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h base derivatives: synthesis,
antimalarial activities against Plasmodium
knowlesi, and molecular docking analysis†
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Ling,d Nurlaili,a Beta Achromi Nurohmah,e Hani Kartini Agustar,f Lau Yee Lingd

and Jalifah Latip *b

Development and discovery of new antimalarial drugs are needed to overcome the multi-resistance of

Plasmodium parasites to commercially available drugs. Modifying the substitutions on the amine groups

has been shown to increase antimalarial activities and decrease cross-resistance with chloroquine. In this

study, we have synthesized several chalcone derivatives via the substitution of aminoalkyl groups into the

aromatic chalcone ring using the Mannich-type reaction. The chalcone derivatives were evaluated for

their antimalarial properties against Plasmodium knowlesi A1H1 and P. falciparum 3D7, as well as their

molecular docking on Plasmodium falciparum dihydrofolate reductases-thymidylate synthase (PfDHFR-

TS). Data from in vitro evaluation showed that chalcone Mannich-type base derivatives 2a, 2e, and 2h

displayed potential antimalarial activities against P. knowlesi with EC50 of 2.64, 2.98, and 0.10 mM,

respectively, and P. falciparum 3D7 with EC50 of 0.08, 2.69, and 0.15 mM, respectively. The synthesized

compounds 2a, 2e, and 2h exerted high selectivity index (SI > 10) values on the A1H1 and 3D7 strains.

The molecular docking analysis on PfDHFR-TS supported the in vitro assay of 2a, 2e, and 2h by

displaying CDOCKER energy of −48.224, −43.292, and −45.851 kcal mol−1. Therefore, the evidence

obtained here supports that PfDHFR-TS is a putative molecular target for the synthesized compound.
Introduction

Malaria is an infectious disease caused by protozoa parasites of
the genus Plasmodium like P. falciparum and P. knowlesi, which
can be transmitted through the bite of the female Anopheles spp.
mosquito. According to the World Health Organization (WHO),
malaria cases reached 247 million and approximately 619 000
malaria deaths occurred globally in 2021. Southeast Asia has the
second highest cases of malaria globally.1,2 The high incidence
rate of P. falciparum in Southeast Asia countries is expected due
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to gene mutation in the parasite which develops resistance to
major antimalarial drugs such as chloroquine, artemisinin, and
several new antimalarial compounds such as dihy-
droisoquinolones, spiroindolones, and pyrazoles.3–5 Although
many studies have been conducted to assess the effectiveness of
artemisinin derivatives6 as antimalarial agents, it is notable that
N-sulfonylpiperidinedispiro-1,2,4,5-tetraoxane analogs demon-
strate promising antimalarial properties during in vivo evalua-
tions.7 Dispiro-tetraoxanes, synthetic peroxides, known for their
efficacy against drug-resistant P. falciparum, have been dis-
cussed by Yadav et al.8 A signicant drawback of relying on
artemisinin derivatives as a sole treatment is the heightened
occurrence of late-stage parasite recrudescence.4 Hence,
exploring a single class of drugs with a specic mechanism of
action to prevent mutation is insufficient in addressingmalarial
infection.

One gene mutation that commonly occurs is at dihydrofolate
reductase-thymidylate synthase of Plasmodium falciparum
(PfDHFR-TS), a well-known target for the antifolate drugs such
as pyrimethamine and cycloguanil. The targeted gene is crucial
to produce folates and thymidylate (dTMP) required for DNA
synthesis in the malarial parasite.9 The emergence of antifolate
resistance in PfDHFR-TS is an urgent issue that needs to be
encountered for antimalarial medication. Therefore, the rise in
malaria cases linked to P. falciparum resistance highlights the
RSC Adv., 2023, 13, 36035–36047 | 36035
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importance of continual research, especially the heightened
emphasis on discovering novel antimalarial drugs.

Chalcone is one of the natural compounds that are active as
an antimalarial.10–12 The activity of the chalcone compound
comes from the functional groups attached to the aromatic ring
and the alpha–beta unsaturated ketone bridge that connects the
two rings. The alpha–beta unsaturated ketone moiety in chal-
cone is considered a Michael acceptor. This conjugated double
bond makes chalcone compounds have a mechanism for elec-
tron transfer. These properties also make chalcone-derived
compounds possess many activities, such as antimalarial13–16

(Fig. 1), anticancer,17–19 anti-inammatory,20,21 antibacterial,22–24

antioxidants,25,26 antidiabetic,27,28 antigiardial,29 and antileu-
kemic.30 Chalcone derivatives with a substituent secondary
amine group could be proposed to increase the antimalarial
activity.31,32

In the study of Structure–Activity Relationship (SAR) anal-
ysis, it is known that most of the commercially available anti-
malarial drugs contain the amine group.33 This fact justies that
the amine group plays an important role in antimalarial activity.
According to Suwito et al.,13 amines can form electrostatic
interactions with carbonyl groups in a protein of the Plasmo-
dium parasite, which can kill the parasite.13 In our previous
study, adding aminoalkylated such as morpholine, piperidine,
and diethylamine on chalcone signicantly enhanced the anti-
malarial activity with IC50 values in a range of 0.54 to 1.12 mM
against P. falciparum 3D7, compared with the chalcone without
amine group.34 A prenylated and allylated chalcone showed the
best IC50 values of 1.08 and 1.73 mg mL−1, respectively against
the P. falciparum 3D7 strain.14 In addition, we previously
synthesized and assessed a series of chalcone derivatives in
Fig. 1 Chalcone derivatives possessed antimalarial properties.15,18

36036 | RSC Adv., 2023, 13, 36035–36047
which one of them substituted with the piperidine moiety
showed an IC50 value of 0.54 mM and was categorized as having
potential antiplasmodial candidate.32

In this study, the substitution of aminoalkyl groups into the
aromatic chalcone ring was prepared using the Mannich-type
reaction and studied for the rst time against P. knowlesi and
P. falciparum. The aminoalkyl groups used are piperidine,
methyl piperidine, morpholine, and dimethylamine. All chal-
cone Mannich-type base derivatives were tested for drug
susceptibility test against the zoonotic parasite P. knowlesi,
and non-zoonotic parasite P. falciparum in vitro evaluation and
followed by molecular docking on PfDHFR-TS and ADMET
analyses. We proposed that the presence of an amine group
could increase the antimalarial activity of the chalcone
compounds. The present study is crucial to obtain insights
into the crucial role of the amine group in chalcone derivatives
to prevent the emergence of antifolate resistance and malarial
transmission.
Results and discussion
Synthesis of aminoalkylated chalcone derivatives

The prepared chalcones 1(a–d) were obtained in a good yield via
Claisen–Schmidt aldol condensation. Meanwhile, we also
successfully synthesized the aminoalkylated-chalcones 2(a–h)
from chalcone 1(a–d) by term Mannich-type reaction to
substitute some aminoalkyl groups (Fig. 2). The spectroscopy
analysis (1H-NMR, 13C-NMR, and MS) dened the structure of
the desired products. The chemical structures of the synthe-
sized derivatives are depicted in Fig. 3.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Reaction scheme of aminoalkylated chalcones derivatives 1(a–d) and 2(a–h) from substituted-benzaldehyde and substituted-aceto-
phenone. (i) Kalium hydroxide (60%), ethanol, stir at room temperature (RT) overnight; (ii) aminoalkyl groups, formaldehyde, ethanol, stir for 20
hours. R, R1, R2 = functional group from aldehyde and ketone; R3 = aminoalkyl groups.

