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The cross-talk between NRF2
and apoptosis in cancer

Abstract

Cancer is one of the common diseases that affects people in the society, the prevalence of which
has decreased somewhat in recent years. Various genetic and environmental factors play a role in
the development and progression of cancer. NRF2 is a transcriptional regulator that controls the
expression of antioxidant response element-related genes. It plays an important role in regulating the
physiological and pathophysiological consequences of oxidant exposure. NRF?2 is also responsible for
regulating the expression of various cellular protective genes. NRF2 activity is regulated at multiple
levels including protein stability, transcription, and post-transcription. The Keapl1—Cul3—Rbx1 axis
is the most prominent regulator of NRF2 activ- ity. Apoptosis is a type of programmed cell death
that is initiated by two intrinsic and extrinsic pathways. Caspases play a major role in this cell death
pathway. Apoptosis pathway is related to many cells signaling pathways that are interconnected.
Disruption in one pathway affects the other pathway. One of these signaling pathways is the NRF2
pathway, which is associ- ated with apoptosis, which are interconnected and play an important role in
disease prevention or progression. Therefore, in this study, we decided to investigate the relationship
between NRF2 and apoptosis in cancer. Introduction

Cancer is a condition in which some cells in the body grow uncontrollably and spread to other parts

of the body. Cancer can be at the beginning practically anywhere in the human body. When the



ordered mechanism of the body fails, aber- rant or

damaged cells grow and reproduce. These cells can
produce tumors, (tumors can be malignant or benign
(not cancerous), which are tissue masses. Cancer
is a genetic disease, which means that it is caused
by abnormalities in the genes that control how our
cells behave, particularly how they grow and divide.
Cancer-causing genetic altera- tions can occur as a
result of mistakes that occur while cells proliferate.
For example, because of DNA damage caused
by toxic environmental agents, such as toxins in
cigarette smoke and UV radiation from the sun.
They can be passed down from our parents. Cancer
can also be induced by environ- mental factors, such
as stress, an unhealthy lifestyle, and so on [1-5].
Nuclear factor erythroid-related factor 2 (NRF2) is
a protein that in humans is encoded by the NFE2L.2
gene and belongs to a class of proteins known
as transcription factors (TF), of which there are
around 1,600 in humans [1]. NRF2 is an imperative
cytoprotective translation factor and is a new
regulator of cellular oxidant resistance [2, 6]. The
NRF2 transcription factor (nuclear factor E2-related
factor or nuclear factor (erythroid-derived 2)-like 2)
is important in cytoprotection and activated in stress

circumstances induced by reactive oxygen species
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(ROS) or electrophiles [7]. It is well established
that the primary regulator of cellular anti- oxidant
pathways is NRF2. NRF2 is a transcription factor
that interacts with an antioxidant response element
(ARE) [1]. Nrf2 is regulated at multiple levels,
including transcrip- tion, epigenetic alterations, and
post-translation, resulting in its activation during
oxidative stress, inflammation, and after several
stimuli, such as growth factors, and allowing it to
respond to various types of stress. For this reason,
induction of this factor is critical for protection
against oxidative dam- age. Because it can bind
to certain DNA sequences, induce the expression
of many antioxidant and anti-inflammatory genes,
and reduce or inhibit the activity of cancer-related
enzymes, the Nrf2 protein is regarded as the most
important target of pharmacological treatment.
Apoptosis is a mor- phological phenomenon. It is a
form of programmed cell death, sometimes known
as cell suicide. Apoptosis is a well- organized
process in which cell contents are packaged into little
membrane-bound bundles for garbage collection by
immune system cells. The process of programmed
cell death eliminates cells as they are growing; in
this situation, malig- nant and virus-infected cells
are killed, keeping the body in balance [8-10]. The
observed programmed cell death in the combined
treatment trials was the result of over-stimulation of
the NRF2 pathway[1, 9]. At various levels, there is
accu- mulating evidence of interaction and growing
evidence of cross-talk between NRF2 and apoptosis
pathways. Numer- ous body cells are frequently
subjected to different sorts of stress. Most NRF2
target genes, exemplified by antioxidant proteins,
chaperones, and proteasome subunits, are consid-
ered cytoprotective chemicals [11]. There appears
to be a part of affirmation that NRF2 could be a
promising target for cancer anticipation [6]. As a
result, considering that NRF2 protein is the most
important goal of drug treatment of dis- eases such

