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Abstract: Plant-derived bioactive compounds are gaining wide attention for their multiple health-
promoting activities and in particular for their anti-cancer properties. Several studies have highlighted
how they can prevent cancer initiation and progression, improve the effectiveness of chemotherapy,
and, in some cases, limit some of the side effects of chemotherapy agents. In this paper, we provide
an update of the literature on the anti-cancer effects of three extensively studied plant-derived
compounds, namely resveratrol, epigallocatechin gallate, and curcumin, with a special focus on the
anti-cancer molecular mechanisms inducing apoptosis in the major types of cancers globally.
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1. Introduction

Chemotherapy represents one of the strategies available for cancer treatment [1]; it
makes use of compounds capable of preventing proliferative signaling pathways, blocking
mechanisms of immortality, preventing angiogenesis and metastasis, and directing cancer
cells towards apoptosis [1,2]. Tumors exhibit a high degree of molecular and genetic
heterogeneity which makes them extremely susceptible to cytotoxic drugs treatment [3].

Chemotherapy aims to kill cancer cells to prevent cancer progression. However, its
efficacy is limited by the emergence of drug resistance mechanisms in tumor cells [4]. This
may be due to increased drug efflux rates, drug inhibition and degradation mechanisms,
drug target mutations, or death mechanism dysfunction [5,6]. In chemoresistance processes,
all of these events can act independently or in synergy through the modulation of several
signaling pathways [6]. Indeed, both intrinsic drug resistance existing before treatment
and acquired drug resistance after therapy are responsible for most cancer recurrences,
which are the leading causes of death from the disease [7]. Intrinsic drug resistance may be
due to genetic mutation(s) of the genes involved in cancer cell growth and/or apoptosis.
For example, the high expression of the HER2 gene renders cancer cells more resistant to
cisplatin treatment in some tumors [8]. Furthermore, it may depend on the heterogeneity of
tumors in which the existence of specific subpopulations in tumors such as CSCs with self-
renewal and differentiation capacity participate in both tumor progression and resistance to
chemotherapy drugs in different types of cancer [7,9]; the activation of intrinsic pathways
used as a defense against environmental toxins (such as anti-cancer drugs) predisposes to
chemoresistance. On the other hand, the acquired resistance after treatment, resulting from
new proto-oncogenes activation, mutations or altered expression levels of specific drug
targets, as well as changes in the tumor microenvironment, has been reported [7,9].

A promising strategy to fight cancer is chemoprevention which, uses natural bioactive
compounds together with synthetic molecules, to block, inhibit, or delay cancer progres-
sion [10]. In recent decades, there has been a growing interest in the use of bioactive
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components from natural sources as potential anti-cancer agents to be added into combi-
nation therapy, along with the identification of molecular targets and signaling pathways
activated or inhibited by them [11]. Studying the therapeutic effects of phytochemicals at
the cellular and molecular behavior level provides the basis for their function and helps to
potentiate the health benefits of these products.

Many existing anti-cancer drugs, such as the vinca alkaloids vincristine and vinblas-
tine, taxanes (e.g., paclitaxel and docetaxel), podophyllotoxin derivatives (e.g., etoposide
and teniposide), and camptothecins (e.g., topotecan) are molecules derived from plant
origin which are used in conventional chemotherapy [12]. Furthermore, some natural
bioactive compounds are considered as nutraceuticals, namely compounds isolated or
purified from foods which provide benefits or protection against chronic diseases, includ-
ing cancer [13]. Although nature offers an incredible diversity of compounds that could
be proposed as candidates to counteract tumor growth, the chemical modifications of
natural molecules can further enhance their efficacy and reduce negative effects [14]. A
wide variety of bioactive compounds or natural product derivatives may be available in
clinical practice. Results from several studies have suggested that the resistance against
natural products is less frequent, due to their multi-targeting ability [15]. In fact, some
of them not only influence the activity and expression of oncogenes, but are capable of
activating the immune system response against tumors [15] and above all capable of induc-
ing apoptosis [16]. Moreover, in addition to drug resistance, systemic toxicity is a serious
problem inherent to chemotherapy. In vitro and in vivo studies have demonstrated that
natural compounds have lower toxicity and also produce synergistic effects, with several
common chemotherapeutic agents being able to simultaneously affect multiple cellular
pathways [17]. Therefore, in cancer management, natural compounds can be used as both
chemotherapeutic and chemo-preventive agents to prevent or treat cancer [17-19] and
chemo-sensitizing agents to improve the efficacy of conventional chemotherapy [11,20].

The present review was designed to summarize reports regarding the potential
use of natural bioactive products as chemo-preventive and chemo-therapeutic agents.
These compounds are effective against several signaling pathways modulating cancer
biology and mainly cell death apoptotic pathways [21]. Since apoptosis evasion is a
fundamental feature of cancer cells, the ability of bioactive compounds capable of trig-
gering this process can be utilized to treat or prevent cancer [22]. Due to the complex-
ity of anti-cancer actions mediated by each bioactive compound, our analysis will fo-
cus on the pro-apoptotic actions of some specific polyphenols that are mostly under
study, namely resveratrol (3,5,4’-trihydroxystilbene) (RSV), epigallocatechin gallate ((-)-cis-
3,3/ 4’ 5,5, 7-hexahydroxy-flavane-3-gallate) (EGCG), and curcumin (1,7-bis[4-hydroxy-3-
methoxyphenyl]-1,6-heptadiene-3,5,dione) (CUR). These bioactive compounds represent
the most promising candidates for cancer chemoprevention or treatment (Figure 1).
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Figure 1. Chemical structures of resveratrol (RSV) (A), epigallocatechin gallate (EGCG) (B), and
curcumin (CUR) (C), and relative natural sources. The chemical structures were taken from the
PubChem Substance and Compound database. (https://pubchem.ncbi.nlm.nih.gov/) accessed on
20 December 2022.

2. Plant-Derived Bioactive Compounds
2.1. Resveratrol-Mediated Biological Actions
2.1.1. Absorption and Metabolism of Resveratrol

Resveratrol (RSV) is a natural nonflavonoid polyphenol first characterized by its
antioxidant cardiovascular beneficial effects, and subsequently by its anti-inflammatory
and anti-cancer properties [23]. It is found in more than 70 plant species, although it is
present in high concentrations in red grapes [24]. RSV consists of two aromatic rings that
are connected through a methylene bridge (Figure 1). Two different isomers are defined:
the cis- RSV form is unstable and the trans-isomer is characterized by greater biological
activity, and stability and it is believed to be responsible for the anti-cancer and health
benefits of RSV [25]. However, nowadays, further investigations are necessary to better
define the potential clinical usefulness of RSV.

Unfortunately, RSV absorption in the intestine is very low due to its chemical structure.
The extensive metabolism in the intestine and liver of the natural compound results in
an oral bioavailability considerably less than 1% [26]. The majority of in vitro and in vivo
studies have demonstrated that the poor bioavailability and low potency compromise the
anti-cancer activity of RSV [27]. Thus, the high dose required to exert its biological effects is
the remaining problem for its use in chemoprevention. To resolve these challenges, scientists
have developed new carriers and covers for RSV [28,29] to overcome low bioavailability
and absorption. Nano-encapsulated forms, liposomes, micelles, solid lipid nanoparticles,
and polymeric nanoparticles are fascinating examples able to increase RSV bioavailability
and absorption [30,31]. These options have improved its use for the preventive effect in
several diseases, but also for the anti-tumor activity against various cancers.

2.1.2. Anti-Cancer Pathways of Resveratrol

From this point of view, RSV is known to regulate multiple transduction pathways
and enzyme activities that could induce different biological responses. For example, the
suppression of the erroneous DNA double-strand breaks’ repair and genome stability
maintenance have been described [32]. In an in vivo study, the beneficial effects of RSV
on genome integrity were associated with the suppression of microsatellite instability-


https://pubchem.ncbi.nlm.nih.gov/

Life 2023, 13, 261

4 of 24

ER, AR,

AMPK/SIRT1,
MAPK,
PI3KIAKT,
NF-KB,
STAT3

associated cancer and a subsequent extension of the lifespan of mice. These results strongly
support the suppression of genomic instability as an anti-cancer mechanism through
increased RSV consumption [32]. Moreover, RSV suppresses cancer cell survival, induces
cell death, and is able to counteract metastasis and invasion in a number of cancer cell
lines [33].

Through numerous in vitro and in vivo studies (Figure 2), it has emerged that RSV
exerts anti-tumor effects via pleiotropic mechanisms rather than a single mechanism of ac-
tion [34]. More recently, its capability to act on multiple nodes, during tumor carcinogenesis
strongly suggests the use of RSV as a combination agent with other therapies. RSV exerts
synergistic action when combined with chemotherapeutic agents [35] or sensitizes [36]
resistant tumor cells to cytotoxicity [37]. Indeed, a large number of receptors, kinases, and
enzymes are described as RSV targets, mediating its biological effects.
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Figure 2. Schematic representation of the anti-cancer pathways stimulated by RSV, EGCG, and CUR
in cancer cells. See the text for details.

Classically, RSV has been shown to target the steroid receptors signals in hormone-
dependent cancer cells [38] thus suggesting that it might become part of future therapeutic
protocols. RSV exerts anti-inflammatory actions mediated by its modulatory actions on
AMPK/SIRT1; since SIRT1 may participate in mechanisms that delay age-associated dis-
eases, this strongly suggests that RSV may have a similar function [39]. Moreover, RSV
triggers the expression of a wide range of antioxidant enzymes, determining an overall
decrease in oxidative stress [40].

Interestingly, further elegant studies provide evidence of novel RSV targets and anti-
cancer mechanisms. In a study, the chronic administration of RSV induced a cell quiescent
state with features of cell dormancy in ovarian cancer cells. The authors identified the
signature of six miRNAs modulated in an opposite manner by IL-6 and RSV, potentially
targeting ARH-I, a tumor-suppressor gene responsible for controlling the cancer cell dor-
mant state. Additionally, the authors showed that ARH-I is a target of a novel onco-miRNA
miR-1305, upregulated by IL-6 and downregulated by RSV [41].

More recently, a total of 330 genes with significantly different expressions were identi-
fied through large-scale transcriptome sequencing. These data proved that a large number
of genes related to the cell cycle and apoptosis were differentially expressed after RSV
treatment [42,43].
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2.2. Epigallocatechin Gallate-Mediated Biological Actions
2.2.1. Absorption and Metabolism of Epigallocatechin Gallate

EGCG is a common phytochemical rich in biologically active components and it is
the most studied molecule belonging to the flavonol class. It is a catechin conjugated with
gallic acid (Figure 1) and is considered to be one of the most active molecules known for its
anti-oxidant properties. EGCG is particularly abundant in green tea (Camellia sinensis),
the second most consumed beverage in the world [44]. Numerous observational and inter-
vention studies have linked green tea consumption to beneficial effects counteracting many
human diseases, including obesity, metabolic syndrome, neurodegenerative inflammatory
diseases, and cancer [45]. In the past 25 years, the cancer preventive and other anti-cancer
activities of tea preparations have been demonstrated in a variety of animal models [46],
including those for cancers of the oral cavity, esophagus, stomach, small intestine, colon,
liver, pancreas, lung, bladder, skin, prostate, and mammary glands [47].

Most of the in vivo studies were conducted with green tea or tea catechin preparations,
and some were conducted with pure EGCG, administered through drinking water or
diet [48]. EGCG is first taken up in the intestine where the intestinal microbiota plays an
essential role in the metabolism of EGCG. The gut microbiota is a key factor in maintaining
the intestinal barrier function, which is crucial for nutrient absorption, energy metabolism,
and immune response regulation [49]. After the ingestion of green tea or EGCG, only a very
small amount of EGCG appears in the systemic circulation, while most reaches the large
intestine, where it is degraded by the intestinal microbiota [50]. Several in vitro and in vivo
studies have reported that gut microbiota can deconjugate and degrade EGCG; microbial
conversion begins with rapid degalloylation of the D-ring by microbial esterases, resulting
in gallic acid (GA) and epigallocatechin (CGE). Subsequently, these two metabolites are
subjected to further degradation [51]. In animal models, the radioactivity of isotope-labelled
EGCGs increases only eight hours after oral administration, indicating that the intestinal
microbiota is responsible for significant conversions of EGCGs prior to uptake [52].

2.2.2. Anti-Cancer Pathways of Epigallocatechin Gallate

By attaching to lipids and proteins found in membranes, EGCG is able to perform a
variety of biological functions and target different pathways (Figure 2) [53]. EGCG regu-
lates the activities of cell surface growth factor receptors, such as IR, VEGFR, EGFR, and
IGFR [54]. Several intracellular messengers including Ca?* and cGMP are increased by
EGCG. Even though this effect is not seen in other cell types, EGCG stimulation increases
cAMP in endothelial cells and platelets. The increased cAMP induces PKA which has a
variety of biological effects [55] in different cell models. By blocking a number of transcrip-
tion factors, including Sp1, NF-kB, AP-1, STAT1, STAT3, and FOXO1, EGCG modulates
gene expression [56].

EGCG’s anti-cancer activity is continuously investigated [57]. EGCG has been shown
to have chemo-preventive effects through the inhibition of the initiation, promotion, and
development of carcinogenesis [58]. Additionally, through modifying several cell signaling
pathways, such as those controlling proliferation, apoptosis, and angiogenesis, this catechin
has demonstrated its significance as a promising compound for the treatment of different
types of cancer [58]. EGCG has been shown to have an additive or synergistic impact
with chemo-preventive drugs because it lessens toxicities and strengthens anti-cancerous
benefits [59]. EGCG has a number of advantages, but there are also a growing number
of obstacles to overcome. For instance, oral administration of EGCG results in minimal
bioactivity [60].

Some of the anti-cancer effects of catechins may be related to the production of ox-
idative stress and the stimulation of apoptosis in tumor cells caused by these pro-oxidant
actions. These pro-oxidant actions may also activate endogenous antioxidant defense
mechanisms in healthy tissues, which provide defense against carcinogenic damage [57].
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2.3. Curcumin-Mediated Biological Actions
2.3.1. Absorption and Metabolism of Curcumin

Curcumin (CUR) is the most active agent of the polyphenolic curcuminoids derived
from turmeric root. Turmeric includes one of the largest genera of the Zingiberaceae
family (about 133 species) [61,62], which is widely distributed in tropical regions from
India to Southern China and Northern Australia [61]. The most interesting species is
Curcuma longa L., particularly cultivated in India; a powder with a characteristic yellow-
orange color is obtained from the underground root (rhizome) of this plant, after drying
and grinding. This extract contains various active ingredients including volatile oils (i.e.,
a-zingiberene, curlone, and a-turmerone) [63] and mainly (95% of standardized extract)
three curcuminoids such as CU (or CUR I) (~77%), demethoxy CUR (17-18%) (or CUR
II), and bis-demethoxy CUR (3-5%) (or CUR III) [64]. CUR is a symmetric molecule that
possess three chemical parts in its structure: an aromatic o-methoxy phenolic group, «,
B-unsaturated 3-diketo moiety, and a seven-carbon linker (Figure 1).

