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ABSTRACT

Curcumin is a polyphenolic constituent of the rhizome of Curcuma longa and is known for its
versatile biological properties like antioxidant, anti-bacterial, anti-cancer, anti-inflammatory,
antiviral and so forth. Despite possessing a wide range of reported pharmacological effects,
its clinical applicability is restricted, because of the poor bioavailability and poor solubility due
to the presence of B-diketone moiety in its structure. Several strategies have been developed
in the past decade to overcome this disadvantage. One important approach is designing and
synthesizing new curcumin derivatives which have improved therapeutic properties and
bioavailability than curcumin. Therefore, Monocarbonyl Analogues of Curcumin (MACs) have
been synthesized with improved physiological properties and pharmacological effects. There
is also a continued interest in synthesizing analogues that should have almost identical safety
profiles like curcumin, but increased activity with enhanced oral bioavailability. This review
describes the recent development in the structure modification of MACs and focuses on their
anti-oxidant, antibacterial, anticancer activities and other biological activities.
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INTRODUCTION

Both tradition and science have been utilized by various
communities around the world for discovering food and plants
that can prevent and treat various diseases. Turmeric is a member
of ginger family and is used on a large scale to preserve food
mainly in south-west Asia and due to its diverse pharmacological
properties, it is traditionally used for treating different diseases. !
Curcumin or diferuloylmethane is an essential component of
turmeric (Curcuma longa), which gives it a yellow colour and
exhibits various biological activities. Some of its pharmacological
activities and medicinal properties, that have been reported,
include: antioxidant,** anti-proliferative,” anti-inflammatory,®
anti-cancer,’” and anti-bacterial Figure 1.1 Studies on
curcumin revealed that it could be taken up to 12 g/day, without
showing any toxicity in humans.!! The curcumin has gained the
interest of clinicians due to its ability to interact with numerous
molecular and biochemical targets such as transcriptional
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factors, inflammatory cytokines, kinases, receptors, enzymes,
growth factors, and ligands therefore, its therapeutic potential
has been explored by carrying out clinical studies. A large
number of clinical trials are going on universally to discover its
therapeutic potential against various diseases.'""'” Curcumin
is not considered a suitable drug, in spite of possessing such a
vast majority of biological activities due to its low bioavailability
and instability at certain pH conditions.” Several analogues
have been synthesized through multiple approaches in order to
overcome these limitations.!*¢!

Various research groups have displaced the B-diketone moiety
responsible for the metabolic instability of curcumin with a single
carbonyl group to produce monocarbonyl analogues of curcumin.
Also, those MACs with electron-withdrawing groups showed
better cytotoxicity."”! From several studies over the past decade,
it was also revealed that curcumin has poor absorbtion ability. It
was first observed by Wahlstrom and Blennow in 1978 by using
Sprague-Dawley rats. They found that after oral administration of
1 g/kg of curcumin, a negligible amount of curcumin was present
in the blood plasma of rats.!*! The synthesis of monocarbonyl
analogues of curcumin has been done extensively and the process
is still in progress with many analogues showing good biological
activities while others do not. In this review, the focus is on the
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recently synthesized MACs with several structural modifications
and their improved and effective biological activities.

Antioxidant Activity of Monocarbonyl Analogues of
Curcumin

Antioxidants prevent the production of free radicals during a
chemical reaction. These are added in foods as a preservative to
protect them from spoilage by preventing oxidation. Antioxidant
acts as a reducing agent by scavenging the reactive oxygen species
produced during the oxidation reaction. The reactive oxygen
species can damage the cellular component of living organisms
such as DNA, lipids and protein. They, however, also have some
positive effects, therefore, the function of antioxidants is not to
eliminate them completely, but to keep them at an optimum
level.™’ A large number of monocarbonyl analogues of curcumin
have been synthesized by various research groups and their
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Monocarbonyl analogues of curcumin

