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Tacripyrines (1-14) have been designed by combining an AChE inhibitor (tacrine) with a calcium antagonist
such as nimodipine and are targeted to develop a multitarget therapeutic strategy to confront AD. Tacripyrines
are selective and potent AChE inhibitors in the nanomolar range. The mixed type inhibition of hAChE
activity of compound 11 (IC50 105 ( 15 nM) is associated to a 30.7 ( 8.6% inhibition of the proaggregating
action of AChE on the A� and a moderate inhibition of A� self-aggregation (34.9 ( 5.4%). Molecular
modeling indicates that binding of compound 11 to the AChE PAS mainly involves the (R)-11 enantiomer,
which also agrees with the noncompetitive inhibition mechanism exhibited by p-methoxytacripyrine 11.
Tacripyrines are neuroprotective agents, show moderate Ca2+ channel blocking effect, and cross the
blood-brain barrier, emerging as lead candidates for treating AD.

Introduction

Alzheimer’s disease (AD) is an age-related neurodegenerative
process characterized by progressive memory loss, decline in
language skills, and other cognitive impairments.1 Although the
etiology of AD is not well-known, several factors such as
amyloid-� (A�)2 deposits, τ-protein aggregation, oxidative
stress, or low levels of acetylcholine3 are thought to play
significant roles in the pathophysiology of the disease.4 In spite
of the enormous research effort, an efficient strategy for
designing new drugs for the treatment of AD is still lacking.a

The cholinergic theory1 suggests that the selective loss of
cholinergic neurons in AD results in a deficit of acetylcholine
(ACh) in specific regions of the brain that mediate learning and
memory functions.5 Consequently, there are four FDA-approved

drugs (tacrine, donepezil, galantamine, and rivastigmine) that
improve AD symptoms by inhibiting acetylcholinesterase
(AChE), i.e., the enzyme responsible for the hydrolysis of ACh,
thereby raising the levels of ACh in the synaptic cleft.6 Recently,
a renewed interest for AChE inhibitors (AChEI) has been
stimulated by the potential role of AChE in accelerating the
formation of amyloid fibrils in the brain and forming stable
complexes with A�.7 This role involves the peripheral anionic
binding site (PAS) of AChE, as noted by the fact that propidium
iodide, which binds to the PAS, affects the A� aggregation in
vitro, whereas active-site inhibitors have no similar effect.8

The multifactorial nature of AD supports the most current
innovative therapeutic approach based on the “one molecule,
multiple targets” paradigm.9-13 The multitarget approach14

includes novel tacrine-melatonin hybrids,15 dual inhibitors of
AChE and monoamine oxidase16 or serotonin transporters,17

potent cholinesterase inhibitors with antioxidant and neuropro-
tective properties,18 gallamine-tacrine hybrids binding at cho-
linesterases and M2 muscarinic receptors,19 or NO-donor-tacrine
hybrids as hepatoprotective anti-Alzheimer drugs.20

It is known that Ca2+ overload is the main factor that triggers
the processes leading to cell death. Thus, it has been shown
that calcium dysfunction, involved in the pathogenesis of AD,
augments A� formation and τ hyperphosphorylation.21,22 More-
over, calcium entry through L-type Ca2+ channels (Cav 1.1-1.4)
causes both calcium overload and mitochondrial disruption,
which leads to the activation of the apoptotic cascade and cell
death.23 Hence, blocking the entrance of Ca2+ through this
specific subtype of Ca2+ channel could be valuable to prevent
cell death. In fact, nimodipine, a neuronal L-type Ca2+ channel
blocker, protects neurons from death evoked by focal cerebral
ischemia.24
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Because 1,4-dihydropyridines (DHPs) are compounds that
selectively block L-type voltage-dependent Ca2+ channels
(VDCC), hybrid molecules that combine an AChEI and a DHP,
such as tacrine and nimodipine (Chart 1), might represent a
promising approach to the treatment of AD. Support to this
therapeutic strategy comes from the fact that bis(7)-tacrine
attenuates �-amyloid neuronal apoptosis by regulating L-type
calcium channels.25 Besides inhibition of AChE and blockade
of VDCC, compounds able to prevent the oxidative stress might
have increased therapeutic value because oxidative damage
precedes the appearance of other pathological hallmarks of
AD.26-28

On the basis of the preceding considerations, a preliminary
study on the synthesis and biological evaluation of tacripyrines
allowed us to conclude that these compounds are promising for
further development as new drugs for the treatment of AD.29

In this context, coupled to the simple synthetic schemes that
yield multigram quantities of tacripyrines, new compounds have
been synthesized in order to provide a broader structure-activity
(AChE/BuChE) relationship (SAR), and new studies are now
been incorporated describing the inhibition mechanism of AChE,
the inhibition of the AChE-induced A� aggregation, as well as
the inhibition of the self-aggregation of A�, molecular modeling
on the active centers, the effect of these compounds on the
regulation of the cytosolic calcium concentration, their neuro-
protective properties against different cytotoxic stimuli, and
finally studies directed to evaluate the ability of these compounds
to cross the blood-brain barrier (BBB).

