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Abstract: Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadien-3,5-dione], a component of Curcuma
longa L. rhizomes, displays various biological and pharmacological activities. However, it is poorly bioavailable
and unstable in physiological pH, which has led more stable and effective curcumin analogs (e.g., monoketone
curcuminoids, or MKCs) to be synthesized, and their biological activities to be described. In this review, we
cover papers published between 2019 and 2023 on the antimicrobial, anticancer, antioxidant, and antiparasitic
actions as well as other less common MKC biological and pharmacological activities. We also address the
Claisen-Schmidt condensation as a standard procedure to synthesize MKCs.

Keywords: Claisen-Schmidt condensation; deketene curcuminoid; diarylpentanoids; monocarbonyl
curcuminoids; monoketone curcuminoids

1. Introduction

Curcumin (or 1,7- (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) (I, Figure 1), also
known as diferuloylmethane, is one of the main hydrophobic phenolic compounds identified in
Curcuma longa L. (Zingiberaceae) rhizomes (Hani et al., 2023). Curcumin and its analogs
demethoxycurcumin (II) and bisdemethoxycurcumin (III), also present in C. longa rhizomes, are
commonly referred to as curcuminoids [1].
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Figure 1. Chemical structures of curcumin (I), demethoxycurcumin (II), and bisdemethoxycurcumin
(TI).

Besides being used as a supplement, seasoning, food preservative, flavoring, and coloring in the
food industry [2], curcumin has various biological and pharmacological activities, including
antioxidant [3], anti-inflammatory [4], antimicrobial [5], anticancer [6], and antiparasitic [7] actions.
However, limitations have prevented it from being approved as a therapeutic agent. For example,
curcumin is poorly bioavailable because it is little absorbed and rapidly metabolized [8]. Moreover,
it has low chemical stability under physiological conditions because its 3-diketone moiety is prone to
hydrolysis [9]. Furthermore, it undergoes rapid light-induced decomposition [10]

The diverse biological activities of curcumin and its low bioavailability and stability have
motivated the synthesis of curcumin analogs bearing a modified (3-diketone portion or new
substituents in the aromatic moiety [9]. Replacing the [-diketone portion with a monocarbonyl
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portion increases the chemical stability of the resulting monoketone curcuminoid (MKC) under
physiological conditions [11] and provides compounds with interesting biological actions [12].
However, MKCs (IV, Figure 3) have controversial and confusing nomenclature. In the literature, the
terms “diphenylpentanoids”, “dibenzylidene ketones”, “1,5-diaryl-penta-1,4-diene-3-ones”,
“diarylpentanoids”, “monoketone  curcuminoids”, “C5-curcuminoids”, “monocarbonyl
curcuminoids”, “deketene curcumin”, and “monocarbonyl curcumin” are used to refer to them.
Nevertheless, the general term “curcuminoids”, which includes the dicarbonyl compounds, has been
the most used. The lack of a uniform nomenclature for MKCs not only makes searching them in the
literature challenging, but also causes their importance to be underestimated.

According to Moreira and co-workers, symmetric (Ar = Ar’) and asymmetric (Ar # Ar’) MKCs
are classified on the basis of the carbon atoms of the C5 unit, and the classification depends on
whether these carbon atoms are part of an acyclic skeleton or belong to a cyclic fraction. When MKCs
bear a cyclic C5 unit, this unit can be part of a cyclopentanone (V), cyclohexanone (VI), piperidin-4-
one (VII), tetrahydro-4H-pyran-4-one (VIII), or a tetrahydro-4H-thiopiran-4-one (IX) (Figure 2) [13].
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Figure 2. Structure of MKCs displaying an acyclic (IV) and a cyclic C5 bridge (V-IX) [13].

Although extensive reviews on the MKC biological activities have been published over the last
decade [11,14,15], a review spanning a more recent period would be welcome. Here, we provide an
overview of the recent literature (2019-2023) on the biological activities of MKCs and address some
aspects of their synthesis and biological activities (e.g., their insecticidal activity) that have not been
discussed yet.

2. Synthesis of Monoketone Curcuminoids (MKCs)
2.1. The Claisen-Schmidt condensation (CSC) as a source of MKCs

2.1.1. General aspects and stereoselectivity

Unlike curcumin, which can be obtained from natural sources, MKCs can be only produced by
synthetic chemical methods. Claisen-Schmidt condensation (CSC) between an aromatic aldehyde and
a cyclic (e.g., cyclopentanone, cyclohexanone, piperidin-4-one, tetrahydro-4H-pyran-4-one, or a
tetrahydro-4H-thiopiran-4-one) or aliphatic (e.., propanone) ketone is the standard procedure to
synthesize MKCs (Scheme 1). Various aromatic aldehydes can be used because they do not undergo
enolization and hence cannot function as the nucleophilic component of the reaction. CSC can be
base- or acid-catalyzed; in both cases, excess aromatic aldehyde is employed to ensure that MKC is
the final product (Scheme 1a) [16]. Alternatively, excess ketone instead of excess aromatic aldehyde
can be used, so that the ketone condenses with one aldehyde only. The resulting product can then
react with a different aromatic aldehyde, to produce an asymmetric MKC (Scheme 1b) [17]. Recently,
Yadav and Wagh published an extensive review of CSC [18], so we will only address some selected
aspects of this reaction.
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Scheme 1. MKC synthesis by the Claisen-Schmidt condensation [17].

Enone formation from the aromatic aldol is thermodynamically favored, driven by extended
conjugation between the carbonyl and the aromatic ring. A trans-double bond (E configuration) is
preferentially formed in acid or base-catalyzed CSC (Scheme 2). This stereoselectivity arises during
the elimination step and stems from both steric and stereoelectronic factors. In the case of base-
catalyzed CSC, the hydroxyl group is expelled as a hydroxide anion (OH-) through an Elcb
mechanism that requires the carbanion (enolate ion) filled p orbital to be in anti with the C-OH bond
o* orbital [19,20]. Among the two possible conformers (A and B, Scheme 2a) that allow these orbitals
to be in anti-arrangement, conformer B is the most stable —the bulkiest phenyl and acetyl groups are
located on opposite sides. Consequently, conformer B reacts faster (through a lower-energy transition
state) than conformer A, to give the double bond with E configuration As for acid-catalyzed CSC
(Scheme 2b), the stereoselectivity originates from an El-like transition state, where the C-O bond
cleavage is considerable [18].

