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Abstract
A general hallmark of neurological diseases is the loss of redox homeostasis that triggers 
oxidative damages to biomolecules compromising neuronal function. Under physiological 
conditions the steady-state concentrations of reactive oxygen species (ROS) and reactive 
nitrogen species (RNS) are finely regulated for proper cellular functions. Reduced surveillance 
of endogenous antioxidant defenses and/or increased ROS/RNS production leads to oxidative 
stress with consequent alteration of physiological processes. Neuronal cells are particularly 
susceptible to ROS/RNS due to their biochemical composition. Overwhelming evidences 
indicate that nuclear factor (erythroid-derived 2)-like 2 (Nrf2)-linked pathways are involved 
in protective mechanisms against oxidative stress by regulating antioxidant and phase II 
detoxifying genes. As such, Nrf2 deregulation has been linked to both aging and pathogenesis 
of many human chronic diseases, including neurodegenerative ones such as Parkinson’s 
disease, Alzheimer’s disease and amyotrophic lateral sclerosis. Nrf2 activity is tightly regulated 
by a fine balance between positive and negative modulators. A better understanding of the 
regulatory mechanisms underlying Nrf2 activity could help to develop novel therapeutic 
interventions to prevent, slow down or possibly reverse various pathological states. To this 
end, microRNAs (miRs) are attractive candidates because they are linked to intracellular redox 
status being regulated and, post-transcriptionally, regulating key components of ROS/RNS 
pathways, including Nrf2.

Introduction

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) pervade a wide 
spectrum of biological processes; therefore, their levels are tightly regulated under normal 
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physiological conditions. At low concentrations, some ROS/RNS function as important 
components of numerous signalling pathways. Conversely, increased ROS/RNS levels can 
generate damage to nucleic acids, lipids and proteins, thereby contributing to cellular and 
tissue dysfunctions [1-3]. This latter condition, known as oxidative stress, may be created 
in a number of ways involving both intrinsic cellular factors (i.e., enhanced activity of ROS/
RNS-generating enzymes and/or reduced capacity of the antioxidant/detoxifying systems) 
and extrinsic insults (i.e., exposure to environmental agents such as xenobiotics, radiations, 
drugs) [3, 4]. To avoid harmful effects of ROS/RNS, cells must promptly respond to their 
deleterious increase. Functionally, the main driver of the cellular antioxidant/detoxifying 
responses is the nuclear factor erythroid 2-related factor 2 (Nrf2), a transcription factor that 
induces the expression of a wide range of cytoprotective genes [5-7]. Several works indicate 
that an optimal activity of Nrf2 is essential to protect cells against different stressors, and 
that its dysfunction is correlated with decreased tolerance to oxidative/chemical insults [8]. 
Therefore, alterations of the Nrf2 activity has been linked to the natural aging process [9, 
10] and to the pathogenesis of many human chronic diseases, including neurodegenerative 
[reviewed in 11-13] and cardiovascular diseases [14], fibrosis [15], inflammatory states [16], 
as well as with abnormalities in the susceptibility of tumor cells to chemo- and radio-therapy 
[reviewed in 17, 18]. For these reasons, pharmacological/natural strategies that potentiate 
Nrf2 activity could be beneficial for preventing diseases in which oxidative stress exerts a 
pivotal role [7, 19-21].

Here, alongside a general description of Nrf2 regulation and interplay of redox-related 
signaling, we will review the recent evidences of the functional interaction between 
microRNAs (miRs) and Nrf2 redox-related pathways in the pathogenesis of several 
neurodegenerative diseases. This analysis points out how miRs could represent a promising 
tool to rescue Nrf2 activity and counteract oxidative stress in neuronal cells.

Nrf2 as regulator of redox homeostasis

Oxidative stress and antioxidant defenses
As a result of the aerobic metabolism, living organisms continuously produce ROS and 

RNS, which represent both free radicals and non-radical oxidant species generated in aerobic 
conditions. The main ROS include the superoxide anion radical (O2

• −), the hydroxyl radical 
(HO•), the hydroperoxyl radical (HOO•) and the non-radical hydrogen peroxide (H2O2), a 
source of HO•. The related class of RNS comprises nitric oxide (NO•), the nitrogen dioxide 
(NO2

•) radical, as well as the peroxynitrite anion (ONOO−) derived from O2
• − combined with 

NO •, among others [reviewed in 1, 2, 3].
As the ROS/RNS sources and their roles have been recently reviewed [2, 3], herein we 

will only very briefly describe the main aspects of ROS/RNS production and function. In 
biological systems, ROS/RNS can be generated in different cellular compartments, including 
mitochondria, recognized as the main source of ROS in eukaryotic cells, peroxisomes and 
lysosomes, as well as plasma membrane and endoplasmic reticulum. Endogenous ROS/RNS 
production arises from the mitochondrial-resident electron transport chain (ETC), from the 
action of different enzymes [i.e., NAD(P)H oxidases (NOXs), xanthine oxidase (XO), nitric 
oxide synthase (NOS), lipoxygenase, cyclooxygenase, cytochrome P450s] as well as from 
redox metal ion–catalyzed reactions involving iron or copper (i.e., Fenton reaction). ROS/
RNS can have both positive and potentially damaging effects, depending on their nature, 
concentration and duration [2, 3, 22, 23]. At low/moderate levels, ROS/RNS possess highly 
specialized physiological functions with positive actions in redox-sensitive signaling that 
coordinate basic activities of cells. In this context, O2

• − and H2O2 are considered second 
messengers for signaling pathways induced by growth factors (insulin, EGF, FGF, VEGF) 
or mediated by redox-sensitive kinases [e.g., protein kinase B (PKB/Akt), protein kinase C 
(PKC), and mitogen-activated protein kinase (MAPK)] as well as for transcription factors 
(e.g., Nrf2, NF-κB, p53 and HIF-1α). At elevated concentrations, ROS/RNS can take part 
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in uncontrolled “redox reactions” [reactions in which one molecule (electron acceptor) is 
reduced while the other (electron donor) is concurrently oxidized]. In particular, elevated 
unstable free radicals that bear one or more unpaired electrons in their outer orbital, are 
prone to react with virtually all the chemical components of the cells trying to reach stability 
by losing or capturing electron/s. These processes potentially result in oxidative damages 
to the biomolecules, such as proteins, nucleic acids, carbohydrates and lipids. In this latter 
context, the most reactive oxygen-centered radicals HO• and HOO• can promote the initiation 
step of lipid peroxidation that generates final highly-reactive degradation products, such 
as 4-hydroxynonenal (HNE), malondialdehyde (MDA) and acrolein, if not ‘quenched’ by 
endogenous antioxidants.

Under physiological conditions the steady-state concentrations of ROS/RNS are 
finely regulated for proper cellular function/redox control. The equilibrium between the 
ROS/RNS production and their cellular clearance/inactivation (often indicated as “Redox 
Homeostasis”) is maintained by sophisticate antioxidant mechanisms [24, 25]. The condition 
of oxidative stress occurs when the production of ROS/RNS exceeds the capability of the 
cells to antagonize their possible deleterious effects (damages of biomolecules). In addition, 
this imbalance leads to a disruption of redox signaling, the outcome of which is coupled to 
the intensity and to the specific molecular targets [26].

Excessive amounts of ROS/RNS can be generated by enhanced activity of the ETC system 
or increased function of enzymes involved in ROS/RNS production as aforementioned. 
In addition, numerous extrinsic factors, such as exposure to environmental agents/
conditions, can induce production of ROS/RNS. Most of the drugs and xenobiotics, during 
their biotransformation, are converted into polar compounds through the activity of the 
cytochrome P450s, key enzymes of phase I, and this is coupled to ROS/RNS production [27]. 
Moreover, there is expanding evidence that ionizing radiations (gamma and X-rays), cigarette 
smoking and air pollution also induce ROS/RNS formation [28, 29].

Reduced activity of the endogenous antioxidant/detoxifying systems could be another 
cause of oxidative stress. These antioxidant defenses are composed of several enzymes 
and many non-enzymatic compounds that neutralize the harmful effects of ROS/RNS [7, 
25]. The antioxidant enzymes include the superoxide dismutase (SOD), which catalyzes 
the dismutation of O2

• − into H2O2 and O2 and exists in three isoforms in mammals; the 
catalase (CAT), which catalyzes the conversion of H2O2 into H2O and O2 and protects cells 
from deleterious effects of H2O2; the glutathione peroxidase (GPX), which reduces H2O2 to 
H2O and lipid peroxides to lipid alcohols, and in turn oxidizes glutathione (GSH), generating 
glutathione disulfide (GSSG); the glutathione reductase (GR), an enzyme critical for restoring 
GSH from GSSG;  the thioredoxin reductase (TRXR), which reduces the oxidized thioredoxins 
(TRX), which are proteins implicated in the reduction of disulfide bond of peroxiredoxins 
(PRX) that are also involved in reduction of H2O2; the class of GSH S-transferases (GSTs), which 
mediates elimination of a wide range of toxic molecules, including ROS/RNS, xenobiotics 
and drugs; NAD(P)H:quinone oxidoreductase 1 (NQO1), NRH:quinone oxidoreductase 2 
(NQO2), involved in detoxification of quinones, thus preventing reactive semiquinone, as 
well as O2

• − and H2O2 formation. In particular, the PRX system includes a large family of 
peroxidases (PRX1-6) that are considered the most abundant antioxidant cytosolic enzymes. 
They possess very high specificity for H2O2, ONOO− and other organic hydroperoxides. With 
the exception of PRX6, the mammalian PRXs contain two reactive cysteines: one located in 
the active site, “peroxidatic” Cys, and the other, “resolving” Cys. First, the peroxidatic Cys is 
oxidized to a sulphenic acid (Cys-S-OH) that forms a disulfide bond with the resolving Cys, 
and then this disulfide is reduced via the TRX and TRXR system at the expense of NADPH. 
The related class of GPX enzymes acts with a similar mechanism [7, 25].

The nonenzymatic antioxidant defenses comprise low molecular weight molecules, 
such as GSH, uric acid, vitamins A and E, bilirubin and lipoic acid. GSH is an endogenous 
antioxidant tripeptide, with a thiol group that can directly interact with ROS/RNS or 
contribute indirectly as a cofactor for various antioxidant enzymes such as GPX and GSH 
S-transferases [30, 31].
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In the context of antioxidant response mechanisms, a transcriptional reprogram for 
ROS/RNS defense/detoxification is activated by the transcription factor Nrf2 that mediates 
the induction of most of the aforementioned cytoprotective genes, thus restoring redox 
homeostasis. The Nrf2 signaling, as described in the next paragraph, is also involved in other 
cellular processes, including metabolism and cell proliferation/differentiation [5-8, 25].

Oxidative stress is generally recognized as a common feature of both acute diseases 
(like ischemia-induced damages) [25, 32] and chronic degenerative diseases, including 
neurodegeneration [33], diabetes [34] and cardiovascular diseases [35], as well as cancer 
[18, 36] and normal aging [37]. Importantly, since Nrf2 activity plays a pivotal role in redox 
homeostasis, its fine regulation is fundamental to counteract redox related damages.

Nrf2 and its regulated genes
Nrf2 is considered the most important transcription factor for antioxidant responses 

across the spectrum of organisms; from worms to humans [5-8]. It is a member of the family 
of conserved transcription factors called Cap’n’Collar (CNC), characterized by the presence 
of the CNC motif of 43-amino acid, along with a basic leucine zipper (bZIP) domain [5, 7]. 
This family includes the Caenorhabditis elegans SKN-1 (Skinhead family member 1), the 
Drosophila CncC and four vertebrate homologs: p45 NF-E2 (nuclear factor erythroid-derived 
2), Nrf1, Nrf2 and Nrf3 [37, 38]. Nrf2 protein contains seven NRF2-ECH homology (Neh 
1-7) domains, each with a specific function [7, 18, 39, 40]. Under basal conditions, newly 
synthesized Nrf2 is retained in the cytosol by binding two Keap1 (Kelch-like ECH-associated 
protein 1) molecules through its N-terminus domain (Neh2). Keap1 facilitates Nrf2 
ubiquitination, thus driving its degradation. Oxidative and electrophilic stresses inactivate 
Keap1, thus de novo synthesized Nrf2 translocates into the nucleus where it dimerizes 
with other transcription factors through its Neh1 domain, in particular with a member of 
the small musculoaponeurotic fibrosarcoma oncogene homolog (sMAFs) protein family. 
Indeed, Nrf2 binds DNA only as a heterodimer with sMAFs, thus regulating several genes 
containing a cis-acting sequence, often present in multiple copies, called ARE (Antioxidant 
Response Element) or EpRE (Electrophile Response Element) (core ARE/EpRE sequence: 
5’-A/GTGAC/GNNNGCA/G-3’) [5, 7, 41, 42] discovered in the rat GSTA2 promoter [43]. On 
the other hand, Nrf2 stability could also be regulated through the phosphorylation of some 
serine residues in its Neh6 domain by different kinases [7, 18, 39, 41]. The C-terminal Neh3 
domain is involved in transcriptional activation by recruiting the chromo-ATPase/helicase 
DNA-binding protein (CHD); similarly the Neh4 and Neh5 regions cooperatively interact 
with CBP (CREB-binding protein)/p300 or BRG1 (Brahma-related gene 1)/SMARCA4 that 
transactivate Nrf2-dependent transcription. Finally, the Neh7 domain binds to RXRα, thus 
preventing recruitment of coactivators [7, 18, 39, 40].

Fig. 1. Nrf2 activation and its 
regulated genes. Upon several types 
of stress, inactivated Keap1 allows 
newly synthesized Nrf2 to migrate 
into the nucleus. Here, together with 
a heterodimeric partner, in particular 
with members of the small Maf (sMaf) 
protein family (here depicted), Nrf2 
regulates the expression of numerous 
ARE-dependent genes that can be 
grouped into several categories as 
indicated.
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Nrf2 controls redox homeostasis either by regulating basal expression of a range of genes 
involved in antioxidant defenses or by inducing their expression under stress conditions 
(Fig. 1). In particular, Nrf2 activates the transcription of several antioxidant genes and major 
phase II detoxifying enzymes [5-7, 41]. However, the Nrf2-responsive genes are not limited 
to these functions and can be grouped into several categories [5-7, 18, 44]. A first group 
includes Nrf2-dependent genes encoding proteins/enzymes that contribute to cellular 
redox balance mainly through endogenous thiol resources. These include glutathione-
synthesizing or -regenerating enzymes, as well as small components of antioxidant systems 
(PRX, TRX sulfiredoxins-SRX,) and enzymes producing NADPH, an essential cofactor to 
recover both GSH and TRX from their disulfide forms. Thus, these Nrf2-regulated genes play 
a critical function in thiol–based redox homeostasis by sustaining glutathione levels, a major 
antioxidant system with additive functions in the brain (see below) and ensuring a reduced 
state of cysteine thiols [45].

