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Abstract
The brain lipid profile is a complex and dynamic system playing a critical role in regulating various 
functions, including mood swings, perception, and emotional behavior. Explicitly, the enrichment of 
polyunsaturated fatty acids (PUFAs) in the brain and membranes exposes them to reactive free radical 
species [reactive oxygen species (ROS)/reactive nitrogen species (RNS)], leading to lipid peroxidation (LP), 
which may result in disruption of cell fluidity and membrane permeability, hindering cellular functions. An 
increase in LP end products specifically triggers apoptosis and necrosis, potentially resulting in the onset of 
serious ailments such as neurodegenerative diseases, cancer, atherosclerosis, and diabetes. Cells are 
equipped with antioxidant defense systems to combat and scavenge harmful reactive free radical species, 
thereby maintaining redox homeostasis. Indisputably, the transcription factor nuclear factor erythroid 2-
related factor 2 (Nrf2) is a key player in regulating the cellular antioxidant response by controlling gene 
expression related to oxidative and electrophilic stress. Nrf2 also influences various cellular processes such 
as metabolism, inflammation, drug detoxification, and DNA repair. In recent years, several compounds have 
emerged as Nrf2 modulators, including curcumin, quercetin, anthocyanins, tea polyphenols, kaempferol, 
hesperetin, and icariin. These compounds play a vital role in regulating various essential Nrf2 upstream 
activators, thereby modulating Nrf2 pathways, predominantly upregulated by several phytochemical 
compounds, such as terpenoids like monoterpenes (aucubin, catapol), diterpenes (ginkgolides), triterpenes 
(ginsenosides), and carotenoids (astaxanthin, lycopene). This review is a modest attempt to provide a 
comprehensive literature appraisal, facilitating a deeper understanding of the significant role of Nrf2 
modulators in obstructing LP and treating serious diseases such as cancer.
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Introduction
Free radical species [reactive oxygen species (ROS)/reactive nitrogen species (RNS)] are entities 
specifically involved in oxygen and nitrogen radicals, continuously generated during the mitochondrial 
respiration process. A moderate level of ROS is substantial for the signaling and other cellular processes but 
is detrimental in excess [1, 2]. A plethora of studies are indicative of the interlinking of free radicals such as 
superoxide radicals, singlet oxygen (1O2), hydrogen peroxide (H2O2), hydroxyl, and RNS like peroxynitrite, 
etc., in the etiology of cancer and are categorically named as ‘prooxidants’ [3]. The redox status of the cell is 
maintained by controlling the generation of reactive free radical species and their scavenging process via 
the antioxidant system of cellular machinery, such as glutathione, superoxide dismutase (SOD), catalase 
(CAT), vitamin C, vitamin E, etc. Reduction of the antioxidant defense system leads to excessive 
accumulation of ROS/RNS in the cell, thus resulting in deleterious effects on macromolecules, i.e., nucleic 
acids, proteins, and lipids [4].

Lipid enrichment in cells is undeniably reflected in its crucial role in various biological processes, i.e., as 
a signaling molecule, energy reservoir, and protective covering for nerve cells [5, 6]. Enrichment in 
polyunsaturated fatty acids (PUFAs) cellular and organelle membranes poses a threat to lipid peroxidation 
(LP), which is a malicious process that is triggered by ROS and RNS that react with lipid molecules present 
in cellular organelles, thus leading to the production of lipid peroxides. Various end products of LP, 
including 4-hydroxy-2-nonenal (4-HNE) and malondialdehyde (MDA), are predominantly linked to the 
progression of serious ailments such as cancer, cardiovascular diseases, diabetes, and neurodegeneration 
[7, 8]. Recent reports have suggested that ROS-triggered LP also promotes apoptosis and autophagy [9]. It is 
now established that LP plays a key role in carcinogenesis and disease progression, along with its existence 
in fat-enriched cancerous tissue [10–12]. There are contrasting reports that LP might aid in an 
anticarcinogenic mechanism via activating apoptotic pathways, resulting in cell death [13, 14]. This is 
supported by the hypothesis that radiotherapy and chemotherapy are mediated through oxidative stress 
(OS) generation by inducing LP, eliminating tumor cells [15, 16]. Also, it is well documented that the higher 
level of LP and its secondary metabolic products in breast cancer patients is observed than in non-tumor 
samples [17–20]. Additionally, other studies are indicative of the relation of elevated levels of LP with 
disease recurrence, progressive disease stage, and aggressive molecular subtypes [21–23]. LP is 
substantially linked to carcinogenesis and needs to be targeted with the required combinatorial therapy. 
Figure 1 depicts the sources of ROS and aberrations caused in biomolecules (DNA, protein, and lipid) and 
morbidity caused by ROS.

The cell has an endogenous antioxidant defense system that systematically regulates the level of 
ROS/RNS, including the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) [24]. The 
Nrf2/Kelch-like ECH-associated protein 1 (Keap1) pathways protect cells from ROS/RNS-mediated OS 
damage. Nrf2 has been found to regulate the expression of more than 300 target genes, crucially involved in 
antioxidant and anti-inflammatory roles, cell metabolism, proliferation, and differentiation, thus leading to 
cytoprotection [25, 26]. The role of Nrf2 is also associated with preventing and promoting cancer, but it is 
unclear whether it suppresses cancer promotion or exerts pro-oncogenic functions. Literature is rich in 
reports that several modulators exist that effectively regulate the expression of Nrf2 efficiently. This review 
presents a modest attempt to provide an overview of the exact role of Nrf2 and its modulators in combating 
LP and carcinogenesis.

ROS-mediated LP: enzymatic and non-enzymatic reactions
ROS is the most important chemical entity playing a dual role in biological systems, acting as both a cell’s 
signaling molecule and an agent of cellular damage. These are oxygen derivatives such as superoxide anion 
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Figure 1. Schematic representation of sources of ROS, effects on biomolecules (nucleic acids, proteins, lipids), and 
diseases. ROS: reactive oxygen species; RNS: reactive nitrogen species; H2O2: hydrogen peroxide; GSSG: oxidized 
glutathione; GSH: glutathione; SOD: superoxide dismutase; AD: Alzheimer’s disease; HD: Huntington’s disease; ALS: 
amyotrophic lateral sclerosis; PD: Parkinson’s disease.

(O2−), H2O2, hydroxyl radical (•OH), peroxyl radicals (ROO•), and 1O2, etc. There is a misconception 
regarding ROS that all free radical species perform a similar function in the cell; however, this is not so. 
Apart from cell signaling, an elevated level of ROS is indicative of the transition from normal, healthy tissue 
to the invasion of carcinoma [27]. It is produced during cellular metabolic reactions in mitochondria and 
NADPH oxidases (NOX) [28, 29]. Under normal physiological conditions, an optimum level of ROS is 
beneficial for cell signaling and to maintain cell homeostasis. An excess level of ROS extends adverse effects 
on cell components, biomolecules (DNA, protein, and lipids), and aggravates disease conditions. LP is 
defined as the spontaneous oxidative deterioration of unsaturated fatty acids by adding oxygen molecules 
to the non-polar lipids’ unsaturated fatty acyl chain. It is a chain reaction and can be manifested via two 
pathways, i.e., enzymatic and nonenzymatic.

Enzymatic autoxidation pathway

In this pathway, a specific category of proteins, such as lipoxygenase (LOX), cyclooxygenase (COX), and 
cytochrome P450, which contains peroxidase activity, catalyze LP, where it is also involved in the formation 
of R-OOH. The proteins that have pseudo-peroxidase activity (cytochrome c) under some conditions can 
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also catalyze LP via binding to cardiolipin [30–32]. LOX specifically catalyzes the oxidation of abundantly 
found arachidonic (C20:4) and linoleic (C18:2) polyenoic fatty acids by molecular oxygen to form 
hydroperoxyl groups at distinct carbon positions of acyl chains [33]. Several reports have shown that 
among COX-1 and COX-2 isoforms, the latter is crucially expressed in tumoral tissues [34–36]. Some 
contrasting reports revealed the existence of the enzyme overexpression product eicosanoids in breast, 
lung, and pancreatic cancer. The proinflammatory product prostaglandin E2 (PGE2) is found to be produced 
via COX-2 in mutagenesis, angiogenesis, and cell migration, all linked with cancer. The COX-2 mechanism 
pathway has been proven using biological cell lines, i.e., human colorectal HT-29 and human prostate 
carcinoma DU145 cell lines [37, 38]. A crucial interlink is found between the production of PGE2 along with 
tumor cell resistance to programmed cell death via the activation of a cascade of P2Y2 P2Y2/Src/p38 [P2Y2 
nucleotide receptor, Src is the Src protein-tyrosine kinase, and p38 refers to the p38 mitogen-activated 
protein kinase (MAPK) signaling pathway]. Through this membrane released arachidonic acid (AA) by PLA2 
overexpression, simultaneously with the overexpression of COX-2, with PGE2 production [38]. Figure 2 
illustrates the conversion of membrane phospholipids into AA, as well as the involvement of COX-1, COX-2, 
and LOX in tumor growth, and the role of inhibitors in the apoptosis of cancerous cells.

Figure 2. Membrane phospholipids are converted into phospholipase A, which results in arachidonic acid. Tumor 
progression results from the activation of LOX and COX-2, and is suppressed by LOX and COX-2 inhibitors, resulting in 
apoptosis (cancer cell death). COX: cyclooxygenase; LOX: l ipoxygenase; PGE2: prostaglandin E2; HETE: 
hydroxyeicosatetraenoic acid.
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Non-enzymatic dependent pathway

In non-enzymatic reactions, the initiation of radical chain reactions is essential for LP mediated via the 
Fenton reaction by involvement of transition metals, i.e., iron. Iron is highly reactive within cells and 
generates •OH by reacting with endogenously produced H2O2. The production of hydroxyl and ROO• 
initiates the lipid production. Similarly, like H2O2, PLOOH is also involved in the Fenton reaction, ultimately 
leading by a series of reactions to the generation of lipid hydroxy radical (PLO•) and lipid peroxyl radical 
(PLOO•) respectively [39, 40]. If PLOOH is neutralized, LP cannot take place; if not scavenged by 
antioxidants, propagation of LP takes place to the neighboring PUFA-phospholipids. This propagation leads 
to the deterioration of the plasma membrane, and LP causes fluidity and leakage in the cell membrane and 
obstructs membrane-bound enzyme activity [41]. In the absence of an efficient antioxidant defense system, 
lipid hydroperoxides become unstable and can lead to the production of secondary products, i.e., MDA, 4-
HNE, and other reactive aldehydes [42, 43]. These deleterious effects lead to a reduction in cellular 
processes and aggravate cytotoxicity. Ultimately, uncontrolled cellular growth and lump formation take 
place, leading to apoptosis [8, 44]. Though, optimum level of LP is substantial for physiological processes 
and cell signaling, elevated LP causes morbidity of cells via involvement in several pathological conditions 
like neurodegenerative diseases, cardiovascular diseases, inflammation, and cancers [43, 45–47].

Role of secondary metabolic products of LP in cancer cells
Mitochondria are known as the powerhouse of eukaryotic cells owing to their pivotal role in ATP 
production through oxidative phosphorylation. A great number of superoxides are produced at the 
complexes I and III of the electron transport chain (ETC). This is why it is significantly called the hub of ROS 
generation; consequently, ROS is substantially involved in LP. Although the role of OS in cancer has been 
well reported in the literature, the amount of LP products in cancer cells has also been a matter of 
investigation by many groups. This section encompasses the role of LP products in cancer.

MDA

LP results in secondary metabolic products, MDA, also known as MDA, which can be produced via either 
peroxidation of PUFAs present in the membrane or prostaglandin production [48, 49]. MDA is a highly 
reactive and more toxic aldehyde, and when accumulated, it leads to membrane permeability and hinders 
the membrane fluidity of the bilayer lipid membrane. It is very mutagenic and reacts with biomolecules, 
specifically forming adducts with deoxyadenosine(dA) and deoxyguanosine(dG) of DNA, resulting in the 
formation of DNA adducts [50–52]. MDA-DNA adduct formation results in strand breaks, cell cycle arrest, 
and ultimately cell death. This is also linked to the development and progression of carcinogenesis. MDA is 
significantly used as a biomarker for the identification of LP [53, 54].

4-HNE

LP of PUFAs produces an array of secondary metabolic products and lipid electrophiles. Among all the lipid 
byproducts, 4-HNE is one of the most extensively studied lipid oxidative products. Though the biological 
consequences of 4-HNE are well established, the exact pathway via which its formation takes place is still 
not clear [55]. Many groups have suggested that 4-HNE is produced from the decomposition of the 
hydroperoxide of ω-6 PUFAs at the sn-2 position of glycerophospholipids present in cellular lipid 
membranes. It was found that most of the 4-HNE production is contributed by linoleic acid (LA, 18:2, ω-6) 
and AA (20:4, ω-6), which are abundantly present in cellular membranes [56]. A significant amount of HNE 
was also produced from the oxidation of mitochondrial phospholipids and cardiolipin, along with other 
oxidation products. HNE, linked with biomolecules and forms adducts, thus leading to the deterioration of 
structural proteins and DNA. The HNE adducts substantially impact key signaling pathways such as the 
mitogen-activated kinase signaling pathway, Nrf2, activating protein AP-2, and NF-κB, etc. [57]. 
Microtubule dysfunction and deteriorated synaptic system are also significantly affected by the abnormality 
in glucose uptake at synapses, crucially intervened by HNE [58].
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Established reports also indicate the key role of HNE in controlling cell proliferation and 
differentiation. It has been demonstrated that cell line K562 derived from human erythroleukemia, cell 
proliferation is found to be decreased, as well as c-myc oncogene expression is blocked significantly by HNE 
[59, 60]. Pizzimenti et al. [61] and Rinaldi et al. [62] have reported that HNE is found to be involved in 
hindering the c-myc expression in U937, ML1 human leukemic cells, and murine erythroleukemic (MEL) 
cells. In tumor cell line SK-N-BE (neuroblastoma cells), HNE efficiently blocks cell proliferation and elicits 
apoptosis. In tumor cells that significantly express p53 and its family members (p63, p73), HNE is crucially 
found to be involved in inducing expression of these cells, thus resulting in inhibiting proliferation [63, 64]. 
HNE-mediated inhibition of human colon tumor cells through regulation of MAP kinase and PPAR gamma 
pathways has also been reported [65, 66]. Similarly, inhibition of cell proliferation is also reported in breast 
cancer cells, i.e., MCF7, by treatment with conjugated LA, leading to the elevation of endogenous levels of 
HNE [67] and in osteosarcoma cells treated with HNE [68]. Numerous reports reflect the pivotal role of 
HNE in controlling cell proliferation in tumor cells, whereas it does not affect the normal differentiation and 
growth of normal cells [69].

Acrolein

Among all the LP products, acrolein is the most reactive peroxidation product of PUFAs. It is also generated 
from the partial combustion of organic materials or fuel such as coal, petrol, and wood [70]. Apart from this, 
acrolein can also be present in cigarette smoke and sources like cyclophosphamide bioactivation. 
Threonine metabolism by myeloperoxidase of activated phagocytes is also involved in acrolein production 
[71]. It consists of three carbon atoms bonded via a double bond and is present in 40 times more 
concentration than any other transient reactive oxidant species [72]. Acrolein is also an electrophile and 
binds to the nucleophilic sites of basic cellular enzymes, DNA, and proteins, specifically to histidyl, lysyl, and 
cysteinyl residues, along with the N-terminal amino group of proteins. Acrolein also forms adducts with 
cysteinyl residues of enzymes (which are crucially involved in the catalytic activity of enzymes) and hinders 
the enzyme activity via interfering with substrate binding, thus leading to enzyme deactivation [73].

Neurofilament aggregation is also found to be induced by acrolein, which plays a vital role in cross-
linking, resulting in OS induced production of a large amount of protein carbonylation, leading to 
neurodegenerative diseases [74]. Feng et al. [75] have established that acrolein is a major contributing 
agent for cigarette smoke-related lung cancer, playing a malicious role in DNA damage and obstructing DNA 
repair. Others have demonstrated that acrolein suppresses anticancer drug-induced cytotoxicity via the 
overexpression of CLDN1. Enhanced CLDN1 expression also upregulates the Nrf2 signaling pathway. 
Acrolein-mediated silencing of CLDN1 is directly linked to less sensitivity towards anticancer drugs, thus 
leading to cancer progression [76]. A report by Tsai et al. [77] showed that acrolein-induced DNA damage is 
found to be significantly higher in colorectal cancer tissues than in normal epithelial cells in colorectal 
cancer patients. Acrolein plays a crucial role in oncogenic transformation through activation of the 
RAS/MAPK signaling pathway, thus resulting in colon tumorigenesis [77, 78]. The underlying mechanisms 
are established by using cDNA microarray analysis with Ingenuity Pathway Analysis in NIH/3T3 Acr-
clone#4 cells to establish that acrolein is involved in oncogenic transformation. The Tsai group [77] 
successfully demonstrated that four genes (Rnd1, Rras2, myc, and PI3Kcb) involved in the RAS/MAPK 
signaling pathway were upregulated in acrolein-transformed clone #4 (NIH/3T3 Acr-clone #4). These 
results were further supported by Western blot analysis, along with the finding that acrolein activated the 
RAS/MAPK signaling pathway and increased c-myc in NIH/3T3 cells and the human normal colon 
epithelium CCD-841CoN. Surprisingly, acrolein was found to induce cell proliferation, colony formation 
activity, and cell migration capacity in CCD-841CoN cells. RAS/MAP signaling pathways are crucially 
activated in the CCD-841CoN Acr clone as well as in human colon cancer cell lines, SW480 and HCT116. The 
study demonstrated that acrolein prominently mediated and induced oncogenic transformation through 
activation of the RAS/MAPK pathways [77].



