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Abstract

Intracranial hemorrhage (ICH) is a devastating disease which induces high mortality and poor outcomes including severe
neurological dysfunctions. ICH pathology is divided into two types: primary brain injury (PBI) and secondary brain injury
(SBI). Although there are numerous preclinical studies documenting neuroprotective agents in experimental ICH
models, no effective drugs have been developed for clinical use due to complicated ICH pathology. Oxidative and
inflammatory stresses play central roles in the onset and progression of brain injury after ICH, especially SBI. Nrf2 is
a crucial transcription factor in the anti-oxidative stress defense system. Under normal conditions, Nrf2 is tightly
regulated by the Keapl. Under ICH pathological conditions, such as overproduction of reactive oxygen species
(ROS), Nrf2 is translocated into the nucleus where it up-regulates the expression of several anti-oxidative phase Il
enzymes such as heme oxygenase-1 (HO-1). Recently, many reports have suggested the therapeutic potential of Nrf2
activators (including natural or synthesized compounds) for treating neurodegenerative diseases. Moreover, several
Nrf2 activators attenuate ischemic stroke-induced brain injury in several animal models. This review summarizes the
efficacy of several Nrf2 activators in ICH animal models. In the future, Nrf2 activators might be approved for the
treatment of ICH patients.
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Introduction C
possess the anti-oxidative stress defense system that

protects against oxidative stress. In particular, the tran-
scription factor nuclear factor-erythroid 2 related

Intracranial hemorrhage (ICH) is a devastating disease
accounting for 10 to 20% of all stroke cases, which is

mostly induced by hypertension.! ICH is associated
with high mortality and neurological dysfunctions;
50% of patients will be dead in approximately one
month, while the others will exhibit severe neurological
disabilities including paralysis, aphasia, motor dysfunc-
tion and/or cognitive dysfunction.>* Although numer-
ous preclinical studies were conducted to investigate
the efficacy of several neuroprotective agents in exper-
imental ICH animal models, no therapeutic agents are
currently approved for the treatment of ICH.>®
Therefore, effective pharmaceutical therapy for
patients with ICH has long been desired for over two
decades.

In ICH pathology, both oxidative and inflammatory
stress damage brain tissue including neurons and vas-
cular components, which contributes to brain injury
and poor outcomes.*” Humans and other mammals

factor 2 (Nrf2) is an important regulator of that
defense system.'”!" The Nrf2 signaling pathway plays
crucial roles in attenuating brain injury in experimental
ICH models via its strong anti-oxidative and anti-
inflammatory effects.'> Therefore, it is anticipated
that activation of Nrf2 may be a novel approach for
treatment of patients with ICH. There are many
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reports which demonstrate the efficacy of Nrf2 and its
downstream factors for treating other types of strokes
such as ischemic stroke and subarachnoid hemorrhage
(SAH). However, only a few review reports have
focused on the efficacy of Nrf2 and its downstream
factors for treating ICH. Thus, the aims of this
review are (1) to summarize the mechanisms of ICH
pathology specifically focusing on oxidative and
inflammatory stresses and (2) review the efficacy of
several Nrf2 activators for treating ICH in experimen-
tal ICH models.

Pathology of ICH

ICH is induced by cerebral vascular rupture and
patients usually have comorbid physiological problems
such as chronic hypertension, ageing and cerebral amy-
loid angiopathy."* Brain microvascular injury induces
extravasation of blood components with subsequent
hematoma formation.'> After ICH onset, hematoma-
induced brain damage occurs, and it is mainly divided
into two types: (1) primary brain injury (PBI) and (2)
secondary brain injury (SBI) (Figure 1).

PBI

In the early phase after ICH onset, the hematoma grad-
ually enlarges in about 20% patients and intracranial
pressure (ICP) rapidly increases due to the hematoma
mass effect.>*!* Increasing ICP by the hematoma indu-
ces mechanical damage to the normal brain parenchy-
ma tissues and is referred to as PBL,."* In general, high
ICP more than 20mmHg induces high mortality
and severe disability in ICH patients.'> PBI
mainly occurs within a few to 24 hours after ICH and
progression of PBI induces brain herniation and
oedema, which leads to neuronal cell death and neuro-
nal network disruption.? In addition, using a gel trans-
plantation animal model, gel-induced mass effect
directly induced neuronal apoptosis without blood
components.'®!” Moreover, the intracranial hematoma
volume strongly contributes to patients mortality and
neurological disabilities.'® Therefore, the progression
of mechanical stress induces tissue dissociation and
subsequently neuronal cell death, which triggers
severe neurological deficits. In clinical, brain oedema
could be prevented by management of blood pressure,
use of osmotic diuretics and surgical intervention.’
Currently, the use of novel surgical techniques and
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Figure |. The pathology of ICH. Several diseases such as chronic hypertension and amyloid angiopathy induce vascular fragility that
leads to the rupture of blood vessels. After ICH, a hematoma is formed in brain parenchymal tissue, which induces brain injury such as
primary brain injury (PBI; blue area) and secondary brain injury (SBI; yellow area). These injuries ultimately lead to devastating

functional brain impairments (green area).
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anti-hypertensive drugs has drastically improved PBI
treatment.

SBI

Compared with PBI, a few days to weeks after ICH,
various detrimental reactions contribute to SBI.

Toxicity of Hb and its metabolites

Along with hematoma formation, red blood cells
(RBCs) are released from the hematoma into surround-
ing normal brain tissues, and they are subsequently
disassembled to hemoglobin (Hb)."” Hb is a tetrameric
protein composed of alpha and beta subunit chains
each containing a heme group bound to an iron
atom. Hb supplies oxygen to the whole body by trans-
porting oxygen from the lungs to the rest of the body
via the circulation.”® When extracellular Hb releases
heme, which is captured by phagocyte cells such as
macrophages and microglia, the heme is subsequently
metabolized to iron, biliverdin and carbon monoxide
by intracellular heme oxygenase (HO).'>?' Hb metab-
olites such as heme and iron have direct cytotoxic
effects on neurovascular units (NVU) including the
blood-brain barrier (BBB) and neurons.”* ** In addi-
tion, treatment with Hb or its metabolites induced apo-
ptosis via increasing reactive oxygen species (ROS)
production.”*?

Using ICH animal models, autologous blood injec-
tion into brain parenchyma tissue induced drastic brain
damage.'” This brain damage occurred via detrimental
inflammatory reactions, BBB disruption, neuronal cell
death and brain oedema, which ultimately led to neu-
rological dysfunctions.”!® Moreover, hemin, the heme-
related molecule containing the trivalent iron (Fe®™"),
also induced oxidative and inflammatory stresses via
activating the toll like receptor (TLR) 2 or TLR4 as
well as stimulating intracellular iron
accumulation.?*%%7

In ICH animal models, the intracellular iron regula-
tion system might be disrupted. In support of this
hypothesis, after ICH, iron accumulation was observed
surrounding the hematoma tissue and phagocyte cells
uptakes these irons. Moreover, iron-regulated proteins
such as transferrin (an iron transfer protein) and ferri-
tin (an iron storage protein) were significantly
increased at 3days after ICH.?"?*%?° Tron accumula-
tion in the brain was maintained until 28 days after
ICH.?® In addition, an increase in ferritin in the sera
of ICH patients was positively correlated to outcome
severity.’® The detrimental effects of iron mainly con-
tribute to oxidative stress via the Fenton reaction in
which a bivalent iron (Fe’") promotes ROS production

from hydrogen peroxide (H,0,) (Fe** + H,0, — Fe’'-
OH + «OH) 212831

Recent studies have shown that iron derived from
Hb/heme induced ferroptosis in experimental ICH
models.**3*% Ferroptosis is iron-dependent cell death
and has different features compared to typical cell
death such as apoptosis.®® Ferroptosis significantly
increases ROS production, lipid peroxidation and acti-
vates both the mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK)
pathway and the receptor-interacting serine/threo-
nine-protein kinase (RIPK) pathway.’***3* These
pathways are not affected by anti-apoptosis reagents
(e.g., caspase inhibitors) but are suppressed by iron
chelators (e.g., deferoxamine; DFO), a necrosis
inhibitor (e.g., necrostatin) and anti-oxidants (e.g.,
N-acetyl-L-cysteine).”**33*  Moreover, ferroptosis
induced mitochondrial morphological changes in neu-
ronal cells after ICH.>> In the acute and sub-acute
phases after ICH, the neuronal mitochondria were
enlarged and swollen, which were maintained until
28days after ICH.*> Inhibition of ferroptosis by
ferrostatin-1 administration attenuated neuronal cell
loss, iron accumulation, lipid ROS accumulation and
neurological deficits after ICH in both in vivo and in
vitro models.** Therefore, the suppression of oxidative
stress via inhibiting both iron accumulation and the
subsequent increase in ROS production may be an
effective therapy for ICH.

Based on these findings, a clinical trials were con-
ducted in order to investigate whether DFO, an Fe’"
chelator, improved the outcomes in ICH patients.*
DFO has neuroprotective effects via suppression of
iron accumulation and ROS over-production.®’” Selim
et al. assessed the safety and efficacy of DFO in the
phase-II trial. In this trial, the efficacy of DFO on out-
comes was evaluated by modified Rankin Scale at 90
and 180days after ICH. As results, DFO (32mg/kg/
day) infusion administration for 3 consecutive days
was safe and slightly good outcomes at 180 days after
ICH. Unfortunately, there was no significant difference
of patient neurological outcome between DFO and pla-
cebo group.®® There are still challenges such as sample
size, criteria and timing of endpoints, this result indi-
cated that the neuroprotective effects via suppression
of iron accumulation may be weakly to improve the
neurological outcomes in ICH patients.

