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A B S T R A C T   

Oxidative stress and inflammation have long been recognized to contribute to Parkinson’s disease (PD), a 
common movement disorder characterized by the selective loss of midbrain dopaminergic neurons (mDAn) of 
the substantia nigra pars compacta (SNpc). The causes and mechanisms still remain elusive, but a complex 
interplay between several genes and a number of interconnected environmental factors, are chiefly involved in 
mDAn demise, as they intersect the key cellular functions affected in PD, such as the inflammatory response, 
mitochondrial, lysosomal, proteosomal and autophagic functions. Nuclear factor erythroid 2 -like 2 (NFE2L2/ 
Nrf2), the master regulator of cellular defense against oxidative stress and inflammation, and Wingless (Wnt)/ 
β-catenin signaling cascade, a vital pathway for mDAn neurogenesis and neuroprotection, emerge as critical 
intertwinned actors in mDAn physiopathology, as a decline of an Nrf2/Wnt/β-catenin prosurvival axis with age 
underlying PD mutations and a variety of noxious environmental exposures drive PD neurodegeneration. Un-
expectedly, astrocytes, the so-called “star-shaped” cells, harbouring an arsenal of “beneficial” and “harmful” 
molecules represent the turning point in the physiopathological and therapeutical scenario of PD. Fascinatingly, 
“astrocyte’s fil rouge” brings back to Nrf2/Wnt resilience, as boosting the Nrf2/Wnt resilience program rejuvenates 
astrocytes, in turn (i) mitigating nigrostriatal degeneration of aged mice, (ii) reactivating neural stem progenitor 
cell proliferation and neuron differentiation in the brain and (iii) promoting a beneficial immunomodulation via 
bidirectional communication with mDAns. Then, through resilience of Nrf2/Wnt/β-catenin anti-ageing, pro-
survival and proregenerative molecular programs, it seems possible to boost the inherent endogenous self-repair 
mechanisms. Here, the cellular and molecular aspects as well as the therapeutical options for rejuvenating glia- 
neuron dialogue will be discussed together with major glial-derived mechanisms and therapies that will be 
fundamental to the identification of novel diagnostic tools and treatments for neurodegenerative diseases (NDs), 
to fight ageing and nigrostriatal DAergic degeneration and promote functional recovery.   

1. Introduction 

Oxidative stress and inflammation have long been recognized to 
contribute to Parkinson’s disease (PD), the most prevalent age- 
dependent movement disorder and the second most common neurode-
generative disease (ND) [1–8]. A first characteristic hallmark of PD is the 
selective and progressive loss of midbrain dopaminergic neurons 
(mDAn) of the substantia nigra pars compacta (SNpc), and their termi-
nals in the striatum, responsible for the gradual impairment of motor 
function leading to the classical motor features of PD (i.e., bradykinesia, 
rest tremor, rigidity and postural instability) [7–9]. The second 

pathologic feature is the presence of cytoplasmic inclusions, called Lewy 
bodies (i.e. eosinophilic intracellular inclusions composed of 
amyloid-like fibers and α-synuclein), and distrophic neurites, called 
Lewy neurites, in the SN and other areas of the brain [9,10] (Fig. 1). 
Along with SNpc-mDAns, other neural populations of the central (CNS) 
and peripheral nervous systems (PNS) are affected in PD, including DAn 
of the enteric nervous system (ENS) [11,12]. Accordingly, a number of 
non-motor symptoms including, autonomic, sleep, cognitive, and 
mental health disorders, often precede and/or accompany PD onset and 
progression [13]. 

Unfortunately, by the time clinical manifestations appear, about 70% 
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of the dopaminergic (DAergic) fibers in the caudate-putamen (CPu) and 
almost 50% of the mDAns in SNpc are already lost. Although slow in 
most cases, progression of the disease is irreversible and current thera-
pies, such as L-3,4-dihydroxyphenylalanine (L-DOPA), are mainly 
directed towards replacing dopamine (DA) levels in the brain, and as 
such, provide only symptomatic relief [14–16]. These drugs do not 
modify the progressive neurodegenerative cell loss associated with PD 
that, in many cases, results in debilitating side-effects [14–16]. Thus, 
different lines of research are being pursued to develop novel thera-
peutic regimens for PD, including pharmacological, cellular and mo-
lecular therapies, aimed at protecting the dysfunctional mDAns and/or 
enhancing their intrinsic regenerative potential [14–16]. 

Yet, the causes and mechanisms of mDAn degeneration are not 
completely understood, but current evidence indicates that PD is a 
multifactorial disease, where a complex interplay between several genes 
and many environmental factors, especially ageing, oxidative stress and 
inflammation, contribute to mDAn demise [14–27]. 

Notably, PD is the fastest growing neurological disorder in the world, 

and as Dorsey and collaborators recently highlighted “demography and 
by-products of industrialization have now created a Parkinson pandemic …“, 
with the number of individuals affected expected to growth exponen-
tially from 6.9 million in 2015 to 14.2 million in 2040 [28]. Actually, 
with the emergence of the Coronavirus Disease-2019 (COVID-19) pan-
demia, continuing to spread around the world, these numbers are 
inevitably destined to increase, causing a most severe health care, social 
and economical burden. Especially, COVID-19 pandemia [29] intersect 
most critical environmental risk factors for PD and other NDs, namely, 
ageing, male gender and exacerbated inflammatory response (the 
so-called “cytokine storm”) [29,30], representing conditions recognized 
to drive and/or worsen Parkinson’s symptoms, as a result of an harmfull 
impact of peripheral inflammatory cytokines and their crosstalk with 
brain macrophage/microglia and astrocytes, the key conspirators to 
mDAn death (reviewed in next sections). 

Indeed, after the first compelling demonstration of the importance of 
glial reaction in PD by Mc Geer and coworkers [1], and during the last 
three decades, an increasing body of evidence, including work from our 

Fig. 1. Nigrostriatal dopaminergic pathway 
and neuropathological hallmarks of Parkin-
son’s disease (PD). A. In the left hand-side, a 
sagittal schematic view of nigrostriatal dopami-
nergic (DAergic) neurons originating (in red) in the 
subtantia nigra pars compacta (SNpc) of the 
mesesencephalon, and projecting to the corpus 
striatum (CPu), which includes the caudate and 
putamen nuclei. The major neuropathological 
hallmarks of PD are boxed on the right-hand side. 
B. Schematic drawing of coronal brain sections at 
the level of the striatum and SNpc showing the 
trajectory (in red) of the nigrostriatal DAergic 
pathway. C-D: Confocal laser scanning micro-
coscopic images of Cpu and SNpc in coronal brain 
sections stained with the dopamine marker tyro-
sine hydroxylase (TH, in green) in intact, saline- 
treated mice (C) and after exposure to the PD 
neurotoxin, MPTP (D). Note the severe loss of TH+

fibers in Cpu and of TH+ cell bodies in SNpc, 
occurring in MPTP-induced PD (D). Scale bars, 
panel C (Striatum: 25 μm; SNpc: 100 μm), panel D 
(Striatum: 25 μm; SNpc: 100 μm).   
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Fig. 2. The Nrf2-ARE and Wnt/β-catenin/GSK-3β intertwined signaling cascades. A. In normal conditions, Nrf2 is inactive (Nrf2-Off”) and resides in the 
cytoplasm bound to Keap1. In response to oxidative stress and inflammation, the modification of Keap1 cysteine residues leads to inhibition of Nrf2 ubiquitylation 
and stabilization of Nrf2, allowing Nrf2 to accumulate in the cytosol and then to translocate into the nucleus where it binds to a small Maf protein and activates 
transcription of genes containing antioxidant response elements (AREs) in their regulatory regions (Nrf2-On”) [76–78]. In addition to its interaction with Nrf2, Keap1 
also binds Cullin 3 (Cul3), which forms a core E3 ubiquitin ligase complex through an association with Ring-box1 protein (Rbx1, also called Roc1) [76–78]. Besides 
Keap1-mediated regulation, two other E3 ubiquitin ligases have been found to regulate the protein level of Nrf2. Nrf2 is controlled by two distinct β-TrCP recognition 
motifs in its Neh6 domain, one of which can be modulated by glycogen synthase kinase 3β (GSK-3β) activity phosphorylating a group of Ser residues in the Neh6 
domain of Nrf2 [81, 82, see text]. B. In Wnt/β-catenin pathway, Wnt signal activation is tightly controlled by a dynamic signaling complex, constituted by class 
Frizzled (Fzd) of the G-protein-coupled receptor (GPCRs) superfamily, the LDL receptor-related protein (LRP) 5/6 coreceptors and Dishevelled (Dvl) and Axin 
adapters [75]. In the absence of a Wnt ligand, (Wnt-off) the signaling cascade is inhibited. Cytoplasmic β-catenin is phosphorylated and degraded via proteasome 
mediated destruction, which is controlled by the “destruction complex”, consisting of GSK3β, casein kinase 1α (CK1α), the scaffold protein AXIN, and the tumor 
suppressor adenomatous polyposis coli (APC) [75]. As a result, the translocation into nucleus is inhibited. Interruption of Wnt/β-catenin signaling also occurs in the 
presence of the Dkk’ and secreted FZD-related proteins (sFRPs) families of Wnt-antagonists, or Wnt inhibitory protein, WIF. Conversely, Wnt ligand binding to Fzd 
receptors at the surface of target cells (Wnt-on) triggers a chain of events aimed at disrupting the degradation complex via Dvl phosphorylation [75]. Then β-catenin is 
separated from the destruction complex, resulting in its accumulation and stabilization in the cytoplasm. Subsequently, β-catenin is imported into the nucleus where 
it can interact with the TCF/LEF family of transcription factors and recruit transcriptional co-activators, p300 and/or CBP (CREB-binding protein), as well as other 
components to transcribe a panel of downstream target genes. Conditions that can direct to Nrf2/Wnt-On (Nrf2-activators, GSK-3-antagonists, Wnt1-agonists.) or to 
Nrf2/Wnt-/Off (PD gene mutations, ageing, inflammation, environmental toxins.) are indicated. Because GSK-3β crosstalk with both Nrf-ARE and canonical 
Wnt-signaling, inhibition of GSK-3β activity by molecular compounds and various enzymes represents a potential means to activate the anti-oxidant, anti-in-
flammatory, prosurvial, neuroprotective and neurogenic downstream Nrf2/Wnt gene cascades (for details, see the text). 
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laboratory, underscored the pivotal role of astrocytes and microglia in 
the parkinsonian brain, as critical sources of oxidative and inflammatory 
mediators, documented in epidemiological, post-mortem, and animal 
studies [31–46]. While the primum movens in the establishment of the 
neurodegenerative process is yet to be defined, oxidative stress exacer-
bation with the complicity of astrocyte and microglia activation in the 
presence of a PD-specific, genetic and environmental background, 
appear to trigger a complex series of events causing more reactive ox-
ygen (ROS) and reactive nitrogen species (RNS) generation, in turn 
amplifying the production of a panel pro-inflammatory cytokines and 
chemokines, forming a vicious cycle finally leading to the progressive 
mDAn degeneration, as summarized in next sections. Within the long list 
of conspirators, both the innate and adaptive immune systems, with the 
contribution of both cellular and humoral peripheral immune responses 
appear to play unsuspected roles, as revealed by a long series of clinical 
research and disease models [46–50]. 

Increasing evidence implicates a dysfunction of nuclear factor 
erythroid 2 -like 2 (NFE2L2/Nrf2), a member of the cap ‘n’ collar sub-
family of transcription factors, as an important contributor to neuro-
degeneration [51–53]. Nrf2 is the master regulator of cellular defense 
that controls the redox state and cell homeostasis coordinating the 
transcription of more than 200 cytoprotective genes. All these genes 
contain a common promoter enhancer called the antioxidant response 
element (ARE) and are transactivated by Nrf2. Nrf2-ARE axis can have 
an impact on numerous cell functions, ranging from cell differentiation 
and development to proliferation and inflammation, thus influencing 
neurodegenerative disease, cardiovascular disease, and cancer [51–53]. 
Importantly Nrf2 is central to mitochondrial function as it contributes to 
the overall mitochondrial homeostasis, impacting on mitochondrial 
membrane potential and respiration, oxidative phosphorylation and the 
synthesis of ATP, mitochondrial biogenesis and mitochondrial integrity 
[54–57] (Fig. 2A). Notably, Nrf2 and mithochondrial dysfunction are 
pivotal for PD, as mDAns are particularly vulnerable to oxidative stress 
[5,6,8,57,58]. 

In this context, and within the ventral midbrain (VM), Nrf2-ARE axis 
restricted to astrocytes is sufficient to protect against neurotoxin- 
induced mDAn toxicity [59], whereas Nrf2-deficiency and 
alpha-Synuclein (α-Syn) expression [60], cooperate to aggravate protein 
aggregation, neuronal death and inflammation in early-stage Parkin-
son’s disease. Research from our laboratory put forward the hypothesis 
of a close collaboration between the Nrf2-ARE axis, glial inflammatory 
pathways and wingless-type MMTV integration site1 (Wnt1)/β-catenin 
signaling network [61–67]. Notably, the Wnt/β-catenin pathway is a 
vital cascade promoting mDAn neurogenesis [68–70], mDAn survival 
and immunomodulation, via bidirectional glia-neuron crosstalk [61–66, 
71–74]. Especially, Nrf2 is implicated in the homeostatic regulation of 
neural stem progenitor cells (NSCs), both in health and physiopatho-
logical disease states, including ageing, inflammation and PD degener-
ation, via an intense crosstalk with the Wnt signaling pathway, recently 
reviewed by Marchetti and coworkers [73]. 

