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in Ischemic Stroke: Damage Control 
and Potential Tissue Repair                     

     Tuo     Yang      ,     Yang     Sun      , and     Feng     Zhang     

       Ischemic stroke is one of the leading causes of disability and mortality in the world. 
Multiple pathological processes participate in the progression of stroke, including 
excitotoxicity, oxidative stress, infl ammation, mitochondrial dysfunction, etc. 
Excessive oxidative stress is one of the most important pathogenic mechanisms in 
stroke. Therefore, therapeutic strategies against oxidative stress may be feasible for 
the treatment of stroke. Given that nuclear factor erythroid 2-related factor 2 (Nrf2) 
pathway is the predominant antioxidant system, we will focus on the promising 
protective role of Nrf2 pathway against ischemic stroke. 

1     Introduction of Nrf2 Pathway 

 Nrf2 is a member of the basic leucine zipper (bZIP) transcription factor family 
featuring a Cap ‘n’ collar structure [ 1 ,  2 ], and it is essential for the transcriptional 
induction of phase II drug-metabolizing and antioxidant enzymes, such as glutathione 
s-transferase (GST), heme oxygenase 1 (HO-1), and NADPH quinine oxidoreduc-
tase 1 (NQO-1) [ 3 ]. Nrf2 regulates gene transcription of these enzymes by binding 
the antioxidant response elements (AREs) on their promoters. 
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1.1     Regulation of Nrf2/ARE Pathway 

 Nrf2 has six functional domains known as Nrf2-ECH homologies (Neh), designated 
as Neh1-6. Each Neh domain has its own function [ 4 ]. Among them, the Neh1 
domain is the CNC-bZIP domain, enabling Nrf2 to form heterodimer with the ZIP 
domain of small musculoaponeurotic fi brosarcoma (Maf) proteins [ 5 ]; and the Neh2 
domain mediates binding with the cytosolic repressor of Nrf2. Keap1 encompasses 
three functional domains: a bric-a-brac (BTB) domain, an intervening region (IVR), 
and a Kelch domain (also named DGR domain). Under non-stressed conditions, 
Nrf2 forms a complex with Kelch-like ECH-associated protein 1 (Keap1), which 
promotes rapid proteasomal degradation of Nrf2 by proteasome, giving Nrf2 a 
half- life time of about 20 min [ 3 ]. As a result, Keap1 functions to inhibit Nrf2. 

 It has been reported that alterations in the structure of Keap1 leads to dissociation 
of the Nrf2–Keap1 complex, and this is essential for Nrf2/ARE activation [ 5 ]. Three 
cysteine residues (Cys151, Cys273, and Cys288) in Keap1 are essential for Keap1 
repression of Nrf2 activity under unstressed conditions [ 6 ]. The oxidation of these 
cysteine residues causes conformational change of Keap1 and leads to dissociation 
of the Nrf2-Keap1 complex. Some oxidative products can free Nrf2 from the com-
plex and increase the expression of phase II genes [ 7 ]. 

 Transcription factors need to translocate to the nucleus in order to transactivate. 
As for Nrf2, this process is quite rapid: Nrf2 can accumulate in the nucleus within 
15 min after tert-Butylhydroquinone (t-BHQ) treatment [ 8 ]. The key mediators that 
regulate nuclear import and export of transcription factors are the nuclear localiza-
tion signals (NLS) and nuclear export sequences (NES). A number of such nuclear 
shuttling signals have been identifi ed on Nrf2, including three NLS motifs and two 
NES motifs. The direction of Nrf2 movement is determined by a homeostatic bal-
ance between import and export driving forces. Under normal condition, Nrf2 stays 
in the cytosol because the import force is less than the export force while NES1 is 
functional. Under oxidative stress, Cys183 of NES1 is adducted and NES1 loses 
function. Then the import force is more than the export force, resulting in Nrf2 
nuclear translocation [ 9 ]. Additionally, Nrf2 nuclear translocation can also be trig-
gered when phosphorylated by kinases. The phosphorylation sites of protein kinase 
C (PKC), glycogen synthase kinase-3 and Fyn have been identifi ed. The phosphory-
lation site of PKC is Ser40 in Neh2 domain [ 10 ], but its role in Nrf2 nuclear shut-
tling is controversial. Fyn phosphorylates Tyr568 in the Neh3 domain, controlling 
nuclear export of Nrf2 [ 11 ,  12 ]. 

 After translocating into the nucleus, Nrf2 can form heterodimer with Maf pro-
teins [ 13 ], which further enhances the specifi city of Nrf2 to bind to a  cis -acting 
enhancer ARE [ 14 ] located at the promoter of phase II genes [ 1 ,  15 ]. Subsequently, 
the transcription of phase II gene is initiated. 

 Recent studies have also proposed a Keap1-independent ubiquitination model of 
Nrf2 degradation [ 16 ]; in which, GSK3β is a key player because it can phosphory-
late Nrf2 at Ser342 and Ser347 located at Neh6. Phosphorylated Neh6 can bind with 
an ubiquitin ligase adaptor beta-transducin repeat-containing protein (β-TrCP). 
β-TrCP is a scaffolding protein that directly links Nrf2 to the Cullin1/Rbx1 ubiqui-
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tination complex. Therefore, GSK-3β-mediated phosphorylation of Neh6 causes 
the ubiquitination and degradation of Nrf2 via β-TrCP. This model is supported 
by the stabilization of Nrf2 by GSK-3β inhibitors in Keap1 −/−  mouse embryo fi bro-
blasts (MEFs) [ 12 ]. Additionally, cancer-chemo preventive agent nordihydroguai-
aretic acid can activate Nrf2 and increase HO-1 protein levels through inhibiting 
GSK-3β phosphorylation in Keap1 −/−  MEFs [ 17 ]. 

