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ABSTRACT
In the treatment of Alzheimer’s disease (AD), it is important to develop alternative cholinesterase
inhibitors with antioxidant properties that will reduce acetylcholine deficiency and free radical forma-
tion. The aim of this study was to investigate the effect of hydroquinone, 4-hydroxybenzoic acid, 3,5-
dihydroxybenzoic acid, caffeic acid, vanillic acid and chlorogenic acid against acetylcholinesterase
(AChE), partially purified from serum. Binding of compounds with effective inhibitory potential to the
AChE active site as competitive was illuminated by molecular docking. Hydroquinone, chlorogenic acid
and 4-hydroxybenzoic acid have been found to have higher inhibitory potential than others against
the AChE. IC50 and KI values of the phenolic compounds against AChE were found in the range of
0.26 ± 0.01–36.34± 2.72mM and 0.72±0.00–29.23± 2.62mM, respectively. The effectiveness of the
compounds has been associated with its structure. Consequently, the phenolic compounds, which
have AChE inhibitory potential and antioxidant properties, can be considered as alternative drugs in
the treatment of AD.
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1. Introduction

Studies have reported that oxidative stress, defined as dis-
ruption of balance of the oxidant-antioxidant system due to
oxidative metabolic reactions and their byproducts, has an
important role in the formation of neurodegenerative dis-
eases such as Alzheimer’s disease (AD) (Işık & Beydemir,
2019; Pratic�o & Delanty, 2000). The nervous system and brain
are considered to be particularly vulnerable to oxidative
stress due to metabolic oxygen consumption of 20%, limited
antioxidant capacity, and insufficient glutathione synthesis of
neurons. According to the cholinergic hypothesis, AD is also
associated with the exchange and degeneration of choliner-
gic markers such as acetylcholinesterase (AChE) and choline
acetyltransferase, which are involved in cholinesterase
metabolism (Işık, 2019; Oboh et al., 2013). The AChE (E.C.
3.1.1.7), the choline esters hydrolyzer, is located in the brain,
lymphocytes, serum, erythrocytes and neuromuscular junc-
tion, and plays an active role in the regulation of physio-
logical events involving the acetylcholine (ACh) cycle in
cholinergic metabolism (Anglister et al., 2008; Anwar et al.
2012; Işık et al., 2017; Taslimi et al., 2020). This enzyme is
one of the most important enzymes that rapidly hydrolyze
neurotransmitter ACh in the neuromuscular junction and
cholinergic synapses in the cycle (Anglister et al., 2008; Rao
et al., 2007). Also, AChE has been reported to increase the
excess aggregation of b-amyloid to growing fibrils. Many
studies have stated that there is an important relationship

between these B-amyloid fibrils and AD (Szwajgier, 2013).
Therefore, it is important to use compounds with AChE
inhibitory effects in the treatment of AD (Durgun et al., 2020;
Işık, Akocak et al., 2020). It is known that most of the drugs
used today have side effects. Therefore, it is demanded to
develop and use AChE inhibitors that are new and known
for their antioxidant properties (Scozzafava et al., 2015).

Phenolic compounds that form the most important
groups of antioxidants contain hydroxyl groups bound to
the benzene ring and its derivative (K€ahk€onen et al., 1999;
Moure et al., 2001). These compounds containing aromatic
rings prevent the oxidation of biomolecules such as protein,
lipid, carbohydrate, nucleic acids by free radicals (Burda &
Oleszek, 2001; Isik et al., 2015). These phenolic acids, which
are abundant in plants, are also used as preservatives to
extend the shelf life of foods (Robbins, 2003; Takım & Işık,
2020). This property of phenolic acids and their derivatives
depends on the location and number of hydroxyl groups
bound to the aromatic ring (G€ulcin, 2012). In many studies, it
has been stated that phenolic acids can be used in the treat-
ment of diseases due to their important bioactivities such as
anti-allergic, anti-inflammatory, anticancer, antimicrobial, anti-
oxidant, antithrombotic and vasodilatory (Balasundram et al.,
2006; Mattila & Kumpulainen, 2002). Moreover, phenolic acids
also have anti-Alzheimer’s properties (Cheng et al., 2008;
Yan et al., 2001).