Inflammation

In addition to oxidative stress, hematoma formation
also induces an inflammatory reaction via activation
of macrophages/microglia, which subsequently leads
to the induction of the immune cascade and secretion
of  pro-inflammatory  cytokines.”!”?"3®  These
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inflammatory reactions are initiated within 1day after
ICH and gradually progress.” The ionized calcium-
binding adapter molecule 1 (Ibal; a macrophage/
microglial cell marker) and glial fibrillary acidic protein
(GFAP; an astrocyte marker) were accumulated
around the hematoma in ICH patients and in experi-
mental ICH animal models.***! Observation of the
glial cell dynamics in an animal ICH model revealed
that macrophages/microglia and astrocytes were accu-
mulated in the hematoma territory at 1 to 14 days after
ICH.*

Polarization of glial cells to the pro-inflammatory
phase such as Al astrocytes and M1 microglia contrib-
utes to neuroinflammation and ICH-related brain
injury.*®3? In cellular experiments, Hb or hemin treat-
ment directly activated these glial cells and induced
morphological changes (consistent with the inflamma-
tory M1 subtypes) via activation of the TLR family,
especially TLR4.°%?7%2 The activation of TLRs
induced the expression of nuclear factor kappa B
(NF-xB), a representative transcription factor that
transcriptionally transactivates several pro-
inflammatory molecules.*® Liu et al. utilized a rat
model system that induced ICH via autologous blood
injection. Compared to the sham-treated group, the
ICH group induced NF-xB expression in brain tissue
at 3 hours after ICH. The NF-xB levels then peaked at
3days and NF-xB was still present at 5days.** The
induction of NF-kB subsequently up-regulated
the expression of several genes, including those from
the matrix metalloproteinase (MMP) family, NOD-like
receptor family pyrin domain containing 3 (NLRP3)
inflammasome and several pro-inflammatory cytokines
such as interleukin 1 beta (IL-1p) and tumor necrosis
factor-alpha (TNF-a). Expression of these genes ulti-
mately leads to neuroinflammation and BBB hyper-
permeability.***> In the chronic phase of ICH, iron
accumulation and immune-derived inflammatory
stress also injured white matter tracts and induced
severe neurological dysfunctions; specifically motor
and memory functions.*®

In parallel to the inflammatory response, macro-
phages/microglia and astrocytes also contribute to the
tissue repair system.> The activation of macrophages/
microglia promote phagocytosis and clean up both the
hematoma and cellular debris, which decreases the
hematoma size.>>***” In addition, the M2 polarized
microglia accelerates tissue repair via secreting several
cytokines such as IL-4, IL-10 and transforming growth
factor-f (TGF-p).*” The expression of these cytokines
was rapidly increased as early as 1 to 1.5hours after
ICH and temporarily declined at 6hours, then
increased again at 3 or 7days.*® M2 polarization up-
regulates regulatory helper T cells and then ameliorates
ICH-induced brain damage through an anti-

inflammatory reaction.®*° Thus, the inflammatory
reaction in ICH pathology is a highly complex mecha-
nism because of its dual roles.

In summary, hematoma-induced SBI progresses
with gradual aggravation of various insults including
brain oedema and neuronal cell death.’ Since ICH
pathology involves numerous diverse pathways and
cell types, no effective drugs have been developed to
treat ICH. Therefore, agents which strongly suppress
both oxidative and inflammatory stresses may be effec-
tive for ICH treatment.

The role of the Nrf2 anti-oxidant defense
system

Regulation of Nrf2-Keap | signaling

Nrf2 has a basic leucine zipper region which belongs to
the Cap’n’Collar transcription factor group, and is
activated by ROS and/or electrophilic substances.***
Nrf2 is the central transcription factor in the biological
anti-oxidative defense system. Under unstressed condi-
tions, Nrf2 binds to kelch-like ECH-associated protein
1 (Keapl), and forms a complex in the cytoplasm.*®>
Keapl functions as the redox sensor and regulator of
Nrf2 signaling. The Nrf2-Keapl complex is rapidly
ubiquitinated and degraded by the proteasome.”
Therefore, Nrf2 is inactivated by Keapl. Under
unstressed conditions, Nrf2 expression is tightly regu-
lated and has a very low expression level.

On the other hand, during oxidative stress or inflam-
matory conditions, the Keap1 cysteine residues become
oxidized in response to ROS or electrophilic substan-
ces, and Keapl wundergoes a conformational
change.’™! This conformational change disrupts the
Nrf2-Keaplcomplex and Nrf2 is translocated into the
nucleus.*>>" Nrf2 is then free to bind to the anti-
oxidant response element (ARE) located in the DNA
of several anti-oxidant enzymes.>? The interaction of
Nrf2 with the ARE promotes transcription of several
anti-oxidant enzymes including heme oxygenase-1
(HO-1), superoxide dismutase (SOD), nicotinamide
adenine dinucleotide phosphate [NAD(P)H], quinone
oxidoreductase-1  (NQOI), catalase, glutathione
S-transferase (GST) and thioredoxin reductase™
(Figure 2). Therefore, agents that disrupt the formation
of the Nrf2-Keapl complex contribute to anti-
oxidative effects. The Nrf2 signaling pathway also
attenuates inflammatory stress via suppressing NF-xB
transcription.'®!!

In the brain, Nrf2 is ubiquitously expressed in sev-
eral types of cells in order to counteract both oxidative
and inflammatory stresses.'”>* In a mouse model of
ischemic stroke, glial cells (astrocytes and microglia)
and neurons robustly expressed Nrf2 at the peri-
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Figure 2. The regulation of the Nrf2 anti-oxidative stress defense system. Under normal conditions, Nrf2 binds to Keap| and forms
a complex, which is rapidly ubiquitinated and degraded by the proteasome. Under pathological conditions (e.g., exposure to oxidative
stress and/or inflammation), Nrf2 is dissociated from Keap| and is translocated into the nucleus. Subsequently, Nrf2 binds to anti-
oxidant response elements (AREs) in phase Il enzyme genes and activates their transcription. These phase Il enzymes such as HO-|

and NQOI mitigate the cellular stress-induced damage.

infarct area within 24 hours after transient middle cere-
bral occlusion (MCAO) surgery.>* Moreover, activa-
tion of the Nrf2 signaling pathway had beneficial
roles in an experimental SAH model.>> Therefore,
there is overwhelming evidence that Nrf2 plays crucial
roles in protecting the brain against various types of
strokes.

The contributions of Nrf2 and its
downstream enzymes on ICH pathology

The crucial roles of Nrf2 in ICH pathology

Similar to the protective effects of Nrf2 against ische-
mic stroke, numerous preclinical studies suggested the
therapeutic potential of Nrf2 signaling in experimental
ICH animal models (Figure 3). In 2007, Wang et al.
firstly reported that at 24hours after collagenase-
induced ICH, Nrf2 knockout (Nrf2”") mice had signif-
icantly larger hematomas and more severe neurological
deficits compared to wild type (WT) mice ' (Figure 3
(a-c)). In addition, Nrf2”" mice had more severe cellular
damage including increased neuronal cell death, ROS
production, DNA damage and cytochrome c release.'?
Zhao et al. also investigated the effects of Nrf2 on ICH

pathology using Nrf2”" mice.’® At 7days after ICH,
Nrf27/" mice exhibited severe neurological deficits com-
pared to WT mice.’® Furthermore, the Nrf2 activator
sulforaphane (SFN) suppressed these ICH-induced
neurological deficits in WT mice but its protective
effects were not observed in Nrf2”" mice.”® These
reports demonstrated that Nrf2 deficiency blocked
the anti-oxidant defense system and increased the vul-
nerability to oxidative stress induced by ICH.

In ICH, extravasated blood has detrimental effects
through its metabolic process.'>?! RBC lysates, which
contain Hb/heme and iron, induce deadly oxidative
stress in normal tissue near the hematoma.”*' Nrf2 is rap-
idly activated in response to these detrimental substances.

Shang et al. investigated the dynamics of Nrf2 sig-
naling after ICH.>” The mRNA expression level of
Nrf2 and its downstream anti-oxidant enzymes such
as HO-1, glutathione and thioredoxin (TRX) were
increased at 2hours after ICH and remained high up
until 10 days.>” Nrf2 protein expression was significant-
ly increased at an early time point (2 hours) after ICH
while the expression level of Keapl gradually decreased
beginning at 8 hours after ICH.”” These results sug-
gested that Nrf2 rapidly response to ICH-induced
damage in order to protect normal tissues.
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Figure 3. The essential role of Nrf2 in ICH pathology. (a)
Images of representative ICH brain slices stained with luxol fast
blue/cresyl violet. (b) After ICH, Nrf2-deficient (Nrf2”") mice
exhibited a large injury volume compared to wild type (WT)
mice. (c) Nrf2”" mice exhibited severe neurological deficits
compared to WT mice. The data is cited from a previous report
(Jian Wang, Free Radic Biol Med. 2007;43(3):408- 14), this citation
is permitted by the journal.

The contributions of HO on ICH pathology

The Nrf2 detoxification mechanism is mediated by an
increase in the expression of phase Il anti-oxidant
enzymes. HO is a representative phase II anti-oxidant
enzyme in the Nrf2 signaling pathway, which plays piv-
otal roles in heme degradation and in the anti-oxidant
defense system.?'**> This enzyme has two isoforms:
HO-1 is rapidly induced by cellular stress and functions
in the cellular stress response; HO-2 is constitutively
expressed and maintains homeostasis.?'** In blood
injection ICH rodent models, the HO-1 expression
level was drastically increased at 3 to 5days, and then
declined.’”*® The time-course HO-1 expression profile
was similar to the progression of brain oedema.®’

In experimental ICH models, brain oedema peaked at
3 days after surgery-induced ICH because heme and its
metabolites released from the hematoma damaged
normal tissue near the hematoma.'® After exposure to
Hb or heme, HO-1 but not HO-2 was rapidly increased
in various type-cells including neurons, endothelial cells
and glial cells.?! In both collagenase and blood-induced
ICH models, an increase in HO-1 expression in astro-
cytes reduced hematoma size and attenuated brain
damage.’”® In addition, systematic treatment with
hemin, which induced HO-1, also attenuated BBB dis-
ruption in both ICH models.®’ Therefore, HO-1 is
induced in response to heme and strongly contributes
to brain protection after ICH.

The up-regulation of HO-1 increases the phagocytic
capacity, and results in the production of anti-oxidants
such as carbon monoxide (CO) and biliverdin through
heme degradation.?’** A high concentration of CO is
toxic, but inhalation of CO at low concentrations pro-
moted hematoma clearance by the activation of micro-
glia and suppressed vasospasm by affecting brain
vascular smooth muscle cells, which attenuated neuro-
nal death and brain damage after SAH.®*%* In addi-
tion, CO-releasing molecules have directly protective
effects on neurons and endothelial cells against excito-
toxicity and oxidative stress via promoting anti-
inflammatory and anti-apoptosis  pathways.®*%
However, Chen and Regan demonstrated that there
was a discrepancy between the increases of HO-1
expression and CO production rate (HO activity) in
ICH model.>® Therefore, the contribution of induced
HO-1 to CO synthesis via heme breakdown may be
relatively minor in ICH condition. Biliverdin is quickly
converted to bilirubin by biliverdin reductase and its
reductase activity contributes to its anti-oxidant capa-
bility, which has protective effects on cerebral vaso-
spasm after SAH.®® Thus, HO-1 and its enzyme
byproducts have protective effects against hemorrhagic
stroke.

