



A review of the anticancer effects of Vitamin C on some selected cancers
Abstract

Vitamin C (ascorbic acid) has long been recognised for its antioxidant properties and contributions to human health, but only recently has it been seriously reconsidered as a therapeutic agent in oncology. This article aims to provide a comprehensive synthesis of recent peer-reviewed literature on the anticancer roles of vitamin C. Recent mechanistic, preclinical, and clinical studies have converged to reveal that vitamin C can exert selective pro-oxidative cytotoxicity in cancer cells, modulate epigenetic regulators, enhance immune surveillance, and interact synergistically with conventional chemotherapeutic agents and radiation therapy. High-dose intravenous vitamin C, in particular, achieves plasma levels unattainable via oral administration and generates cytotoxic hydrogen peroxide concentrations within the tumour microenvironment, selectively eliminating malignant cells while sparing normal tissues. Experimental findings illustrate that vitamin C can arrest cancer cell proliferation, induce apoptosis, and inhibit metastasis in a broad range of tumour types—including breast, colorectal, pancreatic, and lung cancers—especially in those with underlying Kirsten rat sarcoma viral oncogene homolog (KRAS) or BRAF mutations or epigenetic aberrations.

Furthermore, vitamin C serves as a cofactor for TET enzymes and histone demethylases, reactivating silenced tumour suppressor genes and thereby promoting genomic stability. It also remodels the tumour microenvironment by strengthening extracellular matrix components and fostering anti-tumour immunity through enhanced infiltration and activity of cytotoxic lymphocytes. Epidemiological data suggest a consistent inverse relationship between dietary vitamin C intake and cancer incidence, notably for gastrointestinal and breast malignancies. Early-phase clinical trials demonstrate improved patient-reported outcomes, tolerable safety profiles, and potential enhancements in overall survival when vitamin C is administered as part of multimodal therapeutic regimens.

Despite these advances, significant controversies persist. The bioavailability of oral versus intravenous vitamin C, patient selection criteria, the optimal timing and dosing protocols, and the interaction between vitamin C and cytotoxic therapies remain unresolved. Some studies report antagonistic interactions or negligible effects in randomised control settings, highlighting the heterogeneity in trial designs and patient populations. This review systematically integrates recent advances spanning molecular mechanisms, animal models, epidemiological studies, and clinical trials to provide a nuanced appraisal of vitamin C’s anticancer potential. It also outlines controversies, limitations, and the translational challenges of incorporating vitamin C into standard oncology practice, while offering recommendations for future research directions, including biomarker-driven patient stratification, combination therapies, and nanotechnology-based delivery systems. The growing evidence base warrants larger-scale clinical investigations, with the hope of establishing vitamin C as a safe, effective, and accessible adjunct in the treatment and prevention of cancer. In sum, the synthesis of current experimental, clinical, and epidemiological data underscores vitamin C’s diverse anticancer effects and its potential for integration into comprehensive, multimodal cancer therapies.
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1. Introduction

Cancer remains a pervasive and multifaceted disease, posing one of the greatest health and financial burdens globally. Cancer arises as the cellular replication mechanism becomes uncontrollable. To put it another way, cancer is a disease known as uncontrolled, incompatible, and unwanted cell division. Unlike normal cells, cancer cells continue to grow and divide throughout their lives, replicating and causing increased damage. As a result of DNA damage, cancer cells grow abnormally and multiply (genes within cells that determine cellular features and function) (Kotamkar et al., 2021; Fatoki et al., 2023). The quest for novel therapeutics and adjuvants is driven by limitations in conventional modalities, including resistance, toxicity, and incomplete remission rates. Among the numerous bioactive agents investigated for adjunctive and chemopreventive properties, vitamin C (ascorbic acid) has garnered renewed interest, owing to its distinct biochemical and pharmacological actions in the context of oncology (Talib et al., 2024; Villagran et al., 2021).

In cancer, vitamin C is associated with prevention, progression, and treatment, due to its general properties or its role as a pro-oxidant at high concentration (Villagran et al., 2021). Historically, vitamin C was proposed as a cancer treatment nearly half a century ago, when clinical case reports suggested survival benefits among terminally ill patients receiving high-dose intravenous and oral vitamin C (Mussa et al., 2022). These early findings, while promising, were subsequently met with scepticism following randomised studies which failed to conclusively demonstrate a survival advantage, particularly when vitamin C was administered orally, highlighting the importance of pharmacokinetic considerations (Villagran et al., 2021; Mussa et al., 2022). Despite this controversy, advances in molecular biology and clinical pharmacology have reignited interest in vitamin C as a context-dependent anticancer agent with both antioxidant and pro-oxidant properties (Cao et al., 2025; Ngo et al., 2019).

