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ABSTRACT

Some new anilide and imide derivatives of 4-aminopyridine (4AP) were synthesized and evaluated
against antiamnesic, cognition enhancing and anticholinesterase activity through their respective
in vitro and in vivo models. These newly synthesized derivatives have illustrated an enhanced cognition
effect on elevated plus maze model and also demonstrated a significant reversal in scopolamine-induced
amnesia in same model. The ICso value of synthesized compounds showed maximum activity of 4APMb
compared to standard drug donepezil and other derivatives, whereas its enzyme kinetic study revealed a
non-competitive inhibition of acetycholinesterase (AChE) and a competetive inhibition of butyrylcholin-
esterase (BChE). Significant inhibitions in AChE activity by all the synthesized compounds were found in
specific brain regions that is prefrontal cortex, hippocampus and hypothalamus. The docking study con-
firmed their consensual interaction with AChE, showed an affinity and binding with the key peripheral
anionic site residues Trp-286, Tyr-124 and Tyr-341 of AChE.

© 2013 Elsevier Ltd. All rights reserved.

Progressive impairment in memory, cognitive functions and system such as Alzheimer’s disease (AD).! Patients suffering with
behavioral disturbance has always been a major area of concern AD have low level of acetylcholine (ACh) and biosynthetic enzyme
for complex neurodegenerative disorders of the central nervous choline acetyltransferase (ChAT) in the cortex and hippocampus.?3
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Scheme 1. The synthetic pathway of the compounds here presented. Reagents and conditions: (a) THF, 25 °C, 3 h; (b) Ac,0, AcONa, 80 °C 5 h.
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Table 1
Concentration of synthesized derivatives and donepezil required for 50% inhibition of
AChE and BChE

Compound IC50(UM) + SEM Selectivity for AChE®
AChE BChE

4APSa 40.33+0.88 56.45 +0.60 1.39

4APSb 0.49 +0.02 3.82+0.83 7.79

4APMa 48.67 +£1.20 656.85 * 1.60 13.49

4APMb 0.03 +0.014 11.02£0.76 367

Donepezil 0.04 +0.012 15.24 +0.88 381

@ Selectivity for AChE is defined as ICso (BChE)/ICso (AChE).
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Figure 1. Effect of synthesized derivatives and Donepezil on learning impairment
on elevated plus maze in wistar rats [A] at dose (5 mg/kg), [B] at dose (10 mg/kg).

Table 2
Reverse effect of synthesized derivative on scopolamine-induced amnesia on elevated
plus maze in rats

Treatment [dose (mg/kg)] Transfer latency (s)

Day 1 Day 2

VEHICLE 67.67 +0.88 62.50 +0.76

SCP (1.0) 86.83 £0.90 81.50 £0.76°
4APSa (5.0) + SCP (1.0) 77.67 £0.76 71.67 £ 0.66°
4APSa (10.0) + SCP 74.83 £ 0.60 70.00 £0.57°
4APSb (5.0) + SCP 66.83 £ 0.60 60.67 £ 0.66°
4APSb (10.0) + SCP 65.50+0.76 58.33 £0.88°
4APMa (5.0) + SCP 80.50£0.76 75.33 £0.80°
4APMa (10.0) + SCP 77.67 +0.66 72.50 £0.76°
4APMbD (5.0) + SCP 64.67 £ 0.84 56.33 £ 0.88°
4APMbD (10.0) + SCP 61.33 £0.61 53.83 +0.60°
Donepezil (5.0) + SCP 65.33 £ 0.66 56.67 + 0.66°
Donepezil (10.0) + SCP 62.50+0.76 54.50 £ 0.76°

Data are expressed as mean * SEM (n = 6). Data were statistically analyzed by one
way ANOVA.

@ Significantally different from control (vehicle treated) group p <0.001.

b Significantally different from scopolamine treated group p <0.001.
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Figure 2. Effect of synthesized derivatives and donepezil (5 and 10 mg/kg) on
acetylcholinesterase (AchE) activity on different region of rat brain [A] prefrontal
cortex [B] hippocampus [C] hypothalamus. Results are expressed as mean + SEM
(n=6).