Results and Discussion

Chemistry. The synthesis of tacripyrines 1-14 [“ethyl
ester of 5-amino-4-(hetero)aryl-1,4,6,7,8,9-hexahydro-2-methyl-
benzo[b][1,8]naphthyridine-3-carboxylic acid”] was easily
achieved by reaction of the readily available ethyl esters of
3-oxo-2-(arylmethylene)-butanoic acids (15-28),30-38 with 3,3-
diaminoacrylonitrile (29),39 prepared in situ from ethyl cy-
anoacetimidate hydrochloride (30)40 (Scheme 1). The resulting
ethyl esters of (()-6-amino-4-aryl-5-cyano-2-methyl-1,4-dihy-

dropyridine-3-carboxylic acids (31-44) were isolated from
moderate to good chemical yields. In this work, we have
described the synthesis of 3-oxo-2-(4′-biphenylmethylene)-
butanoic acid (22) for the first time, and only compound 31
has been previously described by Troschütz.41 Next, Friedländer
reaction42 between the �-enaminonitriles 31-44 and cyclohex-
anone, under standard conditions (AlCl3, 1,2-dichloroethane,
under reflux)43 provided the desired target molecules (Scheme
1).

Compounds 1-14 are racemic hexahydrobenzo[b][1,8]naph-
thyridines substituted at C-4 by an aromatic ring incorporating
different types of substituents, or by a 3′-(4′)pyridyl ring system.
These molecules have been conveniently characterized by their
analytical and NMR spectroscopic data (see Supporting Infor-
mation).

Biology. AChE/BuChE Inhibitory Activity. Tacripyrines
1-14 were evaluated as inhibitors of AChE from Electrophorus
electricus (Ee) following Rappaport’s method,44 as well as
inhibitors of AChE/BuChE from human serum according to
Ellman’s protocol.45 Most of the tacripyrines were more potent
inhibitors of EeAChE, at nanomolar level, than tacrine, which
was used as reference (Table 1). Compounds 3, 4, 6, and 14,
bearing strong electron-withdrawing groups at C2′ or C4′ (2′-
CF3, 2′-NO2, 4′-NO2, 4′-pyridyl) had the lowest EeAChE
inhibitory potency (IC50 values >200 nM). However, 4 and 6
were the only compounds able to inhibit hBuChE (IC50 values
of 4.8 and 34.4 µM, respectively). Conversely, compounds 10/
11 and 2/13, bearing electron-donating (3′-MeO, 4′-MeO) or
electron-withdrawing (4′-F, 3′-pyridyl) groups, respectively, had
the best EeAChE inhibitory potencies, besides high hBuChE/
EeAChE selectivity. Compound 5, which has a nitro group at
C3′, showed better EeAChE inhibition than its isomers 4 and
6, with the nitro group located at C2′ or C4′, respectively. In
general, compounds with a substituent at C2′ position were the
poorest EeAChE inhibitors. Regardless of the electronic effect
of the functional group, substituents at C4′ were well accepted
for the inhibitory activity, except for the nitro-substituted
compound 6.

Inhibition experiments using human serum AChE (hAChE)
provided results similar to those found with EeAChE. The
inhibition of hAChE by compounds 1-14 was generally
somewhat less potent than that found for EeAChE, but the
selectivity for AChE was preserved (Table 1). Compounds 10
and 12 were the most potent hAChE inhibitors, whereas the
inhibitory potency of 11 and 13 was slightly weakened relative
to EeAChE. Overall, compounds 8 and 10-12, whose inhibitory
activity varies only by a factor of 2, are among the most potent
inhibitors of hAChE (IC50 values ranging from 45 to 105 nM).
Finally, comparing with tacrine, the reference compound,
tacripyrines 8 and 10-12, proved more potent, regardless of
the AChE used, and selective for hBuChE.

To sum up, on going from tacrine to our new tacripyrines,
the AChE inhibitory activity is potentiated, while BuChE
inhibition dramatically drops, giving a new family of potent
and selective AChE inhibitors. Accordingly, they should
contribute to activate central cholinergic transmission, while it
is plausible that these compounds are devoid of the side effects
related to nonselective cholinesterase inhibitors.46

Kinetic Study of AChE Inhibition. The mechanism of
inhibition of hAChE was investigated using p-methoxytacripy-
rine 11, one of the most potent EeAChE inhibitors (see above).
The inhibitory constant, Ki, was determined from the analysis
of Lineweaver-Burk plots, which show both increasing slopes
(lower Vmax) and intercepts (higher Km) with increasing inhibitor

Chart 1. Tacripyrines 1-14 Based on the Juxtaposition of an
AChEI (Tacrine) and a 1,4-DHP (Nimodipine)

Tacripyrines as Multitarget-Directed Ligands Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9 2725
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concentration, indicating mixed type inhibition. The graphical
analysis of steady-state inhibition data for 11 is shown in Figure
1. A Ki value of 109 ( 1 nM was estimated from the plots of
the slope versus the concentration of 11.