as cancer, as well as decreasing or restraining the
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action of cancer-related chemicals, in this article, we
chose to compare the relationship between apoptosis
and NRF2 in cancer. Considering that NRF2 can
control the apoptosis pathway in normal and cancer
cells, in this study, we decided to investigate the
relationship between the NRF2 pathway and the
proteins that connect them to each other. Nrf2
NREF2 is a soluble intracellular transcription factor
that is a constituent of the cap>nycollar (CNC)
subfamily of basic leucine zipper (bZIP) proteins. It
comprises a total of seven distinct Neh domains, each
of which is assigned a unique and specialized role.
The activation process is facilitated by four distinct
domains, namely Neh 1, 3, 4, and 5. Con- versely,
the inhibition process involves the three domains,
specifically Neh 2, 6, and 7 [12—16]. NRF2 is known
as a pivotal cellular defense mechanism against
oxidative and electrophilic stress. It accomplishes
this by initiating the antioxidant response signaling
pathway, thereby inducing the expression of genes
responsible for encoding anti-apop- totic proteins,
anti-oxidative enzymes, drug transporters, and
detoxifying agents [17, 18]. The fundamental
function of NRF2 in protection and the significance
of Kelch-like ECH- associated protein 1 (KEAP1)
in the regulation of its activity have been discovered
since the 1990s [19]. NRF2 is usually

expressed in various types of cells. In usual
cellular situa- tions, the homeostasis of oxidative
stress is controlled by the degradation of NRF2 by
ubiquitination via the KEAP1- E3 complex. This
regulatory mechanism ensures that the concentration
of unbound NRF2 remains at a minimal level inside
the cytoplasm of the cell. Nevertheless, in the event
of different circumstances leading to elevated
oxidative stress within the cellular environment,
dissociation of KEAPI from NRF2 occurs.
Consequently, NRF2 relocates to the nucleus,
where it interacts with the ARE and facilitates the

expression of enzymes involved in the scavenging

of reactive oxygen species (ROS) [13, 14, 20-22].

The latest research has revealed various roles for
NREF2 that extend beyond its ability to regulate redox
balance. These include the regula- tion of NRF2
target genes involved in redox homeostasis, drug
metabolism and excretion, energetic metabolism,
iron metabolism, amino acid metabolism, cell
survival, prolifera- tion, autophagy, proteasomal
DNA repair,
physiology. NRF2 has emerged as a promi- nent

degradation, and mitochondrial
subject of investigation in the field of cancer preven-
tion and treatment over the past two decades since its
initial identification. This is primarily attributed to
its context- dependent involvement in cancer, which
has caused signifi- cant interest among researchers.
Furthermore, the scope of NRF2)s functions has
surpassed initial expectations, thereby introducing
novel challenges and prospects for targeting NRF2
in the context of cancer [12, 23, 24]. According to
statistical data, a significant majority of fatalities
associ- ated with cancer may be attributed to the
phenomenon of treatment resistance. This resistance
serves as the primary obstacle in the endeavor to
provide patients with effective remedies for their

condition. The persistence of cancer pre- sents a



significant danger to both well-being and life [25].
Several kinds of studies have been undertaken to
explore the correlation between oxidative stress
and cancer, whereby ROS have been identified as
significant regulators in the progression of tumor

