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    I am pleased to write this foreword for the e-book entitled ‘Oxidative Stress and Natural Antioxidants’. This outstanding endeavor by the co-editors represents a multi-disciplinary coverage of all aspects of oxidative stress and the role of anti-oxidants in this fundamental phenomenon. This e-book represents an effective compilation of chapters on the fundamentals of oxidative stress and the role of anti-oxidants in health and disease. The authors deserve credit for their time and effort to contribute excellent chapters relevant to their individual expertise. These chapters include excellent discussions on oxidative stress in human physiology, redox homeostasis, functions of free radicals and intrinsic cellular mechanisms for naturally occurring anti-oxidants. I am confident that this book will be a valuable addition to the bookshelves of teaching faculty, established investigators and young graduate students. I wish all, the success for the launch of this book.
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    “Oxidative Stress and Natural Antioxidants” presents the one pot solution for the interested readers ranging from an understanding of oxidative stress, recent advances in preparation methods, characterization, and applications of antioxidants. Taken altogether, the gathered information in this volume will cover an array of topics highlighting the importance of natural antioxidants in various oxidative stress associated diseases.




    The scientific framework of this e-book contains chapters by eminent experts with in-depth knowledge of antioxidants and oxidative stress. The chapters comprise the role of reactive oxygen species and environmental contaminants in redox homeostasis with cellular mechanisms in oxidative stress that trigger the development and progression of many diseases. The literature includes the extraction, profiling, and characterization of antioxidants via different procedures and screening assays. Further, the chapters deliberate the role of antioxidants in human physiology, redox homeostasis, intrinsic cellular mechanisms, and their therapeutic potential with industrial prospects. Authors whose names appear on the chapters have remarkably contributed to the scientific work in this ebook and are responsible and accountable for any scientific queries or questions.




    We believe that the chapters published in this volume will enrich the understanding of interdisciplinary domains of natural products as well as offer insights into emerging avenues in drug discovery trends.
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    Level of Oxidative Stress: A Fate-Determiner of Carcinogenesis and Anti-Carcinogenesis
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      Abstract




      Molecular oxygen, a double-edged sword, is both a boon and a curse for the existence of life. Oxidative stress is the disequilibrium between reactive oxygen (ROS)-generation and elimination that inflicts cellular damage. Living cells can adapt to the ever-changing internal or external stresses. However, they gradually lose their radical-scavenging adaptability with persistent stress, which further increases during neoplasia. Cancer cells, well adapted in pro-oxidative milieu, drive metabolic and genomic reprogramming, which further escalates the oxidative load. This vicious cycle promotes further carcinogenic alterations. Contrastingly, the same ROS is essential for the oxidative-burst mediated anticancer host-defense. To sustain this redox pressure, cancer cells hijack the intracellular antioxidants. Therefore, redox reorientation towards enhanced responsiveness may selectively target malignant cells by ROS-enhancement beyond tolerance leading to mortality. Carcinogenesis, a multistep process, requires ROS during initiation, promotion and progression. However, supraphysiological ROS may induce apoptosis in unmanageable malignancies. Interestingly cells possess an evolutionary-conserved nature to get hormetically pre-conditioned by a transient ultra-low exposure of a stressor, which in higher dose may show the opposite effect. Antioxidants are excellent chemopreventives and chemotherapeutics. Here, we have condensed the possible anticancer modulation of oxidative stress by phytochemicals, aiming at an insight for future strategies in cancer management.
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      OXIDATIVE STRESS: ORIGIN, DEFINITION AND FEATURES




      Oxygen, which is indispensable for existence of all aerobic life forms, becomes lethal when in excess. ROS are oxygen-containing highly reactive species that are produced due to cellular metabolism or environmental stress and can damage nucleic acids, lipids, and proteins structurally and functionally (Jelic et al. 2019). ROS are a broad class of chemicals that includes partially oxidized radicals with unpaired electrons, such as superoxide ion (O2•-) and hydroxyl radical (OH•), and non-radicals, such as singlet oxygen (1O2), hydrogen peroxide (H2O2) and hypochlorous acid (HOCl).




      The origin and evolution of aerobic life on Earth was accompanied by ROS and oxidative stress, which has emerged as a concept in redox biology in the past 60-odd years. Oxidative stress was defined by Jones as “an imbalance between oxidants and antioxidants in favour of the oxidants, leading to a disruption of redox signaling and control and/or molecular damage” (Sies 2017). The endogenous sources of oxidants are inflammatory cells, mitochondria, and peroxisomes which produce mostly H2O2 and O2•- as ROS molecules (Jelic et al. 2019). Exposomes, which include all the exogenous sources, can be direct environmental oxidants such as pollution, cigarette smoke, microbes, allergens, pesticides and ionizing or solar (UV, visible, infrared-A) radiations. Oxidative stress can be stratified according to intensity ranging from physiological oxidative stress (eustress) essential for redox signaling to supraphysiological oxidative burden (distress), which damages biomolecules (Sies 2017).




      Oxidative stress markers can be divided into three categories (Valadez-Vega et al. 2013):





      

        	Modified molecules (nucleotide, protein, lipid) formed by the action of free radicals




        	Antioxidant molecules or enzymes




        	Second messengers and transcription factors


      




      When the ROS production or accumulation exceeds the antioxidant defence, redox imbalance becomes inevitable, which leads to toxic effects on the structural and functional integrity of biological tissues. This imbalance can either arise because of the rise in the ROS production or fall in the antioxidant defence or both. Therefore the main mechanism of antioxidant action is either a) suppression of ROS production b) scavenging free radicals c) upregulation of antioxidative defence or a combination of all these (Valadez-Vega et al. 2013). To counteract this inevitable exposure to free radicals from several sources, our physiological system has evolved to develop following mechanisms:





      

        	Preventive mechanisms




        	Repair mechanisms




        	Physical defences




        	Antioxidant defences


      




      

        Effect of Oxidative Stress on Life and Disease




        Though the average age has increased over the past few decades, simultaneously, the cancer burden has also risen to 19.3 million new cases and 10 million cancer deaths in 2020 (Sung et al. 2021). Persistently elevated ROS causes oxidative stress, which plays a vital role in the development of many age-associated diseases, including cancer. Even in the presence of the cell’s defence system, oxidative damage acquires throughout the life (Arsova-Sarafinovska and Dimovski 2013). Though the production of ROS enhances during aging, proper ROS signaling is an essential requirement for healthy aging as it can regulate the lifespan directly. Endogenous and exogenous antioxidants can prevent and repair damage caused by ROS. Therefore, they can lower the risk of chronic-ROS driven diseases, including cancer or may even improve its prognosis.




        Enzymatic antioxidants, like superoxide dismutase (SOD), glutathione peroxidase (GPx), NADPH quinone dehydrogenase (NQO) and catalase (CAT), act by chelating superoxide and other peroxides. In addition, non-enzymatic antioxidants (flavonoids, alkaloids, thiols, vitamins E and C, coenzyme Q, histidine, carotene, retinoic acid and glutathione) serve as an important biological defence against ROS attack (Sies 2017). In fact, the process of carcinogenesis is intricately linked with the inherited or acquired defects in enzymes responsible for the redox-mediated signaling axis (Tan et al. 2018). Therefore, the efficacy of antioxidant molecules that promote chemoprevention or chemotherapy by counteracting oxidative stress is of prior importance. In this chapter, we have highlighted the molecular mechanisms of antioxidants/prooxidants associated with anticancer management.


      


    




    

      PHYSIOLOGICAL IMPORTANCE OF ROS




      ROS can stimulate pro-inflammatory cytokine secretion from phagocytic cells, fibroblasts, and chondrocytes which can lead to acute disease conditions like, systemic inflammatory response, acute respiratory/renal insufficiencies, ischemia/reperfusion, and acute intestinal/ renal/ arthritic/ cardiac inflammation (Roy et al. 2017). However, it has some essential role too for the healthy maintenance of the body. O2•- due to its highly energized aggressive nature is detrimental and destroys biological macromolecules (protein, nucleotide and lipid). H2O2 has a role in regulating protein functioning as a second messenger or as a signaling molecule when its level is within a physiological range (Helfinger and Schröder 2018). The first role of ROS as a signaling molecule is to sense unfavourable environmental conditions. Therefore, the aim of the cellular antioxidant system is to keep the stress-sensor ROS molecules at a threshold level and any imbalance can trigger the ROS signaling cascade (Mittler 2017). A fine and dynamic balance between the ROS producing enzymes, NADPH oxidases (NOX), NO synthases, cytochrome P-450 (cyt P450) and ROS scavenging enzymes such as SOD, GPx, NQO, and CAT determine the regulation of redox signaling.




      Under tight physiological control, a regulated release of ROS is essential for the fundamental life processes. Low basal levels of ROS are required for normal movement of skeletal muscles by stimulating the sarcoplasmic reticulum ATPase activity (Oyagbemi et al. 2009). Another important role of ROS-mediated signaling is the innate immune machinery. Receptor activation of immune-surveillance is promoted by increased ROS production which helps in the release of the pro-inflammatory cytokines interleukin (IL) 1β, tumour necrosis factor α (TNFα) and interferon γ (IFN γ) which all lead to T-cell activation and maturation (Chen et al. 2016). Low ROS levels can cause immunosuppression, whereas high ROS levels mediate autoimmune reactions (Roy et al. 2017). ROS acts as the signaling messenger of the Mitogen-activated protein kinase (MAPK) pathway regulation. Maintenance of normal vascular tone is another typical example of radical-mediated signaling (Oyagbemi et al. 2009). A basal level of ROS maintained by NOX or mitochondria is required for normal cellular proliferation, stem cell renewal and terminal differentiation. Highly-oxidizing environment is a pre-requisite for several types of stem cell growth (Roy et al. 2017).




      

        Pathological Significance of ROS




        The beneficial effects of ROS can be confiscated by cancer cells that tilt the ROS status in their favour and sustain an escalated ROS level that favours cancer cell proliferation (Schieber and Chandel 2014). Cancer cells and some stem cells harbour a moderately higher ROS level (below cytotoxic level) that redirects redox-signaling reactions in favour of uncontrolled growth via pro-oncogenic pathways involving hypoxia-inducible factors (HIFs), phosphoinositide3-kinase (PI3K), nuclear factor κ light chain enhancer of activated B cells (NF-κB), MAPK, JUN N-terminal kinase (JNK), cyclin D1, and extracellular signal-regulated kinase (ERK) (Roy et al. 2017). ROS can induce tumorigenicity by, introducing genomic alterations and DNA instability during the initial stages of tumorigenesis, increasing cell proliferation, deregulating cell cycle check-point and apoptosis, and causing abnormal gene expression during cancer progression (Yao et al. 2014).


      




      

        ROS and Carcinogenesis




        One of the prominent features of cancer cells, in comparison to their normal counterparts, is a continuous pro-oxidant status due to metabolic stress and hyperactivation of oxidase enzymes (Martinez-Outschoorn et al. 2010). One of the initial steps in oncogenesis is DNA damage leading to mutation and destabilization which is favoured by increased oxidative load and these altered genes further increase ROS production (Helfinger and Schröder 2018). Moreover, it is reported that the OH•- can bind with whole DNA molecule, and consequently, damage the deoxyribose backbone, including nucleotide bases (Saha et al. 2017). These genomic alterations are primarily represented by 8-hydroxydeoxyguanosine (8-OHdG), an oxidation-product of nucleoside. It is a predominant oxidative lesion and a proportional indicator of ROS-induced carcinogenesis which has been found to be increased in primary tumors compared to neighbouring non-malignant tissue thus promoting neoplastic transformation (Reuter et al. 2010). 8-OHdG causes transcriptional repression by introducing methylation. This global DNA hypomethylation is considered to induce downregulation of tumor suppressor genes and also upregulation of oncogenes (Perillo et al. 2020).




        ROS may also deregulate DNA repair, resulting in the production of altered tumor-progenitor cells in a stress-dependent manner (Martinez-Outschoorn et al. 2010). In the promotion stage, the oxidative load may accelerate the abnormal gene expression especially the inactivation of tumor suppressor genes, activation of oncogenes or deregulation of cell-cycle vigilance, modification of second messenger systems, thus culminating in increased cell proliferation or decreased cell-death of the initiated tumor cell population. Finally, oxidative stress may also facilitate the cancer progression by accelerating further DNA abnormalities to the initiated cell population which evades the dependence on cell-cell or cell-matrix interaction (Reuter et al. 2010).


      




      

        ROS in Cancer Signaling




        It is well reported that malignant cells or even some cancer stem cells compared to benign cells show a persistently oxidizing environment with elevated ROS levels (Jelic et al. 2019). To thrive in such sustained redox deregulated environment, cancer cells, optimally utilize the cellular enzymatic and non-enzymatic antioxidant machinery. Oncogenic activation of Kirsten Rat Sarcoma virus (KRas), v-Raf murine sarcoma viral oncogene homolog B (Braf) and v-Raf murine sarcoma viral oncogene homolog B (c-Myc) increase the activity of the main redox regulator of human nuclear factor (erythroid-derived 2)-like 2 (Nrf2), which in turn enhances the expression of the oxidative defence program for maintaining ROS and thereby positively regulates tumor cell proliferation and tumorigenicity (Helfinger and Schröder 2018).




