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Background
Common malignancies such as breast, lung, colorectal, prostate, and stomach cancers significantly contribute to cancer related death worldwide. Although conventional therapies including chemotherapy, radiotherapy, immunotherapy, and targeted agents have substantially improved cancer outcomes, their effectiveness is often constrained by off-target toxicities, therapeutic resistance, and limited efficacy in advanced-stage disease.
Objective
This review explores the potential of Ayurvedic formulations and bioactive phytochemicals alongside modern cancer treatments to enhance the safety and efficacy of cancer therapies.
Methods
The review highlights recent advancements in both conventional and alternative cancer treatments, focusing on the pharmacological properties of Ayurvedic botanicals and their integration with modern oncology through translational research and precision medicine.
Results
Ayurvedic plants like Phyllanthus emblica (Amalaki), Piper nigrum (Piperine), Withania somnifera (Ashwagandha) and Curcuma longa (Haridra) contain bioactive phytochemicals that exhibit anti-proliferative, pro-apoptotic, and anti-metastatic effects, effectively targeting key cancer hallmarks. These phytochemicals are integrated into evidence-based oncology through reverse pharmacology. Modern oncology complements this approach with immunotherapies like Pembrolizumab and CAR-T cell therapies, targeted therapies such as Bevacizumab and Dabrafenib, and precision medicines like Imatinib, Trastuzumab, and Osimertinib. Additionally, hormonal therapies, along with innovations like radiopharmaceuticals and PARP inhibitors, expand the range of therapeutic options.
Conclusion
Integrating Ayurvedic phytochemicals with modern oncology provides a comprehensive framework for overcoming the limits of existing cancer treatments. This integrative approach enhances the safety, efficacy, and personalization of cancer medicines by combining conventional knowledge with new advances to generate creative cancer care.
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1 INTRODUCTION
Cancer continues to pose a significant global health challenge, with its impact steadily increasing and placing immense strain on healthcare systems worldwide (Pesec and Sherertz, 2015). High-incidence malignancies such as breast, lung, colorectal, prostate, and stomach cancers collectively account for a substantial share of cancer-related morbidity and mortality (Torre et al., 2016; Jemal et al., 2010). While the last few decades have witnessed remarkable progress in oncology including advances in chemotherapy, radiotherapy, targeted therapies, immunotherapies, and precision medicine conventional treatments are frequently limited by systemic toxicity (Crawford, 2013), drug resistance, and variable patient responses (Weeks et al., 1998), especially in advanced or metastatic stages.
In response to these limitations, there is a growing interest in integrative oncology, wherein traditional medicinal systems such as Ayurveda are explored as complementary approaches to modern cancer therapeutics (Kaur et al., 2023). Ayurveda, an ancient Indian system of medicine, offers a holistic framework based on personalized diagnosis and natural remedies. Numerous classical Ayurvedic formulations and botanicals have demonstrated therapeutic potential in the context of cancer, exhibiting anti-proliferative, pro-apoptotic, anti-inflammatory, and anti-metastatic activities. They are rich in bioactive phytochemicals (Mondal et al., 2024; Banerjee et al., 2023) capable of modulating various molecular targets associated with cancer pathogenesis, such as NF-κB, MAPK/ERK, PI3K/Akt/mTOR, p53/Bax/Bcl-2, and VEGF pathways.
Modern oncological research has begun to validate these traditional remedies through preclinical studies, clinical trials, and reverse pharmacology approaches. This convergence of Ayurveda with contemporary biomedical science is paving the way for novel integrative strategies aimed at enhancing the efficacy and safety of existing cancer therapies. For instance, combining Ayurvedic phytoconstituents with chemotherapeutic agents has shown potential in overcoming chemoresistance, sensitizing resistant cancer cells, mitigating treatment-induced toxicity, and improving overall therapeutic outcomes. Furthermore, the integration of Ayurvedic diagnostics—such as prakriti-based classification, dosha imbalances, and metabolic profiling with modern tools like genomics and imaging may support more personalized and predictive cancer care.
This review discusses the pharmacological potential of Ayurvedic formulations against high-incidence cancers and explores their synergistic integration with modern oncology. By bridging traditional wisdom with evidence-based medicine, this approach holds promise for advancing early detection, therapeutic precision, and patient-centered treatment strategies in the evolving landscape of cancer care.
2 METHODS
This review study utilized a systematic literature review (SLR) approach to thoroughly explore current evidence on the integration of Ayurvedic medicine with conventional cancer treatments, covering publications from 2000 to 2024. A comprehensive search was carried out using several major databases and platforms, including PubMed, Google Scholar, ScienceDirect, Scopus, SpringerLink, Web of Science, the Google search engine (for grey literature), and the AYUSH Research Portal. The search strategy involved targeted use of keywords and Boolean operators such as “Integrative Oncology” AND “Ayurveda”, “Ayurvedic medicine” AND “Cancer therapy”, and “Cancer” AND “Rasayana therapy.” To refine the research question and guide the development of inclusion and exclusion criteria, the PICOC (Population, Intervention, Comparison, Outcome, Context) framework was utilized. The population considered included patients diagnosed with any type of cancer. The intervention focused on Ayurvedic medicine, including Rasayana therapy and other Ayurvedic formulations or practices used in conjunction with conventional cancer treatments. The comparison involved conventional cancer treatments administered alone or in combination with other complementary or integrative therapies. The outcomes of interest included tumor response, survival rates, symptom management, immune modulation, side effects, and quality of life indicators, including patient-reported outcomes. The context encompassed studies conducted in integrative oncology settings and published in English between the years 2000 and 2024. The search was limited to English-language publications within the specified timeframe. The review process followed PRISMA guidelines, and the quality of studies was evaluated using CONSORT standards.
3 FOUNDATIONS OF AYURVEDIC MEDICINE IN CANCER CARE
Ayurveda, conceptualizes health as a dynamic balance of the Tridoshas—Vata, Pitta, and Kapha alongside the proper functioning of Agni (digestive fire), Dhatus (tissues), Malas (waste), and Ojas (vital essence) (Kizhakkeveettil et al., 2024). Disease, including cancer, is viewed as a consequence of doshic imbalance and disrupted tissue homeostasis, often influenced by an individual’s Prakriti, or constitutional makeup (Sharma and Chandola, 2011; Patwardhan et al., 2015) (Figure 1).
[image: Diagram showing the advantages of Ayurvedic medicine over conventional medicine. Central circle labeled "Ayurveda" connects to eight benefits: holistic approach, reduced side effects, immunomodulatory effects, personalization, improved quality of life, cost-effectiveness, potential for long-term health, and lower risk of resistance development.]FIGURE 1 | Advantages of ayurvedic medicine over conventional approaches: This figure illustrates the key benefits of Ayurvedic medicine compared to conventional therapies. Ayurveda offers a holistic and systemic approach with reduced side effects, lower risk of resistance development, and immunomodulatory and chemoprotective effects. Additional advantages include personalized treatment based on individual constitution (Prakriti), cost- effectiveness and accessibility, improved quality of life and psychosocial support, and a focus on long-term health restoration and survivorship. These attributes underscore Ayurveda’s potential role in integrative and preventive healthcare models.Though classical Ayurvedic texts do not explicitly mention “cancer,” they describe pathological entities analogous to tumorigenesis, such as Arbuda (Manohar, 2015; Kalachaveedu et al., 2023)—characterized by large, immobile masses caused by vitiated Doshas infiltrating muscles, blood, and fat tissues—and Granthi, smaller glandular swellings that may represent benign or precursor lesions. Malignant features, including ulceration and rapid tissue destruction, align with conditions described under Dushi Visha (latent toxins) and Sannipataja Vikara (complex systemic disorders) (Sundaramourthy et al., 2024). This systemic perspective highlights Ayurveda’s emphasis on underlying physiological imbalance rather than isolated tumor pathology.
The concept of Prakriti is pivotal in Ayurveda’s personalized approach, influencing disease susceptibility, progression, and therapeutic response (Chatterjee and Pancholi, 2011). Recent Ayurgenomic studies have begun to validate molecular correlates of Prakriti types, linking constitutional phenotypes to variations in immune response and metabolism that may affect cancer risk and treatment efficacy (Sharma and Prajapati, 2020; Prasher et al., 2016; Huang et al., 2022). This supports integrative oncology’s movement toward precision medicine.
Rasayana therapy, a cornerstone of Ayurvedic cancer care, focuses on rejuvenation and immune modulation to enhance Ojas, promote tissue regeneration, and mitigate therapy-related toxicity (Sagar and Sabharwal, 2024). Key Rasayana herbs like Withania somnifera (Ashwagandha), Tinospora cordifolia (Guduchi), Emblica officinalis (Amalaki), and components of Triphala demonstrate immunomodulatory, antioxidant, and cytoprotective effects relevant to cancer prevention and adjunctive treatment.
Furthermore, Ayurveda’s use of polyherbal formulations exemplifies a multi-target, synergistic strategy well-suited to the complex pathophysiology of cancer. Classical preparations such as Kanchnar guggulu, Triphala, and Arogyavardhini have shown promising anti-inflammatory, pro-apoptotic, and detoxifying properties in preliminary studies (Nair and Ashwini, 2019). However, challenges remain in pharmacokinetic standardization, mechanistic elucidation, and rigorous clinical validation to bridge traditional knowledge with modern oncology.
This integrative foundation underscores Ayurveda’s potential to complement contemporary cancer therapeutics by offering personalized, systemic interventions aimed at restoring physiological balance and enhancing patient resilience.
4 ROLE OF MEDICINAL HERBS IN CANCER
Medicinal herbs have long been recognized for their therapeutic potential across a wide range of diseases, including cancer (Huang et al., 2009). In recent decades, there has been a growing scientific interest in exploring the anticancer properties of plant-derived compounds as complementary or alternative approaches to modern oncology. Unlike conventional chemotherapeutic agents that often target single pathways and carry significant toxicity, many herbal formulations exhibit multi-targeted mechanisms of action with comparatively lower side-effect profiles (Ravikumar and Aittokallio, 2018) (Figure 2).
[image: Diagram showing current therapeutic modalities in oncology: Hormonal therapy blocks hormones to slow tumors. Surgery involves tumor removal. Nanotechnology-based therapy enhances drug delivery and reduces toxicity. Chemotherapy uses cytotoxic agents. Targeted therapy inhibits tumor growth. Radiotherapy uses ionizing radiation. Immunotherapy enhances the immune response.]FIGURE 2 | Current therapeutic modalities in oncology: This figure outlines the principal cancer treatment strategies, including surgery, chemotherapy, radiotherapy, hormonal therapy, targeted therapy, immunotherapy, and nanotechnology-based approaches. Each modality operates through distinct mechanisms such as physical tumor removal, induction of DNA damage, hormonal regulation, immune activation, molecular target inhibition, and enhanced drug delivery.Numerous herbs used in traditional systems of medicine, particularly Ayurveda, Traditional Chinese Medicine (TCM), and folk medicine, contain bioactive phytochemicals that exhibit anti-proliferative, pro-apoptotic, anti-inflammatory, anti-metastatic, and immunomodulatory activities. These compounds can modulate key molecular targets such as tumour suppressor genes, oncogenes, angiogenic factors, transcription factors, and immune checkpoints. Moreover, some herbal constituents also help enhance the efficacy of conventional therapies by increasing drug sensitivity, modulating drug resistance proteins or reducing chemotherapy- and radiotherapy-induced toxicity.
Integrating these herbs into cancer therapy not only offers pharmacological benefits but also aligns with the concept of holistic, patient-centred care, improving quality of life, minimizing treatment-related complications, and potentially reducing recurrence. On-going preclinical, translational and clinical research is crucial to validate these agents, understand their mechanisms, optimize formulations, and ensure their standardized, safe integration into evidence based oncology protocols. Several medicinal herbs have demonstrated significant anticancer properties, offering potential complementary approaches to conventional cancer therapies. We will explore some of the most extensively studied anticancer herbs, highlighting their mechanisms of action, therapeutic advantages, and potential limitation and safety considerations (Table 1).
TABLE 1 | List of extensively studied anticancer medicinal herbs.	Botanical name	Key compound	Target molecules	Clinical trials	References
	Curcuma longa	Curcumin	NF-κB, PI3K/Akt	Preclinical	Kaushik et al. (2023)
	Phyllanthus emblica	Emblicanin A/B	P53, ROS	Preclinical	Lim and Lim (2012)
	Withania somnifera	Withaferin A	Hsp90, NF-κB	Preclinical	Logie and Vanden Berghe (2020)
	Piper nigrum	Piperine	mTOR pathway, drug bioavailability	Preclinical	Wiraswati et al. (2025)


