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ARTICLE INFO ABSTRACT
Keywords: Chalcones and their derivatives have been widely studied due to their versatile pharmacological
Chalcones and biological activities, such as anti-inflammatory, antibacterial, antiviral, and antitumor ef-

Chalcone derivatives

fects. These compounds have shown suitable antiviral effects through the selective targeting of a
Antiviral effects

R L variety of viral enzymes, including lactate dehydrogenase, glyceraldehyde-3-phosphate dehy-
Antimicrobial applications . A . 7
Antifungal activities drogenase (GAPDH), fumarate reductase, protein tyrosine phosphatase, topoisomerase-II, protein
Greener synthesis kinases, integrase/protease, and lactate/isocitrate dehydrogenase, among others. Chalcones and
Sustainable techniques their derivatives have displayed excellent potential for combating pathogenic bacteria and fungi

(especially, multidrug-resistant bacteria). However, relevant mechanisms should be further
explored, focusing on inhibitory effects against DNA gyrase B, UDP-N-acetylglucosamine enol-
pyruvyl transferase (MurA), and efflux pumps (e.g., NorA), among others. In addition, the anti-
fungal and antiparasitic activities of these compounds (e.g., antitrypanosomal and
antileishmanial properties) have prompted additional explorations. Nonetheless, systematic
analysis of the relevant mechanisms, biosafety issues, and pharmacological properties, as well as
clinical translation studies, are vital for practical applications. Herein, recent advancements
pertaining to the antibacterial, antiviral, antiparasitic, and antifungal activities of chalcones and
their derivatives are deliberated, focusing on the relevant mechanisms of action, crucial chal-
lenges, and future prospects. Furthermore, due to the great importance of greener and more
sustainable synthesis of these valuable compounds, especially on an industrial scale, the progress
made in this field has been briefly discussed. Hopefully, this review can serve as a catalyst for
researchers to delve deeper into the exploration and designing of novel chalcone compounds with
medicinal properties, especially against pathogenic viruses and multidrug-resistant bacteria as
major causes of concern for human health.
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1. Introduction

Natural products and herbal medicine is one of the common strategies for several diseases such as asthma [1], hepatitis [2],
parasitic, bacterial, viral infections [3-5], tendinitis [6], pulmonary fibrosis [7], burn injury [8], cancer [9,10], and etc. Phenolics and
flavonoids compounds are one of the most responsive ingredients due to their therapeutic effects [11]. Chalcones are phenolic
compounds that are a member of the flavonoid family, commonly known as ‘open-chain flavonoids’, and are synthesized through the
shikimate pathway. These compounds are believed to be the precursors of flavonoid biosynthesis. Chalcones are typically
o,p-unsaturated ketones composed of two aromatic rings (A and B rings) connected by an alkenone group with three carbons; however,
they can also contain certain saturated ketones, frequently referred to as dihydrochalcones, wherein an alkanone group with three
carbons replaces the alkenone group with three carbons [12]. A large number of natural chalcones have been described in previous
studies [13], many of which have been reported to react with different biomolecules and show cytoprotective and regulatory features,
making them promising candidates for treating a variety of human disorders [14]. The bioinspired synthesis of various chalcones and
analysis of their biological effects have been reported in previous investigations, with their structural simplicity and therapeutic
promises [13]. According to the studies, chalcones have a variety of bioactivities such as antibacterial [15], antimalarial [16], anti-
leishmanial [17], antifibrogenic [18], anticancer [19], anti-inflammatory [20], immunomodulatory [21], cytotoxic [22], analgesic
[23], and antioxidant [24] properties. Several synthesized chalcones have been reported to have possible antidiabetic effects by
targeting a-amylase or a-glucosidase [25]. Previous research has indicated the anti-inflammatory activity of a few chalcones and their
derivatives, showing their potential to suppress the cyclooxygenase (COX) enzyme [26,27]. Naturally occurring and synthetic chal-
cones exerted strong antiproliferative effects in both stomach carcinoma HGC-27 cells [28] and early-stage and advanced ovarian cell
carcinoma [29]. Chalcones containing the piperazine moiety exhibit a wide range of beneficial pharmacological effects such as
antihistamine [30], anti-infective [31], antioxidant, anti-inflammatory [32], and anticarcinogenic activities [33]. A recent study has
been performed on 46 chalcones to evaluate their antiproliferative effects on the human tumor necrosis factor-related apoptosi-
s-inducing ligand (TRAIL)-resistant breast (MCF-7, MDA-MB-231), liver (HepG2), ovarian (Caov-3), cervical (HeLa), erythromyelo-
blastoid (K-562), nasopharyngeal (CNE-1), lung (A549), T-lymphoblastoid carcinoma (CEM-SS), colorectal (HT-29), and common
human embryonic kidney (HEK-293) cells [34].

Chalcones are reported to exhibit antiviral properties by targeting several viral enzymes such as glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), fumarate reductase, lactate dehydrogenase, protein tyrosine phosphatase, topoisomerase-II, several pro-
tein kinases, human immunodeficiency virus (HIV integrase (IN)/protease), and lactate/isocitrate dehydrogenase, among others [35].
One of the main problems with many antiviral medications is resistance to these drugs, which can develop as a result of mutations,
genetic alterations, and phenotypic modifications. Thus, the previously successful treatment will no longer be effective against the
virus, which will result in failure to manage the disease, increased risk of virus transmission, and elevated fatality rates [36]. Thus, the
development of novel antiviral medications is crucial, and researchers have begun to take a greater interest in chalcones due to their
established antiviral function.

On the other hand, infectious diseases remain a major cause of mortality worldwide. The growth of antimicrobial resistance due to
wide misuse and poor patient compliance is causing concern on a global scale. Antimicrobial resistance is a public health challenge that
has significant financial and societal effects [37,38]. A serious crisis in the management of infectious illnesses is yet to emerge along
with the slowing rate of the development of new antibiotics. As a result, it is crucial to discover novel antimicrobial agents with suitable
therapeutic, toxicological, and pharmacokinetic characteristics [37]. The antimicrobial properties of naturally occurring and syn-
thesized chalcones, including their effects against a number of bacterial and fungal pathogens, have been reported by several studies
[12]. Herein, the most recent advancements pertaining to the antiviral and antimicrobial applications of chalcones and their de-
rivatives are discussed, focusing on crucial challenges and future prospects. Greener techniques for synthesizing these compounds are
also briefly highlighted.

2. Greener synthesis of chalcones and their derivatives

Although the main focus of this review is on the antibacterial and antiviral effects of chalcones and their derivatives, in this section,
a few examples of greener techniques for synthesizing these compounds are provided. Since the industrial production of these
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Fig. 1. Eco-friendly synthesis of chalcone and coumarin derivatives through a Suzuki coupling reaction using microwave irradiation. Reproduced
with permission from Ref. [40].
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materials is of great importance, in order to obtain optimal conditions based on green chemistry principles, additional explorations
should be conducted on synthesis strategies that are environmentally friendly, simple, cost-effective, and up-scalable. In this context,
green catalysts and flow chemistry are among the introduced techniques with great potential for chalcone synthesis and its deriva-
tization; however, limitations and challenges still exist regarding the generation of complex structures and the standardization and
optimization of reaction/synthesis conditions, which warrant more in-depth analyses [39]. Generally, the synthesis of chalcones is
conducted based on conventional Claisen-Schmidt condensation at high temperatures, but alternative approaches using green sources
of energy, such as ultrasound and microwave, have been introduced. In addition, the utilization of ionic liquids as catalysts can provide
opportunities for solvent-free synthesis, thus enhancing the yield of production, shortening the operational processes, decreasing the
formation of wastes, and reducing the reaction time [39].

An eco-friendly technique was reported for the synthesis of biphenyl chalcone and coumarin derivatives through Suzuki coupling
using polyethylene glycol (PEG)-400 as a solvent under microwave irradiation. The salient advantages of this approach were the short
reaction time (30-45 min), yields ranging from good to excellent (~95%), and the prominent tolerance of various functional groups
(Fig. 1) [40]. Moreover, the solvent-free synthesis of chalcones was performed by grinding benzaldehyde (unsubstituted, 4-methyl,
4-methoxy, 3-chloro, or 4-chloro) and acetophenone (unsubstituted, 4-methyl, 4-bromo, or 4-methoxy) in the presence of solid so-
dium hydroxide with a mortar and pestle. The resulting chalcones exhibited high yields and purity, although minor quantities of ketol
and Michael addition products were also detected by nuclear magnetic resonance (NMR) spectroscopy [41]. These side-products could
be simply eliminated by the recrystallization process. The melting point of chalcone is crucial in the solvent-free preparation tech-
nique. Accordingly, chalcones with relatively high melting points (higher than 80 °C) could be obtained in high yields, while three
other chalcones that could not be synthesized in good yields had relatively low melting points [41].
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Fig. 2. (A) The preparation of zinc ferrite nanoparticles. (B) The production of (E)-3-(4-chlorophenyl)-1-phenyl prop-2-en-1-one chalcone using
zinc ferrite nanocatalyst. (C) The related mechanism of (E)-chalcone synthesis over zinc ferrite magnetic nanoparticles (MNPs). Reproduced with
permission from Ref. [42]. (CC BY 4.0).
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Among the proposed synthesis techniques, microwave-assisted methods have attracted the attention of many researchers due to
their many benefits including rapidness, mass production capabilities, uniformity in the heating process, low processing costs, short
preparation time, low energy consumption, high purity, and high production yield. For instance, microwave-irradiated solvent-free
synthesis of chalcone derivatives was shown by applying a zinc nanoferrite catalyst. The main advantages of this approach were a
solvent-free reaction, cost-effectiveness, environmentally friendly conditions, and favorable yields, along with reduced reaction times
and easy recovery of zinc ferrite nanocatalyst (good recyclability) (Fig. 2) [42]. In addition, microwave-assisted fabrication of a
chalcone compound, namely 1-(2,5-dimethylthiophen-3-yl)-3-(9-ethyl-9H-carbazol-3-yl)prop-2-en-1-one, and its polycyclic hetero-
cyclic analogs was reported [43]. After the microwave-assisted condensation of 9-ethyl-9H-carbazole-3-carbaldehyde and 3-acetyl-2,
5-dimethyl thiophene, the aforementioned chalcone was obtained, which was further cyclized to pyrazoline and pyrimidine de-
rivatives. Among the examined compounds, the pyrazoline skeleton exhibited higher antibacterial effects (in vitro), and the anti-
bacterial mechanism was associated with the interaction and inhibition of the glucosamine-6-phosphate synthase enzyme [43].

Green and sustainable solvents that are renewable and abundant have been utilized for the synthesis of chalcones and their de-
rivatives. For instance, glycerin (as a sustainable solvent) was employed to synthesize chalcones with moderate inhibitory effects
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Fig. 3. (A) The preparation process of chalcone 3 and its reaction with hydrazine to provide pyrazoline 4. (B) Plausible mechanism for the for-
mation of chalcone 3. Reproduced with permission from Ref. [48].
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against pathogenic microorganisms [44]. Glycerin solvent (also named glycerol) is considered a green solvent with the benefits of low
toxicity, cost-effectiveness, wide availability, and renewability [45]. In another study, a green technique was presented for the
preparation of thiophene-pyrazole hybrids via the reaction of chalcones using thiosemicarbazide hydrochloride in an aqueous medium
of citrus extract (as a green solvent), leading to the production of thiophene tethered pyrazoline carbothioamides. These compounds
exhibited excellent antimicrobial effects, as well as radical scavenging abilities [46].

Chalcones were synthesized in an eco-friendly manner using thiamine hydrochloride (vitamin B1) as a biodegradable and cost-
effective catalyst via a metal-free Claisen-Schmidt condensation process with high production yield, catalyst recoverability, and
tolerance for a broad range of functional groups. This technique could be additionally applied for synthesizing 2',4"-dihydroxy-6-
methoxy-3/, 5-dimethyl chalcone and its derivatives as pharmaceutically important molecules [47]. In addition, in order to produce
biologically significant chromonyl chalcone and pyrazoline derivatives, an eco-friendly technique was employed in which the
lanthanum (III) chloride (LaCls)/nano silicon dioxide (SiO3) catalyst was utilized under a solvent-free heating process (Fig. 3) [48].
Accordingly, chromonyl chalcone could be obtained from 3-formyl chromone and 5-acetyl thiobarbituric acid via Claisen-Schmidt
condensation. These compounds exhibited efficient antibacterial and antifungal effects. The reaction was completed in a short
period of time (~15 min), had an excellent yield of production (~90%), and was environmentally friendly without any toxic waste
products [48].

