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A new form of programmed cell death: Ferroptosis

Ferroptosis is a novel form of programmed cell death (PCD) 
that can occur due to internal and external factors, such as 
oxidative stress. Ferroptosis morphologically and biochemically 
differs from any previously described type of PCD, including 
apoptosis and autophagy. Morphologically, ferroptosis does not 
possess the typical manifestations of apoptosis and other forms 
of PCD, such as karyopyknosis and karyorrhexis, but shows 
mitochondrial atrophy with the reduction or disappearance of 
mitochondrial cristae [1-3]. Biochemically, ferroptosis does not 
involve the typical reactions that occur during apoptosis or other 
forms of PCD, such as caspase activation [4,5]. Ferroptosis is 
closely associated with iron metabolism and lipid peroxidation. 
Certain factors disrupt intracellular iron homeostasis and elevate 
the intracellular labile iron pool (LIP), resulting in the formation of 
reactive oxygen species (ROS) and lipid peroxidation through the 
Fenton reaction, which ultimately leads to ferroptosis. Ferroptosis 
is also associated with a decrease in the antioxidant capacity of 
certain substances such as GSH/GPX4 and related pathways. Many 
signaling molecules and regulatory pathways are also involved in 
ferroptosis, forming a tight and complex regulatory network.

 
Overview of Ferroptosis

Researchers were first exposed to ferroptosis-related 
phenomena in 2003, when Dolma et al. [6] while screening for 
genotype-selective antitumor agents in human tumor cells, found 
that both erastin and camptothecin (CPT) had cytotoxic effects on 
cells expressing RAS/ST. Although the genetic selectivity of the two 
compounds was similar, CPT induced a typical apoptotic pathway, 
whereas cell death induced by erastin did not show the typical 
features of apoptosis, such as the observation of karyopyknosis, 
karyorrhexis, or caspase-3 activation. They also reported the 
loss of mitochondrial membrane potential under the influence of 
erastin. They experimentally confirmed that the erastin-induced 
cell death was non-apoptotic and not caused by cell detachment. In 
2007, Yagoda et al. [2] revealed that erastin induces non-apoptotic 
cell death by targeting mitochondrial voltage-dependent anion 
channels (VDACs) and affects outer mitochondrial membrane 
permeability. The Ras-Raf-MEK pathway has been reported to be 
involved in non-apoptotic cell death. In 2008, Yang and Stockwel 
[3] identified RAS-selective lethal (RSL) and erastin as inducers 
of non-apoptotic type of cell death. RSL5, similar to erastin, is 
reported to act on VDACs, whereas RSL3 has a different target. More 
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importantly, iron chelators have been shown to inhibit the pro-cell 
death effects of the RSL family, linking this newly discovered form 
of cell death to iron. In 2012, Dixon et al. [1] formally introduced 
the concept of ferroptosis, stating that it is associated with iron 
metabolism and ROS accumulation, which are sensitive to an 
iron chelator deferoxamine. The formation of ROS was reported 
in the mitochondrial electron transport chain and the NADPH 
oxidase pathways. They conclusively showed that ferroptosis can 
be induced via the inhibition of system Xc

- (a glutamate/cysteine 
antiporter; cystine is the oxidized form of cysteine) by erastin. The 
complete mechanism of ferroptosis associated with system Xc

- 
was reported in 2014 [7]. The suppression of system Xc- because 
of the multiple factors leads to decreased GSH levels and reduced 
GPX4 activity, resulting in ROS production and lipid peroxidation, 
which eventually results in ferroptosis. We also confirmed that the 
target of RSL3 is GPX4.

Role of iron metabolism in ferroptosis

Iron metabolism is inextricably linked to iron homeostasis in 
the interior milieu of cells. Numerous studies have demonstrated 
that dysregulation of iron homeostasis is closely associated with 
various diseases. The induction of ferroptosis, an iron-dependent 
form of PCD, is closely associated with the dysregulation of iron 
metabolism and disruption of iron homeostasis. In the cellular 
metabolism of iron, TFR1 is a key receptor for the transport of 
iron ions into cells. Transferrin binds to TFR1 on the surface of the 
cell membrane and transports Fe3+ into the cytosol by endocytosis. 
The endosome has a proton pump that assists the entry of H+, 
and in this environment, Fe3+ is reduced to Fe2+ by the action of 
STEAP3 and is transported by DMT1 and other iron transporters 
into the cytoplasm to form the LIP. After entering the cytoplasm, 
Fe2+ can participate in the formation of the intracellular electron 
transport chain through various receptors, including MFRN-1. Fe2+ 

can be stored in the cytoplasm in the form of ferritin or excreted 
outside the cell through ferroportin [8,9]. The aforementioned 
basic processes are mainly responsible for iron metabolism and 
homeostasis and are affected by internal and external factors 
during ferroptosis, ultimately leading to an imbalance in iron 
homeostasis, elevated LIP, and cell death.

Following the first report on the association of ferroptosis 
with iron in 2008 through the discovery that iron chelators inhibit 
the pro-cell death effect of the RSL family [3], the critical role of 
iron metabolism dysfunction in ferroptosis was again validated in 
2015 through the discovery that silencing TERC (the gene encoding 
TFR1) inhibits erastin-induced ferroptosis [10]. Moreover, in 2015, 
Gammella et al. [11] pointed out that reducing the intracellular 
LIP concentration by increasing ferritin expression inhibits 
ferroptosis, highlighting the role of elevated LIP in ferroptosis. 
Elevated LIP results in an imbalance in iron homeostasis, because 
of which Fe2+ undergoes the Fenton/Haber–Weiss reaction with 
the involvement of iron sulfur clusters, leading to ROS production 
and lipid peroxidation and subsequently ferroptosis [12-14].

Lipid metabolism involved in ferroptosis

Lipid peroxidation is the key process in ferroptosis, and 
polyunsaturated fatty acids (PUFAs) are highly susceptible to 
lipid peroxidation because of the increased ROS production via 
various ferroptosis pathways. Biosynthesis and remodeling of 
phosphatidylethanolamine (PE)-containing arachidonic acid (AA) 
occurs by activating PUFAs by ACSL4 and LPCAT, resulting in lipid 
peroxidation through a series of reactions transitioning through 
various chemical forms, including PE-AA, PE-AA-OOH, and PE-OH 
[15-17]. In addition, AA and its derivative, epinephrine, play an 
important role in lipid peroxidation [18].