Fig. 3 Molecular structures of synthesized chalcones (1a–1d, yield in %) and aminoalkylated chalcones derivatives (2a–2h, yield in %).
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Antimalarial activities against P. knowlesi A1H1 and P.
falciparum 3D7

The in vitro antimalarial activity assay was performed against
the P. knowlesi A1H1 and P. falciparum 3D7 strains using Plas-
modium lactate dehydrogenase assay (pLDH). The ndings in
EC50 values (mM) against the P. knowlesi A1H1 and P. falciparum
3D7 are presented in Table 1. Based on the result in Table 1,
from 12 synthesized derivatives, chalcone derivatives 2h
possessed potent parasite inhibition against P. knowlesi A1H1
with the EC50 value in micromolar concentration (0.10 mM) as
compared to other compounds. Chalcone derivatives 2a, 2d, 2e,
and 2f exhibited active inhibition against the A1H1 strain with
EC50 values of 2.64, 11.98, 2.98, and 19.91 mM respectively. The
other seven chalcone derivatives were determined to have
moderate antimalarial activities against the A1H1 strain. In
© 2023 The Author(s). Published by the Royal Society of Chemistry
addition, chalcone derivatives 2a and 2h were classied to have
potential antimalarial activities with EC50 of 0.08 and 0.15 mM,
respectively against P. falciparum 3D7, while 2d, 2e, and 2f
exerted good antimalarial activities with EC50 values of 5.97,
2.69, and 17.03 mM respectively. The other synthesized chalcone
derivatives gave moderate parasite inhibitory effects against the
3D7 strain. The antimalarial threshold activities are determined
as follows, EC50 < 1 mM as potential activity, 2–20 mM as active/
good activity, 21–100 mM as moderate activity, 101–200 as weak
activity, and EC50 > 201 as inactive.34–36 The EC50 values for the
reference antimalarial drug, chloroquine diphosphate (CQ) 0.04
mM for P. knowlesi A1H1 and 0.0018 mM for P. falciparum 3D7 in
line with its usage as the frontline drug for treating malarial
infection. The EC50 value of 2a against the A1H1 strain was
about 66-fold higher than CQ, while the EC50 value of 2a against
RSC Adv., 2023, 13, 36035–36047 | 36037
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Table 1 Antimalarial and cytotoxic activities of chalcone Mannich-type base derivativesa

Test compound
P. knowlesi A1H1
(CQ-sensitive) EC50 (mM) � SD

P. falciparum 3D7
(CQ-sensitive) EC50 (mM) � SD

WRL-68 cell
(mammalian cell) IC50 (mM) � SD

Selectivity index ðSIÞ;�
IC50 MTT
EC50 pLDH

�

P. knowlesi P. falciparum

1a 29.00 � 0.61 26.07 � 0.03 38.94 � 8.01 1.34 1.50
1b 78.91 � 0.36 >41.28 11.10 � 7.97 0.14 0.27
1c 35.53 � 3.88 >38.66 18.50 � 6.40 0.52 0.48
1d 36.84 � 6.27 >38.66 11.44 � 7.04 0.31 0.30
2a 2.64 � 1.74 0.08 � 0.01 27.65 � 6.47 10.50 345.63
2b 24.64 � 3.94 >29.29 16.13 � 6.76 0.65 0.55
2c 21.06 � 2.12 >29.46 22.94 � 5.97 1.09 0.78
2d 11.98 � 0.66 5.97 � 0.02 10.37 � 7.64 0.89 1.74
2e 2.98 � 0.14 2.69 � 0.02 138.34 � 7.81 46.42 51.42
2f 19.91 � 2.11 17.04 � 0.02 80.65 � 7.19 4.10 4.73
2g 31.84 � 0.30 27.54 � 0.23 14.76 � 6.37 0.47 0.54
2h 0.10 � 0.05 0.15 � 0.03 >99.00 990 660
CQ 0.04 � 0.001 0.0018 � 0.0008 102.82 � 0.24 >2500 >2500

a CQ: chloroquine diphosphate, EC50: half-maximal effective concentration, IC50: half-maximal inhibition concentration, SD: standard deviation,
nd: not determined.

Table 2 Computational prediction of CDOCKER energy (kcal mol−1)
of chalcone derivatives (2a, 2e, and 2h) on PfDHFR-TS

Compounds
CDOCKER energy
(kcal mol−1) Hydrogen-bonding

2a −48.224 Ile164, Ala16, Cys15, Ser108, Gly166
2e −43.292 Ile164, Ala16, Cys15, Tyr170
2h −45.851 Ile164, Tyr170, Ser111, Ile112
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3D7 was about 48-fold higher than CQ. In addition, the EC50

value of 2e against the A1H1 strain was about 75-fold higher
than CQ, while the EC50 value of 2e against 3D7 was about 1400-
fold higher than CQ. A high potency of 2h was seen as the EC50

value against A1H1 was about 3-fold higher than CQ, and 83-
fold higher than CQ in 3D7 infection. Thus, chalcone deriva-
tives 2a, 2e, and 2h possessed promising antimalarial activities
against A1H1 and 3D7 strains.

Structural-based analysis was also performed to determine
the best substituents in chalcone derivatives that give the best
candidate as antimalarial. In these ndings, we postulated that
the addition of an aminoalkyl group to chalcone could increase
antimalarial efficacy. The addition of aminoalkyl groups such as
piperidine, methyl piperidine, and diethylamine was proposed
could increase antimalarial activity as discovered in this study.
This can be seen from the presence of piperidine moiety in
chalcone derivative 2a which has better antimalarial activity
(EC50 of 0.08 mM) against P. falciparum 3D7 than compound 1a
(EC50 of 26.06 mM). Similarly, the addition of the aminoalkyl
group, dimethylamine in chalcone derivative 2e increased the
antimalarial activity from chalcone derivative 1c with a reduc-
tion in EC50 value from 38.66 to 2.69 mM can be observed. In
addition, the antimalarial effect can be better identied in
chalcone derivative 2a (with piperidine moiety) against P.
knowlesi A1H1 compared to 1a, which showed a lower EC50

value was observed in chalcone derivative 2a (2.64 mM). The
addition of the aminoalkyl group, dimethylamine in chalcone
derivative 2e also affected the antimalarial efficacy by lowering
the EC50 value of chalcone derivative 1c from 35.5 to 2.98 mM
(2e). The addition of piperidine moiety and bromide in chal-
cone derivative 2h enhanced the antimalarial efficacy of the
compound against P. knowlesi A1H1 and P. falciparum 3D7.
Thus, this result indicates that the aminoalkyl group does play
a very important role in the antimalarial activity.
36038 | RSC Adv., 2023, 13, 36035–36047
Cytotoxic activities against WRL-68 mammalian cells and
selectivity indexes

