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Ovarian cancer is the second-leading cause of death among women with cancer of

majority of ovarian cancer treatments. Patients undergoing this chemotherapy are

is crucial to identify treatment options that are both more effective and better toler-
ated by patients. Phytochemicals in this context are plant-derived chemicals with
antitumor activity that can be used as therapeutic or adjuvant agents in the treatment
of ovarian cancer. Consequently, the purpose of this literature review is to demon-
strate through existing pre-clinical and clinical trials the potential of phytochemicals
in the treatment of ovarian cancer, the mechanisms of action involved, and to con-
tribute to the development of new therapeutic options for ovarian cancer. For this
review, the databases PubMed, Scopus, Science Direct, and ClinicalTrials.gov were
queried between 2010 and 2022 using terms such as “ovarian cancer,”
“phytochemicals,” “phenolic compounds,” “terpenes,” and “alkaloids.” The present
review summarized the possible molecular mechanisms of action by which phyto-
chemicals, such as phenolic acids, flavonoids, diterpenes, triterpenes, saponins, and
alkaloids, inhibit this type of cancer, specifically the ability of phytochemicals to
induce cell growth regulation, apoptosis, oxidative stress reduction, anti-angiogenesis,
and chemosensitization of tumors in ovarian cancer. As their action and cellular

mechanism have already been demonstrated in several pre-clinical trials, the

Abbreviations: Akt, protein kinase B; ASK1, Apoptosis signal-regulating kinase 1; ATG, autophagy related proteins; Bax, pro-apoptotic BCL-2 associated protein X; Bcl-2, B-cell lymphoma protein
2; BRCA1 and BRCA2, Breast Cancer types 1 and 2; CARL, Calreticulin; CAT, catalase; CDKs, D-type cyclins, and cyclin-dependent kinases; CHK2, Checkpoint kinase 2; CisR, Cisplatin resistant;
COF1, Cofilin-1; ENPL, endoplasmin; EpCAM, epithelial cell adhesion molecules; Erk, extracellular signal-regulated kinase pathway; FDA, Food and Drug Administration; FOXP3, forkhead box
protein 3; GPx, glutathione peroxidases; GRP78, 78 kDa glucose-regulated protein; GSH, potentiators of the redox status of glutathione; HIF-1«, hypoxia-inducible factor 1-alpha; JNK, c-Jun N-
terminal kinases; LC3II, Light chain 3 protein; MAPK, mitogen-activated protein kinase; MDM2, Murine Doble Minute 2; MDR-1, multidrug resistance protein 1; MIC-1, micronemal protein;
MMP-2 and MMP-9, matrix metalloproteinases 2 and 9; mTOR, mammalian-target of rapamycin signaling pathway; NACA, Nascent polypeptide associated complex; NF-kB, Nuclear factor-kB;
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1 | INTRODUCTION

After cervical cancer, ovarian cancer is the second most common type
of gynecological neoplasm. It is the type of gynecological cancer with
the highest death rate because it is typically diagnosed late, making it
more difficult to treat (Torre et al., 2018).

In 2020, there will be 313,959 new cases and 207,252 deaths from
ovarian cancer worldwide (Sung et al., 2021). Several risk factors, includ-
ing genetic mutations of the BRCA1 and BRCA2 genes (“breast cancer
1 and 2” genes that encode tumor suppressor proteins), a family history
of ovarian or breast cancer, late menopause, endometriosis, nulliparity,
hormone replacement therapy, obesity, a lack of physical activity, and
smoking, are associated with its occurrence (Kuroki & Guntupalli, 2020).

Histologically, the ovary can develop three types of malignant
tumors: epithelial ovarian cancers (subtypes: serous, endometriosis,
mucinous, and clear cell), germ cells, and sex-cord stromal. About 95%
of ovarian neoplasms are derived from epithelial cells, and their inci-
dence increases in women over 40 (Stewart et al., 2017). Moreover,
ovarian cancers are typically characterized by the presence of type-1
and type-2 ovarian cancer cells. Type-1 cells are characterized by a
slow-growing phenotype, and the 5-year survival rate for women
diagnosed with type-1 cells is high. In contrast, type-2 cells predomi-
nantly express a mutated or null isoform of the gene TP53 (60%-80%
of cases) or aberrations in the BRCA1 (30%-50%) and BRCA2 (15%-
30%) genes, and the majority of ovarian cancers with type-2 have a
poor prognosis (Pistollato et al., 2017).

Despite advances in available therapies for ovarian carcinoma, its
treatment is restricted to cytoreductive surgery and chemotherapy
with platinum derivatives (cisplatin and carboplatin) and taxanes (pac-
litaxel and docetaxel) that, despite being the first choices, pose the
greatest barrier to its effectiveness and the development of resistance
after long-term chemotherapy (Radu et al., 2021). This resistance to
chemotherapy is a result of molecular changes such as increased oxi-
dative stress (reactive nitrogen species and reactive oxygen species),
reduced apoptosis, endogenous factors such as IL-1, IL-6, and TNF,
and genetic changes such as mutations in tumor suppressor genes
PTEN, BRCA1, BRCA2, and p53 in the cancer ovarian cells that con-
tribute to a lower therapeutic response to platinum derivatives and
taxanes, increasing the challenge in the treatment strategy aims to
improve the prognosis of ovarian cancer patients (Grunewald &
Ledermann, 2017; Rezaei-Tazangi et al., 2021).

In addition, the tumor microenvironment, which consists of

immune cells, fibroblasts, extracellular matrix, and proteolytic enzymes

phytochemicals identified in our study have the potential to be investigated for the
treatment of ovarian cancer. Through pre-clinical and clinical trials, our study demon-
strates the potential of phytochemicals in the treatment of ovarian cancer, contribut-

ing to the development of novel therapeutic options for ovarian cancer.

clinical, ovarian cancer, phytochemicals, preclinical

such as matrix metalloproteinase (MMP), vascular endothelial growth
factor (VEGF), transforming growth factor beta, and platelet-derived
growth factor, influences the growth of ovarian cancer tumors (Radu
et al., 2021). This microenvironment promotes tumor cell proliferation,
migration, and invasion, and therapeutic options for ovarian carcinoma
aim to inhibit these factors (Shafabakhsh & Asemi, 2019).

In this context, in vitro and in vivo experimental studies have
shown that phytochemicals from the classes of phenolic compounds
(phenolic acids and flavonoids), terpenes (diterpenes, triterpenes, and
saponins), and alkaloids can be used alone or in conjunction with che-
motherapies as a therapeutic alternative since they exert antitumor
properties against ovarian cancer in different types of pathways,
mainly through inhibition of apoptosis, oxidative stress and inflamma-
tion; improve the effectiveness of conventional chemotherapy by act-
ing as chemosensitizing agents, decrease chemoresistance; and
reduce the toxicity induced by conventional chemotherapy (Althurwi
et al., 2020; Efferth & Oesch, 2021; Ibrahim et al., 2019; Islam, 2017;
C.-Y. Sun et al, 2019; Q. Sun et al, 2015; Varela-Rodriguez
et al., 2020).

Phytochemicals are chemicals that are produced naturally by
plants during secondary metabolism and have a variety of biological
activities, including anti-inflammatory, antioxidant, and anti-tumor
effects, while being less toxic to normal cells (Yan et al., 2020). The
antitumor effect of phytochemicals in ovarian cancer is correlated
with their ability to induce cell growth regulation, apoptosis, oxidative
stress reduction, anti-angiogenesis, and sensitization (Wozniak
et al, 2021).

In this review, we examined the antitumor effects of phytochemi-
cals in ovarian cancer, how they can be useful as alternatives or adju-
vant treatments, and the possible molecular mechanisms by which
these compounds inhibit this type of cancer. Our objective was to
analyze preclinical (in vitro and in vivo) and clinical studies to demon-
strate how these models can contribute to the development of alter-

native ovarian cancer treatment strategies.