The hallmark of Wnt/β-catenin signaling after binding the Wnt’s re-
ceptors, Frizzleds (Fzds), is the cytoplasmic accumulation of β-catenin 
and its nuclear translocation, finally activating the transcription of Wnt 
target genes involved in DAergic neurogenesis and neuroprotection 
[71]. β-catenin is tightly regulated via phosphorylation by the 
‘destruction complex’, consisting of glycogen synthase kinase 3β 
(GSK-3β), casein kinase 1α (CK1α), the scaffold protein Axin-1, and the 
tumour suppressor adenomatous polyposis coli (APC) [74] (Fig. 2B). In 
the absence of a Wnt ligand, the signaling cascade is inhibited as a result 
of GSK-3β-dependent β-catenin phosphorylation and degradation via 
proteasome-mediated destruction, which is controlled by the destruc-
tion complex (Fig. 2B). As a result, translocation into the nucleus is 
inhibited. Fascinatingly, in PD, the two major homeostatic systems, i.e.; 
the Nrf2-anti-oxidant/immuno-protective axis, and the Wnt/β-catenin 
pro-survival and pro-neurogenic signaling cascade appear intertwined, thus 
providing a robust self-defense resilience program to fight ageing and 

nigrostriatal DAergic degeneration, as summarized in the next sections. 
Against this background, efforts are being pursued to “rejuvenate” 

neuron-glial dialogue during ageing, inflammation and basal ganglia 
injury which forms the focus of this work. After a summary of the 
principal actors in Nfr2/Wnt signaling dialogue, an overview of the 
impact of PD mutations intersecting critical glial and mDAn functions 
interacting with key environmental factors and impacting on oxidative 
stress, mitochondrial dysfunction, inflammation and Wnt signaling (i. 
e.,” the key interactors”), is presented. Next the dual harmful/beneficial 
role of astrocytes and microglia, their mediators and signaling mecha-
nisms will be discussed in light of Nrf2/Wnt crosstalk, together with the 
therapeutical potential to switch the harmful glial phenotype by phar-
macological and cellular therapies centered on glia as a means to pro-
mote neuroprotection and incite neurorestoration in the injured PD 
brain. Fascinatingly, “astrocyte’s fil rouge” brings back to Nrf2/Wnt 
resilience, as a potential way to boost anti-oxidant, anti-ageing, self- 
protective and pro-regenerative programs for NDs. 

2. The Nrf2-ARE/Wnt/β-catenin/GSK-3β intertwined signaling 
cascades: potential convergence check points for mDAn salvage 
in PD 

Owing to their critical role in the safeguard of tissue and cell ho-
meostasis against a panel of noxious stimuli, both Nrf2 and β-catenin 
transcriptional activity must be kept under a strict control within the cell 
cytoplasmic compartment, as a prolonged Nrf2 and/or Wnt signaling 
activation may lead to various detrimental effects. Accordingly, under 
basal conditions, both Nrf2 and β-catenin are subjected to ubiquitination 
and proteasomal degradation (Fig. 2A–B). 

Regarding Nrf2, as a member of the basic leucine zipper (bZIP) 
family of transcription factors, its transcription is negatively regulated 
through binding to Kelch-like erythroid cell-derived protein with CNC 
association protein 1 (Keap1), a ubiquitin E3 ligase complex, which 
mediates Nrf2 degradation by the proteasome [76–78] (Fig. 2A). In 
normal conditions, Nrf2 is inactive and resides in the cytoplasm bound 
to Keap1. In response to oxidative stress and inflammation, the modi-
fication of Keap1 cysteine residues leads to inhibition of Nrf2 ubiq-
uitylation and stabilization of Nrf2, allowing Nrf2 to accumulate in the 
cytosol and then to translocate into the nucleus where it binds to a small 
Maf protein and activates transcription of genes containing antioxidant 
response elements (AREs) in their regulatory regions [76–78] (https 
://www.ncbi.nlm.nih.gov/pmc/articles/PMC4628872/figure/F1/? 
report = objectionalFig. 2A). In addition to its interaction with Nrf2, 
Keap1 also binds Cullin 3 (Cul3), which forms a core E3 ubiquitin ligase 
complex through an association with Ring-box1 protein (Rbx1, also 
called Roc1) [76–78]. Besides Keap1-mediated regulation, two other E3 
ubiquitin ligases have been found to regulate the protein level of Nrf2. 

Notably, Rada and coworkers [79], firstly showed the ability of 
glycogen synthase kinase-3 (GSK3), a serine/threonine kinase, to 
phosphorylate a group of Ser residues in the Neh6 domain of mouse 
Nrf2, that overlap with an SCF/β-TrCP destruction motif (DSGIS, resi-
dues 334 to 338), then promoting its degradation in a 
Keap1-independent manner. Studies of Chowdhry and coworkers [80] 
further showed that Nrf2 is controlled by two distinct β-TrCP recognition 
motifs in its Neh6 domain, one of which can be modulated by GSK-3 
activity [81, 82, for review]. Another Keap1-independent component 
is Hrd1, an integral endoplasmic reticulum (ER) membrane E3 ligase, 
that negatively regulates Nrf2 [83]. Hrd1 is involved in endoplasmic 
reticulum (ER) stress degrading unfolded proteins that accumulates in 
the ER due to loss of function of Parkin, a causative factor in familial PD 
[83], and next section). Notably, mRNA and protein levels of Hrd1 are 
upregulated in response to ER stress, and Hrd1 ER stress-induced cell 
death [83–85]. Importantly, recent data implicate a close interactions 
between p62 (an autophagy adaptor protein) and Keap1, with dysre-
gulation of autophagy promoting a prolonged Nrf2 activation in a 
p62-dependent fashion [86,87]. Especially, this interaction allows p62 
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to sequester Keap1 into the autophagosomes, which impairs the ubiq-
uitylation of Nrf2, leading to activation of the Nrf2 signaling pathway 
[86,87]. 

Of specific mention, GSK3 is a multifunctional critical regulator of a 
panel of signaling pathways. GSK3 refers to two isoforms, GSK3α and 
GSK3β, that are primarily regulated by inhibitory phosphorylation on 
Ser21- GSK3α and Ser9GSK3β [88,89]. In Wnt canonical pathway, 
GSK-3β holds a pivotal position, where it phosphorylates β-catenin in 
concert with APC, Fzd, and axin, causing β-catenin degradation via the 
ubiquitin-proteasome pathway [71], leading to a “Wnt-Off “conditon 
(Fig. 2B). On the other hand, activation of canonical Wnt signaling, leads 
to GSK-3β down-regulation, and un-phosphorylated/activated β-catenin 
accumulates in the cytoplasm [75]. Subsequently, β-catenin is imported 
into the nucleus where it can interact with the TCF/LEF family of 
transcription factors and recruit transcriptional co-activators, p300 
and/or CREB-binding protein (CBP) [75], as well as other components to 
transcribe a panel of downstream Wnt-target genes involved in cell 
proliferation, differentiation and survival, thereby promoting a 
“Wnt-On” condition [71] (Fig. 2B). 

Converging evidence implicates GSK-3β as a key signaling molecule 
involved in the maintenance and function of adult mDA neurons 
[88–95]. Additionally, GSK-3β activation plays a central role in regu-
lating the neuroinflammatory and astroglial response to PD neuro-
degeneration [62–65,88–94]. Notably, GSK-3β plays a role in the 
phosphorylation of Tau (MAPT), triggering cytoskeleton destabilization, 
Tau aggregation and neuronal dysfunction/death [92–95]. Because 
over-expression of GSK-3β promotes astroglial activation, astrocyte and 
microglia migration and increased expression of proinflammatory me-
diators, all these processes may impair neuron-glial and glial-NSC in-
teractions leading to exacerbation of neuronal vulnerability/loss 
[93–95]. Therefore GSK-3β dysregulation in both neurons and glia 
represents a crucial vulnerability factor and a potential target for miti-
gating the progression of pathology of PD and other important NDs. For 
example, the studies of Duka and coworkers [90], using several PD 
experimental models, showed that α-Syn contributes to 
GSK3-β-catalyzed Tau phosphorylation and neuron death [90]; and 
Petit-Paitel et al. [91] studied the involvement of cytosolic and mito-
chondrial GSK3-β in mitochondrial neuronal dysfunction and cell death 
upon treatment with PD neurotoxins. Moreover, Creddle and associates 
[92] investigating both rodent and post-mortem human PD brains, 
clearly indicated GSK-3β dysregulation contributing to parkinson’s-like 
pathophysiology and associated a region-specific phosphorylation and 
accumulation of Tau and α-syn, as a result of GSK-3 overactivation, 
causing neuronal death [92]. 

Given that the enzyme GSK-3β inhibits both Nrf-ARE and canonical 
Wnt-signaling, the inhibition of GSK-3β activity by molecular com-
pounds and various enzymes represents a potential means to activate the 
anti-oxidant, anti-inflammatory, prosurvial and neurogenic downstream 
gene cascade (Fig. 2A–B). Accordingly, p-GSK-3β (tyr216) can phos-
phorylate Nrf2 to promote Nrf2 degradation by a kelch-like ECH-asso-
ciated protein 1 (Keap1)-independent pathway [95]. Conversely, Wnt1 
and Wnt1-like agonists such as Wnt-3a can stabilize Nrf2 by preventing 
its GSK-3-dependent phosphorylation and subsequent 
SCF/b-TrCP-dependent ubiquitination and proteasomal degradation 
[96]. 

In support of a critical functional role of a balanced GSK-3β activity 
in preclinical models of PD, its pharmacological inhibition, in vivo, by a 
chronic treatment with a specific GSK-3β antagonist, efficiently miti-
gated nigrostriatal dysfunctions, both at the SNpc and striatal levels, 
increased β-catanin gene expression and protein levels within the SNpc, 
and reverted the MPTP-induced motor dysfunction observed in ageing 
mice [61,62]. 

Then, GSK-3β appears as a pivotal kinase contributing to limit both 
Nrf2 and β-catenin transcriptional activity, whereas Wnt activation 
efficiently up-regulates the Nrf2-ARE and Wnt/β-catenin neuro-
protective axis. 

Additionally, GSK3β communicates with both the ERK/MAPK and 
the phosphatidylinositol 3-kinase/Akt (PI3K/AKT), also known as pro-
tein kinase B pathways, which have fundamental roles in mDAn death/ 
survival [61,62,97–100]. Notably, PI3K promotes the phosphorylation 
and activation of Akt. By making use of phosphorylating-dependent 
mechanisms, Akt can inhibit apoptosis induced by several stimuli in a 
multitude of cell types including mDAns [97–100]. Of importance, the 
PI3K/Akt pathway mediates the effect of various neurotrophic and 
pro-neurogenic growth factors [96]. Indeed, trophic factors improve 
neuronal survival largely through PI3K/Akt signaling pathway, and 
after p-AKT activation, it can inhibit GSK-3β activation. Hence, 
PI-3K/Akt-mediated GSK-3β inhibition is in turn associated with the 
activation of cell adaptive and survival pathways in different types of 
cells, by contrast, GSK-3β activation by phosphorylation of the tyrosine 
216 residue (p-Tyr216) located in the kinase domain, is implicated in 
oxidative stress induced neuronal cell death, including DAergic neuron 
death, and stem neuroprogenitor cell homeostasis (SNCs), being 
involved in NSC survival, proliferation and differentiation [73]. 

Hence, Wnt/β-catenin signaling activation by antagonizing active 
GSK-3β, can mediate neuroprotection and translate into improved 
neurological function during ageing, oxidant stress and inflammation 
and brain injury via Nrf2/PI3–K/Akt-Wnt/Fzd-1/β-catenin cooperation, 
and as part of a feedback loop regulating cellular homeostasis [61–67, 
71–74,92-99, and section 5). 

Last, but not least, epigenetic modifications are increasingly 
emerging as critical regulators of Nrf2-and Wnt-dependent signaling. 
The complex regulation of Nrf2-and Wnt/β-catenin signaling via 
epigenetic factors is out of the scope of this work, and these fields were 
recently reviewed [101,102] Actually, several epigenetic mechanisms 
including DNA methylation, covalent modification of histones in a 
promoter, or acetylation have been associated with Nrf2 epigenetic 
regulation [101]. Additionally, an increasing number of micro-RNA 
(miRNA) have been reported to both up-or-down regulate Nrf2 func-
tion [101 and Refs herein]. However, currently, it is not clearly estab-
lished if Nrf2 decreased activity in several models results from 
disruption of epigenetic regulation, albeit evidences have been provided 
showing that changes in the levels or activity of principal Nrf2 negative 
regulators including Keap1, GSK-3β, and Hrd1, may impact on Nrf2 
activity, thus contributing to the loss of Nrf2 function during ageing 
and/or inflammation [101]. 