After oral intake, CUR is poorly absorbed and rapidly metabolized [65]. The liver
represents the primary site of CUR metabolism, although it can be transformed in the intes-
tine [66]. CUR undergoes extensive phase I and II biotransformation reactions [67]; phase I
metabolism involves the reduction of double bonds leading to the formation of dihydro,
tetrahydro-, hexahydro-, and octahydro-CUR, while phase II metabolism conjugates glu-
curonide or sulfate with CUR and its hydrogenated metabolites [67]. CUR’s water solubility
can be increased by glucuronidation and sulfation, even if these reactions accelerate CUR
removal via urine [68]. Indeed, the poor absorption, high rate of metabolism, inactivity of
metabolic products, low plasma levels, tissue distribution, and rapid elimination and clear-
ance from the body contribute to CUR’s poor bioavailability and all together, they limit its
clinical application [69]. In this regard, several approaches to improve its pharmacokinetic
profile and bioavailability have been performed; these include the discovery of synthetic
derivatives/analogues and various drug delivery systems [62,70-75].

2.3.2. Anti-Cancer Pathways of Curcumin

Despite its unfavorable pharmacokinetic characteristics, growing evidence has shown
that CUR has numerous pharmacological properties, including antimicrobial [76], antivi-
ral [77], antifungal [78], antioxidant [79], anti-inflammatory [80], and also anti-tumoral
properties [81]. In particular, CUR represents a promising phytochemical in the anti-cancer
field to be used alone or combined with other drugs through different pathways (Figure 2).
In vitro and in vivo studies have evidenced that CUR may inhibit breast, lung, gastroin-
testinal tract, liver, prostate, kidney, pancreatic, leukemia, osteosarcoma, melanoma, and
brain cancer growth [82,83]. In addition, CUR is able to potentiate the anti-cancer effects
of both radiotherapy and chemotherapeutic agents [84] showing low toxicity towards
normal cells. Co-treatment of CUR with chemotherapy drugs such as docetaxel, metformin,
5-fluorouracil, doxorubicin, cisplatin, and celecoxib improved their anti-tumor actions
through a synergistic effect in several tumors such as prostate, hepatocellular, gastric,
lymphoma Hodgkin’s, bladder, and colorectal tumors [85]. Extensive data suggests that
this polyphenol can effectively prevent and treat cancer at the initiation, promotion, and
progression levels [86]. This propriety depends on its ability to target critical processes
primarily involved in cancer progression. CUR was able to modulate several cellular
pathways affecting proliferation and/or angiogenesis, invasion, migration, metastasis, and
apoptotic processes [62,81]. Change in the expression of tumor suppressor, pro-apoptotic,
and anti-apoptotic genes by CUR represents one of the key molecular mechanisms underly-
ing its anti-cancer action [87]. Studies have demonstrated that it can affect p53, JAK/STAT,
EGEFR, PI3K/Akt, MAPK, NOTCH, Wnt/ 3-catenin, and NF-kB apoptosis-related signaling
pathways. Recent data has indicated that it also modulates the expression of ncRNAs
(including miRNAs and IncRNAs) and the expression of specific proteins thus inhibiting
tumor proliferation, promoting apoptosis, and improving sensitivity to chemotherapy
drugs [87,88].
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3. Plant-Derived Bioactive-Compound-Mediated Pro-Apoptotic Effects

Apoptosis has been reported to be hindered in many human cancers, showing that the
disruption of apoptotic processes plays a crucial role in cancer development. Apoptosis-
programmed cell death is a physiological process controlled by genetics that helps the body
get rid of damaged or diseased cells. Apoptosis evasion is retained nowadays as one of the
hallmarks of cancer. There are many ways by which cancer cells evade apoptosis: caspase
function can be inhibited or the switch for apoptosis can be disabled. The upregulation of
anti-apoptotic Bcl-2 proteins and the loss of Bax and/or Bak are the predominant methods
of evasion and represent several mechanisms of resistance to the apoptotic stimuli of some
anti-cancer drugs [89].

The mitochondria-apoptosome-mediated intrinsic pathway and the death receptor-
induced extrinsic pathway are the two main mechanisms that are involved in the start of
apoptosis [90]. The intrinsic process relies on mitochondria and can destroy injured cells
by detecting DNA damage and oxidative stress. Intrinsic pathways rely on the tumor-
suppressor protein p53, which is essential in this route. As a result, p53 is classically thought
to be a potential target for cancer treatment. In order to activate the extrinsic apoptotic
pathway, death ligands bind to the death receptors. TNF was the first cell death ligand
investigated for cancer treatment [91] and many others have been described subsequently.
Recently, it was discovered that the Fas/APO-1 (CD95) receptor is an important cellular
component responsible for the induction of apoptosis in leukemic cells and an important
therapeutic target, because antibodies directed against this receptor were able to cause
apoptosis in a variety of cancer cells. Numerous studies illustrate the mechanisms and
targets of RSV, EGCG, and CUR anti-apoptotic actions and they summarized in Table 1.

Table 1. Cancer types and apoptotic pathways stimulated by RSV, EGCG, and CUR. 7 (increase);
1 (decrease).

Bioactive Compound

Cancer, Cell Types Molecular Mechanisms Apoptotic Pathways/Markers Ref.

1 pH2AX, 1 p38MAPK, 1

RSV Chronic myeloid leukemia K562 cells JNK, | ERK, | pAKT Caspase-3 activation [92]
RSV Human glioma, U251 cells J pAKT Caspase-3 activation, LDH [93]
release
RSV Prostate cancer, LNCaP cells . gli%ﬁttg%lz fngl DR4, DR5 (extrinsic pathway) [94]
RSV Medulloblastoma, UW228 cells T Tl\]gi_ll-(zﬁ Annexin+ [95]
1 BAX, 1 p53, | MMP |
EGCG Hepatocellular carcinoma cells Bcl-2, Caspase-3, -9 activation [96]
} NFKp
. . T ROS, 1 p38, 1 JNKI, | g s
EGCG Human glioblastoma U87MG; T98G cells p-AKT, | Bl-2 Caspase-8 activation [97]
adder cancer, cells t, J Bel- :
EGCG Bladd T24 cell, | PI3K/Akt, | Bcl-2 Caspase-3 activation PARP 98]
cleavage
EGCG Adult acute myeloid leukemia, AML cells 1T ROS Caspase-3, -8, -9 activation [99]
EGCG Bladder cancer, 5637, T4 cells TBAX, 11}1:352;%3] related Caspase-3, -9 activation [100]
EGCG Colon cancer, (in vitro, in vivo models) J Shh, | PI3K Caspase-3, -9 activation [101]
EGCG Colorectal cancer, HT29 cells TERS (Blrka;E)RK s elF2eg Caspase-3, -7 activation [102]
EGCG Mesothelioma, REN and MM98 cell lines TGRPE&ZQ};T’ ERS Caspase-3, -8 activation [103]
CUR Colon adenocarcinoma HCT-116 cells 1T ROS DRS5 (extrinsic pathway) [104]
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Table 1. Cont.

Bioactive Compound

Cancer, Cell Types Molecular Mechanisms Apoptotic Pathways/Markers Ref.

1 p53, T Hes family, T BAX

CUR Mouse myeloma cells 1 Bcl-2, | NOTCH Intrinsic pathway [105]
CUR Gastric cancer, SNCIiills, SNU-5, and AGS | Wnt/ B-catenin Annexind [106]
Hepatocellular carcinoma BCL-7402, J} Wnt/ B-catenin, | VEGE, .
CUR QGY-7703 cells 1 CD1 Annexin+ [107]
CUR Thyroid cancer, BCPAP and TPC cells 1T ROS, | JAK/STAT Caspase-3 activation [108]
Melanoma vemurafenib-resistant cells 1 ROS, | EGFR, | AKT, L
CUR (A375.52) | MAPK Caspase-3, -9 activation [109]
CUR Lung cancer, A-549 cells 1 DJ-1, | PI3K/Akt, Annexin+ [110]

3.1. Resveratrol as an Enhancer of Apoptosis in Cancer Cells
3.1.1. Pro-Apoptotic Pathways of Resveratrol

RSV induces the apoptotic death of tumor cells through a variety of signal transduction
mechanisms by regulating the amounts of Fas and FasL. In HL-60 promyeloblast cells, RSV
increases FasL expression, and RSV-induced apoptosis is dependent on Fas signaling [111].
Similar results have been seen in breast and colon cancer cells [112]. However, cytotoxic
chemicals that kill cells without targeting the Fas protein have also been described [113].
The RSV-induced death of THP-1 monocytes cells is independent of the Fas/FasL signaling
system, and it at least partially inhibits the proliferation of THP-1 cells. RSV acts differently
on monocytes and macrophages since it enhances the inflammatory response in THP-1
monocytes, whereas it exerts anti-inflammatory effects in differentiated-THP-1. This study
shows that RSV exerted a concentration-dependent differential effect on cell proliferation
and apoptosis depending on cell types, with monocytes being more sensitive toward RSV
than macrophages [114]. Thus, the potential use of RSV could be now considered for
the treatment of acute monocytic leukemia [115]. In a T-cell-derived T-ALL lymphocytic
leukemia cell line, which lacked functioning p53 and p16, RSV caused apoptosis and an
arrest in the S-phase, in a way that was Fas-independent as evidenced by the lack of an
apoptotic change in the presence of Fas or FasL antagonist antibodies [116].

Classical mechanisms of action were described in human multiple myeloma cells
which had undergone apoptosis and were prevented from proliferating by RSV, through
downregulation of specific anti-apoptotic and pro-proliferation gene products such as
survivin, cIAP-2, cyclin D1, XIAP, Bcl-xL, Bfl-1/A1, and TRAF2 [117]. RSV has been
demonstrated to cause cell death in some cancer cells by altering Bcl-2 family proteins. By
blocking the anti-apoptotic proteins Bcl-xL, Bcl-2, and Mcl-1, activation of proapoptotic BH3-
only members of the Bcl-2 family (Bak and Bax) impairs mitochondrial outer membrane
permeability [118].

3.1.2. Targets of Resveratrol’s Pro-Apoptotic Action
P53

The activation of p53 may in an intriguing way be strictly related to apoptotic mecha-
nisms. One of the most important aspects of p53’s tumor-suppressor role is its capacity to
induce growth arrest or triggering apoptosis in response to a variety of cellular stressors,
including DNA damage, oncogenic activation, hypoxia, etc. [119,120]. Cancer cells are
able to bypass typical stress reactions when p53-dependent processes are defective. RSV
enhanced the cytoplasmic content of calcium in human breast cancer MDA-MB-231 cells,
which activated p53 and induced the transcription of many pro-apoptotic genes [121]
(Figure 3).
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MAPK

By transmitting extracellular signals to intracellular reactions, MAPKSs control a variety
of cellular activities. Although constitutively active MAPKs are required to sustain the
malignant state, short-term MAPKSs activation may cause the cells to undergo apoptosis.
RSV triggered apoptosis in breast cancer cells through binding to integrin ocV[33, activating
the MAPK- and p53-dependent pathways [122] (Figure 3). RSV simultaneously stimulates
MAPKSs in human neuroblastoma SH-SY5Y cells at low concentrations, while at higher
concentrations, it can inhibit MAPKs. However, in prostate, breast, glial, head and neck,
and ovarian cancer cells, RSV stimulates the same signal [112].

RSV has also been linked to the activation of other kinase members, including JNK and
MAPKp38 [92]. Interestingly, it has been demonstrated that the anti-tumor actions of RSV
and the induction of apoptosis necessitate p53 activation, which is MAPK-induced. JNK
and the p38 MAPK apoptotic signal mediate the RSV regulation of IGF-II, a potent mitogen
and apoptosis inhibitor. IGF-II regulation is complicated, involving tumor suppressor
inhibition, oncogene promotion, and hormonal modulation by estrogens in breast cancer.
IGF-II was shown to prevent RSV’s apoptotic action in breast cancer cells [123]. The
mechanism can be dependent on the formation of ROS and lipid oxidation, followed by
the activation of JNK and the p38 MAPK apoptotic signal [124].

PI3K/ Akt

RSV inhibits the PI3K/Akt/mTOR signaling pathway through regulation of MAPK. The
inhibitors of these signaling proteins further increase the activation of caspase-3 and cell death
that is brought on by RSV. According to these studies, RSV inhibits Akt activation and expres-
sion and causes apoptosis in human glioma cells [93]. In ovarian, breast, uterine, prostate,
and multiple myeloma cells, RSV also inhibited Akt phosphorylation, causing apoptosis [125].
This led to the stimulation of Bim, TRAIL, p27/KIP1, DR4 and DRS5, suppression of cyclin D1,
and a decrease in the activation of FOXO in prostate cancer cells [94].

NEF-kB/STAT3

In addition to being pro-apoptotic and anti-proliferative, RSV also inhibits NF-kB and
STAT3 which encourage the survival, invasion, angiogenesis, and metastasis of tumor cells,
and which are key players in the development of inflammation-related carcinogenesis.
STAT3 and NF-«B once activated travel to the nucleus to trigger transcription through
several mechanisms. Intriguingly, medulloblastoma cells treated with RSV underwent
apoptosis when NF-«B nuclear translocation was inhibited [95]. NF-«kB-regulated gene
products also including those linked to inflammation were suppressed by RSV [126].

The activation of the STAT3 together the biochemical pathway modulated by Src
tyrosine kinase are the target of RSV in both triple-negative and ER-positive breast cancer
cells inducing apoptosis [127] (Figure 3).

miRNAs

RSV combined with conventional chemotherapy drugs enhances chemotherapy effi-
cacy, in particular reducing both chemotherapy toxicity in normal tissues and side effects.
For instance, RSV efficiently increased the sensitivity of MCEF-7 cells to adriamycin in a
dose-dependent way, resulting in a lower IC50 value and an increase in the number of
apoptotic cells. The authors demonstrated that RSV specifically targeted their main tar-
get proteins. The modification of the key suppressor, miR-122-5p, caused RSV-induced
chemosensitivity and apoptosis. Interestingly, miR-122-5p inhibitors showed that miR-122-
5p had a significant influence on the regulation of critical anti-apoptotic proteins Bcl-2 and
Cdks in drug-resistant breast cancer cells, in response to RSV [128].
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Figure 3. Schematic representation of the apoptotic mechanisms exerted by RSV, EGCG, and CUR in
breast cancer cells. See the text for details. 1 (increase); | (decrease); Ozdemi,2021 [121]; Sharifi-Rad,
2021 [122]; Kohandel, 2021 [127]; Zhang, 2020 [129]; Ali, 2020 [130]; Li, 2019 [131].