The mechanistic rationale for vitamin C in oncology is anchored in its ability to modulate cellular redox states, scavenge carcinogen-induced reactive oxygen species (ROS), and at supraphysiological concentrations, serve as a pro-oxidant capable of generating cytotoxic peroxide selectively within tumour microenvironments (Ngo et al., 2019; Pawlowska et al., 2019). Furthermore, vitamin C is an essential cofactor for enzymes involved in epigenetic regulation, such as TET DNA demethylases and histone demethylases, which reprogram cancer cell gene expression, restore genomic stability, and may reverse therapy resistance (Talib et al., 2024).

Recent epidemiological studies and umbrella reviews consistently report an inverse association between dietary vitamin C intake and cancer risk, notably for colorectal, bladder, and breast malignancies (Chen et al., 2022). Beyond prevention, clinical observations suggest that adjunctive vitamin C may ameliorate chemotherapy-induced side effects, improve quality of life, and sensitise tumour cells to conventional therapies (Cao et al., 2025; Talib et al., 2024). Nonetheless, translational challenges persist, including standardisation of dosing routes, patient selection criteria, and a clear understanding of vitamin C’s dualistic biological actions (Mussa et al., 2022).

Given these intricacies, robust critical reviews are needed to consolidate emerging mechanistic, epidemiological, and clinical evidence. This article aims to provide a comprehensive synthesis of recent peer-reviewed literature on the anticancer roles of vitamin C, addressing both historical context and cutting-edge discoveries, while critically appraising controversies and future research directions.

2. Biochemical Properties of Vitamin C

Vitamin C (ascorbic acid) is a water-soluble molecule recognised for its multifaceted biochemical functions, with particular relevance in cell biology and oncology. Its molecular structure enables unique electron-donating properties, allowing vitamin C to act as both an antioxidant and a cofactor in numerous enzymatic reactions (Doseděl et al., 2021). At physiological concentrations, vitamin C readily neutralises reactive oxygen species (ROS), thereby protecting crucial biomolecules—such as proteins, lipids, carbohydrates, and nucleic acids—from oxidative damage (Maurya et al., 2023). This robust antioxidant function is central to its role in disease prevention, including cancer.

As an enzymatic cofactor, vitamin C is indispensable for mixed-function oxidases, including monooxygenases and dioxygenases involved in collagen synthesis, peptide hormone production, carnitine biosynthesis, and neurotransmitter metabolism (Doseděl et al., 2021; Lykkesfeldt, 2019). Its cofactor activity is typically mediated through the maintenance of enzymatic metal centres in the reduced state, thus facilitating proper catalysis of hydroxylation and amidation reactions within the body (Linus Pauling Institute, 2025). For instance, vitamin C-dependent monooxygenases such as dopamine-β-hydroxylase and peptidyl-glycine α-amidating monooxygenase play critical roles in synthesising catecholamines and peptide hormones, respectively (Doseděl et al., 2021).

The pharmacokinetics of vitamin C further underlie its therapeutic potential. Its absorption and tissue distribution are regulated by sodium-dependent vitamin C transporters, namely SVCT1 and SVCT2, which set an upper limit on plasma concentrations achieved via oral intake (Lykkesfeldt et al., 2025). While oral supplementation generally achieves plasma concentrations below 0.2 mM, intravenous administration can raise levels above 1 mM—enabling vitamin C to exert pro-oxidant effects by generating hydrogen peroxide in the extracellular space (Maekawa et al., 2022). This property is particularly relevant in cancer treatment, where selective cytotoxicity against tumour cells is observed at high, pharmacological doses.

Vitamin C also participates in redox recycling of other antioxidants, notably regenerating vitamin E from its oxidised form, thus amplifying its protective impact across multiple biochemical pathways (Linus Pauling Institute, 2025). Additionally, its involvement in collagen maturation supports extracellular matrix integrity, a process of key relevance in tissue repair and tumour invasion (Doseděl et al., 2021). The unique ability of vitamin C to maintain homeostasis in high-risk individuals under oxidative stress further elevates its status as a critical nutrient in cancer prevention and support therapies (Lykkesfeldt, 2019).

In summary, vitamin C’s biochemical versatility as an electron donor, antioxidant, and enzymatic cofactor underscores its foundational role in maintaining cellular homeostasis and defending against genomic instability, oxidative stress, and tissue dysfunction—hallmarks commonly encountered in oncogenic processes.

3. Mechanisms of Anticancer Action

Vitamin C demonstrates a diverse range of anticancer mechanisms, which are increasingly differentiated by both classical biochemical activity and emerging epigenetic, immunological, and microenvironmental effects. Central to its pharmacological activity is its ability to operate as both antioxidant and pro-oxidant, depending on concentration and route of administration (Mussa et al., 2022; Talib et al., 2024).

