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Simple Summary: Despite the important progress in cancer treatment in the past decades, the
mortality rates in some types of cancer have not significantly decreased. Therefore, the search for
novel anticancer drugs has become a topic of great interest. Chalcones, precursors of flavonoid
synthesis in plants, have been documented as natural compounds with pleiotropic biological effects
including antiproliferative /anticancer activity. This article focuses on the knowledge on molecular
mechanisms of antiproliferative action of chalcones and draws attention to this group of natural
compounds that may be of importance in the treatment of cancer disease.

Abstract: Although great progress has been made in the treatment of cancer, the search for new
promising molecules with antitumor activity is still one of the greatest challenges in the fight against
cancer due to the increasing number of new cases each year. Chalcones (1,3-diphenyl-2-propen-1-one),
the precursors of flavonoid synthesis in higher plants, possess a wide spectrum of biological activities
including antimicrobial, anti-inflammatory, antioxidant, and anticancer. A plethora of molecular
mechanisms of action have been documented, including induction of apoptosis, autophagy, or other
types of cell death, cell cycle changes, and modulation of several signaling pathways associated
with cell survival or death. In addition, blockade of several steps of angiogenesis and proteasome
inhibition has also been documented. This review summarizes the basic molecular mechanisms
related to the antiproliferative effects of chalcones, focusing on research articles from the years
January 2015-February 2021.
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1. Introduction

Despite the significant progress in the field of anticancer therapy, the mortality rates
in some types of cancer have not significantly decreased in the past decades [1]. Moreover,
clinical use of anticancer agents is often limited by severe organ toxicity [2,3]. Therefore,
the search for novel therapeutic modalities, such as compounds from natural sources, has
become a topic of great interest.

Plants have been known for their effects on the human body since the beginning of
human history [4]. The Ebers papyrus, written around 1500 BC, is one of the most famous
ancient records of the use of plants to cure diseases [5]. For cancer research, nature is an
important source of active substances as well as a scaffold for the development of their
semisynthetic or synthetic derivatives with antitumor effects [6-8].

Epidemiological observations suggest that high consumption of vegetables and fruits
reduces the incidence of several types of tumors in humans [9,10]. One of the greatest
group of phytochemicals with a broad spectrum of biological activities is polyphenols. A
number of articles focusing on the anticancer effect of polyphenols have been released in
the past decades [11-14]. Among them, chalcones, the precursors of flavonoid biosynthesis
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in higher plants, attract attention for a wide spectrum of biological actions with clinical
potential [15].

Chemically, chalcones are derivatives of aromatic ketones, 1,3-diphenyl-2-propen-1-
ones. Based on the substituents, they are classified as hydroxychalcones, methoxychalcones,
aminochalcones, arylchalcones, alkylchalcones, nitrogenous chalcones, and others [6]. The
simple chemical structure (Figure 1) and a wide range of modifications in their molecules
increase the ability of chalcones to affect various molecular and cell signaling targets in
the organism [8]. Plenty of studies have documented numerous biological actions of
chalcones including anti-inflammatory [16], antirheumatic [17], antidiabetic [18], antimicro-
bial [19-21], immunomodulatory [22], antimalarial [23], antiparasitic [24], and antiprolifer-
ative [25,26] effects. Moreover, the anticancer effect of chalcones in experimental animals
has also been shown [27,28]. Additionally, in contrast to “classical” anticancer agents,
chalcones are well tolerated as documented in animal as well as clinical studies [29-34].

]
O

Figure 1. Basic chalcone structure. Original figure made for this review using the Zoner Callisto
5 software.

The aim of this paper is to summarize the current knowledge about the basic molecular
mechanisms of antiproliferative actions of natural chalcones, using scientific literature from
the years January 2015-February 2021.

2. Induction of Cell Death

The goal of conventional therapy is to suppress cell proliferation and to induce cancer
cell death. Except “classical” types of cell death such as apoptosis and necrosis, there
are multiple mechanisms of cell death known today [35]. In the following, we describe
the mechanisms of action of chalcones in relation to apoptotic and non-apoptotic cell
death induction.

2.1. Induction of Apoptosis

The insensitivity of tumor cells to proapoptotic stimuli is one of the basic cancer hall-
marks [36]. Suppression of apoptosis leads to longer cell survival and thus increases the risk
of mutation accumulation, resulting in increased invasiveness, stimulation of angiogenesis,
deregulation of the cell cycle, and other processes associated with tumorigenesis. Cancer
cells are able to avoid apoptosis by various mechanisms that result in deviation from
normal prosurvival and proapoptotic regulation [37]. A major role in the suppression of
apoptosis is associated with the loss of function of key proteins involved in the regulation of
apoptosis, particularly by increasing the levels of antiapoptotic molecules including Bcl-2,
Mcl-1, HSP90, survivin, and others and the downregulation or mutation of proapoptotic
proteins such as BAX and BAK [38]. Many chalcones have been shown to be capable of
causing cell death through the induction of mitochondria, receptor, and/or endoplasmic
reticulum-mediated apoptosis. The results of current in vitro studies are presented below.

2.1.1. Intrinsic Pathway of Apoptosis

Intrinsic stimuli such as irreparable DNA damage, hypoxia, extremely high cytosolic
Ca?* concentrations, and oxidative stress are initiators of the mitochondrial pathway of
apoptosis [39]. The key “player” here is the p53 protein, which reaches only low cell
concentrations in healthy cells. In stress conditions, p53 is able to detect DNA damage and
stop the cell cycle in the G1/S phase. In the absence of repair, the p53 protein stimulates



Cancers 2021, 13, 2730

3o0f 34

the production of proapoptotic molecules, such as BH3 proteins (BID, BIM, PUMA, Noxa,
BIK, BAD, HRK). These proteins activate (in several steps) other proapoptotic proteins
resulting in increased permeability of the mitochondrial outer membrane [40,41] and
subsequent activation of the intrinsic apoptotic pathway leading to cell death [38,42].
Several chalcones have demonstrated the ability to induce apoptosis by affecting the
mitochondrial apoptotic pathway.

Plants of the Glycyrrhiza species belonging to the Fabaceae family have been used in
traditional medicine for centuries. The Glycyrrhiza root (licorice root) extract contains many
active compounds such as coumarins, saponins, flavonoids, and stilbenoids. Moreover, the
licorice root contains also chalcones [43]. Several licorice chalcones have recently shown to
have antiproliferative properties by inducing several mechanisms of cell death including
apoptosis [44]. Recently, isoliquiritigenin (ISL) has been shown to induce apoptosis in
non-small cell lung cancer cells (NSCLC). ISL treatment led to a significant increase in the
expression of the proapoptotic protein Bax and caspase-3 activation. On the other hand,
the expression of antiapoptotic Bcl-2 -cell protein was decreased. As authors suggested,
the proapoptotic effect of ISL may be linked to the modulation of the PI3K/AKT/mTOR
signaling pathway [45]. Pro-apoptotic effect of ISL has also been documented in human
renal carcinoma Caki cells. Treatment of Caki cells with ISL resulted in caspases-9, -7,
-3 activation, PARP cleavage, and cytochrome c release. In addition, ISL increased the
expression of the proapoptotic protein Bax and decreased the expression of antiapoptotic
proteins Bcl-2 and Bcl-x1 [46].

Another chalcone isolated from licorice root is licochalcone A (LicoA). Although the
mechanism of antiproliferative effect of LicoA, like in other chalcones, is multifactorial, the
proapototic effect of LicoA has been described in several studies. Qiu et al. [47] studied the
antiproliferative effect of LicoA in NSCLC. They found a significant decrease of Bcl-xL and
Bcl-2 levels with simultaneous increase in caspase-3 activity and cleaved PARP. Similar
results were also obtained in breast carcinoma cells where LicoA decreased Bcl-2 levels
and induced PARP degradation [48]. Recently, Hong et al. [49] confirmed the ability of
this chalcone to induce the mitochondrial pathway of apoptosis in human bladder cancer
cells. In this study, the main result showed activation of caspase-9 and caspase-3 with
subsequent cleavage of PARP. LicoA also increased Bac/Bcl-2 ratio, induced mitochondrial
dysfunction followed by cytochrome c release. Moreover, several other studies also showed
the potential of LicoA to induce cell death via mitochondrial pathway of apoptosis [50-52].

Although LicoA is probably the most studied compound among licochalcones, other
licochalcones including licochalcone B, C, D, and E have also shown proapoptotic effect in
several cancer cells. In all of these chalcones, apoptosis had the same features as described
in LicoA, i.e., modulation of Bcl-2 family protein levels, release of proapoptotic proteins
such as cytochrome ¢ and Smac/Diablo, activation of caspases or PARP cleavage [53-56].

Well-known xanthohumol (XNT) is a prenylated chalcone found in an extract of hops
(Humulus lupulus L.), the main source of which is beer brewed. It has a wide range of
biological effects including chemopreventive, anti-inflammatory, antiproliferative, and
antiangiogenic effects. Xanthohumol-induced apoptosis has been associated with caspase-
3 and -9 activation and an increase in Bax/Bcl-2 ratio [57]. Later, Scagliarini et al. [58]
observed that treatment of colorectal cancer cells with XNT led to DNA damage with
subsequent apoptosis induction. Recently, Liu et al. [59] described a new target for the
antiproliferative effect of XNT in colorectal cancer cells—hexokinase 2. Its dysfunction
is in correlation with the dysregulation of glucose metabolism in cancer cells. Moreover,
hexokinase 2 binds to mitochondrial VDAC and is involved in the maintaining of mitochon-
dria potential. XNT downregulated hexokinase 2, suppressed glycolysis, and promoted
cytochrome c release with simultaneous activation of the intrinsic apoptosis pathway.
In addition, the proapoptotic effect of XNT can also be associated with Notch signaling
pathway, which is implicated in physiological as well as in pathophysiological processes
including cell differentiation, proliferation, invasiveness, angiogenesis, metastasis, and
apoptosis. In a study of Sun [60], XNT treatment caused suppression of the Notch signaling



Cancers 2021, 13, 2730

40f 34

pathway as well as a decrease in Bcl-2 and Bcl-XL levels, PARP cleavage, and caspase-3
activation. As authors suggest, the antiproliferative and proapoptotic effect of XNT may be
related to the regulation of Notch signaling. More details about the anticancer effects of
xanthohumol have been recently reviewed by Jiang and co-workers [61].

Isobavachalcone (IBC), another natural chalcone with antiproliferative and antitumor
effects, was first found in Psoralea corylifolia (Fabaceae), a plant used in traditional Chinese
and Indian medicine [62]. In addition to some of the aforementioned mechanisms, IBC
induced apoptosis due to downregulation of Wnt/ 3-catenin signaling, abnormal activation
of which can trigger carcinogenesis [49]. Treatment of colorectal cancer cells with IBC initi-
ated several processes resulting in the mitochondrial apoptosis pathway as documented by
changes in Bcl-2/Bax ratio, translocation of Bax to the mitochondria, activation of caspase-3,
as well as PARP cleavage. Moreover, the expression of the inhibitors of apoptosis, XIAP and
survivin, has been downregulated [63]. Additionally, the propapototic effect of IBC can be
also related to the downregulation of ERKs/RSK2 or Akt signaling pathways [64—66]. On
the other hand, the antiproliferative effect of IBC may also be associated with the induction
of non-apoptotic cell death, methuosis-like cell death [67] (see Chapter 3.2.2).

Cardamonin (CAR), a chalcone isolated from plants of the family Zingiberaceae, Aster-
aceae, Piperaceae, Polygonaceae, and many others, has been studied for many years for its
health benefits including anti-inflammatory, antioxidant, and antineoplastic effects [68].
In a study performed in osteosarcoma cells, CAR caused dose-dependent increase in p38
and JNK phosphorylation associated with the inhibition of cell proliferation, reduced
migration, and apoptosis induction. Western blot analyses showed increased expression of
proapoptotic Bax and BAD proteins and down regulation of antiapoptotic Bcl-2 protein.
Moreover, activation of caspase-3 and PARP cleavage has also been observed [69].

Pinostrobin, isolated from Boesenbergia pandurate, has been documented to have a
strong antiproliferative and apoptosis-inducing effect on cervical cancer cells. In treated
cells, it induced mitochondrial dysfunction and changes in mitochondria structure associ-
ated with the release of mitochondrial proteins including cytochrome ¢, HtrA2/Omi, and
Smac/DIABLO. These activate the caspase pathway and finally apoptosis. In addition,
proapoptotic proteins of Bcl-2 family including Bad, Bax, have also been overexpressed. At
the microscopic level, morphological changes, such as DNA fragmentation, chromatin con-
densation, cell blebbing, and increased cytoplasmic volume have also been observed [70].

Butein, a chalcone broadly biosynthesized in plants, has been described to possess
different biological actions. Recently, an in vitro study has shown that butein induced
apoptosis in human cervical cancer cells. In treated cells, butein disturbed mitochondrial
transmembrane potential followed by cytochrome c release, caspase activation, and PARP
degradation. Furthermore, butein significantly reduced the levels of the antiapoptotic
Bcl-xL protein. On the other hand, the levels of the other members of Bcl-2 protein family
have not been significantly changed. In addition, proteins of the inhibitor of apoptosis
family (XIAP, cIAP-1, and survivin) have been downregulated in butein-treated cancer
cells [71]. These authors described a similar mechanism of butein action also in ovarian
cancer cell lines [72].

Additionally, the ability to induce the intrinsic pathway of apoptosis has also been
described in several natural chacones such as echinatin [73], broussochalcone [74], hydrox-
ysafflor yellow A [75], 3-deoxysappanchalcone [76], sappanchalcone [77], and many others
(see also Table 1).
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Table 1. Molecular targets of selected natural chalcones in cancer cells.

Chalcone Structure Mechanism of Action Reference
OH
sub-G1, G2/M phase arrest
HO OH 1T ROS, p53, p21, p27, cleaved form of caspase-9, -7, -3 and PARP, Bax, Bim, cytochrome ¢
Isoliquiritigenin release, LC3 -I/-II, Beclin 1 [44-46,78-89]

IMdm2, Bcl-2, Bel-xl, STAT3, cyclins D1, D2, MMP-2, MMP-9, phospho-AKT, phospho-mTOR,
phosphor ERK %, stability of HIF-1«, p62/SQSTM1, E-cadherin, VEGF, FGF-2, TGF-f3,
expression of EGFR

Licochalcone A

G0/G1, G2/M phase arrest
1 cleaved form of caspase-10, -8, -3, PARP, activation ATM and Chk2, LC3 -I/-1I, Weel, p21,
expression of DR3, DR5, Fas, Bad, Bax, Bak, PUMA, phospho-PERK, ATF4, p-EIF2«, ROS
Jsurvivin, cyclin B1, CdK1, Cdc2, Cdc25, MDM2, PI3K, Akt, mTOR, PKCeg, Sp1p70S6K

[47,49,50,90-96]

Licochalcone B

Increase sub-G1 phase
T cytochrome c release, p21, p27, levels of caspase-3, -7, -9, cleaved PARP, Bax, p53, CHOP,
DR4, DR5, Apaf-1
J MMP, Cyclin A, CdK2, Cde25 A, Bcl-2, Bid, survivin, Mcl-1, Bcl-x1, Cyclin B1,
phospho-JAK2, phospho-STAT3, Mcl-1

[54,97-100]

Butein

OH

HO.

Inhibition of HDAC
1 phospho-p53, p21, cleaved caspase-9, -8, -3, cleaved PARP, cytochrome c release, Bax, Bad
1 CdK1, CdK2, CdK4, Cyclin A, B, D, E, phospho-MDM-2, Bcl-xl, Bcl-2, XIAP, survivin, cIAP
-1, -2, MMP-9, COX-2, NF-kB, phospho-NF-«xB

[72,101-103]

Xanthohumol

G1/S phase arrest
1 p21, p53, phospho-p53, phospho-yH2AX, phospho-ATR, phospho-ATM, activation of
caspase-3, -9, Bax, cleaved caspase-8, -9,
1 Cyclin A, B, D, E, CdK1, CdK2, CdK4, Bcl-2, Bcl-xl, Notchl, Ki-67, survivin, Hes1, Hey1l

[57,58,60,104]
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Table 1. Cont.

Chalcone Structure Mechanism of Action Reference
HO. OH O Inhibition of migration, G2/M phase arrest
1 cleaved caspase-3, -8, -9, PARP, Bax, Cytochrome ¢, E-cadherin, LC3 -I/-II, Atg5, Beclin 1
Cardamonin | 1 Bcl-2, Mcl-1, Bel-xl, phospho-NF-KB (p-p65), p-IKK o/ 3, phospho-PI3K, phospho-Akt, [68,105-110]
phospho-mTOR, phospho-P70S6K, N-cadherin, ZEB1, Cyclin D1, E, CdK2, CdK4, Ki-67,
phospho-JAK2, STAT3, phospho-STAT3, VEGF, MMP-9, COX-2, XIAP, HIF-1«, survivin
o
H,C
HsC. CH,
oH
G0/Gl1 phase arrest
Panduratin A 1 p21, p27, Bax, cytochrome ¢, cleaved PARP, LC3B -1/11, Atg12, phospho-AMPK [111,112]
”:-C\O 1 CdK4, Cyclin D1, Bcl-2, p62/SQSTM1
OH o)
G1/S phase arrest, Inhibition of topoisomerase I
Pinostrobi 1 ROS, Bad, Bax, cleaved caspase-3, cytochrome ¢, TRAIL R1/DR4, TRAIL R2/DR5, FADD, [70,113]
fnostrobin H:Cu_ Fas, HTRA2/Omi, p21, SMAC/Diablo, TNF R1 T
O O 1 GSH, NO2-, MMP
Inhibition of colony formation
and migration
T cleaved caspase-3, -9, Bax, p21, p27, T-cadherin, E-cadherin,
Garcinol, isogarcinol 1 Bcl-2, Cyclin D1, CdK4, MMP-2, MMP-9, PI3K, phospho-Akt, mRNA levels of OCT4, BMI1, [114-116]

SOX2, NANOG, NOTCH1, ABCG2, c-Myc, 3-catenin, Dvl-2, LRP6, phospho-LRP6, Axin2,

survivin, STAT3, phospho-STAT3, phospho-Jak2, phospho-MAPK, p300, CBP, Snail, Vimentin,

phospho-Src, phospho-MEK, phospho-Smad2/3, phospho-S6
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Table 1. Cont.

Chalcone

Structure

Mechanism of Action

Reference

Rubone

Inhibition of proliferation
T expression of miR23a
J Cyclin D1, Bcl-2

[117,118]

Xanthoangelol

Induction of ER stress and G0/G1 phase arrest, inhibition of EMT
and colony formation
T cleaved caspase-3, -8, -9, -12, PARP, Bak, Bax, cytosolic cytochrome c, Beclin 1, Atg5, LC3B-II,
CHOP, GRP78, ATF6, p-elF2«, IRE1w, phospho-JNK, phospho-c-jun, E-cadherin,
phospho-AMPK«
1 Bcl-2, mitochondrial cytochrome ¢, p62/SQSTM1, N-cadherin, vimentin, phospho-Akt,
phospho-mTOR, phospho-RPS6KB1, activity of BRAF V600E

[88,119,120]

Flavokawains

G2/M phase arrest, induction of autophagic cell death inhibition of tubulin polymerization
and colony formation
1 ROS, activity of GSTP1, cleaved caspase-3, -9, PARP, Bax, LC3 1/1I, ATG7, p62/SQSTM1 p21,
RhoA, H2AX,
1 GSH, activity of GSS, Bcl-2, phospho-mTOR, Skp2, MMP-9

[121-126]

Poinsettifolin B

sub-G0/G1 phase arrest
| MMP
1 ROS, cleaved caspase-3, -7, -8, -9

[127]

Lonchocarpin

Inhibition of proliferation and migration
JBcl-2, nuclear p-catenin, activity of luciferase
1 release of cytochrome ¢, Bax, cleaved caspase-3, -9

[128,129]
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Table 1. Cont.