2 | METHODS

This narrative review was composed after searching PubMed, SCO-
PUS, Science Direct, and ClinicalTrials.gov with the following key-
words: “ovarian cancer,” “phytochemicals,” “phenolic compounds,”
“terpenes,” and “alkaloids,” using Boolean AND/OR, as well as the

truncation (*) and adjacency (adj or N or NEAR) functions to achieve
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FIGURE 1 Flow chart of
literature research.
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greater breadth when searching for keywords. The search was limited
in time (2010-2022) and language (English only). In addition, we
selected trials based on the inclusion criteria listed below: original arti-
cles with pre-clinical trials; articles with keywords in the title, abstract,
or full text; articles with chemical substances isolated or identified in
the extract or identifying the class of secondary metabolites; and arti-
cles that described the mechanism of action in ovarian cancer. The
primary search yielded 3256 articles, of which 2286 were retrieved
from Pubmed, 156 from Scopus, and 814 from Science Direct. Articles
that were indexed in two or more databases were only considered
once. Sixty articles were chosen after the initial screening of titles,
abstracts, and keywords, as the others did not meet the inclusion cri-
teria. For the selection of manuscripts, three researchers selected arti-
cles based on their titles, abstracts, and full-text publication analyses,
in that order. Consensus was used to resolve any disagreements
among the investigators. The resultant articles were manually exam-
ined to identify and exclude studies that did not meet the aforemen-
tioned criteria. The analysis was conducted as a narrative review in
accordance with Gasparyan's criteria (Gasparyan et al., 2011). Then, a
search was conducted on the ClinicalTrials.gov database using the
phytomolecules identified in this manuscript that have also been
approved by the Food and Drug Administration (FDA, USA) and are
currently undergoing clinical trials. Standardized coding tables for data
extraction from individual trials, key characteristics, and the level of
evidence for each study have been developed (Figure 1).

3 | RESULTS AND DISCUSSION

Sixty articles that met the inclusion criteria were selected from the lit-
erature search, and the chemical constituents with activity against
ovarian cancer were primarily phenolic compounds (43%), terpenes
(22%), saponins (14%), and alkaloids (17%). In vitro studies using the
cell lines A2780 (human ovarian cancer cells derived from untreated
patient tumor tissue), SKOV3 (ovarian adenocarcinoma resistant to
multiple substances, such as tumor necrosis factor, adriamycin, and
cisplatin, with high proliferation and invasion potential), and OVCAR3
were more prevalent in the scientific literature. Primarily xenograft
tumor models and, to a lesser extent, native tumor models are used in
in vivo studies. The selected articles on phytochemicals, classes of

secondary metabolites, and antitumor mechanisms of action in

etotal studies : n= 3256
studies

FINALIZATION

*Repetitions excluded
¢ Excluded studies not in
accordance with the

inclusion.

INCLUSION

EXCLUSION

e Finally selected
studies: n = 60

ovarian cancer are summarized in Table 1. Most of the selected arti-
cles (49 articles, or 83%) were published between 2015 and 2022,
indicating that the use of phytochemicals and elucidation of their
molecular targets in ovarian cancer is a relatively new field of study.
Only curcumin, genistein, quercetin, resveratrol, betulinic acid, artemi-
sinin, and berberine (Table 2) have been evaluated in phase | and
phase Il clinical trials for safety and efficacy.

3.1 | Antitumor effects of phytochemicals on
ovarian cancers

Ovarian cancer is the leading cause of death among women with
reproductive cancers (Bray et al., 2018; Sung et al., 2021). Chemother-
apy is the primary treatment, but patients who receive it for an
extended period often develop resistance, which causes the cancer to
progress (Sun et al., 2019). Therefore, resistance to chemotherapeutic
agents, particularly platinum derivatives and taxanes, which are the
drugs of first choice for treating ovarian cancer, is a problem that
makes it more difficult to treat the tumor. To increase patient survival,
we require alternative treatments that can be used individually or in
combination (Wozniak et al., 2021).

In addition, the current ovarian cancer treatments are extremely
toxic to healthy cells. (Achkar et al., 2018). Several natural products
and phytochemicals, on the other hand, have shown selective cyto-
toxicity in ovarian cancer cell lines while causing minimal toxicity in
normal cells (Barboza et al., 2020; Sun et al., 2019).

In this context, phytochemicals belonging to the classes of pheno-
lic compounds (flavonoids, phenolic acids, coumarins, tannins, and stil-
benes), terpenes (diterpenes, triterpenes, saponins), and alkaloids
represent potential candidates for the development of new therapeu-
tic agents for ovarian cancer, as they are recognized as safe, easy to
obtain, and often cytotoxic to cancer cells but not normal cells
(Althurwi et al., 2020; lbrahim et al., 2019; Tavsan & Kayali, 2019;
Varela-Rodriguez et al., 2020).

3.1.1 | Phenolic compounds

Phenolic compounds are plant secondary metabolites with an aro-

matic ring directly attached to one or more hydroxyl groups. On the
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(Continued)

TABLE 2

Class of

Locations

Study title Reference®

Type of cancer Phase Treatment

compound

Phytochemical

subjects with colorectal cancer and

hepatic metastases

NCT00920556  United

A clinical study to assess the safety and

5.0 g orally once daily in 21 day cycles,

Multiple myeloma

BARBOZA ET AL.

activity of SRT501 alone or in

with or without concurrent

combination with bortezomib in
patients with multiple myeloma

bortezomib administration.

United

NCT00701987

Safety, tolerability, and preliminary

Administered for4 weeks as a topical

Terpenes Melanoma

Betulinic acid

States

efficacy study of ALS-357 in patients

ointment, in escalating doses, to

with cutaneous metastatic melanoma

patients with cutaneous metastatic

melanoma

United

NCT04805333

Phase 1 dose escalation of artemicoffee

1 cup of decaffeinated coffee (450 mg

Terpenes Ovarian cancer

Artemisinin

States

Artemisia annua) per day and with a

maximum of 4 cups per day (1800 mg).

China

NCT03486496

Gefitinib and berberine in the first-line

Patients will be treated with Gefitinib

Lung adenocarcinoma

Alkaloid

Berberine

treatment of lung adenocarcinoma

with EGFR mutation

(250 mg) and Berberine (50 mg) orally.

Bwww.clinicaltrials.gov.

basis of the arrangement of the carbon chain attached to the aromatic
ring (C6) and (C9), they are classified into the following classes: phe-
nolic acids, flavonoids, coumarins, tannins, quinones, and stilbene
compounds (Calinoiu & Vodnar, 2018). In this review, we found that
the majority of studies examining the antitumor effects of phenolic
compounds in ovarian cancer have focused on phenolic acids and

flavonoids.

Phenolic acids

In multiple in vitro and in vivo studies, phenolic acids have been linked
to antitumor activity by promoting apoptosis, reducing proliferation,
and modulating diverse aspects of cancer, including angiogenesis,
growth, differentiation, and metastasis (Majidinia et al., 2019). In addi-
tion, the therapeutic activities of phenolic acids are enhanced by their
function as epigenetic regulators, as well as by minimizing adverse
events and reducing resistance associated with conventional antitu-
mor therapy (Sanchez-Carranza et al., 2018; Weng et al., 2018).