Signaling molecules and the pathways of ferroptosis

Various signaling molecules and pathways are involved in the 
regulation of ferroptosis. The regulation of ferroptosis by P53, 
which has dual functions, is of particular interest. Wild-type P53 can 
inhibit cystine uptake by suppressing the expression of SLC7A11 
(a component of system Xc

-) [19] and inducing ferroptosis in an 
ROS-dependent manner, such as through the P53-SAT1-ALOX15 
pathway [19-22], the P53-P21 axis [23-25], or the DPP4-related 
pathway [23,26]. These effects are also involved in tumorigenesis 
and the survival and death of normal cells. These dual effects on 
ferroptosis are mainly related to numerous molecules involved in 
the downstream signaling of P53, including USP7 [27], PTGS228, 
Parkin [28], and PVT1 [29,30] and their related pathways, each 
of which can promote or inhibit ferroptosis [31]. Additionally, 
P53 regulates the expression of the afore mentioned genes at 
the transcriptional level, whereas P53 itself is mainly regulated 
at the post-translational level, particularly via ubiquitination [31] 
(Figure 1).

Unlike P53, FIN56 induces ferroptosis by downregulating 
GPX4 primarily through acetyl-CoA carboxylase (ACC) or CoQ10 
by binding to SQS, whereas FINO2 induces ferroptosis indirectly 
by affecting GPX4 enzyme activity and directly by oxidizing 
ferrous ions, independent of ALOXs [32,33]. The CoQ10-related 
ferroptosis pathway is also involved in this process. The key 
amino acid for GPX4 activity is selenocysteine, and its insertion 
into GPX4 requires selenocysteine tRNA. The mevalonate pathway 
affects GPX4 activity by influencing the maturation of this tRNA, 
thereby participating in ferroptosis. The mevalonate pathway 
includes two important components: isopentenyl diphosphate 
and CoQ10 [34-36] (Figure 2).

These signaling molecules and pathways are widely involved 
in the regulation of ferroptosis and other forms of PCD, allowing 
the interaction of apoptosis, autophagy, and ferroptosis, indicating 
the involvement of a complex and sophisticated regulatory 
network behind these PCDs. Members of the HSP family are 
key molecules responsible for interconnecting these pathways. 
HSP90, for example, has been shown to be involved in multiple 
forms of PCD, including apoptosis, autophagy, and ferroptosis, as 
well as in a variety of diseases. However, in tumor cells, HSP90 
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is primarily a negative regulator that facilitates tumorigenesis, 
and some HSP90 inhibitors have been successfully used to induce 
various forms of PCDs in cancer cells [37,38]. HSP90 links various 
forms of PCDs in several ways. Importantly, it depletes GPX4 levels 

through the chaperone-mediated autophagy pathway, thereby 
promoting ferroptosis and depleting substances such as GAPDH, 
which affect cellular homeostasis [39].

Figure 1

Figure 2

Figure 3

Moreover, there are many other signaling molecules and 
related pathways involved in the regulation of ferroptosis, 
including the NK-κB pathway [40], trans-sulphuration pathway 
[41], glutamine metabolic pathways [10], and ATG5-ATG7-NCOA4 
pathway [42]. In the recent years, the important regulatory role 
of the NRF/CNC family in ferroptosis has been revealed, which 
exhibits potential implications in regulating ferroptosis.

NRF/CNC proteins

The NRF/CNC family is a class of evolutionarily conserved 
transcription factors (a family of basic leucine zipper transcription 
factors) that mainly includes P45, NFE2, and the NFE2-related 
factors NRF1, NRF2, and NRF3 [43-50]. The vast majority of CNC 
family members are transcriptional activators, and only a few 
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isoforms or cleaved forms (caspase-cleaved) act as repressors, 
including BACH1 and BACH2 [51-56]. One of the most intensively 
studied members is NRF2, which was earlier thought to be closely 
associated with regulatory responses to cellular stress [57]. NRF2 
functions through the antioxidant pathway. In the presence of 
conditions such as oxidative stress, KEAP1, a direct negative 
regulator of NRF2, undergoes a conformational change [58-64], 
thereby relieving its inhibitory effect on NRF2. This allows NRF2 
to enter the nucleus and form a dimer with the MAF oncogene 
product, which eventually binds to an antioxidant-responsive 
element (ARE). This in turn promotes the expression of genes 
associated with antioxidants (KEAP1-NRF2-ARE pathway) [65-
68], including GCL, GST, and HO1, and has different manifestations 
in different types of tissues [69-73]. However, in these tissues, 
multiple metabolic enzymes and antioxidant and antitoxic proteins 
show increased expression under NRF2 regulation [74]. Notably, 
there is some disagreement on the KEAP1-NRF2 interaction 
models involved in the KEAP1-NRF2-ARE pathway, including the 
“hinge and latch” model [63,75]. Moreover, in addition to its effects 
on ARE, NRF2 can exert its antioxidant effects by affecting specific 
gene targets, including synergistic action with D3T to induce the 
expression of genes involved in the recognition and repair of 
damaged proteins, a pathway closely linked to cellular antitumor 
effects [76]. Furthermore, genes regulated by NRF2 contribute 
to the maintenance of iron homeostasis and also have regulatory 
functions in calcium homeostasis, growth factors, and signaling 
molecules, leading to the resistance of many aspects of ferroptosis 
and its involvement in anti-inflammatory, anti-aging, and stem cell 
functions [65,77-80]. Similar to NRF2, NRF1 and NRF3 activate 
ARE [81], which in turn confers resistance to ferroptosis. However, 
while full-length NRF1 activates ARE, the naturally occurring 
truncated NRF1 isoform acts as an inhibitor [56]. Interestingly, 
since genes encoding KEAP1, NRF2, and MAF can be induced by 
AREs in their regulatory sequences, the members of CNC, such 
as NRF1 and NRF3, can enhance NRF2 transcription by acting on 
ARE to achieve cross-regulation [82-84].