The ndings of the cytotoxicity assay (MTT) against the WRL-68
mammalian cell line revealed that all twelve chalcone deriva-
tives did not show any strong toxicity effect in vitro (Table 1).
The IC50 values of all compounds were determined in the range
of 10 to 80 mM, suggesting the compounds were moderately
toxic to the cell line. Chalcone derivatives 2e and 2h were
considered non-toxic with IC50 more than 100 mM. The
threshold level for cytotoxic effect was referred to as compounds
with IC50 values lower than 10 mMwere classied as highly toxic
to mammalian cells.37,38 Based on the cytotoxic and antimalarial
data, we further calculated the selectivity indexes (SI) of the
chalcone derivatives to test the efficacy of the synthesized
compounds as antimalarials and their pharmacological prop-
erties as safe drugs. For in vitro evaluation against P. knowlesi
A1H1, chalcone derivatives 2a, 2e, and 2h exerted SI values of
more than 10. The high SI values (SI= 10 to 990) shown by these
compounds explained the antimalarial efficacy of these
compounds as selective inhibition toward the P. knowlesi A1H1.
In addition, for in vitro assessment against P. falciparum 3D7,
2a, 2e, and 2h had SI values greater than 10 (SI = 51 to 660),
indicating that their pharmacological potential exceeded that of
selective and safe drugs. Other compounds exhibited low SI
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Visualization of the interaction (2-dimensional and 3-dimensional) among (a) chalcone derivative 2a, (b) chalcone derivative 2e, and (c)
chalcone derivative 2hwith PfDHFR-TS. The atom coloring scheme is as follows: carbons in grey, oxygen in red, and nitrogen in blue. Green lines
represent hydrogen-bonding interactions, while the pink line represents p-bonding interactions.
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values (SI < 10) indicating that the compounds had higher
cytotoxic properties and lower parasite inhibition effect as
compared to 2a, 2e, and 2h. The antimalarial properties of 2a,
2e, and 2h are almost comparable for both parasite strains. This
might be caused by both parasite strains being sensitive strains
that do not develop into multidrug-resistant varieties.

From all tested chalcone derivatives, we would like to suggest
2a, 2e, and 2h are the most promising antimalarial candidate
against both the zoonotic parasite, P. knowlesi, and non-
© 2023 The Author(s). Published by the Royal Society of Chemistry
zoonotic parasite, P. falciparum due to their active inhibition
of both strains according to their low EC50 antimalarial values,
high IC50 cytotoxic values as well as high SI values. These
ndings are in accordance with our postulation that the addi-
tion of an aminoalkyl group to chalcone could increase the
parasite inhibitory effect. The presence of piperidine moiety in
chalcone derivatives 2a, and 2h, and the addition of the ami-
noalkyl group, dimethylamine in chalcone derivative 2e
increased the antimalarial activities of both compounds against
RSC Adv., 2023, 13, 36035–36047 | 36039
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P. knowlesi and P. falciparum. These ndings further justify that
the substitution of the amine group in chalcone derivatives
could enhance the antimalarial efficacy of the compounds. A
series of synthesized chalcone derivatives in our previous study
such as chalcone derivatives added with morpholine, diethyl-
amine, and piperidine moieties produced almost similar para-
site inhibitory effect against P. falciparum 3D7.11,32,33 However,
the antimalarial properties of (E)-1-(4-uorophenyl)-3-(3-
hydroxy-4-(piperidin-1-ylmethyl)phenyl)prop-2-en-1-one (2a),
(E)-1-(4-chlorophenyl)-3-(3-dimethylamino)-(4-hydroxyphenyl)
prop-2-en-1-one (2e), and (E)-1-(4-bromophenyl)-3-(3-hydroxy-4-
(piperidin-1-ylmethyl)phenyl)prop-2-en-1-one (2h) against P.
knowlesi, and P. falciparum are the rst report so far.

Molecular docking analysis

Themolecular docking result showed that chalcones 2a, 2e, and
2h have CDOCKER energy of −48.224, −43.292, and
−45.851 kcal mol−1 (Table 2) (Fig. 4a–c), apparently higher than
the co-crystal inhibitor WR9910 with −54.320 kcal mol−1.39 The
re-docking process of the PfDHFR-TS–WR99210 complex
showed interaction with Ala16, Ile164, Phe58, Tyr170, Ser108,
Ile14, Asp54, Cys15, Leu164, and Met55. Meanwhile, the
molecular docking result of chalcones 2a, 2e, and 2h in Table 2
displayed interaction with the common active site residues of
the re-docking of the co-crystal inhibitor WR9910. Compounds
2a, 2e, and 2h have functional groups are –OH; halogen
substituent (F, Cl, and Br); enolates; amines; and two benzene
rings. The –OH group plays an important role in the formation
of interaction via hydrogen bonds. In addition, the substituted
Fig. 5 A plausible mechanism of action of the synthesized chalcone de

36040 | RSC Adv., 2023, 13, 36035–36047
halogen and aminoalkyl groups also take part in the interaction
by forming hydrogen bonds. The presence of enolates and
benzene rings will result in p-bonds with amino acids in
PfDHFR-TS resistance (Fig. 5).

In our previous study, we mentioned that a previously
synthesized chalcone derivative with piperidine moiety showed
not only in vitro activity but also in silico computational properties
proven by its best hydrogen bond interaction with Ile112, Ile64,
Ser111, Ser108, Asp54, Tyr170, and Pro113 residues on PfDHFR-
TS (CDOCKER energy = −48.84 kcal mol−1).32,33 Not only that,
the most active compound (E)-3-(3,4-dimethoxy phenyl)-1-(2-
hydroxy-4-methoxy-5-(prenyl)phenyl)-prop-2-en-1-one was
employed in the docking simulation showing perfect binding
with amino acids Ala16, Ser108, Ile164, Trp48, and Phe58 in
PfDHFR-TS.11 The in silico properties of these synthesized chal-
cone derivatives 2a, 2e, and 2h on PfDHFR-TS supported the in
vitro antimalarial effect. A similar effect can be observed in this
study where in silico properties of chalcone derivatives 2a, 2e, and
2h also corroborated with their in vitro antimalarial activities.

Physicochemical properties and ADMET analysis for chalcone
derivatives

Investigation of pharmacokinetic parameters is crucial in the
evaluation of drug candidates. It has been stated that the
development of chalcone derivatives as drug candidates has
some issues related to decreased bioavailability, low distribu-
tion, accelerated metabolism, and elimination.40 In this work,
further studies related to the drug-likeness and ADMET prop-
erties were only carried out on chalcones 2a, 2e, and 2h with
rivatives on malarial parasite.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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potential antimalarial activities against P. knowlesi and P. fal-
ciparum. Physicochemical properties of the prepared
compounds were revealed by following the Lipinski rule based
on the molecular weight (MW), number of hydrogen bond
acceptors (nHA), number of hydrogen bond donors (nHD), and
the logarithm of the n-octanol/water distribution (log P).
Therefore, without any violations of the Lipinski rule, chalcone
2a, 2e, and 2h were predicted to be orally bioavailable. Never-
theless, log P values that indicate lipophilicity parameters were
considered to be higher than the optimal values (0–3). This
result proposes that it could later affect the membrane perme-
ability and hydrophobic binding to macromolecules.
Table 3 Prediction of drug-likeness and ADMET parameters of chalcon

Parameters 2a

Drug-likeness
� Molecular weight 339.1
� H-bond acceptor 3
� H-bond donor 1
� Log P 3.982
� TPSA 40.54

A (absorption)
� Human intestinal absorption (HIA) – – (
� Caco-2 permeability (log cm s−1) −4.8
� P-glycoprotein inhibitor – (0.
� P-glycoprotein substrate – – –
� F20% – – (
� F30% – (0.