Solvent-free synthesis of chalcones was reported using graphene oxide-supported MnO, catalysts prepared by a green solution
combustion technique [49]. The nanocatalysts could be applied for synthesizing chalcones through Claisen-Schmidt condensation,
wherein the chalcones were obtained with high yields at 110 °C under solvent-free conditions in a short period of time [49]. In another
study, Ca(OH); and K-Ca(OH), catalysts were synthesized from chicken eggshell wastes in an eco-friendly manner with high effi-
ciency, cost-effectiveness, stability, and recyclability. These green catalysts were employed for the synthesis of chalcones through the
Claisen-Schmidt condensation reaction, with high yields (~74-92%) in aqueous ethanol at room temperature [50]. Thus, one of the
effective strategies for a greener production of chalcones and their derivatives is the utilization of green-synthesized nanocatalysts.

3. Antiviral function of chalcones
3.1. Chalcones and coronaviruses (CoVs)

CoVs are members of the Coronaviridae family, the Nidovirales order, and the Coronavirus genus. They are the main class of viruses
that cause infections in the lungs and the gastrointestinal tract. They are enclosed viruses with a positive-sense non-fragmented single-

stranded RNA. These viruses are pleomorphic with a length of 80-160 nm and possess a small genome (27-32 kb) with a distinct
replication method. Four CoV genera have been identified, including Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and

Table 1
Chalcone derivatives investigated against various coronaviruses.
Compound(s) “Chemical name(s)” Virus Study Results Inhibition mechanism Refs.
subtype model
(s)
“[6-hydroxy-2-(4-hydroxyphenyl)-1-benzothiophen-3- SARS- In silico Bindings affinities of —66.125 (kJ/  Inhibition of 3CL"™ [58]
yl]-[4-(2-piperidin-1-ylethoxy)phenyl] CoV-2 mol), —59.589 (kJ/mol), —66.728
methanone” (kJ/mol), —87.962 (kJ/mol),
“N-(5-benzoyl-4 phenyl-1 3-thiazol -2-y)-2-(4 respectively

ethylsulfonylphenyl)acetamide)”
“(R)-(6-hydroxy-2-(4 hydroxyphenyl)benzo[b]
thiophen-3-yl)(4-(2-(3-methylpyrrolidin-1 -yl)
ethoxy)phenyl)methanone”
“2,4"-Bis(benzyloxy)-3,5-dimethyl-4-hydroxy-
trans-chalcone”

“(E)-1-(2,4-dichlorophenyl)-3-[4-(morpholin-4-yl) SARS- In silico Binding affinity of the chalcone Inhibition of MP™ [60]
phenyl]prop-2-en-1-one” CoV-2 with 7BQY was —7.0 kcal/mol

Xanthoangelol E (3-prenylated chalcones) “(E)-1-[3-(2-  SARS- In vitro ICsp values of 11.4 uM (3CLP™) Inhibition of SARS-CoV PLpro  [62]
hydroperoxy-3-methylbut-3-enyl)-2-hydroxy-4- CoV-2 and 1.2 pM (PLpro) and 3CLP™
methoxyphenyl]-3-(4-hydroxyphenyl)prop-2-en-
1-one”

Isobavachalcone “(E)-1-[2,4-dihydroxy-3-(3- MERS- In silico, ICs of 35.85 and 67.04 pM, Inhibition of MERS-CoV [63]
methylbut-2-enyl)phenyl]-3-(4-hydroxyphenyl) CoV In vitro respectively 3CLP

prop-2-en-1-one)”
Helichrysetin “(E)-1-(2,4-dihydroxy-6-
methoxyphenyl)-3-(4-hydroxyphenyl)prop-2-en-

1-one”

Panduratin A “(2,6-dihydroxy-4-methoxyphenyl)- SARS- In vitro Post-infection: ICso 0.81 pM, Pre- Inhibition of SARS-CoV-2 [64]
[(1R,2S,6R)-3-methyl-2-(3-methylbut-2-enyl)-6- CoV-2 entry: 5.30 pM replication and infectivity
phenylcyclohex-3-en-1-yllmethanone” both before entrance and

after infection

SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2, IC50: Half maximal inhibitory concentration.



M.H. Nematollahi et al. Heliyon 9 (2023) 20428

Deltacoronavirus [51]. All known CoVs possess the same structure, which is comprised of four key proteins, namely the membrane (M),
envelope (E), spike (S), and nucleocapsid (N) [51].

Severe acute respiratory syndrome (SARS) was initially observed in 2002-2003, and severe acute respiratory syndrome corona-
virus (SARS-CoV) was recognized as the cause. This virus led to the first pandemic occurring in the current century, which originated in
China and spread to other regions [52]. The Middle East respiratory syndrome (MERS) appeared about a decade later (2012), and a
patient exhibiting severe respiratory symptoms in Saudi Arabia was found to be infected with a sixth coronavirus (Middle East res-
piratory syndrome coronavirus, MERS-CoV) [53]. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel member
of the human CoV family, which was recently detected in Wuhan, China [51].

The 3-chymotrypsin-like protease (3CLP™), which is also referred to as the main protease (MP™), is the primary protease of SARS-
CoV-2 and is necessary for viral proliferation. Because of its minimal resemblance to human genes, it is a major target for drug
formulation [54]. This enzyme catalyzes the cleavage of several preserved sites in polyproteins 1 ab (PP1lab) and 1a (PP1a), which
contain glutamine, a small aliphatic amino acid residue and a large hydrophobic residue. Due to the structural composition and
enzymatic function of 3CLP™, it is a selective target for the discovery of new medications [55].

Several compounds and their natural or synthetic derivatives with anti-inflammatory and antiviral properties are shown to exhibit
high affinity for 3CLP™ [56] (for others see Table 1). Various molecules with different medicinal characteristics have been synthesized
using the chalcone structure. Clinical trials have indicated that these chalcone derivatives reached acceptable plasma levels and did not
induce toxicity. Therefore, chalcones have continually attracted much interest for both academic studies and commercial uses [57].
Chalcone derivatives have been reported to suppress cysteine proteases. In a study using a library of 3000 chalcone derivatives,
different computational approaches were applied to identify 3CLP™ inhibitors, which are one of the potential targets against coro-
navirus. Inhibition of 3CLP™ will interrupt viral replication. The calculation of binding free energy revealed that four chalcone de-
rivatives had high binding affinities for the 3CLP™ enzyme. These compounds were then subjected to chemical absorption, distribution,
metabolism, excretion, and toxicity (ADMET) studies and drug-like filters, indicating that they are not carcinogenic and have potential
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Fig. 4. Interaction of compound 6 with the active site of RNA-dependent RNA polymerase showed a high docking score of —4.127 kcal/mol for
compound 6 which made a hydrogen bond with Arg403 and Gly496. Reproduced with permission from Ref. [61].
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as therapeutic candidates [58]. In another study, 269 chalcones were examined as 3CLP™ inhibitors using in silico screening models,
including molecular docking, molecular dynamics simulation, binding free energy calculation, and ADME prediction. C264 and C235
were introduced as the two structures with the most potential [59]. Moreover, the interaction between the MP™ active site (7BQY) and
a heterocyclic chalcone-based ligand (i.e., (E)-1-(2,4-dichlorophenyl)-3-[4-(morpholin-4-yl)phenyl] prop-2-en-1-one) was screened via
molecular docking. The findings indicated that the binding affinity of the studied chalcone for MP™ is comparable to those of certified
drugs remdesivir and favipiravir for SARS-CoV-2 MP™ [60].

In one study, the potent antiviral activity of newly synthesized chalcone derivatives against viral RNA-dependent RNA polymerase
(RdRp) in SARS-CoV-2 was evaluated in silico and confirmed by calculating the RT-PCR cycling threshold (Ct) values. According to the
results of docking studies, compound 6 formed a hydrogen bond with Ser814 and had charged (negative) interactions with Asp760,
Asp761, and Asp618. The binding affinity of this compound was determined to be —4370 kcal/mol (Fig. 4) [61].

Nine chalcone derivatives were extracted from the medicinal plant Angelica keiskei and their anti-SARS-CoV effects were examined
in another work. Among them, an alkylated chalcone with perhydroxyl and methoxy substituents was reported to exhibit significant
suppressive effects on critical SARS-CoV enzymes, namely cysteine proteases including 3CLP™ and papain-like protease (PLP™) (ICs
values of 11.4 and 1.2 pM against 3CLP™ and PLP™, respectively). Chalcones are therefore promising compounds for the development
of anti-SARS medicines due to their significant activity against these proteases [62].

MERS is caused by MERS-CoV, which is a zoonotic virus that spreads between livestock and humans. However, no vaccination or
specialized therapy is accessible at the present. Jo et al. employed a flavonoid library to screen for agents active against MERS-CoV
3CLP™. They found that two chalcone derivatives, namely isobavachalcone and helichrysetin, were able to inhibit the activity of
this enzyme. An induced-fit docking study also demonstrated that S1 and S2 sites are involved in the interaction with these compounds.
This study revealed that the preferred scaffolds for binding with the MERS-CoV 3CLP™ enzyme at the catalytic site are flavonol and
chalcone scaffolds [63]. In addition, it was reported that the Boesenbergia rotunda extract and panduratin A, a phytochemical
component found in this plant, displayed potent inhibitory effects on SARS-CoV-2 (ICs of 3.62 pg/mL and 0.81 pM, respectively) with
satisfactory cytotoxicity results (CCso: 28.06 pg/mL and 14.71 pM, respectively) [64].

3.2. Chalcones and HIV

Acquired immunodeficiency syndrome (AIDS) is caused by two subtypes of HIV: HIV-1 and HIV-2. They are comparable in several
ways, such as intracellular replication processes, transmission routes (transfusion, sexual contact, and sharing of needles), and clinical
outcomes [65]. The prevalence of HIV-1 is 24 times that of HIV-2. Effective treatment of HIV is a global health challenge, especially as
concerns about drug resistance among patients grow [66]. Anti-HIV medications are allocated to several groups in terms of their
methods of action, which target various phases of the life cycle of HIV. These groups include nucleoside reverse transcriptase inhibitors
(NRTIs), nonnucleoside reverse transcriptase inhibitors (NNRTIs), capsid inhibitors, protease inhibitors (PIs), IN inhibitors, and entry
inhibitors [67].

The US FDA has currently authorized approximately 30 anti-HIV agents for clinical use, including highly active antiretroviral
therapy (HAART). The best therapeutic option for HIV/AIDS patients is HAART. The medications are so effective at managing HIV that
they remove the virus from circulation and maintain a zero plasma virus load in the majority of the patients. However, the drawback of
this treatment is that the medication must be taken constantly, otherwise the plasma virus load would be restored. Anti-HIV medi-
cations are also proven to have adverse effects to the extent that the patient might be compelled to stop using them. Therefore, more
effective anti-HIV drugs are needed [68]. Numerous chalcone derivatives, both natural and synthetic, have been tested on HIV
infections.

The main target of antiviral treatments is HIV reverse transcriptase (RT). HIV RT is a low-fidelity DNA polymerase with a high error
rate. Mutations are prevalent during reverse transcription as a result of this feature. HIV has two RNA genomes, which facilitate the
generation of recombinant progeny. The two main groups of drugs that block the RT enzyme are NRTIs and NNRTIs [69]. NRTIs block
RT via the active site whereas NNRTIs do not alter the enzyme’s active site but rather cause a conformational change in the RT enzyme,
which significantly lowers its efficacy, and therefore, function as non-competitive inhibitors of this enzyme [70]. A number of
quinoline-based chalcones were found to be potentially active against the RT enzyme. According to the results of bioassay, theoretical,
and docking analyses, the bromo- and chloro-substituted chalcones exhibited significant inhibition against RT. The ICsq values of
chalcones with the strongest activities were 0.10 and 0.11 pg/mL and their free binding energies (AG) were —9.30 and —9.13 kcal. It
was also indicated that none of these compounds displayed cytotoxicity toward the CEM, PBM, and VERO cell lines [69]. In another
study, the antiviral effects of an Indian medicinal herb known as Pongamia pinnata against HIV were investigated. Aqueous extracts
from the leaves, seeds, and roots of this plant were prepared and examined for anti-HIV-1 activity. It was reported that active chalcone
derivatives glabarachalcone and karanijin exhibited promising binding scores against the P24 protein and RT enzyme [68]. The P24
protein is a key capsid protein in HIV-1, which plays an essential role in the pathogenesis of the virus and its inhibition either prevents
viral entry, blocks other enzymes, or disrupts virion assembly [68,71].

