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Combining tacrine with trolox in a single molecule, novel multifunctional hybrids have been designed
and synthesized. All these hybrids showed ChE inhibitory activity in nanomolar range and strong anti-
oxidant activity close to the parent compound trolox. Among them, compound 6d was the most potent
inhibitor against AChE (IC50 value of 9.8 nM for eeAChE and 23.5 nM for hAChE), and it was also a strong
inhibitor to BuChE (IC50 value of 22.2 nM for eqBuChE and 20.5 nM for hBuChE). Molecular modeling and
kinetic studies suggested that 6d was a mixed-type inhibitor, binding simultaneously to CAS and PAS of
AChE. In vivo hepatotoxicity assays indicated that 6d was much less toxic than tacrine. In addition, it
showed neuroprotective effect and good ability to penetrate the BBB. Overall, all these results highlighted
6d a promising multifunctional agent for AD treatment.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Alzheimer's disease (AD) is the most common neurodegenera-
tive disease characterized by progressive memory loss, decline in
language skills and other cognitive impairments [1,2]. Despite
considerable efforts devoted to investigate the pathophysiology of
AD, the causes and mechanisms of the disease are still not fully
understood [3]. Currently, the predominant class of therapeutic
agent in AD treatment is acetylcholinesterase (AChE) inhibitors,
which can increase the cholinergic neurotransmission in the syn-
aptic cleft by inhibiting degradation of acetylcholine (ACh) [4].
However, due to themultifactorial nature of AD,modulation of such
a single target can only enable a palliative treatment instead of
slowing or halting the neurodegeneration [5]. Thus, a more
appropriate strategy to face this disease is proposed by develop-
ment of multifunctional molecules that can simultaneously
modulate different targets or mechanisms involved in the
.

served.
neurodegenerative AD cascade [6,7]. Since AChE inhibitors are still
clinical effective for improving symptoms of AD, the common
approach for designing multifunctional molecules is to modify a
known AChE inhibitor, providing it with additional activity for AD
treatment [8].

Tacrine (Fig. 1), the first AChE inhibitor approved for the treat-
ment of AD, emerge as a popular structure in design of multi-
functional molecules in recent years, because it can inhibit AChE in
high potency and have a low molecular weight suitable for modi-
fication [9,10]. A lot of multifunctional molecules by connecting
tacrine with another fragment having additional activities have
been designed and synthesized [10e14]. However, due to the
serious hepatotoxicity of tacrine, further use of these compounds
was limited [15]. To date, the exact mechanisms of tacrine-induced
hepatotoxicity are largely unknown [16]. However, evidences
indicated that oxidative stress seemed to play a role. It was
demonstrated that tacrine could decrease intracellular glutathione
concentration, which lead to the generation of reactive oxygen
species (ROS) and lipid peroxidation in the human liver cell [17].
Meanwhile, several studies also proved that tacrine-induced hep-
atotoxicity could be prevented by antioxidants [18]. .
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Fig. 1. Structures of trolox, tacrine and tacrineetrolox hybrids.
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In fact, besides the ability to conquer the hepatotoxicity of
tacrine, antioxidants are also beneficial for AD treatment [19].
Compared with other tissues, the brain is more sensitive to free
radical damage [20]. The antioxidant system in brain progressively
decays during aging. Especially in AD brain, it decline more rapidly
than normal. An increasing body of evidence indicates that the
oxidative damage occurs in earliest stage of AD pathogenesis and
promotes the formation of other pathological hallmarks of the
disease, such as amyloid plaques and neurofibrillary tangles [21].
Therefore, given all the above facts, researchers hypothesized that
combining tacrine with an antioxidant fragment might afford more
effective multifunctional molecules, which could not only inhibit
AChE and reduce the hepatotoxicity of tacrine but also exhibit
neuroprotective effect by decreasing the oxidant damage in brain.
To test this hypothesis, some tacrineeantioxidant hybrids have
been synthesized such as tacrineesilibinin hybrid [22], tacri-
neeferulic acid hybrid [23] and mercaptoetacrine hybrids [24]. All
these compounds showed improved pharmacological properties
and low hepatotoxicity compared to tacrine. Driven by these pos-
itive results, recently we focused our work on searching new
tacrineeantioxidant hybrids.

Trolox (Fig.1) is a powerful antioxidant widely used in biological
or biochemical applications to reduce oxidative stress [25].
Numerous reports indicate that trolox can protect liver from the
damage induced by chemical insults both in vitro and in vivo
[26e28]. In addition, it showed neuroprotective effect through
scavenging ROS and attenuating the neurotoxicity mediated by Ab
and H2O2 on hippocampal neurons [29,30]. Furthermore, as a lipid-
soluble analog of trolox, Vitamin E has been already used to prevent
the tacrine-induced hepatotoxicity in clinic and delay the AD pro-
gression in patients with moderately severe AD [18,31]. Therefore,
all these results suggested that trolox might be a useful antioxidant
fragment for designing multifunctional tacrineeantioxidant
hybrids.

In this study, a series of new multifunctional compounds by
hybridizing tacrine with trolox have been designed and synthe-
sized (Fig. 1). Tacrine was selected to inhibit AChE, and trolox was
used to overcome the hepatotoxicity of tacrine and prevent oxidant
damage in brain. The AChE has a nearly 20 Å deep narrow gorge
which consists of two binding sites: a catalytic active site (CAS) at
the bottom of the gorge and a peripheral anionic site (PAS) near the
entry of the gorge. Considering compounds binding simultaneously
to PAS and CAS were more promising for AD treatment, thus,
alkylene linkers of different lengths were used to tether these two
fragments [32,33]. Here, we report the design, synthesis and bio-
logical evaluation of a series of new tacrineetrolox hybrids as
multifunctional agents for the treatment of AD.
2. Results and discussion

2.1. Chemistry

The synthesis of target and intermediate compounds is repre-
sented in Scheme 1. As a previously described protocol [34,35],
heating anthranilic acid with cyclohexanone in the presence of
POCl3 for 2 h gave 9-chloro-1, 2, 3, 4-tetrahydroacridine 3. The
obtained 3 was then engaged with different aliphatic diamines to
produce the intermediate 9-aminoalkylamino-1, 2, 3, 4-
tetrahydroacridines 4aeg [12,34]. Finally, activation of trolox with
1, 10-carbonyldiimidazole (CDI) and subsequent coupling to 4aeg
afforded target compounds 6aeg.

2.2. In vitro inhibition of ChEs

There are two types of cholinesterases (ChEs) in human body,
namely, acetylcholinesterase (AChE) and butyrylcholinesterase
(BuChE). In normal conditions, AChE hydrolyzes about 80% of
acetylcholine while BuChE plays only a supportive role [36].
However, recent studies indicate that, as AD progresses, the activity
of AChE gradually decreases while that of BuChE significantly in-
creases. In later stage of the disease, BuChE can compensate for the
deficit of AChE in brain [37]. Therefore, simultaneous inhibition of
both AChE and BuChE would be more valuable for AD treatment.

