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immune evasion, and
therapeutic challenges
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1Department of Hepatobiliary Surgery, The Seventh People’s Hospital of Chongqing,
Chongqing, China, 2Department of Gastroenterology, The First Affiliated Hospital of Chongqing
Medical and Pharmaceutical College, Chongqing, China
Hepatocellular carcinoma (HCC) is the predominant form of liver cancer and

ranks as the third leading cause of cancer-related mortality globally. The liver

performs a wide range of tasks and is the primary organ responsible for

metabolizing harmful substances and foreign compounds. Oxidative stress has

a crucial role in growth and improvement of hepatocellular carcinoma (HCC).

Nuclear factor erythroid 2 (1)-related factor 2 (Nrf2) is an element that regulates

transcription located in the cytoplasm. It controls the balance of redox reactions

by stimulating the expression of many genes that depend on antioxidant

response elements. Nrf2 has contrasting functions in the normal, healthy liver

and HCC. In the normal liver, Nrf2 provides advantageous benefits, while in HCC

it promotes harmful effects that support the growth and survival of HCC.

Continuous activation of Nrf2 has been detected in HCC and promotes its

advancement and aggressiveness. In addition, Activation of Nrf2 may lead to

immune evasion, weakening the immune cells’ ability to attack tumors and

thereby promoting tumor development. Furthermore, chemoresistance in

HCC, which is considered a form of stress response to chemotherapy

medications, significantly impedes the effectiveness of HCC treatment. Stress

management is typically accomplished by activating specific signal pathways and

chemical variables. One important element in the creation of chemoresistance in

HCC is nuclear factor-E2-related factor 2 (Nrf2). Nrf2 is a transcription factor that

regulates the activation and production of a group of genes that encode proteins

responsible for protecting cells from damage. This occurs through the Nrf2/ARE

pathway, which is a crucial mechanism for combating oxidative stress

within cells.
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1 Introduction

Liver cancer ranks fourth in global incidence of cancer (2, 3).

Primary liver malignancies are correlated with considerable clinical,

economic, and psychological burdens, posing a noticeable obstacle

in both developed and developing nations (4). Healthcare providers

encounter hepatocellular carcinoma (HCC), which accounts for as

much as 85–90% of primary liver malignancies. Variations in HCC

risk factors are observed across various regions and countries. For

example, chronic hepatitis B virus (HBV) infection, alcohol

consumption, and hepatitis C virus (HCV) infection all

contribute to the development of HCC. Risk factors, molecular

subtype, and genetic landscape vary from country to country; in

addition, the clinical manifestation of HCC differs by region (5, 6).

Antiviral therapy and HBV vaccination are regarded as potentially

effective preventative measures against the development of HCC (7,

8). Moreover, developments in the diagnosis and treatment of HCC

have contributed to a substantial decline of mortality attributable to

HCC by 20.3% between 1990 and 2017 (9). It should be mentioned

that general cytotoxic agents such as 5-FU, adriamycin (ADM),

cisplatin (DDP) and docetaxel have been advocated as

chemotherapeutic agents for HCC. Furthermore, molecular target

inhibitors like sorafenib have been developed to specifically target

vascular endothelial growth factor receptors (VEGFR) in order to

impede the development and angiogenesis of HCC. A multitude of

chemotherapy strategies have been devised to address HCC. These

encompass a wide range of approaches, such as traditional cytotoxic

chemical therapies, gene therapy, radiation, molecular target

inhibitor treatments, and medication combination techniques.

that have demonstrated superior antitumor efficacy compared to

monotherapy (10).

Early stages of HCC are amenable to treatment with liver

resection, transplantation, and ablation, among other successful

therapeutic approaches. HCC patients are frequently identified at

an advanced stage, when treatment is approximately impossible,

despite the progress made in diagnostic techniques (11, 12). As a

result, imaging techniques that are novel should be utilized to

diagnose HCC. It is recommended that patients with cirrhosis

undergo screening for the development of HCC (13).

Furthermore, urine, plasma, and serum can all be regarded as

valuable diagnostic resources for HCC (14). A 5-year survival rate

of less than 50% is observed for patients with HCC as a result of

advanced stage of disease diagnosis, recurrence risk, and the

metastatic character of cancer cells (15). As developing countries

have a higher incidence level of HCC than developed countries,

Eastern Asia and Africa account for as much as 85 percent of all

HCC cases (11, 16). Genomic and epigenetic modifications are

considerable contributors to the development of HCC, alongside

the environmental and lifestyle factors (infection and alcohol

consumption, respectively) (17).

The expression of Nrf2 is highly concentrated in HCC cells, and

it is correlated with chemoresistance (18). Caused by mutations in

Nfe2l2 and Keap1, the Nrf2/ARE pathway is activated, resulting in

upregulation of cytoprotective proteins transcription and nuclear

Nrf2 overexpression. This promotes tumorigenesis and increases
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the survival of tumor cells (19, 20). Moreover, chemoresistance

HCC cells have an overexpression of Nrf2, which aids in the

formation of chemoresistance (21–23). The expression of Nrf2 in

three HCC cell lines is associated with chemoresistance to

DDP (24).

The objective of recent investigations is to comprehend the

signaling networks that facilitate the progression of HCC and how

they interact as possible targets for therapeutic interventions (17,

25). An unfavorable prognosis is the consequence of HCC cells’

metastatic character. Migration and metastasis of HCC cells are

processes facilitated by the epithelial-to-mesenchymal transition

(EMT) (26, 27). For the sake of stimulating EMT-mediated

migration, sphingosine-1-phosphate receptor-1 (S1PR1) is

expanded in HCC (28). Controlling tumor necrosis factor (TNF)

signaling in HCC is the long non-coding RNA (lncRNA) SPRY4-

IT1 (29). ADAM17 raises MMP-21 expression, which accelerates

the progression of HCC (30). Matrix metalloproteinases (MMPs)

also contribute to the invasiveness of HCC cells. Thymoquinone

upregulates miRNA-16 and miRNA-375, which inhibit the

progression of HCC malignancy (31). MicroRNAs (miRNAs) also

influence HCC malignancy. In order to promote the growth of

HCCs and facilitate their resistance to cisplatin chemotherapy,

circular RNA (circRNA)-102272 inhibits the expression of

miRNA-326 (32). SIX4 has been found to enhance migration and

invasion through the upregulation of c-MET and YAP1 (33). Each

experiment reveals a distinct pathway that is the cause of HCC

progression. On account of this, the progression of HCC cells may

be mediated by a multitude of genetic and epigenetic modifications

(34, 35).

The present review will focus on the role of Nrf2 in the

regulation of HCC progression. Although a number of reviews

have been published, they are mainly before 2022 (1, 10, 36–38) and

therefore, it is required to provide an updated review in this field, as

the multiple new studies have been published. Moreover, other

reviews have focused on general or specific aspects such as role of

Nrf2 in liver diseases (39), different cancers (40) and the function of

Nrf2 in hepatitis virus-related liver tumor (41). Therefore, in the

present review, the molecular pathogenesis of HCC, Nrf2 signaling

and its association with tumorigenesis will be discussed. Then, the

function of Nrf2 in HCC proliferation, metastasis, therapy

resistance and its regulation by therapeutic compounds are

discussed specifically in the current paper.
2 Molecular pathogenesis of
hepatocellular carcinoma

The development of hepatocarcinogenesis is a multi-stage

process that is characterized by variations in the pattern of gene

expression that are correlated with mutations in genes that are

particular to the liver. These genes, which include breast cancer 1

(BRCA1), b-catenin breast cancer 2 (BRCA2), Rb, Ras, p53, and

adenomatous polyposis coli (APC),are linked to the processes of cell

proliferation, progression through the cell cycle, apoptosis, and

metastasis (42). The activation of growth factor modulating
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signaling pathways, The development of HCC is aided by various

signaling pathways, including those that are involved in cell

differentiation (Wnt, Hedgehog, and Notch), angiogenesis

(vascular endothelial growth factor), and insulin-like growth

factor (IGF), epidermal growth factor (EGF), and hepatocyte

growth factor (HGF) (43).

HCC development has been linked to the disruption of

signaling pathways. The development of HCC is typically

associated with the dysregulation of several signaling pathways,

such as Wnt/b-catenin, Ras, p14ARF/P53, p16INK4A/Rb,

transforming growth factor-b (TGF-b), and PTEN/Akt (44). The

Wnt/b-catenin signaling system plays a role in cellular proliferation,

growth, and motility. When this route is excessively activated, it

contributes to the progression of malignancy in humans (45). Fifty

percent of HCC cases have been found to have an overactive Ras/

mitogen-activated protein kinase (MAPK) and phosphatidylinositol

3-kinase (PI3K)-Akt kinase signaling process (46). Currently, TGFb
is believed to have a substantial impact on inhibiting cellular

proliferation in the early stages and encouraging invasiveness

during the last phases of HCC development (47). In spite of this,

HCC develops when the JAK/STAT pathway is activated as a result

of STAT- stimulated STAT inhibitor 1 (SSI-1) inactivation and

subsequent activation of the pathway (48).

Recent study has shown that hepatic damage may also be

influenced by Nrf2 target genes . , inflammation, and

hepatocarcinogenesis. HCV-induced liver cancer development can

occur through the process of phosphorylation and movement of

Nrf2 into the nucleus by PI3K, casein kinase 2, and MAPK. These

enzymes control the expression of Nrf2-ARE genes by promoting

the increase of Maf proteins (49). Nevertheless, cells infected with

HBV can also stimulate an increase in the expression of the

proteasomal subunit PSMB5, which is regulated by Nrf2, and lead

to a decrease in the expression of the immunoproteasome subunit

PSMB5i (50). In line with this, Nrf2 mRNA and protein expression

was upregulated in CYP2E1-expressing HepG2 cells, and this

upregulation in turn affected the expression of other downstream

genes, including GCLC and HO-1 (51).

Cancer development may also be influenced by mutations and

epigenetic modifications. One report revealed that 30–60% of

hepatocellular carcinomas contain mutations in the telomerase

reverse transcriptase (TERT) and the telomerase RNA component

(TERC) (52). In turn, this contributes to the development of HCC;

p53 mutation or downregulation consequently stimulates aggressive

oncogenic pathways (53). Specific mutation accumulation at

position 249 in p53’s seventh exon improves the proliferation of

tumor cells and hinders cellular apoptosis. The dysregulation of

p14/ARF, DNA damage inducible protein (GADD45), and growth

arrest is associated with a high degree of chromosomal instability

caused by epigenetic modifications (54). Particular instances of

HCC are predominantly brought on by hypermethylation and

hypomethylation at specific sites. DNA methylation in particular

regions encompassing genes leads to hereditary disorder and the

suppression of suppressor genes for tumors in HCC. DNA

methyltransferases (DNMTs), GSTP1, E-Cadherin promoters, and

Ras/Raf/ERK signaling gene pathways are the primary targets of

HBV and HCV (55, 56).
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3 Nrf2 signaling

Nuclear factor erythroid 2-related factor 2 (Nrf2) plays a vital role

in protecting the body from reactive oxygen species (ROS), oxidative

stress, and inflammation (57). It controls oxidative stress by affecting

the activity of genes producing phase II response enzymes, including

heme oxygenase-1, glutathione-s-transferase, catalase, superoxide

dismutase, and NADPH quinone dehydrogenase 1 (58). The Nrf2

pathway is activated to increase and prevent stress, highlighting its

crucial function in maintaining homeostasis. The Nrf2 signaling

pathway is disrupted during the progression of tumor development

and metastasis (59). The interactions between Nrf2 and oncogenes in

tumor cells can potentially accelerate the growth of tumor cells.

Recent research has demonstrated that the mammalian hepatitis B X-

interacting protein (HBXIP) hinders the function of Keap1, hence

promoting the activation of Nrf2 signaling. This leads to a reduction

in the production of ROS in breast cancer cells. This results in

heightened proliferation and spread of cancer cells (60). Nrf2 can also

augment the metastatic potential of cancer cells by upregulating the

expression of genes implicated in cell invasion, specifically the RhoA/

ROCK pathway (61). Deubiquitinase-3 plays a crucial role in

promoting resistance to chemotherapy in cancer, particularly in

colon cancer cell lines. It achieves this by activating the Nrf2

pathway through inhibiting Keap1, resulting in the development of

chemotherapy resistance that is dependent on Nrf2 (62). The Nrf2

pathway has been discovered to function as a defensive mechanism

against the process of aging and age-related diseases (63). Protein

levels of Nrf2 are regulated by three separate routes, one of which

involves Keltch-like ECH-associated protein. The text refers to a

protein complex called Cullin 3-ring box 1, which is related with S-

phase kinase. The proteins involved are Cullin3-Rbx1/b-transducin
repeat-containing protein and synoviolin/Hrd1 (64). The proteasome

mechanism is linked to the degradation of Nrf2 under normal and

physiological circumstances.

Oxidative stress, characterized by elevated generation of ROS,

significantly contributes to the progression of various pathological

conditions, such as, but not limited to, aging, cancer, diabetes, heart

failure, atherosclerosis, PD, and acute renal injury (65–67). The

antioxidant defense mechanism is of paramount importance in

mitigating oxidative harm. However, in situations where the burden

of oxidative stress surpasses its capacity, supplementary signaling

pathways are activated to compensate and bolster the effectiveness

of this defense mechanism. One such pathway is the Nrf2 signaling

pathway, which raises the antioxidant defense system’s capacity to

counteract oxidative damage. Oxidative stress plays a pivotal role in

the development of Alzheimer’s disease (AD), and two significant

targets in this regard are the inhibition of mitochondrial membrane

potential loss and the reduction of ROS concentrations (68, 69).

Consideration may be given to targeting the Nrf2/ARE signaling

pathway as a potential treatment for PD. In contrast, cancer

treatment involves a distinct approach to modulating the Nrf2

signaling pathway, as it targets malignant cells to induce oxidative

damage that impairs their viability and migration. The eradication

of the Nrf2 signaling pathway has been linked to a reduction in

breast cancer cell viability and invasion (70). The regulation of

apoptotic cell death is substantially influenced by the Nrf2 signaling
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pathway; nuclear translocation and increased transcriptional

activity of ARE have been identified as factors contributing to a

reduction in apoptosis (71). In contrast, the protein kinase R-like

ER kinase (PERK)/Nrf2 signaling pathway upregulates endoplasmic

reticulum (ER) stress and apoptosis, thereby causing injury to

cardiomyocytes (72). The significance of regulating the Nrf2

signaling pathway in mitigating inflammation is further illustrated

by the effect of formononetin on the intensity of inflammation in

rodents that have been exposed to methotrexate (73). Furthermore,

research has provided confirmation that antioxidants that are found

naturally exert a regulatory influence on the Nrf2 signaling

pathway. The Nrf2 signaling pathway is significantly impacted by

the principal regulators of the Nrf2 pathway, including long non-

coding RNAs (lncRNAs) and microRNAs (miRs). These

phytochemicals exert their influence on these regulators (57, 74–

76). Endogenous antioxidants have the ability to influence these

mediators, hence exerting therapeutic effects. Additionally, they

possess the capacity to hinder the activation of keap1, upon which

the Nrf2 signaling pathway is conditioned. This leads to the

regulation of the movement of Nrf2 into the nucleus, as well as

the alteration of Nrf2 mRNA expression (77–80). Figure 1 provides

an overview of Nrf2 signaling.
4 Nrf2 in cancer progression

Nrf2 is a transcription factor with cytoprotective properties that

influences cancer in both a beneficial and detrimental manner (81,
Frontiers in Immunology 04
82). Nrf2 inhibits malignant transformation by protecting both

healthy and malignant cells from damage caused by free radicals;

nevertheless, it provides therapy resistance once cancer has

established itself (83). By exerting a selective influence on the

population of tumor cells, anti-cancer therapy promotes the

emergence of resistance. When it comes to chemotherapy

resistance, these consist of repairing drug-induced cell injury,

establishing an environment that inhibits drug release, and

preventing intracellular drug exposure (84). Nrf2 is an essential

factor in the development of resistance to chemotherapy as it

promotes drug metabolism and efflux (85).