The IN enzyme of HIV has lately received much attention as a promising therapeutic target for the formulation of drugs against HIV.
IN is one of the proteins required for HIV replication. It contributes to a critical phase of the replication cycle by inserting a viral DNA
copy into the host genome [72,73]. The integration reaction by IN consists of two steps: 3"~ end processing, in which two nucleotide
bases are cleaved off each 3-end, and 3- end joining or strand transfer, which involves inserting the shorter strand into the host DNA
[73,74]. Ten new compounds related to the structure of ferrocenyl chalcone difluoridoborate were synthesized in a study. These
molecules were shown to display inhibitory activity against the IN 3’ processing and strand transfer steps [73].

A novel chalcone-based compound, namely (E)-3-(5-(adamantan-1-yl)-2,4-bis (methoxymethoxy) phenyl)-1-(2-hydroxy-5-



M.H. Nematollahi et al. Heliyon 9 (2023) e20428
methylphenyl)prop-2-en-1-one or Amt-87, has been identified, which can act as a latency-reversing agent (LRA) [75]. LRAs are
chemicals that can reawaken a latent virus from its inactive form, allowing the immune system to recognize the infected cells [76]. The
main impediment to HIV/AIDS elimination is the dormant HIV reservoir, which comprises incorporated but transcriptionally inactive
proviruses. The development of efficient treatment strategies aimed at destroying this reservoir is currently underway. The “shock and
kill” technique is one such strategy, in which the latent HIV proviruses are reactivated using LRAs in the “shock” stage. Subsequently,
in the “kill” stage, HAART is used to limit the spread of new infections while also rendering the reactivated cells susceptible to viral
cytopathogenicity and the host immune response. The absence of LRAs that are clinically effective has hampered the execution of the
“shock and kill” technique thus far [73]. Numerous LRAs have been demonstrated to awaken dormant HIV, but their high toxicity and
low efficiency have prevented their use in clinical settings. However, the chalcone derivative Amt-87 was reported to show only
minimal cytotoxicity and was capable of considerably reactivating the transcription of dormant HIV proviruses [75].

Another key enzyme in the replication process of HIV is HIV-1 protease. This molecule is a crucial target in the discovery of drugs
against HIV. By breaking down Gag and Gag-Pol polyproteins, HIV-1 protease produces mature pathogenic virions with the ability to
infect CD4 " cells. Inhibition of this enzyme’s activity leads to the generation of immature virions that are not capable of infecting cells
[771. Since HIV-1 has been demonstrated to be resistant to various synthetic anti-HIV-1 protease inhibitors, there is still a need for the
development of efficient drugs against this enzyme. In an investigation, the impact of the methanol extract of Boesenbergia pandurata
rhizomes against HIV-1 protease was examined. The safety of this extract was established by an earlier study that indicated its minimal
toxicity and lack of fatalities in rats following seven days of administration [78]. A novel cyclohexenyl chalcone called panduratin C
and a few other chalcone-based compounds (panduratin A and hydroxypanduratin A) were obtained from this extract, which exhibited
potent anti-HIV-1 protease activity [79]. Another study indicated that cardamonin, which is a chalcone derivative obtained from the
Boesenbergia pandurata Holtt. (yellow rhizome) extract, had considerable anti-HIV-1 protease activity [80]. Studies with more details
are summarized in Table 2.

3.3. Chalcones and influenza virus

Influenza is a periodical infectious disease induced by RNA viruses that belong to the Orthomyxoviridae family [81]. The members of
this family include enveloped viruses with segmented single-strand negative-sense RNA fragments. This family of viruses is comprised
of four genera: A, B, C, and Thogotovirus, among which, only types A and B are significant for human beings from a clinical viewpoint.
While influenza B viruses nearly exclusively infect humans, influenza A viruses lead to infection in a great number of mammalian and
avian hosts. Since influenza A viruses have led to pandemic outbreaks, they have received much more attention [82]. The three main
parts of the influenza virus structure include the core, matrix, and envelope proteins. These biomolecules are hemagglutinin (HA), RNA
polymerase (PA, PB1, and PB2), matrix protein 1 (M1), proton channel protein (M2), neuraminidase (NA), nonstructural protein 1
(NS1), nuclear export protein (NEP, NS2), and nucleoprotein (NP). The influenza virus has developed cellular systems that allow it to
take advantage of human cell components in order to promote its proliferation while repressing host defenses. Recognizing these
cellular processes helps the identification of anti-influenza drug targets [82-84]. Currently, one of the main therapeutic targets is the
NA enzyme. NA, also known as sialidase, catalyzes the cleavage of sialic acid on the surface of the afflicted cell and releases progeny
virions from these cells. It might also facilitate viral transmission through respiratory tract mucus, thereby increasing viral

Table 2
Chalcone derivatives investigated against HIV.
Compound(s) “Chemical name(s)” Virus Study Results Inhibition mechanism Refs.
subtype model(s)
Glabarachalcone “(E)-1-7(7-hydroxhy-2-2dimethyl HIV-1 In silico, Mean inhibition against HIV gag Potent binding to RT [68]
chromen-6-yl)-3-phenylprop-2-en-1-one” In vitro p24: 66.9 + 4.4% enzyme and P24 protein
, inhibition of HIV-1 gag
p24
Quinoline-based chalcones HIV-1 In silico, ICs (the most active compounds): Inhibition of RT (non- [69]
In vitro 0.10 and 0.11 pg/mL; binding free ~ nucleoside reverse
energies (AG): 9.30 and —9.13 transcriptase)
keal
A series of ferrocenyl chalcone borates HIV-1 In vitro ICs0: 4-16 pM (for 3' processing Inhibition of the IN 3' [73]
activities) and 0.7-9 pM (for processing and strand
strand transfer activities) transfer steps
Amt-87 “(E)-3-(5-(adamantan-1-yl)-2,4-bis HIV-1 In vitro Stimulated GFP expression in J- Latency-reversing agent [75]
(methoxymethoxy) phenyl)-1-(2-hydroxy-5- Lat A2 cells at concentrations of (LRA)
methylphenyl)prop-2-en-1-one” 50 and 100 pg/mL
Hydroxypanduratin A “(1R,2S,6R)-3-methyl-2-(3- HIV-1 In vitro ICs0: 5.6 and 18.7 pM, Suppression of HIV-1 [79]
methylbut-2-enyl)-6-phenylcyclohex-3-en-1-yl]- respectively protease
(2,4,6-trihydroxyphenyl)methanone” panduratin A
“(2,6-dihydroxy-4-methoxyphenyl)-[(1R,2S,6R)-3-
methyl-2-(3-methylbut-2-enyl)-6-phenylcyclohex-3-
en-1-yllmethanone”
Cardamonin “(E)-1-(2,4-dihydroxy-6-methoxyphenyl)-3- HIV-1 In vitro ICsg of 31 pg/mL Inhibition of HIV-1 [80]

phenylprop-2-en-1-one”

protease

HIV: Human immunodeficiency virus, IC50: Half maximal inhibitory concentration.
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infectiousness. The capacity of the influenza virus to propagate to neighboring cells is greatly hindered when NA activity is impaired,
causing viral progeny to congregate at the surface of the infected cell [85]. Despite the development of many viral NA inhibitors, such
as rimantadine, oseltamivir, zanamivir, and amantadine, high levels of drug tolerance have been detected in influenza viruses [86].
Therefore, there is a great need to identify anti-influenza medications that are active against various influenza strains. In an
anti-influenza assessment of natural compounds, several derivatives were reported to be implicated in mitigating the risk of virus
strains with drug resistance or boosting the efficiency of antiviral drugs. NA is one of the main inhibitory targets of numerous natural
and synthesized chalcones since suppressing its activity is crucial for limiting viral propagation.

Chalcone derivatives acquired from the acetone extract of Glycyrrhiza inflata were shown to exhibit potent inhibitory effects against
NAs from several influenza virus subtypes, namely HIN1, novel HIN1 (WT), oseltamivir-resistant novel HIN1 (H274Y), and HON2
expressed in 293T cells. Additionally, the presence of one chalcone derivative improved the efficiency of oseltamivir against H274Y NA
[85]. In another study, a number of 2"-amino, 3-amino, and 2',4-dihydroxy chalcone-based compounds were synthesized to act as
inhibitors of the HIN1 influenza virus and NA enzyme using a structure-based drug design [87]. In an in silico study, it was shown that
a synthetic chalcone derivative known as 2"-hydroxy-4-methoxychalcone, which was designed based on quercetin, was active against
H5N1-NA in a non-competitive manner and could be used as an efficient treatment to circumvent the currently observed drug
resistance [88]. In a different study, six chalcones with alkyl substituents were extracted from Angelica keiskei and their capacity to
suppress NA hydrolysis was examined. It was indicated that 2-hydroxy-3-methyl-3-butenyl alkyl (HMB)-substituted chalcone had
strong inhibitory effects (IC5p: 12.3 pM) [89]. More research is presented in Table 3.

3.4. Chalcones and human rhinovirus (HRV)

The most frequent cause of upper respiratory system disorders in both adolescents and adults is HRV [90]. HRVs, which belong to
the Picornaviridae family, contain more than 100 distinct viral strains. These viruses are the most significant etiological factors of the
common cold. Although upper respiratory disorders caused by HRV are generally minor and self-limiting, the socioeconomic toll of
missing work or school and the level of unnecessary antibiotic usage are considerable. Additionally, increasing evidence supports the
association between HRV infection and more severe conditions. Infections caused by HRV are significant risk factors for acute otitis
media and sinusitis and are one of the main reasons for asthma attacks in both adults and children. Moreover, in those with bronchitis,
cystic fibrosis, and other preexisting respiratory conditions, HRV infections are also linked with lower respiratory system disorders
[91]. Current antiviral therapies to combat this virus are aimed at decreasing cell sensitivity by blocking viral binding, attachment,
replication, uncoating, and protein production. A number of studies have investigated the impact of chalcones on a variety of particular
targets in the virus including the capsid pocket, binding sites, and viral proteases inside VP1, and these proteases were discovered to be
the most efficient targets of chalcones with anti-rhinovirus activity. Ro 09-0410 (4’ ethoxy-2"-hydroxy-4,6 dimethoxy-chalcone) was
one of the first isolated chalcones which exclusively inactivates rhinovirus [92,93]. It is a synthetic chemical similar to a flavone that is
found in a Chinese medicinal plant called Agastache follium (Agastache rugosa Kuntze). It displays in vitro antiviral effects against
various rhinovirus strains and suppresses the function of the virus via adhering to the viral particles in suspension [92]. At doses of 4
pg/mL or less, this compound is non-toxic to cells [93]. However, it did not substantially lower the incidence of infection in human
clinical studies [94,95]. Hence, researchers have attempted to design varying synthetic analogs similar to Ro 09-0410. Ninomiya et al.
synthesized chalcone amides that are 4.5-10 times more effective against HRV in cell culture than the antirhinovirus drug Ro 09-0410.
Ro 09-0696, Ro 09-0881, and Ro 09-0535 are amide analogs that blocked the replication of the virus at concentrations < 2-3 ng/mL
and showed cytotoxic activity at doses ranging from 30 to 50 pg/mL [96] (Table 4).