Role of NRF2 in Mediating Ferroptosis

NRF2 mediates iron homeostasis

In 1997, Moi et al. [49] identified NRF2 for the first time in 
K562 cells, where it acted on the sequences of the transcription 
factors AP-1/NF-E2, which are located at hypersensitive site 2 
in the beta-globin locus control region. NRF2 plays an important 
role in erythropoiesis by inducing the expression of transcription 
factors. The involvement of NRF2 in the synthesis and catabolism 
of ferroheme in erythrocytes involves iron utilization. Therefore, 
the normal effects of NRF2 on the transcriptional expression of 
various downstream molecules ensure the normal synthesis 
and catabolism of ferroheme and erythrocytes and maintain 
intracellular iron homeostasis. NRF2 may influence the 
biochemical synthesis of ferroheme involving intracellular 
divalent iron utilization by affecting the expression of genes such 

as ABCB6 and FECH. In 2009, Hübner et al. [85-86] while studying 
the smoking-responsive genes regulated by NRF2, reported that 
NRF2 upregulates ABCB6 expression. ABCB6 is essential for 
the translocation of porphyrins, including coproporphyrinogen 
III, from the cytosol to the mitochondria and is ultimately 
involved in ferroheme synthesis [87]. The NRF2-ABCB6 axis is 
also activated under a variety of abnormal conditions, such as 
exposure to inorganic arsenic. Whereas, an increased expression 
of ABCB6 is observed when the NRF2 pathway is activated [88]. 
This relationship was previously verified in hepatocytes [89]. In 
a recent study, it was found that, in addition to increased NRF2 
expression, the expression of ABCB6 also increased during 
the inhalation of conventional tobacco and e-cigarettes. [90] 
Therefore, the involvement of the NRF2-ABCB6 axis in heme 
synthesis and maintenance of iron homeostasis was ascertained 
[91]. In addition, FECH, a ferro-chelatase is involved in the final 
step of heme production [92]. Wu et al. [91] found that FECH is a 
target of NRF2 and can promote NRF2 expression.

As only a small fraction of the daily source of iron in the body and 
cells comes from intestinal absorption (1-2 mg/day) and the vast 
majority comes from the metabolism of senescent erythrocytes (30 
mg/day) [93], the maintenance of iron homeostasis is particularly 
important in erythrocyte catabolism. NRF2 is not only involved 
in the intracellular synthesis of ferroheme using divalent iron but 
also maintains iron homeostasis by regulating various pathways 
to facilitate iron transfer. The target genes involved in this process 
include HMOX-1, HRG1, AMBP, BLVRA, and BLVRB. Among these, 
the NRF2-HMOX-1 axis is the most representative one together 
with its research value on peroxidation damage. In macrophages, 
senescent erythrocytes are degraded to release ferroheme, which 
is then degraded into free iron ions and biliverdin by the HMOX-1 
enzyme (HO-1). Subsequently, the free iron ions enter the LIP and 
are utilized, or transported out of the cell. The aforementioned 
reactions mediated by HO-1 are enhanced in the presence of 
oxidative stress [94]. However, because HO-1 increases the 
production of free intracellular iron ions, it negatively regulates 
ferroptosis. HO-1 inhibits intracellular iron accumulation and 
induces peroxidative damage. In 2021, Tang et al. [95] determined 
the specific inhibitory effect of HO-1 overexpression on ferroptosis 
by directly knocking out HO-1 or using the HO-1 inhibitor ZnPP 
in a retinal pigment epithelium (RPE) degeneration model and 
suggested that HO-1 could inhibit the onset of ferroptosis by 
suppressing intracellular iron accumulation and ROS production. 
In 2022, Ma et al. [84] found that HO-1 could inhibit ferroptosis 
by a similar mechanism in a model of Mycobacterium-infected 
macrophages, and it could also induce increased expression of 
GPX4 to inhibit ferroptosis. In addition, HO-1 inhibits ferroptosis 
by upregulating FHC to increase iron ion storage and resists 
peroxidative damage [96]. Notably, BACH1, a member of the CNC 
family, suppresses the expression of HMOX1, which is detrimental 
to iron homeostasis, whereas the product of BLVRA, another target 
gene of NRF2, suppresses the effect of BACH1 [97]. However, 
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HO-1 has dual regulatory effects on ferroptosis, as it increases 
the intracellular iron concentration and releases CO. Yuan et al. 
[98] found that nimodipine application reduced HO-1 levels 
while maintaining iron homeostasis. Han et al. [99] found that 
the natural monomer luteolin could trigger ferroptosis through 
excessive upregulation of HO-1 expression and activation of LIP 
in clear cell renal cell carcinoma. In summary, recent studies have 
been controversial regarding the regulatory effects of HO-1 on 
ferroptosis [100-107], suggesting that the regulatory role of HO-1 
in ferroptosis and related pathways is complex. NRF2 facilitates 
the maintenance of intracellular iron homeostasis and prevents 
ferroptosis by upregulating HO-1 expression.

We have previously reported that NRF2 is involved in the 
metabolic utilization of iron by affecting the expression of 
various genes, therefore maintaining iron homeostasis. LIP is a 
central concept in iron homeostasis and ferroptosis. In response 
to various factors, LIP levels are elevated, which increases 
ROS production and ultimately leads to lipid peroxidation and 
ferroptosis. Moreover, NRF2 is involved in multiple pathways 
that regulate LIP levels, including FTL, FTH1, and FPN1. NRF2 
can also affect the expression of PIR, and the regulation of LIP by 
this pathway involves crosstalk with the NF-κB pathway. FTL and 
FTH1 are the light and heavy chains of ferritin, respectively, and 
are the key components of ferritin [108]. Ferritin is important for 
the intracellular storage and sequestration of iron, and increased 
ferritin synthesis facilitates the inhibition of LIP elevation, 
reduction of ROS production, and inhibition of ferroptosis [109]. 
When ferritin is degraded, such as through ferritin phagocytosis 
involving various pathways, the opposite effects occur [110-113]. 
NRF2 regulation of FTL and FTH1 expression was first discovered 
in 2003 by Pietsch et al. [114] found that in the presence of elevated 
LIP, NRF2 upregulated FTL and FTH1 expression, interfering with 
ROS production by synthesizing more ferritin to deplete the free 
iron pool. Selvakumar et al. [115] reported that the application 
of 1-methyl-4-phenylpyridinium to microglia obtained from 
individuals with Parkinson’s disease promoted the entry of NRF2 
into the nucleus, which eventually led to ferritin activation and 
reduced ROS production. Recent studies have shown that ferritin 
plays a negative regulatory role. Sze et al. [116] found that ferritin 
inhibits estradiol biosynthesis in ovarian granulosa cells in vitro 
by upregulating NF-κB and inducible nitric oxide synthase (iNOS) 
and reported that NRF2 downregulation can lead to a decrease 
in GPX4, suggesting that a more complex regulatory mechanism 
is involved. In contrast, FPN1 is an important molecule for 
intestinal iron absorption and the translocation of intracellular 
iron out of the cell and is expressed in intestinal epithelial cells, 
macrophages, and hepatocytes [117]. It has been well established 
that FPN1 maintains iron homeostasis and resists ferroptosis 
during oxidative stress. Lu et al. [118] found that this mechanism 
inhibits ferroptosis in nucleus pulposus cells and ameliorates 
intervertebral disc degeneration. Similarly, the use of USP35 to 