        Once the tumorigenesis has well initiated, a chronic but moderate concentration of ROS, acts as a pro-neoplastic factor. It helps in activation of proto-oncogenes such as protein kinase C (PKC), FBJ murine osteosarcoma viral oncogene homolog or cellular oncogene fos (c-Fos), V-jun avian sarcoma virus 17 oncogene homolog (c-jun), c-myc (Surabhi 2019) and inactivation of tumour suppressor genes such as - phosphatase and tensin homolog (PTEN), forkhead box protein O (FOXO)-p53 (Strzelczyk and Wiczkowski 2012) or activation of the cancer cell survival signaling cascade involving MAPK/ERK1/2, p38, JNK, Nrf2 and PI3K / protein kinase B (Akt) (Aggarwal et al. 2019).




        Akt revolves at the center of several signaling networks that connect multiple potentially oncogenic molecules. ROS activates Akt by inhibiting PTEN which has been proved to impair antioxidant defences and favour cancer cell survival (Reuter et al. 2010). Akt directly inhibits apoptosis by inactivating pro-apoptotic factors, including the Bcl-2 homology 3 (BH3)-only protein Bcl-XL/Bcl-2-associated death promoter (Bad), Bcl-2 associated X protein (Bax), caspase-9, Bcl-2-like protein 11 or Bcl2-interacting mediator of cell death (Bim) or FOXO (Rahmani et al. 2009). ROS activate transcription factor NF-κB, gelatinolytic enzymes matrix metalloproteinases (MMPs), and vascular endothelial growth factor (VEGF). In addition, Akt promotes nuclear translocation of the ubiquitin ligase mouse double minute 2 homolog (MDM2), which counterbalances p53-mediated apoptosis (Reuter et al. 2010).




        ROS can directly inactivate p53 by oxidation of cysteine residues in the DNA-binding domain, whereas, constant oxidative stress promotes a selection of cell clones lacking wild-type p53 which favours resistant to apoptosis (Liou and Storz 2010). Negligible to mild oxidative stress causes p53 to activate antioxidant enzymes like SOD, GPx. This rise in the p53 activity is proportional to the ROS level up to a range but subsequently the excess ROS inhibit p53 which in turn prevents apoptosis (Strzelczyk and Wiczkowski 2012). Thus, by avoiding apoptosis and favouring oxidative metabolism, redox stress, and NF-κB upregulation, ROS facilitate neoplastic cell transformation, proliferation, and angiogenesis (Reuter et al. 2010).


      




      

        ROS in Cancer Metabolism




        All cancerous cells show a thorough alteration of their metabolic status by ROS during cancer initiation, promotion, epithelial–mesenchymal transition (EMT), angiogenesis, cell migration, invasion, metastasis, and acquisition of cancer stemness (Lee et al. 2017). These metabolic processes lower cellular dependency on oxygen allowing proliferation in hypoxic interior of solid tumors even in presence of sufficient molecular oxygen (Martinez-Outschoorn et al. 2010). Initiated cells with decreased oxidative phosphorylation favour aerobic glycolysis. Increased oxidative burden and anaerobic glycolysis in the cancer microenvironment can influence tumor cell behaviour. ROS have been indicated in the metabolic rearrangement of both cancer cells and cancer associated fibroblasts (CAFs), allowing an adaptation to oxidative stress that subsequently promotes carcinogenesis and chemoresistance (Costa et al. 2014).




        Not only the imbalance in intracellular energy maintenance and stress signaling but also a deregulated production of mitochondrial ROS (mtROS) and other metabolic by-products, disruption in ROS scavenging by the mitochondrial antioxidant machineries [manganese superoxide dismutase (MnSOD), glutaredoxin-2 (Grx2), GPx1, thioredoxin (TRX), and peroxiredoxin] play coordinated roles in carcinogenesis (Idelchik et al. 2017). Increased mtROS generation and mitochondrial DNA (mtDNA) instability due to lack of histone protection is another mechanism that contributes to tumorigenic phenotype in a canonical Wnt/β-catenin independent pathway (Idelchik et al. 2017). Mutations of mtDNA in tumor cells result in a derailment in respiratory complex chains and the aberrant oxidative phosphorylation which contribute to the overproduction of ROS (Chen et al. 2016). The balance of mtROS as a beneficial death-inducer of cancer cells and detrimental activator of cancer cells determines the process of cancer pathophysiology (Sabharwal and Schumacker 2014).


      




      

        ROS Mediated Inflammation




        In the course of inflammation, neutrophils and macrophages usually release large amount of O2•-, H2O2, and •OH. Under chronic inflammatory condition, these ROS are produced from inflammatory and epithelial cells (Kawanishi et al. 2017). Numerous carcinogens exert their deleterious inflammatory action through ROS production. This inflammatory microenvironment promotes carcinogenesis. Inflammatory cells can encourage DNA damage by converting procarcinogens to DNA-damaging species by robust generation of ROS (Ohnishi et al. 2013). Chronic inflammation is a typical example of the impact of cellular microenvironment on neoplastic transformation. ROS can further activate cancer and inflammatory cells to secrete pro-inflammatory cytokines like TNF, NOX2, IL-6, IL-2 and IL-8, which aggravate cancer stem cell (CSC) renewal and ultimately maintains progressive tumor microenvironment (Gu et al. 2018).


      




      

        ROS Facilitate EMT, Migration and Invasion




        NOX1-derived ROS generation promotes cancer cell invasion by enhancing nuclear translocation of NF-κB via pyruvate dehydrogenase kinase 1 (PDK1) which helps proliferative effect of epithelial growth factor receptor (EGFR) and subsequent expression of the MMP-9 (Helfinger and Schröder 2018). During EMT, NOX-mediated ROS formation induces histone H3 acetylation of the slug promoter region and expressional induction (Kamiya et al. 2016). ROS downregulates E-cadherin via hypermethylation of its promoter. This promoter hypermethylation is mediated by a snail-dependent recruitment of DNA methyltransferase 1 (DNMT1) and histone deacetylase 1 (HDAC1) which two are further upregulated by the same factor, ROS (Helfinger and Schröder 2018). ROS mediates hypoxia-induced EMT by stabilizing HIF-1α and encouraging cancer cells to produce angiogenic factors (Lv et al. 2017).




        ROS promote aberrant MMPs-mediated increase in cell migration and invasion by inducing the Ras-Erk1/2, Rac-1-JNK, activating protein-1 (AP-1) or p38 signaling pathways (Liou and Storz 2010). ROS not only activate the MMPs directly by reacting with the thiol groups of the protease catalytic domain but also suppress their inhibitor, tissue inhibitor of metalloproteinases (TIMPs) (Reuter et al. 2010). Smad2, p38 and phosphorylated ERK1/2, along with α-smooth muscle actin (α-SMA) and fibronectin upregulation, and E-cadherin repression trigger ROS dependent induction of transforming growth factor β (TGF-β) signaling. This in turn facilitates EMT, migration, invasion and metastasis. Integrin activation causes altered mitochondrial metabolism and enhances ROS production by activating many oxidases including lipoxygenase, NOX and cyclooxygenase (COX)-2 (Goitre et al. 2012). A synergistic signaling between integrins and growth factors results into an oxidative burst through ras-related C3 botulinum toxin substrate 1 (Rac1). Rac1-ROS signal transduction is engaged in proto-oncogene tyrosine-protein kinase Src and protein-tyrosine kinase (Pyk2) mediated phosphorylation of β-catenin and p120-catenin, which in turn increases cell adhesion to extra-cellular matrix, cell spreading and proliferation. Anchorage free proliferation or resistance to anoikis takes place most probably via the increased generation of intracellular ROS (Liou and Storz 2010).


      




      

        ROS in Angiogenesis




        ROS-dependent angiogenesis initiates through secretion of angiogenic modulators in the tumor microenvironment. Rac1, an upstream regulator of NOX, elicits ROS, which is involved in dismantling of vascular-endothelial cadherin cell-cell and cell-matrix junction and interaction between endothelial cells. This phenomenon is associated with vascular dysfunctions such as increased permeability, angiogenesis and endothelial migration (Helfinger and Schröder 2018). Endothelial cells derived NOX elevate cellular ROS by upregulation of HIF-1α and receptor phosphorylation of its major downstream VEGF signalling protein (Xia et al. 2007). Along with VEGF, growth factors like fibroblast growth factor (FGF) and platelet-derived growth factor (PDGF) are secreted into the tumor microenvironment in response to several stimuli including ROS which ultimately helps in angiogenesis (Reuter et al. 2010).


      




      

        ROS in Cell Cycle Surveillance




        Oxidative DNA lesions identified by ataxia telangiectasia-mutated protein (ATM), ATM- and Rad3-related (ATR) and DNA-dependent protein kinase catalytic subunit (DNA-PKs) contribute to several redox signaling pathways and act via modulation of DNA damage repair (DDR) pathways (Davalli et al. 2018). DDR, Cdc25 phosphatases (Cdc25s) and the cyclin dependent kinases (CDKs) are regulated by the intracellular redox environment and ROS induced damaged DNA lesions (Shackelford et al. 2000). ROS induces AP-1 activity in a JNK/MAPK-dependent way leading to increased expression of growth-stimulatory genes including cyclin D1, inhibition of the cell cycle repressor p21 as well as upregulation of MMPs and metastasis (Helfinger and Schröder 2018). ROS can upregulate the mRNA levels of cyclins including cyclin B2, cyclin D3, cyclin E1 and cyclin E2 which regulate the cell cycle to expedite G1 to S phase transition, ultimately leading into aberrant proliferation (Hardwick 2015).


      




      

        ROS in Cancer Stemness




        Contrary to cancer cells, which maintain a high ROS levels throughout stages of malignancy, cancer stem cells have an extraordinary antioxidant capacity (Liou and Storz 2010). CSCs that attribute aggressiveness, resistance and relapse have a strong antioxidant protection against ROS enabling them against conventional chemotherapy and radiotherapy, which functions by elevating ROS level. The stemness marker of CSCs e.g. aldehyde dehydrogenase 1 (ALDH1) and ATP-binding cassette sub-family G member 2 (ABCG2) work by protecting the CSCs from intracellular ROS-induced death (Hatem and Azzi 2016). Redox equilibrium plays an important role in the maintenance of stem cell survival, self-renewal, differentiation (Reuter et al. 2010) through the antioxidative measure and/or anti-inflammatory response and this niche can provide mutation signals. Stem cells that accumulate these mutation signals may become more tumorigenic, resulting in CSCs (Franco et al. 2015).


      




      

        ROS in Tumor Microenvironment




        Cancer cells exploit “oxidative stress” in nearby cancer associated fibroblasts (CAFs) to drive tumor-stroma co-evolution as a “metabolic engine” to fuel their own survival. This process is influenced by stromal production of nutrients to stimulate their mitochondrial biogenesis (Cuyàs et al. 2014). The oxidative burst is used by cancer cells in promoting DNA damage, aneuploidy and genomic instability to progress their own mutagenic evolution towards a more robust phenotype via a bystander effect (Martinez-Outschoorn et al. 2010). Other than the tumor cells, CAFs also release H2O2 extracellularly that induce oxidative stress in normal fibroblasts, initiating the reprogramming to CAFs and promoting cancerization of that field, EMT, invasion and cancer aggressiveness. Immune cells, such as myeloid-derived suppressor cells, tumor-associated macrophages, regulatory T cells (Treg), neutrophils, eosinophils, and mononuclear phagocytes, can also generate ROS (mostly H2O2) into the tumor microenvironment (Snezhkina et al. 2020).


      




      

        ROS Prevention as a Part of Chemoprevention




        It is an estimate that, more than 30% of human cancers might be prevented through appropriate lifestyle modification. About 10–70% (average 35%) of human cancer is not solely dependent on inherited genetic background but is highly attributable to diet which can be called as human carcinogens (Russo 2007). Phytochemicals are considered as the non-nutritive bio-active components of the diet based on plants and possess multi-modal or pleotropic antimutagenic and anticarcinogenic properties (Russo 2007). Increased consumption of antioxidative fruits and vegetables containing several anticancer compounds have been always more effective than a single agent (Russo 2007). ‘Chemoprevention’ by its definition is the strategy of stopping or retarding the onset of malignant changes with relatively nontoxic natural or (semi)synthetic chemical substances. The National Cancer Institute (NCI) is investigating several hundreds of potential agents out of more than 5000 phytochemicals and is also sponsoring a significant portion of it for Phase I, II and III chemoprevention trials (Surh 2003).


      




      

        Nature and Types of Chemopreventive Agents




        According to the origin and mode of synthesis, chemopreventive antioxidants are of two types- pharmacological and dietary chemopreventives. Pharmacological chemopreventives are chemically synthesized or derived from natural precursors and alone or in combination can work in a synergistic manner like (1) by blocking the cancer initiation via induction of antioxidant enzymes in high risk healthy individuals; (2) by inhibiting the cancer progression via the activation of the apoptotic pathway and cell cycle arrest in individuals already with pre-malignant lesions; (3) by escalating aberrant epigenetic alterations as an anti-cancer mechanism in patients with primary cancer; and (4) by eliminating the self-renewal potential of CSCs in case of relapse after an initial cancer-reduction (Lee et al. 2013b). Anthracyclines, platins, antagonistic antibodies, taxanes, anticancer antibiotics, cyclophosphamides etc. are some well-used pharmacological chemopreventives.




