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Abstract

Cancer remains a persistent global health challenge, continuously driving the search for

novel and effective therapeutic strategies. In the case of breast cancer, treatment decisions

are primarily guided by factors such as the disease stage, histological grade, molecular

receptor status, and the presence of genetic mutations. Understanding these parameters is

crucial for tailoring interventions and improving clinical outcomes. To enhance prognostic

and diagnostic accuracy, attention has increasingly turned to identifying molecular targets

that play key roles in breast cancer development. Currently, standard treatments include

surgery, chemotherapy, and radiotherapy. However, these approaches are often associated

with significant side effects and a diminished quality of life. As a result, many breast cancer

patients are turning to complementary therapies—including phytotherapy, nutritional

interventions, and dietary supplements—to support conventional treatment, alleviate ad-

verse effects, and improve overall well-being. Within the vast realm of medicinal flora,

anticancer plants represent a compelling area of study, serving as a rich reservoir of bioac-

tive compounds. These compounds have demonstrated significant promise in the ongoing

battle against cancer. Often highlighted in traditional medicinal practices, these plants

harbor a wide array of phytochemicals, such as alkaloids, flavonoids, polyphenols, and

terpenoids. These phytochemicals manifest diverse biological activities, notably exhibiting

pronounced anticancer properties. The exploration of these natural compounds has opened

new avenues for developing innovative and targeted therapeutic strategies in cancer treat-

ment. They achieve definitive chemotherapeutic and chemopreventive roles by integrating

with specific molecular signals. Their multiple biological functions include antimutagenic,

antiproliferative, antimetastatic, anti-angiogenesis, anti-inflammatory, antioxidant, and im-

munomodulatory properties, which collectively enable them to control cancer progression

and intervene at various stages of cancer cell development. Moreover, these compounds are

involved in regulating the cell cycle and microRNA, ultimately leading to cancer cell death

by promoting apoptosis and autophagy, often mediated through ROS signaling. Thus,

based on a large theoretical revision, we conclude that high-quality evidence is necessary in

order to advise these products concerning their efficacy and safety. Also, clinical evidence

Nutraceuticals 2025, 5, 37 https://doi.org/10.3390/nutraceuticals5040037



Nutraceuticals 2025, 5, 37 2 of 53

should be supported by a comprehensive individual diagnosis and adequate research

protocols in order to evaluate whether the benefits of these plant-produced interventions

can outweigh their harms.

Keywords: breast cancer; traditional herbal medicine; enzymes; bioactive compounds;

integrative medicine; phytotherapy

1. Introduction

According to the World Health Organization (WHO), cancer is the second leading

cause of death in the world [1–4]. In the period between 2013 and 2021, the most common

cancers in men were prostate (22.4%), colorectal (16.6%), lung (15.1%) and urinary bladder

(11.7%) cancer; in women, breast (28.0%), colorectal (16.9%), uterus (6.2%) and lung (6.0%)

cancer were the most common [2–4].

The literature indicates that breast cancer commonly initiates within the mammary

ducts and/or lobules [1,5,6]. The initial stage, carcinoma in situ, is generally not considered

life-threatening. However, malignant cells can extend into adjacent breast tissue (invasion),

resulting in tumor formation detectable as lumps or areas of thickening. This invasive

progression can lead to metastatic disease, where cancer cells disseminate to regional lymph

nodes or other organs. Therapeutic strategies are tailored to the patient, cancer subtype,

and disease dissemination, typically integrating surgery, radiation, and systemic treatments

including hormonal therapies, immunotherapy, chemotherapy, and targeted biological

agents [1,5,7].

1.1. “Who Is at Risk”

The epidemiologic parameters (e.g., incidence, mortality, and survival rates) related

to breast cancer diverge significantly between countries and regions [1]. It is well known

that certain factors can increase the risk of breast cancer, such as gender, increasing age,

family history of breast cancer, health habits, lifestyle (e.g., dietary, harmful alcohol abuse,

tobacco use), obesity, history of radiation exposure, reproductive history (such as age at

menarche and age at first pregnancy) and postmenopausal hormone therapy. Nevertheless,

approximately half of breast cancers develop in women who have no identifiable breast

cancer risk factor other than gender (female) and age (over 40 years) [1,8].

With respect to family history of breast cancer, most women diagnosed with the pathol-

ogy do not have a known family history of the disease, with less than 5% of total breast

cancers being hereditary cases [1,2]. Certain inherited high-penetrance gene mutations

greatly increase breast cancer risk, accounting for up to 25% of hereditary cases due to a

mutation in one of the identified, rare but highly penetrant, genes (BRCA1, BRCA2, TP53,

CDH1, STK11, PTEN/MMAC1), which confer up to an 80% lifetime risk of breast can-

cer [9–11]. An additional 2–3% of cases are due to a mutation in rare moderate-penetrance

genes (e.g., CHEK2, BRIP1, ATM, and PALB2), each associated with a twofold increase in

risk [6,12,13]. According to the WHO [14], the most dominant mutations are in BRCA1,

BRCA2, and PALB-2 genes.

1.2. Global Impact

Globally, breast cancer is the most prevalent malignancy in females and a leading

cause of cancer-related death among women [2,15]. It has overtaken lung cancer as the

most commonly diagnosed cancer worldwide, now responsible for one in eight cancer

diagnoses and a combined total of 2.3 million new cases in both sexes [16]. Constituting a

quarter of all cancer cases in females, it was the predominant cancer diagnosed in women
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in 2020. The disease’s burden is expanding in numerous parts of the world, particularly

within developing countries. According to recent data from the Portuguese League against

Cancer, in Portugal, around 7000 new cases of breast cancer are diagnosed annually, and

1800 women die from the disease [17].

Breast cancer death rates have been decreasing steadily since 1989, for an overall

decline of 43% through 2020. This decrease in death rates is believed to be the result of

earlier diagnosis through screening and increased awareness, as well as more efficient

treatments [3,18]. The WHO’s Global Breast Cancer Initiative aims to reduce global breast

cancer mortality by 2.5% annually, which would prevent 2.5 million deaths between 2020

and 2040. This objective is supported by three key pillars: health promotion for early

detection through public education on breast cancer signs and symptoms, timely diagnosis,

and comprehensive breast cancer management [2,14]. Consequently, modern medicine

must prioritize targeted multidisciplinary research and improve the efficiency of health

prevention. This involves focusing on primary prevention and modifying risk factors for

early disease detection, promptly initiating treatment (secondary prevention), and ensuring

diligent follow-up. The ultimate goal is to continuously reduce the morbidity, mortality,

and economic burden associated with breast cancer [19].

The WHO [14] outlines several potential symptoms of breast cancer, which include a

palpable breast lump or area of thickening, frequently without associated pain; alterations

in breast size, shape, or overall appearance; skin changes such as dimpling, redness,

or pitting; modifications in nipple morphology or the periareolar skin; and atypical or

sanguineous nipple fluid. When breast cancer metastasizes to other bodily regions, it can

elicit additional symptoms. The axillary lymph nodes commonly represent the initial site

of detectable dissemination, though some cancerous lymph nodes may not be palpable.

Subsequently, malignant cells can spread to distant organs, including the lungs, liver, brain,

and bones. Upon reaching these secondary sites, novel cancer-related symptoms, such as

bone pain or headaches, may manifest [14,20].

1.3. Molecular Factors with a Significant Role in Breast Cancer Development

Several molecular targets critical to breast cancer development and progression have

been identified (Table 1) and are explored further in this section.

Table 1. Main molecular targets involved in breast cancer and their mechanisms of action.

Molecular Target Main Mechanisms in Cancer Cells
Importance in Breast Cancer

Treatment
References

Estrogens and estrogen receptors
Stimulation of cell proliferation through the ERα

pathway, direct increases in rates of genetic mutations or
effects on the DNA repair system.

Estrogen modulation. [21–24]

Aromatase
Catalyzing the biosynthesis of estrogens (estrone and

estradiol) from androgens (androstenedione and
testosterone).

Aromatase inhibition. [25,26]

ProCatepsin D/Catepsin D

Mitogen on cancer and stromal cells, stimulating their
pro-invasive and pro-metastatic properties

Facilitate cell growth at distant sites.
Cleaves structural and functional proteins and peptides;
inactivates chemokines such as CCL3, CCL4 and CCL21;
and cleaves prolactin and osteopontin, modulating their

functions.

cathepsin-D inhibition. [27–33]

Urokinase Plasminogen
Activator

Decrease cell adhesion and migration through both
proteolytic and nonproteolytic mechanisms. Degrade

most components of the extracellular medium directly or
indirectly through activation of metalloproteinases,

which subsequently degrade collagens and other matrix
proteins.

Antisense oligonucleotides,
antibodies, enzyme inhibitors,

and recombinant and
synthetic uPA and uPAR

analogs.

[34–36]
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Table 1. Cont.

Molecular Target Main Mechanisms in Cancer Cells
Importance in Breast Cancer

Treatment
References

Fucosiltransferase (FUT3)
Alteration of glycosylation pattern

Adhesion to components of the extracellular matrix and
to endothelial cells.

The expression of sLea in
breast carcinoma is related to

tumor stage, and higher
levels were found in
metastatic tumors.

[37,38]

Tyrosine Kinase Receptor
Control cell division and tumor growth by acting at the

level of HER1 and HER2 receptors
Inhibition leads to the

interruption of the cell cycle.
[39]

Deiodinase-type 3 enzyme Responsible for the inactivation of thyroid hormones
Reduced expression is linked

to worse prognosis.
[40,41]

1.3.1. Estrogen and Progesterone

Estrogen is the major mitogenic hormone in pubertal mammary glands, mainly re-

sponsible for the typically “feminine” secondary characteristics, such as breasts, in the

thickening of the endometrium and other features of regulating the menstrual cycle (egg

releasing). Progesterone particularly supports the pregnancy process and stimulates adult

mammary epithelial proliferation [42,43]. In premenopausal women, estrogen is synthe-

sized primarily in theca cells, while progesterone is synthesized in theca and granulosa

cells of the ovarian corpus luteum and additionally in the adrenal gland, placenta, and

adipose tissue. The synthesis process of estrogens ends with the conversion of androgens

in granulosa cells by the aromatase enzyme, as illustrated in Figure 1. There are three main

endogenous forms of physiological estrogens in women: estrone (E1), estradiol (E2), and

estriol (E3). After menopause, E1 has an important role as it is formed in adipose tissue

from adrenal dehydroepiandrosterone. E2 is considered the major and most potent product

of the estrogen biosynthesis process. E3 form is the least prevalent estrogen and is formed

from the E1 or E2.

Figure 1. Schematic representation of the production of estrone (E1) and estradiol (E2), and proges-

terone in the ovarian corpus luteum. The conversion of androstenedione and testosterone to E1 and

E2, respectively, occurs through a series of enzymatic reactions primarily in peripheral tissues, which

is known as aromatization and is mediated by the enzyme aromatase. E1 is a less potent estrogen

compared to E2, but still plays significant roles in various physiological processes, particularly in

postmenopausal women, where it becomes the primary source of estrogen [42,44].

Attending that in female mammals, the development and regulation of the reproduc-

tive system and non-reproductive system are significantly influenced by estrogens and

respective estrogen receptors (ERs), which present a critical involvement in the etiology

and advancement of breast cancer. In fact, endogenous estrogens (estrone and estradiol)
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mediate a range of systemic effects, playing a regulatory role in a myriad of physiological

processes from reproduction to lipid metabolism. While offering protective benefits for

organs such as the brain, bone, heart, liver, and vagina, extended exposure to these hor-

mones is associated with adverse outcomes, specifically an increased risk of developing

breast and uterine cancers [45–47]. Since its involvement in the breast cancer phenomenon

is well established, it is naturally consequent to positioning them as essential molecular

targets [21–24,42,43].

Estrogens can indirectly influence breast cancer risk through the upregulation of pro-

gesterone receptors, thereby enhancing progesterone-mediated signaling pathways. How-

ever, increasing clinical and experimental data suggest that progestogens, whether in the

form of natural progesterone or synthetic analogs (progestins), may represent the predomi-

nant hormonal factor contributing to what has traditionally been viewed as estrogen-related

breast cancer susceptibility [42,43]. Therapeutic strategies that block estrogen activity, such

as selective estrogen receptor (ER) modulators or agents that inhibit estrogen biosynthesis,

have demonstrated efficacy in decreasing recurrence and disease progression in patients

with ER-positive breast tumors. Furthermore, elevated circulating estrogen concentrations

have been consistently associated with higher breast cancer risk. Collectively, current

findings highlight the broad oncogenic and tumor-promoting influence of estrogen in the

initiation, recurrence, and progression of breast cancer [43].

Estrogen and its mechanisms: Concerning specific molecular mechanisms, estrogens

influence breast cancer development and progression through several pathways, including

the stimulation of cellular proliferation via the ERα pathway, direct augmentation of genetic

mutation rates, or modulation of DNA repair mechanisms [21–24].

Estrogens exert their biological effects through two main categories of receptors:

the classical nuclear ERs (ERα and ERβ) and the more recently identified membrane-

associated receptors (GPR30 and ER-X). Both receptor types are distributed throughout

the brain and peripheral tissues, exhibiting cell- and tissue-specific expression patterns.

The nuclear ERs belong to the superfamily of transcription factors and function primarily

via a traditional estrogen-dependent signaling pathway. Within the cytoplasm, these

receptors bind lipophilic estrogen molecules, forming complexes that translocate into

the nucleus. Once there, receptor dimerization occurs, allowing interaction with specific

estrogen response elements in target gene promoter regions. This process, facilitated by the

recruitment of co-activator proteins, initiates transcriptional activation (Figure 2).

Relative to the signaling pathway of ERs, Zimmerman et al. [48] and Al-Shami

et al. [42] point out that estrogen can cross the plasma membrane, where it interacts

with intracellular ER to affect DNA directly. Moreover, estradiol stimulates mitogen-

activated protein kinases (MAPK/ERK) within two minutes in MCF-7 breast cancer

cells [48]. Furthermore, conjugated estrogen that is membrane-impermeable rapidly acti-

vates the MAPK/ERK pathways despite its inability to reach intracellular ERα or Erβ [48].

So, considering that conjugated estrogen is membrane-impermeable, several studies pro-

posed that an ER should be localized in the plasma membrane and initiate the nongenomic

effects phase, perhaps via a novel receptor, renamed G protein-coupled estrogen receptor

(GPER) [48]. However, GPER is not the only candidate for a membrane-bound ERs, as

there is a truncated isoform of ERα that also induces acute signaling. Therefore, and most

likely, multiple membrane-bound receptors mediate the acute actions of estrogen [42,48].

In summary, it has been proposed that GPER1, ERα, and ERβ can interact with estro-

gens to trigger a variety of intracellular signaling pathways. Estrogen-driven signaling can

be broadly divided into genomic and non-genomic mechanisms, which differ in the cellular

and molecular processes governing gene regulation. In these pathways, the estrogen–

receptor complexes may associate with DNA either directly or indirectly. Once translocated
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into the nucleus, these complexes bind specific chromatin regions known as estrogen re-

sponse elements (EREs), where they modulate gene transcription through two sequential

genomic phases [42,48].