Explor Med. 2025;6:1001372 | https://doi.org/10.37349/emed.2025.1001372 Page 7

Isoprostanes

In 1990, one more peroxidation product was identified, which resembles prostaglandin compounds 
generated from the peroxidation of AA in situ in phospholipids known as F2-isoprostanes (F2-IsoPs) [79]. 
Unlike other LP products, Isoprostanes are prone to detection easily owing to chemical and metabolic 
stability in a number of biological samples such as urine, plasma, and tissues, respectively [56]. 
Isoprostanes can be accumulated and aggregated in cell membranes, thus impairing the fluidity of 
membranes and aiding in the etiology of serious ailments such as neurodegenerative diseases, cancers, etc. 
F2-IsoPs elevated level is analyzed by employing gas chromatography/negative ion chemical ionization 
mass spectrometry for OS level [80–82]. Figure 3 depicts a schematic representation of the LP and the 
formation of the secondary metabolic product of LP.

Figure 3. Lipid peroxidation via free radicals is generated extracellularly and intracellularly, the mechanism of lipid 
peroxidation leads to the formation of secondary metabolic products such as MDA, HNE, ACR, and 8-IsoPs, 
respectively. ROS: reactive oxygen species; RNS: reactive nitrogen species; H2O2: hydrogen peroxide; PUFA: polyunsaturated 
fatty acids; HNE: hydroxy-2-nonenal; MDA: malondialdehyde.

Many groups are engaged extensively to prove the involvement of isoprostanes with cancers [83–85]. 
Ma et al. [86] have reported that the UPLC-MS/MS-based method is an efficient tool to measure the 8-
isoprostane plasma concentration and identified as a biomarker for early lung cancer screening [86]. Rasool 
et al. [87] have established the key role of isoprostanes and matrix metalloproteinase-7 (MMP7) in the 
development of colorectal cancer in males. More studies are underway to unravel the exact pathway for the 
link between isoprostanes and carcinogenesis.

Interplay of Nrf2 and Nrf2 modulators in LP mediated carcinogenesis
An optimum level of ROS/RNS is inevitable for the normal functioning of the cells. An elevated level of 
ROS/RNS exerts a high level of OS, which in turn is found to be one of the characteristics of cancer cells [88]. 
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Human cells have an adequate defensive system to combat and scavenge the ROS/RNS, which are 
continuously produced in biological systems both intracellularly and extracellularly. The most significant 
cellular defense system against OS is the Nrf2/Keap1 signaling cascade [89].

Nrf2 is a basic leucine zipper transcription factor, also most commonly known as Cap “n” Collar (CNC) 
transcription factor, crucially responsible for the critical regulation of cytoprotective response against OS 
[90]. Nrf2 orchestrates metabolic stability, proteostasis, and redox balance, and has emerged significantly 
as a key regulator of cellular homeostasis, required for the proper functioning and vitality of an organism. 
Nrf2 binds to the antioxidant response elements (AREs) in the promoters of target genes, thus mediating 
the upregulation of antioxidants and phase II detoxifying enzymes such as glutamate-cysteine ligase 
catalytic subunit (GCLC), haem oxygenase 1 (HO-1), and NAD(P)H-quinone oxidoreductase 1 (NQO1), etc. 
Figure 4 depicts the role of Nrf2 in the regulation of various genes involved in myriad metabolic functions.

Figure 4. Role of Nrf2 in the regulation of target genes involved in myriad metabolic functions. Nrf2: nuclear factor 
erythroid 2-related factor 2; ARE: antioxidant response element.

Under normal physiological conditions, Nrf2 is kept inactive by Keap1, which significantly keeps a 
surveillance on Nrf2 and retains it in the cytoplasm, and gradually Nrf2 undergoes proteasomal 
degradation (Figure 5).

Due to its degradation, Nrf2 is unable to bind to the nuclear ARE; thus, it is not available for the 
facilitation of transcription of various antioxidants and detoxifying enzymes [91, 92]. An elevation of 
ROS/RNS leads to OS, and on the onset of this, Nrf2 is lodged in the nucleus and, on attaching itself to sMaf 
protein to form a heterodimer, this complex in turn binds to the ARE sequences, leading to the regulation of 
transcription of several antioxidant genes [91]. Nrf2 was launched to safeguard cells against malicious 
hazardous materials, and many chemoprotective agents have been identified that modulate activation of 
Nrf2 [93]. It is noteworthy that though enrichment of documents reflects that Nrf2 target genes are 
substantially linked to the obstruction of LP products, thus leading to the inhibition of carcinogenesis, many 
reactive lipid species, such as HNE, are shown to form adducts with cysteines of Keap1, which is a negative 
regulator of Nrf2 leading to over expression of Nrf2 target genes [94]. Reports are suggestive that 
modification in Keap1 facilitates the activation of Nrf2 to intercept LP, in contrast, many reactive lipid 
species are found to suppress/inhibit the function of Nrf2 target genes, which in turn aggravate 
tumorigenesis and other serious ailments [95–102]. It is worth mentioning here that in diseases like cancer, 
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Figure 5. Role of Nrf2 in various cellular processes and signaling, as well as anticarcinogenic activity. Keap1: Kelch-like 
ECH-associated protein 1; Nrf2: nuclear factor erythroid 2-related factor 2; SOD1: superoxide dismutase 1; CAT: catalase; HO-
1: haem oxygenase 1; TKT: transketolase; NQO1: NAD(P)H-quinone oxidoreductase 1; G6PD: glucose-6-phosphate 
dehydrogenase; TALDO1: transaldolase 1; KRT16: keratin 16; Bcl-2: B-cell lymphoma 2; Bcl-XL: B-cell lymphoma-extra-large; 
CDDCA4: cluster of differentiation 4; CXCL8: C-X-C motif chemokine ligand 8; HIF-1: hypoxia-inducible factor 1; VEGFA: 
vascular endothelial growth factor A; FAK: focal adhesion kinase; MLC: myosin light chain; ROCK: Rho-associated coiled-coil 
containing kinase; RHOA: Ras homolog gene family member A; MMP9: matrix metalloproteinase-9; INOS: inducible nitric oxide 
synthase; COX-2: cyclooxygenase-2; IL-11: interleukin-11; GSTA2: glutathione s-transferase alpha 2; GSTP1: glutathione S-
transferase pi 1; MRP5: multidrug resistance protein 5; ABCF2: ATP-binding cassette subfamily F member 2; GCLC: glutamate-
cysteine ligase catalytic subunit; CYP3A4: cytochrome P450 family 3 subfamily A member 4.

where Nrf2 is high in tumor cells, the defensive antioxidant system can be utilized as a protective strategy 
against LP and secondary LP products accumulation, whereas in neurodegenerative diseases, Nrf2 is low, 
and LP is significantly enhanced, leading to disease progression. Owing to its potential mediation in 
promoting cell survival, Nrf2 and its associated target gene inhibition are linked to suppressed 
responsiveness to cellular stress and apoptosis. Recently, the term ferroptosis has emerged and been 
extensively studied as a novel cell death cascade, which is iron-dependent, lipid-peroxide-mediated, non-
apoptotic regulated cell death. It has been crucially found to be a promising therapeutic target for cancer 
therapies, due to its association with elevated iron and lipid peroxide levels as well as Nrf2 dysfunction 
[103–105]. The role of Nrf2 in normal cells as well as in cancer cells is schematically represented in 
Figure 6.

Mounting evidence revealed that Nrf2 is identified as suppressing, as well as mitigating the tumors, and 
thus acts as a double-edged sword, as briefly described in the following section.

Mechanistic role of Nrf2 as a tumor suppressor

Undeniably, Nrf2 plays a substantial role in anti-tumor activity by sustaining redox homeostasis, 
modulating cell growth, cell differentiation, and anti-inflammatory activities [106]. Reports revealed that 
the Nrf2 signaling pathway is crucially involved in detoxification of ROS/RNS via modulating drug-
metabolizing enzymes, thus leading to the suppression of the OS-mediated cancer development. It is well 
documented that Nrf2 activation is perceived in several cancers, such as bladder cancer, cervical cancer, 
breast cancer, colon cancer, glioblastoma, glioma, hepatocellular carcinoma, lung cancer, pancreatic cancer, 
multiple myeloma, ovarian cancer, and gastric cancer [107, 108].
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Figure 6. Nrf2 activation in normal cells and cancer cells. (a) Under normal conditions, and (b) oxidative stress conditions 
(hyperactivation of Nrf2 and cancer cell proliferation in cancer cells). Nrf2: nuclear factor erythroid 2-related factor 2.

One piece of evidence has suggested that in the Nrf2 knockout model, Nrf2 facilitated protection in the 
skin, bladder, and stomach against chemically induced carcinogenesis. In another report, on exposure to 
benzopyrene, Nrf2-null mice were shown to develop gastric neoplasia [109]. Multiple reports have 
established that upon exposure to azoxymethane followed by dextran sodium sulfate, intestinal tumors 
develop significantly more in Nrf2-deficient mice than in the wild-type mice [110, 111]. Reports also 
indicate that many cancers, such as mammary, skin, and colorectal cancers, have increased substantially 
with administration of carcinogenic molecules [112]. The exact pathway of Nrf2-mediated preventive 
mechanism of cells against carcinogenesis is via reducing ROS/RNS levels, leading to the inhibition of lipid 
peroxide products and DNA damage. Additional experimental evidences bolster the claim that Nrf2 reflects 
protective behavior towards carcinogenesis. An experiment demonstrated in mice, possessing a single 
nucleotide polymorphism (SNP) in the promoter location of the murine Nrf2 gene, revealed the reduced 
expression of Nrf2, posing a threat for hyperoxia-induced lung morbidity [113]. Suzuki et al. [114] and Zhao 
et al. [115] have reported that owing to this SNP, the mRNA expression level of Nrf2 declined, linking to the 
elevated vulnerability towards non-small-cell lung cancer (NSCLC). A plethora of evidence has illustrated 
the preventive impact of the Nrf2 signaling pathway against several cancers [116–118].

Plausible role of Nrf2 as tumor activator

Though the preventive effect of Nrf2 is well established, the dark side and detrimental effects of Nrf2 in 
cancer activation and progression are also well demonstrated by many reports. Modulation of Nrf2 
activation plays a crucial role in disease progression. The emergence of the negative effect of Nrf2 in 
carcinogenesis and the progression of several cancers fueled controversy about the beneficial role of Nrf2 
in cancer prevention or tumor suppression. Nrf2 hyperactivation within tumor cells raised questions on its 
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preventive measures as antioxidants, as well as anticancer effect or chemoprevention [119]. Reports are 
suggestive of an antagonistic effect of overexpression of Nrf2 in the survival of cancer cells, thus leading to 
vital involvement in cancer progression [120], and it was evident that cancer cells employed Nrf2 as a self-
protective mechanism for survival [121].

Nrf2 actively participates in cancer cell proliferation and invasion, along with suppression of the 
antiapoptotic activity of cells via the overstimulation of anti-apoptotic protein Bcl-2. Nrf2 hyperactivation 
and increased levels of Nrf2 were envisaged in several tumors and malignancies, such as bladder, ovarian, 
pancreatic, prostate, lung, breast, and endometrium, respectively [122]. Nrf2 activation induced by 
radiotherapy and chemotherapy resistance is also significantly observed, reflecting its malicious role in 
cancer progression. Numerous reports documented the deleterious role of Nrf2 in cell proliferation, cancer 
progression, and suppressing cell death [123–126].

Modulators of Nrf2 in cancer therapy
The main challenge for the eradication of cancer is chemoresistance and drug efflux. Nowadays, ROS and LP 
products like HNE are targeted for cancer therapy along with conventional therapies such as chemotherapy 
and radiotherapy. The irony of the treatment is the toxicity of chemotherapy drugs and their toxicity 
towards non-malignant cells because they not only kill cancer cells, but drugs may also cause morbidity to 
normal cells. Earlier studies suggest that the use of antioxidant supplementation should be practiced to 
mitigate the side effects of anticancer therapies, like chemotherapies and radiation. It is advised to choose 
wisely and cautiously the antioxidant supplements because they have a detrimental effect during cancer 
therapy [127].

The Nrf2-Keap1 pathway is also targeted for treating cancer owing to its cytoprotective responses. It is 
worth mentioning that Nrf2 is identified as a double-headed arrow owing to its cytoprotective role and 
response at early stages of carcinogenesis via activation of antioxidant genes for scavenging ROS and 
balancing redox homeostasis, which leads to stopping DNA mutation and cell proliferation, whereas it poses 
a detrimental effect at later stages of carcinogenesis by imposing resistance to chemotherapy/radiotherapy. 
Several natural as well as synthetic compounds have been identified as Nrf2 modulators and inhibitors in 
chemoprevention and therapeutic strategies. Brief accounts of Nrf2 activators and inhibitors, along with 
their sources, actions, and cancer types, are summarized in Table 1.

Nrf2 activators

To prevent cancer and carcinogenesis, several natural (polyphenols, carotenoids, flavonoids, 
isothiocyanates, vitamins, etc.) and synthetic compounds have been identified and studied as Nrf2 
activators for modulating its expression and signaling. Compounds typically belonging to phenolic and 
sulfur-containing groups are found to be promising chemoprotective agents. Curcumin and resveratrol 
(RSV) are the most extensively studied natural compounds, crucially found to inhibit many types of cancer 
cell proliferation [152–154]. It was reported by a group that curcumin and RSV were found to be involved 
in the inhibition of cell growth, which was affected by dosage [155]. The IC50 of DLD-1 cell lines is observed 
71.8 μM (20.5 μM curcumin + 51.3 μM RSV), while the IC50 of CaCo-2 cell line was 66.21 μM (18.9 μM 
curcumin + 47.3 μM RSV) [156]. It has also been reported that curcumin significantly facilitates apoptosis in 
various cancer cell types in the human colon [157, 158]. Bisht and Maitra [159] have established in a nude 
mouse xenograft model that curcumin is found to be crucially linked to the obstruction of in vivo growth 
suppression in head and neck squamous cell carcinoma. Along with these, liposomal formulations of 
curcumin have been extensively studied in various cancers, including pancreatic, colorectal, and prostate 
[160–163]. Kunnumakkara et al. [164] have demonstrated that cell proliferation and metastasis are 
inhibited by curcumin in breast cancer cells via downregulating the Fen1 expression by activating and 
modulating the Nrf2 cell signaling. Many dietary vitamins, such as ascorbic acid (vitamin C), retinoic acid 
(vitamin A), flavonoids, phytochemicals, including cryptotanshinone, polyphenols like epigallocatechin 
gallate (EGCG), theaflavin, luteolin, isothiocyanates, etc., demonstrated a promising role as Nrf2 activators 
in chemoprevention. Among all, tea polyphenols emerged as an extensively studied natural phytochemical 
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Table 1. Nrf2 activators and inhibitors.

S. NO. Compound Source Type Mechanism of action Cancer type References

Sulforaphane (SFN) [1-
isothiocyanato-4-
(methylsulfonyl)-butane]

Broccoli, Brussels sprouts Isothiocyanate Electrophilic modification of Keap1-Cys-151 Bladder cancer [128]

Oltipraz (4-methyl-5-[2-
pyrazinyl]-1,2-dithiole-3-
thione) (OPZ)

Cruciferous vegetables Organosulfur 
compound

Electrophilic modification of Keap1-Cys-151 Various cancers in animal models [129]

Epigallocatechin gallate 
(EGCG)

Green tea Catechin Oxidizing the cysteine thiols of Keap1 Prostate cancer, head and neck, 
and lung cancer cell lines

[130]

Dimethyl fumarate (tecfidera 
or DMF)

Synthetic drug Fumaric acid 
ester

Electrophilic modification of Keap1-Cys-151 Breast, colon, melanoma, and 
pancreatic cancer

[131]

Diallyl trisulfide (DATS) Garlic Isothiocyanate Modification of Keap1-Cys-288 Colorectal, breast, and bladder 
cancer

[132]

Curcumin (CUR) Dried rhizome of Curcuma 
longa

Stilbene Electrophilic modification of Keap1-Cys-151 Gastric cancer [133]

2-Cyano-3,12-dioxooleana-
1,9(11)-dien-28-oic acid 
(CDDO)

Synthetic derivative of 
oleanolic acid, a naturally 
occurring plant compound

Synthetic 
triterpenoids

Electrophilic modification of Keap1-Cys-151 Pancreatic cancer (e.g., Panc1, 
Panc28 cells), colon cancer, ovarian 
cancer, and diffuse large B-cell 
lymphoma

[134]

Apigenin (4,5,7-
trihydroxyflavone (Api))

Celery, parsley Plant flavone Epigenetic modifications of Nrf2 Breast, colorectal, prostate, liver, 
lung, skin, and oral cancers

[135]

Resveratrol (3,5,4’-
trihydroxystilbene (RES))

Grapes, berries (E)-Stilbene 
derivate

Electrophilic modification of Keap1-Cys-151 Breast, prostate, colon, ovarian, 
thyroid, and melanoma

[136]

Nrf2 
activators

Carotenoids Fruits and vegetables Natural pigments Potential for cancer prevention by activating the 
Nrf2 pathway

Initial stage of cancer [137]

Brusatol (BRU) Brucea javanica (an 
evergreen shrub)

Triterpene 
lactone 
compound

Stimulation of Nrf2 poly-ubiquitination Colorectal, pancreatic, lung, liver, 
leukemia, and glioblastoma

[138]

Luteolin (3’,4’,5,7-
tetrahydroxyflavone (LUT))

Celery, parsley, green 
pepper

Plant flavone Nrf2 mRNA degradation, reduction of Nrf2 binding 
to AREs

Lung, breast, prostate, liver, colon, 
and pancreatic cancers

[139]

Trigonelline (TRG) Coffee beans and many 
plants

Coffee-derived 
alkaloid

Prevention of nuclear translocation of Nrf2 Pancreatic cancer cell lines [140]

Ascorbic acid (vitamin C, L-
ascorbic acid, AscA, AA)

Citrus fruits Natural vitamin Electrophilic modification of Keap1-Cys-151 Chronic myelogenous leukemia 
KCL22/SR cells

[141]

