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ABSTRACT

Cancer remains a leading cause of mortality globally due to factors such as aging populations, lifestyle habits, and chemical exposures. While conventional
treatments like chemotherapy and radiotherapy are widely used, they are often associated with significant side effects, prompting interest in natural compounds as
alternative or complementary therapies. This review explores the anticancer potential of phytochemicals derived from medicinal plants, which have long been
utilized in traditional medicine systems. Vital classes of these bioactive compounds which include alkaloids, terpenoids, flavonoids, and polyphenols exhibit diverse
anticancer mechanisms including apoptosis induction, inhibition of cell proliferation, modulation of oncogenic signaling pathways, and suppression of metastasis.
Notable examples include cepharanthine, paclitaxel, betulinic acid, nobiletin, and curcumin, which target pathways such as PI3K/Akt/mTOR, NF-kB, and Wnt/(3-
catenin. These phytochemicals not only demonstrate efficacy in preclinical cancer models but also show promise for integration into combinatorial therapeutic
regimens. The growing body of evidence supports the continued investigation of plant-based compounds as cost-effective, low-toxicity options in cancer
management. By advancing our understanding of their molecular targets and synergistic effects, phytochemicals may significantly contribute to the development
of safer, more accessible cancer therapies.

1. Introduction

Cancer currently accounts for approximately one in six deaths worldwide (World Health Organization, 2018). A range of modifiable behavioral and
dietary risk factors contribute to this burden, including physical inactivity, tobacco use, excessive alcohol consumption, and insufficient intake of fruits
and vegetables. Other contributing factors include an aging global population and exposure to carcinogenic substances such as specific chemicals, metals,
and infectious agents (Jemal et al., 2011; Igbal et al., 2017). These trends highlight the urgent need for effective cancer prevention and treatment strategies.
Similarly epidemiological data indicate that approximately 5% of human cancers are attributable to viral infections, another 5% to radiation, and the
remaining 90% to chemical exposures. Among chemical causes, tobacco use alone is responsible for about 30% of cases, while the remainder are linked
to diet, lifestyle, and environmental factors (Roy et al., 2017). An estimated six million chemical substances have been documented in chemical abstracts,
with several identified as potential carcinogens. These carcinogens are broadly classified into genotoxic and non-genotoxic types. Genotoxic carcinogens,
particularly the non-alkylating variety, directly interact with the exocyclic amino groups of nucleosides, often through oxidative reactions or direct
electrophilic attacks. These interactions can induce molecular alterations such as deamination or tautomeric shifts, ultimately disrupting normal base
pairing. Notable examples include nitric oxide, which facilitates oxidative deamination, and formaldehyde, known for forming DNA cross-links (Roy et
al., 2018).

Alkylating genotoxic agents can be categorized further into direct-acting and indirect-acting carcinogens. Direct-acting agents, such as ethylnitrosourea,
ethyl sulfonate, and methylnitrosourea, interact directly with genomic material. In contrast, indirect-acting carcinogens such as diethylnitrosamine,
nitrofurans, ethylene dibromide, N-acetyl-2-aminofluorene, and dimethylhydrazine require metabolic activation by the host organism to form reactive
intermediates (Roy et al., 2018). The carcinogenic process involves a series of complex molecular and cellular events, typically progressing through three
major stages: initiation, promotion, and progression. These stages collectively transform normal cells into malignant ones (Adewale et al 2024).

Cancer treatment strategies vary based on multiple factors, including cancer type, stage, and extent of metastasis within the body. Although specific
treatment modalities may be effective individually, a combinatorial approach is often favored to enhance therapeutic outcomes and ensure comprehensive
recovery. Conventional treatments such as chemotherapy, surgical intervention, and radiotherapy remain the cornerstone of cancer therapy; however,
these methods are frequently associated with significant adverse effects, necessitating the exploration of alternative or complementary options (Adewale
et al 2024a; Adewale et al 2024b).

One promising area of research involves the use of natural compounds, particularly those derived from plants, as potential anticancer agents. Medicinal
plants have historically played a significant role in the treatment of various diseases, including cancer. It is estimated that approximately 70,000 plant
species from lichens to large trees have been utilized for medicinal purposes across cultures and time periods. The importance of plants in early medicine
is evidenced by archaeological findings such as the discovery of a 60,000-year-old burial site in Irag, which contained remnants of eight medicinal plants,
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suggesting both spiritual and therapeutic significance (Pan et al., 2013). Similarly, excavations in Sri Lanka have revealed that the Balangoda people
employed plant-based remedies as far back as 30,000 years ago (Perera, 2004). Such findings indicate that the use of plant-derived extracts and isolated
compounds represents one of the oldest forms of medical treatment known to humankind.