3.2. Epigallocatechin Gallate as an Enhancer of Apoptosis in Cancer Cells
3.2.1. Pro-Apoptotic Pathways of Epigallocatechin Gallate

EGCG promotes apoptosis in different cancer cells in a concentration-related manner
even though the effects on normal cells were less prominent than the effects exerted on sen-
sitive neoplastic cells [58]. Specifically, EGCG induced apoptosis, decreased mitochondrial
membrane potential, and promoted the GO/G1 phase cell cycle arrest of liver carcinoma
cells but not that of non-cancerous liver cells. EGCG-induced apoptosis of cancer cells has
been linked with a substantial decrease in Bcl-2 expression [96], caspase-8 activation, and
proteolytic cleavage of Bid in glioblastoma cells. However, EGCG did not promote apopto-
sis in astrocytes [97]. EGCG induced Bcl2-mediated apoptosis by targeting EZH2 which
plays a critical role in tumorigenesis. Specifically, this study suggests that EZH2 could
function as an inhibitor of the mitochondrial apoptosis pathway during EGCG-induced
apoptosis [132]. Green tea and EGCG have been reported to present pro-apoptotic effects
in myeloid leukemia cell lines as well as in in vivo models [132]. Green tea (whole extract)
decreased leukocytosis and promoted a reduction of immature cells in the bone marrow and
spleen of acute promyelocytic leukemia xenografts by activation of caspase-3, -8, and -9 [99].
The authors concluded that EGCG reduced leukaemia immature cells and promyelocytes
in the bone marrow while increasing mature myeloid cells, through apoptosis increase and
cell differentiation.

3.2.2. Targets of Epigallocatechin Gallate’s Pro-Apoptotic Action
PI3K/Akt

EGCG promotes apoptosis targeting the PI3K/ Akt pathway in bladder cancer cells [98].
Two different cell lines were treated using several concentrations of EGCG. The data
demonstrated that EGCG suppresses cell proliferation and increases apoptosis in bladder
cancer cells in a dose-dependent manner. The authors concluded that low doses of EGCG
lead to inactivation of the PI3K/AKT/mTOR pathway and induced autophagy-related
apoptosis [100]. Further evidence demonstrates that EGCG caused significant apoptosis
and inhibited the migration and invasion of colon cancer cells. The EGCG stimulus had
low toxicity against normal colon epithelial cells although it exerted an antiproliferative
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effect against colon cancer cells in a dose-dependent manner. The toxic effect on colon
cancer cells was linked to the downregulation of the major trafficking networks such as the
Shh signaling and PI3K/ Akt pathways. Very interestingly, the results obtained in in vivo
models confirmed these findings. Indeed, EGCG inhibited the activation of the Shh and
PI3K/AKT pathways in tumor tissue and reduced tumor volume and weight without
affecting the body weight of nude mice [101].

ROS

Although a huge number of molecular targets for EGCG’s biological effects have been
reported, the mechanisms of its anti-cancer activities need to be clarified. Classically, EGCG
can induce the production of ROS in cancer cells and induce apoptosis, but paradoxically it
may exert an antioxidant action, decreasing ROS and inhibiting cancer development [133].
EGCG modulates the activities of receptors, signaling molecules, and enzymes thus af-
fecting apoptosis. Recent evidence has reported the effect of EGCG on the activity of
PIN1 [134], an enzyme commonly over-activated in most human cancers, that binds to
and catalyzes the conversion of proline-directed serine/threonine phosphorylation, thus
altering the balance of oncogenes and tumor suppressors promoting oncogenesis [135].
EGCG decreases the expression of PIN1 and substrate oncoproteins for PIN1, together with
the ROS amount. The authors showed a reduction in the spleen weights of mice models and
the apoptosis of spleen cells, supported by increasing expression of Bad and Bax, matched
to the Bcl-2 and c-Myc decrease [134].

ERS

Apoptosis may be induced by ERS as a cellular stress response which is due to
several factors. EGCG prevents tumor cell growth via ERS-induced apoptosis in colorectal
cancer cells by upregulating BiP, PERK, phosphorylation elF2a, ATF4, and IREla and by
increased caspase-3/7 activity [102]. Glucosidase II, which contributes to quality control
and glycoprotein processing in the endoplasmic reticulum of rat liver microsomes, is
inhibited by EGCG, thus interfering with protein processing. A progressive elevation
of apoptotic activity was also observed as well as the cleavage of procaspase-12 and the
increasing phosphorylation of elF2alpha while the induction of endoplasmic reticulum
chaperones was not observed [136]. GRP78 is a molecular chaperone of the endoplasmic
reticulum that aids proper folding of nascent polypeptides. In mesothelioma cells, EGCG
treatment improved GRP78 expression in the endoplasmic reticulum, and increased the
activity of caspase-3 and caspase-8. In this way, EGCG through GRP78 accumulation
converted the unfolded protein response into pro-apoptotic ERS [103]. This argues for a
possible therapeutic use of EGCG in the treatment of mesothelioma to be added to the
conventional portfolio of drugs.

EGCG also promotes the sensitivity of cancer cells to therapeutic drugs. GRP78
silencing, but also EGCG treatment, improved apoptosis induced by celecoxib, a selective
cyclooxygenase-2 inhibitor that has been reported to elicit anti-proliferative response in
various tumors, thereby activating caspase-4, in urothelial carcinoma cells [137]. In breast
cancer models EGCG enhanced the ERS-dependent apoptosis response of vinblastine and
Taxol through the activation of PARP cleavage, caspase-7, and JNK phosphorylation [129]
(Figure 3). However, severe antagonism during combination drug treatments has been
described. For instance, EGCG, but also green tea extract, effectively blocked proteasome
inhibition by bortezomib in clinical use for multiple myeloma and thereby prevented ERS
and subsequent tumor cell death in vitro and in vivo. [138].

3.3. Curcumin as an Enhancer of Apoptosis in Cancer Cells
3.3.1. Pro-Apoptotic Pathways of Curcumin
Several studies have confirmed a CUR-mediated extrinsic apoptotic pathway. The

Fas ligand and Fas increase at both mRNA and protein levels along with caspase-3 and
PARP-1 activation after CUR have been observed in human hepatocellular carcinoma
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Huh?7 cells [139]. Moreover, Fas/caspase-8 pathway activation was demonstrated in
melanoma [140] and human gastric (KATO III) and colon (HCT-116) cancer cells [141]
where CUR also caused PARP-1 cleavage and caspase-3 activation. A CUR-mediated
extrinsic apoptotic pathway by upregulating the DR5 protein was observed in HCT-116
and HT-29 colon cancer cells [104]. Recently, Ali and coworkers elucidated the mechanisms
of CUR-induced apoptosis in human EGFR-positive (BT474) and -negative (MCF-7) breast
cancer cell lines [130] (Figure 3). The authors demonstrated that while CUR activated the
mitochondria-independent extrinsic pathway in BT474 cells without cytochrome c release
into the cytoplasm, in MCEF-7 cells it activated a mitochondria-dependent pathway with
cytochrome c release. In addition, it significantly upregulated the caspase-8 activity but
not caspase-9 in both BT474 and MCF-7 cells, and that of caspase-3 only in BT474 cells,
since MCEF-7 cells do not express it [130]. Moreover, in the colon carcinoma cell line SW480,
CUR-mediated apoptosis occurred by caspase-8 activation via FADD, and, ultimately, by
activation of effector caspase-3 [142].

However, from the available in vitro data, it appears that CUR induces apoptosis in
cancer cells mainly through mitochondrial pathway activation. In acute lymphoblastic
leukemia cell lines, CUR suppresses cell viability through an intrinsic apoptotic mecha-
nism [143]. In particular, it caused AKT and IAP’s downregulation, increased the Bax/Bcl-2
ratio and cytochrome c release from the mitochondria to the cytoplasm, and activated
caspase 3 and PARP-1 cleavage and ROS production [143]. The CUR-mediated intrinsic
apoptotic pathway was also demonstrated in a neuroblastoma SK-N-SH cell model [144].

3.3.2. Targets of Curcumin’s Pro-Apoptotic Action
P53

The role of p53 in CUR-mediated ROS generation and cell death was evaluated in
mutated p53 HT-29 and wild-type p53 HCT-116 colon adenocarcinoma cell lines. In both
of these cell lines, CUR induced ROS production and inhibited MMP; moreover, p53
and cleaved caspase 3 protein expression increase was found in HCT-116 cells after CUR
treatment [145]. CUR’s anti-tumor effects were related to inhibition of Notch3 expression
and induction of p53 in mouse myeloma cells. This event was associated with Notch3-
responsive Hes family BHLH transcription factor 1 and a Hes-related family transcription
factor with YRPW motif 1 genes expression increase; in these cells, CUR treatment also
significantly downregulated Bcl-2 and upregulated Bax at both mRNA and protein levels [105].

Wnt/B-Catenin

CUR exerts anti-proliferative and pro-apoptotic effects in SNU-1, SNU-5, and AGS
gastric cancer cells and in the AGS gastric xenograft model via Wnt/ 3-catenin signaling
pathway inhibition and subsequently Wnt target genes expression reduction [106]. Simi-
larly, it induced apoptosis in BEL-7402 and QGY-7703 human hepatocellular carcinoma cell
lines and blocked Wnt signaling by decreasing {3-catenin target genes expression [107].

JAK/STAT3 and NFkB

A recent study demonstrated CUR-mediated apoptosis through targeting of the
JAK/STATS3 signaling pathway in BCPAP and TPC-1 papillary thyroid cancer cell lines
and derived thyroid cancer stem-like cells. In particular, it inhibited JAK/STAT3 signal-
ing pathway constitutive activation and increased ROS production leading to apoptosis.
Indeed, the observation that NAC, a ROS scavenger, reversed CUR-mediated caspase-3
activation, Bcl2 and Bcl-xL decrease, and Bax increase confirmed the role of oxidative stress
in CUR-triggered apoptosis [108].

NFKkB is another target of CUR which together with tumor-necrosis-factor-alpha-
related apoptosis-inducing ligand (TRAIL) induced apoptosis via inhibition of NFkB activ-
ity and enhancement of caspase-3 activity in chronic myeloid cells [146].



Life 2023, 13, 261

13 of 24

PI3K/AKT and MAPK

EGFR, PI3K/AKT, and MAPK pathways’ hyperactivation is associated with drug
resistance and cancer progression [147-150]. An interesting recent study suggests that CUR
might be an encouraging therapeutic candidate for vemurafenib-resistant melanoma [109].
CUR suppressed cell proliferation and triggered apoptosis by downregulating the protein
phosphorylation levels of EGFR, AKT, and ERK; furthermore, the combined use of CUR and
gefitinib, an EGFR-targeting inhibitor, synergistically potentiated the inhibitory effect on
cell viability, suggesting a role for the EGFR signaling pathway in CUR-induced apoptosis
in vemurafenib-resistant melanoma cells [109]. Moreover, in these cells, CUR triggered
apoptosis via ROS production increase, MMP disruption, and intrinsic signaling caspase-
9/-3-dependent pathways activation [109].

PTEN

Wang and coworkers demonstrated that CUR inhibited proliferation by decreasing
the p-AKT/p-mTOR pathway and induced apoptosis by increasing the tumor suppressors
PTEN in U251 and U87 glioblastoma cell lines [151]. The upregulation of DJ-1, a negative
regulator of PTEN, is associated with various tumor occurrences [152]. In A549 lung
cancer cells, CUR inhibited cell proliferation and promoted apoptosis by downregulating
DJ-1 [110]. The same effects were observed in MDA-MB-231 and MCF-7 breast cancer
cells where CUR inhibited breast cancer cell proliferation and facilitated cell apoptosis via
downregulation of DJ-1 expression and consequently through PTEN/PI3K/AKT pathway
modulation [131] (Figure 3). The important role of DJ-1 in CUR-mediated apoptosis was
demonstrated in SW480 and SW620 colorectal cancer cells [153].

miRNAs

miR-21 [154,155] is frequently upregulated and functions as an oncogene in several
cancers [156]. miR-21 inhibition can mediate CUR’s anti-cancer effects including apoptosis
through PTEN/PI3K/Akt, PDCD4, and NF-kB [157]. The results obtained from studies on
an MGC-803 gastric cancer cell line suggested that CUR induced apoptosis by inhibiting
the miR-21/PTEN/ Akt molecular pathway [158]. CUR-dependent apoptosis via miRNA
modulation was demonstrated as in RT4 schwannoma cells [159]. Further evidence ob-
tained by microarray analysis from CUR-treated cells revealed that miRNA 344a-3p was
significantly upregulated; interestingly, when the cells were transfected with a miRNA
344a-3p mimic, Bcl2 mRNA expression decreased and that of Bax increased. Moreover,
the miRNA344a-3p mimic combined with CUR treatment enhanced cleaved caspase-9
and -3 activation [159]. Furthermore, the upregulation of miR-99a was observed in CUR
SO-Rb50 and Y79 retinoblastoma-treated cells [160]. This molecular event was related to
JAK/STAT pathway inhibition on which CUR’s anti-tumor activities and apoptotic events
depend [160].

4. Limitations of Bioactive Compounds’ Use in Chemoprevention and Clinical Trials

The proposed use of natural products for chemoprevention imposes several chal-
lenges that must be overcome. Among these, the bioavailability of the natural compound,
its half-life within the organism, and the elimination pathways represent the ones that
mostly influence the therapeutic application [161]. In particular, poor bioavailability is the
main limiting factor found in chemoprevention studies. To date, many efforts have been
made to improve the pharmacokinetic characteristics of bioactive compounds, through
new delivery and release systems and new analogues synthesis, which manage to reach
their preferred action site in an almost unchanged way [161]. Recently, the application of
nano-pharmaceutical formulations has been discussed, such as solid lipid nanoparticles,
nano-emulsions, nano-crystals, nano-polymersomes, liposomes, ethosomes, phytosomes,
and invasomes to overcome poor bioavailability and metabolic instability for bioactive
compounds. The efficacy of different therapeutic nanodrug delivery systems depends on
their properties, the characteristics of the loaded compounds/agents, and their expected
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therapeutic applications. However, there are still significant obstacles to apply this technol-
ogy; these include the absence of trials to manage the interactions of nanomaterials with
biological systems and the targeted efficiency of nanoparticulate drug delivery as well as
regulatory aspects for toxicity profiles and biocompatibility [162].

