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Abstract
The binding interactions between acetylcholinesterase (AChE) and a series of antioxidant flavonoid analogs were studied by
fluorescence spectroscopic assay. The present study incorporated different classes of naturally occurring and synthetic
flavonoid compounds like flavones, isoflavones, and chalcones as well as a few standard antioxidants. The AChE inhibitory
(AChEI) activity of these compounds was further analyzed using in silico techniques, namely pharmacophore mapping,
quantitative structure–activity relationship (QSAR) analysis, and molecular docking studies. We have also compared the
AChE inhibitory and radical scavenging antioxidant activities of these compounds. Both the AChE inhibitory and
antioxidant activities of these compounds were found to be highly dependent on their structural patterns. However, it was
observed that, in general, flavones are comparatively better AChE inhibitors as well as antioxidants compared to chalcones.
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Introduction

Among the various age-related neurodegenerative diseases,
Alzheimer’s disease (AD) is the most prevalent one, and it
is a common cause of dementia, progressive memory loss,
and several other cognitive impairments in elderly people
(Uriarte-Pueyo and Calvo 2011; Bartolini et al. 2003; Xie
et al. 2014; Balkis et al. 2015; Pinho et al. 2013; Mal-
isauskas et al. 2015; Luo et al. 2013; Kung et al. 2001;
Förstl and Kurz 1999; Kamal et al. 2014). Scientists are still
working on the etiology of the AD. There are two major
hypotheses associated with the origin of this disease.
According to the cholinergic hypothesis, factors like low-
ering of the concentration of acetylcholine (ACh), a choli-
nergic neurotransmitter in the synaptic gap is responsible
for AD (Pinho et al. 2013; Luo et al. 2013; Mesulam et al.
2002; Racchi et al. 2004). On the other hand, as per the
amyloid cascade hypothesis, abnormalities in the protein
functions, e.g., formation of the β-amyloid fibrils and tau-
protein aggregations are the causes of neural brain cell death
in AD patients (Pinho et al. 2013; Luo et al. 2013; Mesulam
et al. 2002; Racchi et al. 2004). Formation of β-amyloid
fibrils is also found to be associated with other age-
associated neurodegenerative diseases, e.g., Parkinson’s and
Huntington’s diseases (Pinho et al. 2013; Malisauskas et al.
2015). One of the major causes of the decrease in the
concentration of ACh in the synaptic gap is its hydrolytic
degradation, catalyzed by the enzyme, acetylcholinesterase
(AChE). Therefore, inhibiting AChE enzyme helps in
increasing or retaining the concentration of ACh. Also,
AChE itself may promote the formation of neurotoxic
amyloid fibrils associated with AD (Li et al. 2013).

Various reactive oxygen species (ROS) play a crucial
role in the signaling pathways, but an excessive production
of ROS due to impaired cellular metabolism causes a dis-
turbance in living cell’s own defense and repair mechanisms
(Reyes et al. 2004; Pietta 2000). This produces oxidative
stress, which damages living cells. Recent reports on the
etiology of AD indicate that the oxidative stress accelerates
the lipid peroxidation of the membrane components of
neural cells, which causes the dysfunction of the brain cells
and ultimately the death of brain cells occurs in people
suffering from AD (Reyes et al. 2004). In addition to this,
oxidative stress is also found responsible for the neuro-
toxicity related to the abnormal aggregation of β-amyloid
peptides (Reyes et al. 2004). With the progress of age, this
harmful effect becomes more prominent and initiates var-
ious age-associated neurodegenerative diseases, like AD.
Thus, oxidative stress plays a very crucial role in the brain

cell damage of the elderly people suffering from AD (Reyes
et al. 2004). Therefore, from this discussion, it is clearly
evident that AD is multi-factorial in nature and there is no
single cause for the pathology of AD, rather there are var-
ious possible causes among which factors like (i) dimin-
ished level of ACh due to its degradative hydrolysis
catalyzed by AChE, (ii) formation of β-amyloid and other
neurotoxic fibrils in the synapses, and (iii) oxidative stress
are very crucial. However, each of these causes is inter-
related with each other. Scientists tried to develop drugs for
the treatment of AD patients by targeting these factors and
the most successful class of inhibitors, i.e., acet-
ylcholinesterase inhibitors (AChEIs) are widely used. The
conventional AChEIs are either alkaloid type natural pro-
ducts or synthetic compounds having scaffolds of a natural
product. Examples of such AChEIs (used as anti-AD drugs)
are galanthamine, rivastigmine, and donepezil, etc. (Uriarte-
Pueyo and Calvo 2011; Williams et al. 2011). However,
these drugs only provide symptomatic treatment, they are
also not free from toxic side effects, e.g., insomnia, gas-
trointestinal and hepatotoxic disorders found in AD patients
treated with these drugs (Uriarte-Pueyo and Calvo 2011).
Till now, no such multifunctional drugs are available which
can fight against all the probable causes of AD (discussed
earlier) simultaneously. Hence, the researchers are in a
continuous search to find out such multifunctional AD
drugs. We have already discussed that AChE inhibitors are
beneficial in AD treatment but the compounds showing dual
property, i.e., anti-oxidant and AChE inhibition property are
prone to be more efficient in the treatment of AD.

Natural products, like flavonoids (especially poly-
hydroxy flavones) are well known as plant-derived anti-
oxidants (Leung et al. 2006; Silva et al. 2002; Vitorino and
Sottomayor 2010). These nutraceuticals are the part of
human dietary supplements and as the antioxidants, they
primarily reduce oxidative stress in living cells. Thus, they
show wide-spectrum of protective and remedial effects
towards various age-related cerebrovascular and neurode-
generative diseases, like Parkinson’s disease and AD
(Leung et al. 2006; Silva et al. 2002; Vitorino and Sotto-
mayor 2010; Chigurupati et al. 2018). Flavonoids (both
naturally occurring and synthesized) are reported to show
AChE inhibitory activities (Uriarte-Pueyo and Calvo 2011;
Xie et al. 2014; Balkis et al. 2015; Pinho et al. 2013; Luo
et al. 2013; Sun et al. 2018). Luo et al. (2013) have
explained the in vitro anti AChE and butyrylcholine ester-
ase (BChE) activities of a series of 4-dimethylflavone ana-
logs. They also showed that flavonoids having AChEI
and BChEI activities can also prevent the aggregation of

724 Medicinal Chemistry Research (2019) 28:723–741



β-amyloid peptides. Malisauska et al. (2015) showed that
flavonoids are potent inhibitors for insulin amyloid-like
fibril formation. These reported data clearly indicate the
potential of flavonoids as multifunctional anti-AD drugs.
Therefore, it is highly essential to understand the AChE
inhibitory potential of such flavonoid-based antioxidants,
which will be helpful to develop non-toxic multifunctional
anti-AD drugs in the future. This motivated us to perform
the present study.

Nature (mainly the plant family) is the source of the wide
spectrum of bioactive scaffolds under the flavonoid class. In
fact, flavonoids represent one of the most diverse and wide-
spread classes of plant-derived natural products which
include chalcones, flavones, and isoflavones etc., and all the
compounds under this class have a common C6–C3–C6

system, i.e., they all have the parent structure consisting of
two aromatic rings (A and B) linked by 3-carbons which are
the parts of an oxygenated heterocyclic ring as shown in
Fig. 1 (Geissman 1962; Harborne and Mabry 1982).

Structures of these compounds precisely control their
bioactivities. Besides the naturally occurring flavonoids, a
large number of flavonoids and their analogs can also be
synthesized in the laboratory by employing very easy syn-
thetic techniques (Das et al. 2014; Alam and Mostahar
2005; Desideri et al. 1998; Balasubramanian and Nair
2000). This surely eliminates the tedious process of isola-
tion of these compounds from plants. Very often, these
compounds are potentially beneficial as antioxidants and
besides that, they have a wide range of bioactivities, which
are mainly regulated by their structural characteristics (Das
et al. 2014; Alam and Mostahar 2005; Desideri et al. 1998;
Balasubramanian and Nair 2000). Thus, these molecules
can be ideal candidates for understanding the relationship
between structure and AChE inhibitory activities. However,
systematic studies involving all types of flavonoids to
develop their quantitative structure–activity relationship
(QSAR) [for AChEI activity] have not been done exhaus-
tively, and only very few works are reported on flavonoids
as multifunctional AChEIs (Xie et al. 2014; Luo et al. 2013;
Sun et al. 2018).

