmol)
and cyclooctanone (69 mg, 0.55 mmol). Upon the TLC analysis,
26 mg of AICl; (0.19 mmol) and 25 mg of cyclooctanone (0.19
mmol) were added after 15 and 21 h of reflux. The reaction was
complete at 39 h of total time, yielding compound 16 (110 mg,
90%) as a white solid: mp 241—243 °C; IR (KBr) v 3345, 2920,
2846,1716,1618, 1599, 1570, 1541, 1431, 1356, 1350, 1290, 1259,
1242, 1167, 1107, 1090, 818, 779 cm™'; '"H NMR (CDCl;, 200
MHz) 6 8.75 (s, 1H, H4), 5.02 (bs, 2H, NH,), 4.43 (q,/ = 7.0 Hz,
2H, CO,CH,CH3), 3.14 (m, 2H, H11), 2.97 [s, 3H, CH5C(2)],
2.87 (m, 2H, H6), 1.88 (m, 2H, H10), 1.72 (m, 2H, H7), 1.43 (t,
J =7.0Hz 3H, CO,CH,CH3), 1.38 (m, 4H, H8, H9); '*C NMR
(CDCl3, 75.4 MHz) 6 166.6 (Clla), 166.1 (CO), 159.3 (C2),
154.6 (C12a), 149.9 (C5), 136.0 (C4), 120.5 (C3), 112.5 (C5a),
108.8 (C4a), 60.8 (OCH,CH3), 35.7(C11), 30.7 (C10), 27.8 (C7),
26.0,25.8 (C8, C9),25.1 [CH5C(2)],23.7 (C6), 14.1 (OCH,CH3;).
MS (API-ES+) m/z: 314.2 [(M + 1)*, 100], 205.1 (12). Anal.
(C1gH23N30,) C, H, N.

Molecular Modeling. Molecular modeling studies were car-
ried out with QUANTA/CHARMmMmM sofware running on a
Silicon Graphics workstation. The OA structure was retrieved
from Protein Data Bank and used as template. Tautomers 14a,
14b, 14c, and 14d were assembled within QUANTA using
standard bond lengths and bond angles. With the CHARMm
force field® and partial atomic charges, the molecular geome-
tries of OA and tautomers 14a, 14b, 14¢, and 14d were each
separately energy-minimized using the adopted-based Newton—
Raphson algorithm. Structures were considered fully optimized
when the energy changes between iterations were less than
0.01 kcal/mol.7 Tautomers 14a, 14b, 14¢, and 14d were manu-
ally aligned on OA, and the superimposition was based on a
similar substructure embedded in OA. Then a rigid body fit of
tautomers to targeted atoms on OA was done with Quanta. The
set of atoms used for the superpositioning is described in Results
and Discussion.

The blind docking experiment was carried out on the complex
21E4 obtained from the Protein Data Bank (PDB). For docking
study, initial protein was prepared by removing all water
compounds, heteroatoms, and the ligand (okadaic acid) and
CHARMmM force field was applied using the receptor—ligand
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interactions tool in Discovery Studio, version 2.1, software pack-
age. The docking of 14d into PP2Awas performed with the program
AUTODOCK VINA.”" AUTODOCKTOOLS (ADT) (version
1.5.4) was used to add hydrogens and partial charges for protein
and ligand using Gasteiger charges. Flexible torsions in the ligand
were assigned with the AUTOTORS module, and the acyclic
dihedral angles were allowed to rotate freely.

Because VINA uses rectangular boxes for the binding site, the
box center was defined and the docking box was displayed using
ADT. The docking procedure was applied to whole protein target,
without imposing the binding site (“blind docking”). The grid field
was a 120 A cube with grid points separated 1 A, at the middle of the
protein (x = 60936; y = —25558; z = —17702). Default parameters
were used except num_modes, which was set to 30. The lowest
docking-energy conformations were included in the largest cluster
found (which contains 40% of total conformations). Otherwise, the
lowest docking-energy conformation was considered as the most
stable orientation. Finally, the docking results generated were
directly loaded into Discovery Studio, version 2.1.

Biology. Data Analysis. Data are represented as the mean +
standard error of the mean. Comparisons between experimental
and control groups were performed by one-way ANOVA
followed by Newman—Keuls post hoc test. Differences were
considered to be statistically significant when p < 0.05. All
statistical procedures were carried out using GraphPad Prism
software version 5.0 for an IBM compatible computer.