Following the discovery of less toxic and highly active natural products as anti-cancer
agents, the possibility of extending chemoprevention with such substances to a larger
population may be offered. However, educating a large population in lifestyle choices that
favor foods rich in natural bioactive compounds is not always an easy goal to achieve [163].
In addition, since most bioactive compounds are naturally present in the diet, a reduction
in side effects is likely to occur. However, since the doses given for chemoprevention
purposes and those in the diet are likely to be very different, as yet unknown side effects
may happen. In this regard, it is necessary to implement clinical trials to test the doses that
are therapeutically effective and to evaluate any adverse effects.

Several clinical studies have confirmed the anti-cancer actions of RSV, EGCG, and
CUR, suggesting the potential clinical application for them (Table 2).

The efficacy, safety, and pharmacokinetics of RSV have been documented in clinical
trials; however, there are only a total of seven clinical trial publications on RSV compared
with more than 3000 publications on preclinical studies. These studies showed that it
potentially improves the therapeutic outcome in patients suffering from colorectal cancer,
breast cancer, and multiple myeloma [164] through several targets; its efficacy depends on
the type and stage of cancer, dosage levels, and treatment periods. RSV is more effective
in certain types of cancer than in others; it seems to epigenetically reduce the expression
of certain breast-cancer-related genes, but it caused severe adverse events specifically in
multiple myeloma patients. Therefore, the vast amount of preclinical data in support
of RSV’s use as a chemo-preventive or chemotherapeutic agent warrants further clinical
studies [165].

In addition, several clinical studies on human samples/subjects have proven that
EGCG functions in cancer treatment and prevention [166]. About 40 clinical trials have
been conducted on patients affected by different types of cancer and about twenty of these
were completed (https:/ /clinicaltrials.gov/ (accessed on 25 November 2022)). Some results
confirmed that EGCG could prevent the cell growth of certain malignancies such as prostatic
ones [167]. A randomized clinical trial of brewed green and black tea in men with prostate
cancer prior to prostatectomy showed that daily consumption of brewed green tea increased
tea polyphenols uptake in the prostate gland and decreased nuclear NFkB and systemic
oxidant activity [168]. A phase I clinical trial with EGCG and standard chemotherapy
(etoposide and cisplatin) and thoracic radiotherapy in unresectable stage III non-small cell
lung cancer showed that oral administration of EGCG is safe and effective and suggested
that it could be act as radioprotector without affecting the efficacy of radiation [169].
Moreover, a recent randomized clinical trial confirmed that EGCG solution use significantly
reduced the incidence and severity of radiation-induced dermatitis in patients undergoing
adjuvant radiotherapy for breast cancer [170]. However, other human clinical trials are still
required to establish the efficacy of EGCG in the treatment of cancer.

A recent study analyzed clinical trials conducted from 2010-2020 related to the effect
of CUR and its metabolites on different types of cancers, such as chronic myeloid leukemia,
multiple myeloma, prostate, colorectal, and pancreatic cancer including complications
related to cancer therapy [171]. From this study it emerged that sixteen out of twenty-one
clinical trials were associated with the efficacy of CUR or turmeric on various types of
cancer while five confirmed their efficacy in relieving the side effects of chemotherapy and
radiotherapy [171].
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Table 2. Representative clinical trials with RSV, EGCG, and CUR investigating their effects in cancer
treatment. | (decrease); 1 (increase); GT (green tea); BT (black tea).

Phytochemical Com- Cancer Tvpe Dosage and Treatment Patients Outcomes Ref
pound/Formulation M (Time) (Number) )
1 Myec, axinll, and cyclin
RSV Colon 20 and 80 mg/day; 14 days 8 Dl.; +CD133 and LGRS [164]
in normal colonic
mucosa
RSV Breast 10-50 mg/day; 12 weeks 39 1 RASSF-1x methylation [164]
Improved RSV
. . . bioavailability;
Micronized RSV Colorectal 5 g/day; 14 days 9 1Cleaved caspase-3 in [164]
malignant hepatic tissue
EGCG 562 mg of EGCG from 1010 1 Tea polyphenols
(from GT and BT Prostate mg of GT polyphenols; 28 113 uptake in the prostate [168]
olyphenols) mg of EGCG from 80 mg of gland; | NFkB and
Polyp tea polyphenols; 2-8 weeks systemic oxidant activity
EGCG+chemotherapy Non-small cell Low EGCG toxicity,
and thoracic lun 40-440 pmol/L; 15-58 days 24 esophagitis regression, [169]
radiotherapy & lpain score
EGCGH+ radiotherapy Breast 660 umol/L; 2 weeks 180 $ Rad(;z’s::g;g;luced [170]
CUR Prostate 3 g/day; 7-8 weeks 40 J PSA levels [171]
curcumin-based gel: Intensity decrease of
CUR-based gel Breast 4.6 h/week el 191 radiation-induced [171]
dermatitis
. Head and . . Good CUR tolerability; 1
CUR microgranular neck 4 g twice daily; 21-28 days 33 CUR bioavailability [171]

5. Conclusions

The current review has provided an overview of the latest mechanistic insights into the
anti-cancer apoptotic action of RSV, EGCG and CUR. These dietary bioactive compounds
exhibit pleiotropic, multi-target apoptotic activities and, for their anti-cancer properties,
are emerging as promising molecules to be added in the current therapeutic portfolio of
different cancer types. Testing these compounds in combination with chemo- and radio-
therapeutic regimens show a significant enhancement in the activity compared with single
treatment alone, either via a synergistic or additive effect. These strong biological activities
observed in preclinical models, support the need for developing robust well-designed
clinical studies, investigating the beneficial effects of the natural bioactive compounds
alone or for combined therapies, on individual patients. These considerations suggest
that much work remains to be done before RSV, EGCG and CUR can be considered as
therapeutic agents for cancer therapy.
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Abbreviations

AKT Protein-chinasi B

AMPK Adenosine-monophosphate-activated protein kinase
AML Acute promyelocytic leukemia

AP-1 Activating protein-1

APO-Al Apolipoprotein Al

AR Androgen receptor

ARH-I Aplasia Ras homolog member I
ATF4 Activating transcription factor 4
BAD BCL2-associated agonist of cell death
BAK BCL-2 antagonist/killer

BAX BCL-2-associated X protein

BCL-2 B-cell lymphoma-2

BCL-XL B-cell lymphoma-extra large
BFL-1/A1  Bcl-2-related protein Al

BIM BCL-2-interacting mediator of cell death
BIP Immunoglobulin binding protein
BZM Bortezomib

cAMP Cyclic adenosine monophosphate
CD133 Prominin-1

CGE Epigallocatechin

cGMP Cyclic guanosine monophosphate
cIAP-2 Cellular inhibitor of apoptosis 2

COX Cyclooxygenase

CSCs Cancer stem cells

CUR Curcumin

DR4 Death receptor 4

DR5 Death receptor 5

EGC Epigallocatechin

EGCG Epigallocatechin gallate

EGFR Epidermal growth factor receptor
elF2A Eukaryotic translation initiation factor 2A
ER Estrogen receptor

ERS Endoplasmic reticulum stress

EZH2 Enhancer of zeste homolog 2

FADD Fas-associated death domain

FAS Fas cell surface death receptor

FASL FAS ligand

FOXO1 Forkhead box protein O1

GA Gallic acid

GRP78 Glucose-regulated protein, 78 kDa
HER2 Human epidermal growth factor receptor 2
IAPs Inhibitors of apoptosis proteins

1C50 Half maximal inhibitory concentration
IGF-II Insulin-like growth factor 2

IGFR Insulin-like growth factor receptor

IR Insulin receptor

IREla Inositol-requiring enzyme-1la

JAK Janus kinase

JAK Janus kinase

JNK ¢-Jun N-terminal kinase

LDH Lattate dehydrogenase
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LGR5 Leucine-rich repeat-containing G-protein-coupled receptor 5
LKB1 Live kinase B1

IncRNAs  Long non-coding RNAs

LPS Lipopolysaccharide

MAPK Mitogen-activated protein kinase

MAPKp38 p38 mitogen-activated protein kinases

MCL1 Myeloid cell leukemia-1

MMP Mitochondrial membrane potential

mTOR Mammalian target of rapamycin

NAC N-acetylcysteine

ncRNAs Non-coding RNAs

NF-BkB Nuclear factor kappa B

p27/KIP1  Cyclin-dependent kinase inhibitor 1B
PARP-1 Poly [ADP-ribose] polymerase 1
PDCD4 Molecule of programmed cell death 4

PERK Protein kinase RNA-like endoplasmic reticulum kinase
PI3K Phoshatidylinositol-3 kinase

PIN1 Peptidyl-prolyl isomerase NIMA-interacting 1
PKA Protein kinase A

PKB Protein kinase B

PSA Prostate specific antigen

PTEN Phosphatase and tensin homolog

RASSF-1x  Ras association domain family 1 isoform A

ROS Reactive oxygen species

RSV Resveratrol

RTKs Receptor tyrosine kinases

SHH Sonic Hedgehog

SIRT1 Sirtuin 1

Spl Specificity protein 1

STAT1 Signal transducer and activator of transcription 1
STAT3 Signal transducer and activator of transcription 3
TNF Tumor necrosis factor

TNF-o Tumor necrosis factor o

TRAF2 TNF receptor-associated factor 2

VLDL Very low-density lipoprotein

References

1.

10.

11.

Behranvand, N.; Nasri, F.; Zolfaghari Emameh, R.; Khani, P.; Hosseini, A.; Garssen, J.; Falak, R. Chemotherapy: A double-edged
sword in cancer treatment. Cancer Immunol. Immunother. 2022, 71, 507-526. [CrossRef]

Amjad, M.T.; Chidharla, A.; Kasi, A. Cancer Chemotherapy. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL,
USA, 2022.

Jacquemin, V.; Antoine, M.; Dom, G.; Detours, V.; Maenhaut, C.; Dumont, J.E. Dynamic Cancer Cell Heterogeneity: Diagnostic
and Therapeutic Implications. Cancers 2022, 14, 280. [CrossRef] [PubMed]

Vasan, N.; Baselga, J.; Hyman, D.M. A view on drug resistance in cancer. Nature 2019, 575, 299-309. [CrossRef] [PubMed]
Bukowski, K.; Kciuk, M.; Kontek, R. Mechanisms of Multidrug Resistance in Cancer Chemotherapy. Int. J. Mol. Sci. 2020, 21, 3233.
[CrossRef]

Cree, I.A.; Charlton, P. Molecular chess? Hallmarks of anti-cancer drug resistance. BMC Cancer 2017, 17, 10. [CrossRef]

Wang, X.; Zhang, H.; Chen, X. Drug resistance and combating drug resistance in cancer. Cancer Drug Resist. 2019, 2, 141-160.
[CrossRef] [PubMed]

Huang, D.; Duan, H.; Huang, H.; Tong, X.; Han, Y.; Ru, G.; Qu, L.; Shou, C.; Zhao, Z. Cisplatin resistance in gastric cancer cells is
associated with HER2 upregulation-induced epithelial-mesenchymal transition. Sci. Rep. 2016, 6, 20502. [CrossRef] [PubMed]
Chimento, A.; D’Amico, M.; Pezzi, V.; De Amicis, F. Notch Signaling in Breast Tumor Microenvironment as Mediator of Drug
Resistance. Int. . Mol. Sci. 2022, 23, 6296. [CrossRef]

Haque, A.; Brazeau, D.; Amin, A.R. Perspectives on natural compounds in chemoprevention and treatment of cancer: An update
with new promising compounds. Eur. J. Cancer 2021, 149, 165-183. [CrossRef]

De Oliveira Junior, R.G.; Christiane Adrielly, A.F,; da Silva Almeida, ] R.G.; Grougnet, R.; Thiery, V.; Picot, L. Sensitization of
tumor cells to chemotherapy by natural products: A systematic review of preclinical data and molecular mechanisms. Fitoterapia
2018, 129, 383-400. [CrossRef]


http://doi.org/10.1007/s00262-021-03013-3
http://doi.org/10.3390/cancers14020280
http://www.ncbi.nlm.nih.gov/pubmed/35053446
http://doi.org/10.1038/s41586-019-1730-1
http://www.ncbi.nlm.nih.gov/pubmed/31723286
http://doi.org/10.3390/ijms21093233
http://doi.org/10.1186/s12885-016-2999-1
http://doi.org/10.20517/cdr.2019.10
http://www.ncbi.nlm.nih.gov/pubmed/34322663
http://doi.org/10.1038/srep20502
http://www.ncbi.nlm.nih.gov/pubmed/26846307
http://doi.org/10.3390/ijms23116296
http://doi.org/10.1016/j.ejca.2021.03.009
http://doi.org/10.1016/j.fitote.2018.02.025

Life 2023, 13, 261 18 of 24

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Gezici, S.; Sekeroglu, N. Current Perspectives in the Application of Medicinal Plants Against Cancer: Novel Therapeutic Agents.
Anti-Cancer Agents Med. Chem. 2019, 19, 101-111. [CrossRef]

Sachdeva, V.; Roy, A.; Bharadvaja, N. Current Prospects of Nutraceuticals: A Review. Curr. Pharm. Biotechnol. 2020, 21, 884-896.
[CrossRef]

Atanasov, A.G.; Zotchev, S.B.; Dirsch, V.M.; International Natural Product Sciences Taskfore; Supuran, C.T. Natural products in
drug discovery: Advances and opportunities. Nat. Rev. Drug Discov. 2021, 20, 200-216. [CrossRef]

Huang, M.; Lu, ].J.; Ding, J. Natural Products in Cancer Therapy: Past, Present and Future. Nat. Prod. Bioprospect. 2021, 11, 5-13.
[CrossRef]

Dutta, S.; Mahalanobish, S.; Saha, S.; Ghosh, S.; Sil, P.C. Natural products: An upcoming therapeutic approach to cancer. Food
Chem. Toxicol. 2019, 128, 240-255. [CrossRef]

Patra, S.; Pradhan, B.; Nayak, R.; Behera, C.; Das, S.; Patra, S.K.; Efferth, T.; Jena, M.; Bhutia, S.K. Dietary polyphenols in
chemoprevention and synergistic effect in cancer: Clinical evidences and molecular mechanisms of action. Phytomedicine 2021, 90,
153554. [CrossRef]

Muhammad, N.; Usmani, D.; Tarique, M.; Naz, H.; Ashraf, M.; Raliya, R.; Tabrez, S.; Zughaibi, T.A.; Alsaieedi, A.; Hakeem, L].;
et al. The Role of Natural Products and Their Multitargeted Approach to Treat Solid Cancer. Cells 2022, 11, 2209. [CrossRef]
Hashem, S.; Ali, T.A.; Akhtar, S.; Nisar, S.; Sageena, G.; Ali, S.; Al-Mannai, S.; Therachiyil, L.; Mir, R.; Elfaki, L; et al. Targeting
cancer signaling pathways by natural products: Exploring promising anti-cancer agents. Biomed. Pharmacother. 2022, 150, 113054.
[CrossRef]

