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Abstract: Curcumin and curcuminoids have been discussed frequently due to their promising
functional groups (such as scaffolds of «,[3-unsaturated 3-diketone, «,(-unsaturated ketone and
B’-hydroxy-«,B-unsaturated ketone connected with aromatic rings on both sides) that play an im-
portant role in various bioactivities, including antioxidant, anti-inflammatory, anti-proliferation
and anticancer activity. A series of novel curcuminoid derivatives (a total of 55 new compounds)
and three reference compounds were synthesized with good yields using three-step organic synthe-
sis. The anti-proliferative activities of curcumin derivatives were examined for six human cancer
cell lines: HeLaS3, KBvin, MCF-7, HepG2, NCI-H460 and NCI-H460/MX20. Compared to the
ICs values of all the synthesized derivatives, most «,3-unsaturated ketones displayed potent anti-
proliferative effects against all six human cancer cell lines, whereas p’-hydroxy-«,3-unsaturated
ketones and o, 3-unsaturated -diketones presented moderate anti-proliferative effects. Two potent
curcuminoid derivatives were found among all the novel derivatives and reference compounds:
(E)-5-hydroxy-7-phenyl-1-(3,4,5-trimethoxyphenyl)hept-1-en-3-one (compound 3) and (1E,4E)-1,7-bis
(3,4,5-trimethoxyphenyl)hepta-1,4-dien-3-one (compound MD12a). These were selected for further
analysis after the evaluation of their anti-proliferative effects against all human cancer cell lines. The
results of apoptosis assays revealed that the number of dead cells was increased in early apoptosis
and late apoptosis, while cell proliferation was also decreased after applying various concentrations
of (E)-5-hydroxy-7-phenyl-1-(3,4,5-trimethoxyphenyl)hept-1-en-3-one (compound 3) and (1E,4E)-1,7-
bis(3,4,5-trimethoxyphenyl)hepta-1,4-dien-3-one (compound MD12a) to MCF-7 and HpeG2 cancer
cells. Analysis of the gene expression arrays showed that three genes (GADD45B, SESN2 and BBC3)
were correlated with the p53 pathway. From the quantitative PCR analysis, it was seen that (1E,4E)-
1,7-bis(3,4,5-trimethoxyphenyl)hepta-1,4-dien-3-one (compound MD12a) effectively induced the
up-regulated expression of GADD45B, leading to the suppression of MCF-7 cancer cell formation
and cell death. Molecular docking analysis was used to predict and sketch the interactions of the
GADD45B-«, 3-unsaturated ketone complex for help in drug design.

Keywords: curcumin; curcuminoids; Alnus; diarylheptanoids; «,3-unsaturated 3-diketone; anti-
cancer activity; cell cycle; apoptosis; flow cytometry; gene expression; p53 pathway; GADD45B;
molecular docking

1. Introduction

The natural product curcumin is a major component of turmeric (Curcuma longa),
a spice plant in the ginger family (Zingiberaceae) growing in Asia and it contains sev-
eral bioactive constituents with various medicinal properties, such as antioxidant and
anti-inflammatory properties. These active compounds derived from turmeric are named
curcuminoids, a type of diarylheptanoids that have a linear di-phenol structure and an
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o, B-unsaturated -diketone moiety. The chemical structure of curcumin was first deter-
mined as diferuloylmethane in 1910 and synthesized in the laboratory in 1913. Curcumin
was discovered as a mixture existing in the keto and enol forms in 1953. The analogs of
curcumin include demethoxycurcumin (DMC), bisdemethoxycurcumin (BDMC), tetrahy-
drocurcumin (THC) and turmerone (Figure 1). In the past decade, many studies have
reported that curcuminoid derivatives have anticancer activities, such as inhibition of cell
proliferation, cell cycle arrest, apoptosis and cell death [1-9].

Another series of diarylheptanoid derivatives, such as yashabushiketol, isolated
from the plant Alnus firma and persenones A and B from Persea Americana, with the
specific functional fragment B’-hydroxy-a, 3-unsaturated ketone moiety, have also been
reported to show a high level of biological activity, demonstrating antioxidant activity,
anti-inflammatory activity, cytotoxic activity, antibacterial activity and anticancer activity.
The genus Alnus has been used as a folk medicine for the treatment of fever, inflammation,
stomachache, diarrhea, hepatitis and rheumatic disease [10]. Additionally, the derivatives
have been found to have antitumor and anticancer activity and could potentially be
anticancer drugs with an important scaffold and pharmacophore [11-17]. Consequently,
we aimed to carry out further research on the design and synthesis of novel ’-hydroxy-
o, B-unsaturated ketones, o, 3-unsaturated p-diketones and «,3-unsaturated ketones, as
well as to evaluate the cytotoxicity of these new synthesized compounds against several
human cancer cells.
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Figure 1. Curcuminoid analogs from natural plants.

2. Results and Discussion
2.1. Chemistry

Three aspects had to be considered in the design and synthesis of the curcuminoid
derivatives: the synthesis of curcuminoid derivatives with various aromatic rings for
ring A, the synthesis of the different scaffolds (B’-hydroxy-o, -unsaturated ketone, o, 3-
unsaturated B-diketone and «,-unsaturated ketone) of the curcuminoid derivatives and
the synthesis of curcuminoid derivatives with different numbers of methoxy or hydroxy
groups on each of the phenyl rings A and B, categorized as the MD series. Compounds
1-8, 10-17 and MD1-12 were synthesized in two parts (Scheme 1). The chemical structures
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Part A

of the synthesized compounds are shown in Table 1. For Part A, aldehydes (phenyl and
the heterocyclic group furan, pyridine, pyrrole, thiophene and indole) dissolved in toluene
were treated with Wittig reagent. The reaction was allowed to reflux for 2 h to give
compounds A1-16 (Appendix A). For Part B, the derivatives of phenyl-propanoic acid
were prepared using a two-step reaction to give compounds B1-4 (Appendix B). A solution
of compounds A1-16 in THF was treated with lithium diisopropylamide (LDA) at —78 °C
under argon. Then, the B1-4 -THF mixture was slowly transferred to the A1-15-THF
solution at —78 °C under argon. The reaction was stirred for 1 h to give the corresponding
p’-hydroxy-«,B-unsaturated ketones 1-8, 10-17 and MD1-12 in 60-90% yields (except for
compound 8, for which the yield was less than 60%) [18-20]. Compound 18 (with a chlorine
substituent at the C5 beta position), a side product of compound 6, might be obtained
during the acid workup with ammonium chloride. The structures of the derivatives were
determined by mass and by NMR analysis (Supplementary Materials).
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Scheme 1. Overall synthesis of B’-hydroxy-«,-unsaturated ketones and «, B-unsaturated ketones of curcuminoids.

A solution of B’-hydroxy-u,p-unsaturated ketone in CH,Cl, was cooled to 0 °C
and treated with p-toluensulfonic acid (p-TSA) for 30 min to give the corresponding «,[3-
unsaturated ketones 1a—7a, 12a, 14a and MD1a-12a [21]. The «,3-unsaturated ketones with
a heterocyclic ring A (2-pyridine, 3-pyridine, 4-pyridine, 3-furan, 2-methyl-2-thiophene,
2-pyrrole and 3-indole) could not be synthesized in this reaction. For example, compound
9 was formed when the reaction was quenched by adding water. The double bonds were
replaced by two hydroxy groups at the C1 and C5 beta positions.

Compounds 1, 2, 3, 4, 6, 7 and MD4 were treated with the Dess-Martin reagent at
0 °C to room temperature for half an hour to give the corresponding «,3-unsaturated
3-diketones 19-24 and MD13 (Scheme 2) [22]. Using NMR analysis, compounds 19-24
and MD13 were detected in the enol form, which is interconvertible with the keto form.
The enol form is more stable due to the presence of a continuous conjugated system and
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intramolecular hydrogen bonding [13] (Scheme 3). Alterations of the chemical shifts in
the 'H and '3C NMR spectra were observed. In the example of the new compound 20,
the proton 4 (H4) at the alpha’-carbon position was determined at 5.66 ppm in the 'H
NMR spectra. The peak of the carbonyl group at C3 shifted from 201.9 ppm to the up-
field at 179.0 ppm, whereas the peak of the beta’ carbon (C5) connected to the hydroxy
group shifted from 68.9 ppm to the down-field at 201.1 ppm in the >*C NMR spectra
(Supplementary Materials).

Table 1. Chemical structures of curcuminoid derivatives. Compounds 1, 19 and MD?7 are the reference compounds.
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Compound Ring A R; R, Compound Ring A Ry Ry
1[23] Ph H H 22 Ph 3,4,5-OMe H
1a Ph H H 23 Ph 4-F H
2 Ph 3,4-OMe H 24 Ph 4-Cl1 H
2a Ph 3,4-OMe H MD1 Ph 4-OH 4-OMe
3 Ph 3,4,5-OMe H MD1a Ph 4-OH 4-OMe
3a Ph 3,4,5-OMe H MD2 Ph 4-OMe 4-OMe
4 Ph 4-OMe H MD2a Ph 4-OMe 4-OMe
4a Ph 4-OMe H MD3 Ph 3,4-OMe 4-OMe
5 Ph 4-OH H MD3a Ph 3,4-OMe 4-OMe
5a Ph 4-OH H MD4 Ph 3,4,5-OMe 4-OMe
6 Ph 4-F H MD4a Ph 3,4,5-OMe 4-OMe
6a Ph 4-F H MD5 Ph 4-OH 3,4-OMe
7 Ph 4-Cl1 H MD5a Ph 4-OH 3,4-OMe
7a Ph 4-C1 H MDeé6 Ph 4-OMe 3,4-OMe
8 2-pyridine H MDeé6a Ph 4-OMe 3,4-OMe
10 3-pyridine H MD7 [12] Ph 3,4-OMe 3,4-OMe
11 4-pyridine H MD7a Ph 3,4-OMe 3,4-OMe
12 2-furan H MD8 Ph 3,4,5-OMe 3,4-OMe
12a 2-furan H MDS8a Ph 3,4,5-OMe 3,4-OMe
13 3-furan H MD9 Ph 4-OH 3,4,5-OMe
14 2-thiophene H MD9a Ph 4-OH 3,4,5-OMe
14a 2-thiophene H MD10 Ph 4-OMe 3,4,5-OMe
15 2-thiophene 2-methyl H MD10a Ph 4-OMe 3,4,5-OMe
16 2-pyrrole H MD11 Ph 3,4-OMe 3,4,5-OMe
17 3-indole H MD11la Ph 3,4-OMe 3,4,5-OMe
19 [1] Ph H MD12 Ph 3,4,5-OMe 3,4,5-OMe
20 Ph 4-OMe H MD12a Ph 3,4,5-OMe 3,4,5-OMe
21 Ph 3.4-OMe H MD13 Ph 3,4,5-OMe 4-OMe
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Scheme 3. The «,3-unsaturated 3-diketone tends to exist in stable enol form due to the continuous conjugated system

and intramolecular hydrogen bonding. The keto and enol forms are interconvertible. The new compound 20 is used as

an example.