Proliferative capacity and colossal growth distinguish cancer

cells from healthy cells; this is frequently observed in the presence of

Nrf2 overactivation. The antioxidant defense function,

detoxification, and other attributes of reduced GSH render it

essential for cellular proliferation (86). Numerous genes involved

in the synthesis of NADPH, the principal cofactor in GSH synthesis,

are substantially facilitated in their transcription by Nrf2

overactivation (87). The overactivation of Nrf2 in cancer cells

leads to a substantial upregulation of metabolic enzymes

including G6PD, TKT, and PGD. These metabolic enzymes,

which are widely expressed, facilitate the metabolism of glucose

and glutamine in the PPP while also enhancing the synthesis of

purines and amino acids. These processes collectively contribute to

the metabolic reprogramming required for cell proliferation (88).

Additionally, genes implicated in the metabolism of fatty acids and

other lipids are regulated by Nrf2 (89). Furthermore, Nrf2 regulates

the manifestation of microRNAs miR-1 and miR-206 in order to
FIGURE 1

The Nrf2 signaling. The inhibition of Nrf2 is observed during physiological conditions, while the presence of oxidative damage can mediate Nrf2
signaling. In the normal condition, the Keap1 binds to Nrf2 and mediates its ubiquitination to promote its degradation by proteasome. In the
oxidative damage condition, the Keap1 undergoes changes by ROS and electrophiles to improve the stability of Nrf2 for mediating its nuclear
translocation binding to the genes having ARE and subsequent changes in the antioxidant defense to reduce oxidative stress. Created with
BioRender.com.
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direct carbon flux towards PPP and the tricarboxylic acid (TCA)

cycle (90).

In addition to metabolic reprogramming, Nrf2 facilitates cell

proliferation. Activities of target proliferation-associated genes

(Bmpr1a, Igf1, Itgb2, Jag1, and Pdgfc) are intricately linked to the

regulation of the cell cycle via Nrf2 (91).The induction of G2/M

phase arrests in the absence of Nrf2 indicates that Nrf2 is an

essential regulator of the cell cycle through its control of

inhibitory cell-cycle regulators (92). The pathways in hepatocytes

that activate the phosphoinositide 3-kinase (PI3K)/protein kinase B

(AKT) signaling cascade was reduced in mice lacking Nrf2. This

finding suggests that by maintaining elevated levels of Nrf2,

anabolic efficiency can be enhanced through the phosphorylation

of the PPP, GSK3, and AKT, that sets up communication with the

PI3K/AKT pathway (88). Managing the ATP substrate availability,

promoting mitochondrial biogenesis, and removing mitochondrial

damage are additional ways in which Nrf2 contributes to healthy

mitochondrial maintenance (93). Epidermal growth factor receptor

(EGFR) signaling pathway defects and oxidation of specific

translational regulatory proteins were observed in pancreatic

cancer cells in the absence of Nrf2. This finding suggests that

Nrf2 is essential for the maintenance of cancer cells through its

modulation of mRNA translation (94).

The overexpression of Nrf2 in several malignancies has led to its

classification as a tumor gene (95, 96). Previous research has shown

that CRC is associated with abnormally active Nrf2 signaling

pathways (97, 98). On the other hand, Nrf2 expression of CRC in

vivo has been the subject of very few investigations (96). In this

respect, Lee and colleagues exhibited that the overexpression of

Nrf2 accelerates the growth of colon cancer by way of the ERK and

AKT signaling pathways (99). Western blotting analysis showed

that Nrf2 proteins were upregulated in colorectal cancer tissues and

downregulated in healthy tissues. Compared to matched normal

tissues, CRC tissues exhibited higher Nrf2 expression, as revealed by

IHC staining. By inhibiting cell viability and increasing cell death,

short interfering RNA of Nrf2 was found to suppress SW480 cell

viability. Together, these findings and the inhibition of AKT and

phosphorylated extracellular signal-regulated kinase 1/2

were observed.

The various functions of Nrf2 in the progression of cancer were

investigated utilizing Keap1 knockdown mice in a 2016 study. The

following antioxidant genes were upregulated in mice with

urethane-induced tumors of a smaller size: Glutathione reductase

(Gsr), Ppargc1A,Glutathione peroxidase 2 (Gpx2), Glutathione-S-

transferase a4 (Gsta4), and Catalase (Cat). Nevertheless, the tumors

demonstrated a greater degree of aggressiveness when transplanted

into nude rodents (100). Moreover, in cases of traditional Hodgkin

lymphoma, it was discovered that, in contrast to more severe

manifestations of the disease, a reduced prevalence of the

condition is associated with increased Nrf2 expression (101). This

means that the disease is more confined in its progression. When

Nrf2 is overexpressed in glioblastoma cells, it causes an increase in

the number of cells that proliferate and undergo oncogenic

transformation (102).

Elevated proliferation and inhibition of apoptosis are outcomes

of the Nrf2 signaling pathway in cervical cancer (103). Angiogenesis
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is facilitated by Nrf2 activation in breast cancer, which concurrently

inhibits the expression of estrogen-related receptor a and induces

upregulation of Rho and Focal adhesion kinase 1, modulator of

volume-regulated anion channel current 1, and Rho-associated

coiled-coil-containing protein kinase 1 are its downstream

proteins. Furthermore, Nrf2 promotes enhanced protein stability

by means of a direct interaction with breast cancer type 1

susceptibility protein (BRCA1). Estrogen reinstates Nrf2

activation in the absence of BRCA expression, resulting in

protection of mammary gland cells and a reduction in in vitro

ROS production (104). Through interacting with Nrf2 in the

promoter region of this gene, we can decrease the expression of

the vascular cell adhesion molecule (VCAM). Pro-oxidants 15-

lipoxygenase (15-LOX) and exogenous antioxidants phospholipid

hydroperoxide glutathione peroxidase (PHGPx) were

effective (105).

Arrest defective 1 (ARD1) mediates cell functions like

homeostasis, migration, differentiation, proliferation, and

tumorigenesis (106). Elevated expression is linked to cancer, poor

prognosis, and suppresses tumorigenesis by inhibiting mTOR

signaling, as reported in various studies (107, 108). In this regard,

Fang and colleagues demonstrated that through direct contact,

ARD1 stabilizes NRF2 and promotes the growth of colon cancer

(106). The study found that ARD1 knockdown in human colon

cancer cell lines reduced NRF2 protein levels without affecting its

mRNA expression. However, silencing NRF2 did not alter ARD1

protein expression. ARD1 overexpression increased NRF2

acetylation levels, and mutant forms of ARD1 with defective

acetyltransferase activity reduced NRF2 stability.

The growth and dissemination of cancer cells are supported by

Nrf2. An increased expression of Bcl-xL (B-cell lymphoma extra-

large) and MMP9 (matrix metallopeptidase 9) in HCC has been

found to correlate positively with the activation of the Nrf2

signaling pathway, according to research. By causing the basal

membrane to be breached, the metalloproteinase MMP-9

contributes to cancer invasion. Associated with anti-apoptotic

activity, Bcl-xL is a factor that inhibits cell death (apoptosis)

(109). Nrf2 upregulated the expression of MMP9 in glioma cells

(110). The Nrf2 signaling pathway reduced apoptosis by over

activating the anti-apoptotic protein, Bcl-2. The promoter region

of Bcl-2 contains an ARE region located on the reverse strands at

positions −3148 and −3140 (111).

Lung mucoepidermoid carcinoma with overexpressed HMOX1

was found to be linked to reduction of Cyclin D1 (CCND1) and

CCND2, two proteins involved in cell cycle progression, as well as

the activation of the transcription of Cyclin-dependent kinase

inhibitor 1C (CDKN1C) and cell-cycle arrest proteins Gastrin

(GAS). Using small interfering RNA (siRNA), the expression of

invasion promoters (MMP-9, MMP-1, and MMP-12), pro-

inflammatory cytokines (IL-6, IL-1b, and TNFa), and the pro-

angiogenic factor VEGFA was reduced by silencing the HO-1 gene

(112). The anti-inflammatory cytokineIL-11 is associated with Nrf2

overexpression, which is a noteworthy finding in breast and lung

cancer tissues. This particular interleukin belongs to the family of

IL-6 and is linked to the development of epithelial malignancies,

such as breast cancer and gastric, that are caused by the
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inflammasome (113). The Nrf2 antioxidant activity contributes to

the apoptosis of regulatory T lymphocytes (T regs), which opposes

the positive effects of PD-L1 anticancer therapy (114).

In addition to preventing cancer cell resistance to chemotherapy,

the Nrf2 signaling pathway is vital for preserving cells and tissues

against oxidative injury (115). Preventing the severe cytotoxicity that

chemotherapy agents can inflict on healthy cells is a critical aspect of

minimizing their adverse effects. In contrast, Nrf2 activation may also

result in chemoresistance by forming a barrier against cancer cell

injury (116, 117). Chemoresistance in malignancy has been linked to

Nrf2 signaling, with activation of this pathway inducing resistance to

chemotherapy. Chemoresistance is inversely proportional to the

function of Nrf2 signaling inhibition. Suppressing the production

of ROS in cancer cells, thioredoxin reductase 1 (TR1) is stimulated

subsequent to activation, thereby inducing resistance to 5-

fluorouracil (118). Chemoresistance is induced when tumor-

promoting factors such as Progestin and AdipoQ Receptor 4

impede Nrf2 degradation and increase its stability (119). It appears

that Nrf2 can promote the lineage of tumor-initiating cells, which in

turn facilitates chemoresistance (120, 121). Chemoresistance can be

achieved when Keap1 is proteasomally degraded by the p53 through

the induction of Nrf2/ARE signaling, which promotes proliferation

and inhibits apoptosis (122). Chemoresistance is induced and

glutamine metabolism increases in response to Nrf2 activation; this

is associated with a poor prognosis for cancer patients (123). Anti-

cancer chemoresistance and growth are promoted by Nrf2 activation,

whereas inhibition of its activity increases chemotherapy

sensitivity (124).

There is a close relationship between Nrf2 and the immune

microenvironment. The immune microenvironment refers to the

cellular, cytokine, and molecular signaling factors surrounding

tumors, which are crucial for regulating tumor growth, metastasis,

and treatment responses (125, 126). Nrf2 plays a significant role in

the immune microenvironment, influencing the interaction

between immune cells and tumor cells, as well as the regulation

of immune responses. Nrf2 regulates the expression of antioxidant

enzymes, thereby reducing the oxidative stress levels in the immune

microenvironment and alleviating oxidative damage to immune

cells and tumor cells (127). Additionally, Nrf2 can also inhibit the

occurrence of inflammatory reactions, thereby decreasing the levels

of inflammation in the immune microenvironment. In addition,

Nrf2 can influence the production of multiple cytokines, such as

regulating tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-

6), and others (128, 129). These cytokines play crucial roles in the

immune microenvironment, impacting the activity of immune cells

and the status of the tumor microenvironment. Moreover, the status

of the immune microenvironment directly influences the

recognition and clearance of tumor cells by immune cells.

Activation of Nrf2 may lead to immune evasion, weakening the

immune cells’ ability to attack tumors and thereby promoting

tumor development. In general, Nrf2 regulates various aspects of

the immune microenvironment, including oxidative status,

inflammation levels, and cytokine production, affecting the

interaction between immune cells and tumor cells and the

regulation of immune responses. In-depth research on the role of

Nrf2 in the immune microenvironment contributes to
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understanding the mechanisms of tumor immune evasion and

provides new targets and strategies for tumor therapy.

The function of Nrf2 in the regulation of tumorigenesis has

been more important in the recent years. Nr2 can mediate therapy

resistance in cancer, as the downregulation of Nr2 by human

papillomavirus has been shown to enhance sensitivity to

radiotherapy and chemotherapy (130). In order to increase the

potential in tumor suppression the co-application of Nr2 and GPX4

inhibitors has been suggested to exert synergistic impact in ovarian

cancer therapy (131). Notably, the induction of endoplasmic

reticulum (ER) stress has been a promising strategy in reducing

the tumorigenesis. However, SMURF1 increases KEAP1

degradation to induce Nrf2 axis for reducing ER stress (132) and

this can be further evaluated in the treatment of cancer. The

downregulation of Nr2 by brusatol has been suggested to decrease

growth and metastasis of thyroid cancer (133). The similar

approach has been also shown in colorectal tumor that

downregulation of Nr2 by triptolide can impair the growth and

metastasis (134). As another anti-cancer agent, dihydrotanshinone I

can increase Nr2 degradation by Keap1 and it impairs Nr2

phosphorylation by PKC to reduce proliferation of gallbladder

tumor (135). Furthermore, the upregulation of Nr2 and

downregulation of KEAP1 mediate the unfavorable prognosis in

breast cancer (136). The metabolism of tumor cells can be affected

by Nr2 axis. Noteworthy, B7-H3 can stimulate Akt/Nr2 axis in

enhancing glutathione metabolism, elevating stemness in gastric

tumor (137). One of the interesting points is the regulation of cell

death mechanisms by Nr2 in human cancers. Quercetin is able to

bind to SLC1A5, disrupting the nuclear transfer of Nr2 for

downregulating GPX4, causing ferroptosis in gastric tumor (138).

In line with this, CPT1B can increase Nr2 levels through KEAP1

inhibition to improve redox homeostasis and reduce ferroptosis in

pancreatic tumor, causing gemcitabine resistance (139). Isoorientin

is able to downregulate SIRT6 for suppressing Nrf2/GPX4 axis,

causing ferroptosis in lung tumor and overcoming chemoresistance

(140). The increase in stabilization of Nr2 by DPP9 can diminish

ferroptosis in accelerating sorafenib resistance in renal cancer (141).

Moreover, there is interaction between Nr2 and epigenetic factors

such as miR-34 and miR-29b-3p in the regulation of tumorigenesis

(142, 143). Furthermore, the induction of Nr2 in the tumor-

associated macrophages can induce immune resistance in cancer

(144). Therefore, increasing evidences highlight the function of Nr2

in the regulation of tumorigenesis (145–150) and therefore,

therapeutic targeting of Nr2 can reverse cancer progression.
5 Nrf2 activation
in hepatocarcinogenesis

In the last thirty years, researchers have uncovered the Janus

aspect of cellular oxidants, which possesses both beneficial and

detrimental biological effects (1, 151). Maintaining their function as

reaction substrates in metabolic processes and second mediators in

redox-sensitive signal transduction pathways, cells are in a constant

state of effort to prevent oxidative stress (151, 152). This includes

autophagy, which may have multiple or dual functions in cancer
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metabolism. The Keap1-Nrf2 pathway serves as a vital cellular

detector for electrophilic substances, stimulating adaptive gene

responses to safeguard cells against ROS and oxidative stress. This

system helps maintain redox homeostasis and signaling functions

(153–156). The integrity of the liver is essential for optimum liver

function, as it plays a critical role in protecting cells (157). Nrf2, a

vital gene in the CNC-basic region leucine zipper family, is

downregulated by the interaction protein Keap1, an adaptor of

the Cul3-ubiquitin E3 ligase complex. This complex is responsible

for the degradation of Nrf2 in cells that are not stimulated or in a

resting state (158, 159).

When there are high levels of ROS/NOS/electrophiles, Nrf2

becomes stable and builds up in the cytosol because Keap1 is

deactivated. It then moves into the nucleus and helps activate

gene transcription by forming a complex with small Maf proteins

(sMaf) and binding to specific sequences (ARE/ERE) in the genes

responsible for producing proteins that balance redox, detoxify,

transport drugs, regulate metabolism, and aid in b-oxidation (160,

161). Modulating the amounts of Nrf2 protein can either enhance

or safeguard cells against oxidative stress-induced cell death.

Nevertheless, the involvement of Nrf2 in the regulation of

homeostatic response and the development of human diseases

seems to be more intricate than initially anticipated. The

stimulation of the Nrf2 pathway in cells and tissues has been

found to have a U-shaped effect. Due to its impact on several

metabolic pathways, it is challenging to determine a specific role for

this transcription factor in physiological and pathological responses

(154). Excessive Nrf2 activity can harm cells and tissues, resulting in

situations of allostatic stress and poor cellular metabolism. These

adverse consequences can contribute to the development of

degenerative lesions and rapid aging of tissues, which are

commonly seen in advanced chronic conditions such as diabetes,

chronic kidney disease, and metastasized cancer.