Culture of SH-SYSY Cells. SH-SYSY cells were maintained
in a 1:1 mixture of F-12 nutrient mixture (Ham12) (Sigma-
Aldrich, Madrid, Spain) and Eagle’s minimum essential medium
(EMEM) supplemented with 15 nonessential amino acids, | mM
sodium pyruvate, 10% heat-inactivated fetal bovine serum
(FBS), 100 units/mL penicillin, and 100 ug/mL streptomycin
(reagents from Invitrogen, Madrid, Spain). Cultures were
seeded into flasks containing supplemented medium and main-
tained at 37 °C in a humidified atmosphere of 5% CO, and 95%
air. For assays, SH-SY5Y cells were subcultured in 48-well
plates at a seeding density of 1 x 10° cells per well. Cells were
treated with the drugs before confluence in EMEM with 1%
FBS. All the cells used in this study were used at a low passage
number (< 13).

Incubation of drugs. Concentrated solutions of drugs were
prepared in DMSO. For the DMSO group (control), 0.1%
DMSO was incubated, having the same DMSO concentration
of the tested drugs group. Compounds at 1 uM were adminis-
tered 24 h before adding the cytotoxic stimuli (rotenone/oligo-
mycin A, okadaic acid, or Af). Then cells were co-incubated for
another 24 h with the drug in the presence of stimuli. All toxic
stimuli were incubated in serum-free EMEM.

Inhibition Experiments of AChE and BuChE. To assess the
inhibitory activity of the compounds toward AChE or BuChE,
we followed the spectrophotometric method of Ellman,*' using
purified AChE from Electrophorus electricus (type V-S), human
erythrocytes (buffered aqueous solution) or BuChE from equine
serum (lyophilized powder) (Sigma-Aldrich, Madrid, Spain).
The reaction took place in a final volume of 3 mL of a
phosphate-buffered solution (0.1 M) at pH 8, containing 0.035
U of AChE or 0.05 U of BuChE and 0.35 mM of 5,5 -dithiobis-
2-nitrobenzoic acid (DTNB, Sigma-Aldrich, Madrid, Spain).
Inhibition curves were made by preincubating this mixture with
at least nine concentrations of each compound for 10 min. A
sample with no compound was always present to determine the
100% of enzyme activity. After this preincubation period,
acetylthiocholine iodide (0.35 mM) or butyrylthiocholine iodide
(0.5 mM) (Sigma-Aldrich, Madrid, Spain) was added, allowing
15 min more of incubation, where the DTNB produces the
yellow anion 5-thio-2-nitrobenzoic acid along with the enzy-
matic degradation of acetylthiocholine iodide or butyrylthio-
choline iodide. Changes in absorbance were detected at 405 nm
in a spectrophotometric plate reader (FluoStar OPTIMA, BMG
Labtech). Compounds inhibiting AChE or BuChE activity
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would reduce the color generation; thus, ICs, values were cal-
culated as the concentration of compound that produces 50%
AChE activity inhibition. Data are expressed as the mean +
SEM of at least three different experiments in quadruplicate.

Kinetic Analysis of the AChE Inhibition. To obtain estimates
of the competitive inhibition constant K;, reciprocal plots of 1/}
versus 1/[S] were constructed at different concentrations of the
substrate acetylthiocholine (0.1—1 mM) by using Ellman’s
method.*! Experiments were performed in a transparent 48-well
plate containing in each well 350 4L of the DTNB solution and
1 uL of DMSO (control) or inhibitor solution to give desired final
concentration. Reaction was initiated by adding 45 uL of AChE
(0.18 U/mL) at 30 °C. Progress curves were monitored at 412 nm
over 2 min in a Fluostar Optima (BMG-Technologies, Germany)
fluorescence plate reader. Progress curves were characterized by a
linear steady-state turnover of the substrate, and values of a linear
regression were fitted according to Lineweaver—Burk replots
using Origin software. The plots were assessed by a weighted
least-squares analysis. Determination of the Michaelis constant
for the substrate ATCh was done at seven different concentrations
(0.1—-1 mM) to give Ky = 0.64 £ 0.09 mM and V. = 1.7£0.2
min~". Slopes of the reciprocal plots were then plotted against the
concentration of 14 (range 0—0.5 M) as described,”” to evaluate
K; data. Data analysis was performed with Origin Pro 7.5 soft-
ware (Origin Lab Corp.).

Measurement of Cytosolic Ca>" Concentrations, [Ca®"].. SH-
SYS5Y neuroblastoma cells were grown at confluence in 96-well
black dishes. Cells were loaded with 4 uM Fluo-4/AM for 1 h at
37 °C in EMEM. Then cells were washed twice with Krebs
Hepes solution and kept at room temperature for 15 min before
the beginning of the experiment. Compounds were incubated
10 min before K™ (70 mM) was applied to evoke the increment
of [Ca®"].. At the end of the experiment, Triton X-100 (5%)
and 1 mM MnCl, were applied to record maximal and basal
fluorescence, respectively. Fluorescence was measured in a
fluorescence microplate reader (FLUOstar Optima, BMG,
Germany). Wavelengths of excitation and emission were 485
and 520 nm, respectively.