Effects on AChE-Induced A�40 Aggregation. The avail-
ability of a suitable test for the study of the AChE-mediated
A�40 aggregation allowed us to verify whether compound 11,
endowed with a mixed inhibition mechanism, could affect the

A� aggregation. The results confirmed that AChE inhibitor 11
was able to interfere with the pro-aggregating action of hAChE
with an inhibitory effect (%) of 30.7 ( 8.6. It is noteworthy
that the parent AChE inhibitor tacrine was unable to significantly
inhibit the AChE-induced A�40 aggregation.8 Moreover, p-
methoxytacripyrine 11 resulted in being more potent than
donepezil and as potent as 3-{4-[(benzylmethylamino)meth-
yl]phenyl}-6,7-dimethoxy-2H-2-chromenone (AP2238)47 in this

Scheme 1. Synthesis of Tacripyrines (1-14)

Table 1. Inhibition of AChE from Electrophorus electricus (EeAChE), Human AChE (hAChE), and Human BuChE (hBuChE) by Tacripyrines 1-14

X, Y, Z
IC50 (nM)a

EeAChEb
IC50 (nM)a

hBuChEc
IC50 (nM)a

hAChEc
Selectivity IC50

hBuChE/IC50 hAChE

Tacrine 180 ( 20 36 ( 4 147 ( 11 0.24
1 X ) H, Y, Z ) CH 80 ( 2 >100000 122 ( 21 >820
2 X ) 4′-F, Y ) C, Z ) CH 52 ( 9 >100000 193 ( 31 >518
3 X ) 2′-CF3, Y, Z ) CH 210 ( 3 >100000 226 ( 27 >442
4 X ) 2′-NO2, Y, Z ) CH 304 ( 2 4800 ( 40 338 ( 13 14.2
5 X ) 3′-NO2, Y, Z ) CH 110 ( 2 >100000 191 ( 29 >524
6 X ) 4′-NO2, Y ) C, Z ) CH 600 ( 7 34400 ( 110 309 ( 21 111
7 X ) 4′-Me, Y ) C, Z ) CH 91 ( 4 >100000 169 ( 15 >592
8 X ) 4′-C6H5, Y ) C, Z ) CH 90 ( 2 >100000 71 ( 4 >1408
9 X ) 2′-OMe, Y, Z ) CH 160 ( 6 >100000 234 ( 32 >427
10 X ) 3′-OMe, Y, Z ) CH 61 ( 9 >100000 58 ( 7 >1724
11 X ) 4′-OMe, Y ) C, Z ) CH 45 ( 5 >100000 105 ( 15 >952
12 X ) 3′, 4 ′-di-OMe, Y ) C, Z ) CH 103 ( 6 >100000 45 ( 2 >2222
13 X ) H, Y ) CH, Z ) N 47 ( 2 >100000 158 ( 20 >633
14 X ) H, Y ) N, Z ) CH 220 ( 2 >100000 223 ( 43 >448

a IC50 values are the mean ( SEM of at least three independent measurements. b From Electrophorus electricus (Ee). c From human serum.

2726 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9 Marco-Contelles et al.
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action. For the sake of completeness, it has to be mentioned
that heterodimers of tacrine have been shown to be more potent
in inhibiting the AChE-induced of A�40 aggregation.8 It must
be noticed that the assay is performed using much higher
concentrations of hAChE and A�40 than those present in brain.
Also, the concentration of inhibitor used is much higher (100
µM) than necessary to inhibit hAChE. However, the high
hAChE concentration is necessary to accelerate the aggregation
process up to a reasonable extent for analytical purposes;
therefore to better estimate the obtained data, values should be
normalized. Thus, if the inhibitor/AChE concentration ratio in
both assays is taken into account, the resulting values are indeed
of the same magnitude and, therefore, it would seem reasonable
that similar amounts of a given inhibitor might afford both
inhibitory activities. Moreover, the proof-of-concept of the
therapeutic usefulness of the in vitro A� antiaggregating effect
of dual binding site AChEIs has been recently obtained in in
vivo studies with memoquin9

Effects on A�42 Self-Aggregation. Because A�42 is the most
amyloidogenic isoform of �-amyloid, the ability of compound
11 to inhibit A�42 self-aggregation was also investigated. When
tested in a 1:1 ratio with A�42 (50 µM), 11 gave rise to a 34.9
( 5.4% of inhibition, whereas no significant inhibition was
detected when the ratio [A�42]/[inhibitor 11] was 5/1. From these
data, it can be stated that 11 is a weak inhibitor of A�42 self-
aggregation. Its inhibitory action can be compared to that of
resveratrol (30.0 ( 8.7% if tested at 50 µM). Moreover, it has
to be noted that anti-Alzheimer drugs such as donepezil and
tacrine were found to be inactive.

Molecular Modeling. The AChE binding mode of compound
11 was explored by means of docking and molecular dynamics
(MD) studies (see Experimental Section). The reliability of the
docking protocol was verified by examining the best poses
predicted for tacrine and propidium by taking advantage of the
known X-ray crystallographic binding mode of these compounds
at the catalytic and peripheral sites, respectively, of AChE (data
not shown),48,49 thus giving confidence to the binding mode
predicted for inhibitor 11. Whereas compound 11 was not easily
accommodated in the catalytic site, it was successfully docked
in the PAS, which agrees with the noncompetitive inhibition
mechanism exhibited by p-methoxytacripyrine 11. According
to the putative binding mode of the (R)-11 enantiomer, the
inhibitor is stacked against the indole ring of Trp286, while the

NH group of the 1,8-naphthyridine unit is hydrogen-bonded to
the hydroxyl group of Tyr72, which in turn is hydrogen-bonded
to Asp74. The amino group is oriented toward Ser293, and the
4′-methoxybenzene unit is pointing toward the solvent, adopting
a similar arrangement as the aliphatic chain containing the
quaternary ammonium group in propidium, thus avoiding steric
clashes with residues at the PAS. Compared to the enantiomer
(R)-11, the 1,8-naphthyridine unit of the enantiomer (S)-11 is
rotated by ca. 180° along the short axis of the cyclic ring, which
permits retention of the orientation of the 4′-methoxybenzene
unit in the PAS, though at the expense of weakening the stacking
with Trp286 because the ligand is located less deeply in the
binding site (see Supporting Information).