Plant-derived compounds have historically played a crucial role in cancer therapy. In early comprehensive studies, it was documented that more than
3,000 plant species exhibiting potential anticancer properties (Graham et al., 2000). The systematic exploration of plant sources for anticancer agents
began in the 1950s and has since served as a foundation for the development of novel compounds with diverse structural features through synthetic,
combinatorial, and biotechnological approaches. Notably, over 60% of the anticancer drugs currently in clinical use have origins in natural products,
particularly from plant sources (Cragg & Newman, 2005; Khan, 2014; Adewale et al., 2024).

The therapeutic potential of these plants is attributed to a variety of bioactive secondary metabolites (Oladele et al., 2020; Oladele et al., 2021; Oladele
et al., 2024, low-molecular-weight compounds that are not directly involved in primary metabolic processes but serve defensive roles against pathogens
and herbivores (Dixon, 2001; Prajapati et al., 2007). These secondary metabolites include flavonoids, phenolic compounds, terpenoids, alkaloids, and
sulfur-containing substances (Oladele et al., 2020). Interestingly, taxonomically related plant species often produce structurally and functionally related
compounds. Many of these phytochemicals exhibit anti-mutagenic and anticancer activities, acting through mechanisms such as modulation of signal
transduction pathways in cells (Verpoorte, 1998).

The objective of this article is to provide a comprehensive review of the anticancer potential of plant-derived phytochemicals. This review aims to
categorize key classes of phytochemicals namely alkaloids, terpenoids, flavonoids, and polyphenols and elucidate their molecular mechanisms of action;
and assess the therapeutic relevance of these compounds through evidence from preclinical and clinical studies. By analyzing current knowledge, the
article seeks to elucidate the value of phytochemicals as promising, low-toxicity alternatives or adjuncts to conventional cancer therapies and to identify
potential avenues for future research and clinical application in the field of oncology.

2. Phytochemicals with anticancer properties
2.1 Alkaloids

Alkaloids are a diverse class of naturally occurring compounds that have shown significant potential in drug development, particularly due to their broad
pharmacological activities. Several alkaloids derived from medicinal plants have demonstrated anti-proliferative and anti-metastatic effects in both in
vitro and in vivo models of various cancers, including breast cancer. Cepharanthine (CEP) is a biscoclaurine alkaloid extracted from Stephania
cepharantha. It has exhibited anti-tumor activity across multiple cancer types. In breast cancer cell lines MCF-7 and MDA-MB-231, CEP was shown to
suppress cell proliferation and motility. It induced autophagic cell death by interfering with the AKT/mTOR signaling pathway, suggesting its potential
as a targeted therapeutic agent (Gao et al., 2017).

Colchicine, an alkaloid derived from Colchicum autumnale, functions as a natural tubulin-binding agent with known anti-tumor properties. In cancer
cells, colchicine was observed to induce cell cycle arrest at the G2/M phase, leading to apoptosis. This effect is attributed to its disruption of mitotic
spindle formation, thereby inhibiting cell division and promoting cell death (Sun et al., 2016). Dehydrocorydaline (DHC), an isoquinoline alkaloid isolated
from Corydalis yanhusuo, has demonstrated anti-cancer efficacy through the suppression of multiple tumor-promoting proteins. DHC downregulated
anti-apoptotic and cell proliferation markers such as BCL-2, CCND1, BCL-3, and CDK1, as well as matrix metalloproteinases MMP2 and MMP9, which
are involved in tumor metastasis. Concurrently, it increased the expression of pro-apoptotic proteins, including caspase-3, -8, and -9, indicating its dual
role in inhibiting tumor growth and metastatic potential (Huang et al., 2020).

Harmine, a 3-carboline alkaloid originally identified in Peganum harmala, has also shown promising anti-tumor properties. In vitro studies revealed that
harmine suppressed breast cancer cell proliferation and migration while inducing apoptosis. In vivo, it was effective in reducing tumor growth.
Mechanistically, harmine inhibited the expression of several oncogenic proteins, including phosphorylated ERK (pERK), Bcl-2, phosphorylated AKT
(PAKT), and the transcriptional co-activator with PDZ-binding motif (TAZ), further supporting its potential use in cancer therapy (Ding et al., 2019).
Paclitaxel, commonly known as Taxol (PTX), is a naturally derived isoprenoid metabolite with well-documented antitumor properties. Its primary
mechanism of action involves the stabilization of microtubules by binding to B-tubulin, thereby inhibiting microtubule disassembly. This interference
disrupts normal mitotic spindle formation, leading to cell cycle arrest at the G2/M phase and promoting apoptotic cell death (Barbuti & Chen, 2015;
Gornstein & Schwartz, 2014). In addition to its cytoskeletal effects, paclitaxel has been shown to modulate apoptotic signaling pathways. For instance, a
study on canine mammary gland tumor cells demonstrated that PTX treatment resulted in the downregulation of the anti-apoptotic protein Bcl-2 and the
upregulation of the pro-apoptotic protein BAX, thereby promoting apoptosis in cancerous cells (Ren et al., 2018).