Figure 2. The estrogen signaling pathway. The estrogen signaling mainly includes activation of the

intracellular ER that, upon ligand binding and dimerization, translocates to the nucleus, where it

directly binds responsive elements of target genes involved in cell growth, inflammation, proliferation,

survival, and protein synthesis. Differently, estrogens mediate non-genomic effects and activate

intracellular signaling through the binding of the plasma membrane receptors, ER variants, and the G

protein-coupled receptor (GPR30). This binding induces the rapid activation of several protein kinases,

like mitogen-activated protein kinase (MAPK), which, in the end, regulate the gene expression of

estrogen target genes.

Tumors that express high levels of estrogen receptors are categorized as ER-positive,

while those with few or no detectable receptors are classified as ER-negative, distinctions

that significantly influence therapeutic decisions. ER-negative breast cancers tend to dis-

play greater aggressiveness and are associated with poorer survival outcomes. Conversely,

patients with ER-positive tumors, although initially more responsive to hormone ther-

apy, have a higher likelihood of disease recurrence more than a decade after the initial

diagnosis [42].

Taken together, the accumulated evidence indicates that estrogen and its metabolic

derivatives play a crucial yet complex role in both the initiation and progression of breast

cancer [42,48]. Large-scale clinical studies using selective estrogen receptor modulators

have further reinforced the association between estrogen exposure and breast cancer

risk [42,48]. Clinical parameters such as mammographic breast density, circulating es-

trogen concentrations, and bone mineral density serve as useful biomarkers of cumulative

estrogen exposure, thereby contributing to risk assessment in women [42]. Structurally and

functionally, the ERα and ERβ isoforms share substantial homology and interact similarly

with endogenous estrogens, particularly E2, which are pivotal in both normal cellular

development and malignant transformation in various cancers. The oncogenic potential

of estrogen has been linked to the formation of reactive aromatic metabolites, specifically

catechol estrogen quinones, which originate from naturally occurring catechol estrogens

and can contribute to DNA damage and carcinogenesis [49].
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Progesterone and its Mechanisms: Steroid hormones such as progesterone exert their

effects primarily through binding to intracellular receptor proteins located in the cyto-

plasm and nucleus. Progesterone specifically interacts with two main receptor isoforms,

PR-A and PR-B, which are derived from the same gene (PGR) but transcribed via distinct

promoters, resulting in receptors with differing regulatory and functional capacities. The

relative expression and ratio of PR-A to PR-B in reproductive tissues fluctuate according

to the developmental phase and hormonal milieu of the tissue [50]. Both PR-A and PR-B

can bind progesterone, undergo dimerization, and associate with specific progesterone

response elements (PREs) on DNA to influence transcriptional activity. Once activated

by ligand binding, these receptors recruit transcriptional co-regulators—either coactiva-

tors or corepressors—that interact with the transcriptional machinery to modulate gene

expression [50]. In breast tissue, ligand-bound PR regulates the expression of multiple

genes, including those encoding estrogen receptors, insulin receptors, epidermal growth

factor (EGF) and its receptor, as well as transforming growth factor (TGF)-α. Through this

mechanism, progesterone is thought to influence cell proliferation indirectly by altering the

abundance of growth factors and their corresponding receptors. Evidence from reproduc-

tive cancer cell lines further indicates that PR-regulated gene expression depends on MAPK

signaling, paralleling the mechanism observed for estrogen receptor–mediated genes [50].

Concerning progesterone signaling via the PR in breast cancer development, it is

almost consensual that equal amounts of PR-A and PR-B are present in healthy adult breast

tissue, and the same is true in benign breast lesions, whereas this ratio is altered in breast

cancer [50,51]. It has been proposed that progesterone stimulates normal human breast

epithelial cells via a paracrine signaling mechanism, a process considered a potential risk

factor for breast cancer development. This occurs through progesterone-induced cyclic

proliferation of mammary stem cell populations or latent tumor-initiating cells within

mature breast epithelium, thereby facilitating preneoplastic transformation [50,51]. In

breast cancer, the proliferative influence of progesterone is largely mediated by the PR-

B isoform, which also plays a predominant role in extranuclear progesterone signaling.

In contrast, PR-A exhibits limited capacity to rapidly activate protein kinase pathways,

rendering it less effective in mediating extranuclear responses [52]. Studies using breast

cancer cell lines indicate that PR-A is required for optimal progesterone responsiveness,

while PR-B-driven transcriptional activity tends to enhance tumorigenic potential [53].

Analogous to ERs, the classical nuclear PRs are the principal mediators of progestogen-

dependent genomic effects. Nevertheless, progesterone can also exert biological actions

through rapid, non-genomic mechanisms that involve activation of intracellular signaling

cascades initiated at the plasma membrane. These “non-classical” progesterone actions

occur more quickly than the transcriptionally mediated effects of nuclear PRs, as they do

not rely on gene transcription or protein synthesis [54–56].

Therefore, two distinct membrane-associated receptor systems have been identified

as mediators of these rapid progesterone effects: the membrane progesterone receptors

(mPRs) and the progesterone receptor membrane component 1 (PGRMC1) [56]. PGRMC1

forms part of a larger progesterone-binding multiprotein complex with diverse functions,

including activation of cytochrome P450 enzymes involved in steroid metabolism. This

receptor is expressed in breast and various other tissues and is believed to contribute to the

antiapoptotic activity of progesterone [57]. Of note, PGRMC1 expression is decreased in

postmenopausal women, as well as in those with premature ovarian failure or polycystic

ovary syndrome, but is found to be upregulated in breast cancer tissues. Elevated estrogen

levels are known to induce PR expression (a process referred to as estrogen priming), which

is characteristic of many progesterone-responsive tissues [58].
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As well, recent research has highlighted that PR-A and PR-B may also modulate

estrogen signaling and influence ER–chromatin interactions [56]. This suggests that the

function of PR in breast cancer extends beyond serving merely as a biomarker of ER activity.

In particular, PR appears capable of acting as both a co-regulatory partner and a modulator

of ER-driven gene targeting, although findings in this area remain variable across studies.

According to Tian et al. [59], exposure of MCF-7 breast cancer cells to either estro-

gen or progesterone individually enhances cell viability, with progesterone exerting a

comparatively weaker effect. However, when both hormones are administered together,

MCF-7 cells exhibit the greatest increase in viability. Moreover, the study identified cyclin

G1 as a key regulator of cell cycle progression, which showed a similar upregulation pattern

under combined hormone treatment.

Moreover, genetic mutations affecting DNA repair pathways, such as BRCA1, BRCA2,

CHEK2, PALB2, ATM, and TP53, have been strongly associated with an elevated risk of

developing breast cancer. While certain mutations, like BRCA1, are primarily linked with

triple-negative breast cancer, others, including CHEK2, are more often associated with

ER-positive subtypes [50]. A study examining BRCA1 mutation carriers reported that

this mutation can promote abnormal expansion of luminal progenitor cells independently

of progesterone signaling. Follow-up research by the same group revealed that BRCA1

mutation carriers exhibit dysregulated progesterone signaling, leading to increased cellular

proliferation and genomic instability [50].

In summary, they found that E2 plus progesterone exerted greater detrimental effects

on the risk of breast cancer than either E2 or progesterone alone [59]. Collectively, animal

and human studies indicate that progesterone is the principal hormonal factor driving

the development and recurrence of adult mammary/breast epithelial proliferation, while

estrogens may contribute to breast cancer risk by amplifying progesterone signaling [43].

Therefore, both estrogen and progesterone play distinct yet interconnected roles in

modulating breast cancer risk. Elevated estrogen levels are associated with an increased

likelihood of developing breast cancer, as excessive estrogen activity can promote un-

controlled cellular proliferation, a key step in tumor initiation and progression [48,59].

Approximately 70% of breast cancer cases are classified as hormone receptor–positive,

meaning tumor growth is stimulated by hormonal signals. Such cancers may express

ER-positive, PR-positive, or both, indicating that the malignant cells depend on these

hormones for proliferation and survival [43,48,59].

While the link between estrogen dominance and heightened breast cancer risk is well

established, the role of progesterone in breast carcinogenesis remains less clearly defined.

Current evidence on progesterone’s contribution to breast cancer development is more

limited and, in some cases, conflicting [42,43,48,59].

1.3.2. Aromatase and Breast Cancer

The cytochrome P450 enzyme, aromatase, plays a pivotal role in catalyzing the biosyn-

thesis of estrogens (estrone and estradiol) from androgens (androstenedione and testos-

terone) (Figure 3) [25,26]. This enzyme is widely distributed, found in tissues such as

the breast, skin, brain, adipose tissue, muscle, and bone [26,60]. A notable finding is the

twenty-fold higher concentration of estrogens in breast cancer tissues compared to circulat-

ing plasma. This localized estrogen production, often occurring within or near malignant

tissues, strongly suggests an elevated local expression of aromatase [61,62]. Given this,

inhibiting aromatase represents a vital therapeutic approach to decrease estrogen levels, a

strategy that has proven clinically valuable for postmenopausal women with breast cancer.

The suppression of aromatase activity effectively reduces estrogen production to near-

undetectable concentrations, profoundly impacting the development and progression of
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hormone-responsive breast cancers. As a result, aromatase inhibitors (AIs) are utilized for

both anticancer therapy and chemoprevention, helping to prevent secondary breast cancer

recurrence [63–65]. Several natural compounds and plant extracts have been identified

with aromatase inhibitory activities, which is relevant in the context of estrogen-dependent

conditions such as breast cancer [66].

Figure 3. Schematic representation of the estrogen biosynthesis pathway: Cholesterol is con-

verted to androstenedione and testosterone, which are then aromatase-catalyzed into estrone and

estradiol, respectively.

A wide range of natural compounds has demonstrated the ability to inhibit aromatase,

a key enzyme in estrogen biosynthesis. Flavonoids such as apigenin, chrysin, and genis-

tein, found in foods like parsley, chamomile, and soy, inhibit aromatase activity either

through direct enzyme binding or by modulating gene expression. Similarly, plant extracts

including white button mushroom, green tea polyphenols (e.g., EGCG), and red clover

(rich in biochanin A) have shown aromatase inhibition in vitro and in vivo. In addition,

other natural compounds like resveratrol (from grapes and red wine) and curcumin (from

turmeric) suppress aromatase expression at the transcriptional level [66–71]. Collectively,

these findings highlight the therapeutic potential of dietary phytochemicals in modulating

estrogen production and possibly contributing to the prevention or treatment of hormone-

dependent cancers.

1.3.3. Cathepsin D—Lysosomal Aspartic Protease

Found in all tissues, Cathepsin-D (CD) is an aspartyl lysosomal protease responsible

for broad protein degradation in the highly acidic lysosomal environment [27]. A key dis-

tinction in metastatic breast cancer is the high secretion of pro-cathepsin-D (pCD). This pCD

acts as a mitogen, stimulating the pro-invasive and pro-metastatic behavior of cancer and

stromal cells. Given that pCD/CD levels have been identified as an independent prognostic

factor in various cancers through numerous studies, CD is now considered a promising

target for anti-cancer therapy [27–29]. This abnormal secretion is due to two mechanisms,

overexpression of the CD gene and altered processing of the precursor protein [30,72]. In

ER-positive breast cancer cells, CD gene transcription is increased by estrogen and growth

factors, but in estrogen-receptor-negative cells, the mechanism is unknown. Estrogen,

through its ERα, can directly bind to DNA and activate the transcription of target genes,

while growth factors can activate signaling pathways that ultimately lead to ER phosphory-

lation and enhanced transcriptional activity. This interplay between estrogen and growth

factor signaling is crucial for tumor growth and survival in ER-positive breast cancer [30,72].

A large number of independent clinical studies associated high CD concentrations in the

cytosol of primary breast cancers with increased risk of subsequent metastasis [30,72,73].

This cytosol localization of CD suggests CD functions in apoptosis [73]. Rather than in-



Nutraceuticals 2025, 5, 37 10 of 53

creasing the primary tumor cancer cell escape through basement membrane degradation,

as proposed for neutral proteinases, CD appears to facilitate cell growth at distant sites [30].

The major requirement for pCD to be autoactivated effectively seems to be its local-

ization in an acidic microenvironment. This acidic milieu has been previously described

in pre-lysosomal compartments such as late endosomes, often large intracellular acidic

vesicles [74,75]. The lysosomal system is composed of several distinct and dynamically

interacting vesicular compartments that are major sites for intracellular protein turnover

and the limited proteolytic processing of certain proteins. After secretion, pCD could

potentially be activated extracellularly in tumor tissue, where pH is generally more acidic,

due to macrophage activity, than that in the corresponding normal tissue [74,75]. However,

most studies point to a role of CD in facilitating distant metastasis via an indirect mitogenic

activity rather than stimulation of local invasion and extravasation. Thus, the limiting step

for metastasis was not intravasation of cancer cells, their survival in the circulation, or

their extravasation, but more probably the ability of cancer cells to form colonies at distant

sites in a foreign acidic environment. This could explain why cancer cells overexpressing

CD have a higher capability of developing metastasis. On the other hand, this overex-

pression might also facilitate invasion following digestion of the basement membrane by

extracellular proteases [30,72,74,75]. Expression of several proteases is generally increased

during tumor progression, which has been proposed to also play a critical role in metastasis.

Thus, high concentrations of CD have been found to be associated with increased risk

of developing clinical metastasis in human breast cancer by degrading the extracellular

matrix, liberating growth factors, and influencing cell proliferation and migration [74,75].

However, despite CD being a promising target in cancer cells, the effects and underlying

mechanism of its inhibition remain unclear, and the proposed pathways are very contro-

versial. Immunohistochemistry does not allow for determining the sites of mRNA CD

synthesis, which is required to understand the mechanism by which this protease might

facilitate metastasis [74,75].

Elevated CD concentrations detected in the peritumoral microenvironment of both

human and animal subjects suggest their involvement in cancer cell invasiveness. While CD

activity is typically optimal at pH values below that of normal tissue [30], primarily within

the lysosomal environment (where pH is generally thought to be less than 6), studies have

demonstrated its capacity to cleave aggrecan within both interglobular and chondroitin

sulfate domains over a broader pH range of 5.2–6.5 [76,77]. In some pathological states,

excessive CD levels arise from an overburdened secretory pathway, leading to the release

of the pCD rather than the mature form. Both CD and its proenzyme have been proposed

to function as growth factors, stimulating the proliferation of malignant cells [29,78]. Upon

secretion by tumor cells, CD mediates the cleavage of various structural and functional

proteins and peptides, and is also known to inactivate chemokines, including macrophage

inflammatory protein-1 alpha (CCL3), CCL4, and CCL21 [33]; it also cleaves prolactin [32]

and osteopontin [31], thereby modulating their functions. The secretion at increased

levels of CD has been linked to size, grade, aggressiveness, metastasis, and prognosis of

endometrial, ovarian, and breast cancers [79,80]. In human breast carcinomas, CD is highly

expressed and it is considered an independent marker of poor prognosis [81,82].

Importantly, the role of CD in cancer progression intersects with another critical

cellular mechanism: autophagy. Autophagy is a highly normal and conserved process

of cell degradation and cycling in all eukaryotes [83]. Autophagy disruption has the

potential to sensitize cancer cells to programmed cell death and augment chemotherapy-

induced apoptosis. Chloroquine and its analog, hydroxychloroquine, are currently the sole

clinically utilized autophagy inhibitors [84]. Nevertheless, their association with ocular

toxicity necessitates the development of novel autophagy inhibitors possessing a superior
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therapeutic index. The small molecule lucanthone, a prodrug that undergoes metabolism

to hycanthone, also inhibits autophagy, induces lysosomal membrane permeabilization,

and exhibits significantly greater potency in breast cancer models compared to chloroquine.