        Dietary chemopreventives, which are present in a regular diet but as a non-nutritive part are again of two major types- blocking agents and suppressing agents (Russo 2007). Blocking agents are those, which prevent carcinogens from reaching the target sites or promote rapid detoxification, inhibit carcinogens from undergoing metabolic activation or from subsequent interaction with crucial biomolecules. On the other hand, suppressing agents are those which inhibit the malignant transformation of already initiated cells, either in the promotion or in the progression stage by controlling deregulated cell cycle, tumor-suppressive signal transduction and apoptotic induction (Tanaka and Sugie 2007). Carotenoids, alkaloids, polyphenols, nitrogen-containing and organosulfur compounds are the dietary agents with prominent chemopreventive properties (Russo 2007). The anticancer properties of the major classes of phytochemicals are enlisted in Table 1.




        Each chemopreventive compound, within every class, has its own set of adverse reactions. One of the major causes of adverse reactions is the excessive production of ROS and subsequent accumulation of oxidative stress. To curb these unwanted side effects, several dietary supplements have been investigated, amongst which antioxidants have gained increasing acceptability as adjuvant in cancer chemotherapy (Singh et al. 2018). The induction of oxidative stress as the mechanism of action of many anticancer drugs has been well reported (Rigas and Sun 2008). Since, antioxidants may save the malignant cells from ROS-induced toxicity, success of anticancer therapy may be conditioned by maintaining the level of antioxidants in our body, which can be produced de novo (endogenous) or can be ingested through the diet and nutritional supplements (exogenous) (Rodríguez-Serrano et al. 2015). Antioxidants have shown to exert beneficial effect when used along with chemotherapeutic drugs against initiation, promotion and progression of carcinogenesis (Valadez-Vega et al. 2013).




        The synergistic and pleiotropic action of low dose endogenous and exogenous antioxidants may neutralize free radicals more effectively during the process of multistep carcinogenesis (Sonam and Guleria 2017, Kaur et al. 2019). The anticancer properties of the antioxidative phytochemicals have therapeutic evidence during early initiation, promotion, local progression even up to distant metastasis. They can work by (Amin et al. 2015).


      




      

        Table 1 Anticancer properties of major classes of dietary phytochemicals.




        

          

            

              	Class of dietary phytochemical



              	Characteristics



              	Source



              	Compounds



              	Anticancer Action



              	References

            


          



          

            

              	Phenolics



              	• One or more aromatic ring with one or more –OH group


              • Fruit secondary metabolites


              • Phenolic acids and flavonoids are major subtypes



              	Soybean,


              Wine,


              Tea,


              Coffee, Fruits,


              Vegetables


              Turmeric



              	Genistein, Resveratrol,


              Epigallo-catechingallate (EGCG), Caffeic acid,


              Anthocyanin,


              Quercetin,


              Curcumin



              	• Reduction of chemical carcinogens and electrophiles


              • Inhibition of promotion and hyperproliferation



              	(Tuli et al. 2019),


              (Ulrich et al. 2005),


              (Yang et al. 2011),


              (Espíndola et al. 2019),


              (Wang and Stoner 2008),


              (Wu et al. 2020),


              (Liao et al. 2017)


              (Tanaka et al. 2012),


              (Sahin and Kucuk 2013)


              (Su et al. 2015),


              (Rather and Bhagat 2018),


              (Choi 2017),


              (Jiang et al. 2018)

            




            

              	Carotenoids



              	• 40-C long double H-bonded all-trans cyclic isoprene


              • Natural pigment with provitamin property


              • Diverse level of hydrogenation, & oxygen-containing functional groups



              	Carrots,


              Tomato



              	β-Carotene,


              Lycopene



              	• Induces cancer cell differentiation


              • Inhibit lipid peroxidation

            




            

              	Alkaloids



              	• Basic nitrogen-containing organic ring-structure originating from amino acids


              • Diverse pharmacological effects


              • True-, proto-, cyclo- & pseudo-alkaloids are the major sub-types



              	Bacteria


              Fungi,


              Plants,


              Animals



              	Tetrachloro-benzoquinon,


              Vinblastine,


              Vincristine



              	• Modification of carcinogen and tumor metabolism


              • Retardation of tumor growth

            




            

              	Organo-Sulfur compounds



              	• Sulphur-containing organic compounds


              • Mono-, di-, poly-sulfides, thiols, sulfuranes, isothiocynates are the key groups



              	Allium,


              Broccoli,


              Cabbage



              	Diallyl Disulfide,


              Sulforaphane



              	• Detoxification of free radicals and carcinogens


              • Repression of DNA adduct formation


              • Initiation of cell cycle arrest

            




            

              	Nitrogen- containing compounds



              	• Both organic and inorganic nitrogen-containing compound


              • Amino acids, proteins, vitamins and hormones are the key types



              	Bacteria


              Fungi,


              Plants,


              Animals



              	Proline, Arginine, Histidine, Melatonin, Bilirubin



              	• Inhibition of tumor metabolic activation



              	(Mansour 2000)

            


          

        




      




      

        • Modulating Hormones/Growth Factors Receptors




        [Oestrogen, progesterone and their receptors, VEGF, epidermal growth factor (EGF), PDGF, FGF and their respective receptors]


      




      

        • Phase 1 and 2 Metabolizing Enzyme Mediated Depletion of Potential Carcinogens




        [↓SOD, ↓CAT, ↓glutathione, ↓GPx, ↓GSH and ↓cyt P450]


      




      

        • Inhibiting Oncogenes and Activating Tumour Suppressor Genes




        [↓KRas, ↓BRaf, ↓cMyc, ↓EGFR, PI3K/AKT, ↓Cyclins and ↑p53, ↑p27, ↑PTEN, ↑FOXO, ↑poly(ADP) ribose polymerase (PARP), ↑ATM]


      




      

        • Inducing Terminal Differentiation




        [↑IkB kinase α (IKKα), ↑all-trans retinoic acid, ↑retinoid receptors, ↑histone deacetylase inhibitors (HDACI), peroxisome proliferator-activator receptor γ agonists, independent of p53]


      




      

        • Activating Checkpoints and Apoptosis




        [↓Cyclin B, ↓B1, ↓D1, ↓CDK A, ↓E, ↓CDK 1, ↓2, ↓4 and ↑p53, ↑p21, ↑pRb, ↑p57]


      




      

        • Restoring Immune-Response




        [↓cytotoxic T lymphocyte antigen 4, ↓programmed death ligand 1, ↓Treg and ↑Helper T cells, ↑natural killer (NK) cells, ↑macrophage, ↑antibody dependent cellular cytotoxicity]


      




      

        • Inhibiting EMT and Angiogenesis




        [↓snail, ↓twist, cadherins, integrins, ↓MMPs and ↓TGF-β, ↓VEGF, ↓PDGF, ↓FGF, ↓HIF1-α]


      




      

        • Avoiding the Adverse Effects Associated with the High Drug Doses




        [↓immune suppression, ↓mucositis, ↓alopecia, ↓nausea, ↓anorexia]


      


    




    

      DEFINITION, TYPES AND FEATURES OF ANTIOXIDANTS




      The first definition of antioxidant was proposed by Halliwell et al. in 1989 as “any substance that, present in low concentrations compared to oxidizable substrates (carbohydrates, lipids, proteins or nucleic acids), significantly delays or inhibits the oxidation of the mentioned substrates” or later “any substance that can eliminate ROS directly or indirectly, acting as a regulator of the antioxidant defence, or inhibiting the production of those species” (Rodríguez-Serrano et al. 2015). Antioxidants neutralize free radicals by donating one of their own electrons and ending the electron “stealing” reaction (Singh et al. 2018).




      Antioxidants can be differentiated into three types of defence according to their mechanism of action. The first type includes antioxidants that prevent the formation of free radicals such as SOD (IUPAC Enzyme Commission No. 1.15.1.1), CAT (IUPAC Enzyme Commission No. 1.11.1.6), and GPX, (IUPAC Enzyme Commission No.1.11.1.9) (Wiecek et al. 2018).




      The second group of antioxidants is responsible for capturing free radicals, and thus they prevent oxidative chain reactions. This group includes metabolic antioxidants, such as lipoic acid, glutathione, L-ariginine, histidine, coenzyme Q, melatonin, uric acid, albumin, bilirubin, metal-chelating proteins, transferrin, etc., and dietary antioxidants, such as vitamin E, vitamin C, flavonoids, carotenoids, trace metals (selenium, manganese, zinc), omega-3 and omega-6 fatty acids (Arsova-Sarafinovska and Dimovski 2013).




      The third line of defence includes antioxidant enzymes that are involved in the repair mechanism of the damage caused by free radicals, such as lipases, transferases, proteases, DNA repair enzymes, and methionine-sulfoxide reductases. The antioxidant consumption seems to influence the effectiveness of antitumor therapy depending on the type of cancer, the mechanism of action of the drug used in the treatment, dose and timing of treatment and also on the type of antioxidants and basal antioxidant status (Rodríguez-Serrano et al. 2015). Recent findings reported that antioxidant when given concurrently (a) do not interfere with chemotherapy, (b) enhance the cytotoxic effect of chemotherapy, (c) protects normal tissue and (d) increases patient survival and therapeutic response (Simone et al. 2007).




      

        Two Sides of a Coin: Antioxidants or Pro-oxidants?




        “All substances are poisons, the right dose differentiates a poison from a remedy” was an appropriate paraphrase of the great ancient physician, Paracelsus (Russo 2007). Usually preventive dose is a lower dose and a therapeutic dose is a higher dose. Preventive dose has shown protection of benign and malignant cells whereas therapeutic dose has shown inhibition of the growth of cancer cells but not that of normal cells (Singh et al. 2018). High-dose antioxidative supplements may cause hazardous health effects as it may negatively interact with some anti-cancer medications. It has also been seen that continuous use of ROS-scavenging enzymes may work as the barrier against effective apoptosis by excessively reducing ROS beyond a necessary threshold (Asadi-Samani et al. 2019). Dose and exposure duration of an administered compound play the crucial fate-determining role in cancer. The concept of hormesis, a biphasic dose-response relationship in which a chemical exerts opposite effects dependent on the dose, has become effective in the field of cancer management.




        An antioxidant is present at low concentrations in the cell and significantly reduces oxidation of the oxidizable substrates, decreases levels of cells’ oxidants like ROS, causes increase in apoptosis and therefore can be considered as an approach to treat fatal cancers. Phytochemical derived antioxidants often exhibit their chemopreventive effects in a prooxidant manner (Block et al. 2008). This dual nature of phytochemicals depends on their concentration, pH and solubility but ultimately lead to promotion of antiproliferative process and apoptosis (Babich et al. 2011). Antioxidant treatment may be more fruitful during the initiation phase, when a mild increase in ROS concentrations over the physiological threshold can cause genotoxic damage (Russo 2007). Much of the late-stage cancer’s inertness may be due to its possession of excess antioxidants where prooxidative measures may give fruitful outcome (Watson 2013).


      




      

        Important Phytochemicals with Anti-Oxidant and Pro-Oxidant Effect in Cancer Prevention




        Free radicals increase oxidative stress that induce chronic inflammation, reduce apoptosis, promote abnormal cell proliferation, angiogenesis and metastasis via DNA damage and activation of oncogenes and transcriptional factors. Dietary phytochemicals on the other hand show anti-cancer properties through both pro-oxidant and anti-oxidant properties (Kaur et al. 2018). Innumerable studies have been done on antioxidative effect of phytochemicals. An in-depth discussion of the dose and mechanisms of antioxidants responsible for redox regulation of cancer and their mode of anticancer efficacies might provide a detailed approach for potential anticancer mechanisms (Fig. 1). Some of the selected dietary phytochemicals that elicited anti-cancer properties by virtue of anti-oxidant properties have been depicted in Table 2 and those by pro-oxidant properties in Table 3.




        [image: ]

Fig. (1))


        Modulation of carcinogenic process by phytochemicals: Some globally used phytochemicals like, curcumin, resveratrol, EGCG, genistein, diallyldisulphide, quercetin, lycopene, sulforaphane obtained from plant sources of our daily diets like- turmeric, grapes, green tea, soy bean, garlic, broccoli, tomato etc. have shown wide anticancer properties by modulating the cancer signaling, metabolism, EMT, angiogenesis, microenvironment and stemness with their unique redox regulating property. Phytochemicals may be both beneficial and harmful depending on concentration and duration of exposure.

