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Abstract 

The nuclear factor erythroid 2 related factor 2 (NRF2) is a key regulator of endogenous 

inducible defense systems in the body. Under physiological conditions NRF2 is mainly 

located in the cytoplasm. However, in response to oxidative stress, NRF2 translocates to the 

nucleus and binds to specific DNA sites termed “anti-oxidant response elements” or 

“electrophile response elements” to initiate transcription of cytoprotective genes. Acute 

oxidative stress to the brain, such as stroke and traumatic brain injury is increased in animals 

that are deficient in NRF2. Insufficient NRF2 activation in humans has been linked to chronic 

diseases such as Parkinson’s disease, Alzheimer’s disease and amyotrophic lateral sclerosis.  

New findings have also linked activation of the NRF2 system to anti-inflammatory effects via 

interactions with NF-κB. Here we review literature on cellular mechanisms of NRF2 

regulation, how to maintain and restore NRF2 function and the relationship between NRF2 

regulation and brain damage. We bring forward the hypothesis that inflammation via 

prolonged activation of key kinases (p38 and GSK-3β) and activation of histone deacetylases 

gives rise to dysregulation of the NRF2 system in the brain, which contributes to oxidative 

stress and injury.    
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1. Regulation of the NRF2 system 

During evolution, cells have developed inducible defense systems against harmful 

endogenous and exogenous substances. Several transcription factors are involved in boosting 

the cell’s defenses. The major regulator of the so-called phase II and some phase III genes is 

the nuclear factor erythroid 2 related factor 2 (NRF2) (1, 2). The principle of the NRF2 

system is to keep NRF2 protein low under normal conditions with the possibility of rapid 

induction in case of a sudden increase in oxidation status in the cell. This is achieved by 

constitutive synthesis and degradation of NRF2 with the possibility of rapid redirection of 

NRF2 to the nucleus.  

NRF2 is a member of the cap‘n’collar (CNC) family of transcription factors, which also 

include NRF1, NRF3 and p45 NF-E2. NRF2 is a basic leucine zipper (bZIP) protein that in 

the nucleus heterodimerizes with small MAF or JUN proteins followed by binding to specific 

DNA sites termed anti-oxidant response elements (ARE) or electrophile response elements 

(EpRE) (1, 3). NRF2-ARE binding can initiate transcription of hundreds of cytoprotective 

genes including enzymes in the glutathione defense system and proteasome subunits (4). New 

findings connect NRF2 not only to an elevated anti-oxidant capacity but also to expression of 

other types of protective proteins such as brain derived neurotrophic factor (5), the anti-

apoptotic B-cell lymphoma 2 (BCL-2) (6), the anti-inflammatory interleukin (IL)-10, the 

mitochondrial transcription (co)-factors NRF-1 and peroxisome proliferator-activated receptor 

gamma coactivator 1-alpha (PGC-1α) (7), the iron exporter ferroportin 1 (8), and the 

autophagic protein p62 (9) . 

1.1 Regulation of NRF2 by KEAP1 
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The NRF2 molecule contains six functional domains named NRF2-ECH homologies (Neh 1-

6). In the unstressed cell NRF2 is bound to Kelch-like ECH associated protein 1 (KEAP1) in 

the cytoplasm (10) via its KEAP1 binding domain. KEAP1 is a homodimer with three major 

domains. Each C-terminal in the KEAP1 dimer, the so called DRG domain, binds to NRF2, 

while the N-terminal part of KEAP1 binds to a E3 ubiquitin ligase complex (Rbx-1) via an 

adaptor, cullin-3 (11). This directs NRF2 to ubiqutination and constitutive degradation by the 

26S proteasome (12).  

There are several theories on how NRF2 is released from KEAP1 in response to cellular 

stress. NRF2 binds to the DRG sites of each KEAP1 subunit via two different binding sites, 

one high affinity (hinge) and one low affinity (latch) (13). One hypothesis is that NRF2 can 

still move freely when bound to the hinge site (high affinity), while the latch site restricts the 

movement of NRF2 and places the NRF2 lysins in the Neh2 regions for poly-ubiquitination 

via the cullin-3 E3 ligase. In this model, oxidative/electrophilic molecules modify cysteine 

residues of KEAP1, which activates NRF2 (14). The KEAP1 protein contains relatively many 

cysteines, which are in the vicinity of basic amino acids. This configuration lowers the pKa 

values for many of the thiols and makes them extra reactive to oxidants/electrophiles. 