Also, emerging evidence implicates several miRNAs in controlling 
Wnt/β-catenin signaling [102]. In a key finding, Anderegg and col-
leagues uncovered a regulatory circuit between LIM homeobox tran-
scription factor 1-beta (LMX1B) and miR-135a2 that modulates 
Wnt1/Wnt signaling which in turn determines the size of the midbrain 
DAergic progenitor pool [103]. On the basis of bioinformatics and 
luciferase assay data, the authors suggested that miR-135a2 modulates 
LMX1B and many genes in the Wnt signaling pathway, with both miR-
NAs and Wnt-signaling pathways forming a network that is likely to play 
a significant role in adult neurogenesis and adult neuronal mDAns 
maintenance [103]. 

Altogether, molecular mechanisms of Nrf2-and Wnt/β-catenin/GSK- 
3β signaling regulation highlight an intense crosstalk. Importantly in PD, 
the significance of this circuitry is suggested, by both in vivo and in vitro 
model systems indicating an Nrf2/PI3–K/Akt-Wnt/Fzd-1/β-catenin 
cooperation in the regulation of mDAn homeostasis, immunomodula-
tion, and neurogenesis, reviewed in next sections. 

Nonetheless, the complexity of the Nrf2/Wnt signaling cascades 
clearly anticipates that the final outcome of activation is context- 
dependent, with different and sometimes opposing genetic programs 
depending on tissue/cellular specificity, the availability of receptor/co- 
receptors and signaling partners, pathological conditions, and the age of 
the host. Intuitively, due to the vital action of these signaling pathway in 
development, systems maintenance, redox homeostatic balance and 
immune regulation, their dysregulation may culminate in a broad range 
of diseases, including neurodegeneration and cancer [104,105]. 
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3. Gene-environment interactions converge in the modulation 
of oxidative stress and inflammation: focus on Nrf2/Wnt/ 
β-catenin interconnected pathways in PD 

As recalled in the introduction, both genetic mutations and exposure 
to environmental risk factors are linked to Parkinson’s disease, with 
approximately 10% of PD cases that can be directly attributed to genetic 
factors, associated with mutations in genes including α-synuclein 
(SNCA), E3 ubiquitin-protein ligase parkin (PRKN), ubiquitin C-terminal 
hydrolase L1 (UCHL1), PTEN-induced putative kinase (PINK1), degly-
case gene DJ-1 (PARK7), leucine-rich-repeat kinase 2 (LRRK2), vacuolar 

protein sorting 35 homolog gene (VPS35), and β-glucocerebrosidase 1 
(GBA1), linked to autosomal dominant late-onset [26]. In contrast, the 
etiology of the vast majority (up to 90%) of so called “idiopathic” cases, 
is multifactorial, likely arising from a combination of polygenic inheri-
tance and environmental exposures (Fig. 3). Accumulating evidence 
indicates the expression of mutated genes, including SNCA, PRKN, 
PINK1, DJ-1, and LRRK2 in astrocytes and/or microglial cells and their 
implication in glial biology [22,106–112]. Importantly, the pathways 
regulated by these genes intersect the key cellular functions affected in 
Parkinson’s disease, namely, the inflammatory response, endoplassmic 
reticulum (ER) stress, mitochondrial, lysosomal, proteosomal, 

Fig. 3. NRf2/Wnt/β-catenin interconnected pathways and gene-environment interactions in Parkinson’s disease (PD). Scheme of the reciprocal gene- 
environment interactions impacting on nuclear factor erythroid 2 -like 2 (NFE2L2/Nrf2) and Wnt/β-catenin signaling cascades in PD. The expression of SNCA, 
PRKN, PINK1, DJ-1, and LRRK2 in astrocytes and microglial cells affect the inflammatory response, endoplassmic reticulum (ER) stress, mitochondrial, lysosomal, 
ubiquitin-proteasome system (UPS), autophagic and Wnt signaling functions. Genetic mutations powerfully interact with a panel of environmental factors, including 
ageing, neurotoxic exposures (i.e., rotenone, paraquat, MPTP, drugs of abuse), the hormonal background (the stress and reproductive hormones) and life style. 
Central to the dopaminotoxic cascades, is the dysfunction of Nf2/Wnt signaling axis, critically involved in providing anti-oxidant and anti-inflammatory self-defenses, 
and promoting the survival and protection of the vulnerable midbrain dopamine neurons (mDAns) via bidirectional astrocyte-neuron crosstalk. In light of the 
intrinsic vulnerability of mDAns as a result of DA oxidative metabolism associated to the specific microglial environment within the SNpc, a combination of genetic 
and environmental factors, leading to astrocyte and microglia overactivation, and consequent generation of a panel of cytotoxic mediators, further exacerbates 
inflammation and oxidative stress. PD mutations via their impact in astrocyte and microglia cells biology, their inter-relations with mitochondrial Nrf2 and Wnt/ 
β-catenin/GSK-β signaling predispose the brain to reach a critical threshold of inflammation and mitochondrial dysfunction, in turn acting as a driving force to 
exacerbate the progression of inflammation-mediated neurodegeneration of PD. 
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autophagic and Wnt signaling functions [106–122]. Supporting evi-
dence also come from genome-wide (GWA) and genome wide methyl-
ation data analysis, further suggesting that immune, mitochondrial and 
Wnt signaling pathways are associated not only with PD risk but also 
with PD progression [123–127] Strikingly, VPS35 gene located at 
16q13-q21 chromosomal position and the two pathways, the Wnt 
signaling pathway, and retromer-mediated DMT1 missorting are pro-
posed for the basis of VPS35 related PD [117,118]. 

Here, we summarize the glial-specific functional consequences of the 
genetic mutations linked to PD and highlight immune, mitochondrial 
and Wnt/β-catenin interconnected pathways (Fig. 3). 

3.1. Impact of genetic mutations on glial immune and mitochondrial 
functions via Nrf2/Wnt signaling cascades 

Both earlier and more recent studies reported the harmful/beneficial 
consequences of gain (GOF) or loss-of-function (LOF) mutations, as well 
as their interactions with the ageing process, oxidative stress and 
inflammation. Alpha synuclein (α-Syn) is a central player in the patho-
genesis of sporadic and familial PD [41,43,45–47]. The aggregation of 
α-Syn and oxidative stress are associated and enhance each other’s 
toxicity [54]. Hence, dysfunctional α-Syn coupled to a proinflammatory, 
called “M1” microglial phenotype, can potentiate each other and pro-
mote the progression of mDAn death [32–35, 41, 43, 45–47). Addi-
tionally, high levels of exogenous α-Syn can initiate a Toll like receptor 4 
(TLR4) signaling cascade in astrocytes [128–130]. Notably, impairment 
of the autophagy-lysosome pathway is implicated with the changes in 
α-synuclein and mitochondrial dysfunction observed in Parkinson’s 
disease (PD). Damaged mitochondria accumulate PINK1, which then 
recruits parkin, resulting in ubiquitination of mitochondrial proteins. 
Accordingly, recent evidence linking α-synuclein and mitochondrial 
dysfunction to inflammation and PD neurodegeneration [132], supports 
the notion of a critical dysfunction of the astroglial cell compartment, 
preceding and/or contributing to PD neurodegeneration, with the 
important contribution of a failure of the Nrf2, which is intimately 
linked to mitochondrial biogenesis and the autophagy-lysosome 
pathway [131, 132 and next sections). Also, the genetic evidence sug-
gests that α-Syn can synergistically interact with Wnt/β-catenin pathway 
components, such as GSK-3β, and together with microtubule-associated 
protein (MAPT) Tau, may drive neurodegeneration [90–92]. 

Reportedly, on the one hand, activation/overexpression of GSK-3β 
present in PD [92–94,121], has a role in the phosphorylation of Tau, 
triggering cytoskeleton destabilization, Tau aggregation and neuronal 
dysfunction or death. Given, that GSK-3 activation in astrocytes and 
microglial cells promotes the expression of a panel of harmful proin-
flammatory markers, this may establish a feedforward cycle of 
inflammation-dependent neuronal death (Fig. 3). 

Recently, in the study of Duffy and coworkers [45], the authors 
investigted the temporal relationship of neuroinflammation in a model 
of synucleinopathy following intrastriatal injection of pre-formed alpha- 
synuclein fibrils (α-Syn PFFS). Importantly, by systematically investi-
gating the temporal profile of Lewy body-like phosphorylated α-Syn 
inclusion load, reactive microglial morphology, MHC-II antigen pre-
sentation, and degeneration in the SN, it was shown that reactive 
microglia and increased microglial MHC-II expression in association 
with peak load of α-Syn PFFS in SNpc, months prior to degeneration, 
thereby supporting the concept that neuroinflammation may precede 
and then contribute to nigrostriatal degeneration [45]. Castro-Sanchez 
and coworkers [131] recently analyzed whether overexpression of 
wild-type α-Syn (α-SynWT) or mutated α-Syn (α-SYNA53T) contributed to 
the neuronal dopaminergic loss and inflammation process, and studied 
the role of the chemokine fractalkine (CX3CL1) and its receptor 
(CX3CR1). Using either in vivo murine models overexpressing human 
α-SynWT or α-SynA53T in wild type (Cx3cr1+/+) or deficient (Cx3cr1− /− ) 
mice for CX3CR1, coupled to unilateral intracerebral injection of 
adeno-associated viral vectors, the authors identified microglia CX3CR1 

as a critical factor in the modulation of microglial dynamics in response 
to α-SYNWT or α-SYNA53T, indicating that CX3CR1 plays an essential role 
in neuroinflammation induced by α-SYNA53T [131]. Of note, not only too 
much α-Syn, but also too little may dramatically impact on inflammation 
and nigral degeneration, as silencing α-Syn in mature mDAns can pro-
mote a rapid neuroinflammation and subsequent DAergic toxicity [132]. 

Regarding parkin, the earlier studies of Frank-Cannon et al. [133], 
showed that PRKN gene deficiency increases the vulnerability of mDAn 
to various risk factors including inflammation-dependent degeneration. 
In PRKN deficient mice, Solano and co. [134− 136] reported also an 
increased astrocyte vulnerability to death when challenged by various 
oxidative stress insults, including H2O2-induced stress, which resulted in 
abrogation of astrocyte’ability to exert neuroprotective functions. 
Additionally, in the presence of microglia, rotenone-induced dopamine 
cell loss of PRKN-KO midbrain neuronal cultures was sharply increased 
[134–136]. Conversely, over-expression of PRKN protected from exci-
totoxicity induced by the exitotoxin, kainic acid, thereby demonstrating 
a critical role for PRKN in the response of glial cells to noxious stimuli 
[134–136]. Supporting evidence on the role of PRKN in astroglial 
functionality come from recent studies [137], showing that parkin may 
regulate astrocyte ER stress and inflammation to control neuronal ho-
meostasis, via modulation of NOD2, nucleotide-oligomerization domain 
receptor 2 (NOD2), a cytosolic receptor integrating ER stress and 
inflammation [137]. Notably, PRKN can also regulate Wnt signaling 
[138]. Hence, in conditon of excessive Wnt signaling, PRKN protect 
mDAn against β-catenin-induced cell death [138]. 

PINK1 encodes a highly conserved, 581-amino acid, putative serine- 
threonine protein kinase that modulates mitochondrial network ho-
meostasis and quality control [139]. Both PRKN and PINK1 orchestrate a 
protective mitophagic response that ensures the safe disposal of 
damaged mitochondria. PINK1 phosphorylates ubiquitin (Ub) at the 
conserved residue S65, in addition to modifying the E3 ubiquitin ligase, 
PRKN [140]. Given the pivotal role of Nrf2 in mitochondrial function, 
PINK1 and Nrf2 signaling pathways are believed to cooperate to control 
mitochondrial homeostasis [141]. Glial PINK1 is critical for the 
long-term survival of mDAn, as primary astrocytes derived from 
PINK1–KO mice have increased pro-inflammatory cytokines and higher 
nitric oxide production upon stimulation of the innate immune response 
with lipopolysaccharide (LPS) plus interferon-γ [142]. Furthermore, 
reduced expression of the anti-inflammatory cytokine interleukin-10 
(IL-10) from primary microglia derived from PINK1–KO mice was 
detected as compared to WT [142]. This suggests that PINK1 deficiency 
alters oxidative stress and inflammatory gene expression in both astro-
cytes and microglia, either directly or indirectly via cytokine signaling 
from other cells. Other studies have shown that PINK1 deficiency im-
pairs both the formation of GFAP+- astrocytes during development and 
the proliferation of astrocytes upon stimulation with epidermal growth 
factor (EGF) or fetal bovine serum [143]. Recently, Barodia et al. [108] 
found that PINK1-dependent ubiquitin phosphorylation is predomi-
nantly in astrocytes as compared to neuronal and other non-neuronal 
cell types, supporting the contribution astrocyte dysfunction to PD 
pathogenesis. 

Owing to the relation of mitochondrial function to Wnt signaling [74, 
144–148], Pink-1 is also linked to Wnt, as Wnt2 overexpression protects 
against PINK1 mutant-induced mitochondrial dysfunction and oxidative 
stress [149]. Hence, in PINK-1B9 transgenic flies, which is a PD model, 
Xia and co [149] recently reported that overexpression of Wnt2 reduced 
the abnormality rate of PD transgenic Drosophila and improved their 
flight ability, while other intervention groups had no significant effect. 
Wnt2 normalized mitochondrial morphology, and increased the mRNA 
expression levels of NADH-ubiquinone oxidoreductase chain 1 (ND1), 
ND42, ND75, succinate dehydrogenase complex subunits B, Cytochrome 
b and Cyclooxygenase 1, which are associated with Wnt2 overexpression 
[149]. Moreover, overexpression of Wnt2 in PD transgenic Drosophila 
resulted in the downregulation of ROS and malondialdehyde produc-
tion, increased manganese superoxide dismutase (MnSOD), as well as 
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the expression levels of PPARG coactivator 1α (PGC-1α) and forkhead 
box sub-group O (FOXO), suggesting that Wnt2 overexpression may be 
related to the PGC-1α/FOXO/MnSOD signaling pathway in PINK1 
mutant transgenic Drosophila [149]. 