D (distribution)
� Plasma protein binding (PPB) (%) 98.10
� Blood–brain barrier penetration (BBB) (cm s−1) + (0.
� Volume distribution (L kg−1) 1.274
� Fu (%) 1.869

M (metabolism)
� CYP1A2 substrate + (0.
� CYP1A2 inhibitor ++ (0
� CYP2C19 substrate – – –
� CYP2C19 inhibitor + (0.
� CYP2C9 substrate – (0.
� CYP2C9 inhibitor – – (
� CYP2D6 substrate +++
� CYP2D6 inhibitor +++
� CYP3A4 substrate – – (
� CYP3A4 inhibitor – – (

E (excretion)*
� Half-time (t1/2) 0.093
� Clearance (mL min−1 kg−1) 11.93

T (toxicity)
� Human hepatotoxicity (H-HT) – (0.
� hERG blockers +++
� Rat oral acute toxicity ++ (0
� AMES toxicity – – (
� Drug-induced liver injury (DILI) ++ (0
� Carcinogenicity – (0.
� Acute oral toxicity (kg mol−1)* 2.751

a The symbol * indicates prediction using admetSAR 2.0 (https://lmmd.ec

© 2023 The Author(s). Published by the Royal Society of Chemistry
Absorption. The absorption of drugs was predicted based on
the membrane permeability showed by human intestinal
absorption (HIA), colon cancer cell lines (Caco-2), P-
glycoprotein inhibitor, P-glycoprotein substrate, and human
oral bioavailability (20% and 30%). Human intestinal absorp-
tion (HIA) for an oral drug is important. It can be seen, that
chalcone 2a, 2e, and 2h were considered to have good absorp-
tion with a prediction score between 0 to 0.3.

The human colon adenocarcinoma cell lines (Caco-2) have
been used to predict drug permeability. The prepared chalcones
2a, 2e, and 2h were considered to have a proper Caco-
permeability, as they have a predictive value of $5.15 log cm
s−1. P-glycoprotein (P-gp) is an efflux transmembrane protein
e derivatives 2a, 2e, and 2ha

2e 2h

60 315.100 399.080
3 3
1 1
3.692 4.568

0 40.540 40.540

0.012) – – – (0.005) – – – (0.021)
89 −4.6 −4.933
488) – – – (0.017) ++ (0.786)
(0.001) – – – (0.002) – – – (0.001)
0.293) – – – (0.001) – – – (0.009)
467) – – – (0.000) – – – (0.042)

9 96.399 97.796
502) + (0.604) – (0.478)

2.128 1.334
3.275 1.535

687) +++ (0.867) – (0.356)
.759) ++ (0.960) ++ (0.817)
(0.066) ++ (0.765) – – – (0.069)
591) – (0.308) ++ (0.757)
353) – (0.455) – (0.375)
0.137) – – – (0.065) – – (0.156)
(0.912) +++ (0.926) +++ (0.906)
(0.960) +++ (0.969) +++ (0.970)
0.255) – (0.445) – – (0.254)
0.183) – – – (0.047) – – (0.172)

0.612 0.128
6 12.620 4.691

330) + (0.512) – – (0.126)
(0.978) – (0.426) +++ (0.980)
.734) + (0.562) – (0.327)
0.108) – – (0.174) – – – (0.044)
.723) ++ (0.851) ++ (0.857)
350) – – (0.184) – – (0.278)

2.723 2.765

ust.edu.cn/admetsar2/, accessed on 1 January 2022).
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that is partly responsible for the clearance of medicines through
the hepatic and renal systems. The transport system of this
protein is possible to be induced or inhibited and might lead to
the interaction of medicine–medicine and medicine–food.
Therefore, it is important to assess the P-gp parameter, both for
the inhibitory and substrate of a compound in drug discovery.
According to Table 3, chalcone derivatives 2a, 2e, and 2h were
predicted to be a non-substrate of the P-glycoprotein (P-gp). In
addition, only chalcone 2h was the P-gp inhibitor.

Human oral bioavailability was assessed for both in 20 and
30%. Theoretically, bioavailability is presented as 100% when
a medication is administered straight into the bloodstream and
is usually completely used by the body.41 However, an orally
administrated drug might have decreased bioavailability.
Chalcone derivatives 2e and 2h were predicted to have a good
result by showing bioavailability $ 20 and 30% with predictive
values in the range of 0–0.3. Meanwhile, chalcone derivative 2a
was assessed to have good bioavailability of $20% and
moderate bioavailability of 30% (in the range of 0.3–0.7).

Distribution. The distribution of the drugs was predicted
based on the plasma protein binding (PBB), volume distribu-
tion (VD), blood–brain barrier (BBB) penetration, and the frac-
tion unbound in plasma (Fu) parameters. Plasma protein
binding (PPB) is related to the drug uptake and distribution that
might affect the oral bioavailability where the free concentra-
tion of the drug could decrease because a drug binds to serum
proteins. Table 3 shows that the prepared chalcone derivatives
2a, 2e, and 2h were classied as having poor PPB properties as
they have a predicted value of $90%.

The ADMET analysis showed that chalcone derivatives 2a,
2e, and 2h were categorized to have medium BBB parameters
with an empirical value between 0.3–0.7, indicating a little BBB
penetration. Meanwhile, the empirical VD value of chalcone
derivatives 2a, 2e, and 2h was in the range of 0.04 to 20 L kg−1,
which was classied as good. Theoretically, the VD is needed to
explain the in vivo distribution of drugs, for example, the
tendencies to bind to plasma protein, measurement of the
distribution amount in body uid, or the uptake amount in
issues. Lastly, the fraction unbound in plasma (Fu) parameter of
chalcone derivatives 2a, 2e, and 2h resulted in less than 5%,
indicating a poor unbound state of drugs in plasma.

Metabolism. The metabolism of drugs was evaluated
according to the Cytochrome P450 (CYP) substrate or inhibitor
to ve isozymes of CYP1A2, CYP3A4, CYP2C9, CYP2C19, and
CYP2D6. Chalcone derivative 2a was found to be substrates to
CYP1A2 and CYP2D6, as well as inhibitors to CYP1A2, CYP2C19,
and CYP2D6. Furthermore, chalcone derivative 2e was the
substrate to CYP1A2, CYP2C19, and CYP2D6, besides the
inhibitors to CYP1A2 and CYP2D6. On the other hand, chalcone
derivative 2h was predicted to be the only substrate to CYP2D6,
and the inhibitors to CYP1A2, CYP2C19, and CYP2D6.

Excretion. The excretion prole was evaluated based on the
total clearance and the half-life (t1/2) parameters. Only chalcone
derivative 2h was predicted to have low total clearance as it has
a clearance value of 4.691 mL min−1 kg−1 (<5 mL min−1 kg−1).
Meanwhile, chalcone derivatives 2a and 2e were categorized as
moderate clearance with the predicted value in the range of 5 to
36042 | RSC Adv., 2023, 13, 36035–36047
15mLmin−1 kg−1. Furthermore, chalcone derivatives 2a and 2h
were classied to have a short half-life (<3 h) with the output
value of 0–0.3, while 2e was predicted to have a longer half-life
as it has an empirical value of 0.612.