Modifications of (some of) these cysteines result in a different conformation of KEAP1, 

which then can dissociate from the latch (low-affinity) site. The result is that KEAP1 is bound 

to NRF2 at the hinge site and that “new” non-bound NRF2 can be phosphorylated by protein 

kinase C (PKC) (15) and possibly other kinases (see below), translocated to the nucleus and 

initiate transcription of cytoprotective genes. Alternative hypotheses on how NRF2 becomes 

free from KEAP1 include that oxidants/electrophiles can dissociate the NRF2-KEAP1 

complex directly (16) or that oxidants/electrophiles dissociate cullin-3 from KEAP1, which 

leads to blocking of further ubiquitination (17) and degradation of KEAP1 (18). Recent 
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studies also show that NRF2 activation can be achieved by autophagic degradation of KEAP1 

(see more below). 

The abundance of the proteins in the NRF2 system discussed above appears to be regulated by 

an autoregulatory loop. Thus NRF2 regulates the transcription of KEAP1, cullin-3 and Rbx-1 

and, in turn, KEAP1/cullin-3/Rbx-1 degrades NRF2 (19). The KEAP1 complex can also be 

imported into the nucleus and participate in the degradation of nuclear NRF2 (15). Further, 

feed back systems appear to exist where NRF2 activation induces an increase in proteasome 

expression and activity. In response to NRF2 activators, increased expression of genes coding 

for the proteasome subunits 20S and 19S have been observed (4, 20, 21). The NRF2-mediated 

induction of proteasome genes has been linked to increased resistance to oxidative stress (22, 

23).  

 

Although KEAP1 is the main regulator of NRF2 activation others exist, including NF-κB, as 

discussed below. Another regulator of NRF2 is Broad-complex, tramtrack and bric-a-brac and 

CNC homology 1 (BACH1). This is a transcription factor that competes with NRF2 for 

binding to ARE sites and thus functions as a repressor of NRF2 activation (24). Interestingly 

BACH1 appears to serve as a negative feed-back regulator of NRF2 activation as it is 

regulated by NRF2 and NRF2-activating agents in an NRF2-dependent manner (25).  

 

1.2. Phosphorylation of NRF2 

The transport to and from the nucleus is influenced by factors such as the phosphorylation of 

NRF2. Several kinases have been shown to affect NRF2 transport differently via specific 

phosphorylation sites. One of the best characterized include phosphorylation by PKC (26), 

which is necessary for liberating NRF2 from KEAP1 (27) and thus promoting transport to the 

nucleus. Protein kinase CK2 can also phosphorylate NRF2, which promotes transport of 
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NRF2 into the nucleus (28). Similar activating effects on NRF2 translocation to the nucleus 

have been observed for phosphatidylinositide 3-kinases (PI3K) (29), c-Jun N-terminal kinase 

(JNK), extracellular regulated kinase (ERK) (30) and PERK (31). However, it has been 

suggested that mitogen-activated protein kinases (MAPKs)-induced phosphorylation of NRF2 

does not directly affect KEAP1-NRF2 protein interaction, but rather acts through indirect 

mechanisms (32). 

Phosphorylation catalyzed by kinases can also increase NRF2 breakdown. The MAPK p38 

has been shown to stabilize the interaction between KEAP1 and NRF2 thereby elevating the 

breakdown of NRF2 (33). Activation of glycogen synthase kinase 3-beta (GSK-3β) can cause 

degradation of NRF2 by the proteasome that is independent of KEAP1. Phosphorylation of 

the Neh6 domain in NRF2 by GSK-3β leads to recognition by a E3 ubiquitin ligase (beta-

TrCP) (34). Binding of beta-TrCP couples NRF2 to the cullin-3/Rbx1 ubiqutination complex 

(35), directing NRF2 to proteasomal degradation. GSK3β activation acts upstream and 

phosphorylates the Src kinases, leading to their nuclear localization and NRF2 

phosphorylation (36, 37). Ultimately this will lead to export with or without KEAP1 followed 

by proteasomal degradation of NRF2. Further, several Src kinases (FYN, SRC, YES, and 

FGR) in the nucleus can regulate NRF2 via phosphorylation of NRF2 Tyr568 that triggers 

nuclear export and degradation of NRF2. Thus, kinase activation is of utmost importance in 

regulation of the NRF2-system. 

