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Abstract

Mammalians are constantly exposed to exogenous and endogenous sources of free radicals
that have both favorable and harmful effects on the cellular systems. Oxidative stress (OS)
is an imbalance of reactive oxygen species (ROS) and antioxidants in the body that can lead
to serious cell damage. It is associated with many diseases such as cancer, Alzheimer’s
disease and heart disease. Background/Objectives: The Nuclear factor-2 erythroid-related
factor-2 (Nrf2) is a transcription factor that controls the cellular oxidation state using an-
tioxidant systems in the body and affects mitochondrial activities. Increased Nrf2 levels
serve to protect cells from mitochondrial toxins; however, Nrf2 activity is inhibited in
mitochondria-related diseases. In addition, Nrf2 is involved in mitochondrial activities for
OS control. Methods: As mitochondrial wellbeing and activity is the chief controller for
cellular metabolism, Nrf2 is a critical regulator for metabolic pathways. Thus, Nrf2 is the
chief organizer of protection against OS in the cells. Nrf2 activator molecules support mito-
chondrial activity by stimulating mitophagy and helping to battle OS-related permeability
transition. Conclusions: This review describes the influence of Nrf2 on OS and the way
Nrf2 modulates mitochondrial function. Furthermore, we highlight recent studies of Nrf2
regarding its possible role in cell systems as well as pharmacological implications. Further-
more, this review emphasizes the importance of the mitochondria in the development of
life-threatening diseases; pharmacological activation of Nrf2 is an important strategy to
counter mitochondrial dysfunction

Keywords: Nrf2; oxidative stress; antioxidant; mitochondrial function; ROS

1. Introduction
In a healthy cell, the redox state and balance are vital. This balance must be maintained

between oxidants, reactive oxygen species, and antioxidants. Oxidative stress occurs when
this balance is disrupted by any internal or external cause [1,2]. A balanced redox system
ensures cellular homeostasis and a healthy cell cycle. Reactive oxygen species (ROS) consist
of both radical species (e.g., superoxide (O2

−) and hydroxyl radical (HO) and non-radical
species (e.g., hydrogen peroxide (H2O2)). Furthermore, reactive nitrogen species (RNS) can
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also play a role in oxidative stress. Examples include nitric oxide (NO) and peroxynitrite
(ONOO−) [3,4].

ROS formation can vary significantly depending on their features, the type of cell
that produces ROS, and the primary specific biological conditions that cells encounter [5].
Excessive formation of free radicals or excessive exposure alters the balance of ROS and
antioxidants. These excess free radicals can damage DNA and cause the degradation of
vital elements such as proteins and lipids. ROS is closely associated with the development
of neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
and amyotrophic lateral sclerosis (ALS) [6–8].

The Nuclear factor erythroid 2-related factor 2 (Nrf2) has been associated with cyto-
protective effects in a variety of diseases and encoded by the gene nuclear factor erythroid
2 like 2 (NFE2L2) that belongs to the Cap’n’Collar (CNC) subfamily of basic leucine zipper
(bZip) transcription factors, which comprises nuclear factor erythroid-derived 2 (NFE2)
and Nrf1, Nrf2, and Nrf3. Nrf2 is responsible for regulating a wide panel of antioxidant
enzymes involved in the detoxification and elimination of oxidative stress. It is involved
in the prevention of the inflammation mechanism [9]. Nrf2 targets gene encode proteins
responsible for the repair and removal of vital elements involved in tasks such as the
activity of antioxidant enzymes and the detoxification of ROS [10].

During OS, Nrf2 prevents KEAP1-associated degradation, enters the cell nucleus, and
binds to antioxidant response elements (AREs) in the promoter regions of genes [11,12].
Recent research has presented a link between the activities of mitochondria and reactions to
oxidant elements. Animal studies have also identified a close link between mitochondrial
dysfunction [13], increased oxidative damage [14], and decreased oxidant levels in vital
organs such as the brain [15,16].

Mitochondria are organelles that act as energy-producing power plants for the cell,
continuously producing energy and acting as bio-synthetic and bioenergy factories. Mi-
tochondria have a major role in the healthy and normal functioning of cells. Different
pathways take place in moderating mitochondrial activity, with the help of several proteins
in specific mechanisms allowing interaction between mitochondrial metabolism and oxi-
doreductive homeostasis. The maintenance of mitochondrial homeostasis is linked with
the regulation of many functions of the mitochondria. These functions are related to several
other crucial physiological processes like programmed cell death, apoptosis, autophagy,
metabolism, calcium flux, and immunity. Mitochondria can inhibit or prevent degenerative
processes in tissues, significantly reducing the rate of onset of the disease [17,18]. There-
fore, mitochondrial dysfunctions might affect cellular bioenergetics, cellular function, and
cellular homeostasis, making mitochondria a key player in health and disease [19].

The undisputed role of Nrf2 in mitochondrial biogenesis (MB) has been established by
many studies, including experiments in animals with Nrf2 deficiency [20]. Under oxidative
and electrophilic stress conditions, Nrf2 degradation is inevitable as a result of the chemical
modification of KEAP1, which acts as a protector against electrophiles and oxidants. Nrf2
degradation will weaken the antioxidant defense system and will also negatively affect
mitochondrial functions and cellular mechanisms.

This review addresses Nrf2–mitochondria interactions and their pharmacological out-
comes. From this perspective, Nrf2-modulating molecules and the conditions responsible
for this effect are of great importance. The functions of Nrf2 in regulating mitochondrial
health and pharmacological responses in changing redox environments are being inves-
tigated by many researchers. The general consensus is that mitochondrial dysfunction is
involved in the pathology of many diseases [21]. The development of new therapeutic
strategies targeting mitochondrial dysfunction has been adopted as a new strategy. In this
context, Nrf2, which influences various cytoprotective systems, may be a promising target
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for countering mitochondrial dysfunction and its consequences. Therefore, exogenous
Nrf2-modulating molecules and their pharmacological activities hold therapeutic potential.

2. Mitochondrial Function and Cellular Bioenergetics
Mitochondria are universal organelles with very important cellular functions, located

in the cell structure of most eukaryotes. They play a role in many vital functions of the cell
cycle and have a major role in energy creation. In addition to all these vital functions, mito-
chondria are known to have roles in many biological events such as apoptosis, homeostasis,
and synthesis of heme and iron–sulfur clusters [22]. Oxidative phosphorylation (OxPhos)
is known as the characteristic reaction of mitochondria that produces ATP using energy
obtained from nutrient oxidation. While mitochondria undertake all these vital tasks, Nrf2
helps as an important regulator of mitochondria’s numerous functions in the cell [23].

Mitochondria produce almost 90% of cellular ROS [24] and almost 90% of the cellular
energy by ATP through the tricarboxylic acid cycle (TCA) and the electron transport chain
(ETC). Mitochondria are responsible for crucial tasks, containing production of energy,
signal transduction, cellular homeostasis, and apoptosis [25,26]. Mitochondrial diseases
are considered as orphan illnesses that are very well described genetically, and they are not
easy to cure. Animal studies revealed that some mitochondrial diseases prolonged survival
through the exposure to chronic hypoxia [27]. Mitochondrial ROS are largely created at the
ETC by the procedure of OxPhos and through reduction of oxygen to H2O [28]. The major
origin of mitochondria-based superoxide are Complex I and III. Mitochondrial Complex
I (NADH:ubiquinone oxidoreductase) is responsible for the mitochondrial respiratory
chain that provides electron transport and the production of a proton rise through the
mitochondrial inner membrane to ATP generation [29,30]. Mitochondrial Complex II is
a significant actor in the aging progression as it transforms succinate to fumarate and
shows a crucial role in both the TCA and the ETC [31]. Mitochondrial complex III produces
superoxide through the ubiquinone (Q)-cycle [32]. This cycle transfers two electrons to
ubiquinone from complex I and complex II and results in the reduction of ubiquinone to
ubiquinol (QH2) [33,34]. The generation of ROS in the ETC is reliant on the presence of
electrons from the electron transport cascade by the formation of ROS. This procedure
could be prompted by the accomplishment of mitochondrial complexes I and II as donors
of electrons [35].

The mitochondrial thioredoxin (Trx)/peroxiredoxin system contains several essential
structures. The system operates primarily in the presence of NADPH, thioredoxin reductase
2 (TrxR2), thioredoxin 2, and peroxiredoxins 3 and 5 (Prx3 and Prx5). Furthermore, the
function of these particles is crucial for regulating cellular redox homeostasis through the
efficient catabolism of peroxides [36]. Trx and GSH-related systems in the body play a
crucial role in maintaining redox balance, particularly in tissues that are highly energy-
dependent and more prone to oxidative stress, such as the brain. By reversibly regulating
thiol modifications in cells, Trx and GSH systems also control redox signaling, which
plays a role in various biological processes in the central nervous system. Mitochondria are
equipped with antioxidant defense elements and contain high concentrations of glutathione
(GSH). This system has a complex structure and is still not fully characterized. Many
elements play critical roles in this system. In addition to Prx3, Prx5, Trx2, and TrxR2,
Mn superoxide dismutase (SOD) (MnSOD), glutaredoxin 2a (Grx2a), the long form of
GSH peroxidase 4 (L-GPx4), and uncoupling protein (UCP) 2 (UCP-2) also play important
roles [37].

During homeostasis, Nrf2 has important support functions. These include vital activ-
ities such as changing the membrane potential of mitochondria, oxidation of fatty acids,
and ensuring the availability of substrates for respiration. It was found that compounds
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that activate Nrf2, particularly naturally occurring sulforaphane (SFN) (Scheme 1), prevent
the opening of the mitochondrial permeability transition pore. SFN, an Nrf2 activator, has
been found to increase Prdx6, catalase, and GSTπ expression in a dose-dependent manner
and to enhance Nrf2/DNA binding by facilitating Nrf2 translocalization in the nucleus. It
was found that SFN can mitigate Prdx6 loss due to ARE/Nrf2 dysregulation, suggesting
that this strategy may offer hope in the treatment of aging-related diseases [38]. SFN can
directly inhibit NF-κB activity, leading to the downregulation of pro-inflammatory genes
and inflammasomes. It also regulates glucose levels and insulin resistance and has lipid-
lowering effects [39]. Some synthetic molecules (e.g., 1,4-diphenyl-1,2,3-triazole) promote
total mitochondrial homeostasis by motivating mitophagy. These entities highlight Nrf2 as
an important actor in linking the structural and functional integrity of mitochondria [40].

 

(a)  (b) 

Scheme 1. Sulforaphane (a); 1,4-diphenyl-1,2,3-triazole (b).

Aging and similar phenomena cause mitochondrial respiration and cytochrome c
functions to weaken and regress, and fail to show sufficient activity. However, mitochon-
drial ROS production for the oxygen consumed and mitochondrial indicators of OS were
raised in the skeletal muscle, which also displayed lesser expression of Mfn1 (mitofusin 1)
and Mfn2 (mitofusin 2) mRNAs [23]. Mitochondrial functions are mostly affected by Nrf2
via moderating the substrates (NADH and FADH2) for mitochondrial respiration. These
substrates are also crucial for antioxidant enzymes to act. Nrf2 has an important role in the
proper functioning of the relationship between OxPhos and the redox state of the cell. It
also works to regulate cell activities through Nrf2/KEAP1 action. From this perspective,
stimulation of the Nrf2/KEAP1 pathway can be considered as a new therapeutic approach
for mitochondrial dysfunction and diseases associated with OS.

In recent years, studies in the field of cancer have shown that OxPhos has an effect on
tumor formation [41,42]. It has been observed that OxPhos slows down or prevents the
development of cancer cells as a result of suppression by different means [43]. OxPhos
ensures the healthy development of cells and controls apoptosis and cellular proliferation
rate when necessary [44]. The difference in energy production mode in a normal and
carcinogenic cell, which develops depending on the mitochondria, is a very important
biomarker for the analysis of tumor development and stages [45].

The organism has many protective mechanisms to prevent damage to the mitochon-
dria. However, despite this, mitochondrial dysfunction can continue and eventually trigger
cell death. Mitochondrial dysfunction primarily affects OxPhos function. In addition,
it is associated with many diseases that threaten human health, such as diabetes, can-
cer, aging, and various neurodegenerative diseases. Mitochondrial bioenergetics and
metabolism are very important for the activities of cells and the healthy functioning of
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the cell. A healthy life is directly related to the homeostasis associated with mitochondria,
mitochondria-associated membranes (MAMs), and their activities in inflammation, and cell
death emphasizes their importance. Disorder of mitochondrial bioenergetics and dynamics,
ER–mitochondria crosstalk, and increased superoxide contribute to various pathologies
in patients [46]. Understanding these complex mitochondrial tasks and elucidating their
mechanisms can be used as a new approach to the treatment of mitochondria-related
diseases [47].

Mitochondria are critically important in cancer development because they participate
in and control many cellular processes. Genetic and epigenetic changes in mitochondrial
and nuclear DNA are crucial. These changes disrupt oxidative phosphorylation, the tricar-
boxylic acid cycle, and redox homeostasis. This is known to trigger tumor development.
When examining cancer types, mitochondrial dysfunction can differ among individuals.
This impacts treatment responses. While targeting mitochondrial function is a promising
strategy for cancer therapy, it is still under investigation [48]. Recent studies have shown
that Nrf2-dependent processes in metabolism and homeostasis affect mitochondrial activity.
Nrf2 is known to be activated by abnormal accumulation of the TCA. Therefore, in the ab-
sence of Nrf2, ATP production and oxygen consumption in cells of some tumor types have
been found to be reduced [49]. We know that Nrf2 plays a major role in mitochondrial func-
tions, particularly in essential processes such as biogenesis, ATP production, and mitophagy.
NRF1, on the other hand, is a transcription factor for many genes involved in mitochondrial
biogenesis during exposure to oxygen. Nrf2 also contributes by promoting the transcription
of NRF1 and TFAM. Furthermore, NRF1 increases TFAM expression through the participa-
tion of peroxisome proliferator-activated receptor coactivator-1 (PGC-1). Thus, TFAM and
PGC-1 play a role in mitochondrial biogenesis [50]. Numerous molecules that inhibit tumor
formation or growth, affect mitochondria, and interact with the Nrf2/Keap1 pathway are
currently being developed. The Nrf2/Keap1 pathway has extensive interactions with mito-
chondria, and in cancer cells, glycolysis/OXPHOS is closely linked to Bach1, in addition
to Nrf2 and p21, and Keap1 is closely linked to mitochondrial biogenesis/mitophagy in
metastatic CRC tumors, attempting to identify new drug targets [51]. On the other hand,
the physiological environment of tumor cells is quite different from that of healthy cells.
Therefore, to adapt to adverse conditions such as hypoxia, tumor cells must reprogram
metabolic pathways to maintain vital functions such as energy, biosynthesis, and redox
processes. The “Warburg effect” is one of the most common modes of reprogramming.
Even when oxygen is sufficient, tumor cells primarily target glycolysis for ATP production
and switch their metabolic modes when stress conditions differ. As studies on cancer
treatments progress, metabolic reprogramming is being evaluated as a new strategy for
metabolic changes in cancer cells [52].

3. Regulatory Interactions Between Nrf2 and Mitochondria
In apoptosis, biosynthesis and cellular bioenergetics formation, which are among

the most important activities of the organism, and regulatory cross-effects between Nrf2
and mitochondria are of critical importance. Mitochondria are structured by fusion in
response to changes in metabolic events, ensuring a healthy homeostasis. During these
actions, the damaged mitochondria are destroyed by mitophagy. This is an important
protection mechanism [53]. As a protective mechanism, PERK (Protein Kinase RNA-
Like ER Kinase)-mediated Nrf2 activation following ER stress protects mitochondria by
preserving their metabolism, dynamics, and quality control. Although the mechanism
has not been elucidated in detail, we know that activation of PERK promotes translation
inhibition and cell cycle arrest after accumulation of unfolded proteins in the endoplasmic
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reticulum (ER). The transcription factor Nrf2 is a PERK substrate. In unstressed cells, Nrf2
is retained in the cytoplasm through association with KEAP1 [54,55].

PERK functions as an endoplasmic reticulum (ER) stress sensor that responds to the
accumulation of misfolded proteins. PERK activation also activates signaling pathways that
maintain and support redox homeostasis. There is a PERK–mitochondria axis characterized
by PERK sensing stress in the ER and mitochondria and it prevents apoptosis. During
ER stress, PERK activation can prevent apoptotic fragmentation of mitochondria, increase
cellular ATP production capacity, and strengthen mitochondria by enhancing mitochondrial
biogenesis and mitophagy [56].

In order for mitochondria to maintain their activities, a balanced relationship between
calcium and ROS homeostasis, and mitochondrial turnover (biogenesis/mitophagy) and
mitochondrial fission/fusion is required [57,58]. Nrf2 is a critical regulator of MB together
with the transcription factor Nrf2 (nuclear respiratory factor 1) and transcription coacti-
vators PGC-1α (peroxisome proliferator-activated receptor-γ coactivator) and PGC-1β. In
addition to TFAM (mitochondrial transcription factor A), which regulates the transcription
of respiratory chain genes expressed in mtDNA, they are also involved in the transcription
of nuclear gene encoding mitochondrial proteins [59,60].

The level of ROS generated directly affects the activity of Nrf2, which is a nuclear
factor sensitive to OS. This interaction can disrupt the functioning of many physiological
processes such as glucose and lipid homeostasis [58]. In other words, when the gene encod-
ing Nrf2 is not functioning under certain conditions, the amount of ATP required for the cell
decreases [61]. In the event of exposure to oxidants, Nrf2 binds to the UCP3 promoter and
then to the ARE. Therefore, cell survival may be affected by UCP3-mediated proton leak in
response to ROS exposure [62]. Among the functions of Nrf2 is the regulation of the NRF2
gene, which has an ARE. NRF1 expression and MB are stimulated in an Nrf2-dependent
manner [63]. Nrf2 transcriptional activity has an impact on many activities of mitochondria
as well as homeostasis [64]. These actions include MB and bioenergetics [65,66], respi-
ration [67], fatty acid oxidation, ATP production [68,69], membrane potential and redox
homeostasis [70,71], and protection against OS [72–74].