Toxicology. Prediction of the toxicology properties was per-
formed to several parameters such as hERG blockers, human
hepatotoxicity (H-HT), drug-induced liver injury (DILI), Ames
toxicity, rat oral acute toxicity, and carcinogenicity. As recorded
in Table 3, chalcone derivatives 2e, 2a, and 2h could induce liver
injury but they are relatively non-toxic based on the AMES
parameter. Generally, chalcone derivative 2e has lower toxicity
than 2a and 2h based on the hERG blockers parameter.
Materials and methods
Chemicals and instrumentation

All chemicals were purchased from Sigma-Aldrich, and Merck
and used without further purication. All the solvents and
reagents used in the synthesis were analysis and synthesis
grade. For molecular docking: the protein used for molecular
docking studies was the crystal protein of chloroquine-sensitive
Plasmodium falciparum dihydrofolate reductases-thymidylate
synthase (PfDHFR-TS) (PDB ID: 1J3I). This study used a PC
with Intel® Core™ i7 CPU M 350 4.54 GHz; RAM 8.00 GB.
Molecular docking using Discovery Studio 2016 (Accelrys, San
Diego, USA). Melting points of the prepared compounds were
determined in an open capillary tube on Electrothermal 9100.
The molecular weight of the compounds was determined based
on the MS from Shimadzu QP2010S. The 1H- and 13C-NMR
spectra were recorded using tetramethylsilane as an internal
standard on JEOL JNMECA (500 MHz).
Synthesis procedures

General procedure for the synthesis of chalcone derivates
(1a–d). Acetophenone derivatives (4-uoroacetophenone, 4-
chloroacetophenone, or 4-bromoacetophenone; 10 mmol) and
benzaldehyde derivatives (4-hydroxybenzaldehyde or 3-hydrox-
ybenzaldehyde; 10 mmol) were dissolved in 25 mL of ethanol in
100 mL three-neck round-bottom reaction asks containing
a stir bar. To this solution, was added 60% aqueous KOH (5
mL). The mixture was stirred at room temperature for 24 hours
and monitored using TLC. The reaction was stopped when the
startingmaterials were completely reacted. Aer the completion
of the reaction, the mixture was poured into iced distilled water
in a beaker glass and neutralized using HCl 25%. The precipi-
tate formed was then ltered, washed with distilled water, and
dried for further purication using column chromatography.
The nal product was later characterized using NMR and Mass
Spectroscopy (MS).

General procedure for the synthesis of chalcone derivatives
(2a–h). The synthesis of aminoalkylated chalcone (2a–h) was
carried out through the Mannich reaction16 by dissolving chal-
cone (1a–d) (10 mmol) in ethanol (75 mL) until a homogenous
solution was obtained. To this solution, 10 mmol of formalde-
hyde solution (37%) and 10 mmol of aminoalkyl groups were
added while stirring at room temperature. Themixture was then
© 2023 The Author(s). Published by the Royal Society of Chemistry
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heated and reuxed for 20 hours or until no starting materials
remained (monitored by TLC using hexane : ethyl acetate in 3 : 1
ratio). Aer the completion of the reaction, the solvent was
evaporated under a reduced pressure rotary evaporator, and the
solid product obtained was puried using column chromatog-
raphy with hexane : ethyl acetate mixture (0–50% gradient) as
the eluent.32,42

(E)-1-(4-Fluorophenyl)-3-(3-hydroxyphenyl)prop-2-en-1-one (1a).
Compound 1a with the molecular formula of C15H11FO2 was
produced as an orange-yellow solid with a melting point of 112–
113 °C, molecular ion (m/z) of 242.07, and yield of 35%. 1H-NMR
(CD3OD, 600 MHz) d (ppm): 7.91 (m, 2H, H-2, H-6), 7.19 (d, J =
9.0 Hz, 2H, H-3, H-5), 7.50 (d, J = 15.6 Hz, 1H, Ha), 7.68 (d, J =
15.6 Hz, 1H, Hb), 7.17 (m, 1H, H-6′), 7.29 (m, 1H, H-5′), 6.91 (dd,
J = 9.6 and J = 1.8 Hz, 1H, H-4′), 7.05 (s, 1H, H-2′), and 4.82 (s,
1H, O–H). 13C-NMR (CD3OD, 150 MHz) d (ppm): 135.8 (1C, C-1),
132.6 (2C, C-2, and C-6), 116.7 (2C, C-3, and C-5), 166.4 (1C, C-4/
C–F), 121.5 (1C, C-a), 146.9 (1C, C-b), 191.1 (1C, C]O), 137.4
(1C, C-1′), 122.6 (1C, C-2′), 131.2 (1C, C-3′), 119.4 (1C, C-4′), 159.4
(1C, C-5′), and 116.9 (1C, C-6′).

(E)-1-(4-Fluorophenyl)-3-(4-hydroxyphenyl)prop-2-en-1-one (1b).
Compound 1b with the molecular formula of C15H11FO2 was
obtained as a bright yellow solid with a melting point of 149.2–
151 °C, molecular ion (m/z) of 242.25, and yield of 80%. 1H-NMR
(CD3OD, 600 MHz) d (ppm): 7.92 (d, J = 8.4 Hz, 2H, H-2, H-6),
7.17 (m, 2H, H-3, H-5), 7.40 (d, J = 15 Hz, 1H, Ha), 7.63 (d, J
= 15 Hz, 1H, Hb), 7.49 (m, 2H, H-2′, H-6′), 6.87 (d, J1 = 9.0 Hz,
2H, H-3′, H-5′), and 9.95 (s, 1H, O–H). 13C-NMR (CD3OD, 150
MHz) d (ppm): 134.7 (1C, C-1), 131.3 (2C, C-2, C-6), 115.6 (2C, C-
3, C-5), 166.3 (1C, C-4/C–F), 122.3 (1C, C-a), 144.1 (1C, C-b),
185.4 (1C, C]O), 138.1 (1C, C-1′), 122.1 (2C, C-2′, C-6′), 116.5
(2C, C-3′, C-6′), and 158.2 (1C, C-4′).

(E)-1-(4-Chlorophenyl)-3-(4-hydroxyphenyl)prop-2-en-1-one (1c).
Compound 1c with the molecular formula of C15H11ClO2 was
afforded a bright yellow solid with a melting point of 135.3–
137.8 °C, molecular ion (m/z) of 258.04, and yield of 78%. 1H-
NMR (CDCl3, 500 MHz) d (ppm): 7.99 (d, J = 8.4 Hz, 2H, H-2,
H-6), 7.52 (m, 2H, H-3, H-5), 7.40 (d, J = 15 Hz, 1H, Ha), 7.63
(d, J = 15 Hz, 1H, Hb), 7.49 (m, 2H, H-2′, H-6′), 6.87 (d, J =
9.0 Hz, 2H, H-3′, H-5′), and 9.95 (s, 1H, O–H). 13C-NMR (CDCl3,
125 MHz) d (ppm): 137.6 (1C, C-1), 131.0 (2C, C-2, C-6), 129.7
(2C, C-3, C-5), 139.1 (1C, C-4/C–Cl), 120.4 (1C, C-a), 144.9 (1C, C-
b), 188.7 (1C, C]O), 127.7 (1C, C-1′), 129.5 (2C, C-2′, C-6′), 116.4
(2C, C-3′, C-5′), and 159.9 (1C, C-4′).