The ChE inhibitory activity of 6aeg was measured by Ellman's
assay using tacrine as reference compound [38]. Because of their
lower cost and the high degree of sequence identity to the human
enzymes, acetylcholinesterase (AChE) from electric eel and butyr-
ylcholinesterase (BuChE) from equine serum were initially used.
The results shown in Table 1 indicate that all compounds are potent
inhibitors of both ChEs. Similar to the tacrine, most of them showed
more potent inhibitory activity for BuChE than for AChE. The length
of the alkyl spacer between trolox and tacrine moiety could
significantly influence the AChE inhibitory activity. Compound 6d
with a six-carbon spacer exhibited the most potent AChE inhibitory
activity with IC50 value of 9.8 nM, which was 11-fold stronger than
that of tacrine. Lengthening or shortening the length of alkyl spacer
reduced AChE inhibition. In contrast, the length of the alkyl spacer
did not show a clear trend for BuChE inhibition. Compound 6bwith
a four-carbon spacer gave themost potent BuChE inhibitory activity
(IC50 ¼ 15.6 nM). However, the long spacer length was in general
not beneficial for BuChE inhibition (e.g., 6f: IC50 ¼ 150.5 nM; 6g:
IC50 ¼ 262.8 nM).

All compounds having potent inhibitory activity for ChEs of
animal origin were then tested on human ChEs with aim to better
evaluate them and the results are summarized in Table 1. From the
table, it can be seen that all compounds are also potent inhibitors of
human ChEs. For BuChE inhibition, most of these compounds
showed improved inhibitory activity for hBuChE compared to
eqBuChE. Compound 6b displayed the highest inhibitory activity
for hBuChE with the IC50 value of 5.2 nM. However, no significant
change between hAChE and eeAChE was observed. Although
compound 6d exhibited the inhibitory activity for hAChE was
slightly lower than for eeAChE (9.8 nM versus 23.5 nM), it was still
the most potent inhibitor of hAChE. Such an activity change made
6d more balanced for both ChE inhibition (IC50 ¼ 23.5 nM for
hAChE; IC50 ¼ 20.5 nM for hBuChE), which would be more bene-
ficial for AD treatment.

2.3. In vitro antioxidant activities

The antioxidant activities of target compounds 6aeg were
evaluated using a radical scavenging assay (DPPH assay) with trolox
as reference compound (Table 1) [39]. The results indicated that all



Scheme 1. Synthesis of tacrineetrolox hybrids. Reagents and conditions: (a) POCl3, reflux, 4 h; (b) NH2(CH2)nNH2, KI, 1-pentanol, reflux, 12 h; (c) 1, 10-carbonyldiimidazole (CDI), r.t.
overnight.
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compounds retained the antioxidant activity of the parent com-
pound trolox. Connecting the trolox with tacrine moiety and vari-
ation of linker length between the two fragments did not
significantly affect the antioxidant activity of trolox, which indi-
cated that hybridizing these two scaffolds was rational. After all
these biological evaluation, 6d was chosen as the most promising
compound for further study because of its strong and balanced
inhibition for both ChEs and antioxidant activity close to trolox.

2.4. Kinetic study of AChE inhibition

To investigate whether 6d is a dual binding site inhibitor, an
enzyme kinetic study was performed. By plotting the 1/velocity
against 1/[substrate], a set of LineweavereBurk double reciprocal
plots were constructed and shown in Fig. 2. Form the figure, it can
be seen that both increasing slopes and intercepts with increasing
inhibitor concentrations, which suggested that 6d was a mixed-
type inhibitor for AChE. On basis of the previous reports [35,40],
this result meant that compound 6d might be a dual binding site
inhibitor of AChE.

2.5. Molecular docking study with AChE

In order to further demonstrate the dual-site binding mode and
get insight into the interaction mechanism of 6d with AChE, mo-
lecular docking study based on X-ray crystal structure of recom-
binant human acetylcholinesterase in complex with donepezil
(hAChE, PDB code 4EY7) was carried out usingMolecular Operating
Environment (MOE) software. As shown in Fig. 3, troloxmoiety was
located into PAS of AChE through a pep stacking interaction with
Trp 286 (3.55 Å). The tacrine moiety occupied the CAS and stacked
against the indole ring of Trp 86 with ring to ring distance of 4.53 Å.
After analyzing the docking results and taking the kinetic study into
consideration, we could confirm that compound 6d was a dual
binding site inhibitor that could interact simultaneously with PAS
and CAS of AChE.

2.6. In vitro neuroprotection study

Since 6d was a potent antioxidant comparable to the trolox, we
investigated its neuroprotective capacity against oxidative stress
in PC 12 cells. H2O2 was used as toxic insult to induce oxidative
damage, and the parent compound trolox was selected as positive
control. After treating the cells with different concentrations of
compound 6d for 2 h, 100 mM of H2O2 was added and incubated
for 24 h. Cell viability was measured by MTT assay [41]. As re-
ported in Fig. 4A, 6d could significantly inhibit cell death at
3.125 mM and 6.25 mM. However, to our surprise, compound
showed decreased cell viability as the concentration increased. At
12.5 mM, the compound even exhibited much lower viability than
that of H2O2 only treated group. These results made us to test
potential cytotoxicity of 6d on PC 12 cells. However, it can be seen
from Fig. 4B that the compound do not lead to cell death at
concentration ranging from 1.563 to 12.5 mM. After studying the
previous reports [24,42], we found that, in fact, similar phenom-
ena were also observed in reported compounds and marketed
drugs (e.g., mercapro-tacrine derivatives, galanthamine and
donepezil). The increased cell death at high concentration might
arise from additional interactions between compound and other
biological targets.

2.7. In vivo hepatotoxicity study

To determine whether introduction of trolox could reduce
hepatotoxicity, compound 6d was selected for the assay with male
rats [24,43]. After treating rats with highest tolerated dose of
tacrine (6 mmol/100 g body weight) or equimolar dose of 6d, the
aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) activities in serum obtained at different times (0, 24, 36 and
72 h) were measured. As shown in Fig. 5, tacrine caused signifi-
cant hepatotoxicity, showing increased activity of both AST and
ALT at 24 and 36 h, while compound 6d did not alter these pa-
rameters from 0 to 72 h, which suggested that 6d had little
hepatotoxicity.

For histological study, the Fig. 6B indicated that, after tacrine
administration, an increase in the number of inflammatory cells in
portal fields and a large area of necrosis and distinct fatty
degeneration of the hepatocytes were observed. In contrast, only
minor morphological changes were found after the treatment with
compound 6d (Fig. 6C). All these results strongly demonstrated
that introduction of trolox could reduce the hepatotoxicity of
tacrine.



Table 1
Inhibitory activities of eeAChE, eqBuChE, hAChE, hBuChE and DPPH.

Compd. IC50 (nM)a SId IC50 (nM)a SIg IC50 (mM)a

AChEb BuChEc hAChEe hBuChEf DPPH

6a 149.7 ± 2.4 41.3 ± 1.9 0.28 283.8 ± 4.5 56.3 ± 2.5 0.20 30.4 ± 2.3
6b 558.4 ± 9.7 15.6 ± 1.4 0.03 535.0 ± 10.1 5.2 ± 1.1 0.01 44.2 ± 2.1
6c 249.5 ± 2.3 35.4 ± 2.1 0.14 215.3 ± 2.4 10.2 ± 1.8 0.05 40.7 ± 1.8
6d 9.8 ± 0.7 22.2 ± 1.3 2.27 23.5 ± 1.7 20.5 ± 1.2 0.87 48.7 ± 2.8
6e 92.4 ± 1.4 61.7 ± 2.2 0.67 143.7 ± 3.6 19.2 ± 1.9 0.13 46.9 ± 2.2
6f 228.1 ± 2.1 150.5 ± 7.3 0.66 226.5 ± 7.1 34.7 ± 1.1 0.15 47.3 ± 1.9
6g 386.9 ± 4.2 262.8 ± 5.4 0.68 453.3 ± 6.2 110.1 ± 3.1 0.24 43.2 ± 2.2
Tacrine 112.1 ± 4.2 35.2 ± 4.2 0.31 435.1 ± 5.9 23.2 ± 2.3 0.05
Trolox 35.6 ± 3.2

a Results are the mean of three independent experiments (n ¼ 3) ± SD.
b AChE (EC 3.1.1.7) from electric eel.
c BuChE (EC 3.1.1.8) from horse serum.
d AChE selectivity index ¼ IC50(BuChE)/IC50(AChE).
e AChE (EC 3.1.1.7) from human erythrocytes.
f BuChE (EC 3.1.1.8) from human serum.
g hAChE selectivity index ¼ IC50(hBuChE)/IC50(hAChE).

