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Abstract: Oxidative stress has been implicated in the etiology and pathobiology of various neu-
rodegenerative diseases. At baseline, the cells of the nervous system have the capability to regulate
the genes for antioxidant defenses by engaging nuclear factor erythroid 2 (NFE2/NRF)-dependent
transcriptional mechanisms, and a number of strategies have been proposed to activate these path-
ways to promote neuroprotection. Here, we briefly review the biology of the transcription factors of
the NFE2/NRF family in the brain and provide evidence for the differential cellular localization of
NFE2/NRF family members in the cells of the nervous system. We then discuss these findings in the
context of the oxidative stress observed in two neurodegenerative diseases, Parkinson’s disease (PD)
and amyotrophic lateral sclerosis (ALS), and present current strategies for activating NFE2/NRF-
dependent transcription. Based on the expression of the NFE2/NRF family members in restricted
populations of neurons and glia, we propose that, when designing strategies to engage these path-
ways for neuroprotection, the relative contributions of neuronal and non-neuronal cell types to the
overall oxidative state of tissue should be considered, as well as the cell types which have the greatest
intrinsic capacity for producing antioxidant enzymes.

Keywords: transcription; antioxidant defense; central nervous system; astrocytes; KEAP1

1. Introduction

In multiple neurodegenerative diseases, substantial evidence has implicated oxidative
stress as a major pathological contributor (reviewed in [1–3]). An underutilized strategy
has been taking advantage of intrinsic transcriptional pathways for the regulation of genes
involved in antioxidant defense. However, the transcriptional regulators and their cell
type-specific expressions must be further explored before strategies can be developed to
target the appropriate cell types in vivo. Here, we summarize the state of knowledge
on members of the NFE2/NRF transcription factor family. Then, we explore their cell
type-specific distributions in the cells of the nervous system using a publicly available
single-cell transcriptomics database generated in the mouse brain [4]. Interestingly, mRNA
expression patterns for the NRF transcription factors 1–3, encoded by Nfe2l1 (NRF1),
Nfe2l2 (NRF2), Nfe2l3 (NRF3), and their interacting partners show distinct cell type-specific
distributions in neurons and glia. We go on to discuss the evidence for oxidative stress in
neurodegenerative diseases, focusing specifically on those with confirmed risk-associated
mutations in oxidative stress response genes: Parkinson’s disease (PD) and amyotrophic
lateral sclerosis (ALS). In the context of these disorders, we discuss how cell type-specific
information can be used to understand the vulnerability of neuronal and non-neuronal cell
types in these disorders.
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2. Oxidative Stress in Health and Disease
2.1. Enzymes Involved in Neutralizing Reactive Oxygen Species

Reactive oxygen species (ROS) are a byproduct of many cellular functions and enzy-
matic reactions, and serve an important role in signaling cascades for all cell types [5,6].
ROS are produced continuously during normal mitochondrial respiration [7–9], in the
form of superoxides and hydrogen peroxides, by the electron transport chain (ETC) [10].
Mitochondria have the ability to inactivate ROS internally using mitochondrially-localized
superoxide dismutase 2 (SOD2); in the cytosol, copper ion scavenging is utilized to convert
superoxides to hydrogen peroxide via superoxide dismutase 1 (SOD1) and the copper
chaperone for superoxide dismutase (CCS) [11,12]. If copper and zinc are not available,
often the cell can use iron as a cation in the scavenging process [13]. However, with aging,
mitochondrial membranes show increased depolarization and permeability to toxic species,
allowing ROS to more readily translocate from within mitochondria to the cytosol [14].
Glutathione peroxidases (GPx1-8) are responsible for the reduction of hydrogen perox-
ide into water, using glutathione as a substrate (reviewed in [15]), while catalase (CAT)
breaks down hydrogen peroxide into oxygen and water via a two-step process involving
its heme-containing moieties (reviewed in [16]). Peroxiredoxins are also involved in hy-
drogen peroxide signaling due to the highly sensitive nature of the cysteine in its active
site (PRDX1-6) (reviewed in [17]). Other enzymes involved in general detoxification in
oxidative states include the glutathione S-transferases (GST family) (reviewed in [18]),
which conjugate the reduced form of glutathione to xenobiotic substrates for detoxifica-
tion [19,20]. Additionally, NAD(P)H:quinone oxidoreductases (NQO1 and 2) are cytosolic
proteins which remove quinones from toxins, stabilize p53, and play a role in vitamin E
metabolism [21,22].

2.2. Cellular Effects of Reactive Oxygen Species Accumulation

Ultimately, the overload of the antioxidant defense system and/or an overabundance
of DNA damage and protein oxidation leads to the induction of regulated cell death [23,24].
ROS target the cysteine residues on proteins with many possible outcomes, including
targeting the autophagosome for degradation, the localization to different subcellular
compartments, functional inactivation, or the disruption of protein-protein interactions [7].
Mitochondrial ribosomes are particularly sensitive to ROS-mediated damage and have
been shown to decrease translation in response to increased ROS content [25]. Alterations
in the proteome lead to an eventual responses from the autophagy system; these include
increased autophagic/mitophagic flux, as well as increasedrelated mechanisms necessary
to clear damaged endoplasmic reticular membranes and misfolded protein aggregates
(reviewed in [26–28]). Increasing ROS can also cause double-stranded DNA breaks and
other forms of DNA damage [29,30]. Accordingly, increased ROS accumulation has been
reported in aging studies, particularly in the central nervous system (CNS) [31,32]. As
aging is the primary risk factor in neurodegenerative diseases, substantial evidence points
to oxidative stress as a significant contributor to the progression of cell death in age-related
diseases such as PD and ALS (see below; reviewed in [33]).

2.3. The Transcriptional Regulation of Antioxidant Defense Enzymes

A number of proteostatic and transcriptional mechanisms are in place to handle ROS in
basal states. Key cell-intrinsic factors of the oxidative stress response are shown in Figure 1a,
with CNS cell types involved in the circuit-level mitigation of oxidative stress shown in
Figure 1b. In this review, we will focus on transcription factors and their demonstrated
roles in regulating transcriptional programs for antioxidant defense in both neuronal and
non-neuronal cell types.
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Figure 1. Schematic of canonical factors in cell-autonomous sources of oxidative stress and response
are shown in (a). At basal state, transcription factor NRF2 is sequestered in the nucleus by the
KEAP1 ubiquitination complex; here, CUL3 ligase activity leads to poly-ubiquitination of NRF2 for
its targeted proteasomal degradation. Oxidative stress leads to a conformational change in KEAP1,
and NRF2 is released to be phosphorylated and translocated into the nucleus to activate antioxidant
response gene programs. Examples of non-cell-autonomous mediators of oxidative stress are shown
in (b). Created with BioRender.com (accessed on 21 October 2021).

2.3.1. The Identification of the Antioxidant Response Element and Its Binding Factors

Early studies identified a sequence of DNA required for transcriptional responses to
xenobiotics, and other electrophiles, in hepatoma cell lines [34] and coined this sequence
the “antioxidant response element (ARE)” [35]. The ARE was identified in transcriptionally
active regions of the glutathione S-transferase and NAD (P) H:quinone reductase genes,
and was later found to contain binding sites for the transcription factors AP-1 [36], jun-B,
c-Fos [37], and NRF1/NRF2 [38], with NRF1/NRF2 being the primary drivers of transcrip-
tion [38]. Since then, many studies have used a combination of luciferase reporter assays
and deletion/overexpression strategies to determine the roles of the members of the NRF
family in the ROS-mediated induction of gene expression.

NRF family members are encoded by the NFE2, NFE2L1 (NRF1), NFE2L2 (NRF2),
and NFE2L3 (NRF3) genes [38]. Of note, in this article, we will use given gene names
when referring to genetic sequences or transcripts, to avoid confusing Nfe2l1 with nuclear
respiratory factor 1 (Nrf1). When referring to the transcription factors at the protein level,
we will use the corresponding NRF designation. Of the three transcription factor family
members, NRF2 is by far the most well-studied, particularly in terms of validated gene
targets and regulation. Canonically, NRF2 is basally localized to the cytoplasm, sequestered
by the protein Kelch-like ECH-associated protein 1 (KEAP1) in basal states. In the presence
of ROS, NRF2 is released from KEAP1 and translocates to the nucleus, where it activates
transcription in genes containing AREs [39–41]. NRF1 and NRF3 also bind to AREs but are
relatively understudied [42,43]. Other transcription factors can activate genes with AREs,
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including EP300 and CREB [44,45], and the sMAF family of proteins (MAFa MAFf and
MAFk MAFg), which can homodimerize or heterodimerize with other sMAF members, or
the NRF family, to both activate and repress gene expression [46,47]. Repressors of NRFs
include the BTB domain and CNC homologs 1 and 2 (BACH1 and BACH2), which can
form heterodimers with members of the MAF and NRF families, thereby preventing the
overactivation of antioxidant pathways [46].

2.3.2. NRF Transcription Factors in The Brain

In terms of the NRF family member function in the CNS, NRF2 is the most well-
characterized. NRF2 knockout mice [48] exhibited a number of abnormalities, including:
age-related retinopathy [49]; higher LDL cholesterol levels and age-induced obesity [50];
reduced synaptic density and exacerbated age-related cognitive deficits [51–53]; reduced
generation of neural stem/progenitor cells in the hippocampus [54] and subventricular
zone [55]; an age-related decline in the expression of genes involved in autophagy [56];
and an increased activity in the forced-swim test with increased dopamine and serotonin
levels [57]. Regarding the role of NRF2 in pathological states, knockout mice showed
lower survival rates, more severe injury, and increased inflammation after intracerebral
hemorrhage [58,59], neonatal hypoxia–ischemia [60], traumatic brain injury [61], and
middle cerebral artery occlusion [62], highlighting the critical role of NRF2 in maintaining
neuronal survival after oxidative insults.

Less is known about the roles of NRF1 and NRF3 in the brain. NRF1 is expressed early
in development in the liver and brain, in addition to bone and other tissues ([63]; reviewed
in [64]). Due to defects in lung development, as well as anemia, NRF1 knockout mice are
embryonic-lethal [65]. Conditional deletion studies have shown that NRF1 is involved in
lipid homeostasis in the adult liver, and that NRF1 is required for neuronal survival [66–68].
Conditional NRF1 deletion with the Camk2aCre line causes forebrain atrophy and neuron
loss, accompanied by ubiquitin positivity and high-molecular weight ubiquitin–protein
conjugates, as well as proteasome dysfunction. Interestingly, glutathione is not depleted in
this line, but the gene expression for multiple components of the 19S complex and 20S core is
reduced [69]. In another model, NRF1 deletion throughout the CNS, earlier in development
and investigated using the NestinCre line, caused early mortality (within 3 weeks of birth),
associated with increased oxidative stress in the spinal cord [70]. Interestingly, mice with a
developmental deletion in the CNS showed similarities to Mafg:Mafk compound mutant
mice [71,72], such as selective neurodegeneraton and signs of motor dysfunction supporting
the interaction of NRF1 with MAF family members in the CNS [72]. Based on these findings,
NRF1 has recently been touted as a key regulator of proteasome genes, with evidence for
its activation and translocation by proteasome-related stress [73–75]. As mentioned above,
very little is known about the roles of NRF3 in the brain; NRF3 knockout mice are viable
and fertile, with few obvious abnormalities [76].

The most widely studied NRF targets include genes encoding NQO1, HO-1, GSTs,
and PRDxs (reviewed in [77]), but NRF2 knockdown has also been associated with the
reduced expression of SOD1, SOD2, CAT, and PRDx1 [78]. More recently, studies using
chromatin immunoprecipitation (ChIP) assays have identified overlapping targets for
the NRF family members for genes involved in RNA metabolism, development, and
the unfolded protein response [79,80]. ChIP-seq in A539 non-small cell lung cancer cells
identified a number of genes involved in focal adhesion pathways [81], while ChIP-seq for
NRF2 in lymphoblastoid cells identified the retinoid receptor RXRA as a putative target [82],
with emerging roles in the regulation of genes involved in autophagy and the unfolded
protein response [83]. Interestingly, some NRF2 targets (Gclc and Nqo1) are shared by the
histone variant H2AX, the phosphorylation of which mediates DNA repair, suggesting
an overlap between NRF2 activity and DNA damage-related transcriptional responses in
fibroblasts [84]. Altogether, these findings indicate that while NRF1, NRF2, and NRF3 may
share consensus binding sequences in gene promoters, downstream consequences of their
modulation may vary greatly by tissue and/or cell type.
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2.3.3. The Localization of the Transcriptional Regulators of NRF-Dependent Processes
Using Mouse Brain Single-Cell Transcriptomics Data

Despite the profound effects of NRF2 knockdown on neuronal survival in different
pathological contexts (above), multiple reports indicate that astrocytes and microglia ex-
press the highest levels of NRF2 in the brain [85–90]. One of the first studies to explore the
roles of NRF2 in the cells of the nervous system was performed using cortical astrocytes
from mice lacking NRF2 [91]. A number of NRF2-dependent genes were identified, includ-
ing Nqo1. Since then, several studies have suggested the enrichment of NRF2 in astrocytes
and other non-neuronal cells. In fact, NRF2 knockout mice exhibit astrogliosis and leukoen-
cephalopathy at baseline [92]; increased astrogliosis in a closed head injury model [93];
increased neuroinflammation in multiple sclerosis [94], tauopathy, and amyloidopathy
models [95]; and a hypersensitivity to pro-inflammatory stimuli [96]. The relative defi-
ciency of NRF2 in adult neurons was demonstrated by Bell et al. [90]; interestingly, the
authors found that the deficiency observed in adulthood was associated with the repression
of promoter activity and that the NRF2 expression associated with an immature pheno-
type served to maintain the REDOX status while inhibiting the JNK and WNT pathway
responses to oxidative stress. The same group also demonstrated that astrocyte-derived
NRF2 enabled the production of glutathione for its release and subsequent uptake by
neighboring neurons [97], highlighting the non-cell-autonomous role of NRF2 in neuronal
survival. Accordingly, the activation of NRF2 pathways in astrocytes has been suggested as
a therapeutic approach for neuroprotection [98]. The overexpression of NRF2 in astrocytes
is beneficial in a mouse model of Alexander disease, which is associated with mutations
in glial fibrillary acidic proteins (GFAP) and the overactivation of astrocytes [99]. The
activation of NRF2 pathways in models of PD and ALS will be discussed in more detail
below. Less is known about the cellular location of NRF1 and NRF3 in the CNS.

To explore the cell type-specific expression profiles of NRF family members and their
related transcriptional regulators, we used a publicly available database of single-cell
transcriptomic data ([4]; Figure 2), sorted by the neuron type (Figure 2a) and the non-
neuronal cell type (Figure 2b). It is important to note that this database reflects mRNA
expression patterns at baseline in a wildtype adult mouse; it is possible that conditions
associated with oxidative stress could stimulate different patterns of gene expressions
across these cell types. As suggested from the Nfe2l2 distribution studies cited above,
Nfe2l2 mRNA expression is most abundant in macrophages, microglia, astrocytes, and
fibroblast-like cells. Nfe2l1 (NRF1), however, is more highly enriched in neurons, and Nfe2l3
(NRF3) is particularly enriched in oligodendrocytes and polydendrocytes (myelinating
cells). These distribution patterns explain the different physical and behavioral phenotypes
in the respective knockout mouse lines, with NRF1 knockout mice exhibiting neuronal loss
and NRF3 knockout mice showing very few abnormalities. Based on Nfe2l3 distribution
data, it would be predicted that an NRF3 knockout may cause myelination deficits, although
this has yet to be tested.

Information regarding the cell type-specific distribution of other transcriptional reg-
ulators can be used to predict which combinations of factors may be jointly involved in
transcriptional regulation. For example, it is interesting to note that while Keap1 expression
is relatively ubiquitous, Mafg is enriched in neurons and Mafb is enriched in microglia.
Based on these observations, the interactions between Nfe2l1 and Mafg or between Nfe2l2
and Mafb could be explored further in these cell types. The observation of ubiquitous
Keap1 expression with glial-enriched Nfe2l2 expression suggests that KEAP1 may interact
with other proteins in neuronal cells; in fact, KEAP1 has been found to interact with se-
questosome 1 (SQSTM1/P62) [100] and RNA binding proteins (RBM45) [101]. Mutations
of SQSTM1 have been associated with the risk for frontotemporal dementia (FTD), with
mutations leading to disrupted interactions between KEAP1 and SQSTM1 [100,102]. These
studies go on to hypothesize that the disrupted KEAP1 interactions lead to the repression of
NRF2 signaling; however, considering the low expression of NRF2 in neurons, the potential
relevance of this interaction should be explored in glial cell types.
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Figure 2. Transcript abundance for transcriptional regulators was assessed in neuronal (a) and
non-neuronal (b) populations using the Dropviz.org dataset [4]. All values are expressed as UMI
(unique molecular identifier)/100,000 in each cell subcluster. Statistically significant differences
among groups for (a,b) are included in Supplementary Table S1.

These data can also be mined to investigate the cell type-specific distributions of
antioxidant enzyme gene expression (Figure 3a), the relationships between transcriptional
regulators and their putative downstream targets, or to identify cell-types of interest to
explore relevant protein-protein interactions (Figure 3b,d). In Figure 3a, we show the distri-
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bution of mRNA expression for different antioxidant enzymes in non-neuronal cells and
neuron types, with respect to the highest expressing cell subcluster from Dropviz.org [4].
Considering Nfe2l2 enrichment in non-neuronal populations, we then explored the rela-
tionship between Nfe2l2 and two of its putative targets, Gstm1 and Nqo1. As indicated
by [91], Nfe2l2, Gstm1, and Nqo1 are all expressed by astrocytes (purple circles, Figure 3c,d),
but are also co-expressed in other non-neuronal populations. However, there was not a
strong relationship between Nfe2l2 and Sod1 (Figure 3d) or Sod2 expression (not shown),
suggesting that other factors could be involved in Sod1 and Sod2 regulation.

Figure 3. Dropviz.org database [4] was used to demonstrate the cell type-specific differences in
downstream transcriptional targets involved in antioxidant defense (a); percentages shown in table
represent transcript abundance with respect to the highest expressing cell subcluster and relation-
ships between transcript abundance of transcriptional regulators (shown in Figure 2). The level of
antioxidant response gene expression was explored in (b–d). Values are expressed as UMI/100,000 in
graphs and as “ranking factor” for cell type-specific patterns of expression in figure insets. Ranking
factors were generated by calculating the distance from the origin for each cell type using the equation
[x2 + y2]0.5, where (x,y) represents UMI/100,000 values normalized to the highest expressing subcluster.

Regarding the transcriptional regulation of SOD1 and SOD2, there is some evi-
dence for the regulation of SOD2 by CREB and the transcriptional coactivator, peroxi-
some proliferator-activated receptor coactivator 1-α (PGC-1α) [103]. Our laboratory has
shown that mice lacking PGC-1α exhibit decreased Sod2 expression in various regions of
the brain [104]. Interestingly, SOD2 knockout mice show vacuolization throughout the
brain [105–107], similar to PGC-1α knockout mice [104,108,109]. However, the molecular
contributors to PGC-1α knockout-related encephalopathy likely also involve the deficiency
of a number of other PGC-1α putative targets, such as the neurofilament heavy chain
(NEFH) [110–112]. Overall, the lack of cell type-specific co-localization and/or strong
correlations between many of these transcriptional regulators and their presumed targets
suggest that a number of other transcriptional targets may be revealed if cell type-specific
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strategies (translating ribosome affinity purification or nuc-seq) are used to profile NRF
knockout systems.

3. Oxidative Stress and the Transcriptional Regulation of Antioxidant Defense
Enzymes in Disease States

There is abundant evidence for oxidative stress in neurodegenerative disorders (re-
viewed in [1–3]). Based on our observations of the cell type-specific distribution of tran-
scription factors involved in the regulation of antioxidant responses (Figures 2 and 3),
here, we discuss the cell-autonomous and non-cell-autonomous contributors to neuronal
oxidative stress in two disorders, Parkinson’s disease (PD) and amyotrophic lateral scle-
rosis (ALS). We also present strategies which have been attempted in models of both
disorders for promoting normal and/or therapeutically relevant transcriptional activity
of NRF family members, including overexpression strategies and the manipulation of
NRF-interacting proteins.

3.1. Parkinson’s Disease and Oxidative Stress

PD is a severe movement disorder characterized by the loss of dopaminergic (DAergic)
neurons of the substantia nigra pars compacta (SNc) as well as the accumulation of pro-
teinaceous aggregates containing misfolded α-synuclein (α-syn) proteins. Patients are most
often diagnosed at the onset of motor symptoms, at which time they have already sustained
a loss of approximately 80% of DAergic nigrostriatal terminals, with the predicted loss of
over half of the SNc DAergic neurons [113,114]; reviewed in [115].

Substantial clinical evidence, from both ante- and post-mortem studies, implicates
cellular stress caused by reactive species in PD pathology (reviewed in [116]). Post-mortem
studies in the PD brain have reported increased lipid peroxidation [117], hyperoxide
accumulation [118], and protein carbonyls [119], which are all indicators of oxidative stress.
It is thought that a dysregulated maintenance of reactive species is an early feature of the
disease. Dexter et al. [118] reported that a decreased ratio of reduced glutathione to its
oxidized counterpart (GSH:GSSG) preceded cell death, and further posited that GSH levels
are predictive of DAergic vulnerability. The surviving/resilient DAergic neurons also
showed an increased expression of GPx1 [120], as well as an increase in the translocation of
NRF2 to the nucleus [121]. There is also evidence for oxidative damage to both nuclear and
mitochondrial DNA and RNA, especially in SNc neurons [122].

Further exacerbation of oxidative stress in PD could be attributed to an increased
cellular accumulation of iron (Fe) in the SNc [123,124]. Fe and other transition metals act as
pivotal electron shuttles that are necessary to catalyze multiple cellular processes. However,
excessive cellular Fe disrupts REDOX homeostasis, stabilizing reactive species that normally
exist only transiently with normal ROS signalling (reviewed in [125]). Fe dyshomeostasis is
thought to be more deleterious in DAergic neurons, as multiple reactions in the synthesis
and metabolism of dopamine are dependent on Fe, and abnormalities in these pathways
lead to the generation and accumulation of toxic species via Fenton reactions (reviewed
in [126]). While increased Fe accumulation has been shown in the caudate putamen, SNc,
and other basal ganglia structures with age [127,128], in PD, Fe accumulation in these
regions is significantly higher than what is observed in healthy, age-matched controls. In
one of the first studies reporting this pathological observation, PD post-mortem brains
showed over a 2-fold increase in the total Fe amount, and over a 4-fold increase of its ferric,
oxidized form [123]. Follow-up studies replicated this finding, showing a more modest,
but still significant, increase in Fe when compared to age-matched controls [129]. Increased
Fe accumulation, specific to the SNc, has been consistently substantiated with a variety of
brain imaging techniques in both sporadic and familial forms of PD, and it correlates with
disease severity [130–133].

Interestingly, in PARKIN-type early-onset juvenile PD, there is more intense SNc Fe
staining [134]. However, while Fe is present in multiple brain cell types, Fe accumulation is
not found in the cortex, hippocampus, putamen, or globus pallidus in PD brains [124] and
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is significantly reduced in the temporal cortex [135]. This could be due to the enrichment
of neuromelanin in the dopaminergic neurons of the SNc; neuromelanin assists with the
storage of Fe in these neurons, while other regions of the brain utilize the ferritin protein
complexes, H-ferritin and L-ferritin [136].

α-syn-containing Lewy bodies (LBs), a pathological hallmark of PD and LB-associated
disorders such as PD with dementia (PDD) and dementia with Lewy bodies (DLB) (re-
viewed in [137]), could be a consequence of REDOX dysregulation. LBs form in cell bodies
and the projections of the DAergic neurons of the SNc, but also in other neuronal popula-
tions throughout the brain [138]. However, LB pathology is not associated with cell death in
most other regions and cell types outside of the SNc [139]. While it is not well-understood
as to what makes specific neuronal populations susceptible to developing LB pathology,
there is a compelling link between α-syn, oxidative stress, and Fe dyshomeostasis. First,
high levels of Fe are found within LB aggregates [140], and Fe is able to mediate alterations
in α-syn structure [141–145]. An intriguing explanation for this link is that α-syn plays a
major role in regulating Fe homeostasis. It has been proposed that α-syn can act as a fer-
rireductase, reducing oxidized Fe (Fe3+) to its bioavailable ferrous (Fe2+) form, which could
lead to oxidative stress through Fenton chemistry [146,147]. Alternatively, it is possible that
the aggregation of α-syn would inhibit its reductive ability, leading to an increased accu-
mulation of oxidized Fe [147]. Interestingly, computational analyses of SNCA transcript
secondary structure suggest that human SNCA, but not SNCB or SNCG, may have an RNA
stem loop within its 5′ UTF that is structurally similar to the iron response element (IRE)
seen in ferritins [148]. While the functional relevance of this computational modeling is not
clear, Olivares et al. [149] provided evidence for α-syn’s iron-dependent posttranscriptional
regulatory function in SH-SY5Y cell culture, suggesting the possibility of the role of α-syn in
regulating Fe levels at both the RNA and protein levels [149]. Additionally, it is important
to recognize that other pathological processes, such as the accumulation of beta-amyloids,
could contribute to PD risk [150] (reviewed in [151,152]), although amyloid deposition is
more common in PDD and DLB than in PD without dementia [150].