Lin, S.R,; Chang, C.H.; Hsu, C.F; Tsai, M.].; Cheng, H.; Leong, M.K,; Sung, PJ.; Chen, J.C.; Weng, C.F. Natural compounds as
potential adjuvants to cancer therapy: Preclinical evidence. Br. . Pharmacol. 2020, 177, 1409-1423. [CrossRef]

Patra, S.; Nayak, R.; Patro, S.; Pradhan, B.; Sahu, B.; Behera, C.; Bhutia, S.K.; Jena, M. Chemical diversity of dietary phytochemicals
and their mode of chemoprevention. Biotechnol. Rep. 2021, 30, €00633. [CrossRef]

Carneiro, B.A.; El-Deiry, W.S. Targeting apoptosis in cancer therapy. Nat. Rev. Clin. Oncol. 2020, 17, 395-417. [CrossRef] [PubMed]
Augimeri, G.; Montalto, FI; Giordano, C.; Barone, I; Lanzino, M.; Catalano, S.; Ando, S.; De Amicis, F.; Bonofiglio, D.
Nutraceuticals in the Mediterranean Diet: Potential Avenues for Breast Cancer Treatment. Nutrients 2021, 13, 2557. [CrossRef]
[PubMed]

Koushki, M.; Amiri-Dashatan, N.; Ahmadi, N.; Abbaszadeh, H.A.; Rezaei-Tavirani, M. Resveratrol: A miraculous natural
compound for diseases treatment. Food Sci. Nutr. 2018, 6, 2473-2490. [CrossRef] [PubMed]

Tian, B.; Liu, J. Resveratrol: A review of plant sources, synthesis, stability, modification and food application. J. Sci. Food Agric.
2020, 100, 1392-1404. [CrossRef] [PubMed]

Smoliga, ].M.; Blanchard, O. Enhancing the delivery of resveratrol in humans: If low bioavailability is the problem, what is the
solution? Molecules 2014, 19, 17154-17172. [CrossRef]

Shaito, A.; Posadino, A.M.; Younes, N.; Hasan, H.; Halabi, S.; Alhababi, D.; Al-Mohannadi, A.; Abdel-Rahman, WM.; Eid, A.H.;
Nasrallah, G.K.; et al. Potential Adverse Effects of Resveratrol: A Literature Review. Int. J. Mol. Sci. 2020, 21, 2084. [CrossRef]
Annaji, M.; Poudel, I.; Boddu, S.H.S.; Arnold, R.D.; Tiwari, A.K.; Babu, R.J. Resveratrol-loaded nanomedicines for cancer
applications. Cancer Rep. 2021, 4, €1353. [CrossRef]

Chimento, A.; De Amicis, F,; Sirianni, R.; Sinicropi, M.S.; Puoci, F.; Casaburi, I.; Saturnino, C.; Pezzi, V. Progress to Improve Oral
Bioavailability and Beneficial Effects of Resveratrol. Int. ]. Mol. Sci. 2019, 20, 1381. [CrossRef]

Mohseni, R.; ArabSadeghabadi, Z.; Ziamajidi, N.; Abbasalipourkabir, R.; RezaeiFarimani, A. Oral Administration of Resveratrol-
Loaded Solid Lipid Nanoparticle Improves Insulin Resistance Through Targeting Expression of SNARE Proteins in Adipose and
Muscle Tissue in Rats with Type 2 Diabetes. Nanoscale Res. Lett. 2019, 14, 227. [CrossRef]

Yang, B.; Dong, Y.; Wang, F.; Zhang, Y. Nanoformulations to Enhance the Bioavailability and Physiological Functions of
Polyphenols. Molecules 2020, 25, 4613. [CrossRef]

Matsuno, Y.; Atsumi, Y.; Alauddin, M.; Rana, M.M.; Fujimori, H.; Hyodo, M.; Shimizu, A.; Ikuta, T.; Tani, H.; Torigoe, H.; et al.
Resveratrol and its Related Polyphenols Contribute to the Maintenance of Genome Stability. Sci. Rep. 2020, 10, 5388. [CrossRef]
Almatroodi, S.A.; Alsahli, M.A.; Aljohani, A.S.M.; Alhumaydhi, FA.; Babiker, A.Y.; Khan, A.A.; Rahmani, A.H. Potential
Therapeutic Targets of Resveratrol, a Plant Polyphenol, and Its Role in the Therapy of Various Types of Cancer. Molecules 2022, 27,
2665. [CrossRef]

Varoni, E.M.; Lo Faro, A.F.,; Sharifi-Rad, J.; Iriti, M. Anti-cancer Molecular Mechanisms of Resveratrol. Front. Nutr. 2016, 3, 8.
[CrossRef]

Giordano, F.; Montalto, EI; Panno, M.L.; Ando, S.; De Amicis, F. A Notch inhibitor plus Resveratrol induced blockade of
autophagy drives glioblastoma cell death by promoting a switch to apoptosis. Am. J. Cancer Res. 2021, 11, 5933-5950.

Vladu, AF; Ficai, D.; Ene, A.G,; Ficai, A. Combination Therapy Using Polyphenols: An Efficient Way to Improve Anti-tumoral
Activity and Reduce Resistance. Int. J. Mol. Sci. 2022, 23, 10244. [CrossRef]

Talib, WH.; Awajan, D.; Hamed, R.A.; Azzam, A.O.; Mahmod, A.L; AL-Yasari, L. H. Combination Anti-cancer Therapies Using
Selected Phytochemicals. Molecules 2022, 27, 5452. [CrossRef]

De Amicis, F; Chimento, A.; Montalto, F1; Casaburi, L; Sirianni, R.; Pezzi, V. Steroid Receptor Signallings as Targets for
Resveratrol Actions in Breast and Prostate Cancer. Int. J. Mol. Sci. 2019, 20, 1087. [CrossRef]


http://doi.org/10.2174/1871520619666181224121004
http://doi.org/10.2174/1389201021666200130113441
http://doi.org/10.1038/s41573-020-00114-z
http://doi.org/10.1007/s13659-020-00293-7
http://doi.org/10.1016/j.fct.2019.04.012
http://doi.org/10.1016/j.phymed.2021.153554
http://doi.org/10.3390/cells11142209
http://doi.org/10.1016/j.biopha.2022.113054
http://doi.org/10.1111/bph.14816
http://doi.org/10.1016/j.btre.2021.e00633
http://doi.org/10.1038/s41571-020-0341-y
http://www.ncbi.nlm.nih.gov/pubmed/32203277
http://doi.org/10.3390/nu13082557
http://www.ncbi.nlm.nih.gov/pubmed/34444715
http://doi.org/10.1002/fsn3.855
http://www.ncbi.nlm.nih.gov/pubmed/30510749
http://doi.org/10.1002/jsfa.10152
http://www.ncbi.nlm.nih.gov/pubmed/31756276
http://doi.org/10.3390/molecules191117154
http://doi.org/10.3390/ijms21062084
http://doi.org/10.1002/cnr2.1353
http://doi.org/10.3390/ijms20061381
http://doi.org/10.1186/s11671-019-3042-7
http://doi.org/10.3390/molecules25204613
http://doi.org/10.1038/s41598-020-62292-5
http://doi.org/10.3390/molecules27092665
http://doi.org/10.3389/fnut.2016.00008
http://doi.org/10.3390/ijms231810244
http://doi.org/10.3390/molecules27175452
http://doi.org/10.3390/ijms20051087

Life 2023, 13, 261 19 of 24

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

Moore, R.L.; Dai, Y.; Faller, D.V. Sirtuin 1 (SIRT1) and steroid hormone receptor activity in cancer. J. Endocrinol. 2012, 213, 37-48.
[CrossRef]

Meng, T.; Xiao, D.; Muhammed, A.; Deng, J.; Chen, L.; He, ]. Anti-Inflammatory Action and Mechanisms of Resveratrol. Molecules
2021, 26, 229. [CrossRef]

Esposito, A.; Ferraresi, A.; Salwa, A.; Vidoni, C.; Dhanasekaran, D.N.; Isidoro, C. Resveratrol Contrasts IL-6 Pro-Growth Effects
and Promotes Autophagy-Mediated Cancer Cell Dormancy in 3D Ovarian Cancer: Role of miR-1305 and of Its Target ARH-I.
Cancers 2022, 14, 2142. [CrossRef]

Ferraresi, A.; Phadngam, S.; Morani, F.; Galetto, A.; Alabiso, O.; Chiorino, G.; Isidoro, C. Resveratrol inhibits IL-6-induced ovarian
cancer cell migration through epigenetic up-regulation of autophagy. Mol. Carcinog. 2017, 56, 1164-1181. [CrossRef] [PubMed]
Wu, H.; Chen, L.; Zhu, F; Han, X.; Sun, L.; Chen, K. The Cytotoxicity Effect of Resveratrol: Cell Cycle Arrest and Induced
Apoptosis of Breast Cancer 4T1 Cells. Toxins 2019, 11, 731. [CrossRef] [PubMed]

Zhao, T.; Li, C.; Wang, S.; Song, X. Green Tea (Camellia sinensis): A Review of Its Phytochemistry, Pharmacology, and Toxicology.
Molecules 2022, 27, 3909. [CrossRef] [PubMed]

Pervin, M.; Unno, K.; Ohishi, T.; Tanabe, H.; Miyoshi, N.; Nakamura, Y. Beneficial Effects of Green Tea Catechins on Neurodegen-
erative Diseases. Molecules 2018, 23, 1297. [CrossRef] [PubMed]

Cheng, Z.; Zang, Z.; Han, Y.; Wang, J.; Wang, Y.; Chen, X.; Shao, Y.; Cheng, Y.; Zhou, W.; Lu, X; et al. A review on anti-cancer
effect of green tea catechins. J. Funct. Foods 2020, 74, 104172. [CrossRef]

De Amicis, E; Russo, A.; Avena, P; Santoro, M.; Vivacqua, A.; Bonofiglio, D.; Mauro, L.; Aquila, S.; Tramontano, D.; Fuqua, S.A;
et al. In vitro mechanism for downregulation of ER-« expression by epigallocatechin gallate in ER+/PR+ human breast cancer
cells. Mol. Nutr. Food Res. 2013, 57, 840-853. [CrossRef]

Yang, C.S.; Wang, H.; Li, G.X,; Yang, Z.; Guan, F; Jin, H. Cancer prevention by tea: Evidence from laboratory studies. Pharmacol.
Res. 2011, 64, 113-122. [CrossRef]

Liu, X.; Zhao, K,; Jing, N.; Kong, Q.; Yang, X. Epigallocatechin Gallate (EGCG) Promotes the Immune Function of Ileum in
High Fat Diet Fed Mice by Regulating Gut Microbiome Profiling and Immunoglobulin Production. Front. Nutr. 2021, 8, 720439.
[CrossRef]

Dai, W.; Ruan, C.; Zhang, Y.; Wang, J.; Han, J.; Shao, Z.; Sun, Y.; Liang, ]J. Bioavailability enhancement of EGCG by structural
modification and nano-delivery: A review. ]. Funct. Foods 2020, 65, 103732. [CrossRef]

Gan, RY,; Li, H.B,; Sui, Z.Q.; Corke, H. Absorption, metabolism, anti-cancer effect and molecular targets of epigallocatechin
gallate (EGCG): An updated review. Crit. Rev. Food Sci. Nutr. 2018, 58, 924-941. [CrossRef]

Wu, Z,; Huang, S.; Li, T,; Li, N.; Han, D.; Zhang, B.; Xu, Z.Z.; Zhang, S.; Pang, ].; Wang, S.; et al. Gut microbiota from green tea
polyphenol-dosed mice improves intestinal epithelial homeostasis and ameliorates experimental colitis. Microbiome 2021, 9, 184.
[CrossRef] [PubMed]

De Amicis, E; Perri, A.; Vizza, D.; Russo, A.; Panno, M.L.; Bonofiglio, D.; Giordano, C.; Mauro, L.; Aquila, S.; Tramontano, D.;
et al. Epigallocatechin gallate inhibits growth and epithelial-to-mesenchymal transition in human thyroid carcinoma cell lines. J.
Cell. Physiol. 2013, 228, 2054-2062. [CrossRef] [PubMed]

Shimizu, M.; Shirakami, Y.; Moriwaki, H. Targeting receptor tyrosine kinases for chemoprevention by green tea catechin, EGCG.
Int. ]. Mol. Sci. 2008, 9, 1034-1049. [CrossRef] [PubMed]

Lorenz, M.; Wessler, S.; Follmann, E.; Michaelis, W.; Diisterhoft, T.; Baumann, G.; Stangl, K.; Stangl, V. A constituent of green tea,
epigallocatechin-3-gallate, activates endothelial nitric oxide synthase by a phosphatidylinositol-3-OH-kinase-, cAMP-dependent
protein kinase-, and Akt-dependent pathway and leads to endothelial-dependent vasorelaxation. J. Biol. Chem. 2004, 279,
6190-6195. [CrossRef] [PubMed]

Kim, H.S.; Quon, M.J.; Kim, J.A. New insights into the mechanisms of polyphenols beyond antioxidant properties; lessons from
the green tea polyphenol, epigallocatechin 3-gallate. Redox Biol. 2014, 2, 187-195. [CrossRef]

Farhan, M. Green Tea Catechins: Nature’s Way of Preventing and Treating Cancer. Int. ]. Mol. Sci. 2022, 23, 10713. [CrossRef]
Almatroodi, S.A.; Almatroudi, A.; Khan, A.A.; Alhumaydhi, FA.; Alsahli, M.A.; Rahmani, A.H. Potential Therapeutic Targets of
Epigallocatechin Gallate (EGCG), the Most Abundant Catechin in Green Tea, and Its Role in the Therapy of Various Types of
Cancer. Molecules 2020, 25, 3146. [CrossRef]

Miyata, Y.; Matsuo, T.; Araki, K.; Nakamura, Y.; Sagara, Y.; Ohba, K.; Sakai, H. Anti-cancer Effects of Green Tea and the Underlying
Molecular Mechanisms in Bladder Cancer. Medicines 2018, 5, 87. [CrossRef]

Chu, C.; Deng, J.; Man, Y.; Qu, Y. Green Tea Extracts Epigallocatechin-3-gallate for Different Treatments. Biomed. Res. Int. 2017,
2017,5615647. [CrossRef]

Prasad, S.; Aggarwal, B.B. Turmeric, the Golden Spice: From Traditional Medicine to Modern Medicine. In Herbal Medicine:
Biomolecular and Clinical Aspects, 2nd ed.; Benzie, L.LEF., Wachtel-Galor, S., Eds.; CRC Press: Boca Raton, FL, USA, 2011.