Even though there are many reports showing that
HO-1 has protective effects against ICH-induced brain
injury, Wang and Doré reported paradoxical results
that HO-1 exacerbated early brain injury after ICH.®’
In HO-1 knockout (HO-17") mice, the injury volume
was smaller and both leukocyte infiltration and micro-
glia activation were remarkably reduced compared to
WT mice.®” In addition, Wang et al. reported that in
an iron injection model of ICH, HO-17" mice attenuated
striatum damage compared to WT mice.®® HOs cata-
lyzes heme degradation and produces heme-derived
iron, which is highly cytotoxic because it can induce
oxidative stress.>!**?® Actually, Chang et al. found
few cells with accumulated iron in HO-1 deficient mice
after ICH.* Similar to HO-1 conflicting effects, HO-2
also has such effects. Knockout of HO-2 (HO-27)
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aggravated brain injury following Hb-induced
ICH.* which indicates that endogenous HO-2 may be
important in brain protection after ICH. Conversely,
HO-2 depletion attenuated brain damage via
suppression of oxidative stress in Hb or blood
injection ICH rodent models.”>’" These results sug-
gested that HOs activity may not only play protective
roles via producing CO and biliverdin but also
partially detrimental roles in ICH pathology via rein-
forcing iron toxicity.

Studies with HO inhibitors revealed the complex
positive and negative effects of HO enzymes on ICH
pathology. For example, zinc protoporphyrin (ZnPP),
an HO inhibitor, attenuated white matter injury and
improved neurological function after ICH.”*"?
Interestingly, contrary to these results, Zhao et al. dem-
onstrated that in a autologous blood injection-induced
ICH model, the inhibition of HO-1 by ZnPP treatment
aggravated the neurological deficits and increased the
number of apoptotic cells.” In this study, HO-1 pro-
tected the CNS by regulating phosphoinositide 3-
kinase (PI3K)/Akt signaling pathway.”* A recent
study revealed an even greater complexity in the effects
of HO-1 on ICH pathology. Zhang et al. found that
after ICH, HO-1 activation induced brain damage in
the early phase, but it promoted neurological function
recovery in the later stage.”> Specifically, in the early
stage after ICH beginning at 1day and lasting until
3days, HO-1 induction by cobalt protoporphyrin IX
(CoPP) induced severe brain damage including a
large injury volume, brain oedema. In contrast, ZnPP
suppressed these detrimental events.”> However, CoPP
treatment promoted hematoma clearance and angio-
genesis in the later stage at 7 to 28 days after ICH.”®
Taken together, HO-1 has both detrimental and pro-
tective effects on ICH pathology. Regarding these HOs
difference effects, the intracellular iron tolerated capac-
ity may also be contribution. Glial cells can store more
amount of iron than neurons.”® Neurons may be more
vulnerable to iron exposure compared to glial cells
which play a role in clean-up the accumulated iron
after ICH. Therefore, dramatically increases of HOs
in neurons induce the intracellular iron overload and
cause the detrimental effects.

Thus, even though there are many reports that HO-1
induction may be an effective approach for ICH ther-
apy, the protective effects of HOs on ICH remains
controversial.

Other Nrf2 downstream enzymes (catalase, SOD
etc.) contribute to ICH pathology
After ICH, additional Nrf2 downstream enzymes also

exerted protective effects on the brain. After ICH, the
expression level of catalase was rapidly induced at

1 hour and was maintained for 24 hours, which pro-
tected neurons against oxidative stress.”’ In addition,
after ICH, the up-regulation of catalase expression in
macrophages promoted phagocytic capacity that facil-
itated hematoma clearance and improved neurological
deficits.”® The expression levels of SOD and NQOI
were significantly higher at 24 to 72hours after
ICH.”%° These increases were concomitant with nucle-
ar Nrf2 expression and were regulated by miR-27b.%°
In addition, the ICH severity in SODI1 knockout
(SOD17") mice was aggravated via increased MMP-9
activity.®! In ICH patient serum, an increase in TRX
correlated with hemorrhagic severity and long-term
mortality.82 Therefore, after ICH, Nrf2 and its down-
stream enzymes are up-regulated to counteract brain
injury.

Therapeutic potential of Nrf2 activators
for the treatment of ICH

Many Nrf2 activators bind to the cysteine residues in
Keapl and induce a conformational change in the
Nrf2-Keapl complex. This conformational change
induces the dissociation of the Nrf2-Keapl complex
(similar to what occurs under oxidative or electrophilic
stress) and Nrf2 is subsequently translocated from the
cytoplasm into the nucleus. Here, we summarize
reports from the last 20 years describing the effects of
several Nrf2 activators on in vivo experimental ICH
models (Table 1).

Sulforaphane (SFN)

SFN is an isothiocyanate that contains sulphur and is
widely used as an Nrf2 activator.*** Due to the Nrf2
activation effects, SFN alleviated infarct formation and
cognitive impairment in ischemic stroke animal
models.?*® In SAH animal models, SFN administra-
tion suppressed brain oedema and apoptosis via the up-
regulation of Nrf2 downstream enzymes such as HO-1
and NQO1.% Zhao et al. showed that in a rat ICH
model, intraperitoneal (i.p.) administration of SFN
(5mg/kg) after ICH induction suppressed neurological
deficits at 10 days after ICH.”® SFN activated Nrf2 and
its downstream enzymes (e.g., catalase, SOD, GST and
NQOI1), which reduced neutrophil accumulation and
oxidative damage near the hematoma region.’® Yin
et al. also demonstrated that SFN administration
(1 mg/kg, twice daily, i.p.) after ICH induction promot-
ed the gradual recovery of neurological deficits and
suppressed pro-inflammatory factors after ICH.* In
addition, administration of SFN not only increased
the expression of both Nrf2 and HO-1, but also
decreased the expression of both NF-xkB and TNF-a
at 1 to 7days after ICH.’® Furthermore, SFN
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Table 1. The efficacy of Nrf2 activators in experimental ICH models.

Activators Animal Model Efficacy Reference (No.)
Sulforaphane M, R b Hematoma clearance | Zhao X et al. 47
J Neurochem. 2015.
M, R b ND | Zhao X et al. 56
Neutrophil accumulation | Stroke. 2007.
R b ND | Yin XP et al 86
Anti-inflammation Drug Des Devel Ther. 2015.
M, R b Hp indcution T Zhao X et al. 89
J Neurosci. 2009.
Flavonoid
M b, ¢t ND | Edema | Chang CF et al. 32
(-)-Epicatechin Anti-inflammation | Ann Clin Transl Neurol. 2014.
Iron accumulation |
Anti-apoptosis |
R c ND | Edema | Zeng ] et al. 105
Isoliquiritigenin BBB protection J Neuroinflammation. 2017.
NLRP3 inflammasome |
Luteolin R b ND | Edema | Tan X et al. 110
Anti-autophagy | Front Pharmacol. 2019.
Fumarate
Dimethyl fumarate M b, c ND |, Edema | Iniaghe LO et al. 120
Neurobiol Dis. 2015.
M, R b ND | Edema | Zhao X et al. 121
Stroke. 2015.
Monomethyl fumarate R b ND | Edema | Shi YY et al. 123
BBB protection Eur Rev Med Pharmacol Sci. 2019.
Tert-butyl hydroquinone M c ND | Sukumari-Ramesh S et al. 130
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treatment promoted the phagocytosis of RBCs by cul-
tured microglia/macrophages via activation of the Nrf2
pathway, which contributes to climinate hematoma
after ICH.*” Taken together, these data indicated that

Nrf2 activation by SFN not only improved neuronal
function, but also promoted hematoma clearance
through the up-regulation of anti-oxidant and anti-
inflammatory pathways after ICH.



Imai et al.

1491

SFN treatment may also contribute to hematoma
clearance via the up-regulation of haptoglobin (Hp).
Hp is a plasma protein which is produced in the liver
and subsequently secreted into circulating blood, where
it functions as a Hb detoxification factor.®” In the acute
phase after ICH, Hp is recruited from the peripheral
circulation and binds to Hb in order to eliminate the
brain hematoma.'”*® In an ICH rodent model, the lack
of Hp aggravated neurological deficits while overex-
pression of Hp alleviated brain damage.® Injection of
rats with SFN (5mg/kg, i.p.) after ICH induction
increased Hp expression at 3hours to 7days after
ICH in the striatum. Moreover, SFN treatment also
increased Hp expression in cultured oligodendrocytes
in a dose-dependent manner.** Another report also
demonstrated that SFN treatment increased Hp gene
expression via activating Nrf2.°® Taken together, these
results indicated that SFN induces the expression of
Hp, which plays a significant role in protecting the
brain from ICH-induced injury.

Flavonoids: (-)-epicatechin (EPC), isoliquiritigenin
(ILG) and luteolin

Flavonoids belong to a family of polyphenols which
are present in fruits and vegetables, and their charac-
teristic structure is two aromatic rings linked via a 3-
carbon chain.”’”? Polyphenols including flavonoids
can induce Nrf2 activation via binding to the cysteine
residues of Keap1.”* After then, Keapl is alkylated and
Nrf2 is translocated into the nucleus.”* Considering to
the robust anti-oxidative effects of flavonoids, the long-
term dietary flavonoids and flavonoid-rich foods
intake may be associated with better cognitive function
in dementia.”*%°

EPC, a member of the flavan-3-ols (catechins)
family, is a brain-permeable flavanol that is abundant
in cocoa and green tea.”®’” EPC administration has
protective effect on an ischemic stroke model via acti-
vation of the Nrf2 signaling pathway.”® Two previous
reports clarified that EPC treatment after ICH induc-
tion attenuated Hb-induced cellular toxicity and brain
damage.*>*’ Chang et al. showed that EPC administra-
tion [15mg/kg, intragastric (p.o.)] suppressed injury
volume and neurological deficits at 72hours after
ICH in a collagenase-induced ICH model.*> The effi-
cacy of EPC administration was also observed in both
autologous blood- and thrombin-induced ICH
models.*? The protective effects of EPC are mediated
by various mechanisms including anti-oxidative, anti-
apoptosis and anti-inflammatory pathways as well as
mechanisms that suppress high-mobility group protein
Bl (HMGBI) and MMPs.*? Interestingly, the efficacy
of EPC on ICH was not completely abolished in Nrf2-
deficient mice.*> Therefore, EPC might also induce

Nrf2-independent effects on ICH. For example, EPC
suppressed lipid peroxidation and iron accumulation
via increasing lipocalin-2 which plays a role in brain
iron clearance.*> These results indicated that EPC
might have anti-ferroptosis activity. EPC also sup-
pressed the induction of activator protein-1 (AP-1) at
48 and 72 hours after ICH.>* AP-1 is a stress-activated
transcription factor that regulates inflammation, apo-
ptosis and oxidative stress via the c-Jun and c-Fos
pathway.'®” AP-1 activation leads to the up-
regulation of MMPs and several pro-inflammatory
cytokines.'” Therefore, AP-1 contributes to SBI after
ICH. Lan et al. also reported that pre-treatment with
EPC protected cultured brain astrocytes against Hb-
induced cytotoxicity via the induction of Nrf2 and
AP-1 signaling pathways.”” In summary, these data
suggested that EPC has multiple protective effects on
ICH due to its anti-oxidative, anti-inflammatory, anti-
apoptosis and anti-ferroptosis activities.