While the progressive motor dysfunction observed in PD is attributed to the selec-
tive degeneration of DAergic neurons in the SNc, the causal mechanisms of DAergic
vulnerability and eventual cell death in PD are still largely speculative. However, a colla-
tion of evidence generated in post-mortem tissue analyses, neurotoxin studies (rotenone,
paraquat, and MPTP), and the identification of loss-of-function mutations in genes linked
to mitochondrial clearance (e.g., PARKIN and PINK1) and function (e.g., DJ-1) implicate a
mitochondrial-driven imbalance in REDOX systems. Mechanistic links between LRRK2
mutations, the most common cause of familial, autosomal-dominant forms of PD (reviewed
in [153]), as well as mitochondrial dysfunction are not as clear as for other PD risk genes.
The majority of LRRK2 mutations are associated with increased kinase activity [154–156],
and the cellular consequences of increased LRRK2 activity include impairments in a number
of neuronal processes, such as vesicular trafficking, actin dynamics, calcium buffering, and
proteostasis (reviewed in [157,158]. The most compelling link between LRRK2 mutations
and mitochondrial function is LRRK2′s potential roles in mitophagy (reviewed in [159]). In
fact, LRRK2 inhibitors have been reported to rescue impairments in mitophagy [160] and
reverse mtDNA damage observed in the immune cells of PD patients [161,162], indicating
a role for mutation-induced LRRK2 activation in mitochondrial dysfunction and suggesting
that mitochondrial deficits could be ameliorated by treatments using LRRK2 inhibitors,
some of which are currently in clinical trials [163].

DA metabolism [164], maintenance of DAergic tone through cell-autonomous pace-
making firing [165], and continuous neurotransmissions along extensively arborized axonal
projections to the caudate putamen [166–169] all generate a huge bioenergetic demand in
this population. However, DAergic neurons must meet this demand with a relatively low
mitochondrial density [170], creating a delicate balance between constant energetic needs
and the oxidative stress load. In fact, there is strong evidence for higher basal oxidative
stress in non-disease SNc compared to other regions of the brain [1,171–173]. This may
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explain the selective vulnerability of the SNc in PD, as negative consequences of accumu-
lating oxidative stress increase in normal aging. To date, the factor associated with the
greatest risk for developing PD is age [172,174].

Further supporting oxidative stress as a contributive factor in PD pathogenesis are
the mutations observed in PARK7, the gene that encodes DJ-1, which are reported to cause
an autosomal-recessive, early-onset form of PD through the loss of DJ-1 expression or
activity [175]. Over 25 PD-linked PARK7 mutations have been identified (NIH; https:
//medlineplus.gov/genetics/gene/park7/#conditions (accessed on 25 February 2021)).
Notably, decreased levels of DJ-1 have also been observed in sporadic PD, post-mortem
SNc, and the cortex [176]. While diverse cellular functions for DJ-1 have been proposed,
data from a wide span of model systems have shown increased oxidative stress and di-
minished cellular viability when DJ-1 expression or activity is impeded, supporting its
role as a critical sensor for cellular oxidative stress (reviewed in [177]). Under oxidizing
conditions, DJ-1 converts to its more acidic isoform, with sulfinic acid modifying cysteine
residue [178], shifting its isoelectric point (pI) from around 6.2 to 5.8. Levels of the pI 5.8 iso-
form are basally low, but increase during exposure to oxidative stress, with a reduction
back to basal levels when the stress is removed. In the human post-mortem frontal cortex,
Bandopadhyay et al. [179] found six different pI isoforms of DJ-1 [179]. The most basic, iso-
form 6.6, appeared diminished/missing in the R98Q PD model. There was also a congruent
increase in more acidic isoform expressions following oxidative stress. The C106A mutant
form of DJ-1 showed lower cell viability and increased cellular sensitivity to the oxidative
stressor MPP+, indicating that this function is protective, at least in vitro [179]. It has been
suggested that, following the modification of C106, DJ-1 localizes to the outer membrane of
mitochondria [175,178,180,181]. This localization is further supported in studies that show
DJ-1-dependent mitochondrial dysfunction. For example, Irrcher et al. [182] investigated
DJ-1 deficiency in multiple models of PD (cells, mice, and human-derived lymphoblasts
from PD patients), all of which showed increased susceptibility to oxidative stress and
subsequent neuronal death [182].

3.1.1. PD and NRF2

NRF2 was first implicated in PD when changes in its expression were observed in
the PD post-mortem brain, with increased nuclear localization of the NRF2 protein in
DAergic neurons when compared to controls [121], which was replicated in [183,184]. It
is thought that DAergic neurons of the SNc upregulate the NRF2 regulon in response to
mounting oxidative stress; however, this response is ultimately not sufficient to protect
DAergic neurons from degeneration in PD [184]. Interestingly, a mutation in NFE2L2, that
is thought to increase its transcriptional activity, was shown to decrease the risk of PD and
delay its onset, suggesting that levels of NRF2 activity may be inversely correlated with PD
susceptibility [185].

A study with fibroblasts derived from patients with LRRK2 mutations with or without
PD found an increase in NRF2 expression in patients with PD, accompanied by an increase
in mitochondrial mass [186]. Urate, an activator of NRF2, was elevated in LRRK2 mutation
carriers resistant to PD [187]; the authors of that study suggested that peripheral urate
levels could prevent the emergence of PD by activating NRF2-dependent pathways. Protec-
tive effects of lovastatin in G2019S LRRK2-expressing neurons could be mediated by an
increase in NRF2 phosphorylation [188]; the phosphorylation of NRF2′s Neh2 domain by
enzymes such as PKC can activate it by facilitating the dissociation from KEAP1, while the
phosphorylation of the Neh6 domain by glycogen synthase kinase 3α or 3β can promote its
degradation (reviewed in [189]). In cortical neurons that overexpress G2019S LRRK2, NRF2
overexpression was shown to induce the expression of ARE-containing genes, increase
synuclein degradation, cause the sequestration of mutant LRRK2 in neurons, and can
attenuate cell death [190].

The potential neuroprotective role of NRF2 overexpression in the face of PD-related
oxidative stress has been supported by a large body of research using both cell and in vivo
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rodent model systems (reviewed in [77,191]). Chen et al. [192] reported decreased NRF2
activity and ARE-containing gene expression in the MPTP mouse model, with the loss
of Nef2l2 expression exacerbating the pathology of this model [192]. Additionally, Nfe2l2
knockout mice are shown to be more vulnerable to 6-OHDA treatment [193]. In a more
recent study, the pharmacologic activation of NRF2 was neuroprotective in mice with a
viral-mediated expression of human α-syn; this effect was absent in NRF2 knockout mice,
which showed worsened phenotypes of α-syn toxicity [194]. However, there is still some
ambiguity concerning the neuroprotective mechanisms of increased NRF2 activity and
which cell types are most dependent on NRF2-mediated pathways [90,195–197].

3.1.2. The Role of Non-Neuronal Cells in Responses to Oxidative Stress

While PD research has been largely focused on cell-intrinsic contributors to DAergic
vulnerability, surrounding glia are important potential mediators of neuronal oxidative
stress. Accumulating evidence suggests that glial-mediated microenvironments and cross-
talk with neurons is disrupted in numerous neurological disorders, and emerging literature
supports the link between glial dysfunction and PD etiology (reviewed in [198–202]). Pre-
vious studies and transcriptional analyses from [4] (Figure 2) demonstrated that Nfe2l2
expression was enriched in astrocytes and microglia [4,89], and several studies have pro-
vided evidence supporting a role for the glial-expressed NRF2 in neuroprotection. It has
been demonstrated that NRF2 regulates different genes in different cell types, specifi-
cally when comparing astrocytes and neurons [203], supporting the notion that different
cell populations could contribute to the NRF2-mediated mitigation of oxidative stress in
the brain.

While upon their discovery, astrocytes were initially thought of as structural supports,
as well as having essential roles in development, memory consolidation, neuroimmune
function, and the buffering of extracellular glutamate have been heavily substantiated
(reviewed in [204]). In a recent review, it was proposed that boosting NRF2/WNT tran-
scriptional pathways in astrocytes, and enhancing astrocyte-neuron crosstalk pathways,
may lead to DAergic neuroprotection [205]; the overexpression of Nfe2l2 was found to
rescue DAergic cell loss in both 6-OHDA [193] and MPTP models of PD [192]. A recent
study involving the activation of NRF2 in a LRRK2 mutant drosophila model further sup-
ports the potential neuroprotective utility of NRF2 activation as well as a critical role for
astrocytes in the NRF2 response. The forced expression of wild-type or G2019S LRRK2 in
DAergic neurons caused motor impairment that could be rescued by treatment with the
herbal extract Gastrodia elata (GE); this rescue was associated with the activation of the ARE
regulon in non-neuronal cells [206].

Importantly, this paper demonstrated that the deletion of the drosophila homolog
of Nfe2l2, cnc, in DAergic neurons had no effect on the GE neuroprotective efficacy,
while the knockdown of cnc in astrocyte-like glia prevented neuroprotection. These find-
ings indicate that activation of the NRF2 pathway in glia can be neuroprotective in the
context of neuronally-expressed LRRK2 mutations. In contrast to these observations,
Ramsey et al. [184] did not observe increased nuclear-NRF2 translocation in the surround-
ing glial populations of SNc, and posited that the glial activation of NRF2 may not be
necessary for DAergic neuroprotection [184]. Additionally, the NRF2 activation in cell cul-
ture models of PD (MPP+, paraquat, and 6-OHDA) was neuroprotective in the absence of
astrocytes and other glial populations (reviewed in [77]). It is possible that the involvement
of astrocytes in DAergic vulnerability differs with the type of pathological stimulus. Future
studies should assess NRF2 activity in models of cell death mediated by chronic stressors,
like α-synucleinopathy, compared to the more acute stressors used in toxin models.

Consistent with an enrichment of Nfe2l2 mRNA in astrocytes, the expression of NRF2-
ARE regulon members such as Nqo1 are basally expressed more highly in astrocytes than
in any other type of cell in the brain ([4]; Figure 3a,b). In humans, NQO1 expression in
steady-state DAergic neurons and in the SNc of the healthy brain is minimal; however, it is
markedly increased in both astrocytes and neurons in PD post-mortem brains [207]. HO-1
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and metallothinein proteins MT1 and MT2 (encoded by ARE-containing genes) are vital for
Fe metabolism; transcripts encoding these proteins are all highly enriched in astrocytes [4].
Notably, HO-1 levels are reduced in the PD post-mortem brain [183]. The basal enrichment
of these stress-responsive NRF2 targets suggests that astrocytes likely play a principal role
in maintaining homeostatic levels of oxidative species, as well as cellular Fe and other
transition metals across the brain.

Beyond the enrichment of stress-responsive gene programs, evidence of astrocytic
dysfunction has been observed both in the clinic and in model systems of PD. Interest-
ingly, while there is an increase in astrocytes in post-mortem tissue from PD patients when
compared to tissue from controls [208], there is an inverse relationship between GFAP-
positive astrocytes and DAergic cell loss in PD [120]. Astrocytes derived from induced
pluripotent stem cells from LRRK2 mutation carriers are impaired in their ability to provide
neurotrophic support for DAergic neurons in culture [209], as well as showing reduced
complexity, mitochondrial density, and ATP production (33785762), and an abnormal accu-
mulation of synuclein and dysfunctional autophagy, causing the degeneration of normal
DAergic neurons [210]. LRRK2 G2019S astrocytes show an impaired internalization and
clearance of α-synuclein, potentially through the loss-of-function of annexin A2 [211], the
depletion of calcium in the endoplasmic reticulum, and mitochondrial dysfunction [212].
In vivo, LRRK2 mutations cause a loss of primary cilia in cholinergic neurons and astro-
cytes [213] and a decrease in astrocyte numbers in the striatum [214]. Interestingly, LRRK2
inhibition is capable of rescuing inflammatory and lysosomal defects in astrocytes derived
from mice expressing the D409V mutant of GBA [215].

In addition to scavenging glutamate, certain populations of astrocytes are involved
in DA clearance and metabolism. When astrocytes are treated with DA in culture, they
are seen to have a biphasic, metabolically complex response [216]. In fact, midbrain
astrocytes, and to a lesser extent, striatal astrocytes, are particularly enriched with the
aldehyde dehydrogenases Aldh1l1 and Aldh1a1 [4]. These are thought to be involved in
DA catabolism, and have been implicated in PD [217–219]. Midbrain astrocytes are also
relatively enriched with Maob, which encodes monamine oxidase b (MAOB) [4]. The MAOB
breakdown of DA leads to the generation of superoxides, which, given their high basal
expression of NRF2 regulon factors, enables astrocytes to be more equipped to handle
them than their neuronal counterparts. However, the role of astrocytes in this context
is understudied.

Recent studies further supported that astrocytes from different regions of the brain
have different properties [220] and that these properties change with age [221]; however,
differences between astrocytes in differentially vulnerable regions of the midbrain (SNc
vs. VTA) are not known. It is now widely accepted that DAergic neurons of the VTA co-
release glutamate and DA to the nucleus accumbens (Nac) [222]. Interestingly, astrocytes
upregulate Nfe2l2 expression following glutamate exposure/treatment [223]. Perhaps
Daergic neurons of the VTA are more resilient to damage from oxidative stress due to the
surrounding astrocytes being primed to mitigate glutamatergic toxicity, and subsequently,
damage from reactive species. While this is merely speculative, clarity may be gained from
an in-depth characterization of regional differences between astrocyte populations.

Microglia have also been proposed to play a major role in REDOX homeostasis in the
midbrain. In the mouse brain, the microglial density in the SNc is significantly higher than
other regions [224,225], and these populations are more reactive to PD-specific stress than
microglia in other brain regions [226]. Interestingly, Nef2l2 is highly enriched in microglia
([4,89]; Figure 2b), and there is substantial evidence that NRF2 activity in microglia pro-
motes their inactivation. In a mouse model of traumatic brain injury, the siRNA-knockdown
of Nef2l2 in microglia caused an increase in the expression of the pro-inflammatory cy-
tokines TNFα and IL-6, which was reversed in microglia overexpressing Nef2l2 [5]. This
parallels the increased microglial activation observed in NRF2 knockout mice, which also
showed DAergic neuron loss [227]. Additionally, midbrain microglia have the highest
enrichment in Flt1 (L-Ferritin) [4]. This confers with iron storage capabilities, pointing to a
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reliance of DAergic neurons in the SNc on the surrounding microglia for Fe homeostasis
and REDOX balance. These data suggest that microglia in the SNc microenvironment play
a major role in mitigating oxidative stress in this region at a steady state.

Despite the enrichment of Nef2l2, midbrain microglia also have the highest transcript
expression of proinflammatory factors, such as Tnf [4], which could contribute to the high
basal oxidative stress in the region and the subsequent vulnerability to neuroinflammation.
In PD patients, microgliosis has been observed both in the post-mortem SNc and in PET
imaging studies [228,229]. It is thought that microgliosis occurs early in disease progression
and is sustained over its course [229]. This observed increased in microglial occupation
could also explain a recent report of increased BACH1 expression in the PD post-mortem
midbrain [230]. As we show in Figure 2b, microglia are enriched with Bach1, a transcrip-
tional repressor of ARE-containing genes [4], so they would be a likely contributor. This
study goes on to show that BACH1 KO animals are more resilient to MPTP treatments, that
and BACH1 inhibitors in wild-type animals attenuate MPTP-mediated toxicity [230]. These
data suggest that the knockdown of BACH1 could be a viable strategy for promoting the
neuroprotection of DAergic neurons in the context of PD.

Notably, inflammation is observed in regions affected by α-syn inclusions [231–235].
Microglia are thought to be integral in the clearance of excessive α-syn, and their spatial
and temporal tracking with α-syn pathology supports the hypothesis that microglia play
a role in the spread of pathological α-syn species via micosomes/exosomes [236,237]. A
recent study demonstrated that activation of the glucagon-like peptide-1 receptor conferred
neuroprotection in synucleinapthy models by acting on microglia to block the conversion
of astrocytes to their toxic state, implicating a role for microglial-astrocyte crosstalk in
synuclein models [238].

While research regarding the potential roles for astrocytes and microglia in PD has
increased in recent years, few studies have explored the roles for other glial species such
as oligodendrocytes and polydendrocytes, possibly due to reports of the relatively low
myelination of DAergic neurons, which project to the caudate putamen [239,240]. However,
the oligodendroglial enrichment for transcripts of the PD-causative genes, such as Pink1
(PARK6) [4], point to their possible contribution to PD pathology. In fact, in animal models
of multiple systems atrophy, the selective overexpression of α-syn in oligodendrocytes,
using the myelin basic protein or proteolipid protein promoters, causes DAergic cell loss
in mice [241,242]. In terms of REDOX regulators, oligodendrocytes are highly enriched
in Gss (Glutathione) and Fth1 (H-ferritin) [4], both of which contain AREs. Additionally,
oligodendrocytes have the highest Fe content of any cell type in the brain; they are the major
source of CNS iron storage [243]. Considering the enrichment of Nfe2l3 in oligodendrocytes
in mice (Figure 2b), future studies should explore the roles for this factor in response to
oxidative stress or synucleinopathy.

Altogether, the studies referenced above, with the cell type-specific contextualization
of disease-mitigating factors we have generated here suggest that, while DAergic neurons
are most noticably affected in PD, it is probable that the dysfunction in multiple cell types
could instigate PD pathogenesis (summarized in Figure 4a). Additionally, it underscores
that cell type-specific expression profiles need to be referenced when generating and
interpreting model systems, as well as in the process of therapeutic target engagement.

3.2. Amyotrophic Lateral Sclerosis and Oxidative Stress

ALS, also known as Lou Gehrig’s Disease, is a severe, degenerative movement disorder
that presents as a loss of control of the extremities [244]. More rare symptoms include a
loss of control of the musculature around the throat and vocal cords, rendering patients
incapable of communicating (Bulbar ALS) [245]. Classic and bulbar forms of ALS have
different prognoses, with the progression of the disease being highly variable based on
patient lifestyle, diet, and other genetic risk factors [246]. On average, however, both
subtypes have a life expectancy of 1–2 years post-diagnosis, with the eventual loss of
diaphragm control and subsequent death [245]. Inheritable forms of ALS account for
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10% of cases; the remaining 90% are sporadic in nature, with the emergence of de novo
mutations, or no identified genetic component [247]. The most common causal ALS
mutations are found in SOD1 [248,249] and the C9 open reading frame 72 (C9ORF72; repeat
expansion) [250].

Figure 4. Schematics show how the cellular REDOX factors discussed in this review could be affected
by, or contribute to, disease-specific stressors in the context of midbrain DAergic neurons in PD (a)
and excitatory cortical neurons in ALS (b). Considerations include observations from clinical data,
post-mortem tissue studies, and putative mechanisms derived from model systems. Created with
BioRender.com (accessed on 25 October 2021).

The first indication of an involvement of oxidative stress in the pathobiology of
ALS came from the discovery of the familial mutations in the SOD1 gene [251]. Over
130 mutations have been identified in SOD1 [252]. The primary role of SOD1 is the scav-
enging of superoxides generated by oxidative phosphorylation [253,254]. SOD1 mutations
can be either familial or sporadic, leading to the generation of dominant-negative forms
of SOD1, changes in its 3-D conformation, and abnormal aggregation and function [255].
Multiple studies have shown that SOD1-positive aggregates in the cytosol are associated
with Tar DNA binding protein 43 (TDP-43, encoded by TARDBP) [29,256,257], reviewed
in [257]. SOD1-positive aggregates can inhibit the trafficking of mitochondrial and synaptic
proteins, leading to a decrease in ATP availability at the synapse [258]. SOD1-positive
aggregates can also sequester BCL-2, leading to mitochondrial-mediated apoptosis and
an increased autophagic flux [10,259]. Additional dysfunctions can involve the abnormal
sequestration of copper (Cu), manganese (Mn), and zinc (Zn) ions [260], as well as the
impairment of other proteins involved in Cu-mediated ROS scavenging including CCS,
COX17, and ATX1 [261] (summarized in Figure 4b).

The most common pathological feature in the post-mortem brain tissue of patients
with ALS is the intracellular and extracellular accumulation of protein aggregates [2,262],
often containing TDP-43. Interestingly, TDP-43-containing aggregates are observed in the
post-mortem tissue of patients with ALS, regardless of the TARDBP mutation status [263].
Other proteins that are shown to aggregate in ALS are optenurin (OPTN) and fused in
sarcoma (FUS). A comparison of SOD1-mutation-carrying patients to those with mutations
in FUS and TARDBP show similar, mutation-dependent progression, with some patients
showing a significantly earlier onset [254].
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TDP-43 is a DNA/RNA-binding protein responsible for transporting RNA out of the
nucleus [264]. In pathological states, TDP-43 aggregates in the cytoplasm in protein- and
RNA-containing stress granules [33]. TDP-43 aggregation has been shown to cause protein
trafficking problems [2], leading to changes in the mitophagy and autophagic flux, an
increase in damaged mitochondria, and the lower production of mitochondrial proteins by
the mitochondrial ribosomes [265]. The gene and protein expressions of components of the
electron transport chain is reduced, negatively impacting oxidative flux and mitochondrial
capacity [266]. Recent studies also indicate that oxidative stress, such as an increase in
hydrogen peroxide, can induce the mislocalization of TDP-43, and that this exclusion from
the nucleus is dependent on poly(ADP-ribose) polymerase 1 (PARP-1) activity, a known
ARE binding factor [267].

Compared to TARDBP-associated ALS mutations, mutations in FUS are more often
associated with juvenile cases, with the predominant involvement of lower motor neuron
degeneration [268]. Interestingly, FUS mutations do not involve TDP-43 aggregation
(reviewed in [256]). However, similar to TDP-43, FUS associates with RNA/protein-
containing stress granules [269] and nuclear paraspeckles, which mediate RNA splicing
and RNA trafficking [270], which is especially prone to aggregation [271]. Similar to what
is observed in TDP-43-related ALS, FUS aggregation is associated with an impairment in
mitochondrial and endoplasmic reticulum function that compounds the effects of oxidative
stress [272]. FUS-associated pathology also involves an enhanced sensitivity of AMPA
receptors with increased excitotoxicity [273].

Due to the vulnerability of the C9ORF72 locus to slippage during DNA replication,
ALS-causative C9ORF72 mutations arise from the repeat expansion of the hexanucleotide
repeat CCCGGG, with toxicity observed at 30+ repeats [274]. Toxic repeat expansions
lead to RNA aggregation in the nucleus and RAN-translation in the cytoplasm, generating
dipeptide strands that aggregate and lead to a sequestration of proteasomal and chaper-
one proteins [275,276]. Much like the previously-discussed mutations, these aggregates
inhibit protein-trafficking, disrupt lysosomal and mitochondrial functions, and increase the
likelihood of oxidative stress-induced cell damage and death [277].

3.2.1. The Neuronal Cell Types Affected in ALS

ALS is the most common motor neuron disease, with robust cell loss occurring in
the lower and upper motor neuron populations of the spinal cord and motor cortex,
respectively [278–280]. While lower motor neuron dysfunction and loss gives rise to
muscle atrophy and motor impairment, cortical cell loss can contribute not only to a
reduction in the excitatory drive to lower motor neurons, but also to the development
of frontotemporal dementia (FTD) in approximately 40% of ALS patients [262]. FTD
symptoms also include personality changes such as aggression, irritability, and impaired
decision-making skills that are attributed to atrophy and cell death in the frontal cortex [277].
Recent studies have shown that the von Economo neuron subtype is the most affected
in the frontal and temporal lobes of FTD and ALS/FTD patients. These are pyramidal
neurons, with long axons and a high firing rate, are involved in communications across
the anterior cingulate cortex and are found only in higher order social animals [281].
This characteristic complexity of the axonal structures and their rapid firing rate, which
require high metabolic output, are thought to make these neurons particularly vulnerable
to to ALS-related aggregates [262,277]; however, the mechanisms which contribute to their
dysfunction and death are not as well-characterized as the processes that impact cholinergic
motor neuron populations [39].

Dysfunctional cortical and spinal cord interneurons have also been implicated in
ALS [231–233,282]. Multiple TDP-43-overexpressing mouse models have a loss of parvalbu-
min (PV)-expressing interneurons (PV-INs) and a reduction in the function of somatostatin
(SST)-expressing interneurons [33,272,283–286], with interneuron impairment preceding
the loss of motor neurons [283,284]. With a high intrinsic firing rate powered by high
mitochondrial density, PV-INs serve as the main source of feed-forward inhibition in the
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prefrontal cortex [286–288]. In ALS, it is thought that the diminished inhibition leads to ex-
citotoxicity via the disinhibition of glutamatergic circuits [285]. Studies from our laboratory
indicate that these neurons express high levels of PGC-1α [104,289,290], and recently, we
reviewed the known roles for PGC-1α in neurons [291]. In addition to being required for
the expression of the genes involved in oxidative phosphorylation, PGC-1α is necessary for
the expression of the PV-IN-enriched transcripts for neurotransmitter release and axonal
integrity, including Nefh [110–112,292], whose protein product is used as a biomarker of
axonal damage in ALS [293,294]. Interestingly, PGC-1α expression is reduced in TDP-43
modes, both in vitro and in mouse models [253,283,295]. While no evidence currently exists
for a direct interaction between PGC-1α and the proteins implicated in ALS pathophysi-
ology, it is possible that the deficiency of PGC-1α and/or PGC-1α-dependent transcripts
could contribute to the interneuron dysfunction in ALS, which is notably preceded by an
accumulation of ROS and mitochondrial dysfunction [285].

3.2.2. Astrocyte Involvement in ALS

There is substantial evidence to indicate the involvement of astrocyte dysfunction
in ALS (recently reviewed in [296]). SOD1 ALS mutations are shown to affect both neu-
ronal and non-neuronal populations, and along with TDP-43 overexpression, SOD1 mu-
tations lead to gliosis and the loss of glial support in the vicinity of motor neurons and
interneurons [13,246,297–299]. Glia are seen to be especially affected in SOD1 G38A model
systems [300], and late-stage SOD1-mutation-carrying patients [301]. It is thought that
these mutations ultimately lead to the loss of the ability to provide GSH and other reactive
species scavengers to local neurons [257,302]. In fact, neuron loss is reported in a mouse
model with the selective expression of mutant SOD1 in astrocytes [303]. Considering the
enrichment of Nfe2l2 expressions in astrocytes, compared to neurons [4], it is interesting to
speculate how disrupted NRF2 activation could influence astrocyte function. Experiments
in [304] showed that the treatment of cultured astrocytes with tBHQ or with transfection by
Nrf2 was sufficient to increase glutathione activity and protect motor neurons from toxicity
mediated by G93A-expressing astrocytes.