Retinoic acid (RA) Carrots, sweet potatoes, 
mangoes, papayas, and 
apricots

Metabolite of 
vitamin A

Prevention of nuclear translocation of Nrf2 Breast, prostate, and lung cancer [142]

Chrysin (5,7-dihydroxy-2-
phenyl-4H-chromen-4-one 
(CHR))

Honey and propolis Plant flavone Prevention of nuclear translocation of Nrf2 Lung, breast, liver, colon, leukemia, 
prostate, and melanoma

[143]

Nrf2 
inhibitors
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Table 1. Nrf2 activators and inhibitors. (continued)

S. NO. Compound Source Type Mechanism of action Cancer type References

Quercetin Apples, various fruits, and 
vegetables

Flavonoid High concentrations can inhibit Nrf2 to increase 
oxidative stress and promoting cancer cell death

Malignant tumor formation [144]

Wogonin (5,7-dihydroxy-8-
methoxyflavone)

Root of Scutellaria 
baicalensis

Flavonoids Nrf2 inhibitor wogonin holds good potential as an 
efficient natural sensitizer for anti-neoplastic 
resistance in human myelogenous leukemia

Myelogenous leukemia [145]

Halofuginone Root of Dichroa febrifuga 
Lour. (Blue Evergreen 
Hydrangea)

Naturally 
occurring alkaloid

Enhanced the chemosensitivity of cancer cells via 
suppressing Nrf2 activation

Cancer, fibrosis [146]

Berberine Coptidis Rhizoma Isoquinoline 
alkaloid

BBR could reverse the lapatinib resistance in 
HER2-positive breast cancer cells by upregulating 
the level of ROS through inhibiting the Nrf2 
pathway

Breast cancer cells [147]

Brucein D Seeds of Brucea javanica Quassinoid 
compound

Inhibiting Nrf2 expression via promoting the 
ubiquitin-proteasome-dependent degradation and 
downregulating its downstream genes such as 
HO-1, NQO1, AKR1B10 and γGCSm

Pancreatic ductal adenocarcinoma [148]

Cryptotanshinone Root of Salvia miltiorrhiza Diterpene 
quinone

Induce cell death and apoptosis in human lung 
carcinoma A549 (A549/DDP) cells and enhance 
the sensitivity to cisplatin by down-regulating the 
Nrf2 pathway

Human lung carcinoma A549 [149]

Ginsenoside Rd Active constituents of 
ginsenosides, is a potent 
antitumor agent

Active 
ingredients of 
ginseng

Depletion of the expression of Nrf2 and its target 
genes, resulting in an enhanced sensitivity of 
A549 cells to cisplatin and amelioration of 
chemoresistance

NSCLC [150]

Triptolide Tripterygium wilfordii Diterpenoid Reduced Nrf2 expression and transcriptional 
activity in NSCLC and liver cancer cells

Malignant tumors [151]

AA: arachidonic acid; HO-1: haem oxygenase 1; Keap1: Kelch-like ECH-associated protein 1; NQO1: NAD(P)H-quinone oxidoreductase 1; Nrf2: nuclear factor erythroid 2-related factor 2; 
NSCLC: non-small-cell lung cancer; ROS: reactive oxygen species; AREs: antioxidant response elements.

with enormous health benefits. It is bestowed with chemoprotective and therapeutic virtues against carcinogenesis due to tea polyphenols’ redox modulating 
properties [165, 166]. Bioavailability of tea polyphenols and their concentrations are also determining factors in therapeutics against tumorigenesis. Tea 
polyphenols modulate Nrf2 via many cross-regulators, thus crucially linking to play a vital role in preventing and reducing cancer risk across major cancer types 
such as ovarian cancer, breast cancer, colorectal cancer, urinary bladder cancer, prostate cancer, and stomach cancer [167, 168]. A schematic representation of 
Nrf2 activators is summarized in Figure 7.

Likewise, sulforaphane (SFN), an isothiocyanate prevalently found in cruciferous vegetables such as broccoli, is the most extensively studied natural 
compound crucially involved in modulating Nrf2-Keap1 signaling, thus leading to the reduction in cancer incidents [169]. The chemoprotective properties of 
broccoli sprouts are also studied by performing a phase II clinical study done in China, that SFN present in broccoli suppresses alpha-toxin-DNA adducts, thus 
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Figure 7. Compounds that are used as Nrf2 inducers/activators as cancer chemoprotective agents. Nrf2: nuclear factor 
erythroid 2-related factor 2.

resulting in protection against hepatocellular carcinoma [170]. SFN crucially aids in directly modifying 
Keap1, resulting in Nrf2 release and modulating nuclear translocation. Other signaling pathways which 
linked to the phosphorylation of Nrf2 are also activated by SFN, which leads to the Nrf2 activation [171]. 
RTA405, commonly known as oleanane triterpenoid, is shown to modulate and activate Nrf2 via binding to 
Keap1, abrogate it to facilitate Nrf2 degradation. The effect of RTA405 on Nrf2 activation via mere deletion 
of Keap1 has been demonstrated, and the findings indicate that the mechanism is different, which distinctly 
affects cancer proliferation and carcinogenesis [172]. Allicin (dillyl thiocyanate), specifically found in 
crushed garlic, was primarily identified earlier as antimicrobial, anti-inflammatory, and possessing other 
biological activities [173, 174]. Later, other studies depicted its anticancer activity and showed that it 
induced apoptosis via elevated translocation and promoter binding activity of Nrf2. It has been established 
that Nrf2-mediated allicin induced apoptosis of colon cancer cells, thus playing a vital role in checking the 
c a n c e r  c e l l  g r o w t h  [175–177]. A  d i e t a r y  p o l y p h e n o l  k n o w n  a s  R S V  ( 5 - [ (E)- 2 - ( 4 -
hydroxyphenyl)ethenyl]benzene-1,3-diol), abundantly found in white hellebore, blueberry, peanut, and 
grapes, with structural similarity to mammalian estrogen 17�-estradiol (E2) [117]. RSV plays a key role in 
the reduction of breast cancer, along with having anti-inflammatory, anti-metastatic, anti-angiogenic, and 
pro-apoptotic activities. RSV is found to be predominantly involved in modulating antioxidant bioactivities 
by regulating antioxidant gene expression via the Keap1/Nrf2 pathway and SIRT1 [178]. A study revealed 
that estrogen-induced breast carcinogenesis in the E2-treated rat model and MCF-10A cells is substantially 
obstructed by RSV [179]. RSV-mediated Nrf2 activation and its nuclear accumulation pose inhibition of 
carcinogenesis in E2-incubated MCF-10A cells and 7,12-dimethyl-benz(a)anthracene (DMBA)-induced 
mammary tumor growth in rats, along with reduced inflammatory response and downregulation of many 
prognostic breast cancer markers such as cyclin D1 (CCND), cytokeratin 19 (CK19), etc. [180]. A study 
demonstrated that synthetic 5α-reductase inhibitors such as finasteride and durasteride gained potential 
attention as possible prostate chemopreventive agents. Two clinical trials showed that finasteride and 
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durasteride crucially involve and suppress the occurrence of prostate cancer formation in men [181, 182]. 
However, in contrast, these studies also revealed the occurrence of aggressive prostate tumors (Gleason 
scores 7–10) enhanced after the administration of finasteride or durasterideto the patients [183]. These 
studies revealed the positive side of Nrf2 activation as well as their side effects via many natural and 
synthetic modulators in preventing cancer cell proliferation as well as in therapeutics.

Nrf2 inhibitors

Literature is rich in reports elucidating the beneficial effects of Nrf2 activation in chemoprevention; 
however, numerous reports also reflect the harmful role of Nrf2 in chemoresistance [184]. Wang et al. 
[185] have studied the role of Nrf2 in tissue samples of lung cancer in patients from stage I to stage III. The 
group demonstrated that overexpression of Nrf2 elevates chemoresistance, whereas downregulation of 
Nrf2 reduces cancer cell proliferation, with increased sensitivity towards chemotherapeutic drugs like 
cisplatin, doxorubicin, etc. Therefore, they suggested that to enhance the efficacy and bioavailability of 
anticancer drugs to treat patients, specific Nrf2 inhibitors should be identified and designed [185]. Figure 8 
depicts a few natural and synthetic Nrf2 inhibitors.

Figure 8. Compounds that are used as Nrf2 inhibitors for cancer chemoprotective agents. Nrf2: nuclear factor erythroid 2-
related factor 2.

Several natural compounds have been identified to possess Nrf2 inhibitory properties. Brusatol, a 
natural quassinoid, extracted from Brucea javanica, is crucially involved in Nrf2 inhibition by hindering the 
transcriptional activity of Nrf2, facilitating the elevation in sensitivity of chemotherapy in tumor and cancer 
cell lines. In contrast, brusatol has also exhibited morbid effects on protein translation, affecting many 
short-lived beneficial proteins along with Nrf2 [186, 187]. In contrast, brusatol was found to cause side 
effects such as hypotension, nausea and vomiting in clinical studies [188]. This is very obvious and can be 
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explained as Nrf2 is widely expressed in normal cells, and using Nrf2 as a target for tumor therapy may 
have some side effects also. The serious challenges of using brusatol for personalized cancer medicine 
include unclear mechanism of action/pathways, non-specific targets, toxicity, and side effects like nausea, 
hypotension, etc. Further research is required to explore patient specific development of analogues to 
improve the therapeutic profile and clinical translation [189]. Few natural flavonoids like luteolin have also 
been found to be linked to inhibiting Nrf2 transcription, thus aiding in sensitizing the cancer cells towards 
anticancer drugs [190, 191]. Moreover, studies have also indicated its significant role in Nrf2 activation, 
raising concerns regarding the exact role of Nrf2 in carcinogenesis. Another compound, ochratoxin A, 
inhibits Nrf2 at distinct phases, such as Nrf2 translocation into the nucleus, Nrf2 transcription, along Nrf2-
DNA binding interference, respectively [192]. Synthetic compounds, i.e., dexamethasone and clobetasol 
propionate, are also shown to inhibit either obstructing Nrf2 transcription or preventing Nrf2 translocation. 
Retinoic acid also inhibits Nrf2 via binding to the Neh7 domain of Nrf2, thus resulting in the hindrance of 
Nrf2 transcription [142]. In addition, numerous natural and synthetic compounds have been identified that 
impede the expression of Nrf2, consequently leading to cell differentiation and cell proliferation [107].

However, the role of Nrf2 activation and inhibition is controversial in carcinogenesis; a comprehensive 
investigation is thus required to gain more insight about the exact signaling pathways involved in 
carcinogenesis.

Targeting Nrf2 in cancer: a therapeutic approach
The role of Nrf2 is paradoxically skeptical in cancer prevention as well as cancer promotion, as its 
involvement in signaling of multiple genes [193]. Cancer cells hijack Nrf2 signaling, which triggers Nrf2 
modulators to accelerate tumor progression and metastasis observed in a mouse model [194–196]. 
Mounting evidence revealed that cancer cells exploit Nrf2 signaling for tumor proliferation and aggressive 
growth [197, 198]. With the advent of modern advances in genomics, proteomics, and metabolomics and 
the availability of large clinical genetic databases, more precise treatment with greater efficacy can be 
facilitated, which is the main basis of precision cancer medicine. Nrf2 has been found to be a potential 
biomarker in precision cancer medicine because of genetic alterations in this transcription factor and poor 
prognosis in cancer [199, 200]. Myriad mutations are observed in Nrf2 involved in multiple cancers; 
therefore, targeting Nrf2 mutations by using nuclease-based genome editing technology is a significant 
therapy to combat cancer. In this therapy, DNA-double strand breaks (DSBs) are introduced by nucleases at 
a genomic locus of interest, in the presence of single strand oligonucleotides (ss-ODN) to the targeted 
region is activated to seal the breaks. DSBs followed by non-homologous end joining (NHEJ) could be 
introduced to eliminate amplified Nrf2 in cancer [201, 202].

Recently, the clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein 
(Cas) 9 system has emerged as a powerful tool to achieve the desired alteration in the Nrf2 gene, including 
elimination and correction of point mutations [203–205]. CRISPR-Cas9 technology is exploited by 
researchers worldwide to manipulate oncogenes and the Nrf2 gene in several cancer types and reflects a 
very promising therapeutic potential. A report has established that CRISPR-directed gene editing, mediating 
the disabling of the Nrf2 gene in A549 lung carcinoma cells suppresses cell proliferation and enhances the 
sensitivity of cancer cells towards chemotherapy, which contributes to clinical application [206]. The US 
FDA moved a step ahead and approved CRISPR therapy in sickle cell disease, which brings hope for 
developing CRISPR-based technology to combat cancer via activating Nrf2 mutations [207]. In a very recent 
report by Hasani et al. [207], it was found that the in vitro anticancer effects of anticancer drug paclitaxel 
are enhanced via targeting Nrf2 in gastric cancer cells. Despite the unresolved riddle about the role of Nrf2 
as tumour suppressor and tumour activator, it is apparent that Nrf2 is actively linked to the maintenance of 
malignant cells and thus can be targeted by combinatorial therapies as well as multimodality therapy [208–
210].
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Concluding remarks
Unquestionably, for many decades, a strong body of evidence has consistently demonstrated and 
established the association of ROS imbalance in severe disorders such as neurodegenerative diseases, 
cancer, diabetes, cardiovascular diseases, etc. ROS pose a threat to biomolecules (DNA, protein, and lipids) 
and have detrimental effects, such as DNA base oxidation, protein carbonylation, and LP in cellular 
membranes. ROS-mediated LP products such as acrolein, MDA, 4-HNE, and isoprostane have long half-lives 
and are involved as secondary messengers in various signaling processes, thus leading to the progression of 
various diseases. Elevated levels of secondary metabolic products are used as biomarkers of carcinogenesis 
and are reflected in various cancers like breast cancer, skin cancer, prostate cancer, hepatocellular cancer, 
colorectal cancer, etc. The cellular antioxidant system activates its defense system at the onset of an OS 
condition. Nrf2 transcription factor, a master regulator of the antioxidant genes, is thus activated in 
response to cellular stress conditions, resulting in abrogation of the deleterious effects of ROS. Although 
dietary supplements cannot mitigate the detrimental effects of ROS, they can very well attenuate 
carcinogenesis by activating Nrf2. Accumulated evidence has suggested that activation and modulation of 
Nrf2 play a substantial role in preventing the overproduction of ROS.

Over the years, targeting the Nrf2-mediated signaling pathways via natural and synthetic compounds 
has emerged as a potential therapeutic approach to treat cancer. The role of Nrf2 is controversial in 
carcinogenesis as it displays a dual role in the prevention as well as progression of cancer. The intricate 
mechanism of Nrf2 transcriptional activity is still infancy. Up/Down regulation of Nrf2 via activators and 
inhibitors has been extensively investigated and documented to design systematic strategies to combat 
cancer. Natural products like polyphenols, flavonoids, vitamins, sulfur compounds, etc., are found to play a 
key role in the modulation of Nrf2 via overexpression or suppression of transcriptional activity, offering a 
potential avenue for cancer prevention and treatment. Nrf2 overactivation poses a threat to cancer cell 
proliferation and cell differentiation and displays resistance to chemotherapy and radiotherapy drugs. 
Therefore, Nrf2 signaling pathway should be targeted according to the needs of the individual tumor 
profile. Recently, nanocarriers like liposomes, nanoparticles, metal-organic frameworks, and cell-inspired 
biomaterials have been implemented to impede cancer cell proliferation via antioxidant supplementation. 
Nano-drug delivery systems (NDDSs) emerged as a promising therapeutic approach for targeted delivery 
via encapsulation of Nrf2 modulators in nanosized structures using polymeric nanoparticles, liposomes, 
polymeric micelles, and solid lipid nanoparticles (SLNs) [210]. Bioavailability, reduced toxicity, dose 
concentration, and timing are equally important aspects for the treatment, which can be overcome by using 
NDDSs.

Future perspectives should be more focused on tailoring combination therapies, personalized 
medicines, individual tumors, and genetic profiling, repurposing of drugs, etc., to solve the complexities of 
debilitating cancers. The mysteries of carcinogenesis need to be uncovered for the rational design of 
therapeutic approaches. An absolute understanding of the mechanistic intricacies of Nrf2 signaling, direct 
as well as indirect targeting of Nrf2 signaling pathways, should be explored, which would enable the design 
of more molecules to modulate the cell signaling that will be instrumental in specifically disrupting the 
pathway that can halt or slow down cancer cell proliferation. Integration of all the conventional and 
modern strategies can result in the treatment and eradication of cancer without compromising the 
individual’s health.