The study was investigated the inhibitory effect of caffeic
acid, 3,5-dihydroxybenzoic acid, 4-hydroxybenzoic acid,
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vanillic acid, hydroquinone and chlorogenic acid on serum
AChE, and then determined kinetics properties of its. The
binding mechanism of compounds that are actively bound
to the enzyme as competitive was explained by molecular
docking. Moreover, relationship between the structure ve
activity of the phenolic compounds was evaluated.

2. Materials and methods

2.1. Chemicals

All commercially available reagents required for the study
were obtained from Merck and Sigma.

2.2. Partial purification of AChE from human serum

The precipitation was carried out by slowly adding (NH4)2S04
to human serum at 0–20%, 20–40%, 40–60%, 60–80% and
80–100% ranges, respectively. After each precipitation, it was
centrifuged for 20min at þ4 �C, 10,000 rpm. The precipitates
obtained were dissolved in 0.1M sodium phosphate (pH 7.4)
buffer, containing 0.5% Triton X-100 and 1mM EDTA. The
activity of precipitate and supernatant were determined at
each interval and then the precipitation range was deter-
mined as 20–80% as in our previous assays (Işık, 2019).

The sample obtained as a result of precipitation was cen-
trifuged at 10,000 rpm about 20min. The pellet obtained
from here was dissolved in sodium phosphate buffer (pH 7.4;
0.1M), containing 0.5% Triton X-100 and 1mM EDTA (Işık,
2019; Wright & Plummer, 1973). The obtained sample was
first placed in the dialysis bag and then dialyzed for 1 h in
dialysis buffer (50mM Na-phosphate pH: 7.4) at þ4 �C for
three hours.

2.3. Measurement of AChE activity

The inhibitory effects of caffeic acid, 3,5-dihydroxybenzoic
acid, 4-hydroxybenzoic acid, vanillic acid, hydroquinone and
chlorogenic acid on AChE enzymes as in vitro were tested by
Ellman’s spectrophotometric method (Ellman et al., 1961).
First, 100 ll of Tris–HCl solution (1M, pH 8.0), 50 ll 5,50-
dithio-bis(2-nitro-benzoic)acid compound (DTNB) and 50 ll of
partially purified AChE solution were incubated and mixed
for 15min at 30 �C. Next, the reaction was started by adding
50ll of substrates acetylthiocholine iodide (AChI). The
enzymatic hydrolysis of the substrate was determined as
spectrophotometrically at 412 nm (Işık, Demir et al., 2020;
Taslimi et al., 2019).

2.4. Kinetic study

Inhibitory effects of the phenolic compounds on AChE par-
tially purified from serum were screened. The kinetic studies
were determined by using five concentrations of AChI and
three concentrations of the phenolic compounds. The inhib-
ition types for each compound, the IC50 values (Akbaba
et al., 2013; Demir, 2019; T€urkeş et al., 2013) and the KI val-
ues with Lineweaver-Burk curves (Demir, 2020; Demir et al.,

2017; T€urkeş et al., 2015; Yamali et al., 2018) were deter-
mined as in the previous studies of our group (Işık, Beydemir
et al., 2020; T€urkeş, Demir et al., 2019; T€urkeş et al., 2014;
T€urkeş et al., 2016).