Interestingly, TOMM40, a mitochondrial translocase that resides 
between the putative transmembrane domain and the mitochondrial 
targeting sequence, is required for PINK1-induced localization in the 
mitochondria, and its phosphorylation of critical serines in ubiquitin 
results in PRKN recruitment, which then leads to mitophagy [150]. 
Therefore, dysfunction of PINK1 causes defects in its localization as well 
as impaired mitophagy. DJ-1 has a recognized role for the maintenance 
of astrocytic mitochondrial functions and the regulation of oxidative 
stress and inflammatory pathways [110, 111, 151,152]. Hence, DJ-1 
deficiency impairs astrocyte ability to protect DAergic neurons against 
rotenone [153] and 6-OHDA [154], and selectively enhances mito-
chondrial Complex I inhibitor-induced neurotoxicity [155]. Opposedly, 
astrocytic over-expression of DJ-1, in vitro, prevented oxidative stress 
and mitochondrial dysfunction in primary neurons [156]. Further 
studies of De Miranda and co [157] showed that astrocyte-specific DJ-1 
overexpression, protected against rotenone-induced neurotoxicity in a 
rat model of Parkinson’s disease, thus providing the first direct evidence 
of a cell non-autonomous protective function of astrocyte DJ-1 in vivo 
[157]. 

Another important connection is the one between LRRK2-G2019S 
(LRRK2-GS), a pathogenic mutation in the PD-associated gene LRRK2, 
biochemically linked to the intertwined pathways regulating inflam-
mation, mitochondrial function, and autophagy/lysosomal function 
[158–160]. Here LRRK2-GS and the activation of M1 proinflammatory 
phenotype [109], act in synergy to amplify dopaminergic neurotoxicity. 
By contrast, when LRRK2 is inhibited, this in turn reduces the produc-
tion of microglial harmful mediators and reverses dopaminergic 
neurotoxicity [161,162]. 

Notably, a reciprocal LRRK2-Wnt signaling dialogue do occurs, as (i) 
LRRK2 interacts with proteins of Wnt signalosome [115]; (ii) LRRK2 is 
recruited to membranes following Wnt stimulation, where (iii) it binds 
to the Wnt co-receptor LRP6 in cellular models [115]. Of specific in-
terest, pathogenic LRRK2 mutations disrupted Wnt signaling, impli-
cating binding to LRP6-mediated Wnt signaling caused by reduced 
binding to LRP6 as a potential factor underlying neurodegeneration 
observed in PD [116]. On the other hand, the protective LRRK2 R1398H 
variant enhanced GTPase and Wnt signaling activity [119], underlying 
the complexity of LRRK2/Wnt signaling cross-talk in PD [113]. Likewise, 
pivotal PD mutations were demonstrated to negatively affect 
Wnt/β-catenin signaling and to inhibit human induced pluripotent stem 
cells (iPSCs)’ ability to differentiate into DAergic neurons [120], 
whereas pharmacological Wnt activation restored their dopaminergic 
developmental potential [120], thus supporting a robust link between 
PD mutations and downregulated Wnt/β-catenin signaling. 

The ER, a subcellular site of protein folding and maturation, and the 
main intracellular Ca2+ store of the cell, is another critical link between 
the dysfunction astrocyte-neuron interactions and increased neuronal 
vulnerability. Hence, recent studies of Lee et al. [163], indicated that in 
astrocytes, LRRK2-GS impairs ER Ca2+ homeostasis, which determines 
cell survival, and, as a result, could contribute to the development of the 
disease [163]. Also perturbations of lysosome function can result in 
dysfunctional astroglial biology, as expression of LRRK2-G2019S in as-
trocytes produced enlarged lysosomes and diminished the lysosomal 
capacity of these cells, whereas selective LRRK2 kinase inhibitor can 
correct defects in lysosome function associated with LRRK2 mutations, 
highlighting the therapeutic potential of LRRK2 kinase inhibitors in the 
treatment of PD [163]. 

Together, PD mutations via their impact in astrocyte and microglia 
cells biology, their inter-relations with mitochondrial/Nrf2 and Wnt/ 
β-catenin/GSK-β signaling may well predispose the brain to reach a 
critical threshold of inflammation and mitochondrial dysfunction, in 
turn acting as a driving force to exacerbate the progression of 

inflammation-mediated neurodegeneration (Fig. 3). 

3.1.1. Environmental risk factors cooperate to exacerbate glial dysfunction 
in PD: an Nrf2/Wnt “liaison” in PD? 

3.1.1.1. Ageing and the Nrf2/Wnt-immune link in PD. Ageing, interact-
ing with a myriad of environmental noxious factors, represents a most 
crucial event, linking increased inflammation and oxidative stress to 
mitochondrial deficits and dysregulation of lysosomal, proteosomal and 
autophagic functions, robustely contributing to the chronic mDAn 
deterioration in the PD brain [164–170]. Notably, ageing is character-
ized by a loss of homeostatic mechanisms, as underscored by Viña and 
co-workers, when a disbalance in these mechanisms leads to the 
development of “frailty”, i.e., an increased vulnerability to a panel of 
noxious events [171, 172 and Refs herein). Importantly, “the free radical 
theory of frailty (revised by the authors) “proposes that oxidative 
damage is associated with frailty, but not with chronological age itself 
[172–174]. Notably, “frailty”, considered one of the major geriatric 
syndromes, robustely impact on anti-oxidant self-defense and inflam-
matory homeostasis [175]. Here we focus on a Nrf2/Wnt signaling 
failure and its link to inflammation, with consequences for neuron–glia 
crosstalk, mDA neuron plasticity and repair. 

In fact, with advancing age, the nigrostriatal DAergic system pro-
gressively declines and the “adaptive” or compensatory capacity of 
mDAns gradually fails, thus rendering mDAn more “frail” or vulnerable/ 
susceptible to both endogenous and exogenous noxious stimuli, likely 
contributing to the slow nigrostriatal degeneration of PD, with the late 
appearance of clinical signs [176–189]. An increasing body of earlier 
and more recent evidence suggests a prominent role of astrocytes and 
microglia as main players in mediating the harmful effects of ageing 
interacting with a specific genetic background and different environ-
mental factors. 

Notably, oxidative stress and low-grade inflammation are the hall-
marks of ageing, and both processes are even further up-regulated upon 
injury, neurotoxin exposure, male gender and PD genetic mutations. 
With age, microglial cells become “primed”, i.e. capable to produce 
exacerbated levels of a set of pro-inflammatory mediators when chal-
lenged with immune or neurotoxic stimuli [169,181–189]. This micro-
glial cell shift to the harmful, M1 phenotype promotes the release of an 
array of factors that are detrimental for the vulnerable mDAns. Nuclear 
factor kappa-light-chain-enhancer of activated B cells (NF-ĸB, a protein 
complex that controls cytokine production and cell survival), is a key 
actor and the first signal for inflammasome induction [189], together 
with major pro-inflammatory cytokines, such as tumor necrosis factor α 
(TNF-α), interleukin 1β (IL-1β) and IL-6 [169]. This inflammatory 
microenvironment associates with enhanced generation ROS and RNS, 
that in turn amplifies microglial activation, which results in increased 
mDAn vulnerability, and/or neuronal death [93,187,188]. 

The Wnt/β-catenin signaling pathway is of utmost importance owing 
to its ability to promote tissue repair and regeneration of stem cell ac-
tivity in diverse organs, and in light of its crucial role in age-related 
pathogenesis and therapy of disease [71,74, 188–192], as the harmful 
proinflammatory milieu critically intersects the age-dependent decline 
of Wnts and their inefficient signaling mechanisms in a wide number of 
tissues and cells [65,72,73], resulting in a further “frailty” factor, thus 
increasing the vulnerasbility to a panel of noxious challenges, finally 
leading to a failure to orchestrate a self-protective and reparative pro-
gram. Hence, with the ageing process, endogenous astrocyte-derived 
Wnts decline in the hippocampus [188–191], striatum and mesen-
cephalon (64–66), whereas the expression of endogenous antagonists of 
Wnt/β-catenin signaling, including Dickkopf1 (Dkk1) and GSK-3β, is 
up-regulated thereby contributing to the reduced neuronal survival and 
neurorepair capacity, and to the marked impairment of neurogenesis, 
linking the decline of Wnts to the failure of midbrain dopaminergic 
neurons to compensate or to adapt to injury [73,74]. 

B. Marchetti                                                                                                                                                                                                                                      



Redox Biology 36 (2020) 101664

9

As reviewed in this work, two critical risk factors, ageing and MPTP 
exposure, promoted a long-lasting decrease of Wnt/β-catenin signaling 
components accompanied by upregulation of active GSK-3β, likely 
contributing to a chronic proinflammatory status, underlying increased 
DAergic neuron vulnerability. 

Furthermore, age-dependent environmental stressors appear to lead 
to epigenetic DNA modifications, which cause aberrant gene expression. 
Specifically, loss of DNA methylation in the promoter of Keap1 gene 
decreases Nrf2-dependent antioxidant protection and results in a redox 
imbalance altered towards oxidation [101]. 

3.1.2. Failure of anti-oxidant self-defenses is directed by Nrf2/Wnt defeat 
in PD 

In fact, in addition to the decline of Wnt/β-catenin pathway, a major 
self-adaptive system, the Nrf2-ARE-axis decline with age and neuro-
degeneration. In fact, the response of antioxidants to oxidative stress is a 
primary defense mechanism to combat noxious effects of oxidative in-
sults and Nrf2 is the master regulator of the oxidative stress response due 
to its ability to induce the transcription of antioxidant, anti- 
inflammatory and phase 2 proteins, such as heme oxygenase (HO1), 
NAD(P)H quinone oxidoreductase (NQO1), superoxide dismutases 
(SOD1, SOD2), glutathione S-transferase (GST), glutathione peroxidase 
(GPx), glutathione reductase (GR) and catalase (CAT), which together 
are capable to regulate the cellular redox state by decreasing ROS levels 
[59,60,193–195]. Notably, oxidative stress can up-regulate the 
rate-limiting enzyme in GSH production (i.e. glutamate cysteine ligase) 
and also increases the expression and membrane targeting of 
multidrug-resistance associated protein-1 (MRP1) export pump, thus 
facilitating the efflux of GSH from astrocytes, which promotes a robust 
protective response to the changing redox milieu [195]. Importantly, the 
accelerated ageing phenotype in Sod1− /− mice is correlated to 
increased cellular senescence associated with high levels of circulating 
proinflammatory cytokines, IL-1β and IL-6, as compared to Wt mice, 
suggesting that the accelerated ageing phenotype shown by the 
Sod1− /− mice could result from increased inflammation arising from an 
accelerated accumulation of senescent cells, thereby supporting 
increased inflammation and increased pathology as key features of 
ageing [196]. Of significance, Sod1− /− mice are more frail than con-
trols, whereas protection against oxidative damage by overexpression of 
antioxidant enzymes, delays the onset of frailty, resulting in beneficial 
outcomes [172]. 

Reportedly, in PD patients, the genetic associations show that a 
functional haplotype in the human NFE2L2 gene promoter, which con-
fers a certain increase in transcriptional activity, is associated with 
decreased risk and delayed onset of PD [197]. Significantly, the Nrf2 
signature in PD patient brain, represented by expression of NQO1, and 
HO-1 is up-regulated, suggesting a likely effort to activate the self- 
defense Nrf2-ARE axis to combat oxidative stress exacerbation [198 
and section 6]. 

Within this scenario, a key feature of astrocyte neuroprotective 
properties, is the activation of the Nrf2-ARE anti-oxidant self-defense 
program, but this response is sharply impaired with age. Indeed, DA 
oxidative metabolism represents a vulnerability factor for PD patho-
genesis [8], whereby astrocytes play a critical antioxidant self-protective 
role. In fact, while oxidative stress can up-regulate the expression of 
astrocytic NF-E2-related factor 2 (Nrf2), which translocates to the nu-
cleus and binds to anti-oxidant responsive elements, ARE, this response 
declines with age. Together, these functions are critical for mDAn, which 
are known to be particularly vulnerable to oxidative damage [8, 
199–201]. Then, in addition to the Wnt/β-catenin signaling failure, also 
the Nrf2-antioxidant axis fails, leading to accumulation of ROS/RNS, 
and oxidative stress, which is either causally linked or associated with 
numerous health problems including diabetes, cardiovascular disease, 
neurodegenerative conditions (Alzheimer’s, Parkinson’s, and Hunting-
ton), thus targeting Nrf2 has been suggested as a promising ther-
apeutical avenue in neurodegeneration [51–53]. As recalled in section 2, 

Nrf2-deficiency is implicated in regulating proteasome activity via 
Nrf2-induced regulation of autophagosome cargo protein p62 [86,87], 
the defeat of the Nrf2/ARE axis also importantly contributes to the 
overall dysregulation of proteosomal and autophagy functions observed 
in PD [197]. 