Table 3
Chalcone derivatives investigated against the influenza virus.
Compound “Chemical name(s)” Virus subtype Study Results Inhibition Refs.
model(s) mechanism
Echinantin “(E)-3-(4-hydroxy-2-methoxyphenyl)-1-(4- HIN1, In vitro 1Csp values of 5.80 + 0.30, Inhibition of NAs [85]
hydroxyphenyl)prop-2-en-1-one” HON2, HIN1 (WT), 5.70 £ 0.55,
HIN1 (H274Y) 2.49 + 0.14, and 2.19 £+
0.06 pg/mL,
respectively
Isoliquiritigenin “(E)-1-(2,4-dihydroxyphenyl)-3-(4- HINI1, In vitro 1Csp values of 8.41 + 0.39, Inhibition of NAs [85]
hydroxyphenyl)prop-2-en-1-one” H9N2, HIN1 (WT), 9.69 + 0.37,
HIN1 (H274Y) 3.48 + 0.19, and 3.42 +
0.12 pg/mL,
respectively
“(E)-1-(2,4-dihydroxyphenyl)-3-(4-methoxyphenyl)prop- HIN1 In vitro ICs of 2.23 pmol/L Inhibition of NAs  [87]
2-en-1-one”
“(E)-1-(2-hydroxy-4-methoxyphenyl)-3-phenylprop-2-en- H5N1 In silico Binding to the 150-cavity Inhibition of NAs [88]
1-one” of NA
2-Hydroxy-3-methyl-3-butenyl alkyl HIN1 In vitro ICsp of 12.3 pM Inhibition of NAs  [89]

IC50: Half maximal inhibitory concentration.
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Table 4
Chalcone derivatives investigated against HRV.

Compound(s) “Chemical name(s)” Virus Study Results Inhibition mechanism Refs.
subtype model(s)

Chalcone amides including: Ro 09-0535 “4-ethoxy-2- HRV-2, In vitro 1Cs0: 0.0040, 0.0014, and Inhibition of the uncoating of [96]
hydroxy-6-methoxy-N-[(4-methoxyphenyl) 0.052 pg/mL, respectively rhinovirus by keeping the viral capsid
methyl]benzamide” protein stable

Ro 09-0696 “2-hydroxy-6-methoxy-N-[(4-
methoxyphenyl)methyl]-4-(3-methylbut-2-
enoxy)benzamide”

Ro 09-0881 “4-ethoxy-2-hydroxy-6-methoxy-N-
[[4-(methylamino)phenyl]methyl]benzamide”

Ro 09-0410 “(E)-1-(4-ethoxy-2-hydroxy-6- HRV9 In vitro ICs0: 0.03 pg/mL, Inactivation of the capsid protein by [92]
methoxyphenyl)-3-(4-methoxyphenyl)prop-2-en- binding to a specific site in the
1-one” rhinovirus capsid

HRV: Human rhinovirus, IC50: Half maximal inhibitory concentration.

3.5. Chalcones and herpes simplex virus (HSV)

HSV belongs to the Alphaherpesvirinae subfamily of the Herpesviridae family. It is a double-stranded DNA virus with a lytic and latent
cycle, which infects various host cells. HSV is one of the most widely researched viruses since it was the first human herpes virus to be
identified [97]. The antiviral effect of a group of chalcones was examined against a variety of viruses and it was reported that these
derivatives showed favorable in vitro antiviral activity against HSP-1 and HSP-2. These compounds were designed by reacting
4-hydroxy-3-methylacetophenone with a suitable aldehyde while a base was present by using a typical Claisen-Schmidt condensation
[98]. In another study, the anti-HSV potential of several chalcone derivatives extracted from the stem bark of Millettia leucantha KURZ
(Leguminosae) was investigated. It was reported that dihydrochalcones exhibited mild antiviral effects on HSV-1 and HSV-2 [99]. A
number of 3,5-bis(arylidene)-4-piperidones, as chalcone analogs, were designed and tested for their in vitro antiviral properties. A few
of these molecules were shown to have anti-HSV-1 effects [100] (Table 5)

3.6. Chalcones and dengue virus

Dengue virus is an arthropod-borne virus with four distinct serotypes (DEN-1, DEN-2, DEN-3, and DEN-4), which belongs to the
Flavivirus genus of the Flaviviridae family. All these serotypes have a positive polarity single-stranded RNA, which encodes a poly-
protein precursor including seven nonstructural proteins and three structural proteins (C, prM/M, and E) [101]. The cleavage of this
polypeptide is catalyzed by the host protease and the viral NS2B/NS3 protease (protease complex) [102]. Dengue fever is regarded by
the World Health Organization (WHO) as a serious worldwide health concern in tropical and subtropical regions [103]. Several in-
vestigations have been conducted in order to develop anti-dengue agents, such as antiviral inhibitors [104-107] and vaccinations
[108-110]. However, no efficient drugs have been discovered for the treatment of dengue fever as of yet. Clinically tested drugs, such
as Balapiravir, are still ineffective at preventing viral replication [111]. In an investigation by Kiat et al. the effect of several chalcones
extracted from fingerroot, Boesenbergia rotunda (L.) Mansf. Kulturpfl. (BR) on DEN-2 virus NS3 protease was examined. They reported
that cardamonin showed non-competitive inhibitory activities against the NS3 protease of the DEN-2 virus. Two other cyclohexenyl
chalcones obtained from fingerroot were panduratin A and 4-hydroxypanduratin A, which competitively inhibited the NS3 protease
(Ki: 25 and 21 pM, respectively) [112] (Table 6).

Table 5
Chalcone derivatives investigated against HSV.

Compound(s) “Chemical name(s)” Virus Study Results Inhibition Refs.

subtype model(s) mechanism

“5-(4-chlorophenyl)-3-(4-hydroxy-3-methylphenyl)-4,5-dihydro-1H- HSV-1 In vitro Minimum inhibitory Replication [98]
1-pyrazolyl-4-pyridyl methanone” concentration (MIC): >8 pg/ inhibitory

mL activity
(against HSV-1)

Chalcone derivatives isolated from Millettia leucantha KURZ “2,4,6'- HSV-1and In vitro ICso: 15.5 pg/mL (against N/A [99]
Trimethoxy-3,4-methylenedioxydihydrochalcone, 3-(1,3- HSV-2 HSV-1) and 17.0 pg/mL
benzodioxol-5-yl1)-1-(2,4-dimethoxyphenyl)-3-methoxypropan- (against HSV-2)
1-one”

3,5-Bis(arylidene)-4-piperidones “(E)-1-Methyl-3,5-bis(2- HSV-1 In vitro 1Csp: 0.66 pM N/A [100]

thienylidene)-4-piperidone”

HSV-1: herpes simplex virus type 1, HSV-2: herpes simplex virus type 2, IC50: Half maximal inhibitory concentration, MIC: Minimal inhibitory
concentration.
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Table 6
Chalcone derivatives investigated against dengue virus.
Compound(s) “Chemical name(s)” Virus Study Assay Inhibition mechanism Refs.
subtype model(s) results
Cardamonin “(E)-1-(2,4-dihydroxy-6-methoxyphenyl)-3-phenylprop-2-en- DEN-2 In vitro Ki: 377 Non-competitive inhibition of [112]
1-one” M NS2B/NS3 protease
4-Hydroxypanduratin A “[(1R,2S,6R)-3-methyl-2-(3-methylbut-2-enyl)-6- DEN-2 In vitro Ki: 21 pM  Competitive inhibition of NS3 [112]
phenylcyclohex-3-en-1-yl]-(2,4,6-trihydroxyphenyl)methanone” protease
Panduratin A “(2,6-dihydroxy-4-methoxyphenyl)-[(1R,2S,6R)-3-methyl-2- DEN-2 In vitro K;: 25 pM Competitive inhibition of NS3 [112]
(3-methylbut-2-enyl)-6-phenylcyclohex-3-en-1-yllmethanone” protease

Dengue virus (DENV), K;: inhibitory constant.

3.7. Chalcones and human cytomegalovirus (HCMV)

Human herpesvirus 5, generally referred to as HCMV, is the prototype member of the Betaherpesvirinae family. It maintains latency
and lives for the duration of the person’s life, similar to all herpesviruses. Over 60% of individuals in industrialized regions and over
90% in many underdeveloped nations have specific IgG antibodies. Individuals from lower socioeconomic classes and those of non-
Caucasian descent are more likely to develop this infection [113]. Xanthohumol, which is one of the main components of the hop
extract, was revealed to have potent antiviral activity against HCMV [114]. Moreover, it has been indicated that HCMV causes serum-
or density-arrested human lung (LU) cells to progress through the cell cycle, enabling it to propagate in cells that have completed their
mitotic cycle, which serve as its in vivo cellular substrates. In addition, infection with HCMV increases p53 levels, which appears to
contradict the detected cell cycle advancement. It was shown that the ubiquitination of p53 was suppressed by a chalcone derivative
known as trans-4-iodo, 4-boranylchalcone [115]. Moreover, an aryl/heteroaryl-derived thienyl chalcone was proved to exert strong
inhibitory effects against the D169 strain of HCMV (ECs¢: <0.05 pM) as compared with the standard treatment with ganciclovir (ECs:
0.12 pM) [116] (Table 7)

3.8. Chalcones and hepatitis B virus (HBV)

HBV is a small DNA virus with retrovirus-like features belonging to the Hepadnaviridae family [117]. HBV replication is mediated
by an RNA intermediary and it can incorporate the genetic material of the host. The distinct properties of the HBV replication cycle
allow it to survive in infected tissue. HBV infection causes various hepatic disorders, from acute (including fulminant hepatic failure) to
chronic hepatitis, cirrhosis, and hepatocellular cancer [118]. HBV is classified into eight genotypes, A through H, based on sequence
comparison. Each of these genotypes has a unique geographical distribution. Electron microscopy has revealed three different types of
viral remnants in infected sera. Two of these remnants are smaller components with a spherical shape, which are 20 nm in diameter,
and filaments of different lengths, which are 22 nm in width. These particles are nonpathogenic because they are comprised of
host-derived lipids and hepatitis B surface antigen (HBsAg) rather than viral nucleic acids [119]. In a study by Mathayan et al. two
chalcone-based compounds, i.e., glabaarachalcone and isopongachromene, were extracted from an Indian medicinal herb called
P. pinnata. The anti-HBV properties of these molecules were investigated via in silico screening, and it was indicated that these de-
rivatives were potential ligands for the DNA polymerase of HBV [120].

3.9. Chalcones and hepatitis C virus (HCV)

HCV is a blood-borne infectious agent. HCV infection affects around 120-130 million individuals or 3% of the global populace.
According to WHO, approximately 3-4 million new cases are reported each year [121]. HCV is regarded as a serious public health
concern because the virus causes chronic hepatitis, which usually progresses to cirrhosis and hepatocellular cancer (HCC) [122]. From
a clinical and economic standpoint, the discovery of alternative and/or complementary medications to treat HCV infection is still

Table 7
Chalcone derivatives investigated against human cytomegalovirus (HCMV).

Compound(s) “Chemical name(s)” Virus Study Results Inhibition mechanism Refs.
subtype model(s)

Xanthohumol “(E)-1-[2,4-dihydroxy-6- HCMV In vitro ICsp: 2.5 + 0.56 (pg/mL) Downregulation of CXCR4 chemokine [114]
methoxy-3-(3-methylbut-2-enyl)phenyl]-3- receptors
(4-hydroxyphenyl)prop-2-en-1-one”

“Trans-4-iodo-4-boranyl-chalcone” HCMV In vitro A concentration-dependent Inhibition of ubiquitination of p53 [115]

decrease in the abundance of
p53 ladders
“Thienylchalcone (1-phenyl-3-(2-thiophen-2- HCMV In vitro ECso: <0.05 pM Strong growth inhibitory activity [116]
ylphenyl)prop-2-en-1-one)” derivatives towards three major cancers (colon,
breast, and leukemia)

HCMV: Human cytomegalovirus, EC50: Half maximal effective concentration, IC50: Half maximal inhibitory concentration.
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urgently required. Licochalcone A and isoliquiritigenin are two chalcone derivatives isolated from medicinal plants belonging to
Glycyrrhiza species, which were shown to be active against HCV (ICso: 2.5 and 3.7 pg/mL, respectively). According to time-of-addition
investigations, these compounds mainly function after the entry stage. Isoliquiritigenin was reported to impede the propagation of an
HCV subgenomic RNA replicon in vitro [123]. The antiviral effects of xanthohumol, a prenylated chalcone isolated from hops, on HCV
infection in Tupaia belangeri, which is an established HCV infection model, were investigated. The results revealed that xanthohumol
can efficiently attenuate hepatic inflammation, steatosis, and fibrosis caused by HCV in Tupaias, mostly by inhibiting oxidative re-
actions, regulating cell death, and possibly suppressing the activation of hepatic stellate cells [124]. Tables 8 and 9 demonstrate the
effects of chalcones on HBV and HCV, respectively.