Given that lucanthone effectively reduces cancer cell viability irrespective of p53 status,

its mechanism of action appears to be more significantly driven by autophagy inhibition

than by effects on DNA repair. Furthermore, lucanthone’s capacity to inhibit autophagy

suggests its potential to enhance the efficacy of chemotherapeutic agents that modulate

this pathway. Consistent with this, Carew et al. [84] demonstrated that lucanthone acts

as an autophagic inhibitor, inducing apoptosis through CD accumulation and enhancing

vorinostat-mediated cell death in breast cancer models. On the other hand, more recent

studies reported that it remains unknown whether the effect of CD on autophagy can

change the cell death caused by ionizing radiation [85]. Constitutively high-expressed

CD activates the fusion of autophagosome and lysosome, enhancing autophagic flux,

reducing tumor radio-resistance, and thus decreasing radiation-induced apoptosis. In

this sense, recent studies suggested CD inhibitors to be a potential drug to improve the

radio-therapeutic efficacy of patients with glioblastoma cancer [85].

1.3.4. Urokinase Plasminogen Activator

The intricate processes of cancer cell invasion and metastasis are driven by a con-

certed interplay between proteolytic enzymes and adhesive proteins, critical for cellular

attachment and migration [86]. Compelling data from preclinical and clinical investigations

underscore the pivotal role of the urokinase-type plasminogen activator (uPA) system

in these degradative pathways [34–36]. Furthermore, the antigen levels of uPA system

components correlate with prognostic outcomes across numerous malignancies, including

breast cancer. Specifically, the serine protease uPA binds to its cognate cell surface receptor,

uPAR, thereby facilitating the conversion of plasminogen into the active serine protease

plasmin. This expansive protease is capable of directly or indirectly degrading a wide

array of extracellular matrix (ECM) constituents, additionally activating metalloproteinases

that subsequently break down collagens and other matrix proteins. Supporting this, a

previously developed enzyme-linked immunosorbent assay (ELISA) revealed uPAR lev-

els in pellet extracts to be more than threefold higher than those measured in cytosols

(p < 0.001). Consequently, elevated uPAR levels signify its profound involvement in

plasmin-mediated ECM degradation, reflecting the substantial prognostic implications of

uPA:uPAR complexes during cancer invasion and metastasis [86,87].

Beyond their proteolytic functions, most components of the uPA system involved

in plasminogen activation have been associated with cell adhesion and migration via

both proteolytic and non-proteolytic mechanisms [34–36]. Cellular migration, in par-

ticular, necessitates the interaction of cell-surface adhesion receptors, such as integrins

and uPAR, with their corresponding extracellular matrix-associated ligands, including

vitronectin [88,89]. The activity of uPA can be modulated by its serpin inhibitors, PAI-1

and PAI-2 [90]. Given their multifaceted roles, several components of the uPA system

represent compelling targets for anti-angiogenic, anti-invasive, and/or anti-metastatic

therapeutic interventions.

Various strategies have been developed to modulate the expression and activity of

uPA and uPAR at both gene and protein levels. These therapeutic approaches include the

use of antisense oligonucleotides (ASOs), monoclonal antibodies, enzyme inhibitors, and

both recombinant and synthetic analogs of uPA and uPAR [34–36]. Among these, ASOs

represent a particularly promising modality due to their capacity for sequence-specific

inhibition of gene expression at the transcriptional and translational stages [86,87]. This
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ability to selectively suppress gene expression highlights the significant clinical potential of

ASOs as therapeutic tools.

Although the precise mechanisms by which ASOs exert their inhibitory effects are not

fully understood, several pathways have been proposed. One widely accepted mechanism

involves steric hindrance of ribosome assembly or elongation during translation, thereby

preventing protein synthesis (Figure 4). Another proposed mechanism of action involves

the enzymatic cleavage of the RNA strand within DNA–RNA hybrids by RNase H, an

endonuclease that selectively targets the RNA component of such duplexes (Figure 4).

Although RNase H is widely expressed in various cell types, several studies have reported

that ASOs can suppress specific gene expression without necessarily inducing mRNA

degradation [91–94]. In addition, ASOs may interfere with the secondary and tertiary

folding of mRNA molecules, thereby preventing the formation of structural motifs required

for the binding of regulatory nonribosomal proteins. Given the pivotal role of the urokinase-

type plasminogen activator (uPA) system in mediating tumor cell adhesion and migration,

therapeutic approaches using targeted biomolecules such as antisense oligonucleotides

have been explored to disrupt the non-proteolytic functions of this complex system.

Figure 4. Antisense oligonucleotides can interfere with the translation process after sequence-specific

binding to the target mRNA by a (steric) block of translation and/or activation of RNase-H.

As knowledge about these mechanisms increases, the targeting of such protein-binding

sites may become another highly efficient route for therapy supported by the antisense-

mediated gene regulation.

Several waves of preclinical and clinical studies on ASOs have made it possible to opti-

mize their pharmacological, pharmacodynamic, and pharmacokinetic properties, increasing

their field of use and decreasing their overall toxicities [95–98]. The pathogenic mRNAs

are now major therapeutic targets in diseases previously considered incurable [98–100].

Therefore, numerous clinical trials evaluating the use of downregulating antisense oligonu-

cleotides for the treatment of cancer and other diseases are now underway.

1.3.5. Fucosiltransferase 3 (FUT3)

Invasive ductal carcinoma is the primary and most relevant cause of increasing cancer-

related mortality among women, where among the molecules used in the pathological

characterization of tumors, glycoconjugates play a key role as potential biomarkers, due

to relevant glycosylation cellular mechanisms. Dysregulation of glycosylation in cell

surface and serum glycoproteins has been linked to carcinogenesis and cancer progression.

Malignant tumors often exhibit abnormal fucosylated glycan expression with different
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localizations and functions [101]. This is due to the process’s complexity, which is highly

modulated by different cellular conditions [101–103].

Among the prominent glycosylation reactions, fucosylation frequently undergoes

alterations in cancer progression (Figure 5).

 

Figure 5. A schematic representation of how cell fucolysation governs breast cancer establishment

and progression, particularly highlighting immune evasion. Normal mammary cells (round, blue)

undergo malignant transformation following mutagenesis, generating two main cellular popula-

tions: low-fucosylated cells (round, small-nucleated) characterized by low FUT3 and high FUCA1

expression, and high-fucosylated cells (irregularly shaped). Effector immune cells, like Natural Killer

(NK) cells (round purple), detect surface fucosylated antigens via lectin-like receptors, leading to the

elimination of high-fucosylated cells. Critically, the low-fucosylated cells escape immune recognition,

enabling them to establish the primary tumor. Figure by the authors, based on do Nascimento

et al. [103].

The biosynthesis of fucosylated glycans is catalyzed by fucosyltransferases (FUTs),

enzymes responsible for transferring L-fucose residues from their activated donor, GDP-

fucose, to a specific acceptor glycan. In in vitro models, α-linked L-fucose present in breast

cancer cells is related to their adhesion to components of the extracellular matrix and

endothelial cells in in vitro models [104]. Moreover, in vitro investigations utilizing diverse

tumor cell lines have demonstrated a correlation between FUT activity and processes

such as cell migration, invasion, epithelial-mesenchymal transition, and the induction of

NK cell-mediated cytotoxicity [37,105–107]. The FUT3 gene is responsible for encoding a
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fucosyltransferase with α1-3 and α1-4 activity. Alpha-1,3/4-fucosyltransferase has been

linked to pro-tumor and anti-tumor pathways depending on the cancer type, whose main

products are the Lewis antigens [108]. The products of the action of the FUT3 enzyme, the

sialyl Lewis X antigen (sLex) and its isomer sialyl Lewis A (sLea), are found in high levels

in solid tumors, including breast cancer [109]. Both, sLea and sLex, are ligands recognized

by selectin transmembrane glycoproteins involved in cell–cell interactions, necessary in

inflammatory processes, hemostasis/thrombosis, wound healing, and tumor metastasis.

In recent years, several investigations have elucidated the crucial role of fucosylation in

TRAIL-induced apoptosis within colon cancer [38,110]. These studies initially established

a positive correlation between TRAIL sensitivity and the mRNA expression levels of the

fucosyltransferase enzymes FUT3 and FUT6 in various colon adenocarcinoma cell lines.

The divergence between in vitro and in vivo experimental outcomes could be attributed to

the engagement of the immunological system against tumor cells in vivo, and the specific

involvement of FUT3 in this process.

Notwithstanding the documented pro-tumorigenic activity of the FUT3 enzyme and

its products, numerous studies have concurrently highlighted its importance in mediating

NK cell cytotoxicity against tumor cells. This dual role is underpinned by the recognition

of sLex antigen by C-type lectin receptors and the essential fucosylation of DR4 and DR5

receptors, a critical step for the extrinsic apoptotic pathway stimulated by Apo2L-TRAIL.

The TRAIL pathway is demonstrably linked to NK cell-induced cytotoxicity toward tumor

cells [37,38,101,103,110]. Employing agonistic receptor-specific TRAIL variants to precisely

determine the contribution of FUT3 and FUT6-mediated fucosylation to TRAIL-induced

apoptosis through its two death receptors, DR4 and DR5 (Figures 6 and 7) [102,111]. It is

hypothesized that the absence of FUT3 in breast cancer cells may preclude the fucosylation

of DR4 and DR5 receptors, consequently abrogating TRAIL apoptotic signaling. Moreover,

a deficiency in FUT3 would diminish the presence of fucosylated antigens on the cell

surface, preventing the recognition of Lewis antigens by C-type lectin receptors on NK cells

and thereby hindering the release of perforin and granzyme. Both of these mechanisms are

posited to contribute to the immunoresistance of breast tumor cells [101–103,110].

Considering the substantial contribution of fucosyltransferases to cancer biology,

changes in FUT (FUT1 to FUT-13) expression are significantly implicated in oncogenesis

and malignancy. A review by Vasconcelos et al. [101] underscores FUTs as promising

biomarkers for cancer prognosis and diagnosis, alongside their utility as therapeutic targets.

Moreover, the results from do Nascimento et al. [103], coupled with prior understanding of

FUT3’s involvement in both pro-tumorigenic and anti-tumorigenic mechanisms, prompted

the proposal of a model for FU6T3 expression regulation during breast cancer establishment

and progression. Breast cancer tissue frequently exhibits overexpression of fucosylated

glycans, such as sialyl-Lewis X/A, and α1,3/4-FUTs, which correlates with enhanced

disease progression and metastatic potential. The observed dual role of FUT3 in tumor

cells may indicate that these cells modulate its expression to acquire beneficial attributes

during their primary site establishment and subsequent metastatic dissemination. From a

therapeutic perspective, developing strategies and/or protocols to inhibit the enzymatic

activity of fucosyltransferases and their gene expression represents a critical advancement

in cancer treatment [101,103].
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Figure 6. This schematic model illustrates the role of α1,3/4-fucosyltransferase (FUT3) in NK cell-

induced cytotoxicity against breast tumor cells. The absence of FUT3 in breast cancer cells can

prevent the fucosylation of Death Receptor 4 (DR4) and Death Receptor 5 (DR5), thereby blocking

TNF-related apoptosis-inducing ligand (TRAIL) apoptotic signaling. Furthermore, FUT3 deficiency

reduces fucosylated antigens on the cell surface, leading to non-recognition of Sialyl Lewis X (sLex)

antigens by C-type lectin receptors on NK cells. This prevents the release of perforin and granzyme,

and together, both mechanisms can promote breast tumor cell immunoresistance. (Figure by the

authors, adapted from do Nascimento et al. [102].

Figure 7. Apoptosis cascade through Apo2LTRAIL and its death receptors DR4 and DR5, which

contain a cytoplasmic death domain and signal apoptosis. Apo2L/TRAIL is a homotrimeric ligand

that interacts with four closely related members of the TNF receptor superfamily. Non-death receptors
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DcR1 linked to the plasma membrane by a glycophosphatidylinositol moiety, and without signaling

activity, and DcR2 with a truncated non-functional death domain, are inihibited. Furthermore, it

stimulates DR4 and DR5, which will induce signaling of the extrinsic pathway through the direct

intervention of Caspase 8 towards cellular apoptosis, while the intrinsic pathway is signaled with

indirect intervention of Caspase 8 acting first on the mitochondria in order to then trigger apoptosis

by another additional mechanism.

Apoptosis is essential for the maintenance of cell populations. Perturbation of this

normal process alters the balance between cell death and cell proliferation and may lead

to the development of various types of disease, in which cancer is most prominent. The

control of apoptosis and necrosis mechanisms involves several protein factors, receptors,

and the activation of the extracellular and intracellular cell death pathway [112–114]. In

fact, the tumor necrosis factor family of cytokines, type II transmembrane protein, is an

important regulator of homeostasis and mediators of disease, while respective ligand

molecules-receptors are type I transmembrane proteins capable of mediating a wide range

of responses in vitro and in vivo.

Although tumor necrosis factor (TNF) was first identified in 1975, its effects had been

first noted in the late 19th century by W. B. Coley, a New York surgeon [112]. Only recently

has it become apparent that TNF-alfa is a representative member of a large family of

cytokines that exert a fundamental effect on cell proliferation and death, inflammation,

and immunological and neuronal cell function. The cDNAs for TNF-alfa and a related

factor called lymphotoxin-alfa (LT-alfa, also called TNF-beta) were cloned independently.

TNF-alfa is produced primarily by monocytes/macrophages, whereas LT-alfa by activated

lymphocytes [112]. TNF-alfa and LT-alfa are 28% identical at the amino acid level. The

features of a unique new TNF-like ligand, TRAIL/APO-2L, and its receptors will be

discussed here in the context of the TNF superfamily.

Tumor necrosis factor-associated apoptosis-inducing ligand (TRAIL), a cytokine also

known as TNFSF10 because it is encoded by the gene TNFSF10, is a member of the tumor

necrosis factor (TNF) superfamily [113,114]. Beyond the TRAIL, other molecules in this

family include LT-alpha, LT-beta, CD40L, CD30L, and CD27L, which are all known for their

roles in apoptosis, inflammation, and immune responses [112,114]. TRAIL is a protein that

can exist in both membrane-bound and soluble forms, and like other members of the TNF

family, it is a typical type II transmembrane protein capable of forming trimers or dimers

in solution. TRAIL showed that it is closely related to other death ligands, with the highest

sequence similarity to Fas ligand [1], hence the name APO2L [112,114]. TRAIL plays a

significant role in regulating cell death, specifically through the induction of apoptosis in

tumor cells and transformed cells.

Supported by specific extra and intracellular mechanisms, TRAIL has emerged as

a promising cancer therapeutic due to its ability to selectively induce apoptosis in tu-

mor cells while leaving normal cells unharmed. TRAIL primarily signals via two trans-

membrane DR receptors, specifically DR4 (TRAIL-R1) and DR5 (TRAIL-R2). DR4 and

DR5 contain a death domain to convey apoptotic signals, and therefore are denoted as

death receptors, whereas DcR1 and DcR2 are unable to induce cell death [110,111,113,114]

(Figures 6 and 7). In addition, details of the extracellular and successive intracellular

events induced by TRAIL-DR complexation have been reported as apoptotic exogenous

(extrinsic) and endogenous (intrinsic) pathways. The extrinsic apoptosis pathway involves

the binding of TRAIL to death receptors DR4 and DR5 on the cell membrane surface. Upon

binding of TRAIL with DR, TRAIL-DR assembles a death-inducing signalling complex

and recruits the intracellular adaptor protein via the death effector domain [111,113,114].