Of note, ageing-induced decline of astrocytic Nrf2-ARE axis promotes 
an up-regulated expression of major microglial proinflammatory cyto-
kines, such as TNF-α, IL1β, IL-6 and Nos2 both at striatal [64] and SNpc 
[61,72,74], levels, in face of a down-regulation of the anti-inflammatory 
IL-4 and IL-10, thus exacerbating oxidative stress and inflammation with 
harmful consequences for DAergic neuronal survival (reviewed in next 
sections). 

3.1.3. Environmental exposures, life style and the Nrf2/Wnt-immune link 
in PD 

Following the first and most highly compelling evidence revealing a 
profound parkinsonian syndrome after intravenous use of street prepa-
rations of meperidine analogues contaminated with MPTP, recently 
reviewed by Langston [24], an increasing number of environmental 
neurotoxins has been shown to affect astrocyte and microglial functions, 
exacerbating oxidative stress and the production of proinflammatory 
mediators, via down-regulation of Nrf2/Wnt signaling axis, thus 
contributing to DAergic degeneration [17–24,40,196,199–203]. 
Furthermore, life style, especially physical activity, but also dietary 
factors, alcohol or drug of abuse consumption, in both pre-natal or 
post-natal life, are recognized to influence idiopathic PD, as an harmful 
“exposome” markedly impacts in Nrf2/Wnt signaling network (Fig. 2). 

Various toxicants such as herbicides and pesticides, related to rural 
living/occupation in agriculture, implicated as risk factors in PD, as well 
as certain drugs can affect glial cell function and many of these com-
pounds recapitulate PD pathology in animal models [204–206]. 
Remarkably, environmental PD toxins and pesticides downregulate the 
Nrf2/Wnt/β-catenin signaling cascade in rodent, non human primate and 
human PD, corroborating dysfunctional Wnt/β-catenin signaling in PD 
physiopathology [71]. 

Recently, the herbicide paraquat (PQ) was found to induce astrocytic 
senescence and pro-inflammatory senescence-associated secretory 
phenotype (SASP), capable of damaging neighboring cells [207]. By 
contrast, senescent cell depletion can protect against PQ-induced 
neuropathology [207]. These data suggest that exposure to certain 
environmental toxins promotes accumulation of senescent cells in the 
ageing brain, which can contribute to dopaminergic neurodegeneration 
[207]. 

Also the hormonal background plays an additional modulatory role 
in PD physiopathology. Hence, early-life stress is a risk factor for later 
life development of PD. Due to the physiological vital role of the 
hypothalamic-hypophyseal-adrenocortical axis (HPA) and glucocorti-
coids (GCs) in restraining inflammation and oxidative stress, glucocor-
ticoid receptor (GR) deficient astrocytes and GR-deficient microglia of 
transgenic mice bearing from early embryonic life a GR-antisense RNA 
[208], fail to protect mDAn when exposed to an immunologic or 
neurotoxic challenge, due to the blockade of the GR-mediated down--
modulation of oxidative stress and inflammation, resulting in exacer-
bated ROS and RNS [209]. Here the altered crosstalk between GR and 
oxidative and inflammatory signaling pathways (i.e. GR-bound GCs-i-
NOS/NO crosstalk) promotes increased mDAn vulnerability and mDAn 
death [209–211]. One of the strongest identified risk factors for devel-
opment of PD is male gender. The prevalence of PD in males is higher in 
most populations studied, and data on disease incidence suggest that 
men have at least a two-fold greater risk of PD at all ages [see 212–214 
and Refs herein]. Interestingly, looking at gene expression profiling in 
SN of female and male post mortem PD brain, Cantuti-Castelvetri [212] 
documented that genes upregulated in females relative to males are 
mainly involved in signal transduction and neuronal maturation, protein 
kinase activity, and Wnt signaling pathway [212]. Importantly, sex 
steroids, particularly estrogens, are important in protecting midbrain 
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astrocytes and dopaminergic neurons against oxidative and inflamma-
tory insult, whereas their abrogation in estrogen-deprived mice, exac-
erbates the vulnerability of dopaminergic neurons, via a dysfunctional 
astrocyte-microglia-neuron crosstalk [213–215]. Of note, gender dif-
ferences are also present in the sensitivity to most environmental PD 
neurotoxin including rotenone and MPTP. Hence, females displayed 
significant loss of DAergic neurons in the substantia nigra and less 
inflammation when exposed to MPTP [213–216] or rotenone [217]. 
Also at higher doses of the neurotoxin, females did show less inflam-
mation, and less accumulation of α-synuclein and transferrin, possibly as 
a result of preserved autophagy [217]. 

Thus, genetic factors interacting with early life events such as 
exposure to hormones, endotoxins or neurotoxicants, modifying astro-
glial functions, may finally influence disease predisposition and/or 
severity [17,218–220]. As a consequence, an altered dialogue between 
the neuroendocrine and the immune systems via the HPA and repro-
ductive axes, during development, may irreversibly shape glial cells and 
«program » long-term effects in the mechanisms regulating immune 
responsiveness to inflammation and oxidative stress [17]. In this 
connection, and most interestingly, circadian rhythms and clock genes 
significantly impact on oxidative stress, thus playing roles on critical 
homeostaic mechanisms, regulating lifespan, neurodegeneration, and 
cancer, possibly via major adaptive pathways, including the Nrf2-ARE 
and Wnt/β-catenin pathway, to foster cell survival during injury or 
block tumor cell growth [100]. 

Last, but not least, life style, especially physical activity, but also 
dietary factors, alcohol or drug consumption, besides others, are well 
known to influence idiopathic PD and also impact in Nrf2/Wnt signaling. 
Regarding physical activity, the hypothesis that exercising promotes 
health and longevity is well recognized by earlier and more recent 
studies as reviewed by Vina and coworkers [171–174]. Hence, the ef-
fects of exercise in health, have been reported for several physiopatho-
logical conditions including ageing, osteoporosis, diabetes, depression, 
atherosclerosis and PD [173–175,221–228]. Given its role in reducing 
ageing-associated “frailty”, exercise has been proposed to be considered 
as an important supplement to other treatments for improving healthy 
ageing [173,174], having also beneficial effects in modifying the 
harmful neuroimmune responses [175]. Currently, exercise is increas-
ingly being considered to be a complementary strategy to PD medica-
tions [see 224]. Notably, physical activity appears particularly 
important to combat mitochondrial alterations and oxidative stress 
contributing to PD progression, and also to reduce the risk of PD, having 
positive impacts on both motor and nonmotor symptoms of PD [229, 
230]. Importantly, emerging data increasingly link Nrf2-mediated redox 
adaptations to beneficial effects of exercise, with this response being 
significantly impaired with age [223,231,232]. Especially, physical ac-
tivity during/following exercise affect the Wnt signaling path of the 
locomotor system [233]. 

Notably, exercise activates Nrf2 antioxidant system to protect the 
nigrostriatal DAergic neurons from MPP+ toxicity [225]. Hence, while 
the neurotoxin MPP + induced early decreases in total glutathione level 
and Nrf2/γGCLC (catalytic subunit of γGCL) expression, treadmill ex-
ercise for 4 weeks induced upregulation of Nrf2 and γGCLC expression, 
and also prevented the MPP+-induced nigrostriatal DAergic degenera-
tion. Accordingly, the protective effect of exercise was blocked by the 
knockdown of Nrf2 using a lentivirus-carried shNrf2 delivery system, 
supporting an essential role of Nrf2 in the exercise-mediated DAergic 
protection against the MPP+-induced toxicity [225]. Using the 
6-hydroxydopamine (6-OHDA) rat model of PD, Chuang and co [225] 
evaluated the effect of treadmill training and observed improved per-
formance of gait parameters and also reduced 
methamphetamine-induced rotation. Importantly, this training 
improved DAergic neuron viability associated to the recovery of mito-
chondrial function, mitigating oxidative stress in PD rats. The mecha-
nism has been suggested to be associated with the facilitation of 
mitochondrial turnover, including facilitation of mitochondrial fusion, 

fission, and clearance accompanying increased quantities of mitochon-
dria [225,226]. Finally, exercise, enriched environment and dietary 
factors, modulate brain maintenance and plasticity including neuro-
genesis, synaptogenesis, enhanced metabolism and angiogenesis, at 
least in part via a beneficial modulation of oxidative stress, inflamma-
tion and Wnt signaling with consequent effect on neuronal survival, 
behavioral and cognitive functions [65,73,223,226–236]. 

Therefore, an ever-growing panel of harmful and beneficial envi-
ronmental factors can modulate the response of the nigrostriatal DAer-
gic system to basal ganglia injury, via a major impact on the Nrf2- 
mediated response to oxidative stress, and Wnt/inflammatory cascades. 

All together, gene-environment interactions may drive a vicious 
cycle of oxidative stress and inflammation. Notably, such feedforward 
cycle of chronic glia activation and persistent damage of dopaminergic 
neurons are likely to play a decisive role for the severity of nigrostriatal 
DAergic lesion and the overall detrimental effects upon SNpc neurons, 
including their capacity for neurorescue/neurorepair. Within this frame, 
astrocytes can either cooperate with microglia to exacerbate M1 
phenotype and the consequent neurotoxicity, or in the contrary, they 
can downregulate microglia activation, to support the imperilled/ 
dysfunctional DAergic neurons and activate intrinsic cues for neuropair/ 
neurorestoration. Yet, the factors determining whether astrocytes will 
assume a beneficial or harmful phenotype are actively investigated, as 
reviewed in next sections. The good news is the plasticity of this inter-
system crosstalk and the possibility to revert/rejuvenate the dysfunc-
tional neuron-glia communication network to promote neuron survival 
and functional rescue in PD-based models (reviewed in next sections). 

4. Glia-neuron crosstalk links neuroinflammation to 
dopaminergic neuroprotection/repair in PD: old and novel 
actors 

4.1. The glial world of harmful and beneficial mediators 

Astroglial cells have been increasingly recognized as important 
regulators of brain function and disease via bidirectional interactions 
with neurons [237–244]. Notably, neurons and glial cells communi-
cating with each other by an array of molecules (e.g., neurotransmitters, 
neuromodulators, neuropeptides, neuroimmune regulatory molecules) 
can enhance or inhibit neuronal vulnerabilty against various noxious 
stimuli, which poses the “To be or not to be inflammed” dilemma [17]. 
Astrocytes and microglia can protect neurons by scavenging radicals and 
glutamate, by harboring receptors for endogenous antiinflammatory 
molecules, by providing energy support, trophic factors, and ‘protective’ 
cytokines, by stimulating neurorepair also by activating neurogenesis by 
expressing neurogenic factor. Especially, “resting” microglia thanks to 
their ramified protrusions continuously scan the neuronal microenvi-
ronment representing the most dynamic surveillants of brain paren-
chyma in vivo [245–248]. 

As summarized in previous sections, according to the physiopatho-
logical condition, the genetic background, together with a panel of 
environmental factors, astrocytes and microglia loose their neuro-
protective functions and turn into an “harmful” proinflammatory 
phenotype to PD injury. Accordingly, a wide number of preclinical re-
searches demonstrates that anti-inflammatory treatment may be effec-
tive to ease PD symptoms [17,39,169,183–187,249,250]. 

However, whether neuroinflammation and oxidative stress can be 
considered as contributors to, or the consequence of neurodegeneration, 
still remains to be defined. Notably, astrocytes and microglial cells are 
pivotal in modulating the stem cell niche that promote neurogenesis, 
including the survival and identity of neural stem/progenitor cell (NSC)- 
derived mDAn, thereby regulating adult NSC plasticity in neurogenic 
niches in the PD brain, but these functions are sharply downregulated 
with the ageing process and PD degeneration with harmful conse-
quences for mDAn rescue/repair [73]. Recent investigations have pro-
vided substantial evidence that a proinflammatory microglial cytokine 
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cocktail containing TNF-α, IL-1α and C1qa reprograms a subset of as-
trocytes to change their expression profile and phenotype, thus 
becoming neurotoxic (designated as A1-astrocytes). Knockout or anti-
body blockage of the three cytokines abolish formation of A1-astrocytes, 
therefore, this pathway is of high therapeutic interest in neurodegen-
erative diseases [251]. 

Hence, accumulating evidence clearly indicates the ability of astro-
cytes and microglial cells to exert critical neuroprotective and neuro-
reparative functions. Then, astrocytes harbor a powerful arsenal of 
neurotrophic and neuroprotective antioxidative molecules and neuro-
trophic factors, and express receptors for neurotransmitters, cytokines, 
chemokines, and hormones in cooperation with those produced by 
microglia [252–257]. 

Activated astrocytes can support neuron survival and recovery of 
their synaptic input following moderate neuronal damage [256,257]. 
Astrocyte inflammatory signaling through STAT3 plays a crucial role in 
these repair mechanisms, and is a hallmark of the protective astrocyte 
phenotye [255–258]. Especially, the relationship between reactive as-
trocytes and microglia is bidirectional, with astrocyte activating 
microglia acting onto the astrocytes to modulate the extent of the in-
flammatory response, and microglia, in turn, activating both neuro-
protective or detrimental pathways for the neighboring neurons, 
according to the glial genotype and a plethora of environmental factors. 
Notably, a prolonged dysfunction of astrocytes and microglia activation 
have been shown to accelerate the degeneration of SNpc dopaminergic 
neurons, blocking the compensatory mechanisms of neuronal repair 
during early dysfunction induced by 6-OHDA lesion in rats [259]). 
Reportedly, the M2 polarized microglia associates with the production 

of anti-inflammatory cytokines (e.g., IL-4 and IL-10), neurotrophic fac-
tors (e.g., BDNF and IGF-1), and extracellular matrix proteins (e.g., 
fibronectin) [260]. 