In the present work, we have designed and synthesized a
series of different classes of antioxidant flavonoid analogs
(mainly flavones, 3-hydroxyflavones, isoflavones, and
chalcones), and along with some standard antioxidants, we
have tested their AChE binding interactions and inhibitory
activities by fluorescence spectrophotometric titration

method (Xie et al. 2014; Ryu et al. 2014). A total of 30
compounds were tested for their AChEI activity (Table 1).

The results were further explored using in silico techni-
ques, such as, pharmacophore mapping, QSAR model
development (Das et al. 2014; Brahmachari et al. 2015), and
molecular docking studies. Later, we have extended this
work to compare the AChE inhibitory and radical scaven-
ging antioxidant activities of the tested compounds, which
may be helpful in the future to develop antioxidant
flavonoid-based multifunctional and non-toxic anti-AD
drugs.

Materials and methods

General experimental

Electric eel (Electrophorus electricus) acetylcholinesterase
(AChE) [Type-VI-S, EC 3.1.1.7, Sigma-Aldrich (MO,
USA)] and all other reagents (either A.R. or M.B. grade)
including standard antioxidants, trolox, gallic acid, ascorbic
acid, and quercetin (E. Merck and SRL, India) were used as
obtained without any further purification. However, the
purity of each reagent was checked routinely by thin layer
chromatography (TLC). Solvents used in the present study
were of spectroscopic grade. Milli-Q (Milli-Q Academic
with 0.22 mm Millipack R40) water was used as per
requirement.

Synthesis of test compounds (antioxidant flavonoid
analogs)

A total of 30 compounds were tested for their AChEI
activity. Among these 30 test compounds used for the
present study, (7, 9, 22, 26–28, 30) were purchased from
Sigma-Aldrich (MO, USA) and (3–5, 8, 14, 16–18, 21)
(Table 1) were synthesized previously in our laboratory
(Das et al. 2014). Compounds (1–2, 10–13, 15, 19–20, 23–
25, 29) were synthesized presently according to the reported
methods (Das et al. 2014; Alam and Mostahar 2005;
Desideri et al. 1998; Balasubramanian and Nair 2000)
(Scheme 1). The synthesized test compounds were purified
by repeated crystallization, and the purity of these com-
pounds was routinely checked by TLC which was carried
out in silica gel GF254 pre-coated plates using DCM
(dichloromethane) or DCM and petroleum ether (60–80 °C)

O
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O

O

O

O OHO

(a) (b) (c) (d) Fig. 1 Structure of flavonoids.
a Flavone: parent compound;
b chalcone; c isoflavone; and
d 3-hydroxyflavone
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Table 1 Acetylcholinesterase inhibitory (AChEI) and DPPH radical scavenging antioxidant activities of flavonoid analogs

Compound
Ksv±s.d.

(Stern-Volmer 
constant)

Kq
(Quenching 

rate constant)

KB±s.d.
(Binding constant)

n±s.d.
(No. of 
binding 

site)

AChEI
(EC50±s.d.)

(µM)

DPPH 
radical 

scavenging 
antioxidant 

activity
[(EC50±s.d. ) 

(mM)]

0.08±0.09 7.70 X 1012 1.28 X106±0.01 1.27±0.01 15.5±0.5 0.01±0.001

0.13±0.05 1.30 X 1013 1.25X105±0.02 0.99±0.02 8.3±0.3 1419.93±240.38

0.05±0.09 4.90 X 1012 8.85X104±0.04 1.06±0.04 23.5±1.1 0.005±8.5X10-05

0.04±0.04 3.70 X 1012 1.36X104±0.03 0.91±0.03 27.9±0.8 0.03±0.002

0.05±0.02 5.30 X 1012 4.11X104±0.02 0.98±0.02 19.5±0.4 0.38±0.004

0.09±0.15 8.70 X 1012 7.32X105±0.02 1.21±0.02 15.2±0.4 0.74±0.02

0.11±0.15 1.06 X 1013 2.74X106±0.02 1.31±0.02 12.8±0.4 160.38±8.73

0.06±0.18 5.70 X 1012 3.20X105±0.03 1.19±0.03 24.6±1.0 0.02±0.001

0.11±0.12 1.14 X 1013 1.00X106±0.02 1.17±0.02 11.3±0.4 0.01±9.6X10-05

0.05±0.11 4.50 X 1012 6.59X104±0.03 1.04±0.03 25.5±1.3 19.57±0.63

1

2

3

4

5

6

7

8

9

10

0.01±0.60 8.00 X 1011 6.05X103±0.06 0.97±0.06 125.1±3.5 1.65±0.006

0.04±0.12 3.50 X 1012 6.65X104±0.03 1.07±0.03 33.4±0.6 0.93±0.006

0.01±0.02 1.20 X 1012 1.03X104±0.01 0.98±0.01 83.9±3.1 0.32±0.002

0.03±0.11 2.80 X 1012 1.12X105±0.02 1.15±0.02 44.7±1.5 17.11±0.39

0.97±0.03 9.70 X 1013 1.12X104±0.10 0.98±0.10 20.9±1.0 1.23±0.13

0.01±0.04 1.40 X 1012 6.99X103±0.03 0.98±0.03 74.9±2.7 0.66±0.02

0.002±0.08 2.00 X 1011 4.84X102±0.04 0.82±0.04 591.5±52.2 0.09±0.004

11

12

13

14

15

16

17
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mixture as eluting solvents. Silica gel (100–200 mesh) was
used for column chromatography. The structures of the
synthesized compounds were confirmed on the basis of
melting point, 1H NMR and 13C NMR spectral and litera-
ture data. Melting points were checked by an electrothermal
apparatus and were uncorrected. 1H NMR and 13C NMR
spectra of the test compounds were recorded at 400MHz
and also at 300MHz in Bruker AVANCE-400 and Bruker
AVANCE-300 NMR spectrometers using either CDCl3 or
DMSO-d6 as solvents and tetramethylsilane (TMS) as the
internal standard.

Synthesis of test compounds (1, 2, 10–13, 15, 20, 23–25)

At first, 2ʹ-hydroxychalcones with desired substitution
patterns were prepared by Claisen–Schmidt reaction
using appropriately substituted acetophenone (o-hydro-
xyactetophenone) (a) and benzaldehyde derivatives (b) as
the starting materials. These 2ʹ-hydroxychalcone derivatives
thus synthesized were employed to prepare various flavone
analogs as shown in Scheme 1 (Das et al. 2014; Alam and
Mostahar 2005; Desideri et al. 1998). In case of (2), in place
of benzaldehyde derivative, cinnamaldehyde was used

0.02±0.05 2.30 X 1012 7.83X104±0.01 1.13±0.01 47.0±1.7 37.35±5.69

0.01±0.01 8.00 X 1011 2.42X103±0.03 0.75±0.03 122.3±2.3 5.85±1.36

0.01±0.04 1.40 X 1012 3.45X104±0.01 1.09±0.01 74.6±1.3 5568.74±7.25

0.01±0.04 5.00 X 1011 1.17X104±0.01 1.10±0.01 199.21±2.4 30.58±5.46

0.04±0.01 4.20 X 1012 1.51X106±0.04 1.40±0.04 40.98±1.0 0.007±0.001

0.01±0.02 9.00 X 1011 9.46X103±0.01 1.00±0.01 109.62±1.8 0.033±0.001

0.23±1.09 2.29 X 1013 3.14X107±0.08 1.50±0.08 10.54±0.4 0.011±0.0002

0.001±0.03 1.00 X 1011 13.6±0.01 0.47±0.01 Not found 29.60±1.75

1.82X10-4±0.01 1.80 X 1010 5.55±0.02 0.45±0.02 Not found 0.012±0.0001

22

23

24

25

26

27

28

29

30

0.04±0.16 4.20 X 1012 1.69X105±0.01 1.16±0.01 31.5±1.0 44.29±2.05

0.02±0.09 1.90 X 1012 3.39X103±0.01 0.81±0.01 39.8±2.3 71.84±3.68

0.009±0.01 9.00 X 1011 6.05X103±0.05 0.97±0.05 125.1±4.3 4.94±0.13

0.03±0.07 3.00 X 1012 6.30X104±0.02 1.08±0.02 38.1±1.6 0.04±0.001

18

19

20

21
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(Begum et al. 2011). 3-hydroxyflavone analogs (23) and
(25) were synthesized by the methylation of the 3-OH group
of corresponding flavone analog as shown in Scheme 1
(Das et al. 2014; Alam and Mostahar 2005; Desideri et al.
1998; Begum et al. 2011).