Several ways have been devised to specifically enhance the

beneficial benefits of Nrf2 transcriptional activity in the field of

anti-aging therapy, while preventing any drawbacks that may arise

from excessive stimulation. These tactics involve examining the

impact of transcription on genes related to cytoprotection and

detoxification, namely those regulated by Nrf2. Additionally, they

explore the potential chemopreventive effects of various natural and

synthetic substances, such as dietary antioxidants, plant phenolics,

triterpenoids, and selenium compounds (154, 162–164). On the

contrary, the expression of Nrf2-dependent genes involved in

chemoprevention and cytoprotection may play a role in the

development of chronic and age-related diseases, such as liver

disorders and different types of human malignancies (154, 155,

165, 166). Research indicates that mutations in the Keap1/Nrf2

pathway or imbalanced regulation of this system contribute to the

development of tumors in people and facilitate the advancement of

cancer by continuously activating Nrf2 and altering cell metabolism

(83). Reducing the expression of Nrf2 makes cancer cells more

susceptible to oxidative stress and chemotherapy (167).

The presence of Nrf2 mutations can cause hepatocarcinogenesis

(168, 169). As ubiquitin E3 ligase, TRIM21 has been shown to

increase KEAP1 suppression by p62 in increasing Nrf2 levels to
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support against cell death and ROS, enhancing hepatocarcinogenesis

(170). During HCC development, the nuclear transfer and

localization of Nrf2, MAF and KEAP1 increase. Moreover, co-

localization of Nrf2 and KEAP1 is high in the cell nuclei of HCC

neoplastic nodules (171).

Nrf2 has a significant impact on the development of liver cancer,

as shown in experiments on rats that have been genetically altered to

study drug toxicity. A study found that animals with a genetic

modification that inhibits the Nrf2 protein were more prone to

liver blood vessel changes, resulting in a reduction in drug-induced

liver damage (172). An alternative manifestation of Cyp2e1 protein

was detected in Nrf2−/− animals, resulting in vascular alterations and

reduced hepatotoxicity of acetaminophen (1). The modification of

the Keap1 gene has been employed to induce chronic activation of

Nrf2 and enhance the susceptibility to developing HCC in mice

treated with carcinogenic chemicals. The genetic removal of this Nrf2

inhibitory protein disrupts the process that protects hepatocytes from

drug-induced toxicity and impairs cell viability by interfering with the

cell’s ability to eliminate protein aggregates (173). In a recent study

conducted by Ngo and his colleagues, it was found that overactivation

of Nrf2 is necessary for the progression of HCC produced by

diethylnitrosamine (DEN) in mice. The increased activity of Nrf2

in the tumor was due to changes in its ability to bind to the natural

inhibitor Keap1 (169). These investigations emphasize the intricate

significance of Nrf2 activation in the development of liver cancer and

identify a significant role of Keap1 in this process. The Nrf2-Keap1

pathway plays a significant role in HCC by activating genes that

control several aspects of liver function. This suggests potential

chances for creating ways to prevent and treat HCC using

chemicals (1).
6 Nrf2 in hepatocellular carcinoma
proliferation and metastasis

Respiratory oxidative stress (ROS) caused by endogenous

metabolites or pollutants may cause mutations in important

genes. Unusual activation of Nrf2 may result from somatic

mutations that disrupt the binding between Keap1 and Nrf2 or

Keap1 and Nrf2 (36). Driver mutations can promote cancer by

providing a selective growth advantage. Thirty candidate driver

genes were identified in 503 genomes of liver cancer (174, 175). In

HCC, Nrf2 mutations occur more frequently (5.1%) than Keap1

mutations (3.2%) (176). As evidenced by the presence of Keap1 and

Nrf2 mutations in the advanced stages of human liver

carcinogenesis, HCC develops belatedly (177). On the contrary,

Nrf2 mutations manifest themselves early on in the resistant

hepatocyte model, ultimately resulting in the development of

cancer (168). The majority of mutations observed in HCC-

associated Nrf2 occur in the high affinity ETGE motif and the

low affinity DLG motif (168, 178). On the other hand, changes to

the DLG motif can stimulate Nrf2 activation. Keap1 mutations

resulting in function loss result in the sustained activation of Nrf2.

According to data from next-generation sequencing, 6% of HCC are

the outcome of oxidative stress brought on by ROS or mutations.
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The nuclear translocation of Nrf2 is enhanced when Keap1 and

Nrf2 are dissociated by oxidative stress; this process regulates the

expression of antioxidant genes (179).

There exists a correlation between Nrf2 expression and both

cellular survival and clinicopathological factors in HCC (109). The

correlation between increased Nrf2 expression and tumor size,

metastasis, and differentiation was observed in HCC. The

invasion and proliferation of HCC cells were further confirmed

by the presence of matrixmetallaproteinase-9, and Bcl-xL in

addition to Nrf2 expression. Therefore, Nrf2 expression may

serve as a self-referential indicator in the context of HCC. An

intriguing finding was reported regarding Hepa-1 and HepG2 cells,

in which Bcl-xL expression was mediated by Nrf2 via AREs located

in the Bcl-xL promoter area (180). The induction of Bcl-xL

expression by Nrf2 in both cell lines facilitated drug resistance

and survival while inhibiting apoptosis. Evidence of 8-

hydroxyguanosine (8-OHdG) damage and elevated Nrf2

expression were identified in patients with HCC (181). This

elevated 8-OHdG concentration was uncovered to be linked with

poor survival. Comparable observations were also detected in

HepG2 cells subsequent to H2O2 exposure.

In their investigation, Xi and colleagues illustrated that Nrf2

promotes the development of HCC by means of metabolic and

epigenetic regulatory networks mediated by acetyl-CoA (182). The

study reveals that Nrf2 ablation in a mouse model of HCC disrupts

multiple metabolic pathways, reducing acetyl-CoA generation and

suppressing histone acetylation in tumors but not in normal tissue.

This results in a low glucose-dependent regulatory function of Nrf2,

which is demolished under energy refeeding. The findings suggest

that Nrf2’s role in acetyl-CoA generation and its antioxidative stress

response is crucial for HCC progression.

Moreover, chronic exposure to the non-genotoxic

hepatocarcinogens piperonyl butoxide (PBO) and pentachlorophenol

(PCP) induced oxidative stress in Nrf2-deficient mice (183). Oxidative

stress has the potential to promote the growth and advancement of

preneoplastic lesions into malignant neoplasms. This finding suggests

that dysregulation of Nrf2 raises the susceptibility to carcinogenesis

induced by environmentally benign carcinogens lacking genotoxicity.

In another investigation, Liu and colleagues demonstrated that

by focusing on the Keap1-Nrf2 pathway, TRIM25 enhances

hepatocellular carcinoma cell survival and proliferation (184).

TRIM25 is induced by ER stress, promoting oxidative stress, ER-

associated degradation, and reducing IRE1 signaling. Depletion

leads to ER stress and tumor cell growth. TRIM25 targets Keap1,

activating Nrf2, bolstering anti-oxidant defense and cell survival.

High TRIM25 expression correlates with poor patient survival in

HCC, and positively with Nrf2 expression.

Further, miR-200a expands HCC cell proliferation via targeting

the Nrf2 pathway’s Keap1. When miR-200a mimics are transfected

into HepG2 and FaO and RH HCC cells from rats, it prevents the

expression of Keap1 (185). Elevated cell proliferation may be a

result of Nrf2 upregulating its own target genes when miR-200a

downregulates Keap1. Additionally, Yang and colleagues illustrated

that in order to impede the advancement of HCC, the phytollin I

induced ferroptosis by stimulating mitochondrial dysfunction via

the Nrf2/HO-1/GPX4 axis (186). Based on consequences, PPI
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inhibited HCC cell proliferation, invasion, and metastasis by

increasing reactive oxygen species, promoting Fe2+ accumulation,

depleting GSH, and suppressing xCT and GPX4 expression. This

induction was linked to PPI binding to Nrf2, HO-1, and GPX4

proteins, modulating the Nrf2/HO-1/GPX4 antioxidant axis. PPI

also caused mitochondrial structural damage and decreased MMP.

In vivo, PPI inhibited Nrf2/HO-1/GPX4 axis-induced ferroptosis,

similar to sorafenib’s effects.

Hepatocyte transformation of HCC progenitor cells can occur as

a consequence of cellular oxidative stress induced by the

accumulation of ROS in hepatocytes exposed to chemical

carcinogens (187). Protection is provided throughout this process

by a brief activation of Nrf2.; conversely, an ongoing Nrf2 activation

can facilitate the progression of cancer. The maintenance of Nrf2

activation By activating Nrf2 with antioxidants, carcinogenesis will be

accelerated. Inhibitors of Nrf2, which have the potential to impede

the advancement of chronic liver injury to hepatocellular carcinoma,

thus constitute a potentially fruitful therapeutic approach.

Another study conducted by Zheng and colleagues revealed that

in HCC, pseudohypoxia is caused by overactive NRF2 through the

stabilization of HIF-1a (188). The study found that protein

expression of NRF2 was unaffected by inhibiting HIF-1a in

HepG2 human hepatoma cel ls . However, the nuclear

accumulation of HIF-1a was decreased without any change in its

mRNA expression when NRF2 was knocked down. In the case of

hepatocarcinogenesis induced by diethylnitrosamine, NRF2

expression was elevated and upregulated, in contrast to mice

deficient in Nrf2. NRF2 and HIF-1a were physically interacted

with, and their upregulation was discovered in tumor samples taken

from patients with HCC.

STC2 has been shown to function as biomarker in HCC and is

upregulated in this tumor. Notably, the expression of STC2

decreases in Nrf2-deficient cells (189), highlighting the function

of Nrf2 as biomarker. Nrf2 can participate in controlling the

metastasis of HCC cells through induction of EMT (190). Briefly,

EMT is characterized with N-cadherin and vimentin upregulation,

and E-cadherin downregulation. The stimulation of EMT

accelerates cancer metastasis and mediates chemoresistance (191,

192). NOP16 stimulates EMT to enhance HCC metastasis, while it

knockdown induces KEAP1/Nrf2 axis in metastasis suppression

(190). Moreover, the inhibition of ROS/Nrf2/Notch axis by

phellodendronoside A has been suggested to accelerate apoptosis

in HCC (193). One of the mechanisms in improving tumorigenesis

of HCC by Nrf2 is maybe related to impairing the function of

immune system. Notably, mutation of Nrf2 can downregulate

STING to promote immune escape in HCC (194). In the recent

years, immune evasion has been obvious in cancers and

nanoparticles have been suggested in cancer immunotherapy

(195). Therefore, the role of Nrf2 in immune evasion of HCC and

its regulation by nanoparticles in HCC therapy should be further

highlighted. Another part is also related to increase in the stemness

of HCC cells. Noteworthy, fine particulate matter (PM2.5) has been

suggested to induce ROS/Nrf2/Keap1 axis for triggering autophagy

in enhancing HCC progression and stem cell-like features (196).

Moreover, the expression of CDKN1A in the liver is enhanced

in patients with SOCS1 deficiency, who are more likely to develop
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HCC. Severity of disease is associated with high CDKN1A

expression in several malignancies. In this regard Ilangumaran

and co-workers exhibited that hepatocellular carcinoma advances

in SOCS1 deficiency through SOCS3-Dependent CDKN1A

induction and NRF2 activation (Figure 2) (197).

The study shows liver cells lacking SOCS1 increase SOCS3

expression, which in turn promotes p53 activation and Cdkn1a

induction. This causes SOCS1-deficient livers to experience an

increase in the induction of NRF2 and its target genes after DEN

therapy. The growth of DEN-induced hepatocarcinogenesis is

reduced in SOCS1-deficient animals when they lose SOCS3, but

tumor incidence is unaffected. Patients with HCC who do not have

enough SOCS1 but have high levels of SOCS3 may benefit from

targeting the NRF2 pathway. Kudo and collaborators revealed that

the progression of liver cancer is accelerated by autophagy,

oxidative phosphorylation, and NRF2 when PKCl/i is lost (198).
The study found that oxidative phosphorylation and autophagy are

caused by the inactivation of protein kinase C (PKC) l/z in

hepatocytes., cause reactive oxygen species (ROS) production and,

via both cell-autonomous and non-autonomous pathways, propel

hepatocellular carcinoma (HCC). Levels of PKCl/i have been found
to have a negative correlation with the histological tumor grade of

HCC, confirming its role as a tumor suppressor in liver cancer.

Figure 3 shows the function of Nrf2 in the progression of HCC.

7 Nrf2 in hepatocellular carcinoma
drug resistance and its modulation by
therapeutic compounds

Resistance to chemotherapy is a common risk in the treatment of

HCC. Chemoresizable HCC cells may be sensitized by

phytochemicals and molecules. Apigenin (4′,5,7-trihydroxyflavone)
is an inherent bioflavonoid with demonstrated efficacy in combating

a wide range of malignancies. Apigenin was found to increase the

delicate nature of doxorubicin-resistant HCC (BEL-7402/ADM) at

concentrations that were noninvasive (23). The amount of

adriamycin (ADM) within the cells was elevated in BEL-7402/

ADM cells, apigenin induced an increase in cytotoxicity. By

activating Nrf2, the PI3K/Akt pathway confers chemoresistance to

cancer cells. Apigenin functions as a potent adjuvant sensitizer in

conjunction with ADM by impeding the PI3K/Akt and its

subsequent Nrf2 pathways. Consequently, this induces ADM

sensitization in the BEL-7402/ADM cells. Chrysin (5,7-

dihydroxyflavone), an additional naturally occurring flavonoid,

induces doxorubicin sensitivity in ADM-resistant BEL-7402/ADM

cells by inhibiting the PI3K-Akt and ERK pathways (199). By

ultimately preventing these pathways, Nrf2 expression is

suppressed and medication-resistant characteristic in BEL-7402/

ADM cells.

Moreover, Elkateb and colleagues demonstrated that

Camptothecin enhances the sensitivity of Hepatocellular

carcinoma cells undergo sorafenib-induced ferroptosis through

the suppression of Nrf2 (200). The study found that sorafenib

and CPT have a strong synergy, enhancing lipid peroxidation and

iron levels while reducing total antioxidant capacity and enzyme
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activity. It also decreases the expression of Nrf2 and SLC7A11,

which is crucial for decreasing HCC cell resistance to sorafenib.

Inhibiting Nrf2 with CPT enhances sorafenib sensitivity and

resistance by promoting the ferroptosis mechanism of action,

thereby decreasing resistance.

Furthermore, the main medicine licensed by the food and

medication delivery system for epilepsy is valproic acid (VPA), a

short-chain branching fatty acid and an inhibitor of histone

deacetylase (201, 202). The proton beam caused apoptosis in

Hep3B cells due to the ROS and DNA damage received by VPA.

When combined with proton beam irradiation, VPA produces a

synergistic effect (203). Hep3B cells and xenograft models of Hep3B

tumors both exhibited downregulated Nrf2 expression. By focusing

on the Nrf2 signaling pathway, VPA serves as a radiosensitizer in

HCC. Researchers found that phytochemicals and other

compounds may be able to sensitize chemoresistant HCC by

inhibiting Nrf2. The sensitivity of HCC cells to ferroptosis can be

enhanced through regulation of Nrf2. Camptothecin downregulates

Nrf2 top enhance sorafenib-mediated ferroptosis in HCC

therapy (200).

