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examine the effects of these compounds in order to clarify the possible mech-
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ceivable inhibitor binding process to the enzyme’s active site. The acquired
outcomes corroborated the in vitro results. The AChE enzyme was found to be
effectively inhibited by both naphthoquinones and anthraquinones, with inhi-
bition constant (Kj) values ranging from 0.014 to 0.123 uM (micormolar). The
AChE enzyme was inhibited differently by this quinone and its derivatives.
Although derivatives of naphthoquinone and anthraquinone exhibited a compet-
itive inhibitory effect, derivatives of anthraquinone exhibited a noncompetitive
inhibition effect. Furthermore, because it had the lowest K; value of any of these
substances, 1,5-dihydroxyanthraquinone (1c) was shown to be the most potent
inhibitor. The findings will add to the body of knowledge on the creation of fresh,
potent, and successful treatment approaches.
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Hydrolysis mechanism of acetylcholinesterase

1 | INTRODUCTION

Alzheimer’s disease (AD) is a neuropathological
condition' primarily impacting the elderly, manifest-
ing as challenges in thinking, problem-solving, memory
loss, and language difficulties.>* AD is marked by various
cortical disorders, leading to intellectual dysfunction,
impaired daily life activities, diminished learning skills,
and memory loss.* Several hypotheses have been proposed
to elucidate the mechanisms behind AD, with the cholin-
ergic hypothesis standing out as the foremost theory for
the treatment of AD.’

Acetylcholinesterase (AChE; EC 3.1.1.7) is an essen-
tial cholinesterase that regulates® and hydrolyzes® acetyl-
choline (ACh) in the central nervous system.” ACh, a
neurotransmitter in the nervous system, is essential for
regulating the physiological and behavioral activities of
cholinergic neurons. Reduced levels of ACh are essential
for the development and course of disorders connected to
these neural processes.® The hydrolysis of acetylcholine,
which breaks down into acetate and choline, is its main
function’ (Figure 1).

AChE is a vital enzyme involved in the transmission
of nerve impulses. Consequently, the inhibition of AChE
is considered one of the most rational strategies for the
management of AD. In clinical practice, various acetyl-
cholinesterase inhibitors (AChEIs) are utilized, includ-
ing donepezil, galanthamine, rivastigmine, and tacrine
(THA).!° Nevertheless, these drugs have exhibited adverse
effects, including nausea, vomiting, diarrhea, dizziness,
and hepatotoxicity.!! Additionally, they are associated with
toxic effects and have limited efficacies.'? Due to these con-
siderations, it is imperative to identify novel AChEIs that
are more reliable and efficacious for the treatment of AD.

In AD, the upregulation of ACh expression in
metabolism, resulting from the inhibition of the AChE
enzyme, leads to improvements in language skills, atten-
tion span, and memory functions.'** Consequently, the
development of more potent AChEIs becomes a pivotal
approach to mitigate adverse reactions associated with
AChEIs, which significantly impact therapeutic outcomes
both during and after the treatment of AD."

In the initial studies involving the AChE enzyme, its
role in transmitting a nerve impulse from one nerve cell to
another was identified. Subsequent research revealed that

this functionality also contributes to the generation of bio-
electrical current along nerve and muscle fibers. Besides
transmitting neural signals among neighboring nerve cells
in vertebrates, these signals also play a crucial role in ini-
tiating the contraction of muscle cells. The AChE enzyme,
by breaking down and clearing harmful chemicals accu-
mulated at the nerve end, serves to eliminate barriers to
electron carriers, addressing issues in neural conduction.
Dysfunction of the AChE enzyme results in the accumula-
tion of acetylcholine in synaptic spaces, potentially leading
to severe conditions such as muscle paralysis and seizures,
and even death.'®

Currently, AChEIs employed in the treatment of AD
represent a drug class that has attained a notable degree
of success. These drugs, developed as AChEIs, act to
inhibit AChE, the enzyme responsible for the hydrolysis of
acetylcholine, an essential neurotransmitter in the central
nervous system. The inhibition leads to a reduction in the
concentration of acetylcholine, contributing to a marked
improvement in the patient’s behavioral disorders.”” When
ACh undergoes hydrolysis by AChE, the signal trans-
mission between nerve ends is terminated.”® In condi-
tions associated with memory loss, it has been observed
that acetylcholine is rapidly broken down. Inhibiting
the enzyme responsible for acetylcholine hydrolysis leads
to enhanced nerve conduction. Drugs targeting AChE
have been linked to hepatotoxicity and gastrointestinal
disorders.”” Consequently, there is a growing interest in
safer natural AChEIs.?