2.2. Biological Data
2.2.1. In Vitro Anti-Proliferative Activities

In total, 58 derivatives were synthesized, including compounds 1 [17], 19 and MD?7 as
reference compounds. The anti-proliferative effects of the synthesized compounds 1-24,
1la-7a, 12a, 14a, MD1-13 and MD1a-12a against six human cancer cells (HeLaS3, KBvin,
MCEF-7, HepG2, NCI-H460 and NCI-H460/MX20), are summarized in Table 2. In the
summary of the ICsy values of the 58 compounds in Table 2, it can be seen that the ICsg
values of the reference diarylheptanoid compound 1 against all six human cancer cell lines
were over 40 uM. The ICs values of derivatives 3, MD7a, MD8a and MD12a among the
58 compounds against all six human cancer cell lines were dramatically lower, at about
1-9 uM. ICsq values below 10 uM among these 58 derivatives against more than three
human cancer cells were found for compounds 2a, 3, 3a, MD2a, MD3a, MD4a, MD5a,
MDe6, MDé6a, MD7, MD7a, MD8, MD8a, MD11, MD11a and MD12a.

The IC5) data for curcuminoid derivatives showed that as the number of methoxy
groups on the benzene ring (on both ring A and ring B) increased, the activity of the
compounds tended to become greater, especially in the MD series. When the methoxy
group on the benzene ring (ring A) of the diarylheptanoid derivatives was replaced with
a hydroxyl group or a halogen group (such as fluorine or chlorine), the ICsy values of
compounds 5a, 6a and 7a against HelaS3, KBvin, MCF-7 and HepG2 were around 5-17 uM.
When ring A, which is a benzene group, was replaced with different heterocyclic groups,
the activity of the synthesized compounds (8-17, 12a and 14a) did not increase by much,
except for that of compound 11 against HelaS3 and HepG2. Compared to reference
compound 19, the activity of synthesized compounds 21 and 22, which have two and three
methoxy groups on the benzene ring (ring A), only increased a little. The ICsy values of
compounds 23 and 24, which have F and Cl, respectively, on the benzene ring (ring A), were
all measured as over 40 uM. Furthermore, based on the ICgy values of «, 3-unsaturated
B-diketone (enol form), B’-hydroxy-o, 3-unsaturated ketones and «, p-unsaturated ketones,
the o, p-unsaturated ketones of curcuminoids are more active than the two other forms of
the derivatives.

Comparing the ICsy values among the tested compounds (1-24 and 1a, 2a, 3a, 4a,
5a, 6a, 7a, 12a and 14a) against HeLaS3, the synthesized derivatives with a skeleton of
o, B-unsaturated ketone were more potent than the derivatives with a skeleton of B'-
hydroxy-o, 3-unsaturated ketone or «,[3-unsaturated 3-diketone, except for compound 3.
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Additionally, comparing the ICsy values of the ring A portion (where ring B was benzene)
of the synthesized derivatives, it was found that ring A, when used as the phenyl group of
the derivatives, was more active than when it was used as the heterocyclic aromatic group
of the derivatives. In addition, when comparing the different substituents of the phenyl
group of ring A (with ring B as benzene) of «,[3-unsaturated ketones, it was found that
compounds 1a, 3a, 5a, 6a and 7a had similar levels of activity against HeLaS3. The ICsg
values were measured to be about 5-6 pM. The halogen (F or Cl) and hydroxy groups on the
ring A benzene (with ring B as benzene) of «,[3-unsaturated ketones against HeLaS3 were
shown to be a little sensitive. The ICsy values of these «, 3-unsaturated ketones (5a, 6a and
7a) were measured as around 5.25-6.29 pM. Comparing the ICs( values for both ring A and
ring B as benzenes of ’-hydroxy-« B-unsaturated ketones and «,[3-unsaturated ketones
against HeLaS3, it was found that most «,3-unsaturated ketones were more potent than
B’-hydroxy-«,B-unsaturated ketones, except for compounds MD2, MD5, MD6, MD7 and
MD11, which were measured to have activities of 7, 6, 9.2, 5.6, 4.68 and 5.7 uM, respectively,
whereas the activities of «,-unsaturated ketones were similar (ICsq values were around
4-9 uM) except for those of compounds MD1a and MD10a, which were measured as 24.4
and 18.8 uM, respectively. As the number of methoxy groups on both ring A and ring B
(as benzenes in the synthesized compounds) was increased, the activity displayed was
slightly increased.

For the compounds tested against Kbvin, the IC5( values showed that the derivatives
where ring A was benzene (where ring B was benzene) were more potent than those where
ring A was a heterocyclic aromatic ring. Moreover, as the number of methoxy groups on
ring A and ring B increased, their activities also increased, whereas the halogen (fluorine
or chlorine) on ring A of the derivatives did not improve the activity against KBvin very
much. The tested compounds that had a skeleton of «,3-unsaturated ketone were more
active than the compounds with B’-hydroxy-e, 3-unsaturated ketone and «,3-unsaturated
-diketone (enol form) against the Kbvin cancer cell line.

For the NCI-H460 cancer cell line, the ICsy values showed that compounds 3, MD7a,
MD8a and MD12a were more active than all the synthesized compounds against NCI-H460
cancer cells and these activities were measured as 7.25, 4.3, 5.2 and 4.5 puM, respectively.
This means that derivatives that had ring A and ring B as benzene had high activity
against the NCI-H460 cancer cell line. Additionally, the methoxy groups on both ring
A and ring B of the derivatives were more potent than those among all the synthesized
compounds against the NCI-H460 cancer cell line. Analyses of the activity showed that
the derivatives with a skeleton of «,f-unsaturated ketone were more potent than the
derivatives with a skeleton of p’-hydroxy-w, 3-unsaturated ketone (except for compound 3)
or «,-unsaturated 3-diketone (enol form).

For the compounds tested against the NCI-H460MX20 cancer cell line, compounds
3, MD7, MD7a, MDS8, MD8a, MD9a and MD12a were found to be the most active of
all the synthesized compounds. The ICsy values of the derivatives with a skeleton of
B’-hydroxy-a,B-unsaturated ketone (compounds 3, 13 and 15) were 8.25, 2.5 and 9.7 uM,
respectively. Compounds 14, 16, 18 and 24 with an « -unsaturated ketone moiety were
discovered to have remarkable activity and the ICsy values were recorded as 1.2,2.7, 5.3
and 5.63 puM, respectively.

For the compounds tested against the MCF-7 cancer cell line, the ICsy values showed
that the methoxy group on ring B (as benzene) of the derivatives played an important role
in their activity. The data showed that most of the synthesized compounds of the MD series
were potent against MCF-7 cancer cells, whereas only a few derivatives (compounds 2a, 3,
3a and 5a) that had different functional groups on ring A and ring B (as benzene only) were
active against MCF-7 cancer cells. The ICsj values of compounds 2a, 3, 3a and 5a against
MCEF-7 cancer cells were determined to be 9.87,7.59, 8.09 and 8.52 uM, respectively. The
range of ICs( values of the MD series was measured to be about 4.6-8.8 uM and skeletons
of o, B-unsaturated ketone and B’-hydroxy-u, p-unsaturated ketone in the MD derivatives
had a similar activity against the MCF-7 cancer cells.
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Comparing the ICsq values of the reference compounds (1 and 19) and the synthesized
compounds against the HepG2 cancer cell line, it could be seen that compounds 2a, 3 and
3a (with ring B as benzene only), compound 11 (with ring A as pyridine), most of the
MD series (MD5a, MD6, MD6a, MD7, MD7a, MD8, MD8a, MD9a, MD11, MD11a and
MD12a) and MD13 with a skeleton of «,3-unsaturated p-diketone (enol form) had better
activities than the reference compounds. In the MD series, the activities of the derivatives
with skeletons of «,-unsaturated ketone and B’-hydroxy-«, B-unsaturated ketone against
the HepG2 cancer cell line were similar. However, the methoxy group on ring A and ring B
(with both ring A and ring B as benzenes) of the synthesized derivative was an important
factor in enhancing the activity against HepG2 cancer cells.

Comparing the ICs values of the synthesized derivatives with the skeletons of p’-
hydroxy-«,3-unsaturated ketone, «,3-unsaturated ketone and «,(-unsaturated 3-diketone
(enol form), it was found that derivatives 3 and MD12a had considerable anti-proliferative
activity against all six cancer cell lines. Compound 3 had an active p’-hydroxy-o,[3-
unsaturated ketone moiety connected with two phenyl groups: ring A (three methoxy
groups) and ring B (benzene only). MD12a contained an «,-unsaturated ketone moi-
ety that was connected to a phenyl ring (three methoxy groups on each phenyl ring) on
both sides.

Table 2. Anti-proliferative effects of derivatives 1-24, 1a—7a, 12a, 14a, MD1-13 and MD1a-12a against six human cancer

cell lines. Data are recorded as IC50 (uM is the concentration at which 50% proliferative effects are achieved). Compounds 1,

19 and MD#4 are the reference compounds.