In step 1, 2′-hydroxychalcone analogs were prepared
following reported methods (Das et al. 2014; Alam and
Mostahar 2005; Desideri et al. 1998). In general, appro-
priate KOH (2.5 mmol) was added to a solution of appro-
priately substituted 2-hydroxyacetophenone derivative (a)
(1 mmol) in EtOH (5 mL) and the reaction mixture
was stirred continuously. It was kept in cold condition for

15 min and then, it was again stirred at room temperature
for 15 min. After this substituted benzaldehyde derivative
(b) (1 mmol) was added to it and the reaction mixture was
stirred continuously until the starting material was fully
consumed (checked by TLC). After that, the reaction mix-
ture was cooled in an ice bath and acidified (pH ~2) with
HCl. The solid product was obtained which was filtered and
washed with water. The crude product was purified by
repeated crystallization in MeOH medium.

In step 2, these 2ʹ-hydroxychalcone analogs were used to
synthesize corresponding 3-hydroxyflavone analogs following
reported methods (Das et al. 2014; Alam and Mostahar 2005;

O

O

Flavone analog (2)

OH

O

R4OH

O

CH3

+

O

H

R4
R1

R2

O-hydroxy acetophenone
derivative (a)

Benzaldehyde
derivative (b)

2'-hydroxy chalcone analogs

R1=R2=H/Me/OH
R3=H/OH

R4=H/Me/iPr/tBu/OH/Br/CF3/Cl

R1

R2

R1=R2=H/Me/OH, R3= H/OH
R4=H/Me/iPr/tBu/OH/Br/CF3/Cl

R3 R3

OH

O

2'-Hydroxychalcone analog
O

CH3
+

Cinnamaldehyde (c)

O

H

O-hydroxy acetophenone (a)

OH

Step-I Step-II

O

O
OH

R4

R1

R2

3-Hydroxyflavone analogs
R1=R2=H/Me/OH, R3= H/OH

R4=H/Me/iPr/tBu/OH/Br/CF3/Cl

R3

Step-IIStep-I

O

OH
O

O

OMe
O

(i)

R R

R=H/Cl R=Cl (23)
R=H (25)

O

OH

+
HO OH

OH

OH O
2-phenylactic acid (a) Resorcinol (b) (6)

2 2

2

2 4

3 2
o

+
CHO

O
(E)-4-phenylbut-3-en-2-one (a) benzaldehyde (b)

(i)CH3

O

(19)
o

Scheme 1 Synthesis of flavonoid analogs (1), (2), (10–13), (15), (19–20), (23–25) (Das et al. 2014, Alalm and Mostahar 2005; Desideri et al.
1998; Begum et al. 2011)

728 Medicinal Chemistry Research (2019) 28:723–741



Desideri et al. 1998). In general, 2′-hydroxychalcone analogs
with appropriate substitution pattern (2 mmol) was dissolved
in MeOH (5mL) followed by the addition of KOH (2.5 equiv,
5 mmol) and H2O2 solution (30%, 0.8 mL) under stirring
condition at 0–5 °C. The reaction mixture was then stirred for
another 8 h at 0–5 °C. Then the reaction mixture was stirred at
RT for another 16 h. The reaction mixture was diluted with
water and acidified with 2M HCl. The precipitate was filtered,
washed with enough cold water, and recrystallized from
ethanol.

For the synthesis of (2), corresponding 2′-hydroxychalcone
analog with appropriate substitution pattern (30 mmol)
obtained in the above method was dissolved in DMSO
(25mL) and crystalline iodine (30mmol) was added to it. The
reaction mixture was refluxed for 20min and then it was
diluted with water whereby a solid product was obtained. It
was filtered off and washed with 20% aq. sodium thiosulphate
solution. The crude product was recrystallized from ethanol
(Das et al. 2014; Alam and Mostahar 2005).

3-Hydroxyflavone analogs (23) and (25) were synthesized
according to the reported method

Here, a brief description is given. p-Chloro-3-hydroxy-
flavone (0.87 mmol) synthesized by previously discussed
method was dissolved in 5 mL dry acetone followed by
cautious addition of solid KOH (1.31 mmol) and dimethyl
sulphate (1.05 mmol) in small portions. The temperature was
kept at 25 °C. After that, the reaction mixture was refluxed
for 1 h. The completion of the reaction was checked by TLC.
Then, the reaction mixture was washed with water several
times to make it acid-free. The organic part was extracted
with ethyl acetate. This process was repeated 4 times.
Finally, the organic parts containing the methylated product
(23 and 25) were collected and the solvent was evaporated
under reduced pressure whereby a solid product was
obtained. This was filtered, washed with enough cold water,
and recrystallized from ethanol (Desideri et al. 1998).

Synthesis of test compound (6)

(6) was obtained during the synthesis of isoflavone analog.
The method (Balasubramanian and Nair 2000) followed for
this synthesis is shown in Scheme 1. A mixture of phenyla-
cetic acid (a) (100mg, 1 equiv, 1.66mmol), resorcinol (b)
(182.75mg, 1 equiv, 1.66mmol) and BF3, Et2O (0.64mL,
5.15mmol) was refluxed at 85 °C for 90min with continuous
stirring. The reaction mixture was cooled to room temperature
and then poured into aqueous NaOAc solution (100mL,
10%). Then, it was washed with water and followed by brine
solution. After that, it was extracted with ethyl acetate. This
process was repeated 4 times and collected organic parts were
dried over Na2SO4. The solvent was removed by evaporation

under vacuum. The crude product was subjected to column
chromatography using silica gel and 10–12% ethyl acetate in
petroleum ether as an eluent whereby pure (6) was obtained
(Balasubramanian and Nair 2000).

Test compound (19) was synthesized by reported method
(Furniss et al. 1984) as shown in Scheme 1

Here, the general methods were given. However, slight mod-
ifications were needed to be done for individual compounds as
per the experimental requirements. Structures of the products
were confirmed on the basis of 1H and 13C NMR data as well
as by comparing the reported melting point (m.p.) data.

Characterization of test compounds

3-Hydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-one (1)

Pale yellow solid (0.24 g, 47%): m.p. 282–286 °C; 1H NMR
(400MHz, DMSO-d6): δ (ppm) 10.09 (1H, s); 9.31 (1H, s);
8.10 (3H, t, J= 13.6 Hz); 7.80–7.72 (2H, m); 7.47–7.43
(1H, m); 6.94 (2H, d, J= 8.8 Hz) (Tyukavkina and Pogo-
daeva 1971).

(E)-2-styryl-4H-chromen-4-one (2)

Pale yellow solid (0.079 g, 47%): m.p. 132–133 °C; 1H
NMR (400MHz, CDCl3): δ (ppm) 8.22 (1H, dd, J= 1.6,
8 Hz); 7.73–7.69 (1H, m); 7.69–7.61 (3H, m); 7.56 (1H, d,
J= 8.4 Hz); 7.47–7.39 (3H, m); 6.82 (1H, d, J= 16 Hz);
6.36 (1H, s) (Gomes et al. 2009).

3-Hydroxy-2-p-tolyl-4H-chromen-4-one (3)

Yellow needle shaped crystals (0.045 g, 42.4%): m.p. 135–
136 °C; 1H NMR (300MHz, CDCl3): δ (ppm) 8.24 (1H, d,
J= 6.6 Hz); 8.15 (2H, d, J= 8.4 Hz); 7.68 (1H, t, J= 6.9 Hz);
7.58 (1H, d, J= 8.33 Hz); 7.42 (1H, t, J= 6.9 Hz); 7.34 (2H,
d, J= 6.6 Hz); 3.46 (1H, brs); 2.42 (3H, s) (Das et al. 2014).

2-(Furan-2-yl)-3-hydroxy-4H-chromen-4-one (4)

Brown needle shaped crystals (0.023 g, 22.3%): m.p. 190–
192 °C; 1H NMR (300MHz, CDCl3): δ (ppm) 8.28 (1H, d,
J= 8 Hz); 7.74 (1H, d, J= 5.6 Hz); 7.72 (1H, t, J= 8.4 Hz,
J= 8.4 Hz); 7.64 (1H, d, J= 8.2 Hz); 7.45 (1H, t, J= 7.6
Hz, J= 7.6 Hz); 7.38 (1H, d, J= 3.2 Hz); 7.01(1H, brs);
6.69 (1H, t, J= 3.6 Hz, J= 3.6 Hz) (Das et al. 2014).