Abbreviations
•OH: hydroxyl radical
1O2: singlet oxygen

4-HNE: 4-hydroxy-2-nonenal

AA: arachidonic acid

ABCF2: ATP-binding cassette subfamily F member 2



Explor Med. 2025;6:1001372 | https://doi.org/10.37349/emed.2025.1001372 Page 18

AD: Alzheimer’s disease

ALS: amyotrophic lateral sclerosis

AREs: antioxidant response elements

Bcl-2: B-cell lymphoma 2

Bcl-XL: B-cell lymphoma-extra-large

Cas: clustered regularly interspaced short palindromic repeats-associated protein

CAT: catalase

CCND: cyclin D1

CDDCA4: cluster of differentiation 4

CK19: cytokeratin 19

CNC: Cap “n” Collar

COX: cyclooxygenase

CRISPR: clustered regularly interspaced short palindromic repeats

CXCL8: C-X-C motif chemokine ligand 8

CYP3A4: cytochrome P450 family 3 subfamily A member 4

DMBA: 7,12-dimethyl-benz(a)anthracene

DSBs: double strand breaks

E2: 17�-estradiol

EGCG: epigallocatechin gallate

F2-IsoPs: F2-isoprostanes

FAK: focal adhesion kinase

G6PD: glucose-6-phosphate dehydrogenase

GCLC: glutamate-cysteine ligase catalytic subunit

GSTA2: glutathione s-transferase alpha 2

GSTP1: glutathione S-transferase pi 1

H2O2: hydrogen peroxide

HD: Huntington’s disease

HETE: hydroxyeicosatetraenoic acid

HIF-1: hypoxia-inducible factor 1

HO-1: haem oxygenase 1

IL-11: interleukin-11

INOS: inducible nitric oxide synthase

Keap1: Kelch-like ECH-associated protein 1

KRT16: keratin 16

LA: linoleic acid

LOX: lipoxygenase

LP: lipid peroxidation

MAPK: mitogen-activated protein kinase

MDA: malondialdehyde



Explor Med. 2025;6:1001372 | https://doi.org/10.37349/emed.2025.1001372 Page 19

MEL: murine erythroleukemic

MLC: myosin light chain

MMP7: matrix metalloproteinase-7

MRP5: multidrug resistance protein 5

NDDSs: nano-drug delivery systems

NOX: NADPH oxidases

NQO1: NAD(P)H-quinone oxidoreductase 1

Nrf2: nuclear factor erythroid 2-related factor 2

NSCLC: non-small-cell lung cancer

O2−: superoxide anion

OS: oxidative stress

PD: Parkinson’s disease

PGE2: prostaglandin E2

PLO•: lipid hydroxy radical

PLOO•: lipid peroxyl radical

PUFAs: polyunsaturated fatty acids

RHOA: Ras homolog gene family member A

RNS: reactive nitrogen species

ROCK: Rho-associated coiled-coil containing kinase

ROO•: peroxyl radicals

ROS: reactive oxygen species

RSV: resveratrol

SFN: sulforaphane

SNP: single nucleotide polymorphism

SOD: superoxide dismutase

TALDO1: transaldolase 1

TKT: transketolase

VEGFA: vascular endothelial growth factor A

Declarations
Acknowledgments

Dr. Shrikant Kukreti acknowledges the Institute of Eminence, University of Delhi [IoE/2024-25/12/FRP].

Author contributions

AS: Investigation, Writing—original draft, Writing—review & editing. RK: Writing—review & editing. LS: 
Writing—review & editing. SK: Conceptualization, Investigation, Supervision, Writing—review & editing. 
All authors read and approved the submitted version.

Conflicts of interest

The authors declare that they have no conflicts of interest.



Explor Med. 2025;6:1001372 | https://doi.org/10.37349/emed.2025.1001372 Page 20

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not Applicable

Availability of data and materials

Not applicable.

Funding

Not applicable.

Copyright

© The Author(s) 2025.

Publisher’s note
Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations 
and maps. All opinions expressed in this article are the personal views of the author(s) and do not 
represent the stance of the editorial team or the publisher.

References
Irshad M, Chaudhuri PS. Oxidant-antioxidant system: role and significance in human body. Indian J 
Exp Biol. 2002;40:1233–9. [PubMed]

1.     

Singh A, Kukreti R, Saso L, Kukreti S. Oxidative Stress: A Key Modulator in Neurodegenerative 
Diseases. Molecules. 2019;24:1583. [DOI] [PubMed] [PMC]

2.     

Kongara S, Karantza V. The interplay between autophagy and ROS in tumorigenesis. Front Oncol. 
2012;2:171. [DOI] [PubMed] [PMC]

3.     

Endale HT, Tesfaye W, Mengstie TA. ROS induced lipid peroxidation and their role in ferroptosis. 
Front Cell Dev Biol. 2023;11:1226044. [DOI] [PubMed] [PMC]

4.     

Abrescia P, Treppiccione L, Rossi M, Bergamo P. Modulatory role of dietary polyunsaturated fatty 
acids in Nrf2-mediated redox homeostasis. Prog Lipid Res. 2020;80:101066. [DOI] [PubMed]

5.     

Valgimigli L. Lipid Peroxidation and Antioxidant Protection. Biomolecules. 2023;13:1291. [DOI] 
[PubMed] [PMC]

6.     

Jaganjac M, Milkovic L, Gegotek A, Cindric M, Zarkovic K, Skrzydlewska E, et al. The relevance of 
pathophysiological alterations in redox signaling of 4-hydroxynonenal for pharmacological therapies 
of major stress-associated diseases. Free Radic Biol Med. 2020;157:128–53. [DOI] [PubMed]

7.     

Singh A, Kukal S, Kanojia N, Singh M, Saso L, Kukreti S, et al. Lipid mediated brain disorders: A 
perspective. Prostaglandins Other Lipid Mediat. 2023;167:106737. [DOI] [PubMed]

8.     

Yang WS, Kim KJ, Gaschler MM, Patel M, Shchepinov MS, Stockwell BR. Peroxidation of 
polyunsaturated fatty acids by lipoxygenases drives ferroptosis. Proc Natl Acad Sci U S A. 2016;113:
E4966–75. [DOI] [PubMed] [PMC]

9.     

Halliwell B, Chirico S. Lipid peroxidation: its mechanism, measurement, and significance. Am J Clin 
Nutr. 1993;57:715S–25S. [DOI] [PubMed]

10.     

Moloney JN, Cotter TG. ROS signalling in the biology of cancer. Semin Cell Dev Biol. 2018;80:50–64. 
[DOI] [PubMed]

11.     

http://www.ncbi.nlm.nih.gov/pubmed/13677624
https://dx.doi.org/10.3390/molecules24081583
http://www.ncbi.nlm.nih.gov/pubmed/31013638
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6514564
https://dx.doi.org/10.3389/fonc.2012.00171
http://www.ncbi.nlm.nih.gov/pubmed/23181220
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3502876
https://dx.doi.org/10.3389/fcell.2023.1226044
http://www.ncbi.nlm.nih.gov/pubmed/37601095
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10434548
https://dx.doi.org/10.1016/j.plipres.2020.101066
http://www.ncbi.nlm.nih.gov/pubmed/32979455
https://dx.doi.org/10.3390/biom13091291
http://www.ncbi.nlm.nih.gov/pubmed/37759691
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10526874
https://dx.doi.org/10.1016/j.freeradbiomed.2019.11.023
http://www.ncbi.nlm.nih.gov/pubmed/31756524
https://dx.doi.org/10.1016/j.prostaglandins.2023.106737
http://www.ncbi.nlm.nih.gov/pubmed/37086954
https://dx.doi.org/10.1073/pnas.1603244113
http://www.ncbi.nlm.nih.gov/pubmed/27506793
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5003261
https://dx.doi.org/10.1093/ajcn/57.5.715S
http://www.ncbi.nlm.nih.gov/pubmed/8475889
https://dx.doi.org/10.1016/j.semcdb.2017.05.023
http://www.ncbi.nlm.nih.gov/pubmed/28587975


Explor Med. 2025;6:1001372 | https://doi.org/10.37349/emed.2025.1001372 Page 21

Das UN. Essential fatty acids, lipid peroxidation and apoptosis. Prostaglandins Leukot Essent Fatty 
Acids. 1999;61:157–63. [DOI] [PubMed]

12.     

Kalinich JF, Ramakrishnan R, McClain DE, Ramakrishnan N. 4-Hydroxynonenal, an end-product of 
lipid peroxidation, induces apoptosis in human leukemic T- and B-cell lines. Free Radic Res. 2000;33:
349–58. [DOI] [PubMed]

13.     

Salganik RI. The benefits and hazards of antioxidants: controlling apoptosis and other protective 
mechanisms in cancer patients and the human population. J Am Coll Nutr. 2001;20:464S–72S. [DOI] 
[PubMed]

14.     

Gago-Dominguez M, Castelao JE, Pike MC, Sevanian A, Haile RW. Role of lipid peroxidation in the 
epidemiology and prevention of breast cancer. Cancer Epidemiol Biomarkers Prev. 2005;14:
2829–39. [DOI] [PubMed]

15.     

Kasapović J, Pejić S, Stojiljković V, Todorović A, Radošević-Jelić L, Saičić ZS, et al. Antioxidant status 
and lipid peroxidation in the blood of breast cancer patients of different ages after chemotherapy 
with 5-fluorouracil, doxorubicin and cyclophosphamide. Clin Biochem. 2010;43:1287–93. [DOI] 
[PubMed]

16.     

Lee JD, Cai Q, Shu XO, Nechuta SJ. The Role of Biomarkers of Oxidative Stress in Breast Cancer Risk 
and Prognosis: A Systematic Review of the Epidemiologic Literature. J Womens Health (Larchmt). 
2017;26:467–82. [DOI] [PubMed] [PMC]

17.     

Rajneesh CP, Manimaran A, Sasikala KR, Adaikappan P. Lipid peroxidation and antioxidant status in 
patients with breast cancer. Singapore Med J. 2008;49:640–3. [PubMed]

18.     

Ray G, Batra S, Shukla NK, Deo S, Raina V, Ashok S, et al. Lipid peroxidation, free radical production 
and antioxidant status in breast cancer. Breast Cancer Res Treat. 2000;59:163–70. [DOI] [PubMed]

19.     

Scandolara TB, da Silva JC, Alves FM, Malanowski J, de Oliveira ST, Maito VT, et al. Clinical 
implications of lipid peroxides levels in plasma and tumor tissue in breast cancer patients. 
Prostaglandins Other Lipid Mediat. 2022;161:106639. [DOI] [PubMed]

20.     

Herrera AC, Victorino VJ, Campos FC, Verenitach BD, Lemos LT, Aranome AM, et al. Impact of tumor 
removal on the systemic oxidative profile of patients with breast cancer discloses lipid peroxidation 
at diagnosis as a putative marker of disease recurrence. Clin Breast Cancer. 2014;14:451–9. [DOI] 
[PubMed]

21.     

Kumaraguruparan R, Kabalimoorthy J, Nagini S. Correlation of tissue lipid peroxidation and 
antioxidants with clinical stage and menopausal status in patients with adenocarcinoma of the 
breast. Clin Biochem. 2005;38:154–8. [DOI] [PubMed]

22.     

Herrera AC, Panis C, Victorino VJ, Campos FC, Colado-Simão AN, Cecchini AL, et al. Molecular subtype 
is determinant on inflammatory status and immunological profile from invasive breast cancer 
patients. Cancer Immunol Immunother. 2012;61:2193–201. [DOI] [PubMed] [PMC]

23.     

Sykiotis GP. Keap1/Nrf2 Signaling Pathway. Antioxidants (Basel). 2021;10:828. [DOI] [PubMed] 
[PMC]

24.     

Satoh H, Moriguchi T, Takai J, Ebina M, Yamamoto M. Nrf2 prevents initiation but accelerates 
progression through the Kras signaling pathway during lung carcinogenesis. Cancer Res. 2013;73:
4158–68. [DOI] [PubMed]

25.     

Tao S, Rojo de la Vega M, Chapman E, Ooi A, Zhang DD. The effects of NRF2 modulation on the 
initiation and progression of chemically and genetically induced lung cancer. Mol Carcinog. 2018;57:
182–92. [DOI] [PubMed] [PMC]

26.     

Chaiswing L, St Clair WH, St Clair DK. Redox Paradox: A Novel Approach to Therapeutics-Resistant 
Cancer. Antioxid Redox Signal. 2018;29:1237–72. [DOI] [PubMed] [PMC]

27.     

Holmström KM, Finkel T. Cellular mechanisms and physiological consequences of redox-dependent 
signalling. Nat Rev Mol Cell Biol. 2014;15:411–21. [DOI] [PubMed]

28.     

https://dx.doi.org/10.1054/plef.1999.0085
http://www.ncbi.nlm.nih.gov/pubmed/10582655
https://dx.doi.org/10.1080/10715760000300891
http://www.ncbi.nlm.nih.gov/pubmed/11022844
https://dx.doi.org/10.1080/07315724.2001.10719185
http://www.ncbi.nlm.nih.gov/pubmed/11603657
https://dx.doi.org/10.1158/1055-9965.EPI-05-0015
http://www.ncbi.nlm.nih.gov/pubmed/16364997
https://dx.doi.org/10.1016/j.clinbiochem.2010.08.009
http://www.ncbi.nlm.nih.gov/pubmed/20713039
https://dx.doi.org/10.1089/jwh.2016.5973
http://www.ncbi.nlm.nih.gov/pubmed/28151039
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5446608
http://www.ncbi.nlm.nih.gov/pubmed/18756349
https://dx.doi.org/10.1023/a:1006357330486
http://www.ncbi.nlm.nih.gov/pubmed/10817351
https://dx.doi.org/10.1016/j.prostaglandins.2022.106639
http://www.ncbi.nlm.nih.gov/pubmed/35550168
https://dx.doi.org/10.1016/j.clbc.2014.05.002
http://www.ncbi.nlm.nih.gov/pubmed/25077997
https://dx.doi.org/10.1016/j.clinbiochem.2004.10.012
http://www.ncbi.nlm.nih.gov/pubmed/15642278
https://dx.doi.org/10.1007/s00262-012-1283-8
http://www.ncbi.nlm.nih.gov/pubmed/22618884
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11028631
https://dx.doi.org/10.3390/antiox10060828
http://www.ncbi.nlm.nih.gov/pubmed/34067331
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8224702
https://dx.doi.org/10.1158/0008-5472.CAN-12-4499
http://www.ncbi.nlm.nih.gov/pubmed/23610445
https://dx.doi.org/10.1002/mc.22745
http://www.ncbi.nlm.nih.gov/pubmed/28976703
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5760364
https://dx.doi.org/10.1089/ars.2017.7485
http://www.ncbi.nlm.nih.gov/pubmed/29325444
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6157438
https://dx.doi.org/10.1038/nrm3801
http://www.ncbi.nlm.nih.gov/pubmed/24854789


Explor Med. 2025;6:1001372 | https://doi.org/10.37349/emed.2025.1001372 Page 22

Daiber A, Di Lisa F, Oelze M, Kröller-Schön S, Steven S, Schulz E, et al. Crosstalk of mitochondria with 
NADPH oxidase via reactive oxygen and nitrogen species signalling and its role for vascular function. 
Br J Pharmacol. 2017;174:1670–89. [DOI] [PubMed] [PMC]

29.     

Kagan VE, Tyurin VA, Jiang J, Tyurina YY, Ritov VB, Amoscato AA, et al. Cytochrome c acts as a 
cardiolipin oxygenase required for release of proapoptotic factors. Nat Chem Biol. 2005;1:223–32. 
[DOI] [PubMed]

30.     

Ji J, Kline AE, Amoscato A, Samhan-Arias AK, Sparvero LJ, Tyurin VA, et al. Lipidomics identifies 
cardiolipin oxidation as a mitochondrial target for redox therapy of brain injury. Nat Neurosci. 2012;
15:1407–13. [DOI] [PubMed] [PMC]

31.     

Atkinson J, Kapralov AA, Yanamala N, Tyurina YY, Amoscato AA, Pearce L, et al. A mitochondria-
targeted inhibitor of cytochrome c peroxidase mitigates radiation-induced death. Nat Commun. 
2011;2:497. [DOI] [PubMed] [PMC]

32.     

Kuhn H, Banthiya S, van Leyen K. Mammalian lipoxygenases and their biological relevance. Biochim 
Biophys Acta. 2015;1851:308–30. [DOI] [PubMed] [PMC]

33.     

Brattström D, Wester K, Bergqvist M, Hesselius P, Malmström PU, Nordgren H, et al. HER-2, EGFR, 
COX-2 expression status correlated to microvessel density and survival in resected non-small cell 
lung cancer. Acta Oncol. 2004;43:80–6. [DOI] [PubMed]

34.     

Liao Z, Milas L. COX-2 and its inhibition as a molecular target in the prevention and treatment of lung 
cancer. Expert Rev Anticancer Ther. 2004;4:543–60. [DOI] [PubMed]

35.     

Nix P, Lind M, Greenman J, Stafford N, Cawkwell L. Expression of Cox-2 protein in radioresistant 
laryngeal cancer. Ann Oncol. 2004;15:797–801. [DOI] [PubMed]

36.     

Wang D, Dubois RN. Eicosanoids and cancer. Nat Rev Cancer. 2010;10:181–93. [DOI] [PubMed] 
[PMC]

37.     

Limami Y, Pinon A, Leger DY, Pinault E, Delage C, Beneytout JL, et al. The P2Y2/Src/p38/COX-2 
pathway is involved in the resistance to ursolic acid-induced apoptosis in colorectal and prostate 
cancer cells. Biochimie. 2012;94:1754–63. [DOI] [PubMed]

38.     

Kanner J, German JB, Kinsella JE. Initiation of lipid peroxidation in biological systems. Crit Rev Food 
Sci Nutr. 1987;25:317–64. [DOI] [PubMed]

39.     

Jacob RF, Mason RP. Lipid peroxidation induces cholesterol domain formation in model membranes. 
J Biol Chem. 2005;280:39380–7. [DOI] [PubMed]

40.     

Wills ED. Effects of lipid peroxidation on membrane-bound enzymes of the endoplasmic reticulum. 
Biochem J. 1971;123:983–91. [DOI] [PubMed] [PMC]

41.     

Ayala A, Muñoz MF, Argüelles S. Lipid peroxidation: production, metabolism, and signaling 
mechanisms of malondialdehyde and 4-hydroxy-2-nonenal. Oxid Med Cell Longev. 2014;2014:
360438. [DOI] [PubMed] [PMC]

42.     

Gentile F, Arcaro A, Pizzimenti S, Daga M, Cetrangolo GP, Dianzani C, et al. DNA damage by lipid 
peroxidation products: implications in cancer, inflammation and autoimmunity. AIMS Genet. 2017;4:
103–37. [DOI] [PubMed] [PMC]

43.     

Zheng Y, Sun J, Luo Z, Li Y, Huang Y. Emerging mechanisms of lipid peroxidation in regulated cell 
death and its physiological implications. Cell Death Dis. 2024;15:859. [DOI] [PubMed] [PMC]

44.     

Barrera G, Pizzimenti S, Dianzani MU. Lipid peroxidation: control of cell proliferation, cell 
differentiation and cell death. Mol Aspects Med. 2008;29:1–8. [DOI] [PubMed]

45.     

Gaschler MM, Stockwell BR. Lipid peroxidation in cell death. Biochem Biophys Res Commun. 2017;
482:419–25. [DOI] [PubMed] [PMC]

46.     