Cell Line ICs59 (uM)
. . NCI-
Compound Compound Abbreviation HeLaS3 Kbvin NCI-H460 H460/MX20 MCF7 HepG2
1 Ph-b’-OH >40 >40 >40 >40 >40 >40
1a Ph-a’ =b’ 5.72 £0.05 13.69 £ 0.02 26.48 + 0.29 35.15 +£0.27 1425 £1.31 10.19 £0.70
2 3,4-OMe-Ph-b’-OH 26.42 +0.23 38.36 +0.34 >40 >40 33.15+042  37.08 £0.075
2a 3,4-OMe-Ph-a’ =b’ 5.52 £0.39 8.09 £ 0.44 13.78 £0.23 26.11 £1.22 9.87 £ 0.08 8.85 £ 0.61
3 3,4,5-OMe-Ph-b’-OH 5.88 £ 0.05 5.84 £0.31 7.25+£047 8.25 £ 0.01 7.59 £0.13 7.46 £ 0.68
3a 3,4,5-OMe-Ph-a’ =b’ 5.51 +0.03 5.96 + 0.31 13.24 £ 0.58 31.46 + 0.58 8.09 + 0.33 7.33 £0.52
4 4-OMe-Ph-b’-OH 29.67 + 0.007 30.2+1.33 >40 >40 29.84 + 2.16 31.11 +0.45
4a 4-OMe-Ph-a’ =b’ 11.07 £ 1.71 3176 £1.86  32.28 +0.36 >40 19.82+£1.80  31.86 £2.23
5 4-OH-Ph-b’-OH 31.98 + 0.32 >40 >40 >40 >40 >40
5a 4-OH-Ph-a’ =b’ 6.25 4+ 0.40 10.38 £+ 1.85 16.88 £ 024  35.44 £2.08 8.52+£0.16 17.55 + 0.33
6 4-F-Ph-b’-OH >40 >40 >40 >40 >40 >40
6a 4-F-Ph-a" =b’ 5.90 £+ 0.009 2398 +£0.13 31.25+0.29  34.38 £ 0.002 15.48 £ 0.03 14.26 £+ 0.64
7 4-Cl-Ph-b’-OH 31.73 £ 0.66 >40 >40 >40 30.43 £ 0.31 >40
7a 4-Cl-Ph-a" =b’ 529 £0.51 18.90 £1.32 30.31 + 0.49 33.37 £0.81 15.14 £ 0.15 12.84 £1.21
8 2-pyr-b’-OH 22.60 4 0.85 >40 >40 >40 3751 £1.33 >40
9 3-pyr-b’-di-OH >40 >40 >40 >40 38.18 £+ 0.65 >40
10 3-pyr-b’-OH 23.29 +0.28 3454 +0.13 >40 >40 3341 +1.55 33.71 £ 0.81
11 4-pyr-b’-OH 9.67 £ 0.38 11.53 + 0.004 15.83 £0.15 29.95 +0.48 12.45 £ 0.45 8.26 £1.03
12 2-f-b’-OH >40 >40 >40 >40 >40 >40
12a 2-f-a"=b’ 16.10 £ 0.83 27.97 £ 0.59 >40 >40 31.69 £0.15 34.41 £ 1.55
13 3-f-b’-OH 27.34 +5.87 26.16 + 4.56 34.27 +0.01 >40 15.65 £ 0.27 29.62 +0.30
14 2-t-b’-OH 15.41 £ 0.19 20.39 £ 1.05 28.63 + 0.36 34.04 +£1.32 18.93 + 0.89 19.73 £0.13
14a 2-t-a" = b’ >40 >40 >40 >40 >40 >40
15 2-methyl-t-b’-OH 29.99 + 0.58 29.48 +0.22 >40 >40 19.24 £1.54 31.27 +£2.69
16 2-pyrrole-b’-OH >40 >40 >40 >40 >40 >40
17 3-indole-b’-OH 32.73 £ 0.64 28.13 +0.94 33.87 £ 1.62 39.58 +0.18 33.77 £1.53 31.99 £ 1.79
18 4-F-Ph-b’-Cl 7.05 £ 0.26 17.34 £ 0.29 30.01 £ 0.54 >40 2453 £1.32 21.27 £3.15
19 Ph-a’ =b’-OH >40 >40 >40 >40 >40 >40
20 4-OMe-Ph-a’ = b’-OH >40 >40 >40 >40 >40 >40
21 3,4-OMe-Ph-a’ = b’-OH 20.37 +£1.34 22.82 +3.28 >40 >40 17.85 £ 0.40 38.85 + 3.09
22 3,4,5-OMe-Ph-a’ = b’-OH 20.89 £3.60  21.65+3.99 >40 >40 19.52 £ 0.93 >40
23 4-F-Ph-a’ =b’-OH >40 >40 >40 >40 >40 >40
24 4-Cl-Ph-a’ = b’-OH >40 >40 >40 >40 >40 >40
MD1 4-OH-4-OMe-b’-OH 23.8 £3.14 27.6 = 1.44 31+1.32 >40 22.01 £0.36 25.88 +4.04
MD1a 4-OH-4-OMe-a’ =b’ 244 +0.77 29 +294 >40 >40 25.28 +0.96 27.62 +0.37
MD2 4-OMe-4-OMe-b’-OH 7 +£0.05 32.1 £0.58 23.9 £0.03 >40 17.91 £ 0.29 26.15 +0.49
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Table 2. Cont.
Cell Line I1Cs9 (uM)
- . NCI-
Compound Compound Abbreviation HeLaS3 Kbvin NCI-H460 H460/MX20 MCF?7 HepG2
MD2a 4-OMe-4-OMe-a’ = b’ 6.1 +£0.04 7.7 +£0.37 192 +£0.14 35.7+1.45 741+£023 7.33 +£0.15
MD3 3,4-OMe-4-OMe-b’-OH 29 +£1.14 34 £0.71 >40 >40 33.59 + 0.14 3128 £1.5
MD3a 3,4-OMe-4-OMe-a’ = b’ 7 +0.37 9.3+0.01 209+1.4 >40 8.54 +0.75 192 £7.35
MD4 3,4,5-OMe-4-OMe-b’-OH 259 £3.47 21.9 £ 047 >40 >40 29.71 £ 0.99 >40
MD4a 3,4,5-OMe-4-OMe-a’ = b’ 6+ 0.51 4.6 £0.03 18.9 £ 0.62 179 £ 1.63 5.35+0.41 549+ 0.1
MD5 4-OH-3,4-OMe-b’-OH 9.2 +£048 144 £219 38.7 +26.05 >40 21.06 £3.92 2313 +1.92
MD5a 4-OH-3,4-OMe-a’ = b’ 6.6 +0.87 54 0.08 16.4 +0.81 21.3 £0.32 6.36 £ 0.41 529 £0.17
MD6 4-OMe-3,4-OMe-b’-OH 5.6 £0.53 94+0.26 25.6 +2.45 25.6 +1.95 8.87 +0.47 18.22 + 0.61
MDé6a 4-OMe-3,4-OMe-a’ = b’ 5.7 + 0.64 5.3+ 0.06 20.6 £2.29 22.6 £0.78 6.24 £0.13 8.46 £ 0.36
MD7?7 3,4-OMe-3,4-OMe-b’-OH 4.68 + 047 8.54 +0.33 18.8 £1.21 2.5+ 1.05 4.64 £0.72 43 +£0.35
MD?7a 3,4-OMe-3,4-OMe-a’ = b’ 513 £0.17 4.91 £ 0.09 43+04 1.2 £0.65 5.35 £0.43 3.8+051
MDS8 3,4,5-OMe-3,4-OMe-b’-OH 19.34 £0.13 1532+ 2.6 20.7 +3.23 9.7 +1.07 6.29 +£0.7 8.51 £ 1.52
MD8a 3,4,5-OMe-3,4-OMe-a’ = b’ 5.43 £ 0.06 5.54 4+ 0.06 52+0.92 27+1.12 493 +0.55 4914043
MDY 4-OH-3,4,5-OMe-b’-OH 3463 +£226 3551 +1.39 >40 343 +4.83 21414239 28574234
MD9%a 4-OH-34,5-OMe-a" =b’ 7.07 +£0.13 16.44 £0.29 172 £1.39 53+0.75 8.55 +0.77 8.03 +£2.77
MD10 4-OMe-3,4,5-OMe-b’-OH 2423+014 2776 £2.74 >40 327 £9.25 24.55 + 2.51 224 £0.76
MD10a 4-OMe-3,4,5-OMe-a’ = b’ 1828 £1.14  20.57 £0.07 169 +£4.7 17.4 £275 8.57 +0.38 21.65 4+ 1.57
MD11 3,4-OMe-3,4,5-OMe-b’-OH 5.7+ 0.28 14.7 £ 0.99 22.7 £0.35 20.44 +1.31 6.11 £0.38 5.32 £0.94
MD11la 3,4-OMe-3,4,5-OMe-a’ = b’ 6.2 +£0.03 8.8+1.19 20.5+1.42 21.47 £ 0.66 6.37 4 0.02 5.99 +1.07
MD12 3,4,5-OMe-3,4,5-OMe-b’-OH 159 £3.77 22.6+0.73 >40 >40 23.72 +£0.44 19.38 + 6.68
MD12a 3,4,5-OMe-3,4,5-OMe-a’ = b’ 46+0.8 42+ 0.16 454+ 0.12 5.63 £0.14 4.85+03 449 £0.73
MD13 3,4,5-OMe-4-OMe-a’ = b’-OH 12.3 £0.92 187 £1.1 36.7+1 33.63 +2.45 2046 + 1.8 9.09 +1.44

2.2.2. Cell Cycle and Apoptosis Analysis by Flow Cytometry

Based on the anti-proliferative activity data shown above, a cell cycle analysis was

performed using an easyCyte 5 cytometer and the collected samples were examined with
Annexin V/PI staining via flow cytometry. MCF-7 and HepG2 cells were treated with
various concentrations (5, 10 and 20 uM) of compounds 3 and MD12a for 24 h and 48 h to
determine the cell cycle phase (Figure 2a,b).

For MCF-7 cells treated with compound 3, it was shown that compound 3 induced cell
cycle arrest and a time-dependent increase in the G1 phase percentage. The percentages of
untreated cells in the sub-G1, G1, S and G2/M phases were determined to be 8.67 £ 1.88,
48.1 £ 3.53,17 & 1.83 and 19.95 + 6.85% as well as 5.72 £ 5.08, 63.73 £ 8.61, 12.8 £ 2.7
and 15.5 & 1.37% for 24 h and 48 h, respectively. The percentages of MCF-7 cells treated
with 5 uM of compound 3 in the sub-G1, G1, S and G2/M phases were determined to
be 6.35 £ 0.48,50.9 & 0.98, 12.55 &= 2.6 and 19.1 &= 4.1% as well as 5.95 £ 4.91, 63.4 £ 10.0,
13.22 £ 5.04 and 14.6 £ 1.37% for 24 h and 48 h of treatment, respectively. The percentages
of MCF-7 cells treated with 10 uM of compound 3 in the sub-G1, G1, S and G2/M phases
were determined to be 7.95 + 0.16, 50.1 £ 3.39, 12.9 £ 0.14 and 23.1 + 10.88% as well
as 6.35 +£1.97, 60.1 +9.00, 13.1 £ 0.77 and 17.6 + 8.95% for 24 h and 48 h of treatment,
respectively. The percentages of MCF-7 cells treated with 20 uM of compound 3 in the sub-
G1, G1, S and G2/M phases were evaluated to be 15.02 & 10.57, 50.8 £ 7.07, 14.05 £ 5.02
and 14.12 4 0.03% as well as 10.07 &+ 5.69, 60.2 + 8.92, 12.56 + 2.66 and 14.96 =+ 2.45% for
24 h and 48 h of treatment, respectively (Table 3).
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Figure 2. (a) Compounds 3 and MD12a induced MCF-7 cell cycle arrest; (b) compounds 3 and MD12a induced HepG2 cell

cycle arrest.