This process of apoptosis is caspase-8-dependent. Caspase-8 activates downstream effec-

tor caspases, including procaspase-3, -6, and -7, leading to activation of specific kinases
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to execute cell death [111,113,114]. On the other hand, the intrinsic pathway is initiated

in the mitochondria. Caspase 8 mediates programmed apoptosis from mitochondria by

activating Caspase-9, which is capable of amplifying Caspase-3 activation, via a Caspase

pathway similar to Fas, contributing to apoptotic cell death too [114]. TRAIL is also capa-

ble of binding to the decoy receptors DcR1 and DcR2, which differ structurally from the

death-inducing receptors. DcR1 lacks an intracellular signaling domain, whereas DcR2

possesses only a truncated death domain. Functionally, DcR1 acts as a neutralizing receptor

that sequesters TRAIL, thereby preventing it from triggering apoptosis. In contrast, DcR2

retains a partial signaling capability through its cytoplasmic region, which can activate

the NF-κB pathway. Consequently, in cells expressing DcR2, TRAIL binding results in

NF-κB activation, promoting the transcription of genes that counteract apoptotic signaling

and/or enhance proinflammatory responses. Like other members of the TNF superfamily,

Apo2L/TRAIL can trigger various biological regulatory mechanisms in cancer and normal

cells. For example, changes in protein expression can influence TRAIL resistance, and

pro-inflammatory cytokines and lipopolysaccharides can induce up-regulation of TRAIL

on the surface of monocytes, macrophages, dendritic cells, and NKs [114]. Although the

complete biological role of Apo2L/TRAIL remains to be fully elucidated, increasing evi-

dence indicates that this apoptosis-inducing ligand serves as a vital component of immune

surveillance against oncogenically transformed and virally infected cells. Furthermore,

Apo2L/TRAIL may function to mitigate autoimmune responses, promising a candidate for

cancer therapy [113,114]. Especially when TRAIL is used in combination with low-dose

chemotherapeutic agents, it shows obvious synergistic effects, and this specificity makes it

a very promising anticancer agent [113].

Distinguishing them from conventional cancer therapeutics, DR ligands induce tumor

cell apoptosis irrespective of the p53 tumor suppressor gene, which is frequently inactivated

in malignant cells. Consequently, Apo2L/TRAIL holds promise for treating tumors resistant

to conventional therapies and may augment the effectiveness of existing treatments in a

wide range of cancers [111].

1.3.6. Tyrosine Kinase Receptor

Tyrosine kinases are part of the broader family of protein kinases—enzymes that

catalyze the transfer of phosphate groups to amino acid residues such as serine, threo-

nine, or tyrosine, thereby serving as molecular “switches” that regulate numerous cel-

lular activities. By 2004, a total of 58 human receptor tyrosine kinases (RTKs) had been

identified and classified into 20 subfamilies. Among these, eight membrane-associated

proteins contain tyrosine kinase–like domains but lack catalytic function and are therefore

considered pseudokinases.

RTKs are structurally composed of three primary regions: an extracellular domain re-

sponsible for ligand binding, a single transmembrane domain, and an intracellular catalytic

domain that mediates phosphorylation of specific substrates. Ligand engagement with

the extracellular region induces conformational changes that activate the kinase domain.

This activation facilitates access of adenosine triphosphate (ATP) and target substrates

to the active site, initiating phosphorylation events that propagate intracellular signaling.

The ensuing phosphorylation cascade ultimately conveys extracellular cues to the nucleus,

resulting in altered gene expression patterns. Aberrations in RTK signaling, whether caused

by activating mutations, chromosomal rearrangements, or receptor overexpression, are

strongly implicated in oncogenesis, often producing constitutively active kinases that drive

uncontrolled, ligand-independent cell proliferation [114,115].

Functionally, tyrosine kinases catalyze the transfer of phosphate groups from ATP to

tyrosine residues within target proteins, leading to their activation or functional modula-
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tion [39]. These enzymes play pivotal roles in coordinating physiological and biochemical

processes, serving as essential mediators of intracellular signaling cascades that regulate

cellular growth, differentiation, metabolism, and apoptosis in response to diverse stim-

uli [39,115]. Recent findings further underscore the central role of tyrosine kinases in

the pathogenesis of cancer. By participating in pathways that control proliferation and

apoptotic sensitivity, tyrosine kinases contribute both to normal tissue homeostasis and

to the progression of malignant transformation [114,115]. Within these signaling cascades,

tyrosine kinases act as intermediaries that relay extracellular signals across the plasma

membrane into the cytoplasm and, in many cases, to the nucleus, where they influence

transcriptional regulation. Mutations that result in constitutive activation of tyrosine ki-

nases can drive continuous signaling, promoting tumor initiation and progression. While

receptor tyrosine kinases primarily mediate transmembrane signaling, intracellular or

non-receptor tyrosine kinases participate in cytoplasmic and nuclear signaling events that

regulate cell cycle progression and transcription factor activity. Phosphorylation at tyrosine

residues thereby modulates diverse protein characteristics, including enzymatic activity,

intracellular localization, and molecular interactions, processes fundamental to mitogenic

signaling and cell proliferation [39,114–116].

Biochemical mechanism of action of tyrosine kinase: tyrosine kinases specifically

catalyze phosphorylation of tyrosine residues in various substrate proteins upon activation

by ligand binding to their extracellular domains. This interaction induces a conformational

shift within the activation loop, enabling ATP and substrate access to the catalytic site.

The enzyme then transfers a phosphate group from Mg-ATP to tyrosine residues on the

receptor itself and on downstream signaling proteins, initiating a cascade of intracellu-

lar events [114,115]. Tyrosine kinase receptors and their ligands are often degraded by

lysosomal enzymes after being internalized into the cell. This process, known as receptor

downregulation, is a crucial mechanism for regulating cell signaling and preventing over-

stimulation. Receptor-specific ligands, such as growth factors, result in RTK dimerization

or oligomerization. This often results in the receptors’ activation and autophosphorylation

(Figure 8), allowing them to recruit and activate downstream mediators via their SH2

domains [114,115]. Following receptor activation, a cascade of intracellular biochemical

events is initiated, ultimately resulting in the activation or suppression of specific gene

subsets that determine the cell’s biological response to the external signal. As part of this

signaling process, receptors often undergo lateral movement within the plasma membrane

and are subsequently internalized via clathrin-mediated endocytosis. This involves the

invagination of the membrane to form clathrin-coated vesicles, which eventually detach to

create endocytic compartments. These vesicles can fuse with lysosomes, where both the

ligand and receptor may be degraded by lysosomal enzymes. In certain cases, however,

receptors are recycled back to the plasma membrane for reuse. Throughout receptor inter-

nalization, the ligand–receptor complex typically dissociates, marking the termination of

the signaling event and contributing to the regulation of distinct cellular and physiological

outcomes [114,115].

Ligands are extracellular signal molecules (e.g., epidermal growth factor-EGF, platelet-

derived growth factor-PDGF, etc.) that induce receptor dimerization (except the insulin

receptor) by which different ligands employ different strategies, achieving the stable

dimeric conformation [114,115]. One ligand may bind with two receptor molecules to

form a 1:2 ligand receptor complex, while in other cases, two ligands bind simultaneously

to two receptors 2:2 ligand receptor complex. The receptor dimerization is also stabi-

lized by receptor–receptor interactions. Some ligand receptors are not sufficient for some

complexes and are stabilized by accessory molecules. Ligand binding to the extracellular
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domain stabilizes the formation of active dimmers and consequently protein tyrosine kinase

activation [114,115].

Figure 8. Diagram concerning the activation process of the tyrosine phosphorylation.

Among the RTKs, the epidermal growth factor receptor (EGFR), also known as ErbB1

or HER1, is particularly significant. The epidermal growth factor receptor is a trans-

membrane receptor tyrosine kinase that is part of the human epidermal growth factor

receptor (HER or Erb) family, which also includes HER2 (ErbB2), HER3 (ErbB3), and HER4

(ErbB4), playing a fundamental role in cell signaling pathways [101,116–119]. Its signaling

network is extremely complex, involving 211 biochemical reactions and 322 signaling

molecules [120]. The EGFR-dependent intracellular signaling pathway is initiated by the

binding of a specific ligand (such as endothelial growth factor, transforming growth factor

alpha (TGFα), among others) in the extracellular portion of EGFR, or one of the other

EGFR-related receptors (HER2, HER3, or HER4) [117,121–123]. The formation of func-

tionally active homodimers (EGFR-EGFR) or heterodimers (EGFR-HER2, EGFR-HER3,

EGFR-HER4) causes ATP-dependent phosphorylation of specific tyrosine residues in the

intracellular domain of EGFR [121,123]. This autophosphorylation in turn triggers a com-

plex set of intracellular signaling, first in the cytoplasm and then in the nucleus, which

can result in tumor cell proliferation, blockade of apoptosis, potential for invasion and

metastasis, and stimulation of neovascularization [118,121].

Thus, the activity of these kinase receptors is dependent on the phosphorylation of

signaling molecules and the downstream activation of transcription factors, which will

mediate the expression of target genes [118,120]. The three major downstream signaling

pathways that undergo EGFR-mediated activation are (i) the rat sarcoma (RAS)/rapidly

accelerated fibrosarcoma (RAF)/mitogen-activated protein kinase (MAPK) pathway, which

controls gene transcription, cell cycle progression from G1 to S phase, and cell prolifera-

tion; (ii) the phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT) pathway, which

activates the anti-apoptotic and pro-survival signaling cascade; and (iii) the janus kinase

(JAK)/signal transducers and activators of transcription (STAT) pathway [124–127].

Because receptor tyrosine kinases such as HER1 and HER2 play central roles in reg-

ulating cell division and tumor growth, their inhibition effectively disrupts cell cycle

progression and can suppress tumor development. In support of this, recent studies have

shown that nitric oxide, nitric oxide synthase, and non-receptor tyrosine kinases-SRC are

involved in estrogen (E2)-stimulated non-nuclear signaling pathways that promote prolif-

eration in MCF-7 breast cancer cells. These pathways, while essential for normal cellular

growth and function, can contribute to the development of various diseases, including

cancer, when dysregulated or overactivated [98,101,109,119].
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1.3.7. Deiodinase-Type 3 Enzyme—DIO3

Thyroid hormones are essential regulators of several cellular processes, and changes

in their status interfere with tumor progression through virtually all hallmarks of cancer.

The type 3 deiodinase enzyme (DIO3) is the main enzyme responsible for the inactivation

of thyroid hormones, with a relevant role in cell proliferation and physiological growth.

Additionally, its expression levels are associated with seasonal adaptations changing in

response to photoperiod variations [128,129]. Changes in the DIO3 enzyme expression

have been observed in cell pathological proliferation and differentiation, described in

several human neoplasms [41]. Clinical studies have associated thyroid hormone levels

with the risk of developing breast cancer, while in vitro studies have demonstrated that

they influence the proliferation, apoptosis, and migration of mammary tumor cells [40,129].

According to Goemann et al. [40], supported by immunohistochemistry studies and RNA

sequencing data from the TCGA database, DIO3 expression was found in 35/39 (89.7%) of

the invasive ductal carcinoma samples, with an average H-Score of 104.9 ± 55, and in only

one sample of the three invasive lobular carcinomas analyzed (H-Score = 86) [40]. Thus,

these results indicate that the DIO3 enzyme is expressed in normal breast tissue and in

breast cancer, while low levels of DIO3 expression were associated with increased mortality

in the breast cancer patients. Accordingly, low DIO3 mRNA levels were associated with an

increased risk of death in a multivariate model in the validation cohort. The reduction in

DIO3 expression in breast cancer can be explained at least in part by hypermethylation of

the gene’s promoter region. These results point to DIO3 as a prognostic marker in breast

cancer, with reduced expression associated with survival [40,129].

Thus, DIO3, a thyroid hormone inactivating enzyme, shows promise as a diagnostic

and prognostic marker in breast cancer. Decreased DIO3 expression has been linked to poor

overall survival in breast cancer patients, suggesting that DIO3 expression may be altered

in breast cancer and could be used to identify patients with a higher risk of metastasis or

poor prognosis [129,130]. Given its potential to modulate intracellular thyroid hormone

levels and interact with estrogen metabolism in breast cancer, DIO3 expression may hold

therapeutic implications. In conclusion, while DIO3 is expressed in both normal and

tumoral breast tissue, decreased expression correlates with poor overall survival in breast

cancer patients [110,130].

In one embodiment, it uses a proportional hazards model to determine the correlations

between clinical outcomes of patients with breast cancer and changes in tumor gene

expression, DIO3/DIO3 protein, and diagnosis of tumor tissue [130]. According research

study, it is suggested that DLK1delta, such as non-canonical Notch ligand 1 versus DIO3

(DLK1-DIO3) genes, miR-379/656 cluster, and its target gene network, might be potential

diagnostic and prognostic markers for cancer management and therapy.

Several reported studies suggest that DIO3 overexpression should be assessed before

pharmacological or surgical interventions in gastrointestinal stromal tumors because it

might have both prognostic and therapeutic roles [129,130]. Consequently, further eluci-

dation of the developmental roles of deiodinases in mediating cell fate (death or survival)

may present novel opportunities for leveraging these enzymes as therapeutic targets in a

spectrum of pathological states.

1.4. Immune Response and Inflammation

In addition to genetic and epigenetic changes, the immune system plays a central role

in the initiation, progression, and control of breast cancer. The concept of cancer immu-

noediting describes three key phases in the interaction between tumors and the immune

system: (i) elimination of tumor cells, (ii) equilibrium between immune surveillance and
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tumor growth, and (iii) immune escape, where tumor cells evade detection and proliferate

unchecked [131–134].

This immune surveillance involves both innate and adaptive immunity, particularly

NK cells and cytotoxic T lymphocytes, which can detect and eliminate transformed cells.

Therefore, therapeutic strategies aimed at stimulating immune mechanisms, especially

after chemotherapy or radiotherapy, which often deplete immune cells, may be crucial to

prevent relapse [135,136].

Furthermore, psychoneuroimmunology reveals that emotional and psychological

stress can suppress immune function. Stress activates the hypothalamic–pituitary–adrenal

axis and the autonomic nervous system, leading to reduced NK and T-cell activity and

increased inflammation. This immunosuppressive state may contribute to tumor progres-

sion [134,136].

Breast tumors develop within a complex tumor microenvironment (TME), which

includes not only cancer cells but also stromal cells such as fibroblasts, endothelial cells,

and immune cells like neutrophils, lymphocytes, and dendritic cells [137]. Within this

niche, mesenchymal stem cells and tumor-associated fibroblasts promote angiogenesis and

metastasis through the secretion of cytokines like TNF-α and IL-1β [138].

The inflammatory component of the TME is especially relevant. Chronic inflammation

fosters a milieu that supports carcinogenesis. Activated macrophages and other immune

cells in this environment release high levels of pro-inflammatory mediators, including

cytokines (e.g., TNF-α, IL-6), chemokines (e.g., IL-8, CCL5), and enzymes such as inducible

NO synthase and cyclooxygenase-2 (COX-2) [139–141]. These mediators promote prolifera-

tion, inhibit tumor suppressor genes, induce DNA damage, and enhance angiogenesis.