Gonzalez MJ. Lipid peroxidation and tumor growth: an inverse relationship. Med Hypotheses. 1992;
38:106–10. [DOI] [PubMed]

47.     

Tsikas D, Suchy MT, Niemann J, Tossios P, Schneider Y, Rothmann S, et al. Glutathione promotes 
prostaglandin H synthase (cyclooxygenase)-dependent formation of malondialdehyde and 15(S)-8-
iso-prostaglandin F2α. FEBS Lett. 2012;586:3723–30. [DOI] [PubMed]

48.     

https://dx.doi.org/10.1111/bph.13403
http://www.ncbi.nlm.nih.gov/pubmed/26660451
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5446573
https://dx.doi.org/10.1038/nchembio727
http://www.ncbi.nlm.nih.gov/pubmed/16408039
https://dx.doi.org/10.1038/nn.3195
http://www.ncbi.nlm.nih.gov/pubmed/22922784
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3697869
https://dx.doi.org/10.1038/ncomms1499
http://www.ncbi.nlm.nih.gov/pubmed/21988913
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3557495
https://dx.doi.org/10.1016/j.bbalip.2014.10.002
http://www.ncbi.nlm.nih.gov/pubmed/25316652
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4370320
https://dx.doi.org/10.1080/02841860310017441
http://www.ncbi.nlm.nih.gov/pubmed/15068324
https://dx.doi.org/10.1586/14737140.4.4.543
http://www.ncbi.nlm.nih.gov/pubmed/15270659
https://dx.doi.org/10.1093/annonc/mdh185
http://www.ncbi.nlm.nih.gov/pubmed/15111350
https://dx.doi.org/10.1038/nrc2809
http://www.ncbi.nlm.nih.gov/pubmed/20168319
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2898136
https://dx.doi.org/10.1016/j.biochi.2012.04.006
http://www.ncbi.nlm.nih.gov/pubmed/22521508
https://dx.doi.org/10.1080/10408398709527457
http://www.ncbi.nlm.nih.gov/pubmed/3304843
https://dx.doi.org/10.1074/jbc.M507587200
http://www.ncbi.nlm.nih.gov/pubmed/16195227
https://dx.doi.org/10.1042/bj1230983
http://www.ncbi.nlm.nih.gov/pubmed/4399403
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1177099
https://dx.doi.org/10.1155/2014/360438
http://www.ncbi.nlm.nih.gov/pubmed/24999379
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4066722
https://dx.doi.org/10.3934/genet.2017.2.103
http://www.ncbi.nlm.nih.gov/pubmed/31435505
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6690246
https://dx.doi.org/10.1038/s41419-024-07244-x
http://www.ncbi.nlm.nih.gov/pubmed/39587094
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11589755
https://dx.doi.org/10.1016/j.mam.2007.09.012
http://www.ncbi.nlm.nih.gov/pubmed/18037483
https://dx.doi.org/10.1016/j.bbrc.2016.10.086
http://www.ncbi.nlm.nih.gov/pubmed/28212725
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5319403
https://dx.doi.org/10.1016/0306-9877(92)90081-m
http://www.ncbi.nlm.nih.gov/pubmed/1528153
https://dx.doi.org/10.1016/j.febslet.2012.09.001
http://www.ncbi.nlm.nih.gov/pubmed/22982857


Explor Med. 2025;6:1001372 | https://doi.org/10.37349/emed.2025.1001372 Page 23

Guichardant M, Chen P, Liu M, Calzada C, Colas R, Véricel E, et al. Functional lipidomics of oxidized 
products from polyunsaturated fatty acids. Chem Phys Lipids. 2011;164:544–8. [DOI] [PubMed]

49.     

Gasparovic AC, Jaganjac M, Mihaljevic B, Sunjic SB, Zarkovic N. Assays for the measurement of lipid 
peroxidation. Methods Mol Biol. 2013;965:283–96. [DOI] [PubMed]

50.     

Feng Z, Hu W, Marnett LJ, Tang MS. Malondialdehyde, a major endogenous lipid peroxidation 
product, sensitizes human cells to UV- and BPDE-induced killing and mutagenesis through inhibition 
of nucleotide excision repair. Mutat Res. 2006;601:125–36. [DOI] [PubMed]

51.     

Niedernhofer LJ, Daniels JS, Rouzer CA, Greene RE, Marnett LJ. Malondialdehyde, a product of lipid 
peroxidation, is mutagenic in human cells. J Biol Chem. 2003;278:31426–33. [DOI] [PubMed]

52.     

Grotto D, Maria LS, Valentinietal J, Clóvis Paniz, Schmitt G, Garcia SC. Importance of the lipid 
peroxidation biomarkers and methodological aspects for malondialdehyde quantification. Quimica 
Nova. 2009;32:169–74.

53.     

Weber D, Lanci R. Lipid peroxidation and cancer. Cancer Adv. 2021;4:24. [DOI]54.     
Schneider C, Porter NA, Brash AR. Routes to 4-hydroxynonenal: fundamental issues in the 
mechanisms of lipid peroxidation. J Biol Chem. 2008;283:15539–43. [DOI] [PubMed] [PMC]

55.     

Taso OV, Philippou A, Moustogiannis A, Zevolis E, Koutsilieris M. Lipid peroxidation products and 
their role in neurodegenerative diseases. Ann Res Hosp. 2019;3. [DOI]

56.     

Breitzig M, Bhimineni C, Lockey R, Kolliputi N. 4-Hydroxy-2-nonenal: a critical target in oxidative 
stress? Am J Physiol Cell Physiol. 2016;311:C537–43. [DOI] [PubMed] [PMC]

57.     

Mark RJ, Pang Z, Geddes JW, Uchida K, Mattson MP. Amyloid beta-peptide impairs glucose transport 
in hippocampal and cortical neurons: involvement of membrane lipid peroxidation. J Neurosci. 1997;
17:1046–54. [DOI] [PubMed] [PMC]

58.     

Barrera G, Di Mauro C, Muraca R, Ferrero D, Cavalli G, Fazio VM, et al. Induction of differentiation in 
human HL-60 cells by 4-hydroxynonenal, a product of lipid peroxidation. Exp Cell Res. 1991;197:
148–52. [DOI] [PubMed]

59.     

Barrera G, Martinotti S, Fazio V, Manzari V, Paradisi L, Parola M, et al. Effect of 4-hydroxynonenal on 
c-myc expression. Toxicol Pathol. 1987;15:238–40. [DOI] [PubMed]

60.     

Pizzimenti S, Briatore F, Laurora S, Toaldo C, Maggio M, De Grandi M, et al. 4-Hydroxynonenal 
inhibits telomerase activity and hTERT expression in human leukemic cell lines. Free Radic Biol Med. 
2006;40:1578–91. [DOI] [PubMed]

61.     

Rinaldi M, Barrera G, Aquino A, Spinsanti P, Pizzimenti S, Farace MG, et al. 4-Hydroxynonenal-
induced MEL cell differentiation involves PKC activity translocation. Biochem Biophys Res Commun. 
2000;272:75–80. [DOI] [PubMed]

62.     

Laurora S, Tamagno E, Briatore F, Bardini P, Pizzimenti S, Toaldo C, et al. 4-Hydroxynonenal 
modulation of p53 family gene expression in the SK-N-BE neuroblastoma cell line. Free Radic Biol 
Med. 2005;38:215–25. [DOI] [PubMed]

63.     

Shiraishi K, Naito K. Effects of 4-hydroxy-2-nonenal, a marker of oxidative stress, on 
spermatogenesis and expression of p53 protein in male infertility. J Urol. 2007;178:1012–7. [DOI] 
[PubMed]

64.     

Zanetti D, Poli G, Vizio B, Zingaro B, Chiarpotto E, Biasi F. 4-hydroxynonenal and transforming 
growth factor-beta1 expression in colon cancer. Mol Aspects Med. 2003;24:273–80. [DOI] [PubMed]

65.     

Cerbone A, Toaldo C, Laurora S, Briatore F, Pizzimenti S, Dianzani MU, et al. 4-Hydroxynonenal and 
PPARgamma ligands affect proliferation, differentiation, and apoptosis in colon cancer cells. Free 
Radic Biol Med. 2007;42:1661–70. [DOI] [PubMed]

66.     

Albright CD, Klem E, Shah AA, Gallagher P. Breast cancer cell-targeted oxidative stress: enhancement 
of cancer cell uptake of conjugated linoleic acid, activation of p53, and inhibition of proliferation. Exp 
Mol Pathol. 2005;79:118–25. [DOI] [PubMed]

67.     

https://dx.doi.org/10.1016/j.chemphyslip.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21703251
https://dx.doi.org/10.1007/978-1-62703-239-1_19
http://www.ncbi.nlm.nih.gov/pubmed/23296666
https://dx.doi.org/10.1016/j.mrfmmm.2006.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16872641
https://dx.doi.org/10.1074/jbc.M212549200
http://www.ncbi.nlm.nih.gov/pubmed/12775726
https://dx.doi.org/10.53388/CA20210406024
https://dx.doi.org/10.1074/jbc.R800001200
http://www.ncbi.nlm.nih.gov/pubmed/18285327
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2414272
https://dx.doi.org/10.21037/arh.2018.12.02
https://dx.doi.org/10.1152/ajpcell.00101.2016
http://www.ncbi.nlm.nih.gov/pubmed/27385721
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5129750
https://dx.doi.org/10.1523/JNEUROSCI.17-03-01046.1997
http://www.ncbi.nlm.nih.gov/pubmed/8994059
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6573165
https://dx.doi.org/10.1016/0014-4827(91)90416-r
http://www.ncbi.nlm.nih.gov/pubmed/1959552
https://dx.doi.org/10.1177/019262338701500219
http://www.ncbi.nlm.nih.gov/pubmed/3475758
https://dx.doi.org/10.1016/j.freeradbiomed.2005.12.024
http://www.ncbi.nlm.nih.gov/pubmed/16632118
https://dx.doi.org/10.1006/bbrc.2000.2691
http://www.ncbi.nlm.nih.gov/pubmed/10872805
https://dx.doi.org/10.1016/j.freeradbiomed.2004.10.014
http://www.ncbi.nlm.nih.gov/pubmed/15607904
https://dx.doi.org/10.1016/j.juro.2007.05.027
http://www.ncbi.nlm.nih.gov/pubmed/17632137
https://dx.doi.org/10.1016/s0098-2997(03)00022-0
http://www.ncbi.nlm.nih.gov/pubmed/12893005
https://dx.doi.org/10.1016/j.freeradbiomed.2007.02.009
http://www.ncbi.nlm.nih.gov/pubmed/17462534
https://dx.doi.org/10.1016/j.yexmp.2005.05.005
http://www.ncbi.nlm.nih.gov/pubmed/15992797


Explor Med. 2025;6:1001372 | https://doi.org/10.37349/emed.2025.1001372 Page 24

Sunjic SB, Cipak A, Rabuzin F, Wildburger R, Zarkovic N. The influence of 4-hydroxy-2-nonenal on 
proliferation, differentiation and apoptosis of human osteosarcoma cells. Biofactors. 2005;24:141–8. 
[DOI] [PubMed]

68.     

Pizzimenti S, Toaldo C, Pettazzoni P, Dianzani MU, Barrera G. The “two-faced” effects of reactive 
oxygen species and the lipid peroxidation product 4-hydroxynonenal in the hallmarks of cancer. 
Cancers (Basel). 2010;2:338–63. [DOI] [PubMed] [PMC]

69.     

Esterbauer H, Schaur RJ, Zollner H. Chemistry and biochemistry of 4-hydroxynonenal, 
malonaldehyde and related aldehydes. Free Radic Biol Med. 1991;11:81–128. [DOI] [PubMed]

70.     

Anderson MM, Hazen SL, Hsu FF, Heinecke JW. Human neutrophils employ the myeloperoxidase-
hydrogen peroxide-chloride system to convert hydroxy-amino acids into glycolaldehyde, 2-
hydroxypropanal, and acrolein. A mechanism for the generation of highly reactive alpha-hydroxy 
and alpha,beta-unsaturated aldehydes by phagocytes at sites of inflammation. J Clin Invest. 1997;99:
424–32. [DOI] [PubMed] [PMC]

71.     

Park J, Muratori B, Shi R. Acrolein as a novel therapeutic target for motor and sensory deficits in 
spinal cord injury. Neural Regen Res. 2014;9:677–83. [DOI] [PubMed] [PMC]

72.     

Seiner DR, LaButti JN, Gates KS. Kinetics and mechanism of protein tyrosine phosphatase 1B 
inactivation by acrolein. Chem Res Toxicol. 2007;20:1315–20. [DOI] [PubMed] [PMC]

73.     

Jeong MS, Kang JH. Acrolein, the toxic endogenous aldehyde, induces neurofilament-L aggregation. 
BMB Rep. 2008;41:635–9. [DOI] [PubMed]

74.     

Feng Z, Hu W, Hu Y, Tang MS. Acrolein is a major cigarette-related lung cancer agent: Preferential 
binding at p53 mutational hotspots and inhibition of DNA repair. Proc Natl Acad Sci U S A. 2006;103:
15404–9. [DOI] [PubMed] [PMC]

75.     

Eguchi H, Yu Y, Matsunaga T, Yoshino Y, Ikari A. Acrolein suppresses anticancer drug-induced 
toxicity mediated by activating claudin-1 and Nrf2 axis in a spheroid model of human lung squamous 
cell carcinoma cells. Toxicol Lett. 2024;392:46–55. [DOI] [PubMed]

76.     

Tsai HC, Tsou HH, Lin CC, Chen SC, Cheng HW, Liu TY, et al. Acrolein contributes to human colorectal 
tumorigenesis through the activation of RAS-MAPK pathway. Sci Rep. 2021;11:12590. [DOI]

77.     

Averill-Bates DA. Activation of cellular signalling pathways and apoptosis by the aldehyde acrolein 
– A major environmental hazard. Redox Biochem Chem. 2024;7:100019. [DOI]

78.     

Roberts LJ, Morrow JD. Measurement of F2-isoprostanes as an index of oxidative stress in vivo. Free 
Radic Biol Med. 2000;28:505–13. [DOI] [PubMed]

79.     

Milne GL, Musiek ES, Morrow JD. F2-isoprostanes as markers of oxidative stress in vivo: an overview. 
Biomarkers. 2005;10:S10–23. [DOI] [PubMed]

80.     

Milne GL, Sanchez SC, Musiek ES, Morrow JD. Quantification of F2-isoprostanes as a biomarker of 
oxidative stress. Nat Protoc. 2007;2:221–6. [DOI] [PubMed]

81.     

Nichols HB, Anderson C, White AJ, Milne GL, Sandler DP. Oxidative Stress and Breast Cancer Risk in 
Premenopausal Women. Epidemiology. 2017;28:667–74. [DOI] [PubMed] [PMC]

82.     

Belli R, Amerio P, Brunetti L, Orlando G, Toto P, Proietto G, et al. Elevated 8-isoprostane levels in 
basal cell carcinoma and in UVA irradiated skin. Int J Immunopathol Pharmacol. 2005;18:497–502. 
[DOI] [PubMed]

83.     

Brys M, Morel A, Forma E, Krzeslak A, Wilkosz J, Rozanski W, et al. Relationship of urinary 
isoprostanes to prostate cancer occurrence. Mol Cell Biochem. 2013;372:149–53. [DOI] [PubMed] 
[PMC]

84.     

Gào X, Brenner H, Holleczek B, Cuk K, Zhang Y, Anusruti A, et al. Urinary 8-isoprostane levels and 
occurrence of lung, colorectal, prostate, breast and overall cancer: Results from a large, population-
based cohort study with 14 years of follow-up. Free Radic Biol Med. 2018;123:20–6. [DOI] [PubMed]

85.     

Ma L, Sun D, Xiu G, Lazarus P, Vachani A, Penning TM, et al. Quantification of Plasma 8-Isoprostane 
by High-Performance Liquid Chromatography with Tandem Mass Spectrometry in a Case-Control 
Study of Lung Cancer. Int J Environ Res Public Health. 2022;19:12488. [DOI] [PubMed] [PMC]

86.     

https://dx.doi.org/10.1002/biof.5520240117
http://www.ncbi.nlm.nih.gov/pubmed/16403974
https://dx.doi.org/10.3390/cancers2020338
http://www.ncbi.nlm.nih.gov/pubmed/24281073
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3835081
https://dx.doi.org/10.1016/0891-5849(91)90192-6
http://www.ncbi.nlm.nih.gov/pubmed/1937131
https://dx.doi.org/10.1172/JCI119176
http://www.ncbi.nlm.nih.gov/pubmed/9022075
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC507815
https://dx.doi.org/10.4103/1673-5374.131564
http://www.ncbi.nlm.nih.gov/pubmed/25206871
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4146266
https://dx.doi.org/10.1021/tx700213s
http://www.ncbi.nlm.nih.gov/pubmed/17655273
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2812896
https://dx.doi.org/10.5483/bmbrep.2008.41.9.635
http://www.ncbi.nlm.nih.gov/pubmed/18823586
https://dx.doi.org/10.1073/pnas.0607031103
http://www.ncbi.nlm.nih.gov/pubmed/17030796
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1592536
https://dx.doi.org/10.1016/j.toxlet.2023.12.012
http://www.ncbi.nlm.nih.gov/pubmed/38142011
https://dx.doi.org/10.1038/s41598-021-92035-z
https://dx.doi.org/10.1016/j.rbc.2023.100019
https://dx.doi.org/10.1016/s0891-5849(99)00264-6
http://www.ncbi.nlm.nih.gov/pubmed/10719231
https://dx.doi.org/10.1080/13547500500216546
http://www.ncbi.nlm.nih.gov/pubmed/16298907
https://dx.doi.org/10.1038/nprot.2006.375
http://www.ncbi.nlm.nih.gov/pubmed/17401357
https://dx.doi.org/10.1097/EDE.0000000000000685
http://www.ncbi.nlm.nih.gov/pubmed/28520645
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5580344
https://dx.doi.org/10.1177/039463200501800309
http://www.ncbi.nlm.nih.gov/pubmed/16164830
https://dx.doi.org/10.1007/s11010-012-1455-z
http://www.ncbi.nlm.nih.gov/pubmed/22983829
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3506833
https://dx.doi.org/10.1016/j.freeradbiomed.2018.05.065
http://www.ncbi.nlm.nih.gov/pubmed/29778463
https://dx.doi.org/10.3390/ijerph191912488
http://www.ncbi.nlm.nih.gov/pubmed/36231826
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9566031


Explor Med. 2025;6:1001372 | https://doi.org/10.37349/emed.2025.1001372 Page 25

Rasool M, Malik A, Ghuman AA, Ashraf MAB, Arooj M, Waquar S, et al. Implications of Isoprostanes 
and Matrix Metalloproteinase-7 Having Potential Role in the Development of Colorectal Cancer in 
Males. Front Oncol. 2018;8:205. [DOI] [PubMed] [PMC]

87.     

