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Abstract: The design of Cy-symmetric biologically active molecules is a subject of interest to the scien-
tific community. It provides the possibility of discovering medicine with higher biological potential
than the parent drugs. Such molecules are generally produced by classic chemistry, considering the
shortness of reaction sequence and the efficacy for each step. This review describes and analyzes
recent advances in the field and emphasizes selected Cy-symmetric molecules (or axial symmetric
molecules) made during the last 10 years. However, the description of the dimers is contextualized
by prior work allowing its development, and they are categorized by their structure and/or by their
properties. Hence, this review presents dimers composed of steroids, sugars, and nucleosides; known
and synthetic anticancer agents; polyphenol compounds; terpenes, known and synthetic antibacterial
agents; and natural products. A special focus on the anticancer potential of the dimers transpires
throughout the review, notwithstanding their structure and/or primary biological properties.
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1. Introduction

The synthesis of dimeric molecules has attracted considerable attention over the years.
Dimers of biologically active molecules quite often show higher activity than the monomeric
unit [1]. Many biological receptors or targets, once activated, dimerize upon an initial
interaction with a drug. Thus, a dimer that could interact with such targets was imagined
to be able to produce a stronger biological response than the parent drug. A dimeric drug
could accommodate two independent binding sites on a receptor molecule, leading to
a thermodynamically stronger interaction than that obtained by the attachment of two
monomeric drugs (Figure 1a) [2,3]. Hence, this strategy was exploited for the construction
of many types of drugs for the discovery of cutting-edge and innovative therapeutics.

The motivation for the design of dimers evolves from the fact that in natural products,
molecular bilateral symmetry is found in about 7% of all isolated molecules, which rep-
resents a higher number than that estimated on coincidence [4]. Particularly, the Cy-axis
represents 69% of the total number of naturally occurring dimers. Generally, the biosyn-
thesis of dimeric natural molecules occurs by a head-on approach of two identical units.
So once again, Mother Nature inspires researchers to construct symmetrical therapeutic
molecules [4]. Figure 1b displays this particular type of C; symmetry (sigma plane or axis)
that is often utilized by researchers to construct dimeric molecules. This topic was the
subject of several reviews in the field of anticancer drugs [5], in the field of steroids [6], and
recently as bioactive oligovalent symmetrical molecules [7].
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Steroids play an important biological role in nature. Hence, the dimerization strategy
was applied to steroids with the goal of improving their biological potential. Several di-
mers were fabricated by reaction of steroidal compounds (1a—d) with Lawesson’s catalyst
[8]. According to the reaction conditions, different proportions of the dimers 2, 3, and; 4

with distinct linkers were isolated and characterized (Pignrﬂ '7) These dimers were tested

for their biological activity and the results showed the dimer with a sulfur ether bridge,
the bis(cholesta-3,5-dien-3-yl) sulfide 2, was the most active compound [9]. The doses hav-
antiprelipatifeeatotiy dytdfithis paniicpar el fidesoifice vaen keanier (Felea), tikdsh apeerst
(MRHRrMRADA aviss MB3AMB/AO A BBl deukeania [k iedhha ey hlinesreagethforadded
R 3h M is ZPmpaisacdgisriabn treigplatio it itd 1 khe diment qHaReHRd R
dmyrshinasHbwcaaRiameiviRpbhewaveythase dndedhogéhi i olane tring sstemng
QyRibitesl At Hagahdgtiniy] a8AINE) SgaherEHMIs 6HigRIS eereblsaPiiDetptéactethat thet
R enn R inteiatEng mnglesulesutbs trptliasindsisatherdifiguti aslitdeadrbaig complex
widkus e DPMdSunds.

R2 = R1
) VR,
R4 R
N /R2 N !
R Lawesson's catalyst Ro
Toluene, CH,Cl,
0)
1
Ry
a. R=CH3 R{ = CgHq7 Ry = H (Cholestane) g
b. R=CHjz R4 Ry = O (Androstenedione) Rz
¢. R=H, Ry Ry = O (19-nor-Androstenedione)
d. R=CH3 R =COCHj3 R; = H (Progesterone)
4
Tigpmee 2. Symithesis aff symmedtiod 8344 jamadas yymmme értid 43 5 sterinl d iheessvidhth sufitfubdsesedridge.
bridge.

In another study, Vesper et al. reported the synthesis of novel Cp-symmetric testos-
terongrdamstisew stadipkeédsplepesitionefroetbtherrtenmehavicledinbvdl TRepatine of dissrss-
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spertnalxEhis lavelofpeiiyity ia ook i ?@@Cgﬂréaiiﬁfs%t@r@aﬁe&eeénllméa thapat-
cyproterone acetate, a known antiandrogen used as the control drug. Interestingly, the
precursor 8a was also active with an ICs( of 57 uM for LNCaP cells, 120 uM for DU-145 cells,
and 132 uM for the PC3 cells. Dimers 6¢c—d were less active than dimer 6a but displayed
selectivity on androgen-dependent LNCaP prostate cancer cells. Unfortunately, dimers
7a—c were not tested in this study.

Comparative investigations of testosterone dimers 6b and 7a with similar chain
lengths were recently performed in our laboratory [11-15]. The interactions with sev-
eral bio-macromolecules were studied using various spectroscopic methods, transmis-
sion electron microscopy (TEM), as well as molecular modeling. The first study showed
that beta-lactoglobulin was able to encapsulate testosterone readily in comparison with
the dimers 6b and 7a. The binding affinity for beta-lactoglobulin was higher for testos-
terone with a binding constant of 5.6 x 10* M~! than 7a with 2.9 x 10* M~! and 6b with
4.8 x 103 M1 [11]. These dimers can also bind human serum albumin (HSA) and bovine
serum albumin (BSA), proteins able to transport biological substrates and drugs [12,13].
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Bastien et all. iepoied ihe synihesis of two testosierone dimers [16]. They are readily
available from testosterone (5) through an efficient five-step synthetie path with an overall
yield of 36% (trans-11, 24% and eis-11, 12%) (Figure 4). The key diimmerization step involved
an olefiimmuttthbeisisenetidioof Di-Altydibgttedtosieeonetatectatd w1 thatH othey ddoGrydis
Gaudelebgenerutiganatation. ddtelissiméhie iHomeesiw chionerilyverparabily sefarsibbatomdash-
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cedtinesithiab 1l §hod3 0Gudd 306 (24 7and/Rdry UNCaP Ifxessitprastace catlsefARHY 6hR
PC3 (AR—), respectively, displayed similar activity to that of the known antiandrogen
cyproterone acetate. Interestingly, the trans-11 was active only on androgen-independent
PC3 cancer cells.

In Denisov et al., the dimers were used to study allosteric effects in substrate binding
to cytochrome P450 CYP3A4 by resonance Raman and UV-Vis spectroscopy [17]. This
work shows that both dimers bind to the catalytic binding site of CYP3A4, which is
known to be sufficiently flexible to accommodate structurally different substrates. It was
discovered that the cis-11 binds more tightly and induces about 100% spin shift due to its
compact structure. In comparison, the trans-11 is a larger molecule that binds similarly
to two monomeric testosterone as it exhibits comparable spectral (resonance Raman (rR)
spectroscopy) properties and binding affinity. This study provided the first direct evidence
for an allosteric effect of the peripheral binding site at the protein-membrane interface on
the functional properties of CPY3A4.
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Wlth the aim of modulating the activity of the estrogen receptor (ER), a recent ap-
proach consisted of designing C,-symmetric dimers to bridge both ligand binding sites
of a dimeric ER [20]. In order to exploit this strategy, Knox et al. developed a series of
cyclophenylacrylic acid dimers, which can downregulate the activity of ER [21]. The choice
of structure for those dimers was based on crystallographic and theoretical studies [22,23].
The synthetic route to form those dimers is shown in Figure 6. Starting from the relevant
acyl chloride 21, a Friedel-Crafts acylation with anisole followed by a Grignard reaction
with 4-bromobenzaldehyde protected as acetal results in a compound that can be treated
with acid to deprotect the acetal and dehydrate the hydroxyl group, which forms the
diphenyl core. Then, a Wittig—-Horner reaction with trimethyl-/triethylphosphonoacetate
and hydrolysis allows the formation of compound 22. The anisole ring is then converted
to phenol and a treatment of the resulting compound with DIPEA, PyBOP, and the corre-
sponding diamine spacer results in the formation of 23. Of all the derivatives formed in
the study, two principal series can be distinguished: the first corresponds to a derivative
of GW7604 [23], where R is a phenyl group and R; is an ethyl group; the second series
is composed of cyclofenil derivatives [24], where R; and R; are linked by a cyclohexyl
ring. In both these series, the number of carbons of the diamine spacer varies between one
and five.
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Two types of dimers were formed: in the first type, the dinucleosides are linked at
3’3’ position (30a-d); and the second type are connected at the 5’5’ position (34a-d)
(Figure 8a,b). Hence, the relevant azides (27a,b or 31a,b) and propargyl ethers (either
28a,b or 32a,b) are reacted together using the Huisgen cycloaddition reaction to produce
excellent yields (70-90%) for the dimers (29a—d and 33a—d) bearing a 1,2,3-triazole ring
system. Treatment with ammonium fluoride produce the final dimers 30a—d and 34a-d
with 75-95% yields. The triazole ring replaces the natural internucleotide phosphodiester
linkage, leading to greater stability by increasing resistance to nuclease enzymes. In
comparison with the phosphodiester bond, the triazole ring is neutral, allowing increased
cell penetration and interactions with DNA and RNA due to the lack of electrostatic
repulsion [26].