In a second group are included Nrf2-responsive genes encoding numerous enzymes of 
Phase I-III, that detoxify oxidative stress products such as HNE, MDA (AKR isoenzymes) and 
xenobiotics/drugs ((NAD(P)H:quinone oxidoreductase 1 (NQO1), glutathione S-transferases 
(GSTs)), as well as ROS/RNS. This group also includes molecules implicated in the transport 
of metabolites like multidrug resistance- and multidrug-related proteins (MDR, MRPs) 
as well as of amino acids (x-CT). The members of the GST family catalyze detoxification 
reactions through conjugation with GSH, thereby facilitating elimination of toxic molecules 
[46]. Another group includes enzymes implicated in heme metabolism (heme oxygenase-1 
(HO-1) and ferrochetalase) and in defense against metals, like metallothioneins. In particular, 
HO-1 indirectly engages a strong antioxidant program mediated by ferritin, carbon monoxide 
and bilirubin, three molecules originated from the conversion of its metabolic products that 
also protect from apoptosis and inflammation [47]. Two other groups of Nrf2-related genes 
comprise proteins involved in protein quality control, proteasome or  autophagy pathway 
(proteasome subunits, sequestosome1-p62/SQSTM1, nuclear dot protein 52-NDP52) and 
pro-inflammatory citokines (IL-6 and IL-1β), recently correlated to Nrf2 activity [48].

Finally, an expanding group of Nrf2-regulated genes considers many enzymes governing 
different metabolic pathways. The subgroup of lipid metabolism includes genes involved 
in de novo lipogenesis and lipid degradation, as well as genes involved in lipid transport 
and uptake. The subgroup of glucose homeostasis includes genes encoding enzymes of the 
pentose phosphate pathway, as well as some enzymes of glycogen metabolism, like glycogen 
branching enzyme (GBE), phosphorylase b kinase subunit A1 (PHKA1), recently linked to 
Nrf2 signaling in muscle [49].

Negative and positive regulators of Nrf2 protein

Nrf2 protein level is tightly regulated by several mechanisms, most of which act at the 
post-translational level to allow its activation upon specific stimuli.

Negative regulators
The best characterized negative regulator of Nrf2 is Keap1, which, in absence of stress, 

binds to the neosynthesized Nrf2, targeting it for polyubiquitination and degradation by 
the 26S proteasome [7, 8]. In particular, Keap1 is a cysteine-rich protein that acts as a key 
sensor for oxidative/electrophilic stresses. In detail, Keap1 homodimer binds a single Nrf2 
molecule: one monomer associates with the ETGE motif and the other one interacts with the 
DLG motif (at lower affinity), both present in the Neh2 domain of Nrf2. In this conformation, 
Keap1 constantly targets Nrf2 to the Cullin3/Rbx1 system for polyubiquitination of seven 
lysines in the Neh2 domain and subsequent degradation. The most accepted model proposes 
that under stress conditions specific cysteine residues of Keap1 are modified, perturbing 
the interaction between Keap1 and Nrf2. In particular, the DLG motif of Nrf2 detaches from 
Keap1, whereas the binding with ETGE motif remains. Thus, inactivation of Keap1 allows 
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newly synthesized Nrf2 to translocate into the nucleus [7, 8, 39, 50]. Nrf2 stabilization is also 
regulated by SCF/β-TrCP complex, involving the S-phase kinase-associated protein 1 (Skp1), 
Cullin-1 (Cul1) and F-box protein E3 ubiquitin ligase [39, 51]. This regulation is unrelated 
to redox-sensitive modifications via reactive cysteine residues of Keap1. Indeed, Nrf2 is 
first phosphorylated by the enzyme glycogen synthase kinase 3 (GSK-3β) at specific serine 
residues located in the Neh6 domain of Nrf2, generating a phosphorylated destruction motif 
called “phosphodegron.” Hence, Nrf2 is recognized by the adapter protein β-TrCP that targets 
it for ubiquitination and subsequent 26S-mediated degradation [13, 52]. Nrf2 can also be 
regulated through the protein synoviolin (Hdr1) E3 ubiquitin ligase [39], recently associated 
to the endoplasmic reticulum (ER) stress produced by misfolded protein accumulation. 
Noteworthy, unfolded protein response (UPR) by ER stress has been recently implicated in 
neurodegeneration [53].

Other negative modulators of Nrf2 are its direct interactors: seven in absentia homolog 
2 (SIAH2) [54], CR6-interacting Factor 1 (CRIF1) [55], and the scaffold protein of membrane 
caveolae caveolin-1 (Cav-1) [56]. Under hypoxia, Nrf2 is down-regulated by SIAH2, a 
regulator of the hypoxic responses belonging to RING finger E3 ubiquitin ligase classes that 
interacts with non-phosphorylated Nrf2, favoring its degradation. CRIF1, a mitochondrial 
protein implicated in the production of the oxidative phosphorylation complex, can bind 
Nrf2 and promotes its degradation in a redox-independent manner, affecting Nrf2 activity to 
coordinate the cell cycle in stress-response.

Positive regulators

Regulators of Nrf2 stability. Nrf2 can be positively regulated by several proteins [reviewed 
in 7, 18, 44; Fig. 2]. Some of them, such as cyclin-dependent kinase (CDK) inhibitor p21waf1, 
breast cancer susceptibility gene 1 (BRCA1) and IQ motif-containing GTPase-activating 
protein 1 (IQGAP1), interact directly with Nrf2, whereas others, like p62/SQSTM1, interact 
indirectly with it; for example, by binding Keap1. Furthermore, there are other factors, such 
as protein/nucleic acid deglycase DJ-1/Parkinson’s disease protein 7 (DJ-1/PARK7), whose 
direct association with Keap1or Nrf2 has not been demonstrated yet.

In particular, p21waf1 protein competes with Keap1 for the binding to Nrf2, thus preventing 
its ubiquitination and subsequent degradation [57, 58]. Interestingly, p21waf1 and Nrf2 can 
control each other with a feedback mechanism, which implies that the increase of p21waf1 
enhances Nrf2 activity, and vice versa. BRCA1 promotes Nrf2-dependent transcription via 
direct interaction with Nrf2 protein or indirectly interacting with CREB-binding protein 
(CEBP) or with c-Myc [59]. IQGAP1, a scaffold protein interacting with actin, E-cadherin, 
β-cadherin and calmodulin, enhances Nrf2 stability probably by acting as a platform to recruit 
MAPK/extracellular signal-regulated kinase (ERK) kinase (MEK)-ERK pathway [60]. p62/
SQSTM1 regulates Nrf2 by preventing the association of Nrf2 with Keap1, thereby promoting 
stability and nuclear function of Nrf2 [50, 61]. p62/SQSTM1 acts as a cargo receptor for the 

Fig. 2. Positive and negative regu-
lators of Nrf2. Nrf2 can be directly 
or indirectly regulated by different 
proteins acting both in the cyto-
plasm and/or in the nucleus.
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degradation of ubiquitinated proteins by the catabolic process of autophagy, thus preserving 
organisms from proteotoxic/oxidative stresses. p62/SQSTM1 sequesters Keap1 into the 
aggregates/autophagosomes, thus increasing activity of Nrf2. Furthermore, p62/SQSTM1 
also affects the half-life of Keap1, suggesting that the interplay of p62/SQSTM1-Nrf2-Keap1 
makes the response to redox-signalling more robust [reviewed in 62, 63].

DJ-1/PARK7 inhibits the interaction between Nrf2 and Keap1, thus activating Nrf2 
against a variety of oxidative stresses. DJ-1/PARK7 is a well-established multifunctional 
protein associated with both Parkinson’s disease and cancer [64]. Besides Nrf2, DJ-1 acts 
as an activator of various other antioxidant factors/pathways involved in both ROS/RNS 
inactivation and the recycle of oxidized molecules [reviewed in 65].

Nuclear regulators of Nrf2-transcriptional activity. Nrf2 regulates gene expression 
while also interacting with other transcriptional factors and various regulators that serve 
as activators or repressors of transcription of several genes. Indeed, several proteins 
heterodimerize with Nrf2 and promote its transcriptional activity. In particular, Nrf2 forms 
heterodimers with sMAFs proteins such as MAFF, MAFG and MAFK [5-7, 66]. The heterodimer 
Nrf2/sMAF activates the transcription of genes containing antioxidant/electrophile response 
element (ARE/EpRE) binding motif.

Nrf2 can also heterodimerize with several members belonging to the AP-1 family [25, 
67], effectors of signal transduction cascades involving MAPK/ERK, MAPK/JNK, or with 
ATF2/4 [68], and effectors of PERK signaling. In these cases, ARE sequences recognized by 
Nrf2 overlap with those employed by these factors.

Another mechanism by which Nrf2 can bind to ARE/s and activate gene expression 
implicates the removal of the factor Bach1 from the ARE sequence/s [69]. In particular, Bach1 
is related to the basal repression of the HO-1 gene [70]. Notably, Bach1 itself is a target gene 
of Nrf2, thus generating a negative feedback circuit for ARE-dependent gene transcription. 
This cross-talk could be essential to produce the correct level of antioxidant genes under 
stress [71]. Very recently, it has been reported that Nrf2 directly interacts with the subunit 
MED16 of the Mediator complex. Given that the association Nrf2-MED16 does not affect 
Nrf2 binding to the ARE, and that MED16 can recruit and/or activate RNA Polymerase II, 
the interaction Nrf2-MED16 is crucial for connecting stress signals to the transcriptional 
apparatus [72].

Nrf2 cross-talks with other cellular pathways
The cellular regulatory circuits that define outcomes of Nrf2 activity are particularly 

intriguing and correlate with other signal transduction cascades that can either promote or 
inhibit the Nrf2 pathway. Indeed, ROS/RNS activate MAPK, phosphoinositide 3-kinase (PI3K) 
and PKC pathways, which converge on different redox transcriptional factors [reviewed in 7, 
39, 44, 57, 73]. In particular, post-translational modifications of Nrf2, such as phosphorylation 
and acetylation, are critical for its transcriptional activation and/or subcellular localization. 
In particular, PKC- or casein kinase 2- (CK2) phosphorylation of Nrf2 at Ser-40, as well as 
the MAPK/PERK-mediated phosphorylation at Thr-80, allow Nrf2 nuclear accumulation. 
CBP/p300-mediated acetylation of lysines within the Neh3/Neh1 domain increases Nrf2-
dependent transcription, whereas their SIRT1-mediated deacetylation antagonizes Nrf2 
signal. In addition, all these pathways also regulate the activity of Nrf2 interacting proteins, 
like the members of the AP-1 family, as well as that of nutrient-sensitive proteins, like AMPK 
(a downstream effector of Akt), that further promotes phosphorylation of Nrf2 blocking 
its nuclear export or increasing stability. Conversely, p38/MAPK, GSK-3β, or PTEN cascade 
signals result in the inhibition of Nrf2 activity [7, 39, 44, 57, 73].

On the other hand, the data about the relationship between Nrf2 and ROS-dependent 
activation of HIF-1α/2α are complex, and in some cases, controversial. Indeed, Nrf2 signal 
can either sustain HIF-1α pathway or decrease HIF-1α activity [reviewed in 74]. Cross-talk 
between Nrf2 and heat-shock factor 1 (HSF1) has been reported in adaptation/survival 
mechanisms against redox changes/electrophiles, as well as heat shock, heavy metals, 
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hypoxia or pH changes. HSF1 is the most important transcriptional regulator of the heat 
shock response, and, in particular, it prevents protein misfolding. Moreover, Nrf2 and 
HSF1 have opposing roles during autophagy induced by bis(2-hydoxybenzylidene)acetone 
(HBB2) [75]. Thus, Nrf2 and HSF1 pathways share overlapping target genes, including heat 
shock protein 70 (Hsp70), p62/SQSTM1, activating transcription factor 3 (ATF3) and heme 
oxygenase-1 (HO-1).

Furthermore, Nrf2 is also involved in anti-inflammatory pathways by a network with 
NF-κB signaling. NF-kB is activated through the proteasome-mediated degradation of its 
inhibitor IkB that allows nuclear translocation and induction of inflammatory factors i.e., 
TNFα, IL-6, IL-1 and IL-8, as well as genes related to antioxidant response. Several studies on 
Nrf2-null mice/cells demonstrated an increased sensitivity to inflammation and reported a 
role of HO-1, as well as its metabolites (iron, CO and bilirubin) in the anti-inflammatory effects 
mediated by Nrf2 [reviewed in 47]. Recently, it has been described a direct transcriptional 
involvement of Nrf2 in the suppression of LPS-induced pro-inflammatory genes, such as IL-6 
and IL-1β [48] in vivo. This activity is independent from ROS-induced response mediated by 
ARE sequences.

The functional relevance on Notch-Nrf2 cross-talk has been reported in vivo for liver 
development/protection. The Notch1 gene is a direct target of Nrf2, which regulates its 
expression through a canonical ARE sequence. In turn, mammalian Nrf2 genes contain a 
functional binding sequence for RBPjk, a key transcriptional regulator of Notch1 [reviewed 
in 76]. However, further studies are necessary to evaluate whether this cross-talk affects the 
brain, where balanced Notch/Nrf2 axis could be potentially cytoprotective for neurons.

The cross-talk between Nrf2 and p53 is essential to preserve cellular homeostasis 
and involves both positive and negative interactions. Wild-type p53 can act either as an 
antioxidant or pro-oxidant factor to regulate intracellular ROS levels. This dual activity is 
correlated to the extent of numerous signals that converge on p53. On one hand, at low level 
of stress, basal p53 decreases ROS production by inducing the expression of many antioxidant 
genes, such as SESN1 and SESN2 of the sestrin family, GPX1 of the glutathione peroxidase 
family, and metabolic genes, such as ALDH4, TIGAR (TP53-induced glycol sis and apoptosis 
regulator) and GLS2 (phosphate-activated glutaminase). On the other hand, under severe 
stress, p53 is increased/activated, thus inducing pro-oxidant/proapoptotic genes such as 
tumor protein p53-inducible protein 3 (TP53I3/PIG3), proline dehydrogenase 1 (PRODH/
PIG6), ferredoxin reductase (FDXR), BCL2 binding component 3 (BBC3/Puma) and BCL2 
associated X (BAX). In this way, wild-type p53 contributes to preserve the integrity of the 
genome and to inhibit cancer initiation/propagation [44]. Functional interactions between 
Nrf2, p53, p53-regulated proteins and p53 regulators have been described at several 
levels. Tung et al. reported that Nrf2 mRNA levels were higher in p53-mutant tumors than 
in p53-wild-type non-small cell lung cancer (NSCLC) [77]. This might confer resistance to 
cisplatin-based chemotherapy in NSCLC patients [77]. Accordingly, p53 missense mutants 
cooperate with Nrf2 to activate proteasome gene transcription, resulting in resistance to 
the proteasome inhibitor carfilzomib in triple-negative breast cancer [78]. Furthermore, 
as reported above, p21waf1, a downstream target of p53, directly interacts with Nrf2 and 
positively affects the Nrf2 signaling. In addition, a downstream target of Nrf2, the NAD(P)
H dehydrogenase quinone 1 (NQO1) prevents p53 degradation [79]. Conversely, Nrf2 is 
essential for the basal transcription of MDM2, thus promoting p53 degradation [80], and 
we have demonstrated that p53, in condition of high oxidative stress, negatively regulates 
some Nrf2-dependent genes [81]. The interplay between Nrf2, MDM2 and p53 may involve 
also the Ser/Thr homeodomain-interacting protein kinase 2 (HIPK2), a modulator of several 
cellular functions, which acts as a signal integrator of a wide variety of stress signals, and as 
a regulator of transcription factors and cofactors. Indeed, HIPK2 is a well-characterized p53 
regulator, promoting the expression of apoptosis-related p53-target genes [82]. Recently, it 
has demonstrated that HIPK2 ablation induces cerebellar dysfunction compatible with an 
ataxic-like phenotype [83] and, being a redox-sensitive kinase [84], HIPK2 shares several 
fields of interaction with Nrf2. Interestingly, HIPK2 gene is a direct transcriptional target of 

http://dx.doi.org/10.1159%2F000491465


Cell Physiol Biochem 2018;47:1951-1976
DOI: 10.1159/000491465
Published online: July 03, 2018 1959

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Paladino et al.: Nrf2 and microRNAs in Neurological Disorders

Nrf2, which positively regulates its expression. HIPK2, in turn, supports Nrf2 cytoprotective 
activity, promoting its nuclear accumulation and activity [84]. These data suggest that HIPK2 
may be an important modulator of Nrf2 in the regulation of oxidative stress-related genes 
and correlated diseases.

