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Abstract: The consumption of nutraceuticals may help prevent and treat cancer. Tropical plants are
packed with copious nutraceuticals, including alkaloids, terpenoids, and phenolic compounds, such
as flavonoids, lignans, and phenolic acids, and can be used as preventive and therapeutic
phytochemical agents against cancer. For example, bael fruit, soybean, garlic, ginger, olive oil,
pomegranate, common wheat, beetroot, green tea, cardoon, neem, turmeric, ashwagandha, and their
main nutraceuticals are reviewed in this article for their cancer prevention and therapeutic properties.
Various cell signaling pathways and genes involved in different types of cancers, such as breast
cancer, colon cancer, skin cancer, prostate cancer, and oral cancer, are potential targets of
nutraceutical anticancer effects and are discussed in this review.
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Introduction

Nutraceuticals are foods, or parts of foods, that provide medical or health benefits, including the
prevention and treatment of diseases. The most commonly used nutraceutical compounds, which
usually have antioxidant or anti-inflammatory properties, are derived from fruits and vegetables
(Figure 1). Epidemiological studies have suggested that nutraceutical compounds prevent chronic
diseases and disorders such as cardiovascular disease, diabetes, and cancer [1]. Chemoprevention,
which involves the use of dietary compounds, is being explored for the prevention and treatment of
cancers [2].

Flavonoids such as luteolin [3], fisetin [4], acetylapoaranotin [5], astaxanthin, lycopene from
fruits and vegetables such as tomatoes, grapes and papaya [6], gamma-aminobutyric acid (GABA)
[7] and resveratrol [8] are some examples of secondary metabolites that exhibit potential cancer
preventive and therapeutic properties. Compared with nutraceuticals alone or in combination with
drug delivery systems, anticancer nutraceuticals loaded with biodegradable polymeric nanoparticles
demonstrate maximum solubility, absorption, bioavailability, and anticancer potential [9]. Various
phytochemicals, such as quercetin, genistein, curcumin, and epigallocatechin gallate, have been
shown to affect the ability of polymeric nanoparticles to prevent cancer [9].

The combined treatment of low doses of PEITC (phenethyl isothiocyanate) and curcumin, apple
extracts and quercetin 3-O-3-glucuronide (Q3G), epigallocatechin gallate (EGCG) with genistein and
luteolin, pomegranate fruit extract and diallyl sulfide from garlic [10] has shown promising

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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anticancer activity. Nutraceuticals combined with various anticancer drugs, such as adriamycin and
cisplatin, among others, have been shown to enhance anticancer effects [10].
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Figure 1. Plant sources of nutraceuticals with potential anticancer properties.

Although nutraceuticals promise various health benefits, they also need to be evaluated for
safety [1]. Metabolites of EGCG may increase oxidative stress and have been associated with liver
injury [11]. Soybean isoflavones have estrogenic properties, produce uterine hypertrophy and
reproductive tract malformations, inhibit androgen production and steroidogenesis in Leydig cells
[12], and stimulate estrogen-dependent tumor growth [13]. The use of soy-derived genistein and
daidzein by menopausal women has led to the development of endometriosis [11]. They also face an
increased risk of estrogen-sensitive cancers. Extensive clinical trials must be conducted to obtain more
data on nutraceuticals and their adverse effects on humans.

On the other hand, the nutraceutical trade encompasses the production and distribution of
products derived from food sources that offer additional health benefits beyond basic nutrition. This
industry has experienced significant growth in recent years due to increasing consumer interest in
preventive healthcare, wellness, and natural products that support health wellness. Nutraceuticals,
including dietary supplements, functional foods, and fortified beverages, have become popular for
addressing health concerns such as immunity, heart health, cognitive function, aging and cancer.

Nutraceuticals such as bael fruit, soybean, garlic, ginger, olive oil, pomegranate, common wheat,
beetroot, green tea, cardoon, neem, and turmeric show potential anticancer properties (Table 1). In
the following sections of this review article, we discuss some of the above sources and their
nutraceutical compounds with cancer prevention and therapeutic properties.