Fig. 2. Kinetic study on the mechanism of eeAChE inhibition by compound 6d. Over-
laid LineweavereBurk reciprocal plots of AChE initial velocity at increasing substrate
concentration (0.05e0.50 mM) in the absence of inhibitor and in the presences of
different concentrations of 6d are shown.
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2.8. In vitro bloodebrain barrier permeation study

A success CNS drug should be able to cross the BloodeBrain
Barrier (BBB) [44]. Thus, to determine whether compound 6d could
penetrate the BBB, a parallel artificial membrane permeation assay
(PAMPA) of bloodebrain barrier was used. This model described by
Di et al. was widely used to predict BBB permeation with high
success [45]. The in vitro permeabilities (Pe) of compound 6d and
reference drugs were determined through a lipid extract of porcine
brain with a mixture of PBS and EtOH (70:30). Assay validationwas
performed by comparing experimental permeabilities of 10 refer-
ence drugs with their reported values (Supporting information,
Table S1), which gave a good linear correlation: Pe (exp.) ¼ 0.8597
Pe (Bibl.) e 0.276 (R2 ¼ 0.9726). From this equation and considering
the limits established by Di et al. for BBB permeation, we estab-
lished that compound with Pe value above 3.16 � 10�6 cm s�1could
penetrate into the CNS. Compound 6d showed a Pe value of
8.87 � 10�6 cm s�1, indicating that it could easily cross the BBB.
3. Conclusion

In conclusion, a series of novel tacrineetrolox hybrids have been
designed and synthesized as multifunctional agents for the treat-
ment of AD. The biological screening results indicated that all of
them showed potent ChE inhibitory activity with IC50 value in
nanomolar range, and also gave strong antioxidant activity close to
parent compound trolox. Among these compounds, 6d possessing
the highest inhibitory activity for eeAChE and hAChE as well as
strong inhibition for eqBuChE and hBuChE stood out as the most
promising compound for further study. Kinetic and molecular
docking studies revealed that 6d was a mixed-type inhibitor that
could simultaneously interact with PAS and CAS of AChE. In vivo
hepatotoxicity assays indicated that 6d did not show signs of
hepatotoxicity, which was much safer than tacrine. In addition, it
displayed neuroprotective effect against H2O2-induced PC 12 cell
injury and good ability to penetrate the CNS. Overall, all these re-
sults qualified 6d as a potential multifunctional agent for the
treatment of AD.
4. Experimental section

4.1. Chemistry

All chemicals (reagent grade) used were purchased from Sino
pharm Chemical Reagent Co., Ltd. (China). Reaction progress was
monitored using analytical thin layer chromatography (TLC) on
precoated silica gel GF254 (Qingdao Haiyang Chemical Plant, Qing-
Dao, China) plates and the spots were detected under UV light
(254 nm). IR (KBr-disc) spectra were recorded by Bruker Tensor 27
spectrometer. 1H NMR and 13C NMR spectra were measured on a
Bruker ACF-500 spectrometer at 25 �C and referenced to TMS.
Chemical shifts are reported in ppm (d) using the residual solvent
line as internal standard. Splitting patterns are designed as s,
singlet; d, doublet; t, triplet; m, multiplet. Mass spectra were ob-
tained on a MS Agilent 1100 Series LC/MSD Trap mass spectrometer
(ESI-MS) and a Mariner ESI-TOF spectrometer (HRESIMS), respec-
tively. Column chromatography was performed on silica gel
(90e150 mm; Qingdao Marine Chemical Inc.). Compounds 3 and 4
were prepared following previously published methods
[12,34,35,46].
4.1.1. General procedures for the preparation of compounds 6aeg
A solution of 5 (2.0 mmol) and 1, 10-carbonyldiimidazole

(2.2 mmol) in 25 mL of anhydrous THF was stirred at room tem-
perature for 1 h. The 4 (2.0 mmol) was added to the solution, and
stirring was continued overnight. The reaction mixture was diluted
with H2O and extracted with EtOAc. The organic extracts were
combined, washed with brine, and dried with anhydrous Na2SO4,
and the solvent was evaporated in vacuo to give the crude product,



Fig. 3. (A) 3D docking model of compound 6dwith AChE. Atom colors: yellowecarbon atoms of 6d, cyanecarbon atoms of residues of AChE, dark blueenitrogen atoms, redeoxygen
atoms. (B) 2D schematic diagram of docking model of compound 6d with AChE. The figure was prepared using the ligand interactions application in MOE. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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which was purified by silica gel chromatography with
CH2Cl2eMeOH ¼ 20:1 as an eluent to afford corresponding target
compound as yellow oil.