4.1 Curcuma longa
Curcuma longa, commonly known as turmeric, is a staple spice in Indian and Southeast Asian cuisine, is one of the most studied medicinal herbs for its anticancer properties (Verma et al., 2018). Its primary bioactive constituent, curcumin, has garnered substantial attention for its broad-spectrum antineoplastic effects across various cancer types. Curcumin exerts its anticancer activity through modulation of multiple molecular targets and signaling pathways (Kunnumakkara et al., 2017a). It inhibits cell proliferation by downregulating cyclins and cyclin-dependent kinases, induces apoptosis via activation of caspases (Srivastava et al., 2007) and mitochondrial pathways (Das and Vinayak, 2014), suppresses angiogenesis (Saberi-Karimian et al., 2019) by downregulating vascular endothelial growth factor (VEGF) expression, and interferes with metastatic progression by modulating matrix metalloproteinases (MMPs). Additionally, it also modulates key signaling pathways implicated in cancer pathogenesis, including NF-κB, STAT3, and PI3K/Akt, thereby disrupting the cancer cell’s survival and proliferation, and inflammatory signals (Shishodia et al., 2005).
One of the advantages of curcumin is its low toxicity profile, even at relatively high doses, making it a safe candidate for long-term adjunctive therapy. Curcumin has demonstrated preclinical and clinical efficacy against a variety of malignancies, including breast, colon, prostate, lung, and pancreatic cancers (Aggarwal et al., 2003). Moreover, it enhances the efficacy of conventional chemotherapy and radiotherapy while alleviating associated side effects, such as mucositis, oxidative stress, and systemic inflammation.
However, despite these promising therapeutic attributes, cur cumin’s clinical application is limited by its poor bioavailability, attributed to low absorption, rapid hepatic metabolism, and systemic elimination (Anand et al., 2007). To overcome these limitations, several strategies have been developed, including nanoparticle encapsulation, liposomal formulations, structural analogs and co-administration with other herbs such as piperine (Ma et al., 2019).
4.2 Withania somnifera
Withania somnifera, commonly known as Ashwagandha, widely recognized for its rejuvenating, adaptogenic and immunomodulatory properties. Its principal bioactive constituents, Withanolides and Withaferin A, have demonstrated notable anticancer effects in various preclinical studies (Rai et al., 2016). Withaferin A exerts its anticancer activity primarily by inducing apoptosis in malignant cells. It modulates several signaling pathways, including inhibition of NF-κB, activation of tumor suppressor p53, and interference with the cytoskeletal architecture, which disrupts cancer cell integrity and function (Dutta et al., 2019).
Ashwagandha has exhibited cytotoxic effects against a broad range of cancer cell lines, including breast, colon, lung, and prostate cancers (Singh et al., 2021). Furthermore, studies suggest that Withaferin A may enhance the efficacy of standard chemotherapeutic agents by sensitizing tumor cells to apoptosis, thereby offering potential for synergistic cancer therapy and its adaptogenic nature also supports cancer patients by alleviating fatigue, anxiety, and stress, contributing to improved quality of life.
Despite its promising pharmacological profile, clinical data in humans remain limited. Only a few randomized controlled trials have been conducted, making it difficult to conclusively establish safety and optimal dosing for cancer patients. Side effects by its use include gastrointestinal disturbances, drowsiness, and rare allergic reactions (Tandon and Yadav, 2020). Additionally, Ashwagandha may interact with immunosuppressive agents and thyroid hormone medications, warranting caution in patients on such therapies (Bhaskar et al., 2022).
4.3 Phyllanthus emblica
Phyllanthus emblica, commonly known as Indian Gooseberry or Amla, is a cornerstone of Ayurvedic medicine recognized for its potent antioxidant and rejuvenating properties. Its anticancer potential is primarily attributed to its diverse bioactive constituents, including gallic acid, ellagic acid, and emblicanin A and B. These phytochemicals exert anti carcinogenic effects via multiple mechanisms as they induce apoptosis, inhibit tumor cell proliferation, and modulate oxidative stress (Zhao et al., 2015), thereby disrupting the cellular environment that favors malignant transformation. Phyllanthus emblica modulates transcription factors such as NF-κB and AP-1, which play key roles in inflammation-mediated cancer progression (Naseer et al., 2022).
Amla’s greatest strengths lie in its rich antioxidant profile, which not only combats oxidative damage (Gul et al., 2022), a known contributor to carcinogenesis, but also supports general cellular health. Preclinical studies have demonstrated its ability to inhibit the proliferation of cancer cells from breast, cervical, and ovarian malignancies, and it has also shown promise in enhancing immune surveillance by stimulating cytotoxic T cells and natural killer cell activity.
However, despite promising results from in vitro and in vivo studies, clinical validation in human cancer patients is still limited. Most evidence remains preclinical, underscoring the need for well-designed human studies to confirm therapeutic efficacy and establish standardized dosages. In higher doses, Amla may lead to gastrointestinal disturbances such as bloating or diarrhea. It may also interact with anticoagulant medications due to its blood-thinning potential, thus warranting caution in individuals on such therapies (Abebe, 2019).
4.4 Piper nigrum
Piper nigrum, commonly known as Black Pepper, is a culinary spice that also holds significant therapeutic potential due to its bioactive alkaloid, piperine (Srinivasan, 2009). This has been extensively studied for its pharmacological benefits, and has demonstrated notable anticancer activity through multiple molecular mechanisms. It induces apoptosis and inhibits tumor cell proliferation by modulating key molecular targets involved in oncogenesis, including NF-κB, PI3K/Akt, and MAPK signaling pathways. Piperine plays a critical role in enhancing the bioavailability of other anticancer compounds such as curcumin, by inhibiting hepatic and intestinal glucuronidation processes (Ashokkumar et al., 2021). This bioenhancement capacity makes it an attractive candidate for combination therapy in integrative oncology.
One of the most compelling advantages of piperine is its capacity to potentiate the efficacy of co-administered chemopreventive agents. Studies have shown that it exhibits cytotoxicity against a range of cancer cell lines, including breast, lung, colon, and prostate cancers. Piperine also has the potential to overcome multidrug resistance (MDR) in cancer cells by downregulating P-glycoprotein and other drug-efflux mechanisms, which are major limitations in conventional chemotherapy (Li et al., 2011). However, the use of piperine at high doses may lead to gastrointestinal irritation and discomfort. Moreover, due to its influence on hepatic enzymes like CYP3A4 and CYP2D6, piperine may interact with drugs metabolized in the liver, potentially altering their pharmacokinetics and increasing the risk of toxicity (Mehmood and Gilani, 2010; Haq et al., 2021).
5 MECHANISTIC AND MOLECULAR CELLULAR SIGNALLING OF AYURVEDIC HERBS
5.1 Curcumin
Curcumin also demonstrates significant action via growth factors like fibroblast growth factor (FGF), hepatocyte growth factor (HGF), epidermal growth factor (EGF), platelet-derived growth factor (PDGF), transforming growth factor-b1 (TGF-b1) and vascular endothelial growth factor (VEGF) (Kunnumakkara et al., 2017b; Sahebkar et al., 2016; Jordan et al., 2016) Curcumin treatment is reported to increase HDAC1, HDAC4 and HDAC8, apoptosis, production of ROS and Nrf2 expression, while decrease VEGF, HIF1-a, GSK-3b, Akt, prostate-specific antigen (PSA) level, PSA mRNA expression, HAT activity and cellular proliferation in prostate and bladder cancer (Taverna et al., 2015). Curcumin treatment also downregulated the expression of VEGF and decreased the phosphorylation of AKT, in leukemia and cervical cancer (Mimeault and Batra, 2011).
Curcumin modulates intracellular signal transduction elements such as p21, p27, inhibitor of growth family member 4 (ING4), cyclin D1, cMyc, VEGF, ICAM-1, MMPS, uPA, COX-2, CXCR-4, Bax, Bad, Bak, Noxa, p53, modulator of apoptosis, caspases, etc. resulting in reversal of cancer incidence, progression and relapse (Kasi et al., 2016).
In cellline studies, Curcumin treatment upregulated E-cadherin while downregulated vimentin and MMPs expressions along with reduced metastasis, cell spreading and cell migration in human papillary thyroid carcinoma cells (Zhang L. et al., 2016). Curcumin treatment induced the arrest of G0/G1 cell cycle phase alongside inhibited the regulatory proteins cyclin D1 and CDK-2 (Sha et al., 2016). Besides, it upregulated the expression of p21, p27 and p53 while downregulated Bcl-2 expression. Further, Curcumin treatment is known to activate caspase (Jemal et al., 2010; Banerjee et al., 2023; Kizhakkeveettil et al., 2024) while decreased Akt, MMP2 and MMP9, Bcl2, Bcl-XL and tumor volume in prostate cancer (Mimeault and Batra, 2011).
Curcumin is known to modulate various cellular signaling cascade like the phosphatidylinositol-3-kinase (PI3K)/Akt and the mammalian target of rapamycin (mTOR), ERK5/AP-1, TGF-b signaling, Wnt/b-catenin, PAK1/Ras-related C3 botulinum toxin substrate 1, TLR-4/MyD-88, signal transducers and activators of transcription (STAT) 3 pathway, PPARc-C/EBPa pathway, nucleotide-binding oligomerization domain (NOD)-like receptor protein 3 (NLRP3) inflammasome, p38MAPK, etc. (Shanmugam et al., 2015).
Curcumin treatment downregulated chemokine receptor 4 expression and supressed Wnt signaling. In addition, curcumin treatment downregulated vimentin and upregulated E-cadherin expression, which leads to inhibition of proliferation and epithelial mesenchymal transition in SW620 human colon cancer cells (Zhang Z. et al., 2016).
Curcumin mediated downregulation of viral oncogenes is attributed to its ability to modulate apoptosis and prevent NFkB and AP1 translocation thereby suppressing the transcription of HPVs (Divya and Pillai, 2006; Prusty and Das, 2005).
5.2 Piperine
Piperine exhibits a unique duality in its abilities, functioning as both a blocking and a suppressing agent in cancer prevention and therapy. The main chemopreventive mechanism of action of piperine include activation of apoptotic signalling cascades, inhibition of cell proliferation, cell cycle arrest, alterations in redox homeostatis, modulation of ER stress and autophagy, inhibition of angiogenesis, induction of detoxification enzymes, and sensitization of tumors to radiotherapy and chemotherapy (Manayi et al., 2018). Piperine is a pro-oxidant agent and can stimulate the formation of reactive oxygen species (ROS) in many types of cancer cells. ROS triggers the depolarization of mitochondrial membrane potential (MMP), leading to release of cytochrome c, activation of caspases (Lai et al., 2012), and induction of apoptosis.
Piperine attenuates the UV-R induced damage in human HaCaT keratinocytes through its influence on the NF-κB and Bax/Bcl2 pathways. It is believed that piperine binds to active site of NF-κB and blocks its nuclear localization. Altered NF-κB activity in turs triggers suppression of apoptotic marker genes (Verma et al., 2017). Its effects have been reported for different cancer types. In lung cancer, piperine induces apoptosis via p53 signaling. In breast cancer, this substance suppresses proliferation and metastasis both in vitro and in vivo3. In melanoma cells, piperine inhibitis NF-κβ, c-Fos, ATF-2 and CREB (Lin et al., 2014). Piperine suppresses the Wnt/β-catenin pathway and has anti-cancer effects on colorectal cancer cells. Piperine inhibits proliferation, causes cell cycle arrest and induces autophagy in prostate cancer cell lines (Lai et al., 2012). In rectal cancer, piperine increases reactive oxygen species leading to apoptosis increase (Pradeep and Kuttan, 2004). Additionally, some effects of piperine on colorectal cancer were reported, such as inhibition of cell proliferation and activation of apoptotic program by endoplasmic reticulum stress (Ouyang et al., 2013). However, piperine molecular mechanisms of action on colorectal cancer have not been elucidated, as well as its relation to the Wnt signaling pathway.