Irinotecan is a well-established chemotherapeutic agent and one of the most effective inhibitors of topoisomerase I. Its mechanism of action involves pH-
dependent structural modifications that enhance its interaction with cellular components. Irinotecan forms a ternary complex with topoisomerase | and
DNA, which impedes the re-ligation of the DNA strand and prevents the release of topoisomerase 1. When replication forks encounter this stabilized
complex, they result in the formation of lethal DNA double-strand breaks (Stenvang et al., 2013). This damage triggers DNA damage checkpoint
signaling, replication fork arrest, and ultimately, apoptosis (Xu et al., 2002). Notably, the expression of topoisomerase | is significantly upregulated,
reported to be approximately 14 to 16 times higher in cancer cells compared to adjacent normal tissues, which enhances the therapeutic selectivity of
irinotecan (Kciuk et al., 2020). Clinically, irinotecan is frequently employed in combination therapies, particularly for the treatment of metastatic
colorectal cancer. Common combination regimens include XELIRI, which pairs irinotecan with capecitabine (Hoff et al., 2001); IROX, a combination
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of irinotecan and oxaliplatin (Bajetta et al., 2004); and FOLFIRI, which includes leucovorin (LV), 5-fluorouracil (5-FU), and irinotecan (Tournigand et
al., 2004). These combination therapies have been shown to improve treatment efficacy and patient outcomes in advanced-stage disease.

Berberine is a naturally occurring isoquinoline alkaloid primarily found in the rhizomes of Hydrastis canadensis and Coptis chinensis. It has been reported
to exhibit a range of pharmacological activities, including anti-tumor, hypolipidemic, and hypoglycemic effects, as well as the ability to induce autophagy
through the inhibition of mMTOR and Akt signaling pathways (Wang et al., 2020). In lung cancer cells, berberine has been shown to downregulate cyclin
D1 and E1 proteins, leading to cell cycle arrest at the G1 phase (Xiao et al., 2018). In colorectal cancer models, the combination of berberine with a heat
shock protein 90 (Hsp90) inhibitor significantly reduced the expression of CDK4 and cyclin D1, enhancing the anticancer response (Su et al., 2015).
Additionally, in chondrosarcoma cells, berberine promotes the upregulation of p53 and p21 by modulating the Akt and p38 signaling pathways (Eo et al.,
2014). Berberine has also been associated with the stabilization of the retinoblastoma (Rb) protein, inhibition of its phosphorylation, and suppression of
Rb mRNA degradation, further contributing to its anti-proliferative properties (Chai et al., 2014; Wu et al., 2015).

2.2 Terpenoids

Terpenoid-based nutraceuticals represent a vast and chemically diverse group of natural compounds, comprising approximately 40,000 distinct molecules.
This extensive chemical variety makes terpenoids a valuable resource for the development of novel chemotherapeutic agents that are both effective and
potentially less toxic (Ateba et al., 2018). Several terpenoid compounds have demonstrated promising anti-cancer properties, particularly in the context
of breast cancer. One such compound is a-santalol, a sesquiterpene derived from Santalum album. Its therapeutic potential lies in its ability to modulate
signal transduction pathways associated with cancer progression. a-Santalol has exhibited anti-tumor activity across various cancer types through the
induction of apoptosis and cell cycle arrest. In breast cancer, it inhibits cell migration primarily by suppressing the Wnt/B-catenin signaling pathway
(Bommareddy et al., 2018).

Another notable terpenoid is astragaloside 1V, a bioactive saponin extracted from the traditional Chinese medicinal plant Astragalus membranaceus.
Astragaloside 1V exhibits a wide range of pharmacological activities, including anticancer, antioxidant, cardioprotective, neuroprotective, and
immunomodulatory effects. Recent studies have shown that it activates the expression of TRHDE-antisense RNA 1 (TRHDE-AS1), a regulatory RNA
involved in cancer progression. Both in vitro and in vivo experiments confirmed that astragaloside IV suppresses cancer cell proliferation and metastasis
through upregulation of TRHDE-AS1 (Hu et al., 2021).