4.1.1.1. 6-Hydroxy-2,5 ,7 ,8-tetramethyl-N-(2-((1, 2 , 3 , 4-
tetrahydroacridin-9-yl)amino)ethyl)chroman-2-carboxamide (6a).
Intermediate 4a was reacted with 6-hydroxy-2, 5, 7, 8-
tetramethylchroman-2-carboxylic acid following the general pro-
cedure to give the desired product 6awith a yield of 64%. IR (KBr) n
3422, 3235, 2932, 1701, 1586, 1488, 1427, 1260, 767, 705, 678 cm�1;
ESI/MS m/z: 474.2 [MþH]þ; 1H NMR (500 MHz, DMSO) d 8.18 (d,
J ¼ 8.5 Hz, 1H), 7.75 (d, J ¼ 8.5 Hz, 1H), 7.66e7.57 (m, 2H), 7.39 (t,
J ¼ 7.6 Hz, 1H), 6.18 (s, 1H), 3.64 (s, 2H), 3.48e3.32 (m, 2H), 2.91 (t,
J¼ 5.9 Hz, 2H), 2.71e2.54 (m, 2H), 2.48e2.41 (m,1H), 2.37e2.28 (m,
1H), 2.07e1.98 (m, 7H), 1.93 (s, 3H), 1.72e1.65 (m, 4H), 1.72e1.63
(m, 1H), 1.24 (s, 3H). 13C NMR (125 MHz, DMSO) d 174.82, 163.93,
155.84, 152.79, 146.35, 144.17, 130.02, 125.55, 124.32, 124.25, 123.12,
121.65, 120.60, 118.92, 117.48, 114.72, 77.63, 55.36, 48.47, 32.01,
29.95, 24.99, 24.01, 22.73, 22.14, 20.39, 13.20, 12.46, 12.19. HRMS:
calcd for C29H36N3O3 [MþH]þ 474.2751, found 474.2755.
4.1.1.2. 6-Hydroxy-2, 5, 7, 8-tetramethyl-N-(4-((1, 2, 3, 4-
tetrahydroacridin-9-yl)amino)butyl) chroman-2-carboxamide (6b).
Intermediate 4b was reacted with 6-hydroxy-2, 5, 7, 8-
tetramethylchroman-2-carboxylic acid following the general pro-
cedure to give the desired product 6bwith a yield of 60%. IR (KBr) n
3425, 2930, 1647, 1589, 1522, 1441, 1257, 1088, 756, 678 cm�1; ESI/
MS m/z: 502.2 [MþH]þ; 1H NMR (500 MHz, DMSO) d 8.18 (d,
J¼ 8.5 Hz, 1H), 7.76 (d, J ¼ 8.5 Hz, 1H), 7.64 (t, J¼ 7.5 Hz, 1H), 7.41 (t,
J¼ 7.5 Hz, 1H), 7.24 (t, J¼ 6.0 Hz, 1H), 6.27 (s, 1H), 3.50 (t, J¼ 6.5 Hz,
2H), 3.11e3.00 (m, 2H), 2.93 (t, J ¼ 5.5 Hz, 2H), 2.66 (t, J ¼ 5.5 Hz,
2H), 2.47 (d, J ¼ 6.0 Hz, 1H), 2.42e2.33 (m, 1H), 2.12e2.07 (m, 1H),
2.05 (d, J¼ 2.0 Hz, 6H), 1.96 (s, 3H), 1.86e1.75 (m, 4H), 1.72e1.64 (m,
1H), 1.49e1.34 (m, 4H), 1.32 (s, 3H). 13C NMR (125 MHz, DMSO)
d 173.73, 164.01, 155.54, 152.83, 146.35, 144.34, 130.20, 125.17,
124.42, 124.24, 123.12, 121.63, 120.69, 118.91, 117.58, 114.54, 77.68,
47.80, 38.52, 31.79, 29.98, 27.93, 26.92, 25.06, 24.42, 22.72, 22.07,
20.55, 13.19, 12.48, 12.21. HRMS: calcd for C31H40N3O3 [MþH]þ

502.3064, found 502.3060.



Fig. 4. (A) Protective effects of compound 6d on H2O2-induced cell death in PC 12 cells. Cells were incubated with different concentration of 6d for 2 h and then treated with 100 mM
H2O2 for 24 h. Trolox was used as positive control. (B) Effects of various concentrations of compound 6d on cell viability in PC 12 cells after treatment for 48 h. Cell viability was
measured by MTT assay. Data were shown as mean ± SD of three independent experiments (n ¼ 6). P### < 0.001 compared to control, P** < 0.01, P*** < 0.001 compared to H2O2-
treated cells.

Fig. 5. The AST and ALT activity after administration of equimolar doses (6 mmol/
100 g b. wt.) of tacrine or compound 6d. Results are expressed as mean ± SD (n ¼ 8e9,
t test, statistical significant difference compared to control values before administra-
tion, P* � 0.05, P** � 0.01, P*** � 0.001).

Fig. 6. Histomorphological appearance of livers of male rats after treatment with the solvent
magnification: �200.
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4.1.1.3. 6-Hydroxy-2, 5, 7, 8-tetramethyl-N-(5-((1, 2, 3, 4-
tetrahydroacridin-9-yl) amino) pentyl)chroman-2-carboxamide (6c).
Intermediate 4c was reacted with 6-hydroxy-2, 5, 7, 8-
tetramethylchroman-2-carboxylic acid following the general pro-
cedure to give the desired product 6cwith a yield of 66%. IR (KBr) n
3425, 2930, 2860, 1651, 1589, 1523, 1449, 1348, 1256, 1088, 756,
678 cm�1; ESI/MS m/z: 516.3 [MþH]þ; 1H NMR (500 MHz, DMSO)
d 8.18 (d, J ¼ 8.5 Hz, 1H), 7.75 (d, J ¼ 8.5 Hz, 1H), 7.63 (t, J ¼ 7.5 Hz,
1H), 7.46e7.31 (m, 1H), 7.18 (t, J ¼ 6.0 Hz, 1H), 6.13 (s, 1H), 3.47 (t,
J ¼ 7.0 Hz, 2H), 3.12e2.97 (m, 2H), 2.92 (t, J ¼ 6.0 Hz, 2H), 2.67 (t,
J¼ 6.0 Hz, 2H), 2.47 (d, J¼ 6.0 Hz,1H), 2.42e2.35 (m,1H), 2.17e2.09
(m, 1H), 2.05 (d, J ¼ 8.0 Hz, 6H), 1.96 (s, 3H), 1.85e1.76 (m, 4H),
1.72e1.66 (m, 1H), 1.58e1.48 (m, 2H), 1.38e1.27 (m, 5H), 1.15e1.07
(m, 2H). 13C NMR (125MHz, DMSO) d 173.63, 163.85, 155.75, 152.82,
146.63, 144.53, 130.13, 125.27, 124.29, 124.34, 123.31, 121.39, 120.74,
118.83, 117.69, 114.57, 77.69, 48.23, 38.66, 31.72, 30.68, 29.61, 29.58,
26.52, 26.21, 25.02, 24.58, 22.22, 20.57, 13.25, 12.39, 12.31. HRMS:
calcd for C32H42N3O3 [MþH]þ 516.3221, found 516.3225.
4.1.1.4. 6-Hydroxy-2, 5, 7, 8-tetramethyl-N-(6-((1, 2, 3, 4-
tetrahydroacridin-9-yl)amino)hexyl) chroman-2-carboxamide (6d).
Intermediate 4d was reacted with 6-hydroxy-2, 5, 7, 8-
tetramethylchroman-2-carboxylic acid following the general pro-
cedure to give the desired product 6bwith a yield of 61%. IR (KBr) n
3428, 2928, 2857, 1648, 1589, 1524, 1452, 1415, 1256, 1088, 757,
678 cm�1; ESI/MS m/z: 530.3 [MþH]þ; 1H NMR (500 MHz, DMSO)
d 8.21 (s, 1H), 7.76 (d, J ¼ 8.5 Hz, 1H), 7.65 (t, J ¼ 7.5 Hz, 1H), 7.42 (t,
J ¼ 7.5 Hz, 1H), 7.15 (t, J ¼ 6.0 Hz, 1H), 6.27 (s, 1H), 3.52 (t, J ¼ 7.0 Hz,
2H), 3.07 (dq, J ¼ 13.0, 6.5 Hz, 1H), 3.01e2.95 (m, 1H), 2.93 (t,
J ¼ 6.0 Hz, 2H), 2.69 (d, J ¼ 6.0 Hz, 2H), 2.47 (t, J ¼ 6.0 Hz, 1H),
2.42e2.34 (m, 1H), 2.19e2.10 (m, 1H), 2.07 (s, 3H), 2.04 (s, 3H), 1.96
(s, 3H), 1.87e1.75 (m, 4H), 1.72e1.64 (m,1H), 1.57e1.47 (m, 2H), 1.35
(s, 3H), 1.31e1.26 (m, 2H), 1.23e1.16 (m, 2H), 1.07e0.99 (m, 2H). 13C
only (control) (A) and 24 h after administration of tacrine (B) and 6d (C). H&E, original
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NMR (125 MHz, DMSO) d 173.58, 163.91, 155.57, 152.87, 146.34,
144.37, 130.17, 125.22, 124.37, 124.29, 123.12, 121.56, 120.72, 118.93,
117.61, 114.55, 77.74, 48.18, 38.61, 31.84, 30.74, 29.97, 29.34, 26.33,
26.07, 25.05, 24.69, 22.73, 22.11, 20.60, 13.19, 12.47, 12.22. HRMS:
calcd for C33H44N3O3 [MþH]þ 530.3377, found 530.3379.