maintain FPN1 protein stability has an anti-ferroptotic effect 
[119]. FPN1 expression is closely related to the CNC family 
through the joint participation of heme and HO-1; BACH1 mainly 
represses its transcription, whereas NRF2 plays an activating role. 
The intrinsic mechanism may involve the binding of BACH1 to the 
related DNA sequence to repress transcription; upon exposure 
to heme, BACH1 is replaced by NRF2, BACH1 is inactivated, and 
FPN1 is activated [120-122]. As described above, cells maintain 
iron homeostasis and resist ferroptosis through NRF2-regulated 
ferritin storage and extracellular transfer of FPN1 in response 
to elevated LIP. Under the regulation of NRF2, elevation of LIP 
can synergistically trigger other pathways, including the NF-κB 
pathway, to maintain iron homeostasis. While identifying NRF2-
regulated genes responsiveness to smoking, Hübner et al. [85] 
found that NRF2 upregulates the expression of PIR. PIR is a highly 
evolutionarily conserved non-heme iron-containing member of 
the cupin superfamily, whose oxidized form (bound to Fe3+ ions) 
binds to the RelA (P65) subunit and enhances the activity of 
the transcription factor NF-κB [123]. The NF-κB pathway is also 
important for inhibiting ferroptosis [40,124].

Moreover, new discoveries have recently been made on NRF2 
target genes related to iron metabolism. In 2023, Anandhan et al. 
[125] found that HERC2 expression decreased after knockout of 
NRF2. As HERC2 acts as an E3 ubiquitin ligase for both FBXL5 and 
NCOA4, a decrease in HERC2 affects the HERC2-FBXL5-IRP1/2-
FTH1/FTL pathway, resulting in reduced ferritin synthesis and 
increased levels of free intracellular iron ions, ultimately causing 
ferroptosis. TBXAS1 is also considered an NRF2 target gene [86]. 
TBXAS1 was initially thought to be the product of TXAS, which 
produces TXA2 in the AA cascade [126]. However, Minami et al. 
[127] found that TBXAS1 expression is important for maintaining 
iron homeostasis, and in malignant mesothelioma cells, the 
downregulation of TBXAS1 expression can cause an imbalance 
in iron homeostasis or tumorigenesis. Importantly, NRF2 has 
recently been suggested as a molecular sensor of iron-induced 
oxidative stress. NRF2 drives the expression of BMP6 in liver 
sinusoidal endothelial cells, thereby increasing hepcidin synthesis 
[128-130], which is essential for maintaining iron homeostasis. 
Besides blocking the extracellular export of iron via FPN1, it is 
involved in crosstalk with the IRE/IRP pathways to regulate FPN1 
expression [131] and binds to iron-bound FPN1 for targeted 
degradation [132]. The NRF2-hepcidin-FPN1 axis is recognized 
as an iron homeostasis maintenance pathway. In summary, NRF2 
is involved in the maintenance of intracellular iron homeostasis, 
including heme- and iron-related synthesis, catabolism and the 
maintenance of low LIP levels. Under normal conditions, NRF2 
prevents iron disorders and ferroptosis.

NRF2 mediates system Xc--GSH/GPX4

Ferroptosis is not only closely related to iron metabolism but 
is also inextricably linked to the antioxidant capacity of the system 
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Xc
--GSH-GPX4 axis. System Xc

- is an antiporter system consisting of 
SLC7A11 and SLC3A2 [133,134], which transports glutamate out 
of the cell in a 1:1 ratio while transporting cystine (the oxidized 
form of cysteine) into the cell. After entering the cell, cystine can 
also be converted to cysteine by TRR1 or GSH by GCL. Cysteine and 
glutamate can form γ-glutamyl cysteine glutamate, from which 
glutathione (GSH) [135] is ultimately formed in the presence 
of glycine (Gly) and GS. GLS and GS regulate the glutamate–
glutamine cycle [136]. GSH is oxidized by GPX4 in a reaction that 
consumes intracellular free radicals. Therefore, system Xc

--GSH-
GPX4 is an important constituent of the antioxidation pathway 
and was considered an important target for oxidative damage 
in earlier studies on ferroptosis. Dixon et al. [1] introduced the 
concept of ferroptosis [1] in 2012 and reported that compounds 
that induce ferroptosis, such as erastin, could cause a decrease 
in the activity of system Xc

-, leading to an increase in ROS levels. 
Friedmann et al. [7] proposed that system Xc

--G-GSH-GPX4 is one 
of the key pathways in the onset of ferroptosis and that different 
ferroptosis-inducing substances act on various targets in this 
pathway, leading to a decreased ability of the cell to scavenge free 
radicals and resist oxidation, increased ROS production, and lipid 
peroxidation, which ultimately leads to ferroptosis.

System Xc
-, the initiating cellular membrane transporter of 

the system Xc
--GSH/GPX4 axis, plays a critical upstream role in 

combating oxidative stress and ferroptosis. NRF2 is important for 
enhancing and maintaining the expression of system Xc

-. SLC7A11 
is one of the important gene encoding system Xc

- that was reported 
to be a target gene of NRF2 [137]. Upon the induction of NRF2 
by H2O2, an increase in SLC7A11 mRNA and protein levels and 
an increase in system Xc

- expression were observed, resulting in 
increased intracellular GSH levels, resistance to oxidative stress, 
and ferroptosis.

Importantly, NRF2 is the main transcription factor that 
regulates GSH metabolism. GCL is the rate-limiting enzyme 
involved in GSH biosynthesis, which has two subunits: GCLC and 
GCLM. The regulation of GCLC by NRF2 has been confirmed at the 
promoter level. NRF2 acts on ARE4 after binding to proteins such 
as JUN or MAF [138,139]. ARE4, one of the key promoter regions of 
GCLC [140], is located approximately 3.1 kb upstream of the distal 
transcription start site of the ARE element [141], and activation of 
ARE4 eventually enhances the transcription of GCLC. Interestingly, 
ARE4 activation can also induce the expression of naphthoflavone, 
which can transactivate GCLC expression [139,141]. Importantly, 
GCLC activation is associated with NRF2, but NRF1 also plays an 
important role in promoting GCLC transcription. The knockout 
of either NRF1 or NRF2 results in decreased GCLC expression, 
making cells more susceptible to peroxidative damage [142,143], 
whereas GCLC transcription is elevated when NRF1 or NRF2 
is overexpressed [138,144]. Yang et al. [145] reported that the 
induction of GCLC expression by NRF1 and NRF2 is dependent on 
both AP-1 and NF-κB [145], and the inducible effect of NRF1 and 