Systemic inflammation is also linked to poor prognosis in breast cancer. A high

neutrophil-to-lymphocyte ratio has been consistently associated with worse survival out-

comes in multiple epithelial cancers, including breast cancer [132,142]. It is estimated

that up to 25% of cancers may arise from chronic inflammatory or infectious conditions.

Also, pathological angiogenesis and inflammation are mutually reinforcing processes. In-

flammatory cells secrete vascular endothelial growth factor (VEGF) and other angiogenic

cytokines, which promote blood vessel formation, which, in turn, supports tumor growth

and metastasis [143].

Nowadays, it is well established that platelets interact intimately with tumor cells. In

this context, platelets play a dual role in cancer. On one hand, tumor cells induce platelet

aggregation, which facilitates immune evasion and metastasis. On the other hand, platelets

release growth and angiogenic factors in the TME, promoting tumor proliferation. Platelets can

also suppress immune surveillance, undermining the efficacy of immunotherapies [144,145].

Cancer is associated with increased thrombotic risk, including myocardial infarction

and stroke. This risk is partly due to imbalances in COX-1/COX-2-derived prostanoids

and lipoxygenase (LOX) activity [146]. In this context, natural compounds from plants

exhibiting dual inhibitory action on cyclooxygenase (COX-1 and COX-2) and lipoxyge-

nase enzymes have emerged as promising agents in managing inflammation with a re-

duced risk of cardiovascular side effects, particularly due to their antiplatelet properties.

Thus, flavonoids such as quercetin, kaempferol, and apigenin demonstrated non-selective

COX and LOX inhibition, along with inhibition of platelet aggregation through down-

regulation of thromboxane A2 (TXA2) synthesis and modulation of intracellular calcium

signaling [147]. Curcumin inhibits both COX-2 and 5-LOX, reducing the production of

pro-inflammatory eicosanoids while exhibiting mild antiplatelet effects without signifi-

cantly affecting hemostasis [148]. Similarly, resveratrol inhibits COX-1, COX-2, and 5-LOX

while also attenuating platelet aggregation through NO-mediated and TXA2-suppressive

mechanisms [149]. Thus, leveraging phytochemicals with COX/LOX inhibitory and an-
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tiplatelet activities, but lower adverse effects, represents a promising strategy to mitigate

both inflammation and atherothrombotic risk in cancer patients.

1.5. Breast Cancer Biomarkers

Tumor markers can be defined as molecules that indicate the presence of cancer or

provide information about its likely behavior in the future. That is, they are molecular

products metabolized and secreted by neoplastic tissue and biochemically characterized

in cells or body fluids [150,151]. They are also indicators of tumor stage and grade, being

useful for diagnosing, monitoring responses to treatment, and predicting the recurrence

of carcinomas.

1.5.1. Blood Biomarkers

Soluble molecules, termed serum tumor markers, are aberrantly released into the cir-

culation by malignant cells or components of the tumor microenvironment [152,153]. The

ideal serum tumor marker detects disease early, predicts response or resistance to specific

therapy, and monitors the patient after the first therapy [154]. This information, taken

together, reveals the importance of using these markers in clinical practice. In the case of

breast cancer, different serum markers have been tested for these purposes: Carcinoembry-

onic Antigen (CEA), the soluble form of the MUC-1 protein (CA15-3), Tissue Polypeptide

Antigen (TPA), Tissue-Specific Polypeptide Antigen (TPS), and Human Epithelial Growth

Factor Receptor type 2 (HER2) [152,153].

Once breast cancer treatment depends on the stage of the disease at the time of diagno-

sis, histological grade, and presence or absence of certain receptors and genetic mutations,

for the molecular characterization of these tumors, it is important to identify three biomark-

ers: estrogen and progesterone hormone receptors and HER2 [66,155]. Around 70% of

breast cancers are ER-positive, which allows therapy with estrogen antagonist molecules. In

turn, HER2 is present in around 25% of breast cancers and is considered a more aggressive

phenotype with a worse prognosis. In addition to these biomarkers, CD, CA 15.3, and CA

27.29 are also widely used [78,94,156,157]. As it was mentioned before, the role of CD in

carcinogenesis is associated with the stimulation of DNA and mitosis during tissue regen-

eration, and due to its proteolytic power, it facilitates tumor dissemination by digestion

of proteoglycans from the interstitial matrix and the basement membrane. CA 15.3 is one

of the most specific biomarkers for breast cancer. Its sensitivity varies according to the

tumor mass and the patient’s clinical status [78,94,156,157]. However, it is understood that,

at present, CA 15.3 is not safe for an accurate diagnosis. Tumor antigen 27.29 is found in

the blood of breast cancer patients, but without sufficient sensitivity and specificity to be

used as an isolated diagnostic test, being indicated for detecting recurrent breast cancer

and monitoring advanced treatment [78].

Prompt detection of breast cancer not only enhances therapeutic efficacy but also

mitigates its associated psychological, economic, and social burdens [158,159]. This press-

ing demand for novel and effective detection modalities has propelled the pursuit of

cost-effective, non-invasive diagnostic tools for breast cancer [160–162]. Diagnosis via

blood-based biomarker measurement is regarded as a non-invasive and economical method

capable of conveying information regarding disease presence, absence, and evolution. In

this vein, extensive research endeavors have been directed towards identifying and assess-

ing the utility of liquid biomarkers [163,164]. In particular, the liquid biopsy paradigm,

which focuses on identifying tumor-derived biomarkers (cellular, molecular, and genomic)

within blood and other biological fluids such as saliva, has attracted substantial interest

for the diagnostic and prognostic assessment of diverse malignancies, including breast

cancer [165,166].



Nutraceuticals 2025, 5, 37 23 of 53

Within this framework, the significance of microRNAs (miRNAs) has gained

widespread recognition. These 20–22 nucleotide-long molecules serve as epigenetic regu-

lators, primarily functioning as repressors of gene expression [130,167,168]. miRNAs are

well-established for their critical regulatory involvement in disease pathogenesis, espe-

cially in oncology [2,3,169]. Moreover, miRNAs exert significant influence over numerous

cancer-related biological processes, including cell proliferation, cell cycle progression,

apoptosis, differentiation, migration, metabolic regulation, and stress responses [3,16,79].

Several miRNAs have been identified as key regulators across a variety of cancers, such as

breast, colorectal, gastric, lung, prostate, and thyroid malignancies [170,171]. Their tissue-

specific expression, remarkable stability, and detectability in bodily fluids (including blood,

serum, and urine) make them promising candidates for the development of miRNA-based

biomarkers for cancer diagnosis and therapeutic monitoring [172].

Recent genome-wide analyses leveraging high-throughput datasets have highlighted

the diagnostic and prognostic potential of a subset of 15 miRNAs from the MiR-379/656

cluster, particularly for breast cancer and its molecular subtypes, including Basal and

Luminal B tumors [130,167].

1.5.2. Salivary Biomarkers

According to the studies of Wan et al. [162] and Koopaie et al. [173], salivary biomark-

ers offer a noninvasive and accessible means of identifying breast cancer. In these works,

commercially available disposable-based strips, similar to those commonly used for glucose

detection, were used and functionalized to detect breast cancer with biomarkers of HER2

and CA15-3.

The past years have seen diverse investigations propose a wide array of salivary

biomarkers, from proteomic and metabolomic profiles to transcriptomic and reagent-

free biophotonic markers [173–180]. This active research area has, in fact, given rise to

the term “salivaomics,” specifically referring to saliva-based diagnostics [166,180]. The

appeal of saliva for diagnostic purposes is multifaceted, offering advantages such as facile

collection, minimal personnel training, rapid sampling, convenient storage, straightforward

transportation, reduced susceptibility to clotting, and diminished health worker risks [174,181].

Nevertheless, a key challenge remains: the concentration and presence of biomarkers

in saliva may not always align with those in other biological fluids [182], making it crucial to

determine which salivary biomarkers offer acceptable sensitivity and specificity for breast

cancer diagnosis. Efforts have also focused on detecting exosome-like microvesicles from

salivary gland cells, which encapsulate detectable proteins and mRNAs [183]. Additionally,

the efficacy of salivary HER2 levels [184], sialic acid, and sialo-glycomic levels (including

the impact of disease stage and chemotherapeutics) [177,185] has been assessed in breast

cancer patients. Multiple studies have also examined salivary levels of lectins, polyamines,

and N-acetylated compounds in breast cancer patients [186–189]. It has been concluded that

salivary biomarkers may be more readily detectable in advanced compared to early stages

of breast cancer patients [186–189]. However, Wood and Streckfus [190] suggested that

combined biomarker approaches show better predictive ability than individual biomarkers.

Among single biomarkers, proline demonstrated strong capacity for both early and late-

stage breast cancer diagnosis, while taurine proved effective in identifying early breast

cancer, and valine exhibited excellent diagnostic accuracy for advanced stages [189].

1.5.3. Urinary Tumor Markers

Urinary tumor markers are substances—typically proteins, enzymes, DNA/RNA

fragments, or metabolites—excreted in the urine and associated with the presence of cancer.
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They have gained attention as non-invasive tools for screening, early diagnosis, monitoring

of recurrence, and evaluating treatment response in various types of cancer.

The urine has advantages as a diagnostic medium as it represents non-invasive, pain-

less, and easy to collect, can be used for follow up and there is a lower risk of contamination

compared with blood, being ideal for large-scale population screening.

Examples of urinary markers studied in breast cancer are (i) elevated urinary levels

of matrix metalloproteinases that have been associated with more aggressive or advanced

disease [191], (ii) elevated urinary levels of 8-oxo-dG (8-hydroxy-2′-deoxyguanosine) that

are found in breast cancer patients and may correlate with disease progression or oxida-

tive stress burden [192] and also (iii) patterns of urinary estrogen metabolites that have

been explored as potential risk indicators, especially in hormone receptor-positive breast

cancers [193].

The main limitations for their use concern that not all markers are specific to one

cancer type, false positives can occur due to infections, inflammation, or benign conditions,

and most tests should be used in combination with clinical and imaging assessments.

Urinary tumor markers are not yet established as standard diagnostic or prognostic

tools in breast cancer, but ongoing research is promising. The development of multi-marker

panels, integration with liquid biopsy approaches, and advancements in proteomic and

metabolomic profiling may enhance their clinical utility.

1.6. Breast Cancer Treatment

Advances in molecular research have allowed a greater understanding of the cellular

pathways that govern the development of breast tumors, facilitating progress in the iden-

tification of diagnostic markers and the development of new therapeutic strategies. The

complexity of the molecular mechanisms that regulate tumor initiation and progression

determines the heterogeneity of breast cancer, which represents a challenge in the selection

of treatment options and disease prognosis [3,15,16]. Thus, the progressive accumulation

of genetic and epigenetic changes results in a heterogeneous population of cells that have

different clinical behaviors and that trigger different responses to treatment, even in tumors

that, from a diagnostic point of view, have the same classification [3,15,16].

A crucial element in managing any cancer is early detection and accurate diagnosis.

Breast cancer treatment varies depending on the subtype and extent of spread—whether

it’s confined to the breast, involves lymph nodes (stages II or III), or has metastasized

to other organs (stage IV) [3,15,16]. Treatments are more effective and better tolerated

when initiated promptly and completed as prescribed. These therapies include surgery

to remove the tumor, radiation therapy to reduce local recurrence risk, and systemic

medical drugs designed to kill cancer cells and prevent dissemination. The latter category

encompasses hormonal therapies, immunotherapy, chemotherapy, and targeted biological

therapies [8,20,169]. Surgery may involve either a lumpectomy (removal of cancerous tissue

only) or a mastectomy (removal of the entire breast). Lymph nodes may also be removed to

assess the cancer’s metastatic potential. Historically, a complete axillary dissection (removal

of the entire lymph node bed under the arm) was considered necessary for invasive cancers

to prevent spread. However, the less invasive sentinel node biopsy is now preferred due

to fewer complications [7,8,20,79,169]. Radiotherapy plays a vital role in breast cancer

treatment. In early-stage cases, radiation can often spare a woman from undergoing a

mastectomy. It also treats residual microscopic cancer cells in breast tissue and/or lymph

nodes, minimizing the chances of chest wall recurrence [14,20,79]. For later-stage cancers,

radiotherapy can still reduce recurrence risk, even after a mastectomy [8,20,169].

Medical treatments for breast cancer, administered either before (neoadjuvant) or after

(adjuvant) surgery, are determined by the cancer’s biological subtype, as identified through
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tumor marker detection. The vast majority of drugs used for breast cancer are already

listed on the WHO Essential Medicines List [14].

Cancers expressing the ER and/or PR receptor are highly likely to respond to hormone

therapies such as tamoxifen or aromatase inhibitors. These treatments can reduce the

recurrence of “hormone-positive” cancers by nearly half [14,20,79]. Although endocrine

therapies can induce menopausal symptoms, they are generally well tolerated.

On the contrary, triple-negative breast cancer (TNBC), an aggressive subtype lacking

estrogen, progesterone, and HER2 receptors, presents limited treatment options. In this

context, phytochemicals have emerged as promising agents in TNBC due to their ability to

target multiple cancer-related pathways. Compounds such as polyphenols have demon-

strated anti-proliferative, pro-apoptotic, anti-metastatic, and epigenetic regulatory effects in

TNBC models. These agents often exert their effects by modulating signaling pathways like

PI3K/Akt/mTOR, NF-κB, Wnt/β-catenin, and MAPK, with reduced toxicity compared

to conventional therapies [194,195]. Nevertheless, while preclinical data are encouraging,

clinical validation is still needed to determine their efficacy and safety in TNBC patients.

1.6.1. Estrogen Modulation

Strategies involving the modulation of estrogen exposure for breast cancer therapy

originated as early as the late nineteenth century, concurrent with observations of the

favorable effects of complete ovariectomy on disease progression. While ovarian ablation

(achieved through surgical, radiotherapeutic, or pharmacological means) continues to be

clinically employed for certain pre-menopausal breast cancer patients [146,147], extensive

research has been dedicated to the pharmacological modification of estrogen exposure.

Modulation of estrogens and their receptors can be accomplished by interfering with ER

binding, inducing ER downregulation, or diminishing estrogen biosynthesis [66,196,197].

For the past quarter-century, tamoxifen (Nolvadex®), a selective estrogen receptor

modulator (SERM) that acts by competitively blocking estrogen binding to the ER, has been

considered the primary therapeutic choice for estrogen deprivation [198–200]. Nevertheless,

its use is accompanied by notable adverse effects, including an elevated risk of endometrial

cancer and thromboembolism [197]. Subsequent SERMs, such as raloxifene (Evista®)

(approved in the United States for osteoporosis) and toremifene (Fareston®) (approved in

the United States for breast cancer treatment), were developed to mitigate these side effects

while preserving therapeutic efficacy in breast cancer management [201–203].

Several plant-derived compounds exhibit anti-estrogenic or estrogen-regulating ef-

fects, making them valuable in the prevention or management of estrogen-dependent breast

cancer. Key phytochemicals include flavonoids, lignans, isoflavones, and polyphenols,

which can act by inhibiting aromatase, blocking ERs, or modulating estrogen metabolism.