ILG, which is present in the liquorice root
Glycyrrhiza uralensis, is a flavonoid with a chalcone
structure.'®! Previous studies reported that ILG treat-
ment attenuated brain damage in ischemia stroke, trau-
matic brain injury, inflammation-induced cognitive
impairment models.'"*'"* The protective effects of
ILG are conferred by its anti-oxidative activity, which
is mediated by Nrf2 activation and its anti-
inflammatory activity, which is mediated by NF-xB
suppression.'® In a transient (2hours) MCAO-
induced ischemic stroke rat model, ILG pre-treatment
suppressed infarct formation, brain oedema and neu-
rological deficits via preserving both anti-oxidant
capacity and brain ATP content.'” In addition, pre-
treatment with ILG before ischemic stroke maintained
the activity of several Nrf2 downstream anti-oxidative
enzymes including SOD, catalase and glutathione per-
oxidase.'"!%* Zeng et al. firstly demonstrated that in a
collagenase-induced ICH rat model, ILG administra-
tion (20 and 40 mg/kg, i.p.) markedly ameliorated neu-
rological deficits, histological damage, BBB disruption,
brain oedema, and neuronal degeneration.'®> This
study also demonstrated that ILG administration
after ICH induction suppressed the expression of oxi-
dative stress markers (3-nitrotyrosine and 8-hydroxy-
guanosine) and induced both HO-1 and NQOI
expression.'®> This report also clarified that ILG sup-
pressed the NLRP3 inflammasome pathway, which is
increased after ICH in rats lacking ILG treatment.'?
In the early phase after ICH, cleaved caspase-1 and
several pro-inflammatory cytokines including IL-1f
are increased. These events activate both NF-xB-medi-
ated transcription and formation of the NLRP3
inflammasome that accelerates brain injury.*>1° Nrf2
activation suppresses these inflammatory cascades via
regulating NF-«B.'"" Since ILG has potent anti-
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oxidative and anti-inflammatory activities, the dietary
uptake of ILG from liquorice and supplements may be
an effective approach for treating ICH.

Luteolin is another member of the flavonoid family,
which is present in various vegetables. Luteolin has
anti-oxidative, anti-inflammatory, anti-autophagic,
anti-apoptosis, and anti-tumor activities.'’” In an
experimental ischemic stroke model, luteolin has neu-
roprotective effects via modulating the MAPK and
PI3K/Akt signaling pathways, as well as via suppres-
sion the expression of various MMPs and TLRs.!%%1%?
Tan et al. reported that luteolin administration (10 and
20mg/kg, i.p.) attenuated brain oedema and neurolog-
ical deficits including memory impairment in a rat
autologous blood injection-induced ICH model.''®
Luteolin induced Nrf2 activation and up-regulated
Nrf2 downstream anti-oxidative factors.''® Moreover,
luteolin enhanced autophagy by inducing the expres-
sion of autophagy-related proteins such as
microtubule-associated protein 1 A/IB-light chain 3
(LC3) and the autophagy-adaptor protein, p62.'"°
p62 plays a major role in Nrf2 activation by binding
to Keapl and sequestering it into autophagosomes,
where it is subsequently degraded.'!' Furthermore,
the promoting autophagy via up-regulation of both
Nrf2 and LC3 proteins reduced oxidative stress and
improved neurological deficits in a SAH rat model.''?
Therefore, luteolin might protect the brain against ICH
via promoting autophagy, which leads to Keapl deg-
radation and Nrf2 activation. In neuronal cells, luteolin
treatment suppressed oxyHb-induced injury via pre-
serving both mitochondrial function and the p62-
Keapl-Nrf2 signaling pathway.'"”

Taken together, these flavonoids have multiple phar-
macological effects that are mediated by activation of
the Nrf2 signaling pathway. Therefore, these flavonoids
may exhibit protective effects against ICH-induced brain
injury. Daily flavonoid intake from foods and supple-
ments may be led to prevention of ICH.

Fumarates: dimethyl fumarate (DMF) and
monomethyl fumarate (MMF)

DMEF is a fumaric acid ester that has been approved for
multiple sclerosis therapy.!'*''> DMF and its primary
metabolite MMF have protective effects on central ner-
vous system (CNS) cells via promoting Nrf2 activa-
tion."">'"® In an MCAO-induced ischemic stroke
model, treatment with fumarates at post ischemia
attenuated neurological deficits and infarction via
their anti-inflammatory and anti-oxidative activities
mediated by activation of the Nrf2-NF-xB path-
way.''7!" The mechanism of Nrf2 activation occurs
via stabilization and phosphorylation of Nrf2, which is
mediated by fumarate binding to cysteine residues in

the Keapl protein. This event inhibits the formation of
the Nrf2-Keapl complex.!'® Two studies reported the
efficacy of DMF in experimental ICH models.'?%!?!
Zhao et al. firstly demonstrated that DMF administra-
tion (15mg/kg, i.p.) suppressed neurological deficits
and brain oedema at 3 days after ICH, but these pro-
tective effects were diminished in Nrf2-deficient
mice.'”! These authors also reported that DMF
induced several Nrf2 downstream enzymes such as
HO-1, catalase and NQOI."?! Moreover, DMF
enhanced the expression of various detoxification and
hematoma clearance proteins such as CD36, CD163
and Hp, which contribute to Hb phagocytosis by
microglia.'?! In addition, DMF suppressed the expres-
sion of various pro-inflammatory mediators such as
IL-18 and inducible nitric oxide synthase (iNOS).'*!
A subsequent report by Iniaghe et al. investigated the
effects of DMF in two types of rodent ICH models.'*°
In a collagenase-induced ICH model, DMF adminis-
tration (10 or 100 mg/kg, i.p.) after stroke induction
reduced intercellular adhesion molecule-1 (ICAM-1)
expression levels, but enhanced casein kinase 2 expres-
sion levels, which led to the suppression of brain
oedema and neurological deficits.'"”® ICAM-1 expres-
sion is up-regulated y NF-xB signaling and ICAM-1
aggravates the inflammatory response.'' In addition,
only the high dose of DMF (100mg/kg) attenuated
brain injury and microglia activation in an autologous
blood injection-induced ICH model."*® Moreover,
DMF treatment (100mg/kg/day, p.o.) for 2weeks
decreased the incidence of aneurysm formation and
rupture via Nrf2 activation in an elastase aneurysm
mice model.'?* Therefore, DMF may suppress the vas-
cular rupture and subsequent brain injury.

Recently, Shi et al. reported that MMF administra-
tion (15mg/kg, p.o.) after stroke induction alleviated
cerebral oedema and neurological deficits in an autol-
ogous blood injection-induced ICH rat model.'** The
efficacy of MMF in this model was dependent on
microRNA-139-mediated regulation of the Nrf2-NF-
kB pathway.'”® MicroRNA-139 is involved in the
repair of tissue damage.'?* MMF treatment significant-
ly increased the levels of microRNA-139, and overex-
pression of microRNA-139 increased both the nuclear
levels of Nrf2 and the viability of human neuroblasto-
ma SH-SY5Y cells.'*?

DMF is an oral treatment approved for use in
patients with relapsing forms of multiple sclero-
sis."'*!!* Therefore, DMF and MMF may also be
effective for other CNS diseases. Based on the evidence
described above, treatment with fumarates may protect
brain tissue and improve neurological function in
patients with ICH.
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Tert-butyl hydroquinone (TBHQ)

TBHAQ is a phenolic anti-oxidant, which is used in food
as an anti-septic.'* TBHQ possesses a 1,4 diphenolic-
type electrophilic structure.'”® Due to this structural
feature, TBHQ binds to cysteine residues in Keapl
and promotes Nrf2 translocation into the nucle-
us.'?*!?7 TBHQ has neuroprotective effects on both
experimental ischemic stroke and SAH models via acti-
vating the Nrf2 signaling pathway.'?®'?? In the ische-
mic stroke model, TBHQ continuously administration
[TmM, intracerebroventricular (i.c.v.)] for 72hours
before stroke induction attenuated both the infarct
area and neurological deficits at 24 hours after surgery
via the induction of phase II enzymes such as NQO1 in
astrocytes.'?® The neuroprotective effect of TBHQ was
maintained for 30 days after surgery.'?® Moreover, the
glutathione content in the cortex area was increased by
TBHQ administration at 24 hours after stroke induc-
tion.'?® However, the protective effects of TBHQ in the
ischemia stroke model were diminished in Nrf2-
deficient mice.'”® Therefore, the efficacy of TBHQ
depends on the Nrf2 signaling pathway. Similar to
the ischemic stroke model, in a SAH model, oral
administration of TBHQ (12.5mg/kg) after stroke
induction ameliorated brain oedema, BBB disruption,
necrotic and apoptotic cell death as well as motor and
memory impairment.'?* TBHQ significantly increased
the expression levels of NQOI and GST.'® In a
collagenase-induced ICH model, post-injury TBHQ
administration (50 mg/kg, i.p.) attenuated acute neuro-
logical deficits and oxidative brain damage.'*°
Moreover, this same study showed that TBHQ treat-
ment mitigated microglia activation and neurodegener-
ation at 24 hours after ICH."** Taken together, TBHQ
has protective effects on all types of stroke models via
up-regulation of the Nrf2 signaling pathway.

Nicotinamide mononucleotide (NMN)

NMN is an intermediate compound in nicotinamide
adenine dinucleotide (NAD™) biosynthesis."*’ NMN
is produced from nicotinamide in a reaction catalyzed
by phosphoribosyl transferase.'>! NAD™ is an essential
coenzyme for maintaining mitochondrial electron
transfer activity and contributes to the regulation of
cell proliferation, death and metabolism."*' Depletion
of intracellular NAD™ is observed as a common path-
ological condition in aging and ischemic stroke.'?*!3?
A previous study found that NAD™ replenishment by
NMN treatment after tissue plasminogen activator-
induced hemorrhagic transformation in a cerebral
ischemia model suppressed BBB disruption and hem-
orrhagic transformation.'** Therefore, NMN may
have potential protective activity against ICH-induced

brain damage. In fact, Wei et al. showed that in a
collagenase-induced ICH model, NMN administration
[300 mg/kg, i.p. or intravenous (i.v.)] after stroke induc-
tion attenuated brain oedema, neurological deficits, cell
death and neuroinflammation without affecting the
hematoma.'® NMN treatment rapidly supplied
NAD™ to the brain and increased HO-1 and nuclear
Nrf2 expression, which led to the suppression of oxi-
dative and inflammatory stresses.'*> Although these
reports found that supplementation of NAD' by
NMN leads to Nrf2 activation, the mechanism of
Nrf2 activation by NMN treatment is still unclear.
Harlan et al. hypothesized that NAD™ supplementa-
tion might activate Nrf2 via the up-regulation of
endogenous sirtuins (SIRTs) including SIRT6.'®
SIRT6 was shown to be directly involved in both
Nrf2 activation and in the increase of HO-1 expression
in cultured astrocytes.'*® SIRT6 plays important roles
in both DNA repair and in the anti-oxidative stress
system, and up-regulation of SIRT6 attenuated brain
injury in cerebral ischemia.'*” Thus, NMN treatment
may have protective effects against ICH-induced brain
injury via the replenishment of NAD™ and activation
of the Nrf2 signaling pathway.