MB is a defense system developed against the decrease in ATP synthesis in the cell by
providing the production of new healthy mitochondria in cells and the repair of damaged
ones. mtDNA transcription and mtDNA replication are responsible for the formation of new
mitochondria required for this process [75–77]. The proteins required for the regulation of
mtDNA are encoded and regulated by both nuclear and mitochondrial genes [78,79]. When
the mechanism of MB is examined, it is seen that many factors play a role in this process. It
is a very complex process that requires tight communication between mitochondrial and
nuclear transcription factors. There are important indicators of MB. Some of these can be
listed as mtDNA/nDNA ratio and PGC-1α, TFAM, Nrf1, and mitochondrial transcription
factor B1 (TFB1M). These are responsible for the expression of gene encoding mitochondrial
regulatory proteins. In addition to this task, the synthesis of nucleotides and phospholipids
also plays an important role in MB.

PGC-1α, a main actor of MB, affects the downstream nuclear respiration elements Nrf1
and Nrf2 and then activates TFAM. Deletion of the N-terminal fragment in Nrf1 abolishes
the PGC-1α effect on mitochondrial biogenesis. Signaling for MB is activated by PGC-
1α, resulting in the upregulation of proteins encoded by both nuclear and mitochondrial
genomes [80,81]. Animal experiments have shown that the protein encoded by the Nrf2
target gene stimulates MB. MB declines with age. This might be due to modifications in
mitochondrial fission and fusion progressions and the inhibition of mitophagy that causes
the elimination of dysfunctional mitochondria. The occurrence of MB and its relationship
with mitophagy are briefly shown in Figure 1.
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Figure 1. Nrf2 is crucial for maintaining cellular and mitochondrial homeostasis. KEAP1 and β-
TrCP are Nrf2 ubiquitination-facilitating regulator proteins and have the potential to increase Nrf2
degradation. The mitophagy-linked regulatory circle (p62 and Nrf2) and the MB-linked regulatory
circle (PGC1-α, p38, GSK3β, and Nrf2) are both existing in the basic scheme of mitophagy and
MB pathways mediated by p62 and PGC1-α, respectively, upon Nrf2 activation. Arrows indicate
stimulation, including catalysis; blunt-ended arrows indicate inhibition [53].

Unhealthy or malfunctional mitochondria are powerless in entering the mitochondrial
network and are therefore designated for degradation via mitophagy. Mitochondria are
wrapped into double membrane during mitophagy. This membrane attaches to lysosomes,
eventually causing the degradation of their internal substances. The control and involve-
ment of mitophagy particularly in neurodegenerative disorders are subjects of big attention
with numerous continuing studies but various unanswered problems persist [82–84].

Mitochondria have developed essential mechanisms to guard their DNA from harmful
substances and physical injuries like DNA restoration activities. Nevertheless, there are
mitochondria-related actions like rapid mtDNA income, fission, fusion, and mitophagy.
Still, mtDNA mutations could be plentiful in the somatic tissue, affecting OxPhos, as a
result of the ROS produced in ATP creation [85]. Deletions in the mitochondrial genome
are established in numerous genetic disorders [86] and cancer [87], as well as aging and
neurodegenerative diseases [88]. However, compared to the mechanisms controlling
mtDNA replication, mtDNA repair pathways are not much described. On the other hand, it
has been determined that some proteins responsible for activities in these pathways remain
within the mitochondria [89,90].

There are some compounds like PMI (P62-mediated mitophagy inducer) [91,92], bar-
doxylone [93], RTA-408 [94], and dimethyl fumarate (DMF) [95] that act as Nrf2 activators
and help to develop mitochondrial function. PMI leads mitochondria to perform quality
control without cooperating with the bioenergetic capability of the whole network [91,92].
Oleanolic acid derivatives of semi-synthetic compounds bardoxolone and bardoxolone
methyl trigger the Nrf2 pathway and prevent the formation of NF-κB [96]. They prevent
the inflammation in neurodegeneration that triggers the Nrf2 signaling pathway and con-
trols signaling pathways of NF-κB and Nrf2 [97]. DMF is also a recognized activator of
Nrf2. Dissociation of these proteins and the resulting stimulation of Nrf2 are responsible
for the mechanism [98,99]. The structures of PMI, bardoxylone, RTA-408, and DMF are
demonstrated in Figure 2.

Common Nrf2 activators and their ameliorating effects on mitochondrial dysfunctions
that cause disorders are demonstrated in Table 1.
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Figure 2. The structures of PMI, bardoxylone, RTA-408, and dimethyl fumarate.

Table 1. Common Nrf2 activators and their ameliorating effects on mitochondrial dysfunctions that
cause disorders.

Nrf2 Activator Nature Efficacy Endpoint Reference

Sulforaphane (SFN) Organosulfur compound Major protective phytochemical
against neurodegeneration Kamal et al. (2020) [100]

1,4-diphenyl-1,2,3-triazole 1,4-disubstituted 1,2,3-triazole
compound

Promote total mitochondrial
homeostasis by

motivating mitophagy
Kitaoka et al. (2019) [40]

P62-mediated mitophagy
inducer (PMI)

Regulator compound of
mitophagy

Activates mitochondrial
autophagy East et al. (2014) [92]

Bardoxylone Oleanolic acid derivatives of
semi-synthetic compound

Robust inducer of the Nrf2
pathway, leading to antioxidant
and anti-inflammatory effects

Sun et al. (2021) [96]

RTA-408 Antioxidant inflammation
modulator Develop mitochondrial function Sun et al. (2020) [94]

Dimethyl fumarate (DMF) Methyl ester of fumaric acid
compound Activator of Nrf2 Majkutewicz (2022) [101]

TBE-31 Tricyclic compound Induction of phase-2
cytoprotective pathways Honda et al. (2011) [102]

tBHQ Quinone compounds Aryl hydrocarbon receptor ligand Probst et al. (2015) [103]

Resveratrol Natural phenol compound Antioxidant and neuroprotective Han et al. (2020) [104]

tHIQ Tetrahydroisoquinoline
compound

Cytoprotective oxidative
stress response Richardson et al. (2015) [105]

In addition to providing energy through OxPhos in the cell, mitochondria are involved
in many bio-synthetic activities. Although the mechanisms of most of these activities are
not fully known, they are the subject of many studies [106,107].
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Nrf2 can directly or indirectly affect many antioxidant systems and increase their
effects [24,25]. The most important of these antioxidant systems are glutathione (GSH) syn-
thesis [26], GSH peroxidases [27], GSH reductase [28], Peroxiredoxin 3 [29], and TRXR2 [30].
Furthermore, Nrf2 plays an important role in MB by affecting the expression of critical
transcription factors such as peroxisome proliferator-activated receptor gamma [31]. These
interactions increase the resistance of mitochondria to increased oxidative stress. These
results also support the thesis that mitochondrial damage may occur in the event of Nrf2
deficiency. Despite all these findings, the relationship and mechanism of mitochondrial
oxidative stress and damage through Nrf2 activation have not been fully elucidated. The
most accepted possibility is that increased mitochondrial ROS production produces hy-
drogen peroxide, which passes from the mitochondria to the cytosol and activates Nrf2
directly or indirectly. The second possibility is that redox changes within the mitochondria
activate Nrf2 by sending secondary signals to the cytosol [32].

Mitophagy primarily affects the mitochondria that have been depolarized during the
apoptosis process. It results in the formation of an isolation membrane surrounding the
cell organelles and cytoplasm, which are sent to lysosomes for digestion and recycling.
In addition, mitophagy directs damaged mitochondria to autophagy [33,34]. As a result,
autophagy is of primary importance for the health and survival of cells and also allows for
the proper functioning of homeostasis. The disruption of the perfect relationship between
mitochondria and autophagy can lead to the formation of metabolic and autophagic
diseases [35].

Lipid Peroxidation and Ferroptosis

Decreased detoxification of lipid peroxides through the enzyme activities of glu-
tathione peroxidase 4 (GPX4) [108] or the lack of this ability appears to be the primary cause
of ferroptosis. Furthermore, these findings demonstrated that ferroptosis was primarily
caused by the peroxidation of PUFAs. When lipoxygenases oxidize polyunsaturated fatty
acids (PUFAs), peroxides build up and may help produce lipid peroxide products from their
breakdown. Conversely, oleic acid, a monounsaturated fatty acid (MUFA), exhibited an op-
posing effect of inhibition [109], likely by neutralization that protected ferroptosis, whereas
PUFAs, such as linoleic and arachidonic acids, promoted cells to RSL3-induced ferroptosis.

According to latest research by Doll et al. [110], ferroptosis is caused by acyl-CoA
synthetase long-chain family member 4 (ACSL4), which builds up oxidized cellular mem-
brane phospholipids. The deadly lipid species that ACSL4 produces oxidized phos-
phatidylethanolamines (PEs) and were later found to promote ferroptosis by Kagan
et al. [111]. Using CRISPR technology, Doll et al. [110] showed that ferroptosis and the
generation of lipid peroxides were prevented in cells by knocking down the ACSL4 gene.
Transgenic overexpression of ACSL4 in cells where GPX4 functionality was specifically
suppressed to avoid a confusing effect reversed this finding. Furthermore, by blocking
ACSL4 with thiazolidinedione in a conditional deletion model of GPX4, this evidence
was confirmed in vivo. Additionally, despite its complexity, the identification of PE as
the oxidized species responsible for ferroptosis was compelling. By analyzing extracts of
RSL-3-sensitive cultivated cells using genetic, bioinformatics, and LC-MS/MS techniques,
oxidized phospholipids generated during ferroptosis were found [112]. Only a single group
of phosphatidylethanolamine (PE) phospholipids has the lipid species that are specific
to the development of ferroptosis, rigorously identified both in vitro and in vivo in GPX4
models. It has been demonstrated that PEs containing the fatty acyls arachidonoyl (AA)
and adrenoyl (AdA), which are stimulated by ACSL4, are lethal signaling of ferroptosis,
especially in mitochondria. AA or AdA esterification into phosphatidylethanolamines (PEs)
was reduced by gene deletion and pharmacological inhibition of ACSL4. GPX4 inhibits fer-
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roptosis by reducing lipid hydroperoxides. It has been demonstrated that the antioxidants
vitamin E (α-tocopherol) and α-tocotrienol control ferroptosis through LOX suppression,
whereas the antioxidant enzyme GPX4 negates lipid peroxides [111]. In spite of scavenging
hydroxyl group radicals, vitamin E also competes at the substrate site of attachment to in-
hibit LOX. The mechanism whereby vitamin E suppresses LOX activity through competing
with the substrate at the enzyme’s binding site was outlined using electron spin resonance
(ESR) spectroscopy and LC-MS. Despite their inability to produce tocopheroxyl radicals,
esterified vitamin E analogs, such as α-tocopherol succinate (TS) or α-tocopherol phosphate
(TP), inhibited LOX activity by vying for the PUFA substrate binding site. Ferroptotic death
has been demonstrated to be prevented by vitamin E in vitro [108,113,114] and in vivo in
Gpx4−/− knockout mice [115,116]. Various organs and conditions linked to ferroptosis are
highlighted by tissue-specific expression of 15-LOX and perhaps vitamin E status. Ebselen,
Coenzyme Q, Liproxstatin-1, and Ferostatin-1 are other ferroptosis inhibitors. Addition-
ally, various cell types have varying levels of sensitivity and susceptibility to ferroptosis
inducers [117]. Certain lymphoma cells depend on external supplies of cysteine and cystine
due to defects in sulfur transfer mechanisms. For instance, co-culturing Nb2 lymphoma
cells with cysteine-secreting fibroblasts or supplementing them with 2-mercaptoethanol
prevented sulfasalazine-induced ferroptosis. Furthermore, in reaction to sorafenib-induced
ferroptosis, hepatoma carcinoma cells showed higher concentrations of HO-1, FTH1, and
NAD(P)H Quinone Dehydrogenase 1 (NQO) mRNA [118], presumably to lessen the impact
of ROS. Essentially, in pathological conditions like Huntington’s disease, acute kidney
disease, B cell lymphoma, periventricular leukomalacia, and cancers, GPX4 inhibition, GSH
decline, and raised lipoxygenase activity promote PUFA accumulation and the formation
of fatty acid radicals, which include MDA and 4-hydroxynonenal, that lead to ferroptosis
and death of cells [119].

4. ROS Induces Damage to the Mitochondrial Respiratory Chain
To synthesize ADP, which is the primary energy source for cells, a reaction is created

by dephosphorylating an ATP. In order for this process to occur and for new ATP to be
synthesized, glycolysis with helper molecules is required [120–124].

The generation of ROS in the cellular environment is thought to be caused by mitochon-
drial malfunction and enrichment of mitochondria with different redox enzymes [125–127].
As a byproduct of the respiratory chain, superoxide (O2

−) is created from molecular
oxygen in the mitochondria or NADPH oxidase. SOD can convert superoxide to H2O2.
Further production of hydroxyl radicals and hydroxyl anions is facilitated by hydrogen
peroxide [128].

Vital molecules such as proteins, lipids, and DNA serve as oxidative damage biomark-
ers of aging and many neurological diseases. In addition, ROS are known to cause protein
carbonyls, lipid peroxidation to malondialdehyde (MDA), and guanine oxidation to 8-oxo-
deoxyguanosine in DNA [129]. ROS production mainly occurs in the inner membrane of
mitochondria [130]. There are also some known molecules such as superoxide dismutase
(SOD) and GPX in the inner membrane. SOD catalyzes the dismutation of superoxide radi-
cals (O2

−) to molecular oxygen and hydrogen peroxide, and GPX catalyzes the reduction
of hydrogen peroxide to water and oxygen [131]. The outer membrane of mitochondria
is more porous and absorbent to lower molecular weight elements and ions. Molecules
targeting mitochondria are believed to be more selective and active to address diseases
associated with OS [132–135]. A schematic representation of ROS-induced mitochondrial
dysfunction and involvement in a number of diseases is shown in (Figure 3).
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Figure 3. Mitochondrial involvement in oxidative stress and diseases.

When the free radical production and antioxidant detoxification mechanism in the
organism functions regularly, mitochondria are not in danger. If ROS production escalates,
this causes the incapacitation of main elements of the respiratory chain and enzymes of
the Krebs cycle [136]. Mitochondrial ETC is one of the main sources of ROS production by
aerobic respiration in the majority of cells. Wong et al. [137] demonstrate that mitochondria
account for 45% of ROS in C2C12 myoblasts and NADPH oxidase account for 40%. Four
multi-subunit protein complexes (CI, CII, CIII, and CIV) make up the respiratory chain,
also known as the mitochondrial ETC that is encased in the mitochondrial inner membrane.
The ATP-generating OxPhos in the mitochondrial system is made up of the F1F0-ATP
synthase and the ETC [138]. All OxPhos complexes, with the exception of CII, are made up
of subunits that are encoded by mitochondrial (mtDNA) and nuclear (nDNA) DNA [139].
The two forms of ROS, which are superoxide (O2

−) and hydrogen peroxide H2O2, are
created during the mitochondrial respiratory chain [140]. Nevertheless, many questions
regarding the mechanisms of O2

− generation, particularly in physiological conditions,
remain unanswered despite extensive biochemical and biophysical investigations on elec-
tron and proton transport through the respiratory chain [137,141–144]. The injury of the
mitochondrial respiratory chain can create a significant rise in intracellular ROS. Due to the
excess ROS level, it will worsen mitochondrial damage and lower the antioxidant capacity
of cells [145,146].

It is now commonly acknowledged that, in addition to mitochondria, the NADPH
oxidase system is one of the main sources of ROS in cells and a crucial contributor to
intracellular ROS homeostasis [147]. The NADPH oxidase was first identified as the
enzyme that causes the oxidative burst that leukocytes use to destroy bacteria [148], but it
is now thought to be involved in nearly every tissue kind [149]. This enzyme has several
isoforms (NOX1–NOX5 and DUOX1 and 2) and its expression of these subtypes differs
depending on the tissue type [149]. Although NOX4 also appears to be involved [150] in
brain damage, NOX2 is the primary variant of NADPH oxidase in brain tissues such glia
and neurons [151,152]. Brain abnormalities have been associated with NOX2 and NOX4
stimulation, suggesting that ROS production via NADPH oxidase plays a role in both acute
and chronic neurological conditions [153,154]. Numerous lines of proof clearly imply that
Nrf2 activation is regulated by NADPH oxidase; in fact, NOX4 in cardiomyocytes and
pulmonary epithelial cells has been demonstrated to do so [155,156]. It is far less clear if
the opposite is true, that is, whether the KEAP1–Nrf2 route controls the expression and



Pharmaceuticals 2025, 18, 1698 12 of 29

activity of NADPH oxidase. The best genetic system of study for addressing the impact of
Nrf2 on NADPH oxidase expression and testing the theory that Nrf2 exertion and NADPH
oxidase expression reciprocally cooperate to create a negative feedback regulatory loop is
animals and cells with graded expression of Nrf2, such as Nrf2-knockout (Nrf2-KO), wild-
type (WT), and KEAP1-knockdown (KEAP1-KD) [157]. Since the KEAP1–Nrf2 pathway
is being targeted more and more for the prevention and cure of human disease, and
because numerous clinical trials have been completed or are in progress, this information is
crucial [158]. Furthermore, the Nrf2 antioxidant pathway is activated by BG12, which is
an oral bioavailable formulation of DMF that is approved for the medical management of
multiple sclerosis [159].

5. Nrf2 Modulation
Transcriptional factor Nrf2 is connected with the vital protection of the cells against

the expression of cytoprotective genes by oxidants [160,161]. Nrf2 arranges cellular de-
fense progress against oxidant molecules through controlling the expression of more than
500 genes. This mechanism is linked to antioxidant compounds, detoxification procedures,
or the presence of metabolic enzymes. The two degrons that are specifically associated with
the Neh2 domain are made by the KEAP1 [162–164].

Nrf2, a member of the Cap’n’Collar family of essential leucine zipper transcription fac-
tors, binds to AREs to activate the transcription of phase II detoxifying antioxidant enzymes
such as heme oxygenase-1 (HO-1), glutamate-cysteine ligase (GCL), and NAD(P)H:quinone
oxidoreductase-1 (NQO1).

Nrf2 facilitates cellular adaptation to redox stress that cells encounter. When signals
arrive, Nrf2 enters the cell nucleus from the cytosol and binds to the ARE. This activates the
expression of antioxidant genes and cytoprotection against damage caused by oxidative
stress. It induces a decrease in sensitivity to damage. This Nrf2 activity is an important
target in the treatment of diseases associated with oxidative stress such as inflammation,
cancer, fibrosis, and obesity (Figure 4). In addition, Nrf2 modulation plays an important
role in the treatment of diseases such as liver inflammation, fibrosis, and cancer due to
target gene induction. An important path can be made in the treatment of many related
diseases by inhibiting oxidative stress and NLRP3 inflammasome activation [165].