Quinones are plant-derived secondary metabolites.?!
Benzoquinones have a variety of pharmacological char-
acteristics and are essential for electron transfer, bioen-
ergetic transport, and oxidative phosphorylation. These
substances are necessary building blocks for the synthesis
of many different types of pharmaceutical drugs.”

Naphthoquinones represent a notable subgroup within
the quinone family, finding application in various indus-
trial sectors such as agrochemicals and pharmaceuticals.?’
These compounds serve as fungicides, algicides, and chem-
ical intermediates in the synthesis of pharmaceuticals and
dyes. Additionally, naphthoquinones exhibit potential as
antifungals, blood clotting agents, antibacterials, and are
actively explored for their role as anticancer agents.**

An important class of substances with a wide range
of uses is comprised of anthraquinones. Folk medicine
has been using plants like rhubarb and aloe, which con-
tain anthraquinones, for over 4000 years. It has been
determined that anthraquinone derivatives have biologi-
cal properties in fungi, insects, and bacteria in addition to
plants. These substances, whether manufactured or found
naturally, are widely used in a wide range of products and
services, such as paints, cuisines, foodstuffs, medicines,
and cosmetics. Furthermore, because of their redox
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FIGURE 2 Chemical structures of naphthoquinones and anthraquinones used in this study.
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FIGURE 3 ICs, graphs of some anthraquinones on the acetylcholinesterase (AChE) enzyme.

potential, anthraquinones act as catalysts in a variety of The primary goal of this study is to dis-
chemical and biogeochemical processes, especially the cover new and effective AChEIs. In this study,
reductive destruction of pollutants.?> the in vitro inhibitory effects of quinones
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FIGURE 4 ICs, graphs of some naphthoquinones on the acetylcholinesterase (AChE) enzyme.
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FIGURE 5 Lineweaver-Burk plots of some anthraquinones on the acetylcholinesterase (AChE) enzyme.
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FIGURE 6
(anthraquinone [1a], 1,2-dihydroxyanthraquinone
[1b], 1,5-dihydroxyanthraquinone [1c], 1,8-
dihydroxy-3-methylanthraquinone [1d],

5-hydroxy-1,4-naphthoquinone [le], 5-hydroxy-2-methyl-
1,4-naphthoquinone [1f], 2-hydroxy-1,4-naphthoquinone
[1g], and 2-methyl-1,4-naphthoquinone [1h]) (Figure 2)
were investigated on AChE, and in silico studies were also
carried out.

2 | MATERIALS AND METHODS
2.1 |

AChE from Electrophorus electricus (C2888, Type V-S) and
all chemicals used in the study were were sourced from
Sigma-Aldrich.

Chemicals

2.2 | AChE enzyme activity measurement

AChE enzyme activity was assessed utilizing a modified
version of the Ellman method.?”?® The inhibitory effect
of quinones and their derivatives was spectrophotomet-

1501

100+

AChE Activity
(1/EU/ml)

o
o
1

1 /[Substrate] mM-1

1f
1501
2 -
£_ 100
g5
g2
< 504

1/[Substrate] mM!

1h

Lineweaver-Burk plots of some naphthoquinones on the acetylcholinesterase (AChE) enzyme.

rically examined at 412 nm, employing acetylthiocholine
iodide (ATChI) and 5,5-dithiobis (2-nitrobenzoic) acid as
substrates.?%-3°

2.3 | Invitro inhibition studies

At least five distinct inhibitor concentrations were used
to evaluate the quinones’ and their derivatives’ inhibitory
effects on AChE. As in our earlier research,’' the ICs,
values of the quinones were determined using the Activ-
ity (%) — [Compound] graphs (Figures 3 and 4) for
each derivative. The inhibition constant (Kj) values and
inhibition types were found using Lineweaver and Burk
curves**3° (Figures 5 and 6).