2.5. Molecular docking study

3D structure of AChE (PDB ID: 4EY5; Resolution: 2.30 Å, R-
Value Free: 0.21, R-Value Work: 0.18, R-Value Observed: 0.18)
(Cheung et al., 2012) was retrieved from Protein Data Bank
(T€urkeş, Arslan et al., 2019) (www.rcsb.org) as a docking pro-
tein. The X-ray crystal structure of 4EY5 was present in the
form of a homodimer chain; hence, its chain A was chosen
for in silico studies. Molecular docking studies were per-
formed on Schr€odinger Suite Release 2019-4 for Mac
(Schr€odinger, LLC, New York, NY, 2019). Firstly, the structure
of the ligands was sketched in the ChemDraw software
(Lolak et al., 2020) version 19.0 for Mac (PerkinElmer, Inc.,
Waltham, MA, USA). Then, Protein Preparation Wizard
(Beydemir et al., 2019) and LigPrep (T€urkeş, 2019a) were uti-
lized to prepare enzymes and ligands, respectively. Protein-
energy was minimized with the Root Mean Square Deviation
(RMSD) value of 0.3 Å using the OPLS3e force field (T€urkeş
et al., 2020). The protonation states of ligands were gener-
ated utilizing Epik (Demir et al., 2020) at pH value 7.4 ± 0.5
(T€urkeş, 2019b; T€urkeş & Beydemir, 2020). The grid box for
4EY5 was set to using the Receptor Grid Generation module
(T€urkeş, 2019c) to cover all residues locating within 10 Å in
the centroid of native ligand (HUP: Huperzine A, C15H18N2O).
Finally, the Glide standard precision (SP) mode (G€undo�gdu
et al., 2019; T€urkeş, Beydemir et al., 2019) was employed for
the investigation of potential bioactive mechanisms of these
inhibitors. Also, the Prime MM-GBSA module (Istrefi et al.,
2020) was utilized to calculate binding affinities between the
inhibitors’ superior conformations and protein.

2.6. Statistical study

Analysis of the data were realized using GraphPad Prism ver-
sion 6, GraphPad Software, La Jolla, CA, USA. The results
were exhibited as mean± standard deviation (95% confi-
dence intervals).

3. Results and discussion

Alzheimer’s disease (AD), a neurodegenerative disease, disrupts
the balance in the cholinergic system, leading to lower levels of
acetylcholine (ACh) release. One of the methods to be used to
increase ACh levels is the suppression of the AChE enzyme that

Table 1. Kinetic values and types of inhibition of some phenolic compounds
on AChE.

Inhibitor IC50 (mM) R2 KI (mM) R2

Hydroquinone 0.26 ± 0.01 0.978 0.72 ± 0.01 0.971
Chlorogenic acid 0.41 ± 0.01 0.964 0.90 ± 0.01 0.968
4-Hydroxybenzoic acid 11.04 ± 1.53 0.962 1.45 ± 0.10 0.954
Vanillic acid 9.23 ± 1.37 0.951 9.94 ± 0.09 0.967
Caffeic acid 16.80 ± 1.43 0.933 12.42 ± 1.04 0.945
3,5-Dihydroxybenzoic acid 36.34 ± 2.72 0.942 29.23 ± 2.62 0.968
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hydrolyzes the ACh. Studies have shown that reducing neuro-
transmitter ACh hydrolysis can improve cognitive impairment in
the early stages of AD. For this purpose, cholinesterase enzyme
inhibitors are mostly used to balance the amount of ACh (Ha,
2002; Işık, 2020; Thacker, 2003). The AChE has an effect on cor-
onary artery disease as it hydrolyzes ACh, which provides flexi-
bility within blood vessels (Collins et al., 1995). According to
some studies, cholinergic systems have been reported to be
related to the regulation of angiogenesis. It has been stated that
some AChE inhibitors that have a regulatory effect in the cholin-
ergic system used for therapeutic purposes in AD also play a
role in the regulation of angiogenesis in cardiovascular patients
(Kakinuma et al., 2010). Since Alzheimer’s and coronary artery
diseases are associated with ACh deficiency, some drugs that
inhibit AChE enzyme are used in the treatment of the diseases.
Drugs that inhibit the AChE enzyme are called cholinesterase
inhibitors or anticholinesterases. Cholinesterase inhibitors regu-
late angiogenesis and peripheral cholinergic function by inhibit-
ing AChE activity. The inhibitors inhibit the enzyme reversibly or
irreversibly and prevent ACh hydrolysis.

Oxidative stress is known to be an important neurodege-
nerative factor that increases with age and leads to neuronal
loss (Butterfield & Lauderback, 2002). According to the amyl-
oid cascade hypothesis, it is known that there is a relation-
ship between increased oxidative stress and amyloid b (Ab)
formation in AD patients. This Ab interacts with vascular
endothelial cells, producing superoxide radicals and oxidizing

agents that cause lipid peroxidation. This indicates that Ab
contributes to free radical production and can cause neuro-
degenerative diseases (Christen, 2000). Therefore, recently,
studies on the development of inhibitors that both reduce
Ab fibril formation and regulate the cholinergic system
are important.