Synthesized triterpenoids: bardoxolone methyl
(BARD) and RS9

Triterpenoids are natural compounds synthesized by
plants, which have been used in medicine for decades
because of their specific anti-bacterial, anti-oxidative,
anti-diabetic and cardio-protective activities.'**!%"
Chemically synthesized triterpenoids derived from ole-
anolic acid and ursolic acid react with the cysteine res-
idues of Keap1, which disrupt the Nrf2-Keap1 complex
and promote Nrf2 activation.'**'*! BARD is a well-
known chemically synthesized triterpenoid which has
anti-oxidative and anti-inflammatory activities via acti-
vating the Nrf2 signaling pathway.'*! BARD has pro-
tective effects in several animal models of disease
including kidney, retinal, cerebral and cardiovascular
diseases as well as cancer."**'** For example, type 2
diabetes patients treated with BARD exhibited signifi-
cantly improved renal function.'*'*®  Therefore,
BARD may soon be approved as a therapeutic agent
to treat kidney disease with diabetes. Additionally, in a
MCAO-induced ischemia stroke model, BARD admin-
istration before reperfusion induction attenuated brain
damage that occurred after ischemia reperfusion injury.
Takagi et al. reported that in a tMCAO-induced focal
brain ischemia model, BARD administration (2 mg/kg,
1.v.) just before reperfusion decreased the infarct
volume and improved neurological deficits.>* Nrf2 acti-
vation by BARD treatment was observed in both neu-
rons and astrocytes.” Furthermore, Imai et al. also
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showed that BARD suppressed hemorrhagic transfor-
mation after MCAO in anti-coagulant-treated mice.'*’
In this study, BARD attenuated neurological deficits
and protected BBB integrity via activating Nrf2 in BBB
component cells such as vascular endothelial cells and
pericytes.'*” Based on these results, synthesized triter-
penoids might be useful reagents for treating stroke
patients, but the effects of these compounds on ICH
are unclear.

Recently, a more effective Nrf2 activator, referred to
as RS9, was developed by a microbial transformation
method. RS9 induced Nrf2 activation and promoted
the expression of Nrf2 downstream anti-oxidant fac-
tors at a lower concentration compared to BARD.'*®
In addition, RS9 treatment had protective effects in
several eye disease models both in vivo and in
vitro.'"*®1% Moreover, the protective effects of RS9
may be mediated by the regulation of autophagy via
the Nrf2-p62 signaling pathway.'* BARD or RS9
administration (0.2mg/kg, i.p.) immediately after
reperfusion, attenuated infarct formation and neuro-
logical deficits as well as prolonged the survival rate
after transient MCAO via activating the Nrf2-NF-xB
signaling pathway.">® The Nrf2 expression levels in the
RS9 treatment group were significantly increased at
2hours after MCAO."® On the other hand, in an
autologous blood injection-induced hemorrhagic
stroke model, Sugiyama et al. reported that RS9
administration (2mg/kg, i.p.) after stroke induction
suppressed neurological deficits and brain oedema.”
RS9 promoted the phosphorylation of Akt in the
early phase and subsequently increased the expression
of HO-1 and SODI at 3 days after ICH.” In addition,
RS9 has a direct neuroprotective effect in a hemin-
induced neuronal cell damage model, which may
depend on HO-1 activity because co-treatment with
ZnPP diminished the protective effects of RS9.”’ In
summary, synthesized triterpenoids (especially RS9)
might be useful therapeutic reagents for treating SBI
after ICH due to their potent anti-oxidative and anti-
inflammatory activities.

Other protective agents related Nrf2-HO-| path-
ways: curcumin and hemin

Curcumin is an electrophilic polyphenol in Indian spice
Turmeric (Curcuma longa Linn) and has multiple
effects such as anti-oxidant and anti-inflammatory
properties.'>' The anti-oxidative effect of curcumin is
derived in Nrf2 activation."! In ischemic stroke model,
curcumin attenuated brain edema and neurological
dysfunction via elevation of Nrf2 and down-
regulation of NF-xB.">> Moreover, five reports show
that curcumin administration also attenuated brain
injury in animal ICH models."**'>” However, there
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Figure 4. The protective effects of Nrf2 activators on ICH.
Summary of the effects of Nrf2 activators on ICH. Nrf2 activa-
tion induces the expression of anti-oxidant enzymes and proteins
which play roles in hematoma clearance. Nrf2 activation also
suppresses NF-xB up-regulation. These events lead to the acti-
vation of anti-oxidative, anti-apoptosis and anti-inflammatory
pathways, which confer cytoprotection against ICH. As a result,
brain oedema and neurological deficits are attenuated after ICH.

was no evidence in these reports that curcumin activat-
ed Nrf2-HO-1 pathway in ICH condition.

Hemin is a famous HO-1 inducer and used in clinical
to treat acute porphyria.'>® In ICH condition, hemin
released from hematoma is metabolized to iron by HO-
1 and promotes ROS production.?'** Therefore, hemin
treatment damaged brain tissues including neurons and
endothelial cells.”*?*?® However, systemic hemin
administration (4 or 26 mg/kg, i.p.) after ICH attenu-
ated BBB disruption in both collagenase and blood
injection models.®! Moreover, a low-dose hemin thera-
py also improved brain oedema and neurological out-
come at chronic phase in a collagenase-induced ICH
model.®' Previous reports demonstrated that hemin
treatment (50-100 pM) for 6 h promoted the transloca-
tion of Nrf2 and increased downstream anti-oxidant
enzymes such as HO-1 and TXR in cellular
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experiments.'>®'%" Therefore, the positive effects of
hemin in ICH models might contribute to Nrf2 activa-
tion. In brief, hemin therapy may be effective for
patients with ICH via activating Nrf2 pathways.

Conclusion

This review describes the efficacy of Nrf2 activators on
ICH (Figure 4).

In ICH pathology, PBI is mainly attributed to the
hematoma physical mass effect. On the other hand, SBI
occurs via multiple detrimental processes, especially
oxidative and inflammatory stresses. After ICH onset,
the mechanism of each detrimental process that con-
tributes to SBI is highly complex and progresses more
drastically over time. Therefore, although PBI can be
treated with surgical intervention and/or osmotic diu-
retics, there is no effective therapeutic agent for SBI.
Various hematoma components (Hb, heme, iron and
immune cells) play important roles in the induction of
SBI. These substances induce severe oxidative and
inflammatory stresses via stimulating ROS production,
autophagy, apoptosis and ferroptosis. Mainly, we sum-
marized ICH pathology with a specific focus on oxida-
tive and inflammatory stresses in this review. Next, we
described the efficacy of Nrf2 activators for treating
ICH-induced brain damage. These Nrf2 activators
have strong anti-oxidative and anti-inflammatory
activities that are mediated by targeting multiple fac-
tors including Nrf2, NF-xB, p62 and various anti-
oxidative enzymes (HO-1, NQOI, etc). Over ten pre-
clinical research articles provided evidence supporting
the therapeutic potential of Nrf2 activators for treating
ICH-induced SBI. These studies used both collagenase-
and blood injection-induced ICH animal models. In
particular, the Nrf2 activator DMF has already been
approved for the treatment of multiple sclerosis, and
clinical trials are currently being conducted to investi-
gate the effects of the Nrf2 activator BARD on kidney
disease associated with type II diabetes mellitus. In
addition, flavonoids are also Nrf2 activators that may
be effective for treating ischemic stroke and neurode-
generative diseases such as Alzheimer’s disease and
Parkinson’s disease. Based on these positive results,
other Nrf2 activators might also be approved for sev-
eral diseases including ICH if their efficacy and safety
can be confirmed in clinical trials.

Authors’ contributions

Takahiko Imai wrote the manuscript. Hirofumi
Matsubara and Hideaki Hara gave advice and helped
to draft the manuscript. All authors discussed the con-
tents and implications and commented on the manu-
script at all stages.

Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

ORCID iDs

Takahiko Imai (® https://orcid.org/0000-0002-4422-2946
Hideaki Hara (® https://orcid.org/0000-0001-5592-4188

References

1. Ikram MA, Wieberdink RG and Koudstaal PJ.
International epidemiology of intracerebral hemor-
rhage. Curr Atheroscler Rep 2012; 14: 300-306.

2. Pinho J, Costa AS, Araujo JM, et al. Intracerebral hem-
orrhage outcome: a comprehensive update. J Neurol Sci
2019; 398: 54-66.

3. van Asch CJ, Luitse MJ, Rinkel GJ, et al. Incidence,
case fatality, and functional outcome of intracerebral
haemorrhage over time, according to age, sex, and
ethnic origin: a systematic review and meta-analysis.
Lancet Neurol 2010; 9: 167-176.

4. Xi G, Keep RF and Hoff JT. Mechanisms of brain
injury after intracerebral haemorrhage. Lancet Neurol
2006; 5: 53-63.

5. Cordonnier C, Demchuk A, Ziai W, et al. Intracerebral
haemorrhage: current approaches to acute management.
Lancet 2018; 392: 1257-1268.

6. Liddle LJ, Ralhan S, Ward DL, et al. Translational
intracerebral hemorrhage research: has current neuro-
protection research ARRIVEd at a standard for exper-
imental design and reporting? Trans/ Stroke Res 2020;
11: 1203-1213.

7. Duan X, Wen Z, Shen H, et al. Intracerebral hemor-
rhage, oxidative stress, and antioxidant therapy. Oxid
Med Cell Longev 2016; 2016: 1203285.

8. Zhu H, Wang Z, Yu J, et al. Role and mechanisms of
cytokines in the secondary brain injury after intracere-
bral hemorrhage. Prog Neurobiol 2019; 178: 101610.

9. Shao Z, Tu S and Shao A. Pathophysiological mecha-
nisms and potential therapeutic targets in intracerebral
hemorrhage. Front Pharmacol 2019; 10: 1079.

10. Sivandzade F, Bhalerao A and Cucullo L.
Cerebrovascular and neurological disorders: protective
role of NRF2. Int J Mol Sci 2019; 20: 3433.

11. Sivandzade F, Prasad S, Bhalerao A, et al. NRF2 and
NF-B interplay in cerebrovascular and neurodegenera-
tive disorders: molecular mechanisms and possible ther-
apeutic approaches. Redox Biol 2019; 21: 101059.

12. Wang J, Fields J, Zhao C, et al. Role of Nrf2 in protec-
tion against intracerebral hemorrhage injury in mice.
Free Radic Biol Med 2007; 43: 408-414.