2.4 | Insilico molecular docking analysis
The analysis and design of in silico figures were performed
using the Schrodinger Small-Molecule Drug Discovery
Suite 2023-4 for Mac, provided by Schrodinger.’” The
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TABLE 1
Inhibitor ID Inhibitor

la Anthraquinone

1b 1,2-Dihydroxyanthraquinone

1c 1,5-Dihydroxyanthraquinone

1d 1,8-Dihydroxy 3-methylanthraquinone

le 5-Hydroxy-1,4-naphthoquinone

1f 5-Hydroxy-2-methyl-1,4-naphthoquinone
1g 2-Hydroxy-1,4-naphthoquinone

1h 2-Methyl-1,4-naphthoquinone

THA Tacrine

Abbreviations: AChE, acetylcholinesterase; K;, inhibition constant.
2The test results were indicated as mean =+ standard error of mean.
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FIGURE 7 The relationship of quinones with oxidative stress.

software panels utilized were Maestro,*®*° LigPrep,**-#
Protein  Preparation Wizard,*>**  Receptor  Grid
Generation,** Ligand Docking,” and Prime MM-GBSA.*
Initially, the crystal structure of AChE (PDB: 4BDT,
species Homo sapiens)*’ was obtained from the Protein
Data Bank.*®*° The structure was downloaded, pre-
pared, and optimized using the Maestro software.’ The
anthraquinones (la-d) and naphthoquinones (le-h)
were constructed using the ChemDraw software and were
suitably optimized for docking using the LigPrep tool.>"
The Epik tool>® was utilized under default conditions with
the OPLS force field** at a pH of 7.0 + 2.0. The Receptor
Grid Generation tool>>>® was employed to generate the
grid box for 4BDT. Furthermore, the Ligand Docking tool
was used in conjunction with the Glide extra precision
(XP) option””** to dock the quinones (1a-h) within the
enzyme’s binding site. The docking scores were then
utilized to evaluate the binding affinity of these com-
pounds (1a-h) concerning the binding site of 4BDT. The
MM-GBSA solvation method,’*® employing the VSGB
energy model and the OPLS4 force field, was used to

ICsy and K; values and inhibition types of naphthoquinone and anthraquinone derivatives (1a-h) on AChE enzyme.

ICs, (nM)*  R? K; (nM)* R?

78.82+0.99  0.9988 93.73 + 15.94 0.9168
5522+ 084  0.9984 117.30 + 23.92 0.9598
4333+0.63  0.9983 34.54 + 3.88 0.9773
36.69+0.05  0.9999 54.81 + 7.59 0.9662
88.01+125  0.9982 92.00 + 9.72 0.9799
97.79+2.71  0.9930 112.50 + 23.46 0.9322
7283 +159  0.9959 10420 +1338  0.9710
8930+ 0.67  0.9994 155.60 + 21.48 0.9730
43010 +1.45  0.9998 155.29 + 0.82 0.9999

calculate the binding energies for the optimal poses of
AChE with the quinones (1la-h) obtained from the Glide
XP docking.

2.5 | Statistical studies

Analysis of the data and drawing of graphs were real-
ized using GraphPad Prism version 8 for Mac (GraphPad
Software). The inhibition constants were calculated by
SigmaPlot version 12 for Windows (Systat Software). The fit
of enzyme inhibition models was compared using the extra
sum-of-squares F test and the AICc approach. The results
were exhibited as mean =+ standard error of the mean (95%
confidence intervals). Differences between datasets were
considered statistically significant when the p-value was
less than 0.05.

3 | RESULTS AND DISCUSSION

Numerous investigations have shown that Alzheimer’s suf-
ferers’ brains exhibit specific changes in particular neuro-
transmitter systems. The cholinergic system, which is the
foundation of AD, is affected by the most notable abnor-
malities arising from these modifications. It is still unclear
exactly what causes AD and how it progresses. The cholin-
ergic hypothesis serves as the foundation for symptomatic
treatment, which aims to improve cognitive performance
in AD by enhancing central cholinergic function.®" Pri-
marily associated with the cholinergic hypothesis, AD is
connected to cholinesterases, which include AChE and
choline acetyltransferase (ChAT) enzymes. The biochem-
ical properties of cholinesterases in the AD brain are
sensitive to inhibitors, altering the optimal pH of the brain
and causing differences from the normal brain. Therefore,
agents that inhibit cholinesterase can offer selective advan-
tages over AChEIs.%” Studies have indicated a positive
association between common drugs and methods of AChE
inhibition in laboratory animals and humans with AD.%