Bael Fruit (Aegle marmelos Correa)

Aegles marmelos Correa or Stone Apple, belonging to the Rutaceae family, is widely found in
India, Sri Lanka, Bangladesh, and Thailand. A. marmelos has several beneficial activities, such as
antimicrobial [14], antioxidant [15] and hypoglycemic [16] activities. It is widely used in Ayurveda
[17] as an agent that decreases and delays tumor growth [18]. The extract of A. marmelos increased the
total white blood cell count, neutrophil percentage, and degree of macrophage activation. It has also
been shown to decrease the volume of ascites, indicating that it is better than conventional anticancer
treatments such as 5-fluorouracil. A. marmelos has been shown to have antitumor properties when
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used as a combination therapy to ameliorate Dalton’s lymphoma ascites and Ehrlich’s ascites
carcinoma in murine models [19].

Disorders such as diabetes, Alzheimer’s disease, cancer, and cardiovascular disorders are caused
mainly by the overproduction of reactive oxygen species (ROS). Compounds such as marmelosin and
deferoxamine, which are found in A. marmelos (Table 1), have been shown to suppress ROS
production. They also inhibit cellular and DNA damage and dysregulate cell growth under oxidative
stress conditions. Marmelosin also inhibits tyrosinase and hence is a good anti-inflammatory and
antioxidant agent for fighting cancer [20]. According to previous studies [21], among the different
varieties of leaves of A. marmelos, the variety Pant Aparna has the maximum capacity to inhibit
superoxide radical production.

A. marmelos has the potential to decrease the levels of certain inflammatory cytokines, such as
IL-1p and IL-6, and antiapoptotic genes, such as Bcl-2 and c-jun (see Table 2). Hence, A. marmelos may
be used in cancer therapy since it has hepatoprotective and immunomodulatory effects [22].

Bael fruit has long been used to delay the appearance of tumors. It has apoptotic,
immunomodulatory, hepatoprotective, antiproliferative, antioxidant, and anti-inflammatory
activities. Owing to its potential anticancer properties, bael fruit can be used as an alternative
therapeutic compound for cancer. The incorporation of bael fruit into food products has gained
popularity not only because of its nutritional benefits but also because of its potential as a functional
ingredient with anticancer properties. Some examples of commercial food products that use bael fruit
for its health-promoting attributes, particularly its anticancer potential, are described below.

Bael fruits contain several compounds, such as tannins, sterols, and essential oils, which are
listed in Table 1 [23,24]. Bael leaf extract containing butyl p-tolyl sulfide, 6-methyl-4-chromanone,
and butylated hydroxyanisole was shown to be effective in tumor suppression. However, cisplatin
and 5-fluorouracil had better effects than did 5,6-dimethoxy-1-indanone, palmitic acid, methyl
linoleate, and 5-methoxypsoralen. Marmelin triggers apoptosis through tumor necrosis factor a
(TNFa) [25]. Eugenol also induces apoptosis and has strong effects on salivary gland tumors [26].
Citral and cineole are effective against hematopoietic cancer cells [27] and human leukemia cells [28],
respectively. Hydroalcoholic extracts of A. marmelos have been shown to help prevent radiation-
induced sickness [29]. The sesquiterpenes in A. marmelos oil, such as 3-caryophyllene, y-murolene, a-
humulene, and curcumene, play key roles in inhibiting tumor cell proliferation [30].

Bael fruit is often processed into juices or beverages, which are marketed as health drinks that
support digestion and overall immunity. Juice contains high levels of flavonoids and tannins, which
help reduce the risk of cancer by protecting cells from genotoxic damage. Various companies have
commercialized Bael fruit, such as Organic India Bael Juice, the Heera Ayurvedic Research
Foundation, and Krishna’s Herbal and Ayurveda. Companies such as Himalaya Wellness, Bixa
Botanical, Patanjali, and Baidyanath produce Bael capsules, powders, and jams, and the polyphenols
and alkaloids present are claimed to support the body’s natural defense mechanisms against cancer
by inducing apoptosis in cancerous cells. Phytochemical compounds such as alkaloids, flavonoids,
and phenols exhibit prominent antidiabetic activity by inhibiting the enzymes alpha amylase and
alpha-glucosidase in rat fibroblast lines [31]. The nutraceutical components present in bael fruit offer
promising anticancer benefits, making it a valuable ingredient in commercial food products.