Their antitumor effect is primarily due to their antioxidant activ-
ity: being strong radical scavengers, metal chelators, and modifiers of
endogenous defense mechanisms such as superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidases (GPx), potentiators of
the redox status of glutathione (GSH), and regulators of various pro-
teins and transcription factors, such as nuclear factor related to ery-
throid 2 (Abotaleb et al., 2020). Patients with ovarian cancer have
increased expression of pro-oxidant enzymes and decreased expres-
sion of antioxidant enzymes in their epithelial tissues, indicating the
importance of phenolic acids' antioxidant capacity (Z.
etal., 2011; Xie et al., 2018).

In addition, their anticarcinogenic effects are associated with their

Jiang

ability to inhibit cell proliferation via the extracellular signal-regulated
kinase (Erk) pathway, D-type cyclins, and cyclin-dependent kinases
(CDKs); inhibit angiogenic factors including VEGF and micronemal
protein (MIC-1); express oncogenic signaling cascades (phosphoinosi-
tide 3-kinase [PI3K] and protein kinase B [Akt]); induce apoptosis and
prevent cell migration and metastasis, through regulation of
caspase-3, antiapoptotic B-cell lymphoma protein 2 (Bcl-2) and pro-
apoptotic BCL-2 associated protein X (Bax) (Kleczka et al., 2020; Pan
et al., 2018; Rajagopal et al., 2018; Rasmussen et al., 2019).

Among the phenolic acids, ellagic acid (1), protocatechuic acid
(2),10-gingerol (3), and gallic acid (4) stand out (Figure 2).

Ellagic acid (1) induced apoptosis via inhibition of Bcl-2 and acti-
vation of caspase 3, cell cycle arrest in the G1 phase via elevation of
p53 and Cip1/p21 levels, and suppression of cyclin D1 and E levels in
ES-2 and PA-1 ovarian carcinoma cells (Chung et al., 2013).

Protocatechuic acid (2) significantly reduced the viability of ovar-
ian cell lines (SKOV3, OVCARS3, and A2780) by inducing apoptosis via
activation of cleaved poly-ADP-ribose polymerase (PARP), caspase-3,
and Bax, as well as a negative up-regulation of Bcl-2 and cell cycle
arrest in the G2/M phase (Xie et al., 2018).

As evidenced by an arrest in the G2 phase of the cell cycle and a
decrease in the expression of cyclins A, B1, and D3, the phenolic acid
10-gingerol (3) inhibited the proliferation of HEY, OVCAR3, and
SKOV3 ovarian cancer cells (Rasmussen et al., 2019).
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FIGURE 2  Chemical structures of
phenolic acids with action on ovarian
cancer.

Ellagic acid (1)

10-Gingerol (3)

Gallic acid (4) selectively inhibited growth and angiogenesis
in vitro of two ovarian cancer cell lines, OVCAR3 and A2780/CP70,
through inhibition of VEGF secretion by suppressing Protein kinase B
(Akt) phosphorylation and hypoxia-inducible factor 1-alpha (HIF-1a)
expression and promoting tensin homologous phosphatase (PTEN)
expression, which acts as a tumor suppressor gene, suggesting that
the PTEN/AKT/HIF-1a pathway is responsible for tumor suppression
and angiogenesis in vitro (He, Chen, et al., 2016).

A pre-clinical in vivo study performed with SKOV3 cells subcuta-
neously xenotransplanted into female nude mice treated with 50 mg/
kg gallic acid for 28 days revealed inhibitory effects on tumor lesions
with decreased vascularization, necrotic/fibrotic areas, retraction of
the neoplastic stroma, induction of apoptosis, and cell cycle regula-
tion, through the phosphoinositide 3-kinases (PI3K) and carbonic
anhydrase IX pathways, suggesting that gallic acid can be considered
as a starting point for the development of new agents for the treat-
ment of ovarian cancer (Varela-Rodriguez et al., 2020).

In addition, the combination of gallic acid and paclitaxel enhanced
paclitaxel's ability to decrease cell proliferation, induced cell cycle arrest
in the G2/M phase in paclitaxel-resistant A2780AD ovarian cancer
cells, and inhibited the Erk pathway, indicating that gallic acid may be a
useful adjuvant in the treatment of ovarian carcinoma due to the inhibi-
tion of the Erk pathway, which reduces signaling events that promote
cell growth and proliferation (Sanchez-Carranza et al., 2018).

Concerning the low toxicity in normal cells, we highlight ellagic
acid and gallic acid that selectively decreased the cell viability (in vitro)
of cancer cells but had no effect on the cell viability of normal cell
lines, indicating that they have the effect of selective inhibition of cell
growth in ovarian carcinoma cells, thus suggesting that these phenolic
acids may present greater safety for cancer treatment (Chung
et al,, 2013; Sanchez-Carranza et al., 2018).

Flavonoids
Numerous plant species contain flavonoids, which are essential anti-
cancer compounds. In recent years, their therapeutic uses against the

progression of cancer have been examined (Abotaleb et al., 2018).

HO.
OH

HO

Protocatechuic acid (2)

OH

Gallic acid (4)

Its effects in ovarian cancer are associated with multiple molecu-
lar mechanisms, including inhibition of DNA topoisomerase | and I,
cell cycle arrest, and elevated expression of p53 (Abotaleb
et al., 2018; Teekaraman et al., 2019; Wang, Chen, et al., 2017; Zhang,
Jiao, et al., 2018), induction of apoptosis via Bcl-2, Bax, and Caspase
3 and 9 proteins, and inhibition of NF-B activation, and inhibition of
cell migration via negative regulation of the expression of extracellular
MMPs 2 and 9 (MMP-2 and MMP-9) (Tavsan & Kayali, 2019).

The flavonoids apigenin (5), baicalein (6), baicalin (7), genistein (8),
luteolin (9), quercetin (10), wogonin (11), and epigallocatechin-
3-gallate (12) (Figure 2) inhibit proinflammatory cytokines, such as
tumor necrosis factor alpha (TNF-a) and interleukin-6 (IL-6) as well as
nuclear factor kB (NF-kB), a pro-inflammatory transcription factor
(J. Chen et al., 2013; He, Wang, et al., 2016; Huq et al., 2014).

Nuclear factor kB is an essential regulator of both innate and
adaptive immune responses, and it can promote cell proliferation,
migration, and angiogenesis while inhibiting apoptosis (DiDonato
et al., 2012). NF-kB is essential for normal immune responses against
infection; however, dysregulated NF-«kB activation is a major cause of
chronic inflammatory diseases and can lead to the initiation of tumors
(Fan et al., 2013). By increasing inflammatory cytokines and growth
factors, NF-kB also promotes the proliferation of tumor-initiated cells.
As NF-kB inhibition can also result in pro-apoptotic effects, it is the
most effective method for treating ovarian cancer (Barboza
et al,, 2020; Yang et al., 2018).

The majority of flavonoids have also been shown to regulate the
expression of the tumor suppressor gene p53, sensitize TRAIL-induced
apoptosis (TNF receptor apoptosis-inducing ligand), and prevent or
delay chemotherapy resistance (Abotaleb et al., 2018; George
et al., 2017). Studies have shown that apigenin (5), baicalein (6), baicalin
(7), genistein (8), luteolin (9), quercetin (10), and kaempferol (13) inhibit
VEGF production and the in vitro metastasis of ovarian cancer cells
(Figure 3) (J. Chen et al., 2013; Z. He et al,, 2015). Last but not least,
wogonin (11) (Figure 3) can inhibit cancer cells by negatively regulating
epithelial cell adhesion molecules (EpCAM), which are involved in carci-

noma tumorigenesis and metastasis (S. S. Chen et al., 2012).
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FIGURE 3 Molecular structures of flavonoids with anti-ovarian cancer properties.
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As a mechanism of action, the studies also investigate the induc-
tion of apoptosis via the intrinsic or extrinsic pathway (Carneiro & El-
Deiry, 2020). The intrinsic (mitochondrial) apoptotic pathway is regu-
lated by the B-cell lymphoma protein family 2 (Bcl-2) that controls the
release of cytochrome C from mitochondria to the cytosol, where it
binds to the apoptotic protease-activating factor-1, thereby promot-
ing the activation of caspase-9 and then caspase-3, resulting in apo-
ptosis [90]. The Bcl-2 family includes pro-apoptotic proteins (including
Bad and Bax) and anti-apoptotic proteins (including Bcl-2 and Bcl-xI)
(Opferman & Kothari, 2018). In the extrinsic (cytoplasmic) pathway,
apoptosis occurs through the interaction of death receptors that
belong to the TNFR (tumor necrosis factor receptor) family, of which
FAS, TNF-R1 and TRAIL are R1 and 2 (TNF-related apoptosis inducing
ligand receptors 1 and 2), with their respective ligands FASL (FAs
ligand), TNF-a, and TRAIL, which after interaction activate the cascade
of caspases 8 and 3, executing death by apoptosis (Rajabi et al., 2021).