Furthermore, the expression of miR-141 confers HCC with

resistance against 5-fluorouracil (5-FU). 5-FU triggers apoptosis in

cancer cells by reducing the levels of antioxidants, making it an

effective chemotherapeutic agent for treating many types of

malignancies (204). The resistance is caused by an upregulation of

miR-141 expression. It was found that HuH7/5-FU cells, SMMC-

7721/5-FU, and HepG2/5-FU had greater expression of miR-141

compared to their original counterparts (205). miR-141 suppressed

the process of programmed cell death caused by 5-FU in HCC. miR-

141 specifically binds to the 3′-UTR of Keap1 mRNA, resulting in a

reduction in the amounts of both Keap1 mRNA and protein. MiR-

141 downregulates Keap1 expression, leading to the activation of the

Nrf2 pathway, which ultimately results in HCC being resistant to 5-

FU. In addition, Zhou and colleagues represented that miR-144

targets the Nrf2-dependent antioxidant system, which

hepatocellular carcinoma cell lines use to regain chemoresistance

(21). The study discovered that miR-144 was markedly down-

regulated in Bel-7402/5-FU cells when compared to parental Bel-

7402 cells, and it was also dramatically lowered in HCC cell lines.

Enhanced cytotoxicity and cell death in 5-FU-induced cells were

associated with this Nrf2 down-regulation. MiR-144 lowered Nrf2

levels, hindered the transcription of the Nrf2-dependent HO-1 gene,

and accelerated nuclear factor erythroid-2-related factor-2 mRNA

degradation, all of which contributed to 5-FU sensibilization. Re-

expressing Nrf2 reduced the chemosensibilization effect of miR-144

to a lesser extent.

In addition, many fruits and herbs contain (UA, the

triterpenoid is a lipophilic pentacyclic compound that gives

apples and other fruits a smooth waxy appearance (206). With

regard to HepG2/DDP cells that have developed resistance to

cisplatin, UA reversed the resistance to cisplatin (22). One main

way UA works is by blocking Nrf2 signaling. Therefore, UA can be

used to treat cisplatin-resistant chemoresistant HCC by acting as a

natural adjuvant sensitizer. Besides, Nrf2 plays a crucial role in

regulating glucose metabolism, This is crucial for the development

of tumors (207). It is activated by a redox-dependent mechanism
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FIGURE 2

The upregulation of Nrf2 can occur upon the loss of SOCS1. (A, B) Induction of the Nfe2l2 gene (A) and NRF2 protein (B) in the liver tissues of mice
lacking SOCS1, SOCS3, or both in hepatocytes 48 hours after DEN treatment. Cumulative data from 3–8 mice per group are shown in (A). For (B),
representative data from more than two experiments are shown. (C) Induction of NRF2 target genes in mice lacking SOCS1, SOCS3, or both in
hepatocytes 48 hours after DEN treatment (n = 3–8 mice per group). (D) Expression of Cdkn1a, Nfe2l2, and NRF2 target genes in microscopically
dissected DEN-induced HCC tumor nodules resected from the indicated genotypes of mice (n = 5–8 mice per group). (E) DEN-induced Nfe2l2 and
NRF2 target gene expression in SOCS1-deficient mice lacking CDKN1A. Gene expression data for Socs1^fl/fl and Socs1^fl/flAlb-Cre are duplicated
from (A, C) for comparison. (F) Immunoblot analysis of NRF2, p21, and actin in the livers of DEN-treated mice of the indicated genotypes (n > 3). (G)
4-HNE staining for lipid peroxidation in DEN-treated mice livers (40× magnification). Representative images from more than 3–4 mice per group are
shown. (H) Quantification of 4-HNE staining from 3–4 mice per group. Reprinted from MDPI (197). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
n.s, Not significant.
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that inhibits miR-1 and miR-206 expression. In addition, epigenetic

processes like acetylation and DNA methylation control their

expression. In tumors, persistent Nrf2 activation inhibits HDAC4

activation, attenuating the expression of miR-1 and miR-206. This

attenuation targets the pentose phosphate pathway genes,

regulating glucose metabolism and ultimately leading to tumor

growth progression (90, 208). Moreover, the multi-kinase inhibitor

sorafenib, better known by its brand name Nexavar, is an effective

anti-cancer medication, especially in cases of advanced HCC (209).

Sorafenib stops the invasion and proliferation of cells. One major

issue with HCC is the development of chemoresistance to 5-FU. As

a result of suppressing Nrf2, sorafenib reduces 5-FU resistance in

BEL-7402/5-FU cells (210). This proposes that sorafenib may have

potential as a Nrf2 inhibitor for HCC.

A significant component of herbal tea, 2′,4′-Dihydroxy-6′-
methoxy-3′,5′-dimethylchalcone (DMC) is a chalcone chemical

discovered in the buds of Cleistocalyx operculatus (211). DMC

has been shown to have hepatoprotective effects in mice (212), and

anti-tumor activity in SMMC7721 HCC cells (213). In BEL-7402/5-

FU cells, by decreasing intracellular GST activity and GSH

concentration, DMC was discovered to block medication efflux

(214). Furthermore, DMC acts as a Nrf2 inhibitor, suppressing the

expression of Nrf2 and subsequently downregulating the expression

of glutamate-cysteine ligase catalytic subunit (GCLC) and

glutamate-cysteine ligase modifier subunit (GCLM).

This pigment is a natural anthocyanidin that is polyphenolic.,

pelargonidin can be found in high concentrations in radishes and

berries (215). A decrease in citrinin-induced cytotoxicity in HepG2

cells was seen after pre-treatment with pelargonidin chloride (PC).
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Through the activation of the Keap1-Nrf2 pathway, PC was found

to increase the number of detoxification enzymes as well as their

activity, as revealed by mechanistic insights. Moreover, the

compound known as rebaudioside (13-[(2-O-b-d-glucopyranosyl-
3-O-b-d-glucopyranosyl-b-d-gluco pyra nosyl) hydroxide])The

steviol diterpene glycosidic component known as kaur-16-en-18-

oic acid b-d-glucopyranosyl ester is extracted from the leaves of

Stevia rebaudiana Bertoni (216). Rebaudioside, often known as Reb

A, is a natural sweetener that has a sweetness that is between 250

and 450 times higher than that of sucrose. It is utilized as a sugar

substitute that does not include calories in a number of nations

(217). In a recent review, number of toxicological and

pharmacological findings of Reb A were examined (218). Reb A

was found to exhibit antioxidant action in HepG2 cells, where it was

able to mitigate the oxidative damage caused by carbon

tetrachloride (CCl4) (219). The activation of Nrf2 that was

induced by Reb A was observed in HepG2 cells that had been

treated with CCl4. HO-1 and NQO1 expression, followed by Nrf2

activation were responsible for the recovery of oxidative damage. It

was through the increase of JNK, ERK, MAPK, and PKCe signaling
that this boost of Nrf2 activation took place.

Crotonaldehyde, an exceptionally reactive a, b-unsaturated
aldehyde, is a prevalent component in cigarette smoke, as well as

in meat, vegetables, bread, cheese, and fruits (220). Crotonaldehyde

induced HO-1 expression in HepG2 cells via the translocation and

activation of Nrf2 into the nucleus (221). The Nrf2 pathway was

finally instigated through the p38 mitogen-activated protein kinase

pathway and protein kinase C induced by crotonaldehyde. As the

principal participant in the crotonaldehyde-induced survival
FIGURE 3

Nrf2 function in hepatocellular carcinoma progression. The presence of mutations in DLG motif and Keap1 can induce Nrf2 that through acetyl-
CoA, it can mediate metabolic and epigenetic alterations to enhance cancer progression. Moreover, miR-200c downregulates Keap1 to upregulate
Nrf2 in tumorigenesis. Phytollin I stimulates ferroptosis through suppression of Nrf2/HO-1/GPX4 axis. The upregulation of HIF by Nrf2 can accelerate
carcinogenesis. Created with BioRender.com.
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pathway of HepG2 cells to resist apoptosis, HO-1 may represent a

therapeutic target in crotonaldehyde-induced resistance to tumors.

The lignan tigloylgomisin H (TGH) is extracted from Schisandra

chinensis fruit. is an additional botanical product that has been

illustrated to have the capability of activating and translocating Nrf2

into the nucleus (222). In Hepa1c1c7 and BPrc1 cell lines, TGH

triggered a phase II detoxifying enzyme, NQO1. Thus, TGH may

function as a prospective preventive agent against HCC.

The fruit of the Punica granatum pomegranate is considered a

superfruit due to its substantial content of polyphenolic compounds

and powerful antioxidant attributes (223). In rodents, The

antioxidant effects of pomegranate juice were found to be

systemic (224). Pomegranate emulsion (PE) inhibits DENA-

induced rodent hepatocarcinogenesis, which mimics human HCC

(225). By means of Nrf2 activation, In rats that were treated with

DENA, the PE’s active components caused the activation of

enzymes that detoxify carcinogens and antioxidants in the liver.

Protein and lipid oxidation is slowed down by PE. Hence, the

presence of active constituents in the PE may serve as preventative

agents against cancer. Camptotheca acuminata is known to yield

camptothecin, a planar pentacyclic quinolone alkaloid with

antitumor properties (226). Camptothecin functions as a DNA

topoisomerase I poison by forming a stable complex to DNA

topoisomerase type I. This complex inhibits cellular proliferation

by impeding the DNA replication reactions of cleavage and

relegation. Camptothecin has been recognized serving as an

effective inhibitor of the Nrf2 gene in recent years. Camptothecin

inhibited the expression of Nrf2 in xenograft models and advanced

liver cancer cells (HepG2 and SMMC-7221) additionally, it

sensitized the cells to a range of chemotherapeutic agents (227).

Combinatorial therapy may be expanded in malignancies with

elevated Nrf2 expression by camptothecin. All of these

phytochemicals and additional molecules have the ability to
Frontiers in Immunology 12
modulate Nrf2 activation in HCC by targeting distinct molecules.

Figure 4 shows the function of Nrf2 in cancer drug resistance and its

regulation by therapeutic compounds. Table 1 summarizes the role

of Nrf2 in the regulation of HCC progression.

8 Nrf2 in immune evasion:
implications for
hepatocellular carcinoma

Extensive research has shown that activating Nrf2 in lung

adenocarcinoma weakens the immune system’s response to

tumors and decreases chemotherapy effectiveness (250). Patients

with LOF mutations in Keap1 or activating mutations in Nrf2

typically have worse outcomes when undergoing therapy with

checkpoint inhibitors (251, 252). Similar patterns have been

observed in a broad range of cancers, according to comprehensive

cancer studies (253, 254). Notably, mutations in Keap1 are linked to

a higher tumor mutational burden and elevated PD-L1 levels, which

are often associated with better outcomes following checkpoint

inhibitor treatments (255). The mechanisms of resistance linked to

these genetic alterations are not well understood, with limited

research focusing on the immune environments of Keap1-mutant

tumors. Initial studies by Kadara and others (256) suggest that

tumors with Keap1 mutations show increased numbers of CD57+

and granzyme B+ cells around the tumor, indicating enhanced NK

cell presence. In experiments with a Keap1flox/flox; Ptenflox/flox

(K1P) mouse model, Best and associates (257) observed a decrease

in NK, B, and T cells in the lungs of mice with tumors compared to

healthy controls, alongside a reduction in the growth of CD11c+

immune populations. Nrf2 also impacts how specific immune cells

function. Kobayashi and team (258) found that Nrf2 suppresses the

production of Il6 and Il1b in M1 macrophages triggered by LPS.
FIGURE 4

The role of Nrf2 in drug resistance and its regulation by therapeutic compounds. Sorafenib downregulates Nrf2 to overcome 5-flourouracil resistance.
Moreover, camptothecin downregulates Nrf2 to increase drug sensitivity. Chrysin suppresses PI3K/Akt axis to suppress Nrf2. Created with BioRender.com.
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Similarly, Thimmulappa and team (259) discovered that peritoneal

neutrophils deficient in Nrf2 produce lower levels of IL6 and TNFa
in response to LPS. Additionally, Nrf2 affects cytokine production

within tumors. It has been shown to facilitate IL33 release, a

cytokine implicated in promoting tumor progression by

encouraging protumor macrophage buildup in skin squamous cell

carcinoma (260). Regarding Il11, research by Nishina and

colleagues (261) demonstrated that Nrf2 activation in a mouse

colorectal cell line increases Il11 transcription. Kitamura and team

(113) linked higher IL11 protein levels with Nrf2 expression in

human breast cancer and found that Keap1-null MEFs in three-

dimensional culture elevate Il11, which crucially impacts tumor

engraftment and is reduced by Il11 knockout. These findings

highlight Nrf2’s significant role in controlling cytokine levels,

which can profoundly affect cancer development. Nrf2’s role in

immune evasion in HCC primarily hinges on its capacity to

modulate the tumor microenvironment in ways that inhibit

effective immune surveillance and response. Through its

regulation of antioxidative stress responses, Nrf2 enhances the

survival and proliferation of HCC cells under oxidative stress, a

common feature of tumor environments. This not only helps tumor

cells cope with the hostile conditions but also makes them less

susceptible to immune-mediated destruction. Moreover, Nrf2

drives the expression of various cytoprotective genes that produce

enzymes and proteins to detoxify potential immune mediators such

as reactive oxygen species (ROS), which are utilized by immune

cells as part of their tumor-killing function. The result is a reduced

efficacy of immune cells like natural killer (NK) cells and cytotoxic

T lymphocytes, which rely on inducing oxidative stress in tumor

cells to promote apoptosis. In addition to direct protection against

immune cell functions, Nrf2 also influences the recruitment and

function of immunosuppressive cells within the tumor

microenvironment. It upregulates factors that attract regulatory T

cells (Tregs) and myeloid-derived suppressor cells (MDSCs), both

known for their roles in immune suppression and their ability to

promote tumor growth. Nrf2’s activation increases the levels of
TABLE 1 Evaluating the function of Nrf2 in the regulation of
HCC progression.

Molecular
pathway

Remark Reference

pSmad3C/3L
and Nrf2/
HO-1

Astragaloside IV disrupts cancer
progression through reducing fibrosis by
upregulating pSmad3C, pNrf2, HO-1, and
NQO1 and downregulating pSmad2C,
pSmad2L, pSmad3L, PAI-1, and a-SMA

(228)

FNDC5 FNDC5 stimulates PI3K/Akt/Nrf2 axis to
mediate sorafenib resistance

(229)

Nrf2 Chlorogenic Acid decreases apoptosis and
DNA damage through Nrf2 upregulation

(230)

p62-
Keap1-Nrf2

Arenobufagin mediates autophagy-
related ferroptosis

(231)

Nrf2 The SUMOylation of Nrf2 increases serine
synthesis and increases cancer progression

(232)

Nrf2/HO-1
and TGF-
b1/Smad3

Astragaloside IV disrupts metastasis
through upregulating Nrf2/pNrf2, HO-1,
pSmad3C, and p21 and downregulating
pSmad3L and c-Myc

(233)

CPLX2 CPLX2 enhances Nrf2 levels to reduce
apoptosis and ferroptosis

(234)

p62-
Keap1-Nrf2

Metformin and sorafenib combination can
downregulate Nrf2 to enhance ferroptosis

(235)

ALDH2 ALDH2 prevents immune evasion through
ROS/Nrf2-induced autophagy

(236)

Nrf2 Camptothecin downregulates Nrf2 to
suppress angiogenesis and metastasis

(237)

Nrf2/ARE Camptothecin downregulates Nrf2/ARE
axis to enhance sorafenib sensitivity

(238)

GSTZ1 Loss of GSTZ1 stimulates Nrf2 to
enhance proliferation

(239)

NRF2/SHH Enhancement in tumor-initiating cell
lineage and chemoresistance

(120)

CDCA2 CDCA2 supports against oxidative damage
through inducing BRCA1/Nrf2 axis

(240)

Nrf2 Enhancement in stemness, metastasis and
ABC transporter gene expression

(241)

Nrf2/EMT Regulation of cancer metastasis (242)

SLC27A5 Loss of SLC27A5 stimulates Nrf2/TXNRD1
axis through lipid peroxidation

(243)

Nrf2 Nrf2-siRNA can suppress HIF-1a/HSP70 to
enhance drug sensitivity

(244)

Nrf2/MAPK Oxygen therapy controls Nrf2/MAPK axis
to promote apoptosis mediated
selenium compounds

(245)

TRIM25 TRIM25 stimulates Nrf2 to enhance
survival and growth of HCC

(184)

NOX4 NOX2 upregulation increases
mitochondrial ROS levels to enhance
tumorigenesis and mediate mitophagy by
Nrf2/PINK1 axis

(246)

(Continued)
TABLE 1 Continued

Molecular
pathway

Remark Reference

Nrf2 Upregulated Nrf2 promotes HIF-1a
stability to mediate pseudohypoxia

(188)

UBR7 UBR7 impairs cancer progression through
regulation of Keap1/Nrf2/Bach1/HK2
and glycolysis

(247)

Nrf2 Nrf2 mediates metabolism of Acetyl-CoA
and promotes tumorigenesis

(182)

IGF2BP3/
NRF2

IGF2BP3 increases Nrf2 stability to
prevent ferroptosis

(248)

SOCS1 Loss of SOCS1 promotes Nrf2 levels to
mediate tumorigenesis

(197)

c-Myc c-Myc increases GOT1 and Nrf2 levels to
reduce ferroptosis

(249)
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immunosuppressive cytokines such as IL-10 and TGF-b, further
promoting an environment conducive to tumor progression and

resistance to immune checkpoint blockade therapies. This

modulation of the cytokine milieu not only hampers the cytotoxic

activity of immune effector cells but also enhances the expression of

checkpoint molecules like PD-L1 on tumor cells, strengthening

their ability to evade immune surveillance. Through these pathways,

Nrf2 contributes to a fortified barrier against immune system

attacks, enabling HCC cells to thrive and expand unchallenged by

the body’s natural defenses.