antioxidant activity was studied. Li et al.? have synthesized
MACs and demonstrated their activity against myocardial I/R
injury which plays an important role in myocardial infarction
and inhibiting ROS (Reactive Oxygen Species) is an effective
strategy for its treatment. Among the synthesized MACs,
(1E,4E)-1-(3-allyl-4-Methoxyphenyl)-5-(2-Chlorophenyl)
penta-1,4-dien-3-one (1) showed the highest inhibition effect
against oxidative stress (Figure 2). The MAC has the capability
to minimize TBHP-induced cell apoptosis in vitro and protect
against myocardial ischemia-reperfusion injury in vivo. Curcumin
analogues were further investigated for their antioxidant
activity in obese rats. Evidence has shown that oxidative stress
and inflammation are the main factors in the development of
obesity-induced cardiac disorders.?!! Qian et al.?! synthesized
(2E,6E)-2-(2-Bromobenzylidene)-6-(2-
(Trifluoromethyl)Benzylidene)Cyclohexanone (2) and evaluated

curcumin  analogue

Improvement in Biological Properties
Due to Deletion of 1,3-diketo group

Figure 1: Structural Modification of Curcumin into more stable Monocarbonyl Analogues of Curcumin.
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its effect in obese rats (Figure 2). This compound at 20 mg/kg
concentration showed much better activity than curcumin at
50 mg/kg. The analogue acts by increasing the Nrf2 expression,
an important transcription factor that helps in the regulation
of multiple antioxidants. Similarly, Deck et al.*! synthesized
enone analogues of curcumin and analysed its effect towards
Nrf2 activation. Analogues 3 and 4 are the most active among
the synthesized analogues (Figure 2). The results have also shown
that analogue 5 without any functional groups showed good
activity, whereas, its reduction product 6 was not observed to
be very active which confirms that enone is important for the
activity of analogues.

The mechanism behind curcumin reactivity as an antioxidant
agent remains controversial among scientists. Some has given
more attention to the phenolic rings while others focused on the
B-diketone moiety. Various research groups suggested that its
free radical scavenging activity is due to the presence of phenolic
groups.? Other have shown that the antioxidant activity of
curcumin is due to H atom abstraction from the p-diketone
CH, group.”™ Li et al.* synthesized curcumin analogues and
evaluated their antioxidant activity by DPPH, ABTS, TRAP and
NET radical scavenging assay in vitro. Among the synthesized
analogues, 7 and 8 exhibited highest activity (Figure 2). The
study has shown that by shortening the chain, the antioxidant
activity is improved. Also, the analogues without the phenolic
groups hardly showed the antioxidant activity. But the activity of
analogues having OCH, groups is comparable to curcumin.

Hadzi-Petrushev et al.?” synthesized (2E,6E)-
2,6-bis(2-bromobenzylidene) cyclohexanone 9 and tested its
antioxidant activity in rats with cardiac hypertrophy. Excessive
ROS level is considered one of the factors associated with cardiac
hypertrophy. Keeping this in mind, a beneficial therapeutic effect
is to lower the ROS production or its inactivation by enhancing
the cellular antioxidant system. Compound 9 displayed strong
thiol prevention which can be noticed in the amount of t-SH
and {-SH (total and free Sulfohydryl groups). Also, previous data
suggested that electron-releasing power expressed in terms of
energy of HOMO can be useful in discovering compounds having
anti-inflammatory and antioxidant activities.”® Compound
9 consists of electron-withdrawing substituents and has the
capability of donating electrons because of the lower energy of
HOMO and therefore can be a good candidate required for the
antioxidant activity.

Nagargoje et al. synthesized quinoline-based monocarbonyl
curcumin analogues and evaluated their antioxidant activity
using a DPPH assay taking BHT (Butylated Hydroxyl Toluene) as
a standard.”! All the analogues performed better than BHT. The
analogues (10, 11, 12, 13) with chloro substitution on quinoline
exhibit threefold more antioxidant potential (Figure 2) According
to the IC_; values, analogues with acetone as an open chain linker
show a favourable rise in activity followed by cyclopentanone,
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cyclohexanone and N-methyl piperidone spacer. The same group
synthesized propargylated monocarbonyl curcumin analogues
using claisen-schmidt type condensation. Butylated Hydroxyl
Toluene (BHT) was used as a standard.®” Compound 14 with
acetone linker and 3,5 chloro substitution on the aromatic ring
exhibits potential antioxidant activity (IC,=12.78+0.71) as
compared to BHT (IC, =16.47+0.18). Moreover, analogues 15,
16, and 17 showed higher activity or comparable to BHT (Figure
2).