2.1.2. Base-catalyzed Claisen-Schmidt condensation

In the standard CSC procedure, acetone, cyclopentanone, cyclohexanone, piperidin-4-one,
tetrahydro-4H-pyran-4-one, or tetrahydro-4H-thiopiran-4-one reacts with aromatic aldehyde in a
sodium hydroxide (NaOH) alcoholic (methanolic or ethanolic) solution. Initially, aqueous NaOH
solution is added to ethanol (EtOH), and the resulting solution is then added to the reaction vessel
containing the ketone at 0 °C and stirred for a few minutes. Next, the aromatic aldehyde is added to
the vessel under stirring at room temperature. In some methodologies, at the end of the reaction, the
reaction mixture is neutralized by adding a hydrochloric acid (HCI) solution to the vessel [21] In most
cases, the resulting solid is separated from the reaction mixture by vacuum filtration and washed
with ice water, to remove excess base. Finally, the solid product is dried and recrystallized from
hexane/ethyl acetate, EtOH, or EtOH/ to obtain pure crystals[16,21-24].
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Scheme 2. Possible conformers involved in double bond formation through the Elcb mechanism
(base-catalyzed CSC) and like-E1 mechanism (acid-catalyzed CSC).

Besides NaOH, calcium hydroxide (Ca(OH)2) has been used as a basic catalyst in CSC to obtain
MKCs. Homogeneous basic catalysts allow the reaction to be conducted at lower temperature, in a
shorter time. Protocols based on catalysts like NaOH/EtOH, potassium hydroxide/EtOH,
piperidine/HCI, piperidine, and L-Proline/EtOH have been reported as well. Nevertheless, these
methods have certain limitations: excess or stoichiometric amounts of reactants are employed, and
the reactants can be corrosive and may not be recoverable [18].

Zhang and co-workers synthesized a series of MKCs by CSC between (E)-4-phenylbut-3-en-2-
one and benzaldehyde catalyzed by Ca(OH): in diluted EtOH medium (20% v/v) at 60 °C. Reaction
for 48 h gave dibenzylideneacetone 1 (Figure 3) in 47% yield. Then, the authors tested different
experimental conditions of temperature, catalyst amount, and reaction scale. A temperature of 80 °C,
Ca(OH)2 at 10%, and 10 or 100 mmol of each reagent afforded compound 1 in 81% and 80% yield,
respectively, after column chromatography and filtration. After the authors optimized the reaction
conditions, they tested other aromatic aldehydes and demonstrated that electron-deficient aldehydes
are preferable because they give higher MKC yield after the product is purified [25].

2.1.3. Acid-catalyzed CSCs

Although some experimental aspects have led base-catalyzed CSC to be more often used to
synthesize MKCs, acid-catalyzed CSC is preferred when the aromatic aldehyde structure contains
acid sites other than the a-carbonyl hydrogen (e.g., the hydrogen of phenol hydroxyl groups). Acetic
acid/HCl gas [26], acetic acid/H250s [27]or Lewis acids like zinc chloride, niobium pentachloride, or
cesium carbonate have recently been employed to obtain MKCs [18].

2.2. Synthesis of MKCs through oxidative catalysis

Waldron and co-workers designed a method to synthesize benzylacetone and 4-(4-
methoxyphenyl)-2-butanone from benzyl alcohol and 4-methoxybenzyl alcohol in a flow system
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composed of three micropacked bed reactors operating at 115, 130, and 120 °C, respectively. The
methodology employs gold-palladium (Au-Pd) nanoparticles supported on titanium dioxide (TiOz)
and affords MKCs as secondary products. In this system, the compounds are synthesized via
oxidation, aldolic condensation, and reduction pathways; AuPd/TiOz, TiO: anastase, and 1 wt%
Pt/TiOz are used for oxidation, C-C coupling, and reduction, respectively. During coupling between
the alcohol and the ketone, two aldehyde molecules couple to the ketone, to produce MKCs 1 and 11
(Figure 3). Lower temperatures (80-100 °C) promote selectivity for the desired product (> 80%), while
higher temperatures favor benzaldehyde production for the coupling reaction between
benzaldehyde and the ketone [28].

2.3. Using ionic liquids and apolar solvents in the synthesis of MKCs

Interest in using ionic liquids (ILs) in aldol condensation reactions has increased because ILs are
a safer and cleaner reaction medium than organic solvents [19]. Thus, some authors have used ILs to
obtain MKCs. For instance, Subhedar and co-workers designed a method to synthesize compounds
174-185 (Figure xx) by using the IL [EtsNH*][HSOs] as a medium/catalyst via a one-pot
multicomponent approach. The authors proposed that the reaction starts with aldehyde carbonyl
protonation by [EtsNH*]J[HSOs+], which is followed by piperidone enolization and further
nucleophilic attack to the carbonyl of the aromatic aldehyde, with the consequent formation of a C-
C bond. Subsequent protonation and water elimination generates compound 160. The IL increases
the electrophilicity of the carbon atom of the C-Cl bond in 2-chloro-N-phenylacetamide (Scheme 3).
Then, nucleophilic substitution of 2-chloro-N-phenylacetamides for- intermediate 159 accelerates C-
N bond formation, to produce compounds 214-218 [19].
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Scheme 3. Mechanism of the IL-assisted formation of MKCs 214-218 from 159 [19]..
3. Biological activities of MKCs

3.1. An overview of the biological activities of MKCs

Over the last decade, diverse biological activities, such as antimicrobial, anticancer, anti-
inflammatory, antiangiogenic, antioxidant, anticoagulant, antidiabetic, and antiparasitic actions,
have been reported for MKCs. Some of these biological activities (e.g., anticancer [13,29], antibacterial
[14], and anti-inflammatory [30] actions) have been the subject of recent reviews. This section will
focus on an update of these activities and on studies that have not been discussed yet. In addition,
other activities that have not been reviewed (for example, antidiabetic, antiangiogenic, anticoagulant,
antiparasitic, and insecticidal actions) will be addressed (Table 1). The structures of compounds listed
in Table 1 are shown in Figures 3-10.

Table 1. Biological activities of MKCs addressed in this review article.

Activity Compounds Ref.
Antiangiogenic 8 [31]
1 [32]

Anticancer 57 [33]

7 [34]

10 [35-37]
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171, 227 [38]
10, 73, 150, 151, 152, 153, 154, 155, 156, 157, 158,
159, 160, 161, 162, 163, 164, 165, 166, 167, 168,