 Additionally, there are some other regulatory mechanisms to prevent excessive 
activation of Nrf2. For example, AREs are located in the promoter region of Cul3, 
Rbx1, and Keap1 genes; while activation of Nrf2/ARE pathway boots the expres-
sion of phase II genes, it also upregulates these inhibitory proteins at the same time. 
This negative feedback loop is known as an autoregulatory arm of the Nrf2/ARE 
pathway [ 18 ]. In addition, the Keap1-Cul3-Rbx1 complex can enter the nucleus, 
mediated by prothymosin α (ProTα), a Keap1-binding protein with a NLS. As a 
result, 10–15 % of Keap1-Cul3-Rbx1 complex is localized in the nucleus. Once 
entering the nucleus, the Keap1-Cul3-Rbx1 complex drops ProTα and binds Nrf2, 
leading to the ubiquitination and degradation of nuclear Nrf2 [ 19 ].  

1.2     Inducers and Effectors of Nrf2 Pathway 

 It is important to identify inducers and effectors of Nrf2 pathway, because they 
could be promising therapeutic targets. As discussed above, Keap1 is the major 
inhibitor of Nrf2 activation; changes in its structure and/or its dissociation from 
Nrf2 results in the release and activation of Nrf2, which is recognized as the target 
mechanisms of nearly all Nrf2 inducers. There are several ways to classify Nrf2 
inducers. Based on their origin, inducers are divided into two classes, the exogenous 
and the endogenous; based on their chemical structure, inducers are divided into ten 
groups [ 20 ]; based on the Keap1 domains that the inducers react with, they can be 
divided into four categories [ 21 ]. 

 Currently, over 200 Nrf2/ARE-driven proteins are described for detoxifi cation 
and antioxidant defense. Among which, phase 2 enzymes initially caught the inter-
est of scientists for their preventative action against carcinogens [ 22 ]. Later, their 
function has been expanded to neuroprotection [ 23 ,  24 ]. Table  1  lists the major 
cytoprotective enzymes that participate in protection against neuronal injury in 
common neurological diseases.

2         Nrf2 Provides Neuroprotection Against Ischemic Stroke 
Via Self-Defense and Cell–Cell Interaction 

 In ischemic stroke, several pathological mechanisms known as the ischemic cas-
cade are triggered, and consequently cause rapid and irreversible neuronal death 
within the ischemic core due to severe and rapid loss of energy. In the surrounding 
hypoperfused brain tissues, known as the penumbral areas, the neurons may be 
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potentially salvageable due to relatively moderate or mild energy loss. Therefore, 
salvaging the neurons in penumbra is of great translational signifi cance. To do so, 
multiple protection and supports may be needed, because neuronal death in penum-
bra is not a stand-along event, instead, it is the consequence of neuronal injury itself 
plus dysfunction of all kinds of cells within the neurovascular unit (NVU), includ-
ing endothelial cells, astrocytes, and others [ 25 – 27 ]. 

2.1     Oxidative Stress and Nrf2 Activation in Neurons 
After Brain Ischemia 

 Following ischemia and reperfusion, the cascade of events that leads to neuronal 
deaths can be summarized as below [ 28 – 30 ]. Energy failure is the fi rst event of the 
cascade caused by decreased ATP production, the latter then disrupts Na + /K + -
ATPase, Ca 2+ /H + -ATPase, and Na + /Ca 2+ -transporter, leading to depolarization of 
cellular membrane. After depolarization, excitotoxicity amino acids, especially glu-
tamate, are released into the synaptic cleft, which consequently activates  N -methyl- 
 D -aspartic acid (NMDA), α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid 
(AMPA), and metabotropic glutamate receptors increasing intracellular Ca 2+  load. 
A variety of Ca 2+  dependent enzymes are then activated and hence induce protein 
phosphorylation, proteolysis, mitochondrial damage, and the generation of free 
radical, i.e., reactive oxygen species (ROS) and reactive nitrogen species (RNS). 
ROS and RNS eventually lead to oxidative stress, which cause lipid peroxidation, 
membrane injury, DNA damage and moreover, allowing the infi ltration of 

    Table 1    Effectors of Nrf2 pathway   

 Enzymes  Action mechanisms 

 Thioredoxin 
enzyme system 

 Thioredoxins  Reduction oxidizing proteins via the exchange 
between cysteine thiol and protein disulfi des 

 Thioredoxin reductase  Reduction of oxidized thioredoxins by 
consuming NADPH 

 Peroxiredoxins  Catalyzing the reduction of peroxides by 
utilizing thioredoxins 

 Sulfi redoxins  Reduction of the sulfi nic acid phosphoric ester 
on oxidize peroxiredoxins 

 Glutathione system  GSH  Scavenging multiple oxidative species; Serving 
as a reservoir for cysteine 

 Transferase  GSH-S-transferase  Transference of GSH 
 N-Acetyltransferase  Transfer of an acetyl group to an arylamine 
 Sulfotransferase  Transferring a sulfo group to an alcohol or amine 

 Detoxifying 
enzymes 

 HO-1  Breakdown of heme; Generation of antioxidants 
 NQO1  Catalyzing the two-electron reduction of quinone 

to the redox stable hydroquinone 
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leukocytes and activating infl ammation [ 31 ]. Multiple neuroinfl ammatory cascades 
are also activated, inducing secondary brain injury that leads to cell death [ 32 ]. 