3-Hydroxy-2-phenyl-4H-chromen-4-one (5)

Off-white crystalline solid (0.059 g, 55.2%): m.p. 170 °C;
1H NMR (300MHz, CDCl3): δ (ppm) 8.26–8.29 (3H, m);
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7.74 (1H, t, J= 8.6 Hz, J= 8.6 Hz); 7.626 (1H, d, J= 8.6
Hz); 7.55 (3H, m); 7.43 (1H, t, J= 7.8 Hz, J= 7.8 Hz); 7.03
(1H, brs) (Das et al. 2014).

1-(2,6-Dihydroxyphenyl)-2-phenylethanone (6)

Brown solid (0.326 g, 31.5%): m.p. 168 °C; 1H NMR (400
MHz, CDCl3): δ (ppm) 12.68 (1H, s); 7.75 (1H, d, J= 8.8
Hz); 7.38–7.34 (3H, m); 7.29 (2H, dd, J= 6.4 Hz, J= 4.4
Hz); 6.41 (2H, dd, J= 8 Hz, J= 5.6 Hz); 5.94 (1H, brs);
4.23 (2H, s) (Balasubramanian and Nair 2000).

2-(4-(Dimethylamino)phenyl)-3-hydroxy-4H-chromen-4-
one (8)

Brown needle shaped crystals (0.067 g, 64%): m.p. 190–
191 °C; 1H NMR (400MHz, DMSO-d6): δ (ppm) 9.18 (1H,
s); 8.15 (2H, d, J= 8.8 Hz); 8.1 (1H, dd, J= 7.6 Hz); 7.72–
7.76 (2H, m); 7.44 (1H, t, J= 6.8 Hz, J= 6.8 Hz); 6.87
(2H, d, J= 9.2 Hz); 3.03 (6H, s) (Das et al. 2014).

(E)-3-(4-tert-butylphenyl)-1-(2,4-dihydroxyphenyl)prop-2-
en-1-one (10)

Brown solid (0.685 g, 63%): m.p. 168–170 °C; 1H NMR
(400MHz, CDCl3): δ (ppm) 13.44 (1H, s); 7.86 (2H, dd,
J= 15.6, J= 8.8 Hz,); 7.59 (2H, d, J= 8.4 Hz,); 7.54 (1H,
d, J= 15.6 Hz); 7.45 (2H, t, J= 8.8 Hz); 6.45 (2H, t, J= 8
Hz); 5.9 (1H, brs); 1.33 (9H, s).

(E)-1-(2-hydroxy-4,5-dimethylphenyl)-3-p-tolylprop-2-en-1-
one (11)

Pale yellow solid (0.454 g, 55.8%) m.p. 81–82 °C; 1H NMR
(400MHz, CDCl3): δ (ppm) 12.73 (1H, s); 7.87 (1H, d, J=
15.6 Hz); 7.62 (2H, d, J= 1.6 Hz); 7.57 (2H, t, J= 8 Hz);
7.24 (1H, d, J= 8 Hz); 6.82 (1H, s); 2.40 (3H, s); 2.28 (3H,
s); 2.26 (3H, s) (Naik and Naik 1990).

2-(4-Bromophenyl)-3-hydroxy-4H-chromen-4-one (12)

Pale yellow solid (0.282 g, 54.4%): m.p. 171–173 °C; 1H
NMR (400MHz, CDCl3): δ (ppm) 8.28 (1H, d, J= 1.6 Hz);
8.27–8.15 (2H, m); 7.77–7.72 (1H, m); 7.71–7.67 (2H, m);
7.61 (1H, d, J= 8.4 Hz); 7.47–7.43 (1H, m); 7.08 (1H, brs)
(Gunduz et al. 2012).

(E)-3-(4-isopropylphenyl)-1-(2,4,6-trihydroxyphenyl)prop-2-
en-1-one (13)

Brown solid (0.416 g, 47.2%): m.p. 260–263 °C; 1H NMR
(400MHz, CDCl3): δ (ppm) 7.93 (1H, dd, J= 1.6, 8 Hz);

7.56 (1H, dd, J= 1.6, 7.2 Hz); 7.55–7.50 (2H, m); 7.34
(2H, d, J= 8 Hz); 7.10 (1H, t, J= 15.2 Hz); 7.04 (1H, d,
J= 8.4 Hz); 6.00 (2H, s); 5.60 (1H, brs); 5.12 (1H, d, J=
12.4 Hz); 4.67 (1H, d, J= 12.4 Hz); 2.96 (1H, t, J= 14 Hz);
1.28 (6H, d, J= 6.8 Hz).

(E)-3-(4-tert-Butylphenyl)-1-(2-hydroxyphenyl) prop-2-en-1-
one (14)

Yellow crystalline solid (0.156 g, 76.3%): m.p. 83–84 °C;
1H NMR (400MHz, CDCl3): δ (ppm) 12.87 (1H, s); 7.95
(1H, d, J= 6.4 Hz); 7.94 (1H, d, J= 15 Hz); 7.65 (1H, d,
J= 15.2 Hz); 7.63 (2H, d, J= 8.4 Hz); 7.52 (1H, t, J= 7.2
Hz); 7.47 (2H, d, J= 8.4 Hz); 7.04 (1H, d, J= 8.4 Hz); 6.97
(1H, t, J= 6.8 Hz, J= 6.8 Hz); 1.35 (9H, s) (Das et al.
2014).

3-Hydroxy-2-(4-(trifluoromethyl)phenyl)-4H-chromen-4-one
(15)

White solid (0.141 g, 27.3%): m.p. 164–165 °C; 1H NMR
(400MHz, CDCl3): δ (ppm) 8.39 (2H, d, J= 8 Hz); 8.26
(1H, dd, J= 8.4 Hz, J= 1.6 Hz); 7.78 (2H, d, J= 8.8 Hz);
7.76–7.72 (1H, m); 7.61 (1H, d, J= 8.8 Hz); 7.47–7.43
(1H, m); 7.19 (1H, brs) (Itoh et al. 1986).

2-(4-Chlorophenyl)-3-hydroxy-4H-chromen-4-one (16)

Yellow needle shaped crystal (0.074 g, 55.75%); m.p. 162–
164 °C; 1H NMR (400MHz, CDCl3): δ (ppm) 8.27 (1H, d,
J= 8 Hz); 8.23 (2H, d, J= 8.8 Hz); 7.75 (1H, t, J= 7.2 Hz,
J= 7.2 Hz); 7.6 (1H, d, J= 8.4 Hz); 7.52 (2H, d, J= 8.4
Hz); 7.45 (2H, t, J= 7.6 Hz, J= 7.6 Hz); 7.08 (1H, brs)
(Das et al. 2014).

2-(Benzo[d][1,3]dioxol-5-yl)-3-hydroxy-4H-chromen-4-one
(17)

Pale yellow needle shaped crystals (0.055 g, 52.75%): m.p.
207–208 °C; 1H NMR (400MHz, CDCl3): δ (ppm) 8.27
(1H, d, J= 8 Hz); 7.9 (1H, d, J= 8.4 Hz); 7.80 (1H, d, J=
1.6 Hz); 7.74 (1H, t, J= 6.8 Hz, J= 6.8 Hz); 7.6 (1H, d,
J= 8.4 Hz); 7.45 (1H, t, J= 7.2 Hz, J= 7.2 Hz); 7.03 (1H,
brs); 7.01 (1H, d, J= 8.4 Hz); 6.09 (2H, s) (Das et al. 2014).

2-(4-tert-Butylphenyl)-7-hydroxy-4H-chromen-4-one (18)

Pale yellow solid (0.035 g, 35%): m.p. 82 °C; 1H NMR
(400MHz, CDCl3): δ (ppm) 8.04 (1H, d, J= 8.8 Hz); 7.4
(2H, d, J= 8 Hz); 7.35 (1H, s); 7.34 (1 H, s); 7.26 (1H, d,
J= 5.6 Hz); 7.25 (2H, d, J= 8.4 Hz); 6.57 (1H, s); 1.3
(9H, s) (Das et al. 2014).
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3-Hydroxy-6,7-dimethyl-2-p-tolyl-4H-chromen-4-one (20)

Brownish yellow solid (0.408 g, 77.6%): m.p. 140–142 °C;
1H NMR (400MHz, CDCl3): δ (ppm) 7.66 (1H, s); 7.35
(2H, d, J= 8 Hz); 7.23 (2H, d, J= 8 Hz); 6.83 (1H, s); 2.37
(3H, s); 2.25 (3H, s); 2.19 (3H, s).