1.3 Autophagic regulation of NRF2 

The protein p62, which represents both a selective autophagy substrate and a cargo receptor 

for autophagic degradation of misfolded proteins, has been reported to activate NRF2 in 

response to oxidative stress (9, 38-40). The promoter/enhancer region of the p62 gene 

contains ARE sites (41) and autophagy defects induce an excessive accumulation of p62 and 
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oxidative stress (39, 42). An increase in endogenous p62, either due to a defect in autophagy 

or as a result of its ectopic expression, sequesters KEAP1 into aggregates, hence causing 

inhibition of KEAP1-mediated NRF2 ubiquitination and degradation (43). Thus, when 

autophagy is impaired, p62 accumulates and activates NRF2 by sequestering KEAP1 in 

inclusion bodies. In turn NRF2 promotes newly p62 products creating a positive loop of 

NRF2 activation. With regard to the brain, recent findings demonstrate that interactions 

between p62 and the KEAP1-NRF2 signalling pathway play a key role in preventing 

oxidative injury and alleviate endoplasmic reticulum stress during cerebral 

ischemia/reperfusion (44).  

1.4  Epigenetic regulation of NRF2 

Histone acetylation and phosphorylation, methylation of CpG islands and synthesis of specific 

miRNAs are additional means by which cells can regulate the levels of NRF2. This field of 

NRF2 regulation is just beginning to be explored but it contains interesting targets for future 

therapeutic activation of the NRF2 system, including in the brain. We have shown that factors 

released from activated microglia activate histone deacetylases (HDACs), reduce the overall 

acetylation level of histone 3 and decrease the activation of NRF2 in cultured astrocytes. 

Restoring the acetylation level by HDAC inhibitors also repaired the NRF2 system indicating 

that histone acetylation may be one epigenetic mechanism to regulate NRF2 function (45) 

(see more below). In support of this idea, the HDAC inhibitor trichostatin A (TSA) increased 

cell viability in cortical neurons after oxygen-glucose deprivation and reduced infarct volume 

in wild-type mice subjected to permanent middle cerebral artery occlusion (MCAO) in an 

NRF2/KEAP1-dependent manner (46). TSA reduced the expression of KEAP1, activated 

NRF2 nuclear translocation, NRF2–ARE binding and increased expression of the NRF2 

regulated proteins heme oxygenase (HO1), NAD(P)H:quinone oxidoreductase 1 (NQO1), and 
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glutamate-cysteine ligase catalytic subunit (GCLC). It should be noted that direct acetylation 

of NRF2 by p300/CBP has been shown to stimulate NRF2 binding to DNA, an effect that 

could also contribute to the positive effects of HDAC inhibitors on NRF2 activation (47). 

Elevated methylation of CpG islands in the promoter of Nrf2 was shown to suppress 

expression of NRF2 in mice with prostate cancer. Interestingly the NRF2 function could be 

restored by phytochemicals that reduced the methylation level (48). To our knowledge CpG 

methylation of the Nrf2 promoter as a cause of low NRF2 function and oxidative stress in 

neurodegerative diseases and aging has not yet been explored (see more below). Similarly, 

several miRNAs (miR153, miR27a, miR142-5p, miR144) reduce NRF2 activation in 

neuronal SH-SY5Y cells (49), but there is overall very limited knowledge of the effects of 

miRNA modifications on the NRF2 system in the brain.  

 

2. NRF2 system and CNS disease 

The NRF2 system is widely expressed in the CNS and is regulated in response to both acute 

cerebral insults and in neurodegenerative disease. In addition to its crucial regulatory role in 

the endogenous defense to various cellular stresses, NRF2 is recognized as an important 

regulator of inflammation in the brain. Dysregulation of these mechanisms has been suggested 

to contribute to brain injury.  

 

2.1. CNS effects in animals with genetic deletion of Nrf2 

Suppression of the NRF2 system by genetic deletion in animals leads to elevated 

neurotoxicity resulting from endogenous and exogenous stresses. However, spontaneous 

pathological effects in brains from Nrf2-deficient mice are less clear, but do exist. The 

predominant general findings in animals with genetic deletion of Nrf2, compared with age-
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matched control animals, are white matter leukoencephalopathy with widespread astrogliosis 

(50), but with no overall difference in microglial activation and overt signs of 

neurodegeneration. However, a predominant pro-inflammatory microglial phenotype was 

reported in dopamine metabolizing brain areas (striatum and ventral midbrain) of Nrf2 

deficient animals. Markers characteristic of classical microglial activation, such as 

cyclooxygenase-2 (COX-2), inducible nitric oxide synthases (iNOS), IL-6, and tumor necrosis 

factor-α (TNF-α) were increased, while at the same time anti-inflammatory markers 

attributable to alternative microglial activation, including Found in inflammatory zone protein 

(FIZZ-1), YM-1, Arginase-1, and IL-4 were decreased (51). These studies show that Nrf2 

deficient mice indeed demonstrate signs of neurodegeneration, but mainly in areas with high 

inherent oxidative reactions, i.e. dopamine-metabolizing areas.  