Chalcone Structure Mechanism of Action Reference
ATM, tubulin polymerization,
. . G2/M phase arrest,
Millepachine 1 expression of Bcl-2, Bel-x1, TOPO II [150-152]
1 Bax, Bad, phospho-ATM, y-H2AX,
o}
ShS®
. . 1 Bcl-2, Bax, Hsp70
HO OH
Isocordoin and its analogues T Bax, caspase-3, -9, ROS, DNA fragmentation [133]
H.C CH,
Derricin Inhibition of proliferation
derrici dir,1 J phospho-MEK, phospho-ERK, phospho-Akt, Cyclin D1, Bcl-2, [119,134]
4-hydrox derllricin activity of luciferase, 3-catenin e
y 4 1 cleaved PARP, cleaved caspase-3
OH o)
G0/GI1 cycle arrest, inhibition of migration and colony formation
. =z 1 Cyclin D1, Cyclin D2, CdK4, CdK6, phospho-Erk1/2, phospho-p38, phospho-JNK, MMP-2, -
Phloretin MMP-3, Cathepsin S, CD44, Sox-2, VEGE [135-137]
1 LC3B1I, Beclin 1, ROS,
HO OH OH
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Table 1. Cont.

Chalcone Structure Mechanism of Action Reference
CH,
I
(¢]
CH,
4/ 6'-dihydroxy-2’ A-dimethoxy-5'-(2"- OH | O Inhibition of EGFR/MAPK pathway
hydroxybenzyl) Ho © } MMP, [138]
dihydrochalcone 1 mitochondrial and cytosolic Ca?, activity of caspase-3, -8, -9, Bim, Bid, Bad, ATR, ATM
OH (o]

Suppression of migration and invasion, inhibition of YAP signaling, G2/M phase arrest
1 Yap, MST1, Akt, phospho-Akt, paxillin, TRAF2, TRAF4, AVEN, PKM2,
Mcl-1, CdK1, Bel-x1,
1 E-cadherin, cytochrome ¢, cleaved caspase-3, p21

Aspalathin [139,140]

G2/M phase arrest, induction of ER stress
1 Cyclin B1, Cdc2, Bcl-2, Mcl-1, Bel-xl, mitochondrial cytochrome c, phospho-EGFR,
phospho-MET, phospho-ERBB3, phospho-Akt, phospho-Erk [73,141]
1 p21, p27, ROS, CHOP, DR4, DR5, GRP78, phospho-]NK, Bax, phospho-p38, cytosolic
o A cytochrome ¢, Apaf-1, cleaved PARP

Echinatin

1 Cyclin D1, c-Myc, Axin2, 3-catenin, Bcl-2, phospho-Erk, phospho-Akt,

1 cleaved PARP, cleaved caspase-3, FOXO3, p21, p27, p53, Bax, [74,142]

Broussochalcone
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Table 1. Cont.

Chalcone

Structure

Mechanism of Action

Reference

Hydroxysafflor
yellow A

S phase cell cycle arrest
1 Cyclin D1, Cyclin E, CdK2, PI3K, phospho-PI3K, Akt, phospho-Akt, phospho-Erk 1/2, Bcl-2,
vimentin, N-cadherin, MMP-2, MMP-9, mTOR,
1 LC3-1I, Beclin 1, Bax, cleaved caspase-3, -9, E-cadherin

[75,143]

3-deoxysappanchalcone

HO

OH

G2/M phase arrest
} Cyclin B1, TOPK, phospho-TOPK, phospho-Erk,
phospho-RSK, c-Jun
1 p53, p21, cleaved PARP, cleaved caspase-3, -7

[76]

Isobavachalcone

Increase of sub-G0/G1 phase, ER stress activation
1 activity of caspase 3/7, -8, -9, levels of ROS, Bax, expression of GRP78, p-elF2«, ATF4,
XBP-1, Chop, phospho-f3-catenin,
} MMP, Akt, phospho-Akt, Erk, phospho-Erk, Bcl-2, MMP-2, MMP-9, activity of TrxR1, XIAP,
survivin, phospho-GSK-33

[63,66,127,144]
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2.1.2. Extrinsic Pathway of Apoptosis

The external apoptotic pathway is initiated by the interaction of death ligands with
specific receptors (death receptors). Upon stimulation of the death receptor with a suitable
ligand (TNF family), oligomerization and conformational changes occur, leading to the
formation of a death-inducing signaling complex (DISC), the function of which is to activate
caspase-8. Caspase-8, and in some cases caspase-10, are specific initiating caspases that
induce mitochondrial stress and thus trigger the intrinsic apoptosis pathway or directly
activate executioner caspases-3, -6, and -7 [38,39].

As it was mentioned, chalcones are phytochemicals with multitargeted activity and
several of them are able to induce more than one type of apoptosis.

In above-mentioned study of Jaudan et al. [70], the authors presented the ability
of pinostrobin to induce the intrinsic pathway of apoptosis. However, in pinostrobin-
treated human cervical cancer cells, they also described characteristic events of the external
pathway of apoptosis such as significantly increased expression of TRAIL R1/D4, TRAIL
R2/D5, Fas, FADD (Fas associated via death domain). Thus, findings from analyses suggest
that pinostrobin-induced apoptosis involves both intrinsic and extrinsic pathways.

Another above-mentioned chalcone, cardamonin, similarly to pinostrobin, can induce
both intrinsic and extrinsic apoptosis. In hepatocellular carcinoma cells, it significantly
increased the levels of proapoptotic proteins such as FADD, FAS, TRAIL, and increased the
activity of caspase-8 and subsequent activation of executioner caspase-3 and -7 [145].

Similarly, licochalcone B (LicoB) has been documented to induce apoptosis via both
extrinsic and intrinsic pathways. Kang et al. [97] studied the antiproliferative effect of
LicoB using human melanoma and squamous carcinoma cells. LicoB treatment increased
the expression of death receptors (DR4 and DR5) as well as increased levels of caspase-
8, indicating an extrinsic pathway of apoptosis. In addition, LicoB increased the levels
of Apaf-1, Bax, and cleaved-PARP together with increased levels of caspase-9, proteins
involved in the intrinsic pathway.

2.1.3. Endoplasmic Reticulum Pathway of Apoptosis

In addition to receptor and mitochondrial-mediated apoptosis, other important targets
associated with programmed cell death have been described in recent years.

The endoplasmic reticulum (ER) is an organelle with many important functions
such as protein synthesis and folding, calcium buffering, biosynthesis of phospholipids,
and carbohydrate metabolism [146]. Disturbances in several homeostatic processes can
lead to ER stress response (ER stress). Due to various stress stimuli such as glucose
depletion, oxidative stress, viral infections, anticancer drugs (e.g., proteasome inhibitors),
etc., unfolded, or misfolded proteins accumulate in the lumen during the folding of proteins
from the linear (2D) conformation to the three-dimensional structure (3D) conformation.
This leads to the activation of a stress pathway called UPR (unfolded protein response)
as an attempt to repair ER stress and restore normal function. As a result of stress in the
ER, transmembrane molecules anchored in the ER membrane are released, e.g., PERK
protein (PKR-like protein kinase), IRE1 (inositol requiring kinase 1) or ATF6 (activating
transcription factor 6) [147]. On the other hand, during prolonged ER stress, UPR executes
the cells to apoptosis. Many studies have shown that both intrinsic and extrinsic pathways
are involved in ER stress-induced apoptosis [35]. In addition, induction of ER stress has
been considered as a potential mechanism for anticancer agents. Furthermore, several
experimental works showed that ER stress can play an important role in the cytotoxicity of
many phytochemicals [148,149].

The ability of chalcones to induce apoptosis via the ER pathway has also been demon-
strated. LicoA was mentioned above as an inducer of the intrinsic pathway of apoptosis [47].
However, these authors in the same article described also the ability of LicoA to induce
ER stress. In LicoA-treated human lung cancer cells, they found increased expression of
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p-EIF2 and ATE, ER stress-related proteins, indicating that ER stress was involved in
LicoA-induced cell death.

Recently, Kwak et al. [141] described the proapoptotic effect of echinatin associated
with reactive oxygen species (ROS) production and induction of ER stress. They found
increased levels of both GRP78 and CHOP, which are markers of ER stress. It is suggested
that ROS production and ER stress can disrupt mitochondrial potential with subsequent
apoptosis induction. However, like other chalcones, echinatin also modulates the activity
of proteins involved in both the extrinsic and intrinsic pathways of apoptosis such as DR4,
DR5, proteins of the Bcl-2 family, APAF-1 or PARP suggesting a multifactorial mechanism
of echinatin-induced apoptosis.

ER stress and ROS generation are probably also involved in apoptosis in the cell
exposed to butein. Butein in lung cancer cells modulated the activity of several proteins of
ER stress pathway including PERK, elFa, ATF4, CHOP, IRE1«, or XBP1 which resulted
in the activation of apoptotic machinery. In addition, suppression of SOD2 activity, glu-
tathione depletion, and stimulation of NADPH oxidase activity can also be involved in
ROS production in butein-treated cells [150].

Increased ROS production and ER stress pathway play an important role also in
flavokawain C-induced apoptosis in colon cancer cells. The induction of apoptosis was
associated with the increased expression of GADD153, which is one of the members of
the apoptosis mediated by ER stress [151]. The specific mechanisms of chalcone-induced
apoptosis are shown in Figure 2.
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Although apoptosis is the most studied method of cell death, the antitumor mechanism
of chalcones also involves the triggering of non-apoptotic cell death pathways.

2.2. Non-Apoptotic Cell Death

Although apoptosis is the most studied type of cell death, other mechanisms have
historically been identified, including autophagic cell death and necrosis [152]. In recent
years, there have also been discussions about less-known types of non-apoptotic cell death,
such as methuosis, ferroptosis, necroptosis, pyroptosis, and others [153-157]. Next, we
deal with the mechanism of demise of the cells caused by chalcones.

2.2.1. Autophagic Cell Death

Macroautophagy referred to as autophagy, is in general a prosurvival process. This
catabolic pathway provides for the degradation and elimination of cytosolic proteins,
macromolecules, and organelles in specific lysosomes. The target structures intended for
degradation are enveloped by a double membrane and form the so-called autophagosomes
(Figure 3). In them, degradation and proteolytic cleavage of macromolecules and organelles
into basic components occur after fusion with lysosomes [158]. Generally, autophagy blocks
the induction of apoptosis by inactivation of caspases, and apoptosis-associated caspases
activation shuts off the autophagic process by cleavage of autophagy proteins. However,
under some circumstances, autophagy also may initiate cell death.
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Figure 3. The main steps of autophagy in cells. Abbreviations:  (pro)LC I/II—
(pro)microtubule-associated proteins 1A/1B light chain 3B, Akt—protein kinase B, AMPK—
AMP-activated protein kinase, Atg 3/4/5/7/12/13/14L/16L/101—autophagy-related proteins,
ATP—adenosine triphosphate, ER—endoplasmic reticulum, FIP200—family-interacting protein
of 200 kD, LAMP1—lysosomal-associated membrane protein 1, mTOR—mammalian target
of rapamycin, p53—p53 protein, p62—sequestosome 1, PDK1—phosphoinositide-dependent
kinase-1, PE—phosphatidylethanolamine, PI3K—phosphoinositide-3-kinase, PI3KC3 complex I—
phosphatidylinositol 3-kinase catalytic subunit type 3 complex I, PIP2—phosphatidylinositol-2-
phosphate, PIP3—phosphatidylinositol-3-phosphate, PTEN—phosphatase and tensin homolog,
ULK1—Unc-51 like autophagy activating kinase, Vps 15/34—vacuolar protein sorting proteins.
Original figure made for this review using the Zoner Callisto 5 software.
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Autophagy is one of the mechanisms that has not yet been fully elucidated, but it
is known to play a dual role in tumorigenesis and progression. Autophagic cell death
can be effectively used as an alternative in the treatment of tumors that are resistant to
apoptosis [159]. One of the best-studied regulators of autophagy is the PI3K/Akt/mTOR
signaling pathway, a key cascade that connects mitogenic stimuli from the external en-
vironment with the intracellular signaling pathways and plays a key role in controlling
cell growth and survival, and the cell cycle. Moreover, it modulates cellular response to
apoptotic and proliferative stimuli, regulates cell motility, invasiveness, vascular formation,
and inhibits autophagy induction when activated aberrantly [160,161]. mTORC1 controls
the process of autophagy by inhibiting the (hyperphosphorylation) complex consisting
of Atgl/ULK]1, FIP200, Atgl3, and Atgl01 and plays a crucial role in the induction of
autophagy [162]. When activated, this complex triggers the activation of PI3KC3 complex
I, thereby producing PI3P and forming a phagophore. After initiation and nucleation of
the phagophore, an autophagosome is formed, the formation of which is mediated by
other Atg proteins (Atg 9, Atgl2, Atg5, Atg7, Atgl0, Atgl6L, Atg8), LC3 I and II and other
macromolecules that ensure a smooth process of autophagosome maturation, fusion with
lysosomes, and hydrolytic cleavage of target proteins into amino acids and fatty acids,
which are recycled. The complexity of this system can be demonstrated in association with
various other signaling pathways such as p53, protein kinase B (Akt), Bcl-2, Ras, UVRAG,
Bif-1, and others [161]. Therefore, progress is needed in the study of autophagy and its
association with other cellular processes.

Several chalcones have been shown to affect various proteins involved in the au-
tophagic process from its initiation to lysosomal degradation of target structures. Fla-
vokawain B (FKB) isolated from Alpinia pricei Hayata showed multiple effects on melanoma
cell lines and human lung adenocarcinoma cells.

Hseu et al. [121] studied the effect of FKB on the induction of autophagic cell death
at concentrations of 2.5—10 pg/mL. They observed increased AVO (acidic vesicular or-
ganelles) formation in FKB-treated cells. Formation of AVO is a characteristic feature of
autophagy. At the molecular level, a dose- and time-dependent decrease in the levels of
phosphorylated mTOR, a main negative regulator of autophagy, has been observed. More-
over, Atg4B, a cysteine protease responsible for LC3 delipidation, has also been decreased
after treatment with FKB. This decrease may be associated with intracellular accumulation
of ROS. In addition, along with an increase in Atg7, there was also an increase in LC3 -1
/-1l (marker protein for autophagosomes) levels. Atg7 is an E1-like activating enzyme, es-
sential for the successful conversion of LC3-I (cytosolic form) to its conjugated form LC3-II
(conjugated LC3 with PE). Furthermore, FKB-induced cell death also “carries” features of
mitochondrial apoptosis such as caspase-3 and -9 activation or PARP cleavage, suggesting
the involvement of both autophagy and apoptosis in cell death induced by this chalcone.

The same mechanism of cell death was documented by these authors in FKB-treated
melanoma cells [122] or in combination with doxorubicin in gastric cancer cells [123].

Recent study revealed that also LicoA induced apoptosis by triggering autophagy
in osteosarcoma cells. Data from Western blot analysis showed that the protein level of
LC3 -I/-1I was significantly increased. In addition, activation of ATM-Chk2 pathway and
subsequent G2/M phase arrest has also been observed in LicoA-treated osteosarcoma
cells. On the other hand, chloroquine, an autophagy inhibitor, significantly reduced the
proapoptotic effect of LicoA [90]. Additionally, the ability of LicoA to induce cell death via
autophagy induction has been proved also in melanoma [91], breast [92], or lung cancer
cells [93].

In addition, chalcones capable of inducing autophagy include hydroxysafflor yellow
A [143], cardamonin [105], panduratin A [163], bavachalcone (isolated from Cullen coryli-
folium) [111], trans-chalcone [164], or «,2'-dihydroxy-4,4’-dimethoxydihydrochalcone,
isolated from Cedrela odorata (Meliaceae) [165].
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2.2.2. Other Cell Death Pathways

Although some types of caspase-independent cell death have been less studied until
recently, it is appropriate to address them in relation to the possible therapies for cancer.
Methuosis, a potentially novel cell death mechanism, independent of caspase activation,
is characterized by excessive cytoplasmatic vacuoles (derived from macropinosomes)
accumulation in cancer cells exposed to anticancer compounds [35]. There are only a few
articles describing methuosis as a cell death mechanism in chalcone-treated cells and most
of them were synthetic compounds [166,167]. In above-mentioned paper [67], authors
described IBC-induced cell death associated with massive cytoplasmatic vacuolization. It
seems that this phenomenon may be useful in cancer cells resistant to apoptosis.

Paraptosis, a type of programmed cell death morphologically distinct from apoptosis
and necrosis, has also been demonstrated as a cell death mechanism in chalcone-treated
cancer cells. Antiproliferative effect of XNT in leukemia cells was associated with exten-
sive cytoplasmic vacuolization without the involvement of apoptosis or autophagy at a
concentration of 15 uM. Morphological changes in cells, changes in the expression of ER
stress markers (Chop, Bip/Grp78), and the phosphorylated form of p38 MAPK indicate the
induction of paraptosis, which is characterized by the presence of extensive vacuolation
originating from the ER and mitochondria [168].

Necroptosis (a programmed form of necrosis), a caspase-independent pathway;, is
characterized by the modulation of many proteins, including RIPK1 and RIPK3 (receptor-
interacting protein kinase 1 and 3) and MLKL (mixed lineage kinase domain-like), which
are essential for necrosome formation and death stimulus propagation [169]. Escobar
et al. [170] reported the antiproliferative effect of ISL on human neuroblastoma cell line
cells. Using a necroptosis inhibitor, necrostatin-1, they found that ISL was likely to induce
necroptotic cell death. ISL has caused an increase in the phospho-RIP1/RIP1 ratio and
depletion of intracellular ATP levels, which are also markers of necroptosis.

These examples confirm the ability of chalcones to induce different types of cell death,
and this opens up a wide range of new possibilities for their use in the therapy of cancer
and other diseases.

3. Cell Cycle and Tubulins as a Target of Chalcones

The antiproliferative activity of chalcones is closely linked to cell cycle blockade and
subsequent induction of apoptosis [171]. Tumor cell transformation, which may be the
keystone for the development of cancer, may cause cells to be unresponsive to regulatory
mechanisms and begin to divide uncontrollably. In healthy cells, the cell cycle is very strictly
regulated. Cell-cycle-regulating proteins include cyclins and cyclin-dependent protein
kinases (CdKs), which are activated by CdK-activating kinases (CAKSs) upon complex
formation. The mechanism of action of chalcones in relation to the cell cycle is pleiotropic
and includes an effect on cyclins and cyclin-dependent kinases (CDKs) [47,141,172,173],
topoisomerases [113,130], tubulins [131], or CKI expression and degradation [172]. These
mechanisms may lead to inhibition of proliferation and induction of apoptosis. Although
chalcones can inhibit the cell cycle in different phases [54,57,135], they have been found to
act mainly as antimitotic agents inhibiting cell cycle in the G2/M phase.

Shen et al. [90] evaluated the effect of LicoA on the expression of cell cycle regulating
proteins in human osteosarcoma cells. The results showed that the levels of Cdc25C, cdc2 (a
protein also known as CdK1), its phosphorylated form, and cyclin Bl decreased. Cdc25is a
phosphatase that activates CdK by cleavage of an inhibitory phosphate residue. In response
to DNA damage, there has been a significant increase in the activated (phosphorylated)
check point kinase Chk2 and ATM kinase, which play a key role in the detection and
amplification of genotoxic stress signals and p53 activation. These changes in the level
of proteins that regulate the cell cycle have led to G2/M phase arrest in osteosarcoma
cell lines. Similar results on lung cancer cells have been documented by Qiu et al. [47].
LicoA inhibited the growth of cancer cells via cell cycle arrest at G2/M, and this effect
has been associated with decreased expression of Cyclin B1, Cdc2, and Cdc25C. Another
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study performed on a glioma cell line showed that LicoA significantly reduced the levels
of cyclins A, B1, D1, E1 and CdK 1, CdK2, CdK4, and CdK6 at mRNA as well as protein
level. They also noted cell cycle arrest in the GO/G1 and G2/M phases [94].

Echinatin and 2’,4’-dihydroxy-6'-methoxy-3',5'-dimethylchalcone, isolated from the
buds of Cleistocalyx operculatus, act with similar mechanisms in esophageal squamous
cell carcinoma cells as well as in multidrug-resistant hepatocellular carcinoma cell line.
Proteins that significantly affect the cell cycle include p21 and p27. Increased p27 expression
suppresses cdc2 and cyclin Bl expression and regulates cell cycle progression through
the G2/M phase (p21 is a promiscuous inhibitor of all cyclin/CdK complexes). Increased
GSK3p levels caused downregulation of cyclin D1 [141,173].