850807 SUOWIWOD aA1e1D 3|qedlidde aup Aq peusenob ae sspiie YO ‘88N JO SejnJ 10y ArIqiT8uIIUO /8|1 UO (SUOTPUCD-pUR-SLUB) D" A8 | 1M ATeIq 1 BUl UO//:SANY) SUORIPUOD pue Swid | 84 885 *[6Z02/2T/S0] Uo AiqiTauliuo A1 ‘Iedepa U/es X 10e|1g Aq 6652 Geq/Z00T OT/I0p/W0D" A8 im AeIq Ul U0 quIgn //:Sdny Woly papeo|umod ‘G ‘v20z ‘t280L4T



14708744, 2024, 5, Downloaded from https://iubmb.onlinelibrary.wiley.com/doi/10.1002/bab.2599 by Bilecik Seyh Edebali, Wiley Online Library on [05/12/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

o
[
-
=

QULIOR],

*(€ "Xeur) 221y} JO [N S,UASUAZIO[ JO SUOTJB[OIA JO I9qUINU PUE ‘(4 "XBU) JALJ JO S[NI m._v_mc_&ww_
JO suone[o1A Jo Iaquinu ‘(0'00Z-0"L ‘VSd) swoje uaghxo pue usSoniu rejod Jo BaIe 90BJINS S[RBA I9P UBA ‘(%08< YSIY ‘100d %Sz> ‘YOH) uondiosqe [e1o uewny ‘(s'1 03 §'T— ‘eSYNS0[J0)) urwunge wWnids uewny o}
Surpuiq jo uonorpaid (8-1 {qeIduix) SUOTIOBI dI[0qeIdW A[YI] JO Joquunu ‘(0 T— 03 0'8— ‘d3So1dO) Liiqesurrad urys ((00s< 18213 100d 57> DANIJOD) S/wu ur Arpiqesurtad 190 YDA juaredde (z'1 03 0°¢— ‘ggS0[dD)
JuadIFe02 uonIed poojq/ureiq {(00s< 1ea1s rood gz> (00eDJJD) S/wu ur Ajiqesurtad [[99 z-00e) juaredde (g0 03 S'9— ‘SS0[dO) L1Iqn]os snoanbe (5’9 0] 07— ‘m/0d301J0) 1UAIO1IFo00 uonnIed 19)eM/[OURII0 (0'SH
-0t ‘mdSo1d0) 1usroyzeod uonnied sed/11em {(0°se-0'8 1904S0[dD) U100 uonnIed sed/joue3do ((0'81-0'f 9TDdS01d0) JulILFe0d uonned sed/suedopexay (0'0z-0'7 ‘gHIdOdR) uonN[os snoanbe ue Ul SANII[OW

