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tacrine derivatives against several disease pathways of AD.", by M. Digiacomo, Z. Chen, S. Wang,
A. Lapucci, M. Macchia, X. Yang, J. Chu, Y. Han, R. Pib, and S. Rapposelli. We hope that this revised
version will be now suitable for consideration for publication in Bioorganic & Medicinal Chemistry
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The manuscript has been revised, following the referee’s indications, as summarized in the
following point-to-point response. A marked manuscript, highlighting the main changes, is
attached as supporting information.

We have performed other experiments and we hope the paper will match all the requirements.

Many thanks for your wonderful jobs on our manuscript.
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Simona Rapposelli
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*Response to Reviewers

Dear Editor,

The manuscript has been revised, following the referee indication, as summarized in the following point-
to-point response. A marked manuscript, highlighting the main changes, is attached as supporting
information.

We hope the paper will match all the requirements.
Many thanks for your wonderful jobs on our manuscript.
Sincerely yours,

Simona Rapposelli

Editor's Comments:

Please ensure that your revised manuscript follows the journal-specific guidelines listed below:

1. Address: If there is more than one affiliation, designate authors to institutions by using superscript 'a', 'b’,
'c', etc.

Answer: Done, as suggested

2. Headings: Please do not use common headings, such as 'Introduction’, 'Chemistry’', or ‘Conclusion’, other
than 'Acknowledgments' and 'References and Notes'.

Answer: Done, as suggested

3. R1, R2: Use a superscript numeral for R1, R2, etc. (not a subscript R1, R2) to designate substituents in
graphic structures, tables, and text.

Answer: Done, as suggested

4. Reference Style: For proper reference style, please consult the References and Notes section of the
Journal's Guide for Authors found at www.ees.elsevier.com/bmcl. Note that the Journal uses a start page
number only for journal articles. For journal title abbreviations, please consult the list provided: Click on
Guide for Authors; then click on Journal Title Abbreviation List.

Answer: The style of references has been corrected

5. X-ray coordinates: X-ray coordinates must be deposited with the RCSB Protein Data Bank (PDB) database
(or Cambridge Crystallographic Data Centre for small molecules) and the PDB (or CCDC) deposition number
must be placed in the manuscript.

6. Experimental Information: All experimental information should be placed in the References and notes
section as an endnote or placed in Supporting Information.

Answer: All the experimental information has been placed on supporting information attached to the
manuscript



Reviewers' comments:

Reviewer #2:

The paper by Digiacomo et al. is of the type publishable in BMCL. It describes the synthesis and the
pharmacological evaluation of multifuntional derivatives of Tacrine. It is the continuation of a project
research of some of the authors, the results of which has been already published and quoted in this paper.
The results although not striking it is of certain interest and deserve to be disseminated among the scientific
community.

My recommendations are;

- Figure 1, part B is no necessary and can be eliminated. Quoting the appropriate reference is sufficient; The
substructure 1,3-diamino-2-proanol is well evidentiated in the compounds reported in part A;

Answer: As suggested by the referee, the part B of Figure 1 has been deleted and the appropriate
reference is correctly cited
- A reference compound in table 2 and 4 would offer the reader a better and faster comprehension;

Answer: Table 2 and 4 have been joined in one, large table as requested by the Reviewer #5. The
reference compound has not been added in table because of different experimental conditions used in
the performed experiments (data collected were not comparable). Anyway a discussion about the
different activity and selectivity has been done (see below and the new MS).

- In table 1 the selectivity AchEl/BuChEl is calculated, which fine. However, the importance of this
parameter, also from a therapeutic point of view should be discussed, also in comparison to the tacrine
which is not selective and is one of the drug currently used for the management of Alzheimer's disease.