Consequently, the activation of an intrinsic or extrinsic pathway
activates caspases, which initiate apoptosis (Carneiro & El-
Deiry, 2020). In this context, quercetin (10) (Figure 3) regulates the
intrinsic apoptotic pathway by decreasing the expression level of anti-
apoptotic molecules such as Bcl-2 and Bcl-xL and increasing the
expression level of apoptotic pro-molecules including caspase-3,
caspase-9, cytoc-c, Bid, Bad, and Bax (Teekaraman et al., 2019). Myri-
cetin (14) (Figure 3) also triggered the extrinsic apoptotic pathway by
activating caspases 3 and 9 (Tavsan & Kayali, 2019; Varela-Rodriguez
et al.,, 2020).

In addition, another mechanism of action investigated for the
treatment of ovarian cancer is the inhibition of PARP (inhibitors),
which prevents DNA repair and leads to DNA break accumulation and
cell death (Smolle et al., 2013). PARP inhibitors have promising effects
on ovarian carcinomas with mutations in the tumor suppressor genes
BRCA1 and BRCA2 (breast cancer types 1 and 2). This is because
these genes function as tumor suppressors in normal cells, but cells
with defective BRCA1 and 2 do not interrupt the cell cycle, do not
stimulate the repair cycle, and promote tumorigenesis (Slade, 2020).
Nobiletin (15) (Figure 3) induced apoptosis by increasing the amount
of poly (ADP-ribose) polymerase (PARP) cleaved in A2780 and
OVCAR3 ovarian cancer cells, indicating its potential as a PARP inhibi-
tor (R. Zhang et al., 2020).

Due to their ability to act on multiple cellular targets and multiple
cellular and molecular processes, flavonoids have been demonstrated
to be more effective than conventional anticancer drugs, with greater
selectivity for cancer cells and low toxicity in normal cells (de Oliveira
Junior et al., 2018). In this review, we focus on myricetin, apigenin,
luteolin, baicalin, and baicalein, which inhibited the growth of ovarian
carcinoma cells selectively when tested in vitro (J. Chen et al., 2013;
Tavsan & Kayali, 2019).

3.1.2 | Terpenes

Terpenes, another important class of phytochemicals, contain iso-

prene units and are known as isoprenoids. They can be categorized

according to the number of C5 isoprene units in their structure. Ter-
penes thus form a large family of structurally diverse compounds,
including the hemiterpenes (C5, 1 isoprene unit), monoterpenes (C10,
2 isoprene units), sesquiterpenes (C15, 3 isoprene units), diterpenes
(C20, 4 isoprene units), triterpenes (C30, 6 isoprene units), tetrater-
penes (C40, 8 isoprene units), and polyterpenes (C5)n, where n can be
9 to 30,000 isoprene units (Tholl, 2015).

Some structural carbon skeleton transformations of terpenes lead
to the biosynthesis of natural product classes with unique physico-
chemical and pharmacological properties, such as steroids, lipophilic
vitamins, saponins, and cardiotonic glycosides (Bergman et al., 2019).
Among the terpenes that have antitumor effects in ovarian cancer,
diterpenes, triterpenes, and saponins stand out.

Diterpenes

Diterpenes are naturally occurring, acyclic or polycyclic isoprenoid
compounds of the pimarane, kaurane, abietane, beyerene, trachylo-
bane, atisirane, or hibaene type (Barbosa & Vega, 2017).

Some diterpenes have antitumor activity, such as taxanes (taxol/
paclitaxel), triptolide, oridonin, andrographolide, and coffee diterpenes
(cafestol and kahweol), which act by different molecular mechanisms
in cancer cells to produce antioxidant effects, the induction of apopto-
sis by intrinsic and extrinsic pathways, cell cycle arrest, autophagy,
angiogenesis inhibition, and metastasis (Islam, 2017). Oridonin (16),
cryptotanshinone (17), triptolide (18), cyparissins A (19), B (20), and
tanshinone 1A (21) are among the diterpenes with antitumor effects
in ovarian cancer (Figure 4).

In vitro, via the mTOR signaling pathway, oridonin (16) inhibited
the proliferation, migration, and invasion of ovarian cancer cells, cor-
roborating the in vivo findings of reduced tumor growth of ovarian
cancer cells (SKOV3) (Xia et al., 2016). Oridonin (16) was tested on
SKOV3 and A2780 ovarian cancer cells, confirming that this com-
pound inhibited the cell cycle in the G1/S phase, induced apoptosis in
cells, suppressed the mTOR signaling pathway, positively regulated
the level of forkhead box protein 3 (FOXP3), and reduced the expres-
sion of MMP-2 and MMP-9, which are closely associated with metas-
tasis. In both studies, oridonin was significantly less toxic to healthy
cells and more selective toward ovarian cancer cells (Y. Wang &
Zhu, 2019).

Cryptotansinone (17) inhibited the invasion of A2780 cells by
decreasing the expression of the metalloproteinases MMP-2 and
MMP-9 (G. Jiang et al., 2017). By remodeling the tumor's extracellular
matrix, these proteolytic enzymes (MMP-2 and MMP-9) promote the
metastasis of ovarian cancer by degrading various extracellular matrix
molecules (Al-Alem & Curry, 2015). Therefore, compounds that inhibit
the expression of MMP-2 and MMP-9 contribute to metastasis sup-
pression (Y. Wang & Zhu, 2019; Weidle et al., 2016).

In platinum-resistant COC1/DDP cells derived from human ovar-
ian carcinoma, triptolide (18) induced cell apoptosis and tumor sup-
pression via the PI3K/Akt pathway, along with a significant decrease
in Akt phosphorylation and GSK3 (H. Hu et al., 2016).

Cyparissins A (19) and B (20) inhibited P-glycoprotein-mediated
multidrug resistance and displayed cytotoxic activity against ovarian
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cancer patient-derived A2780 and A2780 ADR cells (Lanzotti
et al., 2015).

Tanshinone IIA (21) induced apoptosis in A2780 ovarian cancer
cells by inhibiting PI3BK/AKT/JNK signaling pathways and via caspases
3, 8, and 9 (Zhang, Zhou, & Gu, 2018). SKOV3 cells exhibited a cell
cycle arrest in the G2/M phase, a decrease in Bcl-2, and an increase in
Bax, all of which promote apoptosis (Huang et al., 2016).

Triterpenes
Triterpenes are naturally occurring alkenes derived from plants, ani-
mals, and fungi with six isoprene units and 30 carbon atoms in their
molecular structures (Lei et al., 2014). Triterpenes can be classified as
tetracyclic or pentacyclic and divided into groups based on the carbon
skeleton structures of their carbon atoms: cucurbitane, cycloartane,
dammarane, euphane, friedelane, holostane,

hopane, lanostane,

lupane, oleanane, protostane, tirucalane, and ursane (Chudzik
et al., 2015). The biological activities of these plant-isolated metabo-
lites include antioxidant, anti-inflammatory, antinociceptive, hepato-
protective, sedative effect, antiallergic, antiangiogenic, antimicrobial,
and antitumor properties (Salazar et al., 2020).