Flavonoids like apigenin (parsley, chamomile), chrysin (passionflower, honey), and genis-

tein (soy) have shown aromatase inhibition and SERM-like activity. Lignans, found in

flaxseed and sesame, are converted by gut microbiota into enterolactone and enterodiol,

which exhibit weak estrogenic or anti-estrogenic activity depending on endogenous es-

trogen levels. Some phytochemicals, phytoestrogens, which are synthesized from plants

and vegetables, show low estrogenic activity or anti-estrogenic activity with potentially

anti-proliferative effects that offer nutraceutical or pharmacological advantages. Resvera-

trol (from grapes/red wine) and curcumin (from turmeric) downregulate ER expression

and inhibit aromatase transcription, with demonstrated anti-proliferative effects in breast

cancer cells. Green tea catechins (especially epigallocatechin gallate-EGCG) and red clover

extracts (rich in biochanin A) also inhibit aromatase and interfere with estrogen-mediated

signaling [66,204].
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These phytotherapeutics offer multi-targeted, low-toxicity options for modulating

estrogen activity, though their clinical efficacy and safety require further validation in

controlled human studies. They may complement conventional therapies in estrogen-

sensitive conditions, particularly when used in integrative or preventive settings.

1.6.2. Aromatase Inhibitors

Beyond direct modulation of ERs, aromatase inhibitors (AIs) represent another crucial

class of endocrine therapy in the treatment of hormone-dependent breast cancer. By

inhibiting the conversion of androgens to estrogens, AIs help reduce estrogen levels,

especially in postmenopausal women.

When considering current breast cancer therapies, AIs generally demonstrate im-

proved efficacy with fewer side effects compared to other treatments [63,205]. Currently,

two new synthetic AIs and one dietary supplement are undergoing clinical trials as single

agents. Atamestane, with or without toremifene, has shown fewer side effects than letro-

zole, along with favorable effects on bone, serum, and uterine markers [206]. Testolactone,

a first-generation AI, is approved in the United States for advanced breast cancer treat-

ment [207]. Clinical trials are also being conducted on IH636 grape seed extract, a botanical

dietary supplement, for breast cancer prevention in postmenopausal women at increased

risk. The IH636 extract, rich in proanthocyanidins, has demonstrated aromatase inhibition

in both in vitro and in vivo models [208,209].

While synthetic AIs typically have a better side effect profile than tamoxifen, serious

adverse effects related to estrogen deprivation can still occur [210]. These include decreased

bone mineral density, osteoporosis, increased musculoskeletal disorders [211–213], and

a higher incidence of cardiovascular events along with altered lipid profiles [214,215].

Additionally, AIs can affect cognition by reducing the protective effects of estrogens on

memory loss with aging [25,216], and can be responsible for various other health problems

that can diminish quality of life, such as diarrhea, vaginal dryness, diminished libido, and

dyspareunia [205].

Natural products, traditionally used for nutritional or medicinal purposes, such as

botanical dietary supplements and traditional medicinal plants, present a promising source

of AIs with potentially fewer side effects than synthetic alternatives. These compounds

are derived from a wide range of natural sources, including terrestrial plants and animals,

marine organisms, bacteria, fungi, and other microbes, offering a chemically diverse reper-

toire often unattainable through conventional synthetic chemistry techniques [217–220].

The reduced side effects associated with natural products might stem from their complex

matrix, which includes compounds that inhibit aromatase alongside others that mitigate

the side effects of estrogen deprivation (e.g., phytoestrogens). Consequently, AIs from

natural products could be crucial for expanding the clinical utility of AIs in their current

role as chemotherapeutic agents to future applications in breast cancer chemoprevention,

particularly in preventing secondary recurrence [66]. In essence, these compounds could

offer increased clinical efficacy with fewer adverse effects. Screening for novel natural

product AIs could also yield improved leads for future drug development.

The groups most frequently tested for AIs include various classes of flavonoids,

a prominent category of polyphenolic compounds characterized by a phenylchroman

backbone. Flavonoids are classified into more than ten distinct structural groups, among

which the most significant are flavones, flavanones, flavonols, flavanonols, isoflavones,

flavanols (catechins), and anthocyanidins [66,221].

The aromatase-inhibitory activity of polyphenolic compounds, especially flavonoids,

such as chrysin, apigenin, naringenin, epigallocatechin gallate (EGCG), quercetin, and
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resveratrol, among others, has been extensively studied [222–224]. Table 2 shows some

examples of polyphenolic compounds with aromatase inhibition activity.

Table 2. Examples of polyphenolic compounds with known aromatase inhibition activity.

Compound Class Source Aromatase Activity

Chrysin Flavone Passionflower, honey Strong (in vitro)

Apigenin Flavone Parsley, chamomile Moderate

Genistein Isoflavone Soy Moderate

Kaempferol Flavonol Tea, broccoli Moderate

Naringenin Flavanone Citrus Weak–moderate

Resveratrol Stilbene Grapes, wine Moderate

Ellagic Acid Tannin Berries, nuts Moderate

Gallic Acid Phenolic acid Tea, berries Weak

Curcumin Polyphenol Turmeric Moderate–strong

The utility of flavonoids has been established in numerous cellular and animal studies,

showcasing a range of beneficial properties including cytoprotective, antioxidant, free radi-

cal scavenging, antiviral, antibacterial, anti-tumor (relevant for cancer prevention and treat-

ment), and anti-inflammatory effects [225,226]. Based on these properties, it has recently

been considered for remarkable applications for the treatment of various diseases [227,228].

The protective properties of flavonoids are attributed to their ability to safeguard DNA,

support immune and hematopoietic systems, scavenge free radicals, enhance immune

function, and increase leukocyte counts, demonstrating protective effects in animal mod-

els [229–231]. Flavonoids are particularly effective at neutralizing oxygen-derived free

radicals, mitigating the indirect cellular damage caused by ionizing radiation [231,232].

At the cellular and molecular levels, flavonoids have been shown to induce apoptosis in

cancer cells through multiple mechanisms [233]. Of note, since breast cancer tissues often

overexpress aromatase and produce higher estrogen levels compared to non-cancerous

tissues, the capacity of flavonoids to inhibit aromatase has attracted significant attention as

a therapeutic strategy for hormone-dependent breast cancer [234,235].

Moreover, chalcones (commonly referred to as “open-chain flavonoids” or “biopre-

cursors of flavonoids” due to their role in flavonoid biosynthesis) exhibit broad pharma-

cological potential. They have demonstrated antidiabetic, anticancer, anti-inflammatory,

antimicrobial, antioxidant, antiparasitic, psychoactive, and neuroprotective effects [66].

Through complex and multifaceted mechanisms, chalcones can modulate various cancer

cell lines, inhibit diverse pathogenic microorganisms and parasites, and regulate multiple

signaling pathways involved in disease processes [236].

On the other hand, Alkaloids, the largest group of secondary metabolites, are a struc-

turally diverse class of low-molecular-weight compounds containing a heterocyclic ring and

at least one nitrogen atom. Approximately 17,000 alkaloids have been identified with no-

table biological and pharmacological activities, generally exhibiting low toxicity and good

chemical stability [237]. Their pharmacological effects span antimalarial, antiasthmatic,

vasodilatory, antiarrhythmic, analgesic, antibacterial, antihyperglycemic, and anticancer

activities [238,239]. As anticancer agents, alkaloids have shown chemopreventive potential

and the ability to sensitize tumor cells resistant to standard chemotherapies. The extensive

structural diversity of these compounds has enabled their development as lead molecules

for anticancer drug discovery and therapy [238,239].
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Furthermore, ten alkaloids were tested for aromatase inhibition; five of them were

isolated from Nicotiana tabacum L. [240,241] and the others from Hydrastis canadensis L.

(goldenseal), and Piper L. sp. [66], but none of them were found to inhibit aromatase. Cur-

rently, numerous alkaloids are being tested for their cytotoxicity or are undergoing clinical

evaluation, and some have received FDA approval for cancer treatment. Their anti-tumor

activity stems from their ability to induce DNA cleavage, which is effectively mediated by

topoisomerase I and II inhibition, in addition to causing mitotic arrest, mitochondrial per-

meabilization, and inhibiting key enzymes involved in cell signaling and metabolism [242].

Several other compounds have been tested for aromatase inhibition, such as fatty acids,

lignans, peptides, terpenoids, isoprenoids, sesquiterpene lactone, withanolides, xanthones,

and anthraquinones, and showed diverse activity from weak to strong, depending on each

property and targets.

To summarize, a substantial number of natural product extracts, sourced from diverse

terrestrial and marine organisms, have undergone evaluation for their aromatase inhibitory

potential through a range of noncellular, cell-based, and in vivo methodologies. The most

potent compounds generally belonged to the flavonoid or xanthone structural classes, with

the exception of certain active sesquiterpene lactones and anthraquinones. The ability of

flavonoids to inhibit aromatase has been thoroughly substantiated [243,244]. A subset of

these flavonoids has advanced to in vivo investigations, with varied outcomes [245,246].

1.6.3. HER2-Positive Cancers

Hormone receptor-negative cancers, defined by the absence of ER or PR expres-

sion, generally mandate chemotherapy unless the malignancy is minute. Contemporary

chemotherapy regimens are highly efficacious in mitigating the likelihood of cancer dis-

semination or recurrence and are typically delivered in an outpatient capacity. Hospital-

ization for breast cancer chemotherapy is generally not required in the absence of adverse

events [8,20,79,169].

Independent overexpression of the HER2/neu oncogene can occur in breast cancers.

Such HER2-positive (HER2+) malignancies are amenable to targeted biological therapies.

About 1 in 5 women with breast cancer have overexpression of HER2 on the surface of

their tumor cells. These cancers, known as HER2+breast cancers, tend to grow and spread

more aggressively. Different types of drugs have been developed to target the HER2

protein [247,248]. HER2 status is determined by analyzing tumor tissue, and when positive,

it can be blocked with targeted drugs, reducing the growth and proliferation of tumors. The

so-called anti-HER2 therapies consist of monoclonal antibodies (MABs) that are designed to

bind to the HER2 protein on cancer cells, which prevents the cells from growing [247,248].

These biological agents are very effective antibodies and should only be used in HER2+

breast cancer. Targeted biological therapies are combined with chemotherapy to make them

more effective [8,20,79,169]:

- Trastuzumab is an antibody that targets HER2+ cancer cells. When bound to the

HER2 protein, it slows or stops the growth of these cells. For advanced breast cancer,

treatment is usually given with the goal of reducing the size of the tumors or slowing

their development [247].

- Pertuzumab also targets HER2+ cancer cells but in a different way than trastuzumab.

When combined with trastuzumab and chemotherapy, it can slow disease progression

and increase survival compared to the isolated administration of trastuzumab and

chemotherapy [249,250].

- Ado-trastuzumab emtansine (T-DM1) is also a targeted therapy for HER2+ advanced

breast cancer. It consists of trastuzumab, along with chemotherapy. T-DM1 is ap-

proved for the treatment of HER2+ advanced breast cancer that continues to progress
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after treatment with trastuzumab and taxane chemotherapy. A recent study showed

that T-DM1 increases overall survival more than lapatinib in addition to capecitabine

in women with HER2+ advanced breast cancer [250,251].

- Trastuzumab deruxtecan is also an antibody for the treatment of HER2+ advanced

breast cancer. It consists of trastuzumab along with the chemotherapy drug deruxtecan.

Its use is approved for the treatment of advanced HER2+ breast cancer that continues

to progress after two or more treatments with drugs that target HER2+ cells [250,252].

The evolution of immunotherapy, particularly through advancements in antibody-

enabled killing mechanisms, has demonstrated substantial promise in suppressing or pre-

venting cancer progression [119,253]. Indeed, contemporary investigations into antibody-

mediated cytotoxic effects on tumor cells, coupled with the proliferation of anti-cancer

antibody development, have culminated in the generation of MABs designed to selectively

recognize specific antigens on the cancer cell surface. Nevertheless, considerable impedi-

ments restrict their universal application as anticancer therapeutics; for example, MABs

derived from murine cells often co-purify with host proteins and adventitious pathogens.

Consequently, plants present an innovative paradigm for monoclonal antibody produc-

tion against cancer, furnishing an essentially inexhaustible reservoir of MABs, commonly

referred to as “plantibodies”. Plants inherently have high expression capability, efficacy,

are cheaper, and, on large-scale production, are safer and ethically adequate [254,255].

Conventional MABs, including trastuzumab, face inherent shortcomings in the therapeutic

management of HER2+ breast cancer, especially in patients exhibiting acquired drug re-

sistance. A study by Park et al. [256] detailed the successful expression of plant-derived

anti-HER2 variable fragments of a camelid heavy-chain domain (VHH) antibody. This

VHH antibody demonstrated robust specific affinity and suggested significant promise as

an effective immunotherapeutic agent for HER2+ breast malignancies, even those that have

developed trastuzumab resistance [119,256]. Moreover, Bulaon et al. [257] reported on the

antitumor efficacy of a plant-derived anti-CTLA-4 2C8 MAB. This MAB, expressed in N.

benthamiana plants, offers therapeutic potential comparable to that of clinically effective Ipili-

mumab, while providing more advantageous features for rapid expression, straightforward

scale-up, and cost-effective production of such recombinant therapeutics [119,257].

Other antibodies commonly used as immunotherapeutic agents, such as Nivolumab,

Pembrolizumab, and Atezolizumab (Tecentriq), function as immune checkpoint inhibitors

(ICIs). These ICIs reduce the immunosuppressive effect exerted by neoplastic cells. Specifi-

cally, they target the PD-1/PD-L1 checkpoint by interacting with PD-1 on T-lymphocytes

and blocking its binding with PD-L1 expressed on tumorigenic cells. In contrast, the

Varlilumab monoclonal antibody targets CD27 [258–260]. These antibodies can be extracted

from the leaves of N. benthamiana with the great advantage of greatly decreasing the capital

required for the manufacture of these ICIs [119,259–261]. These findings corroborate the

utility of plants as effective production systems for immunotherapeutic antibodies, which

could significantly lower the cost of current anticancer treatments [261].

1.6.4. Other Enzyme Inhibitors for Breast Cancer Reduction

Other pathways of metabolic mechanisms involved in the progression of breast cancer

may be explored in order to understand the adequate methodological process for preventing

or blocking its development. Enzyme inhibitors that have been shown to be useful in

inhibiting breast cancer promotion include the following:

- Tyrosine kinase receptors: Since tyrosine kinases are enzymes that control cell division

and tumor growth by acting at the level of HER1 and HER2 receptors, their inhibition

leads to the interruption of the cell cycle, preventing tumor growth. Tyrosine kinase

inhibitors approved for the treatment of advanced breast cancer are tucatinib, ner-
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atinib, and lapatinib. The addition of tucatinib to treatment with trastuzumab and

chemotherapy showed increased overall survival in women with HER2+ advanced

breast cancer [250–252].