Betulinic acid, a pentacyclic triterpenoid found in wild jujube seeds, Shorea acuminatissima leaves, and white birch bark, is another compound with
demonstrated anti-cancer potential. It exerts its effects by inhibiting topoisomerase activity and cyclin expression, leading to cell cycle arrest. Betulinic
acid also interferes with vascular endothelial growth factor (VEGF) signaling and transcription factors such as specificity proteins and NF-xB, ultimately
promoting apoptosis via mitochondrial pathways. Additionally, its downregulation of matrix metalloproteinases contributes to its anti-metastatic and anti-
angiogenic properties (Luo et al., 2016). Ursolic acid, another pentacyclic triterpenoid, is commonly found in fruits and vegetables and is notably extracted
from Ocimum tenuiflorum. It has been shown to inhibit cancer cell proliferation by modulating key oncogenic signaling pathways, including epidermal
growth factor receptor (EGFR), PI3K/Akt/mTOR, and ERK pathways (Yin et al., 2018).

Lastly, B-caryophyllene oxide, a sesquiterpene obtained from the essential oil of Myrica rubra, exhibits anti-cancer activity by inducing apoptosis through
caspase-3 activation and downregulating GSK signaling. These effects are mediated through the PI3K/Akt and NF-kB pathways, highlighting its
therapeutic relevance in cancer (Hanusova et al., 2017).

2.3 Flavonoids

Flavonoids are naturally occurring polyphenolic compounds recognized for their nutritional value and therapeutic potential in the management of various
diseases, including cancer. As the most abundant polyphenols in the human diet, flavonoids are widely present in fruits, vegetables, and plant-based
beverages, and they form essential components of numerous herbal formulations. These compounds have been shown to exert anticancer effects by
upregulating tumor suppressor genes, thereby inhibiting cancer progression and metastasis across several cancer types (Selvakumar et al., 2020).

One notable flavonoid is nobiletin, a polymethoxylated flavone derived from Citrus depressa Hayata. Nobiletin has demonstrated a broad range of
pharmacological activities, including cardiovascular protection, anti-tumor effects, immune modulation, and the mitigation of chronic inflammation,
oxidative stress, insulin resistance, osteoclastogenesis, and neurodegenerative conditions (Li et al., 2018). In breast cancer models, particularly MDA-
MB-468 cells, nobiletin was found to inhibit ERK1/2 signaling, arrest the cell cycle in the GO/G1 phase, suppress cyclin D1 expression, and promote p21
overexpression. Additionally, it reduced the activity of mTOR and AKT pathways and induced apoptosis by downregulating Bcl-xL expression, without
altering Bax levels (Noguchi et al., 2016).

Baicalin, another flavonoid isolated from the dried root of Scutellaria baicalensis Georgi, has traditionally been used to treat central nervous system
disorders, liver diseases, and inflammatory conditions. Similarly, kaempferol, a flavonol derived from Moringa oleifera (Ajisebiola et al., 2023, Ajisebiola
et al., 2024, Ajisebiola et al., 2024a), is a common dietary flavonoid with anticancer activity. In MDA-MB-453 human breast cancer cells, kaempferol
induced G2/M phase cell cycle arrest by inhibiting cyclin-dependent kinase 1 (CDKZ1) (Akram et al., 2017). Moreover, kaempferol functions as a potent
inducer of nuclear factor erythroid 2—related factor 2 (Nrf2), enhancing the expression of antioxidant enzymes such as NAD(P)H:quinone oxidoreductase
1 (NQO1) in MCF-7 cells, thereby contributing to the inhibition of oncogenic transformation (Wang, Yang, et al., 2019).



International Journal of Research Publication and Reviews, Vol 6, Issue 7, pp 960-966 July 2025 963

Icariin, a prenylated flavonol glycoside obtained from Epimedium sagittatum, is known for its diverse pharmacological properties, including aphrodisiac
effects, bone formation stimulation, central nervous system activity, cardioprotection, and immune regulation. In the context of breast cancer, icariin
inhibited the NF-xB/epithelial-mesenchymal transition (EMT) pathway through the upregulation of SIRT6, thereby suppressing the migration and
invasion of cancer cells (Song et al., 2020).

2.4 Polyphenols

Polyphenols are naturally occurring compounds characterized by the presence of multiple phenolic groups in their molecular structures. They are widely
distributed in the plant kingdom and constitute an essential part of the human diet (Oladele et al., 2025). For centuries, polyphenols have been employed
in traditional medicinal systems across diverse cultures. These compounds exhibit a broad spectrum of biological activities, with notable anti-cancer
properties. Their mechanisms of action include modulation of cellular transformation, promotion of differentiation, inhibition of proliferation and
invasion, suppression of angiogenesis, and induction of apoptosis in cancer cells (Putra et al., 2020; Raman et al., 2018).