9 Nrf2 signaling in combination
cancer therapy: perspectives on
hepatocellular carcinoma

Regarding the aggressive behavior of HCC cells, various studies

have focused on the introduction of multiple strategies in HCC

therapy. Radiotherapy has been used significantly for the treatment

of HCC. However, different studies have shown the radioresistance

in HCC. UBET2 and its interaction with H2AX can increase CHK1

levels to mediate radioresistance in HCC (262). Moreover, increase

in DNA repair mediated by TKT/PARP1 axis can mediate

radioresistance in HCC (263). The c-Myc (264), RNF6 (265) and

NEAT1 (266, 267) are other factors capable of regulating

radioresistance in HCC. On the other hand, the increasing

evidences have shown the capacity of Nrf2 in the induction of

radioresistance in human cancers (268–270). Regarding this, it is

suggested that future studies focus on the application of Nrf2

inhibitors along with radiotherapy to exert synergistic impact in

HCC therapy and promote radiosensitivity. On the other hand,

chemoresistance also commonly occurs in HCC (271–273). The

upregulation of lncRNA SNHG16 in HCC can impair the growth

and drug resistance through sponging miR-93 (274). Moreover,

CMTM6 reduces the p21 ubiquitination to disrupt the proliferation

and overcome chemoresistance in HCC (275). The studies have

demonstrated the potential of Nrf2 in the regulation of

chemoresistance discussed in previous section and therefore, the

application of Nrf2 inhibitors along with chemotherapy agents can

improve the efficacy in HCC elimination. Immunotherapy is

another therapeutic strategy for HCC that has been compromised

by the emergence of immune evasion. HERC2-mediated STAT3

upregulation (276), PRDM1/BLIMP1 (277), DGKG (278) and

circulating tumor cells (279) are among the major factors

contributing to the immune evasion. The mitochondrial TSPO

reduces ferroptosis and enhances immune evasion in HCC

through enhancing Nrf2 levels (280). According to this, the co-

application of Nrf2 inhibitors and immunotherapy can impair

immune evasion and promote immune reactions.
10 Dual function of Nrf2: perspectives
in hepatocellular carcinoma therapy

Nrf2 is a transcription factor that plays a pivotal role in cellular

defense against oxidative stress and toxin-induced damage by
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regulating the expression of antioxidant proteins that protect

against oxidative damage triggered by injury and inflammation.

In the context of HCC, Nrf2’s role is complex, exhibiting both anti-

cancer and pro-carcinogenic activities, which hinge on the balance

of cellular contexts and disease stages. In its anti-cancer role, Nrf2

contributes to hepatocyte protection by enhancing the cellular

antioxidant capacity. Under normal physiological conditions,

Nrf2 is kept in the cytoplasm by Kelch-like ECH-associated

protein 1 (Keap1) and targeted for ubiquitination and

proteasomal degradation. However, in response to oxidative

stress, Nrf2 dissociates from Keap1, translocates to the nucleus,

and binds to antioxidant response elements (ARE) in the DNA.

This binding induces the transcription of various detoxifying and

antioxidant enzymes, such as glutathione S-transferase, heme

oxygenase-1, and NAD(P)H quinone oxidoreductase 1. By

elevating the levels of these molecules, Nrf2 helps mitigate the

effects of oxidative stress and decreases the risk of mutations and

other oncogenic processes, thus providing a protective mechanism

against the initiation of cancer, including HCC. Conversely, the

carcinogenic role of Nrf2 in HCC is linked to its ability to promote

cancer cell survival under oxidative stress conditions, which are

common in tumor microenvironments. When Nrf2 activity

becomes constitutively upregulated, often through mutations in

the Keap1 gene or through the gain-of-function mutations within

Nrf2 itself, it can lead to an abnormal accumulation of Nrf2 in the

nucleus. This results in the persistent activation of target genes that

not only protect against oxidative stress but also promote cell

proliferation and tumor progression. The sustained high levels of

antioxidants and detoxifying enzymes can provide cancer cells with

a growth advantage and resistance to chemotherapeutic agents,

ultimately supporting tumor growth and contributing to poor

prognosis in HCC patients. Furthermore, the interplay between

Nrf2 and other molecular pathways exacerbates its carcinogenic

potential. Studies have shown that Nrf2 can interact with pathways

that regulate cell proliferation and apoptosis, such as the PI3K/Akt

pathway, thereby enhancing cancer cell growth and survival. Nrf2’s

upregulation has been associated with increased expression of anti-

apoptotic proteins and downregulation of pro-apoptotic proteins,

tilting the balance towards cell survival. Moreover, Nrf2 can induce

the expression of metabolic enzymes and transporters that

contribute to the efflux and decreased effectiveness of

chemotherapeutic drugs, fostering chemoresistance in HCC cells.

This aspect of Nrf2’s function is particularly detrimental, as it not

only facilitates tumor progression by protecting malignant cells

from oxidative damage but also enables these cells to evade the

cytotoxic effects of treatment, posing significant challenges for the

management of HCC.
11 Conclusion

Inhibitors of Nrf2 in conjunction with standard anti-neoplastic

treatments may represent a viable strategy for combating HCC.

Nrf2 facilitates the development and formation of multidrug

resistance (MDR) mechanisms in cancer cells, such as MRP

family members, detoxifying enzymes, anti-oxidative stress genes,
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and enhanced anti-apoptosis capabilities. The complexity of target

genes and regulation mechanisms, the lack of fully illuminated

cross-talk between the Nrf2/ARE signaling pathway and other

signal conduction pathways, and the inadequately understood

roles of Nrf2 and Keap1 in vivo are a few of the obstacles that

must be surmounted. Furthermore, there is an absence of

documentation regarding the utilization of Nrf2 inhibitors as

adjuvant sensitizers in clinical trials. HCC is primarily

characterized by increased expression of Nrf2, which is the key

factor in HCC. Vascularization, drug resistance, and cellular

proliferation are all outcomes of aberrant Nrf2 signaling. By

modulating Nrf2 expression, natural phytochemicals can reverse

chemotherapeutic resistance in HCCs and induce anticancer effects.

Therapeutic opportunities against HCCmay be created by targeting

miRs with miRs. As prospective treatments for HCC, cancer

pharmacologists are actively engaged in the identification of

potent and safe Nrf2 inhibitors. Additionally, We need more

studies and molecular profiling to understand how Keap1 and

Nrf2 regulate epigenetics in HCC.

The dual function of Nrf2 between HCC and normal liver

tissues has provided a challenge for the development of therapeutics

affecting Nrf2 in HCC, while maintaining its protective function in

liver tissue. In respect to this, a number of factors should be

considered during the development of Nrf2 inhibitors. It is

essential to understand the differential pathways and context-

specific activation of Nrf2. The induction of Nrf2 in the liver

tissues is mainly based on oxidative damage to increase

antioxidant defense system. However, Nrf2 mutation or KEAP1

downregulation in HCC can enhance the tumorigenesis and drug

resistance along with immune evasion. Therefore, the specific Nrf2

inhibitors should be developed based on preserving the protective

function of Nrf2 in the liver tissues, while minimizing its impact in

HCC cells. Moreover, there should be some comprehensive studies

evaluating the specific structural differences and molecular

alterations of Nrf2 in the liver tissue and HCC. The application of

high-throughput screening of the small molecules and

computational drug design can be beneficial in the selective

targeting of Nrf2 mutant or disrupting the Nrf2 and KEAP1

complex in HCC. The combination therapy is also suggested in

this case that Nrf2 and other pathways responsible for HCC survival

are targeted not in normal hepatocytes. In this case, the Nrf2

inhibitors can be used along with factors affecting HCC survival

to finally improve the selectivity and therapeutic index in HCC

elimination. In order to provide a milestone in the regulation of

Nrf2, it is suggested to utilize RNAi and CRISPR technologies to

specifically target Nrf2 mutants in HCC therapy lacking impact on

normal hepatocytes. An approach that has been ignored is the

application of nanoparticles. In the recent years, nanoparticles have

been considered as potent regulators of Nrf2 in disease therapy

(281–284). Therefore, an idea can be the development of stimuli-

responsive nanoparticles capable of releasing Nrf2 inhibitors in

response to changes in the tumor microenvironment to provide

specific delivery to HCC cells not hepatocytes.

Nrf2 plays a critical role in developing chemoresistance in HCC.

It enhances the expression of genes that help detoxify harmful
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substances and expel drugs from the cells, thus reducing their

efficacy. The activation of the Nrf2/ARE pathway increases the

expression of antioxidant proteins that protect cancer cells from the

oxidative stress induced by chemotherapy, thereby promoting

survival and proliferation. Nrf2 impacts several key signaling

pathways associated with cell survival, proliferation, and

metastasis. It interacts with pathways like PI3K/Akt, which are

crucial for cell survival and growth. By modulating these pathways,

Nrf2 helps in maintaining a pro-survival environment in HCC cells.

Moreover, Nrf2’s interaction with other molecules such as Keap1

also modulates its activity and stability, further influencing cancer

progression and resistance mechanisms. The sustained activation of

Nrf2 not only protects cells from oxidative damage but also

promotes oncogenic activities by supporting rapid cell growth

and inhibiting apoptosis. This dual role of Nrf2, especially its

ability to enhance the survival of transformed cells in the hypoxic

and oxidative stress-rich environment of tumors, contributes to the

aggressiveness of HCC. Nrf2 also plays a role in immune evasion by

modulating the immune microenvironment of HCC. It affects the

expression of cytokines and other mediators that can alter immune

surveillance, thus facilitating tumor growth and progression by

dampening the immune response.

The clinical applications of targeting Nrf2 in HCC involve

exploring its dual roles in cancer cell metabolism, oxidative stress

response, and drug resistance. Nrf2 helps cells cope with oxidative

stress by upregulating AREs, which can be beneficial in normal cells

but problematic in cancer cells where it promotes survival and

growth. Inhibiting Nrf2 in HCC could reduce the cancer cells’

ability to resist oxidative stress induced by cellular metabolism or

therapeutic interventions. Nrf2 contributes to chemoresistance in

HCC by enhancing the expression of detoxifying enzymes and

drug efflux pumps. Inhibitors of Nrf2 or disruption of its

signaling pathway could potentially enhance the efficacy of

chemotherapeutics by making cancer cells more susceptible to

oxidative damage and apoptosis. Given its role in antioxidant

defense and drug resistance, Nrf2 could serve as a biomarker for

predicting the aggressiveness of HCC or the likelihood of response

to certain therapies, particularly those inducing oxidative stress in

cancer cells. Nrf2’s function as both a protector against oxidative

damage in normal cells and a promoter of survival in cancer cells

complicates its targeting. Complete inhibition could lead to

unwanted toxicity and exacerbation of liver damage in normal or

non-tumor liver tissue. Cancer cells might develop compensatory

mechanisms that bypass Nrf2 inhibition, such as activating

alternative pathways for detoxification and survival, thereby

reducing the effectiveness of Nrf2-targeted therapies. Genetic

variations in Nrf2 or its regulatory proteins (like Keap1) among

patients might lead to different responses to Nrf2-targeted

treatments, necessitating personalized approaches in therapy and

dosing. Developing selective Nrf2 inhibitors that target only its

cancer-promoting activities while preserving its normal cellular

protective functions. This could involve targeting specific domains

of Nrf2 or its interaction with other proteins like Keap1. Combining

Nrf2 inhibitors with other treatments such as chemotherapy,

targeted therapy, or immunotherapy to enhance overall treatment
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efficacy and possibly prevent the development of resistance.

Utilizing nanoparticle-based delivery systems to target Nrf2

inhibitors specifically to tumor cells, minimizing systemic

exposure and potential side effects. Further research into the

genetic and epigenetic regulation of Nrf2 in HCC could unveil

new therapeutic targets within the Nrf2 signaling pathway and

help in the development of more effective, personalized

treatment strategies.
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37. Haque E, Karim MR, Salam Teeli A, Śmiech M, Leszczynski P, Winiarczyk D,
et al. Molecular mechanisms underlying hepatocellular carcinoma induction by
aberrant NRF2 activation-mediated transcription networks: interaction of NRF2-
KEAP1 controls the fate of hepatocarcinogenesis. Int J Mol Sci. (2020) 21(15).
doi: 10.3390/ijms21155378

38. Zhou J, Zhang X, Tang H, Yu J, Zu X, Xie Z, et al. Nuclear factor erythroid 2 (NF-
E2)-related factor 2 (Nrf2) in autophagy-induced hepatocellular carcinoma. Clinica
Chimica Acta. (2020) 506:1–8. doi: 10.1016/j.cca.2020.02.028

39. Shin SM, Yang JH, Ki SH. Role of the Nrf2,in pathway in liver diseases.Oxid Med
Cell Longevity. (2013) 2013(1):763257. doi: 10.1155/2013/763257

40. Occhiuto CJ, Moerland JA, Leal AS, Gallo KA, Liby KT. The multi-faceted
consequences of NRF2 activation throughout carcinogenesis.Molecules Cells. (2023) 46
(3):176–86. doi: 10.14348/molcells.2023.2191

41. Kalantari L, Ghotbabadi ZR, Gholipour A, Ehymayed HM, Najafiyan B, Amirlou
P, et al. A state-of-the-art review on the NRF2 in Hepatitis virus-associated liver cancer.
Cell Communication Signaling. (2023) 21(1):318. doi: 10.1186/s12964-023-01351-6

42. Nishida N, Nishimura T, Nagasaka T, Ikai I, Goel A, Boland CR. Extensive
methylation is associated with beta-catenin mutations in hepatocellular carcinoma:
evidence for two distinct pathways of human hepatocarcinogenesis. Cancer Res. (2007)
67(10):4586–94. doi: 10.1158/0008-5472.CAN-06-3464

43. Whittaker S, Marais R, Zhu AX. The role of signaling pathways in the
development and treatment of hepatocellular carcinoma. Oncogene. (2010) 29
(36):4989–5005. doi: 10.1038/onc.2010.236

44. El-Serag HB, Rudolph KL. Hepatocellular carcinoma: epidemiology and
molecular carcinogenesis. Gastroenterology. (2007) 132(7):2557–76. doi: 10.1053/
j.gastro.2007.04.061

45. Moon RT, Bowerman B, Boutros M, Perrimon N. The promise and perils of Wnt
signaling through beta-catenin. Science. (2002) 296(5573):1644–6. doi: 10.1126/
science.1071549

46. Villanueva A, Newell P, Chiang DY, Friedman SL, Llovet JM. Genomics and
signaling pathways in hepatocellular carcinoma. Semin Liver Dis. (2007) 27(1):55–76.
doi: 10.1055/s-2006-960171
Frontiers in Immunology 17
47. Roberts AB, Wakefield LM. The two faces of transforming growth factor beta in
carcinogenesis. Proc Natl Acad Sci U.S.A. (2003) 100(15):8621–3.