Soybean (Glycine max)

Fermented soybean is widely consumed across Asian countries such as Japan, South Korea, and
China. The progression of cancer can be prevented by using soybean for a prolonged period of time
[32]. The bioactive compounds in soybean, such as saponins, phenolic compounds, trypsin, lunasin
and phytic acid, are known to exhibit anticancer and anti-inflammatory activities against matrix
metalloproteinases (MMPs)-2 and -9 [33] (see Tables 1 and 2). Genistein is known to inhibit tyrosine
kinase enzymes and topoisomerase II, which are usually upregulated in cancer cells. It arrests the cell
cycle between the G2 and M phases and induces apoptosis. Genistein is usually used in combination
with chemotherapeutic drugs such as B43 murine monoclonal antibodies to kill cancer cells [34].
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Natto, which is popularly consumed in Japan, exhibits antitumor activity because it contains a
lipopeptide biosurfactant. Korean soybean sauce, tofu, and soy milk are all said to contain Lunasin,
encoded by the GM2S-1 (Glycine max 2S albumin (soybean)) gene of soybean, which induces
apoptosis. Lunasin mediates anticancer and anti-inflammatory effects by suppressing the nuclear
factor-kB (NF-xB) pathway [35]. The expression of JMJD5 (Jumonji domain containing 5), an
epigenetic molecule involved in the progression of breast cancer, is inhibited by soybean
nutraceuticals [33]. Black soybean extract attenuated the expression of BRAC1 and TNFa in a rat
model of breast cancer because of the presence of catechin, daidzein, genistein, and glycitein [36].

Soybeans, which are rich in various bioactive compounds, hold promise as nutraceuticals with
potential anticancer properties (Table 1). While research is ongoing, incorporating soy products into
a balanced diet may provide health benefits, particularly in cancer prevention. There are various
commercial products derived from soybean, including soybean protein isolate, tempeh, edamame,
tofu, soy milk, soy flour, soy nuts, and soybean oils. Various companies that are involved in the
production of the abovementioned soybean products are Solae and Soy Life. Tata Nutrikraft,
Soyfresh, Nutri Soy, Patanjali, Himalayan Food International, etc., among various other companies.
Thus, soy products play a significant role in the prevention and treatment of various cancers.

Garlic (Allium satioum)

In silico studies have shown that S-allyl cysteine, p-coumaric acid, phloroglucinol, kaempferol,
isobutyl isothiocyanate, quercetin, YGSAC (gamma-glutamyl-S-allyl-cysteine), S-allyl-mercapto
cysteine, ferulic acid, taurine and apigenin from garlic possess anticancer activity by specifically
targeting breast cancer biomarkers [37], as indicated in Table 1. Diallyl trisulfide (DATS), a major
organosulfur compound, exerts anticancer effects on the MCF-7 breast cancer cell line by decreasing
steroid synthetase gene expression [38]. Additionally, DATS is a nutraceutical found in garlic against
skin [39], liver [40], prostate [41], stomach [42] and colon [43] cancers.

DATS treatment has been shown to suppress neoangiogenesis, decrease Bcl-2 protein levels,
reduce lipopolysaccharide-induced expression of inducible nitric oxide synthase and nitric oxide
production, increase the activation of T cells, enhance the antitumor function of macrophages [44],
activate the NF-«B transcription factor, modify membrane rigidity in tumor cells and reverse cancer
chemotherapy drug resistance [45]. See Table 2. It can be used in combination with selenium to
decrease cancer morbidity rates without any major harmful side effects [46].