3.1. Direct Cytotoxicity Through Pro-oxidant Action

At pharmacological, especially intravenous, concentrations, vitamin C exerts direct cytotoxicity toward cancer cells through induction of oxidative stress (Mussa et al., 2022). Cancer cells often harbour defective mitochondrial machinery and altered metabolic agility that make them highly susceptible to reactive oxygen species (ROS) and hydrogen peroxide produced by vitamin C (Villagran et al., 2021). The generated extracellular hydrogen peroxide can diffuse into tumour cells, leading to DNA damage, ATP depletion, and apoptotic cell death (Wang et al., 2016).

Experimental studies confirm dose-dependent inhibition of tumour cell proliferation and induction of apoptosis in various cancer cell lines, including breast and colon cancers, when exposed to high-dose vitamin C (Wang et al., 2016; Pawlowska et al., 2019). The cytotoxic effects are further potentiated in the tumour microenvironment, which tends to contain higher levels of catalytic iron, driving Fenton-type reactions for radical formation and enhanced cell kill (Mussa et al., 2022).

3.2. Modulation of Epigenetic Regulation

Beyond classical redox biology, vitamin C is an essential cofactor for ten-eleven translocation (TET) methylcytosine dioxygenases and Jumonji-C domain-containing histone demethylases—enzymes instrumental in DNA demethylation and histone modification (Mikkelsen et al., 2021; Lee Chong et al., 2019). These activities restore genomic stability by reversing aberrant epigenetic silencing of tumour suppressor genes and reinitiating normal differentiation pathways in malignant cells (Brabson et al., 2021). Recent studies highlight vitamin C’s capacity to synergise with DNA methyltransferase inhibitors for enhanced efficacy in certain haematological malignancies (Mikkelsen et al., 2021).

3.3. Immune System Modulation

Vitamin C has emerged as an immunomodulatory agent by enhancing the function of cytotoxic T lymphocytes, natural killer cells, and regulating tumour-associated immune suppression (Talib et al., 2024). It has been shown to impact cytokine profiles and strengthen the anti-tumour immune response within the tumour microenvironment, thereby contributing to tumour cell clearance (Mussa et al., 2022).

3.4. Impact on Tumour Microenvironment

Studies also show that vitamin C promotes extracellular matrix stability, thereby potentially inhibiting tumour invasion and metastasis (Talib et al., 2024). This action, combined with its pro-oxidant cytotoxicity and epigenetic reprogramming, generates a hostile environment for resistant cancer cells.

4. Vitamin C and Cancer Prevention

Vitamin C has been widely investigated for its potential role in cancer prevention, with epidemiological studies predominantly supporting its protective effects against various cancers. A strong body of evidence from population-based studies associates higher dietary intake of vitamin C with a reduced incidence of several cancers, notably those of the lung, breast, gastrointestinal tract, and urinary system (Block, 1991; Chen et al., 2022).

A pioneering review by Block (1991) analysed 46 epidemiologic studies reporting that high vitamin C intake was linked to an approximately twofold reduction in risk for several non-hormone-dependent cancers, including oesophagal, laryngeal, oral cavity, and pancreatic cancers. The study also highlighted protective associations for stomach, rectal, breast, and cervical cancers, suggesting that vitamin C, along with other phytochemicals present in fruits and vegetables, may act synergistically to reduce cancer risk (Block, 1991).

More recent meta-analyses have reinforced these findings. For example, Chen et al. (2022) conducted an umbrella review covering 3,562 studies and found consistent inverse associations between dietary vitamin C and the incidence of bladder, breast, lung, and colorectal cancers. The protective effects were often stronger for intake from natural food sources rather than supplements, indicating the potential importance of dietary patterns and food matrices in modulating cancer risk (Chen et al., 2022).

Luo et al. (2014) performed a dose-response meta-analysis on vitamin C intake and lung cancer risk, revealing a linear inverse relationship wherein every 100 mg/day increase in vitamin C intake was associated with a 7% reduction in lung cancer risk. However, geographic variations and study design heterogeneity mediated some inconsistencies, emphasising the need for context-specific interpretation (Luo et al., 2014).

Regarding gastrointestinal cancers, Zhong et al. (2024) demonstrated that vitamin C intake significantly reduced the risk of digestive system cancers, including oral, pharyngeal, oesophagal, gastric, and colorectal cancers. Notably, the strongest protective effects were observed for oral, pharyngeal, and oesophagal cancers, followed by gastric cancer, where dose-response analysis suggested an optimal intake level that could further decrease cancer incidence (Zhong et al., 2024).

While observational data generally favour vitamin C-rich diets in cancer prevention, the efficacy of vitamin C supplementation remains controversial. Lee et al. (2015) meta-analysed randomised controlled trials (RCTs) and found no significant preventive effect of vitamin C supplements on cancer incidence, illuminating the complexity of translating dietary antioxidant intake into clinical prevention strategies (Lee et al., 2015). This discrepancy may be due to differences in bioavailability, interactions with other nutrients, or genetic factors influencing vitamin C transport and metabolism.