      




      

        Curcumin




        The polyphenol curcumin, derived from the plant Curcuma longa, of family Zingiberaceae is the principal constituent of Indian spice turmeric (Pubchem CID 969516). It exhibited both anti-oxidant and pro-oxidant properties along with chemopreventive, anti-inflammatory and anti-cancer effects. In benzo(a)pyrene (BaP) induced lung carcinoma of swiss albino mice curcumin exhibited antioxidant property, reduced lipid peroxidation and upregulated anti-oxidative enzymes such as SOD, GPx, CAT and glutathione S transferase (GST) (Sehgal et al. 2012). Another study reported that in human pancreatic cancer (BxPC-3 and Panc-1) cells curcumin reduced oxidative stress by quenching ROS and H2O2 and retarded EMT and cell migration (Li et al. 2018). On the other hand, curcumin by virtue of pro-oxidant nature increased ROS level, induced apoptosis and sub G0/G1 phase growth arrest in human papillary thyroid carcinoma (PTC)-[BCPAP and TPC-I] cells. The study has shown induced expression of cleaved caspase-3, -8 and -9 along with reduced expression of cell cycle molecules (Khan et al. 2020). Curcumin has been reported to induce apoptosis in A375 melanoma cells along with upregulated ROS production (Liao et al. 2017).


      




      

        Epigallocatechin Gallate (EGCG)




        EGCG is a phenolic tea phytochemical extracted from green and black tea plants (Pubchem CID 65064). EGCG was found to have anti-oxidant effect along with chemopreventive and anti-cancer effects but several studies have shown pro-oxidant effect of EGCG. In human cervical cancer (HeLa) cells and tumor biopsy samples, EGCG was found to induce expression of anti-oxidant enzymes which promoted anti-cancer effect (Hussain 2017). In lung adenocarcinoma (NCI-H23 and A549) cells, EGCG exhibited antioxidant effect in NCI-H23 and pro-oxidant effect in A549 through differential modulation of Nrf2 at a high and low doses respectively (Datta and Sinha 2019). In another study EGCG was found to induce pro-oxidant effect in human colon cancer (HT-20) cells through increased ROS generation, apoptosis and reduced expression of pro-survival genes (Hwang et al. 2007). In human endometrial Ishikawa cancer cells and normal HEK-293 cells, EGCG showed anti-cancer effect by elevated ROS generation, reduced anti-oxidant enzymes and increased Bax/caspase-3 mediated apoptosis (Manohar et al. 2013). EGCG induced ROS production and upregulated apoptosis signal-regulating kinase 1 (ASK1)-p38/JNK signaling pathway along with apoptosis in human chondrosarcoma (JJ012) cells (Yang et al. 2011).


      




      

        Resveratrol




        Resveratrol is a phytoalexin belonging to polyphenolic group which is extracted from grapes, nuts, fruits, and red wine (Pubchem CID 445154). Resveratrol exhibited anti-inflammatory, anti-cancer activity along with anti-oxidative and pro-oxidative properties. Anti-oxidative properties of resveratrol exhibited in human pancreatic cancer (BxPC-3 and Panc-1) cells where it curtailed ROS production along with reduction in cancer cell invasion due to hypoxia (Li et al. 2016). On the other hand, resveratrol inflicted ROS production in human colon carcinoma (HCT116) cells along with G1 phase and senescence like cell growth arrest (Heiss et al. 2007). Pro-oxidant behaviour of resveratrol was also observed in human gastric adenocarcinoma (SGC7901) cells along with induction of apoptosis and reduction of cell proliferation (Wang et al. 2012).


      




      

        Quercetin




        Quercetin is a flavonoid belonging to polyphenolic group, derived from apples, onions, and green tea (Pubchem CID 5280343). It exhibited chemopreventive, anti-inflammatory and anti-allergic effects along with anti-oxidative and pro-oxidative properties. In human fibrosarcoma (HT1080) cells, quercetin inhibited phenazinemethosulfate (PMS) induced ROS production and also abated cell motility through reduced expression of MMP-2 and -9 (Lee et al. 2013a). On the other hand, in several other studies quercetin was found to have pro-oxidative properties. In HA22T/VGH and HepG2 hepatoma cells, quercetin aggravated ROS production and malondialdehyde along with inhibition in cell growth (Chang et al. 2006). In rat hepatoma (H4IIE) cells, quercetin downregulated gene expression of anti-oxidative enzymes dose dependently (Röhrdanz et al. 2003). Quercetin induced autophagy through increased expression of nuclear protein1 (NUPR1) which is needed for the expression of stress-response genes along with ROS production in osteosarcoma (MG-63) cells (Wu et al. 2020).


      




      

        Fisetin




        Fisetin, a flavonoid belonging to polyphenolic group, derived from edible vegetables, fruits, and wine, exhibited anti-inflammatory, anti-cancer, anti-oxidant and pro-oxidant properties (Pubchem CID 5281614). In Aflatoxin-B1 (AFB1)-induced hepatocarcinogenesis of rats, fisetin elicited anti-cancer effect through reduced ROS production and increased expression of anti-oxidative enzymes (Maurya and Trigun 2016). Fisetin also showed anti-oxidant properties through increased antioxidant enzyme mediated free radical in BaP-induced lung carcinogenesis in male Swiss albino mice (Ravichandran et al. 2011). On the other hand, fisetin was found to have pro-oxidant effect along with ROS-induced apoptosis and elevated expression of pro-apoptotic molecules in human non-small cell lung cancer (NCI-H460) cells (Kang et al. 2015). Fisetin triggered ROS production along with apoptotic and necroptosis signaling in HepG2 cells (Sundarraj et al. 2020).


      




      

        Genistein




        Genistein is an isoflavone, derived from soybeans and soy products like tofu, with anti-inflammatory, anti-proliferative and anti-cancer effect along with anti-oxidant and pro-oxidant effect (Pubchem CID 5280961). In prostate cancer (DU145 and PC3) cells, it was found to have anti-oxidant effect through reduced ROS production and increased anti-oxidant enzymes (Park et al. 2010) whereas in breast cancer (MDA-MB-231, and MDA- MB-468) cells it was found to have pro-oxidant effect through increased ROS and pro-apoptotic signaling (Ullah et al. 2011). Genistein in bladder cancer (T24) cells induced G2/M growth arrest and apoptosis along with ROS generation (Park et al. 2019).


      




      

        Mangiferin




        Mangiferin (Pubchem CID 5281647), a xanthonoid derived from Mangifera indica, exhibited anti-viral, anti-bacterial, analgesic and anti-inflammatory properties (Rajendran et al. 2008). Mangiferin exhibited anti-oxidant and anti-tumor properties against diethynitrosamine (DEN)-induced hepatocellular carcinoma in male Sprague-Dawley rats through reduced 8-OHdG, ROS production and induction of enzymatic and non-enzymatic antioxidants along with reduced expression of liver enzymes (Yang et al. 2019). In embryonic rhabdomyosarcoma (RD) cells mangiferin induced cytotoxicity and apoptosis along with oxidative stress through ROS generation (Padma et al. 2015).


      




      

        Baicalein




        Baicalein (Pubchem CID 5281605), a flavonoid derived from the roots of Scutellaria baicalensis Georgi, exhibited anti-hepatotoxicity, anti-inflammatory and anti-viral properties (Naveenkumar et al. 2013). Baicalein reduced lung carcinogenesis induced by BaP in male Swiss albino mice through depletion of ROS and activation of anti-oxidant enzymes along with apoptosis (Naveenkumar et al. 2013). In human bladder cancer (5637) cells, baicalein exhibited ROS dependent activation of apoptosis through upregulation of pro-apoptotic signaling (Choi et al. 2016).


      




      

        Luteolin




        Luteolin is a flavonoid, which is present in different types of vegetables, fruits and herbs. It exhibited anti-neoplastic, anti-inflammatory, anti-oxidant and pro-oxidant properties (Pubchem CID 5280445). In BaP-induced lung carcinogenesis in male swiss albino mice, luteolin exhibited anti-oxidant properties through reduced lipid peroxidation, increased enzymatic and non-enzymatic antioxidants along with curtailed cell proliferation (Kasala et al. 2016). In lung cancer (H23, H2009, H460, and A549) cells luteolin influenced apoptosis along with ROS generation (Ju et al. 2007).


      




      

        Apigenin




        Apigenin, a dietary flavone present in many fruits and vegetables, exhibited anti-inflammatory, anti-metastatic and anti-proliferative properties (Pubchem CID 5280443). Apigenin exhibited anti-oxidant effect in oral carcinogenesis induced by DMBA in golden Syrian hamsters via upregulation of enzymatic and non-enzymatic antioxidants (Silvan et al. 2011). Apigenin elicited pro-oxidant properties through ROS production and apoptosis in promyelotic leukemia (HL-60) cells (Miyoshi et al. 2007) and in hepatocarcinoma (Hep3B and HepG2) cells (Kang et al. 2018).


      




      

        Capsaicin




        Capsaicin is an alkaloid, extracted from hot red chili peppers and capsicum, and belong to family Solanaceae (Pubchem CID 1548943). It exhibited anti-cancer, chemopreventive, analgesic, anti-inflammatory, anti-oxidant and pro-oxidant properties. Capsaicin showed anti-oxidant properties through decreased lipid peroxidation and increased expression of enzymatic antioxidants like SOD, GPx, GST and non-enzymatic antioxidants like reduced glutathione and vitamin A, E and C in BaP-induced lung carcinoma in male Swiss albino mice (Jang et al. 2008). On the other hand, capsaicin exhibited pro-oxidant effect through increased ROS production, apoptosis and cell cycle arrest in human bladder cancer (T24, 5637) cells, NOD/SCID mice (Qian et al. 2016) and also in human hepatoma cancer (SMMC-7721) cells (Lee and Song 2013). Capsaicin also exhibited pro-oxidant effect in renal 789-O cells along with apoptosis (Liu et al. 2016).


      




      

        Piperine




        Piperine, an alkaloid extracted from black pepper (Piper nigrum) and long pepper (Piper longum), has been reported with anti-cancer effect along with anti-oxidant and pro-oxidant properties (Pubchem CID 638024). In BaP-induced lung carcinogenesis in male Swiss albino mice (Selvendiran et al. 2004) and 7,12-dimethylbenz[a]anthracene (DMBA) induced skin carcinogenesis in male Swiss albino (Vellaichamy et al. 2009), piperine exhibited anti-oxidant effect through suppression of lipid peroxidation and elevated expression of enzymatic and non-enzymatic antioxidants. Piperine evoked pro-oxidant effect through increased ROS formation and apoptosis through upregulation of cleaved caspase-3 in human KB oral squamous carcinoma (Siddiqui et al. 2017) and HeLa (Jafri et al. 2019) cells.


      




      

        Lycopene




        Lycopene is a carotenoid found in fruits such as tomatoes, red oranges, apricots, watermelon and guava and is essential in animal diet (Pubchem CID 446925). Lycopene has potent anti-cancer effect along with anti-oxidant and pro-oxidant properties. In human pancreatic cancer (PANC-1) cells, it was found to have anti-oxidant effect through minimized ROS production and augmented apoptosis (Jeong et al. 2019). Treatment of N-Methyl-N′-nitro-nitrosoguanidine (MNNG)-induced gastric carcinoma with lycopene led to the suppression of oxidative stress through induction of anti-oxidant enzymes and immunity markers in male Wister rats, (Luo and Wu 2011). Lycopene increased oxidative stress through enhanced lipid peroxidation and 8-OHdG formation in human prostate cancer (LNCaP) cells leading to DNA damage and reduced cell proliferation (Hwang and Bowen 2005).




        

          Table 2 Role of phytochemicals as antioxidants in cancer prevention.