Answer: Thanks for your kindly suggestions. We have added some discussion in our revised manuscript
(See page 7 line 1-3 from the bottom and page 8 line 3-7 from the bottom). In fact, the goal of finding
high selective inhibitors of AChE is to minus the peripheral cholinergic effects. But now, increasing
evidences demonstrated that long-term inhibition of BUChE might be especially important when
exploring any disease-modifying effects of cholinesterase inhibitors. (Anand P, Singh B. A review on
cholinesterase inhibitors for Alzheimer's disease. Arch Pharm Res. 2013 Apr;36(4):375-99.-2; Shanks M,
Kivipelto M, Bullock R, Lane R. Cholinesterase inhibition: is there evidence for disease-modifying effects?
Curr Med Res Opin. 2009 Oct;25(10):2439-46). Both references have been added in the new version of
the manuscript

Reviewer #5: The manuscript "Synthesis and pharmacological evaluation of multifunctional tacrine
derivatives against Alzheimer's disease" decscribes the synthesis and biological evaluation of a series of
tacrine hybridized to caffeic acid, ferrulic acid and lipoicacidusing a 1,3-diaminopropan-2-ol linker. This work
builds on earlier studies by both groups (published in the 2012 BMCL) and a PloS One of one of the groups.
The progress when compared to the BMCL is the introduction of another linker, while in the earlier study, a
series of diamino alkanes have been used, this study introduces a slightly more polar linker. Interestingly,
the authors did not define which compounds 1 or 2 contain the caffeic or ferrulic acid units (no description in
scheme 1 or in the text).


http://www.ncbi.nlm.nih.gov/pubmed/23435942
http://www.ncbi.nlm.nih.gov/pubmed/23435942
http://www.ncbi.nlm.nih.gov/pubmed/19678754

Answer: Sorry, we added the omitted description both in the scheme and in the text

The caffeic acid derivative is really similar to the one reported in the 2012 BMCL paper by the same authors
(see there compounds 5b and 5e), the only difference is the introduction of the OH group on the linker.
Interestingly, the compound reported in this paper displays lower activity, e.g. in the BuChe assay.
Therefore, it would be interesting to compare this new compound to the ones reported in the 2012 BMCL.

Answer: Yes, in current work, we just simply introduced OH group into the linker and found that 1b have
mild BCAE1 inhibitory under 10 microM while the one (T3CA) reported in 2012 BMCL has not (data not
shown). This is why we carry out the project. We briefly explained in the first two sentences of sixth
paragraph. You know, it is not easy to get the high activities for all targets at one molecule.

The manuscript can be considered for publication after a number of issues have been addressed:

1. The biological data should be compiled in one, large table (like the presentation in the 2012 BMCL by the
same authors)

Answer: Done, as suggested

2. For compounds 1 and 2, R' must be defined.
Answer: Done, as suggested

3. The title is misleading, as the compounds were not evaluated against AD. It should be rephrased to
"Synthesis and pharmacological evaluation of multifunctional tacrine derivatives against several disease
pathways of AD"

Answer: We agreed with the referee and the title has been changed as suggested

4. In the Cu binding assay, one data point (at 40 compound 1b and 100 uM Cu) is not enough to support the
claim. More data points, and the presence of isosbesitc points, have to be presented in order to substantiate
this claim. This has been done by the authors in their 2012 study, where the Cu binding was sufficiently
characterized by different concentrations.

Answer: Actually, we have done the experiments as described in the previous study ( Chao X, He X, Yang
Y, Zhou X, Jin M, Liu S, Cheng Z, Liu P, Wang Y, Yu J, Tan Y, Huang Y, Qin J, Rapposelli S, and Pi R.Design,
synthesis and pharmacological evaluation of novel tacrine-caffeic acid hybrids as multi-targeted
compounds against Alzheimer's disease. Bioorganic & medicinal chemistry letters 22: 6498-6502, 2012.).
The maximum absorption suffered a bathochromic shift upon the addition different concentration of
CuCl2. We speculated that this effect may be related to the two hydroxyl on the benzene ring. Now, we
add the experimental results with different concentration ratio of copper to our compound. (see Fig. 3).

We hope that the paper is now in a form acceptable for publication in the Bioorganic Medicinal Chemistry
Letter.



Thank you in advance.
Sincerely,

Simona Rapposelli
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Abstract

A novel series of tacrine derivatives were designed and synthesized by combining caffeic acid
(CA), ferulic acid (FA) and lipoic acid (LA) with tacrine. The antioxidant study revealed that all the
hybrids have much more antioxidant capacities compared to CA. Among these compounds, 1b
possessed a good ability to inhibit thef-amyloidprotein (AP)self-aggregation, sub-micromole
acetylcholinesterase (AChE)/butyrylcholinesterase (BUChE) inhibitory, modest BACEL inhibitory.
Moreover, compound 1b also was a DPPH radical scavenger and copper chelatory as well as had
potent neuroprotective effects against glutamate-induced cell death with low toxicity in HT22 cells.
Our findings suggest that the compound 1b might be a promising lead multi-targeted ligand and

worthy of further developing for the therapy of Alzheimer’s disease.