 During the procedure of neuronal death in the penumbra, oxidative stress trig-
gered by ROS and RNS generation is considered the “key” event. The predominant 
ROS and RNS produced are superoxide anion (O 2  −• ), hydrogen peroxide (H 2 O 2 ), 
hydroxyl radical ( • OH), nitric oxide ( • NO), peroxynitrite anion (ONOO − ), and nitro-
gen dioxide ( • NO 2 ) [ 28 ]. Ischemic insults produce an excessive amount of free radi-
cals especially in the reperfused regions, and the imbalance in the formation and 
clearance of ROS and RNS leads to oxidative stress, and subsequently alters the cell 
dynamics [ 33 ] and impacts major cellular components [ 26 ]. Complex signaling net-
work involving numerous survival/death pathways have been reported to be redox 
mediated [ 34 ]. ROS and perhaps RNS, may act directly as executioners of cell death 
[ 31 ]. ROS leads to increase of mitochondrial permeability transition pore which 
subsequently causes mitochondrial swelling and neuronal death [ 35 ]. ROS also ini-
tiates apoptosis through activating p53 and p38 MAPK [ 36 ]. Another damage effect 
acted by ROS to ischemic brain is that ROS can directly increase the permeability 
of the blood–brain barrier (BBB) [ 37 ]. Focal ischemia induces a potent infl amma-
tory response within a few hours after onset of ischemia, and BBB disruption allows 
various blood immune cells infi ltrate into ischemic area [ 38 – 40 ]. These migrated 
immune cells, along with injured brain cells, produce infl ammatory mediators, 
enhancing neuronal death [ 41 ]. 

 The brain is sensitive to oxidative stress. Constituting only 2 % of the total body 
weight, the brain uses 20 % of the total oxygen consumed by the whole body, 
making the brain the major oxygen user and probably a major source of ROS [ 28 ]. 
In addition, a high level of unsaturated lipid content, multiple chemical reactions in 
dopamine oxidation and high concentrations of iron also contribute ROS generation 
in the brain [ 42 ,  43 ]. To defense against oxidative stress, both direct and indirect 
antioxidants are needed [ 44 – 46 ]. Direct antioxidants denote a group of low molecu-
lar weight compounds that can directly undergo redox reactions and scavenge reac-
tive oxidation products, ROS and RNS. This group includes glutathione (GSH), 
ascorbate, tocopherols, lipoid acid, carotenes, and ubiquinones. Direct antioxidants 
are consumed in the process, therefore need replenishment or regeneration. Indirect 
antioxidants, however, may not present the redox activity themselves. They exert 
their antioxidant effects through the upregulation phase 2 and antioxidant enzymes 
(Table  1 ), or so-called “phase 2 response” [ 5 ,  47 ,  48 ], which display a wide variety 
of antioxidant activities. 

 Several studies suggest that ROS is generated in the brain after ischemia. Peters 
et al. reported that rats subjected to middle cerebral artery occlusion (MCAO) fi rst 
exhibited a short period (10–30 min) of decreased ROS level after the occlusion, 
followed by a signifi cant increase (to 162 ± 51 %; baseline = 100 %) from 100-min 
ischemia to permanent MCAO onward [ 49 ]. Moreover, reperfusion after 1 h of 
MCAO led to a burst-like pattern of ROS production (about fi vefold), and lasted at 
least to 3 h post MCAO. Liu et al. studied the spatial distribution of ROS in ischemic 
rat brain and found that ROS was signifi cantly increased in the infarct core during 
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both ischemia and reperfusion, but in penumbra ROS was only increased during 
reperfusion [ 50 ,  51 ]. 

 Nrf2 pathway is activated in post-ischemic stroke. Tanaka et al. [ 52 ] explored the 
expression of Nrf2 and Keap1 in mice subjected to MCAO using immunohisto-
chemistry and immunofl uorescence. Their results showed that, Keap1 was signifi -
cantly decreased from 24 to 72 h post MCAO, paralleled with increased expression 
of Nrf2. In consistency with previous results, rats subjected to MCAO also exhib-
ited signifi cantly upregulated Nrf2 expression 24 h later, predominantly located in 
the penumbra compared to the core [ 53 ]. Li et al. [ 54 ] detected Nrf2 levels in rat 
brain by immunohistochemistry and western blotting analyses after MCAO and 
reperfusion, and found that, Nrf2 and hemeoxygenase-1 (HO-1) were upregulated 
in ischemic cortex, beginning at 6 h, peaking at 48 h and declining at 72 h after 
reperfusion. With a novel immunohistochemical technique, Srivastava et al. [ 55 ] 
examined the temporal and spatial distribution of Nrf2 in rat brain following 
ischemia- reperfusion injury in a detailed way. They used the nuclear/cytoplasmic 
Nrf2 ratio to indicate the level of Nrf2 activation of Nrf2 pathway, and demonstrated 
that nuclear to cytoplasmic Nrf2 ratios in stroke-affected regions were increased 
after 24 h and then declined after 72 h reperfusion. Moreover, Nrf2 expression was 
signifi cantly higher in the penumbra than the infarct core. Oligemia is another 
model used to study the stroke penumbra, in which lipid peroxidation induces an 
increased oxidative stress and an augmented  ▪ OH production during the reperfusion 
phase. Liverman et al. [ 56 ] adopted this model in mice by lowering the mean arterial 
pressure to 30–40 mmHg, and reported a signifi cant elevation of Nrf2 level in neu-
rons in the Purkinje cells of the cerebellar cortex and pyramidal neurons of the 
cingulate cortex. 