 

On the other hand, different types of cellular stresses superimposed on an Nrf2-deficient 

background have significant detrimental effects on neuronal systems in the brain. Loss of 

NRF2-mediated transcription exacerbates vulnerability to the neurotoxin 6-hydroxydopamine 

(6-OHDA), both in cultured neurons and in Nrf2 deficient mice in vivo (52). In the 1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) animal model of Parkinson’s disease there is 

greater loss of the dopamine transporter in the striatum (53), and exacerbated gliosis and 

dopaminergic nigrostriatal degeneration (54) in Nrf2 deficient mice compared to wild type 

controls. Also, in animal models of acute brain injury such as stroke and traumatic brain 

injury, NRF2 deficient mice show more severe injuries and more intense immunological 

reactions (55-57). 

 

2.2. NRF2 and neurodegenerative disease in humans 
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A dysfunctional NRF2 system has been linked to several chronic diseases in humans, 

including chronic kidney disease and chronic obstructive pulmonary disease (COPD) 

although the exact role for the NRF2 decline is yet to be characterized (58). The NRF2 system 

is compromised by increased age and aging is a strong risk factor for almost all neurological 

diseases involving oxidative stress. If suppression of NRF2 activity occurs in human brains 

the implications are elevated vulnerability to acute insults that involve oxidative stress, 

prolonged and more severe inflammation and likely an elevated risk to develop chronic 

diseases such as Parkinson’s disease (PD), Alzheimer’s disease (AD) and amyotrophic lateral 

sclerosis (ALS). Indeed, brains from AD patients have decreased amounts of NRF2 in 

astrocytes of the hippocampus, one of the brain areas where neurodegeneration starts in AD 

(59). The NRF2 target protein p62 is significantly reduced in the frontal cortex of AD patients 

(60). As discussed above, p62 has been linked to autophagy and it was recently suggested that 

interaction between p62 and KEAP1 provides a molecular basis for the formation of 

cytoplasmic inclusions observed in several neurodegenerative diseases (61). In post mortem 

brains from ALS patients NRF2 is reduced in the motor neurons in spinal cord and cortex 

(62).  

Brains from individuals with PD are characterized by a prominent decrease in glutathione in 

substantia nigra. In the neurons that survive in substantia nigra, NRF2 is localized to the 

nucleus indicating that in these cells NRF2 transport is functional. However, it is not known if 

NRF2 transcription machinery is deficient even though NRF2 is transported to the nucleus 

(59). In agreement with a malfunctioning NRF2 system in PD, olfactory neurosphere-derived 

cells from patients with sporadic PD had lower glutathione levels, which could be restored by 

an NRF2 activating agent (63). The study indicates that therapy aiming for NRF2 activation 

could stop neurodegeration in PD. Further, genetic variation in the Nrf2 gene has been linked 

to both AD and PD progression (64, 65). Taken together, although there are only a few studies 
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in humans, these do indicate that the NRF2 system is dysregulated in brains of individuals 

suffering from neurodegenerative diseases. 

 

The underlying mechanisms behind the apparent poor NRF2 functioning in chronic 

neurodegenerative diseases are not known. The number of theoretical possibilities behind 

dysregulation is overwhelming in view of the complex regulation of the NRF2 system 

described above. However, one possible link between the NRF2 system and 

neurodegenerative diseases is that many of them are proteinopathies, as described below. It 

also appears clear, if it is correct to extrapolate from mice to humans, that lack of NRF2 does 

not induce general neurodegeneration per se. Rather it is when cells are stressed that absence 

of NRF2 will become detrimental to neurons. Thus in the following sections, we will also 

review data that supports the idea that inflammation and prolonged activation of key kinases 

are factors that lead to the paradoxical decrease in NRF2 observed in some neurodegenerative 

diseases.  

 

2.3 Proteinopathies and NRF2  

Several of the neurodegerative dieseases are proteinopathies where specific proteins become 

aggregated in the brain. In view of the role of NRF2 in upregulating proteasomal enzymes a 

link between proteopathies and NRF2 dysfunction is possible, and potentially upregulation of 

the NRF2 system could be beneficial under such circumstances. AD is characterized by brain 

accumulation of amyloid beta-protein (Aβ) plaques. Activation of NRF2, by tert-

butylhydroquinone treatment or adenoviral Nrf2 gene transfer, protected against Aβ toxicity 

in a transgenic mouse model of AD (66). Recently, it was also shown that the NRF2 activator 

carnosic acid suppressed the production of Aβ 1–42 by in SH-SY5Y human neuroblastoma 

cells (67).  
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In, PD the protein α-synuclein aggregates to form so called “Lewy bodies”, and dopaminergic 

neurons in the substantia nigra pars compacta degenerate. Several studies indicate a 

relationship between NRF2 and α-synuclein. Mutation and deletion of the protein DJ-1 can 

cause a variant of autosomal recessive familial PD. Overexpression of DJ-1 stabilize NRF2 

and reduce aggregation of α-synuclein (68, 69). The NRF2 activator triterpenoid 2-cyano-