4.1.1.5. 6-Hydroxy-2, 5, 7, 8-tetramethyl-N-(7-((1, 2, 3, 4-
tetrahydroacridin-9-yl)amino)heptyl)chroman-2-carboxamide (6e).
Intermediate 4e was reacted with 6-hydroxy-2, 5, 7, 8-
tetramethylchroman-2-carboxylic acid following the general pro-
cedure to give the desired product 6ewith a yield of 58%. IR (KBr) n
3425, 2930, 2856, 1649, 1588, 1524, 1447, 1349, 1256, 1088, 756,
678 cm�1; ESI/MS m/z: 544.3 [MþH]þ; 1H NMR (500 MHz, DMSO)
d 8.23 (d, J ¼ 8.5 Hz, 1H), 7.78 (d, J ¼ 8.5 Hz, 1H), 7.67 (t, J ¼ 7.5 Hz,
1H), 7.44 (t, J ¼ 7.5 Hz, 1H), 7.14 (t, J ¼ 6.0 Hz, 1H), 6.46 (s, 1H), 3.58
(t, J ¼ 7.0 Hz, 2H), 3.11e3.03 (m, 1H), 3.01e2.95 (m, 1H), 2.94 (t,
J ¼ 6.0 Hz, 2H), 2.68 (d, J ¼ 5.5 Hz, 2H), 2.47 (d, J ¼ 6.0 Hz, 1H),
2.43e2.34 (m, 1H), 2.20e2.12 (m, 1H), 2.08 (s, 3H), 2.05 (s, 3H),1.97
(s, 3H), 1.82 (s, 4H), 1.73e1.65 (m, 1H), 1.62e1.54 (m, 2H), 1.35 (s,
3H), 1.30e1.12 (m, 6H), 1.06e0.96 (m, 2H). 13C NMR (125 MHz,
DMSO) d 173.42, 163.63, 155.27, 153.37, 146.41, 144.27, 130.36,
124.72, 124.59, 124.61, 123.27, 121.57, 120.72, 118.52, 117.71, 114.38,
77.69, 48.24, 38.68, 31.61, 30.74, 29.91, 29.58, 29.13, 29.05, 26.59,
26.41, 25.07, 22.71, 22.05, 20.68, 13.26, 12.25, 12.28. HRMS: calcd for
C34H46N3O3 [MþH]þ 544.3534, found 544.3536.

4.1.1.6. 6-Hydroxy-2, 5, 7, 8-tetramethyl-N-(8-((1, 2, 3, 4-
tetrahydroacridin-9-yl)amino)octyl) chroman-2-carboxamide (6f).
Intermediate 4f was reacted with 6-hydroxy-2, 5, 7, 8-
tetramethylchroman-2-carboxylic acid following the general pro-
cedure to give the desired product 6f with a yield of 63%. IR (KBr) n
3428, 2927, 2854, 1652, 1589, 1524, 1451, 1415, 1256, 1088, 756,
678 cm�1; ESI/MS m/z: 558.3 [MþH]þ; 1H NMR (500 MHz, DMSO)
d 8.23 (d, J ¼ 8.5 Hz, 1H), 7.78 (d, J ¼ 8.5 Hz, 1H), 7.67 (t, J ¼ 7.5 Hz,
1H), 7.44 (t, J ¼ 7.5 Hz, 1H), 7.13 (t, J ¼ 6.0 Hz, 1H), 6.45 (s, 1H), 3.59
(t, J ¼ 7.0 Hz, 2H), 3.45 (q, J ¼ 7.0 Hz, 1H), 3.07 (td, J ¼ 13.0, 6.5 Hz,
1H), 3.01e2.95 (m, 1H), 2.93 (d, J ¼ 5.5 Hz, 2H), 2.68 (d, J ¼ 5.5 Hz,
2H), 2.43e2.34 (m, 1H), 2.20e2.13 (m, 1H), 2.08 (s, 3H), 2.08 (s, 3H),
1.97 (s, 3H), 1.82 (s, 4H), 1.73e1.65 (m, 1H), 1.64e1.58 (m, 2H), 1.36
(s, 3H), 1.31e1.20 (m, 4H), 1.19e1.09 (m, 4H), 1.03e0.96 (m, 2H). 13C
NMR (125 MHz, DMSO) d 173.57, 163.95, 155.21, 153.22, 146.38,
144.35, 130.42, 124.76, 124.45, 124.38, 123.08, 121.52, 120.69, 118.69,
117.62, 114.27, 77.76, 48.19, 38.72, 31.53, 30.73, 29.98, 29.37, 29.04,
29.00, 26.61, 26.28, 25.00, 24.74, 22.66, 22.00, 20.60, 13.18, 12.45,
12.21. HRMS: calcd for C35H48N3O3 [MþH]þ 558.3690, found
558.3691.

4.1.1.7. 6-Hydroxy-2, 5, 7, 8-tetramethyl-N-(10-((1, 2, 3, 4-
tetrahydroacridin-9-yl)amino)decyl)chroman-2-carboxamide (6g).
Intermediate 4g was reacted with 6-hydroxy-2, 5, 7, 8-
tetramethylchroman-2-carboxylic acid following the general pro-
cedure to give the desired product 6gwith a yield of 65%. IR (KBr) n
3428, 2927, 2856, 1652, 1589, 1524, 1451, 1413, 1256, 1088, 758,
678 cm�1; ESI/MS m/z: 586.3 [MþH]þ; 1H NMR (500 MHz, DMSO)
d 8.24 (d, J ¼ 8.5 Hz, 1H), 7.78 (d, J ¼ 8.5 Hz, 1H), 7.67 (t, J ¼ 7.5 Hz,
1H), 7.45 (dd, J¼ 11.5, 4.0 Hz,1H), 7.16 (t, J¼ 6.0 Hz,1H), 6.37 (s, 1H),
3.60 (t, J¼ 7.0 Hz, 2H), 3.12e3.06 (m,1H), 3.03e2.97 (m,1H), 2.95 (t,
J¼ 5.8 Hz, 2H), 2.71 (d, J¼ 5.8 Hz, 2H), 2.46e2.35 (m, 2H), 2.23e2.15
(m, 2H), 2.10 (s, 3H), 2.08 (s, 3H), 2.00 (s, 3H), 1.88e1.78 (m, 4H),
1.75e1.67 (m, 1H), 1.65e1.58 (m, 2H), 1.38 (s, 3H), 1.35e1.08 (m,
10H), 1.07e0.96 (m, 3H). 13C NMR (125 MHz, DMSO) d 173.59,
164.03, 155.07, 152.84, 146.38, 144.34, 130.54, 125.29, 124.49,
124.42, 123.07, 121.52, 120.67, 118.83, 117.61, 114.19, 77.76, 48.14,
38.73, 30.71, 29.97, 29.38, 29.29, 29.25, 29.07, 26.63, 26.36, 24.99,
24.75, 22.75, 22.63, 22.16, 21.91, 20.60, 13.19, 12.46, 12.22. HRMS:
calcd for C37H52N3O3 [MþH]þ 586.4003, found 586.4002.