Piperine also blocked the phosphorylation of Ser 473 and Thr 308 residues of Akt involved in regulating endothelial cells and, therefore, angiogenesis (Yaffe et al., 2013). Piperine downregulated MMP-9 and VEGF mRNA expressions in a dose-dependent manner. In addition, piperine treatment increased the expression levels of E-cadherin, a cell adhesion molecule required to maintain extracellular matrix integrity and cell-to-cell contact, thereby supporting the anti-metastatic potential of this alkaloid (Yaffe et al., 2015). Piperine induces various cell death types, including apoptosis, autophagy, ferroptosis, and anoikis, which play significant roles in cancer prevention and therapy (Jafri et al., 2019; Qi et al., 2023; Fofaria and Srivastava, 2015). Piperine can also inhibit the cell cycle at the G2/M phase in cancer cells via the downregulation of G2-associated (cyclin B, CDK1, Cdc25C) proteins, the induction of p21, and the enhancement of the phosphorylation of both CDK1 and checkpoint kinase 2 (Chk2) (Zhang et al., 2015; Greenshields et al., 2015; Pressete et al., 2023). Piperine enhanced the bioavailability of various well-known chemopreventive natural agents (e.g., resveratrol, curcumin), by inhibiting glucuronidation, significantly increasing the plasma concentration of resveratrol when given with resveratrol.
5.3 Withaferin A
Withania somnifera (Ashwagandha), particularly Withaferin A, exhibits extensive anticancer properties via mitochondrial disruption, reactive oxygen species (ROS) generation, and interference with mitotic spindles, resulting in apoptosis (Widodo et al., 2010; Carmi et al., 2012). It inhibits essential oncogenic pathways, including NF-κB, Sp1, Akt, mTOR, STAT3, and Notch-1, while downregulating angiogenesis and epithelial-mesenchymal transition markers such as VEGF, vimentin, Snail, and Slug (Song et al., 2013). In vivo studies demonstrate a reduction in microvessel formation and tumor regression across various cancers, with liposomal and nanosponge formulations markedly improving efficacy (Garvey et al., 2021; Jendrossek, 2013). Docking studies indicate that garcinol exhibits synergistic effects in inhibiting BCL-2/AKT, demonstrating greater efficacy compared to conventional agents such as venetoclax or melatonin (Olarewaju et al., 2022; Huang et al., 2023). Challenges in solubility and bioavailability remain, highlighting the necessity for additional nanotechnological advancements and clinical validation (Balkrishna et al., 2024a).
WA arrested the cell cycle at the G2/M phase and is correlated with decreasing the levels of cyclin-dependent kinase 1 (Cdk1) and cell division cycle 25C (Cdc25C) protein levels, leading to inhibition of the Cdck1/CyclinB1 kinase complex (Stan et al., 2008). Another mechanism by which WA ceases the cell cycle is by inhibiting the spindle assembly checkpoint (SAC). SAC is a mitotic checkpoint complex consisting of Mad1 and Mad2 components, which are essential for the initiation of anaphase (Das et al., 2014). In the MDA-MB-231 xenograft model, WA showed an anti-metastatic effect through inhibition of vimentin expression (Lee et al., 2015). WA inhibited vimentin assembly by directly binding to cysteine 328 residues through covalent modification and also inhibited proteasomal activity in a vimentin-dependent manner in the case of breast cancer (Thaiparambil et al., 2011). The matrix metalloproteinase inhibition is observed to be mediated through suppression of the Akt pathway (Lee et al., 2013).
5.4 Emblicanin
Phyllanthus emblica (amla), which contains high levels of Emblicanin A/B (ellagitannins), demonstrates significant antioxidant and anti-inflammatory properties by inhibiting reactive oxygen species (ROS), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), cyclooxygenase (COX), and inducible nitric oxide synthase (iNOS) (Im et al., 2018; Yang et al., 2018). Recent findings indicate tumor-suppressive potential in hepatotoxic and nephrotoxic models, as well as anti-fibrotic activity through caspase-3-mediated apoptosis (Kim et al., 2024; Hussein et al., 2020).
Flavonoids in E. officinalis such as apigenin and luteolin can inhibit HCC cell proliferation, migration, and invasion by inducing apoptosis via inhibiting the AKT/osteopontin and PI3K/Akt/mTOR pathways, respectively (Im et al., 2018; Yang et al., 2018). Phenolic compounds such as ferulic acid and vanillic acid have antioxidant properties and can target PTGS2 implicated in inflammation and tumor progression thereby inhibiting NF-κB signaling pathway (Kim et al., 2024). Caffeic acid, chlorogenic acid, o-coumaric acid have been reported to exhibit anti-inflammatory and antioxidant properties that contribute to hepatoprotective effects by targeting tyrosine receptor kinases, EGFR and VEGFR, by modulating MAPK and PI3K/AKT pathways, respectively (Hussein et al., 2020; Yang et al., 2021) Likewise, pyrogallol inhibits PI3K/AKT/Skp2/cMYC signaling pathways in HCC (Ahn et al., 2019).
Caspases serve as a primary mediator of apoptosis located in the cytosolic space (van Loo et al., 2002). The treatment of emblicanin-A to PC-3 cells increased the caspase-3 and-9 mRNA expression compared to untreated cells which might the mechanism that emblicanin-A lead to the release of cytochrome c from mitochondrial space which would have been combined with an adaptor molecule apoptosis protease activating factor 1 and also with an inactive initiator caspase, pro-caspase-9 within a multiprotein complex called the apoptosome, causing a series of caspase and that ultimately would have caused apoptosis (Ghobrial et al., 2005). Hence, it clearly demonstrates that emblicanin-A activates apoptosis by the intrinsic pathway. In support of the present investigation, we found that E. officinalis fruit extract treated rats significantly increased the caspase-3 protein expression (Malik et al., 2016).
5.5 Ayurvedic compound synergy: evidence-based insights
The insight mechanism combining two bioactive ayurvedic compounds is also well explored especially the curcumin and piperine bioactives. Curcumin and piperine together have positive effect on serum IgE levels with no significant changes on serum IL-10 and IL-12 in healthy young women (Bahrami et al., 2022). Administration of oral curcumin with piperine as an adjuvant symptomatic therapy in COVID-19 treatment substantially reduce morbidity and mortality, and ease the logistical and supply-related burdens on the healthcare system (Pawar et al., 2021). Piperine also potentiates curcumin’s inhibitory effect on tumor progression via enhancing its delivery and therapeutic activity (Yüksel et al., 2023). Curcumin-C3complex®/Bioperine® treatment strongly reduces in vitro tumorigenic properties of mesothelioma cells by impairing cellular self-renewal ability, proliferative cell rate and cell migration and delays tumor growth in xenograft mouse model by reducing angiogenesis and increasing apoptosis (Di Meo et al., 2019). Kaur et al. (2018) concluded that curcumin and piperine, either alone or in combination, have the potential to downregulate mTORC1 signaling in the intestinal epithelium with implications for tumorigenesis and inflammation.
5.6 Unified in silico investigation of cancer-targeting phytochemicals from major medicinal herbs
In silico assessments of bioactive compounds derived from Curcuma longa, Phyllanthus emblica, Piper nigrum, and Withania somnifera reveal their significant therapeutic potential across multiple cancer types. Curcumin from Curcuma longa displayed high binding affinity with EGFR (−9.1 kcal/mol) and inhibited PI3K/Akt and NF-κB pathways (Kurmi et al., 2025), while a combination of curcumin and demethoxycurcumin showed multi-targeted interactions with VEGFA, TNF, PTGS2, and AKT1, indicating anti-inflammatory and pro-apoptotic activity. Emblicanin B, gallic acid, quercetin, and ellagic acid from Phyllanthus emblica demonstrated effective docking with CASP3 (−8.7 kcal/mol), TP53 (−8.3 kcal/mol), and MMP9, implicating apoptotic induction and detoxification. From Piper nigrum, piperine exhibited stable binding with BCL2 (−8.5 kcal/mol), AKT1, and STAT3, with supportive QSAR analysis indicating pro-apoptotic effects. Network pharmacology also linked piperine and related alkaloids to MAPK8, RELA, and ESR1, suggesting influence over NF-κB and estrogen pathways. Withania somnifera compounds showed strong anti-cancer interactions as well, with Withaferin A binding hnRNP-K (−9.0 kcal/mol) and demonstrating antiangiogenic potential, while Withanolide D showed robust docking with mTOR (−9.2 kcal/mol) and STAT3 (−8.8 kcal/mol), contributing to cell cycle arrest and suppression of invasion. Collectively, these findings support the multitarget capabilities of plant-derived phytochemicals and reinforce their potential as promising candidates in anticancer drug discovery through molecular docking, dynamics simulations, and network-based modeling (Bhati et al., 2025; Table 2).
TABLE 2 | In Silico and mechanistic insights into the anticancer mechanisms of phytochemicals derived from Curcuma longa, Phyllanthus emblica, Piper nigrum, and Withania somnifera.	S.No.	Plant source and key phytochemical	Cancer type	In silico Method(s)	Targeted proteins/Pathways	Key findings
	1	Plant Source-Curcuma longa
Phytochemical- Curcumin	Breast, Lung, Colorectal	Molecular docking, MD simulation	EGFR, HER2, PI3K/Akt, NF-κB	High binding affinity with EGFR (−9.1 kcal/mol); stable conformation in 100 ns MD run; curcumin inhibits PI3K/Akt and NF-κB signaling
	2	Plant Source- Curcuma longa
Phytochemical- Curcumin + demethoxycurcumin	Pan-cancer	Network pharmacology, docking	VEGFA, TNF, PTGS2, AKT1	Multi-target action confirmed; strong interactions with TNF and AKT1. Pathway enrichment revealed involvement in inflammation and apoptosis
	3	Plant Source- Phyllanthus emblica
Phytochemical-Emblicanin A/B, gallic acid	Hepatocellular carcinoma	Docking, ADMET, network pharmacology	CASP3, BCL2, CYP1A1	Emblicanin B showed strong affinity for CASP3 (−8.7 kcal/mol); modulates apoptosis and detoxification pathways
	4	Plant Source-Phyllanthus emblica
Phytochemical- Quercetin, ellagic acid	Prostate, colon	Network pharmacology, Cytoscape, docking	TP53, MMP9, MAPK1	TP53 and MMP9 were central in the compound-target network; quercetin binds TP53 with −8.3 kcal/mol
	5	Plant Source-Piper nigrum
Phytochemical- Piperine	Prostate, Melanoma	Docking, MD simulation, QSAR	BCL2, AKT1, STAT3	Piperine binds BCL2 (−8.5 kcal/mol), disrupts dimer interface; 100 ns MD confirms stability. QSAR supports its pro-apoptotic role
	6	Plant Source-Piper nigrum
Phytochemical- Piperine + other alkaloids	Multicancer	Network pharmacology, STRING, KEGG	MAPK8, RELA, ESR1	Identified top targets through network degree analysis; KEGG pathway analysis linked to NF-κB and estrogen signaling
	7	Plant Source-Withania somnifera
Phytochemical- Withaferin A	Breast, Glioblastoma	Docking, PASS, MD simulation	VEGF, hnRNP-K, BCL2	Docking reveals high affinity of Withaferin A with hnRNP-K (−9.0 kcal/mol); PASS predicts antiangiogenic and antineoplastic activity
	8	Plant Source-Withania somnifera
Phytochemical- Withanolide D	Thyroid, Ovarian	Network pharmacology, docking	Notch1, mTOR, STAT3	Docking shows strong affinity to mTOR and STAT3 (−9.2 kcal/mol and −8.8 kcal/mol); enriched GO terms: cell cycle, invasion suppression