48. Calvisi DF, Ladu S, Gorden A, Farina M, Conner EA, Lee JS, et al. Ubiquitous
activation of Ras and Jak/Stat pathways in human HCC. Gastroenterology. (2006) 130
(4):1117–28. doi: 10.1053/j.gastro.2006.01.006

49. Burdette D, Olivarez M, Waris G. Activation of transcription factor Nrf2 by
hepatitis C virus induces the cell-survival pathway. J Gen Virol. (2010) 91(Pt 3):681–90.
doi: 10.1099/vir.0.014340-0

50. Schaedler S, Krause J, Himmelsbach K, Carvajal-Yepes M, Lieder F, Klingel K,
et al. Hepatitis B virus induces expression of antioxidant response element-regulated
genes by activation of Nrf2. J Biol Chem. (2010) 285(52):41074–86. doi: 10.1074/
jbc.M110.145862

51. Gong P, Cederbaum AI. Nrf2 is increased by CYP2E1 in rodent liver and HepG2
cells and protects against oxidative stress caused by CYP2E1. Hepatology. (2006) 43
(1):144–53. doi: 10.1002/hep.v43:1

52. Calado RT, Brudno J, Mehta P, Kovacs JJ, Wu C, Zago MA, et al. Constitutional
telomerase mutations are genetic risk factors for cirrhosis. Hepatology. (2011) 53
(5):1600–7. doi: 10.1002/hep.24173

53. Cleary SP, Jeck WR, Zhao X, Chen K, Selitsky SR, Savich GL, et al. Identification
of driver genes in hepatocellular carcinoma by exome sequencing. Hepatology. (2013)
58(5):1693–702. doi: 10.1002/hep.26540

54. Chen YW, Klimstra DS, Mongeau ME, Tatem JL, Boyartchuk V, Lewis BC. Loss
of p53 and Ink4a/Arf cooperate in a cell autonomous fashion to induce metastasis of
hepatocellular carcinoma cells. Cancer Res. (2007) 67(16):7589–96. doi: 10.1158/0008-
5472.CAN-07-0381

55. Deng YB, Nagae G, Midorikawa Y, Yagi K, Tsutsumi S, Yamamoto S, et al.
Identification of genes preferentially methylated in hepatitis C virus-related
hepatocellular carcinoma. Cancer Sci. (2010) 101(6):1501–10. doi: 10.1111/j.1349-
7006.2010.01549.x

56. Tischoff I, Tannapfe A. DNA methylation in hepatocellular carcinoma. World J
Gastroenterol. (2008) 14(11):1741–8. doi: 10.3748/wjg.14.1741

57. Ahmadi Z, Ashrafizadeh M. Melatonin as a potential modulator of Nrf2.
Fundam Clin Pharmacol. (2020) 34(1):11–9. doi: 10.1111/fcp.12498

58. Guo Y, Sun J, Li T, Zhang Q, Bu S,Wang Q, et al. Melatonin ameliorates restraint
stress-induced oxidative stress and apoptosis in testicular cells via NF-kB/iNOS and
Nrf2/HO-1 signaling pathway. Sci Rep. (2017) 7(1):9599. doi: 10.1038/s41598-017-
09943-2

59. Rojo de la Vega M, Chapman E, Zhang DD. NRF2 and the hallmarks of cancer.
Cancer Cell. (2018) 34(1):21–43. doi: 10.1016/j.ccell.2018.03.022

60. Zhou XL, Zhu CY, Wu ZG, Guo X, Zou W. The oncoprotein HBXIP
competitively binds KEAP1 to activate NRF2 and enhance breast cancer cell growth
and metastasis. Oncogene. (2019) 38(1):4028–46. doi: 10.1038/s41388-019-0698-5

61. Zhang C, Wang HJ, Bao QC, Wang L, Guo TK, Chen WL, et al. NRF2 promotes
breast cancer cell proliferation and metastasis by increasing RhoA/ROCK pathway
signal transduction. Oncotarget. (2016) 7(45):73593–606. doi: 10.18632/
oncotarget.v7i45

62. Zhang Q, Zhang Z-Y, Du H, Li S-Z, Tu R, Jia Y-f, et al. DUB3 deubiquitinates
and stabilizes NRF2 in chemotherapy resistance of colorectal cancer. Cell Death
Differentiation. (2019) 26(11):2300–13. doi: 10.1038/s41418-019-0303-z

63. Bruns DR, Drake JC, Biela LM, Peelor FF, Miller BF, Hamilton KL. Nrf2
signaling and the slowed aging phenotype: evidence from long-lived models. Oxid
Med Cell Longevity. (2015) 2015. doi: 10.1155/2015/732596

64. Dodson M, Castro-Portuguez R, Zhang DD. NRF2 plays a critical role in
mitigating lipid peroxidation and ferroptosis. Redox Biol. (2019) 23:101107.
doi: 10.1016/j.redox.2019.101107

65. Roumeliotis S, Eleftheriadis T, Liakopoulos V. Is oxidative stress an issue in
peritoneal dialysis? Semin Dialysis. (2019). doi: 10.1111/sdi.12818

66. Yaribeygi H, Farrokhi FR, Rezaee R, Sahebkar A. Oxidative stress induces renal
failure: A review of possible molecular pathways. J Cell Biochem. (2018) 119(4):2990–8.
doi: 10.1002/jcb.26450

67. Ashrafizadeh M, Ahmadi Z, Farkhondeh T, Samarghandian S. Back to nucleus:
combating with cadmium toxicity using nrf2 signaling pathway as a promising
therapeutic target. Biol Trace Elem Res. (2020) 197(1):52–62. doi: 10.1007/s12011-
019-01980-4

68. Sajjad N, Wani A, Sharma A, Ali R, Hassan S, Hamid R, et al. Artemisia
amygdalina upregulates Nrf2 and protects neurons against oxidative stress in
Alzheimer disease. Cell Mol Neurobiol. (2019) 39:387–99. doi: 10.1007/s10571-019-
00656-w

69. Gureev AP, Popov VN. Nrf2/ARE pathway as a therapeutic target for the
treatment of Parkinson diseases. Neurochemical Res. (2019) 44(10):2273–9.
doi: 10.1007/s11064-018-02711-2

70. Zhang HS, Zhang ZG, Du GY, Sun HL, Liu HY, Zhou Z, et al. Nrf2 promotes
breast cancer cell migration via uparation,ion of G6PD/HIFn,a6PD/HIF axis. J Cell
Mol Med. (2019) 23(5):3451–63. doi: 10.1111/jcmm.14241

71. Jin A, Li B, Li W, Xiao D. PHLPP2 downregulation protects cardiomyocytes
against hypoxia-induced injury through reinforcing Nrf2/ARE antioxidant signaling.
Chemico-biological Interact. (2019) 314:108848. doi: 10.1016/j.cbi.2019.108848
frontiersin.org

https://doi.org/10.1093/carcin/bgt108
https://doi.org/10.3390/biom10010066
https://doi.org/10.1016/j.bbcan.2021.188574
https://doi.org/10.3390/cells8101178
https://doi.org/10.1016/j.jss.2020.11.044
https://doi.org/10.1002/jcp.29438
https://doi.org/10.1186/s12935-020-01556-6
https://doi.org/10.1016/j.lfs.2020.117794
https://doi.org/10.2147/CMAR.S258230
https://doi.org/10.1038/s41388-020-01500-y
https://doi.org/10.1002/jcp.30561
https://doi.org/10.1074/jbc.M114.601104
https://doi.org/10.3390/cancers10120481
https://doi.org/10.3390/ijms21155378
https://doi.org/10.1016/j.cca.2020.02.028
https://doi.org/10.1155/2013/763257
https://doi.org/10.14348/molcells.2023.2191
https://doi.org/10.1186/s12964-023-01351-6
https://doi.org/10.1158/0008-5472.CAN-06-3464
https://doi.org/10.1038/onc.2010.236
https://doi.org/10.1053/j.gastro.2007.04.061
https://doi.org/10.1053/j.gastro.2007.04.061
https://doi.org/10.1126/science.1071549
https://doi.org/10.1126/science.1071549
https://doi.org/10.1055/s-2006-960171
https://doi.org/10.1053/j.gastro.2006.01.006
https://doi.org/10.1099/vir.0.014340-0
https://doi.org/10.1074/jbc.M110.145862
https://doi.org/10.1074/jbc.M110.145862
https://doi.org/10.1002/hep.v43:1
https://doi.org/10.1002/hep.24173
https://doi.org/10.1002/hep.26540
https://doi.org/10.1158/0008-5472.CAN-07-0381
https://doi.org/10.1158/0008-5472.CAN-07-0381
https://doi.org/10.1111/j.1349-7006.2010.01549.x
https://doi.org/10.1111/j.1349-7006.2010.01549.x
https://doi.org/10.3748/wjg.14.1741
https://doi.org/10.1111/fcp.12498
https://doi.org/10.1038/s41598-017-09943-2
https://doi.org/10.1038/s41598-017-09943-2
https://doi.org/10.1016/j.ccell.2018.03.022
https://doi.org/10.1038/s41388-019-0698-5
https://doi.org/10.18632/oncotarget.v7i45
https://doi.org/10.18632/oncotarget.v7i45
https://doi.org/10.1038/s41418-019-0303-z
https://doi.org/10.1155/2015/732596
https://doi.org/10.1016/j.redox.2019.101107
https://doi.org/10.1111/sdi.12818
https://doi.org/10.1002/jcb.26450
https://doi.org/10.1007/s12011-019-01980-4
https://doi.org/10.1007/s12011-019-01980-4
https://doi.org/10.1007/s10571-019-00656-w
https://doi.org/10.1007/s10571-019-00656-w
https://doi.org/10.1007/s11064-018-02711-2
https://doi.org/10.1111/jcmm.14241
https://doi.org/10.1016/j.cbi.2019.108848
https://doi.org/10.3389/fimmu.2024.1429836
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gan et al. 10.3389/fimmu.2024.1429836
72. Tao T, Wang J, Wang X, Wang Y, Mao H, Liu X. The PERK/Nrf2 pathway
mediates endoplasmic reticulum stress-induced injury by upregulating endoplasmic
reticulophagy in H9c2 cardiomyoblasts. Life Sci. (2019) 237:116944. doi: 10.1016/
j.lfs.2019.116944

73. Aladaileh SH, Hussein OE, Abukhalil MH, Saghir SA, Bin-Jumah M, Alfwuaires
MA, et al. Formononetin upregulates Nrf2/HO-1 signaling and prevents oxidative
stress, inflammation, and kidney injury in methotrexate-induced rats. Antioxidants.
(2019) 8(10):430. doi: 10.3390/antiox8100430

74. Zhang Z, Xiong R, Li C, Xu M, Guo M. LncRNA TUG1 promotes cisplatin
resistance in esophageal squamous cell carcinoma cells by regulating Nrf2. Acta
Biochim Biophys Sin (Shanghai). (2019) 51(8):826–33. doi: 10.1093/abbs/gmz069

75. Xu XZ, Tang Y, Cheng LB, Yao J, Jiang Q, Li KR, et al. Targeting Keap1 by miR-
626 protects retinal pigment epithelium cells from oxidative injury by activating Nrf2
s igna l ing . Free Radic Bio l Med . (2019) 143 :387–96 . do i : 10 .1016/
j.freeradbiomed.2019.08.024

76. Ashrafizadeh M, Fekri HS, Ahmadi Z, Farkhondeh T, Samarghandian S.
Therapeutic and biological activities of berberine: The involvement of Nrf2 signaling
pathway. J Cell Biochem. (2020) 121(2):1575–85. doi: 10.1002/jcb.29392

77. Deng Y, Tang K, Chen R, Nie H, Liang S, Zhang J, et al. Berberine attenuates
hepatic oxidative stress in rats with non-alcoholic fatty liver disease via the Nrf2/ARE
signalling pathway. Exp Ther Med. (2019) 17(3):2091–8. doi: 10.3892/etm

78. Hassanein EHM, Shalkami AS, Khalaf MM, MohamedWR, Hemeida RAM. The
impact of Keap1/Nrf2, P(38)MAPK/NF-kB and Bax/Bcl2/caspase-3 signaling pathways
in the protective effects of berberine against methotrexate-induced nephrotoxicity.
BioMed Pharmacother. (2019) 109:47–56. doi: 10.1016/j.biopha.2018.10.088

79. Jiang W, Li S, Chen X, Zhang W, Chang Y, He Y, et al. Berberine protects
immortalized line of human melanocytes from H(2)O(2)-induced oxidative stress via
activation of Nrf2 and Mitf signaling pathway. J Dermatol Sci. (2019) 94(1):236–43.
doi: 10.1016/j.jdermsci.2019.03.007

80. Liang Y, Fan C, Yan X, Lu X, Jiang H, Di S, et al. Berberine ameliorates
lipopolysaccharide-induced acute lung injury via the PERK-mediated Nrf2/HO-1
signaling axis. Phytother Res. (2019) 33(1):130–48. doi: 10.1002/ptr.6206

81. Zimta A-A, Cenariu D, Irimie A, Magdo L, Nabavi SM, Atanasov AG, et al. The
role of Nrf2 activity in cancer development and progression. Cancers. (2019) 11
(11):1755. doi: 10.3390/cancers11111755

82. Xiang M, Namani A, Wu S, Wang X. Nrf2: bane or blessing in cancer? J Cancer
Res Clin Oncol. (2014) 140(8):1251–9.

83. Sporn MB, Liby KT. NRF2 and cancer: the good, the bad and the importance of
context. Nat Rev Cancer. (2012) 12(8):564–71. doi: 10.1038/nrc3278

84. Zhao J. Cancer stem cells and chemoresistance: The smartest survives the raid.
Pharmacol Ther. (2016) 160:145–58. doi: 10.1016/j.pharmthera.2016.02.008

85. 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(4):541–67. doi: 10.1080/03602532.2016.1197239

86. Wu S, Lu H, Bai Y. Nrf2 in cancers: A doubles:dged sword. Cancer Med. (2019) 8
(5):2252–67. doi: 10.1002/cam4.2101

87. Wu KC, Cui JY, Klaassen CD. Beneficial role of Nrf2 in regulating NADPH
generation and consumption. Toxicol Sci. (2011) 123(2):590–600. doi: 10.1093/toxsci/
kfr183

88. Mitsuishi Y, Taguchi K, Kawatani Y, Shibata T, Nukiwa T, Aburatani H, et al.
Nrf2 redirects glucose and glutamine into anabolic pathways in metabolic
reprogramming. Cancer Cell. (2012) 22(1):66–79. doi: 10.1016/j.ccr.2012.05.016

89. Kitteringham NR, Abdullah A, Walsh J, Randle L, Jenkins RE, Sison R, et al.
Proteomic analysis of Nrf2 deficient transgenic mice reveals cellular defence and lipid
metabolism as primary Nrf2-dependent pathways in the liver. J Proteomics. (2010) 73
(8):1612–31. doi: 10.1016/j.jprot.2010.03.018

90. Singh A, Happel C, Manna SK, Acquaah-Mensah G, Carrerero J, Kumar S, et al.
Transcription factor NRF2 regulates miR-1 and miR-206 to drive tumorigenesis. J Clin
Invest. (2013) 123(7):2921–34. doi: 10.1172/JCI66353

91. Malhotra D, Portales-Casamar E, Singh A, Srivastava S, Arenillas D, Happel C,
et al. Global mapping of binding sites for Nrf2 identifies novel targets in cell survival
response through ChIP-Seq profiling and network analysis. Nucleic Acids Res. (2010) 38
(17):5718–34. doi: 10.1093/nar/gkq212

92. Reddy NM, Kleeberger SR, Bream JH, Fallon PG, Kensler TW, Yamamoto M,
et al. Genetic disruption of the Nrf2 compromises cell-cycle progression by impairing
GSH-induced redox signaling. Oncogene. (2008) 27(44):5821–32. doi: 10.1038/
onc.2008.188

93. Holmström KM, Baird L, Zhang Y, Hargreaves I, Chalasani A, Land JM, et al.
Nrf2 impacts cellular bioenergetics by controlling substrate availability for
mitochondrial respiration. Biol Open. (2013) 2(8):761–70. doi: 10.1242/bio.20134853

94. Chio IIC, Jafarnejad SM, Ponz-Sarvise M, Park Y, Rivera K, PalmW, et al. NRF2
promotes tumor maintenance by modulating mRNA translation in pancreatic cancer.
Cell. (2016) 166(4):963–76. doi: 10.1016/j.cell.2016.06.056

95. Stacy DR, Ely K, Massion PP, Yarbrough WG, Hallahan DE, Sekhar KR, et al.
Increased expression of nuclear factor E2 p45-related factor 2 (NRF2) in head and neck
squamous cell carcinomas. Head Neck. (2006) 28(9):813–8. doi: 10.1002/hed.20430

96. Arlt A, Bauer I, Schafmayer C, Tepel J, Müerköster SS, Brosch M, et al. Increased
proteasome subunit protein expression and proteasome activity in colon cancer relate
Frontiers in Immunology 18
to an enhanced activation of nuclear factor E2-related factor 2 (Nrf2). Oncogene. (2009)
28(45):3983–96. doi: 10.1038/onc.2009.264

97. Hu T, Yao Y, Yu S, Guo H, Han L, Wang W, et al. Clinicopathologic significance
of CXCR4 and Nrf2 in colorectal cancer. J BioMed Res. (2013) 27(4):283–90.
doi: 10.7555/JBR.27.20130069

98. Li CQ, Kim MY, Godoy LC, Thiantanawat A, Trudel LJ, Wogan GN. Nitric
oxide activation of Keap1/Nrf2 signaling in human colon carcinoma cells. Proc Natl
Acad Sci U.S.A. (2009) 106(34):14547–51.