The impact on cell viability of dimers and precursors was tested on three types of
human cancer cells; KB (carcinoma nasopharynx), HeLa (cervical cancer), and MCF-7
(breast cancer) using the colorimetric MTT assay. The results were compared with the
nucleoside drug cytarabine (ara-C), with an internal standard 5-fluoro-2’-deoxyuridine
(5-FdU), and with 3'-azido-3'-deoxythymidine (AZT) as a control drug. It was discovered
that dimer 34d was the most active dimer with an ICgy of 3.10 uM on KB cells, 3.46 uM
on MCEF-7 cells, and 3.76 uM on HeLa cells. Dimer 34d was twice as active as 5-FdU and
displayed equipotent activity to that of ara-C. Dimer 34a was also interesting with an ICs
of 3.40,4.11, and 5.06 uM against HeLa, MCF-7, and KB cell lines, respectively. The 3'-3'
connection was less effective in producing active dimers than the 5’5’ connection.
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Figure 8. (a) Click chemistry synthesis of dimers 30a-d by combination of 3'-azido-nucleosides and 3'-O-propargyl-
nucleosides. AZT, 3'-azido-3'-deoxythymidine (27a); AddFU, 3'-azido-2’,3/-dideoxy-5-fluorouridine (27b). (b) Click
chemistry synthesis of dimers 34a—d by combination of 5'-azido-nucleosides and 5'-O-propargyl-nucleosides; 5'-AZT,
5'-azido-5'-deoxythymidine (31a); 5'-AddFU, 5'-azido-2’,5'-dideoxy-5-fluorouridine (31b).

4. Dimers of Known and Synthetic Anticancer Agents

This section analyzes dimers formed with the goal of improving the anticancer ef-
fects of the monomeric unit. Simple small molecules such as cantharidin (CAN) and
demethylcantharidin (DMC) are protein phosphatase inhibitors that have been used for
centuries (since 1264) as anticancer agents against various cancer types [29], and the ref-
erences cited there (Figure 9). These compounds are effective against multidrug-resistant
cells; however, cantharidin is toxic to normal cells, primarily of the gastrointestinal tract,
urethra, and kidney. So, many analogues were synthesized to improve its activity while
reducing its toxic side effects on normal cells. Cheng et al. reported the synthesis and
antiproliferative activity of four unsaturated bis-norcantharimides and the corresponding
saturated molecules [29]. The synthesis is easy and consists of an initial Diels—Alder re-
action between maleic anhydride (35) and furane (36) to give 37, which is reacted with
1,4-diaminobutane, 1,6-diaminohexane, diethylenetriamine, and triethylenetetramine to
obtain the final derivatives 38 (n = 2, 4) and 39 (n = 1, 2) (Figure 9). Catalytic hydrogena-
tion provides the corresponding saturated dimeric analogues, but unfortunately, all these
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A different research project from Furutachi et al. described the synthesis of C2-sym-
metric phenyl boronic acid pinacol esters with different linkers and reported their biolog-
ical potential as antiviral and antibacterial agents [34], and more recently, as anticancer
agents [35]. The general structure 45 is illustrated in Figure 11a. These dimers are easily
prepared by reacting amino-phenyl boronic acid pinacol esters 44 with relevant dicarbox-
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The antiproliferative activity of the dimers was evaluated using the colorimetric MTT
assay, which revealed that dimer 42 (n = 1) displayed the best activity with an ICsq of 0.46
and 5.21 uM on U251 and KB3-1 cell lines, respectively. This particular C,-symmetric dimer
is connected by a biphenylmethane bridge. The ICsg of cisplatin, the reference drug, was
3.06 and 6.90 uM against these two cells, respectively. Generally, the hydantoin dimers were
more active in U251 cancer cells with an ICsy ranging from 0.46 to 7.0 pM in comparison
with an ICsg ranging from 5.21 to 26.08 uM on the KB3-1 cells. Notably, amongst the dimers
linked by a methylene chain, dimer 43 (m = 8) showed the best antiproliferative activity on
brain glioma cells (U251) with an ICs( of 1.05 uM. There was no clear relationship between
the length of the aliphatic chain and the observed antiproliferative activities.

A different research project from Furutachi et al. described the synthesis of Cp-
symmetric phenyl boronic acid pinacol esters with different linkers and reported their
biological potential as antiviral and antibacterial agents [34], and more recently, as anti-
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ing of the extract showed a specific activity against Gram-positive organisms and an an-
titumor activity against sarcoma 180 and adenocarcinoma 755 mouse tumor systems [38].
It was later understood that the molecular structure of PBD compounds allows them to fit
in DNA minor grooves and the electrophilic carbon of the imine group reacts with the
amine of guanine bases, revealing the alkylating properties of PBDs [39]. In order to en-
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(ECso > 100 uM). The bis-thioamide 47 was twice as active as 46, with an ECs of 4 uM;
also dimer 50 with an ECs of 5.5 uM is an interesting anti-HSV-1 compound.

The new dimers were also tested for their anticancer activities on human brain glioma
cells (U251) and human carcinoma cells (KB3-1) using the MTT assay [35]. The symmetric
dimer 48 (n = 8) was the most active compound, displaying an ICsy of 19 and 3.78 uM on
U251 and KB3-1 cancer cells, respectively. Of note, the antiproliferative activity of dimer
48 (n = 8) was greater than that of cisplatin (ICsg of 6.9 uM) on KB3-1 cells. Dimer 49 has
a different linker chain and showed activity only on KB3-1 cells with an ICsg of 44.4 uM.
Finally, dimer 48 (n = 7) showed moderate activity with an ICsy of 39.6 and 32.5 uM on
U251 and KB3-1 cancer cells, respectively. There was no clear relationship between the
length and nature of the linker with the observed antiproliferative activities. Overall, the
synthesis of this type of dimer is easy and some of the compounds present interesting
activity that could guide future development.

The antitumor properties of pyrrolo[2,1—c][1,4]benzodiazepine (PBD) compounds
have been studied since 1963, when they were first isolated from the fermentation broth of
the thermophilic actinomycete Streptomyces refuineus [38]. An initial biological screening of
the extract showed a specific activity against Gram-positive organisms and an antitumor
activity against sarcoma 180 and adenocarcinoma 755 mouse tumor systems [38]. It was
later understood that the molecular structure of PBD compounds allows them to fit in DNA
minor grooves and the electrophilic carbon of the imine group reacts with the amine of
guanine bases, revealing the alkylating properties of PBDs [39]. In order to enhance their
cross-linking properties, synthetic PBD dimers linked by their phenolic C8-positions via
flexible ether bridge were investigated, since molecular modeling and NMR studies showed
that this type of linkage could allow both PBD units to perform intrastrand or interstrand
DNA cross-links, a hypothesis that was later reinforced by DNA-binding studies [39].
To that end, Howard et al. synthesized interesting PBD dimers in a nine-step synthesis
(Figure 12a) by starting from the known 2-nitrobenzoic acid dimeric core (51) [40]. The
key steps of this synthesis are the tetralactam formation, which was achieved with Raney
nickel and hydrazine followed by a Suzuki coupling reaction. The resulting dimer SG2202
(52) was then tested in vitro, where it exhibited significantly higher cytotoxicity than other
known PBD dimers [40]; however, the lack of hydrosolubility of SG2202 limited the in vivo
assay. In order to resolve this problem, the prodrug SG2285 (53) was also synthesized by
adding a bisulfite moiety at the C11 and C11’ positions. Both of these dimers were then
tested on ten human tumor cell lines via an Alamar Blue assay. Although the prodrug
SG2285 was slightly less effective than SG2202, both dimers showed a cytotoxic activity
in the picomolar range for all cell lines tested, the best results being observed for the T
lymphoblast cell lines CCRF-CEM, with an ICsy of 0.1 pM for 5G2202 and 1.4 pM for
SG2285 [40]. Further studies also demonstrated the cross-linking activity of 5G2202 and
SG2285 [41].

The biological potential of SG2285 (53) has sparked the attention of the scientific
community in the last few years and its intellectual property has been acquired by Spirogen
Ltd., London, UK. Following the outstanding results of SG2285, Spirogen developed other
PBD dimers such as SG3249, also named Tesirine (57), a dimer first synthesized in 2012 [42]
(Figure 12b).

Tesirine was designed to act as a warhead in the domain of antibody-drug conjugates
(ADCs). In Tesirine, the PBD dimer acts as an antitumoral agent, whereas a valine-alanine
linker is designed to be cleaved by Cathepsin B in order to release the chemotherapeutic
drug in the body. Tesirine also has a polyethylene glycol (PEG) spacer and a maleimide
designed to allow the conjugation of various antibodies via a Michael addition.

In 2016, Tiberghien et al. developed a scale-up synthetic route to Tesirine (Figure 12b) [43].
Key steps in their synthesis involve the nitration of benzylvanillin (54), followed by a
Pinnick oxidation in order to form the carboxylic acid that can react with the hydroxyproline
derivative to yield the corresponding amide. The hydroxyl group on the molecule is then
oxidized with a TEMPO/TCCA combination, which results in the molecule 56. Afterward,
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The biological potential of SG2285 (53) has sparked the attention of the scientific com-
munity in the last few years and its intellectual property has been acquired by Spirogen
Ltd., London, U.K. Following the outstanding results of SG2285 Spirogen developed
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The activity of Tesirine was studied and it was found that it exhibits cytotoxic effects in
the ng/mL range against HER2 expressive human breast cancer cell line SKBR3 [43]. After
more intensive biological studies [44], linkage of Tesirine with antibodies was tested and
the antibody rovalpituzumab was chosen for its ability to bind to Delta-like ligand 3 (DLL3),
an inhibitory Notch ligand expressed on the cellular surface of small-cell lung cancer and
large-cell neuroendocrine tumors but expressed minimally in healthy tissues [45]. The
drug candidate Rovalpituzumab Tesirine (Rova-T) was tested on small-cell lung cancer and
demonstrated excellent cytotoxic activity [45]. Rova-T even progressed to clinical trials,
but the developer AbbVie announced in 2019 that the Rova-T research and development
program was ended in phase III clinical study due to a lack of survival benefit for the
patients [46].