Phenolic acids may appear to be weak inhibitors, com-
pared to compounds used for therapeutic purposes in AD
(Giacobini, 2004; Sabbagh et al., 2006). Eserine, the known
AChE inhibitor acts at nM level, while phenolic acids are
effective at mM level. Although their effectiveness is low,
they have some advantages over well-known inhibitors used
in current therapy: these compounds with antioxidant prop-
erties are thought to play an important role in reducing the
formation of Ab caused by oxidative stress. Moreover, they
are abundant in foods (Szwajgier, 2013). Therefore, it is
important to know the effects of the compounds found in
foods in the medical treatment of AD.

In this study, the inhibition effects of vanillic acid, 3,5-dihydrox-
ybenzoic acid, caffeic acid, 4-hydroxybenzoic acid, hydroquinone
and chlorogenic acid on AChE were scanned. IC50 and KI values of
the compounds are given in Table 1. All of the compounds
showed an inhibition effect against the enzyme. IC50 values of
some some phenolic compounds against the AChE; the following
order: hydroquinone (0.26±0.01mM, R2: 0.978) > chlorogenic
acid (0.41±0.00mM, R2: 0.964) > vanillic acid (9.23±1.37mM, R2:
0.951) > 4-hydroxybenzoic acid (11.04±1.53mM, R2: 0.962) >

Figure 1. Chemicals structures of phenolic compounds.
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caffeic acid (16.80±1.43mM, R2: 0.933) > 3,5-dihydroxybenzoic
acid (36.34±2.72mM, R2: 0.942). KI values; the following
order: hydroquinone (0.72±0.00mM, R2: 0.971) > chlorogenic
acid (0.9±0.01mM, R2: 0.968) > 4-hydroxybenzoic acid
(1.45±0.1mM, R2: 0.954) > vanillic acid (9.94±0.09mM, R2:
0.967) > caffeic acid (12.42±1.04mM, R2: 0.945) > 3,5-dihydroxy-
benzoic acid (29.23±2.62mM, R2: 0.968). Hydroquinone,

chlorogenic acid and 4-hydroxybenzoic acid have been found to
have higher inhibitory potential than others against the AChE.
Hydroquinone, chlorogenic acid, vanillic acid and 3,5-dihydroxy-
benzoic acid showed an inhibition effect on AChE as noncompeti-
tive, while caffeic acid and 4-hydroxybenzoic acid showed
competitive inhibition. In noncompetitive inhibition, the com-
pounds reduce the catalytic activity of the enzyme by binding to

Figure 2. 3D and 2D schematic views of huperzine A in the binding site with AChE (PDB ID: 4EY5).
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an area outside the active region of the enzyme, while in compe-
tition, it causes the reduction of the catalytic activity by binding
to the active region of the enzyme.

Studies have reported that the electron density in the
ortho or para-position substitution –OH group and the bond

energy between oxygen and hydrogen contribute signifi-
cantly to the bioactivity of phenolic compounds. It is known
that the functional group in the structure of benzoic acid
and its derivatives has an impact on the effectiveness of the
compound. The bioactivity of the compounds has been

Figure 3. 3D and 2D schematic views of 4-hydroxybenzoic acid in the binding site with AChE (PDB ID: 4EY5).
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reported to be related to the existing functional groups and
the positions of the substituents on the aromatic ring.
Hydroquinone, which contains two -OH groups, has high
bioactivity. Molecules including 4-hydroxy-3-methoxyl or
ortho-dihydroxyl groups have significantly higher activity
than nonfunctional ones (Barclay et al., 1993; Cheng et al.,

2007; Legrand et al., 2004). In our study, the reason why
hydroquinone and 4 hydroxybenzoic acid are active AChE
inhibitors may be due to OH groups in the ortho or para-
position, as stated in the literature. The 4-hydroxybenzoic
acids are thought to have a lower inhibition effect than
hydroquinone due to activity-reducing properties of the

Figure 4. 3D and 2D schematic views of caffeic acid in the binding site with AChE (PDB ID: 4EY5).
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compound-bound carboxyl group. In addition, the methoxy
group in vanillic acid structure has a partially activity-reduc-
ing effect, so this compound may have lower bioactivity
than hydroquinone. Chlorogenic acid can have high inhib-
ition activity because it contains a large number of functional
groups to be attached to functional groups on the enzyme
(Figure 1).