99. Lee YJ, Kim WI, Bae JH, Cho MK, Lee SH, Nam HS, et al. Overexpression of
Nrf2 promotes colon cancer progression via ERK and AKT signaling pathways. Ann
Surg Treat Res. (2020) 98(4):159–67. doi: 10.4174/astr.2020.98.4.159

100. Satoh H, Moriguchi T, Saigusa D, Baird L, Yu L, Rokutan H, et al. NRF2
intensifies host defense systems to prevent lung carcinogenesis, but after tumor
initiation accelerates Malignant cell growth. Cancer Res. (2016) 76(10):3088–96.
doi: 10.1158/0008-5472.CAN-15-1584

101. Karihtala P, Porvari K, Soini Y, Haapasaari KM. Redox regulating enzymes and
connected microRNA regulators have prognostic value in classical hodgkin
lymphomas. Oxid Med Cell Longev 2017. (2017) p:2696071. doi: 10.1155/2017/2696071

102. Fan Z, Wirth AK, Chen D, Wruck CJ, Rauh M, Buchfelder M, et al. Nrf2-Keap1
pathway promotes cell proliferation and diminishes ferroptosis. Oncogenesis. (2017) 6
(8):e371. doi: 10.1038/oncsis.2017.65

103. Ma JQ, Tuersun H, Jiao SJ, Zheng JH, Xiao JB, Hasim A. Functional role of
NRF2 in cervical carcinogenesis. PloS One. (2015) 10(8):e0133876. doi: 10.1371/
journal.pone.0133876

104. Gorrini C, Baniasadi PS, Harris IS, Silvester J, Inoue S, Snow B, et al. BRCA1
interacts with Nrf2 to regulate antioxidant signaling and cell survival. J Exp Med. (2013)
210(8):1529–44. doi: 10.1084/jem.20121337

105. Banning A, Brigelius-Flohé R. NF-kappaB, Nrf2, and HO-1 interplay in redox-
regulated VCAM-1 expression. Antioxid Redox Signal. (2005) 7(7-8):889–99.
doi: 10.1089/ars.2005.7.889

106. Fang X, Lee YH, Jang JH, Kim SJ, Kim SH, Kim DH, et al. ARD1 stabilizes
NRF2 through direct interaction and promotes colon cancer progression. Life Sci.
(2023) 313:121217. doi: 10.1016/j.lfs.2022.121217

107. Ren T, Jiang B, Jin G, Li J, Dong B, Zhang J, et al. Generation of novel
monoclonal antibodies and their application for detecting ARD1 expression in
colorectal cancer. Cancer Lett. (2008) 264(1):83–92. doi: 10.1016/j.canlet.2008.01.028

108. Jiang B, Ren T, Dong B, Qu L, Jin G, Li J, et al. Peptide mimic isolated by
autoantibody reveals human arrest defective 1 overexpression is associated with poor
prognosis for colon cancer patients. Am J Pathol. (2010) 177(3):1095–103. doi: 10.2353/
ajpath.2010.091178

109. Zhang M, Zhang C, Zhang L, Yang Q, Zhou S, Wen Q, et al. Nrf2 is a potential
prognostic marker and promotes proliferation and invasion in human hepatocellular
carcinoma. BMC Cancer. (2015) 15:531. doi: 10.1186/s12885-015-1541-1

110. Pan H, Wang H, Zhu L, Mao L, Qiao L, Su X. The role of Nrf2 in migration and
invasion of human glioma cell U251. World Neurosurg. (2013) 80(3-4):363–70.
doi: 10.1016/j.wneu.2011.06.063

111. Niture SK, Jaiswal AK. Nrf2 protein up-regulates antiapoptotic protein Bcl-2
and prevents cellular apoptosis. J Biol Chem. (2012) 287(13):9873–86. doi: 10.1074/
jbc.M111.312694

112. Tertil M, Golda S, Skrzypek K, Florczyk U, Weglarczyk K, Kotlinowski J, et al.
Nrf2-heme oxygenase-1 axis in mucoepidermoid carcinoma of the lung: Antitumoral
effects associated with down-regulation of matrix metalloproteinases. Free Radic Biol
Med. (2015) 89:147–57. doi: 10.1016/j.freeradbiomed.2015.08.004

113. Kitamura H, Onodera Y, Murakami S, Suzuki T, Motohashi H. IL-11
contribution to tumorigenesis in an NRF2 addiction cancer model. Oncogene. (2017)
36(45):6315–24. doi: 10.1038/onc.2017.236

114. Maj T, Wang W, Crespo J, Zhang H, Wang W, Wei S, et al. Oxidative stress
controls regulatory T cell apoptosis and suppressor activity and PD-L1-blockade
resistance in tumor. Nat Immunol. (2017) 18(12):1332–41. doi: 10.1038/ni.3868

115. Mirzaei S, Mohammadi AT, Gholami MH, Hashemi F, Zarrabi A, Zabolian A,
et al. Nrf2 signaling pathway in cisplatin chemotherapy: Potential involvement in organ
protection and chemoresistance. Pharmacol Res. (2021) 167:105575. doi: 10.1016/
j.phrs.2021.105575

116. Kahroba H, Shirmohamadi M, Hejazi MS, Samadi N. The Role of Nrf2
signaling in cancer stem cells: From stemness and self-renewal to tumorigenesis and
chemoresistance. Life Sci. (2019) 239:116986. doi: 10.1016/j.lfs.2019.116986

117. Payandeh Z, Tazehkand AP, Barati G, Pouremamali F, Kahroba H, Baradaran
B, et al. Role of Nrf2 and mitochondria in cancer stem cells; in carcinogenesis, tumor
progression, and chemoresistance. Biochimie. (2020) 179:32–45. doi: 10.1016/
j.biochi.2020.09.014

118. Liu C, Zhao Y, Wang J, Yang Y, Zhang Y, Qu X, et al. FoxO3 reverses 5-
fluorouracil resistance in human colorectal cancer cells by inhibiting the Nrf2/TR1
signaling pathway. Cancer Lett. (2020) 470:29–42. doi: 10.1016/j.canlet.2019.11.042

119. Xu P, Jiang L, Yang Y, Wu M, Liu B, Shi Y, et al. PAQR4 promotes
chemoresistance in non-small cell lung cancer through inhibiting Nrf2 protein
degradation. Theranostics. (2020) 10(8):3767. doi: 10.7150/thno.43142

120. Leung HW, Lau EYT, Leung CON, Lei MML, Mok EHK, Ma VWS, et al. NRF2/
SHH signaling cascade promotes tumor-initiating cell lineage and drug resistance in
frontiersin.org

https://doi.org/10.1016/j.lfs.2019.116944
https://doi.org/10.1016/j.lfs.2019.116944
https://doi.org/10.3390/antiox8100430
https://doi.org/10.1093/abbs/gmz069
https://doi.org/10.1016/j.freeradbiomed.2019.08.024
https://doi.org/10.1016/j.freeradbiomed.2019.08.024
https://doi.org/10.1002/jcb.29392
https://doi.org/10.3892/etm
https://doi.org/10.1016/j.biopha.2018.10.088
https://doi.org/10.1016/j.jdermsci.2019.03.007
https://doi.org/10.1002/ptr.6206
https://doi.org/10.3390/cancers11111755
https://doi.org/10.1038/nrc3278
https://doi.org/10.1016/j.pharmthera.2016.02.008
https://doi.org/10.1080/03602532.2016.1197239
https://doi.org/10.1002/cam4.2101
https://doi.org/10.1093/toxsci/kfr183
https://doi.org/10.1093/toxsci/kfr183
https://doi.org/10.1016/j.ccr.2012.05.016
https://doi.org/10.1016/j.jprot.2010.03.018
https://doi.org/10.1172/JCI66353
https://doi.org/10.1093/nar/gkq212
https://doi.org/10.1038/onc.2008.188
https://doi.org/10.1038/onc.2008.188
https://doi.org/10.1242/bio.20134853
https://doi.org/10.1016/j.cell.2016.06.056
https://doi.org/10.1002/hed.20430
https://doi.org/10.1038/onc.2009.264
https://doi.org/10.7555/JBR.27.20130069
https://doi.org/10.4174/astr.2020.98.4.159
https://doi.org/10.1158/0008-5472.CAN-15-1584
https://doi.org/10.1155/2017/2696071
https://doi.org/10.1038/oncsis.2017.65
https://doi.org/10.1371/journal.pone.0133876
https://doi.org/10.1371/journal.pone.0133876
https://doi.org/10.1084/jem.20121337
https://doi.org/10.1089/ars.2005.7.889
https://doi.org/10.1016/j.lfs.2022.121217
https://doi.org/10.1016/j.canlet.2008.01.028
https://doi.org/10.2353/ajpath.2010.091178
https://doi.org/10.2353/ajpath.2010.091178
https://doi.org/10.1186/s12885-015-1541-1
https://doi.org/10.1016/j.wneu.2011.06.063
https://doi.org/10.1074/jbc.M111.312694
https://doi.org/10.1074/jbc.M111.312694
https://doi.org/10.1016/j.freeradbiomed.2015.08.004
https://doi.org/10.1038/onc.2017.236
https://doi.org/10.1038/ni.3868
https://doi.org/10.1016/j.phrs.2021.105575
https://doi.org/10.1016/j.phrs.2021.105575
https://doi.org/10.1016/j.lfs.2019.116986
https://doi.org/10.1016/j.biochi.2020.09.014
https://doi.org/10.1016/j.biochi.2020.09.014
https://doi.org/10.1016/j.canlet.2019.11.042
https://doi.org/10.7150/thno.43142
https://doi.org/10.3389/fimmu.2024.1429836
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gan et al. 10.3389/fimmu.2024.1429836
hepatocellular carcinoma. Cancer Lett. (2020) 476:48–56. doi: 10.1016/
j.canlet.2020.02.008

121. Mirzaei S, Zarrabi A, Hashemi F, Zabolian A, Saleki H, Azami N, et al. Nrf2
signaling pathway in chemoprotection and doxorubicin resistance: potential
application in drug discovery. Antioxidants (Basel). (2021) 10(3). doi: 10.3390/
antiox10030349

122. Jiang G, Liang X, Huang Y, Lan Z, Zhang Z, Su Z, et al. p62 promotes
proliferation, apoptosis−resistance and invasion of prostate cancer cells through the
Keap1/Nrf2/ARE axis. Oncol Rep. (2020) 43(5):1547–57. doi: 10.3892/or

123. Mukhopadhyay S, Goswami D, Adiseshaiah PP, Burgan W, Yi M, Guerin TM,
et al. Undermining glutaminolysis bolsters chemotherapy while NRF2 promotes
chemoresistance in KRAS-driven pancreatic cancers. Cancer Res. (2020) 80(8):1630–
43. doi: 10.1158/0008-5472.CAN-19-1363

124. Yang Q, Li K, Huang X, Zhao C, Mei Y, Li X, et al. lncRNA SLC7A11-AS1
promotes chemoresistance by blocking SCFb-TRCP-mediated degradation of NRF2 in
pancreatic cancer. Mol Therapy-Nucleic Acids. (2020) 19:974–85. doi: 10.1016/
j.omtn.2019.11.035

125. Saha S, Buttari B, Panieri E, Profumo E, Saso L. An overview of nrf2 signaling
pathway and its role in inflammation. Molecules. (2020) 25(22). doi: 10.3390/
molecules25225474

126. Loan JJM, Al-Shahi Salman R, McColl BW, Hardingham GE. Activation of nrf2
to optimise immune responses to intracerebral haemorrhage. Biomolecules. (2022) 12
(10). doi: 10.3390/biom12101438

127. Vallion R, Kerdine-Römer S. Regulation of the immune response to contact
sensitizers by Nrf2. Contact Dermatitis. (2022) 87(1):13–9. doi: 10.1111/cod.14073

128. Mishra R, Nawas AF, Mendelson CR. Role of NRF2 in immune modulator
expression in developing lung. FASEB J. (2021) 35(8):e21758. doi: 10.1096/
fj.202100129RR

129. Hsieh CH, Hsieh HC, Shih FS, Wang PW, Yang LX, Shieh DB, et al. An
innovative NRF2 nano-modulator induces lung cancer ferroptosis and elicits an
immunostimulatory tumor microenvironment. Theranostics. (2021) 11(14):7072–91.
doi: 10.7150/thno.57803

130. Ramesh PS, Bovilla VR, Swamy VH, Manoli NN, Dasegowda KB, Siddegowda
SM, et al. Human papillomavirus-driven repression of NRF2 signalling confers chemo-
radio sensitivity and predicts prognosis in head and neck squamous cell carcinoma.
Free Radic Biol Med. (2023) 205:234–43. doi: 10.1016/j.freeradbiomed.2023.06.011

131. Li N, Jiang X, Zhang Q, Huang Y, Wei J, Zhang H, et al. Synergistic suppression
of ovarian cancer by combining NRF2 and GPX4 inhibitors: in vitro and in vivo
evidence. J Ovarian Res. (2024) 17(1):49. doi: 10.1186/s13048-024-01366-8

132. Dong L, Xu M, Li Y, Xu W, Wu C, Zheng H, et al. SMURF1 attenuates
endoplasmic reticulum stress by promoting the degradation of KEAP1 to activate
NRF2 antioxidant pathway. Cell Death Dis. (2023) 14(6):361. doi: 10.1038/s41419-023-
05873-2

133. Gong Z, Xue L, Vlantis AC, van Hasselt CA, Chan JYK, Fang J, et al. Brusatol
attenuated proliferation and invasion induced by KRAS in differentiated thyroid cancer
through inhibiting Nrf2. J Endocrinol Invest. (2024) 47(5):1271–80. doi: 10.1007/
s40618-023-02248-4

134. Wang HF, Zhao ZL. Triptolide inhibits proliferation and invasion of colorectal
cancer cells by blocking Nrf2 expression. Chem Biol Drug Des. (2024) 103(1):e14410.
doi: 10.1111/cbdd.14410

135. Li Z, Mo RL, Gong JF, Han L, WangWF, Huang DK, et al. Dihydrotanshinone I
inhibits gallbladder cancer growth by targeting the Keap1-Nrf2 signaling pathway and
Nrf2 phosphorylation. Phytomedicine . (2024) 129:155661. doi: 10.1016/
j.phymed.2024.155661