Compounds containing Schiff base are known to often exhibit biological activity [47],
and some drugs containing an imidazole motif that possess anticancer [48], hypnotic [49],
and anxiolytic [50] properties are currently marketed. A series of Schiff-base dimers was
developed in order to study the impact of dimerization on the biological activity of such
compounds [51]. In this study, 30 dimers were synthesized and their effect was studied in
three types of cancer cell lines. Of all the novel compounds, the dimers 58 (Figure 13) and 59
showed the best cytotoxic activity. These two compounds bear an imidazo[1,2—a]pyridine
skeleton and were fabricated by a one-pot synthesis, where 2-aminopyridine reacts first
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60bb, and 60ab, and para-62aa, para-62bb, para-62ab, and meta-62ab (inhibition values
varying between 7.1% and 10.7%) was superior to the inhibition value measured for silybin
A (60a) (6.6%). However, the value determined for 2,3-dehydrosilybin 61 (83%) was much
higher than the inhibition value of its corresponding dimer (see 61 dimer) (33.4%). The
same trend in the results was observed in an inhibition of microsomal lipoperoxidation
assay. The cytotoxic potential of silybin A 60a and its dimer 60aa, and 2,3-dehydrosilybin 61
and its dimer (61 dimer) was tested on HUVEC vascular cells, NAK skin cells, BALB/c 3T3
fibroblasts, and HepG2 transformed hepatoma epithelial cells. Although all compounds
were ineffective on the NAK cell line, silybin A (60a) was found to be less active than its
dimer 60aa on every other cell, and 2,3-dehydrosilybin 61 was more active than its dimer
(61 dimer). The authors rationalized the finding that dimerization of 2,3-dehydrosilybin
61 reduces its biological potential, whereas it enhances the potential of silybin A (60a),
by the planarity of the flavonoid moiety of the 2,3-dehydrosilybin (61), which is much
greater than that of silybin A. This planarity favors m-electron delocalization, leading
to m-stacking within the dimeric molecule. Hence, the two flavonoid cores of the 2,3-
dehydrosilybin dimer (61 dimer) are much more prone to stacking than the monomeric
units of dimer 60aa, which can block some hydroxyl groups that are key components in the
reactivity and antioxidant activity of these compounds, such as the resonance stabilization
they can induce. Nonetheless, more assays are needed to grasp the importance of the
stereochemistry of these flavonolignans dimers on their biological activity.

In another study, Gavezzotti et al. proceeded to dimerize the flanovolignans silybin A
(60a), silybin B (60b), and silydianin (63) [58-60] at position C-21. In each case, the key step
of the dimerization (Figure 14c) involves an enzymatic oxidative coupling using laccase
from Trametes versicolor. The DPPH scavenging activity of the three dimers 64aa, 64bb,
and 65 was tested, along with their corresponding precursors [60]. All the dimers show a
better DPPH scavenging activity than their precursors, the most active compound being
the dimer 65 with an ICsp of 7.92 & 0.05 uM, a significant improvement compared with the
substrate 63, which showed an activity of 27.4 + 0.7 uM. However, none of the activities of
the compounds tested in this study surpassed the DPPH scavenging activity of the known
antioxidant Trolox, which displays an ICs of 4.18 £ 0.1 pM [61].

In order to enhance the solubility of silybin while retaining the properties of flavono-
lignans dimers, a series of three silybin dimers with phosphate linkers was developed [62].
The dimers were fabricated independently using a five-step reaction sequence involving
phosphoramidite chemistry (Figure 14d) [63]. Three dimers, 66, 67, and 68, were tested for
antioxidant activity by DPPH tests. Every dimer was more active than the silybin 60a/60b
(ICs50 of 1.40 £ 0.06 mM), the best one being dimer 68 with an ICs( of 0.34 £ 0.07 mM. How-
ever, all of the silybin derivatives were less active than the reference drug quercetin (ICsg
of 0.18 & 0.01 mM). Furthermore, the novel compounds were found to be non-cytotoxic
against HepG2 cells and the solubility of the dimers was found to be around 20 mg/L at
circumneutral pH values, which is a considerable improvement compared with silybin
60a/60b that possesses a solubility around 0.4 mg/L. These results prove that polyphenol
dimers are promising compounds in the field of synthetic antioxidants.

Curcumin (69) has been proven to be one of the best antioxidants discovered in
nature [64] but is known to decompose under physiological conditions [65]. Its degradation
products mainly consist of vanillin (70a), dehydrozingerone (70b), and ferulic acid (73)
(Figure 15) [65]. Following this discovery, a new research avenue was undertaken that
involves the modification of these degradation products to create new antioxidants stable
under physiological conditions [66]. These compounds are shown in Figure 15. Note that
the dehydrozingerone dimer 74 was fabricated from dehydrodivanillin that was treated
with an aqueous solution of LiOH in acetone [66], and that ferulic acid (73) and its dimer
77 were extracted from saponified maize bran and grass samples [67,68].

The curcumin derivatives were evaluated for their antioxidant properties [68]. The
kinetic study of the autoxidation of triacylglycerols of sunflower o0il showed that curcumin
(69) and the Cp-symmetric dimers 74 and 75 displayed stronger antioxidant efficiency and
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inhibition degrees than the other compounds and were more active than their correspond-
ing monomers. However, an oxygen radical absorbance capacity assay with fluorescein
was also performed, and with this model, dimers and monomers presented similar activity.
Nonetheless, the monomers and dimers (74-77) showed superior activity to the reference
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malignant mouse fibroblasts (NIH 3T3). The authors are now investigating skin penetra-
tion, stability, and bioavailability of the dimers to be used as slow-release system for trans-
dermal applications.
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The C20 alcohol was either left intact or was protected as a carbamate using ethyl isocya-
nate as the reagent leading to two additional dimers. The C20-O-terephthalate dimer 90



ser reaction was achieved simultaneously 1n the presence ot ethyl 1socyanate used tor the
carbamoylation reaction.
The anti-proliferative activity of the dimers was evaluated using the SRB assay on
human colon carcinoma (LoVo, doxorubicin-sensitive LoVo/DX, and doxorubicin-re-
Molecules 2021, 26, 28igtant) on three breast cancer cell lines (JIMT-1, MCF-7, and SKBR-3) and on the normal- 21 of 31

essentially inactive. However, dimer 90 displayed activity similar to that of salinomycin
(88) and was more active than cisplatin. To illustrate its activity, the ICso reported for MCF-
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cancer cells are: salinomycin, 1.5 uM; 90, 1.8 uM; cisplatin, 7.7 uM; and doxorubicin,
0.26 pM. Interestingly, the dimer 90, with an ICsy of 21 uM, was much less toxic than
doxorubicin with an ICsy of 0.58 tM on normal-like breast epithelial cell line MCF-10A.
Furthermore, 90 displays an ICs of 2.8 pM in comparison with 10 uM for doxorubicin on
LoVo/DX.

In the aim of enhancing the antibacterial properties of hydantoin type drugs [83],
Furutachi et al. synthesized a series of seven hydantoin derivatives (42, 95-100), with
three of these compounds possessing a C;-symmetry axis (42, 95, 96) [84] (Figure 19). The
compounds were all produced by the reaction of a 3-aminoalanine derivative 91 with
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Those novel molecules were exposed to nine different bacterial strains to examine their
antibacterial activities. The results varied from low to medium, the most active dimer be-
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gus [94]. Both of these dimers exhibit a diketopiperazine moiety along with an interesting
disulfide bridge inside the piperazine skeleton. Although both of these dimers share
a similar structure, they do not possess the same biological activity. Verticillin A (119)
demonstrates an interesting anticancer activity against pancreatic ductal adenocarcinoma
(PDAC) and colon carcinoma due to its ability to inhibit the following histone methyl-
transferases (HMTases): SUV39H1, SUV39H2, G9a, GLP, NSD2, and MLL1 [95,96]. Fur-
thermore, in vitro and in vivo assays demonstrated that Verticillin A has the capacity to
suppress metastatic colon carcinoma that displays chemoresistance to 5-fluorouracil [95].
The same study showed that Verticillin A also has the potential to overcome colon carci-
noma that expresses resistance to FasL-induced apoptosis and can increase death receptor
5 (DR5), which leads to an effective suppression of resistance to DR5 agonist drozitumab-
induced apoptosis [95]. The cell-free ELISA tyrosine kinase assay demonstrated that
11,11’-dideoxyverticillin A (120) has the capacity to inhibit the activity of vascular endothe-
lial growth factor receptor-1 (VEGFR-1) and epidermal growth factor receptor (EGFR)
with an ICsg of 1.645 £ 0.885 nM and 0.136 £ 0.109 nM, respectively [97]. Those results
demonstrate that 11,11’-dideoxyverticillin A has potent antitumor activity.

Another molecule of interest is chaetocin (121). Although its structure is similar to
those of Verticillin A and 11,11'-dideoxyverticillin A, chaetocin is from marine-derived
fungus Nectria inventa [98]. A unique property of this mycotoxin is its ability to act as a
competitive inhibitor of S-adenosylmethionine by inhibiting SU(VAR)3-9 with an ICsg of
0.6 uM [99]. Chaetocin also has the ability to inhibit SUV39H1, which has led some research
teams to combine chaetocin with other epigenetic drugs to develop new therapeutic
strategies against certain types of cancer, notably leukemia [100]. Moreover, it was also
proved that chaetocin may induce cellular oxidative stress, mainly by inhibiting the redox
enzyme thioredoxin reductase. An NCI-60 screening demonstrated that chaetocin can
effectively inhibit cellular proliferation in solid tumor along with inducing apoptosis in
every solid tumor tested by an oxidative damage mechanism [101].