Among polyphenol-based nutraceuticals, curcumin, a polyphenolic compound derived from the rhizome of Curcuma longa, is particularly well-studied
for its therapeutic potential in cancer. The rhizome of Curcuma longa (family Zingiberaceae), commonly known as turmeric, is widely used in traditional
polyherbal formulations for the treatment of various types of cancer. In addition to its medicinal applications, turmeric is extensively employed as a spice
and flavoring agent in Sri Lankan cuisine, where it is referred to as kaha in Sinhalese and manchal in Tamil (Williamson, 2002; Resorts, 2017). Its
therapeutic relevance is largely attributed to curcumin, a bioactive polyphenolic compound with well-documented anti-inflammatory, antioxidant, and
anticancer properties (Oladiji and Oladele, 2023). Traditionally valued in Ayurvedic medicine, curcumin has demonstrated pro-apoptotic effects and
inhibited epidermal growth factor receptor (EGFR) signaling in MDA-MB-231 cancer cells (Sun et al., 2012). It also suppresses TPA-induced matrix
metallopeptidase 9 (MMP-9) expression and cancer cell invasion by downregulating the activation of NF-xB and AP-1. Furthermore, curcumin has been
shown to inhibit the translocation of protein kinase C alpha (PKCa) to the cell membrane and reduce the activation of p38 and c-Jun N-terminal kinases
(INKSs), key mediators in cancer progression (Kim et al., 2012). It also regulates proteins associated with epithelial-mesenchymal transition (EMT), such
as B-catenin, Fibronectin, Slug, N-cadherin, E-cadherin, Vimentin, AXL, and Twist1.

Another polyphenol of interest is protocatechualdehyde, found in the roots of Salvia miltiorrhiza and leaves of barley tea. This compound has
demonstrated both pro-apoptotic and anti-proliferative effects in human colorectal cancer cells. Its anti-cancer mechanism involves the downregulation
of B-catenin expression via NF-kB and GSK-3B-mediated proteasomal degradation, as well as the suppression of cyclin D1 independent of B-catenin
(Choi et al., 2014). Pterostilbene, a naturally occurring polyphenol found in Cyanococcus species, shares structural similarities with resveratrol but offers
improved pharmacokinetics, including enhanced oral bioavailability and a longer half-life, making it a promising candidate for therapeutic use
(McCormack & McFadden, 2013).

3. Conclusion

The primary aim of this review was to explore and consolidate existing scientific evidence on the anticancer properties of plant-derived phytochemicals,
with a particular emphasis on their efficacy against cancer. Given the rising global cancer burden and the limitations of conventional treatment strategies
such as chemotherapy, radiotherapy, and surgery, this article sought to highlight the therapeutic potential of naturally occurring bioactive compounds as
complementary or alternative approaches for cancer management. Major findings from the review reveal that a wide array of phytochemicals, including
alkaloids (e.g., cepharanthine, colchicine, berberine), terpenoids (e.g., a-santalol, astragaloside IV, betulinic acid), flavonoids (e.g., nobiletin, kaempferol,
icariin), and polyphenols (e.g., curcumin, protocatechualdehyde, pterostilbene), possess significant anticancer activities. These compounds exert their
effects through diverse mechanisms, including the induction of apoptosis, inhibition of cell proliferation, disruption of angiogenesis and metastasis, and
modulation of critical oncogenic signaling pathways such as PISK/Akt/mTOR, NF-kB, Wnt/B-catenin, and EGFR. This review underscores that many of
these natural agents not only show efficacy in vitro and in vivo but also have lower toxicity profiles compared to conventional chemotherapeutics. Taken
together, further research is necessary to bridge the gap between preclinical studies and clinical application. Future investigations should focus on
elucidating the precise molecular targets of these phytochemicals, optimizing their pharmacokinetics and bioavailability, and evaluating their efficacy in
well-designed clinical trials. Additionally, research into synergistic combinations of plant-derived compounds with standard chemotherapy could yield
more effective and less toxic treatment regimens. Advances in biotechnology and drug delivery systems such as nanocarriers and phytochemical-loaded
nanoparticles also offer promising avenues for enhancing therapeutic precision and minimizing side effects. Ultimately, integrating phytochemicals into
mainstream oncology could significantly contribute to more sustainable, accessible, and patient-friendly cancer care.
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