In the last decade, several lines of evidence pointed to Wingless-type 
MMTV integration site (Wnt)/β-catenin the Wnt/β-catenin signaling, a 
chief player in dopaminergic neurodevelopment [67–71,261], as an 
emerging pathway involved in bidirectional astrocyte-neuron crosstalk 
contributing to dopaminergic neuron survival. Astrocytes are known to 
release various region specific signaling molecules, such as sonic 
hedgehog (Shh) and Wnts, which may interact with each others to 
dictate the neurogenic behavior in the adult CNS [262–266]. Impor-
tantly, astrocytes have pivotal roles for defining the stem cell niche. 
Hence, E13.5 VM astrocytes, but not cortex (Cx) astrocytes, express 
Wnt1 and Wnt5a and different DA-specific transcription factors such as 
Pax-2, En-1, and Otx-2 and increase the differentiation of VM embryonic 
precursors into tyrosine-hydroxylase positive (TH+) neurons, in vitro, 
suggesting that VM astrocytes constitute part of the neurogenic niche 
that play a key role in VM-DA neurogenesis [73, for review]. 

5. Astrocyte-derived Wnt signaling and the NRf2/ARE axis 
orchestrate resilience of DAergic neurons in PD 

5.1. Wnt1 is a bidirectional signal for neuron survival and 
immunomodulation in basal ganglia injured mice 

In the MPTP-based mouse model of basal ganglia injury, a wide gene 
expression analysis of 92 mRNA species involved in inflammation, im-
munity, stemness, self-renewal, dopaminergic neurodevelopment, and 

Fig. 4. Wnt1 is a novel actor in astrocyte- 
neuron crosstalk. A: scheme of ventral 
midbrain astrocytes (VM-AA) isolation, pu-
rification and direct (co-culture) or indirect 
(AS-conditioned medium, ACM) culture 
paradigms with purified primary mesence-
phalic dopaminergic neurons (mDAn), in the 
absence or the presence of the PD neuro-
toxin, MPP+. Survival, dopamine (DA) up-
take and caspase 3 assays are used to 
monitor mDAn death and functionality. B: In 
situ hybridization histochemistry coupled to 
confocal laser scanning microscopy and dual 
immunofluorescent staining with the astro-
cyte cytoskeleton marker, glial fibrillary 
acidic protein (GFAP, in red) and Wnt1 
mRNA (in green) showing the expression of 
Wnt1 in primary GFAP+ cells (orange-yel-
low). C: Astrocyte-neuron crosstalk with 
primary mDAns. Confocal image of TH+

neurons (in green) in co-culture with VM-AS 
(in red), showing TH+ neurons with long and 
branched TH+ neuronal processes, interact-
ing with GFAP+ star-shaped astrocytes. 
Fig. 4. Scale bars, panel B: 25 μm, Box: 10 
μm, panel C: 50 μm.   
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dopaminergic metabolism, indicated a major upregulation of certain 
pro-inflammatory chemokines, i.e., CCl3, CXCl10 and CxCl11, and a 
specific member of the Wnt signaling cascade, i.e., Wnt1, during 
neurotoxin (i.e, MPTP)-induced nigrostriatal degeneration and self- 
recovery, suggesting Wnt signaling as an intrinsic response to dopami-
nergic neuron injury [61]. In situ hybridization histochemistry demon-
strated colocalization of Wnt1 with reactive GFAP+ astrocytes within the 
MPTP-injured midbrain associating to the rescue of the imper-
illed/dysfunctional nigrostriatal neurons [61]. Additionally, increased 
Wnt1 mRNA transcription was detected in astrocytes derived ex vivo 
from MPTP-injured midbrain, and chemokine-activated astrocytes 
expressed Wnt1, in vitro (Fig. 4). 

Of specific interest, another chief actor of Wnt/β-catenin signaling, 
GSK-3β, was over-expressed both preceding and during the active phase 
of DAergic degeneration together with the up-regulation of the active 
protein, pGSK-3-Tyr216 [61,62]. Such an over expression and increased 
protein levels corresponded to the peak of DAergic degeneration in 
SNpc, and correlated to DAergic striatal degeneration, striatal DA up-
take levels and motor deficit as revealed by behavioral analyses [61,62]. 
On the other and significantly, the time-dependent histochemical and 
functional recovery of nigrostriatal DAergic neurons associated with a 
time-dependent up-regulation of principal Wnt/β-catenin signaling 
components, in face of a marked downregulation of active GSK3-β, both 
at a gene and protein expression levels within the SNpc [61]. The pre-
vious evidence that Wnt signaling may be reinduced in the adult CNS 
after injury [267], coupled to earlier findings showing Wnt’s expression 
in astrocytes both during development and in adult brain [268,269], 
then suggested a potential glial compensatory mechanism implicated in 
dopaminergic neuroprotection and/or neurorescue [61]. We then hy-
pothesized that such a mechanism might contribute to the recognized 
capacity of nigrostriatal neurons to mount a compensatory/self-adaptive 
response upon injury [164, 177, 178,270–273]. In fact, astrocyte and 
microglia activation, including the expression of proinflammatory 

cytokines and neurotrophic factors during dopaminergic nigrostriatal 
recovery upon injury were previously underlined [274–277]. Strikingly, 
a persistent increase of GFAP+ astrocytes in VM, and a robust 
GFAP+astrocyte-TH neuron crosstalk characterized the nigrostriatal 
DAergic recovery phase, as evidenced by biochemical, molecular and 
motor behavior data [61]. Especially, the remarkable TH+ fiber 
sprouting and GFAP-to-TH neurons cell-to cell contacts, accompanied 
nigrostriatal neurorepair, which persisted long after MPTP insult 
(Fig. 5). 

Intuitively, the astroglial cell compartment appeared a critical actor 
for mDAn resilience, as many adaptive changes occurring at this level 
serve to increase the defense against oxidative stress, to reduce inflam-
mation, to improve mitochondrial performance, to increase neuro-
trophic support, and to activate adult neurogenesis [240, 274–279, and 
Refs in previous sections]. Activation of endogenous compensatory 
mechanisms is recognized to mask the of PD before the appearance of 
the first clinical symptoms [274], which raises the possibility that some 
individuals with PD suffer from a reduction of these neuroprotective 
mechanisms and that treatments that boost these mechanisms may 
provide therapeutic benefit [272]. The striking increase of astrocyte’s 
Wnt1 and microglial-derived chemokines, CCl3, CXCl10 and CxCl11, 
further linked reactive astrocytes and Wnt/β-catenin signaling to 
nigrostriatal injury/and repair, and suggested astroglial Wnt1 as a novel 
compensatory rescue signal for mesencephalic DAergic neurons 
[reviewed in 43]. In support of a vital role of Wnt/β-catenin pathway, 
pharmacological activation of Wnt signaling by in vivo treatment with a 
specific GSK-3β antagonist efficiently mitigated nigrostriatal dysfunc-
tions, both at the SNpc and striatal levels, and reverted the 
MPTP-induced motor dysfunction observed in ageing mice [61,62]. 

Corroborating a pro-survival role for Wnt/β-catenin signaling, in 
vivo, antagonism of Wnt1 signal transduction by blocking Fzd1 receptor 
with Dkk1 injection in the intact young adult SNpc, sharply reduced 
dopaminergic neuron survival [62], indicating astrocyte-neuron cross-
talk via Wnt signaling as a potential astrocytic neuroprotective mecha-
nism in the adult midbrain [61,62]. Several lines of evidence then 
supported these in vivo findings, as Wnt1 was reported to exert robust 
neuroprotective effects in “in vitro” PD cellular models (i.e., primary 
mesencphalic DAergic neurons, expressing the dopamine transporter, 
DAT, and exposed to different oxidative stressors and specific PD neu-
rotoxins, such as MPP+ and 6-OHDA) [62], whereas knocking down of 
either β-catenin or Fzd-1 receptor [62] resulted in the abrogation of 
neuroprotection. These findings underscored that Fzd receptors and 
β-catenin are ‘physiological check-points’ for DAergic neuron survival, 
and corroborated the possibility that astroglial-derived Wnt1 might 
provide a compensatory mechanism to limit the degenerative process 
and/or activate the spontaneous SNpc self-repair program, as observed 
“in vivo“ [61,62]. 

So far, a wide panel of conditions affecting midbrain dopaminergic 
neurons in rodent models of basal ganglia injury have shown to strongly 
impair canonical Wnt/β-catenin signaling, while an increasing number 
of pharmacological, immunomodulatory agents, and cell therapies 
affording neuroprotection have been recognized to activate the canon-
ical Wnt/β-catenin signaling pathway, promoting DAergic neurorescue 
and immunomodulation, and counteracting the impairment of neuro-
genesis in PD injured brain [summarized in section 6.1.2]. 

Of special interest, Wnt signaling also contributes to the modulation 
of inflammation in the midbrain via bidirectional glia-neuron crosstalk, 
thus providing neuroprotection also via immunomodulation [65]. 
Hence, atrocytes and macrophage/microglial cells in the brain, and 
immune cells in the periphery express Wnts and harbour a panel of 
Wnt’s receptors thereby modulating in an autocrine/paracrine fashion 
immune responses both at central and peripheral levels [65,280–288]. 
In turn, Wnt receptors are present in glial cells and Wnt ligands can exert 
both anti- and pro-inflammatory effects. Then, when microglia is acti-
vated in vivo by MPTP exposure and acquires the M1 phenotype, 
expression levels of cytokines (TNF-α and IL-1β) and chemokines, 

Fig. 5. Dopaminergic neurorepair upon MPTP injury is directed by glial 
fibrillary acid protein (GFAPþ) astrocytes. A reconstruction of representative 
confocal images of midbrain coronal sections at the SNpc level, stained with 
tyrosine hydroxylase positive neurons (TH+, in green) and GFAP (in red) from 
MPTP-treated mice, 65 days post injury is shown. Note the robust TH neuro-
repair, as revealed by fluorescence immunohistochemistry. Within the rescued 
SNpc, bright TH+ neurons extending long processes can be observed running 
together with bright reactive GFAP+ astrocytes, coursing intermingled with 
TH+ neurons (boxed magnification) and seemingly guiding the dopaminergic 
neurorestorative process. VTA: ventral tegmental area. Scale bar:100 μm. 
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together with the concurrent generation of ROS and RNS, are rapidly 
and robustly upregulated as a result of NF-κB induction (Fig. 6). MPTP 
also induces upregulation of the pro-inflammatory GSK-3β that further 
exacerbates microglial reaction [65,74,93,94,289]. Reportedly, the 
NF-κB and the Wnt/β-catenin pathway interact to differentially regulate 
inflammation, with GSK-3β playing a central role in between (Fig. 6). 
While GSK-3β is a negative regulator of β-catenin, it positively regulates 
NF-κB by targeting IkB, the major inhibitor of NF-κB, to proteasomal 
degradation [65,93]. On the other hand, β-catenin itself can form a 
complex with the p50 subunit of NF-κB, thereby preventing NF-κB 
transcriptional activity. The complexity of Wnt’s immunomodulation is 
further underscored by the proinflammatory role of the non-canonical 
Wnt5a, which constitutes one part of a self-perpetrating cycle, via 
autocrine Wnt5A/CamKII activation and paracrine stimulation of 
T-helper1 (Th-1)- cytokines, inducible nitric oxide synthase (iNOS) and 
cicloxygenases (COX2) [280–288]. 

5.2. Nrf2/HO-1/NF-κB/Wnt crosstalk restrains astrocyte-microglia 
exacerbated proinflammatory phenotype in PD 

Within the Nrf2-ARE axis, HO-1 is a key mediator of cellular adaptive 
(i.e. antioxidant and anti-inflammatory) responses [59,193,194]. This 

protein is induced by hypoxia, cytokines, and oxidative stress, amongst 
other factors. HO-1 is itself an antioxidant protein that protects cells 
from oxidative damage by downregulating ROS levels. In turn, HO-1 
plays a down-regulatory role in NF-κB nuclear translocation, thereby 
downmodulation NF-κB-dependent proinflammatory cytokine expres-
sion [290]. Therefore, astrocyte upregulation of HO-1 during oxidative 
stress and inflammation represents a critical regulatory level, whereby 
astrocytes can mitigate M1 exacerbated phenotype and the heighthened 
levels of proinflammatory cytokines [6]. 