To detail the possible binding modes between phenolic
compounds exhibiting competitive inhibition with AChE, the
molecular docking study was performed using the
Schr€odinger Suite. Firstly, the native ligand HUP (C15H18N2O,
Huperzine A) was docked into the 4EY5, to verify whether
the docking protocol was suitable for ligands docking. The
RMSD value of re-docked co-ligand was calculated as 0.05 Å.
According to the literature, the HUP displays two strong
interactions, H-bond interaction with Tyr133 (1.87 Å) and
Tyr337 (1.88 Å), and the docking score was �10.34 kcal/mol
in the catalytic domain of 4EY5 (Figure 2). Then, the 4-
hydroxybenzoic acid and caffeic acid determined as competi-
tive inhibitors were docked into the active site of the
enzyme AChE, to investigate the binding interactions of the
compounds with the enzyme.

4-hydroxybenzoic acid displayed the best docking score
result (�5.98 kcal/mol) compared to other compounds. Such
lower values demonstrate good fitness of inhibitor or activa-
tor in the binding site of the target enzyme and formation
of a stable ligand-receptor complex. 4-hydroxybenzoic acid
interacted with Tyr124 (1.82 Å) through a strong H-binding
and His447 through pi-pi stacking interaction at the 4EY5.
Also, it composed hydrophobic contact with the amino acid
residues Trp86, Ala204, Phe297, Tyr337 and Phe338 in the
active site of AChE (Figure 3). Caffeic acid (docking score:
�5.90 kcal/mol) showed only a strongly H-binding formation
at the 4EY5 with Tyr124 (1.97 Å). Additionally, it showed
hydrophobic interactions with Tyr119, Leu130, Tyr133,
Phe297, Tyr337 and Phe338 (Figure 4).

Many studies have reported that phenolic compounds,
reducing oxidative stress due to antioxidant properties have
inhibitory effects on AChE. The inhibitory effect on the AChE
of phenolic compounds strongly depends on the structure of
a particular compound, especially the position and/or num-
ber of the C¼O and OH groups (Szwajgier, 2013). Kwon
et al reported that chlorogenic acid has an inhibition effect
on AChE in the hippocampus and frontal cortex (IC50:
98.17lg/ml). It is also stated that chlorogenic acid plays a
role in preventing lipid peroxidation in the hippocampus and
frontal cortex (Kwon et al., 2010). In vitro, caffeic acid has an
activation effect on AChE in the cerebral cortex, cerebellum,
hypothalamus, whole blood and lymphocytes, while it has an
inhibition effect at the concentrations of 0.5, 1.0, 1.5 and
2mM in the muscles. In vivo, 50 and 100mg/kg caffeic acid
decreased AChE activity in the striatum and cerebral cortex,
while increasing its activity in the lymphocytes, hypothal-
amus, hippocampus, cerebellum and muscles compared to
the control group (Anwar et al. 2012). As stated in the litera-
ture, it is understood that the compounds have different
effects on the AChE enzyme found in different tissues. In
other words, while the compound causes enzyme inhibition

in one tissue, it can activate the same enzyme in another tis-
sue. In our study, the phenolic compounds showed an inhib-
ition effect on AChE partially purified from serum.

The development of alternative cholinesterase inhibitors,
which also have antioxidant properties, can eliminate ACh
deficiency and free radical formation in AD. Therefore, it is
thought that knowing the inhibition effect and binding
mechanism of phenolic compounds on this enzyme may be
clinically important in the treatment of neurodegenera-
tive diseases.
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Işık, M. (2020). High stability of immobilized acetylcholinesterase on chi-
tosan beads. ChemistrySelect, 5(15), 4623–4627. https://doi.org/10.
1002/slct.202000559
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