(E)-1-(4-Chlorophenyl)-3-(3-hydroxyphenyl)prop-2-en-1-one (1d).
Compound 1d with the molecular formula of C15H11ClO2 was
obtained as a brownish yellow solid with a melting point of
135.2–137.9 °C, molecular ion (m/z) of 258.70, and yield of 67%.
1H-NMR (CDCl3, 500 MHz) d (ppm): 7.46 (m, 2H, H-2, H-6), 8.04
(d, J= 9.0 Hz, 2H, H-3, H-5), 7.74 (d, J= 15 Hz, 1H, Ha), 8.02 (d, J
= 15 Hz, 1H, Hb), 7.28 (m, 1H, H-2′), 7.10 (brs, 1H, H-3′), 7.02
(m, 1H, H-4′), 7.00 (m, 1H, H-6′), and 4.84 (s, 1H, O–H). 13C-NMR
(CDCl3, 125 MHz) d (ppm): 136.7 (1C, C-1), 130.0 (2C, C-2, C-6),
129.1 (2C, C-3, C-5), 139.2 (1C, C-4/C–Cl), 121.2 (1C, C-a), 145.6
(1C, C-b), 189.4 (1C, C]O), 135.3 (1C, C-1′), 124.9 (1C, C-2′),
131.2 (1C, C-3′), 125.0 (1C, C-4′), 158.6 (1C, C-5′), and 115.0 (1C,
C-6′).
© 2023 The Author(s). Published by the Royal Society of Chemistry
(E)-1-(4-Fluorophenyl)-3-(3-hydroxy-4-(piperidin-1-ylmethyl)
phenyl)prop-2-en-1-one (2a). Compound 2a with the molecular
formula of C21H22FNO2 was obtained as a yellow solid with
a melting point of 155–156 °C, and a yield of 85%. 1H-NMR
(CDCl3, 500 MHz) d (ppm): 7.97 (m, 2H, H-2, H-6), 7.09 (d, J =
9.0 Hz, 2H, H-3, H-5), 7.39 (d, J = 15.6 Hz, 1H, Ha), 7.65 (d, J =
15.6 Hz, 1H, Hb), 7.24 (m, 1H, H-2′), 7.03 (m, 1H, H-6′), 7.05 (m,
1H, H-3′), 4.84 (s, 1H, O–H), 3.68 (s, 2H, CH2), and 1.66–1.13 (m,
10H, H-2′′, H-3′′, H-4′′, H-5′′, H-6′′). 13C-NMR (CDCl3, 125 MHz)
d (ppm): 134.6 (1C, C-1), 131.1 (2C, C-2, C-6), 115.7 (2C, C-3, C-5),
165.6 (1C, C-4/C–F), 192.2 (1C, C]O), 120.1 (1C, C-a), 158.9 (1C,
C-b), 158.5 (1C, C-1′), 115.1 (1C, C-2′), 188.9 (1C, C-3′), 120.5 (1C,
C-4′), 121.3 (1C, C-5′), 116.8 (1C, C-6′), and 53.9–23.7 (CH2, C-2

′′,
C-3′′, C-4′′, C-5′′, C-6′′).

(E)-1-(4-Fluorophenyl)-3-(4-hydroxy-3-(morpholinomethyl)
phenyl)prop-2-en-1-one (2b). Compound 2b with the molecular
formula of C20H20FNO3 and molecular ion (m/z) of 341.38 was
obtained as a brown solid, and a yield of 52%. 1H-NMR (CDCl3,
500MHz) d (ppm): 7.96 (m, 2H, H-2, H-6), 7.24 (m, 2H, H-3, H-5),
7.42 (d, J = 15 Hz, 1H, Ha), 7.76 (d, J = 15 Hz, 1H, Hb), 7.48 (m,
1H, H-2′), 6.85 (d, J = 5 Hz, 1H, H-3′), 7.29 (m, 1H, H-6′), 4.84 (s,
1H, O–H), 3.71 (s, 2H, CH2), 2.67 (m, 2H, H-2′′, H-6′′), and 3.69
(m, 2H, H-3′′, H-5′′). 13C-NMR (CDCl3, 125 MHz) d (ppm): 134.7
(1C, C-1), 131.3 (2C, C-2, C-6), 115.9 (2C, C-3, C-5), 165.4 (1C, C-
4/C–F), 122.2 (1C, C-a), 144.7 (1C, C-b), 190.2 (1C, C]O), 127.0
(1C, C-1′), 130.0 (1C, C-2′), 126.6 (1C, C-3′), 157.2 (1C, C-4′), 116.2
(1C, C-5′), 131.3 (1C, C-6′), 59.6 (CH2), 54.2 (2C, C-2′′, C-6′′), and
66.4 (2C, C-3′′, C-5′′).

(E)-1-(4-Fluorophenyl)-3-(4-hydroxy-3-(piperidin-1-ylmethyl)
phenyl)prop-2-en-1-one (2c). Compound 2c with the molecular
formula of C21H22FNO2 and molecular ion (m/z) of 339.41 was
afforded as a light brown solid, and yield of 82%. 1H-NMR
(CDCl3, 500 MHz) d (ppm): 8.05 (d, J = 8.4 Hz, 2H, H-2, H-6),
7.17 (m, 2H, H-3, H-5), 7.34 (d, J = 15 Hz, 1H, Ha), 7.75 (d, J
= 15 Hz, 1H, Hb), 7.50 (m, 2H, H-2′, H-6′), 6.85 (d, J= 10 Hz, 1H,
H-3′), 7.28 (m, 1H, H-6′), 4.84 (s, 1H, O–H), 3.73 (s, 2H, CH2), and
2.51–1.25 (10H, H-2′′, H-3′′, H-4′′, H-5′′, H-6′′). 13C-NMR (CDCl3,
125 MHz) d (ppm): 134.9 (1C, C-1), 130.9 (2C, C-2, C-6), 115.6
(2C, C-3, C-5), 166.4 (1C, C-4/C–F), 118.2 (1C, C-a), 145.4 (1C, C-
b), 188.8 (1C, C]O), 125.8 (1C, C-1′), 129.5 (2C, C-2′, C-6′), 122.0
(1C, C-3′), 161.3 (1C, C-4′), 116.8 (1C, C-5′), 61.9 (1C, C-1′′), 53.8
(2C, C-2′′, C-6′′), 23.8 (1C, C-4′′), and 25.7 (2C, C-3′′, C-5′′).

(E)-1-(4-Fluorophenyl)-3-((4-hydroxy-3-(4-methylpiperidin-1-yl)
methyl)phenyl)prop-2-en-1-one (2d). Compound 2d with the
molecular formula of C22H24FNO2 and molecular ion (m/z) of
353.44 was produced as a dark yellow solid, and a yield of 75%.
1H-NMR (CDCl3, 500 MHz) d (ppm): 8.05 (d, J = 8.4 Hz, 2H, H-2,
H-6), 7.15 (m, 2H, H-3, H-5), 7.43 (d, J= 15 Hz, 1H, Ha), 7.75 (d, J
= 15 Hz, 1H, Hb), 7.50 (m, 2H, H-2′, H-6′), 6.84 (d, J= 10 Hz, 1H,
H-3′), 4.84 (s, 1H, O–H), 3.73 (s, 2H, CH2), 2.97–1.72 (m, 10H, H-
2′′, H-3′′, H-4′′, H-5′′, H-6′′), and 1.30 (m, 3H, CH3).

13C-NMR
(CDCl3, 125 MHz) d (ppm): 134.9 (1C, C-1), 130.9 (2C, C-2, C-
6), 115.6 (2C, C-3, C-5), 166.6, 164.4 (1C, C-4/C–F), 122.0 (1C,
C-a), 145.4 (1C, C-b), 188.8 (1C, C]O), 129.2 (1C, C-1′), 130.6
(1C, C-2′), 125.8 (1C, C-3′), 161.3 (1C, C-4′), 116.8 (1C, C-5′), 129.5
RSC Adv., 2023, 13, 36035–36047 | 36043
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(1C, C-6′), 61.5 (1C, C-1′′), 53.3 (2C, C-2′′, C-6′′), 34.0 (2C, C-3′′, C-
5′′), 30.4 (1C, C-4′′), and 21.6 (1C, CH3).