Hussain et al. tested the antioxidant activity of the
synthesized monocarbonyl curcumin analogues.®! They did
hippocampal-based study in vivo mouse models. Analogues 18
and 19 showed the highest antioxidant activity against DPPH
radical assay (Figure 2). Similarly, the analogue 19 was found to be
most effective against ABTS assay when compared to the standard
drug tocopherol. The biochemical assessment of these analogues
was also studied. The results showed that the synthesized
analogues were able to reduce lipid peroxidation (MDA) level
and increase the activity of antioxidant enzymes such as Catalase
(CAT), Superoxide Dismutase (SOD), and Glutathione (GSH) by

reducing the oxidative stress in the hippocampus.

Recently, hybrids of monocarbonyl curcumin and coumarin were
also synthesized by Negi et al. using the click chemistry approach
(Figure 3). These hybrids exhibited moderate antioxidant
activity.*

Antibacterial Activity of Monocarbonyl Analogues of
Curcumin

The broad study of the antibacterial properties of curcumin
and its synthetic analogues has been done by Zorofchian et
al.®¥ The bacterial cells divide by assembly of a septal structure
Z-ring, which consists of tubulin-like protein FtsZ as the main
constituent.*" FtsZ plays an important role in facilitating several
cellular factors that help in cell division. It was shown that
curcumin inhibits the assembly of FtsZ Protofilaments in Bacillus
subtilis.">*! However, due to the limitations as discussed above
its monocarbonyl analogues have been synthesized. Morao et
al.®” synthesized the simple analogue of curcumin 20 in which
the B-diketone moiety was replaced with monocarbonyl and the
vanillyl and double bonds remained untouched (Figure 4). The
analogue was tested against Gram-positive and Gram-negative
bacteria. The study indicated that compound 20 has the capability
to disorganize the divisional septum of B. subtilis. It was
effective against the plant pathogen Xanthomonas citri (X. citri),
Enterococcus faecalis (E. faecalis) and the Gram-positive bacteria
Bacillus subtilis (B. subtilis). The simplified analogue showed 60
to 75% growth inhibition against E. faecalis which is resistant to
many antibiotics. The study has also shown that the synthetic
analogue requires 90 min to completely disorder the septum of
B. subtilis. However, it was also seen that there was no sign of
morphological damage or stress.
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Figure 2: Structures of Monocarbonyl Analogues of Curcumin showing Antioxidant Properties.
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Figure 3: Structure of Monocarbonyl Curcumin-Coumarin Hybrids.

Polaquini et al.®® synthesized unsymmetrical MACs and
examined their antibacterial activity against Gram-positive
and Gram-negative bacteria. Among the synthesized analogues
21, 22 and 23 showed the broad spectrum and potent activity
against Acinetobacter baumannii and Methicillin-Resistance
Staphylococcus Aureus (MRSA), with MIC (Minimum Inhibitory
Concentration) values ranging from 0.9 to 15.6 pg/mL (Figure
4). The analogues were also evaluated based on their structures
by changing the position of the methoxy and hydroxyl groups
on the aromatic ring of curcumin. From the results obtained,
it was suggested that the meta position was more suitable for
antibacterial activity. Also, the analogues were more selective and
less toxic towards the healthy cells. Kumar et al.” synthesized
more stable monocarbonyl curcuminoids and tested them
against S. aureus. Many strains of S. aureus have become resistant
to drugs and are therefore considered as Multi-Drug Resistant
(MDR) bacteria. The curcuminoids 24, 25, 26, 27, 28 and 29
were found to exhibit good antibacterial activity against MRSA
(Methicillin-resistant S. Aureus) and MSSA (Methicillin-Sensitive
S. Aureus) (Figure 4). Their MIC values were in the range of 16-32
pg/mL compared to curcumin which remains inactive even at the
concentration of 256 ug/mL. Another monocarbonyl analogue
1,5-bis (3'-ethoxy-4'-hydroxyphenyl)-1,4-pentadiene-3-one (30)
was synthesized by Purwanggana et al. (Figure 4).1" It exhibits
better anti-bacterial activity than the antibiotics amoxicillin and
cefadroxil against S. aureus, S. epidermidis (Gram-positive) and
Escherichia coli, Salmonella thypi (Gram-negative).