          

            

              

                	Phyto-chemical



                	Nature



                	Model



                	Dose of phyto-chemical



                	Effect



                	Mode of action



                	Reference

              


            



            

              

                	Curcumin



                	Polyphenol



                	6-8 weeks male Swiss albino mice



                	100 mg/kg



                	↓Oxidative stress in lung carcinoma induced by B(a)P



                	↓LPO


                ↑GR


                ↑GST


                ↑SOD


                ↑GPx


                ↑CAT



                	(Sehgal et al. 2012)

              




              

                	BxPC-3 and Panc-1 cells



                	20 µM



                	↓Cell migration ↓EMT



                	↓ROS


                ↓H2O2


                ↓p-Akt


                ↓p-NF-κB


                ↑E-cadherin


                ↓N-cadherin


                ↓Vimentin



                	(Li et al. 2018)

              




              

                	EGCG



                	Polyphenol



                	HeLa cells, cervical cancer biopsy



                	0, 10, 20, 30, 40, and 50 µg/ml



                	↓Cell proliferation



                	↑SOD


                ↑GPx



                	(Hussain 2017)

              




              

                	NCI-H23 cells



                	50 µM



                	↑DNA damage



                	↑SOD1


                ↑Nrf2


                ↓Keap1


                ↓FOXO3


                ↓RAR


                ↑RXR


                ↓p-53


                ↑p-21



                	(Datta and Sinha 2019)

              




              

                	Resveratrol



                	Flavonoid



                	BxPC-3 and Panc-1 cells



                	12.5, 25 and 50 µM



                	↓Cell invasion induced by hypoxia



                	↓ROS


                ↓HIF-1α


                ↓uPA


                ↓MMP-2


                ↓SHH


                ↓SMO


                ↓GLI1



                	(Li et al. 2016)

              




              

                	Quercetin



                	Flavonoid



                	HT1080 cells



                	Upto 10 µg/ml



                	↓PMS induced cell motility



                	↓ROS


                ↓MMP2


                ↓MMP9



                	(Lee et al. 2013a)

              




              

                	Fisetin



                	Flavonoid



                	18–20 weeks male Charles foster rats



                	20 mg/kg



                	↓Hepato-carcino-genesis induced by AGB1



                	↓TNFα


                ↓IL1β


                ↓ROS


                ↑SOD1


                ↑GPx


                ↑GSH


                ↑CAT



                	(Maurya and Trigun 2016)

              




              

                	Male Swiss albino mice of 6–8 weeks



                	25 mg/kg



                	↓Lung carcino-genesis induced by B(a)P



                	↓ROS


                ↑SOD


                ↑CAT


                ↑GPx


                ↑GST


                ↑GR


                ↓LPO


                ↓PCNA



                	(Ravich-andran et al. 2011)

              




              

                	Genistein



                	Isoflavone



                	DU145 and PC3 cells



                	5, 10, and 25 µM



                	↑Tumor suppression



                	↓ROS


                ↑CAT


                ↑MnSOD


                ↑PTEN


                ↑pAMPK


                ↓p-ERK



                	(Park et al. 2010)

              




              

                	Mangiferin



                	Xanthonoid



                	Male Sprague-Dawley rats



                	50 mg/kg



                	↓Hepato


                cellular carcinoma induced by DEN



                	↓8-OHdG


                ↓ROS


                ↑SOD


                ↑CAT


                ↑GPx


                ↑GR


                ↑GSH


                ↑Vit E,C


                ↑caspase-3


                ↑Bax


                ↓Bcl-2


                ↓ALT


                ↓AST


                ↓ALP


                ↓GGT


                ↓LDH



                	(Yang et al. 2019)

              




              

                	Baicalein



                	Flavanoid



                	Male Swiss albino mice of 8-10 weeks



                	12 mg/kg



                	↓BaP induced lung carcino-genesis


                ↑Apoptosis



                	↓ROS


                ↓LPO


                ↑SOD


                ↑CAT


                ↑GPx


                ↑GST


                ↑GR


                ↑GSH


                ↑Vit E,C


                ↑Bid


                ↑Bim


                ↓Bcl-xL



                	(Naveen-kumar et al. 2013)

              




              

                	Luteolin



                	Flavanoid



                	Male Swiss albino mice of 6-8 weeks



                	15 mg/kg



                	↓Lung carcino-genesis induced by BaP



                	↓LPO


                ↑SOD


                ↑GST


                ↑GR


                ↑CAT


                ↑GPx


                ↑GSH


                ↑Vit E,C


                ↓NF-kB


                ↓PCNA


                ↓CYP1A1



                	(Kasala et al. 2016)

              




              

                	Apigenin



                	Flavone



                	Hamsters



                	2.5 mg/kg



                	↓DMBA induced oral carcino-genesis



                	↑SOD


                ↑GST


                ↑GSH


                ↑CAT


                ↑GPx


                ↑GR


                ↑Vit E,C


                ↓CytP450


                ↓Cyt b5



                	(Silvan et al. 2011)

              




              

                	Capsaicin



                	Alkaloid



                	Male Swiss albino mice of 8-10 weeks



                	10 mg/kg



                	↓Lung carcinoma induced by B(a)P



                	↓LPO


                ↑SOD


                ↑GR


                ↑GST


                ↑CAT


                ↑GSH


                ↑GPx


                ↑Vit A,C,E



                	(Jang et al. 2008)

              




              

                	Piperine



                	Alkaloid



                	17–20 grams male Swiss albino mice



                	50 mg/kg



                	↓Lung carcino-genesis induced by B(a)P



                	↓LPO


                ↑CAT


                ↑GPx


                ↑SOD


                ↑GSH


                ↑Vit C,E



                	(Selvendiran et al. 2004)

              




              

                	4–6 weeks old male Swiss albino mice



                	50 mg/kg



                	↓Skin carcino-genesis induced by DMBA



                	↓LPO


                ↑SOD


                ↑CAT


                ↑GPx


                ↑GSH


                ↑GST


                ↑GR


                ↓cytP450



                	(Vellaichamy et al. 2009)

              




              

                	Lycopene



                	Carotenoid



                	PANC-1 cells



                	0, 0.25 and 0.5 µM



                	↓Oxidative stress


                ↑Apoptosis



                	↓ROS


                ↓NF-κB


                ↓cIAP1,2


                ↓survivin


                ↑caspase-3



                	(Jeong et al. 2019)

              




              

                	6-week-old male Wistar rats



                	100, 200 and 300 mg/kg



                	↓Gastric carcinoma induced by MNNG



                	↓MDA


                ↑SOD


                ↑CAT


                ↑GSH-Px


                ↑IL-2


                ↑IL-10


                ↑IL-4


                ↑TNF-α



                	(Luo and Wu 2011)

              




              

                	Vitamin C /Ascorbic acid



                	Micro-nutrient



                	Human gastric cancer patients



                	Median values: Vitamic C-106 µg/g and Ascorbic acid-85.9 µg/g



                	↓Radical mediated DNA damage



                	↓oxygen radical



                	(Drake et al. 1996)

              




              

                	Diallyl sulfide



                	Organo-sulphur compound



                	170-200 g male Wistar albino rats



                	80 mg/ml



                	↓Liver carcino-genesis induced by NDEA



                	↓NO


                ↓MDA


                ↑G6Pase


                ↓GST


                ↓AR


                ↑LDH


                ↑G6PD


                ↑AST


                ↑ALP


                ↑GGT


                ↑Cyt c



                	(Ibrahim and Nassar 2008)

              




              

                	Sulfora-phane



                	Isothio-cyanate



                	4-6 weeks old female Swiss albino mice



                	9 μM/ mouse/ day



                	↓Lung carcino-genesis induced by B(a)P



                	↑SOD


                ↑GPx


                ↑GSH


                ↓LPO



                	(Priya et al. 2011)

              


            

          




          

            Abbreviations: 8-OHdG-8-hydroxydeoxyguanosine; Akt- protein kinase B; ALP- alkaline phosphatase; ALT- alanine transaminase; AMPK- AMP-activated protein kinase; AR- aldose reductase; AST- aspartate transaminase; Bax - Bcl-2-associated X protein; Bcl-2- B-cell lymphoma 2; CAT – catalase; cIAP1- cellular inhibitor of apoptosis protein 1; CYP1A1- cytochrome P450 1A1; ERK- extracellular signal-regulated kinase; FOXO - forkhead box protein O; G6Pase - glucose-6-phosphatase; GGT- gamma-glutamyl trans- peptidase; GPx - glutathione peroxidase; GR- glutathione reductase; GSH- glutathione; GST- glutathione S-transferase; H2AX- histone family member X; H2O2- hydrogen peroxide; HIF-1α - Hypoxia-inducible factor 1-alpha; Keap1 - Kelch like ECH associated protein; LDH- lactate dehydrogenase; LPO- lipid Peroxidation; MDA- malondialdehyde; MMP- matrix metalloproteinases; MnSOD - manganese superoxide dismutase; Nrf2 - nuclear factor erythroid2-related factor2 ; NF-κB- nuclear factor kappa-light-chain-enhancer of activated B cells; NO- nitric Oxide; PCNA- proliferating cell nuclear antigen; PTEN - phosphatase and tensin homolog; RAR- retinoid acid receptor; ROS - reactive oxygen species; RXR- retinoid X receptor; SHH- sonic hedgehog; SMO- smoothened; SOD - superoxide dismutase; TNFα -Tumor Necrosis Factor α; uPA- Urokinase-type plasminogen activator

          




        


      




      

        Vitamin C




        Ascorbic acid (Vitamin C), found in green vegetables and citrus fruits, acts as a potent anti-oxidant agent (Pubchem CID 54670067). It exhibited anti-bacterial, anti-cancer and anti-oxidant properties. Ascorbic acid was found to scavenge free oxygen radicals in the gastric mucosa of human gastric cancer patients (Drake et al. 1996). It also caused oxidative stress-induced cytotoxicity in male Wistar rats and female Sprague-Dawley rats through increased production of ascorbate radical and hydrogen peroxide (Chen et al. 2007).


      




      

        Organosulphur Compounds




        Diallyl sulfide, constituent of garlic (Allium sativum) (Pubchem CID 11617) reduced malondialdehyde and nitric oxide levels and increased anti-oxidant enzymes in N-nitrosodiethylamine (NDEA)-induced liver carcinogenesis in Wistar rats (Ibrahim and Nassar 2008). In adenocarcinoma (Colo 320 DM) cells, diallyl sulfide induced ROS production, apoptosis and increased G2/M phase growth arrest (Sriram et al. 2008). Diallyl trisulfide also exhibited pro-oxidant effect in gastric cancer (AGS) cells along with induction of G2/M phase arrest and apoptosis (Choi 2017).




        Sulforaphane, an isothiocyanate present in cruciferous vegetables like cabbage and broccoli (Pubchem CID 5350) showed anti-oxidant properties in B(a)P induced lung carcinoma in female Swiss albino mice through induced expression of anti-oxidant enzymes (Priya et al. 2011). In osteosarcoma (MG-63) cells, sulforaphane inflicted oxidative stress through ROS production (Ferreira De Oliveira et al. 2014).




        

          Table 3 Role of phytochemicals as pro-oxidants against cancer.




          

            

              

                	Phyto-chemical



                	Nature



                	Model



                	Dose of phyto-chemical



                	Effect



                	Mode of action



                	References

              


            



            

              

                	Curcumin



                	Polyphenol



                	PTC, BCPAP and TPC-I cells



                	10, 20 and 40 µM



                	↑Apoptosis


                ↑Sub G0/G1 phase of cell cycle



                	↑ROS


                ↑cleaved caspase-3,8,9 ↑PARP


                ↑p-H2AX


                ↓p-STAT3


                ↓p-Jak2


                ↓p-CXCR4


                ↓Cyclin D1



                	(Khan et al. 2020)

              




              

                	A375 cells



                	0, 20, 40 and 80 µM



                	↑Apoptosis



                	↑ROS


                ↓GSH


                ↓MMP


                ↓cyclin D


                ↓G6PD


                ↑HIF1α


                ↑Bax


                ↓Bcl-2



                	(Liao et al. 2017)

              




              

                	EGCG



                	Polyphenol



                	A549



                	0.5 µM



                	↑DNA damage



                	↓SOD1


                ↓Nrf2


                ↑Keap1


                ↑FOXO3


                ↑RAR


                ↑RXR


                ↑p53


                ↓p21



                	(Datta and Sinha 2019)

              




              

                	HT-29 cells



                	50, 100, 200 and 400 µM



                	↑Apoptosis


                ↓Cell growth



                	↑ROS


                ↑AMPK


                ↓COX-2


                ↓ Glut-1 gene


                ↓VEGF



                	(Hwang et al. 2007)

              




              

                	Ishikawa cells



                	50, 75, 100, 125 and 150 µM



                	↓Cell viability


                ↑Apoptosis



                	↑ROS


                ↓GSH


                ↓ER-α


                ↓PR


                ↓cyclin D1


                ↓PCNA


                ↑p-38


                ↓p-ERK


                ↓c-jun


                ↓c-fos


                ↓Bcl-2


                ↑Bax


                ↑caspase-3


                ↑cleaved PARP



                	(Manohar et al. 2013)

              




              

                	JJ012 cells



                	25, 50, 100, 200 and 400 µM



                	↑Apoptosis



                	↑ROS


                ↑Bax


                ↑Bak


                ↓Bcl-2


                ↑ASK1-p38/ JNK pathway



                	(Yang et al. 2011)

              




              

                	Resveratrol



                	Flavonoid



                	HCT 116 cells



                	30 µM



                	↑Senescence


                ↑S-phase growth arrest



                	↑ROS


                ↑ATM


                ↑p38 MAPK


                ↑p-p53


                ↑p21



                	(Heiss et al. 2007)

              




              

                	SGC 7901 cells



                	0, 25, 50, 100 and 200 µM/l



                	↓Cell growth


                ↑Apoptosis



                	↑ROS


                ↑caspase-3


                ↑γH2AX


                ↓Ku70



                	(Wang et al. 2012)

              




              

                	Quercetin



                	Flavonoid



                	HA22T/VGH and HepG2 cells



                	40, 60, or 80 µM



                	↓Cell growth


                ↑Apoptosis



                	↑ROS


                ↑MDA



                	(Chang et al. 2006)

              




              

                	Rat hepatoma H4IIE cell



                	5, 10, 50 and 100 µM



                	↓Antioxidant enzyme mRNA expression



                	↓Mn-SOD


                ↓CuZn-SOD


                ↓GPx



                	(Röhrdanz et al. 2003)

              




              

                	MG-63 cells



                	50, 100 and 200 µM



                	↑Autophagy



                	↑ROS


                ↑LC3B-II/ LC3B-I


                ↓P62/ SQSTM1


                ↑NUPR1



                	(Wu et al. 2020)