These parameters have a vital role in learning and memory there-
fore, in order to treat this specific disease it is necessary to improve
cholinergic neurotransmission which may be achieved by prevent-
ing the biotransformation of acetylcholine into the inactive metab-
olites choline and acetate at the specific sites of brain.* Based on
this approach some drugs have been established and used to treat
the AD.>® The utility of 4AP derivatives in treating various neuro-
muscular disorders such as multiple sclerosis, botulism, spinal cord
injury, Alzheimer’s disease and myasthenia gravis have already
been reported in previous investigations’®which may be attrib-
uted to its capacity to penetrate the blood-brain barrier® but the
therapeutic applications of the most common 4AP derivatives such
as tacrine'® and velnacrine'! have been restricted due to their high
toxicity. Another tacrine derivative amiridine is now under Phase
11l study in Japan.'?
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Several carbamate derivatives of 4AP and Schiff bases of styryl-
pyridine have been synthesized and evaluated for their anticholin-
esterase activity.'>!4 This activity has also been evaluated in some
amides and imides derivatives of m-aminobenzoic acid and p-ami-
nobenzoic acid.’>!® Some 4-aminobutyric acid (GABA) and 2-ind-
olinone derivatives of 4-Aminopyridine have been reported to
possess antiamnesic activity.!” Docking study of different AChE
inhibitors revealed that the amino acid residues Tyr-72, Tyr-124,
Glu-285, Trp-286, and Tyr-341 constitute the peripheral anionic
site (PAS) in human acetylcholinesterase enzyme (hAChE). Binding
of ligands with these residues may be the key to the allosteric
modulation of hAChE catalytic activity.'® In our previous study,
some Schiff bases of 4-aminopyridine have been reported as cogni-
tion enhancing, antiamnesic and anticholinesterase activity.!® In
view of these facts we have designed and synthesized some new
anilide and imide derivatives of 4AP and evaluated for the same
activity as discussed earlier.

The reaction carried out of 4AP with succinic anhydride as well
as 4AP with maleic anhydride in tetrahydrofurane at room temper-
ature resulted the respective 4APSa and 4APMa compounds. These
derivatives were transformed into 4APSb and 4APMb, by heating it
in acetic anhydride with an equimolecular amount of sodium ace-
tate (Scheme 1).2° The reaction was monitored by TLC and forma-
tion of these compounds was confirmed by clear observation of
shifting of value of -NH, group of 4AP in IR and '"H NMR. In IR dou-
blet values of 3456 and 3395 cm™! shifted to 3369 cm™! (4APSa
and 4APMa) which disappeared in case of compounds 4APSb and
4APMb. Likewise in "H NMR 4.5 6 ppm shifted to downfield 8.9 and
9.3 6 ppm for 4APSa and 4APMa while a total disappearance of the
peak was observed in 4APSb and 4APMb.

The 50% inhibitory concentration (ICsp) of all the derivatives on
acetycholinesterase (AChE) and butyrylcholinesterase (BChE) was

determined by adopting Ellman method.! The results showed a
comparable activity and selectivity of 4APMb (0.03 + 0.014 puM),
(367) was observed with reference standard donepezil
(0.04 £0.012 uM), (381) for AChE inhibition respectively (Table 1).
Further, enzyme kinetics study?? was also perform for the most ac-
tive compound 4APMb, which demonstrated a non-competitive
inhibition of AChE (K;=0.042 £ 0.016) and competitive inhibition
of BChE (K; = 15.64 £ 0.66) enzymes. The non-competitive inhibi-
tion?® suggested a possible interaction of compound with the
peripheral anionic site (PAS) of AChE and was also confirmed by
docking studies. The synthesized compounds were then evaluated
for antiamnesic and cognition enhancing property in rat elevated
plus maze (EPM) model?* which is a simple method for evaluation
of learning and memory that depends upon measuring the transfer
latency of rats. A natural revulsion in rats to open and high spaces
have been observed, where in these types of studies animals usu-
ally spend more time in enclosed arms rather than open arms in
plus maze test.2> This suggests a reduced transfer latency, where
animals moves from the open arms to the enclosed arms that de-
pends on previous experience of rats entering the open arm which
may be attributed to an enhanced memory. Pre-treatment with
tested compounds resulted in reduced transfer latency as com-
pared to control group on first and second day of EPM exposure
in significant and dose dependant manner, indicating facilitated
learning process (Fig. 1). The scopolamine (1 mg/kg) significantly
increased transfer latency as compared to control group [p
<0.001], resulting in amnesia which was reversed by tested com-
pounds and donepezil significantly®® [p <0.001] (Table 2). The three
specific brain regions that are involved in processing of memory
and high innervations of cholinergic neurons include prefrontal
cortex, hippocampus and hypothalamus. It is reported that 50-
90% reduction in ChAT, an enzyme which synthesizes acetylcholine