 In short, piles of evidence verify the indispensable role of Nrf2 pathway as a 
neuronal endogenous protective mechanism through the induction of its down-
stream antioxidants, including the direct (small molecular antioxidants) and indirect 
(predominant phase 2 enzyme) ones. These antioxidants then provide a cytoprotec-
tive role against ischemia-induced neuronal death.  

2.2     Nrf2 Activations in Nonneuronal Cells: The Contribution 
of Cell–Cell Interaction 

 As indicated previously, the neuronal death in ischemic stroke is a not a separate 
procedure; instead, it is caused by additional dysfunction of other types of cells 
within and beyond the NVU due to complicated cell–cell interactions. Diverse types 
of cells in the brain work as a unit to maintain the central nervous system (CNS) 
homeostasis. This can partially explain the reason why neuroprotection trials have 
mostly failed, as any disruption within the complicated system might lead to NVU 
dysfunction after brain ischemia [ 57 ]. In this regard, therapeutic strategies should 
not only aim to neurons, but also to salvage other cells and hence restore function of 
the NVU [ 26 ,  29 ,  57 ]. 
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 Dual-direction responses have been reported between neurons and endothelial 
cells in the brain. During brain development, microvessel and neuron are already 
arranged to grow together along the extracellular matrix paths [ 58 – 60 ]. In adult 
brain, the regulation of regional cerebral blood fl ow depends on the activity of neu-
rons [ 61 ]. Zonta et al. reported that, in a rat hyperemia model, neuronal afferent 
stimulation mediates the dilation of cerebral arterioles, which is dependent on the 
glutamate-mediated [Ca 2+ ] i  oscillations in astrocytes [ 25 ,  62 ]. On the other hand, 
some novel discoveries focusing on microvessel structure, endothelial cells, and 
astrocyte endothelial adhesion indicated an opposite regulatory direct, from 
microvessel to the neurons they supply [ 63 ,  64 ]. An interesting research by Mabuchi 
et al. showed that an ordered and sequential microvessel–neuron relationship existed 
in contralateral basal ganglia; in ischemic area, neurons more distant from their 
nearest microvessel are more sensitive to ischemia, indicating that neuronal survival 
is dependent on the microvascular function [ 65 ]. Besides, microglias and macro-
phages play specifi c roles in the ischemic brain, functioning as a “double-edged 
sword” by either cleaning up or inducing local infl ammation [ 66 ,  67 ]. In the follow-
ing context, we will discuss the contribution of non-neuronal Nrf2 pathways to neu-
ronal survival. 

2.2.1     Nrf2 Pathway in Astrocyte 

 Comparing to neurons, astrocytes produce large amount of antioxidants [ 45 ,  68 ], 
and several lines of evidence have demonstrated that astrocytic Nrf2 contributes to 
neuronal survival following brain ischemia. Kraft and colleagues reported that the 
activation of astrocytic Nrf2 protected neurons from hydrogen peroxide and glu-
tamate in cell cultures [ 69 ]. This protection disappeared in cultures from Nrf2 
knockout animals; and the protection could be restored by infecting cells with a 
replication-defi cient adenovirus that carried Nrf2, indicating an important role of 
astrocytic Nrf2 in neuronal protection. Shih et al. also studied the astrocyte–neu-
ron interaction using a co-culture model of neurons, naïve astrocytes, and infected 
astrocytes (Nrf2 overexpression cells) [ 70 ]. They reported that astrocytes have 
higher basal Nrf2 expression and ARE activity than neurons, with an increased 
expression of GSH. When stimulated, the co-culture with oxidative glutamate tox-
icity, they found that Nrf2 activation led to an increase in both media and intracel-
lular GSH in astrocytes; experiments on selective inhibition of glial GSH synthesis 
indicated that an Nrf2-dependent increase in glial GSH synthesis was both neces-
sary and suffi cient for the protection of neurons [ 70 ]. It is not fully understood 
how astrocytic GSH protects neurons [ 71 ]. It has been reported that GSH can 
scavenge free radicals in the extracellular area [ 72 ]. In addition, GSH can be 
hydrolyzed on the external surface of astrocytes and thus provide high yield of 
cysteine and glycine, which can be taken up by neurons and used for intracellular 
GSH synthesis [ 73 ]. 

 Astrocytic Nrf2 also contributes to neuronal protection in a mitochondria- dependent 
manner [ 74 ,  75 ]. 3-nitropropionic acid (3NP) and malonate are two mitochondrial 
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complex II inhibitors, and they can kill neurons probably by inducing ROS generation 
in mitochondria. Calkins et al. reported that Nrf2-defi cient astrocytes and mice were 
more vulnerable to 3NP or malonate; and they also found that astrocytes showed 
increased ARE-regulated transcription [ 76 ]. If Nrf2- overexpressing astrocytes were 
transplanted into the brain before 3NP or malonate treatments, a dramatic protec-
tion was noticed against complex II inhibition [ 76 ]. To extend these fi ndings, they 
developed a line of transgenic mice with astrocyte- specifi c overexpression of Nrf2, 
and found the transgenic mice was resistant to malonate insults, which was associ-
ated with elevation of Nrf2-driven genes such as NQO1, GCLM, and HO-1. 
Furthermore, they showed that malonate toxicity could also be reduced by striatal 
transplantation of neuroprogenitor cells overexpressing Nrf2, which differentiated 
into astrocytes after grafting [ 77 ]. 