Valko M, Rhodes CJ, Moncol J, Izakovic M, Mazur M. Free radicals, metals and antioxidants in 
oxidative stress-induced cancer. Chem Biol Interact. 2006;160:1–40. [DOI] [PubMed]

88.     

Stępkowski TM, Kruszewski MK. Molecular cross-talk between the NRF2/KEAP1 signaling pathway, 
autophagy, and apoptosis. Free Radic Biol Med. 2011;50:1186–95. [DOI] [PubMed]

89.     

Bellezza I, Giambanco I, Minelli A, Donato R. Nrf2-Keap1 signaling in oxidative and reductive stress. 
Biochim Biophys Acta Mol Cell Res. 2018;1865:721–33. [DOI] [PubMed]

90.     

Zhang DD. Mechanistic studies of the Nrf2-Keap1 signaling pathway. Drug Metab Rev. 2006;38:
769–89. [DOI] [PubMed]

91.     

Hayes JD, Dinkova-Kostova AT. The Nrf2 regulatory network provides an interface between redox 
and intermediary metabolism. Trends Biochem Sci. 2014;39:199–218. [DOI] [PubMed]

92.     

Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, et al. An Nrf2/small Maf heterodimer 
mediates the induction of phase II detoxifying enzyme genes through antioxidant response elements. 
Biochem Biophys Res Commun. 1997;236:313–22. [DOI] [PubMed]

93.     

Levonen AL, Landar A, Ramachandran A, Ceaser EK, Dickinson DA, Zanoni G, et al. Cellular 
mechanisms of redox cell signalling: role of cysteine modification in controlling antioxidant defences 
in response to electrophilic lipid oxidation products. Biochem J. 2004;378:373–82. [DOI] [PubMed] 
[PMC]

94.     

Backos DS, Fritz KS, Roede JR, Petersen DR, Franklin CC. Posttranslational modification and 
regulation of glutamate-cysteine ligase by the α,β-unsaturated aldehyde 4-hydroxy-2-nonenal. Free 
Radic Biol Med. 2011;50:14–26. [DOI] [PubMed] [PMC]

95.     

Roede JR, Carbone DL, Doorn JA, Kirichenko OV, Reigan P, Petersen DR. In vitro and in silico 
characterization of peroxiredoxin 6 modified by 4-hydroxynonenal and 4-oxononenal. Chem Res 
Toxicol. 2008;21:2289–99. [DOI] [PubMed]

96.     

Perluigi M, Sultana R, Cenini G, Di Domenico F, Memo M, Pierce WM, et al. Redox proteomics 
identification of 4-hydroxynonenal-modified brain proteins in Alzheimer’s disease: Role of lipid 
peroxidation in Alzheimer’s disease pathogenesis. Proteomics Clin Appl. 2009;3:682–93. [DOI] 
[PubMed] [PMC]

97.     

Moos PJ, Edes K, Cassidy P, Massuda E, Fitzpatrick FA. Electrophilic prostaglandins and lipid 
aldehydes repress redox-sensitive transcription factors p53 and hypoxia-inducible factor by 
impairing the selenoprotein thioredoxin reductase. J Biol Chem. 2003;278:745–50. [DOI] [PubMed]

98.     

Sánchez-Gómez FJ, Gayarre J, Avellano MI, Pérez-Sala D. Direct evidence for the covalent 
modification of glutathione-S-transferase P1-1 by electrophilic prostaglandins: implications for 
enzyme inactivation and cell survival. Arch Biochem Biophys. 2007;457:150–9. [DOI] [PubMed]

99.     

Sultana R, Butterfield DA. Oxidatively modified GST and MRP1 in Alzheimer’s disease brain: 
implications for accumulation of reactive lipid peroxidation products. Neurochem Res. 2004;29:
2215–20. [DOI] [PubMed]

100.     

Go YM, Halvey PJ, Hansen JM, Reed M, Pohl J, Jones DP. Reactive aldehyde modification of 
thioredoxin-1 activates early steps of inflammation and cell adhesion. Am J Pathol. 2007;171:
1670–81. [DOI] [PubMed] [PMC]

101.     

Aldini G, Carini M, Vistoli G, Shibata T, Kusano Y, Gamberoni L, et al. Identification of actin as a 15-
deoxy-Delta12,14-prostaglandin J2 target in neuroblastoma cells: mass spectrometric, 
computational, and functional approaches to investigate the effect on cytoskeletal derangement. 
Biochemistry. 2007;46:2707–18. [DOI] [PubMed]

102.     

Dodson M, Castro-Portuguez R, Zhang DD. NRF2 plays a critical role in mitigating lipid peroxidation 
and ferroptosis. Redox Biol. 2019;23:101107. [DOI] [PubMed] [PMC]

103.     

https://dx.doi.org/10.3389/fonc.2018.00205
http://www.ncbi.nlm.nih.gov/pubmed/29930913
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5999746
https://dx.doi.org/10.1016/j.cbi.2005.12.009
http://www.ncbi.nlm.nih.gov/pubmed/16430879
https://dx.doi.org/10.1016/j.freeradbiomed.2011.01.033
http://www.ncbi.nlm.nih.gov/pubmed/21295136
https://dx.doi.org/10.1016/j.bbamcr.2018.02.010
http://www.ncbi.nlm.nih.gov/pubmed/29499228
https://dx.doi.org/10.1080/03602530600971974
http://www.ncbi.nlm.nih.gov/pubmed/17145701
https://dx.doi.org/10.1016/j.tibs.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24647116
https://dx.doi.org/10.1006/bbrc.1997.6943
http://www.ncbi.nlm.nih.gov/pubmed/9240432
https://dx.doi.org/10.1042/BJ20031049
http://www.ncbi.nlm.nih.gov/pubmed/14616092
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1223973
https://dx.doi.org/10.1016/j.freeradbiomed.2010.10.694
http://www.ncbi.nlm.nih.gov/pubmed/20970495
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3014730
https://dx.doi.org/10.1021/tx800244u
http://www.ncbi.nlm.nih.gov/pubmed/19548352
https://dx.doi.org/10.1002/prca.200800161
http://www.ncbi.nlm.nih.gov/pubmed/20333275
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2843938
https://dx.doi.org/10.1074/jbc.M211134200
http://www.ncbi.nlm.nih.gov/pubmed/12424231
https://dx.doi.org/10.1016/j.abb.2006.10.032
http://www.ncbi.nlm.nih.gov/pubmed/17169324
https://dx.doi.org/10.1007/s11064-004-7028-0
http://www.ncbi.nlm.nih.gov/pubmed/15672542
https://dx.doi.org/10.2353/ajpath.2007.070218
http://www.ncbi.nlm.nih.gov/pubmed/17982132
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2043527
https://dx.doi.org/10.1021/bi0618565
http://www.ncbi.nlm.nih.gov/pubmed/17297918
https://dx.doi.org/10.1016/j.redox.2019.101107
http://www.ncbi.nlm.nih.gov/pubmed/30692038
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6859567


Explor Med. 2025;6:1001372 | https://doi.org/10.37349/emed.2025.1001372 Page 26

Feng H, Stockwell BR. Unsolved mysteries: How does lipid peroxidation cause ferroptosis? PLoS Biol. 
2018;16:e2006203. [DOI] [PubMed] [PMC]

104.     

Hirschhorn T, Stockwell BR. The development of the concept of ferroptosis. Free Radic Biol Med. 
2019;133:130–43. [DOI] [PubMed] [PMC]

105.     

Wu S, Lu H, Bai Y. Nrf2 in cancers: A double-edged sword. Cancer Med. 2019;8:2252–67. [DOI] 
[PubMed] [PMC]

106.     

Zimta AA, Cenariu D, Irimie A, Magdo L, Nabavi SM, Atanasov AG, et al. The Role of Nrf2 Activity in 
Cancer Development and Progression. Cancers (Basel). 2019;11:1755. [DOI] [PubMed] [PMC]

107.     

Mukherjee AG, Gopalakrishnan AV. The mechanistic insights of the antioxidant Keap1-Nrf2 pathway 
in oncogenesis: a deadly scenario. Med Oncol. 2023;40:248. [DOI] [PubMed]

108.     

Ramos-Gomez M, Kwak MK, Dolan PM, Itoh K, Yamamoto M, Talalay P, et al. Sensitivity to 
carcinogenesis is increased and chemoprotective efficacy of enzyme inducers is lost in nrf2 
transcription factor-deficient mice. Proc Natl Acad Sci U S A. 2001;98:3410–5. [DOI] [PubMed] [PMC]

109.     

Osburn WO, Karim B, Dolan PM, Liu G, Yamamoto M, Huso DL, et al. Increased colonic inflammatory 
injury and formation of aberrant crypt foci in Nrf2-deficient mice upon dextran sulfate treatment. Int 
J Cancer. 2007;121:1883–91. [DOI] [PubMed]

110.     

Khor TO, Huang MT, Prawan A, Liu Y, Hao X, Yu S, et al. Increased susceptibility of Nrf2 knockout 
mice to colitis-associated colorectal cancer. Cancer Prev Res (Phila). 2008;1:187–91. [DOI] [PubMed] 
[PMC]

111.     

Mukherjee AG, Wanjari UR, Bradu P, Murali R, Kannampuzha S, Loganathan T, et al. The crosstalk of 
the human microbiome in breast and colon cancer: A metabolomics analysis. Crit Rev Oncol Hematol. 
2022;176:103757. [DOI] [PubMed]

112.     

Cho HY, Jedlicka AE, Reddy SP, Kensler TW, Yamamoto M, Zhang LY, et al. Role of NRF2 in protection 
against hyperoxic lung injury in mice. Am J Respir Cell Mol Biol. 2002;26:175–82. [DOI] [PubMed]

113.     

Suzuki T, Shibata T, Takaya K, Shiraishi K, Kohno T, Kunitoh H, et al. Regulatory nexus of synthesis 
and degradation deciphers cellular Nrf2 expression levels. Mol Cell Biol. 2013;33:2402–12. [DOI] 
[PubMed] [PMC]

114.     

Zhao J, Lin X, Meng D, Zeng L, Zhuang R, Huang S, et al. Nrf2 Mediates Metabolic Reprogramming in 
Non-Small Cell Lung Cancer. Front Oncol. 2020;10:578315. [DOI] [PubMed] [PMC]

115.     

Kundu JK, Surh YJ. Nrf2-Keap1 signaling as a potential target for chemoprevention of inflammation-
associated carcinogenesis. Pharm Res. 2010;27:999–1013. [DOI] [PubMed]

116.     

Wang P, Long F, Lin H, Wang T. Dietary phytochemicals targeting Nrf2 for chemoprevention in 
breast cancer. Food Funct. 2022;13:4273–85. [DOI] [PubMed]

117.     

Giudice A, Barbieri A, Bimonte S, Cascella M, Cuomo A, Crispo A, et al. Dissecting the prevention of 
estrogen-dependent breast carcinogenesis through Nrf2-dependent and independent mechanisms. 
Onco Targets Ther. 2019;12:4937–53. [DOI] [PubMed] [PMC]

118.     

Zhang P, Singh A, Yegnasubramanian S, Esopi D, Kombairaju P, Bodas M, et al. Loss of Kelch-like ECH-
associated protein 1 function in prostate cancer cells causes chemoresistance and radioresistance 
and promotes tumor growth. Mol Cancer Ther. 2010;9:336–46. [DOI] [PubMed] [PMC]

119.     

Bai X, Chen Y, Hou X, Huang M, Jin J. Emerging role of NRF2 in chemoresistance by regulating drug-
metabolizing enzymes and efflux transporters. Drug Metab Rev. 2016;48:541–67. [DOI] [PubMed]

120.     

Basak P, Sadhukhan P, Sarkar P, Sil PC. Perspectives of the Nrf-2 signaling pathway in cancer 
progression and therapy. Toxicol Rep. 2017;4:306–18. [DOI] [PubMed] [PMC]

121.     

Duan X, Liu D, Xing X, Li J, Zhao S, Nie H, et al. Tert-butylhydroquinone as a phenolic activator of Nrf2 
antagonizes arsenic-induced oxidative cytotoxicity but promotes arsenic methylation and 
detoxication in human hepatocyte cell line. Biol Trace Elem Res. 2014;160:294–302. [DOI] [PubMed]

122.     

Bao L, Wu J, Dodson M, Rojo de la Vega EM, Ning Y, Zhang Z, et al. ABCF2, an Nrf2 target gene, 
contributes to cisplatin resistance in ovarian cancer cells. Mol Carcinog. 2017;56:1543–53. [DOI] 
[PubMed] [PMC]

123.     

https://dx.doi.org/10.1371/journal.pbio.2006203
http://www.ncbi.nlm.nih.gov/pubmed/29795546
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5991413
https://dx.doi.org/10.1016/j.freeradbiomed.2018.09.043
http://www.ncbi.nlm.nih.gov/pubmed/30268886
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6368883
https://dx.doi.org/10.1002/cam4.2101
http://www.ncbi.nlm.nih.gov/pubmed/30929309
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6536957
https://dx.doi.org/10.3390/cancers11111755
http://www.ncbi.nlm.nih.gov/pubmed/31717324
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6896028
https://dx.doi.org/10.1007/s12032-023-02124-4
http://www.ncbi.nlm.nih.gov/pubmed/37480500
https://dx.doi.org/10.1073/pnas.051618798
http://www.ncbi.nlm.nih.gov/pubmed/11248092
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC30667
https://dx.doi.org/10.1002/ijc.22943
http://www.ncbi.nlm.nih.gov/pubmed/17631644
https://dx.doi.org/10.1158/1940-6207.CAPR-08-0028
http://www.ncbi.nlm.nih.gov/pubmed/19138955
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3580177
https://dx.doi.org/10.1016/j.critrevonc.2022.103757
http://www.ncbi.nlm.nih.gov/pubmed/35809795
https://dx.doi.org/10.1165/ajrcmb.26.2.4501
http://www.ncbi.nlm.nih.gov/pubmed/11804867
https://dx.doi.org/10.1128/MCB.00065-13
http://www.ncbi.nlm.nih.gov/pubmed/23572560
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3700104
https://dx.doi.org/10.3389/fonc.2020.578315
http://www.ncbi.nlm.nih.gov/pubmed/33324555
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7726415
https://dx.doi.org/10.1007/s11095-010-0096-8
http://www.ncbi.nlm.nih.gov/pubmed/20354764
https://dx.doi.org/10.1039/d2fo00186a
http://www.ncbi.nlm.nih.gov/pubmed/35373233
https://dx.doi.org/10.2147/OTT.S183192
http://www.ncbi.nlm.nih.gov/pubmed/31388303
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6607693
https://dx.doi.org/10.1158/1535-7163.MCT-09-0589
http://www.ncbi.nlm.nih.gov/pubmed/20124447
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2821808
https://dx.doi.org/10.1080/03602532.2016.1197239
http://www.ncbi.nlm.nih.gov/pubmed/27320238
https://dx.doi.org/10.1016/j.toxrep.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/28959654
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5615147
https://dx.doi.org/10.1007/s12011-014-0042-4
http://www.ncbi.nlm.nih.gov/pubmed/24970285
https://dx.doi.org/10.1002/mc.22615
http://www.ncbi.nlm.nih.gov/pubmed/28112439
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5509336


Explor Med. 2025;6:1001372 | https://doi.org/10.37349/emed.2025.1001372 Page 27

Syu JP, Chi JT, Kung HN. Nrf2 is the key to chemotherapy resistance in MCF7 breast cancer cells 
under hypoxia. Oncotarget. 2016;7:14659–72. [DOI] [PubMed] [PMC]

124.     

Ryoo IG, Kim G, Choi BH, Lee SH, Kwak MK. Involvement of NRF2 Signaling in Doxorubicin 
Resistance of Cancer Stem Cell-Enriched Colonospheres. Biomol Ther (Seoul). 2016;24:482–8. [DOI] 
[PubMed] [PMC]

125.     

Zhang DD. Thirty years of NRF2: advances and therapeutic challenges. Nat Rev Drug Discov. 2025;
24:421–44. [DOI] [PubMed]

126.     

Yasueda A, Urushima H, Ito T. Efficacy and Interaction of Antioxidant Supplements as Adjuvant 
Therapy in Cancer Treatment: A Systematic Review. Integr Cancer Ther. 2016;15:17–39. [DOI] 
[PubMed] [PMC]

127.     

Kobayashi M, Li L, Iwamoto N, Nakajima-Takagi Y, Kaneko H, Nakayama Y, et al. The antioxidant 
defense system Keap1-Nrf2 comprises a multiple sensing mechanism for responding to a wide range 
of chemical compounds. Mol Cell Biol. 2009;29:493–502. [DOI] [PubMed] [PMC]

128.     

Jia Z, Zhu H, Trush MA, Misra HP, Li Y. Generation of superoxide from reaction of 3H-1,2-dithiole-3-
thione with thiols: implications for dithiolethione chemoprotection. Mol Cell Biochem. 2008;307:
185–91. [DOI] [PubMed]

129.     