4. Antibacterial activity

The antibacterial effects of natural chalcones have been extensively studied in the literature. In one study, 28 novel thiazole-based
chalcones were prepared and their antibacterial activities against several bacterial species were investigated. All these derivatives
exerted antibacterial effects against three resistant strains, including P. aeruginosa, methicillin-resistant S. aureus (MRSA), and E. coli.
Moreover, docking studies were conducted and the results revealed that this antibacterial activity might be mediated by the inhibition
of DNA gyrase, GyrB, and MurA [125]. Four synthetic chalcones, namely 3-(4-tri-
fluoromethylphenyl)-1-(2-hydroxyphenyl)-2-propen-1-on (p-CF3), 3-(2,6-dimethoxyphenyl)-1-(2-hydroxyphenyl)-2-propen-1-on (2,
6-OCH3), 3-(2-methoxyphenyl)-1-(2-hydroxyphenyl)-2-propen-1-on (0-OCH3), and 3-(4-fluoro-2-methylphenyl)-1-(2-hydrox-
yphenyl)-2-propen-1-on (p-F-o-CH3), were found to have antibacterial effects against two multiresistant bacterial strains including
A. baumannii and P. aeruginosa, which were extracted from patients admitted to hospital (MICs = 100-175 pg/mL). Additionally, the
effects of these chalcone derivatives on the expression of several virulence factors in A. baumannii (surface-related motion and
twitching) and P. aeruginosa (pyocyanin synthesis, swimming and swarming motion), as well as their biofilm production, were
investigated. Regarding the structures of these chalcones, it is commonly acknowledged that the o, f-unsaturated ketone group is
necessary for antimicrobial activities. Furthermore, the authors concluded that the antimicrobial properties were supported by
methoxy and halogen groups [126]. The treatment of staphylococcal infections using conventional medications, e.g., penicillin and
cephalosporin, is no longer effective due to the advent and dissemination of multidrug-resistant strains [127]. Despite its efficacy
against multidrug-resistant forms of Staphylococcus aureus, vancomycin has certain disadvantages, including toxicity and insufficient
uptake [128]. The quest for novel drugs was prompted by the persistent development of bacterial resistance, which has become a
critical issue in contemporary medicine. One of the most common pathways in multiresistant bacteria is resistance mediated by efflux
pumps, which has prompted researchers to seek potential efflux pump inhibitors [129]. Therefore, developing new chemicals that are
readily available is an effective approach to antimicrobial treatment.

Six 2'-hydroxychalcones were synthesized using the Claisen-Schmidt condensation reaction, and their effects were investigated
alone and combined with several antibiotics against a number of multiresistant S. aureus strains including RN4220, K4414, 1199B, and
K2068. In vitro and in silico studies indicated that these synthetic chalcones could suppress the NorA efflux pump [130], which is
implicated in resistance to antiseptics, biocides, quaternary ammonium compounds, dyes, and fluoroquinolones (e.g., ciprofloxacin)
[131]. These findings suggest that the addition of a furanic ring (A1), a chlorine atom, and a methoxy group at the C4 position (A2 and
A4), as well as a second double bond (A5), and a fluorine atom at the C2 position (A6) had an impact on the synergistic effects shown by
the prepared chalcones [130]. A number of azidosulfonamide-chalcones were synthesized and their antimicrobial effects were shown
against several Gram-negative and Gram-positive bacteria, namely S. aureus, M. luteus, S. marcens, K. pneumonia, and E. coli [132]. It
has been established that compounds with the sulfonamide group (sulfa drugs, -SO;NH,-) exhibit a wide range of biological effects,
including anti-inflammatory, anticancer, and antimicrobial activities. Moreover, as previously mentioned, chalcones have been
effectively employed as potential anti-infective compounds. The antibacterial effects of sulfonamides are related to their ability to
target the dihydropteroate synthase enzyme (DHPS), which acts as a catalyst for the condensation of 6-(hydroxymethyl)-7,8-dihy-
dropterin-pyrophosphate (DHPPP) and p-aminobenzoic acid (PABA) into dihydropteroate (DHPt). Therefore, the formation of dihy-
drofolic acid is prevented, which leads to the inhibition of the growth and proliferation of microorganisms [133]. In another study, the
antimicrobial activity of five pyrazole-based adamantyl chalcones against Gram-negative and Gram-positive bacteria was shown with
inhibition zone diameters (IZDs) between 8.3 and 15.3 [37]. The antibacterial effect of four synthesized chalcones including
(E)-3-(4-fluorophenyl)-1-(2-hydroxyphenyl)prop-2en-1-one, (E)-1-(2-hydroxyphenyl)-3-(4-ethoxyphenyl)prop-2en-1-one, (E)-3-(4-
(dimethylamino)phenyl)-1-(2-hydroxyphenyl)prop-2-enl-one, and (E)-1-(2-hydroxyphenyl)-3-(thiophen-2-yl)prop-2-en-1-one was
shown against Gram-negative E. coli ATCC 25922, Gram-positive S. aureus ATCC 25923, and the S. aureus 11999-B strain over-
expressing the norA gene that encodes the NorA efflux pump. Moreover, it was reported that these compounds could reduce the

Table 8
Chalcone derivatives investigated against HBV.

Compound(s) “Chemical name(s)” Virus Study Results Inhibition mechanism Ref.
subtype model(s)

Glabaarachalcone and Isopongachromene “2-(1,3- HBV In vitro, Docking scores: 9.523 and —9.094 Binding to the DNA [120]
benzodioxol-5-y1)-6-methoxy-8,8-dimethylpyrano In silico against HBV DNA polymerase, polymerase of HBV
[2,3-h]chromen-4-one” respectively

HBV: Hepatitis B virus.
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Table 9
Chalcone derivatives investigated against HCV.
Compound(s) “Chemical name(s)” Virus subtype Study Results Inhibition mechanism Refs.
model
(s)

Licochalcone A “(E)-3-[4-hydroxy-2- HCV genotype  In vitro 1Cs0: Inhibition of the post-entry [123]
methoxy-5-(2-methylbut-3-en-2- 2a (J6/ 2.5 mg/mL step
yDphenyl]-1-(4-hydroxyphenyl) JFH1P47
prop-2-en-1-one”

Isoliquiritigenin “(E)-1-(2,4- HCV genotype  In vitro 1Cs0: Inhibition of the post-entry [123]
dihydroxyphenyl)-3-(4- 2a (J6/ 3.7 mg/mL step by preventing the HCV
hydroxyphenyl)prop-2-en-1-one” JFH1P47 subgenomic RNA

propagation

Xanthohumol “(E)-1-[2,4-dihydroxy- HCV genotype  In vivo Significantly reduced transforming growth Modulation of apoptosis, [124]
6-methoxy-3-(3-methylbut-2- 1b factor 1 expression, hepatic steatosis score, suppression of oxidative
enyl)phenyl]-3-(4- aminotransferase levels, and histological response, and regulation of
hydroxyphenyl)prop-2-en-1-one” activity index in liver tissue MTP function

HCV: hepatitis C virus, IC50: Half maximal inhibitory concentration, MTP: Microsomal triglyceride transfer protein.

resistance of the SA1199B strain to norfloxacin, which was possibly mediated by the inhibition of the NorA reflux [134]. In addition,
the antibacterial effects of norfloxacin against the SA1199B strain were shown to be improved by four chalcone derivatives, namely
4'-hydroxy-3-4-dimethoxy-chalcone, 3-hydroxy-3-acetate, 4-methoxy-chalcone, 3',4-dihydroxy, 3,4,4'-trimethoxy-chalcone, and 3,
4-dimethoxy-chalcone, which were extracted from Arrabidaea brachypoda (Bignoniaceae) flowers. According to molecular docking
studies, these chalcones could bind to the hydrophobic pockets of MepA and NorA at the same binding sites as norfloxacin, suggesting
that they could compete for these binding sites with this antibiotic. It was concluded that combining chalcone derivatives with nor-
floxacin could be an effective strategy to combat multidrug-resistant S. aureus over-producing MepA or NorA [135]. Several thiazolyl
chalcones were prepared based on the Claisen-Schmidt condensation reaction of 5-acetyl-4-methyl-2-(3-pyridyl) thiazole with
different heterocyclic aldehydes in alkali media. These chalcone derivatives were evaluated for antibacterial activity with good results.
Among these derivatives, 2-thienylchalcone exhibited the highest activity against P. aeruginosa [136]. Several synthetic chalcones
containing trifluoromethyl and trifluoromethoxy substituents showed varying degrees of antibacterial activity against Gram-positive
(S. aureus and B. subtilis) and Gram-negative (E. coli and B. subtilis) bacteria [137]. Five fluorinated chalcones were prepared using the
required aromatic aldehydes via a revised Claisen-Schmidt condensation of 4-fluoro-2-hydroxyacetophenone. The antibacterial effects
of these compounds were investigated against Gram-negative (S. typhi, E. coli, C. ulcerans, P. aeruginosa, and P. mirabilis) and
Gram-positive (Vancomycin-resistant enterococci, S. aureus, methicillin-resistant S. aureus, S. pyrogenes, and S. faecalis) bacteria utilizing
the agar diffusion approach. It was reported that these chalcones showed broad-spectrum effects against eight of the bacteria, with the
most potent molecules showing zones of inhibition between 23 and 28 mm and MICs ranging from 25 to 50 pg/mL [138]. Other studies
are listed in Table 10.

The antibacterial mechanisms of chalcones have been previously reported. These mechanisms include the inhibition of fatty acid
synthesis, efflux pumps, DNA replication (DNA gyrase), filamentous temperature-sensitive mutant Z (FtsZ), virulence factors, and
protein tyrosine phosphatase, resulting in the inhibition of bacterial division and eventually bactericidal effects. A schematic repre-
sentation is adapted from a review study conducted by Dhaliwal et al. (Fig. 5).

5. Antifungal activity

The prevalence of infectious diseases caused by fungi appears to be globally on the rise. This may partly be due to the use of
immune-suppressing treatments, namely hematopoietic stem cell transplants, and medications such as tissue necrosis factor antago-
nists, which increase the number of individuals who are predisposed to otherwise uncommon fungal diseases [140]. This prompted
researchers to seek novel molecular targets for new antifungal agents. In recent years, numerous antifungal medications have been
created; however, it is still challenging to treat certain patients [141]. The primary cause of this issue is intrinsic or acquired antifungal
resistance. In addition, several recently created antifungal drugs lead to adverse effects. Consequently, there is an ongoing need for
novel antifungal agents that can selectively target the fungi without impairing the host’s biochemical processes [140,142].