6 PHARMACOLOGICAL ANALYSIS OF PLANT DERIVED CHEMOTHERAPEUTIC AGENTS
6.1 Taxanes: paclitaxel and docetaxel
Taxanes, particulrly paclitaxel and docetaxel, represent a pivotal class of plant-derived chemotherapeutic agents originally isolated from the bark of Taxus brevifolia and later from Taxus baccata (105) Paclitaxel was the first taxane to be identified and has since been extensively utilized in the treatment of a variety of malignancies. Mechanistically, taxanes exert their antitumor effects by stabilizing microtubules, the structural components essential for cell division (Sati et al., 2024). Unlike other conventional antimitotic drugs that disrupt microtubule formation, paclitaxel and docetaxel promote tubulin polymerization and prevent depolymerization, effectively “freezing” the mitotic spindle in a polymerized state (Abal et al., 2003). This results in mitotic arrest, inhibition of cell division, and eventual induction of apoptosis in rapidly dividing cancer cells.
Clinically, paclitaxel and docetaxel have demonstrated broad-spectrum antineoplastic activity and are widely used in the management of breast cancer, ovarian cancer, non-small cell lung cancer (NSCLC), prostate cancer, and head and neck cancers (Jordan, 2002; Ahmed Khalil et al., 2022). Their efficacy in both adjuvant and metastatic settings has made them a standard part of many chemotherapy regimens. Despite their robust efficacy, these agents are associated with several limitations, including hypersensitivity reactions (due to the solvent Cremophor EL in paclitaxel), neuropathy, myelosuppression, and development of multidrug resistance via P-glycoprotein efflux (Herbst and Khuri, 2003). Thus, taxanes exemplify how natural products can be successfully translated into potent anticancer agents, highlighting the value of phytochemicals in modern oncology.
6.2 Vinca alkaloids: vincristine and vinblastine
Vinca alkaloids, primarily vincristine and vinblastine, are among the earliest plant-derived anticancer agents extracted from Catharanthus roseus (Nobili et al., 2012), a plant traditionally used in various folk medicine systems but not explicitly referenced in classical Ayurvedic literature. These alkaloids have significantly advanced cancer chemotherapy due to their unique mechanism of action and potent efficacy against various malignancies. The primary mechanism of action of Vinca alkaloids is their ability to disrupt microtubule dynamics, which are essential for mitosis. Specifically, vincristine and vinblastine bind to tubulin monomers and inhibit their polymerization into microtubules. This inhibition halts mitotic spindle formation, thereby arresting cells in metaphase and leading to apoptosis (Dhyani et al., 2022). Vinca alkaloids selectively target rapidly dividing cells, renders them particularly effective against hematological malignancies.
Vincristine and Vinblastine are integral to many chemotherapy regimens. Vincristine is commonly used in pediatric oncology, and is a key agent in the treatment of acute lymphoblastic leukemia (ALL), Hodgkin’s and non-Hodgkin’s lymphomas, and neuroblastoma (Jordan, 2002; Škubník et al., 2021) In contrast vinblastine is widely used in the management of testicular cancer, Hodgkin’s lymphoma, breast cancer, and Kaposi’s sarcoma (Lopez-Lopez et al., 2016). Their synergistic use with other chemotherapeutics enhances efficacy and minimize the development of drug resistance.
Despite their therapeutic potential, vinca alkaloids present notable challenges. Neurotoxicity, especially peripheral neuropathy, is a dose-limiting side effect of vincristine, while vinblastine is more often associated with myelosuppression (Samuels and Howe, 1970). The potential integration of Ayurvedic approaches with vinca alkaloid-based chemotherapy lies in mitigating side effects and improving patient quality of life.
6.3 Podophyllotoxins: etoposide and teniposide–natural inhibitors of DNA replication
Podophyllotoxins, particularly etoposide and teniposide, are semi-synthetic derivatives of the natural compound extracted from Podophyllum peltatum (Verstappen et al., 2003; Guerram et al., 2012). These agents belong to the class of epipodophyllotoxins and were developed after identifying the cytotoxic effects of the parent compound podophyllotoxin. The primary mechanism of action of etoposide and teniposide involves inhibition of the enzyme topoisomerase II. This enzyme is essential for DNA replication and cell division as it relieves torsional strain in DNA and stabilize the transient DNA-topoisomerase II complex, preventing the re-ligation of DNA strands (Sharma et al., 2016). This results in persistent DNA breaks, ultimately triggering apoptosis in rapidly dividing cancer cells. The action is cell cycle-specific, most active in the S and G2 phases, making these drugs effective in tumors with high proliferative indices.
Clinically, etoposide is a cornerstone in the treatment of testicular cancer, particularly when combined with cisplatin and bleomycin (Hande, 1998). It is also widely used for small cell lung cancer, lymphomas, and certain leukemias. Teniposide, a closely related compound with a slightly different solubility profile, is predominantly used in pediatric oncology, including acute lymphoblastic leukemia (ALL) and neuroblastoma (Dearnaley et al., 1991). Their efficacy, however, is often tempered by significant toxicities.
6.4 Camptothecins: Irinotecan and topotecan–topoisomerase I inhibitors from nature
Camptothecins, notably irinotecan and topotecan, are potent anticancer agents originally derived from Camptotheca acuminate. These alkaloids were developed following the discovery of camptothecin, a naturally occurring compound that exhibited significant anticancer activity through a novel mechanism of action (Sinkule et al., 1984). Irinotecan and topotecan are semi-synthetic analogs designed to improve solubility and therapeutic efficacy while minimizing toxicity (Gallo et al., 1971).
The primary mechanism of action of camptothecins involves inhibition of DNA topoisomerase I, by inducing single-stranded breaks (Gokduman, 2016). Irinotecan and topotecan stabilize the transient enzyme-DNA complex, preventing re-ligation of the DNA strand ultimately leading to replication fork collapse, DNA damage, and apoptosis. This makes them especially effective against rapidly dividing tumor cells.
Irinotecan is a key component of combination regimens such as FOLFIRI (with 5-fluorouracil and leucovorin) in the treatment of metastatic colorectal cancer (Pommier, 2006). Topotecan is used in the management of ovarian cancer, small cell lung cancer, and as a second-line treatment in cervical cancer (Folprecht et al., 2006). Despite their clinical effectiveness, the use of camptothecins is often limited by significant adverse effects, particularly gastrointestinal toxicity (severe diarrhea) and hematological toxicity (neutropenia).
Other than the above mentioned there are several other exemplary natural compounds which have the anticancer effect. Honokiol, a biphenolic compound extracted from the bark of Magnolia officinalis, modulate multiple molecular targets, such as anti-angiogenic, anti-inflammatory, and pro-apoptotic signalling pathways and inhibits cancer cell proliferation and metastasis (Petrelli et al., 2021). Its lipophilic nature allows it to cross the blood-brain barrier, making it particularly promising in gliomas and brain metastases. Polysaccharide-K (PSK), a protein-bound polysaccharide derived from the medicinal mushroom Trametes versicolor, is another naturally sourced agent approved as an adjuvant therapy for gastric and colorectal cancers (Ong et al., 2019). PSK enhances the immune response by activating dendritic cells, macrophages, and T lymphocytes contributing to improved tumor surveillance. Genistein, a soy-derived isoflavone, represents another compelling natural compound for its anticancer effects, particularly in hormone-sensitive cancers such as breast, prostate, and colon cancers (Habtemariam, 2020). Genistein acts primarily as a tyrosine kinase inhibitor and exerts phytoestrogenic effects by binding to estrogen receptors, particularly ER-β, thereby modulating estrogen signaling. It also interferes with cancer cell growth and metastasis by affecting the PI3K/Akt, Wnt, and MAPK pathways. Furthermore, genistein exhibits antioxidant and anti-inflammatory activities, contributing to its chemopreventive potential (Table 3).
TABLE 3 | Plant-derived anticancer drugs: therapeutic applications and mechanistic insights with their target molecules.	Compound	Plant source	Cancer type/Therapeutic application	Mechanism of action
	Vinblastine, Vincristine	Catharanthus roseus	Lymphomas, leukemias, breast, lung cancers	Inhibits tubulin polymerization, arrests mitosis
	Paclitaxel	Taxus brevifolia	Ovarian, breast, small/non-small cell lung cancers	Stabilizes microtubules, inhibits mitotic cell division
	Camptothecin (Derivatives: Topotecan, Irinotecan)	Camptotheca acuminata	Colorectal, small cell lung, ovarian cancers	Inhibits DNA topoisomerase I
	Homoharringtonine	Cephalotaxus harringtonia	Acute and chronic myelogenous leukemia	Inhibits protein synthesis at ribosomal level
	Elliptinium	Bleekeria vitiensis	Breast cancer	DNA intercalation and topoisomerase II inhibition
	Schischkinnin, Montamine	Centaurea species	Human colon cancer	Pro-apoptotic activity via mitochondrial pathway
	Pervilleine A (in combination with Vinblastine)	Pervillea spp.	Overcoming MDR in epidermoid carcinoma	Reverses P-glycoprotein-mediated drug resistance
	Silvestrol	Aglaia sylvestris	Lung and breast cancer lines	Inhibits eIF4A, suppressing translation of oncogenic mRNAs