136. Lee YS, Kang J, Jung ES, Lee A. High expression of NRF2 and low expression of
KEAP1 predict worse survival in patients with operable triple-negative breast cancer. J
Breast Cancer. (2023) 26(5):461–78. doi: 10.4048/jbc.2023.26.e42

137. Xia L, Chen Y, Li J, Wang J, Shen K, Zhao A, et al. B7-H3 confers stemness
characteristics to gastric cancer cells by promoting glutathione metabolism through
AKT/pAKT/Nrf2 pathway. (Engl). (2023) 136(16):1977–89. doi: 10.1097/
CM9.0000000000002772

138. Ding L, Dang S, Sun M, Zhou D, Sun Y, Li E, et al. Quercetin induces
ferroptosis in gastric cancer cells by targeting SLC1A5 and regulating the p-Camk2/p-
DRP1 and NRF2/GPX4 Axes. Free Radic Biol Med. (2024) 213:150–63. doi: 10.1016/
j.freeradbiomed.2024.01.002

139. Tuerhong A, Xu J, Wang W, Shi S, Meng Q, Hua J, et al. CPT1B maintains
redox homeostasis and inhibits ferroptosis to induce gemcitabine resistance via the
KEAP1/NRF2 axis in pancreatic cancer. Surgery. (2024) 175(5):1264–75. doi: 10.1016/
j.surg.2023.12.019

140. Feng S, Li Y, Huang H, Huang H, Duan Y, Yuan Z, et al. Isoorientin reverses
lung cancer drug resistance by promoting ferroptosis via the SIRT6/Nrf2/GPX4
signaling pathway. Eur J Pharmacol . (2023) 954:175853. doi: 10.1016/
j.ejphar.2023.175853

141. Chang K, Chen Y, Zhang X, Zhang W, Xu N, Zeng B, et al. DPP9 stabilizes
NRF2 to suppress ferroptosis and induce sorafenib resistance in clear cell renal cell
carcinoma. Cancer Res. (2023) 83(23):3940–55. doi: 10.1158/0008-5472.CAN-22-4001

142. Sun Z, Ren M, Niu J, Tang G, Li Y, Kong F, et al. miR-29b-3p targetedly
regulates VEGF to inhibit tumor progression and cisplatin resistance through Nrf2/
Frontiers in Immunology 19
HO-1 signaling pathway in non-small cell lung cancer. Environ Toxicol. (2024) 39
(7):3956–66. doi: 10.1002/tox.24253

143. Liu C, Rokavec M, Huang Z, Hermeking H. Curcumin activates a ROS/KEAP1/
NRF2/miR-34a/b/c cascade to suppress colorectal cancer metastasis. Cell Death Differ.
(2023) 30(7):1771–85. doi: 10.1038/s41418-023-01178-1

144. Schaer DJ, Schulthess-Lutz N, Baselgia L, Hansen K, Buzzi RM, Humar R, et al.
Hemorrhage-activated NRF2 in tumor-associated macrophages drives cancer growth,
invasion, and immunotherapy resistance. J Clin Invest. (2023) 134(3). doi: 10.1172/
JCI174528

145. Xu T, Yang Y, Chen Z, Wang J, Wang X, Zheng Y, et al. TNFAIP2 confers
cisplatin resistance in head and neck squamous cell carcinoma via KEAP1/NRF2
signaling. J Exp Clin Cancer Res. (2023) 42(1):190. doi: 10.1186/s13046-023-02775-1

146. Gnanaprakasam JNR, Kushwaha B, Liu L, Chen X, Kang S, Wang T, et al.
Asparagine restriction enhances CD8(+) T cell metabolic fitness and antitumoral
functionality through an NRF2-dependent stress response. Nat Metab. (2023) 5
(8):1423–39. doi: 10.1038/s42255-023-00856-1

147. Cui J, Guo Y, Yin T, Gou S, Xiong J, Liang X, et al. USP8 promotes gemcitabine
resistance of pancreatic cancer via deubiquitinating and stabilizing Nrf2. BioMed
Pharmacother. (2023) 166:115359. doi: 10.1016/j.biopha.2023.115359

148. Fan Q, Liang X, Xu Z, Li S, Han S, Xiao Y, et al. Pedunculoside inhibits
epithelial-mesenchymal transition and overcomes Gefitinib-resistant non-small cell
lung cancer through regulating MAPK and Nrf2 pathways. Phytomedicine. (2023)
116:154884. doi: 10.1016/j.phymed.2023.154884

149. Liu X, Yan C, Chang C, Meng F, Shen W,Wang S, et al. FOXA2 suppression by
TRIM36 exerts anti-tumor role in colorectal cancer via inducing NRF2/GPX4-
regulated ferroptosis. Adv Sci (Weinh). (2023) 10(35):e2304521. doi: 10.1002/
advs.202304521

150. Ji X, Chen Z, Lin W, Wu Q, Wu Y, Hong Y, et al. Esculin induces endoplasmic
reticulum stress and drives apoptosis and ferroptosis in colorectal cancer via PERK
regulating eIF2a/CHOP and Nrf2/HO-1 cascades. J Ethnopharmacol. (2024)
328:118139. doi: 10.1016/j.jep.2024.118139

151. Sies H. Oxidative stress: oxidants and antioxidants. Exp Physiology: Translation
Integration. (1997) 82(2):291–5. doi: 10.1113/expphysiol.1997.sp004024

152. Galli F, Battistoni A, Gambari R, Pompella A, Bragonzi A, Pilolli F, et al.
Oxidative stress and antioxidant therapy in cystic fibrosis. Biochim Biophys Acta (BBA)-
Molecular Basis Dis. (2012) 1822(5):690–713. doi: 10.1016/j.bbadis.2011.12.012

153. Kroemer G, Mariño G, Levine B. Autophagy and the integrated stress response.
Mol Cell. (2010) 40(2):280–93. doi: 10.1016/j.molcel.2010.09.023

154. Tebay LE, Robertson H, Durant ST, Vitale SR, Penning TM, Dinkova-Kostova
AT, et al. Mechanisms of activation of the transcription factor Nrf2 by redox stressors,
nutrient cues, and energy status and the pathways through which it attenuates
degenerative disease. Free Radical Biol Med. (2015) 88:108–46. doi: 10.1016/
j.freeradbiomed.2015.06.021

155. Ichimura Y, Waguri S, Sou Kageyama Y-s S, Hasegawa J, Ishimura R, et al.
Phosphorylation of p62 activates the Keap1-Nrf2 pathway during selective autophagy.
Mol Cell. (2013) 51(5):618–31. doi: 10.1016/j.molcel.2013.08.003

156. Cazanave SC, Sanyal AJ. KEAP the balance between life and death. Mol Cell
Oncol. (2015) 2(2):e968065. doi: 10.4161/23723548.2014.968065

157. Taguchi K, Fujikawa N, Komatsu M, Ishii T, Unno M, Akaike T, et al. Keap1
degradation by autophagy for the maintenance of redox homeostasis. Proc Natl Acad
Sci. (2012) 109(34):13561–6. doi: 10.1073/pnas.1121572109

158. Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel JD, et al. Keap1
represses nuclear activation of antioxidant responsive elements by Nrf2 through
binding to the amino-terminal Neh2 domain. Genes Dev. (1999) 13(1):76–86.
doi: 10.1101/gad.13.1.76

159. Kobayashi A, Kang M-I, Okawa H, Ohtsuji M, Zenke Y, Chiba T, et al.
Oxidative stress sensor Keap1 functions as an adaptor for Cul3-based E3 ligase to
regulate proteasomal degradation of Nrf2. Mol Cell Biol. (2004) 24(16):7130–9.
doi: 10.1128/MCB.24.16.7130-7139.2004

160. Osburn WO, Kensler TW. Nrf2 signaling: an adaptive response pathway for
protection against environmental toxic insults. Mutat Research/Reviews Mutat Res.
(2008) 659(1-2):31–9. doi: 10.1016/j.mrrev.2007.11.006

161. Motohashi H, Yamamoto M. Nrf2–Keap1 defines a physiologically important
stress response mechanism. Trends Mol Med. (2004) 10(11):549–57. doi: 10.1016/
j.molmed.2004.09.003

162. Galli F. Interactions of polyphenolic compounds with drug disposition and
metabolism. Curr Drug Metab. (2007) 8(8):830–8. doi: 10.2174/138920007782798180

163. Wong MH, Bryan HK, Copple IM, Jenkins RE, Chiu PH, Bibby J, et al. Design
and synthesis of irreversible analogues of bardoxolone methyl for the identification of
pharmacologically relevant targets and interaction sites. J medicinal Chem. (2016) 59
(6):2396–409. doi: 10.1021/acs.jmedchem.5b01292

164. Hartmann M, Keppler B. Inorganic anticancer agents: Their chemistry and
antitumor properties. Comments Inorganic Chem. (1995) 16(6):339–72. doi: 10.1080/
02603599508035776

165. Kensler TW, Wakabayashi N, Biswal S. Cell survival responses to
environmental stresses via the Keap1-Nrf2-ARE pathway. Annu Rev Pharmacol
Toxicol. (2007) 47:89–116. doi: 10.1146/annurev.pharmtox.46.120604.141046
frontiersin.org

https://doi.org/10.1016/j.canlet.2020.02.008
https://doi.org/10.1016/j.canlet.2020.02.008
https://doi.org/10.3390/antiox10030349
https://doi.org/10.3390/antiox10030349
https://doi.org/10.3892/or
https://doi.org/10.1158/0008-5472.CAN-19-1363
https://doi.org/10.1016/j.omtn.2019.11.035
https://doi.org/10.1016/j.omtn.2019.11.035
https://doi.org/10.3390/molecules25225474
https://doi.org/10.3390/molecules25225474
https://doi.org/10.3390/biom12101438
https://doi.org/10.1111/cod.14073
https://doi.org/10.1096/fj.202100129RR
https://doi.org/10.1096/fj.202100129RR
https://doi.org/10.7150/thno.57803
https://doi.org/10.1016/j.freeradbiomed.2023.06.011
https://doi.org/10.1186/s13048-024-01366-8
https://doi.org/10.1038/s41419-023-05873-2
https://doi.org/10.1038/s41419-023-05873-2
https://doi.org/10.1007/s40618-023-02248-4
https://doi.org/10.1007/s40618-023-02248-4
https://doi.org/10.1111/cbdd.14410
https://doi.org/10.1016/j.phymed.2024.155661
https://doi.org/10.1016/j.phymed.2024.155661
https://doi.org/10.4048/jbc.2023.26.e42
https://doi.org/10.1097/CM9.0000000000002772
https://doi.org/10.1097/CM9.0000000000002772
https://doi.org/10.1016/j.freeradbiomed.2024.01.002
https://doi.org/10.1016/j.freeradbiomed.2024.01.002
https://doi.org/10.1016/j.surg.2023.12.019
https://doi.org/10.1016/j.surg.2023.12.019
https://doi.org/10.1016/j.ejphar.2023.175853
https://doi.org/10.1016/j.ejphar.2023.175853
https://doi.org/10.1158/0008-5472.CAN-22-4001
https://doi.org/10.1002/tox.24253
https://doi.org/10.1038/s41418-023-01178-1
https://doi.org/10.1172/JCI174528
https://doi.org/10.1172/JCI174528
https://doi.org/10.1186/s13046-023-02775-1
https://doi.org/10.1038/s42255-023-00856-1
https://doi.org/10.1016/j.biopha.2023.115359
https://doi.org/10.1016/j.phymed.2023.154884
https://doi.org/10.1002/advs.202304521
https://doi.org/10.1002/advs.202304521
https://doi.org/10.1016/j.jep.2024.118139
https://doi.org/10.1113/expphysiol.1997.sp004024
https://doi.org/10.1016/j.bbadis.2011.12.012
https://doi.org/10.1016/j.molcel.2010.09.023
https://doi.org/10.1016/j.freeradbiomed.2015.06.021
https://doi.org/10.1016/j.freeradbiomed.2015.06.021
https://doi.org/10.1016/j.molcel.2013.08.003
https://doi.org/10.4161/23723548.2014.968065
https://doi.org/10.1073/pnas.1121572109
https://doi.org/10.1101/gad.13.1.76
https://doi.org/10.1128/MCB.24.16.7130-7139.2004
https://doi.org/10.1016/j.mrrev.2007.11.006
https://doi.org/10.1016/j.molmed.2004.09.003
https://doi.org/10.1016/j.molmed.2004.09.003
https://doi.org/10.2174/138920007782798180
https://doi.org/10.1021/acs.jmedchem.5b01292
https://doi.org/10.1080/02603599508035776
https://doi.org/10.1080/02603599508035776
https://doi.org/10.1146/annurev.pharmtox.46.120604.141046
https://doi.org/10.3389/fimmu.2024.1429836
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gan et al. 10.3389/fimmu.2024.1429836
166. Rubinsztein DC, Mariño G, Kroemer G. Autophagy and aging. Cell. (2011) 146
(5):682–95. doi: 10.1016/j.cell.2011.07.030

167. Shibata T, Ohta T, Tong KI, Kokubu A, Odogawa R, Tsuta K, et al. Cancer
related mutations in NRF2 impair its recognition by Keap1-Cul3 E3 ligase and promote
Malignancy. Proc Natl Acad Sci. (2008) 105(36):13568–73. doi: 10.1073/
pnas.0806268105

168. Zavattari P, Perra A, Menegon S, Kowalik MA, Petrelli A, Angioni MM, et al.
Nrf2, but not b-catenin, mutation represents an early event in rat hepatocarcinogenesis.
Hepatology. (2015) 62(3):851–62. doi: 10.1002/hep.27790

169. Ngo HKC, Kim DH, Cha YN, Na HK, Surh YJ. Nrf2 mutagenic activation
drives hepatocarcinogenesis. Cancer Res. (2017) 77(18):4797–808. doi: 10.1158/0008-
5472.CAN-16-3538

170. Wang F, Zhang Y, Shen J, Yang B, Dai W, Yan J, et al. The ubiquitin E3 ligase
TRIM21 promotes hepatocarcinogenesis by suppressing the p62-keap1-nrf2
antioxidant pathway. Cell Mol Gastroenterol Hepatol. (2021) 11(5):1369–85.
doi: 10.1016/j.jcmgh.2021.01.007

171. Guerrero-Escalera D, Alarcón-Sánchez BR, Arellanes-Robledo J, Cruz-Rangel
A, Del Pozo-Yauner L, Chagoya de Sánchez V, et al. Comparative subcellular
localization of NRF2 and KEAP1 during the hepatocellular carcinoma development
in vivo. Biochim Biophys Acta Mol Cell Res. (2022) 1869(5):119222. doi: 10.1016/
j.bbamcr.2022.119222

172. Skoko JJ, Wakabayashi N, Noda K, Kimura S, Tobita K, Shigemura N, et al. Loss
of Nrf2 in mice evokes a congenital intrahepatic shunt that alters hepatic oxygen and
protein expression gradients and toxicity. Toxicological Sci. (2014) 141(1):112–9.
doi: 10.1093/toxsci/kfu109

173. Inami Y, Waguri S, Sakamoto A, Kouno T, Nakada K, Hino O, et al. Persistent
activation of Nrf2 through p62 in hepatocellular carcinoma cells. J Cell Biol. (2011) 193
(2):275–84. doi: 10.1083/jcb.201102031

174. Totoki Y, Tatsuno K, Covington KR, Ueda H, Creighton CJ, Kato M, et al.
Trans-ancestry mutational landscape of hepatocellular carcinoma genomes. Nat Genet.
(2014) 46(12):1267–73. doi: 10.1038/ng.3126

175. Fujimoto A, Furuta M, Totoki Y, Tsunoda T, Kato M, Shiraishi Y, et al. Whole-
genome mutational landscape and characterization of noncoding and structural
mutations in liver cancer. Nat Genet. (2016) 48(5):500–9. doi: 10.1038/ng.3547
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