3-Hydroxy-2-styryl-4H-chromen-4-one (21)

Yellow needle shaped crystals (0.099 g, 94%): m.p. 191–
192 °C: 1H NMR (300MHz, CDCl3): δ (ppm) 8.24 (1H, d,
J= 6 Hz); 7.72 (1H, t, J= 6.6 Hz, J= 6.6 Hz); 7.65 (2H, d,
J= 6 Hz); 7.58 (1H, d, J= 6.3 Hz); 7.57 (1H, d, J= 9.6
Hz); 7.45 (1H, t, J= 6.6 Hz, J= 6.6 Hz); 7.43 (2H, d, J=
6.3 Hz); 7.4 (1H, d, J= 11.7 Hz); 7.38 (1H, d, J= 11.7 Hz);
6.57 (1H, brs) (Das et al. 2014).

2-(4-chlorophenyl)-3-methoxy-4H-chromen-4-one (23)

Gray solid (0.273 g, 52.3%): m.p. 112–114 °C; 1H NMR
(400MHz, CDCl3): δ (ppm) 8.26 (1H, dd, J= 1.6 Hz, J=
8 Hz); 8.07 (2H, dd, J= 2, 6.8 Hz); 7.71–7.66 (1H, m); 7.54
(1H, s); 7.52–7.48 (2H, m); 7.42–7.38 (1H, m); 3.90 (3H, s)
(Dhoubhadel et al. 1981).

(E)-1-(2-hydroxy-4,5-dimethylphenyl)-3-(4-isopropylphenyl)
prop-2-en-1-one (24)

Yellow solid (0.571 g, 67.8%): m.p. 81–82 °C; 1H NMR
(400MHz, DMSO-d6): δ (ppm) 12.75 (1H, s); 7.91 (1H, d,
J= 15.6 Hz); 7.62 (4H, t, J= 15.6 Hz); 7.31 (2H, t, J= 20
Hz); 6.84 (1H, s); 3.00–2.92 (1H, m); 2.29 (6H, d, J= 9.6
Hz); 1.31 (3H, s); 1.29 (3H, s).

3-Methoxy-2-phenyl-4H-chromen-4-one (25)

Green solid (0.361 g, 68.4%): m.p. 158–160 °C; 1H NMR
(400MHz, CDCl3): δ (ppm) 8.29 (1H, dd, J= 8 Hz, J=
1.6 Hz); 8.14–8.11 (2H, m); 7.70–7.68 (1H, m); 7.57–7.53
(4H, m); 7.42 (1H, t, J= 8 Hz); 3.99 (3H, s) (Das et al.
2016).

3,5,7-Trihydroxy-2-(4-isopropylphenyl)-4H-chromen-4-one
(29)

Pale yellow solid (0.404 g, 43.6%): m.p. 288–292 °C; 1H
NMR (400MHz, CDCl3): δ (ppm) 7.59 (1H, d, J= 8.4 Hz);
7.41 (3H, t, J= 14.8 Hz); 7.01 (1H, brs); 6.25 (1H, s); 5.98
(1H, s); 5.40 (1H, brs); 5.18 (1H, s); 2.99 (1H, t, J= 14 Hz);
1.30 (6H, d, J= 7.2 Hz).

In vitro acetylcholinesterase inhibitory (AChEI)
activity assay of flavonoid analogs by fluorescence
spectroscopic techniques

The inhibitory interactions of flavonoid analogs and other test
compounds with AChE were studied by fluorescence spec-
troscopy. AChE has a characteristic excitation maximum
[λmax(ex)] at 280 nm, whereas it shows an emission maximum
[λmax(em)] at a wavelength of 335 nm, on its excitation at
280 nm. In the presence of a ligand (which can bind with
AChE and inhibits its activity), the fluorescence of AChE was
found to be quenched (Xie et al. 2014; Ryu et al. 2014;
Santillo and Liu 2015). This phenomenon was exploited to
study the binding interactions between a ligand and AChE
and we have followed the methods of Xie et al. (2014) and
Ryu et al. (2014) to study the AChEI activity of the test
compounds. However, to apply these methods in the present
case, modifications were done as per the requirements.

The fluorescence emission spectra of AChE in the
absence and presence of different concentrations of test
compounds were recorded individually to study the inhi-
bitory or binding activity of the test compounds with AChE.
Here, a typical experimental procedure is given (Xie et al.
2014; Brahmachari et al. 2015).

At first, stock solutions (1 or 10 mM) of each of the
test compounds [1–30] were prepared in EtOH. In a
typical AChE inhibitory interaction study, 1 mL of AChE
(5 UmL−1) in 0.2 M phosphate buffer (PBS, pH 8.0) solu-
tion (3.0 mL) was taken in the 1.0 cm quartz cuvette and
titrated spectro-fluorometrically by the successive addition
of the test compound solution. Fluorescence emission
spectra of all the experimental solutions were recorded in a
PerkinElmer spectrophotometer of model no. LS55 in the
wavelength range of 300–450 nm with an excitation
wavelength (λex) of 276 nm and the slit width was fixed at
10 nm for both excitation and emission beams. For each of
the test compounds, the fluorescence intensity of the
experimental solution was noted at its emission maximum
[λem(max) 335–339 nm]. This was further used to determine
the effective concentration (EC50) of the test compound
showing 50% AChE inhibitory activity (method of calcu-
lation of EC50 is discussed in the later section).

All the fluorescence measurements were done at 25 °C
and we have observed that the spectra of all the test solu-
tions remained unchanged for a long time during which the
experiments were done. Hence, we can safely rule out the
possibility of photo-decomposition of the experimental
samples which may give errors in the results. The final
concentration of EtOH in the test solution was negligible
(<1%).
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Radical scavenging antioxidant activity assay of
flavonoid analogs

The in vitro antioxidant activity of the test compounds was
evaluated by measuring their ability to scavenge the free
radical 1,1-diphenyl-2-picryl hydrazyl radical (DPPH). The
method of Koleva et al. (2002) was followed to measure
the DPPH radical scavenging activity of the test compounds
(1–2, 6–7, 10–13, 15, 19–20, 22–26, and 29). However,
some modifications (Das et al. 2014) were needed to be
done to apply the method in the present case. For test
compounds (3–5, 8–9, 14, 16–18, 21, 27–28 and 30), we
cited the previously reported data (Das et al. 2014).

DPPH free radical scavenging activity was calculated by
using the following formula (Das et al. 2014; Koleva et al.
2002):

Free radical scavenging activity ð%Þ ¼
AbsControl � AbsSample
� �

=AbsControl
� �� 100

The test compound concentration showing 50% radical
inhibition activity (EC50) was calculated from the plot of %
DPPH free radical scavenging activity against the test
compound concentration.

Computational strategies for the AChE inhibitory
activity profiling of flavonoid analogs

Pharmacophore screening of flavonoid analogs

The pharmacophore model (Fig. 2) used for mapping all the
30 compounds (1–30) under evaluation was previously
developed using the Discovery Studio software (Discovery
Studio 2007) and already reported by one of our groups
(Ambure et al. 2014). Eighty-five compounds with experi-
mentally determined bioactivity values against human
AChE enzyme (ranging from 0.950 to 11,587.77 nM) were
employed for developing this model. The model (Fig. 2)
comprises four features, namely, two hydrogen bond
acceptors (i.e., HBA1 and HBA2), one hydrophobic (HYD)
aliphatic, and one HYD aromatic feature, present at specific
relative distances. The HBA feature signifies the regions
favorable for hydrogen bond acceptor groups, while the
HBA feature vector indicates the direction of hydrogen
bond formation. The HYD aliphatic feature implies the
regions favorable for aliphatic hydrophobic group’s sub-
stitution, while the HYD aromatic feature signifies the
region favorable for aromatic hydrophobic groups. All the
30 compounds (1–30) were screened through this pharma-
cophore using the ligand mapping protocol available in the
Discovery Studio software. The geometric fit values were
computed for all the compounds, where a fit value tells how

well the chemical sub-structures of a compound match the
location constraints of the pharmacophoric features and
their distance deviation from the feature centers (Rella et al.
2006). For every molecule, 100 conformers were allowed
to generate, while the threshold energy value was set to
20 kcal/mol. For screening the compounds, the “Maximum
Omitted Features” was set to two.