Millepachine (MIL), a natural chalcone from Millettia pachycarpa Benth, has been
found to suppress cancer cell growth [130]. They found G2/M cell cycle arrest in millepachine-
treated hepatocarcinoma cells. Later, to clarify the mechanism underlying the G2/M cell
cycle arrest, these authors described the ability of MIL to disrupt the mitotic spindle assem-
bly and to delay the time of microtubules polymerization. On the other hand, the direct
effect of MIL on microtubule polymerization has not been observed [174]. Surprisingly, the
opposite findings were published by Yang et al. [131], who found that MIL interacts with
B-tubulin and binds to the colchicine site.

In addition, several other natural chalcones have been shown to cause G2 /M arrest via
suppression of cyclin levels or inhibition of CdKs activity including ISL [175], flavokawain
A [171], XNT [57], FKB [176], CAR [177], butein [150], and many others.

Interaction with Tubulins

Microtubules are dynamic cellular structures responsible for various processes in
the eukaryotic cell. They play an important role in motility, mitotic apparatus formation
and cell division, angiogenesis, metastasis, maintenance of cell shape, and transport of
organelles and other cell components [178]. The major component of microtubules is the
heterodimeric globular protein tubulin. Dimers of o« and 3 subunits with a molecular
weight of approximately 55 kDa form a regular tubular system. In terms of the action of
conventional cytostatics, the most common mechanism of action is inhibition of tubulin
polymerization or inhibition of microtubule depolymerization, which lead to cell cycle
arrest in the G2/M phase and subsequent apoptosis.

Recently, Liu et al. [179] studied antiproliferative effect of six chalcones isolated from
the seeds of Cullen corylifolium including 4'-O-methylbroussochalcone B, broussochalcone
B, isobavachalcone, bavachromene, isobavachromene, and dorsmanin A. All of them sup-
pressed the growth of the different leukemic cell lines but only 4'-O-methylbroussochalcone
B exhibited its effect by inhibition of tubulin polymerization with subsequent blocking of
the cell cycle at the G2/M phase. Another chalcone, flavokawain A, similarly inhibited
tubulin polymerization as well as the cell cycle at the G2/M phase, and this effect was
associated with apoptosis induction in prostate cancer cells [124].

4. Inhibition of Topoisomerases

DNA topoisomerases are nuclear enzymes that are essential for the proper progression
of replication, and therefore cells are extremely sensitive to the loss of their function.
Topoisomerases, via a mechanism mediated by ATP, bind DNA, cause the break, release
excessive torsion, rejoin the broken strand, and allow the replication process to continue.
Topoisomerase I (TOPO I) relaxes supercoiled DNA, and topoisomerase II (TOPO II) allows
chromosome separation in mitosis [180]. Human topoisomerase II « reaches higher levels
in the S and G2/M phases, topoisomerase II 3 does not change its concentration during the
cell cycle and is overexpressed in proliferating cancer cells. From a molecular viewpoint,
there are two important targets for drugs interacting with topoisomerase II, the ATPase
domain, and the central DNA-binding core [181]. Topoisomerase II inhibitors also have
an intercalating effect and can cause a wide range of chromosomal aberrations. They
induce the stabilization of Topo II-DNA complexes, which are easily cleaved or disrupt
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the catalytic activity of the enzyme, leading to damage of the double-stranded DNA. DNA
breaks (single-stranded and/or double-stranded) caused by inhibition of topoisomerases
induce DNA repair or apoptosis mediated by p21 and/or p53 proteins [182].

In the group of naturally occurring chalcones, MIL acts as a TOPO 1I inhibitor, in-
hibiting topoisomerase II activity. This effect was associated with DNA double strand
breaks and a concentration-dependent increase in the levels of y-H2AX protein, a phos-
phorylated form of H2AX, which is considered as a marker of DNA damage [130]. On
the other hand, isoliquiritigenin has been found to inhibit TOPO I. ISL-treated glioma
cells underwent apoptosis and growth inhibition, and this effect has been associated with
a strong, reversible inhibitory effect on TOPO activity. Moreover, ISL was as potent as
camptothecin, a clinically used anticancer drug [183]. In addition, a recent study reported
that isoliquiritigenin and echinatin isolated from the roots of Isodon ternifolius (Lamiaceae)
act as dual inhibitors of Topo I and TDP1. TPD1 (tyrosyl-DNA phosphodiesterase 1) is
a DNA-repair enzyme that catalyzes topoisomerase I-induced DNA repair and therefore
may potentiate the therapeutic effect of TOPO I inhibitors. This hypothesis was confirmed
because both chalcones show a synergistic effect with topotecan in breast cancer cells [184].
Ability to inhibit either TOPO I or TOPO II has also been documented for pinostrobin [113]
or quinochalcone [185].

5. Inhibition of p53 Regulators

The p53 protein, the “guardian of the genome”, is a key tumor suppressor regulating
target genes involved in cellular processes such as DNA repair, cell cycle regulation,
initiation of apoptosis and autophagy, regulation of cellular metabolism, senescence, and
others. Loss of its function, whether by mutation at the gene level, or by inactivation by
means of stabilization and degradation, usually leads to the initiation and progression of
carcinogenesis [186]. Low levels of p53 in cells are maintained by various mechanisms
including post-translational modifications, phosphorylation, ubiquitination, and others.
Increase of the expression of p53 negative regulators (especially ubiquitin ligases and
associated enzymes) leads to its proteasome degradation [187]. Due to the important role
of p53 in regulation of the growth and survival of cells, it is a suitable target for the study
of natural substances with antiproliferative and antitumor effects.

5.1. Inhibition of MDM2 and Other Proteins

In addition to mutations in the p53 gene, which have been found in approximately 50%
of human cancers, overexpression of MDM2 and MDMX is another mechanism leading
to the suppression of p53 function. Mouse double minute 2 (MDM?2) is the main negative
physiological regulator of p53 expression, which, by stimulating ubiquitin-proteasome
degradation of p53, keeps its expression at a low level. In cells exposed to genotoxic
stress, MDM2 catalyzes the mono-ubiquitinization of p53, resulting in its export from
the nucleus to the cytosol. Another protein essential for the inhibition of p53 function
is MDMX, a homologue of MDM2 that is also overexpressed in many tumor types, thus
disruption of the three-protein complex—MDMX/MDM2 /p53—offers another option for
the pharmacological treatment of wild-type p53 tumors [187]. Natural chalcone butein
has been shown to have antiproliferative effects by reducing the levels of phospho-MDM2
and the other key proteins involved in cell proliferation. Woo et al. [101] documented
p53-dependent apoptosis in butein-treated chronic myeloid leukemia cells. This effect was
associated with the degradation of MDM2. Later, it was demonstrated that butein blocked
the interaction between MDM2 and p53, resulting in the suppression of MDM2-mediated
p53 ubiquitination [188]. Similar effect on p53 pathway i.e., increased expression of p53 and
decreased expression of MDM2 has also been found in other natural chalcones including
ISL [46], LicoA [47], XNT [104], broussochalcone [74], and cardamonin [189].
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5.2. Inhibition of p53 Deacetylases

The p53 study showed that in addition to inhibiting its degradation, post-transcriptional
and post-translational modifications, which include acetylation and deacetylation, also
significantly affect its function (Figure 4). Acetylation directly affects the activity of this key
protein, so the loss of acetylated sites inhibits its ability to regulate the cell cycle and induces
cell death [190]. HDACS affect cell transcription not only by deacetylation of histones,
but they also regulate deacetylation of non-histone proteins such as p53, STAT3, Hsp90,
Akt, NF-kB, and others [191]. Natural deacetylating enzyme inhibitors such as HDAC1
or SIRT1 increase the levels of acetylated p53 and thus promote its tumor-suppressive
antitumor activity [190]. Analogs of the bichalcones rhuschalcone IV and rhuschalcone I
obtained from the plant Rhus pyroides (Anacardiaceae) in both silico and in vitro screening
showed activity against SIRT1 and 2 [192]. Naturally occurring rubone also potentiated the
antitumor activity of paclitaxel (PTX) in PTX-resistant prostate tumor cells DU145-TXR and
PC3-TXR. The combination of rubone (5 and 10 pM) and PTX significantly increased the
expression of miR-34a, a tumor suppressor that is downregulated in resistant tumor cells.
Increased miR-34a expression led to increased p53 levels and decreased SIRT1 levels [117].
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6. Antiangiogenic Effects of Chalcones

The blood supply of the tumor is one of the critical factors determining its growth,
progression, and metastasis. The formation of new blood vessels depends on many pro-
and anti-angiogenic factors and their related receptors. The main pro- angiogenic factors
include VEGF (vascular endothelial growth factor), the expression of which is regulated by
hypoxia. It stimulates endothelial cell proliferation and migration, vascular permeability,
and expression of matrix metalloproteinases (MMPs). Other important factors are FGF-2
(fibroblast growth factor 2), PDGF (platelet derived growth factor), TGF-f3 (transforming
growth factor-beta), angiopoietins, ephrins, apelin (APLN), and chemokines [193].

The effect of chalcones on tumor angiogenesis was recently described in a detailed
review [194], so there are just a few of the latest findings from recent years below.

Wang and co-workers [78] demonstrated inhibition of angiogenesis in zebrafish em-
bryo angiogenesis as well as in rabbit corneal neovascularization models with ISL. In glioma
cells, they found decreased production of proangiogenic factors including VEGEF, FGF-2,
and TGF-{3 with Akt downregulation. These effects were partly reversed by prostaglandin
E2. As authors suggest, chalcone ISL inhibits angiogenesis, at least partly through the
inhibition of COX-2 signaling.

Xanthohumol, another chalcone studied as a potential antiangiogenic compound, has
been shown to inhibit the secretion of VEGF and IL-8 in pancreatic cancer cells due to
suppression of NF-«B activity. In addition, co-cultivation of pancreatic cancer cells with
human umbilical vein endothelial cells (HUVECs) enhanced tube formation in HUVECs.
Xanthohumol, even in nanomolar concentrations, significantly inhibited the formation of
capillary-like tubes by HUVECs [195]. Moreover, XNT, except its proapoptotic effect, has
been found to reduce the production of VEGF in multiple myeloma cells, indicating that
XNT may also suppress cancer-cell-stimulated angiogenesis [104]. Suppression of VEGF
release has also been documented in butein-treated melanoma cells and this effect can be a
result of the inhibition of PI3K/Akt/mTOR signaling pathway [196].

Anticancer effect of flavokawain B can also be attributed to its antiangiogenic effect.
FKB in nontoxic concentrations inhibited endothelial cell proliferation, migration, and tube
formation. Antiangiogenic effect of this chalcone was also confirmed in in vivo conditions
in a zebrafish model [197].

Hypoxia is a key stimulus that induces angiogenesis via the activation of hypoxia-
inducible transcription factor (HIF-1) with subsequent activation of other proangiogenic
factors [198]. Recently, cardamonin has been reported to block the expression of HIF-
1l at mRNA and protein levels in a triple negative breast cancer cell line. This effect
was associated with the repression of the mTOR/p70S6K pathway and increased ROS
production [106].

One of the important regulators of angiogenesis is matrix metalloprotinases (MMPs),
of which MMP-2, -9, and -14 are mostly involved in tumor angiogenesis [199]. Isoliquiriti-
genin has been reported to inhibit stimulators of angiogenesis including VEGE, FGF-2, and
TGEF-$ [78]. However, it seems that the antiangiogenic activity of ISL is more complex and
may also include the ability to inhibit MMPs. Zhang et al. [200] found that ISL downregu-
lated the expression of several MMPs including MMP-9 at mRNA as well as protein level.
Additionally, suppression of MMP-9 expression has also been reported in butein-treated
oral squamous cell carcinoma [102].

Isoliquiritin apioside (ISLA), another natural chalcone found in the licorice root, was
found to inhibit some steps in angiogenesis. Under hypoxic conditions, this chalcone
significantly decreased the level of nuclear HIF-1« in a dose-dependent manner. Further-
more, ISLA reduced the levels of MMP-9 and placental growth factor (PIGF) under both
normoxic and hypoxic conditions. The levels of VEGF were only slightly decreased in
ISLA-treated human fibrosarcoma cells. In addition, ISLA effectively blocked the migration
of HUVECs as well as capillary tube formation of HUVECs. This antiangiogenic effect has
also been confirmed in CAM assay where ISLA significantly suppressed VEGF-induced
angiogenesis [201].
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7. Modulation of Selected Signaling Pathways

Regulation of some signaling pathways may be of great importance in the treatment
of cancer, as it has been found that the signaling of these cascades is often genetically
altered in many tumors. Their activity results in a cellular response such as changes in
the transcription and translation of target proteins, cell proliferation, differentiation and
growth, migration, invasiveness, and metastasis. Key cascades include the RTK/RAS
pathway, which is deregulated in up to 46% of tumors. Other examples are PI3K, Nrf2,
Wnt, Notch, NF-«B, Jak/STAT, Hippo-YAP, and the others [202,203].

PI3K/Akt/mTOR pathway, crucial for the proliferation, growth, and survival of
tumor cells, is often overactivated in various cancers and it appears to be a potential target
for anticancer therapy. Until today, although several PI3K/Akt/mTOR inhibitors have
been studied in clinical trials in cancer patients, only a few of them (e.g., temsirolimus,
everolimus, copanlisib) have been approved for clinical use in the treatment of different
cancers [204]. In addition, several natural agents, including chalcones, have been tested as
potential inhibitors of PI3K/Akt/mTOR pathway in tumors.

Many chalcones have been shown to be effective modulators of this pathway, so here
we only give examples of natural chalcones not mentioned above. Natural 4-hydroxyderricin
and xanthoangelol, in addition to inducing apoptosis in human melanoma cells, suppressed
their growth by targeting BRAF and PI3K pathways. Moreover, treatment of melanoma
cells with both chalcones led to a significant inhibition of phosphorylated Akt, downstream
of PI3K in a dose-dependent manner [119].

Calomelanone, a dihydrochalcone isolated from Cyathostemma argenteum, has been
found to be toxic toward different cancer cells. It was found to induce an intrinsic pathway
of apoptosis in cancer cells. Calomelanone also induced the activation of caspase-3, -8,
and -9 and modulated the expression of proteins of Bcl-2 family. Moreover, the process of
autophagy has also been initiated in calomelanone-treated cells. These effects were associ-
ated with decreased expression of Akt [205]. Recently, Song and co-workers [206] studied
antiproliferative effect of ISL in hepatocellular carcinoma. Similarly, to calomelanone, ISL
induced death of cancer cells via initiation of both apoptosis and autophagy. It is sug-
gested that cell death machinery has been associated with modulation of PI3K/Akt/mTOR
pathway as ISL suppressed the phosphorylation of Akt, PI3K, and mTOR in cancer cells.
Ability of ISL to induce apoptosis via reduction of Akt and mTOR phosphorylation has
also been shown in lymphoma cells [207]. In addition, also LicoA induced inhibition of
cancer cell growth as well as inhibited cancer cell migration and invasion. These effects
were associated with significant inhibition of Akt phosphorylation and PI3K expression in
oral squamous cell carcinoma [208].

Wnt/[-Catenin pathway plays a key role in maintaining cellular homeostasis. It
regulates a broad spectrum of biological processes including cell differentiation and pro-
liferation, embryo development, or apoptosis. Furthermore, abnormal activation of the
Wnt/ 3-Catenin pathway has been shown in different cancers including colorectal, lung,
liver, or breast cancer [209]. Additionally, experiments have also demonstrated that sup-
pression of the Wnt pathway inhibits the proliferation of cancer cells. Therefore, many
drugs as potential blockers of Wnt/3-Catenin pathway have entered either preclinical or
clinical studies [210]. However, none of them has been approved for clinical use yet.

On the other hand, several plant constituents have been shown as Wnt/ 3-catenin
inhibitors. Derricin and derricidin, two little-known chalcones isolated from Lonchocarpus
sericeus, have been investigated as potential anticancer compounds. Both chalcones in
colorectal cancer cells significantly reduced the nuclear localization of 3-catenin. Moreover,
they also inhibited Wnt-reporter activation and these results showed that both chalcones
were capable of inhibiting the Wnt/3-catenin pathway in the colon cancer cell line. In
addition, this effect was associated with reduced cell proliferation and accumulation of
cells in the G2/M phase of the cell cycle [134]. Similar effect has also been observed
in lonchocarpin, another chalcone isolated from Lonchocarpus sericeus. This chalcone
suppressed the migration and proliferation of colorectal cancer cells. Detailed study
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showed that the antiproliferative effect has been closely associated with the ability of
lonchocarpin to inhibit Wnt/ 3-catenin pathway in lonchorapin-treated cancer cells. It was
found that lonchocarpin decreased nuclear level of 3-catenin and prevented its interaction
with other proteins or DNA. In addition, inhibition of Wnt/ 3-catenin signaling has also
been confirmed in in vivo experiments using Xenopus laevis embryo model [128].

Cardamonin has been above mentioned as an inducer of either apoptotic or non-
apoptotic cancer cell death. In addition, CAR has also been shown as an inhibitor of
Wnt/ 3-catenin pathway in breast cancer cells. Shrivastava et al. [211] documented reduced
nuclear translocation of 3-catenin as well as inhibition of Wnt-induced signaling in CAR-
treated cancer cells. Suppression of Wnt/ 3-catenin pathway was associated with depressed
invasion and migration of cancer cells and inhibition of EMT.

Brousschalcone has also been shown to modulate Wnt/ 3-catenin pathway function.
Shin et al. [142] found that this chalcone promoted the phosphorylation of 3-catenin and
reduced its levels by increasing its ubiquitination and degradation in the proteasome.
Another feature of this chalcone action was the downregulation of the expression of
3-catenin-dependent genes such as cyclin D1, c-Myc, axin2 and the activation of apoptosis-
mediated proteins such as caspase 3/7 in liver and colon cancer cells.

Notch signaling is necessary for cell-to-cell communication and is involved in a broad
spectrum of biological processes including differentiation, proliferation, and survival [212].
On the other hand, abnormal activation of Notch signaling can be associated with malignant
transformation via stimulation of proliferation, restriction of differentiation, or avoiding
apoptosis in tumor cells. Currently, there are several inhibitors of Notch signaling either in
preclinical or clinical investigations [213].

Moreover, some chalcones have also been presented as Notch signaling inhibitors. Xantho-
humol was described as a powerful antiproliferative compound. Kunnimalaiyaan et al. [214]
studied the molecular mechanism of its action in hepatocellular carcinoma. Among other things,
XNT inhibited Notch signaling via inhibition of the expression of Notchl with subsequent
depletion of HES-1, cyclin D1, and survivin proteins, its downstream targets. As authors
suggested, this mechanism has been responsible for the suppression of cancer cells growth and
initiation of apoptosis.

Later, Walden et al. [215] documented Notch inhibitory effect of XNT also in cholan-
giocarcinoma. The suppression of cholangiocarcinoma growth has been associated with
the reduced expression of Notchl and Akt in a concentration-dependent manner. Notch
signaling is inhibited by XNT also in pancreatic cancer [216] or in doxorubicin-resistant
breast cancer cells [217].

Isoliquiritigenin is another natural chalcone able to inhibit cancer proliferation via
modulation of Notch signaling. Lin et al. [79] observed that ISL inhibited the prolifer-
ation of human glioma stem cells and this effect can at least partially be mediated by
the downregulation of Notchl and its downstream target HES] at the protein as well as
mRNA levels.

Notch-blocking activity has also been shown in butein. Exposure of leukemic cells
to butein led to a concentration-dependent suppression of Notch signaling activity as
documented by decreased levels of the intracellular domain of Notchl and Notch3 recep-
tors [218].

The JAK/STAT pathway is involved in the regulation of several biological processes
as a key signaling mechanism for a multitude of cytokines and growth factors. On the
other hand, dysregulation of this signaling pathway plays an important role in cancer
progression [219]. To date, several JAK/STAT inhibitors are investigated in clinical studies
in cancer patients [220]. In addition, numerous phytochemicals, including chalcones, have
been shown to inhibit JAK/STAT signaling in cancer cells.

In 2016, Dokduang et al. [221] studied the effect of xantohumol on the growth and
proliferation of human cholangiocarcinoma cells. They found that XNT in dose-dependent
manner inhibited IL-6-induced STAT3 activation followed by the growth inhibition of
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cancer cells and apoptosis induction. Similar effect of XNT has also been documented by
Jiang et al. in human pancreatic cancer cells [222].