Keywords: Tacrine; Alzheimer’s disease; BACE1; Amyloid protein; copper; Multi-targeted ligands;

caffeic acid



Alzheimer's disease (AD) is the most common form of irreversible dementia in the elderly. It is a
multifactorial disorder in which several factors contribute both to its etiology and pathogenesis. In
particular, decreased levels of acetylcholine (ACh), the formation of AR deposits and neurofibrillary
tangles, mitochondrial dysfunction and extensive oxidative stress constitute the principle hallmarks
of AD.! In the last decade, the design of compounds potentially useful for the treatment of AD,
focused on the development of new ligands able to interact with different type of targets involved in
AD (i.e. BACE inhibitors, y-secretase modulators),%® but to date, the acetylcholinesterase (AChE)
inhibitors, such as tacrine, donepezil, rivastigmine and galantamine, still remain the only drugs
currently employed in therapy. The effectiveness of these AChE inhibitors (AChEI) is limited to the
reduction of the symptoms of AD. Tacrine (TA), the first AChEI approved by FDA for AD, is the
most effective prototype of this class of drugs, nevertheless AChEIls exert limited disease
modification and only attenuate the dementia symptom. TA inhibits both AChE and
butyrylcholinesterase (BUChE), and induces oxidative stress, due to reactive oxygen species (ROS)
production stimulation and glutathione depletion, as demonstrated by in vitro studies on human
liver cell line HepG2.*

Consequently, the simultaneous administration of free radical scavenger could counteract the
tacrine-induced oxidative stress.* Moreover, it is well known that also bio-metals such as Cu, Zn
and Fe, play a central role in the production of ROS and in the onset of oxidative stress® thus

contributing to the aggregation of A and progression of AD.



On this basis, new tacrine-like compounds endowed of both AChEI activity and antioxidant
properties have been widely investigated.®® This strategy falls into the new approach in medicinal
chemistry of multi-target design ligands (MTDL), according to which a single compound able to
modulate multiple targets simultaneously, could result a more effective and safety strategy than the
“one drug-one target”’approach.™

1112 and tacrine-caffeic

In a previous work, we described a series of tacrine-ferulic acid (TAnFA)
acid hybrids (TANCA).*** These hybrids showed a good multiple biological profile, displaying
AChE inhibition properties and anti-oxidant activity.

As a further development of our work on the design and synthesis of new TA and antioxidant

hybrid compounds with a better pharmacological profile, we here describe a new class of hybrid-

molecules (1a,b-3a,b)as multi-target derivatives for the treatment of AD. (figure 1)

N (@] N (0]
la: R=R'=H 3a: R=H
1b: R=Cl, R'=H 3b: R=CI

2a: R=H, R'=Me

2b: R=Cl, R'=Me

Figure 1. Multifunctional tacrine-derivatives 1a,b-3a,b.



In particular, in this paper we evaluated the possibility to widen the pharmacological profile of
the compounds TANnFA and TANCA, through the insertion of 1,3-diamino-2-propanol (Figure 1A).
Actually this core has been applied successfully to a number of aspartyl proteases, including B-
secretase (BACE1).">*8(Figure 1B) Moreover, the presence of both nitrogen and oxygen atoms
within the linker could facilitate the interaction of these ligands with free metals.™

The compounds synthesized (1a,b-3a,b) were evaluated for their antioxidant and both AChE and
BACEL1 inhibitor activities. Furthermore the protective effects on glutamate-induced cell death in
mouse hippocampal neuronal HT22 cells were investigated. The candidate with the best multi-
target profile was also evaluated for its ability to chelate copper.