The Minimum Inhibitory Concentration (MIC) for the analogue
was 0.14 (ppm) for all the test bacteria while it is greater than
one for amoxicillin and cefadroxil. The researcher suggested
that due to the large lipophilicity of the analogue, it can
diffuse in cell walls of gram-negative bacteria that comprise of
phospholipids, lipoproteins and lipopolysaccharides. Also, due
to the steric properties of the analogue, it can put pressure on
gram-positive bacteria which causes cell lysis and ultimately the
death of the microbial cells. A novel EF24 dimer (31) linked via
Diethylenetriaminepentacetic Acid (DTPA) known as EF,DTPA
(32) was synthesized and evaluated for antibacterial activities
by Vilekar et al."! The dimer was found to be most effective
for the bacteria E. coli as compared to E. faecalis and S. aureus.
Zhang et al."? synthesized a series of analogues attached with
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benzotriazin4(3H)one moiety. Recently it was studied that
benzotriazin4(3H)one showed good nematicidal activity. The
results obtained after combining monocarbonyl analogue
with benzotriazin4(3H) showed that these analogues 33a-33i
exhibited enhanced antibacterial activities against Xanthomonas
axonopodis pv. citri (Xac) and Ralstonia solanacearum (Rs)
in vitro. Among these analogues, 33b and 33f exhibited the
highest antibacterial activity with EC, values of 22.45 (Xac) and
34.77 (Rs) ug/mL (Figure 4).

Anticancer Activity of Monocarbonyl Analogues of
Curcumin

A large number of MACs have been synthesized which exhibits
good and better anticancer activity than curcumin. The medicinal
plants consist of different types of anticancer compounds and
exploration of their pharmacological and chemical properties
are in progress.**l Weng et all® synthesized long-chain
alkoxylated MACs and evaluated them for anticancer activity
in gastrointestinal cancer cells The compounds that showed the
highest inhibitory activity were 34, 35 and 36. These compounds
showed the ability to upregulate cleaved Poly ADP-ribose
Polymerase (PARP) and downregulate the expression of caspase-3
and Bcl-2 in SGC-7901 cells, while these effects were not shown
by the curcumin. Similarly, Qiu et al." synthesized allylated
monocarbonyl analogues and evaluated them against liver cancer
cells HUCCA, QBC-939 and RBE. The compound 37 exhibited
significant cytotoxicity (8.7 uM in HUCCA cells, 9.3 pM in
QBC939 cells, and 8.9 uM in RBE cells). Hence, this compound
can be further useful in the treatment of liver cancer. Similarly,
the curcumin analogues synthesized by Pignanelli et al."”) have
shown anticancer activity in human cancer cells, which includes
triple-negative, inflammatory breast cancer cells. MACs 38 and
39 were found to be the most potent and induces apoptosis in
different cancer cells with minimum damage in normal cells. It
was suggested that these analogues decrease the expression of
BCI-2 protein which was overexpressed in cancer cells (Figure 5).

Twenty curcumin analogue hybrids were synthesized and their
anticancer activity was tested against human gastric cancer cell
(SGC-7901, MGC-803), human liver cancer cells (SMMC-7721),
and human glioma cell (U87).1¥ Gastric cancer cell apoptosis
was induced by compound 40 which exhibited highest activity
by arresting the cell cycle, inhibiting TrxR activity and breaking
mitochondria function. Thioredoxin Reductase (TrxR) is
involved in the signalling pathway and it is overexpressed in
many human cancer cells. The IC,  inhibitory value against TrxR
was found to be 0.783 uM. A curcumin analogue WZ35 (41)
was found to inhibit the glycolysis in gastric cancer cells through
the ROS-YAP-JNK pathway.®! The results obtained showed
that WZ35 was able to inhibit the proliferation of gastric cancer
cells, and alter glycolysis-related proteins like G6PD, p GSK3a,
PDHKI, p GSK3p and thus regulate glycolysis through inhibition
of the proliferation of gastric cancer. Recently, asymmetric MACs
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Figure 4: Monocarbonyl Analogues of Curcumin showing Antibacterial
Activities.

fused with 1H-pyrazole were synthesized and their anticancer
activity was evaluated in breast cancer cell MDA-MB-231 and
liver cancer cells HepG2.""! Analogues 42, 43 and 44 exhibited
strong cytotoxicity (IC, 3.64-5.61 uM) towards MDA-MB-231.
These compounds were found to exhibit strong inhibition on
tubulin polymerization (40.76-52.03%) and as a consequence
were further examined for their cellular effects on breast cancer
cells (Figure 5).