4.1.2. In vitro inhibition experiments of ChEs
Acetylcholinesterase (AChE, E.C. 3.1.1.7) from electric eel and

human erythrocytes, butyrylcholinesterase (BuChE, E.C. 3.1.1.8)
from equine serum and human serum, S-butyrylthiocholine iodide
(BTCI), acetylthiocholine iodide (ATCI), 5, 50-dithiobis-(2-
nitrobenzoic acid) (Ellman's reagent, DTNB) and tarcine hydro-
chloride were purchased from SigmaeAldrich (St. Louis, MO, USA).
The inhibitory activities of test compounds 6aeg was evaluated by
Ellman'smethod [38]. The compoundswere dissolved in DMSO and
diluted with the buffer solution (50 mM TriseHCl, pH ¼ 8.0, 0.1 M
NaCl, 0.02 M MgCl2$6H2O) to yield corresponding test concentra-
tions (DMSO less than 0.01%). In each well of the plate, 160 mL of
1.5 mM DTNB, 50 mL of AChE (0.22 U/mL eeAChE or 0.05 U/mL
hAChE) or 50 mL of BuChE (0.12 U/mL eqBuChE or 0.024 U/mL
hBuChE) were incubated with 10 mL of different concentrations of
test compounds (0.001e100 mM) at 37 �C for 6 min. After this
period, acetylthiocholine iodide (15 mM) or S-butyrylthiocholine
iodide (15 mM) as the substrate (30 mL) was added and the absor-
bance was measured with awavelength of 405 nm at different time
intervals (0, 60, 120, and 180 s). IC50 values were calculated as
concentration of compound that produces 50% enzyme activity
inhibition, using the Graph Pad Prism 4.03 software (San Diego, CA,
USA). Results are expressed as the mean ± SD of at least three
different experiments performed in triplicate.

4.1.3. In vitro evaluation of antioxidant activity
The antioxidant activities of compounds 6aeg were evaluated

by 1, 1-diphenyl-2-picrylhydrazyl (DPPH) free-radical scavenging
assay according to the method of Lee et al. with slightly modifica-
tions [39]. Briefly, 95 mL of DPPH radical solution (300 mM) was
added in a 96-well plate containing 5 mL of different concentrations
of test compound dissolved in MeOH, and incubated for 30 min at
37 �C in the dark. The absorbance of each well was measured at
517 nm using a microplate reader. The IC50 values of test com-
pounds were determined using the Graph Pad Prism 4.03 software
(San Diego, CA, USA). Results are expressed as the mean ± SD of at
least three different experiments performed in triplicate.

4.1.4. Kinetic study of AChE inhibition
The kinetic study of AChE was performed by Ellman's method

with three different concentrations (12.5, 6.25 and 3.125 nM) of
compound 6d. LineweavereBurk reciprocal plots were constructed
by plotting 1/velocity against 1/[substrate] at varying concentra-
tions of the substrate acetylthiocholine (0.05e0.5 mM). The plots
were assessed by a weighted least-squares analysis that assumed
the variance of velocity (v) to be a constant percentage of v for the
entire data set. Data analysis was performed with Graph Pad Prism
4.03 software (San Diego, CA, USA).

4.1.5. Docking study
Molecular docking studies were performed using Molecular

Operating Environment (MOE) software version 2008.10 (Chemical
Compouting Group, Montreal, Canada). The X-ray crystal structure
of recombinant human acetylcholinesterase in complex with
donepezil (hAChE, PDB code 4EY7) was obtained from the Protein
Data Base (PDB). Hydrogens and partial charges were added using
protonate 3D application in MOE. The compound 6d was con-
structed using the MOE builder module and energy minimized
using Merck Molecular force field (MMFF94x, RMSD gradient:
0.05 kcal mol�1 Å�1) [47]. The MOE Dock application was used for
docking 6d into the active site of the protein. The poses were
generated by the Triangle Matcher placement method and then
were rescored using ASE scoring function. The Forcefiled was
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selected as the refinement method. The retained best poses were
visually inspected and the interactions with binding pocket resi-
dues were analyzed.

4.1.6. Cell culture and measurement of cell viability
PC 12 cells was obtained from the Cell Bank of the Chinese

Academy of Sciences (Shanghai, China) and grown in RPMI-1640
medium containing 10% (v/v) foetal bovine serum, 100 U peni-
cillin/mL and 100 mg streptomycin/mL under 5% CO2 at 37

�
C. The

culture media were changed every other day. After pretreatment
with different concentrations of test compound (1.563e12.5 mM)
for 2 h, PC 12 cells were incubated with 100 mM of H2O2 for 24 h.
The cell viability was evaluated using MTT assay [41]. Briefly, 10 mL
of 5 mg/ml MTT was added to each well and incubated for 4 h at
37 �C. Then, 200 mL of dimethylsulfoxide (DMSO) was added to
dissolve the dark blue formazan crystals formed in intact cells, and
the absorbance at 570 nm was detected by a microplate reader. PC
12 cells were cultured without test compound or H2O2 as control
group and the results were expressed by percentage of control.

4.1.7. In vivo hepatotoxicity study
Investigations were performed on adult male Sprague Dawley

(SD) rat [24,43]. Rats were housed in a room that was automatically
maintained on a 12-h light/dark cycle at 25 �C and proper humidity.
Rats were given food and tap water ad libitum. Tacrine hydro-
chloride was dissolved in PBS (pH ¼ 7.4) and 6 mmol/100 g b. wt.
were administered i.p. Compound 6d was dissolved in acidic saline
and the equimolar dose corresponding to tacrine was administered
i. p. Heparinized serum was obtained 0 h, 24 h, 36 h and 72 h after
administration from the retrobulbar plexus to determine aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) activity
by using the Beckman Coulter UniCel DxC 800 Synchron Clinical
System.

For histological analysis, the rats were sacrificed in ether anes-
thesia 24 h after administration, and the livers were harvested. A
3 mm section of each liver was immediately placed in 10% buffered
formaldehyde, fixed for three days and embedded in paraffin.
Subsequently, 4 mm sections were prepared from the paraffin
blocks. The sections of each block were deparaffinated and stained
with hematoxylin and eosin (HE) for histopathological
examinations.

4.1.8. In vitro bloodebrain barrier permeation assay
The ability of test compounds that penetrate into brain was

evaluated using a parallel artificial membrane permeation assay
(PAMPA) for bloodebrain barrier according to the method estab-
lished by Di et al. [45]. Commercial drugs, PBS (pH¼ 7.4), DMSO and
dodecane were obtained from Sigma and Aladdin. Porcine brain
lipid (PBL) was purchased from Avanti Polar Lipids. The donor
microplate (96-well filter plate, PVDF membrane, pore size is
0.45 mm) and the acceptor microplate (indented 96-well plate)
were both from Millipore. The 96-well UV plate (COSTAR) was ac-
quired from Corning Inc. The compound was firstly dissolved in
DMSO at a concentration of 5 mg/mL. Then, it was diluted 200-fold
with a mixture of PBS/EtOH (70:30) to give a final concentration of
25 mg/mL. The filter membrane in donor microplate was coated
with PBL dissolved in dodecane (4 mL, 20 mg/mL). After that, 200 mL
of diluted solution and 300 mL of PBS/EtOH (70: 30) were added to
the donor wells and the acceptor wells, respectively. The donor
filter plate was carefully placed on the acceptor plate to make the
underside of filter membrane can contact with buffer solution.
After leaving this sandwich assembly undisturbedly for 16 h at
25 �C, the donor plate was carefully removed, and the concentra-
tions of test compound in the acceptor, donor and reference wells
were measured with a UV plate reader (SpectraMax Plus 384,
Molecular Devices, Sunnyvale, CA, USA). Each sample was analyzed
at least three independent runs in four wells, and the results are
given as the means ± SD. A plot of the experimental Pe values of 10
standard drugs versus their bibliographic values provided a good
linear correlation, Pe (exp.)¼ 0.8597 Pe (Bibl.) e 0.276 (R2 ¼ 0.9726)
(Supporting information, Fig. S1).