(E)-1-(4-Chlorophenyl)-3-(3-dimethylamino)-(4-hydroxyphenyl)
prop-2-en-1-one (2e). Compound 2e with the molecular formula
of C17H16ClNO2 andmolecular ion (m/z) of 301.77 was produced
as a brown solid with a yield of 82%. 1H-NMR (CDCl3, 500 MHz)
d (ppm): 7.96 (m, 2H, H-2, H-6), 7.42 (m, 2H, H-3, H-5), 7.45 (d, J
= 15 Hz, 1H, Ha), 7.76 (d, J = 15 Hz, 1H, Hb), 6.94 (m, 1H, H-2′),
6.70 (d, J= 10 Hz, 1H, H-3′), 7.48 (m, 1H, H-6′), 4.84 (s, 1H, O–H),
3.75 (s, 2H, CH2), and 2.35 (s, 6H, CH3).

13C-NMR (CDCl3, 125
MHz) d (ppm): 136.6 (1C, C-1), 130.6 (2C, C-2, C-6), 129.7 (2C, C-
3, C-5), 138.8 (1C, C-4/C–Cl), 122.3 (1C, C-a), 145.8 (1C, C-b),
189.3 (1C, C]O), 126.6 (1C, C-1′), 130.6 (1C, C-2′), 125.7 (1C, C-
3′), 161.3 (1C, C-4′), 116.9 (1C, C-5′), 128.9 (1C, C-6′), 44.4 (3C,
CH3), and 62.5 (1C, CH2).

(E)-1-(4-Chlorophenyl)-3-(4-hydroxy-3-((4-methylpiperidin-1-yl)
methyl)phenyl)prop-2-en-1-one (2f). Compound 2f with the
molecular formula of C22H24ClNO2 and molecular ion (m/z) of
369.89 was obtained as a brick red solid with a yield of 76%. 1H-
NMR (CDCl3, 500 MHz) d (ppm): 7.96 (d, J = 8.4 Hz, 2H, H-2, H-
6), 7.49 (m, 2H, H-3, H-5), 7.32 (d, J= 15 Hz, 1H, Ha), 7.76 (d, J=
15 Hz, 1H, Hb), 7.51 (m, 2H, H-2′, H-6′), 6.85 (d, J= 10 Hz, 1H, H-
3′), 4.84 (s, 1H, O–H), 3.74 (s, 2H, CH2), 2.98–3.0 (m, 2H, H-2′′, H-
6′′), 1.33–1.71 (m, 2H, H-3′′, H-5′′), 2.14 (m, 1H, H-4′′), and 1.31
(s, 3H, CH3).

13C-NMR (CDCl3, 125 MHz) d (ppm): 137.9 (1C, C-
1), 129.8 (2C, C-2, C-6), 129.3 (2C, C-3, C-5), 138.8 (1C, C-4/C–Cl),
122.0 (1C, C-a), 145.7 (1C, C-b), 189.2 (1C, C]O), 129.3 (1C, C-
1′), 129.8 (1C, C-2′), 129.6 (1C, C-6′), 128.8 (1C, C-3′), 116.8 (1C, C-
5′), 61.5 (1C, C-1′′), 53.0 (2C, C-2′′, C-6′′), 34.0 (2C, C-3′′, C-5′′),
30.0 (1C, C-4′′), and 21.5 (3C, CH3).

(E)-1-(4-Chlorophenyl)-3-(3-hydroxy-4-((4-methylpiperidin-1-yl)
methyl)phenyl)prop-2-en-1-one (2g). Compound 2g with the
molecular formula of C22H24ClNO2 and molecular ion (m/z) of
369.89 was obtained as a brick red solid with a yield of 75%. 1H-
NMR (CDCl3, 500 MHz) d (ppm): 7.96 (d, J= 3.51 Hz, 2H, H-2, H-
6), 7.49 (d, J = 10 Hz, 2H, H-3, H-5), 7.32 (d, J = 15 Hz, 1H, Ha),
7.76 (d, J = 15 Hz, 1H, Hb), 7.51 (m, 1H, H-2′), 6.85 (d, J= 10 Hz,
1H, H-3′), 6.92 (d, J = 5 Hz, 1H, H-6′), 4.84 (s, 1H, O–H), 3.74 (s,
2H, CH2), 2.98–3.0 (m, 2H, H-2′′, H-6′′), 1.33–1.71 (m, 2H, H-3′′,
H-5′′), 2.14 (m, 1H, H-4′′), and 1.31 (s, 3H, CH3).

13C-NMR
(CDCl3, 125 MHz) d (ppm): 137.9 (1C, C-1), 129.8 (2C, C-2, C-
6), 129.3 (2C, C-3, C-5), 138.8 (1C, C-4/C–Cl), 122.0 (1C, C-a),
145.7 (1C, C-b), 189.2 (1C, C]O), 129.3 (1C, C-1′), 129.8 (1C, C-
2′), 129.6 (1C, C-6′), 128.8 (1C, C-3′), 116.8 (1C, C-5′), 61.5 (1C, C-
1′′), 53.0 (2C, C-2′′, C-6′′), 34.0 (2C, C-3′′, C-5′′), 30.0 (1C, C-4′′),
and 21.5 (3C, CH3).

(E)-1-(4-Bromophenyl)-3-(3-hydroxy-4-(piperidin-1-ylmethyl)
phenyl)prop-2-en-1-one (2h). Compound 2h with the molecular
formula of C21H22BrNO2 and molecular ion (m/z) of 399.83 was
produced as a bright yellow amorphous solid, and a yield of
89%. 1H-NMR (CDCl3, 500 MHz) d (ppm): 7.81 (d, J= 8.5 Hz, 2H,
H-2, H-6), 7.77 (d, J = 15.6 Hz, 1H, Hb), 7.57 (m, 2H, H-3′, H-5′),
7.34 (d, J = 15.6 Hz, 1H, Ha), 7.04 (m, 1H, H-2′), 6.96 (m, 1H, H-
6′), 4.84 (s, 1H, O–H), 3.63 (s, 2H, CH2), and 2.61–1.58 (m, 10H,
H-2′′, H-3′′, H-4′′, H-5′′, H-6′′). 13C-NMR (CDCl3, 125 MHz)
d (ppm): 189.4 (1C, C-1), 131.9 (2C, C-2, C-6), 130.0 (C-3, C-5),
129.0 (C-4/C–Br), 120.1 (1C, C-a), 158.9 (1C, C-b), 135.1 (1C, C-
36044 | RSC Adv., 2023, 13, 36035–36047
1′), 115.0 (1C, C-2′), 158.6 (1C, C-3′), 124.9 (1C, C-4′), 131.8 (1C, C-
5′), 120.2 (1C, C-6′), 62.0 (CH2), 54.0 (C-2

′′, C-6′′), 25.8 (C-3′′, C-5′′),
and 23.9 (C-4′′).