Animal experiments have shown that Nrf2 activation can improve energy expenditure
and prevent weight gain in mice [166]. In addition, it has been shown that Nrf2/HO-1
pathway activation can prevent cognitive impairment, inflammatory events, and Aβ and
tau accumulation in the brain [167]. Nrf2 activity also has the capacity to prevent obesity-
related vascular oxidative damage and increased ROS production [168,169]. However,
it should not be forgotten that aging is closely related to dysfunction in the Nrf2/ARE
signaling pathway (Figure 5). This disorder triggers pro-oxidative activity and plays a
major role in neurodegenerative diseases and aging [170].

During normal cell functioning, Nrf2 is continuously degraded by the proteasome via
the formation of the KEAP1 complex. With OS exposure, KEAP1 is inactivated. This is
followed by phosphorylation and accumulation of Nrf2 in the cell nucleus. Here, it binds to
ARE regions and activates many genes, primarily antioxidants and detoxifying enzymes.

Nrf2 is responsible for controlling biosynthesis of GSH, GSH-regenerating enzyme,
and glutathione reductase (GR), as well as antioxidant protection genes [171]. Furthermore,
activation of Nrf2 and stimulation of mitochondrial antioxidant enzymes are connected,
emphasizing the role of Nrf2 in maintaining mitochondrial redox homeostasis [172]. Nrf2
target genes have positive influence on mitochondria, using diverse actions including
maintaining the defense against OS, mitophagy, and mitochondriogenesis [173,174].
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Figure 4. Proposed modulation of Nrf2.

 

Figure 5. Schematic representation of the Nrf2-KEAP1-ARE signaling pathway.

The most significant intracellular antioxidant mechanism is the Nrf2/ARE signaling
route [175,176]. Moreover, the Nrf2/ARE pathway can stimulate the production of several
downstream antioxidant enzymes, such as SOD 1 and heme oxygenase 1, which can lower
the effects of OS and prevent cell injuries [177]. But in end-stage diabetes, the endogenous
antioxidant system’s damage inevitably results in Nrf2 attenuation.

Nicotinamide adenine dinucleotide (NAD+) is required for the deacetylase enzymes
that make up the family of mammalian mute information regulator two proteins, or
Sirtuins. SIRT1, a class I histone deacetylase through deacetylation in an NAD+-dependent
manner, can also be a driver of the antioxidant response. Primarily found in the nucleus,
SIRT1 can interact and deacetylate Forkheadbox protein O3 (FOXOa3) and PGC1α as well
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as histones [178,179]. Enhanced transcriptional action and promotion of biogenesis in
mitochondria and antioxidant gene expression are observed in deacetylated PGC1α and
FOXOa3. Therefore, antioxidant therapy aims to reduce the oxidative damage of Nrf2
and SIRT1 activation by polyphenolic substances [180–183]. Some of them were recently
demonstrated to be involved in Nrf2 modulation as well as interfering with inflammation-
and oxidation-related pathways and players in human diseases (Table 2).

Table 2. Recent natural substances containing OH moieties and targeting Nrf2.

Name Structure Biological Activity

Methylnissolin (astrapterocarpan)

It modulates signaling pathways such
as RIPK2/ASK1, PI3K/AKT,

IκB/NF-κB, MAPK, and Nrf2/HO-1 in
models of adaptive immunity and

metabolic inflammation [184]

Hinokitiol (β-thujaplicin)

It significantly attenuates
H2O2-induced cytotoxicity and ROS

accumulation decreases MDA
concentration [185]

Dioscin

It increases the expression of LC3,
Beclin-1, and Nrf2 and decreases P62
and KEAP1. Furthermore, it inhibits

the levels of ROS and MDA, promoting
SOD and CAT. It can also significantly
downregulate the expression of TGF-β

and Collagen I [186]

Luteolin

It modulates NF-κB, Nrf2, MAPK,
JAK1/STAT3, PI3K/AKT, and

pyroptosis, suppressing inflammatory
mediators and oxidative stress [187]

Baicalein

It modulates oxidative stress through
Nrf2 activation and

neuro-inflammation via NF-κB and
MAPK inhibition, and mitochondrial

protection [188]

Epigallocatechin gallate (EGCG)
EGCG effectively promotes autophagy

and targets Nrf2-ARE, NF-κB, and
MAPK [189]

Furthermore, research has demonstrated that SIRT1 may enhance OS by upregulating
Nrf2 protein levels [190].

KEAP1 and PTEN suppress the transcriptional activity of Nrf2 under normal homeo-
static settings. By directly interacting with Nrf2, KEAP1 facilitates the protein’s ubiquitina-
tion and eventual proteasomal breakdown. Moreover, PTEN removes 3-phosphoinositide
(PIP3) necessary for AKT activation, which activates GSK3β and phosphorylates Nrf2.
Antioxidants that function in vivo as electrophiles alter and inhibit PTEN and KEAP1.
The relationship between KEAP1 and Nrf2 is broken and the half-life of Nrf2 is extended
when KEAP1 is oxidized. Furthermore, electrophiles block the redox-sensitive phosphatase
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PTEN, which permits the accumulation of PIP3, the activation of AKT, and the inactivation
of GSK3β. The production of antioxidant defense genes is induced by Nrf2, which is
translocated to the nucleus and attaches onto the electrophile response element (EpRE)
under these circumstances. Furthermore, by activating the transcription factors FOXOa3
and PGC1α, respectively, antioxidant substances alter the SIRT1 pathway in favor of MB
and the antioxidant defense response [191].

The Crosstalk Between SIRT1 and KEAP1/Nrf2/ARE Anti-Oxidative Pathway

The controlling role of the Sirt1-KEAP1/Nrf2/ARE signaling pathway in numerous
physiological progressions has provoked many scientists [192]. SIRT 1 increases Nrf2
expression and promotes Nrf2 to the ARE region, consequently triggering ARE in the cells,
acting as the upstream of the Nrf2/ARE pathway. The downregulation of the Sirt1/PGC-
1α/Nrf2 pathway causes exposure of wild-type p53 cancer cells to OS [193]. The anticancer
effects of Nrf2 were revealed in 2006, once hyperactivation of Nrf2 was found in lung
cancer cell lines [194]. After this finding, Nrf2 overactivity was detected to occur in other
cancer types as well. Multiple mechanisms have been shown to lead to Nrf2 overactivation.
These include mutations in NFE2L2 and KEAP1 genes, epigenetic mechanisms, and various
proteins that interrupt the binding between KEAP1 and Nrf2 [195].

The crosstalk between Nrf2 and its main controller KEAP1 is recognized to preserve
redox, metabolic, and protein homeostasis, as well as to regulate inflammation and mito-
chondrial dysfunction. Under the normal physiological circumstances, KEAP1 binds to
Nrf2 in the cytoplasm and inhibits Nrf2 transcriptional action via proteasomal degradation
of Nrf2 protein [196]. The Nrf2–KEAP1 axis was revealed as vital against illnesses associ-
ated with OS and inflammation. However, recent research shows that Nrf2 signaling can
coordinate cell-intrinsic defensive activities as well as classical antioxidant, detoxification,
and homeostatic functions [197].

There is significant indication that SIRT1 is an essential controller of energy metabolism
as well as of many vital functions [198]. SIRT1 regulates MB through PGC-1α and the
oxidation of energy metabolic substrates. Furthermore, NAD+ is a strong stimulator of
SIRT1, which makes SIRT1 a radar of metabolic homeostasis. Dysregulation of SIRT1 is
related to various age-associated disorders such as cardiovascular and neurodegenerative
diseases, and cancer [199]. SIRT1 could block some transcription factors, which are working
in the control of cellular redox balance. For example, SIRT1 stops the transactivation ability
of Nrf2 by deacetylating the Lys588 and Lys591 residues, which afterward inhibits the
binding of Nrf2 to ARE. It was also observed that SIRT1-facilitated deacetylation of the
Nrf2 protein terminated the transcription of antioxidant genes and subsequently, Nrf2
was moved out of the nuclei into the cytoplasm [200,201]. Research has shown that SIRT1
stimulates the action of Nrf2 and controls the expression of Nrf2 downstream genes, like
SOD, and that the lack of SIRT1 results in the downregulation of Nrf2 expression and also
enhances the stability of Nrf2 [202,203].

A schematic representation of SIRT1-mediated mitochondrial processes is presented
in Figure 6. SIRT1 can interact with transcription factors or mitochondrial proteins to
ensure healthy mitochondrial function. Furthermore, SIRT1 can increase ATP levels by
suppressing Uncoupling Protein 2 (UCP-2) in the inner mitochondrial membrane. It can
deacetylate PGC-1α, triggering its activation and increasing mitochondrial gene expression
through Nrf-1 and TFAM, thus supporting mitochondrial biogenesis. PGC-1α may also
participate in mitophagy, taking part in various metabolic processes.
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Figure 6. A schematic representation of SIRT1-mediated mitochondrial processes.

6. Nrf2 and Mitochondrial Antioxidants
Maintaining healthy mitochondria requires proper balance of ROS homeostasis, cal-

cium, mitophagy, and fission [204–206]. Since Nrf2 is a nuclear factor that senses ROS,
imbalances in their quantity caused by overproduction by mitochondria, incapacity to
eliminate them, or other causes, can affect the amount of Nrf2 in the cell as it tries to
adapt, changing many cellular actions, such as glucose and lipid homeostasis [206]. As
a result of the activation of TCA enzymes and respiratory chain components, a boost in
MB, accompanied by a corresponding rise in OxPhos activity, causes an elevation in the
generation of internally generated ROS via oxidative metabolism [142].

Human cells have an effective defense system to handle ROS with the help of both
non-enzymatic and enzymatic antioxidants: catalase (exist primarily in peroxisomes and
fewer in mitochondria), GR (exist in mitochondria), glutathione-S-transferase (exist in
cytosol), and three forms of superoxide dismutases [207] (Mn-SOD, SOD1,SOD2, and
SOD3) (Figure 6). OS, which occurs as a result of exposure to high concentrations of ROS
in mitochondria, has been shown to be controlled by antioxidant molecules. For example,
the mitochondrial antioxidant enzyme MnSOD has been shown to significantly worsen
ischemic brain injury in its absence [208]. In another study, increased susceptibility to
ICH was found in experimental animals with SOD1 deficiency. Increased expression of
enzymes such as CAT and GPx in mitochondria was also observed to have increased
neuroprotective effects against ischemic stroke and hemorrhagic stroke [209,210]. Studies
have shown that the expression of enzymes involved in NADPH production, such as
isocitrate dehydrogenase 1 (IDH-1), glucose-6-phosphate dehydrogenase (G6PD), malic
enzyme 1 (ME-1), and 6-phosphogluconate dehydrogenase (PGD), can be controlled by
Nrf2 [211]. Nrf2 can increase the activity of thioredoxins (TRXs) and peroxiredoxins (PRXs),
which are used to scavenge oxidant particles in mitochondria. In addition, Nrf2 plays a
crucial role in increasing the expression of GSH biosynthesis enzymes, which play a crucial
role in the formation and maintenance of mitochondrial GSH stores [212].

Low molecular mass compounds possess antioxidant properties; these include
flavonoids, carotenoids, GSH, ubiquinol, vitamins A, C, and E, and other antioxidants such
as albumin.

Recent studies have shown that the NRF2-PGAM5-KEAP1 complex plays an important
role in cell health and disease prevention. It is also thought to play a role in determin-
ing mitochondrial functional mechanisms and cell death pathways [213]. Especially in
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neurodegenerative diseases, disruption or differentiation in the NRF2-PGAM5-KEAP1
structure may cause malfunction of mitochondrial processes necessary for neuronal re-
sistance against OS [214] (Figure 7). One study observed that the NRF2-PGAM5-KEAP1
complex was disrupted during cardiotoxicity, resulting in decreased levels of PGAM5 and
NRF2. This complex has been shown to regulate apoptosis, defend tumor cells against
oxidative damage, and, when necessary, induce cell death in cases of pathological develop-
ment [215]. Studies demonstrate the NRF2-PGAM5-KEAP1 complex’s ability to mediate
cell defense and protect against disease. In cases of OS, it supports mitochondrial function
and cellular homeostasis [216].

 

Figure 7. The stimulation of ARE-associated genes and antioxidant proteins, including thioredoxin
(TXn), GR, GPx, SOD 1, SOD 2, and SOD 3, is caused by the modification of Nrf2 by mitochondrial
ROS. Excess ROS are produced when there is a redox imbalance, which triggers the discharge of
Nrf2 from KEAP1. This protein then moves to the cell nucleus and connects to ARE to initiate the
transcription of antioxidant enzymes. A key player in mitochondrial activities, PGAM5 cooperates
with Nrf2 and KEAP1 to form the Nrf2-KEAP1-PGAM5, which further emphasizes the critical part
PGAM5 plays in the preservation of mitochondrial activities.

Conversely, lipophilic compounds, namely carotenoids, α-tocopherol, and ubiquinol
are primarily found in cell membranes. It is possible that various antioxidant enzymes are
connected [192]. Apart from its roles in MB as well as mitochondrial homeostasis, Nrf2 is
also known to play an essential part in upholding cellular redox homeostasis by modifying
the creation of ROS through the regulation of GSH, thioredoxin, and NADPH biosynthesis,
utilization, and regeneration [71]. In response to oxidizing circumstances, Nrf2 activation
increases a variety of mitochondrial antioxidant enzymes, including GR, GPx, thioredoxin
2, peroxiredoxin 3 (Prdx3), peroxiredoxin 5 (Prdx5), and SOD2 (Figure 7). However, the
precise processes remain incompletely comprehended [172,217–223].

Nrf2 controls cytoprotective reactions against stress-induced ROS [224]. If the cells
are not under OS, the Nrf2 protein amounts are small since proteasomes subsequently
cause degradation. In the presence of OS or Nrf2-activating molecules, KEAP1 no longer
has ubiquitin ligase activity due to oxidation of the cysteine residues. Then, Nrf2 is
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phosphorylated and enters into the cell nucleus. Finally, Nrf2 can attach to small proteins
to make heterodimers. Heterodimers eventually bind to the ARE in the genes regulated by
Nrf2 [225,226].

7. Conclusions
Studies on oxidative stress, which intensified in the 1970s, first led to the idea that

many diseases and aging may be closely linked to free radicals and oxidant molecules [227].
Years of research in this field have proven that oxidative damage plays a significant role in
the development of various pathological events. Therefore, it is known that preventing or
controlling this damage will lead to significant improvements in disease treatment. A wide
range of studies are being conducted to this end.

In one study, nanoenzymes that target mitochondria and are able to prevent oxidative
damage against retinal neovascularization have been developed [228]. While oxidative
damage is known to play a role in the development of many diseases, numerous studies are
being conducted specifically on its active role in tumor development. Increased cell damage
can induce apoptosis in cancer cells [229]. One study predicted that oxidative damage-
induced tumor development would be suppressed by nanocomposites loaded with an
MutT homolog 1 (MTH1) inhibitor [230]. An interesting review presents some important
findings suggesting that the Nrf2/KEAP1 signaling pathway plays a significant role in
the development of periodontitis-type inflammation. The effects of OS on decreased Nrf2
expression in the gingival tissues of periodontitis patients and the resulting pathologies
are discussed using in vitro and in vivo models [231]. Current research demonstrates the
protective and defensive roles of Nrf2 in the context of neurodegenerative diseases. Another
review has detailed the potential role of Nrf2 in preventing neurodegenerative diseases
and its ability to regulate antioxidant defense systems [232]. A review of non-alcoholic fatty
liver disease (NAFLD) focused on treatment processes involving Nrf2. There is currently
no approved drug molecule targeting Nrf2 for NAFLD treatment. However, this article
focuses on the role of Nrf2 in NAFLD pathogenesis and presents some natural products that
target Nrf2 or the Nrf2 pathway for NAFLD treatment [233]. Another review summarizes
the relationships between the Keap1-Nrf2 signaling pathway and tumor development. The
need for cancer treatment and some clinical applications utilizing this pathway is discussed.
This review also addresses some of the dilemmas we encounter in this signaling pathway.
From one perspective, Nrf2 activity can protect cells from oxidative and electrophilic
stress, but in other cases, increasing Nrf2 activity can enhance cancer cell survival and
proliferation. This dilemma is still under investigation and deserves significant attention in
clinical practice. Therefore, investigating the mechanisms of this pathway at the molecular
level will be a key target for the treatment of many pathological conditions, including other
cancers and neurodegenerative diseases, and for drug development [234].

Although the associations between metabolic syndromes and mitochondrial modi-
fications are not well understood, it is clear that OS in the cell may cause structural and
functional modifications in the mitochondria. These changes activate cell signaling path-
ways and produce excess ROS which eventually lead to organ failure and diseases. Thus,
antioxidant molecules that may control the generation of excessive ROS could be the possi-
ble beneficial answer to increasing mitochondrial condition in numerous diseases [235–237].

Screenings of possible Nrf2 inhibitors recognized an increasing number of natural and
synthetic molecules preventing Nrf2 activation [238]. It has been thought that elevated
amounts of mtROS can block the mechanisms that trigger Nrf2, causing the inhibition of
Nrf2 action. Nevertheless, the diverse places of ROS production or alteration in reactive
species generated could be interfering in Nrf2 inhibition [239]. The research continues and
it is possible that Nrf2 activity will be considered as a target directly. This strategy may
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involve either activation or inhibition of Nrf2 activity. So far, only one compound as an
Nrf2 activator (dimethyl fumarate) is approved for clinical use in MS patients [240].

Studies have reported that many natural and synthetic molecules have Nrf2 modula-
tory effects. However, all of these compounds have properties that make them unsafe for
clinical use or have not yet been fully evaluated. Natural compounds generally present a
picture of safety but weak efficacy. Most are nonspecific, limiting their clinical applications.
Furthermore, most identified small molecule inhibitors have been obtained through high-
throughput screening using the ARE-luciferase reporter gene system. The Nrf inhibition
mechanisms, specificities, and toxicities of these molecules are still under investigation [241].
A significant problem encountered in studies of the Nrf2 protein is that its structure is not
yet fully understood. While studies on Nrf2’s active site or allosteric pocket are ongoing, a
complete mapping has not been achieved. Furthermore, Nrf2 exhibits a disordered profile
when not bound to the KEAP1 protein, making it difficult to design new molecules that
counteract it.