Nrf2 and redox homeostasis in the brain

The brain is an organ with elevated consumption of oxygen, and neuronal cells rely 
on oxidative metabolism to supply the high demand of energy [85]. Thus, neurons are 
consistently exposed to oxidative stress injuries, being HO•, H2O2, NO•, and ONOO− molecules 
generated in neurons from a variety of sources including mitochondrial respiratory chain, 
iron/copper mediated Fenton reaction and NOS enzymes. Indeed, protein carbonyls, HNE 
and 3-nitrotyrosine (3-NT) represent the most frequent products derived from oxidative/
nitrosative damage to biomolecules that are considered early hallmarks of degeneration in 
different pathologies of the neuronal tissue [86, 87]. Proteins with carbonyl groups originate 
from direct oxidation of specific amino acid lateral groups, as well as from Michaelis addition 
reactions, in particular with HNE. These processes can induce protein misfolding and 
aggregation that is a feature of neurodegenerative diseases. HNE also reacts with sulfhydryl 
groups of low molecular weight molecules, such as glutathione, to yield stable thioether 
derivatives. In addition to HNE, MDA and acrolein also are produced from decomposition of 
lipid peroxidation, thus affecting the integrity/functions of biological membranes of neurons 
[86].

Irreversible 3-NT and thiol nitrosylation of cysteine (S-nitrosylation) represent 
the major protein modifications induced by increased ONOO− and NO•, respectively. At 
physiological levels, NO• is implicated as a signaling molecule in many important processes 
within the central nervous system, and is generated by the neuronal NOS (nNOS) isoform. 
Its production can be stimulated by neuroinflammatory mediators and/or toxins that 
upregulate the expression of the inducible NOS (iNOS) or hyperstimulate nNOS. Increased 
NO• levels can lead to ONOO− overproduction that is rapidly decomposed into reactive HO• and 
NO2

•, triggering further oxidative stress. Furthermore, activated glia induces NOX2 enzyme, 
producing high amounts of O2

• −. The radical superoxide can dismutate either to H2O2 by SODs, 
or react with NO• to produce peroxynitrite that fuel in a vicious cycle of radical production 
[87]. Another feature of brain degenerative diseases is mitochondrial dysfunction. Indeed, 
both nitration and nitrosation of proteins affect activity of several mitochondrial enzymes 
such as succinate dehydrogenase, creatine kinase and Mn-SOD [88].

Moreover, astrocytes could play a crucial role in the physiological function of the 
brain, exerting various functions to support neurons through glycogen storage and lactate 
release, uptake and release of transmitters, synapse formation/remodelling and activity, 
tissue repair and defense against oxidative stress [89, 90]. Indeed, astrocytes sustain redox 
homeostasis by producing and secreting high amounts of GSH that is essential to prevent 
oxidative damages in nearby neurons. The elevated production of GSH in astrocytes 
is sustained by both elevated biosynthesis and regeneration under the control of cell-
autonomous Nrf2 signaling. Accordingly, astrocytes express basal levels of Nrf2 that can 
be further increased by several stresses, whereas Nrf2 expression is low in neurons due to 
epigenetic inactivation of its promoter and/or continuous destabilization of Nrf2 protein 
[91, 92]. Therefore, in astrocytes, Nrf2 regulates the basal expression of genes such as 
solute carrier family 7 member 11/xCT (SLC7A11/xCT), glutamate-cysteine ligase modifier 
subunit/gamma-glutamylcysteine synthetase (GCLM/γGCS) and glutathione-disulfide 
reductase (GSR) required for synthesis and metabolism of GSH, which is essential for redox 
homeostasis in the brain [45, 93]. Nrf2 also regulates the expression of MRP1-favoring GSH 
export that is broken by neurons that reuse amino acids to synthesize their own GSH. In fact, 
neurons in which the GSH biosynthetic enzymes are deleted are more prone to damage/
death [94]. Thus, neurons rely on non-cell autonomous antioxidant protection. Recently, it 
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has been demonstrated that Nrf2 signal can be activated by chronic stimulation of N-methyl-
D-aspartate receptors (NMDAR) in astrocytes, thus protecting neurons against ROS/RNS 
damages due to high mitochondrial Ca2+ uptake [92].

In the brain, Nrf2 signaling also coordinates the activity of TRXs and/or PRXs necessary 
for the removal of ROS in the mitochondria [45, 92]. Among the many substrates of TRX-
reduced disulfides are PRXs, glutaredoxin 2, HO-1, cytochrome c, and also the protein DJ-1, 
a peroxiredoxin-like peroxidase that scavenges H2O2 and is an upstream regulator of Nrf2-
mediated induction of TRX [64].

In summary, Nrf2 signaling is essential to prevent/counteract pathological ROS/RNS 
insults in the brain, thus opposing the onset and progression of neurological disorders 
(Fig. 3). Recent findings based on animal models studies have shown the neuroprotective 
effects of many compounds, such as the triterpene Ginsenoside Rb1 [95] and the alkaloid 
Glaucocalyxin B [96] as well as endogenous metabolites like alpha-lipoic acid [97] and 
estradiol [98], all involved in the activation of the Nrf2/ARE signaling. Aging is the main 
risk factor for neurodegeneration and is associated with enhanced ROS/RNS levels and 
lower antioxidant capacity. Consistently, deregulation of Nrf2 pathway has been linked 
with aging, as well as with an enhanced susceptibility to and/or accelerated progression of 
neurodegenerative diseases [99-101].

Oxidative stress and microRNAs

MicroRNAs (miRNAs 
or miRs) are small non-
coding RNAs (about 18-
25 nucleotides in length) 
that regulate a vast array 
of physiological and 
pathological processes, 
ranging from development, 
homeostasis, metabolism 
and immunity, to aging and 
age-related diseases [102-
104]. miRs bind mainly to 
the 3’ untranslated region 
(UTR) of target mRNAs, and 
suppress their expression 
by inducing translational 
repression and/or 
degradation, depending 
on the complementarity 

Fig. 3. Oxidative stress in neuro-
logical disorders. For each neuro-
logical disorder, the impairment of 
different pathways might lead to 
the oxidative stress.
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Table 1. microRNAs implicated in neurological disorders regulating 
Nrf2 response. N.E., not evaluated 

miRNA Nrf2 target 
Other members of Nrf2-pathway 

targets 
Nrf2/ 

response 

Physiopathological 

Conditions/implicated diseases 

miR-27a 
miR-142-5p  √  < Parkinson’s disease 

miR-34a √  < Parkinson’s disease 

miR-34b 
miR-34c N.E.  > Parkinson’s disease 

miR-93 √  < Ischemic Stroke 

miR-144 √  < 
Alzheimer’s disease 
Parkinson’s disease 

miR-153 √  < 
Alzheimer’s disease 
Parkinson’s disease 

Ischemic Stroke 

miR-494   >  Parkinson’s disease 

miR-7  Keap1 > Parkinson’s disease 

miR-128b  MAFG < Ischemic Stroke 
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of the duplex [105, 106]. 
Numerous findings 
indicate a strict correlation 
between miRs and redox 
homeostasis. In this context, 
miRs can act at various 
levels and their activities 
could contribute directly or 
indirectly to the regulation 
of ROS/RNS levels. In 
particular, miRs can directly 
affect the expression of Nrf2 
and/or proteins controlling 
Nrf2 activity, as well as 
enzymes implicated in 
ROS/RNS production and 
detoxification. Moreover, 
Nrf2 and redox-related 
pathways can regulate 
miRs transcription.  
Noteworthy, the intriguing 
cross-talk between ROS/
RNS, miRs and Nrf2 is 
crucial in orchestrating 
antioxidant defences as 
well as maintaining redox 
homeostasis [9, 25, 107, 
108].

Several studies revealed 
that the biogenesis of miRs 
could be self-regulated by 
cellular redox status, thus 
suggesting an additional 
intricate interplay between 
miRs production and ROS/
RNS levels [109]. Primary 
transcripts of miRs (pri-
miRs) are recognized in 
the nucleus and cleaved by 
the RNA-binding protein 
Di George critical region-8 
(DGCR8) to produce 
intermediate precursor 
miRs (pre-miRs) that 
are then exported into 
cytoplasm for complete 
maturation. DGCR8 
activity is modulated 
by intracellular redox 
conditions in dependence 
on heme levels. Thus, HO-1 activity, which is the main degrading enzyme of heme, could 
influence the expression levels of miRs. Indeed, a recent paper of Lin et al. correlates HO-1 
overexpression with altered miR profile in astrocytes [110]. Because HO-1 is induced by 
many stressors and has been found overexpressed in neural tissues of Alzheimer’s disease 

Table 2. microRNAs implicated in neurological disorders regulated by 
Nrf2. N.E., not evaluated 

 

miRNA 
Regulation 

By Nrf2 

Physiopathological 

Conditions/implicated diseases 

miR-29a 
miR-29b 
miR-29c 

ARE-mediated Alzheimer’s disease 
Ischemic Stroke  

miR-125b ARE-mediated Alzheimer’s disease 

miR-206 Not ARE-mediated Alzheimer’s disease 

miR-106b-25 N.E. Amyotrophic lateral sclerosis 
 

Table 3. microRNAs implicated in neurological disorders affecting cell 
redox homeostasis 

miRNA Other targets 
Physiopathological 

Conditions/implicated diseases 

miR-7 alpha-synuclein  Parkinson’s disease 

miR-27a 
miR-142-5p  

alpha-synuclein Parkinson’s disease 

miR-29a VDAC1 
Alzheimer’s disease 

Ischemic Stroke 

miR-29b BH3-only proteins 
Alzheimer’s disease 

Ischemic Stroke 

miR-29c BACE1  Alzheimer’s disease 

miR-34b 
miR-34c 

alpha-synuclein Parkinson’s disease 

miR-125b Bak1 
p53 

Alzheimer’s disease 

miR-144 
ADAM10 

alpha-synuclein 
Alzheimer’s disease 
Parkinson’s disease 

miR-153 
alpha-synuclein 

 APP 
APLP2 

Parkinson’s disease 

Alzheimer’s disease 
Ischemic Stroke 

miR-206 BDNF Alzheimer’s disease 

miR-494 DJ1 Parkinson’s disease 
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(AD) and Parkinson’s disease (PD), this could contribute to the pathogenesis of chronic brain 
disorders. In addition, the DGCR8/Drosha complex is regulated by the redox-sensitive enzyme 
GSK-3β that stabilizes Drosha into the nucleus. Conversely, GSK-3β regulates negatively Nrf2, 
thus adding further complexity in the modulation of miRs biogenesis and redox status.

ROS/RNS can also regulate the activity of Dicer, a key cytosolic endonuclease implicated 
in the synthesis of mature functional miRs. This enzyme is downregulated in various cellular 
models after H2O2-induced oxidative stress [109, 110] as well as in aging/senescence, which 
results in deregulation of mature miR levels.  In addition, human and mouse Dicer genes 
contain ARE sequences in their promoters, suggesting that Nrf2 could participate indirectly 
to miRs maturation [107-109]. Consistently, antioxidant compounds, such as sulforaphane 
and resveratrol, prevent Dicer downregulation by increasing Nrf2 activity. Furthermore, 
Dicer suppression by the miR-let7 family, which is induced upon oxidative stress, could 
represent another mechanism to modulate miR levels, potentially related to redox status 
[107].

It is notable that Nrf2 plays a critical role in redox homeostasis and that several miRs 
have emerged to be important in its post-transcriptional regulation, as well as in antioxidant 
defenses. miRs could contribute to the modulation of the stress response mediated by Nrf2 
at various levels in different physiopathological contexts including neurological disorders [9, 
40, 107]. Firstly, several miRs are directly implicated in Nrf2 post-transcriptional regulation 
by targeting its mRNA, thus reducing Nrf2 protein levels and, consequentially, stress 
defenses (Table 1). Another group of miRs can indirectly contribute to the activation of Nrf2-
dependent pathway by interacting with the 3’-UTRs of negative interactors/regulators of 
Nrf2 such as Keap1 (Table 1). Some miRs are transcriptionally regulated by Nrf2 and their 
activities can modulate apoptotic pathway and generation of β-amyloid peptide (Table 2). 
This leads to stabilization and/or activation of Nrf2 with consequent upregulation of the 
antioxidant response. Interestingly, some of these miRs are also involved in the regulation 
of proteins that can influence the Nrf2 activity (Table 3). Overall, it is likely that Nrf2-related 
miRs could play a crucial role in the pathogenesis of brain disorders (Fig. 4). Here, we discuss 
the role of miRs implicated in brain disorders.