Table 3. Cell cycle distribution.

Cells Treated with Different Concentrations
of Compounds/Time Treatment

Cell Cycle Distribution (Mean + SEMs) 2

a
MCE-7 (Compound 3)/24 h treatment Sub-G1 (%) G1 (%) S (%) G2/M (%)

control P 8.67 £3.53 48.1 +3.53 17 £1.83 19.95 £ 6.85

5 uM 6.335 + 0.48 50.9 + 0.98 12.55 £+ 2.61 19.1 £4.10

10 uM 7.955 £+ 0.16 50.1 £ 3.39 129 +£0.14 23.1 +10.88




Int. ]. Mol. Sci. 2021, 22, 12171 10 of 32
Table 3. Cont.
Cells Treated with Diff?rent Concentrations Cell Cycle Distribution (Mean + SEMs) *
of Compounds/Time Treatment
20uM 15.02 £+ 10.57 50.8 + 7.07 14.05 £ 5.02 14.125 £ 0.03
MCF-7 (Compound 3)/48 h treatment Sub-G1 (%) G1 (%) S (%) G2/M (%)
control 5.72 £ 5.08 63.73 £+ 8.61 12.84 £ 2.7 15.56 £+ 1.37
5uM 595+ 491 63.43 + 10.04 13.22 £ 5.04 14.6 +1.37
10 uM 6.35 £ 1.97 60.13 +9.00 13.16 £ 0.77 17.66 + 8.95
20 uM 10.07 £+ 5.69 60.26 £ 8.92 12.56 £ 2.66 14.96 £ 2.45
b
MCEF-7 (MD12a)/24 h treatment Sub-G1 (%) G1 (%) S (%) G2/M (%)
Control 8.67 £ 3.53 48.1 £3.53 17 £1.83 19.95 + 6.85
5uM 14.35 £ 9.40 532+ 17.18 8.8 +1.97 17 £ 3.81
10 uM 50.3 £ 25.88 36.4 +£17.88 14.25 £+ 3.18 455+ 4.16
20 uM 85.4 +4.38 209 +4.17 0.25 £ 0.016 0.30 £ 0.29
MCEF-7 (MD12a)/48 h treatment Sub-G1 (%) Gl (%) S (%) G2/M (%)
Control 5.72 £ 5.08 63.73 £ 8.61 12.84 £ 2.7 15.56 £+ 1.37
5 uM 28.06 £ 5.25 4493 + 6.50 18.03 & 4.80 9.77 £ 6.05
10 uM 65 £ 8.20 22.4+9.00 11.44 £2.75 6.45 + 9.58
20 uM 98 +1.83 1.75 + 1.78 0.21 +0.36 1.30 £ 2.16
c
HepG2 (Compound 3)/24 h treatment Sub-G1 (%) G1 (%) S (%) G2/M (%)
control 1.39 + 0.67 56.5 £ 6.1 13.73 +3.82 23.03 £ 4.66
5 uM 247 +£1.78 57.4 + 3.95 12.83 £3.78 23.1 +5.04
10 uM 0.90 &+ 0.55 57.3 £4.04 14.54 £ 8.19 22.53 + 6.01
20 uM 0.96 £ 0.76 56.4 £+ 3.74 13.01 £5.52 2393 £5.16
HepG2 (Compound 3)/48 h treatment Sub-G1 (%) G1 (%) S (%) G2/M (%)
control 6.00 & 3.86 55.56 + 5.05 11.73 £3.32 21.63 +2.91
5uM 6.97 + 6.86 53.23 + 8.28 15.45 + 8.86 19.3 +4.17
10 uM 9.76 + 11.72 50.56 + 11.02 16.19 £ 8.62 18.23 £ 5.25
20 UM 8.08 &+ 7.54 53.86 + 8.87 16.5 £+ 8.85 17.26 £ 5.26
d
HepG2 (MD12a)/24 h treatment Sub-G1 (%) G1 (%) S (%) G2/M (%)
control 1.39 £+ 0.67 56.5 + 6.1 13.73 £3.82 23.03 + 4.66
5uM 1.06 £ 0.56 57.53 £4.90 14.22 £+ 3.80 21.13 + 3.81
10 uM 1.79 £ 141 56.3 +7.13 14.66 £ 5.15 21.33 £3.97
20 UM 3.90 &+ 2.57 53.2 £ 3.26 17.16 £ 2.54 20.2 +4.15
HepG2 (MD12a)/48 h treatment Sub-G1 (%) G1 (%) S (%) G2/M (%)
control 6.00 = 3.86 55.56 + 5.05 11.73 £3.32 21.63 +£2.91
5uM 13.35 + 14.34 4845 +1.20 18.9 £ 3.81 15.70 £9.75
10 uM 26.95 + 7.84 4745+ 7.42 15.2 +5.37 9.00 £ 5.50
20 uM 75.95 £+ 20.01 16.12 £9.72 6.14 + 8.14 1.25 +£1.33

2 Data are shown as the means + SEMs of three independent experiments.  Cells treated with vehicle (DMSO) were used as controls.
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For MCF-7 cells treated with MD12a, the detection analysis showed that MD12a
induced a dose-dependent increase in the sub-G1 phase. Compared with untreated cells,
MCE-7 cells treated with MD12a for 24 h were arrested at the sub-G1 phase and induced
cell apoptosis. Even for 48 h of treatment, the percentage of treated cells in the sub-G1
phases was still increased. The accumulation of control cells in the sub-G1, G1, S and G2/M
phases was determined as 8.67 & 3.53, 48.1 £ 3.53, 17 £ 1.83 and 19.95 & 6.85% as well
as 5.72 £ 5.08, 63.73 £ 8.61, 12.84 + 2.7 and 15.56 & 1.37% for 24 h and 48 h, respectively.
The percentage of MCF-7 treated with 5 uM of MD12a in the sub-G1, G1, S and G2/M
phases was determined to be 14.35 & 9.40, 53.2 & 17.18, 8.8 = 1.97 and 17 & 3.81% as well
as 28.06 £ 5.25, 44.93 + 6.50, 18.03 £ 4.80 and 9.77 = 6.05% for 24 h and 48 h treatment,
respectively. The percentage of MCEF-7 cells treated with 10 uM of MD12a in the sub-G1,
Gl1, S and G2/M phases was calculated as 50.3 + 25.88, 36.4 + 17.88, 14.25 £ 3.18 and
4.55 £ 4.16% as well as 65 £ 8.20, 22.4 + 9.00, 11.44 £ 2.75 and 6.45 £ 9.58% for 24 h and
48 h treatment, respectively. The percentage of MCF-7 treated with 20 uM of MD12a in the
sub-G1, G1, S and G2/M phases was determined as 85.4 £ 4.38, 20.9 +4.17, 0.25 £ 0.016
and 0.30 £ 0.29% as well as 98 £ 1.83, 1.75 £+ 1.78, 0.21 £ 0.36 and 1.30 & 2.16% for 24 h
and 48 h treatment, respectively. Moreover, the evidence shows that the distribution of
MCE-7 cells treated with 10 uM and 20 uM of MD12a arrested at the sub-G1 peak of the
cell cycle was much higher than for cells treated with 5 uM of MD12a (Table 3).

In Table 3, the results show that compound 3 slightly induced cell cycle arrest and
apoptosis in HepG2 cells. The detection demonstrated a small time-dependent increase in
the sub-G1 phase. The percentage of untreated HepG2 cells arrested at the sub-G1 phase
was calculated as 1.39 &+ 0.67 and 6.00 £ 3.86% for 24 h and 48 h, respectively, whereas
the percentage of HepG2 treated with 5 uM, 10 uM and 20 pM accumulated in the sub-G1
phase was determined as 2.47 £ 1.78, 0.90 & 0.55 and 0.96 £ 0.76% as well as 6.97 + 6.86,
9.76 £ 11.72 and 8.08 & 7.54% for 24 h and 48 h treatment, respectively.

In Table 3, MD12a induced HepG2 cell cycle arrest and apoptosis and the detection
analysis represented a dose-dependent increase in the sub-G1 phase for 24 and 48 h of
treatment. The profile also showed that MD12a induced a dose-dependent decrease in
the G2/M phase. The percentage of untreated cells in the sub-G1 phase was evaluated
as 1.39 £ 0.67% and 6.00 £ 3.86% for 24 h and 48 h, respectively, whereas the proportion
of HepG2 cells treated with 5 uM, 10 uM and 20 uM arrested at the sub-G1 phase was
calculated as 1.06 &= 0.56, 1.79 =+ 1.41 and 3.90 + 2.57% as well as 13.35 + 14.34, 26.95 4+ 7.8
and 75.95 & 20.01% for 24 h and 48 h of treatment, respectively. The results showed that
the treatment of HepG2 cells with 10 pM and 20 uM of MD12a led to a significant increase
in the sub-G1 phase over 48 h of treatment.

For the cell flow cytometry analysis, where MCF-7 was treated with different con-
centrations (5 pM, 10 uM and 20 pM) of compounds 3 and MD12a for 24 h and 48 h, the
images of the distribution of cell apoptosis in MCF-7 showed that the treatment of MCF-7
cells with compound 3 slightly increased the level of apoptosis, whereas the treatment
of MCEF-7 cells with MD12a induced a higher level of apoptosis as well as showing a
significant dose-dependent increase in the level of apoptosis (Figure 3a,b).
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Figure 3. Cont.
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Figure 3. Cell flow cytometry analysis. MCF-7 and HepG2 cancer cells were treated with different concentrations (5 uM,
10 uM and 20 uM) of tested compounds 3 and MD12a for 24 h and 48 h to observe the incidence of early apoptosis and
late apoptosis in the experiment. (a) Distribution of cell apoptosis in MCF-7 treated with compounds 3 and MD12a for
24 h. (b) Distribution of cell apoptosis in MCE-7 treated with compounds 3 and MD12a for 48 h. (c) Distribution of cell
apoptosis in HepG2 treated with compounds 3 and MD12a for 24 h. (d) Distribution of cell apoptosis in HepG2 treated
with compounds 3 and MD12a for 48 h.
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MCF-7 24h Control

x400

MCF-7 48 h Control

x400

When HepG2 cancer cells were treated with various concentrations (5 uM, 10 uM
and 20 uM) of compounds 3 and MD12a for 24 h, flow cytometry images showed that
compound 3 induced no significant change in cell apoptosis, whereas MD12a induced
dose-dependent apoptosis in treated cells compared with untreated HepG2 cells (Figure 3c).
When HepG2 cells were treated with different concentrations of compound 3 for 48 h, the
images showed that compound 3 slightly increased the level of late apoptosis (Figure 3d).
In contrast, MD12a induced a high level of apoptosis in HepG2 cells as the concentration
of MD12a increased.