development. In cancer, ROS have a bidirectional

~—

cancer

effect. High basal ROS levels activate several cell
death pathways and inhibit further growth, but
small increases in oxidative stress promote cancer
cell growth and survival, leading to carcinogenesis.
NRF?2 is primar- ily responsible for mediating the
antioxidant response that helps cancer cells protect
themselves from stressful situa- tions. The activation
of NRF2 results in the transcription of genes that are
involved in cellular protection and the preven- tion
of apoptosis. Undoubtedly, all evidences indicate
that the activation of this specific pathway in cancer
might have adverse consequences as it facilitates
the proliferation and the metastasis of tumors [20,
25-28]. Somatic mutations in the KEAP1 or NRF2
genes have been seen in several tumors, such as
gallbladder, lung, and ovarian cancer. Loss- of-
function (LOF) mutations in KEAP1 are mostly
seen in the DC domain, which serves as the essential

area for binding of Nrf2. Additional mutations in the

e cross—talk between
== NRF2 and apoptosisin
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cysteine-rich intervening region (IVR domain), bric-
a-brac (BTB), and NTR (N-terminal region) domains
of KEAP1 have also been reported. These mutations
inhibit the process of KEAP1 homodimerization
and its subsequent association with Cul- lin3 (Cul3),
resulting in a reduction in the ubiquitination and
degradation of NRF2 [29-32]. It
is notable that, when com- pared
to the considerably widespread
mutations observed in KEAP1, the
NRF2 mutations primarily occur
within the ETGE (Glutamic Acid—
Threonine—Glycine—Glutamic
Acid) and DLG (Aspartic Acid—
Leucine—Glycine) motifs located
in the regulatory Neh2 (NRF2
ECH homology 2) domain. These
mutations have been identified in
various types of cancer, including
esophageal, skin, larynx, and lung
cancers.

Moreover, several explanations have been
provided for the occurrence of various epigenetic
changes in KEAP1, which may be attributed to the
hypermethylation of pro- moter CpG islands. These
modifications have the potential to lead to a reduction
in KEAP1 expression levels and a cor- responding
increase in NRF2 activity inside tumors. Epige-
netic silencing of KEAP1 has been observed in 12%
of lung malignancies, 20% of colorectal tumors,
and 51% of breast cancers [33-36]. Furthermore,
it should be noted that meta- bolic situations also
influence the NRF2-KEAP1 signaling pathway, in
addition to genetic and epigenetic modifications
[21]. NRF2 has been studied extensively in cancer
research. One study suggests that Nrf2 activation
does not inhibit NF-xB but acts synergistically,
ultimately leading to cancer progression and
resistance to treatment. In this case, a com- bination

of antioxidant compounds and anti-inflammatory
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drugs can be helpful. Another study shows that Nrf2
is over- expressed in pancreatic cancer, which has
implications for cell proliferation and therapy [37,
38]. In summary, NRF2 has contradictory roles
in cancer. It can act as a tumor sup- pressor or a
proto-oncogene depending on the cell type and the

conditions of the cell environment.

Apoptosis in cancer

Apoptosis, a type of programmed cell death, is
crucial for life, classified into apoptosis, pseudo-
apoptosis, and pseudo- necrosis [39]. It involves
enzyme activation to dissolve cel- lular components,
triggered by diverse physiological and pathological
stimuli, which is different from pyroptosis and
ferroptosis [40, 41]. Apoptosis proceeds via
intrinsic and extrinsic pathways, characterized by a
two-step pro- cess: first, mitochondrial membrane
permeabilization and inner membrane gradient
disruption; second, the release of apoptotic factors,
caspase activation, and cell membrane breakdown
[42]. Dysregulation of apoptosis contributes
to cancer, autoimmune diseases, neurological
disorders, drug resistance, and AIDS. Apoptosis is
vital for controlling cell

