
Summary. Brain injury is accompanied by serious iron
metabolism disorder and oxidative stress. As a novel
form of regulated cell death (RCD) depending on lipid
peroxidation caused by iron overload, ferroptosis (FPT)
further aggravates brain injury, which is different from
apoptosis, autophagy and other traditional cell death in
terms of biochemistry, morphology and genetics.
Noteworthy, transcriptional regulator NRF2 plays a key
role in the cell antioxidant system, and many genes
related to FPT are under the control of NRF2, including
genes for iron regulation, thiol-dependent antioxidant
system, enzymatic detoxification of RCS and carbonyls,
NADPH regeneration and ROS sources from
mitochondria or extra-mitochondria, which place NRF2
in the key position of regulating the ferroptotic death.
Importantly, NRF2 can reduce iron load and resist FPT.
In the future, it is expected to open up a new way to treat
brain injury by targeting NRF2 to alleviate FPT in brain.
Key words: Nuclear Factor Erythroid 2-Related Factor 2
(NRF2), Brain Injury, Ferroptosis (FPT)

Introduction

Ferroptosis (FPT) is a form of regulated cell death
(RCD), which is characterized by a lethal level of iron-
dependent lipid peroxidation (Stockwell et al., 2017). A
large body of research on FPT has been conducted over
the past few decades (Stockwell et al., 2017). Until
2012, this particular cell death was coined by Dixon et
al. and there is an independent system of FPT which is
different from apoptosis, autophagy and other traditional
cell death in terms of biochemistry, morphology and
genetics (Dixon et al., 2012). 

The involvement of iron is a key feature of FPT
(Dixon et al., 2012). Reactive oxygen species (ROS)
refer to partially reduced oxygen-containing substances,
including superoxide (O2-), peroxides (H2O2 and
ROOH) and free radicals (·OH and RO), etc. Iron, a

transition metal with strong redox activity, is responsible
for excessive hydroxyl radicals through Fenton reaction
in cells (Fig. 1). The Fenton reaction is a string of
relatively complex reactions, mostly used for sewage
disposal in industry (Dixon et al., 2012). The reaction
mainly takes Fe2++H2O2=Fe3++·OH+OH-, where ·OH is
produced to turn organic compounds into inorganic ones.
This kind of reaction is only detected in aqueous
solution in vitro due to problems such as concentration
and PH value. For example, the Fenton reaction can help
to accelerate the process of nano drugs killing cancerous
cells via FPT (Dong et al., 2019), despite lack of
evidence in neurological diseases related to iron
accumulation (Ratan, 2019). Hydroxyl radicals and
ferrous iron can attack lipids and cause lipid
peroxidation, as well as potentiate FPT. Remarkably,
FPT is a complicated cascade of intracellular metabolic
disorders, including but not limited to iron metabolism
disorder. Cell injury caused by FPT is mostly attributed
to lipid peroxidation of membrane phospholipids
containing polyunsaturated fatty acids (PUFAs) (Dixon
et al., 2012). It is currently known that there are two
approaches to lipid peroxidation in FPT: enzymatic
oxidation (responsible for initiating lipid peroxidation)
and autoxidation (responsible for driving lipid
peroxidation) (Shah et al., 2018) (Fig. 2). The former
approach includes lipoxygenases (LOXs) which prefer
free PUFAs as substrates instead of PUFAs bound to
membrane phospholipids (Kuhn et al., 2015). However,
phosphatidylethanolamine (PE) bound to the membrane
can form a non-bilayer arrangement, which facilitates
the enzymatic oxidation of LOXs (van den Brink-van
der Laan et al., 2004). In PUFAs, arachidonic acid (AA)
/ adrenic acid (AdA) contains bis-allylic hydrogen atoms
which can be easily abstracted (Shah et al., 2018); this
may account for the fact that AA/AdA PE is much more
favored in lipid peroxidation. Additionally, PEBP1 can
be combined with 15LOX to form a PEBP1/15LOX
complex, amplifying the function of 15LOX (Wenzel et
al., 2017) (Fig. 2). Moreover, a set of enzymatic
reactions mediated by ACSL4 and LPCAT3 are
essentially important for FPT because they help to
combine PUFAs to membrane phospholipid (Doll et al.,
2017) (Fig. 2).

In the anti-FPT system, one important factor is
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GSH-GPX4 antioxidant axis (which belongs to the thiol-
dependent antioxidant system) by virtue of  the potential
capability of glutathione peroxidase 4 (GPX4) to resist
FPT (Brigelius-Flohe and Maiorino, 2013), and recently
peroxidase 6 (PRDX6) has been found with similar
functions to GPX4 in terms of repairing damaged
membrane caused by lipid peroxidation (Fisher et al.,
2018) (Fig. 2). Additionally, it is also observed that the
thioredoxin (TXN) system, another important thiol-
dependent system, can compensate for the functional
impairment of the GSH system (Lu and Holmgren,
2014) (Fig. 2). Moreover, the mevalonate (MVA)
pathway has its own place in the anti-FPT system, which
synthesizes two important components to inhibit FPT,
including coenzyme Q10 (responsible for targeted
inhibition of lipid peroxidation cooperating with FSP1)
and IPP (necessary for the maturation of GPX4)
(Shimada et al., 2016b) (Fig. 2). Altogether, these
findings support the knowledge of the extension of the
single GSH-GPX4 anti-FPT axis.