Indeed, Talib et al. (2024) and Villagran et al. (2021) emphasised that vitamin C consumed as part of a healthy diet likely exerts synergistic effects with other antioxidants and phytochemicals, suggesting a multifactorial mechanism for cancer prevention rather than a single nutrient effect (Talib et al., 2024; Villagran et al., 2021).

In conclusion, extensive epidemiological evidence supports a protective role for dietary vitamin C intake in the prevention of various cancers, whereas supplementation trials have yielded mixed results. Future research focusing on personalised nutrition and interaction with other dietary components may clarify these complex relationships.

5. Clinical Evidence and Therapeutic Applications

High-quality clinical data on vitamin C in oncology have progressed from pharmacokinetic and early safety studies to randomised trials testing pharmacological ascorbate as an adjunct to standard regimens in solid tumours, with emerging signals of efficacy and consistent tolerability when delivered intravenously at high doses to achieve millimolar plasma concentrations required for tumour-selective pro-oxidant effects. Across tumour types such as ovarian, pancreatic, glioblastoma, and non-small cell lung cancer, intravenous pharmacological ascorbate has reduced chemotherapy-related toxicities, maintained or improved quality-of-life indicators, and in selected randomised settings prolonged overall and progression-free survival without added adverse events, supporting further phase II–III evaluations and biomarker-driven patient selection.

5.1. Route, dosing, and pharmacokinetics

Clinical pharmacology consistently shows that oral vitamin C cannot achieve the plasma levels required for tumour-selective cytotoxicity, whereas intravenous pharmacological ascorbate reproducibly raises plasma ascorbate into the 10–20 mM range, enabling extracellular hydrogen peroxide generation in the tumour microenvironment. First-in-human and dose-escalation trials identified approximately 75–87.5 g per infusion, administered 2–3 times weekly, as sufficient to sustain target plasma levels with diminishing returns at doses above 100 g, thereby guiding standardised dosing for combination protocols with chemotherapy and radiotherapy. In a recent randomised trial in metastatic pancreatic ductal adenocarcinoma (PDAC), 75 g pharmacological ascorbate given three times weekly achieved millimolar serum concentrations without increasing adverse events, confirming feasibility and exposure-response in routine oncology infusion schedules.

5.2. Solid tumours: efficacy signals and disease-specific data

· Ovarian cancer
A Science Translational Medicine study integrating preclinical models and a clinical component in newly diagnosed stage III–IV ovarian cancer demonstrated that high-dose intravenous ascorbate combined with paclitaxel and carboplatin reduced grade 1–2 chemotherapy-related toxicities across organ systems without compromising antitumor efficacy, thereby improving tolerability of standard regimens. The translational arm showed that pharmacological ascorbate synergised with cytotoxic agents and induced ATP depletion and DNA damage in ovarian cancer models, providing mechanistic support for the clinical observations.

· Pancreatic cancer
Early-phase work in PDAC established the safety and pharmacokinetics of ascorbate combined with gemcitabine, with suggestions of improved progression-free and overall survival relative to historical controls and reductions in oxidative stress biomarkers, motivating randomised testing. In a randomized Redox Biology trial in metastatic PDAC, adding 75 g pharmacological ascorbate three times weekly to gemcitabine plus nab-paclitaxel doubled median overall survival to 16.0 months versus 8.3 months for standard therapy alone (HR 0.46; 90% CI 0.23–0.92; p=0.030) and improved median progression-free survival (6.2 vs. 3.9 months; HR 0.43; 90% CI 0.20–0.92; p=0.029) without worsening quality of life or toxicity, directly validating clinical benefit in a controlled setting.

· Glioblastoma
A first-in-human phase I trial adding pharmacological ascorbate to standard radiation and temozolomide in newly diagnosed glioblastoma achieved target plasma levels, was well tolerated with no dose-limiting toxicities, and reported a median overall survival of 18 months and a median progression-free survival of 9.4 months, both favourable to historical benchmarks and particularly notable in patients with unmethylated MGMT promoters. The trial recommended 87.5 g as the dose achieving ≥20 mM plasma concentrations with minimal incremental benefit at higher doses, informing dose selection for subsequent phase II investigations.

· Non-small cell lung cancer (NSCLC)
In a randomised phase II study of advanced NSCLC, best supportive care with or without high-dose intravenous vitamin C showed the practicality and safety of repeated pharmacological ascorbate infusions in a lung cancer population, adding to cross-disease evidence that the approach can be delivered alongside standard care; the study framework and outcomes provide precedence for larger trials incorporating ascorbate with systemic therapies.