7 OVERVIEW OF MODERN ONCOLOGY: CURRENT CONCEPTS AND CHALLENGES
Modern oncology has witnessed remarkable progress over the past few decades, driven by advances in molecular biology, genomics, immunology, and personalized medicine (Liliana et al., 2017). The current oncological paradigm is rooted in the understanding of cancer as a multifactorial and heterogeneous disease characterized by hallmarks such as sustained proliferative signalling, evasion of apoptosis, angiogenesis, metastasis, and immune escape. These insights have guided the development of targeted therapies and immunotherapies that aim to disrupt specific molecular drivers of tumor progression.
Standard oncologic modalities include surgery, chemotherapy, radiotherapy, targeted therapy, hormone therapy, and immunotherapy (Figure 3). Among these, immunotherapy—especially immune checkpoint inhibitors and CAR-T cell therapy—has significantly transformed the treatment landscape in several malignancies, including melanoma, non-small cell lung cancer, and certain hematologic cancers (Kalia, 2015; Sharma and Allison, 2015; June et al., 2018) Molecular diagnostics and next-generation sequencing have enabled stratification of tumors based on genetic mutations and expression profiles, paving the way for precision oncology (Dienstmann et al., 2017) (Table 4).
[image: Diagram showing the effects of four compounds on cancer pathways. Curcumin affects anti-angiogenic and apoptotic processes. Emblicanin A/B induces apoptosis and reduces inflammation. Withaferin A leads to cell cycle arrest and antimetastasis. Piperine causes cell cycle arrest and apoptosis. Central image of cancer cells with each compound's effects depicted around it, alongside relevant pathways and molecular targets.]FIGURE 3 | The key bioactive compounds curcumin (from Curcuma longa), Withaferin A (from Withania somnifera), Emblicanin A/B (from Phyllanthus emblica), and Piperine (from Piper nigrum) and their modulation of major oncogenic signaling pathways. These include the regulation of apoptosis (via Bcl-2/Bax and caspase cascades), inhibition of metastasis (via MMPs and EMT markers), suppression of inflammation (via NF-KB, IL-6, TNF-α), induction of oxidative stress (via ROS), and enforcement of cell cycle arrest (via p53 and Cdc2/Cyclin B1). The schematic highlights both shared and distinct targets, demonstrating how Ayurvedic compounds exert multi-targeted actions against various hallmarks of cancer.TABLE 4 | Overview of recent advancements in conventional and alternative cancer treatments.	Category	Therapy/Agent	Mechanism/Strategy	Benefits	Challenges
	Functional Precision Oncology	Molecular Diagnostics, Targeted Therapies	Dynamic evaluation of tumor evolution and drug response	Personalized treatment; Improved outcomes	Limited actionable mutations; Model limitations
	Photodynamic Therapy (PDT)	Hypericin-PDT, Low-dose PDT	Induces immunogenic cell death (ICD), boosts immune response	Local tumor control + systemic immunity	Treatment optimization needed; Variable inflammatory responses
	Immunotherapy	Checkpoint Inhibitors, CAR-T Cells, ACT	Enhances cytotoxic lymphocyte action against tumors	Long-term immune protection; Reduced recurrence	High cost; Managing immune side effects
	Stem Cell Therapy	HSCs, MSCs, iPSCs	Tissue regeneration; Anti-tumor immunity; Vaccine development	Potential for personalized therapy	Tumorigenicity risk; Immune rejection
	Gene Therapy	siRNA, RNAi, CRISPR/Cas9	Targeted oncogene silencing and immune modulation	High specificity; Low systemic toxicity	Delivery challenges; Risk of immune neutralization
	Targeted Therapy and Nanotechnology	Nanoparticles (Liposomes, Quantum Dots)	Passive and active targeting of tumors	Enhanced drug delivery; Reduced systemic toxicity	Manufacturing complexity; MDR development
	Natural Product Therapy	Curcumin, Quercetin, Berberine, Flavonoids	Antioxidant, anti-inflammatory, anti-proliferative	Safer complementary therapy; Anti-cancer properties	Poor bioavailability; Dosage optimization required