To examine the relative binding affinity of the two enanti-
omers, a series of 12 ns MD simulations were run to explore
the structural stability. Compared to the X-ray structure, the
root-mean square deviation (rmsd) determined for the backbone
and all-heavy atoms of the residues that define the PAS in
the complex with the enantiomer (R)-11 was around 1.1 and
1.5 Å, which indicates the structural stability of the complex
along the trajectory (Figure 2). However, notably larger values
were found for the rmsd of both the backbone (1.6 Å) and all-
heavy atoms (2.3 Å) in the complex with the enantiomer (S)-
11, suggesting that binding of the (S)-11 to the PAS is associated
with a large structural destabilization (Figure 2).

MM/PBSA computations were performed for the snapshots
collected along the last 5 ns of the trajectories in order to
examine the relative stabilities of the (R)-11-AChE and (S)-
11-AChE complexes (Table 2). The results indicate that
binding of 11 to the AChE PAS mainly inVolVes the (R)-
enantiomer. Thus, even though the electrostatic contribution due

Figure 1. Steady-state inhibition of AChE hydrolysis of acetylthio-
choline (ATCh) by 11. Lineweaver-Burk reciprocal plots of initial
velocity and substrate concentrations (0.058-0.578 mM) are presented.
Lines were derived from a weighted least-squares analysis of the data
points.

Figure 2. Time dependence of the root-mean square deviation (Å) of
the backbone (gray) and all-heavy (black) atoms of the residues that
define the PAS for the AChE complexes with (top) (R)- and (bottom)
(S)-enantiomers of 11.

Tacripyrines as Multitarget-Directed Ligands Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9 2727
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to the solvent reaction field favors the interaction with the (S)-
enantiomer, this trend is compensated by the larger internal
destabilization, which agrees with the structural distortion
observed in the (S)-11-AChE complex (see above). In par-
ticular, the stacking with the indole ring of Trp286, which is a
common feature observed experimentally49-51 and from mo-
lecular modeling52,53 studies for a variety of inhibitors interacting
at the PAS, is lost in the binding mode of (S)-11.

The main features that mediate the binding of (R)-11 to the
PAS in the docking solution are preserved at the end of the
MD simulation (see Figure 3). Besides the stacking with Trp286,
it is worth noting the hydrogen-bond contact between the NH
group of the 1,8-naphthyridine unit and the hydroxyl group of
Tyr72 because this feature allows us to explain the 20-fold
increase in the inhibitory potency observed between compounds
11 and the analogue obtained upon replacement of the NH
moiety by O (IC50 of 870 nM in eeAChE).54 Furthermore, it is
also noteworthy the high density of water molecules found
between the NH2 group of the 1,8-naphthyridine unit and
Ser293, suggesting that they also contribute to the binding at
the PAS through water-mediated bridges. Finally, the lack of a
tryptophan residue mimicking Trp286 in the peripheral site of
hBuChE (replaced by Ala277), as well as the replacement of
Tyr72 in hAChE by Asn68 in hBuChE, could also explain the
large AChE/BuChE selectivity of these compounds.

Ca2+ Channel Blockade Activity of Tacripyrines. To study
the multitarget activity of tacripyrines, we investigated the Ca2+

influx induced by K+-depolarization in SH-SY5Y neuroblastoma
cells, previously loaded with the fluorescent dye Fluo-4AM.

Fluo-4-loaded cells were incubated in the presence of
compounds 1-14 (0.3 µM) for 10 min and then stimulated with
a concentrated solution of KCl, so that the final K+ concentration
in the medium was 70 mM. In all experiments, we included a

positive control such as nimodipine (0.3 µM), which caused
45.5% inhibition of K+-evoked Ca2+ uptake.

The calcium channel antagonist activities exhibited by
compounds 1-14 are shown in Table 3. Most of the tested
compounds promoted significant Ca2+ blockade, the most potent
being hybrid 13, whose activity (49% inhibition) was similar
to that obtained with nimodipine (i.e., the reference compound
used in this assays) at the same concentration. Tacripyrines 9,
12, and 14 also showed good blockade (>44% inhibition)
regardless of the electronic nature of the substituents or the
groups attached to the aromatic ring.