Nutraceuticals from garlic may also induce autophagy or type-II programmed cell death in
cancer cells [47]. Organosulfur compounds such as allicin, which are extracted from garlic, contain
N-nitroso compounds (see Table 1) and have been shown to reduce tumor initiation. It has been
shown that the injection of raw garlic extract has better effects than does ingestion by preventing the
regrowth of ascites [48]. The growth of human prostate cancer cells is suppressed by allicin [49] and
S-allylcysteine [50], as they induce both caspase-dependent and caspase-independent apoptosis.

The increasing prevalence of lifestyle-related diseases, including cancer, has led to a greater
focus on preventive healthcare. Garlic, a natural and widely accepted ingredient, has attracted
increasing attention in the nutraceutical space. Numerous companies have stepped into the
commercialization of various products, such as capsules, extracts, and supplements, by Himalayan
Wellness, Patanjali, Dabur, NutraBlast, Kerala Ayurveda, and Baidyanath. These companies leverage
garlic’s health benefits to create a diverse range of products aimed at promoting wellness and
preventing health issues, including cancer. As the demand for natural health solutions grows, these
offerings highlight the potential of garlic in the nutraceutical market worldwide.

Ginger (Zingiber officinale)

Ginger and its compounds display a variety of properties, such as anti-inflammatory,
antioxidant, antimetastatic, and anticancer effects. However, ginger compounds also play a
significant role in treating gastrointestinal complications, diarrhea, rheumatic disorders, nausea,
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common colds, fever, and dizziness, among other conditions [51]. Studies based on
immunohistochemistry techniques have indicated that ginger extract may have a chemotherapeutic
effect in the treatment of liver cancer, as it blocks NF-kB activation, resulting in suppressed
production of TNFa [52] (Table 2). Ginger extract has an anticancer effect on pancreatic cancer cells
through ROS-mediated autotic cell death [53].

6-Gingerol (6G) [54], 8-gingerol (8G) [55], 10-gingerol (10G) [56] and 6-shogaol (6S) [57] are
collectively referred to as ginger phenolics (Table 1). Pharmacokinetic-pharmacodynamic studies
have indicated that the free forms of ginger phenolics are the active components responsible for their
anticancer efficacy and not the conjugated forms [58]. In vivo and in vitro studies have established
that 6-paradol, 6-gingerol, and 6-shogaol induce apoptosis and inhibit the metastasis of cancer cells
[59]. Zerumbone, a sesquiterpene, is known to modulate NF-«B, p53, VEGF, p21, and CXCR4
expression in gastrointestinal cancer [60] (Table 2).

Olive Oil (Olea europaeae)

Olive oil is a major component of the Mediterranean diet. Hydroxytyrosol, a polyphenol found
in olive oil (Table 1), acts as a chemopreventive agent against colorectal cancer. It is known to reduce
cell proliferation, adhesion, migration, and invasion; arrest the cell cycle at the G2/M phase; induce
apoptosis; decrease the expression of cyclins B, D1, and E and CDK2, CDK4, and CDKS6; and increase
the expression of the CDK inhibitors p21 and p27 [61] (Table 2).

Olive oil consumption has been proven to influence the composition of the intestinal and colonic
microbiota, showing modulatory effects on cancer [62]. Oleoflurane inhibited the enzymatic activity
of mTOR in breast cancer cells [63]. Hydroxytyrosol, oleuropein, and tyrosol protect cells against
oxidative DNA damage [64]. They have shown a reduction in the drug cytotoxicity of mitomycin C
by inhibiting ROS production and increasing apoptotic cell death when it is combined with paclitaxel
[65].

In vivo experimental models have shown the anti-inflammatory and anticancer effects of extra
virgin olive oil [66]. (-)-Oleocanthal, which is isolated from extra virgin olive oil, rapidly and
selectively induces cancer cell death via lysosomal membrane permeabilization [67]. However, in
vitro and in vivo studies suggest that a high olive oil diet aggravates cervical cancer progression,
linking dietary fat and carcinogenesis [68].

Pomegranate (Punica granatum)

Pomegranate seeds possess strong antioxidant and anti-inflammatory properties because of
their high content of hydrolyzable tannins and anthocyanins and are edible sources of these
compounds (Table 1) [69]. The oral consumption of pomegranate extract inhibited the growth of lung,
skin, colon, and prostate tumors.