The medicinal properties of naphthylisoquinoline alkaloid compounds extracted
from Central African plants have already been well-studied. [102]. Li et al. reported the
discovery of novel naphthylisoquinoline dimers extracted from the roots of the Congolese
plant Ancistrocladus ileboensis (Figure 23) [103]. These dimers are jozilebomines A (122)
and jozilebomines B (123). They were extracted along with the already known dimer
jozimine Ap (124), a Cp-symmetric dimer that was isolated in 2013 from a Congolese
Ancistrodadus species, which was the only known dioncophyllaceous dimer discovered
in nature prior to the discovery of jozilebomines A and B [104]. The elucidation of the
structure of jozilebomines A and B was achieved by 1D and 2D NMR, HRESIMS, oxidative
degradation, and ECD data. All three dimers were tested for their cytotoxic activity against
HeLa human cervical cancer cell line. The most potent compound is jozimine A; (124,
ICsp of 0.22 pM), followed by jozilebomines B (123, ICsj, 0.68 M) and jozilebomines A
(122, ICs5p, 1.08 uM). The dimers were also tested for their activity against the PANC-1
human pancreatic cancer cell line and again, jozimine A, (124) was found to be the most
effective compound (ICsg of 0.10 uM), better than jozilebomines B (123, ICsg, 0.87 uM)
and jozilebomines A (122, ICsy, 2.24 uM). In this case, the activity of jozimine A, was
even stronger than that of the reference drug arctigenin (ICsy of 0.83 uM). Finally, the
antiplasmodial activity of the dimers was studied on a small series of protozoan parasites
and all the dimers displayed some antiplasmodial activity. The most active molecules were
Jozilebomines A and Jozilebomines B with an ICs of 0.043 uM and 0.102 puM, respectively.
However, these results are less promising than the antiplasmodial activity of jozimine A,
(ICsp of 1.4 nM), which was evaluated on the strain NF54 of Plasmodium falciparum. These
results demonstrate that C, symmetry is a key component in the biological activity of these
compounds. With jozimine A, (124) being the naphthylisoquinoline alkaloids with the best
antiplasmodial activity, its mechanism of action is currently under investigation [105].



Molecules 2021, 26, 2340 26 of 31
ecules 2021, 26, x FOR PEER REVIEW 27 of 32

122 123 124

Figure 23. RepRige 2dnRenrrseastion Résha mephibhpliseayipolias diness jorilEboiiRbOMIAZY Beibd)oatasszimine

A, (124).

B (123), and jozimine A2(124).

9. Summar§. duhGoagiuwidfsonclusions

This review pisgetited feresendeld ancentindiantesign dreClesignat i divlopdtul piologically
active moleeciiss; wkiehubes topiichusrerielyiaeraceintdythtttesing the fttemyotiehtivsyHeentists. The
main goal dhdiesgasigf desigringdiszerededsds theydistawin pbusdmpenradmvitkedpnced biolog-
ological acti¢ahacki vifih ¢t iaganaye bR BIoRg Risl agicaligcdidiasule af fherilyHimardimer 60aa,
60aa, whichviush wistaneeavetivathanethaparenholeledule6fenall eells tested), withhhnexception of
exception ofkRifeHSIINAKIKT {540 Reddifinnothertrs tosterprotingifarteatedspaitbreerpeestate cancer
prostate caﬁ@&l&ﬂslﬁiépmgﬁww%gm@ttsm@%ﬁtr@éﬁgt%ﬁgm thahahtheoreiseengedrug, cypro-
ence drugleTepSrsetdlised ! etherointergsbing exameledanbe exsinlole lis ciletlhgpzodiazepine
rolo[2,1-c][ LPs&R 23 Radepine Bishedispayersay totaxic artprielndhe RisRmelRFiFgmg erfer all cancer
picomolar Sbinss kepteshlé LoNaestheless jroNe sasr RUnsHGaindsads fipepractivity, such
tion leads & ObihectRTArEatad Rissrnthatimidesainers P e hhidband e thggursolic and
and 39 [29] Sifansliaacitimesn dMand AR Y hifhs 0w saussp oy Piragisal agtivity is gener-
for low biofSRiH LAY robibilityRnd Rioa RileRUibLAl M aherpiins semnaynstsuliepse, dimers of
sulting confBBINCY HERCE R SROBI AL SANSTE RTINS BHiCPIBhtthedtiely outcome
strong canditBRISHS P i o iaf SR B EIRINE SRR P HER LY drophilic
products arelacl) 0&831&63551Vﬁ1m8%8 S blo?o chq 9 ’(%Pv%“n%’élé“% érs}eler‘é%? R QHGts has led to
of marine na I‘ di COV%fXC?S quglé erlfl CcO O uanglérea Sdll‘l‘?enltro(?men t&ans egoxyamldes
as the nitro ]P‘er?yfp ) eto erazm E he gnlerg extract liﬂ ca a SO ea t&) promising

1mers extrac
opn e case for 021m1n
from plants ca S0 romisin oun cas for oz1 ine A é %ﬁ) b ¢
uld be ease o

nother 1mp rtant ¢ t10n or des1gn1ng 1me rugs sh

[104,105]. thesrs This can,be achleve b Cla551 eact10 such the lf mation of ether bonds by
Anoth tant consideration for run 1mer1 s ou eeaseo S
&h r ac 10 S es T Or ami e c e 1S r e chemistry,
thesis. Thls al assic re ct1 suc rmatl n o e
emls r¥ ox1, a ;fve cou rm S s etc. ere 1s n doubt that
Sn2/Sn1 react ons est ami ma n 1 t anate e
ru can ro ce 1 er c:a SCEvT e S n C a 1‘1 should be
click Chemlshgf atlvet cou a IQangl é rént%st steIHsTetc

maceu 1cai m. US?I‘IX (EE w1se, as we
ul
Yy no

dimeric drug“ean 15 rléggew er 13 5t C@fiscagtlgﬁt a St Xinu fetis ftimp e attained.

short, efﬁﬂfrtstﬁ%a%jefdftrta%n&g?sﬁoﬁ%&%ﬂ}m%% acmgigs% hoemssafléfm Selection of

saw in this gexjew, the a%atﬁs G 8%8&%5%%@85&3% ht siranl Y1)Fé0f fREAR Sl Helfl leading to

summary, QH@E}%Q@XS QRMSHLS R g kield must be based on (i) carefu electlon of mon-

omers, (ii) knowledge of mechanisms of action, and (iii) efficient synthesis leading to the

desired dimggifgnpelsstButions: A.P, C.R-M. and G.B. contributed to the selection of key references, to the
writing of the manuscript, and to the preparation of the figures. All authors have read and agreed to

Author Contﬂbpﬁgngﬁ&i Dagion gfﬁm@ﬁ& and G. Bérubé contributed to the selection of
key references, to the writing of the manuscript, and to the preparation of the figures. All authors

have read and agreed to the published version of the manuscript.



Molecules 2021, 26, 2340 27 of 31

Funding: This study was supported by grants from the Cancer Institute of Canadian Institutes of
Health Research (CIHR; number 392334) the Cancer Research Society (CRS; number 22471), Aligo
Innovation (number 150923) and the Ministére de I’Economie et de 'Innovation, Québec government
to C. Reyes-Moreno and G. Bérubé.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data available in a publicly accessible repository.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bérubé, G. Natural and Synthetic Biologically Active Dimeric Molecules: Anticancer Agents, Anti-HIV Agents, Steroid Derivatives
and Opioid Antagonists. Curr. Med. Chem. 2006, 13, 131-154. [CrossRef]

2. Portoghese, P.S. The role of concepts in structure-activity relationship studies of opioid ligands. |. Med. Chem. 1992, 35, 1927-1937.
[CrossRef] [PubMed]

3.  Tamiz, A.P; Zhang, ].; Zhang, M.; Wang, C.Z.; Johnson, K.M.; Kozikowski, A.P. Application of the Bivalent Ligand Approach to
the Design of Novel Dimeric Serotonin Reuptake Inhibitors. J. Am. Chem. Soc. 2000, 122, 5393-5394. [CrossRef]

4. Voloshchuk, T.; Farina, N.S.; Wauchope, O.R.; Kiprowska, M.; Haberfield, P.; Greer, A. Molecular Bilateral Symmetry of Natural
Products: Prediction of Selectivity of Dimeric Molecules by Density Functional Theory and Semiempirical Calculations. J. Nat.
Prod. 2004, 67, 1141-1146. [CrossRef] [PubMed]

5. Hadden, M.K,; Blagg, B.S.J. Dimeric approaches to anti-cancer chemotherapeutics. Anticancer Agents Med. Chem. 2009, 8, 807-816.
[CrossRef] [PubMed]

6. Nabha, L.; Sarker, S.D. Steroid Dimers: Chemistry and Applications in Drug Design and Delivery, 1st ed.; Wiley & Sons: West Sussex,
UK, 2012; p. 440.