3,12-dioxooleana-1,9(11)-dien-28-oic acid (CDDO) methyl amide reduces neurodegeneration 

of dopamine neurons, diminish α-synuclein accumulation and oxidative stress in a 

experimental model of PD (70). It has also been shown that expression of human α-synuclein 

in mice that lack NRF2 had aggravated dopaminergic neuron loss, increased 

neuroinflammation and elevated protein aggregation (71). Interestingly, in a mutant α-

synuclein transgenic mouse model, it appears sufficient to increase NRF2 expression in 

astrocytes to achieve protection against neurotoxicity. It was suggested that the protection is 

mediated via elevated degradation of mutant α-synuclein through the autophagy-lysosome 

pathway (72).   

 

Huntington disease (HD) is an inherited neurodegenerative disease caused by an expansion of 

polyglutamine in the protein huntingtin. Expression of mutant huntingtin caused reduced 

activity of NRF2, and lowered the activation of the NRF2 pathway by the oxidant tert-

Butylhydroquinone in cultured cells (73). In a transgenic mouse model of HD triterpenoid 

derivatives in the diet upregulated NRF2/ARE induced genes in the brain, reduced oxidative 

stress, improved motor impairment and increased longevity (74).  

 

In familial ALS 20 % of the cases are due to mutations in the Cu/Zn superoxide dismutase 

gene (SOD1). In a cellular model of this disease it was found that NRF2 and activation of 

NRF2 driven genes were down-regulated by mutated SOD1 (75). In support over-expression 
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of NRF2 specifically in astrocytes delayed onset and extended survival in a mouse model of 

familial ALS (76).  

3. Neuroinflammation and the NRF2 system 

The transcription factor Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-

κB) is a key regulator of inflammation, which also suppresses the transcription of ARE-

dependent genes (77). Under physiological conditions, NF-κB is inactive and sequestered in 

the cytoplasm by binding to the inhibitory kinase, Inhibitor of nuclear factor kappa-B kinase 

subunit beta (IKK-β) protein. The relation between NRF2 and NF-κB is not well 

characterized but the identification of NF-κB binding cites in the promoter region of NRF2 

suggest cross-talk between these two regulators of inflammatory processes (77). The NF-κB 

subunit p65 has been shown to function as a negative regulator of NRF2 activation either by 

depriving CREB binding protein (CBP) from NRF2 or by recruitment of histone deacetylase 3 

(HDAC3), a corepressor, to ARE via interaction of and CBP or MafK, causing local histone 

hypoacetylation and down-regulation of NRF2-ARE signaling (78). In another study it was 

shown that p65 decreased NRF2 binding to its cognate DNA sequences and enhanced NRF2 

ubiquitination. Nuclear translocation of KEAP1 was augmented by p65 and the studies 

suggested that NF-κB signaling inhibits the NRF2-ARE pathway through the interaction of 

p65 and KEAP1 (79). It has also been shown that KEAP1 is a negative regulator of NF-κB 

signaling via inhibition of IKK-β phosphorylation and by mediating IKK-β degradation by 

autophagocytosis (80). Further, activation of NRF2 in response to lipopolysaccharide (LPS) 

has been suggested to be dependent on the key innate immunity-regulating adaptor protein 

Myeloid differentiation primary response gene 88 (MyD88) (81). In NRF2-deficient mice, the 

inflammatory response in the brain and the microglia activation is much more pronounced in 

response to LPS when compared to normal animals (82). Thus a functional NRF2-system is 
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important to regulate neuroinflammation in response to oxidative stress in the brain. However, 

emerging evidence indicates that although neuroinflammation, i.e. activation of microglia, is 

implicated in both acute and chronic brain diseases, it is not fully clear under which 

circumstances inflammation may be beneficial, deleterious or both (83).  