Acknowledgments

This research work was financially supported by Program for
Changjiang Scholars and Innovative Research Team in University
(IRT1193), A Project Funded by the Priority Academic Program
Development of Jiangsu Higher Education Institutions (PAPD).

Appendix A. Supplementary data

Supplementary data associated with this article can be found in
the online version, at http://dx.doi.org/10.1016/j.ejmech.2015.01.
058. These data include MOL files and InChiKeys of the most
important compounds described in this article.

References

[1] V.H. Finder, J. Alzheimers Dis. 22 (Suppl. 3) (2010) 5e19.
[2] M. Goedert, M.G. Spillantini, Science 314 (2006) 777e781.
[3] M.G. Savelieff, S. Lee, Y. Liu, M.H. Lim, ACS Chem. Biol. 8 (2013) 856e865.
[4] H.W. Klafki, M. Staufenbiel, J. Kornhuber, J. Wiltfang, Brain 129 (2006)

2840e2855.
[5] A. Cavalli, M.L. Bolognesi, A. Minarini, M. Rosini, V. Tumiatti, M. Recanatini,

C. Melchiorre, J. Med. Chem. 51 (2008) 347e372.
[6] M.L. Bolognesi, A. Cavalli, C. Melchiorre, Neurotherapeutics 6 (2009) 152e162.
[7] D. Mu~nz-Torrero, Curr. Med. Chem. 15 (2008) 2433e2455.
[8] V. Tumiatti, A. Minarini, M.L. Bolognesi, A. Milelli, M. Rosini, C. Melchiorre,

Curr. Med. Chem. 17 (2010) 1825e1838.
[9] A. Minarini, A. Milelli, E. Simoni, M. Rosini, M.L. Bolognesi, C. Marchetti,

V. Tumiatti, Curr. Top. Med. Chem. 13 (2013) 1771e1786.
[10] R.A. de Aquino, L.V. Modolo, R.B. Alves, A. de Fatima, Curr. Drug Targets 14

(2013) 378e397.
[11] J. Korabecny, K. Spilovska, O. Benek, K. Musilek, O. Soukup, K. Kuca, Ceska.

Slov. Farm 61 (2012) 210e221.
[12] M.I. Fernandez-Bachiller, C. Perez, L. Monjas, J. Rademann, M.I. Rodriguez-

Franco, J. Med. Chem. 55 (2012) 1303e1307.
[13] L. Wang, G. Esteban, M. Ojima, O.M. Bautista-Aguilera, T. Inokuchi, I. Moraleda,

I. Iriepa, A. Samadi, M.B. Youdim, A. Romero, E. Soriano, R. Herrero,
A.P. Fern�andez Fern�andez, Ricardo -Martínez-Murillo, J. Marco-Contelles,
M. Unzeta, Eur. J. Med. Chem. 80 (2014) 543e561.

[14] W. Luo, Y.P. Li, Y. He, S.L. Huang, J.H. Tan, T.M. Ou, D. Li, L.Q. Gu, Z.S. Huang,
Bioorg. Med. Chem. 19 (2011) 763e770.

[15] Q. Meng, J. Ru, G. Zhang, C. Shen, S. Schmitmeier, A. Bader, Toxicol. Lett. 168
(2007) 140e147.

[16] C. Gao, Y. Ding, L. Zhong, L. Jiang, C. Geng, X. Yao, J. Cao, Toxicol. Vitro 28
(2014) 667e674.

[17] M. Galisteo, M. Rissel, O. Sergent, M. Chevanne, J. Cillard, A. Guillouzo,
D. Lagadic-Gossmann, J. Pharmacol. Exp. Ther. 294 (2000) 160e167.

[18] P. Dogterom, J.F. Nagelkerke, G.J. Mulder, Biochem. Pharmacol. 37 (1988)
2311e2313.

[19] X. Wang, W. Wang, L. Li, G. Perry, H.G. Lee, X. Zhu, Biochim. Biophys. Acta
1842 (2014) 1240e1247.

[20] J.T. Coyle, P. Puttfarcken, Science 262 (1993) 689e695.
[21] M. Padurariu, A. Ciobica, R. Lefter, I.L. Serban, C. Stefanescu, R. Chirita, Psy-

chiatr. Danub. 25 (2013) 401e409.
[22] X. Chen, K. Zenger, A. Lupp, B. Kling, J. Heilmann, C. Fleck, B. Kraus, M. Decker,

J. Med. Chem. 55 (2012) 5231e5242.
[23] A. Lupp, D. Appenroth, L. Fang, M. Decker, J. Lehmann, C. Fleck, Arzneim Forsch

60 (2010) 229e237.
[24] Y. Wang, X.L. Guan, P.F. Wu, C.M. Wang, H. Cao, L. Li, X.J. Guo, F. Wang, N. Xie,

F.C. Jiang, J.G. Chen, J. Med. Chem. 55 (2012) 3588e3592.
[25] T. Cordes, J. Vogelsang, P. Tinnefeld, J. Am. Chem. Soc. 131 (2009) 5018e5019.
[26] E. Skrzydlewska, R. Farbiszewski, Fundam. Clin. Pharmacol. 11 (1997)

460e465.
[27] T.W. Wu, N. Hashimoto, J.X. Au, J. Wu, D.A. Mickle, D. Carey, Hepatology 13

(1991) 575e580.
[28] L.H. Zeng, J. Wu, D. Carey, T.W. Wu, Biochem. Cell Biol. 69 (1991) 198e201.
[29] R.A. Quintanilla, F.J. Munoz, M.J. Metcalfe, M. Hitschfeld, G. Olivares,

J.A. Godoy, N.C. Inestrosa, J. Biol. Chem. 280 (2005) 11615e11625.
[30] S. Thiratmatrakul, C. Yenjai, P. Waiwut, O. Vajragupta, P. Reubroycharoen,

M. Tohda, C. Boonyarat, Eur. J. Med. Chem. 75 (2014) 21e30.
[31] H.P. Lee, X. Zhu, G. Casadesus, R.J. Castellani, A. Nunomura, M.A. Smith,

http://dx.doi.org/10.1016/j.ejmech.2015.01.058
http://dx.doi.org/10.1016/j.ejmech.2015.01.058
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref1
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref1
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref2
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref2
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref3
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref3
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref4
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref4
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref4
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref5
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref5
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref5
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref6
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref6
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref7
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref7
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref7
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref8
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref8
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref8
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref9
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref9
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref9
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref10
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref10
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref10
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref11
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref11
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref11
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref12
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref12
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref12
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref13
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref13
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref13
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref13
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref13
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref13
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref13
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref14
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref14
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref14
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref15
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref15
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref15
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref16
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref16
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref16
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref17
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref17
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref17
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref18
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref18
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref18
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref19
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref19
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref19
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref20
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref20
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref21
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref21
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref21
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref22
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref22
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref22
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref23
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref23
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref23
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref24
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref24
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref24
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref25
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref25
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref26
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref26
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref26
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref27
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref27
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref27
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref28
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref28
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref29
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref29
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref29
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref30
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref30
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref30
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref31