NRF2 on GCLC was lost in AP-1 and NF-κB knock-out. NRF2 can 
also play a similar role in enhancing transcription through GCLM, 
which is an another subunit of GCL [138]. Moinova and Mulcahy 
[146] noted that NRF2 promotes the transcriptional activation 
of GCLM by recognizing and binding to the GCS l EpRE sequence. 
Moreover, Chen et al. [147] found that the induction of GCLM 
expression by 15d-PGJ2 requires the involvement of NRF2. GS is 
a key enzyme involved in GSH biosynthesis, and its transcription 
is regulated by NRF2. Using genetic knockout mice and chemical 
induction, McMahon et al. [72] reported that NRF2 controls 
the inducible expression of GS in a gene-specific manner. This 
regulation is also dependent on transcriptional regulation of the 
GS promoter, which leads to increased GS transcription upon NRF2 
overexpression. NRF1 is also involved in this process, although the 
binding sites of these two proteins differ [148,149]. In summary, 
NRF2 promotes the expression of various enzymes involved in 
GSH synthesis, including GCL and GS, thereby enhancing GSH 
production to counter oxidative stress and ferroptosis [150].

The antioxidant elimination of free radicals by GSH also 
requires the participation of GPX4, which is why a decrease in 
GPX4 activity is one of the factors responsible for the onset of 
ferroptosis. Osburn et al. [151] were the first to identify the GPX4 
region as a target of NRF2. Moreover, NRF2 inhibits ferroptosis 
by increasing GPX4 levels [152,153]. Based on the important role 
of ferroptosis in chronic obstructive pulmonary disease (COPD), 
Zhang et al. [154] reported that NRF2 inhibits ferroptosis and 
delays the progression of inflammation in COPD. In conclusion, 
NRF2 increases and maintains the activity of the system Xc

--
GSH/GPX4 axis at the transcriptional level, which actively resists 
peroxidative damage and inhibiting ferroptosis.

Other pathways

In addition to the aforementioned pathways, recent studies 
have identified other pathways through which NRF2 can resist 
ferroptosis. Zhang et al. [155] found that the expression of PPARG/
PPARγ, a lipid metabolism-related transcription factor involved 
in the development of multiple diseases, was repressed during 
endoplasmic reticulum stress in MIN6 cells, which promoted the 
accumulation of lipid peroxides leading to ferroptosis. Moreover, 
NRF2 has previously been shown to maintain and increase PPARG 
expression, which was significantly suppressed in NRF2 knock-
out mice [156]. Li et al. [157] demonstrated that defective NRF2 
would lead to reduced PPARG expression and is closely associated 
with hepatic steatosis [149]. Interestingly, when the expression 
of PPARG is increased, it also increases the expression of NRF2 
and enhances the ability of the cells to resist peroxidative damage 
[158]. In conclusion, NRF2 can inhibit ferroptosis by increasing 
PPARG expression and may be involved in balancing lipid 
metabolism and inhibiting lipid peroxide accumulation.

Moreover, Huang et al. [159] observed increased intracellular 
divalent iron ions and lipid peroxide levels and decreased levels 
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of GPX4 in AKR1C1 (a member of the aldo-keto reductase family) 
knock-out non-small-cell lung cancer cells. This demonstrates 
that AKR1C1 expression has an anti-ferroptotic effect and is 
closely associated with tumor cell proliferation and metastasis. In 
2022, Zuo et al. [160] demonstrated that in corneal epithelial cells, 
activated NRF2 increased AKR1C1 expression and successfully 
prevented ferroptosis due to peroxidative damage in a model of 
dry eye disease. Wohlhieter et al. [161] observed an increase in 
AKR1C1 expression because of the increased NRF2 activity in 
KEAP1 knock-out (Table 1).

Table 1: List of genes regulated by NRF2.

ABCB6 FECH

HMOX-1 HRG1

AMBP BLVRA

BLVRB PIR

FPN1 TBXAS1

SLC7A11 GCLC

AKR1C1

Roles of NRF1 in mediating ferroptosis

NRF2 is a molecular sensor of iron-induced oxidative stress 
and is activated via the KEAP1-NRF2 pathway after recognizing 
oxidative and electrophilic molecules. However, unlike NRF2, 
NRF1 is primarily localized in the endoplasmic reticulum 
membrane, is released and translocated to the nucleus only under 
stressed endoplasmic reticulum conditions, and is independent 
of KEAP1 regulation [162]. Regardless of the differences between 
the activation mechanisms both NRF1 and NRF2 have clear 
antioxidant and anti-ferroptotic effects.

Although NRF1 has been reported to play a role in resisting 
oxidative damage [143,149,163,164], only the protective role of 
NRF2 in the field of ferroptosis has been studied to date. However, 
in recent years, there have been new research advances in the 
anti-ferroptotic action of NRF1. As mentioned previously, in the 
system Xc

--GSH/GPX4 axis, NRF1 and NRF2 have similar and 
mutually coordinated antioxidant and anti-ferroptotic effects. 
NRF1 and NRF2 induce GCLC expression depending on AP-1 and 
NF-κB [145]. However, in 2022, Forcina et al. [165] analyzed gene 
expression in Control1/2N cells and NFE2L1KO1/2,N cells by RNA 
sequencing and found that disruption of NRF1 did not significantly 
reduce the expression of SLC7A11, FSP1, or several GSH synthesis-
related genes (GCLC, GCLM, GS), whereas a significant decrease 
in GPX4 protein expression was observed by western blotting. In 
contrast, NRF2 was observed to reduce the protein expression of 
GCLM and particularly GCLC, suggesting a novel viewpoint that 
NRF1 and NRF2 can resist ferroptosis in a mutually independent 
manner, whereas NRF1 resist ferroptosis mainly by maintaining 
GPX4 levels. This mechanistic independence was confirmed 
experimentally by observing that overexpression of NRF2 

could compensate for NRF1 and overexpression of NRF1 could 
compensate for NRF2 to resist ferroptosis. In clinical conditions, 
the antioxidative damage and anti-ferroptotic effects of NRF1 
have also been confirmed in diseases such as primary bilateral 
macronodular adrenal hyperplasia [166].