Molecular docking studies to understand the
interaction of flavonoid analogs with AChE

The LigandFit docking module available in Discovery Stu-
dio software (Discovery Studio 2007) was used to perform
the docking studies between the 30 compounds under study
and the human AChE enzyme. The crystal structure of
human AChE (PDB ID: 4M0E) was downloaded from
protein data bank (PDB) database. Further, the protein was
prepared via inserting missing atoms in incomplete residues,
modeling missing loop regions, deleting alternate con-
formations (disorder), adding hydrogens, removing waters,
standardizing atom names, etc., and energy minimization
was performed using the CHARMm forcefield. The ligands
(i.e., all 30 compounds) were also prepared by generating
canonical tautomers, enumerating isomers, enumerating
ionization states at a given pH range, and generating 3D
conformations. Ligand conformations were generated using
Monte-Carlo algorithm. The docking protocol was validated
by first docking the co-crystal ligand (dihydrotanshinone I)

Fig. 2 The pharmacophore model (Ambure et al. 2014) comprising 4
pharmacophoric features, i.e., hydrogen bond acceptor 1 (HBA1),
HBA2, hydrophobic (HYD) aliphatic, and HYD aromatic feature
[Reproduced with permission from the Publisher.]
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into the active site of human AChE enzyme (PDB ID:
4M0E). For a valid docking protocol, the root mean square
deviation (RMSD) between the actual conformation present
in the protein structure and the docked conformation of co-
crystal ligand should be low. Also, the docked conformation
should show similar intermolecular interactions that are
reported in the human AChE co-crystal structure. Once the
protocol was set, the same protocol was employed for
docking all 30 compounds under study. During the process,
top 10 conformations were retained, evaluated and ranked
using the selected scoring functions. Here, LigScore1, Lig-
Score2, Piecewise Linear Potential 1 (PLP1), Piecewise
Linear Potential 2 (PLP2), Jain and Potential of mean force
(PMF) were used as the scoring functions.

Development of quantitative structure–activity
relationship models for AChEI activity of flavonoid
analogs

The set comprising 28 compounds (since the activity values
of 29 and 30 are not defined) was employed to build a QSAR
model. The AChE inhibitory activity values of all the 28
compounds expressed as EC50 values (μM) were converted to
negative logarithm of EC50 (pEC50) values. Note that prior to
conversion to pEC50, the EC50 values in micromolar units
were converted into molar units. All the chemical structures
were drawn using the Marvin Sketch software (http://www.
chemaxon.com/products.html). The descriptors were calcu-
lated using Cerius version 410, Dragon software 6 (Mauri
et al. 2006), and PaDEL-Descriptor version 2.1 (Yap 2011)
software tools. The total pool of descriptors includes different
classes such as electrotopological state keys, electronic,
topological, constitutional, functional group counts spatial,
structural, thermodynamic, and extended topochemical atom
(ETA) indices. Further, data pretreatment was performed to
remove constant (variance cut-off < 0.0001) and inter-
correlated (correlation coefficient cut-off ≥ 0.99) descriptors
using an in-house developed DataPreTreatment 1.2 software
available at http://teqip.jdvu.ac.in/QSAR_Tools/. Since there
were a limited number of compounds available for perform-
ing QSAR study, all 28 compounds were employed in the
training set for model development. Here, the model was
developed exploiting several chemometric techniques like
stepwise multiple linear regression (stepwise MLR) (DTC
laboratory software tools freely available at http://teqip.jdvu.
ac.in/QSAR_Tools/), genetic function approximation (GFA),
GFA-spline (Cerius2 Version 410). Moreover, for validation
of the developed model, different statistical internal validation
metrics were calculated such as correlation coefficient (r2),
adjusted r2 (r2 adjusted), standard error of estimate (SEE),
leave-n-out (L-n-O) cross-validated correlation coefficients (in
this study, Q2

L-1-O, Q
2
L-2-O, Q

2
L-3-O, Q

2
L-4-O, Q

2
L-5-O), and

cR2
p

based on Y-randomization test results. The Y-randomization

test checks the robustness of the developed model. In this test,
the activity values of the training set compounds are randomly
shuffled keeping the descriptor matrix unchanged, and new
models are built based on the shuffled activity values.

Results and discussion

Synthesis of flavonoid analogs and their DPPH
radical scavenging antioxidant activity

In the present work, we have explored the AChE inhibitory
activity of a series of flavonoid analogs (1–26, 29) along
with some standard antioxidants (27–28, 30) which showed
appreciable in vitro antioxidant activity as measured by the
1,1-diphenyl-2-picryl hydrazyl radical (DPPH) radical
scavenging assay (Das et al. 2014) (Table 1). We have
synthesized this flavonoid series by varying their structural
pattern, e.g., by changing the nature, number and position of
the substituent(s) on Ring-A, B, or C or by altering the
conjugation profile of the parent flavone skeleton (Fig. 1).
For a better comparison purpose, wide varieties of anti-
oxidant flavonoid analogs were selected. Compounds used
for the present study were both naturally occurring (7, 9,
and 26) and synthesized flavonoid analogs (1–6, 8, 10–25,
and 29). From the structural point of view, these compounds
belong to different classes of flavonoids, like chalcones
(10–11, 13, 14, 19, and 24), flavones (1–5, 8–9, 12, 15–18,
20–21, 23, 25–26, and 29), and isoflavones (7, 22) along
with their intermediate product (6) (Table 1).

For the present work, we have studied the DPPH radical
antioxidant activity of the test compounds, (1), (2), (6), (7),
(10–13), (15), (19–20), (22–26), and (29) and compared to that
of the test compounds, (3–5), (8–9), (14), (16–18), (21), (27–
28), and (30) for which we cited the previously reported data
(Das et al. 2014). In general, 3-hydroxyflavone analogs
showed higher DPPH radical scavenging antioxidant activity
than chalcone analogs. It is interesting to note that, the pre-
sence of various electron releasing groups at 4′-position of
Ring-B of 3-hydroxyflavone analogs appreciably enhanced the
activity as it was observed earlier (Das et al. 2014). The
antioxidant activity of flavonoid analogs highly depends on the
structural pattern, i.e., number, nature, and position of sub-
stituent(s) on Ring-A, B, and C, geometry and other physico-
chemical parameters of these molecules (Das et al. 2014).

Fluorescence spectroscopic studies on the binding
interactions between the flavonoid analogs and
AChE

Fluorescence spectroscopy-based analytical methods have
wide applications in various biomedical and other techno-
logical fields due to their high sensitivity, specificity, and
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accuracy. In the present case, we have exploited the intrinsic
fluorescence behavior of AChE to assay the inhibitory
activity of the samples towards it. We have adopted the
methods of Xie et al. (2014) and Ryu et al. (2014) to
measure the AChEI activities of the samples.

The intrinsic fluorescence activity of AChE is due to the
presence of tryptophan, tyrosine, and phenylalanine amino
acid residues in its structure and the fluorescence emission
spectrum of AChE shows a broad emission maximum at
335 nm upon its excitation at 280 nm. Fluorescence emis-
sion spectra of AChE in the absence and presence of dif-
ferent concentration of each of the samples were recorded
individually and here, the fluorescence emission spectra of
AChE in the absence and presence of four structurally
different flavonoid analogs, (9), (8), (2), and (7) [Table 1],
are shown in Fig. 3a–d.

The same experiment was repeated with other flavonoid
samples (Table 1). In each case, on gradual addition of
sample solution to AChE, a significant decrease of its

fluorescence emission intensity was observed. This spec-
troscopic feature was found to be common in all the cases in
addition to these four representatives (9, 8, 2, and 7). AChE
showed this intense change in its fluorescence spectral
behavior due to the change of its micro-environment which
is related to the extent of its binding interactions with fla-
vonoid analogs. A careful examination of Fig. 3a–d indi-
cates similar changes (quenching) of fluorescence behavior
of AChE in the presence of different flavone analogs, like
(9) and (8) (Fig. 3a, b). However, the fluorescence
quenching behavior was found to be totally different in the
presence of (2) which has a conjugation pattern different
from earlier two flavone analogs (Fig. 3c). Again, in case of
isoflavone type of compound, (7), which have different
structural pattern, we have observed a totally different
fluorescence behavior of AChE (Fig. 3d).

It was interesting to note that though the quenching of
AChE fluorescence was found to be common in all the
cases, the nature of fluorescence spectra of AChE (i.e., peak

Fig. 3 Fluorescence emission spectra of AChE in the absence (indi-
cated by dashed line) and presence of flavonoid analogs (9) a, (8) b,
(2) c, and (7) d having different concentrations in phosphate buffer
(pH= 7.4) at 25 °C. The excitation wavelength (λex) was 280 nm. The

direction of arrow indicates the quenching of fluorescence of AChE on
gradual addition of flavonoid analogs. The changes of % AChE
inhibitory activity (F/F0 × 100) of flavonoid analogs with the change
of their concentrations are shown in corresponding insets
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position and intensity) in the presence of all of these sam-
ples was not the same.