7. Sumoto, K. Synthetic Studies on Developments for Bioactive New Leads of Oligovalent Symmetrical Molecules. Yakugaku Zasshi
2020, 140, 529-541. [CrossRef] [PubMed]

8.  Kirsti¢, N.M,; Bjelakovi¢, M.S.; Dabovié¢, M.M.; Pavlovi¢, V.D. Thionation of some «,3-unsaturated steroidal ketones. Molecules
2010, 15, 3462-3477. [CrossRef]

9.  Krsti¢, N.M.; Mati¢, I.Z,; Jurani¢, Z.D.; Novakovi¢, I.T,; Sladi¢, D.M. Steroid dimers—In vitro cytotoxic and antimicrobial activities.
J. Steroid Biochem. Mol. Biol. 2014, 143, 365-375. [CrossRef]

10. Vesper, A.-R.; Lacroix, J.; C.-Gaudreault, R.; Tajmir-Rihai, H.-A.; Bérubé, G. Synthesis of novel Cp-symmetric testosterone dimers
and evaluation of antiproliferative activity on androgen-dependent and -independent prostate cancer cell lines. Steroids 2016, 115,
98-104. [CrossRef]

11. Chanphai, P; Vesper, A.; Bekale, L.; Berube, G.; Tajmir-Riahi, H. Encapsulation of testosterone and its aliphatic and aromatic
dimers by milk beta-lactoglobulin. Int. J. Biol. Macromol. 2015, 76, 153-160. [CrossRef]

12.  Chanphai, P.; Vesper, A.; Bekale, L.; Berube, G.; Tajmir-Riahi, H. Transporting testosterone and its dimers by serum proteins. J.
Photochem. Photobiol. B Biol. 2015, 153, 173-183. [CrossRef] [PubMed]

13. Chanphai, P; Vesper, A.-R.; Bariyanga, J.; Bérubé, G.; Tajmir-Riahi, H.-A. Review on the steroid delivery by carrier proteins. J.
Photochem. Photobiol. B Biol. 2016, 161, 184-191. [CrossRef]

14. Chanphai, P; Agudelo, D.; Vesper, A.; Bérubé, G.; Tajmir-Riahi, H. Effect of testosterone and its aliphatic and aromatic dimers on
DNA morphology. Int. ]. Biol. Macromol. 2017, 95, 850-855. [CrossRef]

15.  Chanphai, P.; Agudelo, D.; Vesper, A.; Bérubé, G.; Tajmir-Riahi, H. Testosterone and its dimers alter tRNA morphology. |. Pharm.
Biomed. Anal. 2017, 134, 269-274. [CrossRef]

16. Bastien, D.; Leblanc, V.; Asselin, E.; Berube, G. First synthesis of separable isomeric testosterone dimers showing differential
activities on prostate cancer cells. Bioorg. Med. Chem. Lett. 2010, 20, 2078-2081. [CrossRef] [PubMed]

17.  Denisov, 1.G.; Mak, PJ.; Grinkova, Y.V.; Bastien, D.; Bérubé, G.; Sligar, S.G.; Kincaid, J.R. The use of isomeric testosterone dimers
to explore allosteric effects in substrate binding to cytochrome P450 CYP3A4. |. Inorg. Biochem. 2016, 158, 77-85. [CrossRef]

18.  Wendlandt, A.E.; Yelton, SM.; Lou, D.; Watt, D.S.; Noonan, D.J. Synthesis and functional analysis of novel bivalent estrogens.
Steroids 2010, 75, 825-833. [CrossRef] [PubMed]

19. Peters, RH.; Crowe, D.F; Avery, M.A.; Chong, WK.; Tanabe, M. 17-Desoxy estrogen analogues. J. Med. Chem. 1989, 32, 1642-1652.
[CrossRef]

20. LaFrate, A.L.; Carlson, K.E.; Katzenellenbogen, J.A. Steroidal bivalent ligands for the estrogen receptor: Design, synthesis,
characterization and binding affinities. Bioorg. Med. Chem. 2009, 17, 3528-3535. [CrossRef]

21. Knox, A.; Kalchschmid, C.; Schuster, D.; Gaggia, F.; Manzl, C.; Baecker, D.; Gust, R. Development of bivalent triarylalkene- and
cyclofenil-derived dual estrogen receptor antagonists and downregulators. Eur. J. Med. Chem. 2020, 192, 112191. [CrossRef]

22.  Willson, T.M.; Henke, B.R.; Momtahen, T.M.; Charifson, P.S.; Batchelor, KW.; Lubahn, D.B.; Moore, L.B.; Oliver, B.B.; Sauls, H.R.;

Triantafillou, J.A.; et al. 3-[4-(1,2-Diphenylbut-1-enyl)phenylJacrylic Acid: A Non-Steroidal Estrogen with Functional Selectivity
for Bone over Uterus in Rats. |. Med. Chem. 1994, 37, 1550-1552. [CrossRef]


http://doi.org/10.2174/092986706775197908
http://doi.org/10.1021/jm00089a001
http://www.ncbi.nlm.nih.gov/pubmed/1317919
http://doi.org/10.1021/ja000199f
http://doi.org/10.1021/np049899e
http://www.ncbi.nlm.nih.gov/pubmed/15270568
http://doi.org/10.2174/187152008785914743
http://www.ncbi.nlm.nih.gov/pubmed/18855582
http://doi.org/10.1248/yakushi.19-00222
http://www.ncbi.nlm.nih.gov/pubmed/32238636
http://doi.org/10.3390/molecules15053462
http://doi.org/10.1016/j.jsbmb.2014.06.005
http://doi.org/10.1016/j.steroids.2016.08.012
http://doi.org/10.1016/j.ijbiomac.2015.02.028
http://doi.org/10.1016/j.jphotobiol.2015.09.008
http://www.ncbi.nlm.nih.gov/pubmed/26410041
http://doi.org/10.1016/j.jphotobiol.2016.05.015
http://doi.org/10.1016/j.ijbiomac.2016.09.090
http://doi.org/10.1016/j.jpba.2016.11.053
http://doi.org/10.1016/j.bmcl.2010.02.077
http://www.ncbi.nlm.nih.gov/pubmed/20226660
http://doi.org/10.1016/j.jinorgbio.2015.12.019
http://doi.org/10.1016/j.steroids.2010.05.019
http://www.ncbi.nlm.nih.gov/pubmed/20685325
http://doi.org/10.1021/jm00127a040
http://doi.org/10.1016/j.bmc.2009.04.016
http://doi.org/10.1016/j.ejmech.2020.112191
http://doi.org/10.1021/jm00037a002

Molecules 2021, 26, 2340 28 of 31

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

Bentrem, D.; Dardes, R.; Liu, H.; MacGregor-Schafer, J.; Zapf, J.; Jordan, V.C. Molecular mechanism of action at estrogen receptor
alpha of a new clinically relevant antiestrogen (GW7604) related to tamoxifen. J. Endocrinol. 2001, 142, 838-846. [CrossRef]
Kieser, K.J.; Kim, D.W,; Carlson, K.E.; Katzenellenbogen, B.S.; Katzenellenbogen, J.A. Characterization of the Pharmacophore
Properties of Novel Selective Estrogen Receptor Downregulators (SERDs). J. Med. Chem. 2010, 53, 3320-3329. [CrossRef]
Krejzova, J.; Simon, P; Vav¥ikovd, E.; Slamovd, K.; Pelantova, H.; Riva, S.; Spiwok, V.; Kfen, V. Enzymatic synthesis of new
C-6-acylated derivatives of NAG-thiazoline and evaluation of their inhibitor activities towards fungal 3-N-acetylhexosamididase.
J. Mol. Catal. B Enzym. 2013, 87, 128-134. [CrossRef]

Baraniak, D.; Ruszkowski, P.; Baranowski, D.; Framski, G.; Boryski, J. Nucleoside dimers analogs containing floxuridine and
thymidine with unnatural linker groups: Synthesis and cancer line studies. Part III. Nucleosides Nucleotides Nucleic Acids 2019, 38,
980-1005. [CrossRef]

Michalska, L.; Wawrzyniak, D.; Szymanska-Michalak, A.; Barciszewski, J.; Boryski, J.; Baraniak, D. Synthesis and biological
assay of new 2/ -deoxyuridine dimers containing a 1,2,3-triazole linker. Part I. Nucleosides Nucleotides Nucleic Acids 2018, 38, 1-18.
[CrossRef]

Baraniak, D.; Baranowski, D.; Ruszkowski, P.; Boryski, ]. Nucleoside dimers analogues with a 1,2,3-triazole linkage: Conjugation
of floxuridine and thymidine provides novel tools for cancer treatment. Part II. Nucleosides Nucleotides Nucleic Acids 2019, 38,
807-835. [CrossRef] [PubMed]

Cheng, S.-S.; Shi, Y.; Ma, X.-N.; Xing, D.-X.; Liu, L.-D.; Liu, Y.; Zhao, Y.-X; Sui, Q.-C.; Tan, X.-J. Synthesis, crystal structure,
spectroscopic properties and potential anti-cancerous activities of four unsaturated bis-norcantharimides. . Mol. Struct. 2016,
1115, 228-240. [CrossRef]

Furutachi, M.; Ota, K.; Fujisaki, F,; Ikeda, R.; Yoshikawa, N.; Yokota, T.; Takeda, Y.; Yokomizo, K.; Zhou, J.-R.; Kashige, N.; et al.
Anti-proliferative Activities of Some Bivalent Symmetrical 5-Substituted Hydantoin Derivatives towards Human Brain Glioma
U251 Cells (U251) and Human Carcinoma Cells (KB3-1). Biol. Pharm. Bull. 2019, 42, 1953-1956. [CrossRef]

Fujisaki, F.; Aki, H.; Naito, A.; Fukami, E.; Kashige, N.; Miake, F.; Sumoto, K. Synthesis of New 5-Substituted Hydantoins and
Symmetrical Twin-Drug Type Hydantoin Derivatives. Chem. Pharm. Bull. 2014, 62, 429-438. [CrossRef] [PubMed]

Fujisaki, F.; Toyofuku, K.; Egami, M.; Ishida, S.; Nakamoto, N.; Kashige, N.; Miake, F.; Sumoto, K. Antibacterial Activity of Some
5-Dialkylaminomethylhydantoins and Related Derivatives. Chem. Pharm. Bull. 2013, 61, 1090-1093. [CrossRef]

Sumoto, K.; Furutachi, M.; Fujisaki, F.; Fujiwara, R.; Okabe, M.; Aki, H.; Kashige, N.; Miake, F. Preparation and Antibacterial
Evaluation of Some Symmetrical Twin-Drug Type Bivalent Molecules. Heterocycles 2015, 91, 1668-1677. [CrossRef]

Sumoto, K.; Furutachi, M.; Gondo, T.; Goto, S.; Fuchigami, S.; Ako, K.; Oowada, Y.; Yokomizo, K.; Zhou, J.-R.; Ishizaki, T.;
et al. Novel C2-Symmetrical Phenylboronic Acid Pinacol Esters with a Few Types of Linkers and Their Biological Activities.
Heterocycles 2017, 94, 1748-1758. [CrossRef]