Antimalarial assay of chalcone derivatives using in vitro P.
knowlesi A1H1 and P. falciparum 3D7 cultures

Plasmodium knowlesi A1H1 strain was collected from Malaria
Culture Laboratory, Department of Parasitology, Faculty of
Medicine, Universiti Malaya (contributed by Robert W. Moon,
London School of Hygiene and Tropical Medicine, London, UK)
and P. falciparum 3D7 (chloroquine-sensitive) (MRA-102) were
originally obtained from BEI Resources, NIAID, NIH (P. falci-
parum, strain 3D7, MRA-102, contributed by Daniel J. Carucci).
The parasites were cultivated in fresh human blood (group O
rhesus positive) suspended in RPMI 1640 (Invitrogen Life
Technologies, NY, USA) supplemented with glucose (3 g L−1),
hypoxanthine (45 mg L−1), and gentamicin (50 mg L−1). Plasmo-
dium knowlesi was cultivated in RPMI 1640 medium supple-
mented with 10% horse serum (Gibco, New Zealand)43 and P.
falciparum culture medium was supplemented with 10% Albu-
MAX I as described by Trager and Jensen.44 Plasmodium lactate
dehydrogenase (pLDH) assays for P. knowlesi and P. falciparum
were performed based on a method by Makler and Hinrichs45

with slight modications.46,47 Parasites (2% hematocrit and 2%
parasitemia) were cultivated in a synchronized phase in 96-well
plates. A total of 1 mL of the test compound in various concen-
trations was added with 99 mL of the parasite culture. Parasit-
ized red blood cells (no treatment) were set as the controls while
unparasitized red blood cells (no treatment) were set as the
blanks in the assay. Chloroquine diphosphate served as
a reference drug in the assay. The well plate was then put into
the chamber and given mixed gas (O2 5%, CO2 5%, and N2 90%)
and incubated for 24 hours at 37 °C for P. knowlesi and 72 hours
at 37 °C for P. falciparum. Aerward, the plates were frozen at
−20 °C for 24 hours and thawed at 37 °C for 30 minutes to lyse
the red blood cells. Malstat reagent (100 mL) and nitro blue
tetrazolium salt/phenazine ethosulfate (NBT/PES) (25 mL) were
added to a new plate containing the treated cultures (25 mL). The
color development of the plates was monitored at 650 nm using
a SpectraMax Paradigm® Multi-Mode microplate reader. Data
were analyzed through a non-linear regression via GraphPad
Prism soware to obtain EC50 values (half-maximal effective
concentration).

Cytotoxicity assay of chalcone derivatives using in vitro WRL-
68 mammalian cell line

A human normal liver WRL68 cell line (ATCC: CL-48) was
purchased from the American Type Culture Collection (ATCC).48

The cell lines were cultivated in MEM medium (supplemented
with 5% of FBS and 1% of penicillin–streptomycin) in a tissue
culture ask (T25) (Nunc, USA) at 37 °C and 5% CO2 in a sterile
incubator. The culture medium was changed every day until
cells became conuent and ready to be sub-culture. When the
cells reached conuency, the media were removed and washed
with phosphate buffer saline (PBS, Gibco, USA). Cells were
detached by adding trypsin (Gibco, USA) and incubated for 5–10
© 2023 The Author(s). Published by the Royal Society of Chemistry
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minutes at 37 °C. The cell suspension was transferred into
a 15 mL sterile tube and centrifuged at 300 g for 5 minutes. The
cells were resuspended in a culture medium and maintained in
a continuous culture before being used for the cytotoxic assay.

The WRL-68 cell lines were used in the colorimetric assay of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT) to study in vitro cytotoxicity activity.49 About 100 mL cell
suspension (5 × 104 cells) were seeded in 96-well microplates
for 24 hours. The culture medium was removed from each well
and 200 mL of complete medium was added. The cells then were
treated with 2 mL of chalcone derivatives diluted in dimethyl
sulfoxide (DMSO) at various concentrations (3–990 mM). Aer 72
hours of incubation at 37 °C, the medium was discarded, and
the treated cells were mixed with 20 mL of MTT solution (5 mg
mL−1). Absorbance was recorded at 570 nm using enzyme-
linked immune sorbent assay (ELISA) SpectraMax Paradigm®
Multi-Mode plate reader. Cell viability (%) was determined
using the following formula:

Cell viability ð%Þ ¼ absorbance of treated cells

absorbance of control
� 100%

IC50 values (inhibition concentration at 50% cell growth) were
measured from a non-linear regression using GraphPad Prism
soware.
Selectivity indexes calculation

The selectivity index (SI) was calculated as the ratio between the
inhibitory activity against the normal liver cell line (IC50 WRL-
68) and the Plasmodium parasites, P. knowlesi (EC50 PkA1H1)
or P. falciparum (EC50 Pf3D7). The SI value is calculated based
on the formula i.e. SI = (IC50 for normal cell line WRL-68)/(EC50

for Plasmodium spp.). The higher SI value (SI > 10) for a test
compound theoretically indicates the effectiveness and safety of
a drug.50–53
Molecular docking

Molecular docking analysis of the synthesized chalcone deriv-
atives 2a, 2e, and 2h on PfDHFR-TS was conducted referring to
the standard docking protocol CDOCKER method from
Discovery Studio soware.32 Molecular docking was carried out
toward the crystal protein structure of the CQ-sensitive Plas-
modium falciparum dihydrofolate reductase-thymidylate syn-
thase (PfDHFR-TS) with Protein Database Bank (PDB) ID of IJ3I
(resolution of 2.33 Å) (https://www.rcsb.org, accessed on 1
January 2022). Before the analysis, the ligands and the
receptor protein were constructed using Discovery Studio
soware. Hydrogen atoms were added to the protein
molecule, and the pH of the ionizable amino acids (residues)
was adjusted to 7.4. The receptor was maintained rigid during
the docking analysis. The docking tolerance of the ligand–
receptor was set as 0.25 Å with a few nonpolar or polar
hotspots in the receptor. The conformations of the ligands
were set at 500 within the relative energy threshold of 20.54
© 2023 The Author(s). Published by the Royal Society of Chemistry
ADMET parameters

The physicochemical and pharmacokinetic analysis i.e.
absorption, distribution, metabolism, excretion, and toxicology
(ADMET) parameters were predicted using the online webserver
of admetSAR 2.0 (https://lmmd.ecust.edu.cn/admetsar2/
admetopt/, accessed on 1 January 2022)55 and ADMETlab 2.0
(https://admetmesh.scbdd.com/service/evaluation/index,
assessed on 1 January 2022).56 Drug-like properties were
assessed based on the prediction of Lipinski's ‘rule of 5’
including molecular weight (MW) < 500 g mol−1, number of
hydrogen bond acceptors (nHA) # 10, number of hydrogen
bond donors (nHD) # 5, and the logarithm of the n-octanol/
water distribution (log P) # 5.57 Lipinski's rule predicts that if
molecules have two or more violations of the rules,
consequently they would potentially not be orally bioavailable
as a drug (unacceptable). Meanwhile, the parameters of the
absorption, distribution, metabolism, excretion, and
toxicology properties are listed in Table 3.
Conclusions

The results of this study indicated that the addition of aminoalkyl
groups to chalcone derivatives can increase the antimalarial
activity of chalcone Mannich-type base derivatives. The best
antimalarial activities were shown by compounds 2a, 2e, and 2h
against P. knowlesi and P. falciparum. The results of in vitro
antimalarial activities were also supported by the results of
analysis using molecular docking suggesting that PfDHFR-TS is
a promising target for these compounds. Thus, the ndings in
this study suggest that the substitution of the amine group in
chalcone derivatives is crucial as an alternative therapy to combat
drug resistance in P. falciparum and the high incidence of
malarial infection in P. knowlesi. However, in vivo trials need to be
carried out to further verify the antimalarial action and mecha-
nism of these chalcone derivatives. This study may provide
insights into alternative drug discovery efforts to combat anti-
folate resistance and malaria transmission worldwide.
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