Therefore, more thorough research is needed to clarify the relevance of the relationship
between Nrf2 and mitochondrial function. Since Nrf2 signaling acts as a “rheostat” in a
number of diseases, additional translational research is required to verify that using this
adaptable stress-induced cell response system is essential for restoring homeostasis and
preserving human health. The precise molecular processes of Nrf2 inhibitors, as well as
their safety and clinical suitability, require further research.

In conclusion, the development of Nrf2 modulator molecules against many diseases
offers a promising strategy and market prospects. However, clinical studies in this area are
not yet sufficient. Future studies in this area will lead to the development of potent and
targeted molecules. However, effective compounds still have a long way to go before they
can be used as clinical therapeutics.

Author Contributions: L.S.: funding acquisition, writing—review and editing, writing—original
draft preparation, project administration. I.A.: writing—original draft preparation, conceptualization,
methodology, visualization, project administration. R.T.: resources, writing—original draft prepara-
tion. B.Y.: resources, writing—original draft preparation, data curation. M.G.: software, supervision,
writing—review and editing, writing—original draft preparation, project administration. S.C.: vali-
dation, investigation, supervision, writing—review and editing, writing—original draft preparation,
project administration. S.S.: writing—review and editing, writing—original draft preparation, project
administration. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Xie, Z.Z.; Liu, Y.; Bian, J.S. Hydrogen sulfide and cellular redox homeostasis. Oxid. Med. Cell Longev. 2016, 2016, 6043038.

[CrossRef]
2. Panieri, E.; Santoro, M.M. ROS homeostasis and metabolism: A dangerous liason in cancer cells. Cell Death Dis. 2016, 7, e2253.

[CrossRef]
3. Kong, H.; Chandel, N.S. Regulation of redox balance in cancer and T cells. J. Biol. Chem. 2018, 293, 7499–7507. [CrossRef]
4. Mydin, R.B.; Okekpa, S.I. Reactive oxygen species, cellular redox homeostasis and cancer. In Homeostasis-An Integrated Vision;

IntechOpen: Rijeka, Croatia, 2018.
5. Zhang, Y.; Wong, H.S. Are mitochondria the main contributor of reactive oxygen species in cells? J. Exp. Biol. 2021,

224 Part 5, jeb221606. [CrossRef]

https://doi.org/10.1155/2016/6043038
https://doi.org/10.1038/cddis.2016.105
https://doi.org/10.1074/jbc.TM117.000257
https://doi.org/10.1242/jeb.221606


Pharmaceuticals 2025, 18, 1698 20 of 29

6. Guo, C.; Sun, L.; Chen, X.; Zhang, D. Oxidative stress, mitochondrial damage and neurodegenerative diseases. Neural Regen. Res.
2013, 8, 2003–2014. [CrossRef]

7. Suzen, S.; Saso, L. Melatonin as mitochondria-targeted drug. Adv. Protein Chem. Struct. Biol. 2023, 136, 249–276. [CrossRef]
[PubMed]

8. Snezhkina, A.V.; Kudryavtseva, A.V.; Kardymon, O.L.; Savvateeva, M.V.; Melnikova, N.V.; Krasnov, G.S.; Dmitriev, A.A. ROS
Generation and Antioxidant Defense Systems in Normal and Malignant Cells. Oxid. Med. Cell Longev. 2019, 2019, 6175804.
[CrossRef] [PubMed]

9. Tebay, L.E.; Robertson, H.; Durant, S.T.; Vitale, S.R.; Penning, T.M.; Dinkova-Kostova, A.T.; Hayes, J.D. 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 Radic. Biol. Med. 2015, 88, 108–146. [CrossRef]

10. Forman, H.J.; Zhang, H. Targeting oxidative stress in disease: Promise and limitations of antioxidant therapy. Nat. Rev. Drug
Discov. 2021, 20, 689–709, Erratum in Nat. Rev. Drug Discov. 2021, 20, 652. [CrossRef]

11. He, F.; Ru, X.; Wen, T. NRF2, a Transcription Factor for Stress Response and Beyond. Int. J. Mol. Sci. 2020, 21, 4777. [CrossRef]
[PubMed]

12. Buttari, B.; Arese, M.; Oberley-Deegan, R.E.; Saso, L.; Chatterjee, A. NRF2: A crucial regulator for mitochondrial metabolic shift
and prostate cancer progression. Front. Physiol. 2022, 13, 989793. [CrossRef]

13. Masiero, E.; Sandri, M. Autophagy inhibition induces atrophy and myopathy in adult skeletal muscles. Autophagy 2010, 6,
307–309. [CrossRef]

14. Forster, M.; Dubey, A.; Dawson, K.M.; Stutts, W.A.; Lal, H.; Sohal, R.S. Age-related losses of cognitive function and motor skills in
mice are associated with oxidative protein damage in the brain. Proc. Natl. Acad. Sci. USA 1996, 93, 4765–4769. [CrossRef]

15. Xu, J.; Rong, S.; Xie, B.; Sun, Z.; Zhang, L.; Wu, H.; Yao, P.; Zhnag, X.; Zhang, Y.; Liu, L. Rejuvenation of antioxidant and
cholinergic systems contributes to the effect of procyanidins extracted from the lotus seedpod ameliorating memory impairment
in cognitively impaired aged rats. Eur. Neuropsychopharmacol. 2009, 19, 851–860. [CrossRef] [PubMed]

16. Chen, L.; Na, R.; Ran, Q. Enhanced defense against mitochondrial hydrogen peroxide attenuates age-associated cognition decline.
Neurobiol. Aging 2014, 35, 2552–2561. [CrossRef] [PubMed]

17. Di Giacomo, M.; Zara, V.; Bergamo, P.; Ferramosca, A. Crosstalk between mitochondrial metabolism and oxidoreductive
homeostasis: A new perspective for understanding the effects of bioactive dietary compounds. Nutr. Res. Rev. 2020, 33, 90–101.
[CrossRef]

18. Ajoolabady, A.; Aslkhodapasandhokmabad, H.; Aghanejad, A.; Zhang, Y.; Ren, J. Mitophagy receptors and mediators: Therapeutic
targets in the management of cardiovascular ageing. Ageing Res. Rev. 2020, 62, 101129. [CrossRef] [PubMed]

19. San-Millan, I. The Key Role of Mitochondrial Function in Health and Disease. Antioxidants 2023, 12, 782. [CrossRef]
20. Huang, L.; Gao, W.; He, X.; Yuan, T.; Zhang, H.; Zhang, X.; Zheng, W.; Wu, Q.; Liu, J.; Wang, W.; et al. Maternal zinc alleviates tert-

butyl hydroperoxide-induced mitochondrial oxidative stress on embryonic development involving the activation of Nrf2/PGC-1α
pathway. J. Anim. Sci. Biotechnol. 2023, 14, 45. [CrossRef]

21. Park, J.-S.; Rustamov, N.; Roh, Y.-S. The Roles of NFR2-Regulated Oxidative Stress and Mitochondrial Quality Control in Chronic
Liver Diseases. Antioxidants 2023, 12, 1928. [CrossRef]

22. Protasoni, M.; Zeviani, M. Mitochondrial Structure and Bioenergetics in Normal and Disease Conditions. Int. J. Mol. Sci. 2021,
22, 586. [CrossRef]

23. Luchkova, A.; Mata, A.; Cadenas, S. Nrf2 as a regulator of energy metabolism and mitochondrial function. FEBS Lett. 2024, 598,
2092–2105. [CrossRef]

24. Hartwick Bjorkman, S.; Oliveira Pereira, R. The Interplay Between Mitochondrial Reactive Oxygen Species, Endoplasmic
Reticulum Stress, and Nrf2 Signaling in Cardiometabolic Health. Antioxid. Redox Signal. 2021, 35, 252–269. [CrossRef]

25. Hayes, J.D. · Dinkova-Kostova, A.T. The Nrf2 regulatory network provides an interface between redox and intermediary
metabolism. Trends Biochem. Sci. 2014, 39, 199–218. [CrossRef] [PubMed]

26. MacLeod, A.K.; McMahon, M.; Plummer, S.M.; Higgins, L.G.; Penning, T.M.; Igarashi, K.; Hayes, J.D. Characterization of
the cancer chemopreventive NRF2-dependent gene battery in human keratinocytes: Demonstration that the KEAP1–NRF2
pathway, and not the BACH1–NRF2 pathway, controls cytoprotection against electrophiles as well as redox-cycling compounds.
Carcinogenesis 2009, 30, 1571–1580. [CrossRef]

27. Hirotsu, Y.; Katsuoka, F.; Funayama, R.; Nagashima, T.; Nishida, Y.; Nakayama, K.; Engel, J.D.; Yamamoto, M. Nrf2–MafG
heterodimers contribute globally to antioxidant and metabolic networks. Nucleic Acids Res. 2012, 40, 10228–10239. [CrossRef]
[PubMed]

28. Agyeman, A.S.; Chaerkady, R.; Shaw, P.G.; Davidson, N.E.; Visvanathan, K.; Pandey, A.; Kensler, T.W. Transcriptomic and
proteomic profiling of KEAP1 disrupted and sulforaphane-treated human breast epithelial cells reveals common expression
profiles. Breast Cancer Res. Treat. 2011, 132, 175–187. [CrossRef] [PubMed]

https://doi.org/10.3969/j.issn.1673-5374.2013.21.009
https://doi.org/10.1016/bs.apcsb.2023.03.006
https://www.ncbi.nlm.nih.gov/pubmed/37437980
https://doi.org/10.1155/2019/6175804
https://www.ncbi.nlm.nih.gov/pubmed/31467634
https://doi.org/10.1016/j.freeradbiomed.2015.06.021
https://doi.org/10.1038/s41573-021-00233-1
https://doi.org/10.3390/ijms21134777
https://www.ncbi.nlm.nih.gov/pubmed/32640524
https://doi.org/10.3389/fphys.2022.989793
https://doi.org/10.4161/auto.6.2.11137
https://doi.org/10.1073/pnas.93.10.4765
https://doi.org/10.1016/j.euroneuro.2009.07.006
https://www.ncbi.nlm.nih.gov/pubmed/19716273
https://doi.org/10.1016/j.neurobiolaging.2014.05.007
https://www.ncbi.nlm.nih.gov/pubmed/24906890
https://doi.org/10.1017/S0954422419000210
https://doi.org/10.1016/j.arr.2020.101129
https://www.ncbi.nlm.nih.gov/pubmed/32711157
https://doi.org/10.3390/antiox12040782
https://doi.org/10.1186/s40104-023-00852-1
https://doi.org/10.3390/antiox12111928
https://doi.org/10.3390/ijms22020586
https://doi.org/10.1002/1873-3468.14993
https://doi.org/10.1089/ars.2020.8220
https://doi.org/10.1016/j.tibs.2014.02.002
https://www.ncbi.nlm.nih.gov/pubmed/24647116
https://doi.org/10.1093/carcin/bgp176
https://doi.org/10.1093/nar/gks827
https://www.ncbi.nlm.nih.gov/pubmed/22965115
https://doi.org/10.1007/s10549-011-1536-9
https://www.ncbi.nlm.nih.gov/pubmed/21597922


Pharmaceuticals 2025, 18, 1698 21 of 29

29. Ryoo, I.-G.; Kwak, M.-K. Regulatory crosstalk between the oxidative stress-related transcription factor Nfe2l2/Nrf2 and mito-
chondria. Toxicol. Appl. Pharmacol. 2018, 359, 24–33. [CrossRef]

30. Merry, T.L.; Ristow, M. Nuclear factor erythroid-derived 2-like 2 (NFE2L2, Nrf2) mediates exercise-induced mitochondrial
biogenesis and the anti-oxidant response in mice. J. Physiol. 2016, 594, 5195–5207. [CrossRef]

31. Chorley, B.N.; Campbell, M.R.; Wang, X.; Karaca, M.; Sambandan, D.; Bangura, F.; Xue, P.; Pi, J.; Kleeberger, S.R.; Bell, D.A.
Identification of novel NRF2-regulated genes by ChIP-Seq: Influence on retinoid X receptor alpha. Nucleic Acids Res. 2012, 40,
7416–7429. [CrossRef]

32. Xiao, J.L.; Liu, H.Y.; Sun, C.C.; Tang, C.F. Regulation of Keap1-Nrf2 signaling in health and diseases. Mol. Biol. Rep. 2024, 51, 809.
[CrossRef]

33. Li, A.; Gao, M.; Liu, B.; Qin, Y.; Chen, L.; Liu, H.; Wu, H.; Gong, G. Mitochondrial autophagy: Molecular mechanisms and
implications for cardiovascular disease. Cell Death Dis. 2022, 13, 444. [CrossRef] [PubMed]

34. McMaster, K.; Vaka, V.R.; Cunningham, M.W., Jr.; LaMarca, B. Mitochondrial dysfunction occurs in response to placental ischemia;
identifying new players in the pathology of preeclampsia. Am J Obstet Gynecol. 2017, 216, S502–S503. [CrossRef]

35. Vaka, V.R.; McMaster, K.M.; Cunningham, M.W., Jr.; Ibrahim, T.; Hazlewood, R.; Usry, N.; Cornelius, D.C.; Amaral, L.M.; LaMarca,
B. Role of Mitochondrial Dysfunction and Reactive Oxygen Species in Mediating Hypertension in the Reduced Uterine Perfusion
Pressure Rat Model of Preeclampsia. Hypertension 2018, 72, 703–711. [CrossRef]

36. Kameritsch, P.; Singer, M.; Nuernbergk, C.; Rios, N.; Reyes, A.; Schmidt, K.; Kirsch, J.; Schneider, H.; Müller, S.; Pogoda, K.; et al.
The mitochondrial thioredoxin reductase system (TrxR2) in vascular endothelium controls peroxynitrite levels and tissue integrity.
Proc. Natl. Acad. Sci. USA 2021, 118, e1921828118. [CrossRef]

37. Craige, S.; Kröller-Schön, S.; Li, C.; Kant, S.; Cai, S.; Chen, K.; Contractor, M.M.; Pei, Y.; Schulz, E.; Keaney, J.F., Jr. PGC-1α dictates
endothelial function through regulation of eNOS expression. Sci. Rep. 2016, 6, 38210. [CrossRef]

38. Kubo, E.; Chhunchha, B.; Singh, P.; Sasaki, H.; Singh, D.P. Sulforaphane reactivates cellular antioxidant defense by inducing
Nrf2/ARE/Prdx6 activity during aging and oxidative stress. Sci. Rep. 2017, 7, 14130. [CrossRef]

39. Ribeiro, M.; Alvarenga, L.; Coutinho-Wolino, K.S.; Nakao, L.S.; Cardozo, L.F.; Mafra, D. Sulforaphane upregulates the mRNA
expression of NRF2 and NQO1 in non-dialysis patients with chronic kidney disease. Free Radic. Biol. Med. 2024, 221, 181–187.
[CrossRef]

40. Kitaoka, Y.; Tamura, Y.; Takahashi, K.; Takeda, K.; Takemasa, T.; Hatta, H. Effects of Nrf2 deficiency on mitochondrial oxidative
stress in aged skeletal muscle. Physiol. Rep. 2019, 7, e13998. [CrossRef]

41. Mosier, J.A.; Schwager, S.C.; Boyajian, D.A.; Reinhart-King, C.A. Cancer cell metabolic plasticity in migration and metastasis.
Clin. Exp. Metastasis 2021, 38, 343–359. [CrossRef] [PubMed]

42. Yadav, U.P.; Singh, T.; Kumar, P.; Sharma, P.; Kaur, H.; Sharma, S.; Singh, S.; Kumar, S.; Mehta, K. Metabolic adaptations in cancer
stem cells. Front. Oncol. 2020, 10, 1010. [CrossRef] [PubMed]

43. Avagliano, A.; Ruocco, M.R.; Aliotta, F.; Belviso, I.; Accurso, A.; Masone, S.; Montagnani, S.; Arcucci, A. Mitochondrial Flexibility
of Breast Cancers: A Growth Advantage and a Therapeutic Opportunity. Cells 2019, 8, 401. [CrossRef] [PubMed]

44. Xia, M.; Zhang, Y.; Jin, K.; Lu, Z.; Zeng, Z.; Xiong, W. Communication between mitochondria and other organelles: A brand-new
perspective on mitochondria in cancer. Cell Biosci. 2019, 9, 27. [CrossRef]

45. Singh, T.; Sharma, K.; Jena, L.; Kaur, P.; Singh, S.; Munshi, A. Mitochondrial bioenergetics of breast cancer. Mitochondrion 2024,
79, 101951. [CrossRef]

46. Leipnitz, G.; Mohsen, A.W.; Karunanidhi, A.; Seminotti, B.; Roginskaya, V.Y.; Markantone, D.M.; Grings, M.; Mihalik, S.J.; Wipf,
P.; Van Houten, B.; et al. Evaluation of mitochondrial bioenergetics, dynamics, endoplasmic reticulum-mitochondria crosstalk,
and reactive oxygen species in fibroblasts from patients with complex I deficiency. Sci. Rep. 2018, 8, 1165. [CrossRef]

47. Aloha, S. Mitochondrial bioenergetics and metabolism: Implication for human health and disease. Front. Mol. Biosci. 2024,
11, 1468758. [CrossRef]

48. Du, H.; Xu, T.; Yu, S.; Wu, S.; Zhang, J. Mitochondrial metabolism and cancer therapeutic innovation. Signal Transduct. Target.
Ther. 2025, 10, 245. [CrossRef]

49. Song, M.-Y.; Lee, D.-Y.; Chun, K.-S.; Kim, E.-H. The Role of NRF2/KEAP1 Signaling Pathway in Cancer Metabolism. Int. J. Mol.
Sci. 2021, 22, 4376. [CrossRef]

50. Chang, L.-C.; Fan, C.-W.; Tseng, W.-K.; Hua, C.-C. Associations between the Nrf2/Keap1 pathway and mitochondrial functions in
colorectal cancer are affected by metastasis. Cancer Biomark. 2020, 27, 163–171. [CrossRef]

51. Hay, N. Reprogramming glucose metabolism in cancer: Can it be exploited for cancer therapy? Nat. Rev. Cancer 2016, 16, 635–649.
[CrossRef]