Nocito, M.C.; De Luca, A.; Prestia, F.; Avena, P; La Padula, D.; Zavaglia, L.; Sirianni, R.; Casaburi, L.; Puoci, F; Chimento, A.;
et al. Anti-tumoral Activities of Curcumin and Recent Advances to ImProve Its Oral Bioavailability. Biomedicines 2021, 9, 1476.
[CrossRef]

Dosoky, N.S.; Satyal, P,; Setzer, W.N. Variations in the Volatile Compositions of Curcuma Species. Foods 2019, 8, 53. [CrossRef]
Degot, P; Huber, V.; Touraud, D.; Kunz, W. Curcumin extracts from Curcuma Longa—Improvement of concentration, purity, and
stability in food-approved and water-soluble surfactant-free microemulsions. Food Chem. 2021, 339, 128140. [CrossRef]


http://doi.org/10.1530/JOE-11-0217
http://doi.org/10.3390/molecules26010229
http://doi.org/10.3390/cancers14092142
http://doi.org/10.1002/mc.22582
http://www.ncbi.nlm.nih.gov/pubmed/27787915
http://doi.org/10.3390/toxins11120731
http://www.ncbi.nlm.nih.gov/pubmed/31847250
http://doi.org/10.3390/molecules27123909
http://www.ncbi.nlm.nih.gov/pubmed/35745040
http://doi.org/10.3390/molecules23061297
http://www.ncbi.nlm.nih.gov/pubmed/29843466
http://doi.org/10.1016/j.jff.2020.104172
http://doi.org/10.1002/mnfr.201200560
http://doi.org/10.1016/j.phrs.2011.03.001
http://doi.org/10.3389/fnut.2021.720439
http://doi.org/10.1016/j.jff.2019.103732
http://doi.org/10.1080/10408398.2016.1231168
http://doi.org/10.1186/s40168-021-01115-9
http://www.ncbi.nlm.nih.gov/pubmed/34493333
http://doi.org/10.1002/jcp.24372
http://www.ncbi.nlm.nih.gov/pubmed/23553645
http://doi.org/10.3390/ijms9061034
http://www.ncbi.nlm.nih.gov/pubmed/19325845
http://doi.org/10.1074/jbc.M309114200
http://www.ncbi.nlm.nih.gov/pubmed/14645258
http://doi.org/10.1016/j.redox.2013.12.022
http://doi.org/10.3390/ijms231810713
http://doi.org/10.3390/molecules25143146
http://doi.org/10.3390/medicines5030087
http://doi.org/10.1155/2017/5615647
http://doi.org/10.3390/biomedicines9101476
http://doi.org/10.3390/foods8020053
http://doi.org/10.1016/j.foodchem.2020.128140

Life 2023, 13, 261 20 of 24

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.
86.
87.
88.
89.
90.
91.

92.

93.

94.

Ravindranath, V.; Chandrasekhara, N. Absorption and tissue distribution of curcumin in rats. Toxicology 1980, 16, 259-265.
[CrossRef]

Luca, S.V.; Macovei, L; Bujor, A.; Miron, A.; Skalicka-Wozniak, K.; Aprotosoaie, A.C.; Trifan, A. Bioactivity of dietary polyphenols:
The role of metabolites. Crit. Rev. Food Sci. Nutr. 2020, 60, 626—659. [CrossRef]

Pan, M.H.; Huang, T.M; Lin, ].K. Biotransformation of curcumin through reduction and glucuronidation in mice. Drug Metab.
Dispos. 1999, 27, 486—494.

Wahlstrom, B.; Blennow, G. A study on the fate of curcumin in the rat. Acta Pharmacol. Toxicol. 1978, 43, 86-92. [CrossRef]
Anand, P,; Kunnumakkara, A.B.; Newman, R.A.; Aggarwal, B.B. Bioavailability of curcumin: Problems and promises. Mol. Pharm.
2007, 4, 807-818. [CrossRef]

Tomeh, M.A.; Hadianamrei, R.; Zhao, X. A Review of Curcumin and Its Derivatives as Anti-cancer Agents. Int. |. Mol. Sci. 2019,
20, 1033. [CrossRef]

Olotu, F; Agoni, C.; Soremekun, O.; Soliman, M.E.S. An Update on the Pharmacological Usage of Curcumin: Has it Failed in the
Drug Discovery Pipeline? Cell Biochem. Biophys. 2020, 78, 267-289. [CrossRef]

Dib, T.; Pan, H.B.; Chen, S.G. Recent Advances in Pectin-based Nanoencapsulation for Enhancing the Bioavailability of Bioactive
Compounds: Curcumin Oral Bioavailability. Food Rev. Int. 2022, 1-19. [CrossRef]

Ma, Z.W.; Wang, N.; He, H.B.; Tang, X. Pharmaceutical strategies of improving oral systemic bioavailability of curcumin for
clinical application. J. Control. Release 2019, 316, 359-380. [CrossRef] [PubMed]

Mahmoudi, A.; Kesharwani, P.; Majeed, M.; Teng, Y.; Sahebkar, A. Recent advances in nanogold as a promising nanocarrier for
curcumin delivery. Colloid Surf. B 2022, 215, 112481. [CrossRef] [PubMed]

Shen, H.; Shen, J.; Pan, H.; Xu, L.; Sheng, H.; Liu, B.; Yao, M. Curcumin analog B14 has high bioavailability and enhances the
effect of anti-breast cancer cells in vitro and in vivo. Cancer Sci. 2021, 112, 815-827. [CrossRef] [PubMed]

Adamczak, A.; Ozarowski, M.; Karpinski, T.M. Curcumin, a Natural Antimicrobial Agent with Strain-Specific Activity. Pharma-
ceuticals 2020, 13, 153. [CrossRef] [PubMed]

Jennings, M.R.; Parks, R.J. Curcumin as an Antiviral Agent. Viruses 2020, 12, 1242. [CrossRef] [PubMed]

Chen, C; Long, L.; Zhang, F.; Chen, Q.; Chen, C.; Yu, X,; Liu, Q.; Bao, ].; Long, Z. Antifungal activity, main active components and
mechanism of Curcuma longa extract against Fusarium graminearum. PLoS ONE 2018, 13, e0194284. [CrossRef]

Jagetia, G.C. Antioxidant activity of curcumin protects against the radiation-induced micronuclei formation in cultured human
peripheral blood lymphocytes exposed to various doses of gamma-Radiation. Int. ]. Radiat. Biol. 2021, 97, 485—493. [CrossRef]
Lin, Y.; Liu, H.; Bu, L.; Chen, C.; Ye, X. Review of the Effects and Mechanism of Curcumin in the Treatment of Inflammatory
Bowel Disease. Front. Pharmacol. 2022, 13, 908077. [CrossRef]

Yang, 7.].; Huang, S.Y.; Zhou, D.D.; Xiong, R.G.; Zhao, C.N.; Fang, A.P; Zhang, Y.J.; Li, H.B.; Zhu, H.L. Effects and Mechanisms of
Curcumin for the Prevention and Management of Cancers: An Updated Review. Antioxidants 2022, 11, 1481. [CrossRef]
Vadukoot, A.K.; Mottemmal, S.; Vekaria, PH. Curcumin as a Potential Therapeutic Agent in Certain Cancer Types. Cureus 2022,
14, €22825. [CrossRef]

Zoi, V.;; Galani, V,; Lianos, G.D.; Voulgaris, S.; Kyritsis, A.P.; Alexiou, G.A. The Role of Curcumin in Cancer Treatment. Biomedicines
2021, 9, 1086. [CrossRef]

Ashrafizadeh, M.; Zarrabi, A.; Hashemi, F.; Moghadam, E.R.; Hashemi, F; Entezari, M.; Hushmandi, K.; Mohammadinejad, R.;
Najafi, M. Curcumin in cancer therapy: A novel adjunct for combination chemotherapy with paclitaxel and alleviation of its
adverse effects. Life Sci. 2020, 256, 117984. [CrossRef]

Tan, B.L.; Norhaizan, M.E. Curcumin Combination Chemotherapy: The Implication and Efficacy in Cancer. Molecules 2019, 24,
2527. [CrossRef]

Rahmani, A.H.; Al Zohairy, M.A ; Aly, SM.; Khan, M.A. Curcumin: A potential candidate in prevention of cancer via modulation
of molecular pathways. Biomed. Res. Int. 2014, 2014, 761608. [CrossRef]

Kunnumakkara, A.B.; Bordoloi, D.; Harsha, C.; Banik, K.; Gupta, S.C.; Aggarwal, B.B. Curcumin mediates anti-cancer effects by
modulating multiple cell signaling pathways. Clin. Sci. 2017, 131, 1781-1799. [CrossRef]

Wang, H.J.; Zhang, K.; Liu, J.; Yang, J.; Tian, Y.D.; Yang, C.; Li, Y.S.; Shao, M.L.; Su, W.; Song, N. Curcumin Regulates Cancer
Progression: Focus on ncRNAs and Molecular Signaling Pathways. Front. Oncol. 2021, 11, 660712. [CrossRef]

Castillo Ferrer, C.; Berthenet, K.; Ichim, G. Apoptosis—Fueling the oncogenic fire. FEBS ]. 2021, 288, 4445—4463. [CrossRef]
Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495-516. [CrossRef]

Abuetabh, Y,; Wu, H.H.; Chai, C.; Al Yousef, H.; Persad, S.; Sergi, C.M.; Leng, R. DNA damage response revisited: The p53 family
and its regulators provide endless cancer therapy opportunities. Exp. Mol. Med. 2022, 54, 1658-1669. [CrossRef]

Wu, X.P; Xiong, M.; Xu, C.S.; Duan, L.N.; Dong, Y.Q.; Luo, Y.; Niu, TH.; Lu, C.R. Resveratrol induces apoptosis of human chronic
myelogenous leukemia cells in vitro through p38 and JNK-regulated H2AX phosphorylation. Acta Pharmacol. Sin. 2015, 36,
353-361. [CrossRef]

Jiang, H.; Shang, X.; Wu, H.; Gautam, S.C.; Al-Holou, S.; Li, C.; Kuo, J.; Zhang, L.; Chopp, M. Resveratrol downregulates
PI3K/Akt/mTOR signaling pathways in human U251 glioma cells. J. Exp. Ther. Oncol. 2009, 8, 25-33.

Chen, Q.; Ganapathy, S.; Singh, K.P; Shankar, S.; Srivastava, R.K. Resveratrol induces growth arrest and apoptosis through
activation of FOXO transcription factors in prostate cancer cells. PLoS ONE 2010, 5, €15288. [CrossRef] [PubMed]


http://doi.org/10.1016/0300-483X(80)90122-5
http://doi.org/10.1080/10408398.2018.1546669
http://doi.org/10.1111/j.1600-0773.1978.tb02240.x
http://doi.org/10.1021/mp700113r
http://doi.org/10.3390/ijms20051033
http://doi.org/10.1007/s12013-020-00922-5
http://doi.org/10.1080/87559129.2021.2012796
http://doi.org/10.1016/j.jconrel.2019.10.053
http://www.ncbi.nlm.nih.gov/pubmed/31682912
http://doi.org/10.1016/j.colsurfb.2022.112481
http://www.ncbi.nlm.nih.gov/pubmed/35453063
http://doi.org/10.1111/cas.14770
http://www.ncbi.nlm.nih.gov/pubmed/33316116
http://doi.org/10.3390/ph13070153
http://www.ncbi.nlm.nih.gov/pubmed/32708619
http://doi.org/10.3390/v12111242
http://www.ncbi.nlm.nih.gov/pubmed/33142686
http://doi.org/10.1371/journal.pone.0194284
http://doi.org/10.1080/09553002.2021.1876948
http://doi.org/10.3389/fphar.2022.908077
http://doi.org/10.3390/antiox11081481
http://doi.org/10.7759/cureus.22825
http://doi.org/10.3390/biomedicines9091086
http://doi.org/10.1016/j.lfs.2020.117984
http://doi.org/10.3390/molecules24142527
http://doi.org/10.1155/2014/761608
http://doi.org/10.1042/CS20160935
http://doi.org/10.3389/fonc.2021.660712
http://doi.org/10.1111/febs.15624
http://doi.org/10.1080/01926230701320337
http://doi.org/10.1038/s12276-022-00863-4
http://doi.org/10.1038/aps.2014.132
http://doi.org/10.1371/journal.pone.0015288
http://www.ncbi.nlm.nih.gov/pubmed/21179458

Life 2023, 13, 261 21 of 24

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Li, J.; Qiu, M,; Chen, L.; Liu, L,; Tan, G.; Liu, J. Resveratrol promotes regression of renal carcinoma cells via a renin-angiotensin
system suppression-dependent mechanism. Oncol. Lett. 2017, 13, 613-620. [CrossRef] [PubMed]

Zhang, Y.; Duan, W.; Owusu, L.; Wu, D.; Xin, Y. Epigallocatechin-3-gallate induces the apoptosis of hepatocellular carcinoma LM6
cells but not non-cancerous liver cells. Int. J. Mol. Med. 2015, 35, 117-124. [CrossRef] [PubMed]

Das, A.; Banik, N.L.; Ray, S.K. Flavonoids activated caspases for apoptosis in human glioblastoma T98G and U87MG cells but not
in human normal astrocytes. Cancer 2010, 116, 164-176. [CrossRef]

Qin, J.; Xie, L.P; Zheng, X.Y.; Wang, Y.B.; Bai, Y.; Shen, H.F;; Li, L.C.; Dahiya, R. A component of green tea, (-)-epigallocatechin-
3-gallate, promotes apoptosis in T24 human bladder cancer cells via modulation of the PI3K/Akt pathway and Bcl-2 family
proteins. Biochem. Biophys. Res. Commun. 2007, 354, 852-857. [CrossRef]

Torello, C.O.; Shiraishi, R.N.; Della Via, EI.; Castro, T.C.L.; Longhini, A.L.; Santos, I.; Bombeiro, A.L.; Silva, C.L.A.; Queiroz, M.L.S,;
Rego, E.M.; et al. Reactive oxygen species production triggers green tea-induced anti-leukaemic effects on acute promyelocytic
leukaemia model. Cancer Lett. 2018, 414, 116-126. [CrossRef]

Yin, Z.; Li, J.; Kang, L.; Liu, X,; Luo, J.; Zhang, L.; Li, Y.; Cai, ]. Epigallocatechin-3-gallate induces autophagy-related apoptosis
associated with LC3B II and Beclin expression of bladder cancer cells. ]. Food Biochem. 2021, 45, e13758. [CrossRef]

Ding, F; Yang, S. Epigallocatechin-3-gallate inhibits proliferation and triggers apoptosis in colon cancer via the hedge-
hog/phosphoinositide 3-kinase pathways. Can. J. Physiol. Pharmacol. 2021, 99, 910-920. [CrossRef]