· Prostate cancer (mCRPC)
A recent randomised trial in metastatic castration-resistant prostate cancer tested intravenous vitamin C with docetaxel and demonstrated the feasibility of integrating pharmacological ascorbate into taxane-based regimens, expanding disease contexts for combination strategies and contributing contemporary safety and outcomes data in genitourinary oncology.

5.3. Safety, tolerability, and quality of life

Across early-phase and randomised studies, pharmacological ascorbate has shown a favourable safety profile characterised by mild infusion-related symptoms (e.g., transient dry mouth, chills) and no consistent pattern of dose-limiting toxicities, with frequent reports of reduced chemotherapy-associated adverse effects when combined with cytotoxic regimens. Quality-of-life assessments in randomised PDAC demonstrated no detriment from adding pharmacological ascorbate, aligning with prior ovarian cancer findings of reduced toxicity burden without sacrificing disease control, and indicating potential supportive care benefits in multimodal treatment plans. Comprehensive reviews of intravenous vitamin C in oncology corroborate these clinical observations, emphasising pharmacologic exposure requirements, general safety, and the need for standardised protocols and screening (e.g., for G6PD deficiency) to minimise rare risks and optimise outcomes.

5.4. Practical integration and ongoing questions

Key practical implications include route standardisation (intravenous), dosing frequency (2–3 times weekly), and careful coordination with chemotherapy and radiation schedules to harness radiosensitising and chemosensitizing effects while monitoring for cumulative toxicity and patient-reported outcomes. While randomised evidence now supports overall and progression-free survival gains in metastatic PDAC, broader validation across tumour types, biomarker-guided selection, and head-to-head comparisons against evolving standards remain priorities to define the precise clinical niches where pharmacological ascorbate confers the greatest benefit. Contemporary expert syntheses stress that future phase II–III designs should stratify by tumour genomics and integrate pharmacodynamic endpoints (e.g., achieved plasma ascorbate, oxidative stress markers) to link exposure, mechanism, and efficacy in a precision oncology framework.

6. Synergy with Conventional Therapies

Vitamin C at pharmacological (intravenous) doses enhances the efficacy of multiple standard anticancer modalities through complementary mechanisms that increase tumour cytotoxicity while often sparing normal tissues, enabling radiosensitisation, chemosensitisation, and potential potentiation of immune checkpoint blockade in preclinical and clinical settings (Schoenfeld et al., 2019; Alexander et al., 2018). This synergy is primarily attributed to high transient plasma ascorbate levels that generate extracellular hydrogen peroxide and oxidative stress selectively in tumours, thereby amplifying DNA damage from genotoxic therapies and modulating antitumor immune responses without a parallel increase in systemic toxicity (Ma et al., 2014; Bodeker et al., 2024).

6.1 Chemotherapy combinations

Preclinical studies established robust synergy between pharmacologic ascorbate and gemcitabine, demonstrating enhanced cytotoxicity across diverse pancreatic cancer cell lines, dose-sparing effects, and superior tumour growth inhibition in xenografts compared with chemotherapy alone (Espey et al., 2011). Translating these findings, a randomised trial in metastatic pancreatic ductal adenocarcinoma showed that adding 75 g intravenous ascorbate thrice weekly to gemcitabine plus nab‑paclitaxel significantly improved median overall survival (16.0 vs. 8.3 months) and progression-free survival without excess adverse events, validating clinical benefit and feasibility in modern combination therapy (Bodeker et al., 2024). In ovarian cancer, a Science Translational Medicine study integrating mechanistic experiments with a clinical cohort found that high-dose intravenous vitamin C combined with carboplatin/paclitaxel reduced grade 1–2 chemotherapy-related toxicities while maintaining antitumor activity, supporting improved tolerability of standard regimens (Ma et al., 2014).

6.2 Radiotherapy combinations

Pharmacologic ascorbate is a selective radiosensitizer of tumor cells and a radioprotector of normal tissues, a duality demonstrated in pancreatic cancer models and a first‑in‑human phase I study where concurrent infusion during radiation increased DNA damage and clonogenic kill in tumors while reducing radiation‑induced intestinal injury, with favorable progression‑free and overall survival signals versus institutional and historical comparators (Alexander et al., 2018). Mechanistic and clinical reviews corroborate this paradigm, emphasising the hydrogen peroxide–mediated augmentation of radiation cytotoxicity in cancer cells alongside antioxidant protection in normal tissues, thereby widening the therapeutic window of chemoradiation (Schoenfeld et al., 2019). In glioblastoma, adding pharmacological ascorbate to standard radiotherapy and temozolomide achieved target millimolar plasma levels without dose-limiting toxicities and reported encouraging survival metrics, informing dose and scheduling for ongoing trials (Allen et al., 2019).