52. Nong, S.; Han, X.; Xiang, Y.; Qian, Y.; Wei, Y.; Zhang, T.; Tian, K.; Shen, K.; Yang, J.; Ma, X. Metabolic reprogramming in cancer:
Mechanisms and therapeutics. MedComm 2020, 4, e218. [CrossRef]

53. Shilovsky, G.A.; Ashapkin, V.V. Transcription Factor Nrf2 and Mitochondria–Friends or Foes in the Regulation of Aging Rate.
Biochemistry 2022, 87, 1477–1486. [CrossRef]

https://doi.org/10.1016/j.taap.2018.09.014
https://doi.org/10.1113/JP271957
https://doi.org/10.1093/nar/gks409
https://doi.org/10.1007/s11033-024-09771-4
https://doi.org/10.1038/s41419-022-04906-6
https://www.ncbi.nlm.nih.gov/pubmed/35534453
https://doi.org/10.1016/j.ajog.2016.11.789
https://doi.org/10.1161/HYPERTENSIONAHA.118.11290
https://doi.org/10.1073/pnas.1921828118
https://doi.org/10.1038/srep38210
https://doi.org/10.1038/s41598-017-14520-8
https://doi.org/10.1016/j.freeradbiomed.2024.05.034
https://doi.org/10.14814/phy2.13998
https://doi.org/10.1007/s10585-021-10102-1
https://www.ncbi.nlm.nih.gov/pubmed/34076787
https://doi.org/10.3389/fonc.2020.01010
https://www.ncbi.nlm.nih.gov/pubmed/32670883
https://doi.org/10.3390/cells8050401
https://www.ncbi.nlm.nih.gov/pubmed/31052256
https://doi.org/10.1186/s13578-019-0289-8
https://doi.org/10.1016/j.mito.2024.101951
https://doi.org/10.1038/s41598-018-19543-3
https://doi.org/10.3389/fmolb.2024.1468758
https://doi.org/10.1038/s41392-025-02311-x
https://doi.org/10.3390/ijms22094376
https://doi.org/10.3233/CBM-190828
https://doi.org/10.1038/nrc.2016.77
https://doi.org/10.1002/mco2.218
https://doi.org/10.1134/S0006297922120057


Pharmaceuticals 2025, 18, 1698 22 of 29

54. Saaoud, F.; Lu, Y.; Xu, K.; Shao, Y.; Praticò, D.; Vazquez-Padron, R.I.; Wang, H.; Yang, X. Protein-rich foods, sea foods, and gut
microbiota amplify immune responses in chronic diseases and cancers - Targeting PERK as a novel therapeutic strategy for
chronic inflammatory diseases, neurodegenerative disorders, and cancer. Pharmacol Ther. 2024, 255, 108604. [CrossRef]

55. Wu, T.; Zhao, F.; Gao, B.; Tan, C.; Yagishita, N.; Nakajima, T.; Wong, P.K.; Chapman, E.; Fang, D.; Zhang, D.D. Hrd1 suppresses
Nrf2-mediated cellular protection during liver cirrhosis. Genes. Dev. 2014, 28, 708–722. [CrossRef] [PubMed]

56. Almeida, L.M.; Pinho, B.R.; Duchen, M.R.; Oliveira, J.M.A. The PERKs of mitochondria protection during stress: Insights for
PERK modulation in neurodegenerative and metabolic diseases. Biol. Rev. Camb. Philos. Soc. 2022, 97, 1737–1748. [CrossRef]

57. Bennett, C.F.; Latorre-Muro, P.; Puigserver, P. Mechanisms of mitochondrial respiratory adaptation. Nat. Rev. Mol. Cell Biol. 2022,
23, 817–835. [CrossRef]

58. Abot, A.; Fried, S.; Cani, P.D.; Knauf, C. Reactive Oxygen Species/Reactive Nitrogen Species as Messengers in the Gut: Impact on
Physiology and Metabolic Disorders. Antioxid Redox Signal. 2022, 37, 394–415. [CrossRef] [PubMed]

59. Sies, H.; Belousov, V.V.; Chandel, N.S.; Davies, M.J.; Jones, D.P.; Mann, G.E.; Murphy, M.P.; Yamamoto, M.; Winterbourn, C.
Defining roles of specific reactive oxygen species (ROS) in cell biology and physiology. Nat. Rev. Mol. Cell Biol. 2022, 23, 499–515.
[CrossRef] [PubMed]

60. Di Benedetto, G.; Lefkimmiatis, K.; Pozzan, T. The basics of mitochondrial cAMP signalling: Where, when, why. Cell Calcium.
2021, 93, 102320. [CrossRef]

61. Holmström, K.M.; Baird, L.; Zhang, Y.; Hargreaves, I.; Chalasani, A.; Land, J.M.; Stanyer, L.; Yamamoto, M.; Dinkova-Kostova,
A.T.; Abramov, A.Y. Nrf2 impacts cellular bioenergetics by controlling substrate availability for mitochondrial respiration. Biol.
Open 2013, 2, 761–770. [CrossRef]

62. Hirschenson, J.; Melgar-Bermudez, E.; Mailloux, R.J. The Uncoupling Proteins: A Systematic Review on the Mechanism Used in
the Prevention of Oxidative Stress. Antioxidants 2022, 11, 322. [CrossRef]

63. Piantadosi, C.A.; Carraway, M.S.; Babiker, A.; Suliman, H.B. Heme oxygenase-1 regulates cardiac mitochondrial biogenesis via
Nrf2-mediated transcriptional control of nuclear respiratory factor-1. Circ. Res. 2008, 103, 1232–1240. [CrossRef]

64. Itoh, K.; Ye, P.; Matsumiya, T.; Tanji, K.; Ozaki, T. Emerging functional cross-talk between the Keap1-Nrf2 system and mitochondria.
J. Clin. Biochem. Nutr. 2015, 56, 91–97. [CrossRef]

65. MacGarvey, N.C.; Suliman, H.B.; Bartz, R.R.; Fu, P.; Withers, C.M.; Welty-Wolf, K.E.; Piantadosi, C.A. Activation of mitochondrial
biogenesis by heme oxygenase-1-mediated NF-E2-related factor-2 induction rescues mice from lethal Staphylococcus aureus
sepsis. Am. J. Respir. Crit. Care Med. 2012, 185, 851–861. [CrossRef] [PubMed]

66. Dinkova-Kostova, A.T.; Baird, L.; Holmström, K.M.; Meyer, C.J.; Abramov, A.Y. The spatiotemporal regulation of the Keap1-Nrf2
pathway and its importance in cellular bioenergetics. Biochem. Soc. Trans. 2015, 43, 602–610. [CrossRef]

67. Holmström, K.M.; Kostov, R.V.; Dinkova-Kostova, A.T. The multifaceted role of Nrf2 in mitochondrial function. Curr. Opin.
Toxicol. 2016, 1, 80–91. [CrossRef] [PubMed]

68. Ludtmann, M.H.; Angelova, P.R.; Zhang, Y.; Abramov, A.Y.; Dinkova-Kostova, A.T. Nrf2 affects the efficiency of mitochondrial
fatty acid oxidation. Biochem, J. 2014, 457, 415–424. [CrossRef] [PubMed]

69. Abdullah, A.; Kitteringham, N.R.; Jenkins, R.E.; Goldring, C.; Higgins, L.; Yamamoto, M.; Hayes, J.; Park, B.K. Analysis of the role
of Nrf2 in the expression of liver proteins in mice using two-dimensional gel-based proteomics. Pharmacol. Rep. 2012, 64, 680–697.
[CrossRef]

70. de Oliveira, M.R.; de Souza, I.C.C.; Brasil, F.B. Promotion of Mitochondrial Protection by Emodin in Methylglyoxal-Treated
Human Neuroblastoma SH-SY5Y Cells: Involvement of the AMPK/Nrf2/HO-1 Axis. Neurotox. Res. 2021, 39, 292–304. [CrossRef]

71. Esteras, N.; Abramov, A.Y. Nrf2 as a regulator of mitochondrial function: Energy metabolism and beyond. Free Radic. Biol. Med.
2022, 189, 136–153. [CrossRef]

72. Goodfellow, M.J.; Borcar, A.; Proctor, J.L.; Greco, T.; Rosenthal, R.E.; Fiskum, G. Transcriptional activation of antioxidant
gene expression by Nrf2 protects against mitochondrial dysfunction and neuronal death associated with acute and chronic
neurodegeneration. Exp. Neurol. 2020, 328, 113247. [CrossRef]

73. O’Mealey, G.B.; Plafker, K.S.; Berry, W.L.; Janknecht, R.; Chan, J.Y.; Plafker, S.M. A PGAM5-KEAP1-Nrf2 complex is required for
stress-induced mitochondrial retrograde trafficking. J. Cell Sci. 2017, 130, 3467–3480. [CrossRef]

74. Tonelli, C.; Chio, I.I.C.; Tuveson, D.A. Transcriptional Regulation by Nrf2. Antioxid. Redox Signal. 2018, 29, 1727–1745. [CrossRef]
75. Dinkova-Kostova, A.T.; Abramov, A.Y. The emerging role of Nrf2 in mitochondrial function. Free Radic. Biol. Med. 2015, 88 Part B,

179–188. [CrossRef]
76. Wang, Y.Y.; Chen, J.; Liu, X.M.; Zhao, R.; Zhe, H. Nrf2-Mediated Metabolic Reprogramming in Cancer. Oxid. Med. Cell Longev.

2018, 2018, 9304091. [CrossRef]
77. Wei, S.; Bi, J.; Yang, L.; Zhang, J.; Wan, Y.; Chen, X.; Wang, Y.; Wu, Z.; Lv, Y.; Wu, R. Serum irisin levels are decreased in patients

with sepsis, and exogenous irisin suppresses ferroptosis in the liver of septic mice. Clin. Transl. Med. 2020, 10, e173. [CrossRef]

https://doi.org/10.1016/j.pharmthera.2024.108604
https://doi.org/10.1101/gad.238246.114
https://www.ncbi.nlm.nih.gov/pubmed/24636985
https://doi.org/10.1111/brv.12860
https://doi.org/10.1038/s41580-022-00506-6
https://doi.org/10.1089/ars.2021.0100
https://www.ncbi.nlm.nih.gov/pubmed/34714099
https://doi.org/10.1038/s41580-022-00456-z
https://www.ncbi.nlm.nih.gov/pubmed/35190722
https://doi.org/10.1016/j.ceca.2020.102320
https://doi.org/10.1242/bio.20134853
https://doi.org/10.3390/antiox11020322
https://doi.org/10.1161/01.RES.0000338597.71702.ad
https://doi.org/10.3164/jcbn.14-134
https://doi.org/10.1164/rccm.201106-1152OC
https://www.ncbi.nlm.nih.gov/pubmed/22312014
https://doi.org/10.1042/BST20150003
https://doi.org/10.1016/j.cotox.2016.10.002
https://www.ncbi.nlm.nih.gov/pubmed/28066829
https://doi.org/10.1042/BJ20130863
https://www.ncbi.nlm.nih.gov/pubmed/24206218
https://doi.org/10.1016/S1734-1140(12)70863-0
https://doi.org/10.1007/s12640-020-00287-w
https://doi.org/10.1016/j.freeradbiomed.2022.07.013
https://doi.org/10.1016/j.expneurol.2020.113247
https://doi.org/10.1242/jcs.203216
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.1016/j.freeradbiomed.2015.04.036
https://doi.org/10.1155/2018/9304091
https://doi.org/10.1002/ctm2.173


Pharmaceuticals 2025, 18, 1698 23 of 29

78. Kotrys, A.V.; Cysewski, D.; Czarnomska, S.D.; Pietras, Z.; Borowski, L.S.; Dziembowski, A.; Szczesny, R.J. Quantitative proteomics
revealed C6orf203/MTRES1 as a factor preventing stress-induced transcription deficiency in human mitochondria. Nucleic Acids
Res. 2019, 47, 7502–7517. [CrossRef] [PubMed]

79. Pang, Y.; Zhang, L.; Liu, Q.; Peng, H.; He, J.; Jin, H.; Su, X.; Zhao, J.; Guo, J. NRF2/PGC-1α-mediated mitochondrial biogenesis
contributes to T-2 toxin-induced toxicity in human neuroblastoma SH-SY5Y cells. Toxicol. Appl. Pharmacol. 2022, 451, 116167.
[CrossRef] [PubMed]

80. Dabrowska, A.; Venero, J.L.; Iwasawa, R.; Hankir, M.; Rahman, S.; Boobis, A.; Hajji, N. PGC-1α controls mitochondrial biogenesis
and dynamics in lead-induced neurotoxicity. Aging 2015, 7, 629–643. [CrossRef] [PubMed]

81. Gureev, A.P.; Shaforostova, E.A.; Popov, V.N. Regulation of Mitochondrial Biogenesis as a Way for Active Longevity: Interaction
Between the Nrf2 and PGC-1α Signaling Pathways. Front. Genet. 2019, 10, 435. [CrossRef]

82. Chen, H.; McCaffery, J.M.; Chan, D.C. Mitochondrial fusion protects against neurodegeneration in the cerebellum. Cell 2007, 130,
548–562. [CrossRef]

83. Mishra, P.; Chan, D.C. Mitochondrial dynamics and inheritance during cell division, development and disease. Nat. Rev. Mol.
Cell Biol. 2014, 15, 634–646. [CrossRef] [PubMed]

84. Montava-Garriga, L.; Ganley, I.G. Outstanding questions in mitophagy: What we do and do not know. J. Mol. Biol. 2020, 432,
206–230. [CrossRef]

85. Bazzani, V.; Equisoain Redin, M.; McHale, J.; Perrone, L.; Vascotto, C. Mitochondrial DNA Repair in Neurodegenerative Diseases
and Ageing. Int. J. Mol. Sci. 2022, 23, 11391. [CrossRef]

86. Greaves, L.C.; Reeve, A.K.; Taylor, R.W.; Turnbull, D.M. Mitochondrial DNA and disease. J. Pathol. 2012, 226, 274–286. [CrossRef]
87. Yusoff, A.A.M.; Abdullah, W.S.W.; Khair, S.Z.N.M.; Radzak, S.M.A. A comprehensive overview of mitochondrial DNA 4977-bp

deletion in cancer studies. Oncol. Rev. 2019, 13, 409. [CrossRef] [PubMed]
88. Taylor, S.D.; Ericson, N.G.; Burton, J.N.; Prolla, T.A.; Silber, J.R.; Shendure, J.; Bielas, J.H. Targeted enrichment and high-resolution

digital profiling of mitochondrial DNA deletions in human brain. Aging Cell 2014, 13, 29–38. [CrossRef]
89. Nissanka, N.; Minczuk, M.; Moraes, C.T. Mechanisms of Mitochondrial DNA Deletion Formation. Trends Genet. 2019, 5, 235–244.

[CrossRef] [PubMed]
90. Nissanka, N.; Moraes, C.T. Mitochondrial DNA damage and reactive oxygen species in neurodegenerative disease. FEBS Lett.

2018, 592, 728–742. [CrossRef]
91. Rival, T.; Macchi, M.; Arnauné-Pelloquin, L.; Poidevin, M.; Maillet, F.; Richard, F.; Fatmi, A.; Belenguer, P.; Royet, J. Inner-

membrane proteins PMI/TMEM11 regulate mitochondrial morphogenesis independently of the DRP1/MFN fission/fusion
pathways. EMBO Rep. 2011, 12, 223–230. [CrossRef] [PubMed]

92. East, D.A.; Fagiani, F.; Crosby, J.; Georgakopoulos, N.D.; Bertrand, H.; Schaap, M.; Fowkes, A.; Wells, G.; Campanella, M. PMI: A
∆Ψm independent pharmacological regulator of mitophagy. Chem. Biol. 2014, 21, 1585–1596. [CrossRef] [PubMed]

93. Dinkova-Kostova, A.T.; Liby, K.T.; Stephenson, K.K.; Holtzclaw, W.D.; Gao, X.; Suh, N.; Williams, C.; Risingsong, R.; Honda, T.;
Gribble, G.W.; et al. Extremely potent triterpenoid inducers of the phase 2 response: Correlations of protection against oxidant
and inflammatory stress. Proc. Natl. Acad. Sci. USA 2005, 102, 4584–4589. [CrossRef]

94. Sun, X.; Xie, Z.; Hu, B.; Zhang, B.; Ma, Y.; Pan, X.; Huang, H.; Wang, J.; Zhao, X.; Jie, Z.; et al. The Nrf2 activator RTA-408
attenuates osteoclastogenesis by inhibiting STING dependent NF-κb signaling. Redox Biol. 2020, 28, 101309. [CrossRef]

95. Hayashi, G.; Jasoliya, M.; Sahdeo, S.; Saccà, F.; Pane, C.; Filla, A.; Marsili, A.; Puorro, G.; Lanzillo, R.; Morra, V.B.; et al. Dimethyl
fumarate mediates Nrf2-dependent mitochondrial biogenesis in mice and humans. Hum. Mol. Genet. 2017, 26, 864–873. [CrossRef]

96. Sun, Q.; Ye, F.; Liang, H.; Liu, H.; Li, C.; Lu, R.; Huang, B.; Zhao, L.; Tan, W.; Lai, L. Bardoxolone and bardoxolone methyl, two
Nrf2 activators in clinical trials, inhibit SARS-CoV-2 replication and its 3C-like protease. Signal Transduct. Target. Ther. 2021, 6, 212.
[CrossRef]

97. Chien, J.Y.; Chou, Y.Y.; Ciou, J.W.; Liu, F.Y.; Huang, S.P. The Effects of Two Nrf2 Activators, Bardoxolone Methyl and Omavelox-
olone, on Retinal Ganglion Cell Survival during Ischemic Optic Neuropathy. Antioxidants 2021, 10, 1466. [CrossRef]

98. Manai, F.; Amadio, M. Dimethyl Fumarate Triggers the Antioxidant Defense System in Human Retinal Endothelial Cells through
Nrf2 Activation. Antioxidants 2022, 11, 1924. [CrossRef]

99. Burgos-Morón, E.; Abad-Jiménez, Z.; Marañón, A.M.; Iannantuoni, F.; Escribano-López, I.; López-Domènech, S.; Salom, C.; Jover,
A.; Mora, V.; Roldan, I.; et al. Relationship Between Oxidative Stress, ER Stress, and Inflammation in Type 2 Diabetes: The Battle
Continues. J. Clin. Med. 2019, 8, 1385. [CrossRef] [PubMed]