Final compounds 1a,b-3a,b were synthesized following the procedures described in Scheme

1.Intermediates 5a,b, synthesized according to the reported procedure,?®?

were subjected to a
reaction with 1,3-diamino-2-propanol at 160°C. The subsequent condensation of derivatives 6a,b
with the appropriate acids in presence of DCC and DMAP afforded the products 1a,b and 2a,b. For

the preparation of compound 3a and 3b, the lipoic acid was converted to the corresponding acid

chloride and treated with the amine-derivative 6a,b.
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Scheme 1.General synthesis of compounds 1a,b-3a-b. Reagents and conditions: a)cyclohexanone, toluene, reflux, 4 h;
(b)POCls, 120°C, 2h; (c)cyclohexanone, POCIs;, reflux, 2h; d) 1,3-diamino-2-propanol, 160°C, 3 h; (e) caffeic acid or
ferulic acid,CH,Cl,/DMF, DCC, DMAP, rt, 12 h; (f) i) lipoic acid, SOCI,, CH,Cl,, 0°C, 4 h; (ii) EtzN, CH,Cl,/DMF,

0°C, 4 h.

Cholinergic neurotransmission damage is believed to be one of the major causes of memory
impairment associated with AD. AChE inhibitor could maintain the Ach in the synaptic cleft by

inhibiting acetylcholinesterase (AChE), and this is the only known means of treating AD %°. The



synthesized compounds (1a,b-3a,b) were firstly tested for their inhibitory activity of AChE and
BUChE following the experimental protocol previously described.™

The 1Cs0s for AChE and BUChE and the ratios of BUChE to AChE, are summarized in Table 1.
Tacrine was taken as reference compound. Compounds 2a, 2b and 3b,were found to be more active
than reference drug in inhibiting AChE. The presence of chlorine atom in 6 position of the
tetrahydroacridine fragment (1b, 2b, 3b) improves the AChE-inhibitory activity and selectivity
toward AChE over BUChE, with respect to the no-substituted derivatives (1a, 2a, 3a). It is also
reported that BuChE is involved in the metabolic degradation of ACh. BUChE activity increases as
AD progresses. Therefore, the concurrent inhibition of both AChE and BuChE should provide
additional benefits in the treatment of AD %, As list in Table 1, compounds 1b, 2a have equal
inhibitory activity against BUChE. The best results, in terms of affinity and selectivity, were
obtained for compounds 2b and 3b, that are ferulic and lipoic chlorine-substituted derivatives,

respectively.

Table 1.
The inhibition of AChE and BuChE activities (ICsp, uM) and DPPH radical scavenging activities (10uM and
30uM) of new compounds and references.

Compounds 1Cso (UM) Ratio of DPPH radical DPPH radical
BUuChE/AChE scavenging rate (%) scavenging rate (%)
AChEBUChE 1Cs (10 pM) (30 M)
la 0.70 1.01 1.45 41.50 +3.60 89.6+0.57
1b 0.15 0.36 2.40 60.87£2.7 90.36+1.4

2a 0.03 0.31 10.33 10.30+2.6 25.0+£3.1



2b 0.02

3a 0.10

3b 0.04

Tacrine 0.10
Caffeic acid na

0.71

1.18

1.03

0.04

na

34.53

11.80

25.75

0.40

na

17.11+1.9 22.68+4.1
4.23+0.96 8.47+2.91
0.98+0.55 1.57+0.79
>1000 >1000
44.10 +4.40 90.27+1.50

na.: not available

Compounds (1a,b-3a,b) were also tested for their radical scavenging activities by using 1,1-

diphenyl-2-picryl-hydrazyl (DPPH) assay. The compounds were tested to 10 uM and 30 pM and

the data are summarized in Table 1. The only derivatives endowed of radical scavenging activity,

comparable to that of caffeic acid, were 1a and 1b.

In order to evaluate the influence of the tested compounds on amyloid fibrils, a Th-T

fluorescence assay was performed. The compounds were tested to 50uM and 5 pM and the results

are reported in Table 2. Compounds la,b-2a,b, at concentration of 50 uM, induced a slight

significant inhibition of Ap1-42 self-aggregation with percentage values ranging from 46 (2a) to 53%

(1b). On the contrary, the tacrine-lipoic acid hybrids 3a and 3b did not affect the Ap1-42 self-

aggregation



Table 2.Inhibition of AB1.4» aggregation.