Nrf2 and microRNAs in neurological disorders

Nrf2 and miRNAs in Alzheimer’s disease
Alzheimer’s disease is the most common neurodegenerative disease and represents the 

most common form of dementia in older people. At the cellular level, the pathogenesis of 
AD is characterized by the accumulation of hyperphosphorylated Tau protein, which forms 
neurofibrillary tangles, and of amyloid beta (Ab) peptides, produced by sequential proteolytic 

Fig. 4. Involvement of microRNAs-
related to Nrf2 in neurological 
disorders. miRs involved in Parkin-
son’s disease, Alzheimer’s disease, 
Amyotrophic lateral sclerosis and 
ischemic stroke are depicted. So 
far, several miRs directly downreg-
ulating Nrf2 levels have been iden-
tified. Furthermore, other miRs 
could contribute to the increase of 
oxidative stress by regulating pro-
teins that have a crucial role in the 
pathogenesis of each disease.
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cleavages of the amyloid precursor protein (APP) by β- and γ-secretases. The accumulation 
of these aberrantly-modified proteins results in oxidative damage, inflammation and 
increased intracellular calcium levels [11]. Because of its antioxidant potential, Nrf2 
pathway has been shown to counteract AD progression, and Nrf2 activators, such as 
tert-butylhydroquinone (tBHQ), sulforaphane (SFN) and 2-cyano-3, 12-dioxooleana-1, 
9(11)-dien-28-oic acid–methyl amide (CDDO-MA), have been reported to reduce oxidative 
stress in cultured neurons, ameliorate cognitive dysfunction and spatial memory retention, 
and reduce plaque burden, antibodies levels, microgliosis and oxidative stress in AD mouse 
models [11]. Moreover, recent evidences suggest the involvement of miRs in AD through 
several mechanisms. Specifically, miR-153 and miR-144 directly target Nrf2 mRNA. Nrf2-
regulating miR-153, whose expression is downregulated in APPswe/PSΔE9 AD murine 
model, directly targets APP and amyloid precursor-like protein 2 (APLP2) mRNAs binding 
their 3’-UTR [111]. APLP2 is a homologue of APP significantly upregulated in AD brains, and 
its C-terminal fragments contribute to the progression of the disease, decreasing cell survival 
[112]. Consistently, APP and APLP2 are downregulated in the brain of miR-153-transgenic 
mice with respect to wild type. The ability of miR-153 to regulate APP and APLP2 expression 
has been confirmed by Long et al., who showed also that miR-153 levels are inversely 
correlated to those of APP in AD patients. The authors reported that miR-153 levels were 
significantly decreased in a small cohort representative of advanced AD post-mortem brain 
specimens with neocortical neurofibrillary tangle (NFT) pathology (Braak stage III–VI), as 
compared with specimens lacking neocortical NFT pathology (control and Braak stage I/II 
specimens) and this is associated with a concomitant increase of APP levels in Braak stage 
III–VI specimens [113]. Moreover, miR-153 could represent an important regulator of cell 
survival in the development of AD, and is important for its ability to regulate the expression 
of the apoptotic proteins Bcl-2 and Mcl-1 [114].

miR-144 is another Nrf2-regulating miR, and it is downregulated in elder primate 
brains and AD patients. miR-144 directly targets the α-secretase ADAM10 (A Disintegrin 
and Metalloprotease 10) [115]. This protein is decreased in the platelets and neurons of 
AD patients, and is responsible for non-amyloidogenic APP processing that generates the 
neuroprotective and neurotrophic soluble APPs α-ectodomain, thus protecting the brain 
from the production of the Ab [116]. Intriguingly, the involvement of miR-144 in insulin 
signaling regulation could suggest a more complex role of this miR in AD, which is starting 
to be considered a metabolic disease with derangements in brain glucose utilization and 
responsiveness to insulin and insulin-like growth factor stimulation [117]. Deficiencies of 
insulin signaling have been consistently found in the brains of AD patients (in particular of 
the insulin receptor substrate-1, IRS-1), similar to those responsible for dementia symptoms 
of type 2 diabetes. miR-302 connects Nrf2 and insulin signaling by increasing Akt pathway 
attenuating the expression of phosphatase and tensin homolog (PTEN). AKT stimulates Nrf2 
inhibiting Ab-induced neurotoxicity and suppresses Ab-induced inhibitory phosphorylation 
of IRS-1 at Ser307, which blocks the interaction with the insulin receptor and inhibits insulin 
action [118, 119].

Another important player in AD pathogenesis is brain-derived neurotrophic factor 
(BDNF), a pleiotropic regulator of synaptic plasticity, which affects cognitive function, 
memory and neurogenesis and is strongly downregulated in AD patient brains [120]. miR-
206, which is indirectly regulated by Nrf2, and is upregulated in the brain of Tg2576 mice and 
in the hippocampal tissue, cerebrospinal fluid, and plasma of embryonic APP/PS1 transgenic 
mice, downregulates BDNF, thus affecting cognitive functions and memory of AD mice [121, 
122].

Importantly, Moon et al. have evaluated miR-206 levels by real-time PCR in a small set of 
intranasal biopsies of the olfactory epithelia of early dementia patients compared to healthy 
controls and depression patients. miR-206 levels increased selectively in dementia patients, 
and its upregulation levels were inversely correlated to the cognitive assessment scores. 
If these data could be confirmed in adequate clinical trials, miR-206 could be utilized as a 
biomarker for the early diagnosis of AD [123].
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miR-125b, which is directly regulated by Nrf2, has a controversial role in AD because it 
is upregulated in the brain of human AD patients and downregulated in APPswe/PSDE9 AD-
mouse models and in murine primary hippocampal neurons treated with soluble Ab peptide 
[124, 125]. The authors suggest the neuroprotective role of this miR, at least in mice, reporting 
that miR-125b decreases the expression of the pro-apoptotic proteins Bak1 and p53, which 
are upregulated in some AD patients and in mouse primary cortical neurons. Interestingly, 
miR-125b levels are downregulated by Ab peptide treatment, with a consequent increase of 
Bak1 and p53 [125].

Loss of other Nrf2-regulated miRs, belonging to miR-29 cluster, has been found in 
sporadic AD associated with increased BACE1/beta-secretase expression, suggesting a 
potential relationship between the expression of these miRs and the accumulation of Ab 
peptide [126]. On this basis, Pereira and colleagues have started the development of a 
therapeutic approach aimed to restore miR-29b expression in AD patients lacking miR-
29a/b-1. Firstly, they described a new arginine-affinity chromatography-based strategy to 
purify the recombinant pre-miR-29b. Then, they tested different strategies to deliver this 
recombinant pre-miR into cells. Interestingly, Chitosan/pre-miR-29b and Polyethylenimine/
pre-miR-29b polyplexes efficiently delivered pre-miR-29b to mouse neuroblastoma N2a695 
cells (stably transfected with cDNA encoding human APP isoform 695), thus reducing BACE1 
expression and Aβ42 levels [127]. However, the members of the miR-29 cluster could also 
represent useful peripheral markers for AD diagnosis. In fact, the expression of miR-29c is 
downregulated in the peripheral blood of AD patients with respect to age-matched controls, 
and this downregulation is associated with a concomitant increase in BACE1 blood levels. 
Moreover, the authors reported that upregulation of miR-29c promotes learning and memory 
behaviors in SAMP8 mice, decreasing BACE1 expression and activating the neuroprotective 
function of the PKA/CREB pathway. Furthermore, Zong et al. found that miR-29c is aberrantly 
expressed in the frontal cortex and in the hippocampus of APPswe/PSΔE9 mice, where it 
downregulates the expression of neurone navigator 3 (NAV3), a regulator of axon guidance 
[128].

Nrf2 and miRNAs in Parkinson’s disease
Parkinson’s disease (PD) is the second most common neurodegenerative disorder 

affecting 1-2% of people over the age of 60 [129-132]. Clinically heterogeneous, PD is 
characterized by a wide spectrum of motor (such as resting tremor, bradykinesia, muscular 
rigidity and postural inability) and non-motor (sleep disorders, cognitive and behavioural 
manifestations) symptoms. The pathological hallmark of PD is the progressive loss of 
dopaminergic neurons (DA) in the substantia nigra pars compacta (SNpc) and the presence in 
surviving neurons of Lewy bodies, which are eosinophilic proteinaceous inclusions enriched 
in alpha-Synuclein (α-Syn) aggregates [129, 130]. Beyond the rare monogenic forms of the 
disease (accounting for 5-10% of PD), the majority of PD cases are sporadic and probably 
caused by a combination of genetic and environmental factors on a background of age-
related changes. However, the exact underlying molecular mechanisms are still unknown, 
and it is still puzzling why dopamine (DA) neurons are the most affected in all forms of PD. 
The impairment of mitochondrial functions, as the dysfunction of protein quality-control 
machineries with subsequent accumulation of misfolded proteins, has been implicated in 
the PD pathogenesis [129, 131, 132]. Moreover, oxidative stress is also considered as one 
of the main causes of PD [3, 133, 134]. A number of findings indicate that oxidative stress 
concurs to PD not only in sporadic, but also in familial cases, where it might exacerbate the 
disease phenotype. Accumulation of ROS has been reported in PD patients [134, 135], and 
the oxidative damage is abundant in PD [134, 136-138]. From post-mortem studies, there is 
evidence for lipid peroxidation, protein nitration and nucleic acid oxidation in brain PD [139-
141]. Moreover, the presence of protein adducts of HNE, as well as an increase in protein 
oxidation, has been observed in the SN of PD patients [142, 143].

Several findings indicate that the imbalance between ROS/RNS production and 
antioxidant systems leads to a stress oxidative in PD. The levels of GSH and coenzyme 
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Q10 are reduced in SNpc of PD patients [144-147], suggesting a loss of Nrf2 response. 
On the other hand, a recent study showed that Nrf2 has prevalently nuclear localization 
in the SN of PD brains in contrast to control brains [148], in agreement with activation of 
endogenous antioxidant response. The deficit in Nrf2 target genes expression might be due 
to the impairment of other mechanisms regulating Nrf2 activity or could simply reflect that 
the activity of Nrf2 is insufficient to protect neurons from the sustained oxidative stress. 
Notwithstanding, recent studies showed that Nrf2 has an important protective role against 
the neurotoxins, 6-hydroxydopamine and 1-methyl-4-phenyl-1, 2,3, 6-tetrahydropyridine 
(MPTP) in vitro and in vivo models of PD [149-153]. Hence, all these data indicate that Nrf2 
plays a pivotal role in the antioxidant response in PD, and therefore there is a great interest 
in understanding how its activity can be modulated by emerging regulators as miRs to 
counteract PD progression. Indeed, recent studies showed that several miRs can regulate 
the redox state in in vitro and in vivo models of PD, suggesting that they might contribute to 
the pathogenesis of PD [154].

The brain-enriched miR-7 positively controls the Nrf2 activity. Kabaria and collaborators 
showed that this miR downregulates Keap1 expression by targeting its 3’-UTR in human 
neuroblastoma SH-SY5Y cells [155]. This induces the expression of Nrf2-dependent genes 
along with increase of total glutathione (from 2 to 8 fold). In addition, the overexpression of 
miR-7 protects neuronal cells against 1-methyl-4-phenylpyridinium (MPP)-induced death 
by decreasing the levels of hydroperoxides [155]. Recent findings show that the substantia 
nigra, striatum and olfactory bulb, which are the mainly affected regions in PD, have 
relatively higher miR-7 levels with respect to cerebral cortex and cerebellum [156-158], 
while miR-7 expression is reduced in brain of MPTP-triggered PD mice [158], suggesting 
that dysregulation of this miR might play a crucial role in PD pathogenesis.

Recently, four miRs, miR-27a, miR-142-5p, miR-144, and miR-153, have been identified 
by in-silico analysis by Narasimhan and co-workers, and validated as direct regulators of 
Nrf2 expression in neuronal SH-SY5Y cells [159]. They demonstrated that the overexpression 
of these miRs represses Nrf2 mRNA by targeting its 3’-UTR, thus mediating Keap1-
independent repression of Nrf2 as previously reported for miR-28 in breast cancer [160]. 
Moreover, the abrogation of Nrf2-mediated transactivity leads to a strong alteration of GSH 
homeostasis, including the decrease of GSH/GSSG ratio as the reduction of GCLC and GR 
[159], indicating an important role of these miRs in the redox homeostasis of neuronal cells. 
However, endogenous levels of miR-142-5p and miR-144 are negligible in SH-SY5Y cells, 
while relatively higher than those of miR-27 and miR-153. Interestingly, miR-153 has been 
found enriched in the brain, pointing out a pivotal role of this miR in the redox homeostasis 
of the brain. Moreover, the same group demonstrated that miR-153 was increased after 
exposure to paraquat (PQ), an herbicide that causes irreversible damages to DA neurons and 
therefore is considered to be a potent risk factor of developing PD [161]. The neurotoxicity 
of PQ is attributed to the ROS generation and consequent induction of oxidative stress. Of 
interest, PQ significantly increases, through a mechanism H2O2-dependency, the expression 
of miR-153 in neuronal cells that, in turn, reduces both Nrf2 expression and activity. 
Conversely, the overexpression of an anti-miR-153 prevents ROS accumulation as H2O2-
induced neuronal death [161]. Interestingly, both miR-7 and miR-153 are also implicated 
in the post-transcriptional regulation of α-Syn by binding specifically its 3’-UTR [158, 162]. 
In particular, α-Syn can promote mitochondrial dysfunction by inhibiting complex I activity 
with subsequent increase of ROS/RNS production [163]. In addition, it is well accepted that 
oxidative stress can induce α-Syn aggregation, thus possibly creating a very dangerous loop. 
Therefore, the reduction of miR-7 could play an important role in PD neurodegeneration 
through these two different mechanisms. However, a recent study has showed that miR-7 
regulates the function of mitochondrial permeability transition pore by repressing VDAC1 
expression [164], suggesting a potential role of this miR in preventing mitochondrial 
dysfunction. Hence, it will be important to determine the levels of miR-7 in PD patients in 
order to understanding how it can be dysregulated during the progression of the disease. 
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So far, miR-expression profiling of PD brains revealed that the expression of miR-34b 
and miR-34c is reduced in several brain areas, including the amygdala, SN, frontal cortex 
and cerebellum [165]. The depletion of both miRs through specific miR-inhibitors leads to 
the alteration of mitochondrial dynamics and functions with subsequent reduction of ATP 
synthesis and increased oxidative stress [165]. Moreover, all these events also result in a 
reduction of cell viability [165], thus suggesting the role of miR-34b and miR-34c in PD 
neurodegeneration. Interestingly, the fact that the inhibition of their expression produces 
moderate effects in undifferentiated SH-SY5Y with respect to differentiated cells suggests 
that these miRs might have a relevant role in the maintenance of proper functions of the 
brain in adults. Interestingly, another study showed that inhibition miR-34b and miR-34c 
enhances α-Syn expression in SH-SY5Y cells as inducing its aggregation in neuronal cells 
[166], further supporting that these miRs can contribute to PD pathogenesis.

The identification of DJ-1, a stabilizer of Nrf2, as a direct target of miR-494 is fundamental 
in this context [167]. While the overexpression of this miR renders neuroblastoma N2a cells 
more susceptible to oxidative stress and exacerbates neurodegeneration in MPTP treated 
mice [162], its reduction might protect neurons against oxidative insult by increasing SOD1 
expression, as well as by attenuating mitochondrial dysfunctions [168].

Finally, a recent study by Ba and co-workers has highlighted the role of another miR, miR-
34a, in regulating the Nrf2 activity [169]. They showed that Schisandrin B exhibits protective 
effects against 6-OHDA in vitro and in vivo through the inhibition of the negative modulation 
of miR-34a on Nrf2 activity. They also demonstrated that Nrf2 is a direct target of miR-34a, 
and that Schisandrin B prevents the 6-OHDA-induced miR-34a upregulation [169].

All these data provide clear evidence that miRs could play a role in PD pathogenesis by 
regulating redox homeostasis through different mechanisms. Thus, further studies will be 
crucial to understand whether specific miRs can directly induce and/or contribute to PD.