Additionally, glutamate excitotoxicity has been observed in both familial and sporadic
ALS cases [44,273,305]; considering the pivotal role astrocytes play in the uptake of extra-
cellular glutamate [306], their dysfunction could be a source of excitotoxicity-mediated
cell death in ALS [276,307]. Alternatively, pathologically-affected astrocytes could also
contribute to ALS-linked neuron loss through the interuption of astrocyte-neuron cross-talk
or an interference in the provision of metabolic substrates to neurons [25,196,308].

3.2.3. ALS and NRF2

While several studies have investigated the putative neuroprotective benefits of the
NRF2-dependent pathway activation using transgenics and NRF2 modulators in cell cul-
tures and in in vivo models of ALS, results have been mixed. The Nef2l2/NRF2 transcript
and protein levels were reduced in NSC-34 (neuron-like) cells transfected with G93A or
G37R, mutated SOD1, with the coordinated downregulation of putative NRF2 targets
including G6pdx, Prdx3, and Prdx4 [309], suggesting that ALS-associated mutations lead
to a downregulation of NRF2-ARE regulon expression. In contrast, a study using an ARE
reporter mouse reported that SOD1 mutations led to an activation of ARE-containing
genes [203]. To observe NRF2 activity in vivo, Dr. Jeffrey Johnson’s group developed a
reporter mouse line with human placental alkaline phosphatase (hPAP) driven by the ARE
from the rat Nqo1 promoter [310]. Kraft et al. [203] found that when these ARE reporter
mice are crossed with G93A or H46R/Q SOD1 animals, hPAP immunoreactivity, a proxy
for NRF2 activity in this model, was observed in muscles at early timepoints, as well as
in motor neurons at later timepoints. The differences between the cell culture and the
in vivo studies highlight the importance of using in vivo models with cell type-specific
resolution to determine the impact of ALS-associated mutations on NRF2 biology. Simi-
larly, Neymotin et al. [311] reported that NRF2 activators attenuated the oxidative stress
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response in fibroblasts, with cytoprotective effects absent in NRF2-null fibroblasts. While
these effects have not been recapitulated in neuronal cell lines or in vivo, a recent study by
Wen et al. [312] confirmed NRF2 pathway activation with the triterpenoids CDDO-EA and
CDDO-TFEA. Following triterpenoid treatment, they showed an increased expression of
Nqo1, Gsta3, and Hmox1, a reduction in inflammatory markers, and an increased expression
of Coxii, Esrra, Nrf1, and Ppargc1a in the spinal cord of G93A mutant mice [312]. However,
in the context of our data showing the enrichment of Nqo1 and Nfe2l2 in astrocytes and
Ppargc1a and Esrra in neurons [291,313], it is likely that these factors activate distinct tran-
scriptional programs in different cell types. In neurodegenerative disease, an important
consideration is the impact of cell damage/loss when evaluating changes in gene expres-
sion in tissue homogenates. To determine what cell population is contributing to changes
in expression, as well as that changes are not simply an artefact of cell loss, single-cell
labeling/sequencing is necessary.

ARE-containing gene expression is likely context- and cell type-dependent, with cell
type-specific regulators determining the differential expressions of targets. As multiple
transcriptional regulators with ARE-binding capabilities have been identified (including
other NRF family members, mentioned above), NRF2 is probably not the sole mediator
of ARE-containing gene-expression. In fact, major ARE-binding proteins that are seen
to be activated by the antioxidant tertiary butylhydroquinone (tBHQ) also include the
transcription factors c-Jun and members of the AP-1 complex [314]. Multiple studies also
provided evidence that the nuclear localization of NRF2 alone is not sufficient to activate
ARE-containing gene expression. In [315], when neuroblastoma cells were treated with
hydrogen peroxide, SOD1 expression increased with concurrent NRF2 nuclear transloca-
tion; however, there were no observed changes in NRF2 binding at the SOD1 promoter.
Further studies showed that mutant forms of TDP-43 also induced NRF2 translocation to
the nucleus without the activation of downstream gene targets (Hmox1) [316,317]. Alto-
gether, these studies raise the possibility that the activation of transcriptional programs for
antioxidant defense could require the activation and recruitment of other transcriptional
regulators for the cell to mount a robust transcriptional response.

3.2.4. KEAP1 Interactors in the Context of ALS/FTD

KEAP1-centric protein complexes in the cytoplasm provide an additional regulation
of NRF2 translocation/activation. At steady states, KEAP1 sequesters NRF2, but when
oxidative stress increases within the cell, the electrophilic binding partners of KEAP1
allow for the displacement of NRF2, which can then translocate into the nucleus. One of
these KEAP1 binding partners, SQSTM1, an autophagy-related protein, has been shown
to interact with both KEAP1 and NRF2 [102]. Mutations in SQSTM1, a component of the
LC3-mediated autophagy pathway, are associated with familial ALS [318–320]. Studies also
show that the loss of SQSTM1 is linked to a shorter lifespan in mSOD1 mouse models [321],
potentially due to an increase in mSOD1-positive inclusions and elevated oxidative stress.
However, contrary to initial predictions, the overexpression of SQSTM1 using a ubiquitous
promoter (CAG) led to accelerated mortality in the H46R SOD1 mouse model, with no
observed impact on SOD1 aggregation [322]. These mice form aggregations containing
both SOD1 and SQSTM1 in the anterior horn of the lumbar spinal cord, gliosis, and a
reduction in Nqo1 expression. Later studies found that mutations in SQSTM1 are causal
for FTD, potentially by promoting the stabilization of KEAP1/NRF2 even with oxidative
modification of NRF2 [323]. Recent studies also indicated that the G427R mutation in
SQSTM1 impaired the interaction of KEAP1-SQSTM1, leading to the downregulation of
NRF2-dependent genes and an increase in TDP-43-associated stress granule formation [100].
Interestingly, this study found a reduction in Gstm1 expression in SQSTM1 knockout
brains; as shown in Figure 3c, Gstm1 is highly expressed in astrocytes. Altogether, these
studies suggest that the level of SQSTM1 must be tightly regulated to promote the normal
function of KEAP1 and that SQSTM1 could have a role in the regulation of astrocyte gene
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expression, potentially via modulating NRF2 pathways. Additional studies should explore
the astrocyte-specific functions of SQSTM1.

Mutations in TANK-binding kinase 1 (TBK1), which encodes another component of the
selective autophagy pathway, leads to the decreased ubiquitination of KEAP1, preventing
the release of NRF2 [100]. Interestingly, wild-type TBK1 can phosphorylate SQSTM1 and
act as an inhibitor of NRF2 activity, while some mutations (p.G175S) lose this inhibitory
activity, indicating a complicated relationship between TBK1, SQSTM1 modifications, and
the NRF2 pathway [324]. Future studies should explore the relationship among these
proteins in both astrocytes and neurons to determine the cellular mechanisms contributing
to ALS and FTD with SQSTM1 or TBK1 mutations.

4. The Cell type-specificity of KEAP1-Centric Therapeutic Strategies

Recent reviews have covered the main tools used to amplify NRF2-signaling pathways
in the context of neurodegeneration, including electrophiles, protein-protein-interaction
inhibitors, and multi-target drugs [325–328]. Interestingly, most of these approaches stimu-
late NRF2 translocation to the nucleus by interfering with NRF2 and KEAP1 interactions.
With this in mind, here we focus on KEAP1-centric strategies, with the consideration and
discussion of the cell type-specific distributions of Keap1 and some of its well-characterized
interacting partners relevant for PD and ALS.

4.1. Cellular Enrichment of KEAP1 and Its Interactors

While some studies have documented neuronal NRF2 nuclear translocation (e.g., in
DAergic neurons in PD post-mortem tissue [184]), the majority of studies suggest that NRF2
expression is enriched in non-neuronal cells such as astrocytes, microglia, macrophages,
and endothelial cells (Figures 2b and 3). Therefore, KEAP1-targeted strategies may be
more likely to cause NRF2 translocation in non-neuronal cells, unless Nfe2l2/NRF2 is
induced or stabilized in neurons in a pathological state. However, it is important to note
that the translocation of NRF2 to the nucleus could be desired in non-neuronal cells; in fact,
promoting the translocation of NRF2 in microglia, macrophages, and astrocytes can reduce
the production of inflammatory cytokines [329].

Considering that many of the current approaches target KEAP1 interaction sites and
KEAP1 can interact with a number of factors in the cytoplasm [102,330–333], it is important
to take into account NRF2-independent KEAP1 interactions that could be affected by
KEAP1 inhibition [334]. With this in mind, we explored the abundance and enrichment
of KEAP1-interactors in neurons [334], with a focus on DAergic neurons of the midbrain
(PD) and cortical excitatory neurons (ALS), which are well-annotated in the Dropviz.org
database [4]. We found that, of all the KEAP1 interactors included in this analysis, Nfe2l1
and Sqstm1 mRNAs were the most abundant in DAergic neurons (Figure 5a). When the
relationship between Keap1 and Sqstm1 expression was explored across all cell types in the
database, Sqstm1 was expressed in the majority of cell types in which Keap1 was expressed,
with a strong direct relationship between Sqstm1 and Keap1 expression (Figure 5b,c). Within
the neuronal populations, the spiny projection neurons of the striatum expressed the highest
level of Keap1 and Sqstm1 transcripts (Figure 5b); within non-neuronal cells, endothelial
cells expressed the highest levels of Keap1 and Sqstm1. If protein abundance mirrors mRNA
abundance in these cellular populations, we would predict that KEAP1-targeted strategies
may impact those cellular populations to the greatest extent. Similar types of strategies
could be used to prioritize the combinations of factors most likely affected by KEAP1
inhibition in cell types of interest, with confirmation in relevant cell types using methods
such as proximity ligation [335–338], BioID [336,339,340], or Apex2 approaches [341].
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Figure 5. Data from Dropviz.org (accessed on 9 December 2021) [4] were mined to explore cell
type-specific expression of KEAP1 interactors in DAergic neurons (relevant to therapeutic targeting
in PD) (a), and in cortical glutamatergic neurons (relevant to therapeutic targeting of excitotoxicity in
ALS) (b) in the neuroanatomical relationship between transcript abundance for Keap1 and Nfe2l2 (c),
Park7 (d), and Sqstm1 (e). Values are expressed as UMI/100,000 in graphs and as “Ranking factor”
for cell type-specific patterns of expression in figure insets. Ranking factors were generated by
calculating the distance from the origin for each cell type using the equation [x2 + y2]0.5, where
(x,y) represent UMI/100,000 values normalized to the highest expressing subcluster. Statistics are
provided in Supplementary Table S1.

4.2. The Need for Target Engagement Studies in Models of Neurodegeneration

One of the most important considerations in the models of therapeutic intervention is
the assessment of target engagement. Without information regarding the ability of the in-
tervention (e.g., test compound) to effectively engage the intended target, it is impossible to
determine if the effects of treatment are due to the manipulation of the intended molecular
interactions or the pathway. Measures of target engagement are rarely included in thera-
peutic studies in mouse models of neurodegeneration. For example, while Yang et al. [342]
reported that the triterpenoid CDDO-MA can induce nuclear translocation of NRF2 in
neuroblastoma cells and its actions are blocked in NRF2-null fibroblasts, when the efficacy
of the triterpenoid CDDO-MA was tested in a mouse model for MPTP-induced DAergic
degeneration, the authors did not test whether treatment with the compound increased
NRF2 nuclear localization or ARE-containing gene expression in the brain. Target engage-
ment measures are particularly important, especially in studies involving peripherally
administered toxins such as MPTP, because seemingly neuroprotective events could be
mediated by the effects on peripheral tissues involved in the metabolism of MPTP (or other
neurotoxins). Triterpenoids can have robust effects on the liver [343–347]; it is possible
that CDDO treatment influences the metabolism of MPTP in the liver. However, it is
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important to note that neuroprotective effects of CDDO-ethyl amide were observed in a
transgenic model of Huntington’s disease [348] with an upregulation of ARE-containing
genes in the brain (Hmox1, Gts3a, and Nqo1); however, this study did not evaluate nuclear
localization of NRF2, so it is not clear whether the effects were mediated by NRF2 activa-
tion. Considering the concentration of NRF2 and these genes in astrocytes, it would be
interesting to determine whether the neuroprotection was mediated by effects in astrocytes;
in fact, a recent study found that NRF2 is enriched in astrocytes in the rat 6-OHDA and
drosophila rotenone models and that the overexpression of NRF2 in astrocytes provided
more neuroprotection than the overexpression in neurons [349]. However, it is interesting
to note that the NRF2 knockdown alone caused neurodegeneration in drosophila and that
CDDO-Me could attenuate this toxicity, suggesting NRF2-independent roles for CDDO-Me
in regulating ARE-responsive transcripts [349]. Future studies are necessary to determine
which ARE responses are KEAP1 and NRF2-dependent so that the appropriate strategies
can be employed depending on the desired cell type-specific effects.

There is substantial evidence indicating that translocation of NRF2 to the nucleus and
subsequent, subsequently, the activation of genes with AREs are involved in the cellular
response to oxidative stress. While strategies have been developed to modulate NRF2
activity via its direct activation, or through the inhibition of KEAP1, there are concerns of
off-target, or ‘mutli-target’ engagement [350]. For diseases with widespread peripheral
inflammation, multi-target strategies are logical, but nonspecific effects in the nervous
system may have more deleterious consequences. There are several NRF2-modulating
strategies currently being investigated at the preclinical stage, most notably, the series of
KEAP1 inhibitors developed by Keapstone Therapeutics; however, for the treatment of
neurodegenerative diseases involving oxidative stress in the brain (e.g. PD and ALS), there
are no current treatments being utilized in patients (reviewed in [351,352]). Additionally,
while several preclinical studies report NRF2-dependent benefits in various models of
non-CNS diseases (reviewed in [351,352]), direct evidence of target engagement in these
studies is lacking.

5. Conclusions

Here, we utilized a single-cell transcriptomic database to explore the cell type-specific
distributions of members of the Nfe2/NRF transcription factor family, and their putative
targets, to identify the cell types most likely affected by NRF2 pathway activation. Con-
cordant with most previous work regarding the cell type-specific expression of Nfe2l2, we
found the enrichment of this factor and several of its downstream target genes in non-
neuronal cells of the mouse brain, with low basal expressions in neurons (Figure 3a). The
relatively ubiquitous expression of some of the downstream targets we investigated in
neurons and non-neurons (e.g., Gclm, Gclc, Sod1, Sod2, Gpxl1, and Gpxl2) suggests that the
expression of these targets can be regulated in an NRF2-independent manner. In contrast,
the NRF2-interacting protein KEAP1 is expressed ubiquitously, with a robust expression in
neurons [4].

These findings suggest that neurons could be incapable of mounting a complete
response for antioxidant gene transcription in times of stress, potentially contributing to
their vulnerability in disease. Alternatively, other factors could be involved in REDOX
sensing in neurons. In fact, recent studies have indicated that neuron-enriched members
of the estrogen-related receptor (ERR) family [353–355] and PGC-1α [103] can serve as
REDOX sensors, but these factors may also have roles in regulating non-mitochondrial
genes as well, which should be considered when targeting these factors (reviewed in [291]).
Our findings also suggest that therapies aimed at disrupting KEAP1 interactions could
influence NRF2-independent pathways in neurons. Additional studies should use similar
approaches to investigate cell type-specific patterns of gene and protein expressions to
direct biological and target engagement studies in vivo.
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29. Penndorf, D.; Tadić, V.; Witte, O.W.; Grosskreutz, J.; Kretz, A. DNA strand breaks and TDP-43 mislocation are absent in the murine

hSOD1G93A model of amyotrophic lateral sclerosis in vivo and in vitro. PLoS ONE 2017, 12, e0183684. [CrossRef] [PubMed]
30. Gan, F.; Zhou, Y.; Hu, Z.; Hou, L.; Chen, X.; Xu, S.; Huang, K. GPx1-mediated DNMT1 expression is involved in the blocking

effects of selenium on OTA-induced cytotoxicity and DNA damage. Int. J. Biol. Macromol. 2020, 146, 18–24. [CrossRef] [PubMed]
31. Pang, S.Y.-Y.; Ho, P.W.-L.; Liu, H.-F.; Leung, C.-T.; Li, L.; Chang, E.E.S.; Ramsden, D.B.; Ho, S.-L. The interplay of aging, genetics

and environmental factors in the pathogenesis of Parkinson’s disease. Transl. Neurodegener. 2019, 8, 23. [CrossRef]
32. Qiu, A.; Zhang, H.; Kennedy, B.K.; Lee, A. Spatio-temporal correlates of gene expression and cortical morphology across lifespan

and aging. Neuroimage 2021, 224, 117426. [CrossRef] [PubMed]
33. Tsuiji, H.; Inoue, I.; Takeuchi, M.; Furuya, A.; Yamakage, Y.; Watanabe, S.; Koike, M.; Hattori, M.; Yamanaka, K. TDP-43 accelerates

age-dependent degeneration of interneurons. Sci. Rep. 2017, 7, 14972. [CrossRef] [PubMed]
34. Rushmore, T.H.; King, R.G.; Paulson, K.E.; Pickett, C.B. Regulation of glutathione S-transferase Ya subunit gene expression:

Identification of a unique xenobiotic-responsive element controlling inducible expression by planar aromatic compounds. Proc.
Natl. Acad. Sci. USA 1990, 87, 3826–3830. [CrossRef] [PubMed]

35. Rushmore, T.H.; Morton, M.R.; Pickett, C.B. 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. [PubMed]

36. Li, Y.; Jaiswal, A.K. Regulation of human NAD(P)H:quinone oxidoreductase gene. Role of AP1 binding site contained within
human antioxidant response element. J. Biol. Chem. 1992, 267, 15097–15104. [CrossRef]

37. Li, Y.; Jaiswal, A.K. Identification of jun-B as third member in human antioxidant response element-nuclear proteins complex.
Biochem. Biophys. Res. Commun. 1992, 188, 992–996. [CrossRef]

38. Venugopal, R.; Jaiswal, A.K. Nrf1 and Nrf2 positively and c-Fos and Fra1 negatively regulate the human antioxidant response
element-mediated expression of NAD(P)H:quinone oxidoreductase1 gene. Proc. Natl. Acad. Sci. USA 1996, 93, 14960–14965.
[CrossRef] [PubMed]

39. Bergström, P.; von Otter, M.; Nilsson, S.; Nilsson, A.-C.; Nilsson, M.; Andersen, P.M.; Hammarsten, O.; Zetterberg, H. Association
of NFE2L2 and KEAP1 haplotypes with amyotrophic lateral sclerosis. Amyotroph. Lateral. Scler. Frontotemporal. Degener. 2014, 15,
130–137. [CrossRef] [PubMed]

40. Tanji, K.; Maruyama, A.; Odagiri, S.; Mori, F.; Itoh, K.; Kakita, A.; Takahashi, H.; Wakabayashi, K. Keap1 is localized in neuronal
and glial cytoplasmic inclusions in various neurodegenerative diseases. J. Neuropathol. Exp. Neurol. 2013, 72, 18–28. [CrossRef]

41. Bhakkiyalakshmi, E.; Sireesh, D.; Ramkumar, K.M. Redox Sensitive Transcription via Nrf2-Keap1 in Suppression of Inflammation.
In Immunity and Inflammation in Health and Disease; Academic Press: Cambridge, MA, USA, 2018; pp. 149–161. [CrossRef]

42. Mimoto, T.; Miyazaki, K.; Morimoto, N.; Kurata, T.; Satoh, K.; Ikeda, Y.; Abe, K. Impaired antioxydative Keap1/Nrf2 system and
the downstream stress protein responses in the motor neuron of ALS model mice. Brain Res. 2012, 1446, 109–118. [CrossRef]

43. Miller, D.M.; Wang, J.A.; Buchanan, A.K.; Hall, E.D. Temporal and spatial dynamics of nrf2-antioxidant response elements
mediated gene targets in cortex and hippocampus after controlled cortical impact traumatic brain injury in mice. J. Neurotrauma.
2014, 31, 1194–1201. [CrossRef] [PubMed]

44. Manuvakhova, M.S.; Johnson, G.G.; White, M.C.; Ananthan, S.; Sosa, M.; Maddox, C.; McKellip, S.; Rasmussen, L.; Wennerberg,
K.; Hobrath, J.V.; et al. Identification of novel small molecule activators of nuclear factor-κB with neuroprotective action via
high-throughput screening. J. Neurosci. Res. 2011, 89, 58–72. [CrossRef]

45. Kandel, E.R. The molecular biology of memory: cAMP, PKA, CRE, CREB-1, CREB-2, and CPEB. Mol. Brain 2012, 5, 14. [CrossRef]
46. Katsuoka, F.; Yamamoto, M. Small Maf proteins (MafF, MafG, MafK): History, structure and function. Gene 2016, 586, 197–205.

[CrossRef] [PubMed]
47. Wang, X.; Zhang, Y.; Wan, X.; Guo, C.; Cui, J.; Sun, J.; Li, L. Responsive Expression of MafF to β-Amyloid-Induced Oxidative

Stress. Dis. Markers 2020, 2020, 8861358. [CrossRef] [PubMed]
48. Chan, K.; Lu, R.; Chang, J.C.; Kan, Y.W. NRF2, a member of the NFE2 family of transcription factors, is not essential for murine

erythropoiesis, growth, and development. Proc. Natl. Acad. Sci. USA 1996, 93, 13943–13948. [CrossRef] [PubMed]
49. Zhao, Z.; Chen, Y.; Wang, J.; Sternberg, P.; Freeman, M.L.; Grossniklaus, H.E.; Cai, J. Age-related retinopathy in NRF2-deficient

mice. PLoS ONE. 2011, 6, e19456. [CrossRef]

http://doi.org/10.1196/annals.1427.014
http://doi.org/10.1038/s41418-017-0012-4
http://www.ncbi.nlm.nih.gov/pubmed/29362479
http://doi.org/10.3389/fnins.2020.536682
http://www.ncbi.nlm.nih.gov/pubmed/33224019
http://doi.org/10.1146/annurev-cellbio-100818-125242
http://www.ncbi.nlm.nih.gov/pubmed/31340124
http://doi.org/10.1016/j.arr.2016.08.008
http://www.ncbi.nlm.nih.gov/pubmed/27594375
http://doi.org/10.1016/j.cotox.2018.05.002
http://doi.org/10.1371/journal.pone.0183684
http://www.ncbi.nlm.nih.gov/pubmed/28832631
http://doi.org/10.1016/j.ijbiomac.2019.11.221
http://www.ncbi.nlm.nih.gov/pubmed/31790739
http://doi.org/10.1186/s40035-019-0165-9
http://doi.org/10.1016/j.neuroimage.2020.117426
http://www.ncbi.nlm.nih.gov/pubmed/33035668
http://doi.org/10.1038/s41598-017-14966-w
http://www.ncbi.nlm.nih.gov/pubmed/29097807
http://doi.org/10.1073/pnas.87.10.3826
http://www.ncbi.nlm.nih.gov/pubmed/2160079
http://www.ncbi.nlm.nih.gov/pubmed/1646813
http://doi.org/10.1016/S0021-9258(18)42151-5
http://doi.org/10.1016/0006-291X(92)91329-O
http://doi.org/10.1073/pnas.93.25.14960
http://www.ncbi.nlm.nih.gov/pubmed/8962164
http://doi.org/10.3109/21678421.2013.839708
http://www.ncbi.nlm.nih.gov/pubmed/24102512
http://doi.org/10.1097/NEN.0b013e31827b5713
http://doi.org/10.1016/B978-0-12-805417-8.00012-3
http://doi.org/10.1016/j.brainres.2011.12.064
http://doi.org/10.1089/neu.2013.3218
http://www.ncbi.nlm.nih.gov/pubmed/24628668
http://doi.org/10.1002/jnr.22526
http://doi.org/10.1186/1756-6606-5-14
http://doi.org/10.1016/j.gene.2016.03.058
http://www.ncbi.nlm.nih.gov/pubmed/27058431
http://doi.org/10.1155/2020/8861358
http://www.ncbi.nlm.nih.gov/pubmed/33488846
http://doi.org/10.1073/pnas.93.24.13943
http://www.ncbi.nlm.nih.gov/pubmed/8943040
http://doi.org/10.1371/journal.pone.0019456


Antioxidants 2022, 11, 8 23 of 35

50. Wu, X.; Huang, J.; Shen, C.; Liu, Y.; He, S.; Sun, J.; Yu, B. NRF2 deficiency increases obesity susceptibility in a mouse menopausal
model. PLoS ONE 2020, 15, e0228559. [CrossRef]

51. Zweig, J.A.; Caruso, M.; Brandes, M.S.; Gray, N.E. Loss of NRF2 leads to impaired mitochondrial function, decreased synaptic
density and exacerbated age-related cognitive deficits. Exp. Gerontol. 2020, 131, 110767. [CrossRef]

52. Gergues, M.M.; Moiseyenko, A.; Saad, S.Z.; Kong, A.-N.; Wagner, G.C. Nrf2 deletion results in impaired performance in memory
tasks and hyperactivity in mature and aged mice. Brain Res. 2018, 1701, 103–111. [CrossRef]