I9)em woiy anjos 9y} £q pa3dadoe aq prnom Jey) spuoq ugo1pAy Jo requinu (0900 ‘gHIOUOpP) UOHN]OS SNOINDE Uk UT SO[NI[OW 19)eM 03 N[0S A} AQ PAIBUOP 2q PInom Jey} spuoq uagoIpAy jo 1equinu ‘(0°0007—0"00S
fawn[oA) SNIPEI Y T € 3Im dqoxd e Sursn swons3ue d1qnd Ul SWNJOA S[qISSAIIL-JUSAOS [€30} ‘(0°000T~ 0°00€ ‘VSV'S) BTe S0BJINS J[QISSIIIE JUIAJOS [30 (§ZI-0'T 2[odIp) punodwod 2y} Jo yuswowr dodip paynduwrod
“(0°S2L-0"0<T ‘MIA) punodwod 343 Jo JYSIom Te[nOJ[OW (JAIIE 7+ “DAIOBUI Z— ‘SND) AIATIOB WIISAS SNOAIDU [BIUD (7—0 ‘DJA#) SdNOIT [RUOIOUNJ SATIOBII JO JIqUINU ‘(S—( STIS#) "SNIP UMOUY I0J SON[BA IR[IWIS JO
aguer %66 9Y) dpISINO [TeJ 1y} sanfea 103d1rosap Jo Aj1adoid Jo 1oquuinu se yons ‘pajorpaid a1om YoIeasal Sy} ul spunoduwod pazIsajuAs jo s1ojourered onaurjooeurreyd pue orwreuipooewreyd feuoneindwiod SNOLIBA ,
81—
0 0 e 001 o € 8ST 00 1I¢6C Te— 9C 9 L01 69 4 ST 660L LOtY v €861 ! 0 0 (VHL
0 0 865 08 60— 0 iy €0— 6v8 80— T0 9 88 'S 14 0 9¢vS S8 SL TPl 0 0 © qr
vv—
0 0 606 09 S1I— 0 LL 60— 08I S0 ¢1— L'8 06 9'¢ 9 0 L0Ts L9gg v 1891 - C € 81
0 0 V68 9 €1- 0 SIT 80— 6SC €0— LO0— S8 S L'S 9 0 9IS 679 €0l TO08T - 0 @ JI
€v—
0 0 8'C6 09 ¢S1— 0 L8 80— 00¢ o  ¢€1— L'8 06 9'¢ 9 0 V9IS +v'zee LY T891 - 0 ¢ 91
0 0 9¢I1 LS VI— 0 9 TIl— I 20— ¢1— T 0°ST V'L 8 0 VCIL ¢S¢eev 8Tl T¥hC = 0 © PI
9'v—
0 0 9f¢Il sS 91— 0 Ly Tl— (418 v'0 S1— ¢Ir 811 €L 8 0 T6S9 9T0v 90 T'TeT - 0 14 o1
0 0 ¢veln s 91— 0 & T— €01 €0  S1I— ¢Ir |48 €L 8 0 €799 TS0y e Teee — C € qI
SCT—
0 0 98 98 L'0— 0 YIS €0— 9¢0T ¢€1— 60 T'L 8’8 L9 14 0 T909 TLLE 0 700t 0 0 € el
93IY]l oAl VSd VOH esyy qeibiSerDANd gg8of 008Dd  SSof m/og Mmd 3004 910d qa4H dRWNoA VSVS [0 MIN SND RLI S.I ar
Jo Jo Sof ow#-ddD -dO -dO -dO -dO dooe -diq -A) I -RISH
oy oMy -do -301d0 -S01d40 -S01d0 -S01dO -I0uop -punoduwo)
*QULIOE] 103IQIYUI Q0URI9JA1 pasn A[[ed1ul[d pue (Y-e[) soAneAlIap suoumnbeliyjue pue suournboyjydeu swos jo ,s191ouwrered pajefpl-gINAY ¢ ATIV.L




) Charged (negative)
3 Charged (positive)

) Charged (negative)
— Saltbridge 3 Charged (positive)
Solvent exposure Gycine
ation Hydrophobic
) Metal

FIGURE 8

Distance

~ H-bond — saltbridge
Halogen bond Solvent exposure

Metal coordination

Pi-Pi stacking

) Charged (negative)
— Salt bridge 3 Charged (positive)
Solvent exposure Glycine

Hydrophobic
) Metal

The binding sites of acetylcholinesterase (AChE) (PDB: 4BDT) with the 3D and 2D docked poses of the

1,5-dihydroxyanthraquinone (1c) (left), 1,8-dihydroxy 3-methylanthraquinone (1d) (middle), and 5-hydroxy-1,4-naphthoquinone (1e) (right).

TABLE 3 Pharmacokinetic properties® of some naphthoquinone and anthraquinone derivatives (1a-h) and clinically used reference
inhibitor tacrine.

Compound GI BBB P-gp CYP inhibitor

ID absorption  permeant substrate = CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4

la High Yes No Yes Yes No No No

1b High Yes No Yes No No No Yes

1c High Yes No Yes No No No Yes

1d High Yes No Yes No No No Yes

le High Yes No No No No No No

1f High Yes No Yes No No No No

1g High Yes No Yes No No No No

1h High Yes No Yes No No No No

THA High Yes Yes Yes No No No Yes

Abbreviations: CYP, cytochromes P450; GI, gastrointestinal; MW, molecular weight; THA, tacrine.

*Various pharmacokinetic parameters, such as the GI absorption, human gastrointestinal absorption; BBB permeant, blood-brain barrier permeation; P-gp sub-
strate, prediction of being substrate or non-substrate of P-glycoprotein; CYP inhibitor, prediction of being inhibitor or non-inhibitor of cytochromes P450 five major
isoforms (CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4); and log K,,, prediction of the skin permeability coefficient of targeted compounds in this research, were

predicted using SwissADME platform.