Compounds Inhibition of AP Compounds Inhibition of AP
(5uM) aggregation (%) (50uM) aggregation (%)
la 12.8 la 49.8

1b 9.2 1b 53.2

2a 8.4 2a 46.3

2b 13.5 2b 48.9

3a na 3a na

3b na 3b na

Congo red 76.6 Congo red 93.2

na.: not available

Hybrids (1a,b-3a,b) were then tested for their BACEL inhibitory activity by using a

commercially available kit (Sigma-Aldrich, MO, USA). As showed in Table 3, lipoic acid

derivative 3b was able to induce a slight significant inhibition of BACE1 at 10 pM with a

percentage of about 47% .On the contrary, the compounds 1a,b, 2a, and 3a exhibited only a modest

BACEL1 inhibitory activity.



Table 3.

The BACEL inhibitory activity of compounds.

Compounds (10uM) Inhibition rate %+SEM
la 10.51+2.55
1b 13.07+5.81
2a 14.97+1.25
2b 2.57+7.29
3a 24.77+5.46
3b 46.78+3.12

The new synthesized compounds (1a,b-3a,b) were further investigated for their cell toxicity in

HT22 cell, at different concentrations (10, 30 and 100uM) (Figure 2A). No cytotoxic effects were

observed for caffeic acid-derivative 1a and the ferulic acid-derivative 2a at various concentrations

whereas the 6-chloro analogues 1b, and notably 2b, appeared to be cytotoxic only at the highest

concentrations (L00uM). Derivatives 3a and 3b showed to be cytotoxic both at 30 and 100 uM, and

in particular compound 3b showed an appreciable cytotoxicity already 10 uM.

In order to evaluate the neuroprotective effects in HT22 cell against glutamate-induced

neuronal death, the synthesized compounds were tested at different concentrations (0.3, 1, 3 and 10

MM). As reported in Figure 2B, derivatives 1a, 2a and 2b didn’t show any neuroprotective effect.

At 10uM tacrine-caffeic acid hybrid1b produced a significant neuroprotection, while compounds 3a

and 3b displayed an appreciable neuroprotective effect already at 3uM. Unfortunately, both

derivatives 3a and 3b were toxic even at 10uM, and therefore both compounds cannot be



considered as potential pipelines to select for further studies. Conversely compound 1b seems to

possess the minimum characteristics sought for this type of multifunctional ligand.
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Figure2.The effects of compounds on cell viability in HT22 with or without glutamate.(A) Cell toxicity

of test compounds on HT22 cells. Cell viability was determined using the MTT assay (n = 6). Cells were



treated with indicated concentration of test compounds for 24h. ** P < 0.01 versus control. (B) Compounds
protect HT22 cells against glutamate-induced cytotoxicity. Cells were pretreated with different concentration
of compounds for 30 min and then incubated with / without 2mM glutamate for 24 h. Cell viability was

determined using the MTT assay (n = 6). ## P < 0.01 versus control; **P < 0.01 versus glutamate-treated

group.

On the basis of the results obtained, compound 1b was subjected to an additional assay, in order
to evaluate its capacity to chelate copper. It is, now, established that metal ions, such as Cu®*,
contribute to development of AD, throughout the production of ROS and its interaction with Ap
peptides with consequently aggregation.

The complexation ability of 1b toward Cu®* was studied by UV-vis spectrometry and the results
were illustrated in Figure 3. The bathochromic shift upon the addition of CuCl, of the maximum

absorption induced by 1b suggests the formation of a complex with Cu®*

1.0+
— vehicle
0.8 — 1b
0 — 1b:Cu**=1:1
2 — 1b:Cu**=1:2
< Cnlt—1.
0.4- 1b :Cu”"=1:3
00 A T T | L}
250 300 350 400 450

Wavelength nm.

Figure 3.UV-vis (250-500 nm) absorption spectra of 1b (40 uM) with 40, 80 or 120 uM CucCl, in ethanol.



In conclusion, this study focused on the identification of new ligands endowed of a multi-target

pharmacological profile for the treatment of AD. In particular we evaluated the AChE, BUChE and

BACEL1 inhibitory activities and the ability of the compounds to inhibit the AP aggregation.

Moreover a determination of the antioxidant, neuroprotective and chelating properties has also been

carried out.