In an effort to discover effective antifungal drugs, a number of chalcones and new dihydrochromane-chalcone derivatives were
developed and characterized using spectroscopic techniques. The activity of these molecules was assessed in vitro against the phy-
topathogens B. cinerea and M. fructicola, which influence a variety of commercially important plants. Several of the synthetic de-
rivatives were shown to be active against B. cinerea and M. fructicola. In order to investigate the mode of action of these compounds,
structure-activity models were developed and studied. The results revealed that in the case of B. cinerea, this inhibitory effect was
mediated by the atomic charge on Cs and the hydrogen bonding acceptor and donor. However, the inhibitory activity against
M. fructicola was mediated by the dipole moment and the carbonyl carbon and the atomic charge on Cy’ [143]. In another study, eight
chalcones were designed using 2-hydroxy-3,4,6-trimethoxyacetophenone extracted from Croton anisodontus, and their antifungal
activity was examined in vitro. The chalcone derivatives (E)-1-(2-hydroxy-3,4,6- trimethoxyphenyl)-3-(4-methoxyphenyl)
prop-2-en-1-one and (E)-3-(furan-2-yl)-1-(2-hydroxy3,4,6-trimethoxyphenyl)prop-2-en-1-one were shown to be active against
C. albicans LABMIC 0107 (MIC: 0.31 mg/mL) and C. albicans LABMIC 0105 (MIC: 0.62 mg/mL), respectively. Moreover, the
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Table 10
The antibacterial activity of chalcones.
Compound(s) “Chemical name(s)” Bacterial species Study Results Inhibition mechanism Refs.
model
(s)

Thiazole-based chalcones “(E)-3-(2- Pseudomonas aeruginosa, MRSA, In MIC: 0.65,1, 1.3 umol/  Inhibition of DNA gyrase, [125]
chloro-6-fluorophenylo-1-(2- and Escherichia coli vitro, mL x 10~2 against GyrB, and MurA
(ethylamino)- 4-2.1.4. In E. coli, P. aeruginosa,
methylthiazol-5-yl)prop-2-en-1-on” silico and MRSA, respectively

“3-(4-Trifluoromethylphenyl)-1-(2- P. aeruginosa and Acinetobacter Invitro  MICs: 100-175 pg/mL Supported by methoxy and [126]
hydroxyphenyl)-2-propen-1-on” baumannii halogen groups
“3-(2,6-dimethoxyphenyl)-1-(2-
hydroxyphenyl)-2-propen-1-on”

“3-(2-methoxyphenyl)-1-(2-
hydroxyphenyl)-2-propen-1-on”
“3-(4-fluoro-2-methylphenyl)-1-(2-
hydroxyphenyl)-2-propen-1-on”

2-Hydroxychalcones “(E)-3-(2- MRSA strains including RN4220, In Binding energies: 6.4, Inhibition of the NorA efflux [130]
hydroxyphenyl)-1-phenylprop-2-en- K4414, 1199B, and K2068 vitro, —7.4, pump
1-one” In -7.0, =7.2, —7.5, and

silico —7.2 kcal/mol

Azidosulfonamide chalcones “N-[4-[3- S. aureus, Micrococcus luteus, In 1ZDs: 33 mm and MIC: Possible inhibition of the [132]
(4-Bromophenyl)acryloyl]phenyl]- Serratia marcescens, Klebsiella vitro, 1.5 pg/cm® against microbial DHPS enzyme
4-azidobenzene- sulfonamide” pneumoniae, and E. coli In S. aureus;

silico 1ZD: 29 mm and MIC:
1.5 pg/em® against
M. luteus (most active
compound)

Pyrazole-based adamantyl chalcones P. aeruginosa, E. coli, S. aureus, K. Invitro  IZDs: 15.3 mm against N/A [371
“2-(3-((18,38)-adamatan-1-yl)-1- pneumonia, Salmonella K. pneumonia (most
(2,4-dinitrophenyl)-4,5-dihydro- typhimurium, and Bacillus subtilis active compound)
1H-pyrazol-5-yl)pyridine”

“(E)-3-(4-fluorophenyl)-1-(2- E. coli ATCC 25922, S. aureus ATCC  In Significantly reduced Reduced the resistance to [134]
hydroxyphenyl)prop-2en-1-one” 25923, and the S. aureus 11999-B vitro, the MICs of norfloxacin  norfloxacin by inhibiting the
“(E)-1-(2-hydroxyphenyl)-3-(4- strain overexpressing the norA In from 64 to 8 pg/mL NorA reflux
ethoxyphenyl)prop-2en-1-one” gene silico
“(E)-3-(4-(dimethylamino)phenyl)-
1-(2-hydroxyphenyl)prop-2-en1-
one” “(E)-1-(2-hydroxyphenyl)-3-

(thiophen-2-yl)prop-2-en-1-one”

4-Hydroxy-3-4-dimethoxy-chalcone, 3'- SA1199B strain Invitro  Strengthened the Competes with norfloxacin [135]
hydroxy-3-acetate, 4-methoxy-chal- effects of norfloxacin for similar MepA and NorA
cone, 3',4-dihydroxy, 3,4,4'- and EtBr against the binding sites
trimethoxy-chalcone, and 3,4- SA1199-B (norA) strain
dimethoxy-chalcone

Thiazolyl chalcones B. subtilis, Shigella flexneri Invitro  MIC: 0.48 pg/Ml (most  Results indicate that the effect [136]
“3-(5-[4,5-Dihydro-5-(1H-pyrrol-2- active compound) of pyrazolines derivatives on
yD-1H-pyrazol3-yl]-4- Gram negative bacterial
methylthiazol-2-yl)pyridine” activity is attributed to its NH
“4-(4,5-Dihydro-3-[4-methyl-2- group which can act as a
(pyridin-3-yDthiazol-5-y1]-1H- hydrogen donor to the target
pyrazol-5-yl)pyridine” receptor

Trifluoromethyl- and trifluoromethoxy- S. aureus, B. subtilis, E. coli, and, Invitro  MIC: 24 uM against N/A [137]
substituted chalcones “(E)-3-(1"H- Proteus vulgaris B. subtilis and E. coli,
indol-3"-y1)-1-[40 MIC: 25 pM against
-(trifluoromethoxy)phenyl] prop-2- E. coli and P. vulgaris,
en-1-one” respectively
“(E)-3-(1"H-indol-3"-y1)-1-[40
-(trifluoromethyl)phenyl]prop-2-
en-1-one”

Fluorinated chalcones “(E)-3-(2- MRSA, S. aureus, E. coli, S. In vitro 1ZD: 28 mm against The electron-releasing group [138]

ethoxyphenyl)-1-(4-Fluoro-2-
hydroxyphenyl) prop-2-en-1-one”
“(E)-3-(3',4-diethoxyphenyl)-1-(4-
fuoro-2-hydroxyl-ph enyl)prop-2-
en-1-one” “(E)-3-(3,5-Bis
[trifuoromethyl]phenyl)-1-(4-
Fluoro- 2-hydroxylphenyl)prop-2-
en-1-one”

pyrogenes, Vancomycin-resistant
enterococci, Enterococcus faecalis,
Salmonella typhi, Proteus mirabilis,
Pseudomonas aeruginosa,
Corynebacterium ulcerans

E. coli; 28 mm against
MRSA; 28 mm against
S. pyrogenes

on the B-ring and the fluorine
atom on the A-ring enable
easy penetration into the
negatively charged bacterial
wall.

1ZD: Inhibition zone diameter, MRSA: Methicillin-resistant Staphylococcus aureus, MIC:
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Fig. 5. Antibacterial mechanisms of chalcone and its derivatives. Reproduced with permission from Ref. [139].

combination of amphotericin B and the chalcone derivative (E)-1-(2-hydroxy-3,4,6-trimethoxyphenyl)-3-(4-methoxyphenyl)pro-
p-2-en-1-one was reported to exhibit synergistic effects against C. albicans LABMIC 0105 (IFIC = 0.124) [144]. A different study re-
ported the fungicidal impact of 2-hydroxychalcone encapsulated in a nanoemulsion on Paracoccidioides brasiliensis and Paracoccidioides
lutzii, which are the causative agents of paracoccidioidomycosis [145]. Azulene-containing chalcones were developed by Bala via the
Claisen-Schmidt condensation reaction and showed strong inhibitory effects on Candida parapsilosis (MIC: 0.156-0.312 mg/mL). The
chalcone derivative with azulene groups on either side of the 2-propene-1-one bond was the most active compound and showed good
antifungal activity [146]. Synthesized polyoxygenated chalcones were shown to be active against the clinically significant yeasts
C. neoformans (ATCC 32264) and C. albicans (ATCC 10231) [147]. 2,3-Dihydroxy-chalcone (DHC) demonstrated inhibitory properties
against clinical isolates of C. albicans that produce phospholipase (MIC: 16.24-130.16 pM and MFC: 260.32-1041.31 pM) [148]. Ten
chalcone derivatives synthesized from 3'-methoxy-4-hydroxyacetophenone and p-aminoacetophenone were tested against four Tri-
chophyton rubrum strains, namely CEMM 0201, CEMM 0202, LABMIC 0203, and LABMIC 0204, and showed good antifungal activity
(MIC = 0.015-1.25 pg/mL) [149]. Synthetic pyrrole chalcone derivatives were examined for their in vitro fungicidal effects on
Aspergillus niger and showed acceptable outcomes (zones of inhibition between 10 and 24 mm) [150]. In another study, several difluoro
phenyl pyrazole chalcone-based compounds were prepared and their activities against human pathogenic fungi were evaluated in
vitro. It was indicated that a number of these compounds displayed promising inhibitory effects (MICs of 25 and 50 pg/mL) [151].In a
different study, ferrocenyl chalcone and organic chalcone were used as intermediates to synthesize sulfones and bis-sulfones and their
fungicidal activities were investigated. Among these compounds, the ferrocenyl chalcone-based dimethyl-substituted derivative dis-
played the strongest antifungal properties [152]. Five chalcones were prepared from 2-hydroxyacetophenone with substituted
benzaldehydes, including (E)-3-(2-ethoxyphenyl), (E)-3-(4-diethylaminophenyl), (E)-3-(2,3-dihydrobenzofuran-5-yl), (E)-3-(3/,
4'-diethoxyphenyl), and (E)-3-(3',5-bis[trifluoromethyl]phenyl)-1-(2-hydroxyphenyl) prop-2-en-1-one. The inhibitory properties of
these molecules were examined against several candida species utilizing the agar diffusion technique. All the derivatives were active
against the candida species to varying degrees while those with the 2-ethoxyphenyl and 4'-(diethylamino)phenyl moieties were the
most effective against the fungi with MICs ranging from 25 to 50 pg/mL [138] (Table 11).

6. Antiparasitic activity

Parasitic disorders, namely leishmaniasis and malaria, continue to be a serious worldwide health problem. In addition to being
fatal, they have a substantially damaging effect on the quality of life of millions of individuals around the world [153]. Many of the
currently accessible medications have certain drawbacks, including toxicity, disputable efficiency, and prolonged treatment periods,
which lead to resistance. Therefore, researchers have focused on developing new therapeutic agents that are safe and effective [154].
Due to the lack of a vaccine and the challenges associated with establishing a vector control system, existing antiparasitic management
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diethoxyphenyl)” “(E)-
3-(2,3-
dihydrobenzofuran-5-
y)”

“(E)-3-(3,5"-bis
[trifluoromethyl]
phenyD)-1-(2-
hydroxyphenyl) prop-
2-en-1-one”

donating group.

Table 11
The antifungal activity of chalcones.

Compound(s) “Chemical name(s)” Fungal species Study Results Inhibition mechanism Refs.

model(s)

Dihydrochromane-chalcone derivatives Botrytis cinerea and In vitro ICsg against B. cinerea: ~ Mycelial growth inhibition =~ [143]
“(2E)-1,3-diphenylprop-2-en-1-one” Monilinia fructicola 43.9 and against (for B. cinerea) modulated

M. fructicola: 48.5 pg/ by the atomic charge on C5

mL and the hydrogen bonding
acceptor and donor.
Modification of the
inhibitory properties (for
M. fructicola) via dipole
moment and the carbonyl
carbon and the atomic
charge on C1.

Chalcones synthesized from natural acetophenone Candida albicans In vitro MIC: 0.62 and 0.31 Similar to the mode of [144]
“(E)-3-(furan-2-y1)-1-(2-hydroxy3,4,6- LABMIC 0105 and mg/mL, respectively action of amphotericin B.
trimethoxyphenyl)prop-2-en-1-one” C. albicans LABMIC
“(E)-1-(2-hydroxy-3,4,6- trimethoxyphenyl)-3- 0107
(4-methoxyphenyl)prop-2-en-1-one”

2-Hydroxychalcone “(E)-3-(2-hydroxyphenyl)-1- Paracoccidioides In vitro MIC: 0.06 and 0.12 Reaction between the [145]
phenylprop-2-en-1-one” brasiliensis and pg/mL, respectively internal stage of the

Paracoccidioides lutzii formulation and lipid
membrane molecules such
as ergosterol, destabilizing
fungi integrity, and the
disruption of the fungal
membrane leading to its
death.

Azulene-containing chalcone “(E)-1,3-Di(azulen-1- Candida parapsilosis In vitro MIC: 0.156 mg/mL N/A [146]
yDprop-2-en-1-one”

Polyoxygenated chalcones “1-Phenyl-3-(4-hydroxy- C. albicans, In vitro ICs0: 50 and 125 pg/ Anticryptococcal activity [147]
3-methoxyphenyl)-prop-2-en-1-one” Cryptococcus mL against mediated by the
“1-(2,5-Dimethoxyphenyl)-3-phenyl-prop-2-en- neoformans C. albicans; 15.6 and methylation of the 3-OH of
1-one” 7.8 pg/mL against the B ring and the

C. neoformans, substitution pattern of the
respectively A ring.

“(E) 2,3-dyhydroxy-chalcone™ C. albicans isolates 1-9  In vitro MIC: 16.24 for isolate ~ N/A [148]

1 and MFC: 32.54 yM
for isolate 1

“(2E)-1-(4-aminophenyl)-3-(phenyl)-prop-2- en-1- Trichophyton rubrum In vitro MIC: 0.07 and MFC: Inhibition activity [149]
one” (LAMBIC 0208) 0.015-1.25 pg/mL mediated by the phenyl

group and electron-
withdrawing groups such
as fluorine and chlorine,
the existence of a
heterocyclic ring, hydroxy
and methoxy groups on
ring A, and the nitro group
on ring B.