13. Keep RF, Hua Y and Xi G. Intracerebral haemorrhage:
mechanisms of injury and therapeutic targets. Lancet
Neurol 2012; 11: 720-731.


https://orcid.org/0000-0002-4422-2946
https://orcid.org/0000-0002-4422-2946
https://orcid.org/0000-0001-5592-4188
https://orcid.org/0000-0001-5592-4188

1496

Journal of Cerebral Blood Flow & Metabolism 41(7)

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Anderson CS, Huang Y, Arima H, et al. Effects of early
intensive blood pressure-lowering treatment on the
growth of hematoma and perihematomal edema in
acute intracerebral hemorrhage: the intensive blood
pressure reduction in acute cérébral haemorrhage trial
(INTERACT). Stroke 2010; 41: 307-312.

Sykora M, Steinmacher S, Steiner T, et al. Association
of intracranial pressure with outcome in comatose
patients with intracerebral hemorrhage. J Neurol Sci
2014; 342: 141-145.

Guo T, Ren P, Li X, et al. Neural injuries induced by
hydrostatic pressure associated with mass effect after
intracerebral hemorrhage. Sci Rep 2018; 8: 9195.

Gong Y, Gong Y, Hou Z, et al. Establishment of an
experimental intracerebral haemorrhage model for mass
effect research using a thermo-sensitive hydrogel. Sci
Rep 2019; 9: 13838.

Broderick JP, Brott TG, Duldner JE, et al. Volume of
intracerebral hemorrhage: a powerful and easy-to-use
predictor of 30-day mortality. Stroke 1993; 24: 987-993.
Ziai WC. Hematology and inflammatory signaling of
intracerebral hemorrhage. Stroke 2013; 44: S74-8.
Marengo-Rowe AlJ. Structure-function relations of
human hemoglobins. Proc (Bayl Univ Med Cent)
2006; 19: 239-245.

Wagner KR, Sharp FR, Ardizzone TD, et al. Heme and
iron metabolism: role in cerebral hemorrhage. J Cereb
Blood Flow Metab 2003; 23: 629-652.

Belcher JD, Beckman JD, Balla G, et al. Heme degra-
dation and vascular injury. Antioxid Redox Signal 2010;
12: 233-248.

Imai T, Iwata S, Hirayama T, et al. Intracellular Fe 2+
accumulation in endothelial cells and pericytes induces
blood-brain barrier dysfunction in secondary brain
injury after brain hemorrhage. Sci Rep 2019; 9: 6228.
Zille M, Karuppagounder SS, Chen Y, et al. Neuronal
death after hemorrhagic stroke in vitro and in vivo
shares features of ferroptosis and necroptosis. Stroke
2017; 48: 1033-1043.

Meguro T, Chen B, Lancon J, et al. Oxyhemoglobin
induces caspase-mediated cell death in cerebral endothe-
lial cells. J Neurochem 2001; 77: 1128-1135.

Min H, Choi B, Jang YH, et al. Heme molecule func-
tions as an endogenous agonist of astrocyte TLR2 to
contribute to secondary brain damage after intracere-
bral hemorrhage. Mol Brain 2017; 10: 27.

Nath KA, Belcher JD, Nath MC, et al. Role of TLR4
signaling in the nephrotoxicity of heme and heme pro-
teins. Am J Physiol Renal Physiol 2018; 314: F906-F914.
Wu J, Hua Y, Keep RF, et al. Iron and Iron-Handling
proteins in the brain after intracerebral hemorrhage.
Stroke 2003; 34: 2964-2969.

Chen M, Awe OO, Chen-Roetling J, et al. Iron regula-
tory protein-2 knockout increases perihematomal ferri-
tin expression and cell viability after intracerebral
hemorrhage. Brain Res 2010; 1337: 95-103.

Yang G, Hu R, Zhang C, et al. A combination of serum
iron, ferritin and transferrin predicts outcome in
patients with intracerebral hemorrhage. Sci Rep 2016;
6: 21970.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Valko M, Leibfritz D, Moncol J, et al. Free radicals and
antioxidants in normal physiological functions and
human disease. Int J Biochem Cell Biol 2007; 39: 44-84.
Chang CF, Cho S and Wang J. (-)-epicatechin protects
hemorrhagic brain via synergistic Nrf2 pathways. 4nn
Clin Transl Neurol 2014; 1: 258-271.

Fang Y, Gao S, Wang X, et al. Programmed cell deaths
and potential crosstalk with blood-brain barrier dys-
function after hemorrhagic stroke. Front Cell Neurosci
2020; 14: 68.

Li Q, Han X, Lan X, et al. Inhibition of neuronal fer-
roptosis protects hemorrhagic brain. JCI Insight 2017; 2:
e90777.

Li Q, Weiland A, Chen X, et al. Ultrastructural charac-
teristics of neuronal death and white matter injury in
mouse brain tissues after intracerebral hemorrhage:
coexistence of ferroptosis, autophagy, and necrosis.
Front Neurol 2018; 9: 581.

Selim M, Foster LD, Moy CS, et al. Deferoxamine
mesylate in patients with intracerebral haemorrhage (i-
DEF): a multicentre, randomised, placebo-controlled,
double-blind phase 2 trial. Lancet Neurol 2019; 18:
428-438.

Selim M. Deferoxamine mesylate: a new hope for intra-
cerebral hemorrhage: from bench to clinical trials. In.
Stroke 2009; 40: S90-1.

Wu J, Yang S, Xi G, et al. Microglial activation and
brain injury after intracerebral hemorrhage. Acta
Neurochir Suppl 2008; 105: 59-65.

Tschoe C, Bushnell CD, Duncan PW, et al
Neuroinflammation after intracerebral hemorrhage
and potential therapeutic targets. J Stroke 2020; 22:
29-46.

Chang CF, Wan J, Li Q, et al. Alternative activation-
skewed microglia/macrophages promote hematoma res-
olution in experimental intracerebral hemorrhage.
Neurobiol Dis 2017; 103: 54-69.

Shtaya A, Bridges LR, Esiri MM, et al. Rapid
neuroinflammatory changes in human acute intracere-
bral hemorrhage. 4Ann Clin Transl Neurol 2019; 6:
1465-1479.

Lin S, Yin Q, Zhong Q, et al. Heme activates TLR4-
mediated inflammatory injury via MyD88/TRIF signal-
ing  pathway in  intracerebral = hemorrhage.
J Neuroinflammation 2012; 9: 46.

Takeda K and Akira S. TLR signaling pathways. Semin
Immunol 2004; 16: 3-9.

Liu ZC, Meng LQ, Song JH, et al. Dynamic protein
expression of NF-«xB following rat intracerebral hemor-
rhage and its association with apoptosis. Exp Ther Med
2018; 16: 3903-3908.

Ma Q, Chen S, Hu Q, et al. NLRP3 inflammasome
contributes to inflammation after intracerebral hemor-
rhage. Ann Neurol 2014; 75: 209-219.

Tao C, Hu X, Li H, et al. White matter injury after
intracerebral hemorrhage: pathophysiology and thera-
peutic strategies. Front Hum Neurosci 2017; 11: 422.
Zhao X, Sun G, Ting SM, et al. Cleaning up after ICH:
the role of Nrf2 in modulating microglia function and
hematoma clearance. J Neurochem 2015; 133: 144—-152.



Imai et al.

1497

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Ishii T, Itoh K, Takahashi S, et al. Transcription factor
Nrf2 coordinately regulates a group of oxidative stress-
inducible genes in macrophages. J Biol Chem 2000; 275:
16023-16029.

McMahon M, Itoh K, Yamamoto M, et al. The cap ‘n’
collar basic leucine zipper transcription factor Nrf2
(NF-E2 p45-related factor 2) controls both constitutive
and inducible expression of intestinal detoxification and
glutathione biosynthetic enzymes. Cancer Res 2001; 61:
3299-3307.

Itoh K, Wakabayashi N, Katoh Y, et al. Keapl
represses nuclear activation of antioxidant responsive
elements by Nrf2 through binding to the amino-
terminal Neh2 domain. Genes Dev 1999; 13: 76-86.
Kobayashi A, Kang M-I, Okawa H, et al. Oxidative
stress sensor Keapl functions as an adaptor for Cul3-
Based E3 ligase to regulate proteasomal degradation of
Nrf2. Mol Cell Biol 2004; 24: 7130-7139.

Zhang M, An C, Gao Y, et al. Emerging roles of Nrf2
and phase II antioxidant enzymes in neuroprotection.
Prog Neurobiol 2013; 100: 30—-47.

Vasconcelos AR, Dos Santos NB, Scavone C, et al.
Nrf2/ARE pathway modulation by dietary energy reg-
ulation in neurological disorders. Front Pharmacol 2019;
10: 33.

Takagi T, Kitashoji A, Iwawaki T, et al. Temporal acti-
vation of Nrf2 in the penumbra and Nrf2 activator-
mediated neuroprotection in ischemia-reperfusion
injury. Free Radic Biol Med 2014; 72: 124-133.

Chen G, Fang Q, Zhang J, et al. Role of the Nrf2-ARE
pathway in early brain injury after experimental sub-
arachnoid hemorrhage. J Neurosci Res 2011; 89:
515-523.

Zhao X, Sun G, Zhang J, et al. Transcription factor
Nrf2 protects the brain from damage produced by intra-
cerebral hemorrhage. Stroke 2007; 38: 3280-3286.
Shang H, Yang D, Zhang W, et al. Time course of
Keapl-Nrf2 pathway expression after experimental
intracerebral haemorrhage: correlation with brain
oedema and neurological deficit. Free Radic Res 2013;
47: 368-375.

Chen M and Regan RF. Time course of increased heme
oxygenase activity and expression after experimental
intracerebral hemorrhage: correlation with oxidative
injury. J Neurochem 2007; 103: 2015-2021.
Chen-Roetling J, Kamalapathy P, Cao Y, et al
Astrocyte heme oxygenase-1 reduces mortality and
improves outcome after collagenase-induced intracere-
bral hemorrhage. Neurobiol Dis 2017; 102: 140-146.
Chen-Roetling J, Song W, Schipper HM, et al.
Astrocyte overexpression of heme oxygenase-1 improves
outcome after intracerebral hemorrhage. Stroke 2015;
46: 1093-1098.

Lu X, Chen-Roetling J and Regan RF. Systemic hemin
therapy attenuates blood-brain barrier disruption after
intracerebral hemorrhage. Neurobiol Dis 2014; 70:
245-251.

Kamat PK, Ahmad AS and Doré S. Carbon monoxide
attenuates vasospasm and improves neurobehavioral

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

function after subarachnoid hemorrhage. Arch
Biochem Biophys 2019; 676: 108117.

Schallner N, Pandit R, LeBlanc R, et al. Microglia reg-
ulate blood clearance in subarachnoid hemorrhage by
heme oxygenase-1. J Clin Invest 2015; 125: 2609-2625.
Brouard S, Otterbein LE, Anrather J, et al. Carbon
monoxide generated by heme oxygenase 1 suppresses
endothelial cell apoptosis. J Exp Med 2000; 192:
1015-1025.