Md Nesran, Z.N.; Shafie, N.H.; Ishak, A.H.; Mohd Esa, N.; Ismail, A.; Md Tohid, S.F. Induction of Endoplasmic Reticulum Stress
Pathway by Green Tea Epigallocatechin-3-Gallate (EGCG) in Colorectal Cancer Cells: Activation of PERK/p-elF2«/ATF4 and
IRE1w. Biomed. Res. Int. 2019, 2019, 3480569. [CrossRef]

Martinotti, S.; Ranzato, E.; Burlando, B. (-)-Epigallocatechin-3-gallate induces GRP78 accumulation in the ER and shifts mesothe-
lioma constitutive UPR into proapoptotic ER stress. J. Cell. Physiol. 2018, 233, 7082-7090. [CrossRef]

Jung, EM.; Lim, ].H.; Lee, T.J.; Park, J.JW.; Choi, K.S.; Kwon, T.K. Curcumin sensitizes tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL)-induced apoptosis through reactive oxygen species-mediated upregulation of death receptor 5 (DR5).
Carcinogenesis 2005, 26, 1905-1913. [CrossRef]

Zhang, Y,; Lin, X.Y.; Zhang, ].H.; Xie, Z.L.; Deng, H.; Huang, Y.F.; Huang, X.H. Apoptosis of mouse myeloma cells induced by
curcumin via the Notch3-p53 signaling axis. Oncol. Lett. 2019, 17, 127-134. [CrossRef]

Zheng, R; Deng, Q.; Liu, Y.; Zhao, P. Curcumin Inhibits Gastric Carcinoma Cell Growth and Induces Apoptosis by Suppressing
the Wnt/beta-Catenin Signaling Pathway. Med. Sci. Monit. 2017, 23, 163-171. [CrossRef]

Xu, M.X; Zhao, L.; Deng, C.; Yang, L.; Wang, Y.; Guo, T,; Li, L.; Lin, J.; Zhang, L. Curcumin suppresses proliferation and induces
apoptosis of human hepatocellular carcinoma cells via the wnt signaling pathway. Int. J. Oncol. 2013, 43, 1951-1959. [CrossRef]

Khan, A.Q.; Ahmed, E.I; Elareer, N.; Fathima, H.; Prabhu, K.S.; Siveen, K.S.; Kulinski, M.; Azizi, F; Dermime, S.; Ahmad, A.; et al.
Curcumin-Mediated Apoptotic Cell Death in Papillary Thyroid Cancer and Cancer Stem-Like Cells through Targeting of the
JAK/STATS3 Signaling Pathway. Int. . Mol. Sci. 2020, 21, 438. [CrossRef]

Chiu, YJ.; Yang, ].S.; Tsai, EJ.; Chiu, H.Y,; Juan, Y.N.; Lo, Y.H.; Chiang, ].H. Curcumin suppresses cell proliferation and triggers
apoptosis in vemurafenib-resistant melanoma cells by downregulating the EGFR signaling pathway. Environ. Toxicol. 2022, 37,
868-879. [CrossRef]

Li, P; Qin, H.; Li, X.J. The effect of curcumin on the apoptosis of lung cancer cells by regulating DJ-1-PTEN/PI3K/AKT signaling.
Int. J. Clin. Exp. Med. 2019, 12, 8739-8745.

Su, J.L,; Lin, M.T,; Hong, C.C.; Chang, C.C.; Shiah, 5.G.; Wu, C.W.,; Chen, S.T.; Chau, Y.P.; Kuo, M.L. Resveratrol induces
FasL-related apoptosis through Cdc42 activation of ASK1/JNK-dependent signaling pathway in human leukemia HL-60 cells.
Carcinogenesis 2005, 26, 1-10. [CrossRef]

Ko, J.H.; Sethi, G.; Um, J.Y.; Shanmugam, M.K.; Arfuso, F.; Kumar, A.P; Bishayee, A.; Ahn, K.S. The Role of Resveratrol in Cancer
Therapy. Int. . Mol. Sci. 2017, 18, 2589. [CrossRef]

Basu, A.K.; Nohmi, T. Chemically-Induced DNA Damage, Mutagenesis, and Cancer. Int. . Mol. Sci. 2018, 19, 1767. [CrossRef]
[PubMed]

Feng, L.; Yasmeen, R.; Schoene, N.W,; Lei, K.Y.; Wang, T.T.Y. Resveratrol differentially modulates immune responses in human
THP-1 monocytes and macrophages. Nutr. Res. 2019, 72, 57-69. [CrossRef] [PubMed]

Huang, X.T.; Li, X,; Xie, M.L.; Huang, Z.; Huang, Y.X.; Wu, G.X.; Peng, Z.R.; Sun, Y.N.; Ming, Q.L.; Liu, Y.X,; et al. Resveratrol:
Review on its discovery, anti-leukemia effects and pharmacokinetics. Chem. Biol. Interact. 2019, 306, 29-38. [CrossRef] [PubMed]
Bernhard, D.; Tinhofer, 1.; Tonko, M.; Hiibl, H.; Ausserlechner, M.].; Greil, R.; Kofler, R.; Csordas, A. Resveratrol causes arrest in
the S-phase prior to Fas-independent apoptosis in CEM-C7H2 acute leukemia cells. Cell Death Differ. 2000, 7, 834-842. [CrossRef]
[PubMed]

Bhardwaj, A.; Sethi, G.; Vadhan-Raj, S.; Bueso-Ramos, C.; Takada, Y.; Gaur, U.; Nair, A.S.; Shishodia, S.; Aggarwal, B.B. Resveratrol
inhibits proliferation, induces apoptosis, and overcomes chemoresistance through down-regulation of STAT3 and nuclear factor-
kappaB-regulated antiapoptotic and cell survival gene products in human multiple myeloma cells. Blood 2007, 109, 2293-2302.
[CrossRef]


http://doi.org/10.3892/ol.2016.5519
http://www.ncbi.nlm.nih.gov/pubmed/28356937
http://doi.org/10.3892/ijmm.2014.1988
http://www.ncbi.nlm.nih.gov/pubmed/25370579
http://doi.org/10.1002/cncr.24699
http://doi.org/10.1016/j.bbrc.2007.01.003
http://doi.org/10.1016/j.canlet.2017.11.006
http://doi.org/10.1111/jfbc.13758
http://doi.org/10.1139/cjpp-2020-0588
http://doi.org/10.1155/2019/3480569
http://doi.org/10.1002/jcp.26631
http://doi.org/10.1093/carcin/bgi167
http://doi.org/10.3892/ol.2018.9591
http://doi.org/10.12659/MSM.902711
http://doi.org/10.3892/ijo.2013.2107
http://doi.org/10.3390/ijms21020438
http://doi.org/10.1002/tox.23450
http://doi.org/10.1093/carcin/bgh220
http://doi.org/10.3390/ijms18122589
http://doi.org/10.3390/ijms19061767
http://www.ncbi.nlm.nih.gov/pubmed/29899224
http://doi.org/10.1016/j.nutres.2019.10.003
http://www.ncbi.nlm.nih.gov/pubmed/31757634
http://doi.org/10.1016/j.cbi.2019.04.001
http://www.ncbi.nlm.nih.gov/pubmed/30954463
http://doi.org/10.1038/sj.cdd.4400719
http://www.ncbi.nlm.nih.gov/pubmed/11042678
http://doi.org/10.1182/blood-2006-02-003988

Life 2023, 13, 261 22 of 24

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Zhao, H.L.; Han, LM.; Jian, Y.; Ma, Y.T,; Yan, W.Y,; Chen, X.W.; Xu, H.Y.; Li, L.J. Resveratrol induces apoptosis in human
melanoma cell through negatively regulating Erk/PKM2/Bcl-2 axis. OncoTargets Ther. 2018, 11, 8995-9006. [CrossRef]

De Amicis, F; Giordano, F; Vivacqua, A ; Pellegrino, M.; Panno, M.L.; Tramontano, D.; Fuqua, S.A.; Ando, S. Resveratrol, through
NEF-Y/p53/Sin3/HDAC1 complex phosphorylation, inhibits estrogen receptor alpha gene expression via p38MAPK/CK2
signaling in human breast cancer cells. FASEB J. 2011, 25, 3695-3707. [CrossRef]

Williams, A.B.; Schumacher, B. p53 in the DNA-Damage-Repair Process. Cold Spring Harb. Perspect. Med. 2016, 6, a026070.
[CrossRef]

Ozdemi, R.E; Sever, A.; Kececi, Y.; Incesu, Z. Resveratrol increases the sensitivity of breast cancer MDA-MB-231 cell line to
cisplatin by regulating intrinsic apoptosis. Iran. J. Basic Med. Sci. 2021, 24, 66-72. [CrossRef]

Sharifi-Rad, J.; Quispe, C.; Mukazhanova, Z.; Knut, E.; Turgumbayeva, A.; Kipchakbayeva, A.; Seitimova, G.; Mahomoodally, M.E,;
Lobine, D.; Koay, A.; et al. Resveratrol-Based Nanoformulations as an Emerging Therapeutic Strategy for Cancer. Front. Mol.
Biosci. 2021, 8, 649395. [CrossRef]

Lero, M.W.; Shaw, L.M. Diversity of insulin and IGF signaling in breast cancer: Implications for therapy. Mol. Cell. Endocrinol.
2021, 527,111213. [CrossRef]

Su, L].; Zhang, ]. H.; Gomez, H.; Murugan, R.; Hong, X,; Xu, D.; Jiang, E; Peng, Z.Y. Reactive Oxygen Species-Induced Lipid
Peroxidation in Apoptosis, Autophagy, and Ferroptosis. Oxid. Med. Cell. Longev. 2019, 2019, 5080843. [CrossRef]

Takashina, M.; Inoue, S.; Tomihara, K.; Tomita, K.; Hattori, K.; Zhao, Q.L.; Suzuki, T.; Noguchi, M.; Ohashi, W.; Hattori, Y.
Different effect of resveratrol to induction of apoptosis depending on the type of human cancer cells. Int. J. Oncol. 2017, 50,
787-797. [CrossRef]

Csaki, C.; Mobasheri, A.; Shakibaei, M. Synergistic chondroprotective effects of curcumin and resveratrol in human articular
chondrocytes: Inhibition of IL-1beta-induced NF-kappaB-mediated inflammation and apoptosis. Arthritis Res. Ther. 2009, 11,
R165. [CrossRef]

Kohandel, Z.; Farkhondeh, T.; Aschner, M.; Pourbagher-Shahri, A.M.; Samarghandian, S. STAT3 pathway as a molecular target
for resveratrol in breast cancer treatment. Cancer Cell Int. 2021, 21, 468. [CrossRef]

Pan, X.; Hong, X.; Li, S.; Meng, P.; Xiao, F. METTL3 promotes adriamycin resistance in MCF-7 breast cancer cells by accelerating
pri-microRNA-221-3p maturation in a m6A-dependent manner. Exp. Mol. Med. 2021, 53, 91-102. [CrossRef]

Zhang, S.; Cao, M.; Fang, F. The Role of Epigallocatechin-3-Gallate in Autophagy and Endoplasmic Reticulum Stress (ERS)-
Induced Apoptosis of Human Diseases. Med. Sci. Monit. 2020, 26, €924558. [CrossRef]

Ali, M.S.; Smiley, R. Curcumin-Induced Apoptosis Pathways in Positive and Negative Human Epidermal Growth Factor Receptor
Breast Cancer Cells. FASEB J. 2020, 34, 1. [CrossRef]

Li, M.Z.; Wang, C.R.; Lin, C.L. Curcumin promotes apoptosis of breast cancer cells by down-regulating DJ-1-PTEN/PI3K/AKT
signaling pathways. Int. J. Clin. Exp. Med. 2019, 12, 8992-8998.

Cotoraci, C.; Ciceu, A.; Sasu, A.; Miutescu, E.; Hermenean, A. The Anti-Leukemic Activity of Natural Compounds. Molecules
2021, 26, 2709. [CrossRef]

Liou, G.Y,; Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 2010, 44, 479-496. [CrossRef] [PubMed]

Della Via, EI; Shiraishi, R.N.; Santos, I.; Ferro, K.P,; Salazar-Terreros, M.].; Franchi Junior, G.C.; Rego, E.M.; Saad, S.T.O.; Torello,
C.O. (-)-Epigallocatechin-3-gallate induces apoptosis and differentiation in leukaemia by targeting reactive oxygen species and
PIN1. Sci. Rep. 2021, 11, 9103. [CrossRef] [PubMed]

Zhou, X.Z.; Lu, K.P. The isomerase PIN1 controls numerous cancer-driving pathways and is a unique drug target. Nat. Rev.
Cancer 2016, 16, 463-478. [CrossRef] [PubMed]

Magyar, ].E.; Gamberucci, A.; Konta, L.; Margittai, E.; Mandl, J.; Banhegyi, G.; Benedetti, A.; Csala, M. Endoplasmic reticulum
stress underlying the pro-apoptotic effect of epigallocatechin gallate in mouse hepatoma cells. Int. J. Biochem. Cell Biol. 2009, 41,
694-700. [CrossRef]

Huang, K.H.; Kuo, K.L.; Chen, S.C.; Weng, T.I.; Chuang, Y.T.; Tsai, Y.C.; Pu, Y.S.; Chiang, C.K,; Liu, S.H. Down-regulation of
glucose-regulated protein (GRP) 78 potentiates cytotoxic effect of celecoxib in human urothelial carcinoma cells. PLoS ONE 2012,
7,€33615. [CrossRef] [PubMed]

Golden, E.B.; Lam, P.Y,; Kardosh, A.; Gaffney, K.]J.; Cadenas, E.; Louie, S.G.; Petasis, N.A.; Chen, T.C.; Schonthal, A.H. Green tea
polyphenols block the anti-cancer effects of bortezomib and other boronic acid-based proteasome inhibitors. Blood 2009, 113,
5927-5937. [CrossRef] [PubMed]

Wang, W.Z,; Li, L.; Liu, M.Y,; Jin, X.B.; Mao, ] W.; Pu, Q.H.; Meng, M.].; Chen, X.G.; Zhu, ].Y. Curcumin induces FasL-related
apoptosis through p38 activation in human hepatocellular carcinoma Huh?7 cells. Life Sci. 2013, 92, 352-358. [CrossRef] [PubMed]
Bush, J.A.; Cheung, K., Jr.; Li, G. Curcumin induces apoptosis in human melanoma cells through a Fas receptor/caspase-8
pathway independent of p53. Exp. Cell Res. 2001, 271, 305-314. [CrossRef]

Moragoda, L.; Jaszewski, R.; Majumdar, A.P. Curcumin induced modulation of cell cycle and apoptosis in gastric and colon
cancer cells. Anti-cancer Res. 2001, 21, 873-878.