Ferrocenyl chalcone-based dimethyl-substituted Aspergillus niger, In vitro MIC: 3.9, 7.8, 10.5, N/A [152]
derivative “1-Ferrocenyl-3- C. albicans, Aspergillus 3.9, 7.81, and 15.5
(3,4dimethylphenyl)-3- (phenylsulfonyl) fumigatus, Candida pg/mL, respectively
propan-1-one” tropicalis, Cryptococcus

neoformans, and

C. parapsilosis

“(E)-3-(4- C. albicans, In vitro MIC:25-50 Improvement of [138]
diethylaminophenyl)” C. tropicalis, Candida pg/mL inhibitory activity by
“(E)-3-(2- stellatoidea, Candida the 4'-(diethylamino)
ethoxyphenyl)” pseudotropicalis and substituents, which is
“(E)-3-(3,4- Candida krusei a potent electron-

MIC: Minimum Inhibitory, MFC: Fungicidal Concentrations, IC50: Half maximal inhibitory concentration.
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strategies have centered on chemotherapy procedures. The demand for novel pharmacological approaches for managing parasitic
disorders stems from a variety of issues, such as the scarcity of medications available, their decreased efficacy owing to microbial
resistance, prolonged therapies, and substantial toxicity [155]. As a result, continuous research into biologically active chemicals to
combat these pathogens remains critical. A number of natural compounds have been previously introduced in the search for anti-
parasitic drugs. Chalcone-type molecules, in particular, were active against Leishmania species, P. falciparum and T. cruzi [153].
Two chalcones, namely 2',5-dimethoxy-4',6-dihydroxychalcone and 2',4-dimethoxy-6-hydroxychalcone were isolated from
Polygonum salicifolium, which is found in Iraq. These compounds exhibited antitrypanosomal and antileishmanial properties, with 2,4
dimethoxy-6-hydroxychalcone showing the strongest activity against T. congolense, Trypanosoma brucei brucei, and Leishmania mex-
icana (ECsg of 2.5, 0.5, and 5.2 pg/mL, respectively) with no toxicity toward a human cell line [156]. The antileishmanial effects of 25
synthetic prenylated chalcones were investigated and these compounds were reported to display good activity against Leishmania
mexicana. Eleven derivatives showed a metabolic inhibition of at least 50% and three of the most potent ones had ICsq values less
than 10 pM. According to docking studies, prenylated chalcones may affect fumarate reductase activity by binding with high affinity to
two binding sites that are essential for the target [157]. In another work, six chalcone derivatives were designed and developed using a
drug-food-homologous chalcone skeleton, and nearly half of the compounds demonstrated effective anti-Toxoplasma activity in vitro.
Among these, four compounds displayed strong activity against T. gondii and minimal cytotoxicity in vitro. Moreover, the proliferation
of Toxoplasma tachyzoites was inhibited by three of these derivatives in vivo [158]. Three types of chalcones were designed with
substituents H, OH, or NH; at the C-2' position in ring A and substituents with electron-releasing and electron-withdrawing charac-
teristics, such as OCHs, NO,, and halogens (Cl, F), in ring B. The antiparasitic effects of these compounds against Trypanosoma cruzi,
Leishmania braziliensis, and Plasmodium falciparum were evaluated, and they exhibited structure-dependent activity against
L. braziliensis. Only one derivative displayed strong effects against T. cruzi, and none of the molecules showed considerable anti-
plasmodial activity. The antiparasitic activity might be mediated by the hydrogen bonds at C-2' with carbonyl and the electro-
n-donating substituents in ring B [153]. A set of chalcone-thiosemicarbazones were prepared and their effects were examined against
axenic amastigotes, promastigotes, and intracellular amastigotes of Leishmania amazonensis. The ICso value of the most effective de-
rivative against L. amazonensis promastigotes was reported to be 5.22 + 0.75 pM, whereas the ICsy value of pentamidine, as the
positive control, was 4.90 £+ 0.60 pM. Several spectroscopic approaches combined with molecular docking were used for the early
pharmacokinetic assessment of the most effective chalcone derivative via its interaction with human serum albumin (HSA). The results
demonstrated that chalcone-thiosemicarbazone compounds were novel prototypes, which could be used for developing
anti-leishmaniasis drugs [159]. One study indicated a strong interaction between several chalcone derivatives, including
(E)-1-(4-aminophenyl)-3-(4-methoxyphenyl)-prop-2-en-1-one,  (E)-1-(4-aminophenyl)-3-phenylprop-2-en-1-one, (E)-1-(4-amino-
phenyl)-3-(4ethoxyphenyl)-prop-2-en-1-one, and the Leishmania major receptor using in silico assays [160]. In a different study, 12
chalcone and benzimidazolyl-arylpropenone hybrids were developed and tested against promastigotes of Leishmania donovani, which
leads to visceral leishmaniasis, the most severe form of leishmaniasis. Among these compounds, seven derivatives exhibited stronger
activity against L. donovani compared with pentamidine (the reference drug) with ICsy values between 0.5 and 1.8 pM [161]. The
in-silico inhibitory effects of a series of chalcone-quinoline conjugates against cruzipain, which is a key cysteine protease in T. cruzi,
were investigated via molecular docking. It was reported that two of the most active compounds, i.e., (E)-1-(3,4-dimethox-
yphenyl)-3-(4-((9-(quinolin-8-yloxy)nonyl)oxy)phenyl)prop-2- en-l-one (le) and (E)-3-(furan-2-yl)-1-(4-((5-(quinolin-8-yloxy)
pentyl)oxy)phenyl)prop-2-en-1-one (2c), exhibited the highest scores in docking studies (7.3 and 7.4 kcal/mol, respectively). These
findings indicated that the chalcone-quinoline derivatives exert their antiparasitic activity through the inhibition of cruzipain [162].
The addition of chloride substituents to 2-hydroxy-3,4,6-trimethoxyphenylchalcones was shown to decrease the toxicity of the host cell
against these compounds without impairing their inhibitory effects on the Trypanosoma cruzi Y strain forms [163]. The antiparasitic
effect of chalcones and three of their amino analogs was evaluated against Trichomonas vaginalis, the causative agent of a non-viral
illness known as Trichomoniasis, which is transmitted through sexual contact. Among these derivatives, 3-aminochalcone had the
strongest activity and displayed elevated cytotoxicity toward human vaginal cells. After the treatment of trophozoites of T. vaginalis
with this compound, no considerable accumulation of reactive oxygen species (ROS) was observed; however, after co-incubation, it
significantly increased ROS accumulation in human neutrophils [164]. The ultra-structural alterations as a result of the activity of
chalcones and their derivatives in various Plasmodium falciparum organelles were investigated in vitro in order to clarify the mode of
action of the parasite. RBCs infected with CQ-resistant (RKL-9) and CQ-sensitive (MRC-2) Plasmodium isolates were subjected to
treatment with three chalcones and standard medications (artemisinin and CQ) for 24 h. The RBCs were then collected, rinsed, fixed,
embedded, and stained to examine the ultra-structural alterations pre- and post-intervention using a transmission electron microscope.
The results revealed that all of the membranes of the parasite, including the membranes of the nucleus, food vacuole, and mito-
chondria, were significantly disrupted. Additionally, there was a notable decrease in the number of ribosomes in the trophozoites and
the development of schizonts was prevented, which indicates possible modes of action by which chalcones affect the malaria parasite
[165]. The anti-chagasic properties of the synthesized chalcone CPN2F were investigated using in vitro experiments and in silico
structural classification, ADMET analyses, and molecular docking. The in vitro assays revealed that the protozoan metabolism of host
cells (LLC-MK2) had decreased. The molecular docking simulations assessed this decrease via the synergistic impact related to
benznidazole against key therapeutic targets (cruzipain, trypanothione reductase, and T. cruzi glyceraldehyde-3-phosphate dehy-
drogenase (TcGAPDH)) in the development cycle of Trypanosoma cruzi. The in silico results demonstrated an association between
pharmacokinetic features, e.g., renal uptake and release, which suggests that CPN2F has the potential to be used as an antichagasic
medication with minimal organic toxicity [166]. Chalcone-based compounds with hydroxy and methoxy substitution on the aromatic
ring A have been shown to exhibit potential inhibitory effects against leishmania and trypanosome strains [167,168]. Furthermore,
heterocyclic components in the B ring have been used to develop antimalarial compounds [169]. In another study, the
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Table 12
The antiparasitic activity of chalcones.
Compound(s) “Chemical name(s)” Parasite species Study Results Inhibition mechanism Refs.
model
(s)

“(E)-1-(2-hydroxy-4-methoxyphenyl)-3-(2- Trypanosoma brucei In vitro ECs0: 0.5, 2.5, and 5.2 pg/mL,  N/A [156]
methoxyphenyl)prop-2-en-1-one” brucei, Trypanosoma respectively

congolense, and
Leishmania Mexicana

“(E)-1-(3-methoxy-4-((3-methylbut-2-en-1- L. mexicana In ICs0 < 10 pM Possibly modulates the activity of [157]
yDoxy) phenyl)-3-(3-nitrophenyl) vitro, fumarate reductase by binding to
prop-2-en-1-one” In two crucial binding sites for the
“(E)-1-(3-methoxy-4-((3-methylbut-2- silico target with good affinity.
en-1-yl)oxy) phenyl)-3-(3-

(trifuoromethyl)phenyl)prop-2-en-1-
one”
“(E)-3-(3-methoxy-4-((3-methylbut-2-
en-1-yl)oxy) phenyl)-1-(2-
(trifuoromethyl)phenyl)prop-2-en-1-
one”

“(E)-3-(2-bromophenyl)-1-(4- Toxoplasma gondii In Significant anti-toxoplasma Anti-Toxoplasma effects are [158]
(isopropylamino)phenyl)prop2-en-1- vitro, activity and reduction of enhanced by the Michael receptor
one” In vivo biochemical variables as well found in chalcones’ molecular
“(E)-3-(2-bromophenyl)-1-(4- as liver and spleen indices skeleton.
(ethylamino)phenyl)prop-2-enl-one”

Chalcone derivatives with substituents in Leishmania Invitro  ECso: 5.7 against The antiparasitic properties were [153]
the A and B rings “1-(2-Aminophenyl)-  braziliensis, L. braziliensis; ECso against affected by the hydrogen bonds at
3-(3,4,5-trimethoxyphenyl)prop-2-en- Trypanosoma crugi, T. cruzi: 8.1 pM; ECsg against ~ C-2' with carbonyl and the
1-one” Plasmodium P. falciparum: 59.2 pM electron-donating substituents in
“1-(2-Aminophenyl)-3-(3,5- falciparum ring B.
dimethoxyphenyl)prop-2-en-1-one”

“1-(2-Hydroxyphenyl)-3-(3,4,5-
trimethoxyphenyl)prop-2-en-1-one”

Chalcone-thiosemicarbazones “(1E,2E)-3- Leishmania Invitro  ICso against intracellular Anti-leishmanial properties were [159]
(phenyD)-1-phenylprop-2-en-1-one amazonensis amastigotes: 3.40 pM, ICsq improved by moieties with
thiosemicarbazone” against Promastigotes: 5.22 electronic withdrawing effects.
“(1E,2E)-3-(40 -chlorophenyl)-1- pM
phenylprop-2-en-1-one
thiosemicarbazone”

“(E)-1-(4-aminophenyl)-3-phenylprop-2- Leishmania major In Strong interaction of C9 N/A [160]
en-1-one (C1)” silico ligand with the Leishmania
“(E)-1-(4-aminophenyl)-3-(4- major receptor, particularly
methoxyphenyl)-prop-2-en-1-one for the Tyr 217, His 219, and
(c4)” Phe 88 residues
“(E)-1-(4-aminophenyl)-3-

(4ethoxyphenyl)-prop-2-en-1-one
(c9y

Benzimidazolyl-chalcones “1-(5-chloro- Leishmania donovani Invitro  ICso: 0.47 pM (most active The antileishmanial activity could  [161]
1H-benzo[d]imidazole-2-yl)-3-(2- compound) be affected by the C-5 group of
chlorophenyl)prop-2-en-1-one” benzimidazole, an electron-

withdrawing group in the
arylpropenone functional group,
or the presence of a heterocycle or
hydroxyl group in chalcones.