169, 170, 185, 186, 187, 189, 193, 200, 201, 202, [27]
203, 226
228, 229, 230, 231, 232, 233, 234, 235, 236, 237%,
238, 239, 240, 241, 242, 243, 244, 245, 246, 247, [39]
2487, 249, 250, 251, 252, 253, 254*
254 [40]
1,35 [41]
39, 40,41, 42,43, 44, 45 [23]
179, 192 [42]
171, 172*, 173, 174, 175, 177, 181, 182, 183, 184, 2]
204, 205, 206, 207, 208, 209, 210, 211, 212, 213
1,7,9,11,13,17, 18, 21, 22, 24, 26, 27, 28, 29, 30, 1]
31, 32
Anti-coagulant 72,103 [43]
134, 135, 136, 137,138, 139, 140, 141, 142, 143, [44]
Anti-diabetic 144, 145, 146
1, 8%,11%, 16, 19, 20, 24, 25, 28, 31, 33 [45]
Anti-inflammatory 58, 59, 60, 61, 62, 63, 64, 65*, 66, 67, 68, 69, 70 [44]
107 [46]
10, 95*, 107 [47]
46,47, 48,99, 100*, 113, 114, 115, 116, 117, 118, [12]
119, 194, 195, 196, 197*
36, 37, 38, 101, 102, 120%, 147, 198, 199 [48]
Antimicrobial 1,49, 50, 51, 52*, 53, 54, 55 [49]
74,75,76,77,78,79, 80, 81, 82, 83, 84, 85, 86, 87, [9]
88, 89*, 90
188 [16]
190%, 191 [50]
46, 47, 48, 99, 100*, 113, 114, 115, 116, 117, 118, [12]
119, 194, 195, 196, 197*
Antioxidant 36,37, 38, 101, 102, 120%, 147, 198, 199 [48]
188 [16]
1 [51-54]
1,11, 20, 22, 23, 24, 91, 92, 94, 96, 97, 98, 104, 105, [24]
106, 109, 110, 111
Antiparasitic
1,11, 12*, 14, 24 [55]
1,9, 10, 11, 12, 15, 16, 20, 22, 23, 27, 112, 121, 122,
123, 124, 125, 126, 127, 128, 129, 130, 131, 132, [56]
133,171
1,2,5,34 [57]
Insecticidal 3,16,50,71,108, 148 [58]
4,6,10,11, 12*, 16, 93, 148, 149 [59]

" Most active compound among the tested MKCs.
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3.2. Anticancer activity

Cancer is one of the main causes of death worldwide. The disease consists of abnormal cell
proliferation, with later invasion of different body parts. Current cancer treatment requires that
chemotherapy, radiation therapy, surgery, and even hormonal therapy be combined [60] The MKC
anticancer activity has been extensively investigated and was the subject of two excellent reviews,
one by Rodrigues and co-workers in 2019 [29] and the other by Moreira and co-workers in 2020 [13].
Here, we will only update the literature on the MKC anticancer activity with papers published
between 2020 and 2023, which were not included in the abovementioned reviews.

Recent literature on the MKC anticancer activity has focused on the MKC antiproliferative
activity (i.e., tumor cell growth suppression) and cytotoxicity (i.e., toxicity to cells). The mechanisms
underlying such activities have also been addressed. For instance, when it comes to antiproliferative
action, cancer cell lysis, inhibition of tumor cell growth and division, or triggering of genetic
apoptosis pathways have been investigated; as for cytotoxicity, cell cycle arrest or delay and DNA
degradation up to a certain level have been studied.

The cytokine tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is a
promising experimental cancer therapeutic drug that is currently being tested in clinical trials [32]
TRAIL induces apoptosis by binding to its specific receptors called “death receptors” to kill tumor
cells selectively. Because the development of TRAIL to treat many human tumor cells has been
reported, compounds that can sensitize cancer cell lines to TRAIL are needed. Prasad and co-workers
reported that compound 1 potentiatesTRAIL-induced apoptosis in colon cancer lines and converts
TRAIL-resistant cells to TRAIL-sensitive. The authors also found that compound 1 decreases the
antiapoptotic protein expression and increases the apoptotic protein expression via activation of the
ROS and CHOP (C/EBP homologous transcription factor) pathways [32].

Compound 7 inhibits human lung cancer cells by impairing ER stress-mediated apoptosis [61].
This compound is being evaluated as an anticancer agent at the pre-clinical stage. Chen and co-
workers assessed the inhibitory effects of compound 7 against three gastric cancer cell lines (SGC-
7901, BGC-823, and SNU-2016), to find that, at concentrations ranging from 9 to 12 uM, this
compound reduces the viability of the three cancer cell lines by 50%, whereas curcumin only elicits
the same effect at concentrations higher than 30 uM. This reduction in cancer cell viability is due to
increased levels of reactive oxygen species (ROS) in the cells. The authors also identified the protein
thioredoxin/thioredoxin reductase (TrxR) as a potential target of compound 7. This flavoenzyme is
overexpressed in human lung cancers where increased tumor growth and drug resistance have been
observed [34].

Because compound 57 is being evaluated in pre-clinical trials, Zhang and co-workers
investigated the mechanism and target of curcumin A in colon cancer cells. This compound targets
TrxR1 and increases ROS levels, to activate the JNK signaling pathway in human colon cancer cells.
Moreover, in combination with cisplatin, compound 57 enhances the growth inhibition in colon
cancer cells and increases the ROS accumulation. In combination with cisplatin in vivo. Besides that,
curcumin A was shown to inhibit tumor growth in a colon cancer xenograft model and to attenuate
the body weight loss caused by treatment with cisplatin [33].
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Figure 3. Chemical structures of symmetric acetone-derived MKCs 1-48.

Compounds 227 and 171 display anticancer activity. Compound 171 kills lung cancer lines by
producing ROS and activating apoptotic mechanisms [62]. Compound 171 kills ovarian carcinoma
cell lines via apoptotic mechanisms, but the role played by ROS production in compound 171-
mediated cell death is unclear [63]. Monroe and co-workers combined compound 171 or 227 with
cisplatin (cis-diaminedichloroplatinum(Il)) and investigated the inhibitory effects of these
combinations on the viability of the A549 lung cancer cell line. The authors reported 24-h ICso of 1.74
+0.28,13.82+0.63, and 10.91 + 0.19 uM for compound 227, compound 171, and cisplatin, respectively.
Moreover, they reported that cisplatin and compounds 227 and 171 affect the apoptosis-induced
factor (AIF), caspase-12, c-Jun N-terminal kinase (JNK), mitogen-activated protein kinase (MAPK),
and Src expression similarly, but they do not impact the caspase-3/7, -8, and -9 activities. They found
that the auditory threshold shifts induced by cisplatin decrease when this drug is combined with
compound 171 or 227, so these combinations might prevent cisplatin ototoxicity (i.e., the cisplatin
side effect of damaging the inner ear or causing balance issues). On the other hand, combination with
compound 171 or 227 may counteract the cisplatin effect by increasing ROS production [38].