The fluorescence activity of any fluorophore is very
sensitive towards the changes of its microenvironment. One
of the major causes triggering such a change in the micro-
environment of a fluorophore is its binding interactions with
some other species, which in the present case are flavonoid
analogs. On the other hand, the extent of binding interac-
tions, i.e., mode and strength of binding between a fluor-
ophore (e.g., AChE) and a quencher, like the flavonoids as
in the present case depends on their structural com-
plementarities. In the present case, the structural patterns of
the quenchers were varied, whereas the structure of the
fluorophore remains unaltered throughout the study and we
have observed various changes in the fluorescence
quenching pattern of AChE (Fig. 3a–d) as discussed earlier.
Changes in the fluorescence pattern (quenching) of AChE
were also observed in the case of other sample compounds
(Table 1). From these data, it is clearly evident that the
drastic changes (quenching) of the fluorescence intensity of
the fluorophore AChE in the presence of the fluorescence
quencher like antioxidant flavonoid analogs certainly con-
firm the binding interactions between these two species, and
the mode/extent of binding between the flavonoid analogs
and AChE is mainly controlled by the structural pattern of
these test compounds.

We have also determined the EC50 values which denote
the concentration of the flavonoid and other samples
required for the 50% quenching of fluorescence of AChE.
This indirectly indicates the 50% inhibition of activity of
AChE due to its binding interaction with flavonoid samples.
The fluorescence intensities of AChE [at λem (max) 335 nm]
were monitored for the different concentrations of the fla-
vonoid samples.

The % of fluorescence quenching of AChE, i.e., %
inhibition of activity of AChE is denoted by the following
equation:

% Inhibition of activity of AChE ¼ F=F0 � 100% ð1Þ
where the initial and final fluorescence intensities are
indicated by F0 and F, respectively.

The EC50 values of flavonoid analogs and other samples
were calculated from the plot of % inhibitory activity vs.
concentration of the test samples. The plots are shown in the
insets of Fig. 3a–d. The EC50 values calculated from the
plots are given in Table 1. The same protocol was used to
calculate the pEC50 values of all other compounds and the
results are given in Table 1. In general, chalcone has higher
EC50 values over flavone type of compounds. However,
some chalcones like (10) and (14) have shown lower EC50

values, i.e., higher AChEI activity like flavones. In case of
flavone type of compounds (17), (20), (23), and (25), higher

EC50 values, i.e., lower AChEI activity was observed. It is
interesting to note that generally an increase in the number
of hydroxyl groups on the parent flavones or chalcone
moieties increased their AChEI activity as in the case of
compounds (7), (9), (10), (18), and (26). On the other hand,
incorporation of the conjugated part in the core structure of
these compounds also increased their activity as in the case
of compounds (2), (19), and (21). In addition to these, the
presence of bulky electron releasing group at the 4ʹ position
of Ring-B also enhanced the AChEI activity of flavones
type of compounds. It was also observed that the replace-
ment of benzene ring (Ring-B) by furan moiety increased
the AChEI activities of both flavones and chalcone type of
compounds, e.g., (4).

Quenching of the fluorescence intensity of AChE during
its interaction with a fluorescence quencher may be the
outcome of several processes, like excited state energy
transfer or ground state formation etc. (Xie et al. 2014; Bera
et al. 2008; Kanakis et al. 2007). According to the
mechanistic pathway, these processes are categorized into
two types: dynamic and static fluorescence quenching pro-
cesses (Kanakis et al. 2007; Zhang et al. 2011; Lu et al.
2010). To understand the mechanistic pathway involved in
the quenching of fluorescence of AChE during its interac-
tion with antioxidant flavonoid analogs, we have applied
classical Stern–Volmer equation for quenching (Lu et al.
2010; Jana et al. 2012) as shown here:

F0=F¼1þ KSV ð2Þ
where F0 and F are the fluorescence intensities of AChE in
the absence and presence of the quencher, i.e., samples
having different concentrations. The concentrations of the
test samples is denoted by [E] and KSV is the Stern–Volmer
constant.

The values of the Stern–Volmer constant, KSV and
quenching rate constant, Kq are used as the guiding tool to
determine the fluorescence quenching pathway (Xie et al.
2014). Stern–Volmer plots (F0/F vs. [E]) for four different
flavonid analogs (9, 8, 2, and 7) are shown in Fig. 4a–d. The
Stern–Volmer fluorescence quenching constant, KSV are
obtained as 0.11 ± 0.12M−1 for (9) and 0.06 ± 0.18M−1 for
(8). For (2), the KSV value was obtained as 0.13 ± 0.05M−1

and for (7), the KSV was calculated as 0.11 ± 0.15M−1.
Therefore, from the Stern–Volmer analysis, it is evident that
the substituent as well as the conjugation pattern of flavo-
noid analogs have strong influence on their fluorescence
quenching activity towards AChE.

The KSV and Kq (Kq= KSV/τ0, when τ0 is the average
fluorescence lifetime of fluorophore, like AChE) values for
all the flavonoids analogs and other test samples are shown
in Table 1. The quenching rate constants, Kq for these
species varied within the range of 1010–1013 L mol−1 S−1.
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The Kq values obtained for the present set of flavonoid
analogs indicate the static quenching of fluorescence of
AChE by flavonoid analogs which is possibly due to the
formation of flavones–AChE complex (Xie et al. 2014). The
nature of binding interactions between AChE and flavonoid
analogs was further studied by monitoring the changes of
the fluorescence intensities of AChE at λem (max) 335 nm
and these data were used to calculate the binding constant,
KB and n (no. of binding sites) for such interactions by
applying the following equation (Liu et al. 2010):

log F0 � Fð Þ=F ¼ logKB þ nlog E½ � ð3Þ
where F0 and F are the fluorescence intensities of AChE at
λem (max) 335 nm in the absence and presence of different
concentrations of flavonoid analogs and other samples ([E]).
The results for four structurally different flavonoid analogs
are shown in the insets of Fig. 4a–d. In each case, the logKB

was calculated from the linear plot of log [(F0− F)/F] vs.
log [E]. The values of KB are found to vary in the range of
104–106M−1, whereas, n varies with the range of 0.99–1.19
(insets of Fig. 3a–d). Similar results are observed for all
other samples tested for the present study. These KB values
further support the formation of flavones–AChE complex
may be associated with static fluorescence quenching
mechanism (Xie et al. 2014).

Binding affinities of flavonoids towards AChE regulate
their AChEI activities and EC50 values were helpful to
understand and compare the AChEI activities of these
compounds. Binding affinities of such compounds towards
AChE were found to be increased with the increase of their
KB values (Xie et al. 2014). Thus flavonoid analogs having
KB values were expected to be better AChE inhibitors. In
the present case also, in general, AChEI activities of fla-
vonoids were found to be increased with the increase of
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Fig. 4 Stern–Volmer plots for the quenching of the fluorescence
emission intensity of AChE in the presence of different flavonoid
analogs: (9) a, (8) b, (2) c, and (7) d. Insets of these figures represent

the plot of log[(F0− F)/F] vs. log[flavonoid analog], binding constants
(KB) and number of binding sites (n)
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their KB values. However, there were some exceptions
(Table 1).

In summary, we can say that the structural pattern of
flavonoid analogs mainly influenced their AChEI activity.
So, in the next step, we were interested to understand the
correlation between their structures and their AChEI activ-
ity. For this, we have performed computational studies
using the methods discussed earlier.

In silico studies on the AChE inhibitory (AChEI)
profiling of flavonoid analogs: quantitative
structure–activity relationship (QSAR) analysis of
flavonoid analogs

The AChE inhibitory (AChEI) activities of the flavonoid
analogs, as measured by fluorometric assays were further
analyzed to understand the structural requirements of such
molecules for showing appreciable AChEI activities. A
QSAR model (Das et al. 2014; Ryu et al. 2014) was
developed to suggest a lead structure and it might help
designing novel AChEI inhibitors based on flavonoid
scaffold by optimizing the lead structure. The EC50 values
of the samples (as shown in Table 1) were correlated with
the structural features of the flavonoid analogs by the uti-
lization of suitable molecular descriptors. The final QSAR
model was obtained using the genetic functional approx-
imation (GFA)-spline technique (Das et al. 2014; Ryu et al.
2014). The acceptability of the developed QSAR model was
evaluated using appropriate internal validation metrics. The
internal validation metrics (r2= 0.683, r2(adjusted)= 0.643,
SEE= 0.259) including the L-n-O cross-validation results
indicate significant predictive potential of the developed
QSAR model. The Y randomization results (Average r2=
0.107, average Q2

L-1-O=−0.242, cR2
p= 0.641) for 50

randomly generated models further confirm the robustness
of the QSAR model. The GFA spline equation with stan-
dardized values of regression coefficients is given below
and contribution of each descriptor present in the final
model is described in detail.