Nrf2 and miRNAs in amyotrophic lateral sclerosis
ER stress constitutes a physiological, as well as a pathological, stress stimulus activated 

by UPR, which can lead damaged cells to apoptotic death [170]. UPR-induced apoptosis 
is indeed a pathological feature of several diseases such as neurodegeneration, hypoxia, 
ischemia/reperfusion injury, atherosclerosis, and diabetes. Nrf2 has been involved in ER 
stress-induced apoptosis. In detail, Nrf2 is activated during UPR and, together with ATF4, 
causes the repression of miR-106b-25 cluster in a PKR-like endoplasmic reticulum kinase 
(Perk)-dependent manner in several cellular contexts. The repression of miR-106b-25 
cluster causes in turn an increase of BIM expression and apoptosis [171]. Interestingly, 
the effects of Nrf2/ATF4/miR-106b-25 cluster may be relevant also for the pathogenesis 
of amyotrophic lateral sclerosis (ALS), in which ER stress has been strongly associated 
with motoneuron degeneration [172]. In fact, miR-106b-25 cluster is downregulated in the 
symptomatic SOD1G86R transgenic mice models of ALS, whereas sporadic ALS patients 
show upregulation of ATF4. Furthermore, it has also found BIM upregulation in a familial ALS 
(fALS) mouse model during the symptomatic stage and, in vivo BIM ablation reduced cellular 
apoptosis in the ventral horn of a transgenic mouse model of fALS, increasing lifespan [172].

Nrf2 and miRNAs in ischemic stroke
Stroke represents one of the most frequent causes of death and disability worldwide 

and is strongly linked to oxidative stress. In fact, it has been largely confirmed that 
cerebral ischemia/reperfusion rapidly triggers an excessive ROS/RNS production, mainly 
in endothelial and smooth muscle cells, but also in neurons, glial cells, and infiltrating 
neutrophils [173]. The main cause of this burst of ROS/RNS production is the disruption 
of mitochondrial respiratory chain followed by the activation of NOXs and XO enzymes, 
which generate large amounts of superoxide radical anion, the precursor of several ROS 
species [174]. However, after a stroke, besides excessive generation of ROS/RNS, there is 
also a decrease in ROS/RNS scavenging capacity due to consumption and subsequent 
insufficient replacement of endogenous antioxidants leading to impairment of antioxidant 
systems. The resultant ROS/RNS accumulation mediates the ischemia/reperfusion injury by 
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several mechanisms, such as blood-brain barrier (BBB) disruption, inflammation, apoptosis, 
and cellular necrosis [173, 175]. Interestingly, both miRs and Nrf2 seem to be involved in 
these mechanisms, and are involved in the pathogenesis of stroke [32]. In fact, the miRNA 
transcriptome largely changes after a stroke, and some ischemia-regulated miRs are 
implicated in BBB disruption (miR-15a), caspase-mediated cell death signaling (miR-497), 
neural cell survival (miR-200 family), and post-stroke inflammatory response (miR-125b, 
-26a, -34a, -145 and let-7b) [176]. Similarly, several studies report that Nrf2 expression and 
activity largely increase after ROS accumulation during the acute phase of stroke in different 
cell types, including neurons, astrocytes, microglia, and leukocytes, and that Nrf2 knockdown 
worsens ischemia-induced neurologic damages [32]. Nrf2 may play a protective role against 
ischemia/reperfusion injury potentiating the antioxidant defenses, via activation of HO-1, 
NQO1, SODs, CAT, GPX genes as well as induction of GSH metabolism genes, protecting BBB 
integrity and counteracting inflammation. For these reasons, there is a growing interest in the 
development of therapies aimed to activate the Nrf2 pathway, and several food antioxidants, 
especially tert-Butylhydroquinone (tBHQ) [177] and resveratrol [178], have been tested as 
Nrf2 activators in stroke. Intriguingly, some Nrf2-regulating or -regulated miRs are related 
to stroke, representing putative therapeutic targets for modulating Nrf2 expression and/or 
potentiating antioxidant defenses after ischemic damage. In particular, Nrf2 transcriptionally 
upregulates the expression of miR-29a and miR-29b belonging to the miR-29 cluster [179]. 
miR-29b is a recognized neurons survival factor, because of its ability to downregulate the 
expression of the pro-apoptotic proteins of the BH3-only family [180]. Furthermore, Khanna 
et al. have reported that miR-29b levels decrease at the infarct site after stroke and that 
this downregulation contributes to cell death in both cultured neurons and animal models 
[181]. In fact, the delivery of a miR-29b mimic is able to increase post-ischemia cell survival, 
whereas inhibition of miR-29b markedly potentiates cell death. Stroke-induced miR-29b 
downregulation is mediated by 12-lipoxygenase, an enzyme responsible for the production 
of reactive lipid metabolites, which induces mitochondrial damage, and, consistently, 
the 12-lipoxygenase inhibitor α-tocotrienol is able to reduce miR-29b downregulation, 
ameliorating stroke outcome [181]. The other member of the miR-29 cluster, miR-29a, seems 
to be responsible, at least in part, for the different sensitivity to cerebral ischemia of cornu 
ammonis 1 (CA1) and dentate gyrus (DG) hippocampal astrocytes. CA1 astrocytes are more 
sensitive to ischemic damage, and exhibit a greater decrease in miR-29a than DG astrocytes 
in response to glucose deprivation. The protective function of miR-29a is due to its ability to 
target the voltage-dependent cation channel-1 (VDAC1), a regulator of mitochondrial inter-
compartmental transport, which can induce apoptosis favoring the release of pro-apoptotic 
proteins from mitochondria. Both overexpression of miR-29a and knockdown of VDAC1 
improve post-ischemic survival of CA1 astrocytes, supporting the mechanism proposed by 
the authors [182].

Consistently with the protective role of Nrf2, Nrf2-targeting miR-93, already related to 
inflammation, oxidative stress, and cell apoptosis, increases in a time-dependent manner in 
the cerebral cortex following ischemia and reperfusion in mice, thus representing a potential 
therapeutic target for acute ischemic stroke [183]. As recently described, treatment with 
miR-93 antagomir reduces cerebral infarction volume, neural apoptosis and restores the 
neurological scores in mice in an Nrf2-dependent manner. In fact, these effects are associated 
with increased expression of Nrf2 and its target HO-1, and knockdown of Nrf2 or HO-1 
prevents miR-93 antagomir-induced neuroprotection against oxidative stress in cultured 
neurons [184].

Finally, some of the Nrf2-associated miRs have been recently proposed as circulating 
non-invasive biomarkers for stroke diagnosis. In particular, the circulating levels of miR-107, 
miR-128b and miR-153 significantly increase in stroke patients in comparison to healthy 
volunteers, and their levels positively correlate with the severity of stroke [185]. Moreover, it 
has recently observed that miR-128 counteracts stress responses mediated by Nrf2 targeting 
MAFG and, as a consequence, it could mediate the adaptive response during hypoxia both in 
vitro and in vivo [186].
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Conclusion

Redox homeostasis in the brain is under the control of Nrf2 and increasing interest 
has been drawn to identify natural or synthetic compounds to modify Nrf2 activity in those 
pathological conditions in which ROS/RNS have a recognized role. The best demonstration 
that Nrf2 induction could be beneficial for the treatment of neurological disorders is 
represented by BG-12, an oral formulation of the Nrf2-inducer dimethyl fumarate (DMF) for 
the treatment of remitting multiple sclerosis. Taking into account the involvement of miRs 
in numerous biological functions, their implication in Nrf2-driven antioxidant program is 
expected. Indeed, miRs directly or indirectly targeting Nrf2 activity as well as Nrf2-mediated 
transcription of miRs has emerged to play an important role in modulating the redox balance. 
Therefore, we can speculate that modulation of miR levels might be a promising and feasible 
strategy to enhance Nrf2 activity in conditions such as stroke, Alzheimer’s and Parkinson’s 
diseases, where Nrf2 down-regulation seems responsible, at least in part, for the pathological 
outcomes. Emerging data encourage miRs delivery (i.e., by exosomes) for the treatments of 
neurological pathologies. In this context, miRs that repress Keap1 as well as miR-inhibitors 
acting on Nrf2 could be useful to restore redox balance. However, the existence of mechanisms 
controlling Nrf2 activity different from Keap1, as well as the involvement of Nrf2 in several 
cellular processes, makes it difficult to design specific therapeutic agents based on miRs. 
Further studies are required to provide a complete picture of miRs functions in neurological 
disorders and to define whether they can be considered alone or in combination as valid 
means to positively increase Nrf2 activity.

Finally, current clinical research is trying to elucidate whether natural molecules 
recognized as Nrf2 activators (i.e., isothiocyanates and semi-synthetic triterpenoids) can 
prevent/ameliorate degenerative conditions. Hence, we speculate that cooperative action of 
miRs and natural compounds-based induction of Nrf2 could also be explored.

Acknowledgements

We thank L. Zerilli (DMMBM) for technical support. We thank the PRS PROOFREADING 
SERVICES for the professionally proofreading.

Disclosure Statement

The authors declare to have no competing interests.

References

1	 Pham-Huy LA, He H, Pham-Huy C: Free radicals, antioxidants in disease and health. Int J Biomed Sci 
2008;4:89-96.

2	 Holmstrom KM, Finkel T: Cellular mechanisms and physiological consequences of redox-dependent 
signalling. Nat Rev Mol Cell Biol 2014;15:411-421.

3	 Di Meo S, Reed TT, Venditti P, Victor VM:  Role of ROS and RNS sources in physiological and pathological 
conditions. Oxid Med Cell Longev 2016;2016:1245049.

4	 Jones DP: Redefining oxidative stress. Antioxid Redox Signal 2006;8:1865-1879.
5	 Hirotsu Y, Katsuoka F, Funayama R, Nagashima T, Nishida Y, Nakayama K, Engel JD, Yamamoto M: 

Nrf2-MafG heterodimers contribute globally to antioxidant and metabolic networks. Nucleic Acids Res 
2012;40:10228-10239.

6	 Hayes JD, Dinkova-Kostova AT: The Nrf2 regulatory network provides an interface between redox and 
intermediary metabolism. Trends Biochem Sci 2014;39:199-218.

http://dx.doi.org/10.1159%2F000491465


Cell Physiol Biochem 2018;47:1951-1976
DOI: 10.1159/000491465
Published online: July 03, 2018 1969

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Paladino et al.: Nrf2 and microRNAs in Neurological Disorders

7	 Tebay LE, Robertson H, Durant ST, Vitale SR, Penning TM, Dinkova-Kostova AT, Hayes JD: Mechanisms 
of activation of the transcription factor Nrf2 by redox stressors, nutrient cues, and energy status and 
the pathways through which it attenuates degenerative disease. Free Radic Biol Med 2015;88:108-146

8	 Baird L, Dinkova-Kostova AT: The cytoprotective role of the Keap1–Nrf2 pathway. Arch Toxicol 
2011;85:241-272.

9	 Zhang H, Davies KJ, Forman HJ: Oxidative stress response and Nrf2 signaling in aging. Free Radic Biol 
Med 2015;88:314-336.

10	 Kubben N, Zhang W, Wang L, Voss TC, Yang J, Qu J, Liu GH, Misteli T: Repression of the Antioxidant 
NRF2 Pathway in Premature Aging. Cell 2016;165:1361-1374.

11	 Yang Y, Jiang S, Yan J, Li Y, Xin Z, Lin Y, Qu Y: An overview of the molecular mechanisms and novel roles 
of Nrf2 in neurodegenerative disorders. Cytokine Growth Factor Rev 2015;26:47-57.

12	 Holmström KM, Kostov RV, Dinkova-Kostova AT: The multifaceted role of Nrf2 in mitochondrial 
function. Curr Opin Toxicol 2016;1:80-91.

13	 Pajares M, Cuadrado A, Rojo AI: Modulation of proteostasis by transcription factor NRF2 and impact in 
neurodegenerative diseases. Redox Biol 2017;11:543-553.

14	 Ungvari Z, Bailey-Downs L, Sosnowska D, Gautam T, Koncz P, Losonczy G, Ballabh P, de Cabo R, Sonntag 
WE, Csiszar A: Vascular oxidative stress in aging: a homeostatic failure due to dysregulation of NRF2-
mediated antioxidant response. Am J Physiol Heart Circ Physiol 2011;301:363-372.

15	 Howden R: Nrf2 and cardiovascular defense: Oxid Med Cell Longev 2013;2013:104308.
16	 Swamy SM, Rajasekaran NS, Thannickal VJ: Nuclear Factor-Erythroid-2-Related Factor 2 in Aging and 

Lung Fibrosis. Am J Pathol 2016;186:1712-1723.
17	 Ahmed SM, Luo L, Namani A, Wang XJ, Tang X: Nrf2 signaling pathway: Pivotal roles in inflammation. 

Biochim Biophys Acta 2017;1863:585-597.
18	 Menegon S, Columbano A, Giordano S: The Dual Roles of NRF2 in Cancer. Trends Mol Med 

2016;22:578-593.
19	 Kang KA, Hyun JW: Oxidative Stress, Nrf2, and Epigenetic Modification Contribute to Anticancer Drug 

Resistance. Toxicol Res 2017;33:1-5.
20	 Johnson DA, Johnson JA: Nrf2--a therapeutic target for the treatment of neurodegenerative diseases. 

Free Radic Biol Med 2015;88:253-267.
21	 Copple IM, Dinkova-Kostova AT, Kensler TW, Liby KT, Wigley WC: NRF2 as an Emerging Therapeutic 

Target. Oxid Med Cell Longev 2017;2017:8165458.
22	 Pereira EJ, Smolko CM, Janes KA: Computational Models of Reactive Oxygen Species as Metabolic 

Byproducts and Signal-Transduction Modulators. Front Pharmacol 2016;7:457.
23	 Zuo L, Zhou LT, Pannell BK, Ziegler AC, Best TM: Biological and physiological role of reactive oxygen 

species—the good, the bad and the ugly. Acta Physiologica 2015;214:329-348.
24	 Ursini F, Maiorino M, Forman HJ: Redox homeostasis: The Golden Mean of healthy living. Redox Biol 

2016:205-215.
25	 Espinosa-Diez C, Miguel V, Mennerich D, Kietzmann T, Sánchez-Pérez P, Cadenas S, Lamas S: Antioxidant 

responses and cellular adjustments to oxidative stress. Redox Biol 2015;6:183-197.
26	 Sies H: Oxidative stress: A concept in redox biology and medicine. Redox Biol 2015;4:180-183.
27	 Bhattacharyya S, Sinha K, Sil PC: Cytochrome P450s: Mechanisms and biological implications in drug 

metabolism and its interaction with oxidative stress. Curr Drug Metab 2014;15:719-742.
28	 Yamamori T, Yasui H, Yamazumi M, Wada Y, Nakamura Y, Nakamura H, Inanami O: Ionizing radiation 

induces mitochondrial reactive oxygen species production accompanied by upregulation of 
mitochondrial electron transport chain function and mitochondrial content under control of the cell 
cycle checkpoint. Free Radic Biol Med 2012;53:260-270.

29	 Møller P, Danielsen PH, Karottki DG, Jantzen K, Roursgaard M, Klingberg H, Jensen DM, Christophersen 
DV, Hemmingsen JG, Cao Y, Loft S: Oxidative stress and inflammation generated DNA damage by 
exposure to air pollution particles. Mutat Res Rev Mutat Res 2014;762:133-166.

30	 Storr SJ, Woolston CM, Zhang Y, Martin SG: Redox environment, free radical, and oxidative DNA damage. 
Antioxid Redox Signal 2013;18:2399-2408.