More recently, Ghosh and co-workers synthesized 20 analogs of compound 171 (Table 1) and
assessed their inhibitory effects on pancreatic cancer cells. The authors found that compounds 206
and 207 act against MiaPaCa-2 (ICs = 0.29 + 0.12 uM and 0.31 + 0.05 uM, respectively) and Panc-2
(ICs0=10.51 £0.15 uM and 0.53 + 0.20 uM, respectively) cancer cells more effectively than irinotecan,
the positive control (ICso = 1.29 + 0.36 uM and 49 * 0.58 puM against MiaPaCa-2 and Panc-2,
respectively). The authors also found that compounds 213 and 211 are moderately active against these
pancreatic carcinoma cancer cells (compound 213: ICso = 0.37 + 0.14 uM and 0.64 + 0.20 uM against
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MiaPaCa-2 and Panc-2, respectively; compound 211: ICs0=0.32 + 0.12 uM and 0.77 + 0.18 uM against
MiaPaCa-2 and Panc-2, respectively, and that they display antiproliferative activity after 24 h and up
to 72 h. The authors observed treatment with 182 and compound 207 for 72 h is not toxic to THP1
cells (a monocyte cell line) at a concentration of 10 uM. Additionally, the authors found that the pro-
apoptotic activity of compound 207 in pancreatic cancer cells surpasses the apoptosis induction
properties of compound 171, and that compound 207 activates caspase-3, suppresses the
antiapoptotic BCL2 and BCL-XL expression, and increase PARP cleavage in pancreatic cancer cells.
They concluded that the antipancreatic cancer activity is favored by the N-acryloyl-piperidin-4-one
moiety combined with 3,4-difluoro- or 3-fluoro-4-methoxy-substituted phenyl rings [22].
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Figure 4. Chemical structures of asymmetric acetone-derived MKCs 49-73.

Curcumin A (10) inhibits human gastric cancer cells with no observable toxicity to normal cells
[64]. This MKC also inhibits prostate [65] and cervical [66] cancer cell lines and induces cancer cell
death by activating the apoptosis pathway in gastric [67] and colorectal [68] cancer cells. Lee and co-
workers reported that curcumin A induces potent cytotoxicity against glioblastoma U-87 MG (ECso =
6.78+1.04 uM) and SH-SY5Y neuroblastoma (ECso=4.72 +1.05 uM) cells and displays antiproliferative
effects on both types of cells. The authors also verified that the caspase-3 activity increases and Bcl-2
concentration decreases in a dose- and time-dependent increase upon treatment with curcumin A,
indicating that this MKC induces apoptosis in these cells [35]. Also in 2021, Wahab and co-workers
reported higher cytotoxicity of curcumin A-treated androgen-independent prostate cancer (AIPC)
cell lines DU 145 (ECs0 = 7.57 + 0.2 uM) and PC-3 (ECso =7.80 = 0.7 uM) compared to curcumin (ECso
=34.25+2.7 uM and 27.77 + 6.4 uM against DU 145; and PC-3 cell lines, respectively). The authors
also verified that compound 10 displays higher dose- and time-dependent antiproliferative activity
against AIPC cells than curcumin. On the basis of morphological observations, increased caspase-3
activity, and reduced Bcl-2 protein levels in these cells, the authors concluded that curcumin A
induces apoptosis and inhibits the DU 145 and PC-3 cell migration. They suggested that the curcumin
A anti-cancer activity is due to modulation of differentially expressed genes (DEGs) associated with
the cell cycle-apoptosis and PI3K pathways [36]. Additionally, Tajuddin and co-workers reported
that curcumin A (10) exhibits higher inhibitory effect on two types of non-small cell lung cancer
(NSCLC) cells — squamous cell carcinoma (NCI-H520, ECso = 4.7+0.1 uM) and adenocarcinoma (NCI-
H23, ECs0=3.740.4 uM) — compared to curcumin (NCI-H520, ECs0=25.2 + 1.7 uM; and NCI-H23, ECso
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=18.5+ 0.7 uM). The authors also found that curcumin A promotes apoptosis, increases the caspase-
3 activity, and decreases the Bcl-2 protein concentration in both cell lines in a time- and dose-
dependent manner [37].
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Figure 5. Chemical structures of cyclopentanone-derived MKCs 74-103.

Huber and co-workers evaluated the in vitro antiproliferative activity of curcumin (I) and 31
MKCs against human cancer cell lines, namey A2780 (ovarian), C33A (cervix), and MDA-MB-231
(breast) (Table 1). They found that compound 159, which is a 4-hydroxy-cyclohexanone-derived
MKC, displays the lowest ICs0 (0.68 uM, 0.69 uM, and 0.92 uM, respectively), which are lower than
the cisplatin ICso (1.30 uM, 3.69 uM, and 19.13 puM, respectively). A comparison of the ICso values of
a series of 4-hydroxy-cyclohexanone-derived MKCs revealed that the ICso is influenced by the
lipophilicity and electronic and steric properties of the aryl substituents. The relative potency of the
most active 4-hydroxy-cyclohexanone-derived MKCs decreases in the order meta-NO2 (compound
159) > 4'-pyridyl (compound 167) > meta-Cl (compound 155) > ortho-NO: (compound 158) > para-NO:
(compound 157) > 3'-pyridyl (compound 166) > hydrogen (compound 152). Physicochemical
parameters, estimated for other 4-hydroxy-cyclohexanone-type MKCs synthesized by the authors,
indicate that compound 167 [ICs0 =0.76 uM (A2780), 2.69 uM (C33A), 1.28 uM (MDA-MB-231)] is
expected to be more bioavailable than of curcumin (I). Based on circular dichroism measurements,
the authors concluded that these MKCs do not bind to DNA in vitro [27].

Recently, Yu and co-workers synthesized seven derivatives (compounds 39-45) of curcumin A
(10) and assessed their cytotoxicity to human hepatocellular carcinoma cells (HepG2). According to
the authors, compound 43 exhibits higher antiproliferative activity (ICso=11.33 uM) than curcumin
(ICs0 = 32.83 uM), the positive control. Mechanistic studies revealed that compound 43 inhibits the
ability of HepG2 cells to form clones and suppresses HepG2 cell migration, thereby inhibiting liver
cancer progression. Furthermore, the results of these studies indicates that compound 43 dissipated
the mitochondrial transmembrane potential, an early event in apoptosis, downregulates the pp-
Bcl/Bcl-2 ratio, and upregulates c-caspase 3/caspase 3 ratio [23].
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Figure 6. Chemical structures of cyclohexanone-derived MKCs 104-151.

Protein p53 is a powerful tumor suppressor that plays a central role in cell cycle regulation,
apoptosis, and DNA repair, among other mechanisms. The p53 pathway is activated under cellular
stress signals, compromising tumor development and growth and preventing damaged cells from
proliferating. However, p53 is inactivated by interacting with endogenous negative regulators (e.g.,
murine double minute (MDM)2 and MDMX) in cells with oncogenic potential. Moreira and co-
workers carried out an in silico study to evaluate the potential of an MKC library to disrupt the
interaction between p53 and MDM2/X. Thereafter, the authors synthesized the compounds that
scored the highest during the docking studies on drug-likeness and ADMET prediction properties
and evaluated their antiproliferative activity in colon cancer HCT116 and fibroblasts HFF-1. Among
the 27 MKCs synthesized by the authors (228-254), compounds 237 and 254 were shown to display
the highest in vitro antiproliferative activity in HCT116 cells and low toxicity in normal cells.
Thereafter, the authors evaluated the potential of compounds 237 and 254 these compounds to
interact with p53-MDM2/X was evaluated through yeast-based assays, to find that compound 237 is
a potential p53-MDM2/X dual inhibitor, and that the antiproliferative effect of this compound in
HCT116 cells is associated with the inducted cell cycle arrest, apoptosis, PARP cleavage, and
increased expression of p53 and its transcriptional targets, p21 and PUMA [39]. In the same year,
Novais and co-workers investigated the mechanism of action of compound 254 in cancer cells and
verified that the compound inhibits the growth of a potent tumor with high selectivity index (SI). The
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authors reported that the antiproliferative activity of compound 254 stems from mitosis inhibited by
perturbed microtubules. This causes irreversible defects in chromosome congression during mitosis,
as well as prolonged spindle assembly checkpoint-dependent mitotic arrest with subsequent massive
apoptosis [40].
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Figure 7. Chemical structures of 4-hydroxy-cyclohexanone-derived MKCs 152-169.