6.3 Immunotherapy combinations

Vitamin C also potentiates cancer immunotherapy by enhancing antitumor immune activity and remodelling the tumor microenvironment, with evidence that high‑dose ascorbate increases T cell–dependenttumour control and augments checkpoint blockade efficacy (Magrì et al., 2020). Recent work in a syngeneic lung cancer model showed that combining high-dose ascorbate with anti-PD1 significantly reduced tumour growth while increasing granzyme B production and IL-12 expression, implicating strengthened cytotoxic T cell and innate immune functions as drivers of synergy (Kim et al., 2025). Broader immuno‑oncology syntheses indicate that pharmacologic ascorbate may serve as a sensitiser to both chemotherapy/radiation and immunotherapy, meriting prospective trials with integrated immune and redox biomarkers (Zaher et al., 2022).

6.4 Mechanistic basis for synergy

Pharmacologic ascorbate reaches transient 10–20 mM plasma concentrations after intravenous infusion, generating extracellular hydrogen peroxide that diffuses into tumour cells and amplifies DNA damage inflicted by genotoxic therapies, thereby lowering survival thresholds and overcoming resistance phenotypes (Allen et al., 2019; Schoenfeld et al., 2019). Chemosensitisation with gemcitabine arises from oxidative disruption of cellular energetics and redox homeostasis, enabling dose‑sparing and broader responsiveness across epithelial–mesenchymal states (Espey et al., 2011). Radiosensitisation occurs in parallel with radioprotection of normal tissues, reflecting tumor‑selective pro‑oxidant effects and normal tissue antioxidant support, a combination that reduces off-target injury while intensifying tumour control (Alexander et al., 2018).

6.5 Safety, scheduling, and clinical integration

Across early‑phase and randomised studies, high‑dose intravenous vitamin C is generally well tolerated, with mild infusion-related events and no consistent dose-limiting toxicities when integrated with chemotherapy and radiation, while some regimens report improved quality‑of‑life or reduced adverse event burdens (Ma et al., 2014; Bodeker et al., 2024). Practical parameters include 50–100 g per infusion (commonly 75 g) administered two to three times weekly to sustain target exposure, with careful coordination around chemoradiation sessions to exploit radiosensitisation and chemosensitisation effects while observing routine screening (e.g., G6PD deficiency) and monitoring electrolytes and hemodynamics (Allen et al., 2019; Carr & Cook, 2018). Contemporary reviews emphasise designing phase II–III trials that stratify by tumour genomics and redox/immune biomarkers and incorporate pharmacodynamic endpoints to link exposure to mechanism and clinical benefit across disease settings (Schoenfeld et al., 2019; Zaher et al., 2022).

7. Safety, Quality of Life, and Adverse Effects

Vitamin C administered intravenously at high doses (pharmacological ascorbate) has demonstrated a favourable safety profile in numerous clinical studies involving cancer patients, including advanced and terminal stages. Phase I trials have primarily reported mild and transient infusion-related adverse effects such as chills, nausea, headache, and increased urinary flow, without severe dose-limiting toxicities, supporting the tolerability of treatment regimens involving 1.5 g/kg body weight per infusion (Stephenson et al., 2013; Carr et al., 2014). Furthermore, prospective and observational studies suggest that high-dose IV vitamin C may reduce chemotherapy-associated toxicities, improving patient acceptance and overall therapy compliance (Pinkerton et al., 2013; Ma et al., 2014).

Quality of life (QoL) improvements following intravenous vitamin C administration have been reported across multiple observational and clinical trials, encompassing physical, emotional, and cognitive function enhancements, with consistent reductions in fatigue, nausea, pain, and appetite loss documented in terminal cancer patients (Yeom et al., 2007; Carr et al., 2014). These findings are important because QoL is a key outcome for palliative and adjunctive therapies in oncology, where symptom burden can be significant.

Adverse effects remain uncommon but have been associated primarily with specific risk groups. Patients with glucose-6-phosphate dehydrogenase (G6PD) deficiency are at an increased risk of hemolytic anaemia due to oxidative stress induced by high-dose vitamin C and should be screened before treatment initiation (Zasowska-Nowak et al., 2021; Stephenson et al., 2013). Additionally, high doses may pose a risk for kidney stone formation in susceptible individuals and are contraindicated in patients with hemochromatosis due to enhanced iron absorption (Mayo Clinic, 2025). Fluid overload as a result of intravenous infusion has also been reported but is generally manageable with appropriate clinical monitoring.

The interaction of intravenous vitamin C with chemotherapy is complex and sometimes controversial. Although antioxidant activity of vitamin C raises theoretical concerns about interference with reactive oxygen species (ROS)-mediated cytotoxicity of chemotherapeutic agents, emerging clinical data indicate that vitamin C may in fact protect normal tissues from toxicity while enhancing tumor response, through mechanisms including pro-oxidant effects at pharmacological doses and selective cancer cell vulnerability (Carr et al., 2014; Talib et al., 2024). This dual role underscores the necessity of administering vitamin C in carefully controlled intravenous doses during multi-agent chemotherapy regimens.