100. Kamal, M.M.; Akter, S.; Lin, C.N.; Nazzal, S. Sulforaphane as an anticancer molecule: Mechanisms of action, synergistic effects,
enhancement of drug safety, and delivery systems. Arch. Pharm. Res. 2020, 43, 371–384. [CrossRef]

101. Majkutewicz, I. Dimethyl fumarate: A review of preclinical efficacy in models of neurodegenerative diseases. Eur. J. Pharmacol.
2022, 926, 175025. [CrossRef] [PubMed]

https://doi.org/10.1093/nar/gkz542
https://www.ncbi.nlm.nih.gov/pubmed/31226201
https://doi.org/10.1016/j.taap.2022.116167
https://www.ncbi.nlm.nih.gov/pubmed/35842139
https://doi.org/10.18632/aging.100790
https://www.ncbi.nlm.nih.gov/pubmed/26363853
https://doi.org/10.3389/fgene.2019.00435
https://doi.org/10.1016/j.cell.2007.06.026
https://doi.org/10.1038/nrm3877
https://www.ncbi.nlm.nih.gov/pubmed/25237825
https://doi.org/10.1016/j.jmb.2019.06.032
https://doi.org/10.3390/ijms231911391
https://doi.org/10.1002/path.3028
https://doi.org/10.4081/oncol.2019.409
https://www.ncbi.nlm.nih.gov/pubmed/31044027
https://doi.org/10.1111/acel.12146
https://doi.org/10.1016/j.tig.2019.01.001
https://www.ncbi.nlm.nih.gov/pubmed/30691869
https://doi.org/10.1002/1873-3468.12956
https://doi.org/10.1038/embor.2010.214
https://www.ncbi.nlm.nih.gov/pubmed/21274005
https://doi.org/10.1016/j.chembiol.2014.09.019
https://www.ncbi.nlm.nih.gov/pubmed/25455860
https://doi.org/10.1073/pnas.0500815102
https://doi.org/10.1016/j.redox.2019.101309
https://doi.org/10.1093/hmg/ddx167
https://doi.org/10.1038/s41392-021-00628-x
https://doi.org/10.3390/antiox10091466
https://doi.org/10.3390/antiox11101924
https://doi.org/10.3390/jcm8091385
https://www.ncbi.nlm.nih.gov/pubmed/31487953
https://doi.org/10.1007/s12272-020-01225-2
https://doi.org/10.1016/j.ejphar.2022.175025
https://www.ncbi.nlm.nih.gov/pubmed/35569547


Pharmaceuticals 2025, 18, 1698 24 of 29

102. Honda, T.; Yoshizawa, H.; Sundararajan, C.; David, E.; Lajoie, M.J.; Favaloro, F.G., Jr.; Janosik, T.; Su, X.; Honda, Y.;
Roebuck, B.D.; et al. Tricyclic compounds containing nonenolizable cyano enones. A novel class of highly potent anti-
inflammatory and cytoprotective agents. J. Med. Chem. 2011, 54, 1762–7178. [CrossRef]

103. Probst, B.L.; Trevino, I.; McCauley, L.; Bumeister, R.; Dulubova, I.; Wigley, W.C.; Ferguson, D.A. RTA 408, A Novel Synthetic
Triterpenoid with Broad Anticancer and Anti-Inflammatory Activity. PLoS ONE 2015, 10, e0122942. [CrossRef]

104. Han, Y.; Chu, X.; Cui, L.; Fu, S.; Gao, C.; Li, Y.; Sun, B. Neuronal mitochondria-targeted therapy for Alzheimer’s disease by
systemic delivery of resveratrol using dual-modified novel biomimetic nanosystems. Drug Deliv. 2020, 27, 502–518. [CrossRef]

105. Richardson, B.G.; Jain, A.D.; Speltz, T.E.; Moore, T.W. Non-electrophilic modulators of the canonical Keap1/Nrf2 pathway. Bioorg.
Med. Chem. Lett. 2015, 25, 2261–2268. [CrossRef]

106. Lee, J.E.; Seo, B.J.; Han, M.J.; Hong, Y.J.; Hong, K.; Song, H.; Lee, J.W.; Do, J.T. Changes in the Expression of Mitochondrial
Morphology-Related Genes during the Differentiation of Murine Embryonic Stem Cells. Stem Cells Int. 2020, 2020, 9369268.
[CrossRef]

107. Annesley, S.J.; Fisher, P.R. Mitochondria in Health and Disease. Cells 2019, 8, 680. [CrossRef]
108. Seiler, A.; Schneider, M.; Förster, H.; Roth, S.; Wirth, E.K.; Culmsee, C.; Plesnila, N.; Kremmer, E.; Radmark, O.; Wurst, W.; et al.

Glutathione peroxidase 4 senses and translates oxidative stress into 12/15-lipoxygenase dependent-and AIF-mediated cell death.
Cell Metab. 2008, 8, 237–248. [CrossRef] [PubMed]

109. Yang, W.S.; SriRamaratnam, R.; Welsch, M.E.; Shimada, K.; Skouta, R.; Viswanathan, V.S.; Cheah, J.H.; Clemons, P.A.; Shamji, A.F.;
Clish, C.B.; et al. Regulation of ferroptotic cancer cell death by GPX4. Cell 2014, 156, 317–331. [CrossRef]

110. Doll, S.; Proneth, B.; Tyurina, Y.Y.; Panzilius, E.; Kobayashi, S.; Ingold, I.; Irmler, M.; Beckers, J.; Aichler, M.; Walch, A.; et al.
ACSL4 dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat. Chem. Biol. 2017, 13, 91–98. [CrossRef] [PubMed]

111. Kagan, V.E.; Mao, G.; Qu, F.; Angeli, J.P.; Doll, S.; Croix, C.S.; Dar, H.H.; Liu, B.; Tyurin, V.A.; Ritov, V.B.; et al. Oxidized
arachidonic and adrenic PEs navigate cells to ferroptosis. Nat. Chem. Biol. 2017, 13, 81–90. [CrossRef]

112. D’Herde, K.; Krysko, D.V. Ferroptosis: Oxidized PEs trigger death. Nat. Chem. Biol. 2017, 13, 4–5. [CrossRef]
113. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.J.; Cantley, A.M.;

Yang, W.S.; et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012, 149, 1060–1072. [CrossRef]
114. Friedmann Angeli, J.P.; Schneider, M.; Proneth, B.; Tyurina, Y.Y.; Tyurin, V.A.; Hammond, V.J.; Herbach, N.; Aichler, M.; Walch, A.;

Eggenhofer, E.; et al. Inactivation of the ferroptosis regulator Gpx4 triggers acute renal failure in mice. Nat. Cell Biol. 2014, 16,
1180–1191. [CrossRef]

115. Carlson, B.A.; Tobe, R.; Yefremova, E.; Tsuji, P.A.; Hoffmann, V.J.; Schweizer, U.; Gladyshev, V.N.; Hatfield, D.L.; Conrad, M.
Glutathione peroxidase 4 and vitamin E cooperatively prevent hepatocellular degeneration. Redox Biol. 2016, 9, 22–31. [CrossRef]
[PubMed]

116. Wortmann, M.; Schneider, M.; Pircher, J.; Hellfritsch, J.; Aichler, M.; Vegi, N.; Kölle, P.; Kuhlencordt, P.; Walch, A.; Pohl, U.; et al.
Combined deficiency in glutathione peroxidase 4 and vitamin E causes multiorgan thrombus formation and early death in mice.
Circ. Res. 2013, 113, 408–417. [CrossRef]

117. Gout, P.W.; Simms, C.R.; Robertson, M.C. In vitro studies on the lymphoma growth-inhibitory activity of sulfasalazine. Anticancer.
Drugs 2003, 14, 21–29. [CrossRef] [PubMed]

118. Sun, X.; Ou, Z.; Chen, R.; Niu, X.; Chen, D.; Kang, R.; Tang, D. Activation of the p62-Keap1-NRF2 pathway protects against
ferroptosis in hepatocellular carcinoma cells. Hepatology 2016, 63, 173–184. [CrossRef] [PubMed]

119. Sato, H.; Shiiya, A.; Kimata, M.; Maebara, K.; Tamba, M.; Sakakura, Y.; Makino, N.; Sugiyama, F.; Yagami, K.; Moriguchi, T.; et al.
Redox imbalance in cystine/glutamate transporter-deficient mice. J. Biol. Chem. 2005, 280, 37423–37429. [CrossRef]

120. Kunji, E.R.; Aleksandrova, A.; King, M.S.; Majd, H.; Ashton, V.L.; Cerson, E.; Springett, R.; Kibalchenko, M.; Tavoulari, S.;
Crichton, P.G.; et al. The transport mechanism of the mitochondrial ADP/ATP carrier. Biochim. Biophys. Acta. 2016, 1863,
2379–2393. [CrossRef]

121. Sandhir, R.; Halder, A.; Sunkaria, A. Mitochondria as a centrally positioned hub in the innate immune response. Biochim. Biophys.
Acta Mol. Basis Dis. 2017, 1863, 1090–1097. [CrossRef]

122. Stocks, C.J.; Schembri, M.A.; Sweet, M.J.; Kapetanovic, R. For when bacterial infections persist: Toll-like receptor-inducible direct
antimicrobial pathways in macrophages. J. Leukoc. Biol. 2018, 103, 35–51. [CrossRef]

123. Abais, J.M.; Xia, M.; Zhang, Y.; Boini, K.M.; Li, P.L. Redox regulation of NLRP3 inflammasomes: ROS as trigger or effector?
Antioxid. Redox Signal 2015, 22, 1111–1129. [CrossRef]

124. Silwal, P.; Kim, J.K.; Kim, Y.J.; Jo, E.K. Mitochondrial Reactive Oxygen Species: Double-Edged Weapon in Host Defense and
Pathological Inflammation During Infection. Front. Immunol. 2020, 11, 1649. [CrossRef] [PubMed]

125. Kerins, M.J.; Ooi, A. The roles of NRF2 in modulating cellular iron homeostasis. Antioxid. Redox Signal 2018, 29, 1756–1773.
[CrossRef] [PubMed]

126. Chakrabarti, S.; Munshi, S.; Banerjee, K.; Thakurta, I.G.; Sinha, M.; Bagh, M.B. Mitochondrial Dysfunction during Brain Aging:
Role of Oxidative Stress and Modulation by Antioxidant Supplementation. Aging Dis. 2011, 2, 242–256.

https://doi.org/10.1021/jm101445p
https://doi.org/10.1371/journal.pone.0122942
https://doi.org/10.1080/10717544.2020.1745328
https://doi.org/10.1016/j.bmcl.2015.04.019
https://doi.org/10.1155/2020/9369268
https://doi.org/10.3390/cells8070680
https://doi.org/10.1016/j.cmet.2008.07.005
https://www.ncbi.nlm.nih.gov/pubmed/18762024
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1038/nchembio.2239
https://www.ncbi.nlm.nih.gov/pubmed/27842070
https://doi.org/10.1038/nchembio.2238
https://doi.org/10.1038/nchembio.2261
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/ncb3064
https://doi.org/10.1016/j.redox.2016.05.003
https://www.ncbi.nlm.nih.gov/pubmed/27262435
https://doi.org/10.1161/CIRCRESAHA.113.279984
https://doi.org/10.1097/00001813-200301000-00004
https://www.ncbi.nlm.nih.gov/pubmed/12544255
https://doi.org/10.1002/hep.28251
https://www.ncbi.nlm.nih.gov/pubmed/26403645
https://doi.org/10.1074/jbc.M506439200
https://doi.org/10.1016/j.bbamcr.2016.03.015
https://doi.org/10.1016/j.bbadis.2016.10.020
https://doi.org/10.1002/JLB.4RI0917-358R
https://doi.org/10.1089/ars.2014.5994
https://doi.org/10.3389/fimmu.2020.01649
https://www.ncbi.nlm.nih.gov/pubmed/32922385
https://doi.org/10.1089/ars.2017.7176
https://www.ncbi.nlm.nih.gov/pubmed/28793787


Pharmaceuticals 2025, 18, 1698 25 of 29

127. Federico, A.; Cardaioli, E.; Da Pozzo, P.; Formichi, P.; Gallus, G.N.; Radi, E. Mitochondria, oxidative stress and neurodegeneration.
J. Neurol. Sci. 2012, 322, 254–262. [CrossRef] [PubMed]

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

129. Mariani, E.; Polidori, M.C.; Cherubini, A.; Mecocci, P. Oxidative stress in brain aging, neurodegenerative and vascular diseases:
An overview. J. Chromatogr. B Analyt Technol. Biomed. Life Sci. 2005, 827, 65–75. [CrossRef]

130. Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS release. Physiol. Rev.
2014, 94, 909–950. [CrossRef]

131. Chen, W.; Zhao, H.; Li, Y. Mitochondrial dynamics in health and disease: Mechanisms and potential targets. Signal Transduct.
Target. Ther. 2023, 8, 333. [CrossRef]

132. Bhatti, G.K.; Gupta, A.; Pahwa, P.; Khullar, N.; Singh, S.; Navik, U.; Kumar, S.; Mastana, S.S.; Reddy, A.P.; Reddy, P.H.; et al.
Targeting mitochondrial bioenergetics as a promising therapeutic strategy in metabolic and neurodegenerative diseases. Biomed.
J. 2022, 45, 733–748. [CrossRef]

133. Suzen, S.; Atayik, M.C.; Sirinzade, H.; Entezari, B.; Gurer-Orhan, H.; Cakatay, U. Melatonin and redox homeostasis. Melatonin Res.
2022, 5, 304–324. [CrossRef]

134. Ates, I.; Yılmaz, A.D.; Buttari, B.; Arese, M.; Saso, L.; Suzen, S. A Review of the Potential of Nuclear Factor [Erythroid-Derived
2]-like 2 Activation in Autoimmune Diseases. Brain Sci. 2023, 13, 1532. [CrossRef]

135. Chistiakov, D.A.; Sobenin, I.A.; Revin, V.V.; Orekhov, A.N.; Bobryshev, Y.V. Mitochondrial aging and age-related dysfunction of
mitochondria. Biomed. Res. Int. 2014, 2014, 238463. [CrossRef]

136. Napolitano, G.; Fasciolo, G.; Venditti, P. Mitochondrial Management of Reactive Oxygen Species. Antioxidants 2021, 10, 1824.
[CrossRef] [PubMed]

137. Wong, H.S.; Benoit, B.; Brand, M.D. Mitochondrial and cytosolic sources of hydrogen peroxide in resting C2C12 myoblasts. Free
Radic. Biol. Med. 2019, 130, 140–150. [CrossRef]

138. Chenna, S.; Koopman, W.J.H.; Prehn, J.H.M.; Connolly, N.M.C. Mechanisms and mathematical modeling of ROS production by
the mitochondrial electron transport chain. Am. J. Physiol. Cell Physiol. 2022, 323, C69–C83. [CrossRef] [PubMed]

139. Hock, D.H.; Robinson, D.R.L.; Stroud, D.A. Blackout in the powerhouse: Clinical phenotypes associated with defects in the
assembly of OXPHOS complexes and the mitoribosome. Biochem. J. 2020, 477, 4085–4132. [CrossRef]

140. Brand, M.D. Mitochondrial generation of superoxide and hydrogen peroxide as the source of mitochondrial redox signaling. Free
Radic. Biol. Med. 2016, 100, 14–31. [CrossRef] [PubMed]

141. Dubouchaud, H.; Walter, L.; Rigoulet, M.; Batandier, C. Mitochondrial NADH redox potential impacts the reactive oxygen species
production of reverse Electron transfer through complex I. J. Bioenerg. Biomembr. 2018, 50, 367–377. [CrossRef]

142. Bouchez, C.; Devin, A. Mitochondrial Biogenesis and Mitochondrial Reactive Oxygen Species (ROS): A Complex Relationship
Regulated by the cAMP/PKA Signaling Pathway. Cells 2019, 8, 287. [CrossRef] [PubMed]

143. Detaille, D.; Pasdois, P.; Sémont, A.; Dos Santos, P.; Diolez, P. An old medicine as a new drug to prevent mitochondrial complex I
from producing oxygen radicals. PLoS ONE 2019, 14, e0216385. [CrossRef]

144. Okoye, C.N.; Koren, S.A.; Wojtovich, A.P. Mitochondrial complex I ROS production and redox signaling in hypoxia. Redox Biol.
2023, 67, 102926. [CrossRef]

145. Sun, Q.; Zhong, W.; Zhang, W.; Zhou, Z. Defect of mitochondrial respiratory chain is a mechanism of ROS overproduction in
a rat model of alcoholic liver disease: Role of zinc deficiency. Am. J. Physiol. Gastrointest. Liver Physiol. 2016, 310, G205–G214.
[CrossRef]

146. Stefanatos, R.; Sanz, A. The role of mitochondrial ROS in the aging brain. FEBS Lett. 2018, 592, 743–758. [CrossRef] [PubMed]
147. Dröge, W. Free radicals in the physiological control of cell function. Physiol. Rev. 2002, 82, 47–95. [CrossRef] [PubMed]
148. Segal, A.W. How neutrophils kill microbes. Annu. Rev. Immunol. 2005, 23, 197–223. [CrossRef]
149. Bedard, K.; Krause, K.H. The NOX family of ROS-generating NADPH oxidases: Physiology and pathophysiology. Physiol. Rev.

2007, 87, 245–313. [CrossRef]
150. Kleinschnitz, C.; Grund, H.; Wingler, K.; Armitage, M.E.; Jones, E.; Mittal, M.; Barit, D.; Schwarz, T.; Geis, C.; Kraft, P.; et al.