Taleb and co-workers used to modified techniques to prepare poly-nano micelles by using poly-
caprolactone polyurethane {-cyclodextrin (PCL-PU-BCD) amphiphilic copolymer containing
compound 1 or 35. The authors reported that, compared to pure curcumin, the
resultingnanocomposites have controlled sustained release, promising physicochemical properties,
low cytotoxicity, and a satisfactory ICso in a breast tumor cell culture (MCF-7) compared to pure
curcumin [41].

Razali and co-workers synthesized compounds 179 and 192 and assessed their cytotoxicity in
LN-18 human glioblastoma cells as compared to curcumin. The authors found that compounds 179
and 192 (ICso = 2.4 uM and 4 uM, respectively) are more effective than curcumin (ICso = 31 pM) and
kill LN-18 cells in a concentration-dependent manner after treatment for 14 h. In addition, the authors
found that compounds 179 and 192 are selective to LN-18 cells compared to the non-cancerous HBEC-
5i cell line, with SI (selective index) of 2.33 and 2.25, respectively. Moreover, the authors reported that
compounbds 179 and 192 significantly increases the superoxide anion and hydrogen peroxide levels
after treatment for 2 h and 6 h, respectively, confirming that oxidative stress is involved in cell death
induced by these compounds. Finally, the authors described higher antimigratory effects of
compounds 179 and 192 through inhibition of LN-18 cell’s migration and invasion were also reported
to be higher as compared to curcumin (I) [42].

More recently, Clariano and co-workers evaluated the potential of 17 MKCs (Table 1) to treat
colorectal cancer and found that these compounds are 1.3 to 13 times more effective than curcumin
in HCT116 cells. Besides that, all the tested compounds proved to be more stable in PBS (phosphate
buffer saline) with 20% acetonitrile at 37°C for 48 h than curcumin and obeyed the ‘drug-likeness
properties. The authors identified MKC 26 as the most promising antitumoral compound, with an
ICs0 of 1.95 uM [21].
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Figure 8. Chemical structures of 4-piperidone-derived MKCs 170-227.
3.3. Antimicrobial activity

3.3.1. Antibacterial activity

MKCs have been extensively reported for their antimicrobial activity against bacteria, fungi, and
viruses. In recent years, some excellent reviews on the MKC antibacterial activity of have been
published [11,14]. Therefore, this review will only cover the literature on the MKC antibacterial
activity of s published since 2021.

Polaquini and co-workers synthesized and evaluated eight assymmetric MKCs (compounds 49,
51-56) against Mycobacterium tuberculosis and a panel of Gram-positive and Gram-negative bacteria
based on Minimum Inhibitory Concentration (MIC) values. According to these authors, compounds
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52, 54, and 56 showed broad spectrum and potent antibacterial activity, mainly against M. tuberculosis
(MIC = 0.9 pg/mL), Acinetobacter baumannii (MIC = 3.9, 7.8, and 3.9 ug/mL, respectively), and
methicillin-resistant Staphylococcus aureus (MIC = 15.6, 15.6, and 7.8 pg/mL, respectively. The authors
reported that compound 51 is more selective than compounds 54 and 56 in cytotoxicity assays in
human lung cells, with a S ranging from 5.4 to 15.6. Moreover, compound 52 is not genotoxic to A549
cells and is more stable than curcumin in phosphate buffer (pH 7.4) for 24 at 37 °C. Finally, the authors
demonstrated that compound 52 can disrupt the B. sutilis divisome without damaging its cytoplasmic
membrane. The authors also suggested that the presence of a p-OH substituent is more relevant to
the antibacterial activity than the presence of m-OMe group [49].

Gagandeep and co-workers investigated the antibacterial activity of 17 water-soluble MKCs (74-
90) against M. tuberculosis (HsRv), to find that all the compounds exhibit good to moderate
antibacterial activity, with MICs ranging from 3.12 to 25.0 pM. Compounds 76 and 89 were shown
to be the most potent, with MICo ranging from 3.12 to 6.25 uM. The authors reported that these
compounds are nonhemolytic, nontoxic, and stable under physiological and reducing conditions.
Apart from that, compound 89 has moderate in vitro metabolism by liver human microsomes (half-
life of 1.2 h; intrinsic clearance of 1.12 mL/h/mg) [69].

Nivedha and co-workers investigated the antimicrobial activity of compound 188 against
Escherichia coli and Staphylococcus aureus was by using the inhibition zone method. The authors
reported that 188 at 40 pug/mL displays the largest inhibition zone against both bacteria [16]. More
recently, Jonathan and co-workers investigated the antimicrobial activity of compounds 190 and 191
against Bacillus subtilis, S. aureus, E. coli, and Pseudomonas aeruginosa by using the disc diffusion
method, to find that both the compounds control the E. coli growth, even at low concentrations. In
fact, compound 190 has even higher antibacterial activity than ampicillin, the positive control [50].
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Figure 9. Chemical structures of pyran-4-one-derived MKCs 228-254.

3.3.2. Antifungal activity

Nagargoje and co-workers synthesized 16 chlorocarcinoline-based MKCs (Table 1) and assessed
their antifungal activity against Candida albicans (CA), Fusarium oxysporum (FO), Aspergillus flavus
(AF), Aspergillus niger (AN), and Cryptococcus neoformans (CN). The authors compared the MIC of
these compounds and miconazole (positive control). They found that compound 100 and 197 are the
most active against all the fungal strains (MIC= 12.5-25 ug/mL), and that compounds 47, 48, 99, 114,
116, 117, 194, 195 and 196 exhibit the same antifungal potency as the positive control (miconazole).
The authors reported that the cyclopentanone-derived MKCs (compounds 99 and 100) and acetone-
derived MKCs (compounds 46, 47, and48) have higher activity than the positive control (miconazole).
However, the greater antifungal activity of compound 197 compared to compound 196 may be
related to the presence of the methyl group. This result agrees with the authors” hypothesis that the
presence of electron-donating groups in the quinoline moiety increases the antifungal potential. In
addition, piperidone (in compounds 194 and 195) and the N-methylpiperidone spacer (in compounds
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196 and 197) also increase the antifungal activity, which may also be due to the presence of electron-
releasing groups in the aromatic rings. Comparison between the fungicidal potential of these MKCs
and the positive control indicates that most of the tested compounds are more active than miconazole
[12].