3.1 Context dependent NRF2 regulation 

We have shown that LPS-induced systemic inflammation can both reduce and aggravate 

neuronal damage induced by postnatal hypoxia-ischemia (84). Neuropathological outcome 

was assessed in neonatal rats that were subjected to LPS prior to an episode of hypoxia-

ischemia. It was found that the neuropathological effects were time dependent so that an 

interval of 24 h between the LPS injection and hypoxia-ischemia protected the brain, whereas 

a 72 h interval caused enhanced brain damage. The deleterious effect was inhibited by the 

anti-oxidant and glutathione precursor N-acetylcysteine. Our interpretation of this study was 

that neonatal infection can reduce the anti-oxidant capacity via pro-inflammatory cytokines, a 

hypothesis which we have further explored mechanistically in vitro. Treatment of astrocytes 

with the pro-inflammatory cytokine TNF-α (10 ng/ml) or medium from microglia exposed to 

LPS (10 ng/ml) activated the NRF2-system after 24 h. This protective up-regulation of the 

NRF2-system was mediated by activation of several kinases including AKT, ERK and JNK 

(45, 85, 86) (Fig 1a). In contrast, treatment of astrocytes with medium from activated 

microglia or TNF-α for 72 h down-regulated proteins in the NRF2-system and prevented 

induction of glutathione synthesis via NRF2 (Fig 1b). Inhibitors of GSK-3β and p38 kinases 

blocked the detrimental effects induced by prolonged inflammation. Also HDAC activity was 

elevated after 72 h and the level of acetylated histone 3 was decreased in astrocytes treated 

with medium from activated microglia for 72 h (45). The mechanisms behind these epigenetic 

effects were also related to activation of GSK-3β and p38 as inhibitors of each of these 
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kinases blocked histone deacetylation. The negative effects on NRF2 activation by these two 

kinases is well established by earlier work in which it was shown that the HDAC blocker TSA 

and the less selective blocker valproate reversed the acetylation levels, restored the 

inducibility of the NRF2-system and protected astrocytes from oxidative stress (87, 88) The 

data clearly demonstrate that prolonged inflammation can induce HDAC activation, which in 

turn down-regulates the NRF2-activation likely via the kinases p38 and GSK3-β. There are 

few previous reports on such a link, but a recent study suggests that GSK3-β can directly 

phosphorylate and activate one HDAC subtype, which then exerts neurotoxic effects (89). 

Similar, but less pronounced, effects on the NRF2 system in brains were observed in vivo in 

LPS injected 8 day old rats (90).  

3.2 Effect of peripheral inflammation on NRF2 regulation in CNS 

There is evidence to suggest that inflammation around birth may have long-term detrimental 

effects on the NRF2 system. A dysfunctional NRF2 system in adulthood after prenatal 

inflammation was indicated by a decrease in the activity of glutamate-cysteine ligase at four 

and seventeen months after prenatal injection of LPS (91). A lower level of the modulatory 

subunit glutamate-cysteine ligase paralleled the decrease in glutathione. As this subunit is a 

target of NRF2 activation it is possible that the reason for the low glutathione levels is related 

to poor NRF2 function. However, further studies are needed to support this as several other 

enzymes in the glutathione system were unchanged or elevated. The work of Cai and 

coworkers show that systemic neonatal infection, induced by LPS, leads to prolonged changes 

in neuroinflammation and enhanced vulnerability of the substantia nigra to environmental 

toxins such as rotenone (92). The mechanisms are yet to be resolved but one possibility is that 

the NRF2 system is down-regulated after postnatal inflammation similar to that observed with 

prenatal inflammation. In support of this idea, we have found that neonatal LPS, at least in the 
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short term, suppresses NRF2 target genes in cells at the blood-cerebral spinal fluid barrier 

(93). 

Systemic inflammation is often observed in AD patients and increased serum TNF-α levels 

are associated with a two-fold increase in the rate of cognitive decline (94). Other studies that 

support the concept that peripheral inflammation causes increased vulnerability to the brain 

include observations that patients with PD have inflammatory reactions within the enteric 

nervous system (95) and in models of PD increased vulnerability of the substantia nigra is 

observed in rats with ulcerative colitis (96). Thus, there are indications that peripheral 

inflammation can sensitize the brain to become vulnerable and increase the risk of 

development of neurodegenerative disease. 

 

4. Prophylactic activation of the NRF2 system 

For humans it appears that adopting a diet rich in phytochemicals, such as the Mediterranean 

diet, decreases the risk of developing stroke, dementia and AD (97, 98). A diet rich in 

strawberries, blueberries and spirulina has also been shown to reduce inflammation and 

oxidative stress (99, 100). Whether this is due to increased activation of NRF2 in the brain is 

not known. It is unclear whether it is even necessary that the phytochemicals enter the brain. 

As described above, brain inflammation may be partly driven from peripheral inflammation 

and reducing peripheral inflammation by dietary means (101) may reduce inflammation also 

in brain. It should be noted also that moderate exercise can activate NRF2, for example in the 

aging heart (102). This type of endogenous activation of the NRF2 system is attractive. It is 

interesting to speculate that such endogenous activation could be used in combination with an 

NRF2 promoting diet to reduce inflammatory reactions. In brain, activation of NRF2 could 

also be achieved via the increase in peripheral IGF-1 that enters the brain after exercise (103). 