Post-stroke inhibition of induced NADPH oxidase type 4 prevents oxidative stress and neurodegeneration. PLoS Biol. 2010,
8, e1000479. [CrossRef]

151. Dohi, K.; Ohtaki, H.; Nakamachi, T.; Yofu, S.; Satoh, K.; Miyamoto, K.; Song, D.; Tsunawaki, S.; Shioda, S.; Aruga, T. Gp91phox
(NOX2) in classically activated microglia exacerbates traumatic brain injury. J. Neuroinflammation 2010, 7, 41. [CrossRef]

152. Park, L.; Zhou, P.; Pitstick, R.; Capone, C.; Anrather, J.; Norris, E.H.; Younkin, L.; Younkin, S.; Carlson, G.; McEwen, B.S.; et al.
Nox2-derived radicals contribute to neurovascular and behavioral dysfunction in mice overexpressing the amyloid precursor
protein. Proc. Natl. Acad. Sci. USA 2008, 105, 1347–1352. [CrossRef] [PubMed]

153. Girouard, H.; Wang, G.; Gallo, E.F.; Anrather, J.; Zhou, P.; Pickel, V.M.; Iadecola, C. NMDA receptor activation increases free
radical production through nitric oxide and NOX2. J. Neurosci. 2009, 29, 2545–2552. [CrossRef]

https://doi.org/10.1016/j.jns.2012.05.030
https://www.ncbi.nlm.nih.gov/pubmed/22669122
https://doi.org/10.3390/molecules24081583
https://doi.org/10.1016/j.jchromb.2005.04.023
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1038/s41392-023-01547-9
https://doi.org/10.1016/j.bj.2022.05.002
https://doi.org/10.32794/mr112500134
https://doi.org/10.3390/brainsci13111532
https://doi.org/10.1155/2014/238463
https://doi.org/10.3390/antiox10111824
https://www.ncbi.nlm.nih.gov/pubmed/34829696
https://doi.org/10.1016/j.freeradbiomed.2018.10.448
https://doi.org/10.1152/ajpcell.00455.2021
https://www.ncbi.nlm.nih.gov/pubmed/35613354
https://doi.org/10.1042/BCJ20190767
https://doi.org/10.1016/j.freeradbiomed.2016.04.001
https://www.ncbi.nlm.nih.gov/pubmed/27085844
https://doi.org/10.1007/s10863-018-9767-7
https://doi.org/10.3390/cells8040287
https://www.ncbi.nlm.nih.gov/pubmed/30934711
https://doi.org/10.1371/journal.pone.0216385
https://doi.org/10.1016/j.redox.2023.102926
https://doi.org/10.1152/ajpgi.00270.2015
https://doi.org/10.1002/1873-3468.12902
https://www.ncbi.nlm.nih.gov/pubmed/29106705
https://doi.org/10.1152/physrev.00018.2001
https://www.ncbi.nlm.nih.gov/pubmed/11773609
https://doi.org/10.1146/annurev.immunol.23.021704.115653
https://doi.org/10.1152/physrev.00044.2005
https://doi.org/10.1371/journal.pbio.1000479
https://doi.org/10.1186/1742-2094-7-41
https://doi.org/10.1073/pnas.0711568105
https://www.ncbi.nlm.nih.gov/pubmed/18202172
https://doi.org/10.1523/JNEUROSCI.0133-09.2009


Pharmaceuticals 2025, 18, 1698 26 of 29

154. Abramov, A.Y.; Scorziello, A.; Duchen, M.R. Three distinct mechanisms generate oxygen free radicals in neurons and contribute
to cell death during anoxia and reoxygenation. J. Neurosci. 2007, 27, 1129–1138. [CrossRef] [PubMed]

155. Papaiahgari, S.; Kleeberger, S.R.; Cho, H.Y.; Kalvakolanu, D.V.; Reddy, S.P. NADPH oxidase and ERK signaling regulates
hyperoxia-induced Nrf2-ARE transcriptional response in pulmonary epithelial cells. J. Biol. Chem. 2004, 279, 42302–42312.
[CrossRef]

156. Brewer, A.C.; Murray, T.V.; Arno, M.; Zhang, M.; Anilkumar, N.P.; Mann, G.E.; Shah, A.M. Nox4 regulates Nrf2 and glutathione
redox in cardiomyocytes in vivo. Free Radic. Biol. Med. 2011, 51, 205–215. [CrossRef]

157. Taguchi, K.; Maher, J.M.; Suzuki, T.; Kawatani, Y.; Motohashi, H.; Yamamoto, M. Genetic analysis of cytoprotective functions
supported by graded expression of Keap1. Mol. Cell Biol. 2010, 30, 3016–3026. [CrossRef]

158. Kensler, T.W.; Egner, P.A.; Agyeman, A.S.; Visvanathan, K.; Groopman, J.D.; Chen, J.G.; Chen, T.Y.; Fahey, J.W.; Talalay, P.
Keap1-nrf2 signaling: A target for cancer prevention by sulforaphane. Top. Curr. Chem. 2013, 329, 163–177. [CrossRef] [PubMed]

159. Linker, R.A.; Lee, D.H.; Ryan, S.; van Dam, A.M.; Conrad, R.; Bista, P.; Zeng, W.; Hronowsky, X.; Buko, A.; Chollate, S.; et al.
Fumaric acid esters exert neuroprotective effects in neuroinflammation via activation of the Nrf2 antioxidant pathway. Brain 2011,
134 Part 3, 678–692. [CrossRef]

160. Wasik, U.; Milkiewicz, M.; Kempinska-Podhorodecka, A.; Milkiewicz, P. Protection against oxidative stress mediated by the
Nrf2/Keap1 axis is impaired in Primary Biliary Cholangitis. Sci. Rep. 2017, 7, 44769. [CrossRef]

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

162. Staurengo-Ferrari, L.; Badaro-Garcia, S.; Hohmann, M.S.N.; Manchope, M.F.; Zaninelli, T.H.; Casagrande, R.; Verri Jr, W.A.
Contribution of Nrf2 Modulation to the Mechanism of Action of Analgesic and Anti-inflammatory Drugs in Pre-clinical and
Clinical Stages. Front. Pharmacol. 2019, 9, 1536. [CrossRef]

163. Seminotti, B.; Grings, M.; Tucci, P.; Leipnitz, G.; Saso, L. Nuclear Factor Erythroid-2-Related Factor 2 Signaling in the Neuropatho-
physiology of Inherited Metabolic Disorders. Front. Cell Neurosci. 2021, 15, 785057. [CrossRef] [PubMed]

164. Suzen, S.; Tucci, P.; Profumo, E.; Buttari, B.; Saso, L. A Pivotal Role of Nrf2 in Neurodegenerative Disorders: A New Way for
Therapeutic Strategies. Pharmaceuticals 2022, 15, 692. [CrossRef] [PubMed]

165. Shi, A.; Shi, H.; Wang, Y.; Liu, X.; Cheng, Y.; Li, H.; Zhao, H.; Wang, S.; Dong, L. Activation of Nrf2 pathway and inhibition of
NLRP3 inflammasome activation contribute to the protective effect of chlorogenic acid on acute liver injury. Int. Immunopharmacol.
2018, 54, 125–130. [CrossRef]

166. Panieri, E.; Pinho, S.A.; Afonso, G.J.M.; Oliveira, P.J.; Cunha-Oliveira, T.; Saso, L. NRF2 and Mitochondrial Function in Cancer
and Cancer Stem Cells. Cells 2022, 11, 2401. [CrossRef] [PubMed]

167. FangFang Li, H.; Qin, T.; Li, M.; Ma, S. Thymol improves high-fat diet-induced cognitive deficits in mice via ameliorating brain
insulin resistance and upregulating NRF2/HO-1 pathway. Metab. Brain Dis. 2017, 32, 385–393. [CrossRef]

168. Csiszar, A.; Csiszar, A.; Pinto, J.T.; Gautam, T.; Kleusch, C.; Hoffmann, B.; Tucsek, Z.; Toth, P.; Sonntag, W.E.; Ungvari, Z.
Resveratrol encapsulated in novel fusogenic liposomes activates Nrf2 and attenuates oxidative stress in cerebromicrovascular
endothelial cells from aged rats. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2015, 70, 303–313. [CrossRef]

169. Cuadrado, A. NRF2 in neurodegenerative diseases. Curr. Opin. Toxicol. 2016, 1, 46–53. [CrossRef]
170. Vasconcelos, A.R.; Dos Santos, N.B.; Scavone, C.; Munhoz, C.D. Nrf2/ARE Pathway Modulation by Dietary Energy Regulation in

Neurological Disorders. Front. Pharmacol. 2019, 10, 33. [CrossRef]
171. Saha, S.; Buttari, B.; Profumo, E.; Tucci, P.; Saso, L. A Perspective on Nrf2 Signaling Pathway for Neuroinflammation: A Potential

Therapeutic Target in Alzheimer’s and Parkinson’s Diseases. Front Cell Neurosci. 2022, 15. [CrossRef] [PubMed]
172. Kang, T.C. Nuclear Factor-Erythroid 2-Related Factor 2 (Nrf2) and Mitochondrial Dynamics/Mitophagy in Neurological Diseases.

Antioxidants 2020, 9, 617. [CrossRef]
173. Piantadosi, C.A.; Withers, C.M.; Bartz, R.R.; MacGarvey, N.C.; Fu, P.; Sweeney, T.E.; Welty-Wolf, K.E.; Suliman, H.B. Heme

oxygenase-1 couples activation of mitochondrial biogenesis to anti-inflammatory cytokine expression. J. Biol. Chem. 2011, 286,
16374–16385. [CrossRef]

174. Cantoni, O.; Zito, E.; Guidarelli, A.; Fiorani, M.; Ghezzi, P. Mitochondrial ROS, ER Stress, and Nrf2 Crosstalk in the Regulation of
Mitochondrial Apoptosis Induced by Arsenite. Antioxidants 2022, 11, 1034. [CrossRef]

175. Hu, W.; Wang, J.; Guo, W.; Liu, Y.; Guo, Z.; Miao, Y.; Wang, D. Studies on characteristics and anti-diabetic and -nephritic effects of
polysaccharides isolated from Paecilomyces hepiali fermentation mycelium in db/db mice. Carbohydr. Polym. 2020, 232, 115766.
[CrossRef] [PubMed]

176. Nwakiban, A.P.A.; Cicolari, S.; Piazza, S.; Gelmini, F.; Sangiovanni, E.; Martinelli, G.; Bossi, L.; Carpentier-Maguire, E.; Tchamgoue,
A.D.; Agbor, G.; et al. Oxidative Stress Modulation by Cameroonian Spice Extracts in HepG2 Cells: Involvement of Nrf2 and
Improvement of Glucose Uptake. Metabolites 2020, 10, 182. [CrossRef] [PubMed]

177. Ahmed, S.M.; Luo, L.; Namani, A.; Wang, X.J.; Tang, X. Nrf2 signaling pathway: Pivotal roles in inflammation. Biochim. Biophys.
Acta Mol. Basis Dis. 2017, 1863, 585–597. [CrossRef]

https://doi.org/10.1523/JNEUROSCI.4468-06.2007
https://www.ncbi.nlm.nih.gov/pubmed/17267568
https://doi.org/10.1074/jbc.M408275200
https://doi.org/10.1016/j.freeradbiomed.2011.04.022
https://doi.org/10.1128/MCB.01591-09
https://doi.org/10.1007/128_2012_339
https://www.ncbi.nlm.nih.gov/pubmed/22752583
https://doi.org/10.1093/brain/awq386
https://doi.org/10.1038/srep44769
https://doi.org/10.3390/molecules26051417
https://doi.org/10.3389/fphar.2018.01536
https://doi.org/10.3389/fncel.2021.785057
https://www.ncbi.nlm.nih.gov/pubmed/34955754
https://doi.org/10.3390/ph15060692
https://www.ncbi.nlm.nih.gov/pubmed/35745610
https://doi.org/10.1016/j.intimp.2017.11.007
https://doi.org/10.3390/cells11152401
https://www.ncbi.nlm.nih.gov/pubmed/35954245
https://doi.org/10.1007/s11011-016-9921-z
https://doi.org/10.1093/gerona/glu029
https://doi.org/10.1016/j.cotox.2016.09.004
https://doi.org/10.3389/fphar.2019.00033
https://doi.org/10.3389/fncel.2021.787258
https://www.ncbi.nlm.nih.gov/pubmed/35126058
https://doi.org/10.3390/antiox9070617
https://doi.org/10.1074/jbc.M110.207738
https://doi.org/10.3390/antiox11051034
https://doi.org/10.1016/j.carbpol.2019.115766
https://www.ncbi.nlm.nih.gov/pubmed/31952583
https://doi.org/10.3390/metabo10050182
https://www.ncbi.nlm.nih.gov/pubmed/32370041
https://doi.org/10.1016/j.bbadis.2016.11.005


Pharmaceuticals 2025, 18, 1698 27 of 29

178. Brunet, A.; Sweeney, L.B.; Sturgill, J.F.; Chua, K.F.; Greer, P.L.; Lin, Y.; Tran, H.; Ross, S.E.; Mostoslavsky, R.; Cohen, H.Y.; et al.
Stress-dependent regulation of FOXO transcription factors by the SIRT1 deacetylase. Science 2004, 303, 2011–2015. [CrossRef]

179. Nemoto, S.; Fergusson, M.M.; Finkel, T. SIRT1 functionally interacts with the metabolic regulator and transcriptional coactivator
PGC-1{alpha}. J. Biol. Chem. 2005, 280, 16456–16460. [CrossRef]

180. Jomova, K.; Alomar, S.Y.; Valko, R.; Liska, J.; Nepovimova, E.; Kuca, K.; Valko, M. Flavonoids and their role in oxidative stress,
inflammation, and human diseases. Chem. Biol. Interact. 2025, 413, 111489. [CrossRef]

181. Gallorini, M.; Carradori, S.; Panieri, E.; Sova, M.; Saso, L. Modulation of NRF2: Biological Dualism in Cancer, Targets and Possible
Therapeutic Applications. Antioxid. Redox Signal. 2024, 40, 636–662. [CrossRef] [PubMed]

182. Gallorini, M.; Carradori, S.; Resende, D.I.S.P.; Saso, L.; Ricci, A.; Palmeira, A.; Cataldi, A.; Pinto, M.; Sousa, E. Natural and
Synthetic Xanthone Derivatives Counteract Oxidative Stress via Nrf2 Modulation in Inflamed Human Macrophages. Int. J. Mol.
Sci. 2022, 23, 13319. [CrossRef]

183. Mencarelli, N.; Consoli, V.; Gallorini, M.; Di Fazio, G.; Cataldi, A.; Gulisano, M.; Vanella, L.; Osmanovic, A.; Carradori, S. The Nrf2-
Related Pathways and the Antiandrogenic Effects Are Enhanced In Vitro and In Silico by the Combination of Graminex®G96®
Pollen and Teupol 25P in Cell Models of Benign Prostate Hyperplasia. Nutraceuticals 2025, 5, 17. [CrossRef]

184. Lin, Z.; Liang, M.; Zhang, X.; Cen, Z.; Kang, F.; Liang, B.; Lai, Y.; Li, M.; Duan, T.; Yang, J.; et al. A Natural Compound
Methylnissolin: Physicochemical Properties, Pharmacological Activities, Pharmacokinetics and Resource Development. Drug Des.
Devel Ther. 2025, 19, 3763–3777. [CrossRef]

185. Chiang, Y.F.; Huang, K.C.; Huang, Y.J.; Wang, K.L.; Huang, Y.J.; Shieh, T.M.; Ali, M.; Hsia, S.M. Hinokitiol modulates Nrf2/HO-1
signaling, autophagy, and URAT1 in hyperuricemia and oxidative stress models of renal injury. Free Radic. Biol. Med. 2025, 238,
169–178. [CrossRef] [PubMed]

186. Feng, J.; Zhang, W.; Liu, R.; Xiang, T.; Wu, X. Dioscin regulates oxidative stress and autophagy in uric acid-induced HK-2 cells
through the P62-KEAP1-NRF2 signaling pathway. BMC Nephrol. 2025, 26, 422. [CrossRef]

187. Li, M.; Gu, X.; Yang, J.; Zhang, C.; Zhou, Y.; Huang, P.; Wang, X.; Zhang, L.; Jiang, L.; Zhai, L.; et al. Luteolin: A potential
therapeutic agent for respiratory diseases. Eur. J. Pharmacol. 2025, 999, 177699. [CrossRef]

188. Kuwar, O.K.; Singh, S. Baicalein-mediated regulation of Nrf2/ARE, NFκB, and MAPK signaling in Huntington’s disease: A
promising strategy against neuroinflammation and neurodegeneration. Inflammopharmacology 2025, 33, 3789–3803. [CrossRef]

189. Amin, M.A.; Zehravi, M.; Sweilam, S.H.; Shatu, M.M.; Durgawale, T.P.; Qureshi, M.S.; Durgapal, S.; Haque, M.A.; Vodeti,
R.; Panigrahy, U.P.; et al. Neuroprotective potential of epigallocatechin gallate in Neurodegenerative Diseases: Insights into
molecular mechanisms and clinical Relevance. Brain Res. 2025, 1860, 149693. [CrossRef]

190. Ma, R.; Liang, W.; Sun, Q.; Qiu, X.; Lin, Y.; Ge, X.; Jueraitetibaike, K.; Xie, M.; Zhou, J.; Huang, X.; et al. Sirt1/Nrf2 pathway is
involved in oocyte aging by regulating Cyclin B1. Aging 2018, 10, 2991–3004. [CrossRef]

191. Richard, E.; Gallego-Villar, L.; Rivera-Barahona, A.; Oyarzábal, A.; Pérez, B.; Rodríguez-Pombo, P.; Desviat, L.R. Altered Redox
Homeostasis in Branched-Chain Amino Acid Disorders, Organic Acidurias, and Homocystinuria. Oxid. Med. Cell Longev. 2018,
2018, 1246069. [CrossRef]

192. Huang, K.; Chen, C.; Hao, J.; Huang, J.; Wang, S.; Liu, P.; Huang, H. Polydatin promotes Nrf2-ARE anti-oxidative pathway
through activating Sirt1 to resist AGEs-induced upregulation of fibronetin and transforming growth factor-β1 in rat glomerular
messangial cells. Mol. Cell Endocrinol. 2015, 399, 178–189. [CrossRef]

193. Huang, K.; Gao, X.; Wei, W. The crosstalk between Sirt1 and Keap1/Nrf2/ARE anti-oxidative pathway forms a positive feedback
loop to inhibit FN and TGF-β1 expressions in rat glomerular mesangial cells. Exp. Cell Res. 2017, 361, 63–72. [CrossRef] [PubMed]

194. Padmanabhan, B.; Tong, K.I.; Ohta, T.; Nakamura, Y.; Scharlock, M.; Ohtsuji, M.; Kang, M.I.; Kobayashi, A.; Yokoyama, S.;
Yamamoto, M. Structural basis for defects of Keap1 activity provoked by its point mutations in lung cancer. Mol. Cell. 2006, 21,
689–700. [CrossRef] [PubMed]

195. Cancer Genome Atlas Research Network. Comprehensive molecular profiling of lung adenocarcinoma. Nature 2014, 511, 543–550.
[CrossRef]