Sun W, Liu X, Zhang H, Song Y, Li T, Liu X, et al. Epigallocatechin gallate upregulates NRF2 to prevent 
diabetic nephropathy via disabling KEAP1. Free Radic Biol Med. 2017;108:840–57. [DOI] [PubMed]

130.     

Scannevin RH, Chollate S, Jung MY, Shackett M, Patel H, Bista P, et al. Fumarates promote 
cytoprotection of central nervous system cells against oxidative stress via the nuclear factor 
(erythroid-derived 2)-like 2 pathway. J Pharmacol Exp Ther. 2012;341:274–84. [DOI] [PubMed]

131.     

Kim S, Lee HG, Park SA, Kundu JK, Keum YS, Cha YN, et al. Keap1 cysteine 288 as a potential target for 
diallyl trisulfide-induced Nrf2 activation. PLoS One. 2014;9:e85984. [DOI] [PubMed] [PMC]

132.     

Strimpakos AS, Sharma RA. Curcumin: preventive and therapeutic properties in laboratory studies 
and clinical trials. Antioxid Redox Signal. 2008;10:511–45. [DOI] [PubMed]

133.     

Cleasby A, Yon J, Day PJ, Richardson C, Tickle IJ, Williams PA, et al. Structure of the BTB domain of 
Keap1 and its interaction with the triterpenoid antagonist CDDO. PLoS One. 2014;9:e98896. [DOI] 
[PubMed] [PMC]

134.     

Paredes-Gonzalez X, Fuentes F, Su ZY, Kong AN. Apigenin reactivates Nrf2 anti-oxidative stress 
signaling in mouse skin epidermal JB6 P + cells through epigenetics modifications. AAPS J. 2014;16:
727–35. [DOI] [PubMed] [PMC]

135.     

Alavi M, Farkhondeh T, Aschner M, Samarghandian S. Resveratrol mediates its anti-cancer effects by 
Nrf2 signaling pathway activation. Cancer Cell Int. 2021;21:579. [DOI] [PubMed] [PMC]

136.     

Tanaka T, Shnimizu M, Moriwaki H. Cancer chemoprevention by carotenoids. Molecules. 2012;17:
3202–42. [DOI] [PubMed] [PMC]

137.     

Ren D, Villeneuve NF, Jiang T, Wu T, Lau A, Toppin HA, et al. Brusatol enhances the efficacy of 
chemotherapy by inhibiting the Nrf2-mediated defense mechanism. Proc Natl Acad Sci U S A. 2011;
108:1433–8. [DOI] [PubMed] [PMC]

138.     

Chian S, Li YY, Wang XJ, Tang XW. Luteolin sensitizes two oxaliplatin-resistant colorectal cancer cell 
lines to chemotherapeutic drugs via inhibition of the Nrf2 pathway. Asian Pac J Cancer Prev. 2014;
15:2911–6. [DOI] [PubMed]

139.     

Qin W, Guan D, Ma R, Yang R, Xing G, Shi H, et al. Effects of trigonelline inhibition of the Nrf2 
transcription factor in vitro on Echinococcus granulosus. Acta Biochim Biophys Sin (Shanghai). 
2017;49:696–705. [DOI] [PubMed]

140.     

Kim SR, Ha YM, Kim YM, Park EJ, Kim JW, Park SW, et al. Ascorbic acid reduces HMGB1 secretion in 
lipopolysaccharide-activated RAW 264.7 cells and improves survival rate in septic mice by activation 
of Nrf2/HO-1 signals. Biochem Pharmacol. 2015;95:279–89. [DOI] [PubMed]

141.     

https://dx.doi.org/10.18632/oncotarget.7406
http://www.ncbi.nlm.nih.gov/pubmed/26894974
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4924742
https://dx.doi.org/10.4062/biomolther.2016.145
http://www.ncbi.nlm.nih.gov/pubmed/27582554
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5012872
https://dx.doi.org/10.1038/s41573-025-01145-0
http://www.ncbi.nlm.nih.gov/pubmed/40038406
https://dx.doi.org/10.1177/1534735415610427
http://www.ncbi.nlm.nih.gov/pubmed/26503419
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5736082
https://dx.doi.org/10.1128/MCB.01080-08
http://www.ncbi.nlm.nih.gov/pubmed/19001094
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2612520
https://dx.doi.org/10.1007/s11010-007-9598-z
http://www.ncbi.nlm.nih.gov/pubmed/17891450
https://dx.doi.org/10.1016/j.freeradbiomed.2017.04.365
http://www.ncbi.nlm.nih.gov/pubmed/28457936
https://dx.doi.org/10.1124/jpet.111.190132
http://www.ncbi.nlm.nih.gov/pubmed/22267202
https://dx.doi.org/10.1371/journal.pone.0085984
http://www.ncbi.nlm.nih.gov/pubmed/24489685
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3904845
https://dx.doi.org/10.1089/ars.2007.1769
http://www.ncbi.nlm.nih.gov/pubmed/18370854
https://dx.doi.org/10.1371/journal.pone.0098896
http://www.ncbi.nlm.nih.gov/pubmed/24896564
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4045772
https://dx.doi.org/10.1208/s12248-014-9613-8
http://www.ncbi.nlm.nih.gov/pubmed/24830944
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4070251
https://dx.doi.org/10.1186/s12935-021-02280-5
http://www.ncbi.nlm.nih.gov/pubmed/34717625
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8557610
https://dx.doi.org/10.3390/molecules17033202
http://www.ncbi.nlm.nih.gov/pubmed/22418926
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6268471
https://dx.doi.org/10.1073/pnas.1014275108
http://www.ncbi.nlm.nih.gov/pubmed/21205897
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3029730
https://dx.doi.org/10.7314/apjcp.2014.15.6.2911
http://www.ncbi.nlm.nih.gov/pubmed/24761924
https://dx.doi.org/10.1093/abbs/gmx067
http://www.ncbi.nlm.nih.gov/pubmed/28810706
https://dx.doi.org/10.1016/j.bcp.2015.04.007
http://www.ncbi.nlm.nih.gov/pubmed/25896849


Explor Med. 2025;6:1001372 | https://doi.org/10.37349/emed.2025.1001372 Page 28

Wang XJ, Hayes JD, Henderson CJ, Wolf CR. Identification of retinoic acid as an inhibitor of 
transcription factor Nrf2 through activation of retinoic acid receptor alpha. Proc Natl Acad Sci U S A. 
2007;104:19589–94. [DOI] [PubMed] [PMC]

142.     

Gao AM, Ke ZP, Shi F, Sun GC, Chen H. Chrysin enhances sensitivity of BEL-7402/ADM cells to 
doxorubicin by suppressing PI3K/Akt/Nrf2 and ERK/Nrf2 pathway. Chem Biol Interact. 2013;206:
100–8. [DOI] [PubMed]

143.     

Zhang L, Xu LY, Tang F, Liu D, Zhao XL, Zhang JN, et al. New perspectives on the therapeutic potential 
of quercetin in non-communicable diseases: Targeting Nrf2 to counteract oxidative stress and 
inflammation. J Pharm Anal. 2024;14:100930. [DOI] [PubMed] [PMC]

144.     

Xu X, Zhang Y, Li W, Miao H, Zhang H, Zhou Y, et al. Wogonin reverses multi-drug resistance of 
human myelogenous leukemia K562/A02 cells via downregulation of MRP1 expression by inhibiting 
Nrf2/ARE signaling pathway. Biochem Pharmacol. 2014;92:220–34. [DOI] [PubMed]

145.     

Tsuchida K, Tsujita T, Hayashi M, Ojima A, Keleku-Lukwete N, Katsuoka F, et al. Halofuginone 
enhances the chemo-sensitivity of cancer cells by suppressing NRF2 accumulation. Free Radic Biol 
Med. 2017;103:236–47. [DOI] [PubMed]

146.     

Zhang R, Qiao H, Chen S, Chen X, Dou K, Wei L, et al. Berberine reverses lapatinib resistance of HER2-
positive breast cancer cells by increasing the level of ROS. Cancer Biol Ther. 2016;17:925–34. [DOI] 
[PubMed] [PMC]

147.     

Luo C, Wang Y, Wei C, Chen Y, Ji Z. The anti-migration and anti-invasion effects of Bruceine D in 
human triple-negative breast cancer MDA-MB-231 cells. Exp Ther Med. 2020;19:273–9. [DOI] 
[PubMed] [PMC]

148.     

Xia C, Bai X, Hou X, Gou X, Wang Y, Zeng H, et al. Cryptotanshinone Reverses Cisplatin Resistance of 
Human Lung Carcinoma A549 Cells through Down-Regulating Nrf2 Pathway. Cell Physiol Biochem. 
2015;37:816–24. [DOI] [PubMed]

149.     

Chian S, Zhao Y, Xu M, Yu X, Ke X, Gao R, et al. Ginsenoside Rd reverses cisplatin resistance in non-
small-cell lung cancer A549 cells by downregulating the nuclear factor erythroid 2-related factor 2 
pathway. Anticancer Drugs. 2019;30:838–45. [DOI] [PubMed]

150.     

Zhu J, Wang H, Chen F, Lv H, Xu Z, Fu J, et al. Triptolide enhances chemotherapeutic efficacy of 
antitumor drugs in non-small-cell lung cancer cells by inhibiting Nrf2-ARE activity. Toxicol Appl 
Pharmacol. 2018;358:1–9. [DOI] [PubMed]

151.     

Hatcher H, Planalp R, Cho J, Torti FM, Torti SV. Curcumin: from ancient medicine to current clinical 
trials. Cell Mol Life Sci. 2008;65:1631–52. [DOI] [PubMed] [PMC]

152.     

Whitlock NC, Baek SJ. The anticancer effects of resveratrol: modulation of transcription factors. Nutr 
Cancer. 2012;64:493–502. [DOI] [PubMed] [PMC]

153.     

Rauf A, Imran M, Butt MS, Nadeem M, Peters DG, Mubarak MS. Resveratrol as an anti-cancer agent: A 
review. Crit Rev Food Sci Nutr. 2018;58:1428–47. [DOI] [PubMed]

154.     

Chauhan DP. Chemotherapeutic potential of curcumin for colorectal cancer. Curr Pharm Des. 2002;8:
1695–706. [DOI] [PubMed]

155.     

Gavrilas LI, Cruceriu D, Ionescu C, Miere D, Balacescu O. Pro-apoptotic genes as new targets for 
single and combinatorial treatments with resveratrol and curcumin in colorectal cancer. Food Funct. 
2019;10:3717–26. [DOI] [PubMed]

156.     

Nagaraju GP, Aliya S, Zafar SF, Basha R, Diaz R, El-Rayes BF. The impact of curcumin on breast 
cancer. Integr Biol (Camb). 2012;4:996–1007. [DOI] [PubMed]

157.     

Islam MR, Rauf A, Akash S, Trisha SI, Nasim AH, Akter M, et al. Targeted therapies of curcumin focus 
on its therapeutic benefits in cancers and human health: Molecular signaling pathway-based 
approaches and future perspectives. Biomed Pharmacother. 2024;170:116034. [DOI] [PubMed]

158.     

Bisht S, Maitra A. Systemic delivery of curcumin: 21st century solutions for an ancient conundrum. 
Curr Drug Discov Technol. 2009;6:192–9. [DOI] [PubMed]

159.     

https://dx.doi.org/10.1073/pnas.0709483104
http://www.ncbi.nlm.nih.gov/pubmed/18048326
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2148333
https://dx.doi.org/10.1016/j.cbi.2013.08.008
http://www.ncbi.nlm.nih.gov/pubmed/23994249
https://dx.doi.org/10.1016/j.jpha.2023.12.020
http://www.ncbi.nlm.nih.gov/pubmed/39005843
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11245930
https://dx.doi.org/10.1016/j.bcp.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/25264278
https://dx.doi.org/10.1016/j.freeradbiomed.2016.12.041
http://www.ncbi.nlm.nih.gov/pubmed/28039084
https://dx.doi.org/10.1080/15384047.2016.1210728
http://www.ncbi.nlm.nih.gov/pubmed/27416292
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5036410
https://dx.doi.org/10.3892/etm.2019.8187
http://www.ncbi.nlm.nih.gov/pubmed/31853299
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6909795
https://dx.doi.org/10.1159/000430398
http://www.ncbi.nlm.nih.gov/pubmed/26356271
https://dx.doi.org/10.1097/CAD.0000000000000781
http://www.ncbi.nlm.nih.gov/pubmed/31415285
https://dx.doi.org/10.1016/j.taap.2018.09.004
http://www.ncbi.nlm.nih.gov/pubmed/30196066
https://dx.doi.org/10.1007/s00018-008-7452-4
http://www.ncbi.nlm.nih.gov/pubmed/18324353
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4686230
https://dx.doi.org/10.1080/01635581.2012.667862
http://www.ncbi.nlm.nih.gov/pubmed/22482424
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3349800
https://dx.doi.org/10.1080/10408398.2016.1263597
http://www.ncbi.nlm.nih.gov/pubmed/28001084
https://dx.doi.org/10.2174/1381612023394016
http://www.ncbi.nlm.nih.gov/pubmed/12171541
https://dx.doi.org/10.1039/c9fo01014a
http://www.ncbi.nlm.nih.gov/pubmed/31169275
https://dx.doi.org/10.1039/c2ib20088k
http://www.ncbi.nlm.nih.gov/pubmed/22772921
https://dx.doi.org/10.1016/j.biopha.2023.116034
http://www.ncbi.nlm.nih.gov/pubmed/38141282
https://dx.doi.org/10.2174/157016309789054933
http://www.ncbi.nlm.nih.gov/pubmed/19496751


Explor Med. 2025;6:1001372 | https://doi.org/10.37349/emed.2025.1001372 Page 29

Li L, Braiteh FS, Kurzrock R. Liposome-encapsulated curcumin: in vitro and in vivo effects on 
proliferation, apoptosis, signaling, and angiogenesis. Cancer. 2005;104:1322–31. [DOI] [PubMed]

160.     

Li L, Ahmed B, Mehta K, Kurzrock R. Liposomal curcumin with and without oxaliplatin: effects on cell 
growth, apoptosis, and angiogenesis in colorectal cancer. Mol Cancer Ther. 2007;6:1276–82. [DOI] 
[PubMed]

161.     

Mach CM, Mathew L, Mosley SA, Kurzrock R, Smith JA. Determination of minimum effective dose and 
optimal dosing schedule for liposomal curcumin in a xenograft human pancreatic cancer model. 
Anticancer Res. 2009;29:1895–9. [PubMed]

162.     

Wilken R, Veena MS, Wang MB, Srivatsan ES. Curcumin: A review of anti-cancer properties and 
therapeutic activity in head and neck squamous cell carcinoma. Mol Cancer. 2011;10:12. [DOI] 
[PubMed] [PMC]

163.     

Kunnumakkara AB, Anand P, Aggarwal BB. Curcumin inhibits proliferation, invasion, angiogenesis 
and metastasis of different cancers through interaction with multiple cell signaling proteins. Cancer 
Lett. 2008;269:199–225. [DOI] [PubMed]

164.     

Datta S, Ghosh S, Bishayee A, Sinha D. Flexion of Nrf2 by tea phytochemicals: A review on the 
chemopreventive and chemotherapeutic implications. Pharmacol Res. 2022;182:106319. [DOI] 
[PubMed]

165.     

Yang CS, Lambert JD, Sang S. Antioxidative and anti-carcinogenic activities of tea polyphenols. Arch 
Toxicol. 2009;83:11–21. [DOI] [PubMed] [PMC]

166.     

Ju J, Lu G, Lambert JD, Yang CS. Inhibition of carcinogenesis by tea constituents. Semin Cancer Biol. 
2007;17:395–402. [DOI] [PubMed] [PMC]

167.     

Yan Z, Zhong Y, Duan Y, Chen Q, Li F. Antioxidant mechanism of tea polyphenols and its impact on 
health benefits. Anim Nutr. 2020;6:115–23. [DOI] [PubMed] [PMC]

168.     

Jaramillo MC, Zhang DD. The emerging role of the Nrf2-Keap1 signaling pathway in cancer. Genes 
Dev. 2013;27:2179–91. [DOI] [PubMed] [PMC]

169.     

Kensler TW, Chen JG, Egner PA, Fahey JW, Jacobson LP, Stephenson KK, et al. Effects of glucosinolate-
rich broccoli sprouts on urinary levels of aflatoxin-DNA adducts and phenanthrene tetraols in a 
randomized clinical trial in He Zuo township, Qidong, People's Republic of China. Cancer Epidemiol 
Biomarkers Prev. 2005;14:2605–13. [DOI] [PubMed]

170.     

Su X, Jiang X, Meng L, Dong X, Shen Y, Xin Y. Anticancer Activity of Sulforaphane: The Epigenetic 
Mechanisms and the Nrf2 Signaling Pathway. Oxid Med Cell Longev. 2018;2018:5438179. [DOI] 
[PubMed] [PMC]

171.     

Probst BL, McCauley L, Trevino I, Wigley WC, Ferguson DA. Cancer Cell Growth Is Differentially 
Affected by Constitutive Activation of NRF2 by KEAP1 Deletion and Pharmacological Activation of 
NRF2 by the Synthetic Triterpenoid, RTA 405. PLoS One. 2015;10:e0135257. [DOI] [PubMed] [PMC]

172.     

Chen H, Zhu B, Zhao L, Liu Y, Zhao F, Feng J, et al. Allicin Inhibits Proliferation and Invasion in Vitro 
and in Vivo via SHP-1-Mediated STAT3 Signaling in Cholangiocarcinoma. Cell Physiol Biochem. 2018;
47:641–53. [DOI] [PubMed]

173.     

Mikaili P, Maadirad S, Moloudizargari M, Aghajanshakeri S, Sarahroodi S. Therapeutic uses and 
pharmacological properties of garlic, shallot, and their biologically active compounds. Iran J Basic 
Med Sci. 2013;16:1031–48. [PubMed] [PMC]

174.     