53. Tarantini, S.; Valcarcel-Ares, M.N.; Yabluchanskiy, A.; Tucsek, Z.; Hertelendy, P.; Kiss, T.; Gautam, T.; Zhang, X.A.; Sonntag,
W.E.; de Cabo, R.; et al. Nrf2 Deficiency Exacerbates Obesity-Induced Oxidative Stress, Neurovascular Dysfunction, Blood-Brain
Barrier Disruption, Neuroinflammation, Amyloidogenic Gene Expression, and Cognitive Decline in Mice, Mimicking the Aging
Phenotype. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2018, 73, 853–863. [CrossRef]

54. Robledinos-Antón, N.; Rojo, A.I.; Ferreiro, E.; Núñez, Á.; Krause, K.-H.; Jaquet, V.; Cuadrado, A. Transcription factor NRF2
controls the fate of neural stem cells in the subgranular zone of the hippocampus. Redox Biol. 2017, 13, 393–401. [CrossRef]

55. Corenblum, M.J.; Ray, S.; Remley, Q.W.; Long, M.; Harder, B.; Zhang, D.D.; Barnes, C.A.; Madhavan, L. Reduced Nrf2 expression
mediates the decline in neural stem cell function during a critical middle-age period. Aging Cell 2016, 15, 725–736. [CrossRef]

56. Tang, M.; Ji, C.; Pallo, S.; Rahman, I.; Johnson, G.V.W. Nrf2 mediates the expression of BAG3 and autophagy cargo adaptor
proteins and tau clearance in an age-dependent manner. Neurobiol. Aging 2018, 63, 128–139. [CrossRef] [PubMed]

57. Muramatsu, H.; Katsuoka, F.; Toide, K.; Shimizu, Y.; Furusako, S.; Yamamoto, M. Nrf2 deficiency leads to behavioral, neurochemi-
cal and transcriptional changes in mice. Genes Cells 2013, 18, 899–908. [CrossRef] [PubMed]

58. Cheng, Y.; Liu, M.; Tang, H.; Chen, B.; Yang, G.; Zhao, W.; Cai, Y.; Shang, H. iTRAQ-Based Quantitative Proteomics Indicated
Nrf2/OPTN-Mediated Mitophagy Inhibits NLRP3 Inflammasome Activation after Intracerebral Hemorrhage. Oxid. Med. Cell
Longev. 2021, 2021, 6630281. [CrossRef] [PubMed]

59. Wang, J.; Fields, J.; Zhao, C.; Langer, J.; Thimmulappa, R.K.; Kensler, T.W.; Yamamoto, M.; Biswal, S.; Doré, S. Role of Nrf2 in
protection against intracerebral hemorrhage injury in mice. Free Radic. Biol. Med. 2007, 43, 408–414. [CrossRef] [PubMed]

60. Zhang, W.; Dong, X.; Dou, S.; Yang, L. Neuroprotective role of Nrf2 on hypoxic-ischemic brain injury in neonatal mice. Synapse
2020, 74, e22174. [CrossRef]

61. Jin, W.; Wang, H.; Yan, W.; Zhu, L.; Hu, Z.; Ding, Y.; Tang, K. Role of Nrf2 in protection against traumatic brain injury in mice. J.
Neurotrauma 2009, 26, 131–139. [CrossRef]

62. Shah, Z.A.; Li, R.C.; Thimmulappa, R.K.; Kensler, T.W.; Yamamoto, M.; Biswal, S.; Doré, S. Role of reactive oxygen species in
modulation of Nrf2 following ischemic reperfusion injury. Neuroscience 2007, 147, 53–59. [CrossRef] [PubMed]

63. Murphy, P.; Kolstø, A. Expression of the bZIP transcription factor TCF11 and its potential dimerization partners during develop-
ment. Mech. Dev. 2000, 97, 141–148. [CrossRef]

64. Biswas, M.; Chan, J.Y. Role of Nrf1 in antioxidant response element-mediated gene expression and beyond. Toxicol. Appl.
Pharmacol. 2010, 244, 16–20. [CrossRef] [PubMed]

65. Chan, J.Y.; Kwong, M.; Lu, R.; Chang, J.; Wang, B.; Yen, T.S.; Kan, Y.W. Targeted disruption of the ubiquitous CNC-bZIP
transcription factor, Nrf-1, results in anemia and embryonic lethality in mice. EMBO J. 1998, 17, 1779–1787. [CrossRef] [PubMed]

66. Xu, Z.; Chen, L.; Leung, L.; Yen, T.S.B.; Lee, C.; Chan, J.Y. Liver-specific inactivation of the Nrf1 gene in adult mouse leads to
nonalcoholic steatohepatitis and hepatic neoplasia. Proc. Natl. Acad. Sci. USA 2005, 102, 4120–4125. [CrossRef] [PubMed]

67. Hirotsu, Y.; Hataya, N.; Katsuoka, F.; Yamamoto, M. NF-E2-related factor 1 (Nrf1) serves as a novel regulator of hepatic lipid
metabolism through regulation of the Lipin1 and PGC-1β genes. Mol. Cell. Biol. 2012, 32, 2760–2770. [CrossRef] [PubMed]

68. Tsujita, T.; Peirce, V.; Baird, L.; Matsuyama, Y.; Takaku, M.; Walsh, S.V.; Griffin, J.L.; Uruno, A.; Yamamoto, M.; Hayes, J.D.
Transcription factor Nrf1 negatively regulates the cystine/glutamate transporter and lipid-metabolizing enzymes. Mol. Cell. Biol.
2014, 34, 3800–3816. [CrossRef] [PubMed]

69. Lee, C.S.; Lee, C.; Hu, T.; Nguyen, J.M.; Zhang, J.; Martin, M.V.; Vawter, M.P.; Huang, E.J.; Chan, J.Y. Loss of nuclear factor
E2-related factor 1 in the brain leads to dysregulation of proteasome gene expression and neurodegeneration. Proc. Natl. Acad.
Sci. USA 2011, 108, 8408–8413. [CrossRef]

70. Kobayashi, A.; Tsukide, T.; Miyasaka, T.; Morita, T.; Mizoroki, T.; Saito, Y.; Ihara, Y.; Takashima, A.; Noguchi, N.; Fukamizu, A.;
et al. Central nervous system-specific deletion of transcription factor Nrf1 causes progressive motor neuronal dysfunction. Genes
Cells 2011, 16, 692–703. [CrossRef] [PubMed]

71. Onodera, K.; Shavit, J.A.; Motohashi, H.; Yamamoto, M.; Engel, J.D. Perinatal synthetic lethality and hematopoietic defects in
compound mafG::mafK mutant mice. EMBO J. 2000, 19, 1335–1345. [CrossRef]

72. Katsuoka, F.; Motohashi, H.; Tamagawa, Y.; Kure, S.; Igarashi, K.; Engel, J.D.; Yamamoto, M. Small Maf compound mutants
display central nervous system neuronal degeneration, aberrant transcription, and Bach protein mislocalization coincident with
myoclonus and abnormal startle response. Mol. Cell. Biol. 2003, 23, 1163–1174. [CrossRef]

73. Northrop, A.; Byers, H.A.; Radhakrishnan, S.K. Regulation of NRF1, a master transcription factor of proteasome genes: Implica-
tions for cancer and neurodegeneration. Mol. Biol. Cell. 2020, 31, 2158–2163. [CrossRef]

74. Koizumi, S.; Irie, T.; Hirayama, S.; Sakurai, Y.; Yashiroda, H.; Naguro, I.; Ichijo, H.; Hamazaki, J.; Murata, S. The aspartyl protease
DDI2 activates Nrf1 to compensate for proteasome dysfunction. eLife 2016, 5, e18357. [CrossRef] [PubMed]

75. Zhang, Y.; Manning, B.D. mTORC1 signaling activates NRF1 to increase cellular proteasome levels. Cell Cycle 2015, 14, 2011–2017.
[CrossRef]

http://doi.org/10.1371/journal.pone.0228559
http://doi.org/10.1016/j.exger.2019.110767
http://doi.org/10.1016/j.brainres.2018.08.033
http://doi.org/10.1093/gerona/glx177
http://doi.org/10.1016/j.redox.2017.06.010
http://doi.org/10.1111/acel.12482
http://doi.org/10.1016/j.neurobiolaging.2017.12.001
http://www.ncbi.nlm.nih.gov/pubmed/29304346
http://doi.org/10.1111/gtc.12083
http://www.ncbi.nlm.nih.gov/pubmed/23890231
http://doi.org/10.1155/2021/6630281
http://www.ncbi.nlm.nih.gov/pubmed/33628368
http://doi.org/10.1016/j.freeradbiomed.2007.04.020
http://www.ncbi.nlm.nih.gov/pubmed/17602956
http://doi.org/10.1002/syn.22174
http://doi.org/10.1089/neu.2008.0655
http://doi.org/10.1016/j.neuroscience.2007.02.066
http://www.ncbi.nlm.nih.gov/pubmed/17507167
http://doi.org/10.1016/S0925-4773(00)00413-5
http://doi.org/10.1016/j.taap.2009.07.034
http://www.ncbi.nlm.nih.gov/pubmed/19665035
http://doi.org/10.1093/emboj/17.6.1779
http://www.ncbi.nlm.nih.gov/pubmed/9501099
http://doi.org/10.1073/pnas.0500660102
http://www.ncbi.nlm.nih.gov/pubmed/15738389
http://doi.org/10.1128/MCB.06706-11
http://www.ncbi.nlm.nih.gov/pubmed/22586274
http://doi.org/10.1128/MCB.00110-14
http://www.ncbi.nlm.nih.gov/pubmed/25092871
http://doi.org/10.1073/pnas.1019209108
http://doi.org/10.1111/j.1365-2443.2011.01522.x
http://www.ncbi.nlm.nih.gov/pubmed/21554501
http://doi.org/10.1093/emboj/19.6.1335
http://doi.org/10.1128/MCB.23.4.1163-1174.2003
http://doi.org/10.1091/mbc.E20-04-0238
http://doi.org/10.7554/eLife.18357
http://www.ncbi.nlm.nih.gov/pubmed/27528193
http://doi.org/10.1080/15384101.2015.1044188


Antioxidants 2022, 11, 8 24 of 35

76. Derjuga, A.; Gourley, T.S.; Holm, T.M.; Heng, H.H.Q.; Shivdasani, R.A.; Ahmed, R.; Andrews, N.C.; Blank, V. Complexity of CNC
transcription factors as revealed by gene targeting of the Nrf3 locus. Mol. Cell. Biol. 2004, 24, 3286–3294. [CrossRef] [PubMed]

77. Tufekci, K.U.; Civi Bayin, E.; Genc, S.; Genc, K. The nrf2/are pathway: A promising target to counteract mitochondrial dysfunction
in parkinson’s disease. Parkinsons Dis. 2011, 2011, 314082. [CrossRef]

78. Reisman, S.A.; Yeager, R.L.; Yamamoto, M.; Klaassen, C.D. Increased Nrf2 activation in livers from Keap1-knockdown mice
increases expression of cytoprotective genes that detoxify electrophiles more than those that detoxify reactive oxygen species.
Toxicol. Sci. 2009, 108, 35–47. [CrossRef] [PubMed]

79. Liu, P.; Kerins, M.J.; Tian, W.; Neupane, D.; Zhang, D.D.; Ooi, A. Differential and overlapping targets of the transcriptional
regulators NRF1, NRF2, and NRF3 in human cells. J. Biol. Chem. 2019, 294, 18131–18149. [CrossRef] [PubMed]

80. Ibrahim, L.; Mesgarzadeh, J.; Xu, I.; Powers, E.T.; Wiseman, R.L.; Bollong, M.J. Defining the functional targets of cap’n’collar
transcription factors NRF1, NRF2, and NRF3. Antioxidants 2020, 9, 1025. [CrossRef] [PubMed]

81. Namani, A.; Liu, K.; Wang, S.; Zhou, X.; Liao, Y.; Wang, H.; Wang, X.J.; Tang, X. Genome-wide global identification of NRF2
binding sites in A549 non-small cell lung cancer cells by ChIP-Seq reveals NRF2 regulation of genes involved in focal adhesion
pathways. Aging 2019, 11, 12600–12623. [CrossRef] [PubMed]

82. Chorley, B.N.; Campbell, M.R.; Wang, X.; Karaca, M.; Sambandan, D.; Bangura, F.; Xue, P.; Pi, J.; Kleeberger, S.R.; Bell, D.A.
Identification of novel NRF2-regulated genes by ChIP-Seq: Influence on retinoid X receptor alpha. Nucleic Acids Res. 2012, 40,
7416–7429. [CrossRef]

83. Tonelli, C.; Chio, I.I.C.; Tuveson, D.A. Transcriptional regulation by nrf2. Antioxid. Redox Signal. 2018, 29, 1727–1745. [CrossRef]
84. Weyemi, U.; Paul, B.D.; Snowman, A.M.; Jailwala, P.; Nussenzweig, A.; Bonner, W.M.; Snyder, S.H. Histone H2AX deficiency

causes neurobehavioral deficits and impaired redox homeostasis. Nat. Commun. 2018, 9, 1526. [CrossRef]
85. Ahlgren-Beckendorf, J.A.; Reising, A.M.; Schander, M.A.; Herdler, J.W.; Johnson, J.A. Coordinate regulation of NAD(P)H:quinone

oxidoreductase and glutathione-S-transferases in primary cultures of rat neurons and glia: Role of the antioxidant/electrophile
responsive element. Glia 1999, 25, 131–142. [CrossRef]

86. Murphy, T.H.; Yu, J.; Ng, R.; Johnson, D.A.; Shen, H.; Honey, C.R.; Johnson, J.A. Preferential expression of antioxidant response
element mediated gene expression in astrocytes. J. Neurochem. 2001, 76, 1670–1678. [CrossRef]

87. Shih, A.Y.; Johnson, D.A.; Wong, G.; Kraft, A.D.; Jiang, L.; Erb, H.; Johnson, J.A.; Murphy, T.H. Coordinate regulation of
glutathione biosynthesis and release by Nrf2-expressing glia potently protects neurons from oxidative stress. J. Neurosci. 2003, 23,
3394–3406. [CrossRef] [PubMed]

88. Kraft, A.D.; Johnson, D.A.; Johnson, J.A. Nuclear factor E2-related factor 2-dependent antioxidant response element activation by
tert-butylhydroquinone and sulforaphane occurring preferentially in astrocytes conditions neurons against oxidative insult. J.
Neurosci. 2004, 24, 1101–1112. [CrossRef] [PubMed]

89. Cahoy, J.D.; Emery, B.; Kaushal, A.; Foo, L.C.; Zamanian, J.L.; Christopherson, K.S.; Xing, Y.; Lubischer, J.L.; Krieg, P.A.; Krupenko,
S.A.; et al. A transcriptome database for astrocytes, neurons, and oligodendrocytes: A new resource for understanding brain
development and function. J. Neurosci. 2008, 28, 264–278. [CrossRef] [PubMed]

90. Bell, K.F.S.; Al-Mubarak, B.; Martel, M.-A.; McKay, S.; Wheelan, N.; Hasel, P.; Márkus, N.M.; Baxter, P.; Deighton, R.F.; Serio, A.;
et al. Neuronal development is promoted by weakened intrinsic antioxidant defences due to epigenetic repression of Nrf2. Nat.
Commun. 2015, 6, 7066. [CrossRef] [PubMed]

91. Lee, J.-M.; Calkins, M.J.; Chan, K.; Kan, Y.W.; Johnson, J.A. Identification of the NF-E2-related factor-2-dependent genes conferring
protection against oxidative stress in primary cortical astrocytes using oligonucleotide microarray analysis. J. Biol. Chem. 2003,
278, 12029–12038. [CrossRef]

92. Hubbs, A.F.; Benkovic, S.A.; Miller, D.B.; O’Callaghan, J.P.; Battelli, L.; Schwegler-Berry, D.; Ma, Q. Vacuolar leukoencephalopathy
with widespread astrogliosis in mice lacking transcription factor Nrf2. Am. J. Pathol. 2007, 170, 2068–2076. [CrossRef] [PubMed]

93. Zhang, D.; Teng, J. Nrf2 knockout: The effect on neurological dysfunction and the activation of glial cells of mice after brain injury.
Pak. J. Pharm. Sci. 2016, 29, 1365–1369. [PubMed]

94. Nellessen, A.; Nyamoya, S.; Zendedel, A.; Slowik, A.; Wruck, C.; Beyer, C.; Fragoulis, A.; Clarner, T. Nrf2 deficiency increases
oligodendrocyte loss, demyelination, neuroinflammation and axonal damage in an MS animal model. Metab Brain Dis. 2020, 35,
353–362. [CrossRef]

95. Rojo, A.I.; Pajares, M.; García-Yagüe, A.J.; Buendia, I.; Van Leuven, F.; Yamamoto, M.; López, M.G.; Cuadrado, A. Deficiency in
the transcription factor NRF2 worsens inflammatory parameters in a mouse model with combined tauopathy and amyloidopathy.
Redox Biol. 2018, 18, 173–180. [CrossRef] [PubMed]

96. Innamorato, N.G.; Rojo, A.I.; García-Yagüe, A.J.; Yamamoto, M.; de Ceballos, M.L.; Cuadrado, A. The transcription factor Nrf2 is
a therapeutic target against brain inflammation. J. Immunol. 2008, 181, 680–689. [CrossRef]

97. Baxter, P.S.; Bell, K.F.S.; Hasel, P.; Kaindl, A.M.; Fricker, M.; Thomson, D.; Cregan, S.P.; Gillingwater, T.H.; Hardingham, G.E.
Synaptic NMDA receptor activity is coupled to the transcriptional control of the glutathione system. Nat. Commun. 2015, 6, 6761.
[CrossRef]

98. Vargas, M.R.; Johnson, J.A. The Nrf2-ARE cytoprotective pathway in astrocytes. Expert. Rev. Mol. Med. 2009, 11, e17. [CrossRef]
[PubMed]

http://doi.org/10.1128/MCB.24.8.3286-3294.2004
http://www.ncbi.nlm.nih.gov/pubmed/15060151
http://doi.org/10.4061/2011/314082
http://doi.org/10.1093/toxsci/kfn267
http://www.ncbi.nlm.nih.gov/pubmed/19129213
http://doi.org/10.1074/jbc.RA119.009591
http://www.ncbi.nlm.nih.gov/pubmed/31628195
http://doi.org/10.3390/antiox9101025
http://www.ncbi.nlm.nih.gov/pubmed/33096892
http://doi.org/10.18632/aging.102590
http://www.ncbi.nlm.nih.gov/pubmed/31884422
http://doi.org/10.1093/nar/gks409
http://doi.org/10.1089/ars.2017.7342
http://doi.org/10.1038/s41467-018-03948-9
http://doi.org/10.1002/(SICI)1098-1136(19990115)25:2&lt;131::AID-GLIA4&gt;3.0.CO;2-6
http://doi.org/10.1046/j.1471-4159.2001.00157.x
http://doi.org/10.1523/JNEUROSCI.23-08-03394.2003
http://www.ncbi.nlm.nih.gov/pubmed/12716947
http://doi.org/10.1523/JNEUROSCI.3817-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/14762128
http://doi.org/10.1523/JNEUROSCI.4178-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18171944
http://doi.org/10.1038/ncomms8066
http://www.ncbi.nlm.nih.gov/pubmed/25967870
http://doi.org/10.1074/jbc.M211558200
http://doi.org/10.2353/ajpath.2007.060898
http://www.ncbi.nlm.nih.gov/pubmed/17525273
http://www.ncbi.nlm.nih.gov/pubmed/27592473
http://doi.org/10.1007/s11011-019-00488-z
http://doi.org/10.1016/j.redox.2018.07.006
http://www.ncbi.nlm.nih.gov/pubmed/30029164
http://doi.org/10.4049/jimmunol.181.1.680
http://doi.org/10.1038/ncomms7761
http://doi.org/10.1017/S1462399409001094
http://www.ncbi.nlm.nih.gov/pubmed/19490732


Antioxidants 2022, 11, 8 25 of 35

99. LaPash Daniels, C.M.; Austin, E.V.; Rockney, D.E.; Jacka, E.M.; Hagemann, T.L.; Johnson, D.A.; Johnson, J.A.; Messing, A.
Beneficial effects of Nrf2 overexpression in a mouse model of Alexander disease. J. Neurosci. 2012, 32, 10507–10515. [CrossRef]
[PubMed]

100. Deng, Z.; Lim, J.; Wang, Q.; Purtell, K.; Wu, S.; Palomo, G.M.; Tan, H.; Manfredi, G.; Zhao, Y.; Peng, J.; et al. ALS-FTLD-linked
mutations of SQSTM1/p62 disrupt selective autophagy and NFE2L2/NRF2 anti-oxidative stress pathway. Autophagy 2020, 16,
917–931. [CrossRef]

101. Bakkar, N.; Kousari, A.; Kovalik, T.; Li, Y.; Bowser, R. RBM45 Modulates the Antioxidant Response in Amyotrophic Lateral
Sclerosis through Interactions with KEAP1. Mol. Cell. Biol. 2015, 35, 2385–2399. [CrossRef] [PubMed]

102. Goode, A.; Rea, S.; Sultana, M.; Shaw, B.; Searle, M.S.; Layfield, R. ALS-FTLD associated mutations of SQSTM1 impact on
Keap1-Nrf2 signalling. Mol. Cell. Neurosci. 2016, 76, 52–58. [CrossRef] [PubMed]

103. St-Pierre, J.; Drori, S.; Uldry, M.; Silvaggi, J.M.; Rhee, J.; Jäger, S.; Handschin, C.; Zheng, K.; Lin, J.; Yang, W.; et al. Suppression of
reactive oxygen species and neurodegeneration by the PGC-1 transcriptional coactivators. Cell 2006, 127, 397–408. [CrossRef]
[PubMed]

104. Lucas, E.K.; Markwardt, S.J.; Gupta, S.; Meador-Woodruff, J.H.; Lin, J.D.; Overstreet-Wadiche, L.; Cowell, R.M. Parvalbumin
deficiency and GABAergic dysfunction in mice lacking PGC-1alpha. J. Neurosci. 2010, 30, 7227–7235. [CrossRef] [PubMed]

105. Li, Y.; Huang, T.T.; Carlson, E.J.; Melov, S.; Ursell, P.C.; Olson, J.L.; Noble, L.J.; Yoshimura, M.P.; Berger, C.; Chan, P.H.; et al.
Dilated cardiomyopathy and neonatal lethality in mutant mice lacking manganese superoxide dismutase. Nat. Genet. 1995, 11,
376–381. [CrossRef] [PubMed]

106. Melov, S.; Schneider, J.A.; Day, B.J.; Hinerfeld, D.; Coskun, P.; Mirra, S.S.; Crapo, J.D.; Wallace, D.C. A novel neurological
phenotype in mice lacking mitochondrial manganese superoxide dismutase. Nat. Genet. 1998, 18, 159–163. [CrossRef]

107. Hinerfeld, D.; Traini, M.D.; Weinberger, R.P.; Cochran, B.; Doctrow, S.R.; Harry, J.; Melov, S. Endogenous mitochondrial
oxidative stress: Neurodegeneration, proteomic analysis, specific respiratory chain defects, and efficacious antioxidant therapy in
superoxide dismutase 2 null mice. J. Neurochem. 2004, 88, 657–667. [CrossRef] [PubMed]

108. Lin, J.; Wu, P.-H.; Tarr, P.T.; Lindenberg, K.S.; St-Pierre, J.; Zhang, C.-Y.; Mootha, V.K.; Jäger, S.; Vianna, C.R.; Reznick, R.M.;
et al. Defects in adaptive energy metabolism with CNS-linked hyperactivity in PGC-1alpha null mice. Cell 2004, 119, 121–135.
[CrossRef]

109. Ma, D.; Li, S.; Lucas, E.K.; Cowell, R.M.; Lin, J.D. Neuronal inactivation of peroxisome proliferator-activated receptor γ coactivator
1α (PGC-1α) protects mice from diet-induced obesity and leads to degenerative lesions. J. Biol. Chem. 2010, 285, 39087–39095.
[CrossRef]

110. Lucas, E.K.; Dougherty, S.E.; McMeekin, L.J.; Reid, C.S.; Dobrunz, L.E.; West, A.B.; Hablitz, J.J.; Cowell, R.M. PGC-1α provides a
transcriptional framework for synchronous neurotransmitter release from parvalbumin-positive interneurons. J. Neurosci. 2014,
34, 14375–14387. [CrossRef] [PubMed]

111. McMeekin, L.J.; Li, Y.; Fox, S.N.; Rowe, G.C.; Crossman, D.K.; Day, J.J.; Li, Y.; Detloff, P.J.; Cowell, R.M. Cell-Specific Deletion of
PGC-1α from Medium Spiny Neurons Causes Transcriptional Alterations and Age-Related Motor Impairment. J. Neurosci. 2018,
38, 3273–3286. [CrossRef] [PubMed]

112. McMeekin, L.J.; Bartley, A.F.; Bohannon, A.S.; Adlaf, E.W.; van Groen, T.; Boas, S.M.; Fox, S.N.; Detloff, P.J.; Crossman, D.K.;
Overstreet-Wadiche, L.S.; et al. A Role for PGC-1α in Transcription and Excitability of Neocortical and Hippocampal Excitatory
Neurons. Neuroscience 2020, 435, 73–94. [CrossRef] [PubMed]

113. Beach, T.G.; Adler, C.H.; Lue, L.; Sue, L.I.; Bachalakuri, J.; Henry-Watson, J.; Sasse, J.; Boyer, S.; Shirohi, S.; Brooks, R.; et al.
Unified staging system for Lewy body disorders: Correlation with nigrostriatal degeneration, cognitive impairment and motor
dysfunction. Acta Neuropathol. 2009, 117, 613–634. [CrossRef] [PubMed]

114. Nandhagopal, R.; Kuramoto, L.; Schulzer, M.; Mak, E.; Cragg, J.; Lee, C.S.; McKenzie, J.; McCormick, S.; Samii, A.; Troiano, A.;
et al. Longitudinal progression of sporadic Parkinson’s disease: A multi-tracer positron emission tomography study. Brain 2009,
132, 2970–2979. [CrossRef] [PubMed]