Figure 3. Hydrophobic interactions: 4AP ring of 4APMb are well placed in the hydrophobic pockets.
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is observed in hippocampus, cortex and hypothalamus in patients
with dementia of Alzheimer’s Type (DAT).2”-?8 Hippocampus is per-
manently involved in memories that have to be acquired and re-
trieved. It is also temporarily involved in memory consolidation
and as an area for the temporary storage of the to-be-consolidated
information.?® This information is further transferred into prefron-
tal cortex where short-term memory is converted into long term
memory (a process called as consolidation).>° It has also been re-
ported through several Investigations that, hypothalamus stimula-
tion facilitates hippocampus dependent learning and memory
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processes in both young and aged rats.>! Therefore, in vivo AChE
activity was determined which showed that all the synthesized
compounds inhibited the AChE activity in distinct brain regions
prefrontal cortex, hippocampus and hypothalamus compared to
control [p <0.01, p <0.05 and p <0.001], respectively (Fig. 2). These
results also confirmed that anilide and imide derivatives of 4AP
significantly enhanced cholinergic neurotransmission in these dis-
tinct brain regions and attributed to enhanced learning and mem-
ory functions due to their anti-cholinesterase activity. Acute
toxicity studies didn’t show any signs of toxicity and mortality
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Figure 4. Docking model of compound [A] 4APMb and [B] Donepezil at the active sites of AChE. The hydrogen bonds are displayed as dashed yellow.
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up to a dose of 100 mg/kg of body weight as evident through a nor-
mal behavioral pattern of rats up to the desired period of observa-
tion (details in Supplementary data).

The synthesized compounds 4APSb and 4APMb showed much
better AChE and BChE inhibitory activity, reversing acute memory
loss and learning impairment as compared to 4APSa and 4APMa.
On first day 4APMb produced lesser transfer latency (61.33
0.61s) compared to scopolamine treated group (86.83 +0.90s).
However, on second day transfer latency (53.83 + 0.60 s) was lesser
than first day, which illustrated the beneficial role of 4APMb in
reversing acute memory loss and learning impairment compared
to other derivatives and donepezil in both dose level.

The crystal structure of AChE with high resolution was retrieved
from the protein data bank (pdb code: 1B41).32 The structure was
prepared in the following procedures by protein preparation wiz-
ard in Maestro 9.2 (Schrédinger, LLC, 2011), including adding
hydrogens, assigning partial charges using the OPLS-2005 force
field and assigning protonation states, and a restrained, partial en-
ergy minimization. Finally, the cocrystal ligand (snake-venom tox-
in fasciculin-II) was removed, and the resulting structure was used
as the receptor model in docking studies. Docking studies were
carried out to provide a better interpretation of the biological pro-
file of 4APMb and donepezil toward AChE. It was observed that
4APMD and donepezil were properly positioned into the enzyme
gorge and showed interaction with the internal amino acid residue
Tyr-341 and Trp-286 by means of a m—n interaction. The 4AP ring
of 4APMb was well placed in the hydrophobic pockets formed by
Tyr-341, Trp-286, Val-294, Phe-297, Leu-289, Tyr-124 and Tyr-72
and exhibited strong hydrophobic interactions (Fig. 3). The study
clearly demonstrated that both compounds were able to bind with
the key peripheral anionic site (PAS) residue Trp-286, Tyr-124 and
Tyr-341. The carbonyl oxygen of 4APMb was involved in forming a
bifurcated hydrogen bond with Phe-295 (determine substrate
specificity) and Arg-296. Introduction of carbon-carbon unsatura-
tion in case of 4APMb results high G-score (—7.16) indicates the
high binding ability in comparison of other derivatives suggested
the molecular flexibility on biological activity. The methoxy group
of donepezil was observed in establishing the H-bond with Phe-
295 backbone, suggested that the compounds might probably act
via the AChE inhibition (Fig. 4).3** ADME or Pharmacokinetic
properties were also predicted for all the compounds by using
the QikProp 3.4 module of the software consisting of principal
descriptors and physiochemical properties with analysis of the
logP (octanol/water), % human oral absorption, Lipinski’s rule of
five violation, CNS activity and permeability through MDCK (Ma-
din-Darby Canine Kidney) cells in nm/s etc. (MDCK cells are con-
sidered to be a good mimic for the blood-brain barrier).The
compounds 4APSb and 4APMD illustrated good oral absorption,
CNS activity and permeability through blood-brain barrier and
also satisfy Lipinski’s rule for drug likeliness of the synthesized
compounds.®

Conclusions and future directions

Thus, from the above study we have successfully identified a
new class of potent cognition enhancing and antiamnesic drugs.
Among the identified compounds, compound 4APMb deserves fur-
ther clinical studies which can lead to a discovery of a new lead
having a potent cognition enhancing and antiamnesic properties.
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