              




              

                	Fisetin



                	Flavonoid



                	NCI-H460 cells



                	75 μg/ml



                	↑Apoptosis



                	↑ROS


                ↓Bcl-2


                ↑Bax


                ↑caspase-3,9



                	(Kang et al. 2015)

              




              

                	HepG2 cells



                	25, 50 and 100 µM



                	↑Apoptosis ↑Necroptosis



                	↑ROS


                ↑TNFα


                ↑IKκB


                ↓NF-κB


                ↓pNF-κB


                ↓pIKκB


                ↓Bcl2


                ↑Bax


                ↑caspase-3


                ↑RIPK1


                ↑RIPK3


                ↑MLKL



                	(Sundarraj et al. 2020)

              




              

                	Genistein



                	Isoflavone



                	MDA-MB-231, and MDA-MB-468 cells



                	50 µM



                	↓Cell growth


                ↑Apoptosis



                	↑ROS


                ↓Bcl-2


                ↑Bax


                ↑caspase-3,9



                	(Ullah et al. 2011)

              




              

                	T24 cells



                	40, 80, 120 and 160 µM



                	↑G2/M phase arrest


                ↑Apoptosis



                	↑p21


                ↓cyclin A,B1


                ↑Bax


                ↓Bcl-2


                ↓p-PI3K


                ↓p-Akt


                ↑ROS



                	(Park et al. 2019)

              




              

                	Mangiferin



                	Xanthonoid



                	RD cells



                	50, 70 and 90 µM



                	↑Cytotoxicity


                ↑Apoptosis



                	↑ROS


                ↑LDH


                ↑NO


                ↓GSH


                ↓SOD


                ↓CAT


                ↓GST



                	(Padma et al. 2015)

              




              

                	Baicalein



                	Flavonoid



                	5637 cells



                	0, 50, 150 and 250 µM



                	↑Apoptosis



                	↑ROS


                ↑Bax


                ↑caspase-3,8,9


                ↓Bcl-2


                ↑PARP


                ↓cIAP-1 and cIAP-2


                ↑TRAIL


                ↑FasL



                	(Choi et al. 2016)

              




              

                	Luteolin



                	Flavonoid



                	H23, H2009, H460, and A549 cells



                	40 µM



                	↑Apoptosis



                	↑ROS


                ↓SOD


                ↑p-JNK


                ↓NF-κB



                	(Ju et al. 2007)

              




              

                	Apigenin



                	Flavone



                	HL-60 cells



                	50 µM



                	↑Apoptosis


                ↑Autophagy



                	↑ROS


                ↑caspase-3



                	(Miyoshi et al. 2007)

              




              

                	Hep3B and HepG2 cells



                	20 µM



                	↑TRAIL- induced apoptosis, ↑Autophagy



                	↑ROS


                ↑caspase-3


                ↓Bcl-2


                ↑DR5



                	(Kang et al. 2018)

              




              

                	Capsaicin



                	Alkaloid



                	T24, 5637 cells and NOD/ SCID mice



                	0, 150 and 300 µM



                	↓Cell growth and migration


                ↑G0/G1 phase arrest



                	↑ROS


                ↑FOXO3a


                ↑MnSOD


                ↓CDK2/4/6


                ↓cyclin D1



                	(Qian et al. 2016)

              




              

                	SMMC-7721 cells



                	0, 150, 200 and 250 μM



                	↑Apoptosis



                	↑ROS


                ↑JNK


                ↑p38 MAPK



                	(Lee and Song 2013)

              




              

                	786-O cell



                	0 to 400 μM



                	↑Apoptosis, ↓Proliferation



                	↑ROS


                ↑caspase-3,8,9


                ↑c-myc


                ↑FADD


                ↑Bax


                ↓Bcl-2


                ↓p-ERK1/2


                ↑p-P38


                ↑p-JNK



                	(Liu et al. 2016)

              




              

                	Piperine



                	Alkaloid



                	KB cells



                	25, 50, 100, 200 and 300 mM



                	↑Cell death


                ↑Nuclear condensation


                ↑Apoptosis



                	↑caspase-3,9


                ↓Cyclin B1


                ↑ROS



                	(Siddiqui et al. 2017)

              




              

                	HeLa cells



                	10, 25, 50, 100 and 200 µM



                	↑Nuclear condensation, ↓MMP


                ↑Apoptosis


                ↑G2/M phase growth arrest


                ↓Cell motility and invasion



                	↑ROS


                ↑caspase-3


                ↓MMP



                	(Jafri et al. 2019)

              




              

                	Lycopene



                	Carotenoid



                	LNCaP cells



                	> 5 µM



                	↓Cell growth


                ↑DNA damage



                	↑8-OHdG


                ↑LPO



                	(Hwang and Bowen 2005)

              




              

                	Vitamin C



                	Micro-nutrient



                	Male Wistar rats and female Sprague Dawley rats



                	0.25–5 mg/g



                	↑Pro-oxidant



                	↑Asc•- radical


                ↑H2O2




                	(Chen et al. 2007)

              




              

                	Diallyl sulfide



                	Organo-sulfur compound



                	Colo 320 DM cells



                	50 µM



                	↓Cell growth


                ↑Apoptosis


                ↑G2/M phase arrest



                	↑ROS


                ↓LDH


                ↓ERK-2


                ↑caspase-3


                ↑NFκB



                	(Sriram et al. 2008)

              




              

                	Diallyl trisulfide



                	Organo-sulfur compound



                	AGS cells



                	50 µM



                	↑G2/M arrest


                ↑Apoptosis



                	↑p-AMPK


                ↑p-ACC


                ↑ROS



                	(Choi 2017)

              




              

                	Sulfo-raphane



                	Isothio-cyanate



                	MG-63 cells



                	0, 5, 10, and 20 µM



                	↑Apoptosis


                ↑DNA damage



                	↑ROS


                ↓GSH


                ↓SOD


                ↓CAT


                ↓GPx


                ↓GR



                	(Ferreira de Oliveira et al. 2014)

              


            

          




          

            Abbreviations: 8-OHdG-8-hydroxydeoxyguanosine; Akt- protein kinase B; AMPK- AMP-activated protein kinase; Asc•- radical- ascorbate radical; ASK1 - apoptosis signal-regulating kinase 1; ATM - Ataxia Telangiectasia-mutated; Bax - Bcl-2-associated X protein; Bcl2 - B-cell lymphoma 2; CAT – catalase; CDK- cyclin-dependent kinases; cIAP-1- cellular inhibitor of apoptosis protein 1; COX-2- cyclooxygenase-2 ; CuZn-SOD- copper, zinc superoxide dismutase; CXCR4- C-X-C chemokine receptor type 4; DR5- death receptor 5; ERK - extracellular signal-related kinase; ER-α- estrogen receptor alpha; FADD- Fas-associated death domain; FOXO3 - forkhead box protein O; G6PD- glucose 6 phosphate dehydrogenase; Glut-1 - glucose transporters 1; GPx - glutathione peroxidase; GSH - glutathione; GST - glutathione S-transferase; H2AX - histone family member X (p-H2AX); H2O2- hydrogen peroxide; HIF1α - hypoxia-inducible factor 1-alpha; IKκB – inhibitor of kappa B kinase; JNK - c-Jun NH2-terminal kinase; Keap1- Kelch like ECH associated protein 1; LC3- microtubule-associated proteins 1A/1B light chain 3B; LDH – lactate dehydrogenase; LPO- lipid Peroxidation; MAPK - mitogen-activated protein kinase; MDA – malondialdehyde; MLKL - mixed lineage kinase domain-like protein; MMP - matrix metalloproteinases; MnSOD - manganese superoxide dismutase; NF-κB- nuclear factor kappa-light-chain-enhancer of activated B cells; Nrf2 - nuclear factor erythroid2-related factor2 ; NUPR1 - nuclear protein 1; p-ACC- phospho- acetyl CoA carboxylase; PARP – poly (ADP-ribose) polymerase; PCNA - proliferating cell nuclear antigen; p-H2AX - phosphor-histone family member X; PI3K - phosphatidylinositol-3-kinase; RAR - retinoic acid receptors; RIPK- receptor-interacting serine/threonine-protein kinase; ROS - reactive oxygen species; RXR - retinoid X receptors; SOD - superoxide dismutase; STAT3 - signal transducer and activator of transcription; TNFα – tumor Necrosis Factor- alpha; TRAIL- TNF-related apoptosis-inducing ligand; VEGF - vascular endothelial growth factor

          




        


      




      

        Phytochemicals and Chemotherapy




        Phytochemicals with chemotherapeutic drugs and their synergistic anticancer ROS mediated effect are listed in Table 4. Curcumin (0-50 µM) induced apoptosis and cell cycle arrest at G2/M growth phase along with increase in antioxidant enzymes SOD and GSH in cisplatin (5 μg/ml) resistant human ovarian cancer cells (Weir et al. 2007). In colorectal cancer (LoVo and HT-29) cells, curcumin at 10 and 6 μg/ml dose induced anti-cancer effect along with irinotecan at 6 and 12 μg/ml dose on LoVo and HT-29 cells respectively, through upregulation of endoplasmic reticulum (ER) stress signaling pathway, S-phase arrest and apoptosis (Huang et al. 2017).




        Leptomycin B is an antibiotic drug derived from Streptomyces sp. that shows several anti-tumor effects. EGCG (20 µM) reduced cell survivability and increased cytotoxicity in human lung adenocarcinoma (A549) cells when treated with leptomycin B (0–10 nM) through increased production of ROS and modulating p21/surviving pathway (Cromie and Gao 2015).




        Resveratrol (100 µM), induced chemosensitization of 5-fluorouracil (10 µM) in colorectal carcinoma (HT-29 and SW-620) cells. The cell viability was inhibited due to reduced p-STAT3 /p-Akt along with increased ROS and lipid peroxidases (Santandreu et al. 2011).




        Quercetin (40 µM), sensitized human laryngeal (HeP2) cells towards cisplatin (2.5 µg/ml) in head and neck cancer via increased pro-apoptotic signaling and decreased anti-apoptotic gene expression along with reduction in NOS and Cu-Zn SOD (Sharma et al. 2005).




        Capsaicin (100 µM) induced G0/G1 cell cycle, inflicted autophagy, increased ROS generation, apoptosis and in turn sensitized osteosarcoma (MG63, 143B and HOS) cells towards cisplatin (16.7 μM) (Wang et al. 2018).




        Ascorbic acid (0.125 mM), induced chemosensitization of BCR/ABL+ cell line KCL22 towards imatinib (0.5 mM) by reduced binding of Nrf2 to DNA along with reduction in GSH (Tarumoto et al. 2004). Ascorbic acid (100 µg/ml) also induced chemosensitization towards cisplatin (100 µM) through increased apoptosis, DNA damage and oxidative stress due to reduced expression of anti-oxidant enzymes (Leekha et al. 2016).




        Genistein (100 µM) induced apoptosis and reduced survivability with 5-fluorouracil (50 µM) in human colon cancer (HT-29) cells, cervical cancer (HeLa) cells and breast cancer (MCF-7) cells through induction of oxidative stress, pronounced expression of apoptosis inducing genes and reduced expression of cell survival genes (Hwang et al. 2005).




        Sulforaphane (20 µM) sensitized human malignant mesothelioma (H-28) cells towards cisplatin (40 µM) through apoptosis and G2/M phase arrest. Upregulation of ROS, and pro-apoptotic signaling was evident in this study (Lee and Lee 2017).




        Synergistic effect of co-encapsulated baicalein (2 and 5 mg/ml) and paclitaxel (2 and 5 mg/ml) in nanoemulsions, upregulated chemosensitivity towards paclitaxel through reduction of anti-oxidant enzymes and induction of ROS along with apoptosis in human breast cancer (MCF-7) cell and its taxol-resistant MCF-7/Tax cells (Meng et al. 2016).




        Apigenin (4 µmol/l and 20 mg/kg) in hepatocellular carcinoma (SK-Hep-1 and BEL-7402) cells and in xenograft model of nude mice, exhibited chemosensitization towards 5-Fluorouracil (100 µg/ml) through pro-oxidant properties and mitochondrial dependent apoptosis (Hu et al. 2015). Apigenin (15 µM) also exhibited chemosensitivity towards paclitaxel (4 nM) in epithelial carcinoma (HeLa) cells, negroid hepatocyte carcinoma (Hep3B), lung carcinoma (A549), and human embryonic kidney 293A (HEK293A) cells by inducing oxidative stress and apoptosis (Xu et al. 2011).




        

          Table 4 Synergistic effect of phytochemical and chemotherapeutic drug.