In the same year, the same authors reported the antifungal activity of nine propargyl MKCs
(Table 1) and tested their antifungal activities against C. albicans, F. oxysporum, A. flavus, A. niger, and
C. neoformans, to find that some compounds are more effective against the selected fungi than the
positive control (miconazole): compounds 120 and 147 against C. albicans (MIC = 12.5 pg/mL);
compounds 120 and 199 against F. oxysporum (MIC == 12.5 ug/mL), compound 183 against A. niger
(MIC ==12.5 pg/mL), and compound 120 against C. neoformans (MIC ==12.5 ug/mL) [48].

2.3.3. Antiviral activity

Two recent reviews have highlighted the antiviral potential of curcumin [70,71]. Although
Kumari and co-workers have reported that curcumin A (10) displays more potent anti-HIV activity
(ICs0 = 2 uM) against peripheral blood mononuclear cells (PBMCs) than curcumin (ICs = 12 uM)
[72], the antiviral activity of MKCs has been little exploited.

The dengue virus has prevalence in tropical and subtropical regions of the world, nevertheless,
it is considered a human pathogen of global importance. When crcumin (I) was tested as an inhibitor
of the dengue virus (DENV2 NS2B/NS3 protease), it was found to inhibit viral protease weakly. On
the other hand, curcumin A (10) and compound 95 and 104 inhibit the dengue virus more potently
and with higher selectivity index (SI > 10) than curcumin [47]. In vitro tests of compounds 10, 95, and
107 against the dengue virus showed that they inhibit viral replication and infectivity (plaque) better
than they inhibit protease activity. The ICso of these compounds are 39.17 + 6.69 uM (compound 10),
43.88 + 10.14 uM (compound 95) and 60.98 + 8.7 uM (compound 107). The authors also assessed
whether these compounds inhibit DENV2 infectivity during formation of infectious particles. The
authors obtained ECso (PFU) of 2.68 + 0.51 uM (compound 10), 5.37 + 0.49 pM (compound 95), and
2.34 + 0.22 pM (compound 107), which demonstrated that these MKCs analogs inhibit formation of
infectious particles more effectively than curcumin. Only compound 95 (a cyclopentanone-derived
MKC) proved to be less toxic than native curcumin (I). The authors showed that the three analogs
have selectivity indices (SI) greater than 10 [47].

3.3. Anti-inflammatory activity

The MKC anti-inflammatory activity has been extensively investigated. However, this MKC
activity has been recently reviewed by Cuainoglou and Hadjipavlou-Litina [30], so we will only cover
the literature from 2019 to 2023.

Leong and co-workers investigated the anti-inflammatory activity of 13 asymmetric MKCs (58-
70). First, the authors tested all the compounds at 50 uM and found that nine of them (59, 60, 61, 62,
63, 65, 68, 69, and 70) suppress the NO production significantly, by over 50%. According to the
authors, compound 65 (ICso = 17.5 pM) exhibits the strongest NO inhibitory activity, whereas
compounds 59-63, and 68-70 display ICso ranging from 19.7 to 31.5 pM. On the basis of the greater
NO inhibitory activity of hydroxylated compounds 63 and 65 compared to their methoxylated
(compounds 60 and 666) and halogenated (compounds 58 and 69) analogs, the authors concluded
that the hydroxyl group plays a key role in the MKC anti-inflammatory activity. Similarly, the authors
found that the a meta-substituted MKCs (compounds 64 and 66) tend to exhibit higher NO inhibitory
effects than the para-substituted MKCs (compounds 63 and 67), regardless of the nature of the para-
substituent. On the other hand, the higher NO inhibitory activity of the multi-methoxylated MKCs
(compounds 61, 62, and 68) compared to the mono-methoxylated MKCs (compounds 60 and 67) led
the authors to conclude that the anti-inflammatory activity of MKCs is enhanced by increased
electron density in the aromatic ring [44].

Tham and co-workers reported the anti-inflammatory properties of 107 in cellular modes of
inflammation and improved mouse survival inlethal sepsis. The authors also used a mouse model
for allergic asthma to investigate the therapeutic effect of BHMC on acute airway inflammation. To
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this end, the authors sensitized and challenged mice with ovalbumin (OVA) to increase airway
hyper-responsiveness (AHR) and pulmonary inflammation. Next, compound 107 was
intraperitoneally administred at 0.1, 1, and 10 mg/kg doses. This showed that compound 107
significantly reduces the number of eosinophils, lymphocytes, macrophages, and neutrophils at all
the tested doses. Moreover, this MKC decreases the Th2 cytokine (IL-4, IL-5 and IL-13) levels in
bronchoalveolar lavage fluid (BALF) as compared to OVA-challenged mice. Additionally, the
authors described that the three 107 doses (0.1, 1, and 10 mg/kg) suppress inflammatory cell
infiltration in the peribronchial and perivascular regions similarly to dexamethasone at 1 mg/kg. At
1 or 10 mg/kg, compound 107 also inhibits goblet cell hyperplasia. These findings demonstrate that
compound 107 attenuates acute airway inflammation associated with allergic asthma [46].

3.4. Antioxidant activity

Antioxidants can prevent some cells from being damaged by harmful reactive species called free
radicals. Free radicals have been associated with diseases like cancer, diabetes, liver damage,
autoimmune diseases, and heart disease, among others. Thus, antioxidants with the potential to
eliminate free radicals play an important role in curing and preventing these diseases [73,74].

The search for new antioxidants led Nagargoje and co-workers to evaluate 16 MKCs (Table 1)
based on synthesized 2-chloroquinoline for their in vitro radical scavenging activity; the authors used
butylated hydroxytoluene (BHT) as the positive control. The ICso values revealed that most of the
tested compounds display higher radical scavenging activity than BHT. Compounds 117
(IC50=5.39+0.14 pg/mL) and 47 (ICs50=6.37+0.55 pug/mL) were found to be three times more active than
BHT, followed by compounds 99 (ICs0=7.44+0.16 ug/mL), 46 (IC5=8.92+0.18 ug/mL), 48
(IC50=9.62+0.76 ug/mL), and 195 (IC50=9.66+0.53 pg/mL), which are about twice more potent than BHT
(IC50=16.47+0.18). These results suggested that the monocarbonyl nucleus present in MKCs contribute
to the effect of eliminating radicals by the resonance phenomenon. In addition, structure-activity data
indicated that chlorine substitution in the quinoline structure markedly increases the antioxidant
activity, as seen in compound 117 compared to compound 114 with less chlorine substitution. Besides
that, the authors found that the MKCs derived from acetone are more active than the MKCs derived
from cyclopentanone and cyclohexanone. Finally, substitution at position 7 of the quinoline nucleus
was found to boost the antioxidant activity as compared to other regioisomers [12].