Vieira HLA, Queiroga CSF and Alves PM. Pre-condi-
tioning induced by carbon monoxide provides neuronal
protection against apoptosis. J Neurochem 2008; 107:
375-384.

Clark JF and Sharp FR. Bilirubin oxidation products
(BOXes) and their role in cerebral vasospasm after sub-
arachnoid hemorrhage. J Cereb Blood Flow Metab 2006;
26: 1223-1233.

Wang J and Doré S. Heme oxygenase-1 exacerbates
early brain injury after intracerebral haemorrhage.
Brain 2007; 130: 1643-1652.

Wang LF, Yokoyama KK, Lin CL, et al. Knockout of
ho-1 protects the striatum from ferrous iron-induced
injury in a male-specific manner in mice. Sci Rep 2016;
6: 26358.

Wang J and Doré S. Heme oxygenase 2
deficiency increases brain swelling and inflammation
after intracerebral hemorrhage. Neuroscience 2008;
155: 1133-1141.

Qu Y, Chen-Roetling J, Benvenisti-Zarom L, et al.
Attenuation of oxidative injury after induction of exper-
imental intracerebral hemorrhage in heme oxygenase-2
knockout mice. J Neurosurg 2007; 106: 428-435.

Avan A, Digaleh H, Di Napoli M, et al. Socioeconomic
status and stroke incidence, prevalence, mortality, and
worldwide burden: an ecological analysis from the
global burden of disease study 2017. BMC Med 2019;
17: 191.

Gong Y, Tian H, Xi G, et al. Systemic zinc protopor-
phyrin administration reduces intracerebral
hemorrhage-induced brain injury. Acta Neurochir
Suppl 2006; 96: 232-236.

Gu Y, Gong Y, Liu WQ, et al. Zinc protoporphyrin
attenuates white matter injury after intracerebral hem-
orrhage. Acta Neurochir Suppl 2016; 121: 199-202.
Zhao Q, Qu R, Teng L, et al. HO-1 protects the nerves
of rats with cerebral hemorrhage by regulating the
PI3K/AKT signaling pathway. Neuropsychiatr Dis
Treat 2019; 15: 1459—1468.

Zhang 7, Song Y, Zhang Z, et al. Distinct role of heme
oxygenase-1 in early-and late-stage intracerebral hemor-
rhage in 12-month-old mice. J Cereb Blood Flow Metab
2017; 37: 25-38.

Reinert A, Morawski M, Seeger J, et al. Iron concen-
trations in neurons and glial cells with estimates on fer-
ritin concentrations. BMC Neurosci 2019; 20: 25.

Zhao X, Zhang Y, Strong R, et al. 15d-Prostaglandin J2
activates peroxisome proliferator-activated receptor-y,
promotes expression of catalase, and reduces inflamma-
tion, behavioral dysfunction, and neuronal loss after



1498

Journal of Cerebral Blood Flow & Metabolism 41(7)

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

intracerebral hemorrhage in rats. J Cereb Blood Flow
Metab 2006; 26: 811-820.

Zhao X, Sun G, Zhang J, et al. Hematoma resolution as
a target for intracerebral hemorrhage treatment: role for
peroxisome proliferator-activated receptor y in micro-
glia/macrophages. Ann Neurol 2007; 61: 352-362.
Sugiyama T, Imai T, Nakamura S, et al. A novel Nrf2
activator, RS9, attenuates secondary brain injury after
intracerebral hemorrhage in Sub-acute phase. Brain Res
2018; 1701: 137-145.

Xu W, Li F, Liu Z, et al. MicroRNA-27b inhibition
promotes Nrf2/ARE pathway activation and alleviates
intracerebral ~ hemorrhage-induced  brain  injury.
Oncotarget 2017; 8: 70669—70684.

Wakisaka Y, Chu Y, Miller JD, et al. Critical role for
copper/zinc-superoxide dismutase in preventing spon-
taneous intracerebral hemorrhage during acute and
chronic hypertension in mice. Stroke 2010; 41:
790-797.

Qian SQ, Hu XC, He SR, et al. Prognostic value of
serum thioredoxin concentrations after intracerebral
hemorrhage. Clin Chim Acta 2016; 455: 15-19.

Zhang Y, Talalay P, Cho CG, et al. A major inducer of
anticarcinogenic protective enzymes from broccoli: iso-
lation and elucidation of structure. Proc Natl Acad Sci
US A 1992; 89: 2399-2403.

Zhao J, Kobori N, Aronowski J, et al. Sulforaphane
reduces infarct volume following focal cerebral ischemia
in rodents. Neurosci Lett 2006; 393: 108-112.

Mao L, Yang T, Li X, et al. Protective effects of sulfo-
raphane in experimental vascular cognitive impairment:
contribution of the Nrf2 pathway. J Cereb Blood Flow
Metab 2019; 39: 352-366.

Yin XP, Chen ZY, Zhou J, et al. Mechanisms underly-
ing the perifocal neuroprotective effect of the Nrf2—
ARE signaling pathway after intracranial hemorrhage.
Drug Des Devel Ther 2015; 9: 5973-5986.

Peters JH and Alper CA. Haptoglobin synthesis. II.
Cellular localization studies. J Clin Invest 1966; 45:
314-320.

Borsody M, Burke A, Coplin W, et al. Haptoglobin and
the development of cerebral artery vasospasm after sub-
arachnoid hemorrhage. Neurology 2006; 66: 634—640.
Zhao X, Song S, Sun G, et al. Neuroprotective role of
haptoglobin after intracerebral hemorrhage. J Neurosci
2009; 29: 15819-15827.

Zhao X and Aronowski J. Nrf2 to pre-condition the
brain against injury caused by products of hemolysis
after ICH. Transl Stroke Res 2013; 4: 71-75.

Bowtell J and Kelly V. Fruit-derived polyphenol supple-
mentation for athlete recovery and performance. Sports
Med 2019; 49: 3-23.

Crozier A, Del Rio D and Clifford MN. Bioavailability
of dietary flavonoids and phenolic compounds. Mol
Aspects Med 2010; 31: 446-467.

Scapagnini G, Sonya V, Nader AG, et al. Modulation of
Nrf2/ARE pathway by food polyphenols: a nutritional
neuroprotective strategy for cognitive and neurodegen-
erative disorders. Mol Neurobiol 2011; 44: 192-201.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Luo Y, Eggler AL, Liu D, et al. Sites of alkylation of
human Keapl by natural chemoprevention agents. J Am
Soc Mass Spectrom 2007; 18: 2226-2232.

Letenneur L, Proust-Lima C, Le Gouge A, et al.
Flavonoid intake and cognitive decline over a 10-year
period. Am J Epidemiol 2007; 165: 1364—1371.

Abd El Mohsen MM, Kuhnle G, Rechner AR, et al.
Uptake and metabolism of epicatechin and its access
to the brain after oral ingestion. Free Radic Biol Med
2002; 33: 1693-1702.

Bernatova I. Biological activities of (—)-epicatechin and
(—)-epicatechin-containing foods: focus on cardiovascu-
lar and neuropsychological health. Biotechnol Adv 2018;
36: 666-681.

Shah ZA, Li RC, Ahmad AS, et al. The flavanol (-)-epi-
catechin prevents stroke damage through the Nrf2/HO1
pathway. J Cereb Blood Flow Metab 2010; 30:
1951-1961.

Lan X, Han X, Li Q, et al. (—)-epicatechin, a natural
flavonoid compound, protects astrocytes against hemo-
globin toxicity via Nrf2 and AP-1 signaling pathways.
Mol Neurobiol 2017; 54: 7898-7907.

Shaulian E and Karin M. AP-1 as a regulator of cell life
and death. Nat Cell Biol 2002; 4: E131-E136.

Peng F, Du Q, Peng C, et al. A review: the pharmacol-
ogy of isoliquiritigenin. Phytother Res 2015; 29:
969-977.

Zhan C and Yang J. Protective effects of isoliquiritige-
nin in transient Middle cerebral artery occlusion-
induced focal cerebral ischemia in rats. Pharmacol Res
2006; 53: 303-309.

Zhang M, Huang LL, Teng CH, et al. Isoliquiritigenin
provides protection and attenuates oxidative Stress-
Induced injuries via the Nrf2-ARE signaling pathway
after traumatic brain injury. Neurochem Res 2018; 43:
2435-2445.

Wang R, Zhang CY, Bai LP, et al. Flavonoids derived
from  liquorice  suppress murine macrophage
activation by up-regulating heme oxygenase-1 indepen-
dent of Nrf2 activation. Int Immunopharmacol 2015; 28:
917-924.

Zeng J, Chen Y, Ding R, et al. Isoliquiritigenin allevi-
ates early brain injury after experimental intracerebral
hemorrhage via suppressing ROS- and/or NF-KB-medi-
ated NLRP3 inflammasome activation by promoting
Nrf2 antioxidant pathway. J Neuroinflammation 2017,
14: 119.

Honda H, Nagai Y, Matsunaga T, et al
Isoliquiritigenin is a potent inhibitor of NLRP3 inflam-
masome activation and diet-induced adipose tissue
inflammation. J Leukoc Biol 2014; 96: 1087—-1100.
Pandurangan AK and Esa NM. Luteolin, a bioflavo-
noid inhibits colorectal cancer through modulation of
multiple signaling pathways: a review. Asian Pac J
Cancer Prev 2014; 15: 5501-5508.

Luo S, Li H, Mo Z, et al. Connectivity map identifies
luteolin as a treatment option of ischemic stroke by
inhibiting MMP9 and activation of the PI3K/akt signal-
ing pathway. Exp Mol Med 2019; 51: 1-11.



Imai et al.

1499

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Qiao H, Zhang X, Zhu C, et al. Luteolin downregulates
TLR4, TLRS, NF-«B and p-p38MAPK expression,
upregulates the p-ERK expression, and protects rat
brains against focal ischemia. Brain Res 2012; 1448:
71-81.

Tan X, Yang Y, Xu J, et al. Luteolin exerts neuropro-
tection via modulation of the p62/Keapl/Nrf2 pathway
in intracerebral hemorrhage. Front Pharmacol 2019; 10:
1551.

Jiang T, Harder B, Rojo De La Vega M, et al. P62 links
autophagy and Nrf2 signaling. Free Radic Biol Med
2015; 88: 199-204.

Zhang T, Wu P, Budbazar E, et al. Mitophagy reduces
oxidative stress via Keapl (Kelch-Like
Epichlorohydrin-Associated protein 1)/Nrf2 (nuclear
Factor-E2-Related factor 2)/PHB2 (prohibitin 2) path-
way after subarachnoid hemorrhage in rats. Stroke
2019; 50: 978-988.

Gold R, Kappos L, Arnold DL, et al. Placebo-
Controlled phase 3 study of oral BG-12 for relapsing
multiple sclerosis. N Engl J Med 2012; 367: 1098-1107.
Fox RJ, Miller DH, Phillips JT, et al. Placebo-
Controlled phase 3 study of oral BG-12 or glatiramer
in multiple sclerosis. N Engl J Med 2012; 367:
1087-1097.