31	 Morris G, Anderson G, Dean O, Berk M, Galecki P, Martin-Subero M, Maes M: The glutathione system: a 
new drug target in neuroimmune disorders. Mol Neurobiol 2014;50:1059-1084.

http://dx.doi.org/10.1159%2F000491465


Cell Physiol Biochem 2018;47:1951-1976
DOI: 10.1159/000491465
Published online: July 03, 2018 1970

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Paladino et al.: Nrf2 and microRNAs in Neurological Disorders

32	 Zhang R, Xu M, Wang Y, Xie F, Zhang G, Qin X: Nrf2-a Promising Therapeutic Target for Defensing 
Against Oxidative Stress in Stroke. Mol Neurobiol 2016;54:6006-6017.

33	 Niedzielska E, Smaga I, Gawlik M, Moniczewski A, Stankowicz P, Pera J, Filip M: Oxidative Stress in 
Neurodegenerative Diseases. Mol Neurobiol 2016;53:4094-4125.

34	 Giacco F, Brownlee M: Oxidative stress and diabetic complications. Circ Res 2010;107:1058-1070.
35	 Cervantes Gracia K, Llanas-Cornejo D, Husi H: CVD and Oxidative Stress. J Clin Med 2017;6:E22.
36	 Martinez-Useros J, Li W2, Cabeza-Morales M, Garcia-Foncillas J: Oxidative Stress: A New Target for 

Pancreatic Cancer Prognosis and Treatment. J Clin Med 2017;6:E29.
37	 Forman HJ: Redox signaling: An evolution from free radicals to aging. Free Radic Biol Med 

2016;97:398-407.
38	 Sykiotis GP, Bohmann D: Stress-activated Cap’n’collar Transcription Factors in Aging and Human 

Disease. Sci Signal 2010;3:re3.
39	 Harder B, Jiang T, Wu T, Tao S, Rojo de la Vega M, Tian W, Chapman E, Zhang DD: Molecular mechanisms 

of Nrf2 regulation and how these influence chemical modulation for disease intervention. Biochem Soc 
Trans 2015;43:680-686.

40	 Guo Y, Yu S, Zhang C, Kong AN: Epigenetic regulation of Keap1-Nrf2 signaling. Free Radic Biol Med 
2015;88:337-349.

41	 Otsuki A, Suzuki M, Katsuoka F, Tsuchida K, Suda H, Morita M, Shimizu R, Yamamoto M: Unique 
cistrome defined as CsMBE is strictly required for Nrf2-sMaf heterodimer function in cytoprotection. 
Free Radic Biol Med 2016;91:45-57.

42	 Faraonio R, Vergara P, Marzo DD, Napolitano M, Russo T, Cimino F. Transcription regulation in NIH3T3 
cell clones resistant to diethylmaleate-induced oxidative stress and apoptosis. Antioxid Redox Signal 
2006;8:365-374.

43	 Rushmore TH, Morton MR, Pickett CB: The antioxidant responsive element. Activation by oxidative 
stress and identification of the DNA consensus sequence required for functional activity. J Biol Chem 
1991;266:11632-11639.

44	 Geismann C, Arlt A, Sebens S, Schäfer H: Cytoprotection “gone astray”: Nrf2 and its role in cancer Onco 
Targets Ther 2014;7:1497-1518.

45	 McBean GJ, Aslan M, Griffiths HR, Torrão RC: Thiol redox homeostasis in neurodegenerative disease. 
Redox Biol 2015;5:186-194.

46	 Higgins LG, Hayes JD: Mechanisms of induction of cytosolic and microsomal glutathione transferase 
(GST) genes by xenobiotics and pro-inflammatory agents. Drug Metab Rev 2011;43:92-137.

47	 Furfaro AL, Traverso N, Domenicotti C, Piras S, Moretta L, Marinari UM, Pronzato MA, Nitti 
M: The Nrf2/HO-1 Axis in Cancer Cell Growth and Chemoresistance. Oxid Med Cell Longev 
2016;2016:1958174.

48	 Kobayashi EH, Suzuki T, Funayama R, Nagashima T, Hayashi M, Sekine H, Tanaka N, Moriguchi T, 
Motohashi H, Nakayama K, Yamamoto M: Nrf2 suppresses macrophage inflammatory response by 
blocking proinflammatory cytokine transcription Nat Commun 2016;7:11624.

49	 Uruno A, Yagishita Y, Katsuoka F, Kitajima Y, Nunomiya A, Nagatomi R, Pi J, Biswal SS, Yamamoto M. 
Nrf2-Mediated Regulation of Skeletal Muscle Glycogen Metabolism. Mol Cell Biol. 2016;36:1655-1672.

50	 Sihvola V, Levonen AL: Keap1 as the redox sensor of the antioxidant response. Arch Biochem Biophys 
2017;617:94-100.

51	 Hayes JD, Chowdhry S, Dinkova-Kostova AT, Sutherland C: Dual regulation of transcription factor Nrf2 
by Keap1 and by the combined actions of b-TrCP and GSK-3	 Biochem Soc Trans 2015;43:611-620.

52	 Golpich M, Amini E, Hemmati F, Ibrahim NM, Rahmani B, Mohamed Z, Raymond AA, Dargahi L, Ghasemi 
R, Ahmadiani A: Glycogen synthase kinase-3 beta (GSK-3b) signaling: Implications for Parkinson’s 
disease. Pharmacol Res 2015;97:16-26.

53	 Hetz C, Mollereau B: Disturbance of endoplasmic reticulum proteostasis in neurodegenerative diseases. 
Nat Rev Neurosci 2014;15:233-249.

54	 Baba K, Morimoto H, Imaoka S: Seven in Absentia Homolog 2 (Siah2) Protein Is a Regulator of NF-E2-
related Factor 2 (Nrf2). J Biol Chem 2013;288:18393-18405.

55	 Kang HJ, Hong YB, Kim HJ, Bae I: CR6-interacting Factor 1 (CRIF1) Regulates NF-E2-related Factor 2 
(NRF2) Protein Stability by Proteasome-mediated Degradation. J Biol Chem 2010;285:21258-21268.

http://dx.doi.org/10.1159%2F000491465


Cell Physiol Biochem 2018;47:1951-1976
DOI: 10.1159/000491465
Published online: July 03, 2018 1971

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Paladino et al.: Nrf2 and microRNAs in Neurological Disorders

56	 Li W, Liu H, Zhou JS, Cao JF, Zhou XB, Choi AM, Chen ZH, Shen HH: Caveolin-1 inhibits expression of 
antioxidant enzymes through direct interaction with nuclear erythroid 2 p45-related factor-2 (Nrf2). J 
Biol Chem 2012;287:20922-20930.

57	 Bryan HK, Olayanju A, Goldring CE, Park BK: The Nrf2 cell defence pathway: Keap1-dependent and 
-independent mechanisms of regulation. Biochem Pharmacol 2013;85:705-717.

58	 Chen W, Sun Z, Wang XJ, Jiang T, Huang Z, Fang D, Zhang DD: Direct interaction between Nrf2 and 
p21(Cip1/WAF1) upregulates the Nrf2-mediated antioxidant response. Mol Cell 2009;34:663-673.

59	 Gorrini C, Baniasadi PS, Harris IS, Silvester J, Inoue S, Snow B, Joshi PA, Wakeham A, Molyneux SD, 
Martin B, Bouwman P, Cescon DW, Elia AJ, Winterton-Perks Z, Cruickshank J, Brenner D, Tseng A, 
Musgrave M, Berman HK, Khokha R, Jonkers J, Mak TW, Gauthier ML: BRCA1 interacts with Nrf2 to 
regulate antioxidant signaling and cell survival. J Exp Med 2013;210:1529-1544.

60	 Kim JH, Xu EY, Sacks DB, Lee J, Shu L, Xia B, Kong AN: Identification and functional studies of a new 
Nrf2 partner IQGAP1: a critical role in the stability and transactivation of Nrf2. Antioxid Redox Signal 
2013;19:89-101.

61	 Komatsu M, Kurokawa H, Waguri S, Taguchi K, Kobayashi A, Ichimura Y, Sou YS, Ueno I, Sakamoto 
A, Tong KI, Kim M, Nishito Y, Iemura S, Natsume T, Ueno T, Kominami E, Motohashi H, Tanaka K, 
Yamamoto M: The selective autophagy substrate p62 activates the stress responsive transcription 
factor Nrf2 through inactivation of Keap1 Nat Cell Biol 2010;12:213-223.

62	 Nezis IP, Stenmark H: p62 at the interface of autophagy, oxidative stress signalling, and cancer. Antioxid 
Redox Signal 2012;17:786-793.

63	 Katsuragi Y, Ichimura Y, Komatsu M: p62/SQSTM1 functions as a signalling hub and an autophagy 
adaptor. FEBS J 2015;282:4672-4678.

64	 Clements CM, McNally RS, Conti BJ, Mak TW, Ting JP: DJ-1, a cancer- and Parkinson’s disease-associated 
protein, stabilizes the antioxidant transcriptional master regulator Nrf2. Proc Natl Acad Sci U S A 
2006;103:15091-15096.

65	 Raninga PV, Trapani GD, Tonissen KF: Cross Talk between Two Antioxidant Systems, Thioredoxin and 
DJ-1: Consequences for Cancer. Oncoscience 2014;1:95-110.

66	 Katsuoka F, Yamamoto M: Small Maf proteins (MafF, MafG, MafK): History, structure and function. Gene 
2016;586:197-205.

67	 Meixner A, Karreth F, Kenner L, Penninger JM, Wagner EF: Jun and JunD-dependent functions in cell 
proliferation and stress response. Cell Death Differ 2010;17:1409-1419.

68	 He CH, Gong P, Hu B, Stewart D, Choi ME, Choi AM, Alam J: Identification of activating transcription 
factor 4 (ATF4) as an Nrf2-interacting protein. Implication for heme oxygenase-1 gene regulation. J Biol 
Chem 2001;276:20858-20865.

69	 Zhou Y, Wu H, Zhao M, Chang C, Lu Q: The Bach Family of Transcription Factors: A Comprehensive 
Review. Clin Rev Allergy Immunol 2016;50:345-356.

70	 Sun J, Hoshino H, Takaku K, Nakajima O, Muto A, Suzuki H, Tashiro S, Takahashi S, Shibahara S, Alam 
J, Taketo MM, Yamamoto M, Igarashi K: Hemoprotein Bach1 regulates enhancer availability of heme 
oxygenase-1 gene. EMBO J 2002;21:5216-5224.

71	 Jyrkkänen HK, Kuosmanen S, Heinäniemi M, Laitinen H, Kansanen E, Mella-Aho E, Leinonen H, Ylä-
Herttuala S, Levonen AL: Novel insights into the regulation of antioxidant-response-element-mediated 
gene expression by electrophiles: induction of the transcriptional repressor BACH1 by Nrf2	
Biochem J 2011;440:167-174.

72	 Sekine, Okazaki K, Ota N, Shima H, Katoh Y, Suzuki, Igarashi K, Ito M, Motohashi H, Yamamoto M: The 
Mediator Subunit MED16 Transduces NRF2-Activating Signals into Antioxidant Gene Expression. Mol 
Cell Biol 2015;36:407-420.

73	 Gào X, Schöttker B: Reduction-oxidation pathways involved in cancer development: a systematic review 
of literature reviews. Oncotarget 2017;8:59878-59888.

74	 Toth RK, Warfel NA: Strange Bedfellows: Nuclear Factor, Erythroid 2-Like 2 (Nrf2) and Hypoxia-
Inducible Factor 1 (HIF-1) in Tumor Hypoxia. Antioxidants (Basel) 2017;6.

75	 Dayalan Naidu S, Dikovskaya D, Gaurilcikaite E, Knatko EV, Healy ZR, Mohan H, Koh G, Laurell A, Ball G, 
Olagnier D, de la Vega, Ganley IG, Talalay P, Dinkova-Kostova AT9: Transcription factors NRF2 and HSF1 
have opposing functions in autophagy. Sci Rep 2017;7:11023.

http://dx.doi.org/10.1159%2F000491465


Cell Physiol Biochem 2018;47:1951-1976
DOI: 10.1159/000491465
Published online: July 03, 2018 1972

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Paladino et al.: Nrf2 and microRNAs in Neurological Disorders

76	 Wakabayashi N, Chartoumpekis DV, Kensler TW: Crosstalk between Nrf2 and Notch signalling. Free 
Radic Biol Med 2015;88:158-167.

77	 Tung MC, Lin PL, Wang YC, He TY, Lee MC, Yeh SD, Chen CY, Lee H: Mutant p53 confers chemoresistance 
in non-small cell lung cancer by upregulating Nrf2. Oncotarget 2015;6:41692-41705.

78	 Walerych D, Lisek K, Sommaggio R, Piazza S, Ciani Y, Dalla E, Rajkowska K, Gaweda-Walerych K, 
Ingallina E, Tonelli C, Morelli MJ, Amato A, Eterno V, Zambelli A, Rosato A, Amati B, Wiśniewski JR, 
Del Sal G: Proteasome machinery is instrumental in a common gain-of-function program of the p53 
missense mutants in cancer. Nat Cell Biol 2016;18:897-909.

79	 Asher G, Lotem J, Kama R, Sachs L, Shaul Y: NQO1 stabilizes p53 through a distinct pathway. Proc Natl 
Acad Sci U S A 2002;99:3099-3104.

80	 You A, Nam CW, Wakabayashi N, Yamamoto M, Kensler TW, Kwak MK: Transcription factor Nrf2 
maintains the basal expression of Mdm2: An implication of the regulation of p53 signalling by Nrf2	
Arch Biochem Biophys 2011;507:356-364.

81	 Faraonio R, Vergara P, Di Marzo D, Pierantoni GM, Napolitano M, Russo T, Cimino F: p53 suppresses the 
Nrf2-dependent transcription of antioxidant response genes. J Biol Chem 2006;281:39776-39784.

82	 Esposito F, Tornincasa M, Chieffi P, De Martino I, Pierantoni GM, Fusco A: High-mobility group A1 
proteins regulate p53-mediated transcription of Bcl-2 gene Cancer Res 2010;70:5379-5388.

83	 Anzilotti S, Tornincasa M, Gerlini R, Conte A, Brancaccio P, Cuomo O, Bianco G, Fusco A, Annunziato 
L, Pignataro G, Pierantoni GM: Genetic ablation of homeodomain-interacting protein kinase 2 
selectively induces apoptosis of cerebellar Purkinje cells during adulthood and generates an ataxic-like 
phenotype. Cell Death Dis 2015;6:e2004.

84	 Torrente L, Sanchez C, Moreno R, Chowdhry S, Cabello P, Isono K, Koseki H, Honda T, Hayes JD, Dinkova-
Kostova AT, de la Vega L: Crosstalk between NRF2 and HIPK2 shapes cytoprotective responses. 
Oncogene 2017;36:6204-6212.

85	 Belanger M, Allaman I, Magistretti PJ: Brain energy metabolism: focus on astrocyte-neuron metabolic 
cooperation. Cell metabolism 2011;14:724-738.

86	 Gaschler MM, Stockwell BR: Lipid peroxidation in cell death. Biochem Biophys Res Commun 
2017;482:419-425.

87	 Calabrese V, Mancuso C, Calvani M, Rizzarelli E, Butterfield DA, and Stella AM: Nitric oxide in the central 
nervous system: neuroprotection versus neurotoxicity. Nat Rev Neurosci 2007;8:766–775.