Compared with fresh pomegranate juice, fermented pomegranate juice is much more beneficial
for cancer treatment, as polyphenols from fermented pomegranate juice have twofold greater
antiproliferative effects than polyphenols from fresh pomegranate juice [69]. Additionally,
pomegranate seed oil (PGO; 100 pg/ml of medium) resulted in 90% inhibition of the proliferation of
MCE-7 cells. It was also shown to potentially increase the effectiveness of existing cancer
chemotherapy treatments [69].

Similar results have been reported in various studies, including studies on liver cancer, brain
tumors, bladder cancer, leukemia, skin cancer, and pancreatic cancer. Pomegranates slow the
proliferation of cancer cells and may hasten their death, help reduce the blood supply to tumors,
starve them and reduce their size [70]. Anticancer activities are driven mainly by processes such as
cell cycle arrest, microRNA modulation, and inhibition of breast cancer growth (Table 2).
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Beetroot (Beta vulgaris)

Betavulgarin, an isoflavone, is a type of beta-glucoside (Table 1). Its structure is a glucose moiety
linked to a phenolic aglycone. Betayulgarin isolated from beetroot suppressed the proliferation of
breast cancer cells and reduced the size of the CD44+/CD24- subpopulation and the expression of the
self-renewal-related genes C-Myc, Nanog, and Oct4 (Table 2). Betavulgarin also suppressed the
proliferation, migration, colony formation, and mammosphere formation of breast cancer cells [71].

Vitexin-2-O-xyloside [72], betaxanthins, and betacyanins [73] from beetroot can be used in
combination with conventional anticancer drugs to reduce their toxicity and overcome the multidrug
resistance of cancer cells. The combination of galangin and berberine might provide a promising
treatment for patients with esophageal carcinoma, and betanin/isobetanin concentrate significantly
decreases cancer cell proliferation and viability [74].

Autophagic cell death upon betanin/isobetanin treatment was also induced, whereas the
betanin-enriched extract did not affect normal cell lines [75]. Additionally, organic and
conventionally produced beetroots and fermented beetroot juices have different chemical properties
and different impacts on cancer cells [76,77]. Moreover, aqueous and ethanolic extracts of beetroot
peel powder exhibited antioxidant and anti-proliferative effects on the MCF-7 and MDA-MB-231
breast cancer cell lines, which was due to the presence of betacyanin and betaxanthins.

Green Tea (Camellia sinensis)

One of the oldest and most popular drinks in the world is tea or Camellia sinensis. The most
common kind of polyphenol in green tea is catechins (Table 1). Catechins possess antioxidant
properties because they can neutralize ROS and bind metal ions (chelators), particularly copper ions,
which are key in the Fenton and Haver-Weiss reactions. Tea has been shown to have
chemopreventive properties in a variety of human epidemiological and clinical studies; these
findings have been supported by cell-based and animal research [78]. The ability of EGCG ((-)-
epigallocatechin-3-gallate) to cause apoptosis and end the cell cycle has been extensively studied. The
use of HCT-116 cells, which are utilized to study colon cancer, is one example [79,80].

It is generally accepted that the main anticancer mechanism of EGCG is the inhibition of
metalloproteinase activity. This theory has been supported by a study that revealed that taking green
tea catechins orally reduced the number of metastases produced by prostate cancer [81]. In addition,
EGCQG taken orally as a supplement affects H1299 human non-small cell lung cancer xenografts in
mice, an animal model. The results of this study imply that apoptosis, which causes cancer cells to
die, increases and that tumor growth in lung cancer is suppressed [82-84].

Clinical evaluation of the role of green tea or green tea components in ovarian cancer prevention
and treatment is underway [85]. Green tea extracts [especially EGCG] and resveratrol have been
studied for the treatment of oral cancer to determine whether they have potential anticancer effects
[86].