 Astrocytic Nrf2 pathway was also reported to play a positive role in brain protec-
tion following ischemic preconditioning [ 78 ]. Bell et al. reported that Nrf2 could be 
activated by mild oxidative stress in both rodent and human astrocytes, and that 
transient ischemic conditions in vitro and in vivo cause an increase in the expression 
of Nrf2 target genes, especially the GSH system [ 78 ]. Astrocytic Nrf2 also contrib-
utes to chemical preconditioning induced by resveratrol [ 79 ]. Nrf2 pathway was 
found activated in astrocytes by resveratrol, and loss of Nrf2 reduced resveratrol 
-mediated neuroprotection in mice. After resveratrol treatment, both wild-type and 
Nrf2 −/−  cortical mitochondria produced ROS, and Nrf2 −/−  cells showed decreased 
mitochondrial antioxidant expression and failed to elevate cellular antioxidants after 
preconditioning. These data suggest that astrocytic Nrf2 pathway is critical in 
preconditioning- induced neuroprotection [ 79 ]. 

 It has also been reported that astrocytes can protect endothelial cells in a GSH- 
dependent manner. Schroeter et al. reported that astrocytic cultures showed higher 
antioxidative activity than endothelial cultures, indicated by increased levels of 
SOD, catalase, and glutathione peroxidase [ 80 ]. When cultured these types of cells 
together, they found an increased antioxidative capacity in endothelial cells. In 
another report, Laird et al. reported that hemin could induce apoptosis in mouse and 
human endothelial cells; and that astrocyte-conditioned media could rescue the 
apoptotic endothelia death, in which GSH played a key role as the protection was 
aborted by prior treatment of astrocyte with DL-buthionine (S, R)-sulfoximine, a 
GSH-depleting agent [ 81 ].  

2.2.2     Nrf2 Pathway in Endothelial Cell 

 In term of structure, endothelial cells are the center of NVU, as they play important 
roles in nourishing surrounding cells and keeping the integrity of BBB and 
NVU. Under pathological conditions, however, endothelial cells may generate ROS 
that may induce neuronal cell death [ 82 ]. When their ROS reacts with nitric oxide 
(NO), peroxynitrite, a much more powerful oxidant than ROS, will form [ 83 ,  84 ]. 
In addition to damaged surrounding structures, those ROS and RNS will cause the 
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disruption of BBB integrity following ischemia, in the forms of increased passive 
diffusion or massive cellular infi ltration [ 85 ,  86 ]. 

 As a way of self-defense, endothelial cells equip themselves with Nrf2 system, 
and several studies suggest that Nrf2 and its target enzymes protect endothelial cells 
from oxidative insults and sustain BBB integrity following brain ischemia. Alfi eri 
et al. [ 87 ] pretreated rats with sulforaphane and then subject them to MCAO fol-
lowed by reperfusion. They found sulforaphane signifi cantly increased HO-1 
expression in brain microvessel and that BBB disruption was attenuated after stroke. 
Bénardais et al. detected the protective effects of dimethylfumarate (DMF), an Nrf2 
activator, on BBB integrity and found that both DMF and its primary metabolite 
monomethylfumarate (MMF) activated Nrf2 pathway and upregulated NQO1 in 
brain endothelial cells [ 88 ]. Moreover, DMF can partially attenuate TNF-α-induced 
downregulation of tight junction (TJ) protein [ 88 ]. DMF may also protect endothe-
lia cells by stabilizing the BBB via preventing TJ disruption and suppressing the 
activity of matrix metallopeptidase (MMP) [ 89 ]. A similar protective effect was 
reported by Wu et al. [ 90 ] with an oral administration of procyanidin B2, a dietary 
Nrf2 inducer, 3 h after MCAO. They found that procyanidin B2 signifi cantly 
reduced the infarct volume, brain edema, and neurological defi cits; moreover, they 
also noticed increased levels of TJ proteins in the brain microvessel and sustained 
BBB integrity indicated by Evans blue leakage. Nrf2 activation may underlie the 
observed protections as these protections are associated with increased expression 
of HO-1, NQO1, and GSTα [ 90 ]. 

 In addition to ischemic stroke, BBB protection by Nrf2 pathway is also reported 
in other CNS disorders, such as subarachnoid hemorrhage (SAH) and traumatic 
injuries to brain and spinal cord. 

 SAH is another form of stroke with noticeable vasospasm and subsequent isch-
emia for several days, and BBB disruption is common after SAH that can result in 
further brain injury. It has been reported that Nrf2-ARE pathway was activated after 
SAH, and administration of Nrf2 inducers, such as sulforaphane [ 91 ] or t-BHQ [ 92 , 
 93 ] can signifi cantly attenuate BBB disruption induced by SAH. In addition to these 
Nrf2 inducers, some other neuroprotective agents can ameliorate BBB disruption 
through activating Nrf2 and upregulating HO-1, NAD(P)H, NQO-1; such agents 
include astaxanthin [ 94 ], propofol [ 95 ], melatonin [ 96 ], and recombinant human 
erythropoietin [ 97 ]. On the other hand, Nrf2 knockout exacerbated brain injury after 
SAH with increased brain edema, BBB defi cits, and decreased GSH [ 98 ]. 