88	 Morris G, Berk M: The many roads to mitochondrial dysfunction in neuroimmune and neuropsychiatric 
disorders. BMC Med 2015;13:68.

89	 Rojo AI, McBean G, Cindric M, Egea J, López MG, Rada P, Zarkovic N, Cuadrado A: Redox control 
of microglial function: molecular mechanisms and functional significance. Antioxid Redox Signal 
2014;21:1766-1801.

90	 Baxter PS, Hardingham GE: Adaptive regulation of the brain’s antioxidant defences by neurons and 
astrocytes Free Radic Biol Med 2016;100:147-152.

91	 Bell KF, Al-Mubarak B, Martel MA, McKay S, Wheelan N, Hasel P, Márkus NM, Baxter P, Deighton RF, 
Serio A, Bilican B, Chowdhry S, Meakin PJ, Ashford ML, Wyllie DJ, Scannevin RH, Chandran S, Hayes JD, 
Hardingham GE: Neuronal development is promoted by weakened intrinsic antioxidant defences due 
to epigenetic repression of Nrf2. Nat Commun 2015;6:7066.

92	 Jimenez-Blasco D, Santofimia-Castaño P, Gonzalez A, Almeida A, Bolaños JP: Astrocyte NMDA receptors’ 
activity sustains neuronal survival through a Cdk5–Nrf2 pathway. Cell Death Differ 2015;22:1877-
1889.

93	 Morris G, Anderson G, Dean O, Berk M, Galecki P, Martin-Subero M, Maes M: The glutathione system: a 
new drug target in neuroimmune disorders. Mol Neurobiol 2014;50:1059-1084.

94	  Diaz-Hernandez JI, Almeida A, Delgado-Esteban M, Fernandez E, Bolaños JP: Knockdown of glutamate-
cysteine ligase by small hairpin RNA reveals that both catalytic and modulatory subunits are essential 
for the survival of primary neurons. J Biol Chem 2005;280:38992-39001.

95	 Shi Y, Miao W, Teng J, Zhang L: Ginsenoside Rb1 Protects the Brain from Damage Induced by Epileptic 
Seizure via Nrf2/ARE Signaling. Cell Physiol Biochem 2018;45:212-225.

96	 Xu W, Zheng D, Liu Y, Li J, Yang L, Shang X: Glaucocalyxin B Alleviates Lipopolysaccharide-Induced 
Parkinson’s Disease by Inhibiting TLR/NF-kB and Activating Nrf2/HO-1 Pathway. Cell Physiol Biochem 
2017;44:2091-2104.

http://dx.doi.org/10.1159%2F000491465


Cell Physiol Biochem 2018;47:1951-1976
DOI: 10.1159/000491465
Published online: July 03, 2018 1973

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Paladino et al.: Nrf2 and microRNAs in Neurological Disorders

97	 Lv C, Maharjan S, Wang Q, Sun Y, Han X, Wang S, Mao Z, Xin Y, Zhang B: a-Lipoic Acid Promotes 
Neurological Recovery After Ischemic Stroke by Activating the Nrf2/HO-1 Pathway to Attenuate 
Oxidative Damage. Cell Physiol Biochem 2017;43:1273-1287.

98	 Li L, Chen J, Sun S, Zhao J, Dong X, Wang J: Effects of Estradiol on Autophagy and Nrf-2/ARE Signals 
after Cerebral Ischemia. Cell Physiol Biochem 2017;41:2027-2036.

99	 Yamazaki H, Tanji K, Wakabayashi K, Matsuura S, Itoh K: Role of the Keap1/Nrf2 pathway in 
neurodegenerative diseases. Pathol Int 2015;65:210-219.

100	 Muramatsu H, Katsuoka F, Toide K, Shimizu Y, Furusako S, Yamamoto M: Nrf2 deficiency leads to 
behavioral, neurochemical and transcriptional changes in mice. Genes Cells 2013;18:899-908.

101	 Buendia I, Michalska P, Navarro E, Gameiro I, Egea J, León R: Nrf2-ARE pathway: An emerging target 
against oxidative stress and neuroinflammation in neurodegenerative diseases. Pharmacol Ther 
2016;157:84-104.

102	 Paul P, Chakraborty A, Sarkar D, Langthasa M, Rahman M, Bari M, Singha RS, Malakar AK, Chakraborty 
S: Interplay between miRNAs and Human Diseases. J Cell Physiol 2018;233:2007-2018.

103	 Tan L, Yu JT, Tan L: Causes and Consequences of MicroRNA Dysregulation in Neurodegenerative 
Diseases. Mol Neurobiol 2015;51:1249-1262.

104	 Danka Mohammed CP, Park JS, Nam HG, Kim K: MicroRNAs in brain aging. Mech Ageing Dev 
2017:S0047-6374:30237-30238.

105	 Vishnoi A, Rani S: MiRNA Biogenesis and Regulation of Diseases: An Overview. Methods Mol Biol 
2017;1509:1-10.

106	 Valencia-Sanchez MA, Liu J, Hannon GJ, Parker R: Control of translation and mRNA degradation by 
miRNAs and siRNAs. Genes Dev 2006;20:515-524.

107	 Zhang C, Shu L, Kong AN: MicroRNAs: New players in cancer prevention targeting Nrf2, oxidative stress 
and inflammatory pathways. Curr Pharmacol Rep 2015;1:21-30.

108	 Kurinna S, Werner S: NRF2 and microRNAs: new but awaited relations. Biochem Soc Trans 
2015;43:595-601.

109	 He J, Jiang BH: Interplay between Reactive oxygen Species and MicroRNAs in Cancer. Curr Pharmacol 
Rep. 2016;2:82-90.

110	 Lin SH, Song W, Cressatti M, Zukor H, Wang E, Schipper HM: Heme oxygenase-1 modulates microRNA 
expression in cultured astroglia: implications for chronic brain disorders. Glia 2015;63:1270-1284.

111	 Liang C, Zhu H, Xu Y, Huang L, Ma C, Deng W, Liu Y, Qin C: MicroRNA-153 negatively regulates 
the expression of amyloid precursor protein and amyloid precursor-like protein 2. Brain Res 
2012;1455:103-113.

112	 Xu Y, Kim HS, Joo Y, Choi Y, Chang KA, Park CH, Shin KY, Kim S, Cheon YH, Baik TK, Kim JH, Suh YH: 
Intracellular domains of amyloid precursor-like protein 2 interact with CP2 transcription factor in the 
nucleus and induce glycogen synthase kinase-3beta expression. Cell Death Differ 2007;14:79-91.

113	 Long JM, Ray B, Lahiri DK: MicroRNA-153 physiologically inhibits expression of amyloid-β precursor 
protein in cultured human fetal brain cells and is dysregulated in a subset of Alzheimer disease 
patients. J Biol Chem 2012;287: 31298-31310.

114	 Xu J, Liao X, Wong C: Downregulations of B-cell lymphoma 2 and myeloid cell leukemia sequence 1 by 
microRNA 153 induce apoptosis in a glioblastoma cell line DBTRG-05MG. Int J Cancer 2010;126:1029-
1035.

115	 Cheng C, Li W, Zhang Z, Yoshimura S, Hao Q, Zhang C, Wang Z: MicroRNA-144 is regulated by 
activator protein-1 (AP-1) and decreases expression of Alzheimer disease-related a disintegrin and 
metalloprotease 10 (ADAM10). J Biol Chem 2013;288:13748-13761.

116	 Colciaghi F, Borroni B, Pastorino L, Marcello E, Zimmermann M, Cattabeni F, Padovani A, Di Luca M: 
[alpha]-Secretase ADAM10 as well as [alpha]APPs is reduced in platelets and CSF of Alzheimer disease 
patients. Mol Med 2002;8:67-74.

117	 Karolina DS, Armugam A, Tavintharan S, Wong MT, Lim SC, Sum CF, Jeyaseelan K: MicroRNA 144 
impairs insulin signaling by inhibiting the expression of insulin receptor substrate 1 in type 2 diabetes 
mellitus. PLoS One 2011;6:e22839.

118	 Li HH, Lin SL, Huang CN, Lu FJ, Chiu PY, Huang WN, Lai TJ, Lin CL: miR-302 Attenuates Amyloid-β-
Induced Neurotoxicity through Activation of Akt Signalling. J Alzheimers Dis 2016;50:1083-1098.

http://dx.doi.org/10.1159%2F000491465


Cell Physiol Biochem 2018;47:1951-1976
DOI: 10.1159/000491465
Published online: July 03, 2018 1974

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Paladino et al.: Nrf2 and microRNAs in Neurological Disorders

119	 Aguirre V, Werner ED, Giraud J, Lee YH, Shoelson SE, White MF: Phosphorylation of Ser307 in insulin 
receptor substrate-1 blocks interactions with the insulin receptor and inhibits insulin action. J Biol 
Chem 2002;277:1531-1537.

120	 Zuccato C, Cattaneo E: Brain-derived neurotrophic factor in neurodegenerative diseases. Nat Rev 
Neurol 2009;5:311-322.

121	 Lee ST, Chu K, Jung KH, Kim JH, Huh JY, Yoon H, Park DK, Lim JY, Kim JM, Jeon D, Ryu H, Lee SK, Kim M, 
Roh JK: miR-206 regulates brain-derived neurotrophic factor in Alzheimer disease model. Ann Neurol 
2012;72:269-277.

122	 Tian N, Cao Z, Zhang Y. MiR-206 decreases brain-derived neurotrophic factor levels in a transgenic 
mouse model of Alzheimer’s disease. Neurosci Bull 2014;30:191-197.

123	 Moon J, Lee ST, Kong IG, Byun JI, Sunwoo JS, Shin JW, Shim JY, Park JH, Jeon D, Jung KH, Jung KY, Kim DY, 
Lee SK, Kim M, Chu K: Early diagnosis of Alzheimer’s disease from elevated olfactory mucosal miR-206 
level. Sci Rep 2016;6:20364.

124	 Joo MS, Lee CG, Koo JH, Kim SG: miR-125b transcriptionally increased by Nrf2 inhibits AhR repressor, 
which protects kidney from cisplatin-induced injury. Cell Death Dis 2013;4:e899.

125	 Micheli F, Palermo R, Talora C, Ferretti E, Vacca A, Napolitano M: Regulation of proapoptotic proteins 
Bak1 and p53 by miR-125b in an experimental model of Alzheimer’s disease: Protective role of 
17β-estradiol. Neurosci Lett 2016;629:234-240.

126	 Hébert SS, Horré K, Nicolaï L, Papadopoulou AS, Mandemakers W, Silahtaroglu AN, Kauppinen S, 
Delacourte A, De Strooper B: Loss of microRNA cluster miR-29a/b-1 in sporadic Alzheimer’s disease 
correlates with increased BACE1/beta-secretase expression. Proc Natl Acad Sci USA 2008;105:6415-
6420.

127	 Pereira PA, Tomás JF, Queiroz JA, Figueiras AR, Sousa F: Recombinant pre-miR-29b for Alzheimer´s 
disease therapeutics. Sci Rep 2016;6:19946.

128	 Zong Y, Yu P, Cheng H, Wang H, Wang X, Liang C, Zhu H, Qin Y, Qin C: miR-29c regulates NAV3 protein 
expression in a transgenic mouse model of Alzheimer’s disease. Brain Res 2015;1624:95-102.

129	 Thomas B, Beal MF: Parkinson’s disease. Hum Mol Genet 2007;16:R183-94.
130	 de Lau LM, Breteler MM: Epidemiology of Parkinson’s disease. Lancet Neurol 2006;5:525-535.
131	 Dexter DT, Jenner P: Parkinson disease: from pathology to molecular disease mechanisms. Free Radic 

Biol Med 2013;62:132-144.
132	 Kalinderi K, Bostantjopoulou, S, Fidani, L: The genetic background of Parkinson’s disease: current 

progress and future prospects. Acta Neurol Scand 2016;134, 314-326.
133	 Surendran S, Rajasankar S. Parkinson’s disease: oxidative stress and therapeutic approaches. Neurol Sci 

2010;31:531-540.
134	 Manoharan S, Guillemin GJ, Abiramasundari RS, Essa MM, Akbar M, Akbar MD: The Role of Reactive 

Oxygen Species in the Pathogenesis of Alzheimer’s Disease, Parkinson’s Disease, and Huntington’s 
Disease: A Mini Review. Oxid Med Cell Longev 2016; 2016:8590578.

135	 Abraham S, Soundararajan CC, Vivekanandhan S, Behari M: Erythrocyte antioxidant enzymes in 
Parkinson’s disease. Indian J Med Res 2005;121:111-115.

136	 Beal MF: Mitochondria, oxidative damage, and inflammation in Parkinson’s disease. Ann N Y Acad Sci 
2003;991:120-31.

137	 Sayre LM, Perry G, Smith MA: Oxidative stress and neurotoxicity. Chem Res Toxicol 2008;21:172-188.
138	 Sanders LH, Greenamyre JT: Oxidative damage to macromolecules in human Parkinson disease and the 

rotenone model. Free Radic Biol Med 2013;62:111-120.
139	 Dexter DT, Carter CJ, Wells FR, Javoy-Agid F, Agid Y, Lees A, Jenner P, Marsden CD: Basal lipid 

peroxidation in substantia nigra is increased in Parkinson’s disease. J Neurochem 1989;52:381-389.
140	 Dexter DT, Holley AE, Flitter WD, Slater TF, Wells FR, Daniel SE, Lees AJ, Jenner P, Marsden CD: 

Increased levels of lipid hydroperoxides in the parkinsonian substantia nigra: an HPLC and ESR study. 
Mov Disord 1994;9:92-97 Erratum in: Mov Disord 1994 9:380.

141	 Sanchez-Ramos J, Overvik E, Ames BN: A marker of oxyradical-mediated DNA damage (8-hydroxy-
2’deoxyguanosine) is increased in nigrostriatum of Parkinson’s disease brain. Neurodegeneration 
1994;3:197–204.

142	 Yoritaka A, Hattori N, Uchida K, Tanaka M, Stadtman ER, Mizuno Y: Immunohistochemical detection of 
4-hydroxynonenal protein adducts in Parkinson disease. Proc Natl Acad Sci U S A 1996;93:2696-2701.

http://dx.doi.org/10.1159%2F000491465


Cell Physiol Biochem 2018;47:1951-1976
DOI: 10.1159/000491465
Published online: July 03, 2018 1975

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Paladino et al.: Nrf2 and microRNAs in Neurological Disorders

143	 Ihara Y, Chuda M, Kuroda S, Hayabara T: Hydroxyl radical and superoxide dismutase in blood of 
patients with Parkinson’s disease: relationship to clinical data. J Neurol Sci 1999;170:90-95.

144	 Perry TL, Yong VW: Idiopathic Parkinson’s disease, progressive supranuclear palsy and glutathione 
metabolism in the substantia nigra of patients. Neurosci Lett 1986;30;67:269-274.

145	 Pearce RK, Owen A, Daniel S, Jenner P, Marsden CD: Alterations in the distribution of glutathione in the 
substantia nigra in Parkinson’s disease. J Neural Transm (Vienna) 1997;104:661-677.

146	 Nakamura K, Wang W, Kang UJ: The role of glutathione in dopaminergic neuronal survival. J 
Neurochem 1997;69:1850-1858.