Brain injury is hallmarked by high incidence, high

fatality rate, and high disability rate, as a major public
health problem that attracts much attention. It is well
accepted that brain injury is often accompanied by iron
metabolism disorder and FPT in nerve cells (Magtanong
and Dixon, 2018). Therefore, how to control or even
reverse FPT has undoubtedly become the key to the
treatment and prognosis of brain injury. 

The structure of the brain determines that the
threshold of FPT after brain injury is much lower than
that of other organs, in other words, the brain is more
sensitive to FPT (Fig. 3), due to the existence of many
FPT risk factors in brain. First of all, an abundance in
phospholipids containing PUFAs, not only ensures
neuron plasticity, synapse connections, and
neurotransmitter release and the development of a
sophisticated neural network (Ingold et al., 2018), but
also presents the Achilles’ heel of the brain for its
contribution to lipid peroxide in the brain as well as an
increased risk of FPT (Anthonymuthu et al., 2018).
Additionally, as the most abundant transition metal in
the brain, iron is necessary for neurotransmitter
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Fig. 1. Fenton Reaction-based transformation. Oxygen produces O2
- under the action of cytochrome P450, NADPH oxidase, mitochondrial and

xanthine oxidase; it also produces hydrogen peroxide triggered by superoxide dismutase (SOD). On one hand, catalase (CAT) can degrade harmful
hydrogen peroxide, but divalent iron can produce a large number of peroxides based on ·OH through Fenton reaction. Then, the ·OH attack lipid (LH),
produce toxic LOO· and destroy cells. On the other hand, oxygen and oxides react with LH and produce toxic LOOH. Under physiological conditions,
GPX4 can degrade LOOH into non-toxic LOH, but there also exists the possibility of a further Fenton-like reaction which produces free radicals such as
LOO·, LO,· and ·OH, damaging the structure of the membrane.



synthesis, neuron development (Nikseresht et al., 2019),
brain mitochondrial respiration, and monoamine oxidase
(Snyder and Connor, 2009; Crichton et al., 2011). 

A powerful anti-FPT mechanism confronts with FPT
risk factors in the brain from an evolutionary point of
view. Firstly, the brain is on the priority list of selenium
supply, which is a vital anti-FPT element, among all the
others (Conrad and Proneth, 2020). Secondly,
Apolipoprotein E receptor 2 (APOER2), also known as
low- density lipoprotein receptor-associated protein 8

(LRP8), facilitates the entry of selenoprotein P into testis
and brain (Chiu-Ugalde et al., 2010) and APOER2
mRNA mainly exists in the central nervous system
(CNS), placenta, and testis (Ueta et al., 2012). Taken
together, these findings may be one  reason that some
brain cells are highly dependent on the antioxidant
function of GPX4, whose active site needs a selenium
supply (Ueta et al., 2012). Examples of these brain cells
include pyramidal cells in the hippocampus,
glutamatergic neurons in the cortex, Purkinje cells, and

385
Targeting NRF2 to suppress ferroptosis in brain injury

Fig. 2. Pathway for regulating FPT. In the process of lipid peroxidation of FPT, ACSL4 and LPCAT3 are needed for PUFA to bind to the membrane
phospholipid. There are two ways for PL-PUFA to render lipid peroxidation, which are the enzymatic oxidation and autoxidation. The former serves to
initiate the process; as its name suggests, 15-LOX is combined with PEBP-1 to enhance the efficacy of oxidation. The latter autoxidation serves to drive
the process, and it can be inhibited by coenzyme 10 (CoQ10). Excessive iron accumulation in the labile iron pool (LIP) can promote lipid peroxidation
through Fenton reaction. The glutamine (Gln) input through amino acid transporters SLC38A1 and SLC1A5 may enable mitochondrial TCA to produce
ROS through glutaminolysis. Additionally, NOXs in the cytoplasm also contribute to ROS. Then, lipid peroxides are further decomposed into RCS and
carbonyls, which may eventually execute FPT by damaging DNA and protein via Michael addition. Lipid peroxides are found to be targeted by GPX4;
PRDX6 and PRDX1 can exert similar effects. Furthermore, downstream products of lipid peroxidation—RCS and carbonyls—can be inhibited by AKR
and ALDH. The intracellular cysteine can be supplemented when system XC imports cystine (This section is unclear and requires revision)- or derived
from the TS pathway. Afterward, intracellular cysteine can be used to synthesize GSH or TXN in the two major thiol-dependent systems, ultimately
involved in the anti-FPT cascade as the cofactors of GPX4, PRDX6, and PRDX1.



motor neurons in the cerebellum (Conrad et al., 2018).
As shown in Fig. 3, in a physiological state, there
already exists an unstable balance between FPT risk
factors in the brain and the power to fight against FPT
compared with other organs with low-sensitivity to FPT,
and brain injury will undoubtedly exacerbate the
unstable balance. Interestingly, neurons and some tumor
cells seem to have striking similarities—both have a
strong anti-FPT system to defend against FPT risk
factors, though the difference is that neurons use it to
enable complex metabolic activities of the brain while
tumors use it to promote survival, proliferation, or even
malignant transformation (Conrad and Proneth, 2020).