 In traumatic brain injury, sulforaphane was reported to preserve BBB function in 
association with reduced loss of TJ protein and endothelial markers [ 99 ]. This pro-
tection disappeared in Nrf2 knockout mice or when the animals were pretreated 
with decoy oligonucleotides containing the binding site of Nrf2 [ 99 ]. Similar phe-
nomenon was reported in animals subjected to spinal cord injury. For instance, 
t-BHQ could alleviate spinal cord edema and suppress the expression of tumor 
necrosis factor alpha (TNF-α), interleukin-6 (IL-6), and interleukin-1 beta (IL-1β) 
[ 100 ]. Nrf2 −/−  mice showed more severe edema after spinal cord injury, which is 
associated with increased levels of MMP-9 and TNF-α probably caused by an 
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increase in BBB disruption [ 101 ]. These studies suggest that Nrf2 pathway contributes 
to endothelial protection in broad-spectrum conditions.  

2.2.3     Nrf2 Pathway in Microglia/Macrophage 

 For a long time, the brain has been regarded as an “immune privileged” organ for its 
lack of classical immune response [ 102 ,  103 ]. However, it has become increasingly 
clear that the brain is actually an immune organ, especially with the discovery of 
lymphatic vascular system in the brain [ 104 – 106 ], suggesting that complicated 
interactions may exist between CNS and the immune system. 

 Microglias are CNS residential immune cells which share a lot of features with 
monocytes and microphages and provide innate immune responses. They need to 
consume energy for a broad range of activities, and are thus highly sensitive to 
energy defi cits and local changes in blood perfusion [ 67 ]. It is not surprising that 
microglias are among the fi rst cells to respond to CNS injuries. For example, they 
are mobilized within 1 h after ischemic stroke, start to proliferate within 72 h, and 
continue to accumulate for >1 month. The function of microglias in stroke is recog-
nized as a “double-edged sword” [ 66 ,  104 ]; they release cytotoxic cytokines that 
can kill the other cells including neurons at acute stage after ischemia, but they clear 
cellular debris via phagocytosis and autophagy and restrict the infl ammation at late 
stage. Therefore, it may be critical to fi ne-tune the function of microglias and mac-
rophages in order to limit brain damage and enhance restoration functionally and 
partially structurally following stroke. We will briefl y discuss the perspectives of 
activating microglial Nrf2 pathway in the modulation of infl ammatory response, 
autophagy, and phagocytosis after ischemic stroke. 

   Nrf2 Suppresses Microglial Infl ammatory Response 

 It is widely accepted that infl ammatory processes play a pivotal role in neuronal 
death, especially the delayed one that may last for days and even weeks after isch-
emic stroke [ 107 ]. Microglias and macrophages mediate infl ammatory response by 
releasing pro-infl ammatory cytokines such as IL-1β and TNF-α and by releasing 
other factors such as cyclooxygenase-2 (COX-2), NO and MMPs [ 107 ,  108 ]. 

 Foresti et al. screened 56 small molecules that are potent Nrf2 activators, includ-
ing t-BHQ, and carnosol, and showed that activation of Nrf2 could signifi cantly 
inhibit LPS-induced infl ammation in mice microglia-like cell line BV2 cells, which 
could be abrogated by transfection of Nrf2 shRNA and HO-1 shRNA [ 109 ]. Dilshara 
and coworkers reported that α-viniferin could reduce LPS-induced NO and COX-2 
production in BV-2 cells, which could also abrogated by Nrf2-siRNA transfection 
[ 110 ]. In addition, several other Nrf2 activators, including adenosine [ 111 ], 
β-lapachone [ 112 ], KCHO-1 [ 113 ] and tissue inhibitor of metalloproteinase-2 
[ 114 ], could also reduce infl ammatory responses in association with Nrf2 activation 
and HO-1 upregulation. It is not clear how Nrf2 activation can inhibit infl ammatory 
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response. While Foresti [ 109 ] and Dilshara’s fi ndings [ 110 ] may suggest a direct 
link between Nrf2 pathway and the inhibition of infl ammation, fi ndings of other 
studies may need to be further investigated.  

   Nrf2 Pathway in Microglial Autophagy 

 Autophagy is a lysosome-mediated degradation process for non-essential or dam-
aged cellular constituents, which involves more than 30 autophagy-related proteins 
(ATGs) and 50 lysosomal hydrolases [ 115 ]. Physiologically, autophagy also con-
tributes to preserve homeostasis through the removal of unwanted or damaged mito-
chondria as well as other organelles. Three classes of autophagy have been described 
based on how protein substrates for degradation reach the lumen of lysosome [ 115 ]. 
(i) Macroautophagy, which is generally referred to as autophagy, is mediated by the 
formation of double-membrane vesicles known as autophagosomes. When autopha-
gosomes mature, they fuse with and deliver their contents for degradation. (ii) 
Microautophagy is a process in which lysosomes directly engulf the cytoplasmic 
material to degrade. (iii) Chaperone-mediated autophagy is more complex and spe-
cifi c, which involves the recognition by the heat shock cognate protein 70 (HSC70)-
containing complex. In brief, the target protein must contain the recognition site for 
HSC70 complex, which will allow it to bind to this chaperone, leading to the forma-
tion of the substrate/chaperone complex. The complex will then move to the lyso-
somal membrane and enter the cell, whereby get degraded by the lysosome. Among 
the three classes mentioned above, macroautophagy is the most common one and 
will be our focus in this section. 