IGF-1 may be one beneficial mediator of exercise on brain health, via activation of NRF2 by 
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promoting increased Akt (104) and decreased GSK-3β activity (88). Another more direct link 

between neuronal activity and NRF2 is that activation of the muscarinic receptor M1 activates 

NRF2 partly by inhibition of GSK-3β (105).  

 

5. Restoring decreased NRF2 function  

Designing therapies that aim to elevate NRF2 function are likely to be more beneficial if the 

underlying mechanisms for dysregulation can be deciphered. There is even a potential risk 

that NRF2 activators can be harmful if used in high concentrations in tissues that are deficient 

in NRF2. The basis for such detrimental effects is hormesis in which a low concentration of a 

substance such as phytochemicals present in fruit and vegetables results in activation and 

protection but a high dose can result in toxicity (106). The dose response curve could be 

shifted in diseased tissue so that a normally beneficial concentration of phytochemical 

becomes toxic. An example of this is the effect of the NRF2 activator sulphoraphane that has 

been described for naïve and TNF-α treated synoviocytes. The naïve cells were protected, but 

the TNF-α treated cells underwent apoptosis (107). A similar type of argument concerning 

context biology and NRF2 in cancer was recently discussed (108). Activation of NRF2 can 

reduce tumorigenesis in its early stages but in later stages of tumorigenesis NRF2 activation 

can develop malignant cancer cells resistant to treatment.  

 

From the discussions above one reason for a decrease in the NRF2 system by inflammation in 

brain appears to be related to prolonged activation of p38 and GSK-3β. These kinases are 

activated in chronic neurodegenerative diseases and have been suggested earlier as potential 

targets in AD and PD (109, 110). Therefore, a therapy that is directed to increase activation of 

NRF2 via release from KEAP1 only may be inadequate if GSK-3β is still activated. We 

speculate that under such circumstances NRF2 could be exported out of the nucleus via GSK-
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3β, may not enter the nucleus due to p38 activity or may not be able to activate/bind to 

promoter sites because of deacetylated histones. Thus a combination of HDAC, p38 and/or 

GSK-3β inhibition in combination with NRF2 activation may be the most effective way to 

restore a dormant/inadequate NRF2 system and reduce inflammation in neurodegenerative 

diseases. As GSK-3β is inhibited by AKT phosphorylation it follows that 

therapies/diets/conditions that activate PI3K (upstream of AKT) may be as effective as 

inhibitors of GSK-3β. Interestingly, several established NRF2 activators such as curcumin, 

sulphoraphane, spirulina and ketonic diet, appear to have multiple positive effects on the 

regulatory machinery of NRF2. For example, the turmeric ingredient curcumin has been 

shown to inactivate GSK-3β, inhibit DNA methyltransferase, modulate HDACs and miRNAs 

(111, 112). Likewise, the broccoli component sulforaphane is a HDAC inhibitor (113) and a 

spirulina extract reduces the expression of HDACs (114). A neuroprotective ketogenic diet 

activates NRF2 nuclear accumulation in both the hippocampus and liver (115) and produces 

ketone bodies that act as HDACs (116). This is in stark contrast to a high lard diet, which 

reduces NRF2 in hippocampus (117). Some formulas used in traditional medicine activate 

NRF2-mediated antioxidant signaling pathways and thus contain potential substances for 

more refined NRF2 activation (118). Further research on the active substances, their safety, 

ability to cross the blood brain barrier and action on the key kinases and epigenetic regulators 

in NRF2 activation is warranted.  

 

6. NRF2 as a pharmaceutical target 

There is an increasing clinical interest in using NRF2 activators for therapeutic purposes. One 

approach to activate/restore the NRF2 system is to use drugs that are already used clinically 

and have been found to activate the NRF2 system. Examples of this group include melatonin 

which activates NRF2 (119) and is used in the clinic against sleep disorders in children and 



 20 

adolescents (120), valproate, an anti-epileptic which restores NRF2 via HDAC inhibition, and 

celecoxib, a COX-2 inhibitor used in arthritic patients (121). To our knowledge, none of these 

have been used as therapeutics with the aim to restore NRF2 levels in brain disorders. 

However, there are a number of NRF2 inducers that have been tested clinically. Sulforaphane-

rich broccoli sprout extract is undergoing clinical evaluation in schizophrenia and autism 

disorders (www.ClinicalTrials.gov; NCT01716858; NCT01474993). Experimental studies 

have shown that the fumaric acid ester dimethyl fumarate (DMF) protects the brain from 

oxidative stress via NRF2-dependent mechanisms (122). The use of DMF is approved for 

psoriasis and was found to have beneficial effects in relapsing-remitting multiple sclerosis in a 

recent placebo-controlled phase II and III studies (123, 124). Further, clinical trials in the 

treatment of MS by DMF are ongoing (www.ClinicalTrials.gov; NCT01930708). 