All together these results led us to designate 1b as a lead multi-target ligand to further investigate

in AD models. 1b possessed a good ability to inhibit the AP aggregation, even if it displayed

modest BACE1 and AChE inhibitor activities. Moreover, it possessed antioxidant activity and

proved to chelate copper ions and thus delineate a multi-functional profile. Our findings suggest

that the compound 1b might be a promising lead multi-targeted ligand worthy of further developing

for the therapy of AD. Effectively, even if the high in vitro potency is considered as a necessary

requirement to carry on with further studies in the “one-drug-one-target” approach, in the multi-

targeted ones a low potency towards one target does not necessarily mean a loss of therapeutic

efficacy. Rather a weaker but more cooperative interaction with different targets involved in the

pathology could be positive in terms of pharmacokinetic and pharmacodynamic of a multi-targeted

compound, when compared with a specific highly selective single-target molecule.



Acknowledgments

This study was supported by Guangdong Provincial International Cooperation Project of

Science & Technology (No. 2012B050300015, No. 2013B051000038), National Natural Science

Foundation of China (N0.31371070), and Scientific and Technological Cooperation between the

Italian Republic and the People’s Republic of China for Year 2013-2015 (No. MAE-

MO00705\CN13MOQ9) to R.Pi and M. Macchia.

Supplementary data

Supplementary data associated with this article can be found, in the online version

References

1. Scarpini, E.; Schelterns, P.; Feldman, H. Lancet Neurol. 2003, 2, 539.

2. Leon, R.; Garcia, A.G.; Marco-Contelles,Med. Res.Rev. 2013, 33, 139.

3. Bulic, B.; Ness, J.; Hahn, S.; Rennhack, A.; Jumpertz, T.; Weggen, S. Curr.

Neuropharmacol. 2011, 9, 598.

4. Osseni, R.A.; Debbasch, C.; Christen, M-O; Rat, P.; Warnet, J-M. Toxicol. In Vitro, 1999,

13, 683.

5. Kepp, K.P. Chem. Rev. 2012, 112(10), 5193.


http://www.ncbi.nlm.nih.gov/pubmed?term=Le%C3%B3n%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21793014
http://www.ncbi.nlm.nih.gov/pubmed?term=Garcia%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=21793014
http://www.ncbi.nlm.nih.gov/pubmed?term=Marco-Contelles%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21793014
http://www.ncbi.nlm.nih.gov/pubmed?term=Marco-Contelles%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21793014
http://www.ncbi.nlm.nih.gov/pubmed?term=Ness%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22798753
http://www.ncbi.nlm.nih.gov/pubmed?term=Hahn%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22798753
http://www.ncbi.nlm.nih.gov/pubmed?term=Rennhack%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22798753
http://www.ncbi.nlm.nih.gov/pubmed?term=Jumpertz%20T%5BAuthor%5D&cauthor=true&cauthor_uid=22798753
http://www.ncbi.nlm.nih.gov/pubmed?term=Weggen%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22798753

10.

11.

12.

13.

Minarini, A.; Milelli, A.; Tumiatti, V.; Rosini, M.; Simoni, E.; Bolognesi, M.L.; Andrisano,

V.; Bartolini, M.; Motori, E.; Angeloni, C.; Hrelia, S. Neuropharmacology.2012,62, 997.

Galdeano, C.; Viayna, E.; Sola, I.; Formosa, X.; Camps, P.; Badia, A.; Clos, M.V.; Relat, J.;

Ratia, M.; Bartolini, M.; Mancini, F.; Andrisano, V.; Salmona, M.; Minguillon, C;

Gonzalez-Munoz, G.C.; Rodriguez-Franco, M.I.; Bidon-Chanal, A.; Luque, F.J.; Munoz-

Torrero, D. J. Med. Chem.2012, 55(2), 661.

Fernandez-Bachiller, M.l.; Perez, C.; Gonzalez-Munoz, G.C.;Conde, S.; Lopez,

M.G.;Villarroya, M.; Garcia, A.G.; Rodriguez-Franco, M.l. J. Med. Chem. 2010, 53(13),

4927.