Other Biological Activities of Monocarbonyl
Analogues of Curcumin

da Silva et al.”V reported the antiparasitic activity of synthetic
monocarbonyl analogues against the parasite Trichomonas
vaginalis. Among the twenty-one synthetic analogues tested, two
derivatives of propanone (45 and 46) and one cyclohexanone
derivative (47) showed comparable anti-T. vaginalis activity
to the standard drug metronidazole, at the concentrations
examined with MIC values 80, 90 and 200 uM respectively
(Figure 6). The synthetic analogues that were designed exhibited
lower effective concentrations compared to the natural parent
compound curcumin. This suggests that conducting additional
studies with this group of compounds would be valuable, as these
analogues have the potential to be explored as viable alternatives
for treating trichomoniasis and other parasitic infections. du
Preez et al®¥ studied the application of new monocarbonyl
curcumin analogues against tuberculosis. Additionally, they
investigate to determine the relationship between the activity and
chemical structure of these compounds. The standout compound
(48) displays remarkable antitubercular

activity against
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Figure 5: Structure of Monocarbonyl Analogues of Curcumin having
Anticancer Activities.

Mycobacterium tuberculosis (M.tb) with MIC90 values ranging
from 0.2 to 0.9 uM in both ADC and CAS media. Nagargoje et
al.?! synthesized novel 2-chloroquinoline-based monocarbonyl
analogues of curcumin (MACs). The MACs were tested for the
antioxidant and antifungal activity in vitro. Five different fungal
strains, Aspergillus Flavus, Fusarium Oxysporum, Cryptococcus
neoformans Candida albicans, and Aspergillus Niger were used for
determining their activity. Among all the synthesized compounds
49 and 50 were highly effective against all fungal strains. The MIC
(ng/mL) values for 48 against the above-mentioned fungal strains
are 12.5, 12.5, 25, 25 and 12.5 and for 49 are 6.25, 25, 12, 25 and
12.5 respectively (Figure 6). Hussain et al.® synthesized and
tested five mono-carbonyl curcumin analogues and evaluated
their anticholinesterase activities in vitro. Among five analogues,
51 and 52 showed significantly higher memory-enhancing effects
(Figure 6). Matiadis et al.®" group developed and synthesized
ten hydroxylated monocarbonyl curcumin derivatives, and
then assessed their ability to upregulate NEP (Neprilysin) using
fluorescence-based assays that are sensitive to AP (Amyloid
beta) digestion and inhibition. Among the ten analogues tested,
Compound 53 demonstrated the highest level of activity, leading
to a notable 50% increase in A cleavage activity (Figure 6).
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Figure 6: Structure of Monocarbonyl Analogues with Miscellaneous Biological Activities.

CONCLUSION

exhibited
anti-inflammatory, antimicrobial activities etc. However, it has

Curcumin good  antioxidant,  anticancer,
not been accepted as a drug because of the poor bioavailability
and solubility. To address this issue, several approaches have been
adapted to get control of this limitation. One of the important
methods that is used to improve curcumin biological properties is
synthesizing the Monocarbonyl Analogues of Curcumin (MACs)
which are obtained after deleting its (-diketone moiety. As
evident from the above literature, the Monocarbonyl Analogues
of Curcumin (MACs) have improved physical properties and
exhibits good to excellent biological activities when compared to
curcumin. It was also suggested that by changing the substituents
on the aromatic ring, effected the biological properties of
curcumin. Overall, from the studies conducted on curcumin, one
can conclude that curcumin is a promising molecule which can
be used for designing and synthesizing new effective compounds
which can prove to be beneficial in treatment of various diseases

that are threatening the human lives.
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ABBREVIATIONS

MACs: Monocarbonyl analogues of curcumin; Nrf2: Nuclear
factor erythroid 2-related factor 2; TrxR: Thioredoxin reductase;
IC,: Inhibitory Concentration 50; ROS: Reactive Oxygen
Species; DPPH: a, a-Diphenyl-B-picrylhydrazyl; ABTS:
2,2-Azino-Bis-3-ethylbenzothiazoline-6-sulphonic acid; TRAP:
Total Reactive Antioxidant Potential; MDR: Multidrug Resistant;
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FtsZ: Filamenting temperature-sensitive mutant Z; MIC:
Minimum Inhibitory Concentration.
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