Measurement of LDH Activity. LDH activity was spectro-
photometrically measured using a cytotoxicity cell death kit
(Roche-Boehringer, Mannheim, Germany) according to the
manufacturer’s indications. Total LDH activity was defined as
the sum of intracellular and extracellular LDH activity. Re-
leased LDH was defined as the percentage of extracellular
compared to total LDH activity. At the end of the toxic stimulus
exposition (24 h), samples were collected to estimate extracel-
lular LDH as indication of cell death.’*® Intracellular LDH
activity was measured in the cells after incubation with 10%
Triton X-100. LDH activity was measured at 490 and 620 nm,
using a microplate reader (Labsystems iEMS reader MF; Lab-
systems, Helsinki, Finland). Total LDH (intracellular plus
extracellular) was normalized to 100%. Then the amount of
LDH released to the extracellular medium was expressed as a
percentage of this total. Data were normalized by subtracting
basal LDH (cells not subjected to any treatment) from the
different treatment groups in each individual experiment, and
the result for the Rot/Olig group was normalized to 100%
(percentage cell death).

Quantification of Viability by MTT in SH-SYSY Cells. Cell
viability, virtually the mitochondrial activity of living cells, was
measured by quantitative colorimetric assay with MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide, Sigma-
Aldrich, Madrid, Spain), as described previously.”” SH-SY5Y
cells were seeded into 48-well culture plates and allowed to
attach. MTT was added to all wells (5 mg/mL) and allowed to
incubate in the dark at 37 °C for 2 h followed by cell lysis and
spectrophotometric measurement at 540 nm. The tetrazolium
ring of MTT can be cleaved by active reductases in order to
produce a precipitated formazan derivative. The formazan
produced was dissolved by adding 200 uL. of DMSO, resulting
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in a colored compound whose optical density was measured in
an ELISA reader at 540 nm. All MTT assays were performed in
triplicate.

In Vitro Malachite Green Phosphatase Assay. Cortex were
homogenized and lysed in 20 mM imidazole—HCI, 2 mM EDTA,
2mM EGTA, pH 7.0, with 10 ug/mL leupeptin, | mM PMSF, and
protease inhibitor cocktail. An amount of 500 ug of whole lysates
was used to immunoprecipitate PP2A with an antibody against the
subunit C of PP2A and protein A/agarose following the protocol of
PP2A immunoprecipitation phosphatase assay kit (Millipore).
Subsequently, the beads were washed three times with the above
lysis buffer and twice with the phosphatase assay buffer (50 mM
Tris-HCI, pH 7.0, 0.1 mM CacCl,). The phosphatase activity of
immunoprecipitated PP2A was assayed using Lys-Arg-pThr-
Ile-Arg-Arg as the enzymatic substrate provided, following the
manufacturer’s instructions. Absorbance was measured at 620 nm
using a microplate reader (Labsystems iEMS reader MF). Assays
were performed in triplicate.

Viability in Hippocampal Slices Preparations. We followed the
protocol described by Egea and co-workers’ with slight mod-
ifications. Rats were quickly decapitated under sodium pento-
barbital anesthesia (60 mg/kg, ip). Forebrains were rapidly
removed from the skull and placed into ice-cold Krebs bicarbo-
nate dissection buffer (pH 7.4) containing the following: NaCl
120 mM, KC12 mM, CaCl, 0.5 mM, NaHCOj; 26 mM, MgSO,
10 mM, KH,PO4 1.18 mM, glucose 11 mM, and sucrose 200
mM. The hippocampi were quickly dissected, and slices (350 um
thick) were rapidly prepared using a Mcllwain tissue chopper,
separated in Krebs buffer at 4 °C, and allowed to recover for 45
min in Krebs bicarbonate buffer at 37 °C. For OGD experi-
ments, after an initial preincubation period of 30 min, hippo-
campal slices corresponding to the control group were incubated
for 15 min in a Krebs solution with the following composition:
NaCl 120 mM, KCI 2 mM, CaCl, 2 mM, NaHCO; 26 mM,
MgSO4 1.19 mM, KH,PO, 1.18 mM, and glucose 11 mM. This
solution was equilibrated with 95% O, and 5% CO,. OGD was
induced by incubating the slices in a glucose-free Krebs solution,
equilibrated with a 95% N, and 5% CO, gas mixture. Glucose
was replaced by 2-deoxyglucose. After this OGD period, the
slices were returned to an oxygenated normal Krebs solution
containing glucose (reoxygenation period). Experiments were
performed at 37 °C. A control and OGD group was included in
all experiments. The OGD—reoxygenation protocol was 15 min
OGD followed by 120 min reoxygenation. Hippocampal slice
viability was determined through the ability of the cells to
reduce MTT.”* Hippocampal slices were collected immediately
after the reoxygenation period and were incubated with MTT
(0.5 mg/mL) in Krebs bicarbonate solution for 30 min at
37 °C. Formazan production was measured as described above.
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