2.2.3. Cell Morphology

In order to observe the drug response and activity of the cancer cells, their cell
morphologies were recorded. Photographs of the morphological alterations of MCF-7
and HepG2 cancer cells treated with various concentrations (5 uM, 10 uM and 20 uM)
of compound 3 and MD12a were taken using a ZOOMKOP ZK-2500 microscope under
%400 magnification (EC-H PL x40) for 24 h and 48 h of treatment (Figure 4a—d). For both
24 h and 48 h, the images (Figure 4a,b) showed that MCF-7 cells treated with different
concentrations of compound 3 and MD12a looked inflated, deformed, exfoliated and dead
on the surface of the wells, whereas adherence of the control MCF-7 cells to the wells when
not treated with the tested compounds was observed.

For HepG2 cells treated with compounds 3 and MD12a for 24 h and 48 h, the images
(Figure 4c,d) displayed more deformed and exfoliated HepG2 cells when the concentration
of both the tested compounds was increased, compared with the control group of HepG2
cells, as observed by a microscope under x400 magnification.

Compound 3 5uM 10uM 20uM

(b)

Compound 3 5uM

MD12a

Figure 4. Cont.
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HepG2 24h Control Compound 3 5 uM 10uM 20uM

x400

(©)

HepG2 48 h Control

x400

(d

Figure 4. Cell morphology. It is important to examine cell morphology under microscope magnification in order to observe
the drug response and activity of cancer cells according to the change in their shape and appearance. Cells treated with
vehicle (DMSQO) were used as controls. (a) For the 24 h treatment of MCF-7 cancer cells with different concentrations (5 uM,
10 uM and 20 pM) of compounds 3 and MD12a, few MCF-7 cancer cells (shown on the right side of the photo) treated
with 20 uM of compound 3 were observed to be inflated, deformed, or exfoliated. However, as MCF-7 cancer cells were
treated with various concentrations of the tested compound MD12a for 24 h, deformed, exfoliated and dead cells were
visualized with an increase in the concentration of compound MD12a. (b) For the 48 h treatment of MCF-7 cancer cells with
various concentrations of tested compounds 3 and MD12a, morphological alternations of cells were observed compared
to the control cells. (c) For the 24 h treatment of HepG2 cancer cells with different concentrations of compounds 3 and
MD12a, inflated, exfoliated and dead cancer cells were observed with increasing concentrations of compound MD12a,
whereas the cell shape started to show a small change after 20 uM treatment with compound 3. (d) For the 48 h treatment of
HepG2 cancer cells with different concentrations of compounds 3 and MD12a, inflated and exfoliated cells and cell debris
were observed.

2.2.4. Gene Expression
Histogram Plot
The histogram plot displays the fold change distribution calculated using Rosetta

Resolver 7.2 with the error model adjusted using Amersham Pairwise Ration software.
Data are for all probes, excluding control and flagged probes (Figure 5).
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Figure 5. The histogram plots showing the fold change distribution of the treated group versus the control group. (a) The
fold change distribution of compound 3 treated with MCE-7 cells versus MCF-7 control. (b) The fold change distribution of
compound MD12a treated with MCF-7 cells versus MCF-7 control. (c) The fold change distribution of compound 3 treated
with HepG2 cells versus HepG2 control. (d) The fold change distribution of compound MD12a treated with HepG2 cells
versus HepG2 control. Cells treated with DMSO were used as the control group.

Volcano Plot

The scatterplot displays the statistical significance on the y-axis (p-value) versus the
magnitude of the change on the x-axis (fold change). The red dotted line shows the p-value
cut-off (0.05), while the green dotted line shows the fold change cut-off (log2 |fold change |
> 1 and the negative logarithm of the p-value is shown as blue dots (<0.05)). Expression
data were plotted for all probes, excluding the control and flagged probes. The plot shows
that the most up-regulated genes are toward the right, whereas the most down-regulated
genes are toward to the left (Figure 6).
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Figure 6. Volcano plots displaying the statistical significance (p-value) on the y-axis and the magnitude of the change (fold
change) on the x-axis. (a) The fold change of MCF-7 cells treated with compound 3 versus MCF-7 control. (b) The fold
change of MCF-7 cells treated with compound MD12a versus MCF-7 control. (c) The fold change of HepG2 cells treated
with compound 3 versus HepG2 control. (d) The fold change of HepG2 cells treated with compound MD12a versus HepG2
control. Cells treated with DMSO were used as the control group.

Number of Differentially Expressed Genes

The number of differentially expressed genes (up- and down-regulated genes) for
each comparison is shown in Table 4. There are four items for the comparison: 1. HepG2
cancer cells treated with compound 3 versus HepG2 control (cells treated with DMSO
as control groups); 2. HepG2 cancer cells treated with compound MD12a versus HepG2
control; 3. MCF-7 cancer cells treated with compound 3 versus MCF-7 control; 4. MCF-7
cancer cells treated with compound MD12a versus MCF-7 control. Standard selection
criteria to identify differentially expressed genes are as follows: (1) log2 | Fold change| > 1
and p <0.05 (2) log2 ratios = "NA” and the differences of intensity between the two
samples > 1000.
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Table 4. The number of differentially expressed genes for each comparison.

Item Comparison Up-Regulated Gene  Down-Regulated Gene
) HepG2 (Comp.3)/HepG2 1089 729
Control
5 HepG2 (MD12a)/HepG2 796 1094
Control
3 MCEF-7 (Comp.3)/MCEF-7 1166 1524
Control
4 MCEF-7 (MD12a)/MCF-7 2620 2193
Control

Principal Component Analysis (PCA)

A PCA plot based on all genes in the microarray was constructed to evaluate the
differences among the biological replicated and treatment conditions on both the MCF-7
and HepG2 cancer cells. The variable values of the first three principal components (PC1,
PC2 and PC3) were evaluated as 72.48%, 17.81% and 5.70%, respectively (Figure 7).

s 1

g‘ - W7A=IACF-7 (Comp. 3)

3 W7B=KCF-7 (MD12a)

W7C=KCF-7 (Control)
_ HG2A=HepG2 (Comp. 3)
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® g HG2C=HepG2 (Control)
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PC1 (72.48%)

Figure 7. Principal component analysis (PCA) for HepG2 and MCEF-7 cancer cells. The variable
values of the first three components were PC1 = 72.48%, PC2 = 17.81 and PC3 = 5.7%.

Clustering Analysis

For an advanced data analysis based on the fold changes and p-values, the in-
tensity data were evaluated to identify the genes expressed. The correlation of the
expression profiles between the different samples and treatment conditions was per-
formed using a clustering analysis. Up-regulated genes are represented in red and
down-regulated genes are represented in green. The heatmap (Figure 8) shown below
indicates the expression data for the gene list, which is labeled from left to right as fol-
lows: HG2C_H001, HG2C_H002, HG2A_H003, HG2A_HO005, HG2B_H006, M7C_H007,
M7C_H008, M7A_H009, M7AH010, M7B_HO011 and M7B_H012 (note: HG2 = HepG2,
M7 = MCEF-7, C = control, A = compound 3 and B = MD12a).
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Figure 8. Heatmap showing different samples and treatment conditions using the clustering analysis
of the expression profiles. Red shows up-regulated genes and green shows down-regulated genes.

2.2.5. The p53 Signaling Pathway and Quantitative PCR (qPCR) Analysis for HepG2 and
MCEF-7 Cells Treated with Compounds 3 and MD12a

Based on the quantitative PCR data, Figure 9 displays the fold changes (x-axis) versus
treatment groups (y-axis). The target genes were the following: GADD45B, SENSN2 and
BBC3. The target genes were selected from the results of the gene expression analysis. The
analysis of the mRNA expression showed that these three genes were up-regulated and
associated with the p53 signaling pathway (Figure 10) for the treatment of MCF-7 and
HepG2 cancer cells (Table 4). The reference gene used was GAPDH. The primer sequences
are displayed in Table 5.

Table 5. The primer sequences.

Gene Name Primer Name Primer Sequence

GADDA45B H1-GADD45B (H)-F ACTTGGTTGGTCCTTGTCTGC
H1-GADD45B (H)-R ACTGGGAGTTCATGGGTACAGA

SESN?2 H2-SESN2 (H)-F GGCATGGGGATCTGGGTTCTA
H2-SESN2 (H)-R ATATGGAACTGGTAGCAAAGCC

BBC3 H15-BBC3 (H)-F TGTGAATCCTGTGCTCTGCCC

H15-BBC3 (H)-R GCTTCAGCCAAAATCTCCCAC
GAPDH GAPDH-F CATGGAAGTATGACAACAGCCT
GAPDH-R AGTCCTTCCACGATACCAAAGT

In Figure 9a, the fold changes versus the three target genes (GADD45B, SENSN2 and
BBC3) for HepG2 cancer cells treated with compound 3 were evaluated as 1.69, 0.83 and
1.39, respectively. The fold changes indicated that compound 3 slightly induced GADD45B
and BCC3 genes compared to the value of the control group, whereas the fold change
of the SENSN2 gene was a little lower than that of the control. In Figure 9b, the fold
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changes versus the three target genes (GADD45B, SENSN2 and BBC3) for HepG2 cancer
cells treated with MD12a were evaluated as 1.65, 0.83 and 1.24, respectively. The results
also showed that the fold changes of the GADD45B and BBC3 genes were higher than the
value of the control group.