115. Cheng, H.-C.; Ulane, C.M.; Burke, R.E. Clinical progression in Parkinson disease and the neurobiology of axons. Ann. Neurol.
2010, 67, 715–725. [CrossRef] [PubMed]

116. Sultana, R.; Cenini, G.; Butterfield, D.A. Biomarkers of oxidative stress in neurodegenerative diseases. In Molecular Basis of
Oxidative Stress: Chemistry, Mechanisms, and Disease Pathogenesis; Villamena, F.A., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA,
2013; pp. 359–376. [CrossRef]

117. Dexter, D.T.; Wells, F.R.; Lees, A.J.; Agid, F.; Agid, Y.; Jenner, P.; Marsden, C.D. Increased nigral iron content and alterations in
other metal ions occurring in brain in Parkinson’s disease. J. Neurochem. 1989, 52, 1830–1836. [CrossRef]

118. Dexter, D.T.; Sian, J.; Rose, S.; Hindmarsh, J.G.; Mann, V.M.; Cooper, J.M.; Wells, F.R.; Daniel, S.E.; Lees, A.J.; Schapira, A.H.
Indices of oxidative stress and mitochondrial function in individuals with incidental Lewy body disease. Ann. Neurol. 1994, 35,
38–44. [CrossRef]

119. Alam, Z.I.; Daniel, S.E.; Lees, A.J.; Marsden, D.C.; Jenner, P.; Halliwell, B. A generalised increase in protein carbonyls in the brain
in Parkinson’s but not incidental Lewy body disease. J. Neurochem. 1997, 69, 1326–1329. [CrossRef]

120. Damier, P.; Hirsch, E.C.; Zhang, P.; Agid, Y.; Javoy-Agid, F. Glutathione peroxidase, glial cells and Parkinson’s disease. Neuroscience
1993, 52, 1–6. [CrossRef]

http://doi.org/10.1523/JNEUROSCI.1494-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22855800
http://doi.org/10.1080/15548627.2019.1644076
http://doi.org/10.1128/MCB.00087-15
http://www.ncbi.nlm.nih.gov/pubmed/25939382
http://doi.org/10.1016/j.mcn.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27554286
http://doi.org/10.1016/j.cell.2006.09.024
http://www.ncbi.nlm.nih.gov/pubmed/17055439
http://doi.org/10.1523/JNEUROSCI.0698-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20505089
http://doi.org/10.1038/ng1295-376
http://www.ncbi.nlm.nih.gov/pubmed/7493016
http://doi.org/10.1038/ng0298-159
http://doi.org/10.1046/j.1471-4159.2003.02195.x
http://www.ncbi.nlm.nih.gov/pubmed/14720215
http://doi.org/10.1016/j.cell.2004.09.013
http://doi.org/10.1074/jbc.M110.151688
http://doi.org/10.1523/JNEUROSCI.1222-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25339750
http://doi.org/10.1523/JNEUROSCI.0848-17.2018
http://www.ncbi.nlm.nih.gov/pubmed/29491012
http://doi.org/10.1016/j.neuroscience.2020.03.036
http://www.ncbi.nlm.nih.gov/pubmed/32222555
http://doi.org/10.1007/s00401-009-0538-8
http://www.ncbi.nlm.nih.gov/pubmed/19399512
http://doi.org/10.1093/brain/awp209
http://www.ncbi.nlm.nih.gov/pubmed/19690093
http://doi.org/10.1002/ana.21995
http://www.ncbi.nlm.nih.gov/pubmed/20517933
http://doi.org/10.1002/9781118355886.ch14
http://doi.org/10.1111/j.1471-4159.1989.tb07264.x
http://doi.org/10.1002/ana.410350107
http://doi.org/10.1046/j.1471-4159.1997.69031326.x
http://doi.org/10.1016/0306-4522(93)90175-F


Antioxidants 2022, 11, 8 26 of 35

121. Sofic, E.; Lange, K.W.; Jellinger, K.; Riederer, P. Reduced and oxidized glutathione in the substantia nigra of patients with
Parkinson’s disease. Neurosci. Lett. 1992, 142, 128–130. [CrossRef]

122. Zhang, J.; Perry, G.; Smith, M.A.; Robertson, D.; Olson, S.J.; Graham, D.G.; Montine, T.J. Parkinson’s disease is associated with
oxidative damage to cytoplasmic DNA and RNA in substantia nigra neurons. Am. J. Pathol. 1999, 154, 1423–1429. [CrossRef]

123. Sofic, E.; Riederer, P.; Heinsen, H.; Beckmann, H.; Reynolds, G.P.; Hebenstreit, G.; Youdim, M.B. Increased iron (III) and total iron
content in post mortem substantia nigra of parkinsonian brain. J. Neural. Transm. 1988, 74, 199–205. [CrossRef]

124. Sofic, E.; Paulus, W.; Jellinger, K.; Riederer, P.; Youdim, M.B. Selective increase of iron in substantia nigra zona compacta of
parkinsonian brains. J. Neurochem. 1991, 56, 978–982. [CrossRef] [PubMed]

125. Galaris, D.; Barbouti, A.; Pantopoulos, K. Iron homeostasis and oxidative stress: An intimate relationship. Biochim. Biophys. Acta
Mol. Cell Res. 2019, 1866, 118535. [CrossRef] [PubMed]

126. Hare, D.J.; Double, K.L. Iron and dopamine: A toxic couple. Brain 2016, 139, 1026–1035. [CrossRef]
127. Hallgren, B.; Sourander, P. The effect of age on the non-haemin iron in the human brain. J. Neurochem. 1958, 3, 41–51. [CrossRef]
128. Aquino, D.; Bizzi, A.; Grisoli, M.; Garavaglia, B.; Bruzzone, M.G.; Nardocci, N.; Savoiardo, M.; Chiapparini, L. Age-related iron

deposition in the basal ganglia: Quantitative analysis in healthy subjects. Radiology 2009, 252, 165–172. [CrossRef]
129. Martin-Bastida, A.; Tilley, B.S.; Bansal, S.; Gentleman, S.M.; Dexter, D.T.; Ward, R.J. Iron and inflammation: In vivo and

post-mortem studies in Parkinson’s disease. J. Neural. Transm. 2021, 128, 15–25. [CrossRef] [PubMed]
130. Berg, D.; Hochstrasser, H.; Schweitzer, K.J.; Riess, O. Disturbance of iron metabolism in Parkinson’s disease—Ultrasonography as

a biomarker. Neurotox. Res. 2006, 9, 1–13. [CrossRef]
131. Martin, W.R.W.; Wieler, M.; Gee, M. Midbrain iron content in early Parkinson disease: A potential biomarker of disease status.

Neurology 2008, 70, 1411–1417. [CrossRef]
132. Wallis, L.I.; Paley, M.N.J.; Graham, J.M.; Grünewald, R.A.; Wignall, E.L.; Joy, H.M.; Griffiths, P.D. (MRI assessment of basal

ganglia iron deposition in Parkinson’s disease. J. Magn. Reson. Imaging. 2008, 28, 1061–1067. [CrossRef]
133. Wang, J.-Y.; Zhuang, Q.-Q.; Zhu, L.-B.; Zhu, H.; Li, T.; Li, R.; Chen, S.-F.; Huang, C.-P.; Zhang, X.; Zhu, J.-H. Meta-analysis of brain

iron levels of Parkinson’s disease patients determined by postmortem and MRI measurements. Sci. Rep. 2016, 6, 36669. [CrossRef]
134. Takanashi, M.; Mochizuki, H.; Yokomizo, K.; Hattori, N.; Mori, H.; Yamamura, Y.; Mizuno, Y. Iron accumulation in the substantia

nigra of autosomal recessive juvenile parkinsonism (ARJP). Parkinsonism Relat. Disord. 2001, 7, 311–314. [CrossRef]
135. Yu, X.; Du, T.; Song, N.; He, Q.; Shen, Y.; Jiang, H.; Xie, J. Decreased iron levels in the temporal cortex in postmortem human

brains with Parkinson disease. Neurology 2013, 80, 492–495. [CrossRef] [PubMed]
136. Zecca, L.; Youdim, M.B.H.; Riederer, P.; Connor, J.R.; Crichton, R.R. Iron, brain ageing and neurodegenerative disorders. Nat. Rev.

Neurosci. 2004, 5, 863–873. [CrossRef] [PubMed]
137. Jellinger, K.A. Synucleinopathies. In Encyclopedia of Movement Disorders; Academic Press: Cambridge, MA, USA, 2010; pp. 203–207.

[CrossRef]
138. Braak, H.; Del Tredici, K.; Bratzke, H.; Hamm-Clement, J.; Sandmann-Keil, D.; Rüb, U. Staging of the intracerebral inclusion

body pathology associated with idiopathic Parkinson’s disease (preclinical and clinical stages). J. Neurol. 2002, 249 (Suppl. 3),
III/1–III/5. [CrossRef] [PubMed]

139. Castellani, R.J.; Siedlak, S.L.; Perry, G.; Smith, M.A. Sequestration of iron by Lewy bodies in Parkinson’s disease. Acta Neuropathol.
2000, 100, 111–114. [CrossRef]

140. Hirsch, E.C.; Brandel, J.P.; Galle, P.; Javoy-Agid, F.; Agid, Y. Iron and aluminum increase in the substantia nigra of patients with
Parkinson’s disease: An X-ray microanalysis. J. Neurochem. 1991, 56, 446–451. [CrossRef] [PubMed]

141. Golts, N.; Snyder, H.; Frasier, M.; Theisler, C.; Choi, P.; Wolozin, B. Magnesium inhibits spontaneous and iron-induced aggregation
of alpha-synuclein. J. Biol. Chem. 2002, 277, 16116–16123. [CrossRef]

142. Cole, N.B.; Murphy, D.D.; Lebowitz, J.; Di Noto, L.; Levine, R.L.; Nussbaum, R.L. Metal-catalyzed oxidation of alpha-synuclein:
Helping to define the relationship between oligomers, protofibrils, and filaments. J. Biol. Chem. 2005, 280, 9678–9690. [CrossRef]

143. Uversky, V.N. Neuropathology, biochemistry, and biophysics of alpha-synuclein aggregation. J. Neurochem. 2007, 103, 17–37.
[CrossRef]

144. Kostka, M.; Högen, T.; Danzer, K.M.; Levin, J.; Habeck, M.; Wirth, A.; Wagner, R.; Glabe, C.G.; Finger, S.; Heinzelmann, U.; et al.
Single particle characterization of iron-induced pore-forming alpha-synuclein oligomers. J. Biol. Chem. 2008, 283, 10992–11003.
[CrossRef] [PubMed]

145. Zhu, Z.-J.; Wu, K.-C.; Yung, W.-H.; Qian, Z.-M.; Ke, Y. Differential interaction between iron and mutant alpha-synuclein causes
distinctive Parkinsonian phenotypes in Drosophila. Biochim. Biophys. Acta 2016, 1862, 518–525. [CrossRef]

146. Davies, P.; Moualla, D.; Brown, D.R. Alpha-synuclein is a cellular ferrireductase. PLoS ONE 2011, 6, e15814. [CrossRef]
147. Brown, D.R. α-Synuclein as a ferrireductase. Biochem. Soc. Trans. 2013, 41, 1513–1517. [CrossRef]
148. Friedlich, A.L.; Tanzi, R.E.; Rogers, J.T. The 5′-untranslated region of Parkinson’s disease α-synuclein messengerRNA contains a

predicted iron responsive element. Mol. Psychiatry 2007, 12, 222–223. [CrossRef]
149. Olivares, D.; Huang, X.; Branden, L.; Greig, N.H.; Rogers, J.T. Physiological and pathological role of alpha-synuclein in Parkinson’s

disease through iron mediated oxidative stress; the role of a putative iron-responsive element. Int. J. Mol. Sci. 2009, 10, 1226–1260.
[CrossRef] [PubMed]

http://doi.org/10.1016/0304-3940(92)90355-B
http://doi.org/10.1016/S0002-9440(10)65396-5
http://doi.org/10.1007/BF01244786
http://doi.org/10.1111/j.1471-4159.1991.tb02017.x
http://www.ncbi.nlm.nih.gov/pubmed/1704426
http://doi.org/10.1016/j.bbamcr.2019.118535
http://www.ncbi.nlm.nih.gov/pubmed/31446062
http://doi.org/10.1093/brain/aww022
http://doi.org/10.1111/j.1471-4159.1958.tb12607.x
http://doi.org/10.1148/radiol.2522081399
http://doi.org/10.1007/s00702-020-02271-2
http://www.ncbi.nlm.nih.gov/pubmed/33079260
http://doi.org/10.1007/BF03033302
http://doi.org/10.1212/01.wnl.0000286384.31050.b5
http://doi.org/10.1002/jmri.21563
http://doi.org/10.1038/srep36669
http://doi.org/10.1016/S1353-8020(00)00050-X
http://doi.org/10.1212/WNL.0b013e31827f0ebb
http://www.ncbi.nlm.nih.gov/pubmed/23303856
http://doi.org/10.1038/nrn1537
http://www.ncbi.nlm.nih.gov/pubmed/15496864
http://doi.org/10.1016/B978-0-12-374105-9.00291-4
http://doi.org/10.1007/s00415-002-1301-4
http://www.ncbi.nlm.nih.gov/pubmed/12528692
http://doi.org/10.1007/s004010050001
http://doi.org/10.1111/j.1471-4159.1991.tb08170.x
http://www.ncbi.nlm.nih.gov/pubmed/1988548
http://doi.org/10.1074/jbc.M107866200
http://doi.org/10.1074/jbc.M409946200
http://doi.org/10.1111/j.1471-4159.2007.04764.x
http://doi.org/10.1074/jbc.M709634200
http://www.ncbi.nlm.nih.gov/pubmed/18258594
http://doi.org/10.1016/j.bbadis.2016.01.002
http://doi.org/10.1371/annotation/900a5247-7d03-4686-a544-5f7f64c0aac5
http://doi.org/10.1042/BST20130130
http://doi.org/10.1038/sj.mp.4001937
http://doi.org/10.3390/ijms10031226
http://www.ncbi.nlm.nih.gov/pubmed/19399246


Antioxidants 2022, 11, 8 27 of 35

150. Hepp, D.H.; Vergoossen, D.L.E.; Huisman, E.; Lemstra, A.W.; Netherlands Brain Bank; Berendse, H.W.; Rozemuller, A.J.; Foncke,
E.M.J.; van de Berg, W.D.J. Distribution and Load of Amyloid-β Pathology in Parkinson Disease and Dementia with Lewy Bodies.
J. Neuropathol. Exp. Neurol. 2016, 75, 936–945. [CrossRef] [PubMed]

151. Otzbauer, P.T.; Cairns, N.J.; Campbell, M.C.; Willis, A.W.; Racette, B.A.; Tabbal, S.D.; Perlmutter, J.S. Pathologic accumulation of
α-synuclein and Aβ in Parkinson disease patients with dementia. Arch. Neurol. 2012, 69, 1326–1331. [CrossRef]

152. Irwin, D.J.; Lee, V.M.-Y.; Trojanowski, J.Q. Parkinson’s disease dementia: Convergence of α-synuclein, tau and amyloid-β
pathologies. Nat. Rev. Neurosci. 2013, 14, 626–636. [CrossRef]

153. Paisán-Ruiz, C.; Lewis, P.A.; Singleton, A.B. LRRK2, cause, risk, and mechanism. J. Parkinsons Dis. 2013, 3, 85–103. [CrossRef]
154. Greggio, E.; Jain, S.; Kingsbury, A.; Bandopadhyay, R.; Lewis, P.; Kaganovich, A.; van der Brug, M.P.; Beilina, A.; Blackinton, J.;

Thomas, K.J.; et al. Kinase activity is required for the toxic effects of mutant LRRK2/dardarin. Neurobiol. Dis. 2006, 23, 329–341.
[CrossRef] [PubMed]

155. West, A.B.; Moore, D.J.; Biskup, S.; Bugayenko, A.; Smith, W.W.; Ross, C.A.; Dawson, V.L.; Dawson, T.M. Parkinson’s disease-
associated mutations in leucine-rich repeat kinase 2 augment kinase activity. Proc. Natl. Acad. Sci. USA 2005, 102, 16842–16847.
[CrossRef] [PubMed]

156. Smith, W.W.; Pei, Z.; Jiang, H.; Dawson, V.L.; Dawson, T.M.; Ross, C.A. Kinase activity of mutant LRRK2 mediates neuronal
toxicity. Nat. Neurosci. 2006, 9, 1231–1233. [CrossRef]

157. Tsika, E.; Moore, D.J. Mechanisms of LRRK2-mediated neurodegeneration. Curr. Neurol. Neuro Sci. Rep. 2012, 12, 251–260.
[CrossRef]

158. Singh, P.K.; Muqit, M.M.K. Parkinson’s: A disease of aberrant vesicle trafficking. Annu. Rev. Cell Dev. Biol. 2020, 36, 237–264.
[CrossRef]

159. Singh, F.; Ganley, I.G. Parkinson’s disease and mitophagy: An emerging role for LRRK2. Biochem. Soc. Trans. 2021, 49, 551–562.
[CrossRef] [PubMed]

160. Singh, F.; Prescott, A.R.; Rosewell, P.; Ball, G.; Reith, A.D.; Ganley, I.G. Pharmacological rescue of impaired mitophagy in
Parkinson’s disease-related LRRK2 G2019S knock-in mice. eLife 2021, 10. [CrossRef] [PubMed]

161. Howlett, E.H.; Jensen, N.; Belmonte, F.; Zafar, F.; Hu, X.; Kluss, J.; Schüle, B.; Kaufman, B.A.; Greenamyre, J.T.; Sanders, L.H.
LRRK2 G2019S-induced mitochondrial DNA damage is LRRK2 kinase dependent and inhibition restores mtDNA integrity in
Parkinson’s disease. Hum. Mol. Genet. 2017, 26, 4340–4351. [CrossRef]

162. Gonzalez-Hunt, C.P.; Thacker, E.A.; Toste, C.M.; Boularand, S.; Deprets, S.; Dubois, L.; Sanders, L.H. Mitochondrial DNA damage
as a potential biomarker of LRRK2 kinase activity in LRRK2 Parkinson’s disease. Sci. Rep. 2020, 10, 17293. [CrossRef] [PubMed]

163. Tolosa, E.; Vila, M.; Klein, C.; Rascol, O. LRRK2 in Parkinson disease: Challenges of clinical trials. Nat. Rev. Neurol. 2020, 16,
97–107. [CrossRef] [PubMed]

164. Meiser, J.; Weindl, D.; Hiller, K. Complexity of dopamine metabolism. Cell Commun. Signal. 2013, 11, 34. [CrossRef]
165. Guzman, J.N.; Sánchez-Padilla, J.; Chan, C.S.; Surmeier, D.J. Robust pacemaking in substantia nigra dopaminergic neurons. J.

Neurosci. 2009, 29, 11011–11019. [CrossRef] [PubMed]
166. Pacelli, C.; Giguère, N.; Bourque, M.-J.; Lévesque, M.; Slack, R.S.; Trudeau, L.-É. Elevated mitochondrial bioenergetics and axonal

arborization size are key contributors to the vulnerability of dopamine neurons. Curr. Biol. 2015, 25, 2349–2360. [CrossRef]
167. Matsuda, W.; Furuta, T.; Nakamura, K.C.; Hioki, H.; Fujiyama, F.; Arai, R.; Kaneko, T. Single nigrostriatal dopaminergic neurons

form widely spread and highly dense axonal arborizations in the neostriatum. J. Neurosci. 2009, 29, 444–453. [CrossRef]
168. Cao, X.; Wang, H.; Wang, Z.; Wang, Q.; Zhang, S.; Deng, Y.; Fang, Y. In vivo imaging reveals mitophagy independence in the

maintenance of axonal mitochondria during normal aging. Aging Cell. 2017, 16, 1180–1190. [CrossRef] [PubMed]
169. Grosch, J.; Winkler, J.; Kohl, Z. Early Degeneration of Both Dopaminergic and Serotonergic Axons—A Common Mechanism in

Parkinson’s Disease. Front. Cell. Neurosci. 2016, 10, 293. [CrossRef] [PubMed]
170. Liang, C.-L.; Wang, T.T.; Luby-Phelps, K.; German, D.C. Mitochondria mass is low in mouse substantia nigra dopamine neurons:

Implications for Parkinson’s disease. Exp. Neurol. 2007, 203, 370–380. [CrossRef]
171. James, S.A.; Roberts, B.R.; Hare, D.J.; de Jonge, M.D.; Birchall, I.E.; Jenkins, N.L.; Cherny, R.A.; Bush, A.I.; McColl, G. Direct

in vivo imaging of ferrous iron dyshomeostasis in ageing Caenorhabditis elegans. Chem. Sci. 2015, 6, 2952–2962. [CrossRef]
[PubMed]

172. Reeve, A.; Simcox, E.; Turnbull, D. Ageing and Parkinson’s disease: Why is advancing age the biggest risk factor? Ageing Res. Rev.
2014, 14, 19–30. [CrossRef]

173. Venkateshappa, C.; Harish, G.; Mythri, R.B.; Mahadevan, A.; Bharath, M.M.S.; Shankar, S.K. Increased oxidative damage and
decreased antioxidant function in aging human substantia nigra compared to striatum: Implications for Parkinson’s disease.
Neurochem. Res. 2012, 37, 358–369. [CrossRef] [PubMed]

174. Tysnes, O.-B.; Storstein, A. Epidemiology of Parkinson’s disease. J. Neural. Transm. 2017, 124, 901–905. [CrossRef] [PubMed]
175. Bonifati, V.; Rizzu, P.; van Baren, M.J.; Schaap, O.; Breedveld, G.J.; Krieger, E.; Dekker, M.C.J.; Squitieri, F.; Ibanez, P.;

Joosse, M.; et al. Mutations in the DJ-1 gene associated with autosomal recessive early-onset parkinsonism. Science 2003, 299,
256–259. [CrossRef]

176. Nural, H.; He, P.; Beach, T.; Sue, L.; Xia, W.; Shen, Y. Dissembled DJ-1 high molecular weight complex in cortex mitochondria
from Parkinson’s disease patients. Mol. Neurodegener. 2009, 4, 23. [CrossRef] [PubMed]

http://doi.org/10.1093/jnen/nlw070
http://www.ncbi.nlm.nih.gov/pubmed/27516115
http://doi.org/10.1001/archneurol.2012.1608
http://doi.org/10.1038/nrn3549
http://doi.org/10.3233/JPD-130192
http://doi.org/10.1016/j.nbd.2006.04.001
http://www.ncbi.nlm.nih.gov/pubmed/16750377
http://doi.org/10.1073/pnas.0507360102
http://www.ncbi.nlm.nih.gov/pubmed/16269541
http://doi.org/10.1038/nn1776
http://doi.org/10.1007/s11910-012-0265-8
http://doi.org/10.1146/annurev-cellbio-100818-125512
http://doi.org/10.1042/BST20190236
http://www.ncbi.nlm.nih.gov/pubmed/33769432
http://doi.org/10.7554/eLife.67604
http://www.ncbi.nlm.nih.gov/pubmed/34340748
http://doi.org/10.1093/hmg/ddx320
http://doi.org/10.1038/s41598-020-74195-6
http://www.ncbi.nlm.nih.gov/pubmed/33057100
http://doi.org/10.1038/s41582-019-0301-2
http://www.ncbi.nlm.nih.gov/pubmed/31980808
http://doi.org/10.1186/1478-811X-11-34
http://doi.org/10.1523/JNEUROSCI.2519-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19726659
http://doi.org/10.1016/j.cub.2015.07.050
http://doi.org/10.1523/JNEUROSCI.4029-08.2009
http://doi.org/10.1111/acel.12654
http://www.ncbi.nlm.nih.gov/pubmed/28782874
http://doi.org/10.3389/fncel.2016.00293
http://www.ncbi.nlm.nih.gov/pubmed/28066188
http://doi.org/10.1016/j.expneurol.2006.08.015
http://doi.org/10.1039/C5SC00233H
http://www.ncbi.nlm.nih.gov/pubmed/28706676
http://doi.org/10.1016/j.arr.2014.01.004
http://doi.org/10.1007/s11064-011-0619-7
http://www.ncbi.nlm.nih.gov/pubmed/21971758
http://doi.org/10.1007/s00702-017-1686-y
http://www.ncbi.nlm.nih.gov/pubmed/28150045
http://doi.org/10.1126/science.1077209
http://doi.org/10.1186/1750-1326-4-23
http://www.ncbi.nlm.nih.gov/pubmed/19497122


Antioxidants 2022, 11, 8 28 of 35

177. Dolgacheva, L.P.; Berezhnov, A.V.; Fedotova, E.I.; Zinchenko, V.P.; Abramov, A.Y. Role of DJ-1 in the mechanism of pathogenesis
of Parkinson’s disease. J. Bioenerg. Biomembr. 2019, 51, 175–188. [CrossRef] [PubMed]

178. Canet-Avilés, R.M.; Wilson, M.A.; Miller, D.W.; Ahmad, R.; McLendon, C.; Bandyopadhyay, S.; Baptista, M.J.; Ringe, D.; Petsko,
G.A.; Cookson, M.R. The Parkinson’s disease protein DJ-1 is neuroprotective due to cysteine-sulfinic acid-driven mitochondrial
localization. Proc. Natl. Acad. Sci. USA 2004, 101, 9103–9108. [CrossRef]

179. Bandopadhyay, R.; Kingsbury, A.E.; Cookson, M.R.; Reid, A.R.; Evans, I.M.; Hope, A.D.; Pittman, A.M.; Lashley, T.; Canet-Aviles,
R.; Miller, D.W.; et al. The expression of DJ-1 (PARK7) in normal human CNS and idiopathic Parkinson’s disease. Brain 2004, 127,
420–430. [CrossRef] [PubMed]