Neuroprotection. Prompted by the results obtained for
compounds 1-14 as [Ca2+]c blockers, their potential neuropro-
tective activity was investigated. For this purpose, we studied
the effects of 1-14 on SH-SY5Y cells exposed for 24 h to a
medium with a depolarizing concentration of KCl (70 mM),
which induced Ca2+ overload and cell death. Drugs at a
concentration of 0.3 µM were administered 24 h before
incubation of the cells with high K+ (70 mM; hypertonic) and
maintained during the entire experiment. Thereafter, release of
lactic dehydrogenase (LDH) was measured as a marker of cell
death.55

As shown in Table 4, all compounds afforded a higher degree
of neuroprotection compared to tacrine and within the same
range relative to nimodipine. Only 4 did not show a statistically
significant protection against Ca2+ overload. Tacripyrines 2, 6,
and 11 were the most effective compounds with protection
activities (%) of 48.8, 45.0, and 41.3, respectively. Again, it
has to be highlighted that the electronic nature of the substituents
in the aromatic ring does not seem to have a critical influence
on the observed activities.

Antioxidant Activity. The antioxidant activity of 1-14 was
evaluated at a concentration of 0.3 µM on SH-SY5Y neuro-
blastoma cells exposed to 60 µM H2O2 for 24 h.

The results shown in Table 5 indicate that tacripyrines protect
much more efficiently against free radicals than the parent
compounds, tacrine and nimodipine, which did not show any

Figure 3. Representation of the binding mode of (R)-11 in the PAS
of AChE. Relevant residues of the PAS are shown in stick. The red
contour denotes the presence of water at a density of two times that of
pure bulk water.

Table 2. Relative Contributions to the Binding Affinity (kcal/mol)
between (R)- and (S)-Enantiomers of 11 to AChE Determined from
MM/PBSA Computations (Values Given Relative to the (R)-Enantiomer)

ε ∆GMM ∆Gele
sol ∆Gnonpolar

sol ∆∆Gbinding

2 83.3 -80.9 1.1 3.6
4 38.4 -19.1 1.1 20.5

Table 3. Effect of Compounds 1-14 on [Ca2+]c Increase Elicited by 70
mM K+ in SH-SY5Y Cells (% Inhibition with Respect to a Control
without Any Drug)a

X, Y, Z
% blockade in
SH-SY5Y cells

nimodipine - 45.5 ( 6.1***d

1 X ) H, Y, Z ) CH 36.64 ( 2.66*b

2 X ) 4′-F, Y ) C, Z ) CH 22.22 ( 3.00 nse

3 X ) 2′-CF3, Y, Z ) CH 34.35 ( 2.12*b

4 X ) 2′-NO2, Y, Z ) CH 32.65 ( 4.20**c

5 X ) 3′-NO2, Y, Z ) CH 33.61 ( 5.10***d

6 X ) 4′-NO2, Y ) C, Z ) CH 33.65 ( 3.00***d

7 X ) 4′-Me, Y ) C, Z ) CH 29.83 ( 3.98 ns
8 X ) 4′-C6H5, Y ) C, Z ) CH 35.35 ( 4.94*b

9 X ) 2′-OMe, Y, Z ) CH 46.50 ( 4.44***d

10 X ) 3′-OMe, Y, Z ) CH 31.04 ( 4.10**c

11 X ) 4′-OMe, Y ) C, Z ) CH 32.75 ( 2.50**c

12 X ) 3′, 4 ′-di-OMe, Y ) C, Z ) CH 45.45 ( 5.70*b

13 X ) H, Y ) CH, Z ) N 48.78 ( 2.30***d

14 X ) H, Y ) N, Z ) CH 44.78 ( 5.60**c

a Data are expressed as means ( SEM of at least three different cultures
in quadruplicate. b *p < 0.05. c **p < 0.01. d ***p < 0.001 with respect
to [Ca2+]c increase in control cells. All compounds were assayed at the
concentration of 0.3 µM. e ns ) not significant.
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neuroprotective effect. Compounds 7, 11, 13, and 14 exhibited
neuroprotection values higher than 50%, whereas 2 and 8-10
elicited neuroprotection activities ranging from 44% to 48%.
Thus, three of the most potent neuroprotectors in this assay (2,
7, and 11) also proved to be among the most efficient in the
previous test (see Table 3).

In Vitro Blood-Brain Barrier (BBB) Permeation Assay. To
evaluate the brain penetration of tacripyrines, we used a parallel
artificial membrane permeation assay for blood-brain barrier
(PAMPA-BBB), following in part the method described by Di
et al.56 that was successfully applied by us to different
compounds57,58 The in vitro permeabilities (Pe) of tacripyrines
1-14 and 18 commercial drugs through a lipid extract of porcine
brain were determined (see Table 6). Assay validation was made
by comparing the experimental permeability with the reported
values of the commercial drugs, which showed a good correla-
tion, Pe (exp) ) 0.99 Pe (bibl) - 1.32 (r ) 0.90). From this
equation and taking into account the limits established by Di et
al. for BBB permeation,56 we established the ranges of perme-
ability as (i) compounds of high BBB permeation (CNS+): Pe

(10-6 cm s-1) > 2.7, (ii) compounds of low BBB permeation
(CNS-): Pe (10-6 cm s-1) < 0.7, and (iii) compounds of
uncertain BBB permeation (CNS(): 2.7 > Pe (10-6 cm s-1) >
0.7. As it can be seen in Table 6, the assay showed that almost
all tacripyrines could cross the BBB and reach their biological
targets in the central nervous system. Only two compounds, 3
and 7, showed uncertain brain permeation (CNS ().