However, several challenges continue to impede optimal cancer management. Many cancers remain refractory to existing therapies, and drug resistance both intrinsic and acquired remains a formidable barrier (Holohan et al., 2013). Additionally, conventional treatments often come with significant side effects, including immunosuppression, mucositis, fatigue, and cognitive impairment, which severely impact quality of life (Bower, 2014). Financial toxicity, limited access to care, and disparities in treatment outcomes further complicate cancer care globally.
Another critical gap lies in the integration of holistic, supportive approaches that address the psychosocial, nutritional, and immunological needs of patients. As such, there is a growing interest in complementary and integrative oncology, including non-Western medical systems like Ayurveda, which may offer novel bioactive compounds and person-centred strategies to enhance therapeutic outcomes and patient wellbeing (Deng and Cassileth, 2005; Greenlee et al., 2017).
8 CURRENT RESEARCH LANDSCAPE AND GAPS IN EVIDENCE
The integration of Ayurvedic medicine into oncology remains an emergent area of scientific inquiry. While preclinical studies have provided compelling evidence for the anticancer potential of various Ayurvedic herbs the majority of these findings are limited to in vitro and animal models (Dar et al., 2015). These studies demonstrate the ability of Ayurvedic botanicals to modulate oncogenic pathways, enhance immunity, and mitigate chemoradiotherapy-induced toxicities. However, translation into clinical practice remains constrained by the lack of rigorous human trials.
Systematic reviews indicate a scarcity of high-quality randomized controlled trials evaluating Ayurvedic formulations in cancer patients (Chattopadhyay et al., 2022). Existing studies often suffer from methodological limitations such as small sample sizes, lack of blinding, heterogeneous interventions, and inconsistent outcome measures. Furthermore, there is minimal standardization in herbal preparations and dosages, complicating reproducibility and cross-comparisons (Lamichhane et al., 2023).
Another key gap lies in the absence of robust pharmacokinetic and pharmacodynamic data for Ayurvedic phytochemicals in human subjects. Bioavailability issues, herb-drug interactions, and safety profiles remain inadequately characterized (Kunnumakkara et al., 2017a). These challenges are further compounded by regulatory ambiguities and the limited inclusion of traditional systems in mainstream research funding and clinical guidelines.
Despite these gaps, interest in integrative oncology is growing. Collaborative research frameworks such as Ayurgenomics and systems biology offer promising avenues for mechanistic exploration and personalized medicine (Patwardhan et al., 2015). The incorporation of advanced omics technologies, artificial intelligence, and standardized protocols in clinical studies could significantly advance the evidence base and bridge the gap between traditional knowledge and modern oncology.
9 RATIONALE FOR INTEGRATING AYURVEDIC MEDICINE WITH CONTEMPORARY CANCER THERAPEUTICS
Cancer continues to be one of the most formidable global health challenges, accounting for nearly 10 million deaths in 2022 and with global incidence rates projected to reach 35 million cases annually by 2050 (Chen et al., 2024). While modern cancer treatments including chemotherapy, targeted therapy, immunotherapy, and radiation have led to remarkable advances in survival and tumor control (Vanneman and Dranoff, 2012), they are frequently associated with severe side effects, drug resistance, and high costs (Nikolaou et al., 2018). Moreover, drug resistance and cancer recurrence remain critical hurdles. Many tumors eventually develop resistance to chemotherapy or targeted agents through mutations, altered drug metabolism, or activation of compensatory pathways, leading to treatment failure and poor prognosis which is one of the most pressing challenges in contemporary cancer care. These limitations underscore the necessity for more holistic and personalized therapeutic strategies (Kashid, 2017).
In this context, integrating Ayurveda with modern oncology offers a holistic, multi-dimensional, and patient-centered approach that can fill critical gaps in current cancer care and offers a complementary and integrative approach (Hoenders et al., 2024; Orticelli, 2022; Urban, 2019) aimed at not only supporting the physical body but also balancing mental and emotional health. Ayurvedic interventions majorly include Rasayana therapy, Herbal formulations, Diet and lifestyle modifications, and Mind-body therapies. Rasayana therapy is specialized branch of Ayurveda focused on rejuvenation, immune enhancement, and longevity. Herbs like Withania somnifera (Ashwagandha), Tinospora cordifolia (Guduchi), and Phyllanthus emblica (Amalaki) are known to enhance vitality and resistance to disease. Many Ayurvedic herbs possess anti-inflammatory, antioxidant, hepatoprotective, and adaptogenic properties (Rege et al., 1999; Govindarajan et al., 2005; Lam et al., 2016), which can help mitigate treatment-induced toxicities and improve resilience. Personalized dietary regimens based on Prakriti (constitution) and detoxifying practices (Panchakarma) may support digestion (Agni), reduce oxidative stress, and promote tissue repair. Practices such as Yoga, meditation, and Pranayama have been shown to reduce anxiety, depression, and fatigue, and improve sleep and overall wellbeing in cancer patients.
10 INTEGRATING AYURVEDIC MEDICINE AND MODERN CANCER THERAPEUTICS: A MULTIDIMENSIONAL STRATEGY
The integration of Ayurvedic medicine with conventional oncological therapies represents a paradigm shift in cancer care, offering the potential for synergistic treatment approaches that address not only tumor eradication but also systemic resilience, patient quality of life, and long-term survivorship. As cancer treatment evolves beyond cytotoxicity to include targeted therapy, immunomodulation, and precision medicine, the inclusion of Ayurveda with its emphasis on systemic homeostasis, immune fortification, and individualized care presents a compelling adjunctive framework. This section outlines a multidimensional framework to effectively harmonize Ayurvedic principles with contemporary biomedical oncology, based on emerging clinical evidence, mechanistic understanding, and integrative care models.
10.1 Complementary therapeutic goals: bridging mechanistic and systemic frameworks
Modern oncology primarily targets cellular and molecular pathways associated with carcinogenesis, employing chemotherapy, radiation, immunotherapy, and targeted agents to inhibit tumor proliferation and metastasis. In contrast, Ayurveda aims to restore dosha balance, strengthen agni (digestive/metabolic fire), and enhance ojas (vitality), all of which contribute to systemic immunity and resilience. () The integration of these paradigms allows for the coupling of tumor-targeted cytotoxicity with systemic support, thereby enhancing treatment tolerance and optimizing patient outcomes. For instance, interventions that support gut health, immune competence, and metabolic detoxification can reduce collateral damage from chemotherapeutic agents, improve treatment adherence, and mitigate long-term side effects.
10.2 Evidence-based ayurvedic botanicals: adjuvant potential in cancer therapy
Several Ayurvedic botanicals have demonstrated significant anti-cancer, immunomodulatory, and chemoprotective activities in both preclinical and clinical settings. Curcuma longa (curcumin), a polyphenolic compound, has shown potent anti-inflammatory (Patel, 2010), antioxidant, and radiosensitizing properties (Saggam et al., 2020) through modulation of oncogenic signaling pathways such as NF-κB, STAT3, and COX-2 (Mishra, 2003; Jurenka, 2009; Sak, 2020). Clinical trials have also indicated that curcumin, when used as an adjuvant with chemotherapeutic agents like paclitaxel and cisplatin (Mohankumar et al., 2021), improves chemosensitivity and mitigates systemic side effects. Similarly, Withania somnifera (ashwagandha), known for its adaptogenic and immunomodulatory properties, has shown efficacy in alleviating fatigue and improving the quality of life (Joshi et al., 2021) in cancer patients undergoing chemotherapy (Lee et al., 2005), with one randomized controlled trial reporting significant improvement among breast cancer patients receiving standardized extracts. Additionally, botanicals such as Tinospora cordifolia and Phyllanthus emblica have exhibited hepatoprotective and antioxidant effects, protecting against hepatic damage and oxidative stress associated with chemotherapy. Piper longum, rich in the alkaloid piperine, has demonstrated the capacity to enhance the oral bioavailability of curcumin and other drugs, serving as a bioenhancer (Hussain et al., 2021). However, despite these promising results, the integration of these botanicals into mainstream oncology is hindered by methodological limitations in existing trials, including small sample sizes, lack of placebo controls, insufficient blinding, and inconsistencies in formulations and dosing protocols. Furthermore, inadequate standardization of phytochemical content and quality control impairs reproducibility across studies. These challenges are compounded by the lack of harmonized regulatory frameworks and tailored clinical guidelines for Ayurvedic interventions.
10.3 Management of treatment-induced toxicity: a therapeutic niche for ayurveda
Conventional cancer treatments (Biswal et al., 2013; Saggam et al., 2020) are frequently associated with adverse effects such as mucositis, gastrointestinal toxicity, fatigue, immunosuppression, and cognitive dysfunction, which can compromise therapy adherence and patient wellbeing (Miller et al., 2008; Cavalcanti et al., 2021). Ayurvedic formulations like Triphala, Shatavari (Asparagus racemosus), and classical Rasayana formulations have been studied for their potential to mitigate such toxicities (dos Santos Guimarães et al., 2013; Andreyev et al., 2012). Triphala (Balasubramani et al., 2011) has demonstrated gastroprotective and antioxidant effects in rodent models of chemotherapy-induced mucositis (Akhtar et al., 2024) while Shatavari has shown mucosal healing and immunoregulatory activity (Peterson et al., 2017). Rasayanas, traditionally used for rejuvenation (Baliga, 2010) and convalescence, may support hematopoietic recovery and improve systemic resilience during and after cytotoxic therapy (Ramnath, 2016; Singh et al., 2018). These interventions should be integrated within a protocolized framework, aligned with treatment timelines and toxicity profiles.
10.4 Mind-body integration: enhancing psychoneuroimmunological resilience
Ayurveda’s incorporation of mind-body practices, including yoga, pranayama, meditation, and mantra therapy (Singh and Rastogi, 2011) aligns with modern psychoneuroimmunology (Gaddipati et al., 2004) models of cancer care. Clinical studies have shown that yoga and meditation reduce cortisol levels, enhance natural killer (NK) cell activity, and improve emotional wellbeing among cancer patients (Vyas et al., 2010; Santra, 2022). The integration of these modalities into oncology rehabilitation programs has been associated with improved treatment tolerance, reduced fatigue, and enhanced quality of life. Ayurvedic mind-body interventions can thus be strategically deployed to buffer the psychological stress and immune suppression (Bauer, 1994) commonly observed during cancer therapy, thereby supporting overall treatment outcomes.
10.5 Personalized and precision oncology: aligning prakriti with molecular profiles
One of Ayurveda’s core principles Prakriti analysis, or assessment of individual constitutional types (Fang et al., 2010) offers a promising parallel to modern precision oncology. Recent developments in Ayurgenomics (Giridharan and Bhana, 2024) have revealed correlations between Prakriti types and genetic, transcriptomic, and metabolic profiles, suggesting a potential framework for personalized integrative care (Huang et al., 2022). Pitta types may exhibit inflammatory tendencies and faster metabolism, possibly influencing drug metabolism and toxicity risk. Combining Prakriti assessment with genomic and biomarker-driven stratification may enhance patient selection for both Ayurvedic and biomedical interventions, allowing for more nuanced, responsive, and individualized cancer care strategies (Luhaste, 2023).
10.6 Scientific validation and protocol development: building the evidence base
Despite compelling theoretical and preclinical support, the integration of Ayurveda into mainstream oncology requires rigorous scientific validation (Soni, 2025; Madgulwar and Shewalkar, 2024). This includes standardized preclinical models to elucidate pharmacodynamics and synergistic mechanisms, well-designed randomized controlled trials to evaluate clinical efficacy, and comprehensive pharmacovigilance to assess herb-drug interactions (Mukerji and Prasher, 2011). Institutions such as the All India Institute of Medical Sciences (AIIMS), Tata Memorial Centre, and international collaborators have initiated clinical trials exploring Ayurvedic interventions in breast, colorectal, and head and neck cancers. However, broader institutional adoption requires the development of standardized protocols, validated herbal formulations (Sharma et al., 2024) and consensus guidelines that can be integrated into existing oncological pathways (Balkrishna et al., 2024b).
10.7 Cross-disciplinary collaboration: Building a translational ecosystem
Effective integration hinges on sustained collaboration between Ayurvedic practitioners, oncologists, pharmacologists, and molecular scientists. Such interdisciplinary efforts are essential for designing translational research, co-developing clinical protocols, and training clinicians in integrative care delivery (Mao et al., 2022; Arnold, 2023). Collaborative platforms should also engage regulatory agencies, industry stakeholders, and patient advocacy groups to ensure that integrative oncology evolves as a scientifically robust, ethically governed, and patient-aligned discipline (Mukherjee et al., 2022). Ultimately, this collaborative model will be critical in translating Ayurvedic insights into clinically actionable, evidence-based interventions.
10.8 Synergistic and holistic integration of Ayurvedic Medicine with modern cancer therapeutics
The therapeutic potential of combining Ayurvedic medicine with conventional cancer treatments lies in two interrelated paradigms: synergy and holism. While modern oncologic agents such as taxanes, vinca alkaloids, and platinum compounds focus on targeted cytotoxicity, Ayurvedic interventions emphasize systemic equilibrium, immune modulation, and long-term resilience. Integrating these approaches offers a synergistic effect, wherein Ayurvedic phytochemicals sensitize tumor cells to chemotherapy, mitigate drug resistance, and reduce treatment-related toxicity.
In a phase II randomized, double-blind clinical trial (n = 150), intravenous curcumin combined with paclitaxel significantly improved the objective response rate (ORR: 51% vs. 33%) and reduced fatigue (3 vs. 10 patients; OR 3.7, p = 0.05) compared to paclitaxel alone, without compromising quality of life (Gupta, 2024). Preclinical studies further elucidate that curcumin enhances paclitaxel-induced apoptosis via suppression of NF-κB and activation of caspases, along with modulation of resistance pathways such as PI3K/Akt and STAT3 (Masucci et al., 2025). For instance, curcumin from Curcuma longa has demonstrated synergistic cytotoxicity when combined with paclitaxel and cisplatin, enhancing therapeutic efficacy while reducing systemic inflammation.
Similarly, in an open-label comparative clinical study (n = 100), administration of Withania somnifera (Ashwagandha) extract (2 g every 8 h) during chemotherapy resulted in significantly lower fatigue scores (p < 0.001) and improved functioning across seven domains of the EORTC QLQ-C30 (European Organisation for Research and Treatment of Cancer Quality of Life Questionnaire Core 30) (Saghatelyan et al., 2020) Although the observed increase in two-year survival (72% vs. 56%) did not reach statistical significance, the trend supports Ashwagandha’s value in enhancing patient resilience and quality of life during cancer treatment. Withaferin A, a key bioactive constituent, not only potentiates apoptosis in malignant cells but also protects normal tissues from oxidative damage. These effects are mediated through modulation of molecular targets such as NF-κB, PI3K/Akt, and p53, demonstrating the potential of multi-targeted co-therapy in integrative oncology.
Beyond pharmacological synergy, the holistic framework of Ayurveda addresses psycho-oncological dimensions often overlooked in conventional regimens. Rasayana therapies, yoga, pranayama, and personalized dietary interventions based on Prakriti contribute to enhanced mental clarity, immune homeostasis, and overall wellbeing. Clinical studies have reported significant reductions in anxiety, improvements in sleep quality, and enhanced psychological resilience among cancer patients participating in Ayurvedic mind-body interventions (Mustian et al., 2013; Calaf et al., 2018).
The outcomes of such integrative approaches include:
	• Enhanced treatment tolerance and reduced drop-out rates during chemotherapy,
	• Improved functional status and immune competence,
	• Reduced tumor recurrence through sustained metabolic and inflammatory regulation,
	• Increased patient empowerment and satisfaction through personalized, constitution-based care.