Recent work of Song et al. [98] revealed the ability of licochalcone B to inhibit
JAK/STAT signaling. In esophageal squamous cell carcinoma cells, LicoB decreased
cell growth and induced apoptosis. These effects were associated with blocking JAK2
activity, inhibition of STAT3 phosphorylation, and decreased expression of STAT target
protein Mcl-1.

Additionally, other lichochalcones including licochalcone H, C, and D have also been
described as inhibitors of JAK/STAT signaling in oral squamous cell carcinoma [223-225].

Isoliquiritigenin has been mentioned several times as a chalcone with strong antiprolif-
erative effect in different cancer cells and with different mechanisms of action. In addition
to the above mentioned, ISL is also a regulator of the JAK2/STAT3 pathway. In renal
carcinoma cells, ISL induced apoptosis. Except “classical” mechanisms such as caspase
activation, PARP cleavage, or modulation of phosphorylation of Bcl-2 family proteins, ISL
also inhibited the phosphorylation of STAT3 with subsequent reduction of cyclin D1 and
D2. Moreover, ISL also inhibited phosphorylation of JAK2, a STAT3 upstream kinase [46].
The ability of ISL to decrease the phosphorylation of STAT3 has also been confirmed later
by Wang et al. [226] in human hepatocellular carcinoma cells.

It is suggested that cardamonin-induced apoptosis can also be associated with the
inhibition of STAT3 activation. Wu et al. [14] found that in glioblastoma stem cells, CAR
inhibited the phosphorylation of STAT3, blocked its nuclear translocation, and attenuated
the expression of VEGE, survivin, Bcl-XL, Bcl-2, a downstream genes of STAT3. Similar
effect of CAR on STAT3 signaling, i.e., suppressed phosphorylation of STAT3 and blockade
of nuclear translocation, has also been described in prostate cancer cells [107].

NF-«B pathway plays an important role in the regulation of the expression of different
proteins involved in the immune and inflammatory responses. Moreover, numerous genes
involved in apoptosis and cell survival are also under the control of NF-kB pathway. It
has been found that constitutive activation of this pathway promotes cell proliferation and
survival, tumor invasion, or protection against apoptosis in cancer cells [227].

Butein, first isolated from the plant Oxicodendron vernicifluum, has been shown in a
human oral squamous cancer cell line as an inhibitor of the phosphorylated form of NF-«B
(p-p65). Moreover, butein also downregulated several NF-kB-regulated proteins such as
the antiapoptotic factor survivin, COX-2, and adhesion molecule MMP-9 [102].

Another natural chalcone, isoliquiritigenin, has been mentioned several times as a
potent apoptosis inductor or angiogenesis inhibitor. One of the possible mechanisms of
its action can be the modulation of NF-«B pathway. Recently, Wang et al. [226] studied
the antiproliferative effect of ISL in human hepatocellular carcinoma cells. Among other
processes, ISL regulated NF-kB signaling via potentiation of the inhibitory effect of IkB
(a natural inhibitor of NF-kB) as well as via downregulation of NF-kB expression. These
effects were associated with mitochondrial apoptosis, cell cycle arrest, and ROS production.

In addition, several other signaling pathways were identified as a target of natural
chalcones, including ERK1/2 signaling [64,228,229], MAPK pathway [230,231], or FOXO3a
pathway [232] (Figure 5).
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8. Modulation of Other Molecular Targets

Special attention should be paid to multidrug resistance (MDR), which is characterized
by the rapid expulsion of cytostatics from the cell by means of transport proteins from the
ABC family (ATP-binding cassette) and thus reduces or abolishes the effect of substances
used as chemotherapeutics. The ability to inhibit the expression and/or activity of these
has been studied with several chalcones. Of the natural ones, Lico A suppressed the
MDR-1 expression at the mRNA and protein levels in the triple negative breast cancer
cell line [233]. Recently, Wu et al. [234] discovered that LicoA reversed MDR mediated
by ABCG2, a member of the ABC transporter family. Licochalcone A suppressed ABCG2-
mediated resistance and restored the chemosensitivity of cancer cells to mitoxantrone and
topotecan, a well-known ABCG2 substrates. Subsequently, LicoA significantly potentiated
topotecan-induced apoptosis in cancer cells. Furthermore, it has been shown that also
flavokawain A downregulated p-glycoprotein (MDR1/ABCB1) expression via inhibition
of the PI3K/Akt signaling pathway in paclitaxel (PTX)-resistant lung cancer cells in a
dose- and time-dependent manner [235]. The ABC protein family also includes MRP1
(ABCC1) and MRP2 (ABCC2) proteins, the level of which was statistically significantly
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downregulated by millepachine in cisplatin-resistant human ovarian cancer cells, known
for the upregulation of these proteins [132].

Ability to modulate the activity of proteins involved in MDR has also been shown in
xanthohumol [236], isobavachalcone [237], or isoliquiritigenin [238].

9. Conclusions

Chalcones have been intensively investigated as potential anticancer compounds in
the past decades. The reason of this review was to collect the knowledge on molecular
mechanisms of antiproliferative action of chalcones and draw attention to this group of
phytochemicals that may be of importance in the treatment of cancer disease.

In the present paper, we have presented pleiotropic pharmacological effects of natural
chalcones. As antiproliferative agents, they interfere with the processes such as inhibition
of cancer cells growth or cell death induction. Additionally, their antiproliferative effect
may also be mediated by cell cycle arrest, stabilization of p53 or modulation of various
signaling pathways associated with cell survival or death. Some studies also reported
antiangiogenic effect of chalcones suggesting their impact on tumor environment.

Cancer is a complex disease and it is generally accepted that simultaneous modulation
of different targets might be associated with better therapeutic response. In this context
chalcones could emerge as a perspective compounds for the development of an anticancer
drug with multitarget action. However, despite the results achieved in this area of research,
further experimental and clinical investigations are required.
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Abbreviations

AIP Apoptosis-inducing protein

APAF Apoptotic protease activating factor 1

Atg Autophagy-related protein

ATM Protein kinase ataxia-telangiectasia mutated
Bif-1 Bax-interacting factor 1

BiP Binding immunoglobulin protein

cIAP Cellular inhibitor of apoptosis protein

COX2 Cyclooxygenase 2

GRP78  Glucose regulatory protein 78
GSK3B  Glycogen synthase kinase 3 beta
H2AX H2A histone family member X
HDAC1 Histone Deacetylase 1

Chk2 Checkpoint kinase 2

CHOP C/EBP homologous protein
IRElx Inositol-requiring enzyme 1 alpha
mTOR  Mammalian target of rapamycin
P70S6K  Ribosomal protein S6 kinase beta-1
PARP Poly (ADP-ribose) polymerase
p-EIF2«  Phopsho Eukaryotic Initiation Factor 2—alpha
PI3K Phosphoinositide 3-kinase
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SIRT1 Sirtuin 1

SOD2 Superoxide dismutase 2

TNF Tumor necrosis factor

UVRAG UV radiation resistance-associated gene protein
VDAC Voltage-dependent anion channel

XBP X box binding protein 1

XIAP X-linked inhibitor of apoptosis protein

References

1.  Henley, S.J.; Ward, E.M.; Scott, S.; Ma, J.; Anderson, R.N.; Firth, A.U.; Thomas, C.C.; Islami, F.; Weir, HK.; Lewis, D.R.; et al.
Annual report to the nation on the status of cancer, part I: National cancer statistics. Cancer 2020, 126, 2225-2249. [CrossRef]

2. Tocchetti, C.G.; Cadeddu, C.; di Lisi, D.; Femmino, S.; Madonna, R.; Mele, D.; Monte, I.; Novo, G.; Penna, C.; Pepe, A.; et al.
From Molecular Mechanisms to Clinical Management of Antineoplastic Drug-Induced Cardiovascular Toxicity: A Translational
Overview. Antioxid. Redox Signal 2019, 30, 2110-2153. [CrossRef] [PubMed]

3. Cuomo, A.; Rodolico, A.; Galdieri, A.; Russo, M.; Campi, G.; Franco, R.; Bruno, D.; Aran, L.; Carannante, A.; Attanasio, U.; et al.
Heart Failure and Cancer: Mechanisms of Old and New Cardiotoxic Drugs in Cancer Patients. Card. Fail. Rev. 2019, 5, 112-118.
[CrossRef]

4. Santic, Z.; Pravdic, N.; Bevanda, M.; Galic, K. The historical use of medicinal plants in traditional and scientific medicine. Psychiatr.
Danub. 2017, 29 (Suppl. 4), 787-792. [PubMed]

5. Hallmann-Mikolajczak, A. Ebers Papyrus. The book of medical knowledge of the 16th century B.C. Egyptians. Arch. Hist.
Filosophy Med. 2004, 67, 5-14.

6.  Zhuang, C.; Zhang, W.; Sheng, C.; Zhang, W.; Xing, C.; Miao, Z. Chalcone: A Privileged Structure in Medicinal Chemistry. Chem.
Rev. 2017, 117, 7762-7810. [CrossRef] [PubMed]

7.  Zhang, EH.; Wang, RF; Guo, S.Z; Liu, B. An update on antitumor activity of naturally occurring chalcones. Evid. Based
Complement. Altern. Med. 2013, 2013, 815621. [CrossRef] [PubMed]

8. Orlikova, B.; Tasdemir, D.; Golais, F.; Dicato, M.; Diederich, M. Dietary chalcones with chemopreventive and chemotherapeutic
potential. Genes Nutr. 2011, 6, 125-147.

9.  Rodriguez-Garcia, C.; Sanchez-Quesada, C.; Gaforio, J.J. Dietary Flavonoids as Cancer Chemopreventive Agents: An Updated
Review of Human Studies. Antioxidants 2019, 8, 137. [CrossRef]

10. Zheng, J.; Guinter, M.A.; Merchant, A.T.; Wirth, M.D.; Zhang, J.; Stolzenberg-Solomon, R.Z.; Steck, S.E. Dietary patterns and risk
of pancreatic cancer: A systematic review. Nutr. Rev. 2017, 75, 883-908. [CrossRef]

11. Imani, A.; Maleki, N.; Bohlouli, S.; Kouhsoltani, M.; Sharifi, S.; Dizaj, S.M. Molecular mechanisms of anticancer effect of rutin.
Phytother. Res. 2021, 35, 2500-2513. [CrossRef]

12.  Termini, D.; den Hartogh, D.J.; Jaglanian, A.; Tsiani, E. Curcumin against Prostate Cancer: Current Evidence. Biomolecules 2020,
10, 1536. [CrossRef]

13. Sak, K. Current epidemiological knowledge about the role of flavonoids in prostate carcinogenesis. Exp. Oncol. 2017, 39, 98-105.
[CrossRef]

14. Wu, N,; Liu, J.; Zhao, X,; Yan, Z,; Jiang, B.; Wang, L.; Cao, S.; Shi, D.; Lin, X. Cardamonin induces apoptosis by suppressing STAT3
signaling pathway in glioblastoma stem cells. Tumour Biol. 2015, 36, 9667-9676. [CrossRef] [PubMed]

15. Rozmer, Z.; Perjési, P. Naturally occurring chalcones and their biological activities. Phytochem. Rev. 2016, 15, 87-120. [CrossRef]

16. Xiao, S.; Zhang, W.; Chen, H.; Fang, B.; Qiu, Y.; Chen, X,; Chen, L.; Shu, S.; Zhang, Y.; Zhao, Y.; et al. Design, synthesis, and
structure-activity relationships of 2-benzylidene-1-indanone derivatives as anti-inflammatory agents for treatment of acute lung
injury. Drug Des. Dev. Ther. 2018, 12, 887-899. [CrossRef] [PubMed]

17.  Warriar, P; Barve, K.; Prabhakar, B. Anti-Arthritic Effect of Garcinol Enriched Fraction Against Adjuvant Induced Arthritis. Recent
Pat. Inflamm. Allergy Drug Discov. 2019, 13, 49-56. [CrossRef]

18. Salehi, B.; Ata, A.; Anil Kumar, N.V,; Sharopov, F.; Ramirez-Alarcén, K.; Ruiz-Ortega, A.; Abdulmajid Ayatollahi, S.; Valere Tsouh
Fokou, P.; Kobarfard, F.; Amiruddin Zakaria, Z.; et al. Antidiabetic Potential of Medicinal Plants and Their Active Components.
Biomolecules 2019, 9, 551. [CrossRef]

19. Yadav, P; Lal, K.; Kumar, L.; Kumar, A.; Kumar, A; Paul, A K.; Kumar, R. Synthesis, crystal structure and antimicrobial potential
of some fluorinated chalcone-1,2,3-triazole conjugates. Eur. J. Med. Chem. 2018, 155, 263-274. [CrossRef] [PubMed]

20. Inamullah, F,; Fatima, I.; Khan, S.; Kazmi, M.H.; Malik, A.; Tareen, R.B.; Abbas, T. New antimicrobial flavonoids and chalcone
from Colutea armata. Arch. Pharm. Res. 2017, 40, 915-920. [CrossRef] [PubMed]

21. Kozlowska, ]J.; Potaniec, B.; Baczynska, D.; Zarowska, B.; Aniol, M. Synthesis and Biological Evaluation of Novel Aminochalcones
as Potential Anticancer and Antimicrobial Agents. Molecules 2019, 24, 4129. [CrossRef] [PubMed]

22.  Abu, N.; Mohameda, N.E.; Tangarajoo, N.; Yeap, S.K.; Akhtar, M.N.; Abdullah, M.P,; Omar, A.R.; Alitheen, N.B. In vitro Toxicity
and in vivo Immunomodulatory Effects of Flavokawain A and Flavokawain B in Balb/C Mice. Nat. Prod. Commun. 2015,
10, 1199-1202. [CrossRef]

23. Cheng, P; Yang, L.; Huang, X.; Wang, X.; Gong, M. Chalcone hybrids and their antimalarial activity. Arch. Pharm. 2020,

353, €1900350. [CrossRef]


http://doi.org/10.1002/cncr.32802
http://doi.org/10.1089/ars.2016.6930
http://www.ncbi.nlm.nih.gov/pubmed/28398124
http://doi.org/10.15420/cfr.2018.32.2
http://www.ncbi.nlm.nih.gov/pubmed/29278625
http://doi.org/10.1021/acs.chemrev.7b00020
http://www.ncbi.nlm.nih.gov/pubmed/28488435
http://doi.org/10.1155/2013/815621
http://www.ncbi.nlm.nih.gov/pubmed/23690855
http://doi.org/10.3390/antiox8050137
http://doi.org/10.1093/nutrit/nux038
http://doi.org/10.1002/ptr.6977
http://doi.org/10.3390/biom10111536
http://doi.org/10.31768/2312-8852.2017.39(2):98-105
http://doi.org/10.1007/s13277-015-3673-y
http://www.ncbi.nlm.nih.gov/pubmed/26150336
http://doi.org/10.1007/s11101-014-9387-8
http://doi.org/10.2147/DDDT.S160314
http://www.ncbi.nlm.nih.gov/pubmed/29719375
http://doi.org/10.2174/1872213X12666181120091528
http://doi.org/10.3390/biom9100551
http://doi.org/10.1016/j.ejmech.2018.05.055
http://www.ncbi.nlm.nih.gov/pubmed/29890388
http://doi.org/10.1007/s12272-017-0901-6
http://www.ncbi.nlm.nih.gov/pubmed/28508182
http://doi.org/10.3390/molecules24224129
http://www.ncbi.nlm.nih.gov/pubmed/31731596
http://doi.org/10.1177/1934578X1501000716
http://doi.org/10.1002/ardp.201900350

Cancers 2021, 13, 2730 26 of 34

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

de Mello, M.V.P,; Abrahim-Vieira, B.A.; Domingos, T.ES.; de Jesus, ].B.; de Sousa, A.C.C.; Rodrigues, C.R.; Souza, AM.T. A
comprehensive review of chalcone derivatives as antileishmanial agents. Eur. . Med. Chem. 2018, 150, 920-929. [CrossRef]
[PubMed]

Takac, P.; Kello, M.; Pilatova, M.B.; Kudlickova, Z.; Vilkova, M.; Slepcikova, P.; Petik, P.; Mojzis, ]. New chalcone derivative
exhibits antiproliferative potential by inducing G2/M cell cycle arrest, mitochondrial-mediated apoptosis and modulation of
MAPK signalling pathway. Chem. Biol. Interact. 2018, 292, 37—49. [CrossRef] [PubMed]

Takac, P; Kello, M.; Vilkova, M.; Vaskova, J.; Michalkova, R.; Mojzisova, G.; Mojzis, J. Antiproliferative Effect of Acridine Chalcone
Is Mediated by Induction of Oxidative Stress. Biomolecules 2020, 10, 345. [CrossRef] [PubMed]

Chen, C.; Shenoy, A K,; Padia, R.; Fang, D.; Jing, Q.; Yang, P,; Su, S.B.; Huang, S. Suppression of lung cancer progression by
isoliquiritigenin through its metabolite 2, 4, 2/, 4'-Tetrahydroxychalcone. J. Exp. Clin. Cancer Res. 2018, 37, 243. [CrossRef]
[PubMed]

Lin, PH.; Chiang, Y.F,; Shieh, T.M.; Chen, H.Y; Shih, C.K.; Wang, T.H.; Wang, K.L.; Huang, T.C.; Hong, Y.H.; Li, S.C.; et al. Dietary
Compound Isoliquiritigenin, an Antioxidant from Licorice, Suppresses Triple-Negative Breast Tumor Growth via Apoptotic
Death Program Activation in Cell and Xenograft Animal Models. Antioxidants 2020, 9, 228. [CrossRef] [PubMed]

Beltramino, R.; Penenory, A.; Buceta, A.M. An open-label, randomized multicenter study comparing the efficacy and safety of
Cyclo 3 Fort versus hydroxyethyl rutoside in chronic venous lymphatic insufficiency. Angiology 2000, 51, 535-544. [CrossRef]
Allaert, FA.; Hugue, C.; Cazaubon, M.; Renaudin, ].M.; Clavel, T.; Escourrou, P. Correlation between improvement in functional
signs and plethysmographic parameters during venoactive treatment (Cyclo 3 Fort). Int. Angiol. 2011, 30, 272-277.

Ni, L.; Meng, C.Q.; Sikorski, ].A. Recent advances in therapeutic chalcones. Expert Opin. Ther. Pat. 2004, 14, 1669-1691. [CrossRef]
Mus, L.M.; Denecker, G.; Speleman, E; Roman, B.I. Vehicle development, pharmacokinetics and toxicity of the anti-invasive agent
4-fluoro-3' 4’ 5'-trimethoxychalcone in rodents. PLoS ONE 2018, 13, €0192548. [CrossRef]

Mah, S.H. Chalcones in Diets. In Handbook of Dietary Phytochemicals; Xiao, J., Sarker, S.D., Asakawa, Y., Eds.; Springer: Singapore,
2019; pp. 1-52.