AChE is primarily responsible for the quick hydrolysis
of ACh in the presynaptic area, which lowers the concen-
tration of ACh and stops nerve impulses from being sent
in cholinergic synapses. As a result, AChEIs, which reduce
or completely block acetylcholine hydrolysis, are essential
for treating a wide range of illnesses. Currently, a number
of synthetic medications known as AChEIs, such as THA,
rivastigmine, and donepezil, are used in clinical settings
to treat cognitive impairment and memory loss linked to
AD.%* Data from the literature suggest that a variety of neg-
ative effects are linked to synthetic AChEIs that are often
employed in therapeutic settings. Sulfonamides, on the
other hand, are said to not cause these negative effects.®

As a result, sulfonamides are valued in the context of AD
as a noteworthy class of bioactive chemicals with a variety
of biological effects.®®

Free radicals are significant because they both directly
and indirectly influence how many diseases occur.%”:%
According to reports, oxidative stress is linked to numer-
ous illnesses of the respiratory and urinary systems, as
well as neurological system problems, cancer, diabetes,
atherosclerosis, and myocardial infarction.” A number
of research on this topic have found that as people
age, their lipid peroxidation increases and their enzyme
activity significantly shifts.”” Among the factors contribut-
ing to the body’s increased production of free oxygen
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TABLE 4 Drug-likeness descriptors® of some naphthoquinone and anthraquinone derivatives (1a-h) and clinically used reference
inhibitor tacrine.

Compound Bioavailability
ID Ghose Veber Egan Muegge score
la Yes Yes Yes Yes 0.55
1b Yes Yes Yes Yes 0.55
1c Yes Yes Yes Yes 0.55
1d Yes Yes Yes Yes 0.55
le No; 1 violation: Yes Yes No; 1 violation: 0.55
atoms <20 MW <200
1f Yes Yes Yes No; 1 violation: 0.55
MW <200
1g No; 1 violation: Yes Yes No; 1 violation: 0.85
atoms <20 MW <200
1h Yes Yes Yes No; 1 violation: 0.55
MW <200
THA Yes Yes Yes No; 1 violation: 0.55
MW <200

Abbreviations: MW, molecular weight; THA, tacrine.
2Drug-likeness parameters, such as the Ghose (Amgen), Veber (GSK), Egan (Pharmacia), and Muegge (Bayer) methods and bioavailability score (Abbot) of targeted
compounds in this research, were predicted using SwissADME platform.

TABLE 5 Medicinal chemistry pattern recognition methods® of some naphthoquinone and anthraquinone derivatives (1a-h) and
clinically used reference inhibitor tacrine.

Compounds

ID PAINS Brenk Lead-likeness SA score

la 1 Alert 0 Alert No; 1 violation: 2.07
MW <250

1b 2 Alerts 1 Alert No; 1 violation: 2.35
MW <250

1c 1 Alert 0 Alert No; 2 violations: 2.31
MW <250,
XLOGP3 >3.5

1d 1 Alert 0 Alert No; 1 violation: 2.47
XLOGP3 >3.5

le 1 Alert 0 Alert No; 1 violation: 2.31
MW <250

1f 2 Alerts 0 Alert No; 1 violation: 2.41
MW <250

1g 1 Alert 0 Alert No; 1 violation: 2.42
MW <250

1h 1 Alert 0 Alert No; 1 violation: 2.37
MW <250

THA 0 Alert 0 Alert No; 1 violation: 2.08
MW >350

Abbreviations: MW, molecular weight; THA, tacrine.

2Medicinal chemistry pattern recognition method, such as the PAINS, pan assay interference structure alert filter; Brenk, structural alert filter; Lead-likeness, lead-
likeness criteria; and SA score, synthetic accessibility score (ranges from 1: very easy, to 10: very difficult) of targeted compounds in this research, were predicted
using SwisSADME platform.
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radicals are stress, alcohol, cigarettes, obesity, and air pol-
lution. Both cellular enzymatic antioxidant systems and
non-enzymatic antioxidant mechanisms can neutralize
reactive oxygen species (ROS).”7?