147	 Shults CW, Haas RH, Passov D, Beal MF: Coenzyme Q10 levels correlate with the activities of 
complexes I and II/III in mitochondria from parkinsonian and nonparkinsonian subjects. Ann Neurol 
1997;42:261-264.

148	 Ramsey CP, Glass CA, Montgomery MB, Lindl KA, Ritson GP, Chia LA, Hamilton RL, Chu CT, Jordan-
Sciutto KL: Expression of Nrf2 in neurodegenerative diseases. J Neuropathol Exp Neurol 2007;66:75-
85.

149	 Jakel RJ, Townsend JA, Kraft AD, Johnson JA: Nrf2-mediated protection against 6-hydroxydopamine. 
Brain Res 2007;1144:192–201.

150	 Burton NC, Kensler TW, Guilarte TR: In vivo modulation of the Parkinsonian phenotype by Nrf2 
Neurotoxicology 2006;27:1094-1100.

151	 Innamorato NG, Jazwa A, Rojo AI, García C, Fernández-Ruiz J, Grochot-Przeczek A, Stachurska A, 
Jozkowicz A, Dulak J, Cuadrado A: Different susceptibility to the Parkinson’s toxin MPTP in mice lacking 
the redox master regulator Nrf2 or its target gene heme oxygenase-1 PLoS One 2010;5:e11838.

152	 Jazwa A, Rojo AI, Innamorato NG, Hesse M, Fernández-Ruiz J, Cuadrado A: Pharmacological targeting of 
the transcription factor Nrf2 at the basal ganglia provides disease modifying therapy for experimental 
parkinsonism. Antioxid Redox Signal 2011;14:2347-2360.

153	 Loboda A, Damulewicz M, Pyza E, Jozkowicz A, Dulak J: Role of Nrf2/HO-1 system in development, 
oxidative stress response and diseases: an evolutionarily conserved mechanism. Cell Mol Life Sci 
2016;73:3221-3247.

154	 Xie Y, Chen Y: microRNAs: Emerging Targets Regulating Oxidative Stress in the Models of Parkinson’s 
Disease. Front Neurosci 2016;10:298.

155	 Kabaria S, Choi DC, Chaudhuri AD, Jain MR, Li H, Junn E: MicroRNA-7 activates Nrf2 pathway by 
targeting Keap1 expression. Free Radic Biol Med 2015;89:548-556.

156	 Farh KK, Grimson A, Jan C, Lewis BP, Johnston WK, Lim LP, Burge CB, Bartel DP: The widespread impact 
of mammalian MicroRNAs on mRNA repression and evolution. Science 2005, 310:1817-1821.

157	 Baek D, Villén J, Shin C, Camargo FD, Gygi SP, Bartel DP: The impact of microRNAs on protein output. 
Nature 2008;455:64-71.

158	 Junn E, Lee KW, Jeong BS, Chan TW, Im JY, Mouradian MM: Repression of alpha-synuclein expression 
and toxicity by microRNA-7. Proc Natl Acad Sci USA 2009;106:13052-13057.

159	 Narasimhan M, Patel D, Vedpathak D, Rathinam M, Henderson G, Mahimainathan L: Identification 
of novel microRNAs in post-transcriptional control of Nrf2 expression and redox homeostasis in 
neuronal, SH-SY5Y cells. PLoS One 2012:7:e51111.

160	 Yang M, Yao Y, Eades G, Zhang Y, Zhou Q: MiR-28 regulates Nrf2 expression through a Keap1-
independent mechanism. Breast Cancer Res Treat 2011;129:983-991.

161	 Narasimhan M, Riar AK, Rathinam ML, Vedpathak D, Henderson G, Mahimainathan L: Hydrogen 
peroxide responsive miR153 targets Nrf2/ARE cytoprotection in paraquat induced dopaminergic 
neurotoxicity. Toxicol Lett 2014;228:179-191.

162	 Doxakis E: Post-transcriptional regulation of alpha-synuclein expression by mir-7 and mir-153 J Biol 
Chem 2010;285:12726-12734.

163	 Hsu LJ, Sagara Y, Arroyo A, Rockenstein E, Sisk A, Mallory M, Wong J, Takenouchi T, Hashimoto 
M, Masliah E: alpha-synuclein promotes mitochondrial deficit and oxidative stress. Am J Pathol 
2000;157:401-410.

164	 Chaudhuri AD, Choi DC, Kabaria S, Tran A, Junn E: MicroRNA-7 Regulates the Function of Mitochondrial 
Permeability Transition Pore by Targeting VDAC1 Expression. J Biol Chem 2016;291:6483-6493.

165	 Miñones-Moyano E, Porta S, Escaramís G, Rabionet R, Iraola S, Kagerbauer B, Espinosa-Parrilla Y, Ferrer 
I, Estivill X, Martí E: MicroRNA profiling of Parkinson’s disease brains identifies early downregulation 

http://dx.doi.org/10.1159%2F000491465


Cell Physiol Biochem 2018;47:1951-1976
DOI: 10.1159/000491465
Published online: July 03, 2018 1976

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Paladino et al.: Nrf2 and microRNAs in Neurological Disorders

of miR-34b/c which modulate mitochondrial function. Hum Mol Genet 2011;20:3067-3078.
166	 Kabaria S, Choi DC, Chaudhuri AD, Mouradian MM, Junn E: Inhibition of miR-34b and miR-34c 

enhances α-synuclein expression in Parkinson’s disease. FEBS Lett 2015;589:319-325.
167	 Xiong R, Wang Z, Zhao Z, Li H, Chen W, Zhang B, Wang L, Wu L, Li W, Ding J, Chen S: MicroRNA-494 

reduces DJ-1 expression and exacerbates neurodegeneration. Neurobiol Aging 2014;35:705-714.
168	 Wang Z, Liu J, Chen S, Wang Y, Cao L, Zhang Y, Kang W, Li H, Gui Y, Chen S, Ding J: DJ-1 modulates the 

expression of Cu/Zn-superoxide dismutase-1 through the Erk1/2-Elk1 pathway in neuroprotection. 
Ann Neurol 2011;70:591-599.

169	 Ba Q, Cui C, Wen L, Feng S, Zhou J, Yang K: Schisandrin B shows neuroprotective effect in 6-OHDA-
induced Parkinson’s disease via inhibiting the negative modulation of miR-34a on Nrf2 pathway. 
Biomed Pharmacother 2015;75:165-172.

170	 Hetz C: The unfolded protein response: controlling cell fate decisions under ER stress and beyond. Nat 
Rev Mol Cell Biol 2012;13:89-102.

171	 Gupta S, Read DE, Deepti A, Cawley K, Gupta A, Oommen D, Verfaillie T, Matus S, Smith MA, Mott JL, 
Agostinis P, Hetz C, Samali A: Perk-dependent repression of miR-106b-25 cluster is required for ER 
stress-induced apoptosis. Cell Death Dis 2012;3:e333.

172	 Hetz C, Thielen P, Fisher J, Pasinelli P, Brown RH, Korsmeyer S, Glimcher L: The proapoptotic BCL-2 
family member BIM mediates motoneuron loss in a model of amyotrophic lateral sclerosis. Cell Death 
Differ 2007;14:1386-1389.

173	 Olmez I, Ozyurt H: Reactive oxygen species and ischemic cerebrovascular disease. Neurochem Int 
2012;60:208-212.

174	 Moro MA., Almeida A, Bolaños JP, Lizasoain I: Mitochondrial respiratory chain and free radical 
generation in stroke. Free Radic Biol Med 2005;39:1291-1304.

175	 Rodrigo R, Fernández-Gajardo R, Gutiérrez R, Matamala JM, Carrasco R, Miranda-Merchak A, Feuerhake 
W: Oxidative stress and pathophysiology of ischemic stroke: novel therapeutic opportunities. CNS 
Neurol Disord Drug Targets 2013;12:698-714.

176	 Rink C, Khanna S: MicroRNA in ischemic stroke etiology and pathology. Physiol Genomics 2011;43:521-
528.

177	  Sun J, Ren X, Simpkins JW: Sequential Upregulation of Superoxide Dismutase 2 and Heme Oxygenase 
1 by tert-Butylhydroquinone Protects Mitochondria during Oxidative Stress. Mol Pharmacol 
2015;88:437-449.

178	 Ren J, Fan C, Chen N, Huang J, Yang Q: Resveratrol pretreatment attenuates cerebral ischemic injury by 
upregulating expression of transcription factor Nrf2 and HO-1 in rats. Neurochem Res 2011;36:2352-
2362.

179	 Kurinna S, Schäfer M, Ostano P, Karouzakis E, Chiorino G, Bloch W, Bachmann A, Gay S, Garrod D, 
Lefort K, Dotto GP, Beer HD, Werner S: A novel Nrf2-miR-29-desmocollin-2 axis regulates desmosome 
function in keratinocytes. Nat Commun 2014;5:5099.

180	 Kole AJ, Swahari V, Hammond SM, Deshmukh M: miR-29b is activated during neuronal maturation and 
targets BH3-only genes to restrict apoptosis. Genes Dev 2011;25:125-130.

181	 Khanna S, Rink C, Ghoorkhanian R, Gnyawali S, Heigel M, Wijesinghe DS, Chalfant CE, Chan YC, Banerjee 
J, Huang Y, Roy S, Sen CK: Loss of miR-29b following acute ischemic stroke contributes to neural cell 
death and infarct size. J Cereb Blood Flow Metab 2013;33:1197-1206.

182	 Stary CM, Sun X, Ouyang Y, Li L, Giffard RG: miR-29a differentially regulates cell survival in astrocytes 
from cornu ammonis 1 and dentate gyrus by targeting VDAC1. Mitochondrion 2016;30:248-254.

183	 Dharap A, Bowen K, Place R, Li LC, Vemuganti R: Transient focal ischemia induces extensive temporal 
changes in rat cerebral microRNAome. J Cereb Blood Flow Metab 2009;29:675-687.

184	 Wang P, Liang X, Lu Y, Zhao X, Liang J: MicroRNA-93 Downregulation Ameliorates Cerebral Ischemic 
Injury Through the Nrf2/HO-1 Defense Pathway. Neurochem Res 2016;41:2627-2635.

185	 Yang ZB, Li TB, Zhang Z, Ren KD, Zheng ZF, Peng J, Luo XJ: The Diagnostic Value of Circulating Brain-
specific MicroRNAs for Ischemic Stroke. Intern Med 2016;55:1279-1286.

186	 Caggiano R, Cattaneo F, Moltedo O, Esposito G, Perrino C, Trimarco B, Ammendola R, Faraonio R: 
miR-128 Is Implicated in Stress Responses by Targeting MAFG in Skeletal Muscle Cells. Oxid Med Cell 
Longev 2017; 2017:9308310.

http://dx.doi.org/10.1159%2F000491465

	CitRef_1: 
	CitRef_2: 
	CitRef_3: 
	CitRef_4: 
	CitRef_5: 
	CitRef_6: 
	CitRef_7: 
	CitRef_8: 
	CitRef_9: 
	CitRef_10: 
	CitRef_11: 
	CitRef_12: 
	CitRef_13: 
	CitRef_14: 
	CitRef_15: 
	CitRef_16: 
	CitRef_17: 
	CitRef_18: 
	CitRef_19: 
	CitRef_20: 
	CitRef_21: 
	CitRef_22: 
	CitRef_23: 
	CitRef_24: 
	CitRef_25: 
	CitRef_26: 
	CitRef_27: 
	CitRef_28: 
	CitRef_29: 
	CitRef_30: 
	CitRef_31: 
	CitRef_32: 
	CitRef_33: 
	CitRef_34: 
	CitRef_35: 
	CitRef_36: 
	CitRef_37: 
	CitRef_38: 
	CitRef_39: 
	CitRef_40: 
	CitRef_41: 
	CitRef_42: 
	CitRef_43: 
	CitRef_44: 
	CitRef_45: 
	CitRef_46: 
	CitRef_48: 
	CitRef_47: 
	CitRef_49: 
	CitRef_50: 
	CitRef_51: 
	CitRef_52: 
	CitRef_53: 
	CitRef_54: 
	CitRef_55: 
	CitRef_56: 
	CitRef_57: 
	CitRef_58: 
	CitRef_59: 
	CitRef_60: 
	CitRef_61: 
	CitRef_62: 
	CitRef_63: 
	CitRef_64: 
	CitRef_65: 
	CitRef_66: 
	CitRef_67: 
	CitRef_68: 
	CitRef_69: 
	CitRef_70: 
	CitRef_71: 
	CitRef_72: 
	CitRef_73: 
	CitRef_74: 
	CitRef_75: 
	CitRef_76: 
	CitRef_77: 
	CitRef_78: 
	CitRef_79: 
	CitRef_80: 
	CitRef_81: 
	CitRef_82: 
	CitRef_83: 
	CitRef_84: 
	CitRef_85: 
	CitRef_86: 
	CitRef_87: 
	CitRef_88: 
	CitRef_89: 
	CitRef_90: 
	CitRef_91: 
	CitRef_92: 
	CitRef_93: 
	CitRef_94: 
	CitRef_95: 
	CitRef_96: 
	CitRef_97: 
	CitRef_98: 
	CitRef_99: 
	CitRef_100: 
	CitRef_101: 
	CitRef_102: 
	CitRef_103: 
	CitRef_105: 
	CitRef_106: 
	CitRef_107: 
	CitRef_108: 
	CitRef_109: 
	CitRef_110: 
	CitRef_111: 
	CitRef_112: 
	CitRef_113: 
	CitRef_114: 
	CitRef_115: 
	CitRef_116: 
	CitRef_117: 
	CitRef_118: 
	CitRef_119: 
	CitRef_120: 
	CitRef_121: 
	CitRef_122: 
	CitRef_123: 
	CitRef_124: 
	CitRef_125: 
	CitRef_126: 
	CitRef_127: 
	CitRef_128: 
	CitRef_129: 
	CitRef_130: 
	CitRef_131: 
	CitRef_132: 
	CitRef_133: 
	CitRef_134: 
	CitRef_135: 
	CitRef_136: 
	CitRef_137: 
	CitRef_138: 
	CitRef_139: 
	CitRef_140: 
	CitRef_142: 
	CitRef_143: 
	CitRef_144: 
	CitRef_145: 
	CitRef_146: 
	CitRef_147: 
	CitRef_148: 
	CitRef_149: 
	CitRef_150: 
	CitRef_151: 
	CitRef_152: 
	CitRef_153: 
	CitRef_154: 
	CitRef_155: 
	CitRef_156: 
	CitRef_157: 
	CitRef_158: 
	CitRef_159: 
	CitRef_160: 
	CitRef_161: 
	CitRef_162: 
	CitRef_163: 
	CitRef_164: 
	CitRef_165: 
	CitRef_166: 
	CitRef_167: 
	CitRef_168: 
	CitRef_169: 
	CitRef_170: 
	CitRef_171: 
	CitRef_172: 
	CitRef_173: 
	CitRef_174: 
	CitRef_175: 
	CitRef_176: 
	CitRef_177: 
	CitRef_178: 
	CitRef_179: 
	CitRef_180: 
	CitRef_181: 
	CitRef_182: 
	CitRef_183: 
	CitRef_184: 
	CitRef_185: 
	CitRef_186: 