Besides, HO-1 indirect modulation, Nrf2-NF-κB interplay is recog-
nized to contribute to regulation of immune response under oxidative 
stress and inflammation aimed at counterbalancing the exacerbated 
inflammation. Of specific mention, Nrf2 and NF-κB are central tran-
scriptional activators and Keap1 and IκB-α are regulatory proteins which 
induce proteasomal degradation of these transcriptional factors under 
stress conditions [291]. Interestingly, during inflammation, both Nrf2 
and NF-κB are coordinated effectors of the Rho family, GTP-binding 
Protein RAC1, a mediator in the execution of the inflammatory innate 
program, including NADPH oxidase-dependent production of ROS 
[291]. Hence, adding a further level of control, RAC1 can induce the 
anti-inflammatory Nrf2/HO-1 pathway. Additionally, NF-κB activity is 
induced by active RAC1, and in turn, Nrf2 can modulate this effect, thus 

Fig. 6. Nrf2/Wnt/immune crosstalk in oxidative stress and inflammation in PD. Schematic illustration of astrocyte-microglia crosstalk. Upon activation by 
neurotoxins, endotoxins, brain injury and ageing, macrophage/microglia produce a panel of pro-inflammatory cytokines (TNF-α and IL-1β) and chemokines (CCL3, 
CXCl10 and CXCL11). Up-regulation of microglial PHOX-derived ROS, iNOS-derived NO, and GSK-3β, a known regulator of NF-kB-dependent gene transcription, 
further exacerbates microglia reaction. Wnt5a constitutes one part of a self-perpetrating cycle, via autocrine Wnt5A/CamKII activation and paracrine stimulation of 
Th-1- cytokines, iNOS and COX2 [280–2282]. To restrain microglia exacerbation, up-regulation of astrocyte- Nrf2/HO-1 and Wnt1/β-catenin, mitigate the in-
flammatory milieu and favor a down-regulation of cytokines expression. NF-κB and the Wnt/β-catenin pathway also interact to differentially regulate inflammation, 
with GSK-3β playing a central role in between. While GSK-3β is a negative regulator of β-catenin, it positively regulates NF-κB by targeting IkB, the major inhibitor of 
NF-κB, to proteasomal degradation. On the other hand, β-catenin itself can form a complex with the p50 subunit of NF-κB, thereby preventing NF-κB transcriptional 
activity. Besides, HO-1 indirect modulation, Nrf2-NF-κB interplay contributes to the regulation of immune response under oxidative stress and inflammation aimed at 
counterbalancing the exacerbated inflammation. Then, astrocyte upregulation of Nrf2/HO-1 and Wnt1/β-catenin during oxidative stress and inflammation represent a 
critical regulatory level, whereby astrocytes can mitigate M1 exacerbated phenotype and the heighthened levels of proinflammatory cytokines. 
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Fig. 7. Astrocyte-microglia interactions and Nf2/Wnt1/β-catenin resilience in mDAn neuroprotection. Major environmental factors including ageing, 
inflammation, neurotoxin exposure (MPTP/MPP+, 6-OHDA, pesticides), in synergy with genetic mutations results in dysfunctional astrocyte-microglial crosstalk 
associated to the exacerbated production of proinflammatory mediators. The glial switch to the A1/M1 harmful astrocyte and microglial phenotype is the result of the 
inhibition of Nrf2/Wnt/β-catenin signaling (“Nrf2/Wnt off”). In these conditions, reactive astrocytes no longer mount an efficient resilience program for the 
vulnerable mDAns. Hence, the crucial anti-oxidant and anti-inflammatory Nrf2/HO-1 and dopaminotrophic factors, namely Wnt1, are sharply inhibited. As a result, 
active GSK-3β is up-regulated in mDAns, leading to β-catenin degradation. Then, in the absence of an efficient Nrf2-ARE axis at play, the “frailty” of mDAns increases 
in turn leading to mDAn degeneration. By contrast, astrocyte upregulation of Nrf2/HO-1 and Wnt1/β-catenin during oxidative stress and inflammation represent a 
critical resilience program for DAns. Then, increased astrocyte-derived Wnt1 (and Wnt1-like agonists, such as Wnt1, Rspo or Norrin) activates Fzd-1 receptors (“Wnt 
on”), leading to the blockade of GSK-3β-induced phosphorylation (P) and proteosomal degradation of the neuronal pool of β-catenin. Stabilized β-catenin can 
translocate into the nucleus and associate with a family of transcription factors and regulate the expression of Wnt target genes involved in DA neuron survival/ 
plasticity, neuroprotection and repair. β-catenin may also function as a pivotal defense molecule against oxidative stress, and can act as a coactivator for several 
nuclear receptors involved in the maintenance/protection of DA neurons. The hypothetical contribution of various endogenous Wnt agonists (Responding, Rspo, 
Norrin) or antagonists (Dkkopf, Dkk1, Wif, frizzled-related proteins, SFRp) are also indicated. Resilience of Nrf2/Wnt/β-catenin program can be activated by several 
treatments, including GSK-3β antagonists, Wnt1-like agonists, nitric-oxide–(NO)–anti-inflammatory non-steroidal drugs (NSAID). Different conditions/treatments 
can inhibit Nrf2/Wnt beneficial signaling cascades, including gene mutations, ageing, inflammation, endogenous Wnt-antagonist expression, leading mDAn 
degeneration (see the text for details). 
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uncovering a new mechanism of regulation of inflammatory events 
trough a RAC1/NRF2/HO-1 axis [291]. 

Of note, aged microglia over-expressing ROS, RNS and a panel of 
proinflammatory cytokines, when challenged with inflammatory and/or 
neurotoxic challenges, also exhibits up-regulated GSK-3β levels in face 
of β-catenin downmodulation [72] (Fig. 6). Here, astrocyte-microglia 
dialogue is likely to play an important restraining role, via both 
Nrf2-ARE axis activation and via Wnt immunomodulation. Accordingly, 
activation of Wnt signaling with either GSK-3β antagonists, or 
astrocyte-derived Wnt1 results in a significant reversal of oxidative 
stress and inflammation, both in vivo and in vitro [72]. Additionally, 
given the high sensitivity of microglial cells to Nrf2 activation, astrocyte 
Nrf2-ARE signaling further provide a down-regulatory mechanism to 
shut down inflammation (Fig. 6). 

Together, a close interrelationship between Nrf2-ARE, Wnt signaling 
and glial pathways are at play and collaborate to monitor oxidative 
stress and inflammation, to maintain and protect the vulnerable DAergic 
cell population, via bidirectional astrocyte-neuron and astrocyte 
microglia reciprocal crosstalk [Fig. 6]. 

5.3. Resilience of Nrf2-HO1/Wnt/β-catenin neuroimmune axis shape 
DAergic neuron plasticity in PD 

With age, the described failure of the astrocytic Nrf2-antioxidant axis 
response upon inflammation and oxidative stress dramatically impact in 
VM astrocyte-microglia-neuron interactions [64,65,74,101,292]. At the 
SNpc level, ageing-induced decline of astrocytic Nrf2 gene expression 
promotes an up-regulation of major microglial proinflammatory gene 
transcripts, such as TNF-α, IL1β, IL-6 and Nos2 both at striatal [64,187, 
188] and SNpc [61,65,72,74] levels, exacerbating oxidative stress and 
inflammation. Concurrently, Wnt/β-catenin genes are sharply down-
regulated in face of an overexpression of endogenous Nrf2-and 
Wnt-antagonist genes, including, the expression of GSK-3β, several 
Dickkopf (Dkk) and the Fzd-related members (sFRPs), whose proteins 
are able to bind to Wnts directly, thus inhibiting Wnt signaling trans-
duction and β-catenin nuclear translocation and transcriptional activity 
[72–74] (Fig. 7). Particularly, ageing and MPTP exposure down-
regulated the antioxidant gene, HO1, together with SOD1 in the aged 
MPTP-injured VM as compared to younger and saline-treated counter-
parts, underscoring that with age, failure to activate an anti-oxidant 
self-defense response to the MPTP challenge contributed to mDAn 
death [74]. Further evidence for such a failure with age and MPTP 
exposure was the observation that the nicotinamide adenine 

Fig. 8. Astrocyte’s “fil rouge” targeting Nrf2/Wnt 
resilience cascades. Manipulating astrocytes pro-
vides a new approach for drug development in 
neurological diseases. Schematic representation of a 
panel of manipulations of astrocytes for DAn neuro-
repair and regeneration. The potential exists to revert 
some A1 age-dependent changes, including pharma-
cological correction of glial dysfunction harnessing 
astrocyte-derived Nrf2/Wnts and neurotrophic fac-
tors, or blocking A1 harmful phenotype with 
glucagon-like peptide-1 receptor agonist, NLY01; 
activating glial Nurr1, or activating astrocyte neuro-
transmitter receptors; antagonizing GSK-3β in either 
neurons and glial cells by GSK-3β-antagonists, as well 
as physical activity and exercising. Novel frontiers 
regard the use optogenetics to illuminate astrocytes, 
promoting their neuroprotective and proneurogenic 
functions. Additionally, genetic manipulation of as-
trocytes and co-grafting techniques to improve the 
injured microenvironment, activate dopaminergic 
neurogenesis and incite neurorepair are being stud-
ied. Derivation of astrocyte differentiated from NSCs 
or hiPSC sources; astrocyte reprogramming into 
neurons, represent some of these very challenging 
new research areas. Additionally, generating patient- 
specific astrocytes capable of recapitulate a patient’s 
genetic background and disease phenotype and using 
co-culture techniques with PD-specific neurons, may 
help screening new molecules for drug discovery and 
therapeutical applications to treat neurological 
diseases.   
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dinucleotide phosphate (NADPH) oxidases, Nox2, a predominant oxi-
dase family member expressed in astrocytes [201], both the mRNA and 
protein level, were robustely up-regulated by an almost 3-fold over non 
MPTP-treated aged (saline-injected) mice, supporting failure of 
Nrf2-HO1 and Wnt/β-catenin axis with age and basal ganglia injury as 
pivotal factors for mDAn degeneration [72,74] (Fig. 7). 

Accordingly, when VM astrocytes from aged-MPTP-treated mice 
were isolated “ex vivo”, their metabolic activity showed a significant 
reduction vs saline-treated counterparts, in line with the upregulation of 
both ROS and RNS produced by VM astrocytes derived from aged and 
MPTP treated mice [74]. By contrast, the specific iNOS-NO inhibitor, 
L-Nil, efficiently counteracted the sharp increase in oxidative and 
nitrosative stress of aged astrocytes, with beneficial effect on mito-
chondrial reductase activity [74]. 

Given the decline of astrocyte-derived Wnts with age, we asked 
whether Wnt/β-catenin signaling activation might affect the exacer-
bated redox status of aged astrocytes. Remarkably, we found a signifi-
cant counteraction of both ROS and RNS up-regulation when Wnt/ 
β-catenin signaling was activated by treament with a specific GSK-3β- 
antagonist, in turn resulting in increased astrocyte metabolic activity 
[74]. Thus, the exacerbated oxidative/nitrosative status of astrocytes 
from aged MPTP-injured SNpc can be reversed by activation of Wnt 
signaling. In turn, this resulted in increased of Nrf2-antioxidant gene 
expression, driving a switch in the proinflammatory and oxidative SN 
microenvironment towards and A2 and M2 anti-inflammatory, neuro-
protective phenotype [74] (Fig. 7). 

All together, these findings argue in favor of reciprocal astrocytes/ 
microglial/neuron interactions, and implicate resilience of the Nrf2/ 
HO1/Wnt/β-catenin axis as a critical mediator in promoting 
neuroprotection. 

Regarding neurogenesis in PD, the role of Wnt/Nrf2 signaling path-
ways in subventricular (SVZ), hippocampal subgranular (SGZ), and 
midbrain peri-aqueductal NSC niches of the adult and ageing brain has 
been recently reviewed and the contribution of the exacerbated oxida-
tive and inflammatory status within the ageing niches expanded to the 
decline of astrocyte Wnt-dependent regulation, ultimately leading to 
NSC neurogenic impairment and loss of NSC plasticity [73 for an 
extensive review]. 

As highlighted in this article, Wnts and the components of Wnt/ 
β-catenin signaling are not only widely expressed in the adult niches, but 
most importantly they respond to MPTP injury and are required to 
trigger neurorepair programs in MPTP-induced PD thanks to the “Wnt/ 
immune crosstalk dialogue” with glial cells in strict collaboration with 
Nrf2/HO1 axis, as a means to boost neurogenesis promoting mDAn 
neurorestoration [63–66]. Particularly, ageing-dependent mitochon-
drial dysfunction in synergy with neurotoxin exposure negatively 
impact on the astrocytic Nrf2-driven HO-1 response within the SVZ 
niche [63–66,73]. 

6. The therapeutic impact: a glial avenue for nigrostriatal 
resilience in PD? 

From the presented findings, astrocytes, the star-shaped cells, 
extensively interacting with neurons and microglia, are at the forefront 
of neurorescue, neurorepair and regeneration therapies. In particular, 
midbrain astrocytes are uniquely positioned to drive neuroprotective 
and regenerative programs in PD. Therefore, targeting not only diseased 
neurons, but specifically manipulating astroglial cells may provide a 
new approach for drug development for the treatment of neurological 
diseases, as PD [293–299] (Fig. 8). As herein reviewed, an increasing 
number of studies indicates the possibility to convert the hostile astro-
cyte’s and microglial midbrain environment to rescue the injured 
mDAns harnessing Nrf2/Wnt signaling, by either molecular or phar-
macological correction of glial cell harmful phenotype, to improve 
neuronal survival and promote DAergic neurogenesis. Astrocytes may be 
targeted with existing and novel-anti-oxidant, anti-inflammatory, and 

anti-apoptotic drugs, serving as “chaperones” to promote optimal re-
covery, and may also be replaced by exogenous cell transplantation or 
by increasing the production of endogenous astrocyte precursors, as 
herein discussed. 