Conclusions

We have synthesized and evaluated a series of tacrine-DHP
hybrids, named tacripyrines, which are potent and selective
inhibitors of AChE and show potent neuroprotection activity.

A variety of substituted compounds have been easily prepared
by simple, high-yielding protocols from readily available
precursors. From the AChE inhibition results, we conclude that
tacripyrines are potent AChE inhibitors regardless of the
electronic nature of the substitution at C4, the best AChEI
tacripyrine being compounds 8 and 10-12 on both EeAChE
and hAChE. These hybrids were also devoid of hBuChE

Table 4. Effect of Tacripyrines 1-14 on SH-SY5Y Cells Viability
Expressed as % LDH Released in the Presence of 70 mM K+a and %
Protection

X
LDH release

(% of control)
%

protection

tacrine 90.4 ( 4.1 nsc 13.4 ( 7.2
nimodipine 75.00 ( 2.24***b 35.93 ( 2.84
1 X ) H, Y, Z ) CH 75.02 ( 2.56***b 35.92 ( 3.53
2 X ) 4′-F, Y ) C, Z ) CH 61.22 ( 2.10***b 48.79 ( 3.99
3 X ) 2′-CF3, Y, Z ) CH 79.29 ( 1.64***b 29.79 ( 2.20
4 X ) 2′-NO2, Y, Z ) CH 88.29 ( 2.99 ns 16.59 ( 4.18
5 X ) 3′-NO2, Y, Z ) CH 77.87 ( 2.74***b 31.80 ( 3.81
6 X ) 4′-NO2, Y ) C, Z ) CH 63.91 ( 2.34***b 45.03 ( 4.02
7 X ) 4′-Me, Y ) C, Z ) CH 72.43 ( 1.89***b 39.70 ( 2.47
8 X ) 4′-C6H5, Y ) C, Z ) CH 81.50 ( 4.61**b 26.51 ( 6.59
9 X ) 2′-OMe, Y, Z ) CH 77.61 ( 1.66***b 32.23 ( 2.21
10 X ) 3′-OMe, Y, Z ) CH 68.96 ( 1.33***b 38.77 ( 3.43
11 X ) 4′-OMe, Y ) C, Z ) CH 67.63 ( 2.24***b 41.30 ( 4.95
12 X ) 3′,4′-di-OMe,

Y ) C, Z ) CH
73.66 ( 1.84***b 37.89 ( 2.37

13 X ) H, Y ) CH, Z ) N 75.77 ( 2.18***b 32.82 ( 4.90
14 X ) H, Y ) N, Z ) CH 74.31 ( 1.48***b 37.11 ( 1.96

a Data are expressed as the means ( SEM of at least three different
batches of cells in quadruplicate. LDH released was calculated for each
individual experiment, considering 100% the extracellular LDH released
in the presence of vehicle. To calculate % protection, LDH release was
normalized as follows: in each individual quadruplicate experiment, the
LDH release obtained in nontreated cells (basal) was subtracted from the
LDH released upon 70 mM K+ treatment and normalized to 100%, then
that value was subtracted from 100. All the compounds were assayed at a
concentration of 0.3 µM. b ***p < 0.001. c ns ) not significant.

Table 5. Effect of Tacripyrines 1-14 on SH-SY5Y Cells Viability
Expressed as % LDH Released in the Presence of 60 µM H2O2

a and %
Protection

X, Y, Z
LDH release

(% of control)
%

protection

catalase - 18.93 ( 1.77***b 88.34 ( 2.80
tacrine - 100.34 ( 3.37 nsc 0
nimodipine - 75.42 ( 2.12***b 36.03 ( 2.82
1 X ) H, Y, Z ) CH 76.61 ( 1.83***b 30.60 ( 1.96
2 X ) 4′-F, Y ) C, Z ) CH 64.17 ( 1.53***b 46.11 ( 2.02
3 X ) 2′-CF3, Y, Z ) CH 71.72 ( 1.29***b 37.21 ( 1.27
4 X ) 2′-NO2, Y, Z ) CH 71.91 ( 1.23***b 37.18 ( 1.61
5 X ) 3′-NO2, Y, Z ) CH 77.19 ( 1.69***b 30.09 ( 2.18
6 X ) 4′-NO2, Y ) C, Z ) CH 72.43 ( 2.99***b 35.48 ( 3.78
7 X ) 4′-Me, Y ) C, Z ) CH 59.60 ( 0.92***b 53.68 ( 1.62
8 X ) 4′-C6H5, Y ) C, Z ) CH 62.24 ( 3.65***b 47.82 ( 4.06
9 X ) 2′-OMe, Y, Z ) CH 63.78 ( 1.35***b 48.23 ( 2.24
10 X ) 3′-OMe, Y, Z ) CH 65.14 ( 1.23***b 44.80 ( 1.53
11 X ) 4′-OMe, Y ) C, Z ) CH 56.55 ( 1.94***b 55.78 ( 2.32
12 X ) 3′, 4 ′-di-OMe,

Y ) C, Z ) CH
77.42 ( 2.22***b 29.41 ( 2.43

13 X ) H, Y ) CH, Z ) N 57.51 ( 2.25***b 54.38 ( 2.03
14 X ) H, Y ) N, Z ) CH 60.32 ( 1.50***b 52.61 ( 2.01

a Data expressed as the means ( SEM of at least three different cultures
in quadruplicate. LDH released was calculated for each individual experi-
ment, considering 100% the extracellular LDH released in the presence of
vehicle. To calculate % protection, LDH release was normalized as follows:
in each individual quadruplicate experiment, the LDH release obtained in
nontreated cells (basal) was subtracted from the LDH released upon 70
mM K+ treatment and normalized to 100%, then that value was subtracted
from 100. All the compounds were assayed at a concentration of 0.3 µM.
b ***p < 0.001. c ns ) not significant.