Bat-Chen W, Golan T, Peri I, Ludmer Z, Schwartz B. Allicin purified from fresh garlic cloves induces 
apoptosis in colon cancer cells via Nrf2. Nutr Cancer. 2010;62:947–57. [DOI] [PubMed]

175.     

Lee DY, Yun SM, Song MY, Jung K, Kim EH. Cyanidin Chloride Induces Apoptosis by Inhibiting NF-κB 
Signaling through Activation of Nrf2 in Colorectal Cancer Cells. Antioxidants (Basel). 2020;9:285. 
[DOI] [PubMed] [PMC]

176.     

Lee DY, Song MY, Kim EH. Role of Oxidative Stress and Nrf2/KEAP1 Signaling in Colorectal Cancer: 
Mechanisms and Therapeutic Perspectives with Phytochemicals. Antioxidants (Basel). 2021;10:743. 
[DOI] [PubMed] [PMC]

177.     

https://dx.doi.org/10.1002/cncr.21300
http://www.ncbi.nlm.nih.gov/pubmed/16092118
https://dx.doi.org/10.1158/1535-7163.MCT-06-0556
http://www.ncbi.nlm.nih.gov/pubmed/17431105
http://www.ncbi.nlm.nih.gov/pubmed/19528445
https://dx.doi.org/10.1186/1476-4598-10-12
http://www.ncbi.nlm.nih.gov/pubmed/21299897
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3055228
https://dx.doi.org/10.1016/j.canlet.2008.03.009
http://www.ncbi.nlm.nih.gov/pubmed/18479807
https://dx.doi.org/10.1016/j.phrs.2022.106319
http://www.ncbi.nlm.nih.gov/pubmed/35732198
https://dx.doi.org/10.1007/s00204-008-0372-0
http://www.ncbi.nlm.nih.gov/pubmed/19002670
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2820244
https://dx.doi.org/10.1016/j.semcancer.2007.06.013
http://www.ncbi.nlm.nih.gov/pubmed/17686632
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2736048
https://dx.doi.org/10.1016/j.aninu.2020.01.001
http://www.ncbi.nlm.nih.gov/pubmed/32542190
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7283370
https://dx.doi.org/10.1101/gad.225680.113
http://www.ncbi.nlm.nih.gov/pubmed/24142871
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3814639
https://dx.doi.org/10.1158/1055-9965.EPI-05-0368
http://www.ncbi.nlm.nih.gov/pubmed/16284385
https://dx.doi.org/10.1155/2018/5438179
http://www.ncbi.nlm.nih.gov/pubmed/29977456
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6011061
https://dx.doi.org/10.1371/journal.pone.0135257
http://www.ncbi.nlm.nih.gov/pubmed/26301506
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4547720
https://dx.doi.org/10.1159/000490019
http://www.ncbi.nlm.nih.gov/pubmed/29794468
http://www.ncbi.nlm.nih.gov/pubmed/24379960
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3874089
https://dx.doi.org/10.1080/01635581.2010.509837
http://www.ncbi.nlm.nih.gov/pubmed/20924970
https://dx.doi.org/10.3390/antiox9040285
http://www.ncbi.nlm.nih.gov/pubmed/32230772
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7222181
https://dx.doi.org/10.3390/antiox10050743
http://www.ncbi.nlm.nih.gov/pubmed/34067204
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8151932


Explor Med. 2025;6:1001372 | https://doi.org/10.37349/emed.2025.1001372 Page 30

Meng Q, Guo T, Li G, Sun S, He S, Cheng B, et al. Dietary resveratrol improves antioxidant status of 
sows and piglets and regulates antioxidant gene expression in placenta by Keap1-Nrf2 pathway and 
Sirt1. J Anim Sci Biotechnol. 2018;9:34. [DOI] [PubMed] [PMC]

178.     

Singh B, Shoulson R, Chatterjee A, Ronghe A, Bhat NK, Dim DC, et al. Resveratrol inhibits estrogen-
induced breast carcinogenesis through induction of NRF2-mediated protective pathways. 
Carcinogenesis. 2014;35:1872–80. [DOI] [PubMed] [PMC]

179.     

Zhou X, Zhao Y, Wang J, Wang X, Chen C, Yin D, et al. Resveratrol represses estrogen-induced 
mammary carcinogenesis through NRF2-UGT1A8-estrogen metabolic axis activation. Biochem 
Pharmacol. 2018;155:252–63. [DOI] [PubMed]

180.     

Andriole GL, Bostwick DG, Brawley OW, Gomella LG, Marberger M, Montorsi F, et al.; REDUCE Study 
Group. Effect of dutasteride on the risk of prostate cancer. N Engl J Med. 2010;362:1192–202. [DOI] 
[PubMed]

181.     

Thompson IM, Goodman PJ, Tangen CM, Lucia MS, Miller GJ, Ford LG, et al. The influence of 
finasteride on the development of prostate cancer. N Engl J Med. 2003;349:215–24. [DOI] [PubMed]

182.     

Tossetta G, Fantone S, Marzioni D, Mazzucchelli R. Role of Natural and Synthetic Compounds in 
Modulating NRF2/KEAP1 Signaling Pathway in Prostate Cancer. Cancers (Basel). 2023;15:3037. 
[DOI] [PubMed] [PMC]

183.     

Zhu J, Wang H, Chen F, Fu J, Xu Y, Hou Y, et al. An overview of chemical inhibitors of the Nrf2-ARE 
signaling pathway and their potential applications in cancer therapy. Free Radic Biol Med. 2016;99:
544–56. [DOI] [PubMed]

184.     

Wang XJ, Sun Z, Villeneuve NF, Zhang S, Zhao F, Li Y, et al. Nrf2 enhances resistance of cancer cells to 
chemotherapeutic drugs, the dark side of Nrf2. Carcinogenesis. 2008;29:1235–43. [DOI] [PubMed] 
[PMC]

185.     

Harder B, Tian W, La Clair JJ, Tan AC, Ooi A, Chapman E, et al. Brusatol overcomes chemoresistance 
through inhibition of protein translation. Mol Carcinog. 2017;56:1493–500. [DOI] [PubMed] [PMC]

186.     

Xi W, Zhao C, Wu Z, Ye T, Zhao R, Jiang X, et al. Brusatol’s anticancer activity and its molecular 
mechanism: a research update. J Pharm Pharmacol. 2024;76:753–62. [DOI] [PubMed]

187.     

Cai SJ, Liu Y, Han S, Yang C. Brusatol, an NRF2 inhibitor for future cancer therapeutic. Cell Biosci. 
2019;9:45. [DOI] [PubMed] [PMC]

188.     

Pandurangan AK, Ananda Sadagopan SK, Dharmalingam P, Ganapasam S. Luteolin, a bioflavonoid 
inhibits Azoxymethane-induced colorectal cancer through activation of Nrf2 signaling. Toxicol Mech 
Methods. 2014;24:13–20. [DOI] [PubMed]

189.     

Sharifi-Rad J, Seidel V, Izabela M, Monserrat-Mequida M, Sureda A, Ormazabal V, et al. Phenolic 
compounds as Nrf2 inhibitors: potential applications in cancer therapy. Cell Commun Signal. 2023;
21:89. [DOI] [PubMed] [PMC]

190.     

Limonciel A, Jennings P. A review of the evidence that ochratoxin A is an Nrf2 inhibitor: implications 
for nephrotoxicity and renal carcinogenicity. Toxins (Basel). 2014;6:371–9. [DOI] [PubMed] [PMC]

191.     

Demirezen A, Erbaş O. Balancing Act: NRF2’s contradictory roles in cancer progression and therapy. 
D J Med Sci. 2024;10:123–8. [DOI]

192.     

Sayin VI, Ibrahim MX, Larsson E, Nilsson JA, Lindahl P, Bergo MO. Antioxidants accelerate lung 
cancer progression in mice. Sci Transl Med. 2014;6:221ra15. [DOI] [PubMed]

193.     

Le Gal K, Ibrahim MX, Wiel C, Sayin VI, Akula MK, Karlsson C, et al. Antioxidants can increase 
melanoma metastasis in mice. Sci Transl Med. 2015;7:308re8. [DOI] [PubMed]

194.     

Wang H, Liu X, Long M, Huang Y, Zhang L, Zhang R, et al. NRF2 activation by antioxidant antidiabetic 
agents accelerates tumor metastasis. Sci Transl Med. 2016;8:334ra51. [DOI] [PubMed]

195.     

DeNicola GM, Chen PH, Mullarky E, Sudderth JA, Hu Z, Wu D, et al. NRF2 regulates serine 
biosynthesis in non-small cell lung cancer. Nat Genet. 2015;47:1475–81. [DOI] [PubMed] [PMC]

196.     

https://dx.doi.org/10.1186/s40104-018-0248-y
http://www.ncbi.nlm.nih.gov/pubmed/29713468
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5909222
https://dx.doi.org/10.1093/carcin/bgu120
http://www.ncbi.nlm.nih.gov/pubmed/24894866
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4123650
https://dx.doi.org/10.1016/j.bcp.2018.07.006
http://www.ncbi.nlm.nih.gov/pubmed/30009768
https://dx.doi.org/10.1056/NEJMoa0908127
http://www.ncbi.nlm.nih.gov/pubmed/20357281
https://dx.doi.org/10.1056/NEJMoa030660
http://www.ncbi.nlm.nih.gov/pubmed/12824459
https://dx.doi.org/10.3390/cancers15113037
http://www.ncbi.nlm.nih.gov/pubmed/37296999
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10252740
https://dx.doi.org/10.1016/j.freeradbiomed.2016.09.010
http://www.ncbi.nlm.nih.gov/pubmed/27634172
https://dx.doi.org/10.1093/carcin/bgn095
http://www.ncbi.nlm.nih.gov/pubmed/18413364
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3312612
https://dx.doi.org/10.1002/mc.22609
http://www.ncbi.nlm.nih.gov/pubmed/28019675
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5404829
https://dx.doi.org/10.1093/jpp/rgae017
http://www.ncbi.nlm.nih.gov/pubmed/38394388
https://dx.doi.org/10.1186/s13578-019-0309-8
http://www.ncbi.nlm.nih.gov/pubmed/31183074
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6554866
https://dx.doi.org/10.3109/15376516.2013.843111
http://www.ncbi.nlm.nih.gov/pubmed/24024667
https://dx.doi.org/10.1186/s12964-023-01109-0
http://www.ncbi.nlm.nih.gov/pubmed/37127651
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10152593
https://dx.doi.org/10.3390/toxins6010371
http://www.ncbi.nlm.nih.gov/pubmed/24448208
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3920267
https://dx.doi.org/10.5606/fng.
https://dx.doi.org/10.1126/scitranslmed.3007653
http://www.ncbi.nlm.nih.gov/pubmed/24477002
https://dx.doi.org/10.1126/scitranslmed.aad3740
http://www.ncbi.nlm.nih.gov/pubmed/26446958
https://dx.doi.org/10.1126/scitranslmed.aad6095
http://www.ncbi.nlm.nih.gov/pubmed/27075625
https://dx.doi.org/10.1038/ng.3421
http://www.ncbi.nlm.nih.gov/pubmed/26482881
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4721512


Explor Med. 2025;6:1001372 | https://doi.org/10.37349/emed.2025.1001372 Page 31

Chio IIC, Jafarnejad SM, Ponz-Sarvise M, Park Y, Rivera K, Palm W, et al. NRF2 Promotes Tumor 
Maintenance by Modulating mRNA Translation in Pancreatic Cancer. Cell. 2016;166:963–76. [DOI] 
[PubMed] [PMC]

197.     

Ziv E, Zhang Y, Kelly L, Nikolovski I, Boas FE, Erinjeri JP, et al. NRF2 Dysregulation in Hepatocellular 
Carcinoma and Ischemia: A Cohort Study and Laboratory Investigation. Radiology. 2020;297:
225–34. [DOI] [PubMed] [PMC]

198.     

Weiss CR, Nezami N. One Step Closer to Precision Medicine for Transarterial Therapy of HCC. 
Radiology. 2020;297:235–6. [DOI] [PubMed]

199.     

Fellmann C, Gowen BG, Lin PC, Doudna JA, Corn JE. Cornerstones of CRISPR-Cas in drug discovery 
and therapy. Nat Rev Drug Discov. 2017;16:89–100. [DOI] [PubMed] [PMC]

200.     

Cox DB, Platt RJ, Zhang F. Therapeutic genome editing: prospects and challenges. Nat Med. 2015;21:
121–31. [DOI] [PubMed] [PMC]

201.     

Cheung AH, Chow C, Zhang J, Zhou Y, Huang T, Ng KC, et al. Specific targeting of point mutations in 
EGFR L858R-positive lung cancer by CRISPR/Cas9. Lab Invest. 2018;98:968–76. [DOI] [PubMed]

202.     

Koo T, Yoon AR, Cho HY, Bae S, Yun CO, Kim JS. Selective disruption of an oncogenic mutant allele by 
CRISPR/Cas9 induces efficient tumor regression. Nucleic Acids Res. 2017;45:7897–908. [DOI] 
[PubMed] [PMC]

203.     

Walton J, Blagih J, Ennis D, Leung E, Dowson S, Farquharson M, et al. CRISPR/Cas9-Mediated Trp53 
and Brca2 Knockout to Generate Improved Murine Models of Ovarian High-Grade Serous Carcinoma. 
Cancer Res. 2016;76:6118–29. [DOI] [PubMed] [PMC]

204.     

Bialk P, Wang Y, Banas K, Kmiec EB. Functional Gene Knockout of NRF2 Increases Chemosensitivity 
of Human Lung Cancer A549 Cells In Vitro and in a Xenograft Mouse Model. Mol Ther Oncolytics. 
2018;11:75–89. [DOI] [PubMed] [PMC]

205.     

FDA Approves First Gene Therapies to Treat Patients with Sickle Cell Disease [Internet]. [cited 2023 
Dec 8]. Available from: https://www.fda.gov/news-events/press-announcements/fda-approves-firs
t-gene-therapies-treat-patients-sickle-cell-disease

206.     

Hasani S, Khalaj-Kondori M, Safaei S, Amini M, Riazi-Tabrizi N, Maghsoudi M, et al. Co-targeting NRF2 
potentially enhances the in vitro anticancer effects of paclitaxel in gastric cancer cells. Discov Oncol. 
2024;15:424. [DOI] [PubMed] [PMC]

207.     

Telkoparan-Akillilar P, Panieri E, Cevik D, Suzen S, Saso L. Therapeutic Targeting of the NRF2 
Signaling Pathway in Cancer. Molecules. 2021;26:1417. [DOI] [PubMed] [PMC]

208.     

Panda H, Rowland NG, Krall CM, Bowman BM, Major MB, Zolkind P. NRF2 immunobiology in cancer: 
implications for immunotherapy and therapeutic targeting. Oncogene. 2025;44:3641–51. [DOI] 
[PubMed] [PMC]

209.     

Uti DE, Atangwho IJ, Alum EU, Ntaobeten E, Obeten UN, Bawa I, et al. Antioxidants in cancer therapy 
mitigating lipid peroxidation without compromising treatment through nanotechnology. Discov 
Nano. 2025;20:70. [DOI] [PubMed] [PMC]

210.     

https://dx.doi.org/10.1016/j.cell.2016.06.056
http://www.ncbi.nlm.nih.gov/pubmed/27477511
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5234705
https://dx.doi.org/10.1148/radiol.2020200201
http://www.ncbi.nlm.nih.gov/pubmed/32780006
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7526944
https://dx.doi.org/10.1148/radiol.2020202843
http://www.ncbi.nlm.nih.gov/pubmed/32804050
https://dx.doi.org/10.1038/nrd.2016.238
http://www.ncbi.nlm.nih.gov/pubmed/28008168
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459481
https://dx.doi.org/10.1038/nm.3793
http://www.ncbi.nlm.nih.gov/pubmed/25654603
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4492683
https://dx.doi.org/10.1038/s41374-018-0056-1
http://www.ncbi.nlm.nih.gov/pubmed/29748615
https://dx.doi.org/10.1093/nar/gkx490
http://www.ncbi.nlm.nih.gov/pubmed/28575452
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5570104
https://dx.doi.org/10.1158/0008-5472.CAN-16-1272
http://www.ncbi.nlm.nih.gov/pubmed/27530326
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5802386
https://dx.doi.org/10.1016/j.omto.2018.10.002
http://www.ncbi.nlm.nih.gov/pubmed/30505938
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6251792
https://www.fda.gov/news-events/press-announcements/fda-approves-first-gene-therapies-treat-patients-sickle-cell-disease
https://www.fda.gov/news-events/press-announcements/fda-approves-first-gene-therapies-treat-patients-sickle-cell-disease
https://dx.doi.org/10.1007/s12672-024-01312-6
http://www.ncbi.nlm.nih.gov/pubmed/39256224
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11387580
https://dx.doi.org/10.3390/molecules26051417
http://www.ncbi.nlm.nih.gov/pubmed/33808001
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7961421
https://dx.doi.org/10.1038/s41388-025-03560-4
http://www.ncbi.nlm.nih.gov/pubmed/40946102
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12454149
https://dx.doi.org/10.1186/s11671-025-04248-0
http://www.ncbi.nlm.nih.gov/pubmed/40272665
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12021792

	Abstract
	Keywords
	Introduction
	ROS-mediated LP: enzymatic and non-enzymatic reactions
	Enzymatic autoxidation pathway
	Non-enzymatic dependent pathway

	Role of secondary metabolic products of LP in cancer cells
	MDA
	4-HNE
	Acrolein
	Isoprostanes

	Interplay of Nrf2 and Nrf2 modulators in LP mediated carcinogenesis
	Mechanistic role of Nrf2 as a tumor suppressor
	Plausible role of Nrf2 as tumor activator

	Modulators of Nrf2 in cancer therapy
	Nrf2 activators
	Nrf2 inhibitors

	Targeting Nrf2 in cancer: a therapeutic approach
	Concluding remarks
	Abbreviations
	Declarations
	Acknowledgments
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