Numerous antitumor effects of triterpenes have been shown in

in vitro and in vivo studies, including inhibition of cell proliferation,

FIGURE 4 Diterpene
chemical structures with anti-
ovarian cancer properties.

Tanshinone ITA (21)

FIGURE 5 Triterpene
structures with anti-ovarian
cancer activity.

Ursolic acid (24)

signal transduction effects, apoptosis, inhibition of MMP secretion,
and inhibition of tumor invasion (G. Jiang et al., 2017; Lei et al., 2014).
Multiple signaling pathways, including STAT3, PI3K, Akt, NF-B, PTEN,
TRAIL, p53, and intrinsic and extrinsic apoptosis pathways, have been
linked to the antitumor effect of triterpenes (Althurwi et al., 2020;
H. Hu et al,, 2016; Jeong et al., 2017; Qu et al., 2017).

Figure 5 highlights the pentacyclic triterpenes with antitumor
activity in ovarian cancer: betulinic acid (22), oleanolic acid (23), and
ursolic acid (24) (Hordyjewska et al., 2019; Lombrea et al., 2021).

Betulinic acid (22) is extremely promising due to its low toxicity
to healthy cells and potent antiproliferative effects against ovarian
cancer cells (Amiri et al., 2020). A2780 cells were induced to undergo
apoptosis

by betulinic acid via mitochondria-dependent and

mitochondria-independent pathways, accompanied by increased
expression of cleaved caspases 8, 3, and 9 and Bax and decreased
expression of Bcl-2 (D. Lee et al., 2019).

Oleanolic acid (23) alone and in combination with cisplatin
showed apoptotic effects including the increase of p38 mitogen-
activated protein kinase (MAPK), apoptosis signal-regulating kinase
1 (ASK1) and reactive oxygen species (ROS), and its inhibition effect
on signaling pathways including ribosomal protein Sé kinase (S6K),

PI3K, mTOR, Akt, and NF-kB on human ovarian cancer cell lines
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A2780, A2780ZD0473R, and A2780cisR. These functions make olea-
nolic acid more active against platinum-resistant cells, inhibiting the
initiation, metastasis, invasion, and angiogenesis of platinum-resistant
ovarian cancer (Althurwi et al., 2020).

Ursolic acid (24) decreased the viability of SKOV-3 ovarian carci-
noma cells in a dose-dependent manner by inducing apoptotic cell
death, accompanied by an increase in Bax and a decrease in Bcl-2
levels. In addition, an arrest in the G2/M cycle and an increase in ROS
production were observed (Lin & Ye, 2020).

Importantly, chemotherapeutic drug resistance is the most sig-
nificant barrier to the effective treatment of advanced ovarian can-
cer (C.-Y. Sun et al., 2019). Chemotherapy resistance in ovarian
cancer is characterized by increased drug efflux pump activity medi-
ated by multidrug resistance protein 1 (also known as P-gp),
enhanced DNA damage repair capacity, decreased apoptosis, and
cell cycle arrest (Cornelison et al., 2017). The oleanolic, betulinic, and
ursolic acids can increase the sensitivity of ovarian cancer cells to
chemotherapeutic agents (Althurwi et al., 2020). In the A2780,
A2780cisR, and A2780ZD0473R strains, betulinic acid and ursolic
acid inhibited NF-B activation by increasing apoptosis, and their
effects were synergistic when combined with platinum drugs (Hug
et al., 2014).

3.1.3 | Saponins
Saponins are glycosides of steroids or triterpenes (Figure 6), with high
solubility in water and polar solvents, action on cell membranes, and
complexation with steroids, which is responsible for their antifungal
and hypocholesterolaemia effects (Vo et al., 2017). The most fre-
quently cited saponin activities in the scientific literature are hemo-
lytic,c, molluscicide, anti-inflammatory, antifungal, antibacterial/
antimicrobial, antiparasitic, antiviral, and cytotoxic/antitumor (Juang &
Liang, 2020). Saponins act via multiple targets and cell signaling path-
ways to disrupt the homeostasis of tumor cells, inhibiting their multi-
plication and angiogenesis or inducing their death via apoptosis and
cell cycle arrest (Koczurkiewicz et al., 2019).

Ovarian cancer is examined in only 3.6% of studies examining the
antitumor activity of saponins. However, these compounds are distin-
guished by their multiple molecular targets, as they are capable of

modulating multiple oncogenic processes (cancer cell proliferation,

Steroidalskeleton Pentacyclictriterpenoid skeleton

FIGURE 6 Steroidal and triterpenoid saponins skeleton.

migration, and apoptosis), inhibiting angiogenesis, and sensitizing
chemotherapy-resistant ovarian cancer cells (Sobolewska et al., 2020).

Flowers of Camellia sinensis (L.) O. Kuntze contain saponins that
have antitumor properties (L.-Y. Jia et al., 2017). C. sinensis flower
saponins induce apoptosis in human ovarian cancer A2780/CP70
cells, demonstrating a strong antiproliferative effect, causing less cyto-
toxicity to normal cells, and S-phase arrest via the regulation of pro-
teins associated with the ATM serine/threonine kinase-checkpoint
kinase 2 (ATM-Chk2) signaling pathway. In addition, the induction of
intrinsic and extrinsic apoptosis in A2780/CP70 cells via the Akt-
MDM2-p53 signaling pathway was demonstrated by inhibiting the
activation of Akt and MDM2 (Murine Doble Minute 2), a negative reg-
ulator of the tumor suppressor p53, and by increasing p53 levels in
the cells (Tu et al., 2020).

Tupistra chinensis Baker saponins influence the proliferation and
apoptosis of ovarian cancer (SKOV3) cells through the Wnt/g-catenin
pathway (Ji et al, 2020). The intracellular Wnt/p-catenin signaling
pathway controls cell survival, apoptosis, and self-renewal
(Krishnamurthy & Kurzrock, 2018). This activated pathway promotes
ovarian cancer cell proliferation, survival, migration, and invasion, as
well as drug resistance (Nguyen et al., 2019). Zhang et al. (Zhang, Sun,
et al., 2019) and Cao et al. (Cao et al., 2018) showed that inhibition of
Wnt/p-catenin signaling pathway can inhibit ovarian cancer
progression.

Increasing concentrations of dioscin induced apoptosis in ovarian
cancer SKOV3 cells via the caspase-3, caspase-9, Bax, and poly (ADP-
ribose) polymerase cleaved pathways, while suppressing the expres-
sion of VEGF receptor 2 (VEGFR2), phosphoinositide-3-kinase (PI3K),
phosphorylated AKT, and phosphorylated p38 mitogen-activated pro-
tein kinase (MAPK) in SKOV3 cells (X. Guo & Ding, 2018).

In vitro and in vivo studies with 20(S)-ginsenoside Rg3 showed
induction of autophagy in SKOV3 ovarian cancer cells via positive reg-
ulation of molecules involved in the autophagic process, such as light
chain 3 protein (LC3 Il) and autophagy related proteins 5 and 7 (ATG5
and ATG7); this mechanism is responsible for tumor suppression
(Zheng et al., 2017).

In addition, the combination of saponins with antineoplastics (cis-
platin, paclitaxel) increases the sensitivity of chemoresistant tumor
administered  chemotherapeutic  agents

cells to clinically

(Koczurkiewicz et al., 2019).