S.-S. Xie et al. / European Journal of Medicinal Chemistry 93 (2015) 42e5050
H.G. Lee, G. Perry, Expert. Rev. Neurother. 10 (2010) 1201e1208.
[32] M. Recanatini, P. Valenti, Curr. Pharm. Des. 10 (2004) 3157e3166.
[33] M.L. Bolognesi, A. Cavalli, L. Valgimigli, M. Bartolini, M. Rosini, V. Andrisano,

M. Recanatini, C. Melchiorre, J. Med. Chem. 50 (2007) 6446e6449.
[34] L. Fang, D. Appenroth, M. Decker, M. Kiehntopf, A. Lupp, S. Peng, C. Fleck,

Y. Zhang, J. Lehmann, J. Med. Chem. 51 (2008) 7666e7669.
[35] S.S. Xie, X.B. Wang, J.Y. Li, L. Yang, L.Y. Kong, Eur. J. Med. Chem. 64 (2013)

540e553.
[36] Y. Chen, J. Sun, L. Fang, M. Liu, S. Peng, H. Liao, J. Lehmann, Y. Zhang, J. Med.

Chem. 55 (2012) 4309e4321.
[37] E. Giacobini, Pharmacol. Res. 50 (2004) 433e440.
[38] G.L. Ellman, K.D. Courtney, V. Andres Jr., R.M. Feather-Stone, Biochem. Phar-

macol. 7 (1961) 88e95.
[39] S.K. Lee, Z.H. Mbwambo, H. Chung, L. Luyengi, E.J. Gamez, R.G. Mehta,

A.D. Kinghorn, J.M. Pezzuto, Comb. Chem. High Throughput Screen. 1 (1998)
35e46.
[40] Z. Luo, S. Jheng, Y. Sun, C. Lu, J. Yan, A. Liu, H.B. Luo, L. Huang, X. Li, J. Med.
Chem. 56 (2013) 9089e9099.

[41] S.L. Hwang, G.C. Yen, J. Agric. Food Chem. 56 (2008) 859e864.
[42] E. Arias, S. Gallego-Sandin, M. Villarroya, A.G. Garcia, M.G. Lopez, J. Pharmacol.

Exp. Ther. 315 (2005) 1346e1356.
[43] D.L. Laskin, C.R. Gardner, V.F. Price, D.J. Jollow, Hepatology 21 (1995)

1045e1050.
[44] M.I. Fernandez-Bachiller, C. Perez, G.C. Gonzalez-Munoz, S. Conde, M.G. Lopez,

M. Villarroya, A.G. Garcia, M.I. Rodriguez-Franco, J. Med. Chem. 53 (2010)
4927e4937.

[45] L. Di, E.H. Kerns, K. Fan, O.J. McConnell, G.T. Carter, Eur. J. Med. Chem. 38
(2003) 223e232.

[46] S. Mert, R. Kasimo�gullari, T. _Iça, F. Çolak, A. Altun, S. Ok, Eur. J. Med. Chem. 74
(2014) 366e374.

[47] Y. Zou, S. Yu, R. Li, Q. Zhao, X. Li, M. Wu, T. Huang, X. Chai, H. Hu, Q. Wu, Eur. J.
Med. Chem. 74 (2014) 366e374.

http://refhub.elsevier.com/S0223-5234(15)00079-3/sref31
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref31
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref32
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref32
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref33
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref33
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref33
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref34
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref34
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref34
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref35
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref35
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref35
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref36
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref36
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref36
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref37
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref37
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref38
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref38
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref38
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref39
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref39
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref39
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref39
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref40
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref40
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref40
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref41
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref41
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref42
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref42
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref42
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref43
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref43
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref43
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref44
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref44
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref44
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref44
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref45
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref45
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref45
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref46
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref46
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref46
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref46
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref46
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref47
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref47
http://refhub.elsevier.com/S0223-5234(15)00079-3/sref47

	Multifunctional tacrine–trolox hybrids for the treatment of Alzheimer's disease with cholinergic, antioxidant, neuroprotect ...
	1. Introduction
	2. Results and discussion
	2.1. Chemistry
	2.2. In vitro inhibition of ChEs
	2.3. In vitro antioxidant activities
	2.4. Kinetic study of AChE inhibition
	2.5. Molecular docking study with AChE
	2.6. In vitro neuroprotection study
	2.7. In vivo hepatotoxicity study
	2.8. In vitro blood–brain barrier permeation study

	3. Conclusion
	4. Experimental section
	4.1. Chemistry
	4.1.1. General procedures for the preparation of compounds 6a–g
	4.1.1.1. 6-Hydroxy-2,5,7,8-tetramethyl-N-(2-((1, 2, 3, 4-tetrahydroacridin-9-yl)amino)ethyl)chroman-2-carboxamide (6a)
	4.1.1.2. 6-Hydroxy-2, 5, 7, 8-tetramethyl-N-(4-((1, 2, 3, 4-tetrahydroacridin-9-yl)amino)butyl) chroman-2-carboxamide (6b)
	4.1.1.3. 6-Hydroxy-2, 5, 7, 8-tetramethyl-N-(5-((1, 2, 3, 4-tetrahydroacridin-9-yl) amino) pentyl)chroman-2-carboxamide (6c)
	4.1.1.4. 6-Hydroxy-2, 5, 7, 8-tetramethyl-N-(6-((1, 2, 3, 4-tetrahydroacridin-9-yl)amino)hexyl) chroman-2-carboxamide (6d)
	4.1.1.5. 6-Hydroxy-2, 5, 7, 8-tetramethyl-N-(7-((1, 2, 3, 4-tetrahydroacridin-9-yl)amino)heptyl)chroman-2-carboxamide (6e)
	4.1.1.6. 6-Hydroxy-2, 5, 7, 8-tetramethyl-N-(8-((1, 2, 3, 4-tetrahydroacridin-9-yl)amino)octyl) chroman-2-carboxamide (6f)
	4.1.1.7. 6-Hydroxy-2, 5, 7, 8-tetramethyl-N-(10-((1, 2, 3, 4-tetrahydroacridin-9-yl)amino)decyl)chroman-2-carboxamide (6g)

	4.1.2. In vitro inhibition experiments of ChEs
	4.1.3. In vitro evaluation of antioxidant activity
	4.1.4. Kinetic study of AChE inhibition
	4.1.5. Docking study
	4.1.6. Cell culture and measurement of cell viability
	4.1.7. In vivo hepatotoxicity study
	4.1.8. In vitro blood–brain barrier permeation assay


	Acknowledgments
	Appendix A. Supplementary data
	References