The results of structure—activity relationship (SAR) studies have also greatly enhanced the
discovery of novel tea polyphenol analogs as potential anticancer and cancer-preventive agents.
Green tea polyphenols such as EGCG have the potential to affect multiple biological pathways,
including gene expression, growth factor-mediated pathways, the mitogen-activated protein kinase-
dependent pathway, and the ubiquitin/proteasome degradation pathway [87].

Efforts to enhance and evaluate more analogs of green tea catechins should continue to lead to
the discovery of more potent, stable, and selective tea polyphenol analogs as potential innovative
anticancer medications. However, studies on the structural modification of EGCG have produced
encouraging results in terms of its anticancer capabilities. One of the greatest obstacles to cancer
prevention is incorporating new molecular findings into therapeutic practice. Identifying additional
molecular targets or biomarkers for green tea polyphenols is crucial if synthetic EGCG analogs are to
be used efficiently to prevent and treat cancer. Additionally, these findings will aid in our
comprehension of the modes of action of anticancer agents [78]. A recent discovery on the anticancer
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properties of green tea in combination with rosemary extracts revealed an antiproliferative effect on
triple-negative cancer cell lines (MDA-MB-231), which was further enhanced when green tea was
combined with synthetic drugs, such as cisplatin and paclitaxel [88].

The commercial use of green tea nutraceuticals in India is on the rise, fueled by increasing health
consciousness among consumers. A variety of companies are tapping into this market, offering
diverse products that cater to health-oriented consumers such as Patanjali Ayurved, Lipton, Tata Tea,
Himalayan Wellness, Organic India, Dharani Tea, etc. As regulatory frameworks evolve and
consumer preferences shift toward natural and functional foods, the nutraceutical landscape for
green tea is likely to expand further. With numerous companies entering the market and consumer
interest in health and wellness on the rise, the potential for growth in this sector is significant.

Artichoke (Cynara cardunculus L.)

Artichoke and its phenolic extracts have been shown to exhibit anticancer properties (Table 1).
When an artichoke phenolic extract is added to oral squamous carcinoma cell lines, it has apoptotic
and cytotoxic effects on cancer cell lines and promotes cell cycle arrest at the G2/M phase. There is an
increase in Bax and caspase-9 gene expression in cancer cell lines [89] (Table 2).

Artichoke extracts with paclitaxel increase the production of ROS, which are responsible for
obstructing breast cancer progression [90,91]. Silver nanoparticle (AgNP) synthesis is carried out by
utilizing Cynara scolymus (Artichoke) leaf extract samples (Artichoke), which is an eco-friendly and
cost-effective synthetic technique [92,93] along with photodynamic therapy (PDT). Compared with
conventional therapy techniques, the PDT technique results in the generation of ROS, which are
responsible for the death of cancer cells with fewer side effects and greater efficiency [94,95]. The
generation of ROS results in the activation of the proapoptotic protein Bax and the inhibition of the
antiapoptotic protein Bcl-2 in breast cancer cells (MCF7) [96]. This approach of incorporating AgNPs
with PDT has potential in breast cancer therapeutics.

Neem (Azadirachta indica)

Oral squamous cell carcinoma (OSCC) is repressed by neem-leaf aqueous extract, which is
promoted by 7,12-dimethylbenz[a]anthracene (Table 1) [97]. This extract also effectively decreases
the levels of procancer inflammatory cytokines and cell migration pathways [98]. Decreases in
various protumor inflammatory mediators and modifications of cellular signaling in OSCC cell lines
were shown by the use of supercritical CO2 neem leaf extract (SCNE) and its bioactive compound,
nimbolide (NIM) [98].

A nanodelivery system consisting of the polymeric nanoparticle poly(lactic-co-glycolic acid)
(PLGA), which is an important nanocarrier with NIM-nano, was formulated and shown to be more
effective than free NIM in breast and pancreatic cancer cell lines. This finding indicated that this NIM-
nanoformulation approach can be used for the targeted delivery of NIM for cancer treatment [99].