Turel, G.Y.; Calapoglu, N.S.; Bayram, D.; Ozgocmen, M.; Togay, V.A.; Tuluceoglu, E.E. Curcumin induces apoptosis through
caspase dependent pathway in human colon carcinoma cells. Mol. Biol. Rep. 2022, 49, 1351-1360. [CrossRef]


http://doi.org/10.2147/OTT.S186247
http://doi.org/10.1096/fj.10-178871
http://doi.org/10.1101/cshperspect.a026070
http://doi.org/10.22038/ijbms.2020.50485.11501
http://doi.org/10.3389/fmolb.2021.649395
http://doi.org/10.1016/j.mce.2021.111213
http://doi.org/10.1155/2019/5080843
http://doi.org/10.3892/ijo.2017.3859
http://doi.org/10.1186/ar2850
http://doi.org/10.1186/s12935-021-02179-1
http://doi.org/10.1038/s12276-020-00510-w
http://doi.org/10.12659/MSM.924558
http://doi.org/10.1096/fasebj.2020.34.s1.02326
http://doi.org/10.3390/molecules26092709
http://doi.org/10.3109/10715761003667554
http://www.ncbi.nlm.nih.gov/pubmed/20370557
http://doi.org/10.1038/s41598-021-88478-z
http://www.ncbi.nlm.nih.gov/pubmed/33907248
http://doi.org/10.1038/nrc.2016.49
http://www.ncbi.nlm.nih.gov/pubmed/27256007
http://doi.org/10.1016/j.biocel.2008.08.006
http://doi.org/10.1371/journal.pone.0033615
http://www.ncbi.nlm.nih.gov/pubmed/22438966
http://doi.org/10.1182/blood-2008-07-171389
http://www.ncbi.nlm.nih.gov/pubmed/19190249
http://doi.org/10.1016/j.lfs.2013.01.013
http://www.ncbi.nlm.nih.gov/pubmed/23352975
http://doi.org/10.1006/excr.2001.5381
http://doi.org/10.1007/s11033-021-06965-y

Life 2023, 13, 261 23 of 24

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Kuttikrishnan, S.; Siveen, K.S.; Prabhu, K.S.; Khan, A.Q.; Ahmed, E.I.; Akhtar, S.; Ali, T.A.; Merhi, M.; Dermime, S.; Steinhoff, M.;
et al. Curcumin Induces Apoptotic Cell Death via Inhibition of PI3-Kinase/AKT Pathway in B-Precursor Acute Lymphoblastic
Leukemia. Front. Oncol. 2019, 9, 484. [CrossRef]

Ye, Z.; Chen, D.; Zheng, R.; Chen, H.; Xu, T.; Wang, C.; Zhu, S.; Gao, X.; Zhang, J.; Li, D.; et al. Curcumin induced G2/M cycle
arrest in SK-N-SH neuroblastoma cells through the ROS-mediated p53 signaling pathway. J. Food Biochem. 2021, 45, e13888.
[CrossRef]

Sritharan, S.; Sivalingam, N. Curcumin induced apoptosis is mediated through oxidative stress in mutated p53 and wild type p53
colon adenocarcinoma cell lines. J. Biochem. Mol. Toxicol. 2021, 35, €22616. [CrossRef]

Igbal, B.; Ghildiyal, A.; Singh, S.; Siddiqui, S.; Kumari, P.; Arshad, M.; Mahdi, A.A. Combinatorial effect of curcumin and
tumor necrosis factor-a-related apoptosis-inducing ligand (TRAIL) in induction of apoptosis via inhibition of nuclear factor
kappa activity and enhancement of caspase-3 activity in chronic myeloid cells: An In-vitro study. J. Cancer Res. Ther. 2018, 14,
51193-51200. [CrossRef]

Dong, C.; Wu, J.; Chen, Y.; Nie, J.; Chen, C. Activation of PI3K/AKT/mTOR Pathway Causes Drug Resistance in Breast Cancer.
Front. Pharmacol. 2021, 12, 628690. [CrossRef]

Lee, S.; Rauch, J.; Kolch, W. Targeting MAPK Signaling in Cancer: Mechanisms of Drug Resistance and Sensitivity. Int. J. Mol. Sci.
2020, 21, 1102. [CrossRef]

Shi, K.; Wang, G.; Pei, J.; Zhang, J.; Wang, J.; Ouyang, L.; Wang, Y.; Li, W. Emerging strategies to overcome resistance to
third-generation EGFR inhibitors. J. Hematol. Oncol. 2022, 15, 94. [CrossRef]

Yang, J.; Nie, J.; Ma, X.; Wei, Y.; Peng, Y.; Wei, X. Targeting PI3K in cancer: Mechanisms and advances in clinical trials. Mol. Cancer
2019, 18, 26. [CrossRef]

Wang, Z.X,; Liu, E; Liao, W.L,; Yu, L.Z;; Hu, Z.W.; Li, M.C.; Xia, H.L. Curcumin suppresses glioblastoma cell proliferation by
p-AKT/mTOR pathway and increases the PTEN expression. Arch. Biochem. Biophys. 2020, 689, 108412. [CrossRef]

Cao, J.; Lou, S.Y.; Ying, M.D.; Yang, B. DJ-1 as a human oncogene and potential therapeutic target. Biochem. Pharmacol. 2015, 93,
241-250. [CrossRef]

Shang, H.; Wang, T.; Shang, F,; Li, M.; Luo, Y.; Huang, K.M. Over-expression of DJ-1 attenuates effects of curcumin on colorectal
cancer cell proliferation and apoptosis. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 3080-3087. [PubMed]

Wang, P.; Guan, Q.; Zhou, D.; Yu, Z.; Song, Y.; Qiu, W. miR-21 Inhibitors Modulate Biological Functions of Gastric Cancer Cells
via PTEN/PI3K/mTOR Pathway. DNA Cell Biol. 2018, 37, 38-45. [CrossRef] [PubMed]

Yang, Y.; Guo, ]J.X.; Shao, Z.Q. miR-21 targets and inhibits tumor suppressor gene PTEN to promote prostate cancer cell
proliferation and invasion: An experimental study. Asian Pac. ]. Trop. Med. 2017, 10, 87-91. [CrossRef] [PubMed]

Feng, Y.H.; Tsao, C.J. Emerging role of microRNA-21 in cancer. Biomed. Rep. 2016, 5, 395-402. [CrossRef] [PubMed]

Chen, J.; Xu, T.; Chen, C. The critical roles of miR-21 in anti-cancer effects of curcumin. Ann. Transl. Med. 2015, 3, 330. [CrossRef]
Qiang, Z.; Meng, L.; Yi, C,; Yu, L.; Chen, W.; Sha, W. Curcumin regulates the miR-21/PTEN/ Akt pathway and acts in synergy
with PD98059 to induce apoptosis of human gastric cancer MGC-803 cells. |. Int. Med. Res. 2019, 47, 1288-1297. [CrossRef]
Sohn, E.J.; Bak, K.M.; Nam, Y.K,; Park, H.T. Upregulation of microRNA 344a-3p is involved in curcumin induced apoptosis in
RT4 schwannoma cells. Cancer Cell Int. 2018, 18, 199. [CrossRef]

Li, Y;; Sun, W,; Han, N.; Zou, Y.; Yin, D. Curcumin inhibits proliferation, migration, invasion and promotes apoptosis of
retinoblastoma cell lines through modulation of miR-99a and JAK/STAT pathway. BMC Cancer 2018, 18, 1230. [CrossRef]
Barba-Ostria, C.; Carrera-Pacheco, S.E.; Gonzalez-Pastor, R.; Heredia-Moya, J.; Mayorga-Ramos, A.; Rodriguez-Polit, C.; Zuniga-
Miranda, J.; Arias-Almeida, B.; Guaman, L.P. Evaluation of Biological Activity of Natural Compounds: Current Trends and
Methods. Molecules 2022, 27, 4490. [CrossRef]

Rudrapal, M.; Mishra, A K,; Rani, L.; Sarwa, K K.; Zothantluanga, J.H.; Khan, J.; Kamal, M.; Palai, S.; Bendale, A.R.; Talele, S.G;
et al. Nanodelivery of Dietary Polyphenols for Therapeutic Applications. Molecules 2022, 27, 8706. [CrossRef]

Kovacevic, D.B.; Brdar, D.; Fabecic, P; Barba, FJ.; Lorenzo, ].M.; Putnik, P. Strategies to achieve a healthy and balanced diet: Fruits
and vegetables as a natural source of bioactive compounds. In Agri-Food Industry Strategies for Healthy Diets and Sustainability;
Academic Press: Cambridge, MA, USA, 2020; pp. 51-88. [CrossRef]

Singh, A.P; Singh, R.; Verma, S.S.; Rai, V.; Kaschula, C.H.; Maiti, P.; Gupta, S.C. Health benefits of resveratrol: Evidence from
clinical studies. Med. Res. Rev. 2019, 39, 1851-1891. [CrossRef]

Berman, A.Y.; Motechin, R.A.; Wiesenfeld, M.Y.; Holz, M.K. The therapeutic potential of resveratrol: A review of clinical trials.
NPJ Precis. Oncol. 2017, 1, 35. [CrossRef]

Alam, M.; Ali, S.; Ashraf, G.M.; Bilgrami, A.L.; Yadav, D.K.; Hassan, M.I. Epigallocatechin 3-gallate: From green tea to cancer
therapeutics. Food Chem. 2022, 379, 132135. [CrossRef]

McLarty, J.; Bigelow, R.L.H.; Smith, M.; Elmajian, D.; Ankem, M.; Cardelli, J.A. Tea Polyphenols Decrease Serum Levels of
Prostate-Specific Antigen, Hepatocyte Growth Factor, and Vascular Endothelial Growth Factor in Prostate Cancer Patients and
Inhibit Production of Hepatocyte Growth Factor and Vascular Endothelial Growth Factor In vitro. Cancer Prev. Res. 2009, 2,
673-682. [CrossRef]

Henning, S.M.; Wang, P; Said, ].W.; Huang, M.; Grogan, T.; Elashoff, D.; Carpenter, C.L.; Heber, D.; Aronson, W.J. Randomized
clinical trial of brewed green and black tea in men with prostate cancer prior to prostatectomy. Prostate 2015, 75, 550-559.
[CrossRef]


http://doi.org/10.3389/fonc.2019.00484
http://doi.org/10.1111/jfbc.13888
http://doi.org/10.1002/jbt.22616
http://doi.org/10.4103/jcrt.JCRT_348_18
http://doi.org/10.3389/fphar.2021.628690
http://doi.org/10.3390/ijms21031102
http://doi.org/10.1186/s13045-022-01311-6
http://doi.org/10.1186/s12943-019-0954-x
http://doi.org/10.1016/j.abb.2020.108412
http://doi.org/10.1016/j.bcp.2014.11.012
http://www.ncbi.nlm.nih.gov/pubmed/31002157
http://doi.org/10.1089/dna.2017.3922
http://www.ncbi.nlm.nih.gov/pubmed/29185784
http://doi.org/10.1016/j.apjtm.2016.09.011
http://www.ncbi.nlm.nih.gov/pubmed/28107872
http://doi.org/10.3892/br.2016.747
http://www.ncbi.nlm.nih.gov/pubmed/27699004
http://doi.org/10.3978/j.issn.2305-5839.2015.09.20
http://doi.org/10.1177/0300060518822213
http://doi.org/10.1186/s12935-018-0693-x
http://doi.org/10.1186/s12885-018-5130-y
http://doi.org/10.3390/molecules27144490
http://doi.org/10.3390/molecules27248706
http://doi.org/10.1016/B978-0-12-817226-1.00002-3
http://doi.org/10.1002/med.21565
http://doi.org/10.1038/s41698-017-0038-6
http://doi.org/10.1016/j.foodchem.2022.132135
http://doi.org/10.1158/1940-6207.CAPR-08-0167
http://doi.org/10.1002/pros.22943

Life 2023, 13, 261 24 of 24

169. Zhao, H.X.; Zhu, W.Q.; Xie, P,; Li, H.Q.; Zhang, X.Q.; Sun, X.R.; Yu, ].M.; Xing, L.G. A phase I study of concurrent chemotherapy
and thoracic radiotherapy with oral epigallocatechin-3-gallate protection in patients with locally advanced stage III non-small-cell
lung cancer. Radiother. Oncol. 2014, 110, 132-136. [CrossRef]

170. Zhao, H.; Zhu, W.; Zhao, X.; Li, X; Zhou, Z.; Zheng, M.; Meng, X.; Kong, L.; Zhang, S.; He, D.; et al. Efficacy of Epigallocatechin-
3-Gallate in Preventing Dermatitis in Patients With Breast Cancer Receiving Postoperative Radiotherapy: A Double-Blind,
Placebo-Controlled, Phase 2 Randomized Clinical Trial. JAMA Dermatol. 2022, 158, 779-786. [CrossRef]

171. Karaboga Arslan, A K.; Uzunhisarcikli, E.; Yerer, M.B.; Bishayee, A. The golden spice curcumin in cancer: A perspective on
finalized clinical trials during the last 10 years. J. Cancer Res. Ther. 2022, 18, 19-26. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.radonc.2013.10.014
http://doi.org/10.1001/jamadermatol.2022.1736
http://doi.org/10.4103/jcrt.JCRT_1017_20

	Introduction 
	Plant-Derived Bioactive Compounds 
	Resveratrol-Mediated Biological Actions 
	Absorption and Metabolism of Resveratrol 
	Anti-Cancer Pathways of Resveratrol 

	Epigallocatechin Gallate-Mediated Biological Actions 
	Absorption and Metabolism of Epigallocatechin Gallate 
	Anti-Cancer Pathways of Epigallocatechin Gallate 

	Curcumin-Mediated Biological Actions 
	Absorption and Metabolism of Curcumin 
	Anti-Cancer Pathways of Curcumin 


	Plant-Derived Bioactive-Compound-Mediated Pro-Apoptotic Effects 
	Resveratrol as an Enhancer of Apoptosis in Cancer Cells 
	Pro-Apoptotic Pathways of Resveratrol 
	Targets of Resveratrol’s Pro-Apoptotic Action 

	Epigallocatechin Gallate as an Enhancer of Apoptosis in Cancer Cells 
	Pro-Apoptotic Pathways of Epigallocatechin Gallate 
	Targets of Epigallocatechin Gallate’s Pro-Apoptotic Action 

	Curcumin as an Enhancer of Apoptosis in Cancer Cells 
	Pro-Apoptotic Pathways of Curcumin 
	Targets of Curcumin’s Pro-Apoptotic Action 


	Limitations of Bioactive Compounds’ Use in Chemoprevention and Clinical Trials 
	Conclusions 
	References