          

            

              

                	Phyto-chemical



                	Chemo-therapeutic Drug



                	Model



                	Drug Dose



                	Oxidant Nature



                	Effect



                	Mode of Action



                	References

              


            



            

              

                	Curcumin



                	Cisplatin



                	Cisplatin-resistant (CR) and cisplatin-sensitive (CS) ovarian cancer cells



                	50 µM



                	Anti-oxidant



                	↑G2/M phase arrest


                ↑Apoptosis



                	↑SOD


                ↑GSH


                ↓p-Akt


                ↑p38 MAPK


                ↑p-p53



                	(Weir et al. 2007)

              




              

                	Irinotecan



                	LoVo and HT-29 cells



                	10 μg/ml on LoVo and 6 μg/ml on


                HT-29 cells



                	Pro-oxidant



                	↑Apoptosis


                ↑ER stress pathway


                ↑S-phase arrest



                	↑ROS


                ↑BIP


                ↑PDI


                ↑CHOP



                	(Huang et al. 2017)

              




              

                	EGCG



                	Leptomycin B



                	A549



                	20 µM



                	Pro-oxidant



                	↓Cell survival



                	↑ROS


                ↓CYP3A4


                ↓SOD


                ↓GPX1


                ↑p21


                ↓survivin



                	(Cromie and Gao 2015)

              




              

                	Resveratrol



                	5-fluorouracil (5-FU)



                	HT-29 and SW-620 cells



                	100 µM



                	Pro-oxidant



                	↓Cell survival


                ↑Chemo-sensiti-zation



                	↑ROS


                ↑LPO


                ↓p-STAT3


                ↓p-Akt



                	(Sant-andreu et al. 2011)

              




              

                	Quercetin



                	Cisplatin



                	HeP2 cells



                	40 µM



                	Pro-oxidant



                	↑Apoptosis


                ↑Chemo-sensiti-zation



                	↓Cu-Zn SOD


                ↓Bcl-xl


                ↓Bcl-2


                ↑Bax


                ↑caspase-8,9


                ↑cyt-c


                ↓NOS


                ↓survivin



                	(Sharma et al. 2005)

              




              

                	Capsaicin



                	Cisplatin



                	MG63, 143B and HOS cells



                	100 µM



                	Pro-oxidant



                	↑G0/G1 phase arrest, ↓cell invasion, ↑autophagy, ↑apoptosis



                	↑ROS


                ↓CyclinD1,D3


                ↓(CDK2, 4,6)


                ↑(p18, p21,p27)


                ↓MMP-2,9


                ↑Beclin 1, Atg3, Atg16, Atg5


                ↑caspase-3



                	(Wang et al. 2018)

              




              

                	Ascorbic acid (Vitamin C)



                	Imatinib



                	KCL22 is a BCR/ABL+ cells



                	0.125 mM



                	Pro-oxidant



                	↑Chemo-sensiti-zation



                	↓GSH


                ↓Nrf2-DNA binding



                	(Tarumoto et al. 2004)

              




              

                	Cisplatin



                	HEK and SiHa cells



                	100 µg/ml



                	Pro-oxidant



                	↑Apoptosis


                ↑DNA damage



                	↑ROS


                ↓GSH


                ↓SOD


                ↓GPx


                ↑p-53



                	(Leekha et al. 2016)

              




              

                	Genistein



                	5-fluorouracil



                	HT-29, MCF-7 and HeLa cells



                	100 µM



                	Pro-oxidant



                	↑Apoptosis



                	↑p53


                ↑p21


                ↑Bax


                ↓Glut-1


                ↓COX-2


                ↓PGE2


                ↑AMPK


                ↑ROS



                	(Hwang et al. 2005)

              




              

                	Sulfora-phane



                	Cisplatin



                	H-28 cells



                	20 µM



                	Pro-oxidant



                	↑Apoptosis, ↑G2/M phase arrest



                	↑ROS


                ↑p53


                ↑Bax


                ↑caspase-3


                ↑PARP


                ↓Bcl-2


                ↑p-Cdc2Tyr15


                ↑cyclin B1


                ↓p21WAF1/CIP1


                ↓cyclin D1



                	(Lee and Lee 2017)

              




              

                	Baicalein



                	Paclitaxel



                	MCF-7 and MCF-7/Tax cells



                	2,5 mg/ml



                	Pro-oxidant



                	↑Apoptosis


                ↓MDR



                	↑ROS


                ↓GSH


                ↑caspase-3



                	(Meng et al. 2016)

              




              

                	Apigenin



                	5-Fluorouracil



                	
In vitro- SK-Hep-1 and BEL-7402 cells


                In vivo- nude mice



                	
In vitro- 4 µmol/l


                In vivo- 20 mg/kg



                	Pro-oxidant



                	↑Chemo-sensiti-zation, ↑Apoptosis



                	↑ROS


                ↓∆Ψm


                ↑caspase-3


                ↓Bcl-2



                	(Hu et al. 2015)

              




              

                	



                	Paclitaxel



                	HeLa, A549, Hep3B and HEK293A cells



                	15 µM



                	Pro-oxidant



                	↑Apoptosis


                ↑Chemo-sensiti-zation



                	↑ROS


                ↓SOD


                ↑caspase-3


                ↑PARP



                	(Xu et al. 2011)

              


            

          




          

            Abbreviations: ∆Ψm- mitochondrial membrane potential; Akt- protein kinase B; AMPK- AMP-activated protein kinase; Atg- autophagy related; Bax - Bcl-2-associated X protein; Bcl2 - B-cell lymphoma 2; BIP- GRP78, an HSP family protein is referred as immunoglobulin heavy chain-binding protein.; CDK- Cyclin-dependent kinases; CHOP- CCAAT/enhancer-binding protein homologous protein; COX-2- cyclooxygenase-2; CuZn-SOD- copper, zinc superoxide dismutase; CYP3A4- Cytochrome P450 3A4; Glut-1 - Glucose transporters 1; GPx - glutathione peroxidase; GSH – Glutathione; MAPK - mitogen-activated protein kinase; NOS- nitric oxide synthase; Nrf2 - Nuclear factor erythroid2-related factor 2; PARP - poly (ADP-ribose) polymerase; PDI- protein disulfide isomerase; PGE2- prostaglandin E2; ROS - reactive oxygen species; SOD - superoxide dismutase; STAT3 - signal transducer and activator of transcription

          




        


      


    




    

      CANCER IN THE LIGHT OF STRESS RESPONSE: FROM HOMEOSTASIS TO HORMESIS




      Genotoxic and non-genotoxic agents cause carcinogenesis either genetically by DNA damage (by covalently binding to DNA and causing mutations) or by epigenetic processes like transcriptional activation/suppression, post translational modification which ultimately destabilizes the balance of oncoproteins and tumor suppressor proteins (Chappell et al. 2016). An altered growth factor/hormonal status may enhance the rate of cell proliferation by involving receptor-mediated processes without genetic involvement and can also increase the population of destabilized cells (Narayanan et al. 2015). An initial adaptive response is elicited by the biologically effective doses that maintain homeostasis by detoxification. On the contrary, harmful effects of persistent severe doses often involve irreversible cellular processes such as DNA or proteins alterations and result in interruption of homeostasis. At extreme low doses, cellular activities in target cells might be regulated such that not just a threshold dose is achieved but also a reduction in lesion occurs, which is not more than 30-60% greater than the control (Fukushima et al. 2005).




      ROS production is one such endogenous compensatory mechanism existing in our body, which may lead to non-linear dose effects and lead to the J-or U- or inverted-U shaped response curves. The example for the resistance to high H2O2 levels depends on the formation of low levels of O2•- which co-ordinate an adaptive program (Zimmermann et al. 2014). Physiological mechanisms like adaptive mitochondrial ROS signaling, low doses of endoplasmic reticulum (ER)-stress, activation of ion-channels, heat-shock proteins, anti-apoptotic families, unfolded protein response (UPR) induce euproteomic state and cytoprotective autophagy which converge on enhanced stress tolerance (Lin et al. 2019). In the context of anticancer therapies, underdosing might favour the survival of neoplastic cells in the organism. As for instance, the sub-lethal application of anti-neoplastics can cause multi drug resistance (MDR) thus facilitating ROS-induced mutagenesis (Kohanski et al. 2010). Persistence of hormetically active low doses also result in a similar outcome (Zimmermann et al. 2014). Moreover the initial stressor elicits combating responses not only against higher doses of the same stressor, but also against other similar stressors or even less specific agents including oxidative metabolic products (Son et al. 2008).




      

        Phytohormetins: Role in Cancer Prevention




        Dietary phytochemicals, with their low-dose stress-inducing properties, are potential biological and nutritional hormetins (Zimmermann et al. 2014). Instead of following a linear and threshold response, they often follow a self-contradictory biphasic dose response (Calabrese 2016). One adaptive mechanism of action of phytochemicals is activation of mild cellular stress response by their low doses. This preconditioning or hormetic effect of these subtoxic concentrations involves the induction of phase-I and II antioxidant enzymes mediated by ROS-sensitive transcription factor Nrf2 (Oliveira et al. 2018). Although some phytochemicals maintain direct ROS-scavenging capacities at high concentrations, in lower doses (as found in the diet), phytochemicals like curcumin, EGCG, resveratrol, genistein, sulforaphane etc. may activate multiple adaptive stimulating stress responses pathways. Particular examples of such signaling include the Nrf-2/ARE sirtuin–FOXO, NF-κB, and the HIF-1α pathway (Son et al. 2008). The mechanisms of action of major phytochemicals and their respective stress response strategies have been summarized below Table 5.




        Curcumin has shown a hormetic effect by downregulating the heat shock proteins (HSPs), and upregulating sirtuin pathway and the antioxidative system. Resveratrol inhibited the autophagic signaling but activated the HSP and antioxidants. EGCG and leuteolin primarily acted on the Nrf2 signaling. NF-κβ activation was shown by sulforaphane. Genistein and phenyl-isothiocyanate typically showed a low dose stimulation and high-dose activation pattern as shown in Table 5.




        

          Table 5 Hormetic phytochemicals with adaptive stress response signaling against cancer.




          

            

              

                	Dietary Phytochemicals



                	Stress Adopting Pathways



                	Transcription Factors



                	Biological Outcomes



                	References

              


            



            

              

                	Curcumin



                	NFκB inflammatory pathway



                	NFκB



                	↑SOD-2


                ↑Hsp60



                	(Shehzad and Lee 2013)


                (Ulrich et al. 2005)


                (Yang et al. 2011)


                (Lin et al. 2008)


                (Wu et al. 2020)


                (Jiang et al. 2018)


                (Park et al. 2019)


                (Gupta et al. 2014)


                (Gezer 2018)


                &


                (Bhakta-Guha and Efferth 2015)

              




              

                	HSP response



                	HSF-1



                	↓Hsp27


                ↓Hsp70


                ↓Hsp90


                ↑Hsp27


                ↑Hsp70↑

              




              

                	Sirtuin response pathway



                	-



                	↑SIRT3

              




              

                	Antioxidant signaling



                	Nrf2



                	↑GSH


                ↑HO-1

              




              

                	Resveratrol



                	NFκB inflammatory pathway



                	NFκB



                	↓TNF- α


                ↓ IL-6


                ↓iNOS

              




              

                	HSP response



                	HSF-1



                	↑Hsp25


                ↑Hsp70

              




              

                	Autophagic activation



                	_



                	mTOR inhibition

              




              

                	Sirtuin response pathway



                	_



                	↑SIRT1

              




              

                	Antioxidant signaling



                	Nrf2



                	↑GST


                ↑NQO1


                ↑HO-1

              




              

                	EGCG



                	NFκB inflammatory pathway



                	NFκB



                	↓IL-12p40


                ↓IL-6

              




              

                	HSP response



                	HSF-1



                	↓Overexpressed Hsp90

              




              

                	Autophagic activation



                	_



                	HIF-1α, mTOR inhibition

              




              

                	Antioxidant signaling



                	Nrf2



                	↑HO-1


                ↑CYP1A1


                ↑NQO1


                ↑GST-P1


                ↑GCLC


                ↑GCLM

              




              

                	Luteolin



                	NFκB inflammatory pathway



                	NFκB



                	↓TNF-α


                ↓NO

              




              

                	Autophagic activation



                	--



                	↓HIF-1α

              




              

                	Sirtuin response pathway



                	_



                	↑SIRT1

              




              

                	Antioxidant signaling



                	Nrf2



                	↑GSH


                ↑GPx


                ↑GR


                ↑GST,


                ↑GCLC


                ↑GCLM


                ↑HO-1

              




              

                	Quercetin



                	NFκB inflammatory pathway



                	NFκB



                	↓COX-2

              




              

                	HSP response



                	HSF-1



                	↓Hsp27


                ↓Hsp70

              




              

                	Autophagic activation



                	-



                	HIF-1, mTOR inhibition

              




              

                	Antioxidant signaling



                	Nrf2



                	↑HO-1


                ↑SOD-1


                ↑NQO1

              




              

                	Sulforaphane



                	NFκB inflammatory pathway



                	NFκB



                	↓TNF- α


                ↓IL-6

              




              

                	Autophagic response pathway



                	_



                	HIF-1α inhibition

              




              

                	Genistein



                	Low dose proliferation,


                high dose inhibition



                	_



                	↑Cleaved PARP


                ↓NFκB


                ↓Akt

              




              

                	Phenyl-Isothiocyanate



                	Low dose proliferation,


                high dose suppression



                	_



                	Alters cell growth and migration

              


            

          




          

            Abbreviations: Akt- protein kinase B; CYP1A1- cytochrome P450 1A1; GCLC- glutamate-cysteine ligase catalytic subunit; GCLM- glutamate-cysteine ligase modifier subunit; GPx- glutathione peroxidase; GR- glutathione reductase; GSH- glutathione; GST- glutathione S-transferase; HIF-1α- Hypoxia-inducible factor 1-alpha; HO-1- hemoxygenase 1; Hsp- heat shock protein; iNOS- inducible nitric oxide synthase; mTOR- mammalian target of rapamycin; NFκB- Nuclear factor erythroid2-related factor2; PARP- poly (ADP-ribose) polymerase; TNF- α- Tumor Necrosis Factor α

          




        




        Duality as a trait is confined not only to signaling pathways, but also among chemical compounds. In fact most of the stressors (endogenous or exogenous) show a duality in response, where a proliferative low dose is contradictory to the inhibitory high dose (Bhakta-Guha and Efferth 2015). Hormesis is an evolutionary conserved adaptive measure of a cell or an individual as to restabilize any imbalance in homeostasis caused by the stressor. There are endogenous (human and dietary) or exogenous (environmental and synthetic) compounds which owing to their hormetic property at their ‘optimal concentration’, confer protection to healthy cells, as well as induce signaling that converge to death of cancer cells (Gopalakrishnan and Tony Kong 2008).