- Poly (ADP-ribose) polymerase (PARP) Enzyme Inhibitors: DNA damage and the

mechanisms of its repair represent pivotal factors in the emergence of mutations that

instigate and drive tumorigenesis [262]. Genetic instability, secondary to changes in

the DNA molecule and the number and/or structure of chromosomes, is present in the

majority of solid tumors [263]. Poly (ADP-ribose) polymerases are a group of enzymes

that play a key role in signaling and repairing DNA errors. So, the inhibition of its

activity is a therapeutic strategy that takes advantage of the mechanism of synthetic

lethality and can be used in the treatment of tumors with specific defects in DNA repair

pathways, namely in tumors with mutations in BRCA1 and BRCA2 tumor suppressor

genes [264–267]. As tumor cells with a mutated BRCA gene already have trouble

repairing damaged DNA, blocking PARP proteins often leads to the death of these

cells [268]. Consequently, PARP deficiency impairs homologous recombination (HR),

thereby promoting the dominance of non-conservative DNA repair pathways [269].

The HR process involves proteins including BRCA1, BRCA2, PALB2, ATM, CHEK1,

CHEK2, and RAD51. In contrast, the enzymes PARP1 and PARP2 are foundational to

the base-excision repair (BER) pathway [263]. The discovery of the PARP family of

enzymes and the knowledge of their role in DNA repair pathways made it possible to

develop a new class of anti-neoplastic drugs—PARP inhibitors (iPARP) [270]. iPARPs,

which target the PARP enzyme, were the inaugural clinically approved agents to

leverage the principle of synthetic lethality [262,264]. Synthetic lethality describes

a genetic interaction in which the simultaneous functional abrogation of two genes

leads to cellular demise, while the isolated functional loss of either gene maintains

cell viability [263,266]. Consequently, iPARPs constitute a novel therapeutic approach

for the treatment of tumors harboring BRCA1/2 mutations or those displaying a

“BRCAness” phenotype, given their inherent deficiencies in HR [271]. There are several

iPARPs already approved by the USA Food and Drug Administration (FDA) and

the European Medicines Agency used in the treatment of breast, ovarian, pancreatic,

and prostate cancer [267]. However, as with other target therapies, despite being

well tolerated and widely used in the clinical practice, iPARPs resistance is common

and can be developed through various molecular mechanisms [267]. iPARPs may

be employed as a monotherapy or in conjunction with other agents, particularly

alongside chemotherapy, immunotherapy, and targeted therapies that compromise

DNA repair mechanisms [272,273].

Presently, at least four iPARPs have secured approval from the FDA for the manage-

ment of certain malignancies:

- Olaparib: Initially approved by the FDA only for the treatment of patients with

advanced ovarian cancer with BRCA1/2 germline mutations (gBRCAm) undergo-

ing three or more chemotherapy regimens. It was the first iPARP to enter clinical

practice [268,274].

- Rucaparib: The efficacy of rucaparib was evaluated in the ARIEL3 study, in which

progression-free survival was estimated in patients with recurrent ovarian, fallopian

tube, or primary peritoneal epithelial tumors being treated with this drug. This

intervention was observed to enhance patient prognosis, even in the absence of

BRCA1/2 mutations [275].

- Niraparib: The NOVA study allowed the approval of niraparib in the maintenance

treatment of epithelial tumors of the ovary, fallopian tubes, or primary peritoneal,

recurrent and sensitive to platinum [273,276]. In this study, it was found that the
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benefit of niraparib is transversal to tumors of the ovary, regardless of HR status and

BRCA mutations [276].

- Talazoparib: It is a potent iPARP. In addition to having a high capacity to inhibit the

catalytic activity of enzymes, it has greater potential to trap PARP1 in DNA errors [277].

According to the results of the EMBRACA study, talazoparib was approved for the

treatment of breast tumors associated with gBRCAm, HER2-negative, locally advanced

or metastatic [278].

- Cyclin-dependent kinase inhibitor: Cyclin-dependent kinases (CDKs) play an essential

role in regulating cell cycle progression, allowing the transition between different

phases. Its activation depends on cyclins, molecules that are synthesized and degraded

during the cell cycle [279]. As cell cycle regulators, their inhibition ensures that tumor

cells do not enter cell division, thus preventing them from proliferating and dying,

breaking the tumor growth cycle. A targeted therapy known as a CDK inhibitor stops

the activity of CDK4/6 [279]. Among this type of inhibitors, three were approved

by ANVISA: Palbociclib, Abemaciclib, and Ribociclib [279]. On the basis of their

impressive efficacy, all three CDK4/6 inhibitors now play an important role in the

treatment of patients with HR+, HER2- breast cancer; however, their optimal use still

needs to be established [279].

- Oncolytic viruses are gaining significant clinical value due to their effectiveness against

cancer. Plant viruses, specifically, cannot infect mammalian cells, eliminating the

infection-related drawbacks seen with other viral therapies. This makes them a

valuable tool for manipulating tumors and inducing anti-tumor immunity [280,281].

Rather than directly replicating in or destroying cancer cells, plant virus nanoparticles

(PVNPs) represent a novel class of immunostimulatory agents [281]. There are two

main types of PVNPs: viral nanoparticles (VNPs), which are whole viruses with

both a coat protein and internal nucleic acid, and virus-like particles (VLPs), which

consist solely of the coat protein [282–284]. VLPs are genome-free versions of VNPs;

they cannot replicate in plants and closely resemble the native structure of plant

viruses. Both VLPs and VNPs can act as immune adjuvants and delivery systems for

tumor-specific antigens that the human immune system can recognize.

VNPs and VLPs are efficiently taken up by antigen-presenting cells, allowing them

to elicit robust immune responses. They have been utilized in cancer immunotherapy

through direct tumor injection to induce anti-tumor immunity. This works by disrupting

local immunosuppression, which then supports the development of systemic immunity

against the tumor, a process known as “in situ vaccination” [119,282–284].

PVNPs can be modified to carry immunoadjuvants, further boosting their antitu-

mor efficacy. An excellent example of this is the use of the cowpea chlorotic mottle virus

(CCMV), loaded with CpG oligonucleotides, to stimulate the activation of tumor-associated

macrophages in both in vitro and in vivo settings [285–287]. This particular study demon-

strated improved knockdown efficacy and reduced cancer cell invasiveness, emphasizing

the potential of plant-derived VLPs as effective nucleic acid carriers [119,288].

In general, although all conventional therapies target neoplastic cells, they are as-

sociated with multiple adverse effects such as risk of post-surgical complications, lym-

phoedema, fatigue, anemia, nausea and diarrhea, hair loss, immunosuppression, and

increased risk of infectious diseases. These adverse effects, in addition to causing a de-

crease in patients’ quality of life, limit the use of these treatments in therapeutic doses and

compromise the success of the treatment [3,16,17]. Biological therapies might lead the next

front in the battle against cancer, as many hold promise of selectively targeting tumors

while minimizing toxic side effects, as well as circumventing or overcoming acquired tumor

resistance against conventional treatments.
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1.7. Integrative and Complementary Medicine: Phytomedicine as the Most Expeditious Therapy

Integrative medicine is an approach to medical care that combines conventional

medicine with complementary and alternative medicine (CAM) practices that have been

shown through science to be safe and effective [20,289]. This holistic approach often

stresses the patient’s preferences, and it attempts to address the physical, mental, and

spiritual aspects of health [290,291]. Terms such as “natural,” “holistic,” “home remedy,”

or “Eastern Medicine” are also used to refer to CAM. This medicine comprises a set of

knowledge, practices, and skills based on indigenous experiences, beliefs, and theories

from different cultures—whether or not they can be explained—used both for health

maintenance and for the prevention, diagnosis, improvement, or treatment of physical or

mental illnesses [7,79,292]. The success of patient survival rates explains the acceptance of

the CAM approach to cancer care by medical professionals and by a great proportion of

cancer patients [20,293,294]. Among these patients, women with breast cancer remain the

most likely users of some form of CAM modalities [20,295–298] with an estimated rate as

high as 75% [20,299]. Overall, breast cancer patients’ reasons for widespread use of CAM

diverge. These reasons may include their capacity to boost the immune system, ease side

effects from conventional treatments, improve quality of life, give the feeling of more control

over the disease, and prevent relapse to prolong survival [294,297,298,300,301]. Essentially,

patients want to feel more active and autonomous in their treatment journey [302].

Recently, innovative approaches involve using nanocarriers as nutraceutical deliv-

ery systems. These platforms are excellent for simultaneously enhancing all factors that

influence a nutraceutical’s bioavailability [303,304]. The choice of carrier materials and

their structures, small size, surface electrical charge, and large surface area significantly

protect nutraceuticals from external factors. This also improves their aqueous solubility,

performance, and residence time in the gastrointestinal tract [303]. Among these, nanos-

tructured lipid carriers are a particularly attractive and versatile option. Their chemical

composition and architecture ensure high protection of nutraceuticals from both external

and physiological factors, optimizing their bioavailability [305–307].

Conventional medicine (allopathic medicine, biomedicine, Western, mainstream, or

orthodox medicine) is a health system that uses drugs, radiation, or surgery to treat cancer.

Complementary and alternative medicine is used along with standard medical treatment,

but is not considered by itself to be a standard treatment. Nevertheless, some conventional

medical care practitioners are also practitioners of CAM [308]. This approach is increasing

due to the accessibility and affordability of CAM therapy [309,310], as well as its strong

relationship with traditional medicine. It is considered integrative therapy when these

treatments are used in combination with conventional medicine. In the context of cancer

treatment, CAM, like phytotherapy and acupuncture, is usually used to help lessen some

side effects of cancer treatment, such as nausea, pain, and fatigue [20,300,301]. However,

the research involving most types of complementary medicine is scarce [20,289].

Based on scientific studies, the three following groups of CAM were proposed: first,

the group of natural products as phytopharmaceuticals and medicinal plants used as dietary

supplements; second, the mind and body practices group including yoga, acupuncture

(electroacupuncture, auriculotherapy, laser moxibustion), relaxation techniques, therapeutic

touch, movement therapies, Taichi, Qigong (biofeedback exercises) and hypnotherapy;

lastly, the final group incorporates other complementary methods like traditional Chinese

medicine, Ayurveda, naturopathy, and homeopathy [20,308,311].

In spite of its increasing use, the traditional or complementary medicine is not usu-

ally included in the public health systems of developed countries, although in Canada,

the United Kingdom, Germany, and Switzerland it is integrated in their national health

system [14,312]. In this regard, the population who has used complementary therapies
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at least once amounts to 70% in Canada, 42% in the United States, 81% in Spain, 49% in

France, and 31% in Belgium. The prevalence of their use is 80% in African countries and

40% in China, where there is an integration between traditional Chinese medicine and

acupuncture within the public health system [309,310].

According to Rodrigues et al. [289] and Kong et al. [313], based on systematic reviews,

meta-analyses, and in vivo and cell line studies, it is possible to say that phytotherapy is

one of the CAM modalities more traditionally accepted and used in cancer treatment all

around the world. Among CAMs used by cancer patients, herbal preparations derived

from all or parts of plants (or phytotherapy) are the most commonly used and the oldest

used group of treatments [314]. From the patient’s point of view, the reasons for using phy-

totherapeutic products include lessening symptoms of disease and preventing disease [8]

(e.g., garlic contains high levels of organosulfur compounds that have been experimentally

proven to prevent cancer in animals [315]). Most of the time, patients use plant products for

self-medication. Using dietary phytochemicals for cancer prevention is a practical and cost-

effective strategy in clinical settings. These naturally occurring compounds are especially

promising because they can act on multiple levels to prevent or reverse the early genetic

changes that lead to cancer, all while sparing healthy cells and reducing the likelihood of

tumor development [119,316–319]. Found mostly in whole plant foods, phytochemicals

offer strong antioxidant effects and play a key role in preventing cancer during its initial

stages [119,316–319]. Their anti-cancer actions include neutralizing free radicals, boosting

the body’s production of antioxidant enzymes, enhancing DNA repair, detoxifying carcino-

gens, and inhibiting enzymes that promote oxidative damage [119,316–319]. Additionally,

as previously mentioned, plants serve as an ideal source for producing biopharmaceuticals—

such as monoclonal antibodies, viral nanoparticles, and phytochemicals—thanks to their

low cost, fewer processing requirements, and high levels of safety and efficacy. However,

herbal preparations may have a superior risk of adverse effects and therapy interactions

than other complementary therapies due to the potential bioactive compounds of various

plants. Usually, phytotherapeutic products are not tested with the scientific rigor required

for conventional drugs, nor are usually controlled by any purity and potency certificate [8].

Presently, the relentless pursuit of new and more effective cancer therapies has driven

research on multiple fronts, and natural products are emerging as a field of crucial im-

portance. The recognition of medicinal plants as effective and inexpensive sources of

novel synthetic chemotherapeutic compounds has increased in recent decades, and many

researchers have focused their research on this promising area [320]. Historically, many of

the most successful anti-cancer drugs originated from nature, from vinca alkaloids (such

as vincristine and vinblastine, derived from Catharanthus roseus) to paclitaxel (extracted

from Taxus brevifolia). This rich heritage underscores the untapped potential of biodiversity

for discovering compounds with anti-tumor activity. Currently, research is not limited to

identifying new molecules but also explores the use of complex plant extracts as comple-

mentary and integrative therapies, aiming to improve patients’ quality of life and mitigate

the side effects of conventional treatments.

In the realm of cancer, herbal medicinal products exhibit diverse biological effects

(Figure 9). These include the defense against malignancy by enhancing detoxification,

cleansing processes, and modulating the action of certain hormones and enzymes; the

reduction in side effects and complications associated with chemotherapy and radio-

therapy; and the improvement of immune cell function, such as stimulating the produc-

tion of cytokines like interleukin, interferon, TNF-α, and colony-stimulating factor [321].

Many plant-derived compounds, therefore, demonstrate multiple mechanisms for com-

bating cancer: (i) induction of apoptosis; (ii) inhibition of angiogenesis; (iii) inhibition

of cell proliferation; (iv) immunomodulation by enhancing the activity of immune cells
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(e.g., natural killer cells or T-cells) or reducing immunosuppression caused by the tumor;

(v) antioxidant action by neutralizing harmful free radicals, potentially playing a role in

cancer prevention and reducing treatment side effects; (vi) chemosensitization, making

cancer cells more susceptible to conventional chemotherapy drugs.

 

Figure 9. Plant-derived anti-cancer therapeutics and biopharmaceuticals [119].

Thus, a wide array of plant species and their derived compounds are under active

investigation for their potential anti-cancer properties. The antiproliferative activity and

cancer cell selectivity of a curcumin derivative, curcumin nicotinate, or the induction

of selective death of cancer cells through reactive oxygen species (ROS) generation of

Epigallocatechin-3-gallate (EGCG), a major polyphenol component in green tea, are good

examples [119,316–319].

Curcuma longa (Turmeric): The active compound, curcumin, a polyphenol extracted

from the rhizomes of Curcuma longa, has been extensively studied in various cancer types,

including colon, breast, and prostate cancer, exploring their potential as a chemopreventive

agent and as a chemosensitizer. Its anti-inflammatory and antioxidant properties are also

key areas of interest. As reported in recent reviews, curcumin seems to exhibit anticancer

ability by targeting different cell signaling pathways, including growth factors, cytokines,

transcription factors, and genes modulating cellular proliferation and apoptosis [322].