NRF/CNC proteins mediate ferroptosis in the 
occurrence and development of related diseases 

Diabetes and diabetic nephropathy

One of the important causes of diabetes is the destruction 
and functional impairment of pancreatic β-cells. Recent studies 
have shown that peroxidative damage plays an important role 
in pancreatic-cell damage and iron homeostasis imbalance, and 
ferroptosis is a key factor in the pathophysiology of this disease 
[167-170]. Previous studies have demonstrated the involvement 
of ferroptosis in the development of diabetic nephropathy (DN) 
[171,172]. Wang et al. [173] used salusin-β to reduce NRF2 
levels and investigated the involvement of ferroptosis in DN 
pathogenesis and the development of diabetic nephropathy. The 
resulting therapeutic advances have also led to breakthroughs, as 
reported by Jin and Chen [174] who used umbelliferone to activate 
the NRF2/HO-1 pathway, inhibit ferroptosis, and successfully 
delay the progression of diabetic nephropathy in mice.

Cardiovascular diseases

Ferroptosis plays an important role in the development of 
cardiovascular diseases, including ischemia/reperfusion injury, 
heart failure, cardiomyopathy, and atherosclerosis [175,176]. 
Ferroptosis and iron homeostasis imbalance damage vascular 
endothelial cells, which can be protected by using ferroptosis 
inhibitors [177,178]. Similar effects have been observed in 
muscle cells, macrophages, and cardiomyocytes [179-181]. 
Ma et al. [182] used metformin to activate the NRF2 pathway 
to inhibit ferroptosis and protect muscle cells. Ferroptosis 
in macrophages is also highly dependent on NRF2 activation 
[183]. These findings suggest that the inhibition of ferroptosis 
can play an important role in the prevention and treatment 
of cardiovascular diseases. This can be achieved through the 
NRF2 pathway, which is considered a promising target for the 
treatment of cardiovascular diseases [184,185]. Song et al. [186] 
successfully used ulinastatin to activate NRF2 and prevent CVB3-
induced acute viral myocarditis [187]. Bose et al. [187] in their 
study on sulforaphane reported that activation of NRF2 protected 
the heart from DOX toxicity, and that DOX and sulforaphane had 
a synergistic tumorigenic effect, suggesting that NRF2 also has a 
significant inhibitory effect on cardiac tumors. Importantly, NRF2 
inhibition of ferroptosis improved the prognosis after myocardial 
infarction and ischemia/reperfusion injury [188,189] and may 
also relieve arrhythmias [190]. Additionally, Wang et al. [191] 
reported that rosuvastatin improves cardiac function and reduces 
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myocardial hypertrophy by modulating the interaction between 
NRF2 and SMADs. Moreover, the NRF2-HO-1 [192] pathway has 
been shown to inhibit peroxidative damage and ferroptosis to 
delay disease progression in rheumatic arthritis (RA), suggesting 
that the inhibition of ferroptosis via the NRF2 pathway may have 
promising applications in rheumatic heart disease.

Cancers

Colorectal cancer

Colorectal cancer cells (CRC) exhibit mutations in various iron 
metabolism-related genes and specific tumor microenvironmental 
features that affect the phenotype of surrounding stromal cells. 
These iron metabolism- and ferroptosis-related genes have 
been identified successively. The immune-activated ferroptosis-
related Fersig constructed by Luo et al. [193] can be used to 
identify the genes that can be targeted to enhance the effects of 
immunotherapy in patients. CRC can also activate NRF2 through 
pathways involving arylacetamide deacetylase expression to 
prevent ferroptosis in tumors [194]. This suggests that the 
induction of ferroptosis via the NRF2 pathway is therapeutically 
promising for CRC. Yang et al. [195] successfully used cetuximab 
to inhibit the NRF2-HO-1 axis, deactivate the classical anti-
ferroptosis effect of HO-1, and promote ferroptosis in CRC. Wei 
et al. [192] used tagitinin C to activate NRF2 to exert the non-
canonical pro-ferroptotic effect of HO-1, which kills tumor cells 
by promoting ferroptosis in a manner similar to that of erastin. 
Gao et al. [196] successfully used lysionotin to degrade NRF2 and 
promote ferroptosis in CRC treatment. Oxaliplatin also promotes 
ferroptosis in tumor cells by inhibiting the NRF2 pathway [197]. 
Importantly, the inhibition of the NRF2 pathway to promote 
ferroptosis in CRC cells could increase the sensitivity of tumors to 
other therapeutic approaches, including enhanced sensitivity to 
oxaliplatin-based chemotherapy [192].

Lung cancer

Many lung cancer-associated ferroptosis genes have now 
been identified, including ALOX15, PEBP1, GLS2, and PHKG2. 
These ferroptosis-associated genes have been used to predict 
the prognosis of patients with lung cancer, demonstrating the 
importance of ferroptosis in lung cancer [198]. Importantly, lung 
cancer treatment can also promote ferroptosis through NRF2-
associated pathways. Hsieh et al. [199] successfully induced 
ferroptosis and altered the tumor microenvironment to induce 
immunity to the lung cancer using an NRF2 nano-modulator. 
A similar effect was achieved by inhibiting NRF2 using MT1DP 
loaded onto folate-modified liposomes [200]. This idea can also be 
applied to enhance the sensitivity of tumors to existing antitumor 
drugs. Lou et al. [201] used ginkgetin to disrupt the NRF2/HO-1 
axis and enhance the chemosensitivity of NSCLC to cisplatin.

Breast cancer

Breast cancer can be subtyped prognostically using 

ferroptosis-related genes. Zhang et al. [202] reported that triple-
negative breast cancer could be prognostically subtyped using 
the ferroptosis regulator, MTHFD2. Recent studies have found 
that activating NRF2 and utilizing the pro-ferroptotic effects 
of HO-1, including the use of levistilide A and ALKBH5, have a 
therapeutic effect on breast cancer [203,204]. Breast cancer 
cells can upregulate NRF2 via NR5A2 and NCOA3, resulting 
in inhibition of ferroptosis and enhanced resistance of breast 
cancer cells to BET inhibitors [205]. These results indicate the 
therapeutic significance and research prospects of NRF2-based 
pro-ferroptosis therapy for breast cancer and reveal a new 
mechanism of tumor drug resistance.