        Due to the availability of plenty of tumor cell lines the study of the effects of various endogenous antioxidants like vitamins and their analogues, dietary plant extracts and their secondary metabolites, environmental and pharmaceutical stressor agents including antineoplastic drugs and other chemical groups has great experimental and clinical implications. In this scenario, the following Table 6 describes the tissue specific studies of the effect of several hormetic agents of different origin [phytochemicals (P), antineoplastic drugs (D), endogenous agents (E), environmental toxicants (T)] on the different tumor cell lines.




        Hormetic response has been shown by various phytochemicals (genistein, quercetin, Vit D3 analogs and resveratrol) in different breast cancer cell lines like MCF-7 and MDA-MB231. Resveratrol indicated hormetic response against K562, CEM-C7H2, and U937 leukemia cell lines. Genistein, EGCG, quercetin responded hormetically against SCC-25 oral cancer cell line. Anti-cancer drug, dexamethasone also possesses hormetic effect in neuro-epithelial cell lines such as U373, KNS42, and SF268. Other than the different categories of exogenous agents (natural or synthetic), several endogenous substances are also found to show hormetic type of response in cancer.




        

          Table 6 Phytochemicals displaying hormetic effects against varied cancers.




          

            

              

                	Tumor Tissue



                	Example



                	Hormetic chemicals



                	References

              


            



            

              

                	Breast



                	MCF-7, SKBR-3, MDA-MB231



                	Genistein (P)



                	(Jiang et al. 2018)


                (Leon-Galicia et al. 2018)


                (Alam et al. 2018)


                (Frazzi and Guardi 2017)


                (Fuggetta et al. 2004)


                (Akhtar and Swamy 2018)


                (Vourtsis et al. 2013)


                (Leone et al. 2017)


                (Kim and Kim 2014)


                (Calabrese 2005)

              




              

                	Quercetin (P)

              




              

                	Retinoic acid (P)

              




              

                	Vit D3 analogs (P)

              




              

                	Resveratrol (P)

              




              

                	Neuro-epithelial



                	U373, KNS42, SF268



                	Dexamethasone (D)

              




              

                	Ovarian



                	A2780, OVCAR-3, SK-OV-3



                	GnRH (E)

              




              

                	EGF (E)

              




              

                	Progesterone (E)

              




              

                	Melanoma



                	SK-MEL, H1144, B16



                	Resveratrol (P)

              




              

                	Thrombin (E)

              




              

                	Colon



                	HT29, Colo-205, HCT-116



                	Catechin (P)

              




              

                	Genistein (P)

              




              

                	Doxorubicin (D)

              




              

                	Cisplatin (D)

              




              

                	Myeloma



                	RPMI 8226, SK-MEI-28



                	-

              




              

                	Leukemia



                	K562, CEM-C7H2, U937



                	Resveratrol (P)

              




              

                	NO2 (E)

              




              

                	Osteosarcoma



                	U-20S, G-292, OS 1



                	GM-CSF (E)

              




              

                	Lung



                	NCI-H187, A-549, HL60



                	Caffeine (P)

              




              

                	Doxorubicin (D)

              




              

                	Thyroid



                	FRO, FTC-236, FTC-UC1



                	TSH (E)

              




              

                	Liver



                	HepG2, SMMC-7721



                	TNF-α (E)

              




              

                	Sarcoma



                	AG73, SK-UT1



                	-

              




              

                	Leydig



                	MA-10, MLTC-1



                	Prolactin (E)

              




              

                	Neuroblastoma



                	IMR, Neuro-2a



                	Cycloheximide (D)

              




              

                	NaAsO2 (T)

              




              

                	Pancreatic



                	SW-1990



                	CCK-8 (E)

              




              

                	Prostate



                	PC3, LNCap



                	Retinoic acid (P)

              




              

                	Morphine (D)

              




              

                	Bladder



                	KK-47, G47V



                	Sulforaphane (E)

              




              

                	Lymphoma



                	Jurkat



                	α-Fetoprotein (E)

              




              

                	Head and neck



                	Cal 27, Cal 33



                	-

              




              

                	Pituitary



                	NTU-G



                	2 ME (E)

              




              

                	Endometrial



                	AN3 CA, HELA CA



                	TNFα (E)

              




              

                	Radiation (T)

              




              

                	Cervical



                	SiHa



                	Cisplatin (D)

              




              

                	Oral



                	SCC-25



                	Genistein (P)

              




              

                	EGCG (P)

              




              

                	Quercetin (P)

              




              

                	Renal



                	SN12-C



                	IL-3 (E)

              




              

                	Gasric



                	AGS



                	Gastrin (E)

              


            

          




        




        Hormones or growth factors like GnRH, EGF, and progesterone elicited hormetic response against A2780, OVCAR-3, and SK-OV-3 ovarian cell lines. A pleotropic effect of different types of endogenous (hormones, growth factors) and exogenous (natural or synthetic) compounds has also been observed. Resveratrol, a phytochemical and endogenous thrombin were observed with hormetic response against melanoma cell lines like SK-MEL, H1144, and B16. Phytochemicals such as catechin and genistein and drugs like doxorubicin and cisplatin exhibited hormetic response against SK-MEL, H1144, and B16 colon cancer cell lines. Caffeic acid and doxorubicin elicited hormetic response against NCI-H187, A-549 and HL60 lung cancer cell lines. Retinoic acid and morphine have hormetic response against PC3 and LNCap prostate cancer cell lines as shown in Table 6.


      




      

        Maintenance of Redox Homeostasis in Cancer Cells by Phytochemicals




        Antioxidant supplements, as adjuvant during chemotherapy can protect normal adjacent tissue without interrupting tumor management, decreasing the side effects and increasing the disease-free survivability (Singh et al. 2018). The use of antioxidants at supraphysiological doses has attracted increasing importance as a possible primary and secondary cancer deterrence strategy (Donaldson 2004). Higher levels of endogenous antioxidant may prevent chemotherapy induced oxidative stress especially in those patients having impaired capacity to fight against oxidative insult (Singh et al. 2018).




        The mode of action of several antineoplastic agents involves formation of free radicals further leading to cellular damage and necrosis of malignant cells (Singh et al. 2018). Therefore, cancer cells may be more sensitive to agents that generate large amount of ROS, or drugs that damage the ROS scavenging efficiency of cells, leading to apoptosis. Therefore ROS can predict the prognostic value of an anticancer drug (Zaidieh et al. 2019). Administration of excessive antioxidants cause little surge in free radicals which may promote the proliferation of harmful cells in the neoplastic state, promoting carcinogenesis rather than interrupting it which may require new anticancer therapies to eliminate tumor cells selectively using ROS-mediated mechanisms (Rodríguez-Serrano et al. 2015).




        As one of the most promising mechanism, oxidative stress slows the process of cell replication, but it is during cell replication that chemotherapy actually kills metabolically active cancer cells. Therefore, slower cell replication imply lower effectiveness of chemotherapy because- (i) the neoplastic cells may not only survive but may also become resistant (ii) even if they respond, the death becomes more necrotic than apoptotic (Block et al. 2008). Whereas addition of certain antioxidants at specific dosages reduce oxidative stress, thus making the chemotherapy treatment more effective (Singh et al. 2018). Structural and functional chemistry of antioxidants and chemotherapy drugs suggests that antioxidants might improve therapeutic efficacy of antineoplastics by counteracting aldehydes that impede the passage of cells through the regular cell cycle (Block et al. 2008). Some antioxidants have been found to be useful for restoring the natural antioxidants in the body, which are often depleted after the completion of chemotherapy, resulting in decreased side effects and increased survival time (Singh et al. 2018).




        In the ROS-sensitive malignant cells, natural phytochemical-derived Nrf2-inhibitors can induce ROS that may result in cell death. Many polyphenolic antioxidants such as EGCG, PEITC, sulforaphane, curcumin are significant groups of Nrf2 inhibitors which induce apoptosis (Lee et al. 2013b). Contrasting activities of dietary herbs such as antioxidants in cancer prevention and treatment depend on their dosing. At low concentration, they mostly promote cells’ antioxidant properties via activating Nrf2-dependent signaling and enhancing ROS scavenging capability. Whereas, higher doses can inhibit antioxidant defence and induce oxidative stress (Tan et al. 2018). Constitutive upregulation of Nrf2 is common in human cancer and most of the antioxidants possess the property to increase Nrf2 activity, which is further necessary for proliferation of cancer cells. The usage of antioxidants was considered as gold standard to reduce the inevitable adverse effects of treatment-related chemotoxicities or radiotoxicities, (Block et al. 2008). Many natural chemopreventive phytochemicals like curcumin, EGCG, resveratrol, genistein etc. have been shown to suppress COX-2 ad MAP Kinase mediated NF-κβ activation and FOS, JUN derived AP1 activation in malignant cells (Surh 2003).


      




      

        Limitations of Chemopreventive Phytochemicals




        With the exception of issues with bioavailability and pharmacokinetics, dietary phytochemicals fulfil all the essential criteria of a good chemopreventive agent like little or zero toxicity, high efficacy in multiple sites via multiple mechanisms, orally consumable, inexpensive, and globally accessible which makes them an effective approach against cancer control and management (Meybodi et al. 2017). However, the efficacy is mostly achieved at excessively higher doses and such supraphysiological concentrations might not be achieved when the phytochemicals are administered as part of diet. The main reasons behind poor bioavailability are quick metabolism, indigestibility, mutual interactions between phytochemicals and cargo molecules, epithelial barrier of intestinal mucosa and nonspecific distribution in the body (Kaur et al. 2018).


      




      

        Anticancer Phyto-nanoformulations




        Different types of modifications like liposome, micelle, nano-carrier etc. have been planned for the improvement of bioavailability of the phytochemicals and nano formulations are one of the most notable approaches among them (Davatgaran-Taghipour et al. 2017). Nanotechnology emerges as a promising field for the development of new applications in anticancer drug designing. Silver, gold, zinc oxide, iron oxide, copper oxide, and aluminum oxide are the most commonly used metallic nanoparticles for the green synthesis of nano-compounds from phytochemicals (Visweswara Rao et al. 2016). Nanoformulations of bioactive agents from natural phytochemicals, including vitamins, resveratrol, curcumin, genistein, quercetin, EGCG, sulforaphane, luteolin, and coumarin derivatives, in a dose-dependent manner, result in better efficacy for the prevention and treatment of cancer. Application of nano-formulated bio-compounds not only deals with the issue of bioavailability but also improves the selective targeting of the anticancer compound singly or when in combination and enhances its in vitro stability and sustained release (Li et al. 2015).


      


    




    

      FUTURE PERSPECTIVES OF ROS-DEPENDENT PHYTO-REMEDIATION IN CANCER




      Huge amount of studies supporting the antioxidant hypothesis as the anticancer strategy are based on cell lines or on animal model where tumors were experimentally induced by high doses of chemical carcinogens (Russo 2007). However, due to lack of tissue or organ grade complexity, it is not possible to deduce the mechanism of those compounds acting in the tumour microenvironment (Bregenzer et al. 2019). Furthermore, phenolic phytochemicals are often found as glycosides or are converted to other conjugated products after absorption, which might further lower the bioavailablity. The two limitations i.e. the uptake of a particular antioxidant cannot be defined as a consequence of the distribution and processing of the original food and metabolic conjugations like methylation, sulfation, glucoronidation are inevitable (Russo 2007). The limitations of bioavailability and pharmacokinetics can be resolved by (i) in vitro syntheses of pharmaceutical analogues, (ii) tissue specific targeted delivery and (iii) formulation of novel delivery systems (Kaur et al. 2018). Tailored supplementation with designer foods that consist of cocktails of chemopreventive phytochemicals each having their own distinct anticancer mechanisms will be another available option in the near future (Surh 2003).
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