Quinones are compounds engaging in redox cycling
processes within cellular systems, leading to their degra-
dation and the generation of a semi-cell (bearing a single
electron), subsequently forming hydroquinone (carrying
two electrons). The reduction of quinone by nicotinamide
adenine dinucleotide 2’-phosphate (NADPH): cytochrome
p450 reductase involves the transfer of a single electron.
The semiquinone undergoes oxidation back to quinone in
the presence of oxygen (O,), resulting in the reduction of
0, and the production of ROS.”>”* Nonetheless, NAD(P)H
quinone dehydrogenase 1 utilizes either NADPH or NADH
as electron donors and facilitates the reduction of quinone
(involving two electrons) to hydroquinone, resulting in
the production of ROS. In pathological conditions, a shift
toward a preoxidative state occurs due to a reduction
in antioxidant mechanisms, an elevation in preoxidation
markers, or both. The sustained elevation of oxidative
stress may lead to tissue and cellular damage through
various mechanisms, including lipid peroxidation, DNA
damage, and protein damage’ (Figure 7).

Medicines known as AChEIs are the first class of drugs
used to treat AD, glaucoma, myasthenia gravis, and other
neuromuscular conditions. But there is a catch: when
acetylcholine (ACh) levels rise, the symptoms of these con-
ditions get worse. As a result, there is a great deal of focus
on the investigation of new AChEIs in an effort to advance
the care of these illnesses.”>”’

In line with this information, the effects of some naph-
thoquinones and anthraquinones on the AChE enzyme
were examined in vitro by comparing them with the ref-
erence drug THA. Table 1 provides a summary of the
quinones inhibitory results. In this study, K; parameters
of quinone derivatives were determined by Lineweaver—
Burk plots. The AChE enzyme was inhibited by all
quinones at nanomolar (nM) levels; the range of Kj
values was 54.81 + 7.59 to 155.60 + 21.48 nM. THA,
the reference standard agent, had a Kj value of 155.29
+ 0.82 uM. In the results, it was determined that 1c
with Kj values of 34.54 + 3.88 nM had the highest
inhibitory effect compared to other quinone derivatives
(Table 1).

According to the inhibition types determined for
quinone derivatives, both naphthoquinones and
anthraquinones exhibited competitive inhibition. Ana-
lyzing these findings, it is evident that the compounds
under examination can bind to either the free enzyme or
the enzyme-substrate complex, thereby inducing enzyme
inhibition. Additionally, it is observed that hydroxy groups
exert a notable inhibitory effect in 1c. It was noted that

the chemical structures of both naphthoquinones and
anthraquinones, subjects of the inhibition study, were
precisely identical, except for the groups attached to the
ring structure. However, their inhibition rates exhib-
ited significant differences. When compared according
to IC5, values, compound 1lc showed more inhibition
effect than others. In light of this observation, it can be
inferred that the presence of hydroxy groups attached to
the anthraquinone structure imparts a potent inhibitory
effect on the AChE enzyme. Besides the ICs, values, Kj
values were determined for each inhibitor. In this regard,
it was discovered that the quinones’ inhibitory strength
sequence was as follows: 1,5-dihydroxyanthraquinone
(1¢) > 1,8-dihydroxy-3-methylanthraquinone
(1d) >  5-hydroxy-1,4-naphthoquinone (1le) >
anthraquinone (1a) > 2-hydroxy-1,4-naphthoquinone
(1g) > 5-hydroxy-2-methyl-1,4-naphthoquinone
(1) > 1,2-dihydroxyanthraquinone (1b) >
2-methyl-1,4-naphthoquinone (1h).

To better understand the interaction of the
anthraquinones (la-d) and naphthoquinones (le-h)
with 4BDT, the most potent AChEIs 1c, 1d, and 1e were
docked in the binding sites of this enzyme. For the redock-
ing computation, the structure of the crystal ligand, HUW
(PubChem Ref.: 71463576, Huprine W) in the active site
was used. The docked pose of HUW overlapped with the
pose in the x-ray crystal structure (PDB ID: 4BDT)* at a
root mean square deviation (RMSD) value of 0.77 A. After
that, in the present docking study, the docking pattern of
HUW was compared with that of 1c (Kj: 34.54 + 3.88 nM),
1d (K;: 54.81 + 7.59 nM), and 1e (K;: 92.00 + 9.72 nM), the
most potent compounds in this series (1a-h). The binding
interactions of the inhibitors with ChE are displayed
in Figure 8. It is essential to emphasize and consider
that the conformations in Figure 8 are distinguished by
many diverse interactions, including but not limited to
hydrogen bonding and 7-7 stacking that transpire within
the corresponding enzyme-binding pockets. In simpler
terms, these particular conformations involve highly
complex and intricate molecular interactions between the
ligands and the enzyme-binding pockets, which in turn
serve to stabilize and maintain the ligands securely within
the confines of the pockets.