In the same year, Nagargoje and co-workers assessed the in vitro antioxidant activity of the nine
propargylated MKCs (Table 1) in terms of their radical scavenging activity. The authors found that
the acetone-derived MKCs display increased antioxidant activity compared to the cyclopentanone-,
cyclohexanone-, and 4-piperidone-derived MKCs. According to these authors, compound 38 (ICs0 =
12.78 £ 0.71 pug/mL), 101 (ICso = 13.18 + 0.34 pug/mL), 198 (ICs0 = 15.78 + 0.47 ug/mL), and 199 (ICso =
16.17 + 0.11 ug/mL) displayed greater or equal antioxidant potential as compared with BHT (ICso =
16.47 + 0.18 ug/mL), which was used as positive control. The authors noticed a trend in the
antioxidant and antifungal activities of these compounds, except in the case of compound 38, which
was inactive against fungal strains of C. albicans, F. oxysporum, A. flavus, A. niger, and C.
neoformans and exhibited the greatest antioxidant activity [48].

Recently, the antioxidant activity of compound 188 has been investigated by using nine different
assays (2,2'-azino-bis-3-ethyl benzothiazoline-6-sulfonic acid (ABTS*),1,1-diphenyl-2-picryl
hydroxyl (DPPH*) radical scavenging assay, nitric oxide scavenging assay, ferric reducing
antioxidant power (FRAP), hydrogen peroxide scavenging, superoxide anion radical scavenging
assay (O2°"), reducing ability assay, and phosphomolybdenum assay metal ion chelating assay), to
find that compound 188 at 40 pig/mL displays antioxidant activity in all of them [16].

3.5. Antiparasitic activity

Many MKCs are active against parasites that cause malaria [75], and Chagas’ disease [76]. Over
the last five years, most of the studies regarding the MKC antiparasitic activity have focused on the
antiparasitic activity against Leishmania species, as discussed, below.
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Leishmania donovani is the intracellular protozoa parasite that causes visceral leishmaniasis (also
known as kala-azar), a neglected tropical disease. Chauhan and co-workers investigated the
antileishmanial effects of compound 1 against L. donovani. In 2018, the authors reported the in vitro
effects of compound 1 against L. donovani promastigotes and intracellular amastigotes. They found
that compound 1 inhibits intracellular amastigotes more effectively than promastigotes (ICs0="7.43 +
1.88 ug/mL and 17.80 + 1.42 pug/mL, respectively), at ICsoclose to those measured for miltefosine (0.01-
10.9 pg/mL). Regarding the cytotoxicity in vitro, compound 1 kills amastigote forms selectively
compared to J774A BALB/c mouse cells, with a SI of 15.34. The authors showed that 1 significantly
reduces the trypanothione/trypanothione reductase (TR) system of Leishmania cells [51]. In another
study, published in the same year, the authors tracked putative autophagosomes by using the GFP-
ATGS gene as marker to prove that the autophagic cell death promoted by compound 1 in L. donovani
is due to autophagic vacuolization [52]. In 2019, the same authors found that the Ldrab6 gene
provides L. donovani with resistance via a mechanism of drug-thiol conjugation and sequestration by
ABC transporter multidrug resistance-protein A (MRPA) [53]. Further mechanistic studies carried
out by the same group indicated that compound 1 can inhibit the GTPase activity of L. donovani Rab6
protein (LdRab6), thereby suggesting that this protein can be a potential target of compound 1 [54].

Silva and co-workers investigated the antiparasitic activity of 18 MKCs (Table 1) against
Trichomonas vaginalis. The authors showed that of these 18 curcumin analogs, compounds 1, 23, and
97 are the most effective against T. vaginalis after exposure to MKC for 24 h. For compounds 1 and 23
at 100 uM, the authors observed that parasite viability is reduced by a 98.8%, while compound 97
reduces the parasite viability by 70% as compared to the negative control. Compounds 1, 23, and 97
gave MIC of 80, 90, and 200 uM, respectively, and ICso of 50, 50, and 70 pM, respectively. The authors
also observed that all the propanone-derived-MKCs induce some percentage of inhibition of 100 uM
trophozoites, indicating that the substituents present in the aromatic rings and the chain length
between the aromatic rings play an essential part in the MKC antiparasitic activity. Thus, compounds
that lack substituents (1) or electron-withdrawing substituents such as halogens (2-CI in compound
23, 4-F in compound 22, and 4-Cl in compound 24) are more active than compounds 20 and 11, which
contained electron-donating substituents (i.e., methyl and methoxy, respectively) in the aromatic
rings. As for cyclohexanone-derived MKCs derivatives, only compounds containing both electron-
releasing and electron-withdrawing substituents (-Cl for 97 and —CHs for 92) inhibit trophozoite
growth. The analogs derived from cyclopentanone and cinnamaldehyde do not reduce trophozoite
viability at the tested concentrations. However, the length of the hydrocarbon binder between the
aromatic rings is the main factor underlying the antiparasitic activity of these compounds.
Compound 1 (5-carbon ligand) was shown to be the most potent inhibitor among the evaluated
molecules, while its 9-carbon ligand analog, without substituent in the aromatic rings, does not
inhibit trophozoites growth. In other words, the shorter length of the hydrocarbon binder, the greater
the antiparasitic activity [24]. Nevertheless, the a-B-unsaturated system is crucial for the MKC
antiparasitic activity, as in the case of the MKC antimicrobial activity [77,78].

The in vitro effects of five acetone-derived MKCs (compounds 1, 11, 12, 14, and 24) were
evaluated against trypomastigotes and amastigotes of four strains (Brazil, CA-1/72, Sylvio X10/4, and
Sylvio X10/7) of Trypanosoma cruzi, the parasite that causes Chagas’ disease (or American
trypanosomiasis). Compound 12 (or diveratralacetone) was described to be the most active MKC,
with higher anti-Trypanosoma cruzi than curcumin. Its ICs is lower than 10 uM (1.51-9.63 uM), and
its SI is higher than 10 in non-infected C2C12mammalian cells. When tested in female BALB/ mice at
oral dose of 300 or 1,000 mg/kg, compound 12 and curcumin do not produce toxic effects or mortality
along 14 days. The presence of oxygenated groups such as methoxy at the para-position of the
aromatic ring plays a key role in the MKC activity against T. cruzi [55].

More recently, Francisco and co-workers screened 27 MKCs (Table 1)) against Trypanosoma
brucei, the parasite that causes Human African Trypanosomiasis (HAT). The authors identified
compound 130 (ICso = 0.20 + 0.03 uM) as the most active against T. b. brucei, with a CCso of 2.88 + 0.86
puM in Humam Embrionic Kidney (HEK293) cells (SI > 14). Time-kill experiments revealed that
compound 132 (ECe = 0.90 + 0.16 uM) at 1, 2, or 4 uM killed all the parasites at all concentrations
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tested, whereas pentamidine (positive control) require more than 30 h to kill all the parasites at 0.5,
1, and 2 uM. The antitrypanosomal activity of compound 132 has been tentatively attributed to two
main structural features: 1) the enone moiety, which can deplete the essential thiols by Michael
addition during reaction with trypanothione, thereby killing the parasite, and 2) the nitro group,
which can be involved in ROS production [56].