Table 6. Permeability (Pe 10-6 cm s-1) in the PAMPA-BBB Assay of
18 Commercial Drugs and Tacripyrines 1-14a (Predictive Penetration in
the CNS)

commercial
drugs biblb expc compd

Pe

(10-6 cm s-1)c
CNS

prediction

testosterone 17.0 23.1 ( 0.1 1 12.6 ( 0.2 CNS+
verapamil 16.0 12.6 ( 0.2 2 9.6 ( 0.1 CNS+
imipramine 13.0 7.3 ( 0.2 3 1.4 ( 0.1 CNS(
desipramine 12.0 13.9 ( 0.1 4 8.6 ( 0.2 CNS+
astemizole 11.0 6.1 ( 0.2 5 7.0 ( 0.1 CNS+
progesterone 9.3 6.6 ( 0.5 6 5.8 ( 0.1 CNS+
promazine 8.8 7.7 ( 0.2 7 1.8 ( 0.1 CNS(
chlorpromazine 6.5 1.4 ( 0.2 8 ndd

clonidine 5.3 4.2 ( 0.3 9 6.1 ( 0.1 CNS+
corticosterone 5.1 3.6 ( 0.3 10 5.5 ( 0.1 CNS+
piroxicam 2.5 0.4 ( 0.1 11 12.8 ( 0.2 CNS+
hydrocortisone 1.9 1.2 ( 0.2 12 9.4 ( 0.1 CNS+
caffeine 1.3 1.0 ( 0.1 13 7.2 ( 0.4 CNS+
aldosterone 1.2 0.6 ( 0.1 14 6.2 ( 0.1 CNS+
lomefloxacin 1.1 0.5 ( 0.1
enoxacin 0.9 0.6 ( 0.2
atenolol 0.8 0.03 ( 0.01
ofloxacin 0.8 0.3 ( 0.01

a Commercial drugs and tacripyrines were tested using a mixture of PBS:
EtOH (80:20). b Taken from ref 56. c Data are expressed as the means (
standard deviation of three different experiments in quadruplicate. nd: not
determined. d Permeability was not determined due to the poor solubility
in PBS:EtOH (80:20).
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inhibition activity, showing, therefore, an extremely high
selectivity. Moreover, the mixed type inhibition of hAChE
activity of compound 11, one of the most potent derivatives,
was associated to a 30.7 ( 8.6% inhibition of the proaggregating
action of AChE on the �-amyloid peptide. Compound 11 was
also a moderate inhibitor of �-amyloid self-aggregation (34.9
( 5.4%). Molecular modeling results point out that AChE-
inhibitor 11 is not easily accommodated in the catalytic site,
but it can be successfully docked in the PAS, which agrees with
the noncompetitive inhibition mechanism exhibited by 11. In
addition, the inhibitor (R)-11 is stacked against the indole ring
of Trp286, while the NH group of the 1,8-naphthyridine unit is
hydrogen-bonded to the hydroxyl group of Tyr72, which in turn
is hydrogen-bonded to Asp74. The amino group is oriented
toward Ser293, and the 4′-methoxybenzene unit is pointing
toward the solvent, adopting a similar arrangement as the
aliphatic chain containing the quaternary ammonium group in
propidium, thus avoiding steric clashes with residues at the PAS.
Compared with the enantiomer (S)-11, the binding of this
inhibitor in the AChE PAS mainly involves the (R)-11 enan-
tiomer.59

Most of the compounds blocked [K+]-induced [Ca2+]c

increase in a statistically significant manner and induced a
remarkable neuroprotective effect against both Ca2+ overload
and oxidative stress. The fact that these compounds provide
protection against two stimuli with different mechanisms of
action (i.e., calcium overload and free radical generation)
indicates that they could exert their effects on the apoptotic
cell death cascade beyond the particular mechanism of each
toxic agent. In particular, they might induce the expression
of proteins implicated in cell survival, as demonstrated
previously for a tacrine analogue.54 These findings, in
conjunction with the predicted ability to enter the central
nervous system, indicate that tacripyrines can be considered
as interesting new chemical entities with potential therapeutic
application for AD patients.

Experimental Section

General Method for the Friedländer Reaction. Aluminum
chloride (1.2-1.7 equiv) was suspended in dry 1,2-dichloroethane
(10 mL) at rt under argon. The corresponding 4H-benzopyran (1
equiv) and cyclohexanone (1.2-1.7 equiv) were added. The reaction
mixture was heated under reflux (10-24 h). When the reaction was
over (TLC analysis), a mixture of THF/H2O (1:1) was added at rt.
An aqueous solution of sodium hydroxide (10%) was added
dropwise to the mixture until the aqueous solution was basic. After
stirring for 30 min, the mixture was extracted three times with
dichloromethane. The organic layer was washed with brine, dried
over anhydrous sodium sulfate, and filtered, and the solvent was
evaporated. The resultant solid was purified by silica gel flash
chromatography using methanol/dichloromethane mixtures as eluent
to give pure compounds.