These preliminary observations provide a compelling rationale for the development of future clinical trials exploring standardized botanical extracts as adjuvants to chemotherapy and immunotherapy. Systems biology and network pharmacology approaches can facilitate the identification of synergistic interactions, while Ayurgenomic profiling may enable patient stratification for personalized integrative care. Collectively, these efforts can pave the way toward the establishment of evidence-based integrative oncology protocols, forming a scientifically validated alliance between Ayurveda and modern cancer therapeutics.
11 DISCUSSION
The convergence of Ayurvedic medicine and modern oncology represents a transformative approach to cancer care one that emphasizes not only tumor eradication but also patient-centered healing, resilience, and quality of life. This review underscores the complementary strengths of these two paradigms: modern oncology offers precision, rapid disease control, and evidence-based pharmacology, while Ayurveda contributes holistic insights into disease causation, constitutional variability, detoxification, and immune fortification (Figure 4).
[image: Bar chart shows increasing cancer cases and deaths from 2001 to 2050. Diagram outlines limitations of conventional therapies, focusing on reducing toxicity and resistance while increasing efficacy. Ayurvedic methods involving Ashwagandha, Amla, Curcuma, and Rasayana are suggested for cancer inhibition, supported by clinical validation and standardization. Outcomes aim for improved efficacy, reduced toxicity, and enhanced quality of life.]FIGURE 4 | Integrative ayurvedic strategies to inhibit cancer progression: A holistic and mechanistic overview. The figure summarizes rising global cancer incidence and the limitations of conventional therapies, It highlights Ayurvedic interventions such as Curcuma longa, Withania somnifera, Phyllanthus emblica, and Rasayana formulations and their potential to modulate key cancer pathways (e.g., NF-κB, STAT3, apoptosis). Through systems biology and reverse pharmacology, these botanicals offer promising avenues for synergistic, personalized, and low-toxicity cancer management.Numerous phytochemicals and classical Ayurvedic formulations have shown preclinical and limited clinical promise in reducing tumor burden, enhancing immune function, mitigating therapy-induced toxicity, and improving psychosocial wellbeing. Techniques such as Rasayana therapy, polyherbal synergy, and personalized Prakriti-based interventions are especially valuable for long-term survivorship and palliative care.
However, significant limitations remain. The lack of large-scale, randomized clinical trials, insufficient standardization of herbal products, poor bioavailability of key phytochemicals, and limited mechanistic validation of traditional formulations hinder mainstream integration. Furthermore, interdisciplinary collaboration between oncologists, Ayurveda practitioners, and biomedical researchers is still nascent and requires institutional support.
Future directions must prioritize robust clinical trial designs that evaluate integrative regimens alongside standard therapies. Systems biology and network pharmacology approaches should be advanced to decode multi-target effects. Recent Nano-delivery systems and bio enhancers can be optimize the pharmacokinetics of herbal drugs. Development of regulatory and educational frameworks that uphold safety, efficacy, and patient autonomy should take authority for the same for smooth conduct. Ultimately, an integrative oncology model rooted in scientific rigor and traditional wisdom can improve patient outcomes not merely in terms of survival, but also in enhancing quality of life, reducing therapy-related distress, and empowering individuals through personalized, holistic care.
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Molecular docking, MD
simulation