In pharmaceutical development, assessing the physic-
ochemical and pharmacokinetic properties of target
compounds through in silico methods holds great
importance.”®”” These methods serve as an invaluable
tool in creating and advancing novel drug molecules.
To comprehensively evaluate drug-likeness in these
naphthoquinone and anthraquinone derivatives (1a-h),
a meticulous analysis was conducted utilizing in sil-
ico physiochemical properties and ADME predictions
for all compounds (la-h). The QikProp module of
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FIGURE 9 Diagrams showing “drug-likeness” descriptors for some naphthoquinone and anthraquinone derivatives (1a-h) and

clinically used reference inhibitor tacrine. The red-colored zone has been identified as a feasible physicochemical domain to enhance oral
bioavailability. LIPO, lipophilicity; SIZE, molecular weight; POLAR, polarity; INSOLU, insolubility; INSATU, saturation; FLEX, flexibility.

the Schrodinger Suite®*®! and SwissADME platform®
was employed for this purpose. The findings from this
assessment have been meticulously compiled and are
presented in Tables 2-5 and Figure 9. A critical aspect of
this evaluation involved the calculation of the parameters
associated with Lipinski’s rule of five®® and Jorgensen’s
rule three,** which is widely recognized as a primary
criterion for predicting drug-likeness and the potential
for high oral absorption of a molecule. Remarkably, all
compounds (la-h) exhibited Lipinski’s and Jorgensen’s

rules, which are considered acceptable. This significant
discovery strongly suggests that these compounds possess
drug-like properties and hold great promise regarding
their potential to be developed into orally active drugs.

In recent times, there has been a substantial increase
in the number of studies focusing on the inhibition of
the AChE enzyme. In a study by Aydin et al.,* some
pyrimidine derivative compounds were synthesized, and
the inhibition effect of these synthesized compounds was
investigated. All of the compounds used in the study
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showed an inhibition effect at the nanomolar level. Tugrak
et al.®® synthesized imidazole-based benzenesulfonamide
derivatives and examined their inhibition effects and
determined that these compounds showed an inhibition
effect at the nanomolar level. Lolak et al.*” synthesized
sulfaguanidine (SG1-4) and sulfisoxazole (SO1-4) deriva-
tives and examined their inhibition effects and determined
that these compounds showed an inhibition effect at the
nanomolar level.

The progression of scientific knowledge has ushered in
anew era, particularly in the realms of medicine, genetics,
and various health disciplines. This advancement empow-
ers the elucidation of the developmental mechanisms
underlying diverse diseases, facilitating prompt and accu-
rate diagnoses and the initiation of necessary treatments.
The focal point of extensive research by scientists for many
years, this subject continues to be actively investigated.

Contemporary studies are extensively focused on pro-
teins, particularly in the fields of antibodies, vaccines,
natural interferons, and various metabolic enzymes. These
components play pivotal roles in numerous disease pro-
cesses. The insights gained from these studies have found
applications in various fields, with medicine being a pri-
mary beneficiary. The ongoing exploration and utilization
of these products underscore the dynamic and evolving
landscape of scientific and medical research.®®

4 | CONCLUSIONS

A number of quinones and their derivatives were more
effective than standard compounds used as selective
AChEIs. As a result, the study may provide promising
information for the synthesis of alternative molecules to
inhibitory drugs used in the treatment of diseases, due
to their effects in removing free radicals that cause cel-
lular damage and their inhibitory capacity on metabolic
enzymes. More effective drugs can be obtained in line
with the results of some studies researched in our labo-
ratories. Additionally, these compounds may attract more
attention due to their dystopic interactions on the tar-
geted enzyme. This research holds particular promise
for advancing treatment options in the context of AD,
and may open doors to the development of innovative
pharmaceutical interventions.
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