Salama, S.M.; Ibrahim, I.A.A.; Shahzad, N.; Al-Ghamdi, S.; Ayoub, N.; AlRashdi, A.S.; Abdulla, M.A.; Salehen, N.; Bilgen,
M. Hepatoprotectivity of Panduratin A against liver damage: In vivo demonstration with a rat model of cirrhosis induced by
thioacetamide. APMIS 2018, 126, 710-721. [CrossRef]

Nirmala, ].G.; Lopus, M. Cell death mechanisms in eukaryotes. Cell Biol. Toxicol. 2020, 36, 145-164. [CrossRef]

Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57-70. [CrossRef]

Pfeffer, C.M.; Singh, A.T.K. Apoptosis: A Target for Anticancer Therapy. Int. ]. Mol. Sci. 2018, 19, 448. [CrossRef]

Hassan, M.; Watari, H.; AbuAlmaaty, A.; Ohba, Y.; Sakuragi, N. Apoptosis and molecular targeting therapy in cancer. Biomed Res.
Int. 2014, 2014, 150845. [CrossRef] [PubMed]

Pistritto, G.; Trisciuoglio, D.; Ceci, C.; Garufi, A.; D’Orazi, G. Apoptosis as anticancer mechanism: Function and dysfunction of its
modulators and targeted therapeutic strategies. Aging 2016, 8, 603-619. [CrossRef]

Kiraz, Y.; Adan, A.; Yandim, M.K.; Baran, Y. Major apoptotic mechanisms and genes involved in apoptosis. Tumour Biol. 2016,
37,8471-8486. [CrossRef] [PubMed]

Lopez, J.; Tait, S.W. Mitochondrial apoptosis: Killing cancer using the enemy within. Br. J. Cancer 2015, 112, 957-962. [CrossRef]
[PubMed]

Goldar, S.; Khaniani, M.S.; Derakhshan, S.M.; Baradaran, B. Molecular mechanisms of apoptosis and roles in cancer development
and treatment. Asian Pac. ]. Cancer Prev. 2015, 16, 2129-2144. [CrossRef]

Maria Pia, G.D.; Sara, F.; Mario, F.; Lorenza, S. Biological Effects of Licochalcones. Mini Rev. Med. Chem. 2019, 19, 647-656.
[CrossRef]

Wang, D.; Liang, J.; Zhang, J.; Wang, Y.; Chai, X. Natural Chalcones in Chinese Materia Medica: Licorice. Evid. Based Complement.
Altern. Med. 2020, 2020, 3821248. [CrossRef] [PubMed]

Tian, T.; Sun, ].; Wang, J.; Liu, Y.; Liu, H. Isoliquiritigenin inhibits cell proliferation and migration through the PI3K/AKT signaling
pathway in A549 lung cancer cells. Oncol. Lett. 2018, 16, 6133—6139. [CrossRef] [PubMed]

Kim, D.H; Park, J.E.; Chae, 1.G.; Park, G.; Lee, S.; Chun, K.S. Isoliquiritigenin inhibits the proliferation of human renal carcinoma
Caki cells through the ROS-mediated regulation of the Jak2/STAT3 pathway. Oncol. Rep. 2017, 38, 575-583. [CrossRef] [PubMed]
Qiu, C.; Zhang, T.; Zhang, W.; Zhou, L.; Yu, B.; Wang, W.; Yang, Z.; Liu, Z.; Zou, P; Liang, G. Licochalcone A Inhibits the
Proliferation of Human Lung Cancer Cell Lines A549 and H460 by Inducing G2/M Cell Cycle Arrest and ER Stress. Int. ]. Mol.
Sci. 2017, 18, 1761. [CrossRef] [PubMed]

Bortolotto, L.F,; Barbosa, F.R.; Silva, G.; Bitencourt, T.A.; Beleboni, R.O.; Baek, S.J.; Marins, M.; Fachin, A.L. Cytotoxicity of trans-
chalcone and licochalcone A against breast cancer cells is due to apoptosis induction and cell cycle arrest. Biomed. Pharmacother.
2017, 85, 425-433. [CrossRef] [PubMed]

Hong, S.H.; Cha, H.]J.; Hwang-Bo, H.; Kim, M.Y,; Kim, S.Y,; Ji, S.Y,; Cheong, J.; Park, C.; Lee, H.; Kim, G.Y,; et al. Anti-Proliferative
and Pro-Apoptotic Effects of Licochalcone A through ROS-Mediated Cell Cycle Arrest and Apoptosis in Human Bladder Cancer
Cells. Int. ]. Mol. Sci. 2019, 20, 3820. [CrossRef]

Wang, J.; Zhang, Y.S.; Thakur, K.; Hussain, S.S.; Zhang, ].G.; Xiao, G.R.; Wei, Z.J. Licochalcone A from licorice root, an inhibitor
of human hepatoma cell growth via induction of cell apoptosis and cell cycle arrest. Food Chem. Toxicol. 2018, 120, 407-417.
[CrossRef]


http://doi.org/10.1016/j.ejmech.2018.03.047
http://www.ncbi.nlm.nih.gov/pubmed/29602038
http://doi.org/10.1016/j.cbi.2018.07.005
http://www.ncbi.nlm.nih.gov/pubmed/29981726
http://doi.org/10.3390/biom10020345
http://www.ncbi.nlm.nih.gov/pubmed/32098428
http://doi.org/10.1186/s13046-018-0902-4
http://www.ncbi.nlm.nih.gov/pubmed/30285892
http://doi.org/10.3390/antiox9030228
http://www.ncbi.nlm.nih.gov/pubmed/32164337
http://doi.org/10.1177/000331970005100702
http://doi.org/10.1517/13543776.14.12.1669
http://doi.org/10.1371/journal.pone.0192548
http://doi.org/10.1111/apm.12878
http://doi.org/10.1007/s10565-019-09496-2
http://doi.org/10.1016/S0092-8674(00)81683-9
http://doi.org/10.3390/ijms19020448
http://doi.org/10.1155/2014/150845
http://www.ncbi.nlm.nih.gov/pubmed/25013758
http://doi.org/10.18632/aging.100934
http://doi.org/10.1007/s13277-016-5035-9
http://www.ncbi.nlm.nih.gov/pubmed/27059734
http://doi.org/10.1038/bjc.2015.85
http://www.ncbi.nlm.nih.gov/pubmed/25742467
http://doi.org/10.7314/APJCP.2015.16.6.2129
http://doi.org/10.2174/1389557518666180601095420
http://doi.org/10.1155/2020/3821248
http://www.ncbi.nlm.nih.gov/pubmed/32256642
http://doi.org/10.3892/ol.2018.9344
http://www.ncbi.nlm.nih.gov/pubmed/30344755
http://doi.org/10.3892/or.2017.5677
http://www.ncbi.nlm.nih.gov/pubmed/28560439
http://doi.org/10.3390/ijms18081761
http://www.ncbi.nlm.nih.gov/pubmed/28805696
http://doi.org/10.1016/j.biopha.2016.11.047
http://www.ncbi.nlm.nih.gov/pubmed/27903423
http://doi.org/10.3390/ijms20153820
http://doi.org/10.1016/j.fct.2018.07.044

Cancers 2021, 13, 2730 27 of 34

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Yang, X; Jiang, J.; Yang, X.; Han, J.; Zheng, Q. Licochalcone A induces T24 bladder cancer cell apoptosis by increasing intracellular
calcium levels. Mol. Med. Rep. 2016, 14, 911-919. [CrossRef]

Lin, R.C; Yang, S.E,; Chiou, H.L.; Hsieh, S.C.; Wen, S.H.; Lu, K.H.; Hsieh, Y.H. Licochalcone A-Induced Apoptosis Through the
Activation of p38MAPK Pathway Mediated Mitochondrial Pathways of Apoptosis in Human Osteosarcoma Cells In Vitro and In
Vivo. Cells 2019, 8, 1441. [CrossRef] [PubMed]

Yu, SJ.; Cho, L.A,; Kang, K.R.; Jung, Y.R.; Cho, S.S.; Yoon, G.; Oh, J.S.; You, J.S.; Seo, Y.S.; Lee, G.J.; et al. Licochalcone-E induces
caspase-dependent death of human pharyngeal squamous carcinoma cells through the extrinsic and intrinsic apoptotic signaling
pathways. Oncol. Lett. 2017, 13, 3662-3668. [CrossRef]

Yu, L.; Ma, J.; Han, J.; Wang, B.; Chen, X.; Gao, C.; Li, D.; Zheng, Q. Licochalcone B Arrests Cell Cycle Progression and Induces
Apoptosis in Human Breast Cancer MCF-7 Cells. Recent Pat. Anticancer Drug Discov. 2016, 11, 444—452. [CrossRef]

Si, L,; Yan, X.; Hao, W.; Ma, X.; Ren, H.; Ren, B; Li, D.; Dong, Z.; Zheng, Q. Licochalcone D induces apoptosis and inhibits
migration and invasion in human melanoma A375 cells. Oncol. Rep. 2018, 39, 2160-2170.

Wang, P; Yuan, X.; Wang, Y.; Zhao, H.; Sun, X.; Zheng, Q. Licochalcone C induces apoptosis via B-cell lymphoma 2 family
proteins in T24 cells. Mol. Med. Rep. 2015, 12, 7623-7628. [CrossRef]

Liu, X;; An, LJ,; Li, Y;; Wang, Y.; Zhao, L.; Lv, X,; Guo, J.; Song, A.L. Xanthohumol chalcone acts as a powerful inhibitor
of carcinogenesis in drug-resistant human colon carcinoma and these effects are mediated via G2/M phase cell cycle arrest,
activation of apoptotic pathways, caspase activation and targeting Ras /MEK/ERK pathway. J. BUON 2019, 24, 2442-2447.
Scagliarini, A.; Mathey, A.; Aires, V.; Delmas, D. Xanthohumol, a Prenylated Flavonoid from Hops, Induces DNA Damages in
Colorectal Cancer Cells and Sensitizes SW480 Cells to the SN38 Chemotherapeutic Agent. Cells 2020, 9, 932. [CrossRef]

Liu, W,; Li, W,; Liu, H.; Yu, X. Xanthohumol inhibits colorectal cancer cells via downregulation of Hexokinases II-mediated
glycolysis. Int. ]. Biol. Sci. 2019, 15, 2497-2508. [CrossRef]

Sun, Z.; Zhou, C,; Liu, F; Zhang, W.; Chen, J.; Pan, Y.; Ma, L.; Liu, Q.; Du, Y,; Yang, ].; et al. Inhibition of breast cancer cell survival
by Xanthohumol via modulation of the Notch signaling pathway in vivo and in vitro. Oncol. Lett. 2018, 15, 908-916. [CrossRef]
[PubMed]

Jiang, C.H.; Sun, T.L.; Xiang, D.X.; Wei, S.S.; Li, W.Q. Anticancer Activity and Mechanism of Xanthohumol: A Prenylated
Flavonoid from Hops (Humulus lupulus L.). Front. Pharmacol. 2018, 9, 530. [CrossRef] [PubMed]

Kuete, V.; Sandjo, L.P. Isobavachalcone: An overview. Chin. |. Integr. Med. 2012, 18, 543-547. [CrossRef]

Li, Y; Qin, X,; Li, P; Zhang, H.; Lin, T.; Miao, Z.; Ma, S. Isobavachalcone isolated from Psoralea corylifolia inhibits cell proliferation
and induces apoptosis via inhibiting the AKT/GSK-3beta/beta-catenin pathway in colorectal cancer cells. Drug Des. Dev. Ther.
2019, 13, 1449-1460. [CrossRef]

Li, B.; Xu, N.; Wan, Z.; Ma, L,; Li, H.; Cai, W,; Chen, X.; Huang, Z.; He, Z. Isobavachalcone exerts antiproliferative and proapoptotic
effects on human liver cancer cells by targeting the ERKs/RSK2 signaling pathway. Oncol. Rep. 2019, 41, 3355-3366.

Jin, X.; Shi, Y.I. Isobavachalcone induces the apoptosis of gastric cancer cells via inhibition of the Akt and Erk pathways. Exp.
Ther. Med. 2016, 11, 403-408. [CrossRef] [PubMed]

Shi, Y.; Wu, W.Z.; Huo, A.; Zhou, W,; Jin, X.H. Isobavachalcone inhibits the proliferation and invasion of tongue squamous cell
carcinoma cells. Oncol. Lett. 2017, 14, 2852-2858. [CrossRef] [PubMed]

Yang, L.; Song, L.; Zhao, S.; Ma, C.; Wu, D.; Wu, Y.L. Isobavachalcone reveals novel characteristics of methuosis-like cell death in
leukemia cells. Chem. Biol. Interact. 2019, 304, 131-138. [CrossRef]

Goncalves, L.M.; Valente, LM.; Rodrigues, ].A. An overview on cardamonin. J. Med. Food 2014, 17, 633-640. [CrossRef] [PubMed]
Zhang, L.; Yang, C.; Huang, Y.; Huang, H.; Yuan, X.; Zhang, P; Ye, C.; Wei, M.; Wang, Y.; Luo, X,; et al. Cardamonin inhibits the
growth of human osteosarcoma cells through activating P38 and JNK signaling pathway. Biomed. Pharmacother. 2021, 134, 111155.
[CrossRef]

Jaudan, A.; Sharma, S.; Malek, S.N.A.; Dixit, A. Induction of apoptosis by pinostrobin in human cervical cancer cells: Possible
mechanism of action. PLoS ONE 2018, 13, e0191523. [CrossRef]

Yang, P.Y,; Hu, D.N.; Kao, Y.H.; Lin, I.C.; Liu, ES. Butein induces apoptotic cell death of human cervical cancer cells. Oncol. Lett.
2018, 16, 6615-6623. [CrossRef]

Yang, PY,; Hu, D.N,; Lin, L.C,; Liu, ES. Butein Shows Cytotoxic Effects and Induces Apoptosis in Human Ovarian Cancer Cells.
Am. J. Chin. Med. 2015, 43, 769-782. [CrossRef]

Oh, H.N,; Lee, M.H.; Kim, E.; Kwak, A.W.; Seo, ].H.; Yoon, G.; Cho, S.S.; Choi, ]J.S.; Lee, S.M.; Seo, K.S.; et al. Dual inhibition of
EGFR and MET by Echinatin retards cell growth and induces apoptosis of lung cancer cells sensitive or resistant to gefitinib.
Phytother. Res. 2020, 34, 388-400. [CrossRef] [PubMed]

Park, S.H.; Lee, J.; Shon, ]J.C.; Phuc, N.M,; Jee, J.G.; Liu, K.H. The inhibitory potential of Broussochalcone A for the human
cytochrome P450 2J2 isoform and its anti-cancer effects via FOXO3 activation. Phytomedicine 2018, 42, 199-206. [CrossRef]
Jiang, M.; Zhou, L.Y,; Xu, N.; An, Q. Hydroxysafflor yellow A inhibited lipopolysaccharide-induced non-small cell lung cancer
cell proliferation, migration, and invasion by suppressing the PI3K/AKT/mTOR and ERK/MAPK signaling pathways. Thorac.
Cancer 2019, 10, 1319-1333. [CrossRef] [PubMed]

Zhao, R.; Huang, H.; Choi, B.Y,; Liu, X.; Zhang, M.; Zhou, S.; Song, M.; Yin, F; Chen, H.; Shim, ].H.; et al. Cell growth inhibition
by 3-deoxysappanchalcone is mediated by directly targeting the TOPK signaling pathway in colon cancer. Phytomedicine 2019,
61,152813. [CrossRef]


http://doi.org/10.3892/mmr.2016.5334
http://doi.org/10.3390/cells8111441
http://www.ncbi.nlm.nih.gov/pubmed/31739642
http://doi.org/10.3892/ol.2017.5865
http://doi.org/10.2174/1574892811666160906091405
http://doi.org/10.3892/mmr.2015.4346
http://doi.org/10.3390/cells9040932
http://doi.org/10.7150/ijbs.37481
http://doi.org/10.3892/ol.2017.7434
http://www.ncbi.nlm.nih.gov/pubmed/29422966
http://doi.org/10.3389/fphar.2018.00530
http://www.ncbi.nlm.nih.gov/pubmed/29872398
http://doi.org/10.1007/s11655-012-1142-7
http://doi.org/10.2147/DDDT.S192681
http://doi.org/10.3892/etm.2015.2904
http://www.ncbi.nlm.nih.gov/pubmed/26893622
http://doi.org/10.3892/ol.2017.6517
http://www.ncbi.nlm.nih.gov/pubmed/28928824
http://doi.org/10.1016/j.cbi.2019.03.011
http://doi.org/10.1089/jmf.2013.0061
http://www.ncbi.nlm.nih.gov/pubmed/24433078
http://doi.org/10.1016/j.biopha.2020.111155
http://doi.org/10.1371/journal.pone.0191523
http://doi.org/10.3892/ol.2018.9426
http://doi.org/10.1142/S0192415X15500482
http://doi.org/10.1002/ptr.6530
http://www.ncbi.nlm.nih.gov/pubmed/31698509
http://doi.org/10.1016/j.phymed.2018.03.032
http://doi.org/10.1111/1759-7714.13019
http://www.ncbi.nlm.nih.gov/pubmed/31055884
http://doi.org/10.1016/j.phymed.2018.12.036

Cancers 2021, 13, 2730 28 of 34

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Seo, HW.; No, H.; Cheon, H.J.; Kim, ] K. Sappanchalcone, a flavonoid isolated from Caesalpinia sappan L., induces caspase-
dependent and AIF-dependent apoptosis in human colon cancer cells. Chem. Biol. Interact. 2020, 327, 109185. [CrossRef]

Wang, C.; Chen, Y.; Wang, Y,; Liu, X,; Liu, Y,; Li, Y.; Chen, H.; Fan, C.; Wu, D.; Yang, J. Inhibition of COX-2, mPGES-1 and CYP4A
by isoliquiritigenin blocks the angiogenic Akt signaling in glioma through ceRNA effect of miR-194-5p and IncRNA NEAT1. J.
Exp. Clin. Cancer Res. 2019, 38, 371. [CrossRef]

Lin, Y.; Sun, H.; Dang, Y.; Li, Z. Isoliquiritigenin inhibits the proliferation and induces the differentiation of human glioma stem
cells. Oncol. Rep. 2018, 39, 687-694. [CrossRef]

Hou, C.; Li, W,; Li, Z.; Gao, ].; Chen, Z.; Zhao, X,; Yang, Y.; Zhang, X.; Song, Y. Synthetic Isoliquiritigenin Inhibits Human Tongue
Squamous Carcinoma Cells through Its Antioxidant Mechanism. Oxidative Med. Cell. Longev. 2017, 2017, 1379430. [CrossRef]
Zhang, X.R.; Wang, S.Y.; Sun, W.; Wei, C. Isoliquiritigenin inhibits proliferation and metastasis of MKN28 gastric cancer cells by
suppressing the PI3K/AKT/mTOR signaling pathway. Mol. Med. Rep. 2018, 18, 3429-3436. [CrossRef]

Peng, F; Xiong, L.; Xie, X.; Tang, H.; Huang, R.; Peng, C. Isoliquiritigenin Derivative Regulates miR-374a/BAX Axis to Suppress
Triple-Negative Breast Cancer Tumorigenesis and Development. Front. Pharmacol. 2020, 11, 378. [CrossRef]

Wu, C.H.; Chen, H.Y;; Wang, C.W.; Shieh, TM.; Huang, T.C.; Lin, L.C.; Wang, K.L.; Hsia, S.M. Isoliquiritigenin induces apoptosis
and autophagy and inhibits endometrial cancer growth in mice. Oncotarget 2016, 7, 73432-73447. [CrossRef]

Wang, Y.; Ma, J.; Yan, X,; Chen, X,; Si, L.; Liu, Y.; Han, J.; Hao, W.; Zheng, Q. Isoliquiritigenin Inhibits Proliferation and Induces
Apoptosis via Alleviating Hypoxia and Reducing Glycolysis in Mouse Melanoma B16F10 Cells. Recent Pat. Anticancer Drug
Discov. 2016, 11, 215-227. [CrossRef]

Jung, SK.; Lee, M.H.; Lim, D.Y,; Kim, J.E; Singh, P.; Lee, S.Y.; Jeong, C.H.; Lim, T.G.; Chen, H.; Chi, Y.I; et al. Isoliquiritigenin
induces apoptosis and inhibits xenograft tumor growth of human lung cancer cells by targeting both wild type and L858R/T790M
mutant EGFR. |. Biol. Chem. 2014, 289, 35839-35848. [CrossRef]

Li, C.; Zhou, X,; Sun, C,; Liu, X.; Shi, X.; Wu, S. Isoliquiritigenin inhibits the proliferation, apoptosis and migration of osteosarcoma
cells. Oncol. Rep. 2019, 41, 2502-2510. [CrossRef]

Chen, C.; Huang, S.; Chen, C.L.; Su, S.B.; Fang, D.D. Isoliquiritigenin Inhibits Ovarian Cancer Metastasis by Reversing Epithelial-
to-Mesenchymal Transition. Molecules 2019, 24, 3725. [CrossRef]

Yang, X.; Xie, J.; Liu, X,; Li, Z,; Fang, K.; Zhang, L.; Han, M.; Zhang, Z.; Gong, Z.; Lin, X,; et al. Autophagy induction by
xanthoangelol exhibits anti-metastatic activities in hepatocellular carcinoma. Cell Biochem. Funct. 2019, 37, 128-138. [CrossRef]
Chen, H.Y,; Huang, T.C.; Shieh, T.M.; Wu, C.H.; Lin, L.C.; Hsia, S.M. Isoliquiritigenin Induces Autophagy and Inhibits Ovarian
Cancer Cell Growth. Int. ]. Mol. Sci. 2017, 18, 2025. [CrossRef]