In Figure 9c, the fold changes versus the three target genes (GADD45B, SENSN2 and
BBC3) for MCEF-7 cancer cells treated with compound 3 were evaluated as 0.83, 0.82 and
1.12, respectively. The data showed that only the fold change of the BBC3 gene was slightly
increased, whereas the fold changes of GADD45B and SENSN2 were decreased compared
with the value of the control group. In Figure 9d, the fold changes against the three target
genes (GADD45B, SENSN2 and BBC3) for MCE-7 cancer cells treated with MD12a were
evaluated as 5.04, 4.18 and 3.35, respectively. The results showed that the fold changes of
these three target genes were higher than the values obtained for the control group. The
application of the tested compound MD12a to both HepG2 and MCF-7 cancer cells was
found to markedly induce the GADDA45B gene with a high mRNA protein level compared
to compound 3. Thus, compound MD12a was found to sufficiently induce the GADD45B
gene with up-regulated expression to suppress cancer cell formation and cause cell death

in the p53 pathway.
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Figure 9. Quantitative PCR analysis. Fold changes were shown relative to the control group in order to determine the degree

of regulation in the treatment group. GAPDH was used as a reference gene. The error bars show the standard deviation. All
experiments were carried out in triplicate. (a) The quantitative PCR for GADD45B, SENS2 and BBC3 (HepG2 cancer cells

treated with compound 3).
compound MD12a). (c) The

(b) The quantitative PCR for GADD45B, SENS2 and BBC3 (HepG2 cancer cells treated with
quantitative PCR for GADD45B, SENS2 and BBC3 (MCEF-7 cancer cells treated with compound

3). (d) The quantitative PCR for GADD45B, SENS2 and BBC3 (MCF-7 cancer cells treated with compound MD12a).

2.2.6. Docking Interaction of Compound MD12a with GADD45B

A molecular docking analysis was performed in order to provide computational pre-
dictions in two and three dimensions for the interactions between the proteins and the
tested compounds (Figure 11a,b). The binding interaction of the ligand—-MD12a complex
was analyzed using Discovery Studio 2.5 software, which is used for docking calculations.
For the docking simulation, the protein structure of GADD45B was downloaded from the
AlphaFold Protein Structure Database [24,25]. The preparation was performed using the
Prepare Protein module in Discovery Studio 2.5 to remove crystal water in the crystallo-
graphic structure, insert missing atoms into incomplete residues, protonate the structure
of both proteins with the Chemistry at Harvard Macromolecular Mechanics (CHARMM)
force field [26] and optimize the side-chain conformation for residues with inserted atoms.
For GADD45B, four potential active sites in the protein cavities were identified with Dis-
covery Studio 2.5 using a shape filter and Monte Carlo ligand conformation generation
and optionally minimized with the CHARMM force field [27]. The interaction between
MD12a and GADD45B included one hydrogen bonding interaction and three hydrophobic
interactions. The oxygen on the carbonyl is the hydrogen bond acceptor that interacts with
the residue of ARG115. The 3,4,5-methoxyphenyl moieties of MD12a are stabilized by the
hydrophobic interaction within the drug binding site formed by the residues of ALA106,
ALA114 and MET95.
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Figure 11. Docking interaction of compound MD12a with GADD45B. The figure displays a two-
dimensional ligand—receptor interaction sketch that shows the important interactions of the MD12a
docked complex with the drug binding site residues of GADD45B. (a) The colored circles shown are
amino acids. The residues involved in one hydrogen bond interaction are displayed as a green circle,
and the residues involved in the three hydrophobic interactions are shown as pink circles. The green
dashes indicate hydrogen bonds and the pink dashes represent hydrophobic interactions. (b) Inter-
actions of the GADD45B-MD12a comple, including one hydrogen bond and three hydrophobic
interactions, displayed in 3D.

3. Materials and Methods

All organic solvents and reagents were commercially available and purchased from
Sigma-Aldrich (St. Louis, MO, USA), Acros Organics (Geel, Belgium), Echo Chemical
Co., Ltd. (Taichung City, Taiwan) and Merck (Boston, MA, USA). All reactions were
performed in oven-dried round-bottom flasks using dry, deoxygenated solvents under
argon. A glass—water condenser was fitted over each flask, with a rubber septum fitted
over the condenser. Organic solvents were concentrated in rotary evaporators under
reduced pressure. All chemical reactions were checked using a Merck TLC (thin-layer
chromatography) silica gel 60 F254 plate. Each reaction, including the preparation of
starting materials, was purified by flash column chromatography on Merck silica gel 60
(mesh 230-400). Nuclear magnetic resonance spectra (‘H and '>C) were recorded on a
Bruker 500 MHz NMR spectrometer. The solvent peaks were used as internal standards
and reported as 6 values in ppm (chloroform-d: 7.25 ppm; methanol-d;: 3.31, 4.78 ppm;
dimethyl sulfoxide-ds: 2.5 ppm for 'H NMR and chloroform-d: 77.23 ppm; methanol-dy:
49.15 ppm; dimethyl sulfoxide-ds: 39.51 for '3C NMR). Multiplicities were recorded as s
(singlet), d (doublet), t (triplet), q (quartet), dd (doublets of doublets), m (multiplet) and
brs (broad singlet). Data for the 'H and '>*C NMR spectra were reported in terms of the
chemical shift relative to TMS (6 = 0.00 ppm). Coupling constants (J) were expressed in Hz.
HR-MS was performed using a JEOL-HX 110 spectrometer and spectroscopic data were
reported as m/z values. Melting points were tested using an electro-thermal instrument.
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3.1. Chemistry
3.1.1. General Procedure for the Synthesis of Starting Material Ring A Compounds: A1-15

The corresponding aldehyde (4.0 mmol, 1.0 equiv.), 1- (triphenylphosphoranylidene)-2-
propanone (4.8 mmol, 1.2 equiv.) and dry toluene (8 mL) were added to a dry round-bottom
flask equipped with a stir bar and condenser. The reaction mixture was stirred and refluxed
for two hours. Then, the reaction mixture was concentrated in vacuo. The desired product
was purified by chromatography using 10-20% ethyl acetate in hexane to yield the pure
corresponding ring A compounds: A1-16 (Appendix A).

3.1.2. General Procedure for the Synthesis of Starting Material Ring B Compounds: B1-4

Carboxylic acid derivatives (4.0 mmol, 1.0 equiv.) and dry THF (10 mL) were added
to a round-bottom flask equipped with a stir bar. The reaction flask was purged with argon
and cooled to 0 °C. Then, LiAlH, (4.0 mmol, 1.0 equiv.) was added to the reaction mixture.
The reaction was stirred for 1 h. The reaction mixture was quenched with saturated
potassium sodium tartrate solution. Upon warming to room temperature, ethyl acetate
(10 mL) and celite were added to the reaction mixture to remove unwanted matrices and
solids. The solution was filtered with the celite. Then, the filtrate was dried over anhydrous
MgSO;, and filtered. The filtrate was collected and concentrated in vacuo to give the crude
phenyl alcohol compound. The crude phenyl alcohol was dissolved in dichloromethane
and pyridinium chlorochromate (4.0 mmol, 1.0 equiv.) was added. The reaction was stirred
at room temperature overnight. The resulting mixture was filtered and concentrated in
vacuo again. The desired product was purified by chromatography using 10-15% of ethyl
acetate in hexane to yield the corresponding ring B compounds: B1-4 (Appendix B).

3.1.3. General Procedure for the Synthesis of p’-Hydroxy-«,-Unsaturated Ketones (1-8,
10-17 and MD1-12) and «,[3-Unsaturated Ketones (1a, 2a, 3a, 4a, 5a, 6a, 7a, 12a, 14a
and MD1a-12a)

The ring A compound (4.0 mmol, 1.0 equiv.) and dry THF (5 mL) were added to
a round-bottom flask equipped with a stir bar. The reaction mixture was purged with
argon and cooled to —78 °C. Lithium diisopropylamide (4.0 mmol, 1.0 equiv.) was added.
The reaction mixture was stirred for 10 min. Then, the ring B compound (4.0 mmol,
1.0 equiv.) in dry THF (5 mL) was added slowly to the ring A-THF solution via syringe.
The combined mixture was stirred for 1 h and then quenched with saturated NH,Cl
solution. The reaction mixture was warmed to room temperature and then extracted
with ethyl acetate. The organic phase was separated, dried over anhydrous MgSO, and
filtered. The crude material was concentrated in vacuo. The desired product was purified
by chromatography using 20-30% ethyl acetate in hexane to produce the corresponding
p’-hydroxy-o, -unsaturated ketones.

The B’-hydroxy-a, B-unsaturated ketone (4.0 mmol, 1.0 equiv.) and dry dichloromethane
(10 mL) were added to a round-bottom flask equipped with a stir bar. Then, p-toluensulfonic
acid (0.4 mmol, 0.1 equiv.) was added to the reaction mixture. The reaction mixture was
stirred at 0 °C to room temperature for 30 min. The reaction mixture was quenched with
distilled water and then extracted with dichloromethane. The organic phase was separated,
dried over anhydrous MgSO, and then filtered. The filtrate was concentrated in vacuo. The
desired product was purified by chromatography using 25-30% ethyl acetate in hexane to
give the corresponding o, 3-unsaturated ketones.

3.1.4. General Procedure for the Synthesis of «,[3-Unsaturated 3-Diketones 19-24
and MD13

The B’-hydroxy-«, p-unsaturated ketones 1a, 2a, 3a, 4a, 6a, 7a and MD4 (4.0 mmol,
1.0 equiv.) in dry dichloromethane (10 mL) were added to a round-bottom flask equipped
with a stir bar. Then, the Dess—Martin reagent (4.4 mmol, 1.1 equiv.) was added to the
reaction mixture. The reaction mixture was stirred for 30 min and then extracted with
dichloromethane. The organic phase was separated, dried over anhydrous MgSO, and
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then filtered. The filtrate was concentrated in vacuo. The desired product was purified
by chromatography using 10-20% ethyl acetate in hexane to give the corresponding o, 3-
unsaturated p-diketones.

3.2. Biology
3.2.1. Cell Cultures

The human cancer cell lines HeLaS3, KBvin, MCF-7, HepG2, NCI-H460 and NCI-
H460/MX20 were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS) and 1/100 (v/v) penicillin/streptomycin at 37 °C under 5%
carbon dioxide. The medium was routinely changed every two days. As cell confluence
reached 80% in the medium, the cells were treated with 0.25% of trypsin-EDTA for the
next passage. Human cervical carcinoma cell line HeLaS3, human non-small-cell lung
carcinoma cell line NCI-H460, human liver carcinoma cell line HepG2 and human breast
cancer cell line MCF7 were purchased from the Bioresource Collection and Research Center
(Hsinchu, Taiwan). The multidrug-resistant human cervical cancer cell line KB-vin was
kindly provided by Dr. Kuo-Hsiung Lee (University of North Carolina, Chapel Hill, NC,
USA) and maintained with 100 nM of vincristine each week. MDR human non-small-
cell lung carcinoma cell line NCI-H460/MX20 was the resistant cell line selected from
NCI-H460. It was treated with gradually increasing concentrations of mitoxantrone and
maintained in 20 nM of mitoxantrone.