 The overall mechanism of autophagic regulation is almost clear now. Generation 
of the autophagosomal structure requires the beclin-1-class III PI3K complex and 
the generation and insertion of light chain 3 (LC3, also known as Atg8)-II complex 
into the autophagosomal membrane. The Atg genes control autophagosome forma-
tion through Atg12-Atg5 and LC3-II complex [ 116 ]. Atg12 is conjugated to Agt5 in 
a ubiquitin-like reaction, which requires Atg7 and Atg10 as enzymes of the reac-
tion. The Atg12-Atg5 conjugate then interacts with Atg16, and together form a 
large complex with beclin-1-class III PI3K. The generation of LC3-II complex 
requires Atg3, Agt4, and Atg7 as enzymes of a ubiquitin-like reaction. Sequestosome 
1 (SQSTM1, also known as p62), an “adaptor” molecule in selective autophagy, 
helps the attachment of LC3-II complex to the autophagosome membrane. 

 There are at least two mechanisms via which Nrf2 pathway regulates autophagy. 
First, the Atg proteins mentioned above are sensitive to redox signaling, thus redox 
status regulates autophagy [ 117 ]. It is not surprised that Nrf2 can regulate autoph-
agy through regulating the redox status. In addition, Nrf2 has also been reported to 
upregulate the expression of Sestrin 2 which acts to scavenge ROS and promote 
autophagy, through enhancement of Sestrin 2 promoter activity [ 118 ]. The other 
mechanisms involve the interaction of Nrf2 with p62. As a matter of fact, positive 
feedback loop exists between p62 and Nrf2 pathway. It is reported that Nrf2 path-
way directly enhances macrophage autophagy through promoting p62 expression 
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[ 119 ,  120 ], because p62 is a target gene of Nrf2 [ 121 ,  122 ]. Nrf2 is also necessary 
in p62 aggregation. Using mouse RAW264.7 macrophages, Fujita et al. reported 
that treatment with LPS or  E. coli  could induce LC3-II and p62 expression, as well 
as the formation of selective autophagy of aggresome-like induced structures; and 
this effect is aborted in Nrf2-defi cient microphages, indicating the necessity of 
Nrf2 in p62 aggregation and p62-mediated autophagy [ 122 ]. Similar phenomenon 
is also shown in liver cells [ 123 ] and in the septic lung [ 124 ]. In this positive feed-
back pattern, p62 also contributes to Nrf2 activation. There is a Keap1-interacting 
region (KIR) in p62, and various stresses can induce the phosphorylation of the 
serine residue in the KIR, which markedly increases its binding affi nity to Keap1. 
Therefore, phosphorylated p62 can completely abrogate the interaction between 
Nrf2 and Keap1, thus activating Nrf2 [ 125 ]. In addition, Keap1 in the complex with 
phosphorylated p62 is degraded by selective autophagy [ 121 ,  126 ], contributing to 
the continuous activation of Nrf2 pathway. 

 So far, there is little information about the role of Nrf2 in regulating microglial 
autophagy in stroke, although two reports showed that hypoxia promote both Nrf2 
activation and microglial autophagy [ 127 ,  128 ], without knowing the potential link 
between these two events. Nevertheless, given that phagocytosing microglia pro-
duce large amount of ROS, and that ROS is a strong inducer of Nrf2 activation and 
autophagy, it is reasonable to speculate that the activation of Nrf2 in microglia may 
promote its autophagic capacity. It is worth to note that autophagy may also be a 
“double-edged sword,” with side effects of further induction of infl ammation and 
delayed cell death, etc. The degree and time of autophagy would determine the 
overall prognosis [ 129 ]. In this regard, further research could be helpful and focus 
on how Nrf2 regulates microglial autophagy after stroke, and how to precisely con-
trol the degree and time of Nrf2 activation to achieve protective effects and avoid 
detrimental ones.  

   Nrf2 Pathway Promotes Microglial Phagocytosis 

 Phagocytosis is a Greek-derived term. Literally, it means the cellular processes of 
eating, which includes the recognition, engulfment, and degradation of large (>0.5 
μm) particulated organisms or structures [ 130 ]. Using a co-culture system and live 
imaging technique, it has been determined that microglia can eliminate an apoptotic 
cell in 25–95 min in vivo [ 131 ]. In vitro under physiological conditions, the microg-
lial clearance time of apoptotic cells has been estimated from 70–90 min to 1–2 h 
[ 132 ,  133 ]. Besides clearance of apoptotic cells and debris, which is critical for the 
CNS homeostasis [ 133 ], phagocytosis has other functions [ 134 ], which includes: 
(1) antigen presentation, (2) activation of respiratory burst, which can be triggered 
by hypoxia/reoxygenation, inducing ROS generation that contributes to killing 
engulfed microorganisms and degradation of other cargo, and (3) modulation of 
infl ammatory responses. 