Turmeric (Curcuma longa)

Turmeric contains curcumin, a major polyphenolic compound (Table 1), and is widely used as a
therapeutic for many diseases. When supplemented with copper, curcumin effectively inhibited the
viability and migration of oral cancer cells, resulting in increased levels of E-cadherin and reduced
vimentin. Moreover, Nrf2 levels were elevated, and intracellular ROS were induced in OSCC cells
treated with curcumin and copper. This combined treatment also led to early apoptosis [100].
Curcumin has been shown to reduce miR-21 expression levels via a transcriptional mechanism
involving binding to the promoter region of the miR-21 gene. Various signaling pathways, such as
programmed cell death protein 4 (PDCD4) and NF-«B, are affected by miR-21, which is controlled by
curcumin in different types of cancer [101] (Table 2). Curcumin has been shown to decrease the
expression of DNA methyltransferase I and induce DNA hypomethylation [102]. Combining
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temozolomide with dimethoxy curcumin has been shown to have antitumor effects on glioblastoma
[103].

Curcumin, an active polyphenol, possesses anti-inflammatory and antitumor properties.
However, in one study, it reduced the migration and invasion of breast cancer cells as well as lung
metastasis. Moreover, curcumin reduced the migration and invasion of BC cells as well as the lung
metastasis of BC in nude mice via TEA domain transcription factor 4 (TEAD4) induction. TEAD4 can
regulate the transcription level of the adhesion molecule fibronectin (FN1), which is an important
component of the extracellular matrix that participates in tumor cell adhesion and migration
processes, and the binding of TEAD4 to the FN1 promoter is suppressed by curcumin [104].

Curcumin has been shown to suppress the proliferation of a wide variety of tumor cells,
including those in breast carcinoma, colon carcinoma, renal cell carcinoma, and hepatocellular
carcinoma [105]. NF-«B plays an important role in immune system cells because it is rapidly activated
by a wide variety of pathogenic signals, and intervention in its activation can be beneficial in
suppressing harmful inflammatory reactions. Studies have shown that curcumin completely blocks
the TNFa-dependent activation of NF-«B. The activation induced by various other agents, including
phorbol ester and H20:, was also inhibited by curcumin [106]. One of the limiting factors of using
curcumin as a drug candidate is that it has poor pharmacodynamic and pharmacokinetic properties
[107].

The combination of curcumin nanoparticles with plasma proteins is a favorable approach for
cancer therapeutics and helps increase the bioavailability of curcumin [108]. Curcuminoids such as
curcumin, dimethoxy curcumin and noncurcuminoids such as a-turmerone significantly inhibit the
proliferation of the human cancer cell lines HepG2, MCEF-7 and MDA-MB-231. Noncurcuminoids
primarily found in turmeric oil, such as elemanes, tumerones, furanodiene and bisacurone, have been
shown to have significant anticancer properties. a-Turmerone causes cell death via activation of the
caspase cascade and apoptosis [109].

Elemene has been shown to inhibit tumor growth in ovarian, prostate, breast, brain, leukemia,
and glioblastoma cells [110]. Elemene induces apoptosis in tumorous cells by causing cell cycle arrest
between the S and G2M phases [111]. Via ERK1/2- and AMP-activated protein kinase-mediated
inhibition, B-elemene has the potential to inhibit human lung cancer [112] (Table 2). When used in
combination with paclitaxel, furanodiene has antiproliferative effects on lung cancer cells [113].
Studies on the anticancer activity of bisacurone indicate that it inhibits the adhesion of cancer cells to
endothelial cells by downregulating the expression of VCAM-1 via TNFa stimulation in human oral
cancer [114].

Ashwagandha (Withania somnifera)

Ashwagandha water extract (ASH-WEX) has been shown to activate numerous proapoptotic
pathways, leading to the inhibition of the tumor-promoting proteins p-NF-kB, p-Akt, heat shock
protein 70 (HSP70), cyclin D1 and VEGF (Table 2). The intracranial tumor volumes were also
decreased in the rat model of orthotopic glioma allograft. The antiglioma potency of ASH-WEX can
be established because it leads to a decrease in glial fibrillary acidic protein (GFAP) in tumor-bearing
tissues [115]. However, a recent report revealed that withaferin A downregulated the expression of
glycolytic enzymes such as glut 1 (glucose transporter 1), HK2 (hexokinase isoform 2) and PKM
(pyruvate kinase isoform M2). This in turn decreases glucose uptake, lactate production and ATP
generation. Taken together, these findings suggest that aferin A deregulates metabolism in breast
cancer models and acts as an anticancer agent [116].