Ovarian cancer

Ovarian cancer has a 5-year relative survival rate of less than 
50% because of its high recurrence rate and insufficient early 
detection methods. The standard treatment options include 
debulking surgery, chemotherapy, angiogenesis inhibitors, 
poly ADP-ribose polymerase inhibitors, and immunotherapies. 
However, novel therapeutic approaches are still needed, as 
treatment outcomes remain unsatisfactory. Ferroptosis-related 
therapies have emerged as promising areas of research for the 
treatment of ovarian cancer [204]. For the first time, Zhang et 
al. [206] used P53 to induce ferroptosis in ovarian cancer cells, 
revealing it as a potential treatment for ovarian cancer. Similar 
findings have been described in other reports [207], suggesting 
that this therapy may increase the sensitivity of ovarian cancer to 
chemotherapeutic agents. Liu et al. [208] reported that sustained 
activation of NRF2 in ovarian cancer cells exerts antioxidant 
and anti-ferroptotic effects and protects tumor cell survival. 
Accordingly, researchers have successfully promoted ferroptosis 
in ovarian cancer cells using various compounds to inhibit 
NRF2 activity, including norcantharidin and carboxymethylated 
pachyman [209,210]. In conclusion, the use of NRF2 inhibitors to 
promote ferroptosis in ovarian cancer cells would be beneficial for 
improving the sensitivity of ovarian cancer cells to chemotherapy 
and may also provide therapeutic options with better efficacy.

Cervical cancer

Patients with early-stage cervical cancer (CC), which is the 
fourth most common cancer in women, have good outcomes 
after radical surgery. Chemotherapy, particularly cisplatin-
based regimens, is the primary treatment option for patients 
with metastatic or recurrent CC. However, such chemotherapy 
regimens can cause drug resistance issues, leading to worse 
outcomes than expected, which has become a critical issue in 
the treatment of advanced CC. Currently, the NRF2-ferroptosis 
pathway offers a potential solution for chemoresistance. Zhang 
et al. [211] successfully reduced NRF2 levels in CC cells by 
decreasing the expression of PIN1, which not only activates the 
ferroptosis pathway but also sensitizes the cells to the cisplatin 
chemotherapy regimen.
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Head and neck cancer

To address the issue of drug resistance in head and neck 
cancer (HNC), investigators in previous studies have proposed 
new therapies using GPX4 inhibitors, such as RSL3 and ML-162, to 
induce ferroptosis; however, drug resistance issues have emerged 
with this treatment. Shin et al. [212] successfully reversed 
resistance to GPX4 inhibitor-based anti-ferroptosis therapy in a 
mouse model by inhibiting NRF2 activation using trigonelline. 
Roh et al. [213] successfully reversed cisplatin resistance in HNC 
cells via NRF2 inhibition. 

Other cancers

NRF2 pathway-related pro-ferroptosis therapy has emerged 
as a promising area of research among the antitumor therapeutic 
approaches. Although the research is still at an early stage, 
excellent breakthrough results have already emerged including 
ferroptosis-inducing nanocomposite for the treatment of cancers. 
These results provide a potential solution to drug resistance 
in a wide range of tumors band also reveals new insights about 
antitumor therapy using ferroptosis to eliminate tumor cells. Such 
studies are not limited to the aforementioned types of tumors but 
also include gastric, bladder, and hepatocellular carcinoma [214-
217]. 

Neurodegenerative Diseases 

Alzheimer’s disease 

The critical relationship between NRF2 and ferroptosis is 
important in numerous neurodegenerative diseases [218], among 
which Alzheimer’s disease (AD) is the most common. Although 
degenerative changes caused by aging are important factors in the 
development of AD, oxidative damage and an imbalance in iron 
homeostasis have long been known to be involved in AD [219], 
and sufficient evidence has confirmed that a dysfunctional NRF2 
pathway and ferroptosis are part of the pathological mechanisms 
underlying AD [185]. Dysfunction of the NRF2 pathway can occur 
by a decrease in NRF2 expression or a decrease in NRF2 nuclear 
translocation and action on ARE elements. Youssef et al. [220] 
observed a decrease in NRF2 mRNA levels in a mouse model of AD, 
whereas defects in NRF2 nuclear translocation and ARE binding in 
AD were reported in previous studies [221]. Therefore, inhibition 
of ferroptosis by increasing the function of the NRF2 pathway has 
become a new frontier in AD therapy. Blair et al. [222] successfully 
used the clinically approved drug dimethyl fumarate (DMF) in 
multiple sclerosis to enhance NRF2 expression in a clinical setting 
with good efficacy. Recent studies have shown that DMF may 
improve AD to some extent [223], suggesting that it could be a 
potential drug for AD. Another drug with a similar mechanism 
of action is 4-octyl itaconate [224]. Additionally, recent studies 
have found that a range of plant secondary metabolites, including 
carnosic acid, which has already entered clinical trials and is now 
considered to be milder than DMF, can activate NRF2 to inhibit 
ferroptosis and act as AD therapeutics [225,226]. Moreover, 

diacetyl-bis (4-methyl-3-thiosemicarbazonato) copper (II), an 
AD therapeutic currently used in phase I clinical trials, was found 
to favor the activation of the NRF2 pathway [227]. In summary, 
activating and maintaining the NRF2 pathway to inhibit ferroptosis 
is a novel strategy for AD treatment. Many treatment methods are 
under clinical trials and are expected to be implemented soon.

Huntington’s diseases

Huntington’s disease (HD) was first described by George 
Huntington in 1872, it is an autosomal dominant late-onset 
neurodegenerative disorder. The main cause of HD is polymorphic 
sequence of three CAG nucleotides in IT15 gene exon 1, which had 
been reported previously [228-230]. But now, Ferroptosis is also 
thought to be one of the important causes of HD [231]. According 
to research of Skouta et al. [232], inhibitors of ferroptosis, such 
as ferrostatinis and liproxstatins, are protective in model of 
Huntington’s diseases. In addition, similar conclusions were 
obtained through Leng et al. [233] GSEA as well as pathway 
enrichment analysis. In 2019, Mi et al. [234] provided a review of 
the role of ferroptosis in Huntington’s disease, and they listed the 
manifestations of ferroptosis that have been reported in previous 
literature in animal models and patient cohorts. Surprisingly in 
patients with HD, high lipid peroxidation and low GSH plasma 
levels have been found [235]. Which consequently lead decrease 
of GPX4 [234], most importantly the imbalance in cell homeostasis 
leading to the process of ferroptosis [231]. However, at present, 
there is no effective treatment for HD except palliative care [229]. 
As mentioned above, the increase of ROS leads to the increase of 
lipid peroxidation level, further the decrease of GSH, and finally 
the decrease of GPX4 promotes the ferroptosis process. This 
series of intracellular molecule imbalance leads to the occurrence 
of Huntington’s disease [231,236]. Luckily, it is reported that 
NRF2 has the role of regulating the ferroptosis process, so it may 
become a new treatment scheme for HD [185].