NRF2 (NF-E2 p45 related factor 2), a basic leucine
zipper (bZIP) transcription factor that can bind to small
MAF proteins (Hayes and Dinkova-Kostova, 2014),
regulates hundreds of antioxidant genes and plays an
important role in the endogenous antioxidant defense
system (Baird and Dinkova-Kostova, 2011; Zhang et al.,
2013). In most cases, NRF2 binds to its negative
regulatory molecule kelch-like ECH-associated protein 1
(Keap1) to maintain a low level through ubiquitination
and degradation. Intracellular increased oxidative stress
promotes NRF2 dissociation and translocation of Keap1
to nucleus and then NRF2 interacts with antioxidant
response elements (AREs) located in the promoter
region of the target gene, increasing its transcription
(Silva-Islas and Maldonado, 2018).

This review focuses on analysis of FPT caused by
brain injury and mechanism of NRF2 modulating FPT,
looking forward to opening up a new road to treat FPT

in brain injury.
Evidence for ferroptosis in brain injury

Ferroptosis in traumatic brain injury

Traumatic brain injury (TBI) is the main cause of
death and disability worldwide, as well as a formidable
burden for patients and caregivers both economically
and psychologically (Wachelder et al., 2009; Humphreys
et al., 2013), and lack of effective drug therapy makes
TBI a Gordian knot (Abou-Abbass et al., 2016;
Brazinova et al., 2018). TBI is defined as a brain injury
caused by external mechanical forces (vibration,
explosion, extrusion or penetrating external objects),
which is clinically categorized into mild, moderate, and
severe levels and further leads to temporary or
permanent damage in cognition, physiology, and
psychology (Blennow et al., 2016; Capizzi et al., 2020).
The brain successively experiences two waves of injury
once external mechanical forces operate on it. The
primary injury is the direct result of mechanical force,
while secondary injury includes a complex series of iron
accumulation, glutamate excitotoxicity, inflammation,
diffuse axonal injury (DAI), and oxidative stress (Werner
and Engelhard, 2007; Al Nimer et al., 2011; McGinn and
Povlishock, 2016; Rostami, 2016; Anthonymuthu et al.,
2018). Given the pervasive outlooks on TBI, there are
different kinds of cell death involved in the
pathophysiological process of TBI, including necrosis,
apoptosis, necroptosis, and pyroptosis (Jia et al., 2009;
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Fig. 3. The balance between FPT risk factors and anti-
FPT power lays the foundation of FPT sensitivity.
When FPT risk factors (rich in PL-PUFA, iron, and so
forth) are low and cells do not need to be highly
dependent on the anti-FPT power (supply of Se,
GPx4, etc.), FPT sensitivity is low. When FPT risk
factors are high and cells are highly dependent on the
anti-FPT power, FPT sensitivity is high.



Adamczak et al., 2014; Liu et al., 2016). The
intervention for primary injury is preventive and
comparatively the intervention for secondary injury has
a longer therapeutic window, winning its unique status in
clinical treatment (Blennow et al., 2016). Such targeted
intervention, however, meets with obstruction due to the
mysterious pathophysiological process of TBI.

Recent years have witnessed the important role of
FPT in fostering TBI. The 15-LOX/PEBP1 complex
(Wenzel et al., 2017) and markers of lipid peroxidation
(Bayir et al., 2002, 2004; Yen et al., 2015) was found to
increase significantly in ferroptotically dying neurons
after TBI. TBI animals using a controlled cortical impact
model (CCI) were accompanied by iron accumulation,
iron metabolism disorder, accumulation of lipid
peroxidation, depletion of GSH, and decreased activity
of GPX4 (Kenny et al., 2019; Xiao et al., 2019; Xie et
al., 2019a). Moreover, the typical morphological feature
of FPT—shrunken mitochondria—was observed using
transmission electron microscopy 3 days after TBI
(Dixon et al., 2012). Additionally, the application of
baicalein (inhibiting 12/15-LOX) and Fer-1 (targeting
lipid peroxidation products) significantly alleviated FPT
and improved particular brain function of the damaged
areas (Kenny et al., 2019; Xie et al., 2019a).
Nevertheless, it is noteworthy that antioxidant therapy is
largely ineffective in clinical treatment of TBI although
lipid peroxidation plays a crucial role in FPT
(Anthonymuthu et al., 2018), and the underlying causes
need to be further explored.