Laying hens with ovarian cancer (OVCA) supplemented with dietary Ashwagandha presented
an increase in intratumoral and stromal NK cells and a reduction in OVCA development [117].
Ashwagandha is an herb that has been extensively used in Ayurveda as a traditional medicine. A
withanolide from Withania somnifera (WS), Withaferin A (Table 1), has been shown to potentially
inhibit angiogenesis [118] and to exhibit COX-2 inhibitory activity [119].
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The expression of a number of genes under the transcriptional control of NF-kB, including
angiogenic and inflammation-associated proteins, was decreased upon withaferin A treatment.
Interestingly, the expression of these genes is also negatively regulated by the nuclear receptor liver
X receptor-a (LXR-a). A novel mechanism by which withaferin-A-activated LXR-a inhibits NF-xB
transcriptional activity and suppresses the proliferation, migration, invasion, and anchorage-
independent growth of these HCC cells has been previously reported. These data suggest that
withaferin A is a potent anticancer compound that suppresses various angiogenesis and
inflammatory markers associated with the development and progression of HCC. This beneficial and
potential therapeutic property of withaferin A will be very useful for the treatment of HCC.

Conclusion

Nutraceuticals show promising health benefits because of their antioxidant, anti-inflammatory,
antidiabetic, antimicrobial, and anticancer properties. Nutraceuticals contained in food include
various dietary chemicals, such as alkaloids, terpenoids,, and phenolic compounds, such as
flavonoids, lignans, and phenolic acids, which can be used as chemopreventive and therapeutic
agents against cancer. Although nutraceuticals have various beneficial effects, extensive research
must be carried out to determine the possible adverse and secondary effects in humans.

The expansion of the nutraceutical trade can be achieved through a combination of innovation,
market diversification, and enhanced consumer engagement. By investing in research and
development, companies can create personalized, science-backed products that cater to specific
health needs, such as cognitive health, mental well-being, and disease prevention. Leveraging
advancements in biotechnology, nanotechnology, and artificial intelligence will improve the
effectiveness and accessibility of nutraceuticals, while sustainable and ethical sourcing practices will
attract environmentally conscious consumers. Additionally, expanding into emerging markets,
especially in Asia, Africa, and Latin America, will open new growth avenues, supported by strategic
partnerships and e-commerce platforms.

The future success of the nutraceutical industry depends on continued research and innovation.
The key areas of future studies include clinical validation, which involves conducting large-scale
clinical trials to substantiate the efficacy and safety of nutraceuticals, ensuring that they meet
regulatory standards and build consumer trust and regulatory harmonization, which means that
future studies should focus on creating standardized frameworks for labeling, quality control, and
health claims to ensure global regulatory compliance and product consistency. New ingredients and
formulations, including plant-based, algae-derived, or laboratory-grown ingredients, should be
researched to lead to the development of more effective and sustainable nutraceuticals.

Overall, by focusing on scientific research, regulatory compliance, technological advancements,
and global market expansion, the nutraceutical trade is poised for continued growth and innovation
in the coming years. Finally, enhancing consumer education around the benefits of nutraceuticals,
combined with transparent labeling and regulatory compliance, will build trust and drive further
adoption.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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S-allylcysteine), FWGE (fermented wheat germ extract), photodynamic therapy (PDT), OSCC (oral squamous
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cell carcinoma), SCNE (supercritical CO2 neem leaf extract), ASH-WEX (ashwagandha water extract), VEGF
(vascular endothelial growth factor), GFAP (glial fibrillary acidic protein), and OVCA (ovarian cancer). Diallyl
trisulfide (DATS), ROS, reactive oxygen species, WS (Withania somnifera).
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