Furutachi, M.; Gondo, T.; Ikeda, R.; Yoshikawa, N.; Yokota, T.; Takeda, Y.; Yokomizo, K.; Zhou, J.-R.; Kashige, N.; Miake, F; et al.
Anti-proliferative Activities towards Human Brain Glioma U251 Cells and Human Carcinoma Cells (KB3-1) of Some Twin-Drug
Type Bivalent C2-Symmetrical Phenylboronic Acid Derivatives. Biol. Pharm. Bull. 2019, 42, 833-836. [CrossRef]

Sumoto, K.; Furutachi, M.; Ejima, A.; Tsuru, R.; Goto, S.; Gondo, T.; Ako, K.; Fuchigami, S.; Fuijii, S.; Okumura, A.; et al. Preparation
and Biological Activity of Novel Twin-Drug Type C2-Symmetrical Cyclic Phenylboronic Acid Derivatives. Heterocycles 2017, 95,
517-524. [CrossRef]

Sumoto, K.; Furutachi, M.; Matsumoto, A.; Tamenaga, T.; Sugita, A.; Kuroiwa, M.; Yokomizo, K.; Zhou, J.-R.; Kashige, N.; Miake,
E. Preparation of Novel Bivalent Linker Mode Phenylboronic Acid Derivatives and Their Biological Evaluation. Heterocycles 2018,
96, 1088-1100. [CrossRef]

Tendler, M.D.; Korman, S. ‘Refuin”: A Non-cytotoxic Carcinostatic Compound proliferated by a Thermophilic Actinomycete. Nat.
Cell Biol. 1963, 199, 501. [CrossRef]

Bose, D.S.; Thompson, A.S.; Ching, J.; Hartley, ].A.; Berardini, M.D.; Jenkins, T.C.; Neidle, S.; Hurley, L.H.; Thurston, D.E. Rational
design of a highly efficient irreversible DNA interstrand cross-linking agent based on the pyrrolobenzodiazepine ring system. .
Am. Chem. Soc. 1992, 114, 4939-4941. [CrossRef]

Howard, PW.; Chen, Z.; Gregson, S.J.; Masterson, L.A.; Tiberghien, A.C.; Cooper, N.; Fang, M.; Coffils, M.].; Klee, S.; Hartley,
J.A.; et al. Synthesis of a novel C2/C2’-aryl-substituted pyrrolo[2,1-c][1,4]benzodiazepine dimer prodrug with improved water
solubility and reduced DNA reaction rate. Bioorg. Med. Chem. Lett. 2009, 19, 6463-6466. [CrossRef]

Hartley, J.A.; Hamaguchi, A.; Coffils, M.; Martin, C.R.; Suggitt, M.; Chen, Z.; Gregson, S.J.; Masterson, L.A.; Tiberghien, A.C;
Hartley, ].M.; et al. SG2285, a Novel C2-Aryl-Substituted Pyrrolobenzodiazepine Dimer Prodrug That Cross-links DNA and
Exerts Highly Potent Antitumor Activity. Cancer Res. 2010, 70, 6849-6858. [CrossRef]

Howard, PW.; Gregson, S.J. Pyrrolobenzodiazepines. Conjugates. Patent WO /2018/069490, 14 October 2016.

Tiberghien, A.C.; Levy, ].-N.; Masterson, L.A.; Patel, N.V,; Adams, L.R.; Corbett, S.; Williams, D.G.; Hartley, J.A.; Howard, PW.
Design and Synthesis of Tesirine, a Clinical Antibody-Drug Conjugate Pyrrolobenzodiazepine Dimer Payload. ACS Med. Chem.
Lett. 2016, 7, 983-987. [CrossRef]

Hartley, J.A.; Flynn, M.].; Bingham, J.P.; Corbett, S.; Reinert, H.; Tiberghien, A.; Masterson, L.A.; Antonow, D.; Adams, L.;
Chowdhury, S.; et al. Pre-clinical pharmacology and mechanism of action of SG3199, the pyrrolobenzodiazepine (PBD) dimer
warhead component of antibody-drug conjugate (ADC) payload tesirine. Sci. Rep. 2018, 8, 1-10. [CrossRef]


http://doi.org/10.1210/endo.142.2.7932
http://doi.org/10.1021/jm100047k
http://doi.org/10.1016/j.molcatb.2012.10.016
http://doi.org/10.1080/15257770.2019.1641206
http://doi.org/10.1080/15257770.2018.1514122
http://doi.org/10.1080/15257770.2019.1610891
http://www.ncbi.nlm.nih.gov/pubmed/31177919
http://doi.org/10.1016/j.molstruc.2016.02.093
http://doi.org/10.1248/bpb.b19-00486
http://doi.org/10.1248/cpb.c14-00017
http://www.ncbi.nlm.nih.gov/pubmed/24789925
http://doi.org/10.1248/cpb.c13-00461
http://doi.org/10.3987/COM-15-13263
http://doi.org/10.3987/COM-17-13745
http://doi.org/10.1248/bpb.b18-00859
http://doi.org/10.3987/COM-16-S(S)9
http://doi.org/10.3987/COM-18-13899
http://doi.org/10.1038/199501a0
http://doi.org/10.1021/ja00038a089
http://doi.org/10.1016/j.bmcl.2009.09.012
http://doi.org/10.1158/0008-5472.CAN-10-0790
http://doi.org/10.1021/acsmedchemlett.6b00062
http://doi.org/10.1038/s41598-018-28533-4

Molecules 2021, 26, 2340 29 of 31

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Lashari, B.H.; Vallatharasu, Y.; Kolandra, L.; Hamid, M.; Uprety, D. Rovalpituzumab Tesirine: A Novel DLL3-Targeting Antibody-
Drug Conjugate. Drugs R&D 2018, 18, 255-258. [CrossRef]

AbbVie News Center. Available online: https://news.abbvie.com/news/press-releases/abbvie-discontinues-rovalpituzumab-
tesirine-rova-t-research-and-development-program.htm (accessed on 20 June 2020).

Sahoo, B.; Dinda, S.; Kumar, B.; Panda, J.; Brahmkshatriya, P. Design, Green Synthesis, and Anti-Inflammatory Activity of Schiff
Base of 1,3,4-oxadiazole Analogues. Lett. Drug Des. Discov. 2013, 11, 82-89. [CrossRef]

Ozkay, Y.; Isikdag, I; Incesu, Z.; Akaln, G. Synthesis of 2-substituted-N-[4-(1-methyl-4,5-diphenyl-1H-imidazole-2-
yl)phenyl]acetamide derivatives and evaluation of their anticancer activity. Eur. ]. Med. Chem. 2010, 45, 3320-3328.
[CrossRef]

Harrison, T.S.; Keating, G.M. Zolpidem: A review of its use in the management of insomnia. CNS Drugs 2005, 19, 65-89.
[CrossRef] [PubMed]

Zivkovic, B.; Morel, E.; Joly, D.; Perrault, G.; Sanger, D.J.; Lloyd, K.G. Pharmacological and Behavioral Profile of Alpidem as an
Anxiolytic. Pharmacopsychiatry 1990, 23, 108-113. [CrossRef] [PubMed]

Meenakshisundaram, S.; Manickam, M.; Pillaiyar, T. Exploration of imidazole and imidazopyridine dimers as anticancer agents:
Design, synthesis, and structure-activity relationship study. Archiv Pharmazie 2019, 352, €1900011. [CrossRef] [PubMed]
Guchhait, S K.; Chandgude, A.L.; Priyadarshani, G. CuSO,;—Glucose for in Situ Generation of Controlled Cu(I)-Cu(II) Bicatalysts:
Multicomponent Reaction of Heterocyclic Azine and Aldehyde with Alkyne, and Cycloisomerization toward Synthesis of
N-Fused Imidazoles. |. Org. Chem. 2012, 77, 4438-4444. [CrossRef] [PubMed]

Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. . Nutr. Sci. 2016, 5, e47. [CrossRef]

Vaviikova, E.; Vacek, J.; Valentova, K.; Marhol, P; Ulrichova, J.; Kuzma, M.; Kfen, V. Chemo-Enzymatic Synthesis of Silybin and
2,3-Dehydrosilybin Dimers. Molecules 2014, 19, 4115-4134. [CrossRef] [PubMed]

Huber, A.; Thongphasuk, P; Erben, G.; Lehmann, W.-D.; Tuma, S.; Stremmel, W.; Chamulitrat, W. Significantly greater antioxidant
anticancer activities of 2,3-dehydrosilybin than silybin. Biochim. Biophys. Acta Gen. Subj. 2008, 1780, 837-847. [CrossRef]

Gazak, R.; Svobodova, A.; Psotova, ].; Sedmera, P; Ptikrylova, V.; Walterova, D.; K¥en, V. Oxidised derivatives of silybin and their
antiradical and antioxidant activity. Bioorg. Med. Chem. 2004, 12, 5677-5687. [CrossRef] [PubMed]

Chebil, L.; Humeau, C.; Falcimaigne, A.; Engasser, J.-M.; Ghoul, M. Enzymatic acylation of flavonoids. Process. Biochem. 2006, 41,
2237-2251. [CrossRef]

Walterova, D.; Kren, V. Silybin and Silymarin—New and Emerging Applications in Medicine. Curr. Med. Chem. 2007, 14, 315-338.
[CrossRef]

Graf, T.; Wani, M.; Agarwal, R.; Kroll, D.; Oberlies, N. Gram-Scale Purification of Flavonolignan Diastereoisomers from Silybum
marianum (Milk Thistle) Extract in Support of Preclinical in vivo Studies for Prostate Cancer Chemoprevention. Planta Med. 2007,
73, 1495-1501. [CrossRef] [PubMed]

Gavezzotti, P; Vavrikova, E.; Valentova, K.; Fronza, G.; Kudanga, T.; Kuzma, M.; Riva, S.; Biedermann, D.; Kren, V. Enzymatic
oxidative dimerization of silymarin flanovolignans. J. Mol. Catal. B Enzym. 2014, 109, 24-30. [CrossRef]