Several clinical trials have to date studied curcumin in colorectal cancer and have

shown varying degrees of efficacy. The data from a clinical study involving curcumin

showed that the number of peripheral Tregs significantly decreased, while Th1 cells in-

creased. Furthermore, curcumin treatment seems to promote conversion of Tregs to Th1

cells, as well as enhancing their IFN-γ production. Also, in another clinical study, cur-

cumin was shown to induce apoptosis in the three types of urological cancers, limiting

their proliferative potential. Notably, curcumin also decreased the expression of MMPs,

therefore interfering with urological cancer metastasis. When used in combination with

chemotherapy agents, curcumin displays synergistic effects in suppressing cancer progres-
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sion. Although it showed poor bioavailability due to the fact of low absorption, rapid

metabolism, and systemic elimination, several new curcumin formulations have been de-

veloped, which heighten its potential to garner further attention as a safe and inexpensive

option available, particularly for the prevention and treatment of colorectal cancer [323,324].

Camellia sinensis (Green Tea): Epigallocatechin gallate (EGCG), a prominent catechin

in green tea, is also the focus of research in the cancer area, investigating its potential in

prostate, breast, and lung cancer, looking at its ability to inhibit cancer cell proliferation

and induce apoptosis. Catechins can chelate metal ions, particularly copper. Notably,

when lymphocytes with excess copper were treated with EGCG, DNA damage significantly

increased [325]. In addition, catechins and other active compounds from green tea can

also repair DNA damage caused by UV-B radiation [326]. Several studies indicate that

EGCG can induce apoptosis and halt the cell cycle. Its ability to suppress metalloproteinase

activity is also widely recognized [327].

The pro-apoptotic and anti-proliferative effects of green tea catechins are mediated

by various molecular signaling pathways. These include, but are not limited to, the sup-

pression of nuclear factor kappa-B (NF-κB) [64,328]. NF-κB is a crucial transcription factor

sensitive to oxidative stress, regulating diverse biological responses such as inflammation,

cell proliferation, and cancer cell death.

Furthermore, EGCG stimulates endothelial nitric oxide synthase (eNOS). It’s also

well-established that EGCG exposure inhibits the action of tumor necrosis factor (TNF-α),

which subsequently triggers apoptosis in cancer cells [329].

Panax ginseng (Ginseng): The active components of Ginseng, ginsenosides, have been

extensively researched for their effects on cancer-related fatigue, their immunomodulatory

properties, and their direct antitumor potential. Panax ginseng root is widely used for its

therapeutic anti-oxidative and immunomodulatory activities. It has a good safety profile

and a minor incidence of adverse effects. Ginseng has been extensively used to treat

chronic fatigue, and several meta-analyses and systematic reviews focused on the efficacy

of ginseng on fatigue, such as cancer-related fatigue, chronic fatigue syndrome, idiopathic

chronic fatigue, and physical fatigue [330].

In addition, a recent in vitro study showed the effects of 20(S)-protopanaxadiol (PPD),

a metabolite of Panax ginseng, against human gastric cancer in vitro. PPD exhibited

significantly suppressed cell viability, migration, colony formation, and invasion. PPD

seems to enhance apoptosis and autophagy in a dose- and time-dependent manner by

inhibiting non-receptor tyrosine kinases-SRC [331].

Artemisia annua (Sweet Wormwood): Artemisinin, a compound traditionally used

for malaria, has garnered attention for its potential in different types of cancer. Research

suggests it may selectively target cancer cells, particularly those with high iron levels,

through mechanisms involving oxidative stress. Terpenes (mainly mono and sesqui),

flavonoids, and polyphenolic acids are the main chemical constituents of this herb. In the

anti-cancer activity of this plant, several factors are involved: (i) presence of endoperoxide

group, (ii) Interaction with iron complexes in the blood, (iii) influence of flavonoids as

flavones and flavonols. Specifically, flavonoids were shown to inhibit cancer cell growth as

well as cell proliferation and cell apoptosis [332,333].

A recent study also suggested that casticin and chrysosplenol D, compounds found

in Artemisia annua, may reduce topo IIα activity by binding to topo IIα-DNA, affecting

the replication of DNA, triggering DNA damage, and inducing apoptosis in lung cancer

cells [334].

Brown algae: One of the three main macroalgae is brown algae, which is a famous and

relevant marine plant with excellent edible and pharmaceutical value [335]. Fucoxanthin

(Fx), a dietary carotenoid primarily found in edible brown algae like Undaria pinnatifida
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(wakame), is responsible for many of the anticancer effects observed from the lipophilic

bioactive compounds in these algae [335]. Both Fx and its deacetylated form, fucoxanthinol

(FxOH), have demonstrated potential anticancer effects in preclinical models. They achieve

this by suppressing numerous cancer-related signaling pathways, modulating the tumor

microenvironment, or altering the gut microbiota [335].

For instance, an ethanol extract of U. pinnatifida was shown to induce apoptosis in

human colorectal carcinoma HCT116 cells through the activation of caspase-3 [335]. Other

studies have revealed that fucoxanthin can prevent tumor cell proliferation by targeting

classical pathways involved in metastasis and the cell cycle, including the PI3K/Akt and

NF-κB pathways [336].

Other Promising Plants: The list of plants with potential anti-cancer activities extends

to many other botanicals. Gynostemma pentaphyllum (Jiaogulan) has been studied for its adap-

togenic and potential anti-cancer effects [337]. Ganoderma lucidum (Reishi mushroom) is

known for its immunomodulatory properties and is being investigated as a supportive ther-

apy in cancer [338]. Silybum marianum (Milk Thistle), with its active compound silymarin,

is explored for its hepatoprotective and potential anti-cancer properties [339]. While Catha-

ranthus roseus (Madagascar Periwinkle) is the source of established anti-cancer drugs like

vinblastine and vincristine (known as vinca alkaloids) [340]. Ginger (Zingiber officinale) is

known for reducing nausea during chemotherapy and potentially having anti-inflammatory

and anticancer effects [341]. Garlic (Allium sativum) contains sulfur compounds like allicin,

which may help prevent cancer and support immune function [342]. Mistletoe (Viscum

album), widely used in Europe, especially in integrative oncology, is believed to stimulate

the immune system and improve quality of life in cancer patients [343].

Moreover, plants containing chalcones, for instance, Glycyrrhiza, Piper, Angelica, and the

Ruscus genus, have long been utilized as therapeutic remedies. Licochalcones segregated

from Licorice have been stated to have a range of biological activities, like antispasmodic,

chemopreventive, antimalarial, antitumor, anti-inflammatory, antifungal, antioxidant, and

antibacterial activities. At the same time, both apples and sour fruits are rich in nutritional

sources of dihydrochalcones and chalcones [236]

Therefore, new research continues to explore other compounds from many plants,

emphasizing nature’s enduring role as a source of novel therapeutics.

In response to the individual behavior of each tumor, conventional oncology therapy

seeks to adapt treatment to each patient, providing the right therapy at the right quantities.

This personalized approach has always been a therapeutic strategy of CAMs. For instance,

in traditional Chinese medicine (TCM), after individualized diagnosis, cancer treatment

and prevention are based on four pillars: (i) removing blocks, (ii) regulating the flow of Qi,

(iii) eliminating pathogens, and (iv) treating risk factors involved in the development of

cancer. Thus, several studies indicated that TCM can play an important role in all phases

of cancer treatment, including the postoperative period and chemotherapy and radiother-

apy cycles. Suppression of tumor progression, improvement of surgical complications,

reduction in adverse effects, and increased sensitivity to radio and chemotherapy, and

stimulation of the immune system are some of the advantages described for plants used in

Chinese herbal medicine for cancer treatment [344,345]. It is important to note that in CAM

approaches, a substance can be combined with others in formulas that act synergistically

to enhance therapeutic efficacy or minimize and reduce its toxicity or possible adverse

reactions, and modify or harmonize its action.

Nevertheless, evidence on the effect of herbal medicinal products on cancer is not

consensual. For instance, in a prospective study using an exploratory analysis, it was

not found that phytotherapeutic products used among long-term breast cancer survivors

(for at least 10 years) were associated with better survival rates [10]. The most frequent
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phytotherapeutic products used by the participants of the study were Echinacea, herbal

teas, and Ginkgo biloba. However, authors reported limitations in the study, such as a lack

of information on when phytotherapeutics use was initiated, duration, or application.

Another important aspect is the interactions of herbals with other therapies. A

study [346] reported that 38% of treated breast cancer patients (in a total of 360) used

herbal preparations (echinacea, pomegranate, peppermint, chamomile, grapefruit, garlic,

and ginseng). These herbal products have the potential to interact with adjuvant endocrine

therapies (e.g., tamoxifen, anastrozole, letrozole, and exemestane).

Moreover, despite their undeniable potential, high-quality evidence is necessary in

order to advise these products concerning efficacy and safety. Despite encouraging findings,

significant limitations in current research need to be addressed for plant-based therapies

to gain broader acceptance and integration into mainstream oncology. Thus, research into

natural products for cancer faces significant challenges that need to be overcome for their

therapeutic value to be fully realized:

Standardization and quality to ensure the consistency of chemical composition be-

tween different batches and suppliers;

Pharmacokinetics and pharmacodynamics to know how multiple compounds within

an extract are absorbed, distributed, metabolized, and eliminated by the body, and how

they interact with biological targets;

Safety and toxicity at high doses or negative interactions with other medications,

compromising patient safety, particularly in poly-medicated oncology patients;

Clinical trial design, attending to the complexity of extracts, makes blinding and

randomization in trials difficult, and determining the ideal dosage can be a challenge;

The classification and regulation of plant-derived products vary widely, which can

delay the approval process and their integration into clinical practice.

Overcoming these limitations through well-designed, large-scale, and rigorously

standardized clinical trials is crucial to unlock the full therapeutic potential of plants

in the fight against cancer. At the same time, clinical evidence should be supported by

a theoretical framework with a comprehensive individual diagnosis, adequate research

protocols determining relevant outcomes, correct and amplified analyses, and respective

results interpretation in order to evaluate whether the benefits of this type of intervention

outweigh its harms.

In this sense, recent innovative cancer evaluation methods have been developed that

contribute in a great manner to unlock the full therapeutic potential of plants against

cancer. In this sense, novel in vitro approaches based on 3D tumor models can be an

excellent opportunity for improving the experimental and clinical studies with better

facilities [347–351]. To more closely mimic the tumor microenvironment, researchers are

increasingly utilizing 3D models. Approaches for creating more biomimetic 3D cancer

models include, but are not limited to, the following:

1. Providing appropriate matrix components in a 3D configuration that mirrors

in vivo conditions.

2. Co-culturing cancer cells, endothelial cells, and other associated cells in a spatially

relevant manner.

3. Monitoring and controlling hypoxia levels to mimic those found in native tumors.

4. Monitoring the release of angiogenic factors by cancer cells in response to hypoxia.

On the other hand, nowadays, throughout medical artificial intelligence equipment,

based on bioresonance waves, it is possible to accomplish the characterization of several

physiological human parameters and to personalize therapy for a specific cancer patient,

and also monitor the disease status during the cancer treatment period. This novel in silico
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approach, which we intend to address in future works of our group, has the advantage of

allowing a functional and systemic diagnosis before and during treatment.

2. Discussion

Different therapies are currently available for breast cancer treatment, targeting neo-

plastic cells, but they are often associated with adverse effects and postsurgical complica-

tions. On the other hand, phytochemicals show strong potential as anticancer agents due

to their relative safety and selectivity for cancer cells. These compounds can offer multiple

benefits, including the prevention and repair of DNA damage, regulation of hormonal

activity, inhibition of cancer cell proliferation, and induction of apoptosis. They also seem

to exert antioxidant, anti-inflammatory, antimutagenic, antiproliferative, antimetastatic,

and immunomodulatory effects. Importantly, the efficacy of phytochemicals can vary

depending on genetic background, and combinations of plant-derived compounds often

produce synergistic effects superior to single agents.

Despite these encouraging findings, significant limitations in current research need

to be addressed to gain broader acceptance and integration into mainstream oncology:

(i) sample size, especially in Phase I and II studies; (ii) study design issues, such as a lack

of proper randomization, blinding or suitable control groups, that can introduce bias and

weaken the reliability of the results; (iii) standardization, as without rigorous standardiza-

tion of the active compounds, it is difficult to compare results across different studies and

establish clear dose–response relationships. Given these limitations and the contradictory

findings in the literature, it is necessary that the efficacy and safety of complementary and

alternative medicine be confirmed through well-designed clinical trials.

It is urgent to investigate the potential of phytotherapeutic formulations, with or with-

out nutritional supplements or specific diets, as neoadjuvant or adjuvant strategies in breast

cancer care. In this context, preclinical studies using innovative 3D tumor models could pro-

vide important insights into the physicochemical properties and biological effects of these

formulations, including their ability to inhibit tumor growth and modulate inflammatory

responses. Such investigations should also be integrated with personalized diagnostic and

therapeutic approaches, potentially supported by artificial intelligence-based bioresonance

technologies. Together, these efforts would contribute to building robust evidence on the

efficacy, safety, and clinical applicability of phytoproducts. Thus, our review highlights

the need for comprehensive, well-designed, large-scale, and rigorously standardized re-

search programs, ranging from preclinical studies to personalized clinical trials, in which

treatment strategies could be continuously adapted according to patient response. This

includes adjusting the concentration or combination of phytoproducts throughout the

therapeutic process.

Interest in complementary medicine is steadily increasing among both researchers

and patients, particularly in the context of breast cancer. Many health professionals and

associations now recognize its potential benefits. Evidence suggests that complementary

approaches may help alleviate side effects of conventional therapies, such as chemotherapy

and radiotherapy, by supporting immune function, improving metabolism, and modulating

hormonal and enzymatic activity. These mechanisms could ultimately enhance patients’

overall health and quality of life [320,321]. However, high-quality clinical evidence remains

essential before such approaches can be integrated into standard neoadjuvant or adjuvant

treatment protocols. Strong evidence would also justify new cost-effectiveness analyses,

paving the way for broader clinical application.
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3. Conclusions

Conventional breast cancer therapies primarily target neoplastic cells but are often

limited by adverse effects that compromise treatment success and reduce patients’ quality

of life. This scenario highlights the urgent need for alternative therapeutic strategies.

A major advantage of phytochemicals lies in their ability to modulate multiple signal-

ing pathways simultaneously, thereby reducing tumor cell survival and preventing disease

progression. Nonetheless, significant challenges remain, particularly the lack of robust

evidence on their mechanisms of action and clinical applicability in breast cancer treatment

or in mitigating therapy-related side effects.

Future research should address these gaps through high-quality preclinical and clin-

ical studies. Innovative approaches that integrate complementary medicine procedures

with artificial intelligence-based diagnostic and therapeutic tools may enable highly per-

sonalized treatments, helping to relieve symptoms, minimize side effects, and improve

overall quality of life. Accordingly, new research strategies are needed to strengthen im-

mune responses, support tissue repair, and enhance global health in breast cancer patients.

These should combine mechanistic studies of phytotherapeutic compounds with person-

alized therapeutic strategies tailored to individual patient conditions, allowing dynamic

adjustment of treatments over time. In this context, our group has already initiated ef-

forts to develop an artificial intelligence-driven bioresonance methodology for clinical

diagnosis and personalized therapeutic planning within the context of complementary

health sciences.

In conclusion, phytochemicals hold strong promise as complementary strategies in

breast cancer care, offering multitargeted anticancer effects with fewer adverse outcomes

than conventional therapies. However, robust mechanistic and clinical evidence is urgently

needed to translate this potential into practice. Integrating phytotherapy with personalized,

artificial intelligence-driven approaches may ultimately improve efficacy, reduce side

effects, and enhance breast cancer patients’ quality of life.
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