Chen, Y.; Sun, J.; Fang, L.; Liu, M.; Peng, S.; Liao, H.; Lehmann, J.; Zhang, Y. J. Med.

Chem. 2012, 55, 4309.

Morphy, R.; Rankovic, Z. J. Med. Chem. 2005, 48, 6523.

Huang W-Y, Chao X-J, Ouyang Y, Liu A-M, He X-X, Chen M-H, Wang L-H, Liu J, Yu S-

W, Rapposelli S, Pi R. CNS Neuroscience and Therapeutics 2012, 18(11), 950.

Pi R, Mao X, Chao X, Cheng Z, Liu M, Duan X, Ye M, Chen X, Mei Z, Liu P, Li W, Han

Y. PL0oS One.2012,7(2), e31921.

Chao X, He X, Yang Y, Zhou X, Jin M, Liu S, Cheng Z, Liu P, Wang Y, Yu J, Tan Y,

Huang Y, Qin J, Rapposelli S, Pi R. Bioorg. Med. Chem. Lett. 2012,22(20), 6498.



14.

15.

16.

17.

18.

19.

20.

21.

22.

Chao XJ, Chen ZW, Liu AM, He XX, Wang SG, Wang YT, Liu PQ, Ramassamy C,

MakSH, Cui W, Kong AN, Yu ZL, Han YF, Pi R. CNS Neuroscience and Therapeutics

2014, 20(9), 840.

Asso, V.; Ghilardi, E.; Bertini, S.; Digiacomo, M.; Granchi, C.; Minutolo, F.; Rapposelli, S.;

Bortolato, A.; Moro, S.; Macchia, M. Chem.Med.Chem.2008, 3(10), 1530.

Maillard, M. C.; Hom, R. K.; Benson, T. E.; Moon, J. B.; Mamo, S.; Bienkowski, M.;

Tomasselli, A. G.; Woods, D. D.; Prince, D. B.; Paddock, D. J.; Emmons, T. L.; Tucker, J.

A.; Dappen, M. S.; Brogley, L.; Thorsett, E. D.; Jewett, N.; Sinha, S.; John, V. J. Med.

Chem.2007, 50, 776.

Bertini, S.; Asso,V.; Ghilardi, E.; Granchi, C.; Manera, C.; Minutolo, F.; Saccomanni, G.;

Bortolato, A.; Mason, J.; Moro, S.; Macchia, M. Bioorg. Med. Chem. Lett.2011, 21(22),

6657.

Bertini, S.; Ghilardi, E.; Asso, V.; Granchi, C.; Minutolo, F.; Pineschi, M.; Di Bussolo, V.;

Bortolato, A.; Moro, S.; Saba, A.; Macchia, M. Bioorg Med Chem. 2010, 18(22), 7991.

Mandel, S.; Amit, T.; Bar-Am, O.; Youdim, M.B.H. Prog. Neurobiol. 2007, 82, 348.

Hu, M.K.; Wu, L.J.; Hsiao, G.; Yen, M.H. J. Med. Chem.,2002, 45, 2277.

Carlier, P.R.; Han, Y.F.; Chow, E.S.; Li, C.P.; Wang, H.; Lieu, T.X.; Wong, H.S.; Pang, YP.

Bioorg. Med. Chem. 1999,7, 351.

Lee, Y.H.; Shin, M.C.; Yun, Y.D.; Shin, S.Y.; Kim, J.M.; Seo, J.M.; Kim, N.; Ryu, J.H.;

Lee, Y.S. Bioorg. Med. Chem. 2015, 23, 231.



23. Anand, P.; Singh, B. Arch Pharm Res. 2013, 36(4), 375.

24. Shanks, M.; Kivipelto, M.; Bullock, R.; Lane, R. Curr Med Res Opin. 2009, 25(10), 24309.



supplementary data
Click here to download Supplementary Material: supporting_info_ DEF.docx


http://ees.elsevier.com/bmcl/download.aspx?id=647172&guid=ebe7dbe7-5325-479b-8ec8-449ab6d6aad4&scheme=1

manuscript marked
Click here to download Supplementary Material: manuscript BMC_marked-def.docx


http://ees.elsevier.com/bmcl/download.aspx?id=647171&guid=9441a946-7bbf-4259-a125-ed2365a317ca&scheme=1