Standardized GFA Spline Equation :

pEC50 ¼ 4:396 ± 0:049ð Þ þ 0:207 ± 0:06ð ÞSC� 3 C

�0:232 ± 0:051ð Þ<S ssO� 5:935>

þ0:317 ± 0:059ð Þ<0:201� ETA EtaP L>

Internal validationmetrics :

r2 ¼ 0:683; r2ðadjustedÞ ¼ 0:643; SEE ¼ 0:259;F ¼ 17:23 DF : 3; 24ð Þ
Cross� validationresults :

Q2
L�1�O ¼ 0:589;Q2

L�2�O ¼ 0:584;Q2
L�3�O

¼ 0:579;Q2
L�4�O ¼ 0:573;Q2

L�5�O ¼ 0:567:

Y�randomization test results for 50 randommodelsð Þ :
Average r2 ¼ 0:107; averageQ2

L�1�O ¼ �0:242;c R2
p ¼ 0:641:

Descriptor contribution

SC-3_C

This descriptor belongs to the class of Kier & Hall subgraph
count index (SC). Here, SC-3_C counts the number of
clusters of third order. It designates the amount of branching
present in a molecule. It positively contributes to the
activity and hence according to this descriptor, if we
increase branching, the activity will improve. This can be
observed in compounds 9, 10, 15, 18, where the number of
clusters is high, and correspondingly the activity is better
compared to 19, 25, 27 with less number of clusters. Also
note that in chromene derivatives, possibly the branching
due to ring fusion with the chromene ring does not con-
tribute to the activity as seen in compound 20.

<S_ssO-5.9349>

The S_ssO descriptor belongs to the class of electro-
topological state index, which includes both electronic and
topological information, and it designates the sum of con-
tribution for oxygens with two single bonds. The spline term
<S_ssO-5.93498> negatively contributes to the activity and it
infers that there should be a limit for the number of such
oxygens with two single bonds, such that the corresponding
value of “S_ssO” remains less than 5.9349. Therefore, the
compounds that are devoid of such oxygens (compound 6) or
compounds having one such oxygen (like in chromene moi-
ety; compounds 1, 2, 9) have good activity, but the presence
of more number of such oxygen atoms is unfavorable for the
activity as seen in compounds 17, 23, 25. Especially, com-
pounds having methoxy group at 3rd position to the chro-
mene ring (23, 25) and dioxole group (17) at 2nd position to
the chromene ring are found to have low activity.

<0.20048-ETA_EtaP_L>

ETA_EtaP_L descriptor belongs to the class of ETA indices
and is the highest contributing descriptor in the present
model. This descriptor signifies local connectedness relative
to the molecular size. It carries information related to
branching, presence of heteroatom, and unsaturation. The
spline term <0.20048-ETA_EtaP_L> positively contributes
to the activity, and it suggests that this descriptor
(ETA_EtaP_L) can attain a maximum value of 0.20048,
without affecting the activity. Therefore, according to this
model, as the value of ETA_EtaP_L decreases below
0.20048, the value of the spline term (0.20048-ETA_E-
taP_L) increases, and hence the contribution to the activity
increases. The ETA term is highly correlated to the presence
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of branching in a molecule, but relative to the molecular
size. If the amount of branching is high relative to the
molecular size, as seen in compounds 11, 13, 14, 20, 24 the
value of <0.20048-ETA_EtaP_L> will be low and so will
be the activity values of these compounds. It seems that the
subgraph count term (SC-3_C) is being balanced by the
ETA term. Thus, both molecular size and branching are
important for the activity.

Interpretation of pharmacophore studies

All the compounds were screened through the previously
developed AChE pharmacophore model (Fig. 2) having 4
features, i.e., hydrogen bond acceptor (HBA1 and HBA2),
hydrophobic aromatic, and hydrophobic aliphatic. 28 com-
pounds of this data set showed only 2 features out of the
required 4 features and two compounds (5 and 19) were not
mapped. The chromene moiety acts as the main source for
HBA feature and the phenyl group attached at 2nd position of
chromene moiety acts as the hydrophobic aromatic feature.

Interpretation of results from docking studies

Docking studies of all the 30 compounds were carried out
using the set docking protocol obtained from docking the
co-crystal ligand. The RMSD between the original con-
formation of co-crystal ligand present in human AChE co-
crystal structure (i.e., PDB: 4M0E) and the docked con-
formation of co-crystal ligand was found to be low, i.e.,
0.41 Å and the docked pose also reproduced the inter-
molecular interactions that were reported in the co-crystal
structure.

It is observed that the chromene moiety and the phenyl
group attached at 2nd position to chromene moiety are
involved in π–π interaction with Trp 286 and Tyr 341. The
carbonyl group (chromene moiety) takes part in hydrogen
bond with Ser 293, while the hydroxyl groups especially at
3rd position in chromen-4-one moiety take part in hydrogen
bond formation with Phe 295 or Tyr 124 (Fig. 5).

Based on the appropriate descriptors in the developed
equation, essential structural or pharmacophore features of
the flavonoid molecules for showing appreciable AChEI
activities were evaluated. The pharmacophore geometric fit
values and docking scores of the investigated compounds
are summarized in Table 2.

Understanding the relation between antioxidant
and AChEI activities of flavonoid analogs—are
flavonoid analogs with high antioxidant activity
good AChE inhibitors?

It is reported that most of the bioactivities of flavonoid
analogs are the results of their interactions with several

enzymes in living systems and their antioxidant activity
(Leung et al. 2006; Jeong et al. 2007). The antioxidant
activity of the flavonoids is dependent on their ability (i) to
scavenge ROS and other toxic free radicals, (ii) to chelate
redox active metal ions (e.g., Fe2+ and Cu2+), and (iii)
synergistic activity with other antioxidants. However, in all
the cases, structural pattern of the flavonoids has great
influence on their activity (Silva et al. 2002; Das et al.
2014; Kanakis et al. 2007; Jeong et al. 2007; Kanakis et al.
2009). Therefore, it is really interesting to study the effect
of the structure of the flavonoids on their antioxidant
activity which in turn may control their AChE inhibitory
activity and thus their potential to be used as anti-AD
drugs.

Antioxidant flavonoid analogs show wide-spectrum of
beneficial effects, and in recent times, this class of com-
pounds gained popularity as nutraceuticals. Most of the
flavonoid analogs selected for the present study showed
high DPPH (2,2-diphenyl-1-picrylhydrazyl) radicals
scavenging antioxidant activity. In addition to these, fla-
vonoids, we have also incorporated some of the standard
antioxidant (27–28, 30) (Table 1) in our study which par-
tially resembles the flavonoid analogs in structure. How-
ever, no good correlation between the DPPH radical
scavenging antioxidant and AChEI activities of the flavo-
noid analogs was observed. In general, flavones and iso-
flavones were found to be better antioxidants as well as
AChE inhibitors compared to chalcones. Presence of
hydroxy group at 3-position of the flavone skeleton highly
influenced the radical scavenging antioxidant activity, but
AChE inhibitory activity of the flavones was mostly influ-
enced by their conjugation pattern.

Conclusion

The fluorescence spectroscopic method was found to be
highly useful and easy to understand the binding interaction
between the antioxidant flavonoid analogs and AChE. The
binding interaction between these two species was under-
stood on the basis of the parameters, like KSV, KB, n, and
EC50 values which were explored further to develop a
QSAR model using GFA-spline technique. The selected
descriptors in the final model provided useful insights about
the structural requirements to improve the activity against
AChE. Based on pharmacophore features, like hydrogen
bond acceptor [HBA1, HBA2] activity, hydrophobic ali-
phatic and aromatic characters, novel compounds can be
designed based on the flavonoid scaffolds that might show
higher (predicted) potential as AChE inhibitors than the
parent compounds. The comparison between AChE inhi-
bitory and DPPH radical scavenging antioxidant activities
of the flavonoid analogs was also done.
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In future, this work can be explored further by synthe-
sizing possibly newly designed compounds as well as
additional flavonoid analogs based on the essential phar-
macophoric and structural features as explored in the pre-
sent study. These results can be exploited further to
synthesize antioxidant flavonoid analogs, which might also
act as potent AChE inhibitors. This will surely open up a
new direction towards the development of potent and
multifunctional AChE inhibitors based on these type of

nontoxic and bio-friendly flavonoid scaffolds, which might
fight against the oxidative stress in living cells and prevent
AD in elderly people.
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