Network pharmacology,
docking
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network pharmacology

Network pharmacology,
Cytoscape, docking
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Network pharmacology,
STRING, KEGG
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Network pharmacology,
docking

EGFR, HER2, PI3K/
Akt, NF-xB

VEGFA, TNF, PTGS2,
AKT1
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CYPIAL

TP53, MMP9, MAPKI

BCL2, AKT1, STAT3

MAPKS, RELA, ESR1

'VEGF, hnRNP-K,
BCL2

Notchl, mTOR,
STAT3

High binding affinity with EGER (~9.1 keal/mol);
stable conformation in 100 ns MD run; curcumin
inhibits PI3K/Akt and NF-kB signaling

Multi-target action confirmed; strong interactions
with TNF and AKTL. Pathway enrichment revealed
involvement in inflammation and apoptosis

Emblicanin B showed strong affinity for CASP3
(=87 keal/mol); modulates apoptosis and
detoxification pathways

TP53 and MMP9 were central in the compound-
target network; quercetin binds
TP53 with -8.3 keal/mol

Piperine binds BCL2 (8.5 kcal/mol), disrupts dimer
interface; 100 ns MD confirms stability. QSAR
supports its pro-apoptotic role

Identified top targets through network degree
analysis; KEGG pathway analysis linked to NE-<B
and estrogen signaling

Docking reveals high affinity of Withaferin A with
hnRNP-K (-9.0 keal/mol); PASS predicts
antiangiogenic and antineoplastic activity

Docking shows strong affinity to mTOR and STAT3
(=92 keal/mol and 8.8 keal/mol); enriched GO
terms: cell cycle, invasion suppression
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Vinblastine, Vincristine

Paclitaxel

Camptothecin (Derivatives: Topotecan,
Irinotecan)

Homoharringtonine

Elliptinium
Schischkinnin, Montamine

Pervilleine A (in combination with
Vinblastine)

Silvestrol

Catharanthus roseus
Taxus brevifolia
Camptotheca
acuminata

Cephalotaxus
harringtonia

Bleckeria vitiensis
Centaurea species

Pervillea spp.

Aglaia sylvestris

Lymphomas, leukemias, breast, lung cancers

Ovarian, breast, small/non-small cell lung
cancers.

Colorectal, small cell lung, ovarian cancers

Acute and chronic myelogenous leukemia

Breast cancer
Human colon cancer

Overcoming MDR in epidermoid carcinoma

Lung and breast cancer lines

Inhibits tubulin polymerization, arrests mitosis

Stabilizes microtubules, inhibits mitotic cell
division

Inhibits DNA topoisomerase 1

Inhibits protein synthesis at ribosomal level

DNA intercalation and topoisomerase I1 inhibition
Pro-apoptotic activity via mitochondrial pathway
Reverses P-glycoprotein-mediated drug resistance

Inhibits eIF4A, suppressing translation of
oncogenic mRNAs
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Dynamic evaluation of tumor
evolution and drug response

Benefits

Personalized treatment;
Improved outcomes

Challenges

Limited actionable mutations; Model
limitations

Photodynamic
‘Therapy (PDT)

Immunotherapy

Stem Cell Therapy
Gene Therapy
Targeted Therapy and

Nanotechnology

Natural Product Therapy

Hypericin-PDT, Low-
dose PDT

Checkpoint Inhibitors,
CAR-T Cells, ACT

HSCs, MSCs, iPSCs
SiRNA, RNAj, CRISPR/
Cas9

Nanoparticles (Liposomes,
Quantum Dots)

Curcumin, Quercetin,
Berberine, Flavonoids

Induces immunogenic cell death
(ICD), boosts immune response

Enhances cytotoxic lymphocyte action
against tumors

Tissue regeneration; Anti-tumor
immunity; Vaccine development

Targeted oncogene silencing and
immune modulation

Passive and active targeting of tumors

Antioxidant, anti-inflammatory, anti-
proliferative

Local tumor control + systemic
immunity

Long-term immune protection;
Reduced recurrence

Potential for personalized
therapy

High specificity; Low systemic
toxicity

Enhanced drug delivery;
Reduced systemic toxicity

Safer complementary therapy;
Anti-cancer properties

Treatment optimization needed;
Variable inflammatory responses

High cost; Managing immune side
effects

Tumorigenicity risk; Immune
rejection

Delivery challenges; Risk of immune
neutralization

Manufacturing complexity; MDR
development

Poor bioavailability; Dosage
optimization required
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