3.14 | Alkaloids
Alkaloids are cyclic, nitrogen-containing, negatively oxidized com-
pounds with a restricted distribution in living organisms. Their biosyn-
thesis is complex and diverse, with true alkaloids and protoalkaloids
originating from amino acids and pseudoalkaloids originating from
other pathways that incorporate nitrogen via a transamination reac-
tion (Ur-Rashid et al., 2019).

In addition to neurotransmitter properties and cytotoxic potential,

they possess antiviral, antibacterial, anti-inflammatory, and antitumor
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properties that act on a variety of molecular targets (Adamski
et al., 2020).

Vimblastine and vincristine, which are derived from Catharanthus
roseus (L.) G. Don, and camptothecin, which is derived from the Chi-
nese plant Camptotheca acuminata Decne, contributed to the develop-
ment of anticancer drugs such as topotecan and irinotecan (Efferth &
Oesch, 2021).

In the context of ovarian cancer, we can highlight emetine (25),
palmatine (26), piperlongumine (27), piperine (28), neferine (29), son-
gorin (30), berberine (31), and harmine (32) (Figure 7).

NH

-

Emetine (25)

Emetine (25) when combined with cisplatin against A2780 and
A2780CisR cells (in vitro) demonstrated a synergistic effect and
induced negative regulation of six proteins (vimentin [VIME], endo-
plasmin [ENPL], 78 kDa glucose-regulated protein [GRP78], Calreticu-
lin [CARL], Nascent polypeptide associated complex [NACA],
andCofilin-1[COF1]) and positive regulation of Peptidylprolyl Isomer-
ase A (PPIA) and 40 S ribosomal subunit A (RSSA) proteins, resulting
in cisplatin dose reductions in the A2780 ovarian cancer cell line
(Alam et al., 2020). Coadministration of cisplatin and emetine

increased apoptotic cell death in the ovarian cancer cell line SKOV3
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FIGURE 7 Chemical structures of
alkaloids with action on ovarian cancer.
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after 72 h, as demonstrated by the activation of caspases-3, —7,
and — 8, with sensitization of cancer cells to the action of cisplatin
correlated with negative regulation of Bcl-xL by emetine (Q. Sun
et al., 2015).

In vitro, palmatine (26) induced apoptosis in A2780 and OVCAR4
cells via caspase 3, caspase 7, and PARP cleavage. Palmatine was
found to be more selective for ovarian carcinoma cells than carbopla-
tin and to be more cytotoxic than human ovarian epithelial cells
(Johnson-Ajinwo et al., 2019).

In vitro, piperlongumine (27) decreased survivin protein through a
proteasome-dependent pathway mediated by reactive oxygen spe-
cies. Piperlongumine inhibited the growth of ovarian cancer cell xeno-
graft tumors in vivo by downregulating survivin without causing
systemic toxicity. (Nan et al., 2019). Survivin is an anti-apoptosis pro-
tein, and its overexpression increases apoptosis and chemotherapy
resistance in ovarian cancer (J. Chen et al., 2013). Due to its low toxic-
ity, piperlongumine may be a non-hazardous alternative for overcom-
ing resistance to apoptosis induced by survivin overexpression.

Piperine (28) induced apoptosis via the activation pathway of
caspases-3 and -9, as well as cleaved PARP and decreased phosphory-
lation of JNK and p38 MAPK in A2780 ovarian cancer cells, with a
selective effect (Si et al., 2018). The synergistic effect of piperine and
paclitaxel was also confirmed by observing a sub-G1 cell cycle arrest
in SKOV3 cells, an increased Bax/Bcl-2 ratio, and positive regulation
of cyt-c, Bax, and caspase-3 genes that modulate pro- and anti-
apoptotic genes (Pal et al., 2016).

Neferine (29) induced G1 cell cycle arrest, apoptosis, and autop-
hagy in human ovarian cancer cells by activating p38 MAPK/JNK (Xu,
Zhang, et al., 2016). The signaling pathway involving c-Jun N-terminal
kinase (JNK) and p38 MAPK (mitogen-activated protein kinase) plays
essential roles in proliferation, differentiation, and apoptosis by acti-
vating the intrinsic apoptotic pathway (Peluso et al., 2019).

Songorine (30) exerted its antitumor activity via the glycogen
synthase kinase-3 beta (GSK3/B-catenin) and Bcl-2/Bax signaling
pathways. These findings highlight the potential use of songorine as a
novel therapeutic agent for ovarian cancer, as the increased stability
of GSK3 protein can hasten the degradation of p-catenin, resulting in
negative regulation of MMP secretion and inhibiting tumor invasion
and migration (Zhang, Dong, et al., 2019).

Berbamine (31) suppressed cell proliferation and tumor growth
in vitro and in vivo by inducing cell cycle arrest in the GO/G1 phase
and signaling of the Wnt/p-catenin pathway and by inducing apopto-
sis with increased expression of cleaved caspase-3, cleaved caspase-9,
and Bax and a decreased protein level of Bcl-2 (Zhang, lJiao,
et al., 2018).

Harmine (32) inhibited SKOV3 cell proliferation and migration via
the ERK/cAMP Response Element-Binding Protein (CREB) pathway
and suppressed the expression of the MMP family members MMP-2
and MMP-9 (J. Gao et al., 2017).

In this context, it is evident that alkaloids have antitumor effects
via distinct and important mechanisms of action and that they can be
used as a therapeutic alternative alone or in combination, as the syn-

ergistic effect enhances the antitumor response.

3.2 | Combining phytochemicals with anticancer
drugs to overcome chemoresistance and/or improve
the chemosensitivity of ovarian cancer treatments

Knowledge of the molecular mechanisms underlying the progression
of cancer has led to the development of numerous anticancer drugs.
Due to the tumor's chemoresistance, particularly to cisplatin and pacli-
taxel, which are the standard treatments for ovarian cancer, ovarian
cancer remains difficult to treat, resulting in the progression of the
disease (Kuroki & Guntupalli, 2020).

Multidrug resistance gene 1 (MDR1), nuclear factor-kB (NF-kB),
and serine/threonine protein kinase Akt are the primary contributors
to the development of drug resistance. In addition, ovarian cancer
chemotherapy resistance is associated with molecular mechanisms
involving increased P-glycoprotein-mediated drug efflux pump activ-
ity, increased DNA damage repair capacity, and decreased apoptosis
(Yan et al., 2020).

Acquired resistance to cisplatin in ovarian cancer has been shown
to be associated with NF-kB activation, whereas the chemosensitiza-
tion of ovarian cancer cells due to the combination of cisplatin with
phytochemicals such as genistein, curcumin, and resveratrol is associ-
ated with NF-kB inactivation and increased sensitivity to cisplatin
with increasing concentration (Huq et al., 2014).

Curcumin was found to increase sensitivity to cisplatin with
increasing concentration in SKOV3 and OVCARS cell lines through
inhibition of NF-B and induction of apoptosis via the Akt/mTOR/ERK
signaling pathway (M. He et al., 2016). In addition, it was possible to
observe a synergistic effect between curcumin and paclitaxel (Liu
et al., 2016).

The combination of gallic acid and paclitaxel inhibited the prolifer-
ation of A2780 and A2780AD cells, arrested the G2/M phase of the
cell cycle, and sensitized paclitaxel-resistant ovarian carcinoma cells
through ERK-mediated inhibition of reactive oxygen species
(Sanchez-Carranza et al., 2018).

By inhibiting PI3K/Akt, hirsutenone induces apoptosis in cisplatin-
resistant strains, resulting in XIAP degradation via proteasome-ubiquitin
and AIF-dependent apoptosis (Farrand et al., 2014).

Resveratrol reversed cisplatin resistance in ovarian cancer cells by
modulating molecular targets, such as EGFR or VEGFR from the
receptor tyrosine kinase family (Engelke et al., 2016).