In summary, high-dose intravenous vitamin C demonstrates an excellent safety profile in oncology patients, with encouraging evidence for improved quality of life and symptom palliation. Risk mitigation strategies, including screening for G6PD deficiency and renal function monitoring, are critical for safe clinical implementation. Continued research is warranted to further elucidate its safety across diverse patient populations and long-term outcomes.

8. Limitations and Controversies

While vitamin C, particularly in high-dose intravenous regimes, shows promise in cancer treatment and prevention, several significant limitations and controversies temper its widespread endorsement. One central issue arises from inconsistent clinical trial results regarding survival benefits, where early-phase and cohort studies often report positive associations yet larger randomised controlled trials frequently fail to demonstrate significant improvements in overall survival or recurrence rates, especially with oral supplementation or antioxidant use during chemotherapy (Woldeselassie & Tamene, 2024; Chen et al., 2022). This variability highlights methodological differences, population heterogeneity, dosing regimens, and intervention timing as critical factors influencing outcomes.

A key controversy involves the opposing antioxidative and pro-oxidative roles of vitamin C. At physiological doses, vitamin C primarily functions as an antioxidant, scavenging free radicals and potentially protecting both healthy and malignant cells from oxidative damage (Talib et al., 2024; Mussa et al., 2022). While this effect supports normal tissue health, there is concern that antioxidant supplementation during chemotherapy might reduce the efficacy of treatments that rely on reactive oxygen species (ROS) to kill tumour cells, as suggested by in vitro and some clinical data showing antioxidant-induced chemotherapy resistance (Kranjcec et al., 2022; Woldeselassie & Tamene, 2024). However, pharmacological intravenous doses generate extracellular hydrogen peroxide selectively toxic to tumour cells, circumventing this dilemma, although clinical trials validating the distinction are limited and still emerging (Mussa et al., 2022).

The issue of bioavailability further complicates vitamin C’s clinical use. Oral intake is subject to tight intestinal absorption controls and renal clearance, limiting plasma concentrations and potentially explaining negative findings in trials relying solely on oral supplementation (Cameron & Pauling vs. Mayo Clinic trials) (Chen et al., 2022; Woldeselassie & Tamene, 2024). Intravenous administration overcomes these limitations but requires specialised resources and protocols, posing barriers to broad clinical adoption.

Additional safety concerns chiefly relate to rare but serious adverse effects in subpopulations. For example, individuals with glucose-6-phosphate dehydrogenase (G6PD) deficiency risk hemolysis, and those with iron overload disorders may experience increased oxidative injury from vitamin C’s metal-reducing properties (Carr et al., 2014; Stephenson et al., 2013). Kidney stone formation, although uncommon, is another potential risk, necessitating patient monitoring.

There is also a gap in high-quality randomised controlled trials directly comparing different dosing strategies, routes, and timing of vitamin C administration, as well as a lack of validated biomarkers for predicting patient response or stratifying treatment. Many studies are limited by small sample sizes, heterogeneous patient populations, and a lack of placebo controls, creating challenges in drawing definitive conclusions (Woldeselassie & Tamene, 2024; Lee, 2009).

Finally, regulatory and quality control issues surrounding vitamin C supplements, the lack of standardisation in manufacturing, and the mixed landscape of over-the-counter availability versus clinical-grade parenteral formulations underscore a need for harmonisation and robust clinical guidelines before vitamin C can be widely adopted in oncology practice (Carr et al., 2014).

In summary, while compelling mechanistic, preclinical, and early clinical data position vitamin C as a potential anticancer agent, critical limitations and controversies remain. Addressing these through rigorous, large-scale clinical trials, biomarker development, and clarity on dosing and administration protocols is essential to unlock its definitive therapeutic role.

9. Future Directions

Future research on vitamin C in oncology is poised to address critical gaps in clinical translation, patient stratification, and delivery technologies to maximise therapeutic benefit. Central to advancing the field is the need for robust, large-scale randomised controlled trials that elucidate precise dosing regimens, routes of administration, and combination strategies that optimise pro-oxidant cytotoxicity while mitigating potential antioxidant interference (Mussa et al., 2022; Villagran et al., 2021). Standardising pharmacokinetic and pharmacodynamic markers across studies will facilitate data harmonisation and accelerate clinical acceptance.

9.1 Biomarker Development and Patient Stratification

Identifying predictive biomarkers remains a priority to discern patient populations most likely to benefit from vitamin C therapies. Emerging evidence emphasises tumour molecular phenotypes such as KRAS and BRAF mutation status, redox imbalance profiles, and epigenetic signatures as potential determinants of vitamin C sensitivity (Ngo et al., 2019). Advanced phenotyping integrating tumour genomics, metabolomics, and immune microenvironment analyses promises to refine patient selection and enable personalised combination regimens.