Chalcone-quinoline conjugates “(E)-3- T. cruzi In Binding energy: 7.2 kcal/mol Inhibition of cruzipain [162]
(furan-2-y1)-1-(4-((5-(quinolin-8- silico (most active compound)
yloxy) pentyl)oxy)phenyl)prop-2-en-1-
one”

Chloride substituted 2-hydroxy-3,4,6-tri- T. cruzi In Reduction of the toxicity of Inhibitory effects are associated [163]
methoxyphenylchalcones “(E)-3-(3,4- vitro, chlorine-substituted with a rise in cytoplasmic ROS,
dimethoxyphenyl)-1-(2-hydroxy-6- in molecules on host cells; mitochondrial malfunction,
methoxyphenyl)prop-2-en-1-one” silico reduction of intracellular necrotic events, as well as the

amastigotes and infected activity of TcTR and TcCr
cells. enzymes.

Chalcone and its amino analogs T. vaginalis In ICs0: 29 pM; no toxicity ROS accumulation in human [164]

vitro, against Galleria mellonella neutrophils induced by
In vivo larvae. trophozoites treated with
aminochalcone 3.
(E)-1-(2,5-Dimethoxyphenyl)-3-(4- P. falciparum In vitro Disruption of all parasite The ultrastructural changes [165]

methoxyphenyl)prop-2-en-1-one, (E)-
(3,4,5-Trimethoxyphenyl)-3-(4-
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Table 12 (continued)

Compound(s) “Chemical name(s)” Parasite species Study Results Inhibition mechanism Refs.
model
(s)
methoxyphenyl)prop-2-en-1-one, (E)- trophozoites, and the action for the activity of chalcone
1-(3,4,5-Trimethoxyphenyl)-3-(3,4- cessation of schizont derivatives
dimethoxyphenyl)prop-2-en-1-one development.
Synthetic chalcone CPN2F T. cruzi In A decrease in the metabolism  N/A [166]
“(2E)-3-(2-fluorophenyl)-1-(2- vitro, of protozoa in host cells
hydroxy- 3,4,6-trimethoxyphenyl) In
prop-2-en-1-one” silico
Lophirone E analogs “(E)-1-(2,4- Leishmania infantum In vitro ICso: 15.3, 27.2, and 15.9 pM, A free OH at C2' is essential for the [170]
Dihydroxyphenyl)-3-(2-(4- activity of the compound.
hydroxyphenyl)benzofuran-5-yl)prop-
2-en-1-one”

“(E)-1-(2,4-Dihydroxyphenyl)-3-(2-(4-
hydroxyphenyl)-1-methyl-1H-indol-5-
yl)prop-2-en-1-one”
“(E)-3-(1-Benzyl-2-(4-hydroxyphenyl)-
1H-indol-5-y1)-1-(2,4-
dihydroxyphenyl)prop-2-en-1-one”

Benzimidazolylchalcones L. donovani In Binding energies (most active  electrophilic substituents such as [171]
silico, compounds): 6.50-6.24 kcal/ halogens (Cl), nitro, or hydroxyl
In vitro mol; ICso (most active on the benzimidazolyl-chalcone
compounds): 0.47, 0.50, and raises the negativity of the
0.53 pM. electron affinity of the molecules,

boosting their antileishmanial
activities.

EC50: Half maximal effective concentration, IC50: Half maximal inhibitory concentration.

structure-activity relationships (SAR) of lophirone E, a natural chalcone with a benzofuran B-ring, and its analogs were evaluated.
Accordingly, an efficient synthesis technique was suggested for the development of lophirone E as well as the synthesis of a number of
chalcone derivatives with various substituents in the A and heterocyclic B rings. The resultant molecules were screened for their impact
against the promastigotes of Leishmania infantum (ICs( values of the most active compounds were reported to be 15.3, 27.2, and 15.9
pM) [170]. The antileishmanial effects of 12 benzimidazolylchalcones against promastigote strains of L. donovani were investigated
using molecular docking, quantitative structure-activity relationship (QSAR) analyses, and ADME prediction models. Binding free
energies were calculated using MM-GBSA to determine the affinity of the ligands for the proteins. Moreover, the three most active
derivatives were docked with Leishmania phosphodiesterase B1 (PDB ID: 2JK6). Docking results indicated that the most active
compound formed hydrogen bonds with SER 464, pi-cation contact with LYS 61, and hydrophobic interactions with LEU 62, TYR 64,
and LEU72 of the active site of L. donovani phosphodiesterase B1. According to the ADME results, all three compounds have favorable
pharmacokinetic characteristics, suggesting that benzimidazolylchalcones can be used as potential antileishmanial drugs [171]
(Table 12).

7. Quantitative structure-activity relationships (QSAR) of chalcone derivatives

A structure-activity relationship (SAR) is a relation between a specific chemical substructure and its capacity to produce a
particular biological effect. In a quantitative structure-activity relationship (QSAR), a mathematical model was used for establishing a
quantitative link between the structural features of a chemical complex and its biological activity. This means that the relation between
the structures and activity of molecules can be explained in a quantitative manner. With advancements in computer technology, it is
now possible to estimate the molecular properties of compounds without synthesizing them. This allows the use of predictive
computational models (in silico) to anticipate the biological properties of virtual compounds, aiding in the selection of target mole-
cules for synthesis. By employing computational approaches to predict the activity of potential drug candidates before their synthesis,
resources can be saved, and the drug discovery process can be accelerated. These computational models consider various chemical
descriptors such as hydrophobicity, inductive, electronic, polar features, and steric impacts, which can be specified through empirical
or calculated methods [172].

Several studies in the literature have focused on the design of new chalcone derivatives based on structure-activity relationship
(SAR) principles. For instance, introducing methoxy or methyl groups to the phenyl ring has been shown to result in losing anti-
bacterial action. SAR analysis has indicated the positive correlation between the antibacterial action and the alkyl chain length, with
medium-length alkyl chains (n = 7), demonstrating higher activity compared to longer chains. Nevertheless, the antibacterial activity
of cationic molecules can be different considerably due to differences in the hydrophobicity of the alkyl chain. Additionally, it was
noted that the antibacterial activity reduces by increasing the spacer length. This decline in activity can be attributed to the affinity of
long hydrophobic chains to aggregate, affecting the overall effectiveness of the compounds [173]. In the study conducted by Bheru
et al. novel variations of chalcone structures were created by incorporating pyrazine and aromatic para-substituted aldehydes. These
modified chalcones were evaluated for their potential biological activities, specifically their anticancer, antimicrobial, and antioxidant
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effects. The QSAR analysis results indicated that the substitution at the para position on the phenyl ring and alkyl substitution on the
pyrazine rings played a crucial role in determining the activity levels. Different substituents like —Cl, —F, -NOy, - Br, -N(CH3),, and
—OCH,Ph were introduced at the para position on the phenyl ring, while methyl and ethyl groups were added at the 3-position on the
pyrazine ring to introduce structural diversity. The biological assays demonstrated that electron-withdrawing groups on the phenyl
ring generally exhibited better antibacterial activity [174]. The antibacterial activity of the 2-((5E)-5-(4-((E)-3-(2,4-dichlor-
ophenyl)-3-oxoprop-1-enyl)benzylidene)-4-oxo-2 thioxothiazolidin-3-yl)acetic acid hybrid compound was assessed using SAR anal-
ysis. It was found to exhibit potent antibacterial activity against S. aureus, with a MIC value of 2 pg/mL. Although it exhibited higher
activity compared to standard drug norfloxacin, it was less active compared to oxacillin. This suggested that introducing robust
electron-withdrawing chloro groups at the 2 and 4-positions of the phenyl ring enhanced the compound’s antibacterial action.
Conversely, the inclusion of electron-donating groups (p-CHs, 2,4-(CHs)2, m-OCHgs, p-OCHs, m-OCH>0OCHgs, p-OCH20OCH3) on the
phenyl ring resulted in a decrease in antibacterial activity [175]. According to the SAR, it was observed that the presence of a bromine
atom at a specific position on the benzene ring significantly improves the antibacterial activity. Conversely, substituting the bromine
atom with a chlorine or a methoxy group at the 4-position of the phenyl ring leads to a decrease in antibacterial action. It could be due
to the stronger hydrophobic effect exhibited by the bromine group compared to the chlorine and methoxy groups at the 4-position.
Overall, the contribution order of the R group in terms of antibacterial activity was determined to be bromine (Br) > chlorine (Cl)
> methoxy (OMe) [176]. In another research study, a total of 48 chalcones were developed and evaluated for their antifungal action
against Fusarium proliferatum NCIM1105, Aspergillus flavus NCIM 594, Candida tropicalis NCIM 3556, and Aspergillus niger NCIM 596 in
vitro. The compounds that exhibited significant activity against all four fungi generally possessed electron-withdrawing substitutions
in the para-position of ring B. QSAR analysis revealed that the antifungal activity was associated with ADME (absorption, distribution,
metabolism, and excretion), electrophilicity, as well as topological and spatial descriptors. The QSAR predictions were highly reliable,
with a 99% confidence level, with the exception of two cases [177]. Furthermore, a set of 48 chalcone analogs was developed and
tested for their antibacterial action against Bacillus subtilis NCIM 2718, Staphylococcus aureus NCIM 5021, Phaseolus vulgaris NCIM
2813, Salmonella typhi 2501, Escherichia coli NCIM 2931, and Enterobacter aerogenes NCIM 5139 using a micro-dilution broth assay.
QSARs were established for these compounds. The polarizability, size, hydrophilic nature, and electron-donating/withdrawing
properties of molecules were identified as key factors influencing the activities against both Gram-negative and Gram-positive bac-
teria. Among the microorganisms evaluated, S. aureus exhibited the highest hydrophobicity, while S. typhi showed the least hydro-
phobicity [178]. In the study conducted by Xiuhai Gan et al. a series of 28 chalcone derivatives containing a purine (sulfur) ether
moiety were developed and tested for their antiviral action against tobacco mosaic virus (TMV). The initial SARs indicated that the
compounds with diethyl malonate showed improved inactivity against TMV [179].

8. Conclusions and future outlooks

A wide variety of compounds with suitable antiviral, antibacterial, antifungal, and anti-parasitic activities have been synthesized
using chalcones. However, very limited clinical trial studies have been conducted on the antiviral and antimicrobial potential of
chalcones and their derivatives. Although clinical trials on chalcone derivatives have shown promising results with acceptable plasma
levels and negligible toxicity, additional assessments should be focused on biosafety issues and clinical translation studies, as well as
scale-up production and optimization of synthesis conditions. Studies on the structure of chalcones have revealed that the o, p-un-
saturated ketone group, as well as methoxy and halogen groups, can play significant roles in their antimicrobial properties. However,
more comprehensive in vitro and in vivo studies are required to understand the mechanisms behind the antiviral and antimicrobial
effects of both synthetic and natural chalcones. Biofilm reduction mechanisms and antibacterial effects against antibiotic-resistant
strains are of great importance. Chalcone structures have shown the ability to specifically target viral enzymes and can be
employed to combat pathogenic microorganisms through the inhibition of GyrB, MurA, and protein NorA, among others. One of the
major challenges in the management and treatment of bacterial and viral infections is drug resistance due to possible phenotype al-
terations, mutations, and genetic modifications, leading to a higher risk of disease transmission and an increased mortality. Chalcones
and their derivatives can be considered potentially efficient antiviral and antimicrobial agents used for designing structures/molecules
against new viral strains or multidrug-resistant microorganisms. Despite the advances in greener and more sustainable techniques for
synthesizing chalcones, in-depth investigations are warranted for the optimization and standardization of these techniques as well as
their up-scaling/industrial applications.
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