growth and reproduction, infection resistance,
homeostasis, embryonic development, and cancer
prevention; the immune system utilizes it to
eliminate harmful cells [43]. Apoptosis resistance
arises from imbalances in pro- and anti-apoptotic
proteins, reduced caspase activity, and death receptor
disor- ders. Apoptosis is regulated by anti-apoptotic
proteins and pro-apoptotic proteins (Bcl-2 family
proteins being key regu- lators, with p53 also playing
a role). Cancer development is significantly linked
to decreased apoptosis, hindering the elimination
of cancerous cells. The therapeutic potential of
apoptosis in balancing cell survival and death is
widely recognized, and current cancer therapy

research focuses on developing drugs that sensitize or

directly *

induce <

apoptosis - .

in cancer cells t 0

increase cancer cell death while minimiz- ing
normal cell death. Disruptions in the apoptosis
pathway contribute to neoplastic cell proliferation
and carcinogenesis, making apoptosis induction a
key therapeutic goal in cancer treatment [44—46].
Inflammation and immune response

The primary role of inflammation is to eliminate the
source of disturbance and restore tissue homeostasis.
Innate immu- nity provides a rapid response through
phagocytosis, while adaptive immunity is antigen-
dependent and character- ized by immunological
memory, enabling a more efficient response upon
re-exposure to the same antigen. Central to the
inflammatory process is the production of signaling
molecules called cytokines [47]. Inflammation
involves a cascade of events beginning with the
detection of infection or tissue damage. Pathogen-
associated molecular patterns (PAMPs) recognize
pathogen-specific molecules, while damage-
associated molecular patterns (DAMPs) detect
endogenous molecules released by damaged cells.
These signals are recognized by pattern recognition
receptors (PRRs), such as Toll-like receptors
(TLRs) or inflammas- omes, which activate immune
signaling pathways. This leads to the activation
of nuclear factor kappa light chain enhancer of

activated B cells (NF-kB). Once activated, NF-xB



dissociates from IkB, translocates to the nucleus,
and up-regulates transcription [48]. This results in
the secre- tion of pro-inflammatory cytokines like
interleukin-1-beta (IL-1p), IL-6, and tumor necrosis
factor-alpha (TNF-a), recruiting immune cells, such
as monocytes and neutro- phils, to the injury site.
These cells generate reactive oxy- gen and nitrogen
species (ROS, RNS), which can damage proteins
and DNA. Under normal conditions, inflammation
resolves by halting further neutrophil recruitment,
promot- ing wound healing, and restoring
homeostasis. However, chronic inflammation
sustains tissue injury due to prolonged immune
activity [49]. Inflammatory cells, including mast
cells, macrophages, monocytes, and lymphocytes,
release mediators like cytokines, chemokines,
and prostaglandins, amplifying the inflammatory
response. This recruits addi- tional immune cells,
increases oxidative stress, and activates signaling
pathways, such as NF-kB, Mitogen-Activated
Pro- tein Kinase (MAPK), and Janus kinase-signal
transducer and activator of transcription protein
(JAK-STAT). Transcription factors like NF-kB and
Nrf2 play critical roles in regulating inflammation

and oxidative stress responses [47].

Cancer and redox balance

Tumors consist of heterogeneous cell populations
that adapt dynamically to their microenvironment
through genetic/epi- genetic changes and metabolic
rewiring. During malignant progression, cancer cells
often develop treatment resist- ance, driven by tumor
heterogeneity and patient variability. Identifying
effective drugs remains urgent due to inconsist- ent
treatmentresponses. A promising anti-cancer strategy
involves simultaneously inhibiting antioxidant
circuits and metabolic pathways that maintain the
redox balance of can- cer cells [50]. Many metabolic
changes promoting cancer proliferation and tumor

growth also increase ROS genera- tion, counteracted
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by an antioxidant response that prevents cell
death. Since conventional therapies rely on ROS
accu- mulation for cytotoxicity, the heightened
antioxidant capac- ity of cancer cells contributes to
therapy resistance. How- ever, disrupting the redox
control mechanisms of malignant cells can induce
oxidative stress-dependent cell death. The NRF2
signaling pathway plays a pivotal role in tumorigen-
esis, malignant progression, and drug sensitivity,
making it a promising therapeutic target. Studies
have explored NRF2

activators to prevent ROS-driven carcinogenesis
and NRF2 inhibitors to overcome therapy resistance
[51].