Pertino, M.W.; Theoduloz, C.; Bastias, M.; Schmeda-Hirschmann, G. Dimeric Labdane Diterpenes: Synthesis and Antiproliferative
Effects. Molecules 2013, 18, 5936-5953. [CrossRef]

Romanucci, V.; Gravante, R.; Cimafonte, M.; Di Marino, C.; Mailhot, G.; Brigante, M.; Zarrelli, A.; Di Fabio, G. Phosphate-Linked
Silibinin Dimers (PLSd): New Promising Modified Metabolites. Molecules 2017, 22, 1323. [CrossRef]

Romanucci, V.; Zarrelli, A.; Guaragna, A.; Di Marino, C.; Di Fabio, G. New phosphorylating reagents for deoxyribonucleosides
and oligonucleotides. Tetrahedron Lett. 2017, 58, 1227-1229. [CrossRef]

Joe, B.; Vijaykumar, M.; Lokesh, B.R. Biological Properties of Curcumin-Cellular and Molecular Mechanisms of Action. Crit. Rev.
Food Sci. Nutr. 2004, 44, 97-111. [CrossRef] [PubMed]

Wang, Y.-J.; Pan, M.-H.; Cheng, A.-L.; Lin, L.-I.; Ho, Y.-S.; Hsieh, C.-Y,; Lin, J.-K. Stability of curcumin in buffer solutions and
characterization of its degradation products. J. Pharm. Biomed. Anal. 1997, 15, 1867-1876. [CrossRef]

Marchiani, A.; Mammi, S,; Siligardi, G.; Hussain, R.; Tessari, I.; Bubacco, L.; Delogu, G.; Fabbri, D.; Dettori, M.A.; Sanna, D.; et al.
Small molecules interacting with x-synuclein: Antiaggregating and cytoprotective properties. Amino Acids 2013, 45, 327-338.
[CrossRef]

Sultana, R. Ferulic acid ethyl ester as a potential therapy in neurodegenerative disorders. Biochim. Biophys. Acta Mol. Basis Dis.
2012, 1822, 748-752. [CrossRef] [PubMed]

Slavova-Kazakova, A.K.; Angelova, S.E.; Veprintsev, T.L.; Denev, P,; Fabbri, D.; Dettori, M.A.; Kratchanova, M.; Naumov, V.V.;
Trofimov, A.V,; Vasil’ev, R.F,; et al. Antioxidant potential of curcumin-related compounds studied by chemiluminescence kinetics,
chain-breaking efficiencies, scavenging activity (ORAC) and DFT calculations. Beilstein ]. Org. Chem. 2015, 11, 1398-1411.
[CrossRef] [PubMed]

Hoenke, S.; Wiengarn, I; Serbian, I.; Al-Harrasi, A.; Csuk, R. Synthesis of amide-spacered dimers of ursolic and oleanolic acid.
Mediterr. ]. Chem. 2019, 9, 24-36. [CrossRef]

Kahnt, M.; Fisher, L.; Al-Harrasi, A.; Csuk, R. Ethylenediamine Derived Carboxamides of Betulinic and Ursolic Acid as Potential
Cytotoxic Agents. Molecules 2018, 23, 2558. [CrossRef] [PubMed]

Heller, L.; Knorrscheidt, A.; Flemming, F.; Wiemann, J.; Sommerwerk, S.; Pavel, I.Z.; Al-Harrasi, A.; Csuk, R. Synthesis and
proapoptotic activity of oleanolic acid derived amides. Bioorg. Chem. 2016, 68, 137-151. [CrossRef]


http://doi.org/10.1007/s40268-018-0247-7
https://news.abbvie.com/news/press-releases/abbvie-discontinues-rovalpituzumab-tesirine-rova-t-research-and-development-program.htm
https://news.abbvie.com/news/press-releases/abbvie-discontinues-rovalpituzumab-tesirine-rova-t-research-and-development-program.htm
http://doi.org/10.2174/15701808113109990041
http://doi.org/10.1016/j.ejmech.2010.04.015
http://doi.org/10.2165/00023210-200519010-00008
http://www.ncbi.nlm.nih.gov/pubmed/15651908
http://doi.org/10.1055/s-2007-1014545
http://www.ncbi.nlm.nih.gov/pubmed/1974069
http://doi.org/10.1002/ardp.201900011
http://www.ncbi.nlm.nih.gov/pubmed/31596021
http://doi.org/10.1021/jo3003024
http://www.ncbi.nlm.nih.gov/pubmed/22486279
http://doi.org/10.1017/jns.2016.41
http://doi.org/10.3390/molecules19044115
http://www.ncbi.nlm.nih.gov/pubmed/24699152
http://doi.org/10.1016/j.bbagen.2007.12.012
http://doi.org/10.1016/j.bmc.2004.07.064
http://www.ncbi.nlm.nih.gov/pubmed/15465345
http://doi.org/10.1016/j.procbio.2006.05.027
http://doi.org/10.2174/092986707779941159
http://doi.org/10.1055/s-2007-990239
http://www.ncbi.nlm.nih.gov/pubmed/17948171
http://doi.org/10.1016/j.molcatb.2014.07.012
http://doi.org/10.3390/molecules18055936
http://doi.org/10.3390/molecules22081323
http://doi.org/10.1016/j.tetlet.2017.02.034
http://doi.org/10.1080/10408690490424702
http://www.ncbi.nlm.nih.gov/pubmed/15116757
http://doi.org/10.1016/S0731-7085(96)02024-9
http://doi.org/10.1007/s00726-013-1503-3
http://doi.org/10.1016/j.bbadis.2011.10.015
http://www.ncbi.nlm.nih.gov/pubmed/22064438
http://doi.org/10.3762/bjoc.11.151
http://www.ncbi.nlm.nih.gov/pubmed/26425195
http://doi.org/10.13171/mjc91190811415rc
http://doi.org/10.3390/molecules23102558
http://www.ncbi.nlm.nih.gov/pubmed/30297604
http://doi.org/10.1016/j.bioorg.2016.08.004

Molecules 2021, 26, 2340 30 of 31

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Sommerwerk, S.; Heller, L.; Kuhfs, J.; Csuk, R. Selective killing of cancer cells with triterpenoic acid amides—The substantial role
of an aromatic moiety alignment. Eur. J. Med. Chem. 2016, 122, 452-464. [CrossRef]

Tan, Q.-G.; Luo, X.-D. Meliaceous Limonoids: Chemistry and Biological Activities. Chem. Rev. 2011, 111, 7437-7522. [CrossRef]
Roy, A.; Saraf, S. Limonoids: Overview of Significant Bioactive Triterpenes Distributed in Plants Kingdom. Biol. Pharm. Bull. 2006,
29,191-201. [CrossRef] [PubMed]

Li, W.S.; Wu, |.; Li, J.; Satyanandamurty, T.; Shen, L.; Bringmann, G. Krishnadimer A, an Axially Chiral Non-biaryl Natural
Product: Discovery and Biomimetic Synthesis. Org. Lett. 2016, 19, 182-185. [CrossRef] [PubMed]

Li, W.S;; Yang, Y.; Liu, ].J.; Shen, L.; Shi, Z.; Wu, J. Scaffold diversity-oriented synthesis of limonoid dimers: Discovery of an
axially chiral agent with in vivo anti-breast cancer activity. Org. Chem. Front. 2018, 5, 1079-1091. [CrossRef]

Li, M.-Y; Yang, S.-X.; Pan, ].-Y.; Xiao, Q.; Satyanandamurty, T.; Wu, J. Moluccensins A—G, Phragmalins with a Conjugated C-30
Carbonyl Group from a Krishna Mangrove, Xylocarpus moluccensis. ]. Nat. Prod. 2009, 72, 1657-1662. [CrossRef] [PubMed]
Antoszczak, M.; Rutkowski, J.; Huczyniski, A. Structure and Biological Activity of Polyether Ionophores and Their Semisynthetic
Derivatives. In Bioactive Natural Products; Wiley: Hoboken, NJ, USA, 2015; pp. 107-170.

Zardavas, D.; Baselga, ].; Piccart-Gebhart, M. Emerging targeted agents in metastatic breast cancer. Nat. Rev. Clin. Oncol. 2013, 10,
191-210. [CrossRef] [PubMed]

Antoszczak, M.; Huczyniski, A. Anticancer Activity of Polyether Ionophore-Salinomycin. Anticancer Agents Med. Chem. 2015, 15,
575-591. [CrossRef] [PubMed]

Huang, M.; Deng, Z.; Tian, J.; Liu, T. Synthesis and biological evaluation of salinomycin triazole analogues as anticancer agents.
Eur. J. Med. Chem. 2017, 127,900-908. [CrossRef]

Antoszczak, M.; Maj, E.; Borgstrom, B.; Oredsson, S.; Huczyski, A.; Wietrzyk, J.; Strand, D. Bivalent polyether ionophores:
Synthesis and biological evaluation of C2-symmetric salinomycin dimers. Tetrahedron Lett. 2017, 58, 2396-2399. [CrossRef]
Machado, L.; Spengler, G.; Evaristo, M.; Handzlik, J.; Molndr, J.; Viveiros, M.; Kiec-Kononowicz, K.; Amaral, L. Biological activity
of twenty-three hydantoin derivatives on intrinsic efflux pump system of Salmonella enterica serovar Enteritidis NCTC 13349.
In Vivo 2011, 25, 769-772.