Shen, T.S.; Hsu, YK.; Huang, Y.F; Chen, H.Y.; Hsieh, C.P; Chen, C.L. Licochalcone A Suppresses the Proliferation of Osteosarcoma
Cells through Autophagy and ATM-Chk2 Activation. Molecules 2019, 24, 2435. [CrossRef]

Zhang, Y.; Gao, M.; Chen, L.; Zhou, L.; Bian, S.; Lv, Y. Licochalcone A restrains microphthalmia-associated transcription factor
expression and growth by activating autophagy in melanoma cells via miR-142-3p/Rheb/mTOR pathway. Phytother. Res. 2020,
34, 349-358. [CrossRef]

Xue, L.; Zhang, W].; Fan, Q.X.; Wang, L.X. Licochalcone A inhibits PI3K/Akt/mTOR signaling pathway activation and promotes
autophagy in breast cancer cells. Oncol. Lett. 2018, 15, 1869-1873. [CrossRef]

Chen, G.; Ma, Y,; Jiang, Z.; Feng, Y.; Han, Y.; Tang, Y.; Zhang, J.; Ni, H.; Li, X,; Li, N. Lico A Causes ER Stress and Apoptosis via
Up-Regulating miR-144-3p in Human Lung Cancer Cell Line H292. Front. Pharmacol. 2018, 9, 837. [CrossRef]

Lu, WJ.; Wu, GJ.; Chen, RJ.; Chang, C.C.; Lien, L.M.; Chiu, C.C.; Tseng, M.F.,; Huang, L.T; Lin, K.H. Licochalcone A attenuates
glioma cell growth in vitro and in vivo through cell cycle arrest. Food Funct. 2018, 9, 4500-4507. [CrossRef]

Cho, J.J.; Chae, ].I.; Yoon, G.; Kim, K.H.; Cho, J.H.; Cho, S.S.; Cho, Y.S.; Shim, J.H. Licochalcone A, a natural chalconoid isolated
from Glycyrrhiza inflata root, induces apoptosis via Sp1 and Sp1 regulatory proteins in oral squamous cell carcinoma. Int. J.
Oncol. 2014, 45, 667—-674. [CrossRef]

Niu, Q.; Zhao, W.; Wang, J.; Li, C.; Yan, T.; Lv, W.; Wang, G.; Duan, W.; Zhang, T.; Wang, K_; et al. LicA induces autophagy through
ULK1/Atg13 and ROS pathway in human hepatocellular carcinoma cells. Int. . Mol. Med. 2018, 41, 2601-2608. [CrossRef]
Kang, T.H.; Yoon, G.; Kang, I.A.; Oh, H.N.; Chae, J.I.; Shim, J.H. Natural Compound Licochalcone B Induced Extrinsic and
Intrinsic Apoptosis in Human Skin Melanoma (A375) and Squamous Cell Carcinoma (A431) Cells. Phytother. Res. 2017, 31,
1858-1867. [CrossRef]

Song, M.; Yoon, G.; Choi, ].S.; Kim, E.; Liu, X.; Oh, H.N.; Chae, ].I; Lee, M.H.; Shim, ].H. Janus kinase 2 inhibition by Licochalcone
B suppresses esophageal squamous cell carcinoma growth. Phytother. Res. 2020, 34, 2032-2043. [CrossRef]

Oh, H.N.; Lee, M.H.; Kim, E_; Yoon, G.; Chae, J.I; Shim, J.H. Licochalcone B inhibits growth and induces apoptosis of human
non-small-cell lung cancer cells by dual targeting of EGFR and MET. Phytomedicine 2019, 63, 153014. [CrossRef]

Oh, H.; Yoon, G.; Shin, J.C.; Park, S.M.; Cho, S.S.; Cho, ].H.; Lee, M.H; Liu, K.; Cho, Y.S.; Chae, ].I; et al. Licochalcone B induces
apoptosis of human oral squamous cell carcinoma through the extrinsic- and intrinsic-signaling pathways. Int. |. Oncol. 2016, 48,
1749-1757. [CrossRef]

Woo, S.M.; Choi, Y.K.; Kim, A.]J.; Cho, S.G.; Ko, S.G. p53 causes buteinmediated apoptosis of chronic myeloid leukemia cells. Mol.
Med. Rep. 2016, 13, 1091-1096. [CrossRef]


http://doi.org/10.1016/j.cbi.2020.109185
http://doi.org/10.1186/s13046-019-1361-2
http://doi.org/10.3892/or.2017.6154
http://doi.org/10.1155/2017/1379430
http://doi.org/10.3892/mmr.2018.9318
http://doi.org/10.3389/fphar.2020.00378
http://doi.org/10.18632/oncotarget.12369
http://doi.org/10.2174/1573406412666160307151904
http://doi.org/10.1074/jbc.M114.585513
http://doi.org/10.3892/or.2019.6998
http://doi.org/10.3390/molecules24203725
http://doi.org/10.1002/cbf.3374
http://doi.org/10.3390/ijms18102025
http://doi.org/10.3390/molecules24132435
http://doi.org/10.1002/ptr.6525
http://doi.org/10.3892/ol.2017.7451
http://doi.org/10.3389/fphar.2018.00837
http://doi.org/10.1039/C8FO00728D
http://doi.org/10.3892/ijo.2014.2461
http://doi.org/10.3892/ijmm.2018.3499
http://doi.org/10.1002/ptr.5928
http://doi.org/10.1002/ptr.6661
http://doi.org/10.1016/j.phymed.2019.153014
http://doi.org/10.3892/ijo.2016.3365
http://doi.org/10.3892/mmr.2015.4672

Cancers 2021, 13, 2730 29 of 34

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Bordoloi, D.; Monisha, J.; Roy, N.K.; Padmavathi, G.; Banik, K.; Harsha, C.; Wang, H.; Kumar, A.P.; Arfuso, F.; Kunnumakkara,
A.B. An Investigation on the Therapeutic Potential of Butein, A Tretrahydroxychalcone Against Human Oral Squamous Cell
Carcinoma. Asian Pac. ]. Cancer Prev. 2019, 20, 3437-3446. [CrossRef]

Orlikova, B.; Schnekenburger, M.; Zloh, M.; Golais, E; Diederich, M.; Tasdemir, D. Natural chalcones as dual inhibitors of HDACs
and NF-kappaB. Oncol. Rep. 2012, 28, 797-805. [CrossRef]

Slawinska-Brych, A.; Zdzisinska, B.; Czerwonka, A.; Mizerska-Kowalska, M.; Dmoszynska-Graniczka, M.; Stepulak, A.; Gagos,
M. Xanthohumol exhibits anti-myeloma activity in vitro through inhibition of cell proliferation, induction of apoptosis via the
ERK and JNK-dependent mechanism, and suppression of sIL-6R and VEGF production. Biochim. Biophys. Acta Gen. Subj. 2019,
1863, 129408. [CrossRef]

Shi, D.; Niu, P,; Heng, X.; Chen, L.; Zhu, Y.; Zhou, ]. Autophagy induced by cardamonin is associated with mTORC1 inhibition in
SKOV3 cells. Pharmacol. Rep. 2018, 70, 908-916. [CrossRef]

Jin, J.; Qiu, S.; Wang, P; Liang, X.; Huang, F; Wu, H.; Zhang, B.; Zhang, W,; Tian, X; Xu, R.; et al. Cardamonin inhibits breast
cancer growth by repressing HIF-1lalpha-dependent metabolic reprogramming. J. Exp. Clin. Cancer Res. 2019, 38, 377. [CrossRef]
[PubMed]

Zhang, J.; Sikka, S.; Siveen, K.S.; Lee, ].H.; Um, ].Y.; Kumar, A.P.,; Chinnathambi, A.; Alharbi, S.A.; Basappa; Rangappa, K.S.; et al.
Cardamonin represses proliferation, invasion, and causes apoptosis through the modulation of signal transducer and activator of
transcription 3 pathway in prostate cancer. Apoptosis 2017, 22, 158-168. [CrossRef] [PubMed]

Zhou, X.; Zhou, R.; Li, Q; Jie, X.; Hong, J.; Zong, Y.; Dong, X.; Zhang, S.; Li, Z.; Wu, G. Cardamonin inhibits the proliferation and
metastasis of non-small-cell lung cancer cells by suppressing the PI3K/Akt/mTOR pathway. Anticancer Drugs 2019, 30, 241-250.
[CrossRef]

Yue, Y.; Liu, L.; Liu, P; Li, Y;; Lu, H.; Li, Y,; Zhang, G.; Duan, X. Cardamonin as a potential treatment for melanoma induces
human melanoma cell apoptosis. Orncol. Lett. 2020, 19, 1393-1399. [CrossRef]

Ruibin, J.; Bo, J.; Danying, W.; Jianguo, E,; Linhui, G. Cardamonin induces G2/M phase arrest and apoptosis through inhibition of
NF-kappaB and mTOR pathways in ovarian cancer. Aging 2020, 12, 25730-25743. [CrossRef]

Song, H.S.; Jang, S.; Kang, S.C. Bavachalcone from Cullen corylifolium induces apoptosis and autophagy in HepG2 cells.
Phytomedicine 2018, 40, 37-47. [CrossRef]

Liu, Q.; Cao, Y.; Zhou, P,; Gui, S.; Wu, X,; Xia, Y.; Tu, J. Panduratin A Inhibits Cell Proliferation by Inducing G0/G1 Phase Cell
Cycle Arrest and Induces Apoptosis in Breast Cancer Cells. Biomol. Ther. 2018, 26, 328-334. [CrossRef]

Jadaun, A.; Subbarao, N.; Dixit, A. Allosteric inhibition of topoisomerase I by pinostrobin: Molecular docking, spectroscopic and
topoisomerase I activity studies. J. Photochem. Photobiol. B 2017, 167, 299-308. [CrossRef] [PubMed]

Zhao, ].; Yang, T; Ji, J.; Li, C,; Li, Z.; Li, L. Garcinol exerts anti-cancer effect in human cervical cancer cells through upregulation of
T-cadherin. Biomed. Pharmacother. 2018, 107, 957-966. [CrossRef] [PubMed]

Huang, W.C.; Kuo, K.T.; Adebayo, B.O.; Wang, C.H.; Chen, Y.J.; Jin, K; Tsai, T.H.; Yeh, C.T. Garcinol inhibits cancer stem cell-like
phenotype via suppression of the Wnt/beta-catenin/STAT3 axis signalling pathway in human non-small cell lung carcinomas. J.
Nutr. Biochem. 2018, 54, 140-150. [CrossRef]

Wang, J.; Wu, M.; Zheng, D.; Zhang, H.; Lv, Y.; Zhang, L.; Tan, H.S.; Zhou, H.; Lao, Y.Z.; Xu, H.X. Garcinol inhibits esophageal
cancer metastasis by suppressing the p300 and TGF-betal signaling pathways. Acta Pharmacol. Sin. 2020, 41, 82-92. [CrossRef]
Wen, D.; Peng, Y,; Lin, F; Singh, R.K.; Mahato, R.I. Micellar Delivery of miR-34a Modulator Rubone and Paclitaxel in Resistant
Prostate Cancer. Cancer Res. 2017, 77, 3244-3254. [CrossRef]

Xiao, Z.; Li, C.H,; Chan, S.L.; Xu, F; Feng, L.; Wang, Y,; Jiang, ].D.; Sung, ].].; Cheng, C.H.; Chen, Y. A small-molecule modulator
of the tumor-suppressor miR34a inhibits the growth of hepatocellular carcinoma. Cancer Res. 2014, 74, 6236—6247. [CrossRef]
[PubMed]

Zhang, T.; Wang, Q.; Fredimoses, M.; Gao, G.; Wang, K.; Chen, H.; Wang, T.; Oi, N.; Zykova, T.A.; Reddy, K.; et al. The Ashitaba
(Angelica keiskei) Chalcones 4-hydroxyderricin and Xanthoangelol Suppress Melanomagenesis By Targeting BRAF and PI3K.
Cancer Prev. Res. 2018, 11, 607-620. [CrossRef]

Li, Z.; Zhang, L.; Gao, M.; Han, M,; Liu, K.; Zhang, Z.; Gong, Z.; Xing, L.; Shi, X,; Lu, K,; et al. Endoplasmic reticulum stress
triggers Xanthoangelol-induced protective autophagy via activation of JNK/c-Jun Axis in hepatocellular carcinoma. J. Exp. Clin.
Cancer Res. 2019, 38, 8. [CrossRef]

Hseu, Y.C,; Huang, Y.C.; Thiyagarajan, V.; Mathew, D.C.; Lin, K.Y.; Chen, S.C; Liu, ].Y,; Hsu, L.S.; Li, M.L.; Yang, H.L. Anticancer
activities of chalcone flavokawain B from Alpinia pricei Hayata in human lung adenocarcinoma (A549) cells via induction of
reactive oxygen species-mediated apoptotic and autophagic cell death. J. Cell Physiol. 2019, 234, 17514-17526. [CrossRef]

Hseu, Y.C; Chiang, Y.C.; Gowrisankar, Y.V;; Lin, K.Y,; Huang, S.T.; Shrestha, S.; Chang, G.R.; Yang, H.L. The In Vitro and In Vivo
Anticancer Properties of Chalcone Flavokawain B through Induction of ROS-Mediated Apoptotic and Autophagic Cell Death in
Human Melanoma Cells. Cancers 2020, 12, 2936. [CrossRef]

Hseu, Y.C,; Lin, RW.; Shen, Y.C,; Lin, K.Y.; Liao, ].W.; Thiyagarajan, V.; Yang, H.L. Flavokawain B and Doxorubicin Work
Synergistically to Impede the Propagation of Gastric Cancer Cells via ROS-Mediated Apoptosis and Autophagy Pathways.
Cancers 2020, 12, 2475. [CrossRef]


http://doi.org/10.31557/APJCP.2019.20.11.3437
http://doi.org/10.3892/or.2012.1870
http://doi.org/10.1016/j.bbagen.2019.08.001
http://doi.org/10.1016/j.pharep.2018.04.005
http://doi.org/10.1186/s13046-019-1351-4
http://www.ncbi.nlm.nih.gov/pubmed/31455352
http://doi.org/10.1007/s10495-016-1313-7
http://www.ncbi.nlm.nih.gov/pubmed/27900636
http://doi.org/10.1097/CAD.0000000000000709
http://doi.org/10.3892/ol.2019.11242
http://doi.org/10.18632/aging.104184
http://doi.org/10.1016/j.phymed.2017.12.030
http://doi.org/10.4062/biomolther.2017.042
http://doi.org/10.1016/j.jphotobiol.2017.01.010
http://www.ncbi.nlm.nih.gov/pubmed/28122297
http://doi.org/10.1016/j.biopha.2018.08.060
http://www.ncbi.nlm.nih.gov/pubmed/30257408
http://doi.org/10.1016/j.jnutbio.2017.12.008
http://doi.org/10.1038/s41401-019-0271-3
http://doi.org/10.1158/0008-5472.CAN-16-2355
http://doi.org/10.1158/0008-5472.CAN-14-0855
http://www.ncbi.nlm.nih.gov/pubmed/25217526
http://doi.org/10.1158/1940-6207.CAPR-18-0092
http://doi.org/10.1186/s13046-018-1012-z
http://doi.org/10.1002/jcp.28375
http://doi.org/10.3390/cancers12102936
http://doi.org/10.3390/cancers12092475

Cancers 2021, 13, 2730 30 of 34

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.
147.

Wang, K.; Zhang, W.; Wang, Z.; Gao, M.; Wang, X.; Han, W.; Zhang, N.; Xu, X. Flavokawain A inhibits prostate cancer cells by
inducing cell cycle arrest and cell apoptosis and regulating the glutamine metabolism pathway. J. Pharm. Biomed. Anal. 2020, 186,
113288. [CrossRef]

Zhang, Y.; Zvi, Y.S.; Batko, B.; Zaphiros, N.; O'Donnell, E.F,; Wang, ].; Sato, K.; Yang, R.; Geller, D.S.; Koirala, P; et al. Down-
regulation of Skp2 expression inhibits invasion and lung metastasis in osteosarcoma. Sci. Rep. 2018, 8, 14294. [CrossRef]

Wang, J.; Qi, Q.; Zhou, W.; Feng, Z.; Huang, B.; Chen, A.; Zhang, D.; Li, W.; Zhang, Q.; Jiang, Z.; et al. Inhibition of glioma
growth by flavokawain B is mediated through endoplasmic reticulum stress induced autophagy. Autophagy 2018, 14, 2007-2022.
[CrossRef]

Kuete, V.; Mbaveng, A.T.; Zeino, M.; Ngameni, B.; Kapche, G.D.; Kouam, S.F; Ngadjui, B.T.; Efferth, T. Cytotoxicity of two
naturally occurring flavonoids (dorsmanin F and poinsettifolin B) towards multi-factorial drug-resistant cancer cells. Phytomedicine
2015, 22, 737-743. [CrossRef]

Predes, D.; Oliveira, L.ES.; Ferreira, L.S.S.; Maia, L.A.; Delou, ].M.A; Faletti, A.; Oliveira, I.; Amado, N.G.; Reis, A.H.; Fraga,
C.AM,; et al. The Chalcone Lonchocarpin Inhibits Wnt/beta-Catenin Signaling and Suppresses Colorectal Cancer Proliferation.
Cancers 2019, 11, 1968. [CrossRef]

Chen, G.; Zhou, D,; Li, X.Z,; Jiang, Z.; Tan, C.; Wei, X.Y.; Ling, J.; Jing, J.; Liu, E; Li, N. A natural chalcone induces apoptosis in
lung cancer cells: 3D-QSAR, docking and an in vivo/vitro assay. Sci. Rep. 2017, 7, 10729. [CrossRef]

Wu, W.; Ma, B.; Ye, H.; Wang, T.; Wang, X.; Yang, J.; Wei, Y.; Zhu, ].; Chen, L. Millepachine, a potential topoisomerase II inhibitor
induces apoptosis via activation of NF-kappaB pathway in ovarian cancer. Oncotarget 2016, 7, 52281-52293. [CrossRef]

Yang, J.; Yan, W.; Yu, Y.; Wang, Y.; Yang, T.; Xue, L.; Yuan, X.; Long, C.; Liu, Z.; Chen, X; et al. The compound millepachine and its
derivatives inhibit tubulin polymerization by irreversibly binding to the colchicine-binding site in beta-tubulin. . Biol. Chem.
2018, 293, 9461-9472. [CrossRef]

Wu, W,; Liu, Y,; Ye, H.; Li, Z. Millepachine showed novel antitumor effects in cisplatin-resistant human ovarian cancer through
inhibiting drug efflux function of ATP-binding cassette transporters. Phytother. Res. 2018, 32, 2428-2435. [CrossRef]

Russo, A.; Cardile, V.; Avola, R.; Graziano, A.; Montenegro, I.; Said, B.; Madrid, A. Isocordoin analogues promote apoptosis in
human melanoma cells via Hsp70. Phytother. Res. 2019, 33, 3242-3250. [CrossRef]

Fonseca, B.F,; Predes, D.; Cerqueira, D.M.; Reis, A.H.; Amado, N.G.; Cayres, M.C.; Kuster, RM.; Oliveira, FL.; Mendes, FA.;
Abreu, J.G. Derricin and derricidin inhibit Wnt/beta-catenin signaling and suppress colon cancer cell growth in vitro. PLoS ONE
2015, 10, €0120919. [CrossRef]

Yang, G.; Yin, X.; Ma, D.; Su, Z. Anticancer activity of Phloretin against the human oral cancer cells is due to G0/G1 cell cycle
arrest and ROS mediated cell death. . BUON 2020, 25, 344-349.

You, Q.; Xu, J.; Zhu, Z.; Hu, Z.; Cai, Q. Phloretin flavonoid exhibits selective antiproliferative activity in doxorubicin-resistant
gastric cancer cells by inducing autophagy, inhibiting cell migration and invasion, cell cycle arrest and targeting ERK1/2 MAP
pathway. J. BUON 2020, 25, 308-313.