180. Miller, D.W.; Ahmad, R.; Hague, S.; Baptista, M.J.; Canet-Aviles, R.; McLendon, C.; Carter, D.M.; Zhu, P.-P.; Stadler, J.; Chandran,
J.; et al. L166P mutant DJ-1, causative for recessive Parkinson’s disease, is degraded through the ubiquitin-proteasome system. J.
Biol. Chem. 2003, 278, 36588–36595. [CrossRef] [PubMed]

181. Zhang, L.; Shimoji, M.; Thomas, B.; Moore, D.J.; Yu, S.-W.; Marupudi, N.I.; Torp, R.; Torgner, I.A.; Ottersen, O.P.; Dawson, T.M.;
et al. Mitochondrial localization of the Parkinson’s disease related protein DJ-1, implications for pathogenesis. Hum. Mol. Genet.
2005, 14, 2063–2073. [CrossRef] [PubMed]

182. Irrcher, I.; Aleyasin, H.; Seifert, E.L.; Hewitt, S.J.; Chhabra, S.; Phillips, M.; Lutz, A.K.; Rousseaux, M.W.C.; Bevilacqua, L.;
Jahani-Asl, A.; et al. Loss of the Parkinson’s disease-linked gene DJ-1 perturbs mitochondrial dynamics. Hum. Mol. Genet. 2010,
19, 3734–3746. [CrossRef] [PubMed]

183. Schipper, H.M.; Liberman, A.; Stopa, E.G. Neural heme oxygenase-1 expression in idiopathic Parkinson’s disease. Exp Neurol.
1998, 150, 60–68. [CrossRef] [PubMed]

184. Ramsey, C.P.; Glass, C.A.; Montgomery, M.B.; Lindl, K.A.; Ritson, G.P.; Chia, L.A.; Hamilton, R.L.; Chu, C.T.; Jordan-Sciutto, K.L.
Expression of Nrf2 in neurodegenerative diseases. J. Neuropathol. Exp. Neurol. 2007, 66, 75–85. [CrossRef] [PubMed]

185. Von Otter, M.; Landgren, S.; Nilsson, S.; Celojevic, D.; Bergström, P.; Håkansson, A.; Nissbrandt, H.; Drozdzik, M.; Bialecka, M.;
Kurzawski, M.; et al. Association of Nrf2-encoding NFE2L2 haplotypes with Parkinson’s disease. BMC Med. Genet. 2010, 11, 36.
[CrossRef] [PubMed]

186. Delcambre, S.; Ghelfi, J.; Ouzren, N.; Grandmougin, L.; Delbrouck, C.; Seibler, P.; Wasner, K.; Aasly, J.O.; Klein, C.; Trinh, J.; et al.
Mitochondrial mechanisms of LRRK2 G2019S penetrance. Front Neurol. 2020, 11, 881. [CrossRef] [PubMed]

187. Bakshi, R.; Macklin, E.A.; Logan, R.; Zorlu, M.M.; Xia, N.; Crotty, G.F.; Zhang, E.; Chen, X.; Ascherio, A.; Schwarzschild, M.A.
Higher urate in LRRK2 mutation carriers resistant to Parkinson disease. Ann. Neurol. 2019, 85, 593–599. [CrossRef]

188. Lin, C.-H.; Lin, H.-I.; Chen, M.-L.; Lai, T.-T.; Cao, L.-P.; Farrer, M.J.; Wu, R.-M.; Chien, C.-T. Lovastatin protects neurite degeneration
in LRRK2-G2019S parkinsonism through activating the Akt/Nrf pathway and inhibiting GSK3β activity. Hum. Mol. Genet. 2016,
25, 1965–1978. [CrossRef]

189. Liu, T.; Lv, Y.-F.; Zhao, J.-L.; You, Q.-D.; Jiang, Z.-Y. Regulation of Nrf2 by phosphorylation: Consequences for biological function
and therapeutic implications. Free Radic. Biol. Med. 2021, 168, 129–141. [CrossRef] [PubMed]

190. Skibinski, G.; Hwang, V.; Ando, D.M.; Daub, A.; Lee, A.K.; Ravisankar, A.; Modan, S.; Finucane, M.M.; Shaby, B.A.; Finkbeiner, S.
Nrf2 mitigates LRRK2- and α-synuclein-induced neurodegeneration by modulating proteostasis. Proc. Natl. Acad. Sci. USA 2017,
114, 1165–1170. [CrossRef]

191. Pajares, M.; Cuadrado, A.; Rojo, A.I. Modulation of proteostasis by transcription factor NRF2 and impact in neurodegenerative
diseases. Redox Biol. 2017, 11, 543–553. [CrossRef] [PubMed]

192. Chen, P.-C.; Vargas, M.R.; Pani, A.K.; Smeyne, R.J.; Johnson, D.A.; Kan, Y.W.; Johnson, J.A. Nrf2-mediated neuroprotection in
the MPTP mouse model of Parkinson’s disease: Critical role for the astrocyte. Proc. Natl. Acad. Sci. USA 2009, 106, 2933–2938.
[CrossRef]

193. Jakel, R.J.; Townsend, J.A.; Kraft, A.D.; Johnson, J.A. Nrf2-mediated protection against 6-hydroxydopamine. Brain Res. 2007, 1144,
192–201. [CrossRef] [PubMed]

194. Lastres-Becker, I.; García-Yagüe, A.J.; Scannevin, R.H.; Casarejos, M.J.; Kügler, S.; Rábano, A.; Cuadrado, A. Repurposing the
NRF2 activator dimethyl fumarate as therapy against synucleinopathy in parkinson’s disease. Antioxid. Redox Signal. 2016, 25,
61–77. [CrossRef]

195. Nguyen, T.; Yang, C.S.; Pickett, C.B. The pathways and molecular mechanisms regulating Nrf2 activation in response to chemical
stress. Free Radic. Biol. Med. 2004, 37, 433–441. [CrossRef]

196. Herrero-Mendez, A.; Almeida, A.; Fernández, E.; Maestre, C.; Moncada, S.; Bolaños, J.P. The bioenergetic and antioxidant status
of neurons is controlled by continuous degradation of a key glycolytic enzyme by APC/C-Cdh1. Nat. Cell Biol. 2009, 11, 747–752.
[CrossRef] [PubMed]

197. Deighton, R.F.; Markus, N.M.; Al-Mubarak, B.; Bell, K.F.S.; Papadia, S.; Meakin, P.J.; Chowdhry, S.; Hayes, J.D.; Hardingham, G.E.
Nrf2 target genes can be controlled by neuronal activity in the absence of Nrf2 and astrocytes. Proc. Natl. Acad. Sci. USA 2014,
111, E1818–E1820. [CrossRef] [PubMed]

198. Cookson, M.R. Mechanisms of mutant LRRK2 neurodegeneration. Adv. Neurobiol. 2017, 14, 227–239. [CrossRef]
199. Wallings, R.L.; Herrick, M.K.; Tansey, M.G. Linking mitochondria to the immune response. eLife 2020, 9, e56214. [CrossRef]

[PubMed]
200. Schapansky, J.; Nardozzi, J.D.; LaVoie, M.J. The complex relationships between microglia, alpha-synuclein, and LRRK2 in

Parkinson’s disease. Neuroscience 2015, 302, 74–88. [CrossRef] [PubMed]

http://doi.org/10.1007/s10863-019-09798-4
http://www.ncbi.nlm.nih.gov/pubmed/31054074
http://doi.org/10.1073/pnas.0402959101
http://doi.org/10.1093/brain/awh054
http://www.ncbi.nlm.nih.gov/pubmed/14662519
http://doi.org/10.1074/jbc.M304272200
http://www.ncbi.nlm.nih.gov/pubmed/12851414
http://doi.org/10.1093/hmg/ddi211
http://www.ncbi.nlm.nih.gov/pubmed/15944198
http://doi.org/10.1093/hmg/ddq288
http://www.ncbi.nlm.nih.gov/pubmed/20639397
http://doi.org/10.1006/exnr.1997.6752
http://www.ncbi.nlm.nih.gov/pubmed/9514830
http://doi.org/10.1097/nen.0b013e31802d6da9
http://www.ncbi.nlm.nih.gov/pubmed/17204939
http://doi.org/10.1186/1471-2350-11-36
http://www.ncbi.nlm.nih.gov/pubmed/20196834
http://doi.org/10.3389/fneur.2020.00881
http://www.ncbi.nlm.nih.gov/pubmed/32982917
http://doi.org/10.1002/ana.25436
http://doi.org/10.1093/hmg/ddw068
http://doi.org/10.1016/j.freeradbiomed.2021.03.034
http://www.ncbi.nlm.nih.gov/pubmed/33794311
http://doi.org/10.1073/pnas.1522872114
http://doi.org/10.1016/j.redox.2017.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28104575
http://doi.org/10.1073/pnas.0813361106
http://doi.org/10.1016/j.brainres.2007.01.131
http://www.ncbi.nlm.nih.gov/pubmed/17336276
http://doi.org/10.1089/ars.2015.6549
http://doi.org/10.1016/j.freeradbiomed.2004.04.033
http://doi.org/10.1038/ncb1881
http://www.ncbi.nlm.nih.gov/pubmed/19448625
http://doi.org/10.1073/pnas.1402097111
http://www.ncbi.nlm.nih.gov/pubmed/24753562
http://doi.org/10.1007/978-3-319-49969-7_12
http://doi.org/10.7554/eLife.56214
http://www.ncbi.nlm.nih.gov/pubmed/32293561
http://doi.org/10.1016/j.neuroscience.2014.09.049
http://www.ncbi.nlm.nih.gov/pubmed/25284317


Antioxidants 2022, 11, 8 29 of 35

201. Wang, C.; Yang, T.; Liang, M.; Xie, J.; Song, N. Astrocyte dysfunction in Parkinson’s disease: From the perspectives of transmitted
α-synuclein and genetic modulation. Transl. Neurodegener. 2021, 10, 39. [CrossRef] [PubMed]

202. Filippini, A.; Gennarelli, M.; Russo, I. α-Synuclein and Glia in Parkinson’s Disease: A Beneficial or a Detrimental Duet for the
Endo-Lysosomal System? Cell. Mol. Neurobiol. 2019, 39, 161–168. [CrossRef]

203. Kraft, A.D.; Resch, J.M.; Johnson, D.A.; Johnson, J.A. Activation of the Nrf2-ARE pathway in muscle and spinal cord during
ALS-like pathology in mice expressing mutant SOD1. Exp. Neurol. 2007, 207, 107–117. [CrossRef] [PubMed]

204. Sidoryk-Wegrzynowicz, M.; Wegrzynowicz, M.; Lee, E.; Bowman, A.B.; Aschner, M. Role of astrocytes in brain function and
disease. Toxicol Pathol. 2011, 39, 115–123. [CrossRef] [PubMed]

205. Marchetti, B. Nrf2/Wnt resilience orchestrates rejuvenation of glia-neuron dialogue in Parkinson’s disease. Redox Biol. 2020, 36,
101664. [CrossRef] [PubMed]

206. Lin, Y.-E.; Lin, C.-H.; Ho, E.-P.; Ke, Y.-C.; Petridi, S.; Elliott, C.J.; Sheen, L.-Y.; Chien, C.-T. Glial Nrf2 signaling mediates the
neuroprotection exerted by Gastrodia elata Blume in Lrrk2-G2019S Parkinson’s disease. eLife 2021, 10, e73753. [CrossRef]
[PubMed]

207. van Muiswinkel, F.L.; de Vos, R.A.I.; Bol, J.G.J.M.; Andringa, G.; Jansen Steur, E.N.H.; Ross, D.; Siegel, D.; Drukarch, B. Expression
of NAD(P)H:quinone oxidoreductase in the normal and Parkinsonian substantia nigra. Neurobiol Aging 2004, 25, 1253–1262.
[CrossRef] [PubMed]

208. Forno, L.S. Neuropathologic features of Parkinson’s, Huntington’s, and Alzheimer’s diseases. Ann. N. Y. Acad. Sci. 1992, 648,
6–16. [CrossRef]

209. de Rus Jacquet, A.; Tancredi, J.L.; Lemire, A.L.; DeSantis, M.C.; Li, W.-P.; O’Shea, E.K. The LRRK2 G2019S mutation alters
astrocyte-to-neuron communication via extracellular vesicles and induces neuron atrophy in a human iPSC-derived model of
Parkinson’s disease. eLife 2021, 10, e73062. [CrossRef] [PubMed]

210. di Domenico, A.; Carola, G.; Calatayud, C.; Pons-Espinal, M.; Muñoz, J.P.; Richaud-Patin, Y.; Fernandez-Carasa, I.; Gut, M.; Faella,
A.; Parameswaran, J.; et al. Patient-Specific iPSC-Derived Astrocytes Contribute to Non-Cell-Autonomous Neurodegeneration in
Parkinson’s Disease. Stem Cell Rep. 2019, 12, 213–229. [CrossRef]

211. Streubel-Gallasch, L.; Giusti, V.; Sandre, M.; Tessari, I.; Plotegher, N.; Giusto, E.; Masato, A.; Iovino, L.; Battisti, I.; Arrigoni, G.;
et al. Parkinson’s Disease-Associated LRRK2 Interferes with Astrocyte-Mediated Alpha-Synuclein Clearance. Mol. Neurobiol.
2021, 58, 3119–3140. [CrossRef]

212. Kwon, M.J.; Kim, J.-H.; Kim, T.; Lee, S.B. Pharmacological intervention of early neuropathy in neurodegenerative diseases.
Pharmacol. Res. 2017, 119, 169–177. [CrossRef]

213. Khan, S.S.; Sobu, Y.; Dhekne, H.S.; Tonelli, F.; Berndsen, K.; Alessi, D.R.; Pfeffer, S.R. Pathogenic LRRK2 control of primary cilia
and Hedgehog signaling in neurons and astrocytes of mouse brain. eLife 2021, 10, e67900. [CrossRef]

214. Zhao, Y.; Keshiya, S.; Atashrazm, F.; Gao, J.; Ittner, L.M.; Alessi, D.R.; Halliday, G.M.; Fu, Y.; Dzamko, N. Nigrostriatal pathology
with reduced astrocytes in LRRK2 S910/S935 phosphorylation deficient knockin mice. Neurobiol. Dis. 2018, 120, 76–87. [CrossRef]

215. Sanyal, A.; DeAndrade, M.P.; Novis, H.S.; Lin, S.; Chang, J.; Lengacher, N.; Tomlinson, J.J.; Tansey, M.G.; LaVoie, M.J. Lysosome
and Inflammatory Defects in GBA1-Mutant Astrocytes Are Normalized by LRRK2 Inhibition. Mov. Disord. 2020, 35, 760–773.
[CrossRef]

216. Requardt, R.P.; Wilhelm, F.; Rillich, J.; Winkler, U.; Hirrlinger, J. The biphasic NAD(P)H fluorescence response of astrocytes to
dopamine reflects the metabolic actions of oxidative phosphorylation and glycolysis. J. Neurochem. 2010, 115, 483–492. [CrossRef]

217. Grünblatt, E.; Riederer, P. Aldehyde dehydrogenase (ALDH) in Alzheimer’s and Parkinson’s disease. J. Neural. Transm. 2016, 123,
83–90. [CrossRef]

218. Wey, M.C.-Y.; Fernandez, E.; Martinez, P.A.; Sullivan, P.; Goldstein, D.S.; Strong, R. Neurodegeneration and motor dysfunction
in mice lacking cytosolic and mitochondrial aldehyde dehydrogenases: Implications for Parkinson’s disease. PLoS ONE 2012,
7, e31522. [CrossRef]

219. Chiu, C.-C.; Yeh, T.-H.; Lai, S.-C.; Wu-Chou, Y.-H.; Chen, C.-H.; Mochly-Rosen, D.; Huang, Y.-C.; Chen, Y.-J.; Chen, C.-L.;
Chang, Y.-M.; et al. Neuroprotective effects of aldehyde dehydrogenase 2 activation in rotenone-induced cellular and animal
models of parkinsonism. Exp. Neurol. 2015, 263, 244–253. [CrossRef]

220. Batiuk, M.Y.; Martirosyan, A.; Wahis, J.; de Vin, F.; Marneffe, C.; Kusserow, C.; Koeppen, J.; Viana, J.F.; Oliveira, J.F.; Voet, T.; et al.
Identification of region-specific astrocyte subtypes at single cell resolution. Nat. Commun. 2020, 11, 1220. [CrossRef] [PubMed]

221. Boisvert, M.M.; Erikson, G.A.; Shokhirev, M.N.; Allen, N.J. The Aging Astrocyte Transcriptome from Multiple Regions of the
Mouse Brain. Cell Rep. 2018, 22, 269–285. [CrossRef] [PubMed]

222. Vaaga, C.E.; Borisovska, M.; Westbrook, G.L. Dual-transmitter neurons: Functional implications of co-release and co-transmission.
Curr. Opin. Neurobiol. 2014, 29, 25–32. [CrossRef]

223. Jimenez-Blasco, D.; Santofimia-Castaño, P.; Gonzalez, A.; Almeida, A.; Bolaños, J.P. Astrocyte NMDA receptors’ activity sustains
neuronal survival through a Cdk5-Nrf2 pathway. Cell Death Differ. 2015, 22, 1877–1889. [CrossRef] [PubMed]

224. Lawson, L.J.; Perry, V.H.; Dri, P.; Gordon, S. Heterogeneity in the distribution and morphology of microglia in the normal adult
mouse brain. Neuroscience 1990, 39, 151–170. [CrossRef]

225. Yang, T.-T.; Lin, C.; Hsu, C.-T.; Wang, T.-F.; Ke, F.-Y.; Kuo, Y.-M. Differential distribution and activation of microglia in the brain of
male C57BL/6J mice. Brain Struct. Funct. 2013, 218, 1051–1060. [CrossRef]

http://doi.org/10.1186/s40035-021-00265-y
http://www.ncbi.nlm.nih.gov/pubmed/34657636
http://doi.org/10.1007/s10571-019-00649-9
http://doi.org/10.1016/j.expneurol.2007.05.026
http://www.ncbi.nlm.nih.gov/pubmed/17631292
http://doi.org/10.1177/0192623310385254
http://www.ncbi.nlm.nih.gov/pubmed/21075920
http://doi.org/10.1016/j.redox.2020.101664
http://www.ncbi.nlm.nih.gov/pubmed/32863224
http://doi.org/10.7554/eLife.73753
http://www.ncbi.nlm.nih.gov/pubmed/34779396
http://doi.org/10.1016/j.neurobiolaging.2003.12.010
http://www.ncbi.nlm.nih.gov/pubmed/15312971
http://doi.org/10.1111/j.1749-6632.1992.tb24519.x
http://doi.org/10.7554/eLife.73062
http://www.ncbi.nlm.nih.gov/pubmed/34590578
http://doi.org/10.1016/j.stemcr.2018.12.011
http://doi.org/10.1007/s12035-021-02327-8
http://doi.org/10.1016/j.phrs.2017.02.003
http://doi.org/10.7554/eLife.67900
http://doi.org/10.1016/j.nbd.2018.09.003
http://doi.org/10.1002/mds.27994
http://doi.org/10.1111/j.1471-4159.2010.06940.x
http://doi.org/10.1007/s00702-014-1320-1
http://doi.org/10.1371/journal.pone.0031522
http://doi.org/10.1016/j.expneurol.2014.09.016
http://doi.org/10.1038/s41467-019-14198-8
http://www.ncbi.nlm.nih.gov/pubmed/32139688
http://doi.org/10.1016/j.celrep.2017.12.039
http://www.ncbi.nlm.nih.gov/pubmed/29298427
http://doi.org/10.1016/j.conb.2014.04.010
http://doi.org/10.1038/cdd.2015.49
http://www.ncbi.nlm.nih.gov/pubmed/25909891
http://doi.org/10.1016/0306-4522(90)90229-W
http://doi.org/10.1007/s00429-012-0446-x


Antioxidants 2022, 11, 8 30 of 35

226. Russo, I.; Kaganovich, A.; Ding, J.; Landeck, N.; Mamais, A.; Varanita, T.; Biosa, A.; Tessari, I.; Bubacco, L.; Greggio, E.; et al.
Transcriptome analysis of LRRK2 knock-out microglia cells reveals alterations of inflammatory- and oxidative stress-related
pathways upon treatment with α-synuclein fibrils. Neurobiol. Dis. 2019, 129, 67–78. [CrossRef] [PubMed]

227. Rojo, A.I.; Innamorato, N.G.; Martín-Moreno, A.M.; De Ceballos, M.L.; Yamamoto, M.; Cuadrado, A. Nrf2 regulates microglial
dynamics and neuroinflammation in experimental Parkinson’s disease. Glia 2010, 58, 588–598. [CrossRef] [PubMed]

228. Gerhard, A.; Pavese, N.; Hotton, G.; Turkheimer, F.; Es, M.; Hammers, A.; Eggert, K.; Oertel, W.; Banati, R.B.; Brooks, D.J. In vivo
imaging of microglial activation with [11C](R)-PK11195 PET in idiopathic Parkinson’s disease. Neurobiol. Dis. 2006, 21, 404–412.
[CrossRef] [PubMed]

229. Stokholm, M.G.; Iranzo, A.; Østergaard, K.; Serradell, M.; Otto, M.; Svendsen, K.B.; Garrido, A.; Vilas, D.; Borghammer, P.;
Santamaria, J.; et al. Assessment of neuroinflammation in patients with idiopathic rapid-eye-movement sleep behaviour disorder:
A case-control study. Lancet Neurol. 2017, 16, 789–796. [CrossRef]

230. Ahuja, M.; Ammal Kaidery, N.; Attucks, O.C.; McDade, E.; Hushpulian, D.M.; Gaisin, A.; Gaisina, I.; Ahn, Y.H.; Nikulin, S.;
Poloznikov, A.; et al. Bach1 derepression is neuroprotective in a mouse model of Parkinson’s disease. Proc. Natl. Acad. Sci. USA
2021, 118, e2111643118. [CrossRef]

231. Hunot, S.; Boissière, F.; Faucheux, B.; Brugg, B.; Mouatt-Prigent, A.; Agid, Y.; Hirsch, E.C. Nitric oxide synthase and neuronal
vulnerability in Parkinson’s disease. Neuroscience 1996, 72, 355–363. [CrossRef]

232. Knott, C.; Stern, G.; Wilkin, G.P. Inflammatory regulators in Parkinson’s disease: iNOS, lipocortin-1, and cyclooxygenases-1 and
-2. Mol. Cell. Neurosci. 2000, 16, 724–739. [CrossRef]

233. Imamura, K.; Hishikawa, N.; Sawada, M.; Nagatsu, T.; Yoshida, M.; Hashizume, Y. Distribution of major histocompatibility
complex class II-positive microglia and cytokine profile of Parkinson’s disease brains. Acta Neuropathol. 2003, 106, 518–526.
[CrossRef]

234. Croisier, E.; Moran, L.B.; Dexter, D.T.; Pearce, R.K.B.; Graeber, M.B. Microglial inflammation in the parkinsonian substantia nigra:
Relationship to alpha-synuclein deposition. J. Neuroinflammation 2005, 2, 14. [CrossRef] [PubMed]

235. Doorn, K.J.; Moors, T.; Drukarch, B.; van de Berg, W.D.; Lucassen, P.J.; van Dam, A.-M. Microglial phenotypes and toll-like
receptor 2 in the substantia nigra and hippocampus of incidental Lewy body disease cases and Parkinson’s disease patients. Acta
Neuropathol. Commun. 2014, 2, 90. [CrossRef] [PubMed]

236. Guo, M.; Wang, J.; Zhao, Y.; Feng, Y.; Han, S.; Dong, Q.; Cui, M.; Tieu, K. Microglial exosomes facilitate α-synuclein transmission
in Parkinson’s disease. Brain 2020, 143, 1476–1497. [CrossRef] [PubMed]

237. Ferreira, S.A.; Romero-Ramos, M. Microglia Response During Parkinson’s Disease: Alpha-Synuclein Intervention. Front Cell
Neurosci. 2018, 12, 247. [CrossRef] [PubMed]

238. Yun, S.P.; Kam, T.-I.; Panicker, N.; Kim, S.; Oh, Y.; Park, J.-S.; Kwon, S.-H.; Park, Y.J.; Karuppagounder, S.S.; Park, H.; et al. Block of
A1 astrocyte conversion by microglia is neuroprotective in models of Parkinson’s disease. Nat. Med. 2018, 24, 931–938. [CrossRef]

239. Orimo, S.; Uchihara, T.; Kanazawa, T.; Itoh, Y.; Wakabayashi, K.; Kakita, A.; Takahashi, H. Unmyelinated axons are more
vulnerable to degeneration than myelinated axons of the cardiac nerve in Parkinson’s disease. Neuropathol. Appl. Neurobiol. 2011,
37, 791–802. [CrossRef] [PubMed]

240. Braak, H.; Del Tredici, K. Poor and protracted myelination as a contributory factor to neurodegenerative disorders. Neurobiol.
Aging 2004, 25, 19–23. [CrossRef]

241. Kahle, P.J.; Neumann, M.; Ozmen, L.; Muller, V.; Jacobsen, H.; Spooren, W.; Fuss, B.; Mallon, B.; Macklin, W.B.; Fujiwara, H.; et al.
Hyperphosphorylation and insolubility of alpha-synuclein in transgenic mouse oligodendrocytes. EMBO Rep. 2002, 3, 583–588.
[CrossRef]

242. Hults, C.W.; Rockenstein, E.; Crews, L.; Adame, A.; Mante, M.; Larrea, G.; Hashimoto, M.; Song, D.; Iwatsubo, T.; Tsuboi, K.; et al.
Neurological and neurodegenerative alterations in a transgenic mouse model expressing human alpha-synuclein under oligoden-
drocyte promoter: Implications for multiple system atrophy. J. Neurosci. 2005, 25, 10689–10699. [CrossRef]