Beyond direct empirical support for FPT
involvement in TBI, the mechanism of FPT also seems
to overlap with that of TBI. Firstly, erastin- induced
FPT and oxidative glutamate toxicity (OGT) seem to
share a lot of similarities (Tan et al., 2001). OGT is
among the secondary injuries of TBI (Bullock et al.,
1998; Robertson et al., 2001), and its level is closely
related to cognitive function after TBI (Mao et al.,
2019). It seems that extracellular high-concentration
glutamate caused by TBI can be a natural FPT inducer
(Stockwell et al., 2017). Secondly, inactivation of tau
protein, for example, a high level of phosphorylated tau
and abnormal tau oligomers, were observed in plasma
after TBI (Gerson et al., 2016; Rubenstein et al., 2017;
Wang and Han, 2018), having the potential to inhibit
FPN-dependent iron output regulated by APP and cause
intracellular iron accumulation, as well as an increased
risk of FPT (Tuo et al., 2017). Thirdly, Apolipoprotein
E (APOE) among the circulation of plasma lipoproteins
during regeneration and repairment after brain injury
(Huang et al., 2004), could be seen as a double-edged
sword, and its ε 4 allele was clinically significantly
correlated with poor prognosis after TBI for
approximately 6-12 months, especially in severe TBI
(Zeng et al., 2014). The underlying mechanism may be
that ε 4 allele has the power to decrease brain selenium
level (Cardoso et al., 2017) which is important for
production of selenocysteine (Sec), the active site of

GPX4 (Alim et al., 2019; Conrad and Proneth, 2020). In
a word, these studies show that many features
promoting FPT are present in TBI, and inhibiting FPT is
a valid therapeutic strategy for TBI. However, these
overlapping mechanisms between FPT and TBI call for
the request for more comprehensive and deeper
research.
Ferroptosis in stroke

Stroke is a group of life-threatening diseases
hallmarked with high mortality and serious sequelae, and
it can be classified into two major categories: ischemic
stroke and hemorrhagic stroke (Wu et al., 2018). The
vast majority is ischemic stroke, accounting for
approximately 80% (Wu et al., 2018). FPT has been
reported to be critical to ischemia-reperfusion injury
(IRI) of some peripheral organs, such as liver, kidney,
and heart (Friedmann Angeli et al., 2014; Linkermann et
al., 2014; Gao et al., 2015; Fang et al., 2019), as well as
the central nervous system. ACSL4, which plays an
important role in the production of lipid ROS in FPT,
was involved in the pathological process of cerebral
ischemic injury (Gubern et al., 2013). What’s more,
carvacrol inhibited FPT by increasing GPX4 expression,
thus protecting hippocampal neurons from IRI (Guan et
al., 2019) and iron-targeted intervention significantly
alleviated IRI induced by middle cerebellar artery
occlusion (MCAO) model (Tuo et al., 2017). 

Intracerebral hemorrhage (ICH) refers to non-
traumatic intracerebral hemorrhage. Despite making up
merely 15%, it is known for highest mortality among all
the stroke subtypes (Feigin et al., 2009). Nevertheless,
there is a lack of feasible and effective treatment for ICH
currently (Zille et al., 2017). Previous studies have
provided solid evidence for FPT engagement in ICH and
the level of GPX4 was observed to decrease after ICH
while overexpression of GPX4 gene or a single dose of
selenium (Se) supply alleviated oxidative stress and
inflammation and improved behavior in ICH (Zhang et
al., 2018a,b; Alim et al., 2019). It is noteworthy that
Hb/heme/iron (especially Fe2+) and nuclear ALOX5
played an important role in the formation of lipid ROS in
ICH (Katsu et al., 2010; Hu et al., 2016; Wang et al.,
2016; Zou et al., 2017; Imai et al., 2019), which was
inhibited by Fer-1in organotypic hippocampal slice
cultures (Li et al., 2017). Additionally, shrunken
mitochondria, the classic morphological feature of FPT,
was also observed in ICH (Li et al., 2017).

Taken together, this evidence provides some insight
into the connection between FPT and brain injury and
inhibition of FPT can be a potential and effective
treatment for brain injury, one of which is to enhance the
endogenous anti-FPT mechanism of cells. That is why
NRF2 as a potential transcription factor regulating iron
metabolism and FPT has attracted our attention. The
following section will discuss the role of transcription
factor NRF2 in the regulation of endogenous anti-FPT
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mechanism.
The role of NRF2 in preventing ferroptosis

NRF2 and iron metabolism

NRF2 regulates iron metabolism in cells, including
iron intake, output, storage, recycling (mainly the
synthesis and degradation of heme containing iron),
ultimately alleviating the abnormal iron overload in cells
and inhibiting FPT (Fig. 5). Firstly, iron input to the
brain is mainly through transferrin and transferrin
receptor 1 (TF-TFR1). TF is responsible for iron
reception (Gomme et al., 2005) and is widely distributed
in the brain, especially in the blood-brain barrier (BBB),
which is the most important channel for iron to enter the
brain. Its transcription is affected by NRF2-ARE (Lee et
al., 2003b). Secondly, ferroportin (FPN) is the only
known protein so far to export intracellular iron
(Donovan et al., 2005; Zhang et al., 2011; Drakesmith et
al., 2015) and hepcidin indirectly reduces iron efflux by
acting on FPN (Nemeth et al., 2004) (Fig. 2). Proteins
(FPN, hepcidin) that either directly or indirectly regulate
iron output are regulated by NRF2. Thirdly, ferritin is
the main iron storage protein in cells consisting of 24