Hsiao, Y.H.; Hsieh, M.].; Yang, S.F.; Chen, S.P; Tsai, W.C.; Chen, P.N. Phloretin suppresses metastasis by targeting protease and
inhibits cancer stemness and angiogenesis in human cervical cancer cells. Phytomedicine 2019, 62, 152964. [CrossRef]
Rachakhom, W.; Khaw-On, P.; Pompimon, W.; Banjerdpongchai, R. Dihydrochalcone Derivative Induces Breast Cancer Cell
Apoptosis via Intrinsic, Extrinsic, and ER Stress Pathways but Abolishes EGFR/MAPK Pathway. Biomed Res. Int. 2019,
2019, 7298539. [CrossRef]

Huang, S.H.; Kao, Y.H.; Muller, C.J.E; Joubert, E.; Chuu, C.P. Aspalathin-rich green Aspalathus linearis extract suppresses
migration and invasion of human castration-resistant prostate cancer cells via inhibition of YAP signaling. Phytomedicine 2020,
69, 153210. [CrossRef]

Huang, S.H.; Tseng, J.C.; Lin, C.Y.; Kuo, Y.Y.; Wang, B.].; Kao, Y.H.; Muller, C.J.F; Joubert, E.; Chuu, C.P. Rooibos suppresses
proliferation of castration-resistant prostate cancer cells via inhibition of Akt signaling. Phytomedicine 2019, 64, 153068. [CrossRef]
Kwak, A.W.; Choi, ].S.; Lee, M.H.; Oh, H.N.; Cho, S.S.; Yoon, G.; Liu, K.; Chae, ].I.; Shim, J.H. Retrochalcone Echinatin Triggers
Apoptosis of Esophageal Squamous Cell Carcinoma via ROS- and ER Stress-Mediated Signaling Pathways. Molecules 2019,
24, 4055. [CrossRef]

Shin, S.; Son, Y.; Liu, KH.; Kang, W.; Oh, S. Cytotoxic activity of broussochalcone a against colon and liver cancer cells by
promoting destruction complex-independent beta-catenin degradation. Food Chem. Toxicol. 2019, 131, 110550. [CrossRef]

Chen, Z,; Liu, L,; Liu, Y.; Wang, S.; Zhang, S.; Dong, R.; Xu, M.; Ma, Y.; Wang, ].; Zhang, Q.; et al. Hydroxysafflor yellow A induces
autophagy in human liver cancer cells by regulating Beclin 1 and ERK expression. Exp. Ther. Med. 2020, 19, 2989-2996. [CrossRef]
Li, K.; Zheng, Q.; Chen, X.; Wang, Y.; Wang, D.; Wang, ]J. Isobavachalcone Induces ROS-Mediated Apoptosis via Targeting
Thioredoxin Reductase 1 in Human Prostate Cancer PC-3 Cells. Oxidative Med. Cell. Longev. 2018, 2018, 1915828. [CrossRef]
[PubMed]

Badroon, N.A.; Majid, N.A.; Alshawsh, M.A. Antiproliferative and Apoptotic Effects of Cardamonin against Hepatocellular
Carcinoma HepG2 Cells. Nutrients 2020, 12, 1757. [CrossRef]

Iurlaro, R.; Munoz-Pinedo, C. Cell death induced by endoplasmic reticulum stress. FEBS ]. 2016, 283, 2640-2652. [CrossRef]
Oakes, S.A.; Papa, ER. The role of endoplasmic reticulum stress in human pathology. Annu. Rev. Pathol. 2015, 10, 173-194.
[CrossRef]


http://doi.org/10.1016/j.jpba.2020.113288
http://doi.org/10.1038/s41598-018-32428-9
http://doi.org/10.1080/15548627.2018.1501133
http://doi.org/10.1016/j.phymed.2015.04.007
http://doi.org/10.3390/cancers11121968
http://doi.org/10.1038/s41598-017-11369-9
http://doi.org/10.18632/oncotarget.10739
http://doi.org/10.1074/jbc.RA117.001658
http://doi.org/10.1002/ptr.6180
http://doi.org/10.1002/ptr.6498
http://doi.org/10.1371/journal.pone.0120919
http://doi.org/10.1016/j.phymed.2019.152964
http://doi.org/10.1155/2019/7298539
http://doi.org/10.1016/j.phymed.2020.153210
http://doi.org/10.1016/j.phymed.2019.153068
http://doi.org/10.3390/molecules24224055
http://doi.org/10.1016/j.fct.2019.05.058
http://doi.org/10.3892/etm.2020.8552
http://doi.org/10.1155/2018/1915828
http://www.ncbi.nlm.nih.gov/pubmed/30410640
http://doi.org/10.3390/nu12061757
http://doi.org/10.1111/febs.13598
http://doi.org/10.1146/annurev-pathol-012513-104649

Cancers 2021, 13, 2730 31 of 34

148.

149.

150.

151.

152.

153.

154.

155.
156.

157.

158.

159.

160.

161.
162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Lin, R.; Hu, X;; Chen, S.; Shi, Q.; Chen, H. Naringin induces endoplasmic reticulum stress-mediated apoptosis, inhibits beta-
catenin pathway and arrests cell cycle in cervical cancer cells. Acta Biochim. Pol. 2020, 67, 181-188.

Heo, J.R.; Lee, G.A.; Kim, G.S.; Hwang, K.A.; Choi, K.C. Phytochemical-induced reactive oxygen species and endoplasmic
reticulum stress-mediated apoptosis and differentiation in malignant melanoma cells. Phytomedicine 2018, 39, 100-110. [CrossRef]
Di, S.; Fan, C.; Ma, Z,; Li, M,; Guo, K,; Han, D; Li, X;; Mu, D.; Yan, X. PERK/elF-2alpha/CHOP Pathway Dependent ROS
Generation Mediates Butein-induced Non-small-cell Lung Cancer Apoptosis and G2/M Phase Arrest. Int. |. Biol. Sci. 2019, 15,
1637-1653. [CrossRef]

Phang, C.W.; Karsani, S.A.; Malek, S.N.A. Induction of Apoptosis and Cell Cycle Arrest by Flavokawain C on HT-29 Human
Colon Adenocarcinoma via Enhancement of Reactive Oxygen Species Generation, Upregulation of p21, p27, and GADD153, and
Inactivation of Inhibitor of Apoptosis Proteins. Pharmacogn. Mag. 2017, 13 (Suppl. 2), S321-5328. [PubMed]

Kroemer, G.; Levine, B. Autophagic cell death: The story of a misnomer. Nat. Rev. Mol. Cell Biol. 2008, 9, 1004-1010. [CrossRef]
Maltese, W.A.; Overmeyer, ].H. Methuosis: Nonapoptotic cell death associated with vacuolization of macropinosome and
endosome compartments. Am. J. Pathol. 2014, 184, 1630-1642. [CrossRef]

Jiang, M.; Qiao, M.; Zhao, C.; Deng, J.; Li, X.; Zhou, C. Targeting ferroptosis for cancer therapy: Exploring novel strategies from
its mechanisms and role in cancers. Transl. Lung Cancer Res. 2020, 9, 1569-1584. [CrossRef] [PubMed]

Fulda, S. Repurposing anticancer drugs for targeting necroptosis. Cell Cycle 2018, 17, 829-832. [CrossRef]

Zheng, Z.; Li, G. Mechanisms and Therapeutic Regulation of Pyroptosis in Inflammatory Diseases and Cancer. Int. . Mol. Sci.
2020, 21, 1456. [CrossRef] [PubMed]

Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, ].M.; Adam, D.; Agostinis, P; Alnemri, E.S.; Altucci, L.; Amelio, I.; Andrews, D.W,;
et al. Molecular mechanisms of cell death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death
Differ. 2018, 25, 486-541.

Green, D.R.; Llambi, F. Cell Death Signaling. Cold Spring Harb. Perspect. Biol. 2015, 7, a006080. [CrossRef]

Shin, D.W. Dual Roles of Autophagy and Their Potential Drugs for Improving Cancer Therapeutics. Biomol. Ther. 2020, 28,
503-511. [CrossRef]

Noguchi, M.; Hirata, N.; Tanaka, T.; Suizu, F; Nakajima, H.; Chiorini, J.A. Autophagy as a modulator of cell death machinery. Cell
Death Dis. 2020, 11, 517. [CrossRef]

Paquette, M.; El-Houjeiri, L.; Pause, A. mTOR Pathways in Cancer and Autophagy. Cancers 2018, 10, 18. [CrossRef]

Jung, C.H.; Jun, C.B.; Ro, S.H.; Kim, Y.M.; Otto, N.M.; Cao, J.; Kundu, M.; Kim, D.H. ULK-Atg13-FIP200 complexes mediate
mTOR signaling to the autophagy machinery. Mol. Biol. Cell 2009, 20, 1992-2003. [CrossRef]

Lai, S.L.; Mustafa, M.R.; Wong, P.F. Panduratin A induces protective autophagy in melanoma via the AMPK and mTOR pathway.
Phytomedicine 2018, 42, 144-151. [CrossRef] [PubMed]

Siqueira, E.D.S.; Concato, V.M.; Tomiotto-Pellissier, F.; Silva, T.F,; Bortoleti, B.; Goncalves, M.D.; Costa, IN.; Junior, W.A.V,;
Pavanelli, WR; Panis, C.; et al. Trans-chalcone induces death by autophagy mediated by p53 up-regulation and beta-catenin
down-regulation on human hepatocellular carcinoma HuH7.5 cell line. Phytomedicine 2021, 80, 153373. [CrossRef]

Wan, B.; Zhu, J.; Chang, Q.; Zhou, H.; Shi, Z.; Min, L.; Cai, Y.; Guan, H. Alpha, 2/ —dihydroxy-4,4’ -dimethoxydihydrochalcone
inhibits cell proliferation, invasion, and migration in gastric cancer in part via autophagy. Biomed. Pharmacother. 2018, 98, 709-718.
[CrossRef]

Trabbic, C.J.; Overmeyer, ].H.; Alexander, EM.; Crissman, E.J.; Kvale, H.M.; Smith, M.A.; Erhardt, PW.; Maltese, W.A. Synthesis
and biological evaluation of indolyl-pyridinyl-propenones having either methuosis or microtubule disruption activity. J. Med.
Chem. 2015, 58, 2489-2512. [CrossRef]

Li, Z.; Mbah, N.E.; Overmeyer, ] H; Sarver, ].G.; George, S.; Trabbic, C.J.; Erhardt, PW.; Maltese, W.A. The JNK signaling pathway
plays a key role in methuosis (non-apoptotic cell death) induced by MOMIPP in glioblastoma. BMC Cancer 2019, 19, 77. [CrossRef]
Mi, X.; Wang, C.; Sun, C.; Chen, X.; Huo, X.; Zhang, Y.; Li, G.; Xu, B.; Zhang, ].; Xie, ].; et al. Xanthohumol induces paraptosis of
leukemia cells through p38 mitogen activated protein kinase signaling pathway. Oncotarget 2017, 8, 31297-31304. [CrossRef]
Sepand, M.R.; Aliomrani, M.; Hasani-Nourian, Y.; Khalhori, M.R.; Farzaei, M.H.; Sanadgol, N. Mechanisms and pathogenesis
underlying environmental chemical-induced necroptosis. Environ. Sci. Pollut. Res. Int. 2020, 27, 37488-37501. [CrossRef]
[PubMed]

Escobar, S.J.M.; Fong, G.M.; Winnischofer, 5S.M.B.; Simone, M.; Munoz, L.; Dennis, ].M.; Rocha, M.E.M.; Witting, PK. Anti-
proliferative and cytotoxic activities of the flavonoid isoliquiritigenin in the human neuroblastoma cell line SH-SY5Y. Chem. Biol.
Interact. 2019, 299, 77-87. [CrossRef]

Jandial, D.D.; Krill, L.S.; Chen, L.; Wu, C.; Ke, Y,; Xie, J.; Hoang, B.H.; Zi, X. Induction of G2M Arrest by Flavokawain A, a
Kava Chalcone, Increases the Responsiveness of HER2-Overexpressing Breast Cancer Cells to Herceptin. Molecules 2017, 22, 462.
[CrossRef]

Ali, N.M.; Akhtar, M.N.; Ky, H.; Lim, K.L.; Abu, N.; Zareen, S.; Ho, W.Y.; Alan-Ong, HK.; Tan, S.W.; Alitheen, N.B.; et al.
Flavokawain derivative FLS induced G2/M arrest and apoptosis on breast cancer MCF-7 cell line. Drug Des. Dev. Ther. 2016,
10, 1897-1907.

Ji, X.; Wei, X.; Qian, J.; Mo, X;; Kai, G.; An, F; Lu, Y. 2/,4’-Dihydroxy-6'-methoxy-3' 5'-dimethylchalcone induced apoptosis and
G1 cell cycle arrest through PI3K/AKT pathway in BEL-7402/5-FU cells. Food Chem. Toxicol. 2019, 131, 110533. [CrossRef]


http://doi.org/10.1016/j.phymed.2017.12.006
http://doi.org/10.7150/ijbs.33790
http://www.ncbi.nlm.nih.gov/pubmed/28808400
http://doi.org/10.1038/nrm2529
http://doi.org/10.1016/j.ajpath.2014.02.028
http://doi.org/10.21037/tlcr-20-341
http://www.ncbi.nlm.nih.gov/pubmed/32953528
http://doi.org/10.1080/15384101.2018.1442626
http://doi.org/10.3390/ijms21041456
http://www.ncbi.nlm.nih.gov/pubmed/32093389
http://doi.org/10.1101/cshperspect.a006080
http://doi.org/10.4062/biomolther.2020.155
http://doi.org/10.1038/s41419-020-2724-5
http://doi.org/10.3390/cancers10010018
http://doi.org/10.1091/mbc.e08-12-1249
http://doi.org/10.1016/j.phymed.2018.03.027
http://www.ncbi.nlm.nih.gov/pubmed/29655680
http://doi.org/10.1016/j.phymed.2020.153373
http://doi.org/10.1016/j.biopha.2017.12.081
http://doi.org/10.1021/jm501997q
http://doi.org/10.1186/s12885-019-5288-y
http://doi.org/10.18632/oncotarget.16185
http://doi.org/10.1007/s11356-020-09360-5
http://www.ncbi.nlm.nih.gov/pubmed/32683625
http://doi.org/10.1016/j.cbi.2018.11.022
http://doi.org/10.3390/molecules22030462
http://doi.org/10.1016/j.fct.2019.05.041

Cancers 2021, 13, 2730 32 of 34

174.

175.

176.

177.

178.
179.

180.
181.

182.

183.

184.

185.

186.

187.
188.

189.

190.
191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

Wu, W,; Liu, E; Su, A; Gong, Y.; Zhao, W.; Liu, Y.; Ye, H.; Zhu, ]. The effect and mechanism of millepachine-disrupted spindle
assembly in tumor cells. Anticancer Drugs 2018, 29, 449-456. [CrossRef]

Zhang, B.; Lai, Y.; Li, Y;; Shu, N.; Wang, Z.; Wang, Y.; Li, Y.; Chen, Z. Antineoplastic activity of isoliquiritigenin, a chalcone
compound, in androgen-independent human prostate cancer cells linked to G2/M cell cycle arrest and cell apoptosis. Eur. |.
Pharmacol. 2018, 821, 57-67. [CrossRef]

Chang, C.T;; Hseu, Y.C.; Thiyagarajan, V.; Lin, K.Y.; Way, T.D.; Korivi, M.; Liao, ].W.; Yang, H.L. Chalcone flavokawain B induces
autophagic-cell death via reactive oxygen species-mediated signaling pathways in human gastric carcinoma and suppresses
tumor growth in nude mice. Arch. Toxicol. 2017, 91, 3341-3364. [CrossRef]

Kong, W.; Li, C.; Qi, Q.; Shen, J.; Chang, K. Cardamonin induces G2/M arrest and apoptosis via activation of the JNK-FOXO3a
pathway in breast cancer cells. Cell Biol. Int. 2020, 44, 177-188. [CrossRef]

Binarova, P; Tuszynski, J. Tubulin: Structure, Functions and Roles in Disease. Cells 2019, 8, 1294. [CrossRef]

Liu, Z.; Wang, C.; Wang, Y.; Wang, L.; Zhang, Y.; Yan, G. 4 -O-Methylbroussochalcone B as a novel tubulin polymerization
inhibitor suppressed the proliferation and migration of acute myeloid leukaemia cells. BMC Cancer 2021, 21, 91. [CrossRef]
Delgado, ].L.; Hsieh, C.M.; Chan, N.L.; Hiasa, H. Topoisomerases as anticancer targets. Biochem. ]. 2018, 475, 373-398. [CrossRef]
Cuya, S.M.; Bjornsti, M.A.; van Waardenburg, R. DNA topoisomerase-targeting chemotherapeutics: What’s new? Cancer
Chemother. Pharmacol. 2017, 80, 1-14. [CrossRef]

Kellner, U.; Rudolph, P,; Parwaresch, R. Human DNA-Topoisomerases-Diagnostic and Therapeutic Implications for Cancer.
Onkologie 2000, 23, 424-430. [CrossRef] [PubMed]

Zhao, S.; Chang, H.; Ma, P.; Gao, G.; Jin, C.; Zhao, X.; Zhou, W,; Jin, B. Inhibitory effect of DNA topoisomerase inhibitor
isoliquiritigenin on the growth of glioma cells. Int. . Clin. Exp. Pathol. 2015, 8, 12577-12582. [PubMed]

Zhang, H.L.; Zhang, Y.; Yan, X.L.; Xiao, L.G.; Hu, D.X; Yu, Q.; An, L.K. Secondary metabolites from Isodon ternifolius (D. Don)
Kudo and their anticancer activity as DNA topoisomerase IB and Tyrosyl-DNA phosphodiesterase 1 inhibitors. Bioorg. Med.
Chem. 2020, 28, 115527. [CrossRef] [PubMed]

Yue, S.-J.; Wang, W.-X.; Qu, C; Xin, L.-T; Tang, Y.-P; Duan, J.-A.; Wang, C.-Y. DNA Topoisomerase I Inhibitory Activity of
Quinochalcone C-glycosides from the Florets of Carthamus tinctorius. Nat. Prod. Commun. 2017, 12, 1749-1750. [CrossRef]

Yue, X.; Zhao, Y.; Xu, Y.; Zheng, M.; Feng, Z.; Hu, W. Mutant p53 in Cancer: Accumulation, Gain-of-Function, and Therapy. J. Mol.
Biol. 2017, 429, 1595-1606. [CrossRef] [PubMed]

Chao, C.C. Mechanisms of p53 degradation. Clin. Chim. Acta 2015, 438, 139-147. [CrossRef]

Zhou, Y.; Wang, K.; Zhou, N.; Huang, T.; Zhu, J.; Li, J. Butein activates p53 in hepatocellular carcinoma cells via blocking
MDM2-mediated ubiquitination. Onco Targets Ther. 2018, 11, 2007-2015. [CrossRef]

Kim, YJ.; Kang, K.S.; Choi, K.C.; Ko, H. Cardamonin induces autophagy and an antiproliferative effect through JNK activation in
human colorectal carcinoma HCT116 cells. Bioorg. Med. Chem. Lett. 2015, 25, 2559-2564. [CrossRef]

Reed, S.M.; Quelle, D.E. p53 Acetylation: Regulation and Consequences. Cancers 2014, 7, 30-69. [CrossRef]

Verza, EA ; Das, U,; Fachin, A.L.; Dimmock, J.R.; Marins, M. Roles of Histone Deacetylases and Inhibitors in Anticancer Therapy.
Cancers 2020, 12, 1664. [CrossRef]

Karaman, B.; Alhalabi, Z.; Swyter, S.; Mihigo, S.0.; Andrae-Marobela, K.; Jung, M.; Sippl, W.; Ntie-Kang, F. Identification of
Bichalcones as Sirtuin Inhibitors by Virtual Screening and In Vitro Testing. Molecules 2018, 23, 416. [CrossRef]

Lugano, R.; Ramachandran, M.; Dimberg, A. Tumor angiogenesis: Causes, consequences, challenges and opportunities. Cell Mol.
Life Sci. 2020, 77, 1745-1770. [CrossRef]

Mirossay, L.; Varinska, L.; Mojzis, ]. Antiangiogenic Effect of Flavonoids and Chalcones: An Update. Int. . Mol. Sci. 2017, 19, 27.
[CrossRef]

Saito, K.; Matsuo, Y.; Imafuji, H.; Okubo, T.; Maeda, Y.; Sato, T.; Shamoto, T.; Tsuboi, K.; Morimoto, M.; Takahashi, H.; et al.
Xanthohumol inhibits angiogenesis by suppressing nuclear factor-kappaB activation in pancreatic cancer. Cancer Sci. 2018,
109, 132-140. [CrossRef]