Linker RA, Lee DH, Ryan S, et al. Fumaric acid esters
exert neuroprotective effects in neuroinflammation via
activation of the Nrf2 antioxidant pathway. Brain 2011;
134: 678-692.

Scannevin RH, Chollate S, Jung MY, et al. Fumarates
promote cytoprotection of Central nervous system cells
against oxidative stress via the nuclear factor (erythroid-
derived 2)-like 2 pathway. J Pharmacol Exp Ther 2012;
341: 274-284.

Safari A, Badeli-Sarkala2 H, Namavar MR, et al.
Neuroprotective effect of dimethyl fumarate in stroke:
the role of nuclear factor erythroid 2-related factor 2.
Iran J Neurol 2019; 18: 108—113.

Singh D, Reeta KH, Sharma U, et al. Neuro-
protective effect of monomethyl fumarate on
ischemia reperfusion injury in rats: role of Nrf2/HOI
pathway in peri-infarct region. Neurochem Int 2019;
126: 96-108.

Yao Y, Miao W, Liu Z, et al. Dimethyl fumarate and
monomethyl fumarate promote Post-Ischemic recovery
in mice. Transl Stroke Res 2016; 7: 535-547.

Iniaghe LO, Krafft PR, Klebe DW, et al. Dimethyl
fumarate confers neuroprotection by casein kinase 2
phosphorylation of Nrf2 in murine intracerebral hemor-
rhage. Neurobiol Dis 2015; 82: 349-358.

Zhao X, Sun G, Zhang J, et al. Dimethyl fumarate pro-
tects brain from damage produced by intracerebral hem-
orrhage by mechanism involving Nrf2. Stroke 2015; 46:
1923-1928.

Pascale CL, Martinez AN, Carr C, et al. Treatment with
dimethyl fumarate reduces the formation and rupture of
intracranial aneurysms: role of Nrf2 activation. J Cereb
Blood Flow Metab 2020; 40: 1077-1089.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Shi YY, Cui HF and Qin BJ. Monomethyl fumarate
protects cerebral hemorrhage injury in rats via activat-
ing microRNA-139/Nrf2 axis. Eur Rev Med Pharmacol
Sci 2019; 23: 5012-5019.

Zhou S, Li S, Zhang W, et al. MiR-139 promotes dif-
ferentiation of bovine skeletal muscle-derived satellite
cells by regulating DHFR gene expression. J Cell
Physiol 2018; 234: 632—641.

Evaluation of certain food additives and contaminants.
Forty-ninth report of the Joint FAO/WHO Expert
Committee on Food Additives. World Health Organ
Tech Rep Ser 1999; 884: i—viii, 1-96.

Satoh T, Saitoh S, Hosaka M, et al. Simple ortho- and
Para-hydroquinones as compounds neuroprotective
against oxidative stress in a manner associated with spe-
cific transcriptional activation. Biochem Biophys Res
Commun 2009; 379: 537-541.

van Ommen B, Koster A, Verhagen H, et al. The glu-
tathione conjugates of tert-butyl hydroquinone as
potent redox cycling agents and possible reactive
agents underlying the toxicity of butylated hydroxyani-
sole. Biochem Biophys Res Commun 1992; 189: 309-314.
Shih AY, Li P and Murphy TH. A small-molecule-
inducible Nrf2-mediated antioxidant response provides
effective prophylaxis against cerebral ischemia in vivo. J
Neurosci 2005; 25: 10321-10335.

Wang Z, Ji C, Wu L, et al. Tert-butylhydroquinone
alleviates early brain injury and cognitive dysfunction
after experimental subarachnoid hemorrhage: role of
Keapl/Nrf2/ARE pathway. PLoS One 2014; 9: €97685.
Sukumari-Ramesh S and Alleyne CH. Post-Injury
administration of tert-butylhydroquinone attenuates
acute neurological injury after intracerebral hemorrhage
in mice. J Mol Neurosci 2016; 58: 525-531.

Poddar SK, Sifat AE, Haque S, et al. Nicotinamide
mononucleotide: exploration of diverse therapeutic
applications of a potential molecule. Biomolecules
2019; 9: 34.

Massudi H, Grant R, Braidy N, et al. Age-associated
changes in oxidative stress and NAD+ metabolism in
human tissue. PLoS One 2012; 7: e42357.

Yang J, Klaidman LK, Nalbandian A, et al. The effects
of nicotinamide on energy metabolism following tran-
sient focal cerebral ischemia in wistar rats. Neurosci Lett
2002; 333: 91-94.

Wei CC, Kong YY, Hua X, et al. NAD replenishment
with nicotinamide mononucleotide protects blood—brain
barrier integrity and attenuates delayed tissue plasmin-
ogen activator-induced haemorrhagic transformation
after cerebral ischaemia. Br J Pharmacol 2017; 174:
3823-3836.

Wei CC, Kong YY, Li GQ, et al. Nicotinamide mono-
nucleotide attenuates brain injury after intracerebral
hemorrhage by activating Nrf2/HO-1 signaling path-
way. Sci Rep 2017; 7: 717.

Harlan BA, Pehar M, Killoy KM, et al. Enhanced
SIRT6 activity abrogates the neurotoxic phenotype of
astrocytes expressing ALS-linked mutant SODI.
FASEB J 2019; 33: 7084-7091.



1500

Journal of Cerebral Blood Flow & Metabolism 41(7)

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Zhang W, Wei R, Zhang L, et al. Sirtuin 6 protects the
brain from cerebral ischemia/reperfusion injury through
NRF2 activation. Neuroscience 2017; 366: 95-104.
Jager S, Trojan H, Kopp T, et al. Pentacyclic triterpene
distribution in various plants - rich sources for a new
group of multi-potent plant extracts. Molecules 2009;
14: 2016-2031.

Phillips DR, Rasbery JM, Bartel B, et al. Biosynthetic
diversity in plant triterpene cyclization. Curr Opin Plant
Biol 2006; 9: 305-314.

Borella R, Forti L, Gibellini L, et al. Synthesis and anti-
cancer activity of CDDO and CDDO-me, two deriva-
tives of natural triterpenoids. Molecules 2019; 24: 4097.
Sporn MB, Liby KT, Yore MM, et al. New synthetic
triterpenoids: potent agents for prevention and treat-
ment of tissue injury caused by inflammatory and oxi-
dative stress. J Nat Prod 2011; 74: 537-545.

Camer D, Yu Y, Szabo A, et al. Bardoxolone methyl
prevents obesity and hypothalamic dysfunction. Chem
Biol Interact 2016; 256: 178—187.

Tian C, Gao L, Zhang A, et al. Therapeutic effects of
Nrf2 activation by bardoxolone methyl in chronic heart
failure. J Pharmacol Exp Ther 2019; 371: 642—651.
Wang YY, Yang YX, Zhe H, et al. Bardoxolone methyl
(CDDO-Me) as a therapeutic agent: an update on its
pharmacokinetic and pharmacodynamic properties.
Drug Des Devel Ther 2014; 8: 2075-2088.

Chin MP, Bakris GL, Block GA, et al. Bardoxolone
methyl improves kidney function in patients with chron-
ic kidney disease stage 4 and type 2 diabetes: post-hoc
analyses from bardoxolone methyl evaluation in
patients with chronic kidney disease and type 2 diabetes
study. Am J Nephrol 2018; 47: 40-47.

Nangaku M, Kanda H, Takama H, et al. Randomized
clinical trial on the effect of bardoxolone methyl on
GFR in diabetic kidney disease patients (TSUBAKI
study). Kidney Int Rep 2020; 5: 879-890.

Imai T, Takagi T, Kitashoji A, et al. Nrf2 activator
ameliorates hemorrhagic transformation in focal cere-
bral ischemia under warfarin anticoagulation.
Neurobiol Dis 2016; 89: 136-146.

Nakagami Y, Masuda K, Hatano E, et al. Novel Nrf2
activators from microbial transformation products
inhibit blood-retinal barrier permeability in rabbits. Br
J Pharmacol 2015; 172: 1237-1249.

Saito Y, Kuse Y, Inoue Y, et al. Transient acceleration
of autophagic degradation by pharmacological Nrf2

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

activation is important for retinal pigment epithelium
cell survival. Redox Biol 2018; 19: 354-363.

Yamauchi K, Nakano Y, Imai T, et al. A novel nuclear
factor erythroid 2-related factor 2 (Nrf2) activator RS9
attenuates brain injury after ischemia reperfusion in
mice. Neuroscience 2016; 333: 302-310.
Kunnumakkara AB, Bordoloi D, Padmavathi G, et al.
Curcumin, the golden nutraceutical: multitargeting for
multiple chronic diseases. Br J Pharmacol 2017; 174:
1325-1348.

Li W, Suwanwela NC and Patumraj S. Curcumin by
down-regulating NF-kB and elevating Nrf2, reduces
brain edema and neurological dysfunction after cerebral
I/R. Microvasc Res 2016; 106: 117-127.

King MD, McCracken DJ, Wade FM, et al.
Attenuation of hematoma size and neurological injury
with curcumin following intracerebral hemorrhage in
mice: laboratory investigation. J Neurosurg 2011; 115:
116-123.

Sun Y, Dai M, Wang Y, et al. Neuroprotection and
sensorimotor functional improvement by curcumin
after intracerebral hemorrhage in mice. J Neurotrauma
2011; 28: 2513-2521.

Qi Z, Zhang H, Fu C, et al. Prolonged hydrocephalus
induced by intraventricular hemorrhage in rats is
reduced by curcumin therapy. Neurosci Lett 2017; 637:
120-125.

Liu W, Yuan J, Zhu H, et al. Curcumin reduces brain-
infiltrating T lymphocytes after intracerebral hemor-
rhage in mice. Neurosci Lett 2016; 620: 74-82.

Yang Z, Zhao T, Zou Y, et al. Curcumin inhibits micro-
glia inflammation and confers neuroprotection in intra-
cerebral hemorrhage. Immunol Lett 2014; 160: 89-95.
Dhar GJ, Bossenmaier I, Petryka ZJ, et al. Effects of
hematin in hepatic porphyria. Further studies. Ann
Intern Med 1975; 83: 20-30.

Nakaso K, Yano H, Fukuhara Y, et al. PI3K is a key
molecule in the Nrf2-mediated regulation of antioxida-
tive proteins by hemin in human neuroblastoma cells.
FEBS Lett 2003; 546: 181-184.

Kim YC, Masutani H, Yamaguchi Y, et al. Hemin-
induced activation of the thioredoxin gene by Nrf2: a
differential regulation of the antioxidant responsive ele-
ment by a switch of its binding factors. J Biol Chem
2001; 276: 18399-18406.



	table-fn1-0271678X20984565