243. Connor, J.R.; Menzies, S.L. Relationship of iron to oligodendrocytes and myelination. Glia 1996, 17, 83–93. [CrossRef]
244. Masrori, P.; Van Damme, P. Amyotrophic lateral sclerosis: A clinical review. Eur. J. Neurol. 2020, 27, 1918–1929. [CrossRef]

[PubMed]
245. Yunusova, Y.; Plowman, E.K.; Green, J.R.; Barnett, C.; Bede, P. Clinical measures of bulbar dysfunction in ALS. Front Neurol. 2019,

10, 106. [CrossRef] [PubMed]
246. Boillée, S.; Vande Velde, C.; Cleveland, D.W. ALS: A disease of motor neurons and their nonneuronal neighbors. Neuron 2006, 52,

39–59. [CrossRef]
247. Kenna, K.P.; Landers, J.E.; Ticozzi, N. Genetics of amyotrophic lateral sclerosis. In Molecular and Cellular Therapies for Motor neuron

Diseases; Academic Press: Cambridge, MA, USA, 2017; pp. 43–59. [CrossRef]
248. Orrell, R.W.; Marklund, S.L.; deBelleroche, J.S. Familial ALS is associated with mutations in all exons of SOD1, a novel mutation

in exon 3 (Gly72Ser). J. Neurol. Sci. 1997, 153, 46–49. [CrossRef]
249. Orrell, R.W.; Habgood, J.J.; Malaspina, A.; Mitchell, J.; Greenwood, J.; Lane, R.J.; deBelleroche, J.S. Clinical characteristics of SOD1

gene mutations in UK families with, A.L.S. J. Neurol. Sci. 1999, 169, 56–60. [CrossRef]
250. Jang, J.-H.; Kwon, M.-J.; Choi, W.J.; Oh, K.-W.; Koh, S.-H.; Ki, C.-S.; Kim, S.H. Analysis of the C9orf72 hexanucleotide repeat

expansion in Korean patients with familial and sporadic amyotrophic lateral sclerosis. Neurobiol. Aging 2013, 34, 1311.e7–1311.e9.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.nbd.2019.05.012
http://www.ncbi.nlm.nih.gov/pubmed/31102768
http://doi.org/10.1002/glia.20947
http://www.ncbi.nlm.nih.gov/pubmed/19908287
http://doi.org/10.1016/j.nbd.2005.08.002
http://www.ncbi.nlm.nih.gov/pubmed/16182554
http://doi.org/10.1016/S1474-4422(17)30173-4
http://doi.org/10.1073/pnas.2111643118
http://doi.org/10.1016/0306-4522(95)00578-1
http://doi.org/10.1006/mcne.2000.0914
http://doi.org/10.1007/s00401-003-0766-2
http://doi.org/10.1186/1742-2094-2-14
http://www.ncbi.nlm.nih.gov/pubmed/15935098
http://doi.org/10.1186/s40478-014-0090-1
http://www.ncbi.nlm.nih.gov/pubmed/25099483
http://doi.org/10.1093/brain/awaa090
http://www.ncbi.nlm.nih.gov/pubmed/32355963
http://doi.org/10.3389/fncel.2018.00247
http://www.ncbi.nlm.nih.gov/pubmed/30127724
http://doi.org/10.1038/s41591-018-0051-5
http://doi.org/10.1111/j.1365-2990.2011.01194.x
http://www.ncbi.nlm.nih.gov/pubmed/21696416
http://doi.org/10.1016/j.neurobiolaging.2003.04.001
http://doi.org/10.1093/embo-reports/kvf109
http://doi.org/10.1523/JNEUROSCI.3527-05.2005
http://doi.org/10.1002/(SICI)1098-1136(199606)17:2&lt;83::AID-GLIA1&gt;3.0.CO;2-7
http://doi.org/10.1111/ene.14393
http://www.ncbi.nlm.nih.gov/pubmed/32526057
http://doi.org/10.3389/fneur.2019.00106
http://www.ncbi.nlm.nih.gov/pubmed/30837936
http://doi.org/10.1016/j.neuron.2006.09.018
http://doi.org/10.1016/B978-0-12-802257-3.00003-1
http://doi.org/10.1016/S0022-510X(97)00181-0
http://doi.org/10.1016/S0022-510X(99)00216-6
http://doi.org/10.1016/j.neurobiolaging.2012.09.004
http://www.ncbi.nlm.nih.gov/pubmed/23088937


Antioxidants 2022, 11, 8 31 of 35

251. Rosen, D.R.; Siddique, T.; Patterson, D.; Figlewicz, D.A.; Sapp, P.; Hentati, A.; Donaldson, D.; Goto, J.; O’Regan, J.P.; Deng, H.X.
Mutations in Cu/Zn superoxide dismutase gene are associated with familial amyotrophic lateral sclerosis. Nature 1993, 362,
59–62. [CrossRef]

252. Boyd, S.D.; Ullrich, M.S.; Calvo, J.S.; Behnia, F.; Meloni, G.; Winkler, D.D. Mutations in Superoxide Dismutase 1 (Sod1) Linked to
Familial Amyotrophic Lateral Sclerosis Can Disrupt High-Affinity Zinc-Binding Promoted by the Copper Chaperone for Sod1
(Ccs). Molecules 2020, 25, 1086. [CrossRef]

253. Khalil, B.; Liévens, J.-C. Mitochondrial quality control in amyotrophic lateral sclerosis: Towards a common pathway? Neural
Regen Res. 2017, 12, 1052–1061. [CrossRef]

254. Millecamps, S.; Salachas, F.; Cazeneuve, C.; Gordon, P.; Bricka, B.; Camuzat, A.; Guillot-Noël, L.; Russaouen, O.; Bruneteau, G.;
Pradat, P.-F.; et al. SOD1, ANG, VAPB, TARDBP, and FUS mutations in familial amyotrophic lateral sclerosis: Genotype-phenotype
correlations. J. Med. Genet. 2010, 47, 554–560. [CrossRef]

255. Pasinelli, P.; Belford, M.E.; Lennon, N.; Bacskai, B.J.; Hyman, B.T.; Trotti, D.; Brown, R.H. Amyotrophic lateral sclerosis-associated
SOD1 mutant proteins bind and aggregate with Bcl-2 in spinal cord mitochondria. Neuron 2004, 43, 19–30. [CrossRef]

256. Guerrero, E.N.; Wang, H.; Mitra, J.; Hegde, P.M.; Stowell, S.E.; Liachko, N.F.; Kraemer, B.C.; Garruto, R.M.; Rao, K.S.; Hegde, M.L.
TDP-43/FUS in motor neuron disease: Complexity and challenges. Prog. Neurobiol. 2016, 145–146, 78–97. [CrossRef]

257. Jeon, G.S.; Shim, Y.-M.; Lee, D.-Y.; Kim, J.-S.; Kang, M.; Ahn, S.H.; Shin, J.-Y.; Geum, D.; Hong, Y.H.; Sung, J.-J. Pathological
Modification of TDP-43 in Amyotrophic Lateral Sclerosis with SOD1 Mutations. Mol. Neurobiol. 2019, 56, 2007–2021. [CrossRef]

258. Bayer, H.; Lang, K.; Buck, E.; Higelin, J.; Barteczko, L.; Pasquarelli, N.; Sprissler, J.; Lucas, T.; Holzmann, K.; Demestre, M.; et al.
ALS-causing mutations differentially affect PGC-1α expression and function in the brain vs. peripheral tissues. Neurobiol. Dis.
2017, 97, 36–45. [CrossRef]

259. Vallée, A.; Lecarpentier, Y. Crosstalk Between Peroxisome Proliferator-Activated Receptor Gamma and the Canonical WNT/β-
Catenin Pathway in Chronic Inflammation and Oxidative Stress During Carcinogenesis. Front Immunol. 2018, 9, 745. [CrossRef]
[PubMed]

260. Appolinário, P.P.; Medinas, D.B.; Chaves-Filho, A.B.; Genaro-Mattos, T.C.; Cussiol, J.R.R.; Netto, L.E.S.; Augusto, O.; Miyamoto, S.
Oligomerization of Cu, Zn-Superoxide Dismutase (SOD1) by Docosahexaenoic Acid and Its Hydroperoxides In Vitro: Aggregation
Dependence on Fatty Acid Unsaturation and Thiols. PLoS ONE 2015, 10, e0125146. [CrossRef] [PubMed]

261. McGoldrick, P.; Joyce, P.I.; Fisher, E.M.C.; Greensmith, L. Rodent models of amyotrophic lateral sclerosis. Biochim. Biophys. Acta.
2013, 1832, 1421–1436. [CrossRef] [PubMed]

262. Ferrer, I. Neurons and their dendrites in frontotemporal dementia. Dement. Geriatr. Cogn. Disord. 1999, 10 (Suppl. 1), 55–60.
[CrossRef] [PubMed]

263. Liu-Yesucevitz, L.; Bilgutay, A.; Zhang, Y.J.; Vanderweyde, T.; Citro, A.; Mehta, T.; Zaarur, N.; McKee, A.; Bowser, R.; Sherman,
M.; et al. Tar DNA binding protein-43 (TDP-43) associates with stress granules: Analysis of cultured cells and pathological brain
tissue. PLoS ONE 2010, 5, e13250. [CrossRef] [PubMed]

264. Barmada, S.J.; Skibinski, G.; Korb, E.; Rao, E.J.; Wu, J.Y.; Finkbeiner, S. Cytoplasmic mislocalization of TDP-43 is toxic to neurons
and enhanced by a mutation associated with familial amyotrophic lateral sclerosis. J. Neurosci. 2010, 30, 639–649. [CrossRef]

265. Tian, Y.P.; Che, F.Y.; Su, Q.P.; Lu, Y.C.; You, C.P.; Huang, L.M.; Wang, S.G.; Wang, L.; Yu, J.X. Effects of mutant TDP-43 on the
Nrf2/ARE pathway and protein expression of MafK and JDP2 in NSC-34 cells. Genet. Mol. Res. 2017, 16, 1–13. [CrossRef]
[PubMed]

266. Davis, S.A.; Itaman, S.; Khalid-Janney, C.M.; Sherard, J.A.; Dowell, J.A.; Cairns, N.J.; Gitcho, M.A. TDP-43 interacts with
mitochondrial proteins critical for mitophagy and mitochondrial dynamics. Neurosci. Lett. 2018, 678, 8–15. [CrossRef] [PubMed]

267. Marcus, J.M.; Hossain, M.I.; Gagné, J.-P.; Poirier, G.G.; McMohan, L.; Cowell, R.; Andrabi, S.A. PARP-1 activation leads to cytosolic
accumulation of TDP-43 in neurons. Neurochem. Int. 2021, 48, 105077. [CrossRef]

268. Zhao, M.; Kim, J.R.; van Bruggen, R.; Park, J. RNA-Binding Proteins in Amyotrophic Lateral Sclerosis. Mol. Cells 2018, 41, 818–829.
[CrossRef]

269. Farg, M.A.; Soo, K.Y.; Walker, A.K.; Pham, H.; Orian, J.; Horne, M.K.; Warraich, S.T.; Williams, K.L.; Blair, I.P.; Atkin, J.D.
Mutant FUS induces endoplasmic reticulum stress in amyotrophic lateral sclerosis and interacts with protein disulfide-isomerase.
Neurobiol. Aging 2012, 33, 2855–2868. [CrossRef] [PubMed]

270. An, H.; Skelt, L.; Notaro, A.; Highley, J.R.; Fox, A.H.; La Bella, V.; Buchman, V.L.; Shelkovnikova, T.A. ALS-linked FUS mutations
confer loss and gain of function in the nucleus by promoting excessive formation of dysfunctional paraspeckles. Acta Neuropathol.
Commun. 2019, 7, 7. [CrossRef] [PubMed]

271. Shang, Y.; Huang, E.J. Mechanisms of FUS mutations in familial amyotrophic lateral sclerosis. Brain Res. 2016, 1647, 65–78.
[CrossRef] [PubMed]

272. Guerrero, E.N.; Mitra, J.; Wang, H.; Rangaswamy, S.; Hegde, P.M.; Basu, P.; Rao, K.S.; Hegde, M.L. Amyotrophic lateral sclerosis-
associated TDP-43 mutation Q331K prevents nuclear translocation of XRCC4-DNA ligase 4 complex and is linked to genome
damage-mediated neuronal apoptosis. Hum. Mol. Genet. 2019, 28, 2459–2476. [CrossRef]

273. Parakh, S.; Spencer, D.M.; Halloran, M.A.; Soo, K.Y.; Atkin, J.D. Redox regulation in amyotrophic lateral sclerosis. Oxid Med Cell
Longev. 2013, 2013, 408681. [CrossRef]

274. Balendra, R.; Isaacs, A.M. C9orf72-mediated ALS and FTD: Multiple pathways to disease. Nat. Rev. Neurol. 2018, 14, 544–558.
[CrossRef]

http://doi.org/10.1038/362059a0
http://doi.org/10.3390/molecules25051086
http://doi.org/10.4103/1673-5374.211179
http://doi.org/10.1136/jmg.2010.077180
http://doi.org/10.1016/j.neuron.2004.06.021
http://doi.org/10.1016/j.pneurobio.2016.09.004
http://doi.org/10.1007/s12035-018-1218-2
http://doi.org/10.1016/j.nbd.2016.11.001
http://doi.org/10.3389/fimmu.2018.00745
http://www.ncbi.nlm.nih.gov/pubmed/29706964
http://doi.org/10.1371/journal.pone.0125146
http://www.ncbi.nlm.nih.gov/pubmed/25928076
http://doi.org/10.1016/j.bbadis.2013.03.012
http://www.ncbi.nlm.nih.gov/pubmed/23524377
http://doi.org/10.1159/000051214
http://www.ncbi.nlm.nih.gov/pubmed/10436342
http://doi.org/10.1371/journal.pone.0013250
http://www.ncbi.nlm.nih.gov/pubmed/20948999
http://doi.org/10.1523/JNEUROSCI.4988-09.2010
http://doi.org/10.4238/gmr16029638
http://www.ncbi.nlm.nih.gov/pubmed/28510254
http://doi.org/10.1016/j.neulet.2018.04.053
http://www.ncbi.nlm.nih.gov/pubmed/29715546
http://doi.org/10.1016/j.neuint.2021.105077
http://doi.org/10.14348/molcells.2018.0243
http://doi.org/10.1016/j.neurobiolaging.2012.02.009
http://www.ncbi.nlm.nih.gov/pubmed/22459602
http://doi.org/10.1186/s40478-019-0658-x
http://www.ncbi.nlm.nih.gov/pubmed/30642400
http://doi.org/10.1016/j.brainres.2016.03.036
http://www.ncbi.nlm.nih.gov/pubmed/27033831
http://doi.org/10.1093/hmg/ddz062
http://doi.org/10.1155/2013/408681
http://doi.org/10.1038/s41582-018-0047-2


Antioxidants 2022, 11, 8 32 of 35

275. Green, K.M.; Glineburg, M.R.; Kearse, M.G.; Flores, B.N.; Linsalata, A.E.; Fedak, S.J.; Goldstrohm, A.C.; Barmada, S.J.; Todd, P.K.
RAN translation at C9orf72-associated repeat expansions is selectively enhanced by the integrated stress response. Nat. Commun.
2017, 8, 2005. [CrossRef] [PubMed]

276. Donnelly, C.J.; Zhang, P.-W.; Pham, J.T.; Haeusler, A.R.; Mistry, N.A.; Vidensky, S.; Daley, E.L.; Poth, E.M.; Hoover, B.; Fines, D.M.;
et al. RNA toxicity from the ALS/FTD C9ORF72 expansion is mitigated by antisense intervention. Neuron 2013, 80, 415–428.
[CrossRef] [PubMed]

277. Beckers, J.; Tharkeshwar, A.K.; Van Damme, P. C9orf72 ALS-FTD: Recent evidence for dysregulation of the autophagy-lysosome
pathway at multiple levels. Autophagy 2021, 17, 3306–3322. [CrossRef]

278. Maciel, R.; Bis, D.M.; Rebelo, A.P.; Saghira, C.; Züchner, S.; Saporta, M.A. The human motor neuron axonal transcriptome is
enriched for transcripts related to mitochondrial function and microtubule-based axonal transport. Exp. Neurol. 2018, 307,
155–163. [CrossRef] [PubMed]

279. Isa, T.; Ohki, Y.; Alstermark, B.; Pettersson, L.-G.; Sasaki, S. Direct and indirect cortico-motoneuronal pathways and control of
hand/arm movements. Physiology 2007, 22, 145–152. [CrossRef]

280. Ueno, M.; Nakamura, Y.; Li, J.; Gu, Z.; Niehaus, J.; Maezawa, M.; Crone, S.A.; Goulding, M.; Baccei, M.L.; Yoshida, Y. Corticospinal
Circuits from the Sensory and Motor Cortices Differentially Regulate Skilled Movements through Distinct Spinal Interneurons.
Cell Rep. 2018, 23, 1286–1300.e7. [CrossRef]

281. Seeley, W.W. Selective functional, regional, and neuronal vulnerability in frontotemporal dementia. Curr. Opin. Neurol. 2008, 21,
701–707. [CrossRef] [PubMed]

282. Salamatina, A.; Yang, J.H.; Brenner-Morton, S.; Bikoff, J.B.; Fang, L.; Kintner, C.R.; Jessell, T.M.; Sweeney, L.B. Differential loss of
spinal interneurons in a mouse model of, A.L.S. Neuroscience 2020, 450, 81–95. [CrossRef] [PubMed]

283. White, M.A.; Kim, E.; Duffy, A.; Adalbert, R.; Phillips, B.U.; Peters, O.M.; Stephenson, J.; Yang, S.; Massenzio, F.; Lin, Z.; et al.
TDP-43 gains function due to perturbed autoregulation in a Tardbp knock-in mouse model of, A.L.S.-F.T.D. Nat. Neurosci. 2018,
21, 552–563. [CrossRef]

284. Watkins, J.; Ghosh, A.; Keerie, A.F.A.; Alix, J.J.P.; Mead, R.J.; Sreedharan, J. Female sex mitigates motor and behavioural
phenotypes in TDP-43Q331K knock-in mice. Sci. Rep. 2020, 10, 19220. [CrossRef] [PubMed]

285. Zhang, W.; Zhang, L.; Liang, B.; Schroeder, D.; Zhang, Z.-W.; Cox, G.A.; Li, Y.; Lin, D.-T. Hyperactive somatostatin interneurons
contribute to excitotoxicity in neurodegenerative disorders. Nat. Neurosci. 2016, 19, 557–559. [CrossRef]

286. Tremblay, R.; Lee, S.; Rudy, B. Gabaergic interneurons in the neocortex: From cellular properties to circuits. Neuron 2016, 91,
260–292. [CrossRef]

287. Kawaguchi, Y.; Otsuka, T.; Morishima, M.; Ushimaru, M.; Kubota, Y. Control of excitatory hierarchical circuits by parvalbumin-FS
basket cells in layer 5 of the frontal cortex: Insights for cortical oscillations. J. Neurophysiol. 2019, 121, 2222–2236. [CrossRef]
[PubMed]

288. Cardin, J.A. Inhibitory interneurons regulate temporal precision and correlations in cortical circuits. Trends Neurosci. 2018, 41,
689–700. [CrossRef] [PubMed]

289. Cowell, R.M.; Blake, K.R.; Russell, J.W. Localization of the transcriptional coactivator PGC-1alpha to GABAergic neurons during
maturation of the rat brain. J. Comp. Neurol. 2007, 502, 1–18. [CrossRef] [PubMed]

290. Dougherty, S.E.; Bartley, A.F.; Lucas, E.K.; Hablitz, J.J.; Dobrunz, L.E.; Cowell, R.M. Mice lacking the transcriptional coactivator
PGC-1α exhibit alterations in inhibitory synaptic transmission in the motor cortex. Neuroscience 2014, 271, 137–148. [CrossRef]
[PubMed]

291. McMeekin, L.J.; Fox, S.N.; Boas, S.M.; Cowell, R.M. Dysregulation of PGC-1α-Dependent Transcriptional Programs in Neurologi-
cal and Developmental Disorders: Therapeutic Challenges and Opportunities. Cells 2021, 10, 352. [CrossRef]

292. Lucas, E.K.; Reid, C.S.; McMeekin, L.J.; Dougherty, S.E.; Floyd, C.L.; Cowell, R.M. Cerebellar transcriptional alterations with
Purkinje cell dysfunction and loss in mice lacking PGC-1α. Front Cell Neurosci. 2014, 8, 441. [CrossRef]

293. Oeckl, P.; Weydt, P.; Thal, D.R.; Weishaupt, J.H.; Ludolph, A.C.; Otto, M. Proteomics in cerebrospinal fluid and spinal cord
suggests UCHL1, MAP2 and GPNMB as biomarkers and underpins importance of transcriptional pathways in amyotrophic
lateral sclerosis. Acta Neuropathol. 2020, 139, 119–134. [CrossRef]

294. Kudo, L.C.; Parfenova, L.; Vi, N.; Lau, K.; Pomakian, J.; Valdmanis, P.; Rouleau, G.A.; Vinters, H.V.; Wiedau-Pazos, M.; Karsten, S.L.
Integrative gene-tissue microarray-based approach for identification of human disease biomarkers: Application to amyotrophic
lateral sclerosis. Hum. Mol. Genet. 2010, 19, 3233–3253. [CrossRef] [PubMed]

295. Tank, E.M.; Figueroa-Romero, C.; Hinder, L.M.; Bedi, K.; Archbold, H.C.; Li, X.; Weskamp, K.; Safren, N.; Paez-Colasante, X.;
Pacut, C.; et al. Abnormal RNA stability in amyotrophic lateral sclerosis. Nat. Commun. 2018, 9, 2845. [CrossRef]

296. Kok, J.R.; Palminha, N.M.; Dos Santos Souza, C.; El-Khamisy, S.F.; Ferraiuolo, L. DNA damage as a mechanism of neurodegenera-
tion in ALS and a contributor to astrocyte toxicity. Cell Mol. Life Sci. 2021, 78, 5707–5729. [CrossRef] [PubMed]

297. Lapucci, A.; Cavone, L.; Buonvicino, D.; Felici, R.; Gerace, E.; Zwergel, C.; Valente, S.; Mai, A.; Chiarugi, A. Effect of Class
II HDAC inhibition on glutamate transporter expression and survival in SOD1-ALS mice. Neurosci. Lett. 2017, 656, 120–125.
[CrossRef] [PubMed]

298. De Vos, K.J.; Chapman, A.L.; Tennant, M.E.; Manser, C.; Tudor, E.L.; Lau, K.-F.; Brownlees, J.; Ackerley, S.; Shaw, P.J.; McLough-
lin, D.M.; et al. Familial amyotrophic lateral sclerosis-linked SOD1 mutants perturb fast axonal transport to reduce axonal
mitochondria content. Hum. Mol. Genet. 2007, 16, 2720–2728. [CrossRef] [PubMed]

http://doi.org/10.1038/s41467-017-02200-0
http://www.ncbi.nlm.nih.gov/pubmed/29222490
http://doi.org/10.1016/j.neuron.2013.10.015
http://www.ncbi.nlm.nih.gov/pubmed/24139042
http://doi.org/10.1080/15548627.2021.1872189
http://doi.org/10.1016/j.expneurol.2018.06.008
http://www.ncbi.nlm.nih.gov/pubmed/29935168
http://doi.org/10.1152/physiol.00045.2006
http://doi.org/10.1016/j.celrep.2018.03.137
http://doi.org/10.1097/WCO.0b013e3283168e2d
http://www.ncbi.nlm.nih.gov/pubmed/18989116
http://doi.org/10.1016/j.neuroscience.2020.08.011
http://www.ncbi.nlm.nih.gov/pubmed/32858144
http://doi.org/10.1038/s41593-018-0113-5
http://doi.org/10.1038/s41598-020-76070-w
http://www.ncbi.nlm.nih.gov/pubmed/33154447
http://doi.org/10.1038/nn.4257
http://doi.org/10.1016/j.neuron.2016.06.033
http://doi.org/10.1152/jn.00778.2018
http://www.ncbi.nlm.nih.gov/pubmed/30995139
http://doi.org/10.1016/j.tins.2018.07.015
http://www.ncbi.nlm.nih.gov/pubmed/30274604
http://doi.org/10.1002/cne.21211
http://www.ncbi.nlm.nih.gov/pubmed/17335037
http://doi.org/10.1016/j.neuroscience.2014.04.023
http://www.ncbi.nlm.nih.gov/pubmed/24769433
http://doi.org/10.3390/cells10020352
http://doi.org/10.3389/fncel.2014.00441
http://doi.org/10.1007/s00401-019-02093-x
http://doi.org/10.1093/hmg/ddq232
http://www.ncbi.nlm.nih.gov/pubmed/20530642
http://doi.org/10.1038/s41467-018-05049-z
http://doi.org/10.1007/s00018-021-03872-0
http://www.ncbi.nlm.nih.gov/pubmed/34173837
http://doi.org/10.1016/j.neulet.2017.07.033
http://www.ncbi.nlm.nih.gov/pubmed/28732762
http://doi.org/10.1093/hmg/ddm226
http://www.ncbi.nlm.nih.gov/pubmed/17725983


Antioxidants 2022, 11, 8 33 of 35

299. Zamudio, F.; Loon, A.R.; Smeltzer, S.; Benyamine, K.; Navalpur Shanmugam, N.K.; Stewart, N.J.F.; Lee, D.C.; Nash, K.; Selenica,
M.-L.B. TDP-43 mediated blood-brain barrier permeability and leukocyte infiltration promote neurodegeneration in a low-grade
systemic inflammation mouse model. J. Neuroinflammation 2020, 17, 283. [CrossRef] [PubMed]