heavy chains (H-ferritin, FTH1) and light chains (L-
ferritin, FTL) (Muckenthaler et al., 2017). The upstream
of FTH1 and FTL DNA contains ARE sequence which
can be combined by NRF2 for upregulating
transcription. Fourthly, iron can be used to synthesize
heme in mitochondria, and the relevant enzymes
involved in this process are regulated by NRF2,
including ABCB6 (ATP binding cassette subfamily B
member 6) on the outer membrane of mitochondria and
ferrochelatase (FECH) on the inner membrane (Paul et
al., 2017) (Fig. 4). Moreover, NRF2 is considered to be a
key regulator of heme oxygenase (HO-1) in the brain
(Johnson et al., 2008) (Fig. 4), which is the rate-limiting
enzyme responsible for heme degradation, allowing iron
to be recycled (Maines, 1988). Biliverdin, which is one
of the degradation products, can be converted into
bilirubin through biliverdin reductase (BLVRA and
BLVRB) and their genes are positively regulated by
NRF2 (Holowiecki et al., 2016). The end product
bilirubin can serve to scavenge free radicals and resist
lipid peroxidation when used with an appropriate dose
(Stocker et al., 1987; Mancuso, 2017) (Fig. 4). However,
it is noteworthy that overexpression of HO-1 can cause
the opposite effects—exacerbating the imbalance of
intracellular redox homostasis and inducing FPT (Bansal
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Fig. 4. Synthesis and Metabolism of NRF2-related Heme in Brain. Generally, the synthesis and metabolism of heme are carried out in mitochondria
after the transportation of ferrous and coproporphyrinogen III by FECH and ABCB6 respectively into mitochondria. Under the effect of heme oxygenase
(HO-1), heme mainly decomposes into biliverdin and Fe2+. A minority of metabolites can help to protect nerve cells, but ROS produced by Fe2+ and
mitochondria can lead to FPT through Fenton reaction. Those marked in red are regulated by NRF2.



et al., 2014). The rationale behind it may be associated
with the accumulation of iron, mitochondrial
dysfunction, and excessive ROS (Chang et al., 2018). 

In addition, NRF2 has some shortcomings in
regulating iron metabolism disorder in the brain. NRF2
regulates iron metabolism by regulating gene
transcription, which has a long-term effect but is
relatively too slow to cope with immediate changes of
redox state and plays a very timely therapeutic role in
acute brain injury. Moreover, iron metabolism in the
brain is not under the complete control of NRF2 and
there are many other factors involved. For example, iron
regulatory proteins (IRPs) (Pantopoulos and Hentze,
1995; Bogdan et al., 2016; Zhou and Tan, 2017),
lactoferrin (LF) (MacGillivray et al., 1983; Ke and Qian,
2007) and transferrin receptor 2 (TFR2)
(Mastroberardino et al., 2009; Rhodes et al., 2014;
Muckenthaler et al., 2017; Kawabata, 2019) are not
regulated by NRF2, which weakens the regulation of
iron metabolism by NRF2 to some extent. 
NRF2 and thiol-dependent antioxidant system

NRF2 functions as a regulator in the thiol-dependent
antioxidant system, which is mainly composed of the

GSH and TXN systems (Fig. 2). The GSH system makes
tremendous contributions to resisting FPT as GSH itself
has strong antioxidant power and is a necessary cofactor
of GPX4 (Dixon et al., 2012). First of all, all the genes
coding key enzymes in GSH biosynthesis (GCLC,
GCLM, GSS, SLC7A11) and reduction of oxidized GSH
(GR) are the target genes of NRF2 (Hayes and Dinkova-
Kostova, 2014, Dodson et al., 2019). Additionally,
NRF2 is also involved in the regulation of gamma-
glutamyl transferase (GGT1), a key enzyme of gamma-
glutamyl cycle responsible for recycling of GSH (Hayes
and Dinkova-Kostova, 2014). However, it is worth
mentioning that although GPX4 is confirmed as one of
the target genes of NRF2 (Osburn et al., 2006; Hirotsu et
al., 2012), there remains a lack of experimental evidence
supporting that NRF2 can inhibit FPT by increasing
GPX4 expression (Shin et al., 2018; Ursini and
Maiorino, 2020), and thereby future studies should put
more attention on the regulation of GPX4 by NRF2
considering its critical role in anti-FPT system.

The TXN system, composed of NADPH,
thioredoxin reductase (TXNRD), and thioredoxin
(TXN), is a vital antioxidant system preventing oxidative
stress (Lu and Holmgren, 2014) under regulation of
NRF2. Although the TXN system gains less attention
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Fig. 5. FPT-related Genes Regulated by NRF2.
A great many target genes of NRF2 such as iron

metabolism, thiol- dependent antioxidant system,
enzymatic detoxification of RCS and carbonyls, NADPH

regulation, and ROS sources from mitochondria or extra
mitochondria play a crucial role in inhibiting FPT. However, some
others such as GLS2, MRP, NOX4 seem to promote FPT.



than the GSH system in the area of FPT inhibition, the
direct and indirect relationship between TXN1 or
TXNRD1 and FPT has come to the surface (Hayes and
Dinkova-Kostova, 2014; Abdalkader et al., 2018;
Dodson et al., 2019). A drug coming from pleuromutilin
and targeting TXN was proved effective in inducing FPT
(Llabani et al., 2019) and the TXN system provides
support when the GSH system loses or weakens its
function to inhibit FPT indirectly (Tan et al., 2010). For
example, Telorack et al. found that cysteine
supplemented with SLC7A11 could not be used to
synthesize GSH in keratinocytes lacking GCLC but
could be incorporated into TXN as an ROS/RNS
scavenger to compensate for GSH deficiency (Telorack
et al., 2016) (Fig. 2).