Triterpenoids are strong inducers of NRF2-regulated genes (125), and new synthetic 

triterpenoids penetrate the blood-brain barrier well and have been shown to reduce both the 

number of CD11b positive microglia and the transcription of proinflammatory cytokines in an 

MPTP-model of PD, suggesting beneficial effects on the brain (126). Previous phase II 

clinical trials reported beneficial effects of the triterpenoid bardoxolone methyl (CDDO-Me) 

in ameliorating kidney function in patients with less severe clinical conditions (127). 

However, lately questions have arisen about the therapeutic use of CDDO-Me and a phase III 

clinical trial in patients at the late stage of chronic kidney disease, associated with severe renal 

dysfunction or cardiovascular failure, has been terminated due to safety concerns 

(www.ClinicalTrials.gov; NCT01351675; 99).  

 

NRF2- based therapy is still an open field of discussion, however, the failure of bardoxolone 

methyl highlights important issues concerning the clinical use of NRF2 activators. So far 

results indicate that activation of NRF2 may be more successful in preventing oxidation-

http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
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related pathologies than in reversing advanced pathological conditions. Thus introduction of 

novel NRF2-based therapies should perhaps consider a more preventive approach in the 

future (128). 

 

7. Concluding remarks 

NRF2 has a well-established role as the regulator of key endogenous defenses against 

oxidative stress in the body. Emerging evidence suggests that NRF2, in addition to its anti-

oxidant functions, may also play an important role in regulating inflammation in the brain. 

Thus, human neurodegenerative diseases have been associated with inflammation and 

dysregulation of the NRF2 system, in particular sensitizing vulnerable brain regions to 

additional stresses. We propose that prolonged inflammation induces activation of specific 

kinases and epigenetic modifications, which block the NRF2 system and thereby contribute to 

neurological injury. Diets or behavioural changes (e.g., exercise) that boost the NRF2 system 

may be important avenues to reduce the risk of neurodegenerative disease.  
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8. Figure legends 

Fig 1. (A) Regulation of NRF2 activation following acute (A) and prolonged (B) 

inflammation 

(A) Based on our studies (45, 85, 86, 90) we suggest that acute inflammation can 

oxidize/modify certain thiols in the KEAP1 dimer and activate kinases such as AKT, ERK 

and JNK. This will lead to that NRF2 escapes from being ubiquinated by Cullin-3 (Cul3) and 

then transported to the nucleus, a process that is promoted by phosphorylation. Inside the 

nucleus, NRF2 combines with proteins such as MAFs. The complex binds to certain DNA 

motifs in promoters, so called anti-oxidant response elements (ARE), of hundreds of 

protective genes. The NRF2-mediated transcription is enhanced by acetylation of histones 

(H3/4). The effect of acute inflammation on NRF2 activation is reduced oxidative stress by 

elevated levels of cytoprotective proteins and anti-oxidants such as glutathione, creating a 

cellular environment that will reduce inflammation. For a more complete description of 

established (solid arrows) and putative (dashed arrows) kinases involved in NRF2 activation 

during acute inflammation see main text. 

 

(B) Prolonged neuroinflammation, i.e. overactivation of microglia and elevated levels of 

proinflammatory cytokines, leads to sustained activation of GSK-3β and p38 (45, 85, 86, 90). 

We propose that the activation of GSK-3β and p38 leads to phosphorylation of NRF2 at sites 

that enhance the binding to KEAP1, which will elevate the ubiquitination of NRF2 and 

thereby enhance degradation. GSK-3β can also phosphorylate FYN, which is transported to 

the nucleus. Inside the nucleus phosphorylation of NRF2 by FYN will lead to export of NRF2 

out of the nucleus. Intranuclear KEAP1 can compete with binding of NRF2 to ARE, and the 

complex NRF2-KEAP1 can be exported to the cytosol where NRF2 is degraded. Further, 

decreased histone acetylation caused by elevated HDAC activity will reduce NRF2 mediated 
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transcription. The increase in HDAC activity can be partly caused by the prolonged activation 

of GSK-3β and p38. The inactivation of the NRF2 system will lead to sustained and elevated 

activation of microglia and increased vulnerability to oxidative stress. Note the key 

importance of activation of AKT as a mean to reduce GSK-3β activation. For a more 

complete description of established (solid arrows) and putative (dashed arrows) kinases 

involved in NRF2 activation during prolonged inflammation see main text. 
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