Sumoto, K.; Furutachi, M.; Fujisaki, F,; Tsuru, R.; Ejima, A.; Gondo, T.; Goto, S.; Ito, M.; Nakamura, M.; Aki, H.; et al. Synthesis
and Antibacterial Evaluation of Some New 5-Substituted Hydantoins and Novel Twin-Drug Type Derivatives. Heterocycles 2016,
92, 1111-1120. [CrossRef]

Lakshmi, R.; Nusrin, K.S.; Georgy, S.A.; Sreelakshmi, K.S. Role of Beta Lactamases in Antibiotic Resistance: A review. Int. Res. |.
Pharm. 2014, 5, 37-40. [CrossRef]

Banik, I.; Becker, A.EF,; Banik, B.K. Stereoselective Synthesis of 3-Lactams with Polyaromatic Imines: Entry to New and Novel
Anticancer Agents. J. Med. Chem. 2003, 46, 12-15. [CrossRef]

Meenakshisundaram, S.; Manickam, M.F.; Vinayagam, V. Synthesis, antibacterial and anticancer activity of novel bis-azetidinones.
J. Chem. Pharm. Res. 2016, 8, 733-742.

Chen, S.; Wang, J.; Lin, X.; Zhao, B.; Wei, X,; Li, G.; Kaliaperumal, K,; Liao, S.; Yang, B.; Zhou, X.; et al. Chrysamides A-C, Three
Dimeric Nitrophenyl trans-Epoxyamides Produced by the Deep-Sea-Derived Fungus Penicillium chrysogenum SCSIO41001. Org.
Lett. 2016, 18, 3650-3653. [CrossRef] [PubMed]

Gomes, N.G.M,; Pereira, R.B.; Andrade, P.B.; Valentao, P. Double the Chemistry, Double the Fun: Structural Diversity and
Biological Activity of Marine-Derived Diketopiperazine Dimers. Mar. Drugs 2019, 17, 551. [CrossRef] [PubMed]

Carroll, A.R.; Copp, B.R; Davis, R.A.; Keyzers, R.A.; Prinsep, M.R. Marine natural products. Nat. Prod. Rep. 2019, 36, 122-173.
[CrossRef] [PubMed]

Sedlock, D.M.; Barrow, C.J.; Brownell, J.E.; Hong, A.; Gillum, A.M.; Houck, D.R. WIN 64821, a novel neurokinin antagonist
produced by an Aspergillus sp. 1. Fermentation and isolation. . Antibiot. 1994, 47, 391-398. [CrossRef] [PubMed]

Ding, L.; Li, EC.; Qin, M.; Qin, S.; Kelter, G.; Fiebig, H.H.; Laatsch, H. Anti-tumor compounds isolated from marine Aspergillus sp.
Chin. J. Nat. Med. 2008, 6, 421-424. [CrossRef]

Barrow, C.J.; Musza, L.L.; Cooper, R. Structure-activity studies of the natural product substance P antagonist win 64821. Bioorg.
Med. Chem. Lett. 1995, 5, 377-380. [CrossRef]

Son, B.W.,; Jensen, P.R.; Kauffman, C.A.; Fenical, W. New Cytotoxic Epidithiodioxopiperazines Related to Verticillin A from a
Marine Isolate of the Fungus Penicillium. Nat. Prod. Lett. 1999, 13, 213-222. [CrossRef]

Paschall, A.V,; Yang, D.; Lu, C.; Choi, J.-H.; Li, X,; Liu, F; Figueroa, M.; Oberlies, N.H.; Pearce, C.J.; Bollag, W.B.; et al.
H3K9 Trimethylation Silences Fas Expression to Confer Colon Carcinoma Immune Escape and 5-Fluorouracil Chemoresistance.
J. Immunol. 2015, 195, 1868-1882. [CrossRef]

Lu, C,; Paschall, A.V,; Shi, H.; Savage, N.; Waller, J.L.; Sabbatini, M.E.; Oberlies, N.H.; Pearce, C.; Liu, K. The MLL1-H3K4me3
Axis-Mediated PD-L1 Expression and Pancreatic Cancer Immune Evasion. J. Natl. Cancer Inst. 2017, 109, djw283. [CrossRef]
Zhang, Y.-X.; Chen, Y.; Guo, X.-N.; Zhang, X.-W.; Zhao, W.-M.; Zhong, L.; Zhou, J.; Xi, Y;; Lin, L.-P; Ding, J. 11,11’-Dideoxy-
verticillin: A natural compound possessing growth factor receptor tyrosine kinase-inhibitory effect with anti-tumor activity.
Anticancer Drugs 2005, 16, 515-524. [CrossRef] [PubMed]

Watts, K.R.; Ratnam, J.; Ang, K.-H.; Tenney, K.; Compton, J.E.; McKerrow, J.; Crews, P. Assessing the trypanocidal potential of
natural and semi-synthetic diketopiperazines from two deep water marine-derived fungi. Bioorg. Med. Chem. 2010, 18, 2566-2574.
[CrossRef]


http://doi.org/10.1016/j.ejmech.2016.06.053
http://doi.org/10.1021/cr9004023
http://doi.org/10.1248/bpb.29.191
http://www.ncbi.nlm.nih.gov/pubmed/16462017
http://doi.org/10.1021/acs.orglett.6b03479
http://www.ncbi.nlm.nih.gov/pubmed/27992222
http://doi.org/10.1039/C8QO00154E
http://doi.org/10.1021/np9003504
http://www.ncbi.nlm.nih.gov/pubmed/19743812
http://doi.org/10.1038/nrclinonc.2013.29
http://www.ncbi.nlm.nih.gov/pubmed/23459626
http://doi.org/10.2174/1871520615666150101130209
http://www.ncbi.nlm.nih.gov/pubmed/25553435
http://doi.org/10.1016/j.ejmech.2016.10.067
http://doi.org/10.1016/j.tetlet.2017.05.023
http://doi.org/10.3987/COM-16-13453
http://doi.org/10.7897/2230-8407.050207
http://doi.org/10.1021/jm0255825
http://doi.org/10.1021/acs.orglett.6b01699
http://www.ncbi.nlm.nih.gov/pubmed/27440074
http://doi.org/10.3390/md17100551
http://www.ncbi.nlm.nih.gov/pubmed/31569621
http://doi.org/10.1039/C8NP00092A
http://www.ncbi.nlm.nih.gov/pubmed/30663727
http://doi.org/10.7164/antibiotics.47.391
http://www.ncbi.nlm.nih.gov/pubmed/7515037
http://doi.org/10.3724/SP.J.1009.2008.00421
http://doi.org/10.1016/0960-894X(95)00039-V
http://doi.org/10.1080/10575639908048788
http://doi.org/10.4049/jimmunol.1402243
http://doi.org/10.1093/jnci/djw283
http://doi.org/10.1097/00001813-200506000-00007
http://www.ncbi.nlm.nih.gov/pubmed/15846117
http://doi.org/10.1016/j.bmc.2010.02.034

Molecules 2021, 26, 2340 31 of 31

99.

100.

101.

102.

103.

104.

105.

Greiner, D.; Bonaldi, T.; Eskeland, R.; Roemer, E.; Imhof, A. Identification of a specific inhibitor of the histone methyltransferase
SU(VAR)3-9. Nat. Chem. Biol. 2005, 1, 143-145. [CrossRef]

Lai, Y.-S.; Chen, ].-Y.; Tsai, H.-].; Chen, T.-Y,; Hung, W.-C. The SUV39H1 inhibitor chaetocin induces differentiation and shows
synergistic cytotoxicity with other epigenetic drugs in acute myeloid leukemia cells. Blood Cancer J. 2015, 5, e313. [CrossRef]
[PubMed]

Isham, C.R; Tibodeau, J.D.; Bossou, A.R.; Merchan, J.R.; Bible, K.C. The anticancer effects of chaetocin are independent of
programmed cell death and hypoxia, and are associated with inhibition of endothelial cell proliferation. Br. J. Cancer 2011, 106,
314-323. [CrossRef]

Zofou, D.; Ntie-Kang, E,; Sippl, W.; Efange, S.M.N. Bioactive natural products derived from the Central African flora against
neglected tropical diseases and HIV. Nat. Prod. Rep. 2013, 30, 1098-1120. [CrossRef] [PubMed]

Li, J.; Seupel, R.; Bruhn, T.; Feineis, D.; Kaiser, M.; Brun, R.; Mudogo, V.; Awale, S.; Bringmann, G. Jozilebomines A and B,
Naphthylisoquinoline Dimers from the Congolese Liana Ancistrocladus ileboensis, with Antiausterity Activities against the PANC-1
Human Pancreatic Cancer Cell Line. J. Nat. Prod. 2017, 80, 2807-2817. [CrossRef]

Bringmann, G.; Zhang, G.; Biittner, T.; Bauckmann, G.; Kupfer, T.; Braunschweig, H.; Brun, R.; Mudogo, V. Jozimine A2: The
First Dimeric Dioncophyllaceae-Type Naphthylisoquinoline Alkaloid, with Three Chiral Axes and High Antiplasmodial Activity.
Chem. A Eur. J. 2012, 19, 916-923. [CrossRef]

Bilonda, M.K.; Mammino, L. Computational Study of Jozimine A2, a Naphthylisoquinoline Alkaloid with Antimalarial Activity.
In Concepts, Methods and Applications of Quantum Systems in Chemistry and Physics, 1st ed.; Wang, Y.A., Thachuk, M., Krems, R.,
Maruani, J., Eds.; Springer: Vancouver, BC, Canada, 2018; pp. 305-328.


http://doi.org/10.1038/nchembio721
http://doi.org/10.1038/bcj.2015.37
http://www.ncbi.nlm.nih.gov/pubmed/25978433
http://doi.org/10.1038/bjc.2011.522
http://doi.org/10.1039/c3np70030e
http://www.ncbi.nlm.nih.gov/pubmed/23817666
http://doi.org/10.1021/acs.jnatprod.7b00650
http://doi.org/10.1002/chem.201202755

	Introduction 
	Steroids Dimers and Non-Steroidal Analogs 
	Sugars and Nucleoside-Based Dimers 
	Dimers of Known and Synthetic Anticancer Agents 
	Polyphenol Dimers 
	Terpenoid Dimers 
	Dimers of Known and Synthetic Antibacterial Agents 
	Recently Isolated Dimeric Natural Products 
	Summary and Conclusions 
	References