Parkinson’s diseases

Parkinson disease (PD) is the most common neurodegenerative 
disease that affects movement [237], characterized by the gradual 
loss of dopaminergic neurons in the substantia nigra (SN), 
resulting in decreased dopamine secretion [238-241]. Ramsey 
and his colleagues [221] found elevated levels of Nrf2 in the 
nucleus of neurons in the substantia nigra of human Parkinson’s 
disease, and subsequently found in numerous autopsy studies 
that NRF2 has a higher nuclear transposition in the brains of 
Parkinson’s disease patients, as well as an increase in some NRF2 
regulatory genes [242-244]. In 2012, NRF2-/-/α-Syn mouse 
model was established by Lastres-Becker et al. [245], using 
this mouse model, researchers also found that NRF2-/-/α-Syn 
mice exhibited pathological features such as increased loss of 
dopaminergic neurons in the substantia nigra, dendritic atrophy, 
protein aggregation and increased neuroinflammation, and MPTP 
and 6-OHDA were also confirmed in subsequent studies to induce 
an increase in ROS to mimic Parkinson’s disease in rodents. 
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Conversely, transplantation of NRF2-expressing astrocytes into 
the striatum of wild-type mice reduced the susceptibility of 
mice to 6-OHDA and MPTP [246-249]. It can be seen that NRF2 
plays a protective role in Parkinson’s disease. In addition, some 
studies have shown that NRF2 has the function of regulating 
mitochondrial quality control and balance, and moderate physical 
exercise can protect mice receiving 6-OHDA treatment through 
NRF2 neuroprotective activity, thereby facilitating the activation 
of mitochondrial biogenesis and preventing the development 
of Parkinson’s disease [250-252]. Based on the study of the 
pathogenesis of NRF2 in Parkinson’s disease, many scholars 
have been committed to developing activators of NRF2 to treat 
Parkinson’s disease, including sulforaphane (SFN), a compound 
extracted from glucuronide precursors in brassica vegetables 
and its metabolite glucosinoside (ERN) [253], and halogenated 
vinyl sulfone (E)-3chloro-2-(2-((2-chlorophenyl)sulfonyl)vinyl 
Pyridine (9d) [254] and so on. These NRF2 agonists have been 
effective in cell experiments and animal model validation, but 
there is still a long way to go before they can be applied to clinical 
patients.

Liver diseases

Ferroptosis is thought to be involved in the pathogenesis and 
development of a variety of acute, chronic, malignant, and benign 
liver diseases. Ferroptosis-related pathways have emerged as 
potential new avenues for the treatment of liver diseases [255]. 
One of the methods of regulating ferroptosis involves the NRF2 
pathway. Yang et al. [256] used maresin1 in mice to activate NRF2 
to counter liver damage caused by ferroptosis and successfully 
achieved protection. Similarly, Pan et al. [257] have also reported 
delayed disease progression in liver fibrosis by activating the NRF2 
pathway. Similar concepts have been supported in the studies of 
acute liver injury, chronic liver failure, drug-induced liver injury, 
and nonalcoholic fatty liver disease [176,258-261].

Acute kidney injury 

Studies have suggested that ferroptosis resistance can improve 
the prognosis of acute kidney injury (AKI), and the activation of 
the NRF2 pathway is an important pathway to be exploited. Hu 
et al. [262] used leonurine to activate the NRF2 pathway to resist 
ferroptosis in cells and mice, and observed protection against 
cisplatin-induced AKI. Similar results have been observed in 
studies using DMF and melatonin [263-265]. Recent studies have 
used this concept to provide a prophylactic treatment for AKI. 
Qiongyue et al. [266] used irisin to activate the NRF2-based anti-
ferroptotic pathway in mice and successfully prevented sepsis-
induced AKI. This reveal the new method to utilize NRF2 pathway 
for inducing prophylactic resistance to ferroptosis to prevent AKI 
and has important clinical implications.

Other diseases

In addition to the aforementioned diseases, many other 
diseases can be treated with NRF2-based anti-ferroptotic therapies 

with good outcomes. Friedreich’s ataxia is a neurodegenerative 
disease that lacks an effective cure. La Rosa et al. [267] successfully 
exploited NRF2 activation in a mouse model to counteract 
ferroptosis and disease progression. Moreover, the NRF2 
protective function in COPD can also be activated by agents such 
as dihydroquercetin, suggesting the application of this pathway 
in cases of chronic inflammation [268]. Interestingly, the use of 
NRF2 against ferroptosis has been shown to have ameliorative 
behavioral effects on psychiatric disorders, including anxiety and 
depression [269]. In addition, the use of NRF2-based protection 
against ferroptosis has shown satisfactory progress in the study of 
various diseases, including ulcerative colitis, osteoarthritis, acute 
lung injury, and preeclampsia, both in animal models and in vitro 
[269-272] (Table 2).

Table 2: List of diseases associated with NRF/ferroptosis.

Diseases Molecules or pathways that may be 
involved

Diabetes and diabetic ne-
phropathy NRF2-HO-1 pathway

Cardiovascular diseases NRF2-HO-1 pathway

Colorectal cancer NRF2-HO-2 pathway

Lung cancer PEBP1, GLS2, and PHKG2, NRF2-HO-2 
pathway

Breast cancer MTHFD2, NRF2-HO-2 pathway

Ovarian cancer p53, NRF2

Cervical cancer PIN1, NRF2

Head and neck cancer GPX4, NRF2

Alzheimer’s disease NRF2

Huntington’s diseases GPX4, NRF2

Parkinson’s diseases NRF2

Liver diseases NRF2

Acute kidney injury NRF2

Conclusion

Ferroptosis, a novel form of PCD, is characterized by an 
imbalance between iron homeostasis and lipid peroxidation. A 
variety of mechanisms related to the disease pathogenesis and 
development and a complex regulatory network underlie this 
form of cell death. The NRF/CNC family constitutes a regulatory 
network mainly centered on NRF1 and NRF2, which effect 
resistance to ferroptosis. They contribute to the maintenance 
of iron homeostasis and the antioxidant capacity of system Xc

-

-GSH/GPX4, and function in conjunction with other regulatory 
pathways. This has profoundly influenced clinical research 
and the prospects for treating diseases, including tumors, and 
various acute and chronic diseases. New ideas and protocols have 
been developed using the NRF-ferroptosis pathway, which have 
been validated in cellular and animal models, and several drugs 
have entered clinical trials. Although the pathways regulating 
ferroptosis by the NRF/CNC family have not yet been fully 
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elucidated, this mechanism is poised to become a new tool for 
clinicians and a new hope for patients. Future studies are needed 
to reveal the complex regulatory pathway behind this mechanism 
and to verify the importance of the NRF-ferroptosis pathway in a 
clinical context.
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