 In stroke, phagocytosis by microglias and macrophages plays a critical role in the 
clearance of cellular bodies and debris, thus limiting ischemic injury [ 135 ,  136 ] and 
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promoting tissue repair [ 137 ]. As demonstrated by Lalancette-Hébert et al., selective 
ablation of proliferating microglias/macrophages 72 h after MCAO led to a 2.7-fold 
increase in the number of apoptotic cells, predominantly neurons, and exacerbated 
ischemic brain injury [ 136 ]. In another research carried out by Faustino et al., they 
reported that depletion of microglia signifi cantly enhanced focal infl ammatory 
responses and ROS expression [ 135 ]. 

 Few researches focus on the role of Nrf2 pathway in regulating microglial phago-
cytosis in the acute or sub-acute phase post the onset of stroke, though Nrf2 path-
way has been shown to promote the phagocytosis of macrophages and microglia in 
several other circumstances. For example, curcumin could enhance the phagocyto-
sis of parasitic protozoans by microphage, playing an antimalarial role; and this 
process was mediated by the activation of Nrf2 signal pathway but not PPAR-γ 
[ 138 ]. Sulforaphane and benzyl isothiocyanate, two Nrf2 activators, could increase 
the uptake of 2-μm diameter polystyrene beads by RAW 264.7, a line of murine 
macrophage-like cells, and this effect was aborted in peritoneal macrophages from 
Nrf2 −/−  mice [ 139 ]. In the lung, alveolar macrophages demonstrated a decreased 
ability to recognize and phagocytose bacteria in chronic obstructive pulmonary 
disease; sulforaphane treatment could restore bacteria recognition and phagocytosis 
of alveolar macrophages, which was only observed in wild-type mice but not in 
Nrf2- defi cient mice [ 140 ]. Gene expression and promoter analysis revealed that 
Nrf2 increased the phagocytic ability of macrophages by direct transcriptional 
upregulation of the scavenger receptor MARCO (macrophage receptor with col-
lagenous structure) [ 140 ]. Within the CNS, microglial phagocytosis is also under 
the regulation of Nrf2 pathway. Using an in vitro model of amyloid β-induced toxic-
ity in microglia, Li et al. reported that milk fat globule-EGF factor 8 (MFG-E8) 
accelerated microglial phagocytosis, associated with enhanced Nrf2 and HO-1 
expression [ 141 ]. In murine intracranial hemorrhage model, activating Nrf2 path-
way with sulforaphane could induce the increased expression of CD36, a 
phagocytosis- mediating scavenger receptor, and increased hematoma clearance, 
which is abrogated in Nrf2 −/−  mice [ 142 ]. Adopted primary microglia and red blood 
cells in a phagocytic study, Zhao and colleges also found that activating Nrf2 path-
way could upregulate CD36 expression and enhance red blood cell phagocytosis 
[ 142 ]. It is worth noting that the harmful condition of self-producing ROS and pro-
infl ammatory mediators makes microglias hard to survive; Nrf2 pathway might 
enhance the tolerance and survival of microglia under this detrimental milieu. As 
mentioned above, phagocytosis of microglia could regulate infl ammation through 
releasing anti-infl ammatory cytokines, one of which is transforming growth factor 
(TGF)-β, and reduced production of pro-infl ammatory cytokines such as TNF-α 
[ 143 ]. It has been reported that TGF-β is critical for survival of phagocytizing 
microglia through autocrine suppression of TNF-α and ROS [ 144 ], and thus enhance 
microglial phagocytosis. Therefore, enhancing microglial Nrf2 may promote its 
phagocytosis through downregulating ROS and prolong the lifetime of phagocytiz-
ing microglia, expediting debris cleanup in ischemic brain. 

 Like autophagy being a “double-edged sword” in microglia/macrophage, phago-
cytosis in microglia/macrophage could also be recognized as such a “double-edged 
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sword.” Under physiological and regulated conditions, the phagocytosis helps to 
scavenge the apoptotic and necrotic cells, to clear the debris and thus restrict the 
infl ammation; under pathophysiological circumstances, however, dysregulated 
microglial phagocytosis may contribute to excess neuronal death after acute or 
chronic ischemia, leading to delayed neuronal loss, brain atrophy even vascular 
dementia. In a MCAO research carried out by Neher et al. [ 145 ], for example, 
genetic defi ciency of phagocytic protein MFG-E8 or Mer receptor tyrosine kinase 
(MerTK) could completely prevent long-term functional defi cits of motor neurons, 
and the phagocytic defi ciency strongly reduced brain atrophy as a result of inhibit-
ing phagocytosis of neurons. The mechanism might be associated with suppressed 
phagocytosis of neurons, as neurons reversibly exposed the “eat-me” signal phos-
phatidylserine (PS) to microglias or macrophages after stroke [ 145 ]. 

 Taken together, several lines of evidence suggest that activation of Nrf2 pathway 
may contribute to the inhibition of infl ammatory responses after stroke. Considering 
that cell death, either in the form of apoptosis or necrosis, is an inevitable event in 
ischemic stroke, enhancing phagocytic capacity of microglia and macrophage will 
expedite the clean-up process and enhance tissue repair.     

3     Conclusion 

 In summary, Nrf2 is sequestered under physiological conditions and degraded 
through ubiquitination. Ischemic stroke induces severe oxidative stress that activate 
Nrf2 pathway by disassociating Nrf2 from Keap1. After nuclear translocation, Nrf2 
induces the expression of antioxidants, mainly phase 2 enzymes, which then protect 
neurons against oxidative injury. It is worth noting that Nrf2 may protect not only 
through cellular self-defense, but also through cell–cell interaction. Therefore, Nrf2 
pathway could be a promising therapeutic target to treat ischemic stroke.   
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