Note: all tested compounds were dissolved in DMSO and the final concentrations of
DMSO in all experiments were less than 0.1%.

3.2.2. Anti-Proliferative Assay

Cells (1.5 x 10°/mL) were seeded in a 96-well plate overnight, then treated with the
synthesized compounds. After the cells were treated with the compounds, MTT solution
(1 mg/mL) was added to each well. The plates were incubated for another two hours. Then,
the medium was removed. Blue formazan (the yield of reduction in MTT) was dissolved in
DMSO. The absorbance was recorded at 570 nm.

3.2.3. Cell Cycle Analysis

Cells (5 x 10* cells/mL) were seeded in a 24-well plate and allowed to adhere
overnight. Then, cells were treated with different concentrations of compound 3 and
MD12a for 24 h and 48 h and fixed with EtOH at 4 °C. After treatment, the cells were
collected and washed with PBS. To remove the cells from the medium, trypsin was added.
Then, the cells were centrifuged (1500 rpm for 5 min) and washed with PBS. Again, the cells
were centrifuged (1500 rpm for 5 min) and the supernatant was removed. After incubation
for 15 min, propidium iodine staining buffer (PI: 100 ug/mL) was added. The cell mixture
was incubated at 4 °C in the dark for 20 min. The samples were analyzed for propidium
iodide DNA fluorescence by flow cytometry (easyCyte 5, Merck Millipore 0500-5005).

3.2.4. Cell Apoptosis Analysis

The cells (5 x 10* cells/well) were seeded in a 24-well plate and allowed to adhere
overnight. The seeded cells were then treated with different concentrations of compound 3
and MD12a for 24 h and 48 h. After treatment, the cells were collected and washed with
PBS, followed by the addition of 1x binding buffer (250 pL) and annexin V-FITC (2.5 uL).
The cell mixture was then incubated in the dark at 4 °C for 20 min. Prior to analysis on a
flow cytometer, PI (5 uL) was added.

3.2.5. Quantitative PCR Analysis

Cells were prepared by treating with 10 uM of the tested compounds for 48 h. Cells
treated with vehicle (DMSO) were used as the controls. A total of 2 ug of total RNA in
14.2 uL nuclease-free H,O was used for reverse transcription, using an ABI High-Capacity
cDNA Reverse Transcription Kit according to the following, with a total volume of 20 uL:
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10 x RT buffer (2 puL), 0.8 uL of ANTP mix (100 mM), 2 uL of RT random primers and 1 pL
of MultiScribe™ reverse transcriptase. The reaction was performed with the following
program: 25 °C—37 °C (10 min)—85 °C (120 min)—4 °C (5 min) — co. The RT products
(20 pL) were diluted with 80 uL of nuclease-free H,O to generate 5 x dilution RT products
(20 ng/uL). Each reaction included 20 ng of cDNA, 500 nM of forward and reverse primers
and Bio-Rad iQ™ SYBR® Green Supermix (BioRad, Hercules, CA, USA, 1708880). Total
reaction volumes of 10 uL (5.8 uL of SYBR® Green Supermix, 2.2 uL of nuclease-free H,O,
1 uL of 5 x dilution RT product (20 ng/pL) and 1 pL of F and R primer (10 uM)) were
used. Testing of each sample was repeated three times. A Bio-Rad CFX Connect Real-
Time PCR machine was used with the following program: (95 °C—20 s) and 39 cycles of
(95 °C—5s, 60 °C—30 s). The Bio-Rad CFX Manager Version 3.0 software was used for the
experimental setup and data analysis. Target gene qPCR data were normalized to the data
of a reference gene.

3.2.6. P53 Signaling Pathway Graph

The pathway was drawn using the KEGG PATHWAY Database from Kanehisa Labo-
ratories.

3.3. Molecular Modeling
3.3.1. Ligand Preparation

The preparation of the protein was performed using the Prepare Protein module in
Discovery Studio 2.5 at the default setting to generate a low-energy 3D conformer, after
which the minimized structure of the ligand—compound complex was constructed and
finally docked at the drug binding site.

3.3.2. Docking Protocol

The probable drug binding site for the derivative MD12a was drawn utilizing the
default setting of the Discovery Studio 2.5 software. The protein structure of GADD45B
was obtained from the AlphaFold Protein Structure Database [24-27].

4. Conclusions

In our study, 55 new curcuminoid derivatives were synthesized via three-step organic
synthesis. The reagents are commercially available. Most derivatives were synthesized in
yields of 60% to 90%. The method afforded clean products. The evaluation of the biological
activity of the novel derivatives of curcuminoids with the particular scaffolds of «,[3-
unsaturated B-diketone, B’-hydroxy-«,B-unsaturated ketone and «, 3-unsaturated ketone
connected with two phenyl groups was performed using an anti-proliferative activity assay
and flow cytometry, cell cycle, gene expression and quantitative PCR analyses. Comparing
the ICsq values of the anti-proliferative activity assay to those of the reference compounds
(1, 19 and MD?7) and the 55 new derivatives, MD12a and compound 3 were found to
be the two most potent compounds, with ICsy values of less than 10 uM against all six
human cancer cells (HeLaS3, KBvin, MCF-7, HepG2, NCI-H460 and NCI-H460/MX20).
The derivatives containing a heterocyclic ring for ring A showed less anti-proliferative
activity than the derivatives containing a phenyl group for ring A. Additionally, as the
number of methoxy groups on ring A and ring B increased, the anti-proliferative activity
of the synthesized compounds such as MD12a against these six human cancer cells was
increased. In addition, compared to the anti-proliferative activity of «,3-unsaturated f3-
diketone (enol form), p’-hydroxy-«,B-unsaturated ketone and «, 3-unsaturated ketone
derivatives, the values of ICs indicated that most derivatives of «,3-unsaturated ketone
were more active than the other two forms of the derivatives, except for compound 3. It
is known that «,[3-unsaturated ketones contain versatile 3-carbon electrophilic sites of
carbonyl functional groups at which the nucleophiles can react and form nucleophilic
conjugated additions. These derivatives can be deduced and stabilized from resonance
structures. Thus, anti-proliferative effects were strongly affected by this specific scaffold of
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o, p-unsaturated ketone. From the cell cycle analysis, it was found that the application of
MD12a to HepG2 and MCF-7 cancer cells significantly induced a dose-dependent increase
in the sub-G1 phase at 24 h, whereas the application of compound 3 induced a slight
time-dependent increase in the sub-G1 phase. In order to observe the phenotypes of cells
responding to the tested compounds, images of the changes in cell morphology recorded
using a microscope under x400 magnification showed inflated, deformed, exfoliated and
dead cells when increasing concentrations of MD12a and compound 3 were applied to
HepG2 and MCF-7 cancer cells for 24 h and 48 h. From the flow cytometry data, it can be
seen that the application of MD12a and compound 3 to HepG2 and MCF-7 cancer cells led
to cell apoptosis as the concentration of the tested compounds increased at 24 h and 48 h,
especially for MD12a. The gene expression array was examined using statistical analysis
to obtain histogram plots (showing the normal distribution of the tested groups versus
controls), a volcano graph displaying the distribution of up-regulated and down-regulated
genes and a heatmap representing the distribution of up-regulated and down-regulated
genes determined by clustering analysis from the gene expression profile for the different
samples and treatment conditions. Using a gene expression array, the possible pathways
and related genes were discovered. The quantitative PCR analysis displayed the fold
changes of three related genes (GADD45B, SENS2 and BBC3) for MD12a and compound 3,
which were applied to HepG2 and MCF-7 cancer cells. It was discovered that MD12a
highly up-regulated the expression of GADD45B for MCEF-7 cells in the p53 pathway,
according to the fold change analysis shown in Figure 10 based on the gene expression
array (genes shown in red indicate a strong response in the pathway). Therefore, MD12a
significantly up-regulated the expression of GADD45B, leading to the suppression of cell
formation, apoptosis and cell death. From the docking analysis, the data also showed that
the interactions between GADDA45B and MD12a, including one hydrogen bond and three
hydrophobic interactions, could stabilize the ligand—compound complex at the optimized
conformation of the drug binding site. Compared to the other novel derivatives, MD12a
with a promising scaffold of o,3—unsaturated ketone was found to be the most potent
curcuminoid derivative against all six human cancer cells in our research. The evaluation
of its cytotoxicity showed that MD12a is a promising compound that should be used for
the development of targeted treatments of cancer cells in further research.
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Appendix A. Preparation of the Starting Materials of A1-15
Table A1. Chemical structures of aldehydes and ring A compounds.
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Table Al. Cont.
Item Aldehyde Abbreviation Ring A Compound
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Table A1. Cont.

Item Aldehyde Abbreviation Ring A Compound
0 (@)
H-NT N

16 3-indole

(E)-4- (1H-indol-3-yl)

1H-indole-3-carbaldehyde but-3-en-2-one (A16)

Appendix B. Preparation for Ring B

Table A2. Chemical structures of ring B compounds.

Item Ring B Compound

H
; O
T

3-phenylpropanal
(B1)

/
o
T

MeO
(E)-4- (4-methoxyphenyl) but-3-en-2-one (B2)

MeO

w
g o
T

MeO
3- (3,4-dimethoxyphenyl) propanal (B3)

MeO

MeO

~
g o
T

OMe
3- (3,4,5-trimethoxyphenyl) propanal (B4)

References

1. Vogel, H.; Pelletier, ]. Curcumin—-Biological and medicinal properties. J. Pharm. 1815, 1, 289.

2. Al-Abbasi, FA.; Alghamdi, E.A.; Baghdadi, M.A.; Alamoudi, A J.; El-Halawany, A.M.; El-Bassossy, H.M.; Aseeri, A.H.; Al-Abd,
A.M. Gingerol synergizes the cytotoxic effects of doxorubicin against liver cancer cells and protects from its vascular toxicity.
Molecules 2016, 21, 886. [CrossRef]

3. Sandur, S.K.; Pandey, M.K.; Sung, B.; Ahn, K.S.; Murakami, A.; Sethi, G.; Limtrakul, P.; Badmaev, B.; Aggarwal, B.B. Curcumin,
demethoxycurcumin, bisdemethoxycurcumin, tetrahydrocurcumin and turmerones differentially regulate anti-inflammatory and
anti-proliferative responses through a ROS-independent mechanism. Carcinogenesis 2007, 28, 1765-1773. [CrossRef] [PubMed]

4. Farooqui, T.; Farooqui, A.A. Curcumin: Historical Background, Chemistry, Pharmacological Action, and Potential Therapeutic
Value. In Curcumin for Neurological and Psychiatric Disorders, 1st ed.; Academic Press: Cambridge, MA, USA, 2019; pp. 23-44.