NRF2 activators in cancer prevention and therapy
Table 1 shows the role of NRF2 in various cancers,
its mechanisms, and its implications for cancer
therapy. Recent research suggests that NRF2 plays
a dual role in cancer, making the exploration of
NRF2 activators for cancer pre- vention and therapy
an important area of investigation. Com- pounds
that activate the NRF2-KEAP1 pathway to induce
antioxidant defense genes represent a promising
strategy in cancer management [51].

NRF2 activators include both natural compounds
and synthetic/semisynthetic analogs. Among natural
activators, phenolic compounds (such as curcumin
and resveratrol) and sulfur-containing compounds
show particular promise. Cur- cumin from turmeric
induces antioxidant enzymes but suf- fers from
poor bioavailability and pharmacokinetic limita-
tions. Similarly, resveratrol from grapes and berries
activates NRF2 signaling in cancer cell lines but
faces bioavailability challenges [52].

Green tea polyphenols, like EGCG, demonstrate
concen- tration-dependent effects on NRF2
activation. Sulforaphane from cruciferous vegetables
offers better bioavailability and more potent NRF2
activation than other natural compounds, with

promising results in breast cancer chemoprevention
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studies [53].

Several NRF2 activators are in clinical trials: sul-
foraphane (phase II for prostate, breast, and lung
cancer), curcumin (phase I11I for prostate cancer), and
resveratrol (phase I for colon cancer). Combinations
of conventional anti-cancer drugs with NRF2
activators are being investi- gated to potentially
enhance efficacy while reducing toxicity [54].

To overcome the limitations of natural compounds,
researchers have developed synthetic and
semisynthetic alternatives. Bardoxolone methyl has
shown efficacy in mouse models and some clinical
success but raised safety concerns in phase 111 trials.
Other synthetic activators include omaveloxolone,
dimethyl fumarate (already used for multiple
sclerosis), and Oltipraz [55].

Despite growing interest, drug development
progresses slowly due to the pleiotropic effects
of NRF2 activators and concerns about NRF2»s
potential oncogenic role in cancer cells. More
research on molecular mechanisms is needed before
these compounds can be widely applied in cancer

prevention and treatment.

The relationship between apoptosis and Nrf2 in
cancer

Nrf2 is a critical transcription factor that significantly
pro- tects cells from oxidative stress and regulates
various cel- lular processes, including apoptosis. It is
recognized as an essential anti-neoplastic factor and
a key target in cancer pre- vention [56, 57]. In cancer,
Nrf2 is often constitutively acti- vated in tumor cells,
leading to the upregulation of antioxi- dant enzymes
and anti-apoptotic proteins. This dysregulation
promotes tumor cell survival, accelerates tumor
growth, and contributes to resistance against
therapies [6, 58]. Despite its pro-survival role,
targeting Nrf2 signaling has emerged as a promising

therapeutic strategy for disrupting the sur- vival

mechanisms of cancer cells and restoring apoptotic
pathways [59]. Apoptosis, or programmed cell death,
is a crucial biological process for maintaining tissue
homeostasis and eliminating damaged or abnormal
cells. Dysregulation of apoptosis in cancer results
in uncontrolled cell prolifera- tion, drug resistance,
and tumor formation. Cancer cells evade apoptosis
through various mechanisms, including increased
expression of anti-apoptotic proteins, miRNA, and
elevated production of reactive oxygen species
(ROS). Understanding the mechanisms of apoptosis
resistance is vital for developing targeted therapies to
promote cancer cell death [40, 60]. The relationship
between Nrf2 and apoptosis in cancer is complex and
context-dependent. While Nrf2 activation typically
inhibits apoptosis by upregulating anti- apoptotic
proteins and detoxifying ROS, excessive activation
of Nrf2 has been observed to induce apoptosis in
certain cancer cells. This suggests that Nrf2 plays
a dual role in regulating cell fate, depending on the
specific context and cancer type. Further research is
needed to fully understand