196. Kupiec-Weglinski, J.W. NRF2: New Mechanistic Insights and Therapeutic Perspectives. Antioxid. Redox Signal. 2024, 40, 632–635.
[CrossRef] [PubMed]

197. Uruno, A.; Yamamoto, M. The KEAP1–NRF2 system and neurodegenerative diseases. Antioxid. Redox Signal 2023, 38, 974–988.
[CrossRef]

198. Houtkooper, R.H.; Pirinen, E.; Auwerx, J. Sirtuins as regulators of metabolism and healthspan. Nat. Rev. Mol. Cell Biol. 2012, 13,
225–238. [CrossRef]

199. Guarente, L. Sirtuins, aging, and medicine. N. Engl. J. Med. 2011, 364, 2235–2244. [CrossRef]
200. Kawai, Y.; Garduno, L.; Theodore, M.; Yang, J.; Arinze, I.J. Acetylation-deacetylation of the transcription factor Nrf2 (nuclear

factor erythroid 2-related factor 2) regulates its transcriptional activity and nucleocytoplasmic localization. J. Biol. Chem. 2011,
286, 7629–7640. [CrossRef]

https://doi.org/10.1126/science.1094637
https://doi.org/10.1074/jbc.M501485200
https://doi.org/10.1016/j.cbi.2025.111489
https://doi.org/10.1089/ars.2022.0213
https://www.ncbi.nlm.nih.gov/pubmed/37470218
https://doi.org/10.3390/ijms232113319
https://doi.org/10.3390/nutraceuticals5030017
https://doi.org/10.2147/DDDT.S518508
https://doi.org/10.1016/j.freeradbiomed.2025.06.034
https://www.ncbi.nlm.nih.gov/pubmed/40543854
https://doi.org/10.1186/s12882-025-04311-z
https://doi.org/10.1016/j.ejphar.2025.177699
https://doi.org/10.1007/s10787-025-01839-2
https://doi.org/10.1016/j.brainres.2025.149693
https://doi.org/10.18632/aging.101609
https://doi.org/10.1155/2018/1246069
https://doi.org/10.1016/j.mce.2014.08.014
https://doi.org/10.1016/j.yexcr.2017.09.042
https://www.ncbi.nlm.nih.gov/pubmed/28986066
https://doi.org/10.1016/j.molcel.2006.01.013
https://www.ncbi.nlm.nih.gov/pubmed/16507366
https://doi.org/10.1038/nature13385
https://doi.org/10.1089/ars.2023.0398
https://www.ncbi.nlm.nih.gov/pubmed/37503638
https://doi.org/10.1089/ars.2023.0234
https://doi.org/10.1038/nrm3293
https://doi.org/10.1056/NEJMra1100831
https://doi.org/10.1074/jbc.M110.208173


Pharmaceuticals 2025, 18, 1698 28 of 29

201. Salminen, A.; Kaarniranta, K.; Kauppinen, A. Crosstalk between Oxidative Stress and SIRT1: Impact on the Aging Process. Int. J.
Mol. Sci. 2013, 14, 3834–3859. [CrossRef]

202. Potteti, H.R.; Rajasekaran, S.; Rajamohan, S.B.; Tamatam, C.R.; Machireddy, N.; Reddy, S.P. Sirtuin 1 promotes hyperoxia-induced
lung epithelial death independent of NRF2 activation. Am. J. Respir. Cell Mol. Biol. 2016, 54, 697–706. [CrossRef]

203. Ding, Y.W.; Zhao, G.J.; Li, X.L.; Hong, G.L.; Li, M.F.; Qiu, Q.M.; Wu, B.; Lu, Z.Q. SIRT1 exerts protective effects against paraquat-
induced injury in mouse type II alveolar epithelial cells by deacetylating NRF2 in vitro. Int. J. Mol. Med. 2016, 37, 1049–1058.
[CrossRef]

204. Maycotte, P.; Marín-Hernández, A.; Goyri-Aguirre, M.; Anaya-Ruiz, M.; Reyes-Leyva, J.; Cortés-Hernández, P. Mitochondrial
dynamics and cancer. Tumour Biol. 2017, 39, 1010428317698391. [CrossRef]

205. Murphy, M.P.; Hartley, R.C. Mitochondria as a therapeutic target for common pathologies. Nat. Rev. Drug Discov. 2018, 17,
865–886. [CrossRef] [PubMed]

206. Zarkovic, N. Roles and Functions of ROS and RNS in Cellular Physiology and Pathology. Cells 2020, 9, 767. [CrossRef] [PubMed]
207. Yoshikawa, M.; Tsuchihashi, K.; Ishimoto, T.; Yae, T.; Motohara, T.; Sugihara, E.; Onishi, N.; Masuko, T.; Yoshizawa, K.;

Kawashiri, S.; et al. xCT inhibition depletes CD44v-expressing tumor cells that are resistant to EGFR-targeted therapy in head
and neck squamous cell carcinoma. Cancer Res. 2013, 73, 1855–1866. [CrossRef] [PubMed]

208. Mehta, S.L.; Lin, Y.; Chen, W.; Yu, F.; Cao, L.; He, Q.; Chan, P.H.; Li, P.A. Manganese superoxide dismutase deficiency exacerbates
ischemic brain damage under hyperglycemic conditions by altering autophagy. Transl. Stroke Res. 2011, 2, 42–50. [CrossRef]

209. Gao, S.Q.; Liu, J.Q.; Han, Y.L.; Deji, Q.Z.; Zhaba, W.D.; Deng, H.J.; Liu, X.L.; Zhou, M.L. Neuroprotective role of glutathione
peroxidase 4 in experimental subarachnoid hemorrhage models. Life Sci. 2020, 257, 118050. [CrossRef]

210. Chen, L.; Chen, S.; Yang, X.F.; Min, J.W. Antioxidants attenuate mitochondrial oxidative damage through the Nrf2 pathway: A
promising therapeutic strategy for stroke. J. Neurosci. Res. 2023, 101, 1275–1288. [CrossRef]

211. Wu, K.C.; Cui, J.Y.; Klaassen, C.D. Beneficial Role of Nrf2 in Regulating NADPH Generation and Consumption. Toxicol. Sci. 2011,
123, 590–600. [CrossRef]

212. Villavicencio, T.F.; Quintanilla, R.A. Contribution of the Nrf2 Pathway on Oxidative Damage and Mitochondrial Failure in
Parkinson and Alzheimer’s Disease. Antioxidants 2021, 10, 1069. [CrossRef]

213. Yan, C.; Gong, L.; Chen, L.; Xu, M.; Abou-Hamdan, H.; Tang, M.; Désaubry, L.; Song, Z. PHB2 (prohibitin 2) promotes
PINK1-PRKN/Parkin-dependent mitophagy by the PARL-PGAM5-PINK1 axis. Autophagy 2020, 16, 419–434. [CrossRef]

214. Zeb, A.; Choubey, V.; Gupta, R.; Kuum, M.; Safiulina, D.; Vaarmann, A.; Gogichaishvili, N.; Liiv, M.; Ilves, I.; Tämm, K.; et al. A
novel role of KEAP1/PGAM5 complex: ROS sensor for inducing mitophagy. Redox Biol. 2021, 48, 102186. [CrossRef] [PubMed]

215. Nordgren, K.K.S.; Wallace, K.B. Disruption of the Keap1/Nrf2-Antioxidant Response System After Chronic Doxorubicin Exposure
In Vivo. Cardiovasc. Toxicol. 2020, 20, 557–570. [CrossRef]

216. Safakli, R.N.; Gray, S.P.; Bernardi, N.; Smyrnias, I. Unveiling a novel signalling pathway involving NRF2 and PGAM5 in regulating
the mitochondrial unfolded protein response in stressed cardiomyocytes. Int. J. Biochem. Cell Biol. 2025, 178, 106704. [CrossRef]

217. Irato, P.; Santovito, G. Enzymatic and Non-Enzymatic Molecules with Antioxidant Function. Antioxidants 2021, 10, 579. [CrossRef]
218. Morales Pantoja, I.E.; Hu, C.L.; Perrone-Bizzozero, N.I.; Zheng, J.; Bizzozero, O.A. Nrf2-dysregulation correlates with reduced

synthesis and low glutathione levels in experimental autoimmune encephalomyelitis. J. Neurochem. 2016, 139, 640–650. [CrossRef]
219. Jaganjac, M.; Milkovic, L.; Sunjic, S.B.; Zarkovic, N. The NRF2, Thioredoxin, and Glutathione System in Tumorigenesis and

Anticancer Therapies. Antioxidants 2020, 9, 1151. [CrossRef] [PubMed]
220. Jobbagy, S.; Vitturi, D.A.; Salvatore, S.R.; Turell, L.; Pires, M.F.; Kansanen, E.; Batthyany, C.; Lancaster Jr, J.R.; Freeman, B.A.;

Schopfer, F.J. Electrophiles modulate glutathione reductase activity via alkylation and upregulation of glutathione biosynthesis.
Redox Biol. 2019, 21, 101050. [CrossRef] [PubMed]

221. Piloni, N.E.; Vargas, R.; Fernández, V.; Videla, L.A.; Puntarulo, S. Effects of acute iron overload on Nrf2-related glutathione
metabolism in rat brain. Biometals 2021, 34, 1017–1027. [CrossRef]

222. Meng, W.; Yang, Q.; Si, J.; Sun, Y. Adaptive Neural Control of a Class of Output-Constrained Nonaffine Systems. IEEE Trans.
Cybern. 2016, 46, 85–95. [CrossRef]

223. Cvetko, F.; Caldwell, S.T.; Higgins, M.; Suzuki, T.; Yamamoto, M.; Prag, H.A.; Hartley, R.C.; Dinkova-Kostova, A.T.; Murphy, M.P.
Nrf2 is activated by disruption of mitochondrial thiol homeostasis but not by enhanced mitochondrial superoxide production. J.
Biol. Chem. 2021, 296, 100169. [CrossRef] [PubMed]

224. Kansanen, E.; Jyrkkänen, H.K.; Levonen, A.L. Activation of stress signaling pathways by electrophilic oxidized and nitrated
lipids. Free Radic. Biol. Med. 2012, 52, 973–982. [CrossRef] [PubMed]

225. Nguyen, T.; Sherratt, P.J.; Pickett, C.B. Regulatory mechanisms controlling gene expression mediated by the antioxidant response
element. Annu. Rev. Pharmacol. Toxicol. 2003, 43, 233–260. [CrossRef]

226. Ngo, V.; Duennwald, M.L. Nrf2 and Oxidative Stress: A General Overview of Mechanisms and Implications in Human Disease.
Antioxidants 2022, 11, 2345. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms14023834
https://doi.org/10.1165/rcmb.2014-0056OC
https://doi.org/10.3892/ijmm.2016.2503
https://doi.org/10.1177/1010428317698391
https://doi.org/10.1038/nrd.2018.174
https://www.ncbi.nlm.nih.gov/pubmed/30393373
https://doi.org/10.3390/cells9030767
https://www.ncbi.nlm.nih.gov/pubmed/32245147
https://doi.org/10.1158/0008-5472.CAN-12-3609-T
https://www.ncbi.nlm.nih.gov/pubmed/23319806
https://doi.org/10.1007/s12975-010-0027-3
https://doi.org/10.1016/j.lfs.2020.118050
https://doi.org/10.1002/jnr.25194
https://doi.org/10.1093/toxsci/kfr183
https://doi.org/10.3390/antiox10071069
https://doi.org/10.1080/15548627.2019.1628520
https://doi.org/10.1016/j.redox.2021.102186
https://www.ncbi.nlm.nih.gov/pubmed/34801863
https://doi.org/10.1007/s12012-020-09581-7
https://doi.org/10.1016/j.biocel.2024.106704
https://doi.org/10.3390/antiox10040579
https://doi.org/10.1111/jnc.13837
https://doi.org/10.3390/antiox9111151
https://www.ncbi.nlm.nih.gov/pubmed/33228209
https://doi.org/10.1016/j.redox.2018.11.008
https://www.ncbi.nlm.nih.gov/pubmed/30654300
https://doi.org/10.1007/s10534-021-00324-x
https://doi.org/10.1109/TCYB.2015.2394797
https://doi.org/10.1074/jbc.RA120.016551
https://www.ncbi.nlm.nih.gov/pubmed/33298526
https://doi.org/10.1016/j.freeradbiomed.2011.11.038
https://www.ncbi.nlm.nih.gov/pubmed/22198184
https://doi.org/10.1146/annurev.pharmtox.43.100901.140229
https://doi.org/10.3390/antiox11122345
https://www.ncbi.nlm.nih.gov/pubmed/36552553


Pharmaceuticals 2025, 18, 1698 29 of 29

227. Hybertson, B.M.; Gao, B.; Bose, S.K.; McCord, J.M. Oxidative stress in health and disease: The therapeutic potential of Nrf2
activation. Mol. Aspects Med. 2011, 32, 234–246. [CrossRef]

228. Xue, B.; Ge, M.; Fan, K.; Huang, X.; Yan, X.; Jiang, W.; Jiang, B.; Yang, Z. Mitochondria-targeted nanozymes eliminate oxidative
damage in retinal neovascularization disease. J. Control. Release 2022, 350, 271–283. [CrossRef]

229. Cruz-Gregorio, A.K. Aranda-Rivera, O.E. Aparicio-Trejo, O.E.; Medina-Campos, O.N.;, Sciutto, E.; Fragoso, G.; Pedraza-Chaverri,
J. α-Mangostin induces oxidative damage, mitochondrial dysfunction, and apoptosis in a triple-negative breast cancer model.
Phytother. Res. 2023, 37, 3394–3407. [CrossRef]

230. Song, Q.; Yang, W.; Deng, X.; Zhang, Y.; Li, J.; Xing, X.; Chen, W.; Liu, W.; Hu, H.; Zhang, Y. Platinum-based nanocomposites
loaded with MTH1 inhibitor amplify oxidative damage for cancer therapy. Colloids Surf. B Biointerfaces 2022, 218, 112715.
[CrossRef]

231. Tossetta, G.; Fantone, S.; Togni, L.; Santarelli, A.; Olivieri, F.; Marzioni, D.; Rippo, M.R. Modulation of NRF2/KEAP1 Signaling by
Phytotherapeutics in Periodontitis. Antioxidants 2024, 13, 1270. [CrossRef]

232. Abdolmaleki, A.; Karimian, A.; Khoshnazar, S.M.; Asadi, A.; Samarein, Z.A.; Smail, S.W.; Bhattacharya, D. The role of Nrf2
signaling pathways in nerve damage repair. Toxicol Res. 2024, 13, tfae080. [CrossRef]

233. Yu, W.; Zhang, F.; Meng, D.; Zhang, X.; Feng, Y.; Yin, G.; Liang, P.; Chen, S.; Liu, H. Mechanism of Action and Related Natural
Regulators of Nrf2 in Nonalcoholic Fatty Liver Disease. Curr. Drug Deliv. 2024, 21, 1300–1319. [CrossRef] [PubMed]

234. Chen, F.; Xiao, M.; Hu, S.; Wang, M. Keap1-Nrf2 pathway: A key mechanism in the occurrence and development of cancer. Front.
Oncol. 2024, 14, 1381467. [CrossRef] [PubMed]

235. Bhatti, J.S.; Bhatti, G.K.; Reddy, P.H. Mitochondrial dysfunction and oxidative stress in metabolic disorders–A step towards
mitochondria based therapeutic strategies. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 1066–1077. [CrossRef]

236. Yao, Z.; Gandhi, S.; Burchell, V.S.; Plun-Favreau, H.; Wood, N.W.; Abramov, A.Y. Cell metabolism affects selective vulnerability in
PINK1-associated Parkinson’s disease. J. Cell Sci. 2011, 124(Part 24), 4194–4202. [CrossRef] [PubMed]

237. Occhiuto, C.J.; Moerland, J.A.; Leal, A.S.; Gallo, K.A.; Liby, K.T. The Multi-Faceted Consequences of NRF2 Activation throughout
Carcinogenesis. Mol. Cells 2023, 46, 176–186. [CrossRef]

238. Baiskhanova, D.; Schäfer, H. The Role of Nrf2 in the Regulation of Mitochondrial Function and Ferroptosis in Pancreatic Cancer.
Antioxidants 2024, 13, 696. [CrossRef]

239. Kasai, S.; Shimizu, S.; Tatara, Y.; Mimura, J.; Itoh, K. Regulation of Nrf2 by Mitochondrial Reactive Oxygen Species in Physiology
and Pathology. Biomolecules 2020, 10, 320. [CrossRef]

240. Faissner, S.; Gold, R. Oral therapies for multiple sclerosis. Cold Spring Harb. Perspect. Med. 2019, 9, a032011. [CrossRef]
241. Lv, B.; Xing, S.; Wang, Z.; Zhang, A.; Wang, Q.; Bian, Y.; Pei, Y.; Sun, H.; Chen, Y. NRF2 inhibitors: Recent progress, future design

and therapeutic potential. Eur. J. Med. Chem. 2024, 279, 116822. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.mam.2011.10.006
https://doi.org/10.1016/j.jconrel.2022.08.026
https://doi.org/10.1002/ptr.7812
https://doi.org/10.1016/j.colsurfb.2022.112715
https://doi.org/10.3390/antiox13101270
https://doi.org/10.1093/toxres/tfae080
https://doi.org/10.2174/0115672018260113231023064614
https://www.ncbi.nlm.nih.gov/pubmed/39034715
https://doi.org/10.3389/fonc.2024.1381467
https://www.ncbi.nlm.nih.gov/pubmed/38634043
https://doi.org/10.1016/j.bbadis.2016.11.010
https://doi.org/10.1242/jcs.088260
https://www.ncbi.nlm.nih.gov/pubmed/22223879
https://doi.org/10.14348/molcells.2023.2191
https://doi.org/10.3390/antiox13060696
https://doi.org/10.3390/biom10020320
https://doi.org/10.1101/cshperspect.a032011
https://doi.org/10.1016/j.ejmech.2024.116822
https://www.ncbi.nlm.nih.gov/pubmed/39241669

	Introduction 
	Mitochondrial Function and Cellular Bioenergetics 
	Regulatory Interactions Between Nrf2 and Mitochondria 
	ROS Induces Damage to the Mitochondrial Respiratory Chain 
	Nrf2 Modulation 
	Nrf2 and Mitochondrial Antioxidants 
	Conclusions 
	References