3.6. Other activities

3.6.1. Anti-angiogenic activity

Angiogenesis is the generation of new blood vessels in tissues from the pre-existing vasculature.
Although angiogenesis is crucial for several physiological and pathological processes, such as wound
healing, it can also aggravate tumor progression, some ophthalmic conditions, rheumatoid arthritis,
and obesity [31].

The vascular endothelial growth factor (VEGF) is one of the potential anti-angiogenic targets,
and its receptors (VEGFR1, VEGFR2, and VEGFR3) are characterized by tyrosine kinase activity [31].
Sun and co-workers found that compound 8 can decrease the phosphorylated forms of
serine/threonine kinase Akt, extracellular signal-regulated kinase, and p-38 nitrogen-activated
protein, thereby suppressing the downstream protein kinase activation of VEGF. This results in
migration inhibition and tube formation in human umbilical vein endothelial cells, arrests
microvessel outgrowth from rat aortic rings, and suppresses neovascularization in chicken
chorioallantoic membrane. Compound 8 has greater antiangiogenic activity and higher
bioavailability than curcumin [31,79]

3.6.2. Anticoagulant activity

Ahmed and co-workers (2018) evaluated the anticoagulant activity of compounds 103 and 72 by
plasma recalcification time (PRT) and bleeding time (BT) experiments and found that these
compounds inhibit arachidonic acid (AA)-induced platelet aggregation (ICso of 65.2 uM and 37.7 uM,
respectively) and adenosine diphosphate (ADP)-induced platelet aggregation (ICs0 of 750.4 uM and
422 uM, respectively). Aspirin, used as the positive control in the experiments, provided ICso of 10.01
uM and 308.4 uM, respectively. On the other hand, at concentrations of 30, 100, 300, or 100 uM,
compounds 103 and 72 increase the coagulation time 137+2.12, 182.8+5.59, 224.6+8.37 and 284+9.46 s
and 128+2.16, 150.6+2.29, 186+3.25 and 223+4.47 s, respectively. At a concentration of 440 uM, heparin
increases the coagulation time to 379.40+9.17 s compared to the saline group. On the other hand, at
the same concentration, 103 and 72 increase the plasma recalcification time compared to the saline
group) respectively. Finally, treatment with 103 and 72 at doses of 100, 300, or 1000 pg/kg prolong
the bleeding time [43].

3.6.3. Antidiabetic activity

a-Glicosidase inhibitors (AGIs) reduce incident type-2 diabetes. AGIs lower blood glucose by
delaying carbohydrate digestion and intestinal absorption of compounds 139, 135, and 140 were
found to display greater a-glucosidase inhibitory activity compared to curcumin (ICso = 30.9 pM),
with ICso between 19.4 and 24.9 uM. Compound 139 displays the strongest activity (ICso = 19.4 pM).
Compounds 138, 136, and 137 exhibit moderate a-glucosidase inhibitory activity, with ICs values
ranging from 25 to 35 uM). Given that all the brominated analogs (compounds 134, 139, 135, and 140)
inhibit a-glucosidase strongly, the authors concluded that the bromo group is important for a-
glucosidase inhibitory activities. However, the position of the substituent in the aromatic ring does
not affect the anti-a-glucosidase potential of targeted compounds [44].

Aldose Reductase (AR) enzyme has recently been reported to induce diabetic complications [45].
Khondare and co-workers investigated the aldose reductase inhibition (ARI) effects of a series of 11
MKCs (Table 1) on the basis of their capabilities to reduce dl-glyceraldehyde in the presence of
NADPH as a reductant. The authors showed that compounds 8 and 11 showed promising ARI
activities, with ICso values of 5.73 + 0.28 and 5.95 + 0.27 uM, respectively. The authors observed that
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methyl and methoxy substituents in the aromatic rings provide the compound with more significant
ARI activity than those compounds with other substituents at the aromatic rings, indicating that the
substitution pattern in the phenyl ring affect the MKC ARI activity. Given that most of the MKCs
proved to be more active than the corresponding chalcones, the authors concluded that the AR
inhibition increases with increasing conjugation [45].

3.6.4. Insecticidal activity

There are few studies on the MKC insecticidal potential. To mention, Rain and co-workers tested
the insecticidal activity of MKCs 1, 2, 5, and 34 against the “cotton mealy bug” (Phenacoccus solenopsis
Tinsley (Hemiptera: Pseudococcidae). Alone, compound 2 was shown to display slight activity
against P. solenopsis third-instar nymphs of after 24 h, causing about 30% mortality. In combination
with neem oil, this compound was demonstrated to have almost 1.5 times higher activity (about 52%
mortality)[57].

Anstrom and co-workers reported the mosquitocidal effects of six MKCs (compounds 3, 16, 50,
71, 108, and 148). According to these authors, compounds 50, 16, 108, 148, and 3 inhibit cholesterol
binding to Aedes aegypti sterol carrier protein-2, with ECso values of 12.11, 62.87, 2.38, 2.02, and 0.65
uM, respectively. On the other hand, compounds 71 displays larvicidal activity against fourth instar
Ae. aegypti (LCso = 17.29 pM) [58].

More recently, Matiadis and co-workers analyzed the larvicidal effects of nine MKCs (4, 6, 10,
11, 12, 16, 93, 148, and 149) against Aedes albopictus and Culex pipiens were reported by. Among the
tested MKCs, the tetramethoxylated compound 12 was shown to be the most effective against third-
to fourth-instar larvae of Ae. albopictus (LCso = 23.6 ppm) and Cx. pipiens (LCso = 32.5 ppm) after
treatment for 24 h [59].

4. Concluding remarks

The synthetic methodologies available for obtaining MKCs are attractive because they are
mostly accessible, simple, fast, and low-cost. Moreover, MKCs are easy to isolate and can be obtained
in good yields, which allows their synthesis to be scaled up. Besides, most of the methodologies are
“green” and do not use toxic solvents. In addition, MKCs are more stable (and, in some cases, more
active) than curcumin because they are less prone to retro-aldol decomposition.

MKCs display diverse biological and pharmacological activities, being their anticancer and
antimicrobial actions noteworthy. The higher selectivity of MKCs for bacterial cells compared to
mammalian cells and their low toxicity at antibacterial concentrations make them a promising class
of antimicrobial compounds. Regarding the anticancer activity, the nature of the substituents in the
aromatic rings strongly influences MKC cytotoxicity and selectivity.

In conclusion, this review has discussed the attractive aspects of the methodologies available for
MKC synthesis and the promising activities of these compounds, to show that, notwithstanding the
biological and pharmacological potential of MKCs, they are still less exploited than curcumin.
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