5. Lee, D.Y,; Chun, Y.S,; Kim, ].K.; Lee, J.O.; Lee, Y.J.; Ku, S.K.; Shim, S.M. Curcumin Ameliorated Oxidative stress and inflammation-
related muscle disorders in CpCyp myoblast cells. Antioxidants 2021, 10, 476. [CrossRef]


http://doi.org/10.3390/molecules21070886
http://doi.org/10.1093/carcin/bgm123
http://www.ncbi.nlm.nih.gov/pubmed/17522064
http://doi.org/10.3390/antiox10030476

Int. J. Mol. Sci. 2021, 22, 12171 32 0f 32

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Chen, D.; Nie, M.; Fan, M.-W,; Bian, Z. Anti-inflammatory activity of curcumin in macrophages stimulated by lipopolysaccharides
from Porphyromonas gingivalis. Pharmacology 2008, 82, 264-269. [CrossRef] [PubMed]

Lee, H.S.; Lee, M.].; Kim, H.; Choi, S.K.; Kim, J.E.; Moon, H.I; Park, WH. Curcumin inhibits TNFalpha-induced lectin-like
oxidised LDL receptor-1 (LOX-1) expression and suppresses the inflammatory response in human umbilical vein endothelial cells
(HUVECs) by an antioxidant mechanism. J. Enzym. Inhib. Med. Chem. 2010, 25, 720-729. [CrossRef] [PubMed]

Willenbacher, E.; Khan, S.Z.; Mujica, S.C.A.; Trapani, D.; Hussain, S.; Wolf, D.; Willenbacher, W.; Spizzo, G.; Seeber, A. Curcumin:
New insights into an ancient ingredient against cancer. Int. ]. Mol. Sci. 2019, 20, 1808. [CrossRef]

Ji, ].L.; Huang, X.F,; Zhu, H.L. Curcumin and its formulations: Potential anti-cancer agents. Anticancer Agents Med. Chem. 2012, 12,
210-218. [CrossRef] [PubMed]

Padro'n, ].M.; Miranda, P.O.; Padro'n, J.I; Marti'n, V.S. 3’-Hydroxy-a,3-unsaturated ketones: A new pharmacophore for the
design of anticancer drugs. Bioorg. Med. Chem. Lett. 2006, 16, 2266-2269. [CrossRef] [PubMed]

Sati, S.C.; Sati, N. Bioactive constituents and medicinal importance of genus. Alnus. Pharmacogn. Rev. 2011, 5, 174-183. [CrossRef]
[PubMed]

Maehara, S.; Ikeda, M.; Haraguchi, H.; Kitamura, C.; Nagoe., T.; Ohashi, K.; Shibuya, H. Microbial conversion of curcumin into
colorless hydroderivatives by the endophytic fungus Diaporthe sp. associated with Curcuma longa. Chem. Pharm. Bull. 2011, 59,
1042-1044. [CrossRef]

Hsieh, M.-T.; Chang, L.-C.; Hung, H.-Y,; Lin, H.-Y.; Shih, M.-H.; Tsai, C.-H.; Kuo, S.-C. New bis(hydroxymethyl) alkanoate
curcuminoid derivatives exhibit activity against triple-negative breast cancer in-vitro and in-vivo. Eur. |. Med. Chem. 2017, 131,
141-151. [CrossRef] [PubMed]

Leong, S.W.; Chia, S.L. Asymmetrical meta-methoxylated diarylpentanoids: Rational design, synthesis and anti-cancer evaluation
in-vitro. Eur. . Med. Chem. 2018, 157, 716-728. [CrossRef] [PubMed]

Ren, X.; He, T.; Chang, Y.; Chang, Y.; Zhao, Y.; Chen, X.; Bai, S.; Wang, L.; Shen, M.; She, G. The genus Alnus, a comprehensive
outline of its chemical constituents and biological activities. Molecules 2017, 22, 1383. [CrossRef] [PubMed]

Badoni, R.; Semwal, D.K.; Kothiyal, S.K.; Rawat, U.J. Chemical Constituents and Biological Applications of Genus Symplocos.
Asian Nat. Prod. Res. 2010, 12, 1069-1080. [CrossRef]

Ledn, L.G.; Carballo, R M.; Vega-Hernandez, M.C.; Miranda, P.O.; Martin, V.S.; Padrén, J.L; Padrén, .M. p’-Hydroxy-«,(3-
unsaturated ketones: A new pharmacophore for the design of anticancer drugs. Part 2. ChemMedChem 2008, 3, 1740-1747.
[CrossRef] [PubMed]

Robinson, C.N.; Wiseman, L.J., Jr.; Slater, C.D. Replacement substituent constants for simple heterocycles. Tetrahedron 1989, 45,
4103-4112. [CrossRef]

Benington, F.; Morin, R.D.; Khaled, M.A. An efficient procedure for the synthesis of trans-2-, -3-, and -4-pyridalacetones. Synthesis
1984, 7, 619-620. [CrossRef]

Stork, G.; Rosen, P.; Goldman, N.L. The x-alkylation of enoleates from the lithium-ammonia reduction of «,3-unsaturated ketones.
J. Am. Chem. Soc. 1961, 83, 2965-2966. [CrossRef]

Shangpliang, O.R.; Wanniang, K.; Kshiar, B.; Marpna, 1.D.; Lipon, T.M.; Mizar, P.; Myrboh, B. PTSA-catalyzed reaction of
alkyl/aryl methyl ketones with aliphatic alcohols in the presence of selenium dioxide: A protocol for the generation of an
a-ketoacetals library. ACS Omega 2019, 4, 6035-6043. [CrossRef] [PubMed]

Donohoe, T.J.; Basutto, J.A.; Bower, ].E; Rathi, A. Heteroaromatic synthesis via olefin cross-metathesis: Entry to polysubstituted
pyridines. Org. Lett. 2011, 13, 1036-1039. [CrossRef]

Trost, B.M.; Jonasson, C.; Wucher, M. Atom economy. Aldol-Type products by Vanadium-catalyzed additions of allenic alcohols
and aldehydes. J. Am. Chem. Soc. 2001, 123, 12736-12737. [CrossRef] [PubMed]

Schrag, ].D.; Jiralerspong, S.; Banville, M.; Jaramillo, M.L.; O’Connor-McCourt, M.D. The crystal structure and dimerization
interface of GADD45gamma. Proc. Natl. Acad. Sci. USA 2008, 105, 6566—6571. [CrossRef]

Jumper, J.; Evans, R,; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Zidek, A.; Potapenko,
A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583-589. [CrossRef] [PubMed]

Brooks, B.R.; Bruccoleri, R.E.; Olafson, B.B.; States, D.J.; Swaminathan, S.; Karplus, M. CHARMM: A program for macromolecular
energy, minimization, and dynamics calculations. J. Comput. Chem. 1983, 4, 187-217. [CrossRef]

Brooks, B.R.; Brooks, C.L., III; Mackerell, A.D., Jr.; Nilsson, L.; Petrella, R.].; Roux, B.; Won, Y.; Archontis, G.; Bartels, C.; Boresch,
S.; et al. CHARMM: The biomolecular simulation program. | Comput. Chem. 2009, 30, 1545-1614. [CrossRef] [PubMed]


http://doi.org/10.1159/000161127
http://www.ncbi.nlm.nih.gov/pubmed/18849645
http://doi.org/10.3109/14756360903555274
http://www.ncbi.nlm.nih.gov/pubmed/20163327
http://doi.org/10.3390/ijms20081808
http://doi.org/10.2174/187152012800228733
http://www.ncbi.nlm.nih.gov/pubmed/22044005
http://doi.org/10.1016/j.bmcl.2006.01.023
http://www.ncbi.nlm.nih.gov/pubmed/16439115
http://doi.org/10.4103/0973-7847.91115
http://www.ncbi.nlm.nih.gov/pubmed/22279375
http://doi.org/10.1248/cpb.59.1042
http://doi.org/10.1016/j.ejmech.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28319780
http://doi.org/10.1016/j.ejmech.2018.08.039
http://www.ncbi.nlm.nih.gov/pubmed/30138803
http://doi.org/10.3390/molecules22081383
http://www.ncbi.nlm.nih.gov/pubmed/28825681
http://doi.org/10.1080/10286020.2010.532789
http://doi.org/10.1002/cmdc.200800212
http://www.ncbi.nlm.nih.gov/pubmed/18846591
http://doi.org/10.1016/S0040-4020(01)81306-5
http://doi.org/10.1055/s-1984-30919
http://doi.org/10.1021/ja01474a051
http://doi.org/10.1021/acsomega.9b00361
http://www.ncbi.nlm.nih.gov/pubmed/31459751
http://doi.org/10.1021/ol103088r
http://doi.org/10.1021/ja011351w
http://www.ncbi.nlm.nih.gov/pubmed/11741462
http://doi.org/10.1073/pnas.0800086105
http://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
http://doi.org/10.1002/jcc.540040211
http://doi.org/10.1002/jcc.21287
http://www.ncbi.nlm.nih.gov/pubmed/19444816

	Introduction 
	Results and Discussion 
	Chemistry 
	Biological Data 
	In Vitro Anti-Proliferative Activities 
	Cell Cycle and Apoptosis Analysis by Flow Cytometry 
	Cell Morphology 
	Gene Expression 
	The p53 Signaling Pathway and Quantitative PCR (qPCR) Analysis for HepG2 and MCF-7 Cells Treated with Compounds 3 and MD12a 
	Docking Interaction of Compound MD12a with GADD45B 


	Materials and Methods 
	Chemistry 
	General Procedure for the Synthesis of Starting Material Ring A Compounds: A1–15 
	General Procedure for the Synthesis of Starting Material Ring B Compounds: B1–4 
	General Procedure for the Synthesis of '-Hydroxy-,-Unsaturated Ketones (1–8, 10–17 and MD1–12) and ,-Unsaturated Ketones (1a, 2a, 3a, 4a, 5a, 6a, 7a, 12a, 14a and MD1a–12a) 
	General Procedure for the Synthesis of ,-Unsaturated -Diketones 19–24 and MD13 

	Biology 
	Cell Cultures 
	Anti-Proliferative Assay 
	Cell Cycle Analysis 
	Cell Apoptosis Analysis 
	Quantitative PCR Analysis 
	P53 Signaling Pathway Graph 

	Molecular Modeling 
	Ligand Preparation 
	Docking Protocol 


	Conclusions 
	Preparation of the Starting Materials of A1–15 
	Preparation for Ring B 
	References