The peroxidases (PRDXs) family consists of six
members (Rhee et al., 2001, 2005), among which
PRDX1 and PRDX6 are regulated by NRF2 (Hayes and
Dinkova-Kostova, 2014). PRDX6 uses GSH, the same
as GPX4 as a physiological reductant of peroxidase
activity, while PRDX1-5 uses TXN (Fig. 6). Strikingly,
PRDX6 and GPX4 seem to share the similar function of
repairing damaged cell membranes (Fisher et al., 2018).
Moreover, PRDX6 has been confirmed as a negative
regulator of FPT (Fig. 10), which can remove lipid
peroxide (LOOH) through its iPLA2 activity (Lu et al.,
2019). Additionally, PRDX1 prevented lipid
peroxidation of corneal endothelial cells (CEnCs) and
the level of lipid peroxidation of B4G12-CEnCs showed
a significant increase if depleted by the PRDX1 gene.
However, a similar outcome did not show up in those
lacking GPX4 (Lovatt et al., 2020). This not only
indicates that the major regulator of lipid peroxidation in
B4G12-CEnCs is PRDX1 instead of GPX4 (Lovatt et
al., 2020), but also suggests that NRF2 can inhibit FPT
by regulating a GPX4-dependent or GPX4-independent
system depending on the context of different tissues.

However, it is noteworthy that NRF2 may be a
double-edged sword and can deteriorate FPT in some

cases. For example, NRF2 regulates GLS2, the key
enzyme gene for glutaminolysis (Hirotsu et al., 2012)
which was observed to exacerbate FPT in mouse
embryonic fibroblasts (MEFs) cultured under deprivation
of cysteine, and depletion of GLS2 gene prevented FPT
(Gao et al., 2015). This may be attributed to the fact that
glutaminolysis involves the mitochondrial tricarboxylic
acid (TCA) cycle, ultimately causing accumulation of
intracellular ROS and FPT (Gao et al., 2019) (Fig. 2).
Another example is that NRF2 promoted the outfllux of
GSH by increasing expression of multidrug resistance-
associated protein (MRP) to decline intracellular GSH
and thereby increase the risk of FPT (Vollrath et al.,
2006; Franco and Cidlowski, 2012) (Fig. 2).
NRF2 and enzymatic detoxif ication of RCS and
carbonyls

Previous research on the downstream of FPT has
been limited to lipid peroxidation (especially lipid
hydroperoxide), and there are few studies focusing on
the ultimate executor of FPT. Lipid peroxides are
decomposed into active derivatives, including reactive
carbonyl species (RCS) and carbonyls, which attack
proteins and DNA through Michael addition (Gaschler
and Stockwell, 2017) and may play a more central role
in the execution of FPT (Hajdinak et al., 2019) (Fig. 2).
This indicates that detoxification of lipid peroxidation
downstream product may be a new direction for treating
FPT. RCS detoxification genes regulated by NRF2
include AKR1C1-3 and ALDH3A1 (Hayes and
Dinkova-Kostova, 2014; Dodson et al., 2019) (Fig. 6),
and their coding products are potential inhibitors acting
upon FPT downstream. For example, AKRs (AKR1C1-
3) and ALDHs are highly expressed in some FPT-
resistant tumor cells (Dixon et al., 2014; Okazaki et al.,
2018; Gagliardi et al., 2019; Otsuki et al., 2020) and this
resistance may be partly attributed to the involvement of
NRF2 despite lack of research conducted in the brain
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Fig. 6. NADPH-dependent Enzymes in FPT
regulation. NADPH has strong reducing power,
which provides electrons for enzymes to inhibit
FPT. These enzymes can effectively inhibit FPT
from different aspects, such as the upstream of
lipid peroxidation (PLOOH), the downstream of
lipid peroxidation (RCS and carbonyls), or the
autoxidation process (PLOO·).