Lai, YW.; Wang, S.W.; Chang, C.H.; Liu, S.C.; Chen, Y.J.; Chi, C.W.; Chiu, L.P,; Chen, S.S.; Chiu, A.W.; Chung, C.H. Butein inhibits
metastatic behavior in mouse melanoma cells through VEGF expression and translation-dependent signaling pathway regulation.
BMC Complement. Altern. Med. 2015, 15, 445. [CrossRef] [PubMed]

Rossette, M.C.; Moraes, D.C.; Sacramento, E.K.; Romano-Silva, M.A.; Carvalho, J.L.; Gomes, D.A.; Caldas, H.; Friedman, E.;
Bastos-Rodrigues, L.; de Marco, L. The In Vitro and In Vivo Antiangiogenic Effects of Flavokawain B. Phytother. Res. 2017, 31,
1607-1613. [CrossRef] [PubMed]

Zimna, A.; Kurpisz, M. Hypoxia-Inducible Factor-1 in Physiological and Pathophysiological Angiogenesis: Applications and
Therapies. Biomed Res. Int. 2015, 2015, 549412. [CrossRef] [PubMed]

Cabral-Pacheco, G.A.; Garza-Veloz, L; De la Rosa, C.C.; Ramirez-Acuna, ].M.; Perez-Romero, B.A.; Guerrero-Rodriguez, J.F.;
Martinez-Avila, N.; Martinez-Fierro, M.L. The Roles of Matrix Metalloproteinases and Their Inhibitors in Human Diseases. Int. ].
Mol. Sci. 2020, 21, 9739. [CrossRef]

Zhang, L.; Ma, S.; Su, H.; Cheng, J. Isoliquiritigenin Inhibits IL-1beta-Induced Production of Matrix Metalloproteinase in Articular
Chondrocytes. Mol. Ther. Methods Clin. Dev. 2018, 9, 153-159. [CrossRef]

Kim, A.; Ma, ].Y. Isoliquiritin Apioside Suppresses in vitro Invasiveness and Angiogenesis of Cancer Cells and Endothelial Cells.
Front. Pharmacol. 2018, 9, 1455. [CrossRef] [PubMed]


http://doi.org/10.1097/CAD.0000000000000618
http://doi.org/10.1016/j.ejphar.2017.12.053
http://doi.org/10.1007/s00204-017-1967-0
http://doi.org/10.1002/cbin.11217
http://doi.org/10.3390/cells8101294
http://doi.org/10.1186/s12885-020-07759-4
http://doi.org/10.1042/BCJ20160583
http://doi.org/10.1007/s00280-017-3334-5
http://doi.org/10.1159/000027205
http://www.ncbi.nlm.nih.gov/pubmed/11441236
http://www.ncbi.nlm.nih.gov/pubmed/26722447
http://doi.org/10.1016/j.bmc.2020.115527
http://www.ncbi.nlm.nih.gov/pubmed/32345458
http://doi.org/10.1177/1934578X1701201124
http://doi.org/10.1016/j.jmb.2017.03.030
http://www.ncbi.nlm.nih.gov/pubmed/28390900
http://doi.org/10.1016/j.cca.2014.08.015
http://doi.org/10.2147/OTT.S160119
http://doi.org/10.1016/j.bmcl.2015.04.054
http://doi.org/10.3390/cancers7010030
http://doi.org/10.3390/cancers12061664
http://doi.org/10.3390/molecules23020416
http://doi.org/10.1007/s00018-019-03351-7
http://doi.org/10.3390/ijms19010027
http://doi.org/10.1111/cas.13441
http://doi.org/10.1186/s12906-015-0970-3
http://www.ncbi.nlm.nih.gov/pubmed/26694191
http://doi.org/10.1002/ptr.5891
http://www.ncbi.nlm.nih.gov/pubmed/28816367
http://doi.org/10.1155/2015/549412
http://www.ncbi.nlm.nih.gov/pubmed/26146622
http://doi.org/10.3390/ijms21249739
http://doi.org/10.1016/j.omtm.2018.02.006
http://doi.org/10.3389/fphar.2018.01455
http://www.ncbi.nlm.nih.gov/pubmed/30618749

Cancers 2021, 13, 2730 33 of 34

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.
220.
221.

222.

223.

224.

225.

226.

227.

Sanchez-Vega, F.; Mina, M.; Armenia, J.; Chatila, W.K,; Luna, A.; La, K.C.; Dimitriadoy, S.; Liu, D.L.; Kantheti, H.S.; Saghafinia, S.;
et al. Oncogenic Signaling Pathways in The Cancer Genome Atlas. Cell 2018, 173, 321-337.e10. [CrossRef]

Fan, Y.; Mao, R.; Yang, J. NF-kappaB and STAT3 signaling pathways collaboratively link inflammation to cancer. Protein Cell 2013,
4,176-185. [CrossRef] [PubMed]

Janku, E; Yap, T.A.; Meric-Bernstam, F. Targeting the PI3K pathway in cancer: Are we making headway? Nat. Rev. Clin. Oncol.
2018, 15, 273-291. [CrossRef] [PubMed]

Rachakhom, W.; Banjerdpongchai, R. Effect of Calomelanone, a Dihydrochalcone Analogue, on Human Cancer Apopto-
sis/Regulated Cell Death in an In Vitro Model. Biomed Res. Int. 2020, 2020, 4926821. [CrossRef]

Song, L.; Luo, Y.; Li, S.; Hong, M.; Wang, Q.; Chi, X.; Yang, C. ISL Induces Apoptosis and Autophagy in Hepatocellular Carcinoma
via Downregulation of PI3K/AKT/mTOR Pathway in vivo and in vitro. Drug Des. Dev. Ther. 2020, 14, 4363—4376. [CrossRef]
Su, Z.; Yu, B,; Deng, Z.; Sun, H. Isoliquiritigenin inhibits the survival of diffuse large 3-cell lymphoma cells by regulating
Akt/mTOR signaling pathway. Trop. ]. Pharm. Res. 2020, 19, 5. [CrossRef]

Hao, Y,; Zhang, C.; Sun, Y.; Xu, H. Licochalcone A inhibits cell proliferation, migration, and invasion through regulating the
PI3K/AKT signaling pathway in oral squamous cell carcinoma. Onco Targets Ther. 2019, 12, 4427-4435. [CrossRef]

Azbazdar, Y.; Karabicici, M.; Erdal, E.; Ozhan, G. Regulation of Wnt Signaling Pathways at the Plasma Membrane and Their
Misregulation in Cancer. Front. Cell Dev. Biol. 2021, 9, 631623. [CrossRef] [PubMed]

Cheng, X.; Xu, X.; Chen, D.; Zhao, F.; Wang, W. Therapeutic potential of targeting the Wnt/beta-catenin signaling pathway in
colorectal cancer. Biomed. Pharmacother. 2019, 110, 473-481. [CrossRef] [PubMed]

Shrivastava, S.; Jeengar, M.K.; Thummuri, D.; Koval, A.; Katanaev, V.L.; Marepally, S.; Naidu, V.G.M. Cardamonin, a chalcone,
inhibits human triple negative breast cancer cell invasiveness by downregulation of Wnt/beta-catenin signaling cascades and
reversal of epithelial-mesenchymal transition. Biofactors 2017, 43, 152-169. [CrossRef]

Huang, Q.; Li, J.; Zheng, J.; Wei, A. The Carcinogenic Role of the Notch Signaling Pathway in the Development of Hepatocellular
Carcinoma. J. Cancer 2019, 10, 1570-1579. [CrossRef]

Katoh, M.; Katoh, M. Precision medicine for human cancers with Notch signaling dysregulation (Review). Int. J. Mol. Med. 2020,
45,279-297. [CrossRef] [PubMed]

Kunnimalaiyaan, S.; Sokolowski, K.M.; Balamurugan, M.; Gamblin, T.C.; Kunnimalaiyaan, M. Xanthohumol inhibits Notch
signaling and induces apoptosis in hepatocellular carcinoma. PLoS ONE 2015, 10, e0127464. [CrossRef] [PubMed]

Walden, D.; Kunnimalaiyaan, S.; Sokolowski, K.; Clark, T.G.; Kunnimalaiyaan, M. Antiproliferative and apoptotic effects of
xanthohumol in cholangiocarcinoma. Oncotarget 2017, 8, 88069-88078. [CrossRef] [PubMed]

Kunnimalaiyaan, S.; Trevino, J.; Tsai, S.; Gamblin, T.C.; Kunnimalaiyaan, M. Xanthohumol-Mediated Suppression of Notch1
Signaling Is Associated with Antitumor Activity in Human Pancreatic Cancer Cells. Mol. Cancer Ther. 2015, 14, 1395-1403.
[CrossRef] [PubMed]

Liu, M.; Yin, H,; Qian, X.; Dong, J.; Qian, Z.; Miao, ]. Xanthohumol, a Prenylated Chalcone from Hops, Inhibits the Viability and
Stemness of Doxorubicin-Resistant MCF-7/ADR Cells. Molecules 2016, 22, 36. [CrossRef]

Mori, M.; Tottone, L.; Quaglio, D.; Zhdanovskaya, N.; Ingallina, C.; Fusto, M.; Ghirga, F; Peruzzi, G.; Crestoni, M.E.; Simeoni, F;
et al. Identification of a novel chalcone derivative that inhibits Notch signaling in T-cell acute lymphoblastic leukemia. Sci. Rep.
2017, 7, 2213. [CrossRef]

Brooks, A.J.; Putoczki, T. JAK-STAT Signalling Pathway in Cancer. Cancers 2020, 12, 1971. [CrossRef]

Qureshy, Z.; Johnson, D.E.; Grandis, ].R. Targeting the JAK/STAT pathway in solid tumors. J. Cancer Metastasis Treat. 2020, 6, 27.
Dokduang, H.; Yongvanit, P.; Namwat, N.; Pairojkul, C.; Sangkhamanon, S.; Yageta, M.S.; Murakami, Y.; Loilome, W. Xanthohumol
inhibits STAT3 activation pathway leading to growth suppression and apoptosis induction in human cholangiocarcinoma cells.
Oncol. Rep. 2016, 35, 2065-2072. [CrossRef]

Jiang, W.; Zhao, S.; Xu, L.; Lu, Y,; Lu, Z; Chen, C.; Nj, J.; Wan, R.; Yang, L. The inhibitory effects of xanthohumol, a prenylated
chalcone derived from hops, on cell growth and tumorigenesis in human pancreatic cancer. Biomed. Pharmacother. 2015, 73, 40-47.
[CrossRef] [PubMed]

Oh, H.N.; Oh, K.B.; Lee, M.H.; Seo, ].H.; Kim, E.; Yoon, G.; Cho, S.S.; Cho, Y.S.; Choi, HW.; Chae, ].I; et al. JAK2 regulation by
licochalcone H inhibits the cell growth and induces apoptosis in oral squamous cell carcinoma. Phytomedicine 2019, 52, 60—69.
[CrossRef] [PubMed]

Oh, H.N.; Seo, ].H.; Lee, M.H.; Kim, C.; Kim, E.; Yoon, G.; Cho, S.S.; Cho, Y.S.; Choi, HW.; Shim, J.H.; et al. Licochalcone C
induced apoptosis in human oral squamous cell carcinoma cells by regulation of the JAK2/STATS3 signaling pathway. . Cell
Biochem. 2018, 119, 10118-10130. [CrossRef] [PubMed]

Seo, J.H.; Choi, HW.; Oh, H.N.; Lee, M.H.; Kim, E.; Yoon, G.; Cho, S.S.; Park, S.M.; Cho, Y.S.; Chae, ]J.I.; et al. Licochalcone
D directly targets JAK2 to induced apoptosis in human oral squamous cell carcinoma. |. Cell Physiol. 2019, 234, 1780-1793.
[CrossRef]

Wang, J.R.; Luo, Y.H.; Piao, X.J.; Zhang, Y.; Feng, Y.C; Li, ].Q.; Xu, W.T.; Zhang, Y.; Zhang, T.; Wang, S.N.; et al. Mechanisms
underlying isoliquiritigenin-induced apoptosis and cell cycle arrest via ROS-mediated MAPK/STAT3/NF-kappaB pathways in
human hepatocellular carcinoma cells. Drug Dev. Res. 2019, 80, 461-470. [CrossRef] [PubMed]

Xia, L.; Tan, S.; Zhou, Y.; Lin, J.; Wang, H.; Oyang, L.; Tian, Y.; Liu, L.; Su, M.; Wang, H.; et al. Role of the NFkappaB-signaling
pathway in cancer. Onco Targets Ther. 2018, 11, 2063-2073. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cell.2018.03.035
http://doi.org/10.1007/s13238-013-2084-3
http://www.ncbi.nlm.nih.gov/pubmed/23483479
http://doi.org/10.1038/nrclinonc.2018.28
http://www.ncbi.nlm.nih.gov/pubmed/29508857
http://doi.org/10.1155/2020/4926821
http://doi.org/10.2147/DDDT.S270124
http://doi.org/10.4314/tjpr.v19i8.8
http://doi.org/10.2147/OTT.S201728
http://doi.org/10.3389/fcell.2021.631623
http://www.ncbi.nlm.nih.gov/pubmed/33585487
http://doi.org/10.1016/j.biopha.2018.11.082
http://www.ncbi.nlm.nih.gov/pubmed/30530050
http://doi.org/10.1002/biof.1315
http://doi.org/10.7150/jca.26847
http://doi.org/10.3892/ijmm.2019.4418
http://www.ncbi.nlm.nih.gov/pubmed/31894255
http://doi.org/10.1371/journal.pone.0127464
http://www.ncbi.nlm.nih.gov/pubmed/26011160
http://doi.org/10.18632/oncotarget.21422
http://www.ncbi.nlm.nih.gov/pubmed/29152142
http://doi.org/10.1158/1535-7163.MCT-14-0915
http://www.ncbi.nlm.nih.gov/pubmed/25887885
http://doi.org/10.3390/molecules22010036
http://doi.org/10.1038/s41598-017-02316-9
http://doi.org/10.3390/cancers12071971
http://doi.org/10.3892/or.2016.4584
http://doi.org/10.1016/j.biopha.2015.05.020
http://www.ncbi.nlm.nih.gov/pubmed/26211581
http://doi.org/10.1016/j.phymed.2018.09.180
http://www.ncbi.nlm.nih.gov/pubmed/30599913
http://doi.org/10.1002/jcb.27349
http://www.ncbi.nlm.nih.gov/pubmed/30129052
http://doi.org/10.1002/jcp.27050
http://doi.org/10.1002/ddr.21518
http://www.ncbi.nlm.nih.gov/pubmed/30698296
http://doi.org/10.2147/OTT.S161109
http://www.ncbi.nlm.nih.gov/pubmed/29695914

Cancers 2021, 13, 2730 34 of 34

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

Huang, C.F; Yang, S.F,; Chiou, H.L.; Hsu, WH.; Hsu, J.C,; Liu, C.J.; Hsieh, Y.H. Licochalcone A inhibits the invasive potential of
human glioma cells by targeting the MEK/ERK and ADAMO9 signaling pathways. Food Funct. 2018, 9, 6196-6204. [CrossRef]
Gao, F; Li, M; Zhou, L.; Liu, W.; Zuo, H.; Li, W. Xanthohumol targets the ERK1/2Fral signaling axis to reduce cyclin D1
expression and inhibit nonsmall cell lung cancer. Oncol. Rep. 2020, 44, 1365-1374.

Hao, W.; Yuan, X,; Yu, L.; Gao, C.; Sun, X.; Wang, D.; Zheng, Q. Licochalcone A-induced human gastric cancer BGC-823 cells
apoptosis by regulating ROS-mediated MAPKSs and PI3K/AKT signaling pathways. Sci. Rep. 2015, 5, 10336. [CrossRef]
Nawaz, J.; Rasul, A.; Shah, M.A; Hussain, G.; Riaz, A ; Sarfraz, I.; Zafar, S.; Adnan, M.; Khan, A.H.; Selamoglu, Z. Cardamonin: A
new player to fight cancer via multiple cancer signaling pathways. Life Sci. 2020, 250, 117591. [CrossRef]

Tang, Y.L.; Huang, L.B.; Lin, W.H.; Wang, L.N.; Tian, Y.; Shi, D.; Wang, J.; Qin, G.; Li, A.; Liang, Y.N.; et al. Butein inhibits cell
proliferation and induces cell cycle arrest in acute lymphoblastic leukemia via FOXO3a/p27kip1 pathway. Oncotarget 2016, 7,
18651-18664. [CrossRef] [PubMed]

Komoto, T.T.; Bernardes, T.M.; Mesquita, T.B.; Bortolotto, L.EB.; Silva, G.; Bitencourt, T.A.; Baek, S.J.; Marins, M.; Fachin, A.L.
Chalcones Repressed the AURKA and MDR Proteins Involved in Metastasis and Multiple Drug Resistance in Breast Cancer Cell
Lines. Molecules 2018, 23, 2018. [CrossRef] [PubMed]

Wu, C.P; Lusvarghi, S.; Hsiao, S.H.; Liu, T.C.; Li, Y.Q.; Huang, Y.H.; Hung, T.H.; Ambudkar, S.V. Licochalcone A Selectively
Resensitizes ABCG2-Overexpressing Multidrug-Resistant Cancer Cells to Chemotherapeutic Drugs. J. Nat. Prod. 2020, 83,
1461-1472. [CrossRef] [PubMed]

Li, J.; Zheng, L.; Yan, M.; Wu, J.; Liu, Y.; Tian, X,; Jiang, W.; Zhang, L.; Wang, R. Activity and mechanism of flavokawain A in
inhibiting P-glycoprotein expression in paclitaxel resistance of lung cancer. Oncol. Lett. 2020, 19, 379-387. [CrossRef]
Nabekura, T.; Hiroi, T.; Kawasaki, T.; Uwai, Y. Effects of natural nuclear factor-kappa B inhibitors on anticancer drug efflux
transporter human P-glycoprotein. Biomed. Pharmacother. 2015, 70, 140-145. [CrossRef] [PubMed]

Kuete, V.; Mbaveng, A.T.; Zeino, M.; Fozing, C.D.; Ngameni, B.; Kapche, G.D.; Ngadjui, B.T.; Efferth, T. Cytotoxicity of three
naturally occurring flavonoid derived compounds (artocarpesin, cycloartocarpesin and isobavachalcone) towards multi-factorial
drug-resistant cancer cells. Phytomedicine 2015, 22, 1096-1102. [CrossRef]

Zhou, J.X.; Wink, M. Reversal of Multidrug Resistance in Human Colon Cancer and Human Leukemia Cells by Three Plant
Extracts and Their Major Secondary Metabolites. Medicines 2018, 5, 123. [CrossRef]


http://doi.org/10.1039/C8FO01643G
http://doi.org/10.1038/srep10336
http://doi.org/10.1016/j.lfs.2020.117591
http://doi.org/10.18632/oncotarget.7624
http://www.ncbi.nlm.nih.gov/pubmed/26919107
http://doi.org/10.3390/molecules23082018
http://www.ncbi.nlm.nih.gov/pubmed/30104527
http://doi.org/10.1021/acs.jnatprod.9b01022
http://www.ncbi.nlm.nih.gov/pubmed/32347726
http://doi.org/10.3892/ol.2019.11069
http://doi.org/10.1016/j.biopha.2015.01.007
http://www.ncbi.nlm.nih.gov/pubmed/25776492
http://doi.org/10.1016/j.phymed.2015.07.006
http://doi.org/10.3390/medicines5040123

	Introduction 
	Induction of Cell Death 
	Induction of Apoptosis 
	Intrinsic Pathway of Apoptosis 
	Extrinsic Pathway of Apoptosis 
	Endoplasmic Reticulum Pathway of Apoptosis 

	Non-Apoptotic Cell Death 
	Autophagic Cell Death 
	Other Cell Death Pathways 


	Cell Cycle and Tubulins as a Target of Chalcones 
	Inhibition of Topoisomerases 
	Inhibition of p53 Regulators 
	Inhibition of MDM2 and Other Proteins 
	Inhibition of p53 Deacetylases 

	Antiangiogenic Effects of Chalcones 
	Modulation of Selected Signaling Pathways 
	Modulation of Other Molecular Targets 
	Conclusions 
	References