300. Hossaini, M.; Cardona Cano, S.; van Dis, V.; Haasdijk, E.D.; Hoogenraad, C.C.; Holstege, J.C.; Jaarsma, D. Spinal inhibitory
interneuron pathology follows motor neuron degeneration independent of glial mutant superoxide dismutase 1 expression in
SOD1-ALS mice. J. Neuropathol. Exp. Neurol. 2011, 70, 662–677. [CrossRef] [PubMed]

301. Baxter, P.S.; Hardingham, G.E. Adaptive regulation of the brain’s antioxidant defences by neurons and astrocytes. Free Radic. Biol.
Med. 2016, 100, 147–152. [CrossRef] [PubMed]

302. Díaz-Amarilla, P.; Olivera-Bravo, S.; Trias, E.; Cragnolini, A.; Martínez-Palma, L.; Cassina, P.; Beckman, J.; Barbeito, L. Phenotypi-
cally aberrant astrocytes that promote motoneuron damage in a model of inherited amyotrophic lateral sclerosis. Proc. Natl. Acad.
Sci. USA 2011, 108, 18126–18131. [CrossRef]

303. Harlan, B.A.; Pehar, M.; Killoy, K.M.; Vargas, M.R. Enhanced SIRT6 activity abrogates the neurotoxic phenotype of astrocytes
expressing ALS-linked mutant SOD1. FASEB J. 2019, 33, 7084–7091. [CrossRef]

304. Vargas, M.R.; Pehar, M.; Cassina, P.; Beckman, J.S.; Barbeito, L. Increased glutathione biosynthesis by Nrf2 activation in astrocytes
prevents p75NTR-dependent motor neuron apoptosis. J. Neurochem. 2006, 97, 687–696. [CrossRef]

305. Rothstein, J.D. Current hypotheses for the underlying biology of amyotrophic lateral sclerosis. Ann. Neurol. 2009, 65 (Suppl 1),
S3–S9. [CrossRef]

306. Blanco-Suárez, E.; Caldwell, A.L.M.; Allen, N.J. Role of astrocyte-synapse interactions in CNS disorders. J. Physiol. 2017, 595,
1903–1916. [CrossRef] [PubMed]

307. Rosenblum, L.T.; Trotti, D. EAAT2 and the molecular signature of amyotrophic lateral sclerosis. Adv. Neurobiol. 2017, 16, 117–136.
[CrossRef]

308. Izrael, M.; Slutsky, S.G.; Revel, M. Rising stars: Astrocytes as a therapeutic target for ALS disease. Front Neurosci. 2020, 14, 824.
[CrossRef]

309. Kirby, J.; Halligan, E.; Baptista, M.J.; Allen, S.; Heath, P.R.; Holden, H.; Barber, S.C.; Loynes, C.A.; Wood-Allum, C.A.;
Lunec, J.; et al. Mutant SOD1 alters the motor neuronal transcriptome: Implications for familial, A.L.S. Brain 2005, 128, 1686–1706.
[CrossRef] [PubMed]

310. Johnson, D.A.; Andrews, G.K.; Xu, W.; Johnson, J.A. Activation of the antioxidant response element in primary cortical neuronal
cultures derived from transgenic reporter mice. J. Neurochem. 2002, 81, 1233–1241. [CrossRef] [PubMed]

311. Neymotin, A.; Calingasan, N.Y.; Wille, E.; Naseri, N.; Petri, S.; Damiano, M.; Liby, K.T.; Risingsong, R.; Sporn, M.; Beal, M.F.; et al.
Neuroprotective effect of Nrf2/ARE activators, CDDO ethylamide and CDDO trifluoroethylamide, in a mouse model of
amyotrophic lateral sclerosis. Free Radic. Biol. Med. 2011, 51, 88–96. [CrossRef] [PubMed]

312. Wen, J.; Li, S.; Zheng, C.; Wang, F.; Luo, Y.; Wu, L.; Cao, J.; Guo, B.; Yu, P.; Zhang, G.; et al. Tetramethylpyrazine nitrone
improves motor dysfunction and pathological manifestations by activating the PGC-1α/Nrf2/HO-1 pathway in ALS mice.
Neuropharmacology 2021, 182, 108380. [CrossRef]

313. McMeekin, L.J.; Joyce, K.L.; Jenkins, L.M.; Bohannon, B.M.; Patel, K.D.; Bohannon, A.S.; Patel, A.; Fox, S.N.; Simmons, M.S.;
Day, J.J.; et al. Estrogen-related receptor alpha (ERRα) is required for PGC-1α-dependent gene expression in the mouse brain.
Neuroscience 2021, 479, 70–90. [CrossRef]

314. Yoshioka, K.; Deng, T.; Cavigelli, M.; Karin, M. Antitumor promotion by phenolic antioxidants: Inhibition of AP-1 activity
through induction of Fra expression. Proc. Natl. Acad. Sci. USA 1995, 92, 4972–4976. [CrossRef]

315. Dell’Orco, M.; Milani, P.; Arrigoni, L.; Pansarasa, O.; Sardone, V.; Maffioli, E.; Polveraccio, F.; Bordoni, M.; Diamanti, L.;
Ceroni, M.; et al. Hydrogen peroxide-mediated induction of SOD1 gene transcription is independent from Nrf2 in a cellular
model of neurodegeneration. Biochim. Biophys. Acta. 2016, 1859, 315–323. [CrossRef]

316. Wang, F.; Lu, Y.; Qi, F.; Su, Q.; Wang, L.; You, C.; Che, F.; Yu, J. Effect of the human SOD1-G93A gene on the Nrf2/ARE signaling
pathway in NSC-34 cells. Mol. Med. Report. 2014, 9, 2453–2458. [CrossRef] [PubMed]

317. Duan, W.; Li, X.; Shi, J.; Guo, Y.; Li, Z.; Li, C. Mutant TAR DNA-binding protein-43 induces oxidative injury in motor neuron-like
cell. Neuroscience 2010, 169, 1621–1629. [CrossRef]

318. Komatsu, M.; Waguri, S.; Koike, M.; Sou, Y.-S.; Ueno, T.; Hara, T.; Mizushima, N.; Iwata, J.-I.; Ezaki, J.; Murata, S.; et al.
Homeostatic levels of p62 control cytoplasmic inclusion body formation in autophagy-deficient mice. Cell 2007, 131, 1149–1163.
[CrossRef] [PubMed]

319. Pensato, V.; Magri, S.; Bella, E.D.; Tannorella, P.; Bersano, E.; Sorarù, G.; Gatti, M.; Ticozzi, N.; Taroni, F.; Lauria, G.; et al. Sorting
Rare ALS Genetic Variants by Targeted Re-Sequencing Panel in Italian Patients: OPTN, VCP, and SQSTM1 Variants Account for
3% of Rare Genetic Forms. J. Clin. Med. 2020, 9, 412. [CrossRef] [PubMed]

320. Li, W.; Gao, H.; Dong, X.; Zheng, D. SQSTM1 variant in disorders of the frontotemporal dementia-amyotrophic lateral sclerosis
spectrum: Identification of a novel heterozygous variant and a review of the literature. J. Neurol. 2021, 268, 1351–1357. [CrossRef]
[PubMed]

321. Hadano, S.; Mitsui, S.; Pan, L.; Otomo, A.; Kubo, M.; Sato, K.; Ono, S.; Onodera, W.; Abe, K.; Chen, X.; et al. Functional links
between SQSTM1 and ALS2 in the pathogenesis of ALS: Cumulative impact on the protection against mutant SOD1-mediated
motor dysfunction in mice. Hum. Mol. Genet. 2016, 25, 3321–3340. [CrossRef] [PubMed]

http://doi.org/10.1186/s12974-020-01952-9
http://www.ncbi.nlm.nih.gov/pubmed/32979923
http://doi.org/10.1097/NEN.0b013e31822581ac
http://www.ncbi.nlm.nih.gov/pubmed/21760539
http://doi.org/10.1016/j.freeradbiomed.2016.06.027
http://www.ncbi.nlm.nih.gov/pubmed/27365123
http://doi.org/10.1073/pnas.1110689108
http://doi.org/10.1096/fj.201802752R
http://doi.org/10.1111/j.1471-4159.2006.03742.x
http://doi.org/10.1002/ana.21543
http://doi.org/10.1113/JP270988
http://www.ncbi.nlm.nih.gov/pubmed/27381164
http://doi.org/10.1007/978-3-319-55769-4_6
http://doi.org/10.3389/fnins.2020.00824
http://doi.org/10.1093/brain/awh503
http://www.ncbi.nlm.nih.gov/pubmed/15872021
http://doi.org/10.1046/j.1471-4159.2002.00913.x
http://www.ncbi.nlm.nih.gov/pubmed/12068071
http://doi.org/10.1016/j.freeradbiomed.2011.03.027
http://www.ncbi.nlm.nih.gov/pubmed/21457778
http://doi.org/10.1016/j.neuropharm.2020.108380
http://doi.org/10.1016/j.neuroscience.2021.10.007
http://doi.org/10.1073/pnas.92.11.4972
http://doi.org/10.1016/j.bbagrm.2015.11.009
http://doi.org/10.3892/mmr.2014.2087
http://www.ncbi.nlm.nih.gov/pubmed/24682253
http://doi.org/10.1016/j.neuroscience.2010.06.018
http://doi.org/10.1016/j.cell.2007.10.035
http://www.ncbi.nlm.nih.gov/pubmed/18083104
http://doi.org/10.3390/jcm9020412
http://www.ncbi.nlm.nih.gov/pubmed/32028661
http://doi.org/10.1007/s00415-020-10283-x
http://www.ncbi.nlm.nih.gov/pubmed/33125541
http://doi.org/10.1093/hmg/ddw180
http://www.ncbi.nlm.nih.gov/pubmed/27439389


Antioxidants 2022, 11, 8 34 of 35

322. Mitsui, S.; Otomo, A.; Nozaki, M.; Ono, S.; Sato, K.; Shirakawa, R.; Adachi, H.; Aoki, M.; Sobue, G.; Shang, H.-F.; et al. Systemic
overexpression of SQSTM1/p62 accelerates disease onset in a SOD1H46R-expressing ALS mouse model. Mol. Brain 2018, 11, 30.
[CrossRef] [PubMed]

323. Foster, A.; Scott, D.; Layfield, R.; Rea, S.L. An FTLD-associated SQSTM1 variant impacts Nrf2 and NF-κB signalling and is
associated with reduced phosphorylation of p62. Mol. Cell. Neurosci. 2019, 98, 32–45. [CrossRef]

324. Foster, A.D.; Downing, P.; Figredo, E.; Polain, N.; Stott, A.; Layfield, R.; Rea, S.L. ALS-associated TBK1 variant p.G175S is defective
in phosphorylation of p62 and impacts TBK1-mediated signalling and TDP-43 autophagic degradation. Mol. Cell. Neurosci. 2020,
108, 103539. [CrossRef] [PubMed]

325. Kim, S.; Indu Viswanath, A.N.; Park, J.-H.; Lee, H.E.; Park, A.Y.; Choi, J.W.; Kim, H.J.; Londhe, A.M.; Jang, B.K.; Lee, J.; et al. Nrf2
activator via interference of Nrf2-Keap1 interaction has antioxidant and anti-inflammatory properties in Parkinson’s disease
animal model. Neuropharmacology 2020, 167, 107989. [CrossRef]

326. Pan, P.K.; Qiao, L.Y.; Wen, X.N. Safranal prevents rotenone-induced oxidative stress and apoptosis in an in vitro model of
Parkinson’s disease through regulating Keap1/Nrf2 signaling pathway. Cell Mol. Biol. 2016, 62, 11–17. [CrossRef] [PubMed]

327. Wang, L.; Cai, X.; Shi, M.; Xue, L.; Kuang, S.; Xu, R.; Qi, W.; Li, Y.; Ma, X.; Zhang, R.; et al. Identification and optimization of
piperine analogues as neuroprotective agents for the treatment of Parkinson’s disease via the activation of Nrf2/keap1 pathway.
Eur. J. Med. Chem. 2020, 199, 112385. [CrossRef] [PubMed]

328. Gazaryan, I.G.; Thomas, B. The status of Nrf2-based therapeutics: Current perspectives and future prospects. Neural. Regen. Res.
2016, 11, 1708–1711. [CrossRef] [PubMed]

329. Dinkova-Kostova, A.T.; Kostov, R.V.; Kazantsev, A.G. The role of Nrf2 signaling in counteracting neurodegenerative diseases.
FEBS J. 2018, 285, 3576–3590. [CrossRef]

330. Karapetian, R.N.; Evstafieva, A.G.; Abaeva, I.S.; Chichkova, N.V.; Filonov, G.S.; Rubtsov, Y.P.; Sukhacheva, E.A.; Melnikov, S.V.;
Schneider, U.; Wanker, E.E.; et al. Nuclear oncoprotein prothymosin alpha is a partner of Keap1, implications for expression of
oxidative stress-protecting genes. Mol. Cell. Biol. 2005, 25, 1089–1099. [CrossRef]

331. Copple, I.M.; Lister, A.; Obeng, A.D.; Kitteringham, N.R.; Jenkins, R.E.; Layfield, R.; Foster, B.J.; Goldring, C.E.; Park, B.K. Physical
and functional interaction of sequestosome 1 with Keap1 regulates the Keap1-Nrf2 cell defense pathway. J. Biol. Chem. 2010, 285,
16782–16788. [CrossRef]

332. Kim, J.-E.; You, D.-J.; Lee, C.; Ahn, C.; Seong, J.Y.; Hwang, J.-I. Suppression of NF-kappaB signaling by KEAP1 regulation of
IKKbeta activity through autophagic degradation and inhibition of phosphorylation. Cell Signal. 2010, 22, 1645–1654. [CrossRef]

333. Ma, J.; Cai, H.; Wu, T.; Sobhian, B.; Huo, Y.; Alcivar, A.; Mehta, M.; Cheung, K.L.; Ganesan, S.; Kong, A.-N.T.; et al. PALB2
interacts with KEAP1 to promote NRF2 nuclear accumulation and function. Mol. Cell. Biol. 2012, 32, 1506–1517. [CrossRef]

334. Hushpulian, D.M.; Ammal Kaidery, N.; Ahuja, M.; Poloznikov, A.A.; Sharma, S.M.; Gazaryan, I.G.; Thomas, B. Challenges
and Limitations of Targeting the Keap1-Nrf2 Pathway for Neurotherapeutics: Bach1 De-Repression to the Rescue. Front Aging
Neurosci. 2021, 13, 673205. [CrossRef]

335. Tu, J.; Zhang, X.; Zhu, Y.; Dai, Y.; Li, N.; Yang, F.; Zhang, Q.; Brann, D.W.; Wang, R. Cell-Permeable Peptide Targeting the
Nrf2-Keap1 Interaction: A Potential Novel Therapy for Global Cerebral Ischemia. J. Neurosci. 2015, 35, 14727–14739. [CrossRef]
[PubMed]

336. Mulvaney, K.M.; Matson, J.P.; Siesser, P.F.; Tamir, T.Y.; Goldfarb, D.; Jacobs, T.M.; Cloer, E.W.; Harrison, J.S.; Vaziri, C.;
Cook, J.G.; et al. Identification and Characterization of MCM3 as a Kelch-like ECH-associated Protein 1 (KEAP1) Substrate.
J. Biol. Chem. 2016, 291, 23719–23733. [CrossRef] [PubMed]

337. Cheng, K.-C.; Lin, R.-J.; Cheng, J.-Y.; Wang, S.-H.; Yu, J.-C.; Wu, J.-C.; Liang, Y.-J.; Hsu, H.-M.; Yu, J.; Yu, A.L. FAM129B,
an antioxidative protein, reduces chemosensitivity by competing with Nrf2 for Keap1 binding. EBioMedicine 2019, 45, 25–38.
[CrossRef] [PubMed]

338. Bellucci, A.; Fiorentini, C.; Zaltieri, M.; Missale, C.; Spano, P. The “in situ” proximity ligation assay to probe protein-protein
interactions in intact tissues. Methods Mol Biol. 2014, 1174, 397–405. [CrossRef] [PubMed]

339. Cloer, E.W.; Siesser, P.F.; Cousins, E.M.; Goldfarb, D.; Mowrey, D.D.; Harrison, J.S.; Weir, S.J.; Dokholyan, N.V.; Major, M.B.
p62-Dependent Phase Separation of Patient-Derived KEAP1 Mutations and NRF2. Mol. Cell. Biol. 2018, 38. [CrossRef]

340. Jamilloux, Y.; Lagrange, B.; Di Micco, A.; Bourdonnay, E.; Provost, A.; Tallant, R.; Henry, T.; Martinon, F. A proximity-dependent
biotinylation (BioID) approach flags the p62/sequestosome-1 protein as a caspase-1 substrate. J. Biol. Chem. 2018, 293, 12563–12575.
[CrossRef]

341. Zellner, S.; Schifferer, M.; Behrends, C. Systematically defining selective autophagy receptor-specific cargo using autophagosome
content profiling. Mol. Cell 2021, 81, 1337–1354.e8. [CrossRef]

342. Yang, L.; Calingasan, N.Y.; Thomas, B.; Chaturvedi, R.K.; Kiaei, M.; Wille, E.J.; Liby, K.T.; Williams, C.; Royce, D.;
Risingsong, R.; et al. Neuroprotective effects of the triterpenoid, CDDO methyl amide, a potent inducer of Nrf2-mediated
transcription. PLoS ONE 2009, 4, e5757. [CrossRef]

343. Molodykh, O.P.; Sorokina, I.V.; Vinogradova, E.V.; Kapustina, V.I.; Khodakov, A.A. Ultrastructure of the liver in response to
cyclophosphamide and triterpenoids. Bull. Exp. Biol. Med. 2020, 168, 400–405. [CrossRef]

344. Chiu, H.-F.; Fu, H.-Y.; Lu, Y.-Y.; Han, Y.-C.; Shen, Y.-C.; Venkatakrishnan, K.; Golovinskaia, O.; Wang, C.-K. Triterpenoids and
polysaccharide peptides-enriched Ganoderma lucidum: A randomized, double-blind placebo-controlled crossover study of its
antioxidation and hepatoprotective efficacy in healthy volunteers. Pharm. Biol. 2017, 55, 1041–1046. [CrossRef]

http://doi.org/10.1186/s13041-018-0373-8
http://www.ncbi.nlm.nih.gov/pubmed/29843805
http://doi.org/10.1016/j.mcn.2019.04.001
http://doi.org/10.1016/j.mcn.2020.103539
http://www.ncbi.nlm.nih.gov/pubmed/32835772
http://doi.org/10.1016/j.neuropharm.2020.107989
http://doi.org/10.14715/cmb/2016.62.14.2
http://www.ncbi.nlm.nih.gov/pubmed/28145852
http://doi.org/10.1016/j.ejmech.2020.112385
http://www.ncbi.nlm.nih.gov/pubmed/32402936
http://doi.org/10.4103/1673-5374.194706
http://www.ncbi.nlm.nih.gov/pubmed/28123399
http://doi.org/10.1111/febs.14379
http://doi.org/10.1128/MCB.25.3.1089-1099.2005
http://doi.org/10.1074/jbc.M109.096545
http://doi.org/10.1016/j.cellsig.2010.06.004
http://doi.org/10.1128/MCB.06271-11
http://doi.org/10.3389/fnagi.2021.673205
http://doi.org/10.1523/JNEUROSCI.1304-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26538645
http://doi.org/10.1074/jbc.M116.729418
http://www.ncbi.nlm.nih.gov/pubmed/27621311
http://doi.org/10.1016/j.ebiom.2019.06.022
http://www.ncbi.nlm.nih.gov/pubmed/31262713
http://doi.org/10.1007/978-1-4939-0944-5_27
http://www.ncbi.nlm.nih.gov/pubmed/24947397
http://doi.org/10.1128/MCB.00644-17
http://doi.org/10.1074/jbc.RA117.000435
http://doi.org/10.1016/j.molcel.2021.01.009
http://doi.org/10.1371/journal.pone.0005757
http://doi.org/10.1007/s10517-020-04718-8
http://doi.org/10.1080/13880209.2017.1288750


Antioxidants 2022, 11, 8 35 of 35

345. Kwon, Y.-J.; Son, D.-H.; Chung, T.-H.; Lee, Y.-J. A Review of the Pharmacological Efficacy and Safety of Licorice Root from
Corroborative Clinical Trial Findings. J. Med. Food 2020, 23, 12–20. [CrossRef]

346. Wu, F.; Li, X.; Jiang, B.; Yan, J.; Zhang, Z.; Qin, J.; Yu, W.; Gao, Z. Glycyrrhetinic acid functionalized nanoparticles for drug delivery
to liver cancer. J. Biomed. Nanotechnol. 2018, 14, 1837–1852. [CrossRef]

347. Kaidery, N.A.; Banerjee, R.; Yang, L.; Smirnova, N.A.; Hushpulian, D.M.; Liby, K.T.; Williams, C.R.; Yamamoto, M.; Kensler, T.W.;
Ratan, R.R.; et al. Targeting Nrf2-mediated gene transcription by extremely potent synthetic triterpenoids attenuate dopaminergic
neurotoxicity in the MPTP mouse model of Parkinson’s disease. Antioxid. Redox Signal. 2013, 18, 139–157. [CrossRef]

348. Stack, C.; Ho, D.; Wille, E.; Calingasan, N.Y.; Williams, C.; Liby, K.; Sporn, M.; Dumont, M.; Beal, M.F. Triterpenoids CDDO-ethyl
amide and CDDO-trifluoroethyl amide improve the behavioral phenotype and brain pathology in a transgenic mouse model of
Huntington’s disease. Free Radic. Biol. Med. 2010, 49, 147–158. [CrossRef] [PubMed]

349. Guo, Q.; Wang, B.; Wang, X.; Smith, W.W.; Zhu, Y.; Liu, Z. Activation of Nrf2 in Astrocytes Suppressed PD-Like Phenotypes via
Antioxidant and Autophagy Pathways in Rat and Drosophila Models. Cells 2021, 10, 1850. [CrossRef] [PubMed]

350. Liby, K.T.; Sporn, M.B. Synthetic oleanane triterpenoids: Multifunctional drugs with a broad range of applications for prevention
and treatment of chronic disease. Pharmacol. Rev. 2012, 64, 972–1003. [CrossRef] [PubMed]

351. Cuadrado, A.; Rojo, A.I.; Wells, G.; Hayes, J.D.; Cousin, S.P.; Rumsey, W.L.; Attucks, O.C.; Franklin, S.; Levonen, A.-L.; Kensler,
T.W.; et al. Therapeutic targeting of the NRF2 and KEAP1 partnership in chronic diseases. Nat. Rev. Drug Discov. 2019, 18,
295–317. [CrossRef]

352. Jayaram, S.; Krishnamurthy, P.T. Role of microgliosis, oxidative stress and associated neuroinflammation in the pathogenesis of
Parkinson’s disease: The therapeutic role of Nrf2 activators. Neurochem. Int. 2021, 145, 105014. [CrossRef]

353. Giguère, V. Transcriptional control of energy homeostasis by the estrogen-related receptors. Endocr Rev. 2008, 29, 677–696.
[CrossRef]

354. Deblois, G.; St-Pierre, J.; Giguère, V. PGC-1/ERR signaling axis in cancer. Oncogene 2013, 32, 3483–3490. [CrossRef]
355. Vernier, M.; Dufour, C.R.; McGuirk, S.; Scholtes, C.; Li, X.; Bourmeau, G.; Kuasne, H.; Park, M.; St-Pierre, J.; Audet-Walsh, E.; et al.

Estrogen-related receptors are targetable ROS sensors. Genes Dev. 2020, 34, 544–559. [CrossRef] [PubMed]

http://doi.org/10.1089/jmf.2019.4459
http://doi.org/10.1166/jbn.2018.2638
http://doi.org/10.1089/ars.2011.4491
http://doi.org/10.1016/j.freeradbiomed.2010.03.017
http://www.ncbi.nlm.nih.gov/pubmed/20338236
http://doi.org/10.3390/cells10081850
http://www.ncbi.nlm.nih.gov/pubmed/34440619
http://doi.org/10.1124/pr.111.004846
http://www.ncbi.nlm.nih.gov/pubmed/22966038
http://doi.org/10.1038/s41573-018-0008-x
http://doi.org/10.1016/j.neuint.2021.105014
http://doi.org/10.1210/er.2008-0017
http://doi.org/10.1038/onc.2012.529
http://doi.org/10.1101/gad.330746.119
http://www.ncbi.nlm.nih.gov/pubmed/32079653

	Introduction 
	Oxidative Stress in Health and Disease 
	Enzymes Involved in Neutralizing Reactive Oxygen Species 
	Cellular Effects of Reactive Oxygen Species Accumulation 
	The Transcriptional Regulation of Antioxidant Defense Enzymes 
	The Identification of the Antioxidant Response Element and Its Binding Factors 
	NRF Transcription Factors in The Brain 
	The Localization of the Transcriptional Regulators of NRF-Dependent Processes Using Mouse Brain Single-Cell Transcriptomics Data 


	Oxidative Stress and the Transcriptional Regulation of Antioxidant Defense Enzymes in Disease States 
	Parkinson’s Disease and Oxidative Stress 
	PD and NRF2 
	The Role of Non-Neuronal Cells in Responses to Oxidative Stress 

	Amyotrophic Lateral Sclerosis and Oxidative Stress 
	The Neuronal Cell Types Affected in ALS 
	Astrocyte Involvement in ALS 
	ALS and NRF2 
	KEAP1 Interactors in the Context of ALS/FTD 


	The Cell type-specificity of KEAP1-Centric Therapeutic Strategies 
	Cellular Enrichment of KEAP1 and Its Interactors 
	The Need for Target Engagement Studies in Models of Neurodegeneration 

	Conclusions 
	References