injury context (Gagliardi et al., 2019).
NRF2 and NADPH regeneration

Through ARE, NRF2 can directly activate genes
related to the pentose phosphate (PPP) pathway (G6PD,
PGD, TKT, TALDO1) and some other metabolic
pathway (ME1, IDH1) to supply NADPH (Mitsuishi et
al., 2012; Hayes and Dinkova-Kostova, 2014) (Fig. 5).
The FPT-related enemy (such as GR, TXNRD, FSP1,
AKR, ALDH) functions with the aid of NADPH (Mano,
2012; Deponte, 2013; Lu and Holmgren, 2014; Doll et
al., 2019) (Fig. 6), indicating the potential connection
between NADPH and FPT. Moreover, a decrease of
NADPH level was observed to be the downstream
consequence of lipid peroxidation in FPT, and NADPH
(rather than NADH) was identified as a biomarker of the
sensitivity of FPT inducer (FIN56) across 12 cell lines
(Shimada et al., 2016a). According to Shimada et al. cell
lines resistant to FPT had high levels of NADPH or
capability for regenerating NADPH (Shimada et al.,
2016a). Altogether, this evidence directly or indirectly
demonstrates the feasibility of targeting NRF2 to
regenerate NADPH for treating FPT.
NRF2 and ROS sources from mitochondria or extra-
mitochondria

It is well accepted that mitochondria are important
sources of intracellular ROS, excessive accumulation of
which can contribute to lipid peroxidation of FPT (Fig.
2). However, the role of mitochondria in FPT remains
controversial. On one hand, the typical morphological
feature of FPT is shrunken mitochondria, indicating that
mitochondria do participate in FPT (Dixon et al., 2012).
Moreover, cysteine deprivation led to mitochondria
membrane potential hyperpolarization and lipid peroxide
accumulation, culminating in FPT (Gao et al., 2019). On
the other hand, mitochondria seem to be less important
in FPT induced by GPX4-targeted inhibition (Gao et al.,
2019). Taken together, mitochondria seem to be mainly
involved in the upstream of FPT instead of the
downstream part. What’s more, NRF2 regulation of
mitochondrial ROS is also an enigma. Under stress
conditions, NRF2 is activated to counteract increased
ROS by transcriptionally modulating uncoupling protein
3 (UCP3), GPX1, malic enzyme 3 (ME3), and TXN2 in
mitochondria (Greco et al., 2011; Dinkova-Kostova and
Abramov, 2015). However, Dinkova-Kostova et al.
found that NRF2 had a restricted role in the regulation of
mitochondrial ROS (Dinkova-Kostova and Abramov,
2015) and that no increase was observed in the FPT
sensitivity of tumor cells removed by mitochondrial
DNA (Dixon et al., 2012). Moreover, total ROS increase
in NRF2-KO cells was more prominent than
mitochondrial ROS in primary glio-neural and brain
explant slice cultures (Kovac et al., 2015). In a word,
these findings mix the role of NRF2 in regulating
mitochondrial ROS and further research is in urgent

need.
As a heme-dependent enzyme, NADPH oxidase

(NOX) is an important source of extracellular ROS and
plays a unique role in maintaining intracellular redox
homeostasis (Droge, 2002). Recent discoveries have
shown that NOX has the potential to contribute to lipid
peroxidation of FPT. For example, NOX was reported to
be involved in neurodegenerative diseases and heart
failure through autophagy and FPT (Chen et al., 2019;
Hou et al., 2019) and inhibiting NOX in human
mammary epithelial (HME) cells helped to prevent FPT
(Poursaitidis et al., 2017; Dangol et al., 2019). The
possible mechanism may be attributed to NOX
contribution to total ROS increase (Fig. 2). NOX-
induced oxidative stress has been reported to activate
NRF2 (Kovac et al., 2015), but the transcriptional effect
of NRF2 on NOX has been little studied. Current
research considers NRF2 a negative regulator of NOX2
(Kovac et al., 2015), while the transcriptional effect of
NRF2 on NOX4 remains controversial. Theoretically,
NRF2 as an antioxidant should serve to inhibit NOX4
transcription, but plenty of studies reveal that NOX4 is
positively regulated by NRF2 (Pendyala et al., 2011) and
lack of NRF2 resulted in NOX4 transcription decline.
The reason for such a condition may be that absence of
NRF2 creates an environment that is friendly to
oxidation and thereby contributes to deactivation of
redox-sensitive cysteine in HDAC4 (Matsushima et al.,
2013), terminating with decline of NOX4 transcription
(Siuda et al., 2012). Therefore, the positive regulation of
NOX4 by NRF2 has the potential to promote FPT,
despite lack of empirical support (Fig. 5). In short, the
relationship between NRF2 and NOX (especially
NOX4) is complicated and further study will be required
for elucidating it (Wu et al., 2011; Mitsuishi et al., 2012;
Singh et al., 2013).

Considering the crucial role NRF2 plays in the
regulation of FPT-related genes, we will probe into the
feasibility of targeting NRF2 to suppress FPT for
treating brain injury in the next section.
Targeting NRF2 to mitigate ferroptosis as a therapy
for brain injury

As mentioned before, NRF2 is located in the key
position of mitigating FPT, so it is of great significance
to explore drugs that can target NRF2 to inhibit FPT for
treating brain injury. Recent studies have shown
connections between NRF2 and brain injury treatment.
For example, Edaravone injected into the lateral
ventricle reduced brain edema in rats with
intraventricular hemorrhage (IVH) through the increase
of NRF2/HO-1 signal (Zhang et al., 2018a) and the
NRF2/ARE pathway was activated to suppress oxidative
stress in TBI (Cheng et al., 2013). It is worth mentioning
that NRF2-mediated neuroprotection is mainly attributed
to astrocytes in the brain (Lee et al., 2003a,b; Kraft et al.,
2004; Shih et al., 2005), and the regulation of the NRF2
signaling pathway is highly dependent on the interaction
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between neurons at the neuron- astrocyte tripartite
synapse and astrocytes (Habas et al., 2013). Though
astrocytes were not completely relieved from
neurotoxicity, it was regarded as a self-defense
mechanism when astrocytes overloaded with iron
activated NRF2 (Cui et al., 2016). Notably, research on
brain injury should not merely separate one or two
particular type of brain cells considering the variety of
brain cells and their complicated interaction between
each other (Linkermann et al., 2014; Stockwell et al.,
2017).