this intricate interplay and leverage it for targeted
cancer treatment [11]. Recent studies have identified
a functional interaction between Nrf2 and NF-xB
(Nuclear factor kappa B) in colorectal cancer (CRC).
Knockout of Nrf2 using RNA interference (siRNA)
was shown to inhibit the effect of cya- nidin chloride
(CyCl) on NF-xB signaling and reduce apop- tosis
in CRC cells [61, 62]. CyCl treatment disrupted
the Nrf2/NF-xB interaction, leading to enhanced
proliferation and colony formation in cancer cells
by suppressing apop- tosis. These findings suggest
that targeting the Nrf2/NF-xB pathway may restore
apoptotic responses and improve the efficacy of
CRC therapies. Overexpression of the antioxi- dant
enzyme heme oxygenase-1 (HO-1), a downstream
tar- get of Nrf2, has been linked to apoptosis
resistance in lung adenocarcinoma, particularly

in the A549 cell line. HO-1 mitigates oxidative



stress caused by pro-apoptotic agents, such as
epigallocatechin-3-gallate (EGCG), radiation, and
chemotherapy drugs, thereby contributing to poor
progno- sis in lung cancer [63, 64]. The PKC-Nrf2-
HO-1 pathway has been identified as a critical
mediator of this resistance, making it an important
target for overcoming apoptosis resistance in
lung cancer therapy [65, 66]. Figure 1 shows
that how KEAP1 inhibits Nrf2 and how p62 can
sequester KEAP1, leading to Nrf2 activation and
antioxidant gene transcription. It also illustrates
the NF-kB pathway involving IKKf and IxB and
its connection to apoptosis. BCL-2»s role is also
indicated concerning apoptosis regulation. Research
has demonstrated that chronic cadmium exposure
induces constitutive activation of Nrf2 and the
accumulation of p62, a protein involved in autophagy
regulation [11] (Fig. 1). This stabilization of Nrf2
leads to the transcriptional activation of antioxidant
and anti-apoptotic genes, promoting tumor cell
survival and resistance to therapy. Additionally, the
lack of autophagy due to interactions between Bcl-
2/Bcl- xLL and Beclin-1 enhances p62 accumulation,
further sup- porting tumor progression. Depletion of
both Nrf2 and p62 disrupts these survival pathways,
reducing colony growth in transformed cells.
These findings highlight the integration of Nrf2,
p62, autophagy, and oxidative stress in cadmium-

induced carcinogenesis [11, 67].

Conclusion

One of the basic problems of the modern world
is cancer, which causes the death of people in '
society. Therefore, the treatment and the control

of cancer diseases are one of the basic necessities

of society. The NRF2 pathway, which is one of

the most important pathways regulating the tran-
scription of antioxidant enzymes, plays a significant
role in the antioxidant pathway of the cell. However,
the NRF2 pathway acts as a double-edged sword,

leading to either beneficial or detrimental outcomes.
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One of the ways that NRF2 can interfere with cell

activities by regulating it is apoptosis. NRF2, by

upregulating BCL-2,

suppresses the apoptosis

pathway, which reduces cell death, causes drug

resistance and increases cell survival. Therefore,

NRF2 can cause cancer progression by negatively

affect- ing the apoptosis pathway or can act as a

tumor suppressor, depending on the cell type and

the conditions of the cell environment; however,

more studie

s are needed to clarify the relationship

between NRF2 pathway and apoptosis.
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