Ethyl Ester of 5-Amino-1,4,6,7,8,9-hexahydro-2-methyl-4-(2′-
trifluoromethylphenyl)-drobenzo[b][1,8]naphthyridine-3-carboxy-
lic Acid (3). Following the general method for the Friedländer
synthesis, reaction of compound 33 (200 mg, 0.57 mmol) with AlCl3

(113.05 mg, 0.85 mmol) and cyclohexanone (83.68 mg, 0.85 mmol),
in ClCH2CH2Cl (5 mL), after 6 h, gave product 3 (194 mg, 79%);
mp 124-126 °C. IR (KBr) ν 3421,2934, 2862, 1688,1630, 1557,
1502, 1448, 1310, 1233 cm-1. 1H NMR (see Table 9, Supporting
Information). 13C NMR (see Table 10, Supporting Information).
MS (API-ES+) m/z: [M + 1]+ 432.1; [2M + Na]+ 885.1. Anal.
(C23H24F3N3O2) C, H, N.

Ethyl Ester of 5-Amino-4-(4′-biphenyl)-1,4,6,7,8,9-hexahydro-
2-methyl-benzo[b][1,8]naphthyridine-3-carboxylic Acid (8). Fol-
lowing the general method for the Friedländer synthesis, reaction
of compound 38 (150 mg, 0.42 mmol) with AlCl3 (125.7 mg, 0.63

mmol) and cyclohexanone (61.7 mg, 0.63 mmol), in ClCH2CH2Cl
(5 mL), after 7 h, gave product 8 (131.0 mg, 71%); mp 195-197
°C. IR (KBr) ν 3414, 3021, 2931, 2862, 1630, 1573, 1483, 1449,
1243 cm-1. 1H NMR (see Table 9, Supporting Information). 13C
NMR (see Table 10, Supporting Information). MS (API-ES+) m/z:
[M + 1]+ 440.2; [2M + Na]+ 901.5. Anal. (C28H29N3O2) C, H, N.

Ethyl Ester of 5-Amino-4-(3′,4′-dimethoxyphenyl)-1,4,6,7,8,9-
hexahydro-2-methyl-benzo[b][1,8]naphthyridine-3-carboxylic (12).
Following the general method for the Friedländer synthesis, reaction
of compound 42 (200 mg, 0.58 mmol) with AlCl3 (105.8 mg, 0.87
mmol) and cyclohexanone (85.62 mg, 0.87 mmol), in ClCH2CH2Cl
(5 mL), after 4 h, gave product 12 (233.1 mg, 94%); mp 112-115
°C. IR (KBr) ν 3392, 2932, 1627, 1511, 1448, 1264, 1230 cm-1.
1H NMR (see Table 9, Supporting Information). 13C NMR (see
Table 10, Supporting Information)). MS (API-ES+) m/z: [M + 1]+

424.2. Anal. (C24H29N3O4) C, H, N.
Ethyl Ester of 5-Amino-1,4,6,7,8,9-hexahydro-2-methyl-4-(3′-

pyridyl)benzo[b][1,8]naphthyridine-3-carboxylic Acid (13). Fol-
lowing the general method for the Friedländer synthesis, reaction
of compound 43 (250 mg, 0.88 mmol) with AlCl3 (175.56 mg, 1.32
mmol) and cyclohexanone (129.4 mg, 1.32 mmol), in ClCH2CH2Cl
(5 mL), after 6 h, gave product 13 (259 mg, 71%); mp 132-134
°C. IR (KBr) ν 3379, 3217, 3079, 2971, 2933, 2172, 1627, 1576,
1501, 1447, 1383 cm-1. 1H NMR (see Table 9, Supporting
Information). 13C NMR (see Table 10, Supporting Information).
MS (API-ES+) m/z: [M + 1]+ 365.2; [2M + Na]+ 751.3. Anal.
(C23H27N3O3) C, H, N.

Ethyl Ester of 5-Amino-1,4,6,7,8,9-hexahydro-2-methyl-4-(4′-
pyridyl)benzo[b][1,8]naphthyridine-3-carboxylic Acid (14). Fol-
lowing the general method for the Friedländer synthesis, reaction
of compound 44 (200 mg, 0.70 mmol) with AlCl3 (139.65 mg, 1.05
mmol) and cyclohexanone (103.5 mg, 1.05 mmol), in ClCH2CH2Cl
(5 mL), after 15 h, gave product 14 (232 mg, 90%); mp 194-7
°C. IR (KBr) ν 3406, 2928, 2855, 1631, 1602, 1448, 1270 cm-1.
1H NMR (see Table 9, Supporting Information). 13C NMR (see
Table 10, Supporting Information). MS (API-ES+) m/z: [M + 1]+

365.2; [M + Na]+ 387.1; [2M + Na]+ 751.5. Anal. (C21H24N4O2)
C, H, N.
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