Associated with NF-kB inhibition, thymoquinone increases
cisplatin-mediated cytotoxicity in ovarian cancer cells (Hug
et al., 2014).

By inhibiting the miR-93/ PTEN/ Akt signaling pathway, berber-
ine sensitizes human ovarian cancer cells to cisplatin (C.-Y. Sun
etal., 2019).

Theaflavin-3,3'-digalate increased the growth-inhibiting effect of
cisplatin on ovarian cancer cells via negative regulation of glutathione
(GSH) and positive regulation of copper transporter 1 (CTR1) (Pan
et al., 2018).

Betulinic acid and ursolic acid exhibited a synergistic effect when
combined with platinum-based drugs, inhibiting NF-kB activation and

promoting apoptosis (Hug et al., 2014).
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Emetine and piperine exhibited synergistic effects when com-
bined with cisplatin and paclitaxel, respectively. For the combined
actions of cisplatin and emetine, eight proteins were considered:
VIME, ENPL, GRP78, CARL, NACA, COF1, PPIA, and RSSA (Alam
et al., 2020). The synergistic effect of piperine and paclitaxel disrupted
the sub-G1 phase of the cell cycle, increased the Bax/Bcl-2 ratio, and
induced the positive regulation of the cyt-c Bax and caspase-3 genes,
modulating pro- and antiapoptotic genes (Pal et al., 2016). In addition,
piperine has been shown to enhance anticancer drug activity in vari-
ous drug-resistant cancer cell lines. (M. Wang et al., 2018).

Therefore, phytochemicals combined with platinum derivatives
(cisplatin and oxaliplatin) or taxane derivatives (paclitaxel) can increase
antitumor activity by inducing apoptosis via pro-apoptotic signaling,
such as MAPKs, p53, and the anti-apoptotic Bcl-2 pathway, NF-kB,
and Nrf2, since defects in apoptotic signaling are closely related to
resistance to cisplatin and paclitaxel, and this synergism is responsible

for decreasing chemoresistance and increasing sensitization.

3.3 | Clinical trials evaluating phytochemicals
Despite substantial preclinical evidence implicating phytochemicals in
ovarian cancer, there have been few antitumor clinical trials for this
disease. The majority of clinical trials for the phytochemicals identified
in our study are for the treatment of other types of cancer (Table 2),
demonstrating their efficacy, safety, and potential to be investigated
in the treatment of ovarian cancer, as numerous preclinical trials have
demonstrated their action and cellular mechanism (Althurwi
et al, 2020; Huq et al, 2014; C.-Y. Sun et al., 2019; Vallino
et al., 2020; Zhao et al., 2014).

Secondary metabolites derived from plants, including flavonoids,
phenolic compounds, alkaloids, flavanols, steroids, and terpenes, have
been shown to destroy tumor cells in a number of ways, including by
inducing cancer cell cycle arrest and enhancing the apoptotic cell
death process (Seca & Pinto, 2018). On the global pharmaceutical
market, numerous anticancer drugs containing phytochemicals, such
as tothecin, topotecan, irinotecan, etoposide, doxorubicin, taxel, doce-
taxel, vinblastine, and vincristine, are already available. Clinical trials
can therefore establish optimal conditions for anticancer phytother-
apy and personalized treatment utilizing advanced nanotechnology
for cost-effective, target-specific, and less toxic chemopreventive
agents (Dhupal & Chowdhury, 2020).

In ovarian cancer, preclinical studies have demonstrated the anti-
tumor activity of epigallocatechin-3-gallate, curcumin, genistein, quer-
cetin, resveratrol, and betulinic acid, with NF-kB inhibition effects,
induction of apoptosis via intrinsic and extrinsic pathways, epigenetic
modulation of miRNAs or IncRNAs, and synergistic effects with
platinum-derived drugs (Amiri et al., 2020; He, Wang, et al., 2016;
Huq et al., 2014; D. Lee et al, 2019; Liu et al., 2016; Vallino
et al.,, 2020; Zhao et al., 2014).

Despite the absence of clinical trials with these phytochemicals
for ovarian cancer, clinical trials of other cancer treatments, such as

colorectal cancer, lung cancer, prostate cancer, breast cancer, and

pancreatic cancer (Table 2), suggest that these phytochemicals may be
therapeutic or adjuvant alternatives for the treatment of ovarian
cancer.

Only artemisinin isolated from Artemisia annua L had preclinical
and clinical trials for ovarian cancer among the phytochemicals listed
in Table 2. Artemisinin modulated mechanisms of platinum resistance
in preclinical studies (Althurwi et al., 2020). In the clinical trial, patients
with advanced ovarian cancer who had completed carboplatin and
paclitaxel chemotherapy were given daily doses of coffee in an effort
to examine the use of coffee as maintenance therapy after primary
treatment [NCT04805333].

New anticancer drugs derived from phytochemicals are a promis-
ing strategy for regulating carcinogenesis in ovarian cancer, given the
difficult circumstances of current chemotherapy and the promising
clinical evidence that these phytochemicals combat cancer with less

systemic toxicity.

3.4 | Phytochemicals and nanomedicine: A
therapeutic alternative for ovarian cancer

Numerous preclinical and clinical studies demonstrate that phyto-
chemicals have promising anticancer activity for the treatment of
ovarian cancer; however, their intrinsic properties, such as low aque-
ous solubility, low bioavailability, low stability, and solvent toxicity,
limit their clinical application. By modulating the pharmacokinetics
and pharmacodynamics of phytochemicals, as well as permitting pas-
sive or active targeting of the molecule to the tumor, phytonanomedi-
cine can overcome these disadvantages and improve therapeutic
efficacy (Dhupal & Chowdhury, 2020; Mohapatra et al., 2020).

The development of known targeted drug strategies for ovarian
tumor cells has been made possible by nanotechnology, thereby pre-
venting damage to healthy tissues. Biodegradable and biocompatible
lipid- and polymer-based nanoparticles, such as liposomes, polymeric
micelles, solid lipid nanoparticles, nanostructured lipid carriers, and
protein nanoparticles, are the most utilized in cancer therapy (Rezaei-
Tazangi et al., 2021).

Various nanocarriers, such as polymeric, lipidic, and inorganic
nanoparticles, have been extensively used with phytochemicals, with
some phytonanomedicines approved by the FDA or undergoing clini-
cal trials for the treatment of various cancers (Mohapatra et al., 2022).
highlight

epigallocatechin-3-gallate, quercetin, apigenin, resveratrol, thymoqui-

Among  these phytochemicals, we curcumin,
none, ursolic acid, and betulinic acid, which, as previously demon-
strated in our study (Tables 1 and 2), may offer an alternative therapy
for ovarian cancer.

Curcumin exhibits in vitro and in vivo potential, but it has poor
absorption, low bioavailability, low aqueous solubility, rapid systemic
elimination, a high metabolism, and is degraded by alkaline conditions
(Gera et al., 2017). To overcome these limitations, numerous nanofor-
mulations of curcumin have been developed. Xu, Chen, et al. (2016)
sought to effectively deliver curcumin to tumor sites using niosomes

composed of nonionic surfactants Tween 80 and Pluronic 188 to
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improve the solubility and therapeutic efficacy of curcumin, and they
demonstrated this. Curcumin-niosomes exhibited enhanced cytotoxic
activity and an increased apoptotic rate against ovarian cancer A2780
cells compared to free curcumin.