9.2. Nanotechnology and Advanced Delivery Systems

Nanoparticle-mediated delivery of vitamin C and its derivatives represents a rapidly evolving frontier, offering possibilities to improve bioavailability, tumour targeting, and controlled release to optimise therapeutic indices (Yao et al., 2020; Sun et al., 2023). Nanocarriers engineered for selective tumour accumulation can enhance intracellular ascorbate concentrations, modulate tumour microenvironmental factors, and facilitate co-delivery with chemotherapeutic or immunomodulatory agents. Preclinical models affirm that formulation strategies utilising liposomes, polymeric nanoparticles, and conjugates sustain vitamin C activity, minimise systemic clearance, and potentiate antitumor effects.

9.3. Integration with Immunotherapy

The intersection of vitamin C’s immunomodulatory capabilities with immune checkpoint inhibition constitutes a promising avenue. Preclinical studies highlight augmented T cell activation, reversal of immune suppression, and enhanced efficacy of PD-1/PD-L1 blockade when combined with pharmacological ascorbate (Kim et al., 2025; Magrì et al., 2020). Clinical trials incorporating vitamin C as an adjuvant to immunotherapy are in nascent stages but hold potential to overcome resistance mechanisms and expand the repertoire of immuno-oncology (Zaher et al., 2022).

9.4. Epigenetic and Metabolic Targeting

Further elucidation of vitamin C’s role in epigenetic remodelling and metabolic reprogramming offers routes for synergistic targeting. Combination with epigenetic drugs and metabolic inhibitors may amplify tumour cell differentiation, apoptosis, and immune recognition, addressing multifactorial resistance and relapse risks (Mikkelsen et al., 2021; Cao et al., 2025). Decoding the context-dependent switch between vitamin C’s antioxidant and pro-oxidant actions at the molecular level remains critical for informed clinical designs.

9.5. Standardisation and Regulatory Guidelines

Developing uniform clinical protocols, quality control standards for pharmaceutical-grade vitamin C preparations, and guidelines for screening (e.g., G6PD deficiency) will enable safer, wider adoption. Regulatory endorsement based on rigorous phase II/III trial data and post-marketing pharmacovigilance must be a priority, alongside education to dispel misconceptions related to antioxidant supplements and to align public health messaging (Carr et al., 2014; Talib et al., 2024).

10. Conclusions

Vitamin C represents a multifaceted, promising bioagent in the landscape of cancer prevention and treatment. Its biochemical duality as an antioxidant at physiological doses and a pro-oxidant at pharmacological concentrations underpins a complex yet exploitable mechanism of selective tumour cytotoxicity, epigenetic remodelling, and immune modulation (Mussa et al., 2022; Talib et al., 2024). Epidemiological data consistently correlate adequate dietary vitamin C intake with decreased risks for multiple cancer types, reinforcing its potential role in chemoprevention, although supplementation beyond dietary sources remains controversial (Chen et al., 2022).

Clinically, high-dose intravenous vitamin C has demonstrated safety and tolerability across diverse solid tumours, with emerging evidence for survival benefits, reduced therapy-associated toxicities, and improved quality of life in combination regimens, particularly in pancreatic, ovarian, and glioblastoma cancers (Bodeker et al., 2024; Allen et al., 2019). Synergistic effects with chemotherapy, radiotherapy, and immunotherapy highlight vitamin C’s potential to enhance conventional treatments and widen therapeutic windows (Schoenfeld et al., 2019; Kim et al., 2025). Nevertheless, significant limitations and controversies remain in dosing standardisation, bioavailability, and mechanistic nuances between antioxidant and pro-oxidant roles, necessitating rigorous future trials and biomarker-driven personalised approaches (Woldeselassie & Tamene, 2024; Ngo et al., 2019).

Technological advances such as nanoparticle-based delivery systems, improved molecular stratification, and integration with immune checkpoint inhibitors represent promising future directions that may augment vitamin C’s therapeutic indices and broaden clinical applicability (Sun et al., 2023; Zaher et al., 2022). Coupled with a strong safety record and demonstrated patient-centric benefits, vitamin C stands out as a potentially transformative adjunct in oncology. However, a clear understanding of its multifactorial biology, careful patient selection, and ethical clinical trial design remain prerequisites to achieving conclusive evidence and guideline inclusion.

In sum, the synthesis of current experimental, clinical, and epidemiological data underscores vitamin C’s diverse anticancer effects and its potential for integration into comprehensive, multimodal cancer therapies. Continued dedicated research efforts are essential to unlock the full spectrum of benefits vitamin C can offer in the fight against cancer.
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