There are three ways to activate NRF2 in the brain:
(1) Drugs of NRF2 activator enter the brain through
BBB, such as dimethyl fumarate (DMF) (Satoh and
Lipton, 2017), bardoxolone methyl (Zhang, 2013),
ML334, Cpd16, AN-465/14458038, and CPUY192018
(Silva-Islas and Maldonado, 2018). However, such a
method is not easy because the BBB has highly selective
permeability determined by its biological structure (Xie
et al., 2019b). TFR which is only expressed in the
cerebral vascular endothelial cells in the BBB offers a
natural target (Jefferies et al., 1984; Fishman et al.,
1987). Drugs targeting TFR can be delivered across the
BBB to the brain with nanocarriers, monoclonal
antibodies, lipid carriers and so forth (Johnsen et al.,
2019). (2) Under one typical condition, brain cells can
be activated to secrete NRF2 autonomously free of
continuous exotic NRF2 activators. Lactoferrin (LF)
itself is a natural iron chelator in the brain, which serves
to exert neuroprotection. The increase of apo-LF not
only promoted NRF2 synthesis and nuclear translocation
but also induced EPO production which can contribute
to the accumulation of NRF2 in brain cells (Genc et al.,
2010; Zakharova et al., 2018), forming a positive
feedback loop for autonomous and continuous NRF2
activation. (3) Drugs can be injected through the lateral
ventricles bypassing the BBB. Zhang et al. injected
antibodies and nano drugs into the lateral ventricles of
the brain and the drugs were allowed to spread
throughout the whole brain parenchyma through the
action of reception enhanced delivery (CED) (Zhang et
al., 2017), opening up a new approach to regulating
NRF2 in the brain. Additionally, besides these
mainstream ways, there are more options, such as
intravenous injection, intrathecal injection, and oral
administration. Nevertheless, the regulation of NRF2-
targeted drugs into the brain has been a big challenge for
clinical treatment during the last few years and more
attention should be focused on the practical problems, to
avoid staying at the theoretical level.

The role NRF2 plays in the context of cancer has
always been a hot topic. Cancer can "kidnap" the
function of NRF2 for proliferation and malignant
transformation (Mitsuishi et al., 2012; Kim and Keum,
2016; Gagliardi et al., 2019), but it also presents the
Achilles’ heel of cancer cells and thereby renders an
effective therapeutic target available (Anandhan et al.,
2020). For example, bursal, a NRF2 inhibitor, enabled
sorafenib-resistant hepatoma cells to regain the

sensitivity of FPT for its inhibition of metallothionein-
1G (MT-1G) (Sun et al., 2016). One of the differences
between how NRF2 works in tumor cells and normal
cells is that NRF2 activation in tumor cells is continuous
and uncontrolled, while in normal cells it is limited and
controlled. This suggests that clinical practice of NRF2
activators for brain injury treatment must not be
overused in case of potential side effects. Furthermore, it
is notable that NRF2 seems not to be a ‘customized’
transcription factor to resist FPT and it also plays a
regulatory role in other RCDs, such as apoptosis and
autophagy (Stępkowski and Kruszewski, 2011).
However, there is a reason to believe that NRF2 can
adjust the cell antioxidant system to defend against
different types of cell death.
Conclusion and further research

Since FPT was coined in 2012, research on it has
made rapid progress. Its system has been expanding, and
recent studies have shown connections between FPT and
other RCDs. A large amount of experimental evidence
has proved that FPT is involved in the process of brain
injury, and NRF2 as a transcription factor regulating
redox homeostasis plays a key role in the regulation of
FPT. Taken together, it is of vital significance to explore
new ways of using drugs to target NRF2 for brain injury
treatment. The clinical treatment and prognosis of brain
injury has always been a hard nut to crack in the medical
field. Because of the severe side effects of NRF2
activators, these drugs are rarely applied in clinical
treatment currently and more attention should be focused
on the practical problems, to avoid staying at the
theoretical level.

Is FPT scheduled to happen under gene coding and
of physiological significance like apoptosis, or is it just a
defense loophole caused by brain injury? One viewpoint
concerning the question considers ferroptotic death an
evolved anti-cancer function of cells (Gao et al., 2019).
In any case, understanding the role of FPT in brain
injury in essence is of more profound significance for
brain injury treatment.

In a word, targeting NRF2 to suppress FPT may be a
promising therapeutic strategy for the treatment of brain
injury, but more research in this field is needed in order
to apply this new idea to clinical treatment.
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