An in vivo and in vitro investigation demonstrated that the use of
docetaxel and curcumin/methoxy poly (ethylene glycol)-poly (L-lactic
acid) (MPEG-PLA) copolymers nanomicelles suppresses tumor prolif-
eration and angiogenesis. In addition, the MTT assay and apoptotic
study demonstrated that copolymer nanomicelles exhibited stronger
inhibitory and pro-apoptotic effects on ovarian cancer A2780 cells
compared with docetaxel or curcumin alone (Y. Hu et al., 2020). In
addition, it was demonstrated that ovarian cancer OVCARS cells were
treated with Gemini-Curcumin and free curcumin, and the results
demonstrated that Gemini-Curcumin nanoparticles have a great deal
of potential for the development of novel anti-ovarian cancer thera-
pies (Ghaderi et al., 2021). An in vitro and in vivo study found that
nanocurcumin in combination with cisplatin decreased PI3K, JAK,
TGF-B, Ki67 expression, and Akt phosphorylation, which may result in
a decrease in the weight and volume of ovarian tumors (Sandhiutami
et al., 2020).

Epigallocatechin-3-gallate has anticancer activity in in vitro and
in vivo models, and there are ongoing clinical studies; however, the
compound's low bioavailability and instability are a drawback (Granja
et al,, 2016). To overcome these limitations, numerous nanoformula-
tions for epigallocatechin-3-gallate, including gold, polymeric, metallic,
carbohydrate-based, and liposomal delivery systems, have been devel-
oped (Chavva et al, 2019). To increase the effectiveness of
epigallocatechin-3-gallate, it was attached to nanogold particles
(EGCG-pNG), and the anti-cancer activity of EGCG-pNG-treated mel-
anoma cells was enhanced. In a murine melanoma model, EGCG-pNG
inhibited tumor growth 1.66 times more effectively than
epigallocatechin-3-gallate (C.-C. Chen et al., 2014). Epigallocatechin-
3-gallate encapsulated in solid lipid nanoparticles conjugated with
gastrin-releasing peptide receptors, which are overexpressed in breast
cancer, decreased tumor volume in melanoma in C57/BL6 mice when
compared to non-conjugated formulations or epigallocatechin-
3-gallate alone. (Radhakrishnan et al., 2019) .

Due to its low aqueous solubility, low oral bioavailability, and
rapid gastrointestinal digestion, the therapeutic potential of quercetin
is compromised (Vafadar et al., 2020). In order to enhance its pharma-
cokinetics, nanoparticles have been created. Quercetin was encapsu-
lated in monomethoxy poly (ethylene glycol)-poly (3-caprolactone)
micelles, and it was demonstrated that intravenous injection of these
micelles significantly inhibits the growth of ovarian tumors in vivo by
inducing cancer cell apoptosis and inhibiting angiogenesis (X. Gao
et al., 2012). Another study evaluated the ability of PEGylated liposo-
mal quercetin to inhibit the proliferation and growth of ovarian tumor
cells in vivo and in vitro, as well as to induce cell cycle arrest and apo-
ptosis (Long et al., 2013). Recently, wurtzite-type zinc oxide nanopar-
ticles were synthesized with quercetin and demonstrated that these
nanoparticles can be used to treat metastatic ovarian cancer in

humans (Ramalingam et al., 2022).

Apigenin is poorly soluble in water and has low oral bioavailability
(Alshehri et al., 2019). To increase its solubility and bioavailability, a
dual drug-loaded liposomal formulation of 5-fluorouracil and apigenin
was developed, and preclinical testing in a tumor xenograft model
using tumor-free mice revealed greater antitumor activity for human
colorectal cancer cell lines HCT-15 and HT-29 via passive targeting of
liposomes. (Sen et al., 2019).

The bioavailability, metabolism, half-life, and elimination of res-
veratrol are all limited (Singh et al., 2015). Using resveratrol-bovine
serum albumin nanoparticles on human primary ovarian carcinoma
cells in nude mice suppresses tumor growth in nude mice with ovarian
cancer by inducing ovarian cancer cell necrosis and cellular apoptosis.
(L. Guo et al., 2010). An in vitro evaluation of resveratrol-zinc oxide
nanohybrid against ovarian cancer cell lines revealed that this nano-
formulation possesses anticancer properties (Khatun et al., 2016).

Thymoquinone has low solubility in water and bioavailability.
Upon synthesis of thymoquinone nanoparticles conjugated with
radioiodinated folic acid-chitosan, enhanced targeting of ovarian can-
cer cells was observed (ince et al., 2020).

Ursolic acid has a low solubility in water, a brief half-life, and low
bioavailability (L. Wang et al., 2021). Nanoformulations have been
developed to overcome their pharmacological limitations and increase
their therapeutic effects. Zhou et al. (2019) developed ursolic acid-
loaded mPEG-PLA polymeric micelles (UA-PMs) and observed tumor
growth inhibition and prolonged survival in H22 xenograft tumor-
bearing mice. In the study of Wang et al. (2021), in vivo and in vitro,
they reported the design of a dual prodrug amphiphile platinum
IV/ursolic acid/polyethylene glycol self-assembled nanoparticle sys-
tem (Pt(IV)/UA/NPs) for synergistic chemotherapy of platinum-
resistant ovarian cancer. The system Pt(IV)/UA/NPs was efficiently
taken up by cisplatin-resistant ovarian cancer cells and released the
drug in intracellular reductive and acidic environments. Furthermore,
the in vivo results indicated that Pt(IV)/UA nanoparticles have a pro-
longed blood circulation time, exhibit higher accumulation in tumor,
and significantly improve antitumor efficacy in A2780/DDP tumor-
bearing mice without causing side effects like changes in body weight
or major organ lesions, demonstrating that Pt(IV)/UA nanoparticles
may have potential application in the treatment of ovarian cancer.

The bioavailability and aqueous solubility of betulic acid are low. To
overcome these drawbacks, micelles of betulic acid and the chemical drug
lonidamine were combined with doxorubicin as chemosensitizers for the
treatment of ovarian cancer. This micellar system permitted release at the
tumor site and decreased cardiotoxicity in Skvo3 subcutaneous xenograft
models, indicating that these micelles may be a promising strategy for the
effective treatment of ovarian cancer (Jin et al., 2019).

Numerous studies are currently focusing on various phytochemi-
cals and nanocarriers in ovarian cancer, as phytochemicals associated
with nanoparticles exhibit more favorable pharmacokinetic and phar-
macodynamic properties. For phytochemical nanoparticles to be used
in clinical practice in the future, however, additional research is
required to comprehend and improve their design, complexity,

manufacturing, and biological interaction.
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4 | CONCLUSION AND FUTURE
PERSPECTIVES

In this review, we show that phytochemicals have antitumor effects
on ovarian cancer (Figure 8) through multiple mechanisms of action
and increase chemosensitivity to platinum and taxanes. The primary
phytochemicals consist of phenolic acids, flavonoids, diterpenes, tri-
terpenes, saponins, and alkaloids, which present as molecular targets
for NF-kB, PARP, Akt, ERK, MAPKs, p53, VEGF, MMP, Wnt/p-cate-
nin, autophagy, and apoptotic pathways. Moreover, several phyto-
chemicals exhibited synergistic effects with cisplatin and paclitaxel,
thereby reducing chemotherapeutic agent-induced chemoresistance
and toxicity. However, some natural products can have unfavorable
pharmacological properties, including instability, low bioavailability,
and poor water solubility. Using nano-based formulations from these
herbal therapeutic candidates, such as gemini, zinc oxide nanohybrids,
PEGylated liposomes, nanoparticles, micelles, and niosomes, can not
only overcome these obstacles but also improve the therapeutic
potential of herbal medicine against ovarian cancer, according to the
evidence.

Through pre-clinical and clinical trials, our literature review
reveals the potential of phytochemicals in the treatment of ovarian
cancer, contributing to the development of novel therapeutic alterna-

tives for ovarian cancer.
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