6.1. Harnessing the Nrf2/Wnt signaling axis in PD 

6.1.1. Astrocyte-specific overexpression of Nrf2 and Nrf2 activators to fight 
PD 

Following the earlier studies of Vargas and co [300] introducing the 
therapeutic potential for astrocyte Nrf2 activation to mitigate neuro-
degeneration in experimental models of familial amyotrophic lateral 
sclerosis (ALS), several reports focused on the ability of astrocyte-Nrf2 to 
counteract PD neurodegeneration in various experimental models of the 
disease. Using transgenic mice over-expressing Nrf2 selectively in as-
trocytes, the authors showed the ability of Nrf2-astrocytes to reverse the 
toxicity of astrocytes expressing ALS-linked mutant hSOD1 when 
cocultured with motor neurons. This effect resulted from increased 
glutathione secretion from astrocytes. The authors suggested that Nrf2 
activation in astrocytes is a viable therapeutic target to prevent chronic 
neurodegeneration [300]. In the alpha-synuclein mutant (A53T) mouse 
model [200], increased Nrf2 selectively overexpressing Nrf2 in astro-
cytes (GFAP-Nrf2) delayed the onset and extended the life span of the 
hSYN(A53T) mice, which correlated with increased motor neuron sur-
vival, reduced oxidative stress and gliosis [200]. Furthermore, Nrf2 in 
astrocytes delayed chaperone-mediated autophagy and macro-
autophagy dysfunction observed in the hSYN(A53T) mice, indicating 
that Nrf2 in astrocytes provides neuroprotection against hSYN 
(A53T)-mediated toxicity by promoting the degradation of hSYN 
(A53T) through the autophagy-lysosome pathway in vivo [200]. Inter-
estingly, the study of Skibinski and co-workers [132], further expands 
the biological role of Nrf2 in neuroprotection, by showing its ability to 
mitigate LRRK2- and α-Syn-induced neurodegeneration by potently 
promoting neuronal protein homeostasis [132]. Here, Nrf2 reduced 
PD-associated protein toxicity and activated distinct mechanisms to 
handle different misfolded proteins [132]. Nrf2 decreased steady-state 
levels of α-Syn in part by increasing α-Syn degradation. In contrast, 
Nrf2 sequestered misfolded diffuse LRRK2 into more insoluble and ho-
mogeneous inclusion bodies [132]. 

Together, both astrocyte-dependent and neuron-specific Nrf2 
mechanisms are at play in improving neuronal survival against PD 
toxicity caused by both mutant LRRK2 and α-synuclein. 

In the study of Sigfridsson et al. [301], astrocyte-specific over-
expression of Nrf2 can protect against optic tract damage and behav-
ioural alterations in a mouse model of cerebral hypoperfusion. Here, 
transgenic mice overexpressing Nrf2 (GFAP-Nrf2) and wild type litter-
mates were subjected to bilateral carotid artery stenosis or sham sur-
gery. The results of the study showed that while pro-inflammatory gene 
expression was significantly upregulated in the optic tract of hypo-
perfused Wt mice, in Tg mice, overexpression of Nrf2 in astrocytes 
repressed inflammation, supporting the potential use of Nrf2-activators 
in the amelioration of cerebrovascular-related inflammation and white 
matter degeneration [301]. 

A vast panel of Nrf2 activators are being studied thanks to their 
ability to modulate all critical mDAn processes and to maintain mito-
chondrial homeostasis in neurons [51-53and302-304]. Hence, 
Alarcón-Aguilar et al. [305] determined if cortical astrocytes derived 
from old rats are able to respond to tertbuthyl-hydroquinene (tBHQ) 
pretreatment to stimulate the Nrf2-antioxidant response pathway thus 
inducing an antioxidant strategy against MPP+ toxicity. This study 
showed an age-dependency in astrocyte susceptibility to MPP+ toxicity, 
and further reported that a pretreatment with tBHQ efficiently trans-
activated Nrf2, increasing antioxidant enzymes and developing cellular 
protection [305]. Synthetic triterpenoids (TPs) are robust activators of 
Nrf2 activity. Using a novel Neh2-luciferase reporter, Kaidery et al. 
[306], showed that TP upregulated a number of cytoprotective genes, 
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including those involved in glutathione biosynthesis, in vitro. When 
structurally modified to penetrate the brain, TP-induced messenger RNA 
and protein levels for a battery of Nrf2-dependent cytoprotective genes 
[306]. This effect associated to reduced MPTP-induced oxidative stress 
and inflammation, and ameliorated dopaminergic neurotoxicity in mice 
[306]. The neuroprotective effect of these TPs against MPTP neurotox-
icity was dependent on Nrf2, since treatment with TP in Nrf2 knockout 
mice failed to block against MPTP neurotoxicity and induce 
Nrf2-dependent cytoprotective genes [306]. 

Dimethyl fumarate (DMF), a drug already in use for the treatment of 
multiple sclerosis, was shown to increase nuclear levels of active Nrf2, 
with subsequent upregulation of antioxidant target genes and to reduce 
the 6-OHDA-induced neuronal death in mice, in vivo, and in the human 
DAergic cell line SH-SY5Y, used as an in vitro model of the disease [307]. 
These effects associated with a reduction of ROS induced d by 6-OHDA 
treatment. By contrast, treatment with Nrf2 siRNA failed to block 
6-OHDA neurotoxicity in SH-SY5Y cells [307]. By alkylating cysteine 
residues in Keap1 DMFO disrupts the interaction between Keap1 and 
Nfr2, in turn resulting in Nrf2 translocation to the nucleus and activation 
of mitochondrial biogenesis in multiple sclerosis [307] and 
MPTP-induced model of PD. Recently, pharmacological targeting of 
Nrf2 was tested in rodent after stereotaxic injection of recombinant 
adeno-associated viral vector expressing human α-synuclein, showing 
α-synucleinopathy, mDAn death, oxidative stress, and neuro-
inflammation [198]. Here, DMF, protected mDAns against α-Syn 
toxicity and decreased astrocytosis and microgliosis, whereas the pro-
tective effect was not observed in Nrf2-knockout mice [198]. Impor-
tantly, in vitro studies indicated that DMF-induced neuroprotection 
associated with altered regulation of several autophagy markers with a 
“shift in microglial dynamics toward a less pro-inflammatory and a more 
wound-healing phenotype” [198]. Supporting the critical role of an 
efficient Nrf2-axis, in postmortem samples of PD patients, the cytopro-
tective proteins associated with Nrf2 expression, NQO1 and p62, were 
partly sequestered in Lewy bodies, thus supporting impaired neuro-
protective capacity of the NRF2 signature in PD [198]. 

The molecular mechanism of DMF action was further studied in 
mouse hippocampus, and shown to involve KEAP1 but also PI3K/AKT/ 
GSK-3-dependent pathways [95]. Reportedly, DMF modulates TAU 
phosphorylation, neuronal impairment measured by calbindin-D28K 
and BDNF expression, as well as the associated inflammatory pro-
cesses involved in astrogliosis, microgliosis and pro-inflammatory cy-
tokines production, thereby highlighting neuroprotective effects of DMF 
via crosstalk of the KEAP1/NRF2/GSK3 signaling [95,308,309]. 

[5-(3,4-Difluorophenyl)-3-(6-methylpyridin-3-yl)-1,2,4-oxadiazole], 
is a novel Nrf2 activator targeting the brain, that has been recently 
shown to protect against MPTP-induced subacute Parkinson’s disease in 
mice by inhibiting the NLRP3 inflammasome, in vivo, and to protect 
PC12 cells against oxidative stress [310]. Here, DDO-7263 improved the 
behavioral abnormalities induced by MPTP in mice, significantly 
attenuated MPTP-induced Daergic neuron death in SN and striatum 
associating with a downmodulation of inflammatory markers [310]. In a 
cellular system (PC12 cells) widely used as an in vitro cell culture model 
for PD, DDO-7263 was able to promote neuroprotection against 
H2O2-induced oxidative damage via the activation of Nrf2-ARE 
signaling pathway and the inhibition of NLRP3 inflammasome activa-
tion, suggesting a therapeutic potential for this novel Nrf2 activator 
[310]. 

Tauroursodeoxycholic acid (TUDCA) has been shown [311] to prevent 
MPP+- and α-Syn-induced oxidative stress, through Nrf2 activation, in 
vitro, in human DAergic cell (SH-SY5Y cells) model and in vivo, in the 
MPTP mouse model of PD, TUDCA treatment increased the expression of 
Nrf2, Nrf2 stabilizer DJ-1, and Nrf2 downstream target antioxidant en-
zymes HO-1 and GPx, suggesting that TUDCA may be a promising agent 
to limit ROS-mediated damage, in different models of PD [311]. 

Tert-butylhydroquinone (tBHQ) enhanced angiogenesis and astrocyte 
activation through Nrf2 pathway in mice with permanent distal middle 

cerebral artery occlusion (dMCAO) [312]. tBHQ significantly reduced 
the infarct volume, enhanced post-stroke angiogenesis and astrocytic 
endfeet covered ratio in the peri-infarct area [312]. The 
Nrf2/HO-1/VEGF pathway was activated by tBHQ in the angiogenesis 
process, but not in Nrf2− /− mice, where the Nrf2 deficiency blocked the 
effects of tBHQ on angiogenesis process and neurological recovery 
indicating a beneficial effect of activating Nrf2 pathway after cerebral 
ischemia [312]. 

Matrix metalloproteinase (MMP)-8 inhibitor, M8I, can control neuro-
inflammation in lipoteichoic acid (LTA)-stimulated rat primary astro-
cytes [312]. Here, treatment with LTA, a major cell wall component of 
Gram-positive bacteria, led to astrocyte activation and induced the 
expression of inflammatory molecules such as iNOS, COX-2, and 
pro-inflammatory cytokines, as well as MMP-1, MMP-3, MMP-8, 
MMP-9, and MMP-13 in rat primary astrocytes [312]. M8I inhibited 
LTA-induced NF-κB, MAP kinase, and Akt activities, while it increased 
the anti-inflammatory PPAR-γ activities. Moreover, M8I showed anti-
oxidant effects by suppressing ROS production in LTA- or H2O2-stimu-
lated astrocytes. M8I increased the expression of phase II antioxidant 
enzymes such as hemeoxygenase-1, NQO1, catalase, and MnSOD by 
modulating the Nrf2/ARE signaling pathway [312]. Reportedly, several 
Nrf2 activators regulate mitochondrial biogenesis in different tissues 
and model systems, as recently reviewed by Gureev and coll [304,313]. 

Piperine analogues activating the Nrf2/keap1 pathway have been 
recently identified and optimized by Wang et al. [314], evaluated as 
neuroprotectant against hydrogen peroxide (H2O2) induced damage in 
the neuron-like PC12 cells. Among these analogues, 3b exhibited the 
most potent protection afforded by phase II antioxidant enzymes, such 
as HO-1 and NQO1 activation [314]. In in vivo study, oral administration 
attenuated PD-associated behavioral deficits in MPTP-induced mouse 
model of PD and protected TH+ dopaminergic neurons. These results 
provided evidence that compound “3b” might be a promising candidate 
for Parkinson’s disease treatment [314]. 

6.1.2. Harnessing astrocyte-derived Wnt and Wnt/β-catenin activators in 
PD experimental models “in vivo” and “in vitro” 

Notably, astrocyte-derived Wnts can rejuvenate the microenviron-
ment thus promoting neuroprotection, immunomodulation, and acti-
vates DAergic neurogenesis. During ageing and inflammatory 
conditions, endogenous astrocytes reduce Wnt1 expression loosing their 
neuroprotective functions against MPP+-induced DAergic neuron death. 
Hence, co-cultures with aged-astrocytes induced an inhibition of TH+

neurons and DA uptake levels compared with co-culture with young- 
astrocytes [61,62,72,74], which promoted instead a significant in-
crease in TH+ neuron survival and functionality, as a result of 
Wnt1/β-catenin signaling activation [66,72,74]. Young-astrocytes 
pre-treated with TNF- α + IL-1β or conditioned media from 
aged-microglia significantly decreased both TH+ neuron survival and 
DA uptake levels, whereas aged-astrocytes pre-treated with CCL3 +
CXCL11, wich induced an increased expression of Wnt1, efficiently 
counteracted the MPP+-induced reduction of TH neuron survival and 
DA uptake [72]. In stark contrast, pre-treatment of neurons with the Wnt 
antagonist, Dkk1, inhibited these effects, thereby supporting that 
astrocyte-derived Wnt1/β-catenin signaling contributed to TH neuro-
protection [72]. 

Studies in human NSCs implicated Wnt activation in neurotrophin- 
induced NSC growth, as Yang et al. [315] showed the ability of BDNF 
to promote their growth via GSK-3β-mediated crosstalk with the 
Wnt/β-catenin signaling pathway, and Li et al. [316] involved the 
contribution of the PI3K/Akt/GSK-3β/β-catenin pathway in 
BDNF-induced neuron and NSC growth. Corroborating these studies, 
cultured rat midbrain astrocytes abundantly expressing Wnts, spondin-2 
(SPO-2), a secreted protein of the R-spondin family, which activates 
Wnt/β-catenin signaling, by preventing clearance of the Friz-
zled–LRP-Wnt receptor complex promoted DAergic neurogenesis from 
embryonic (E10) VM precursors [317]. Additionally, a number of 
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anti-inflammatory cytokines and multiple antioxidant genes was upre-
gulated in the cultured astrocytes [317]. Of specific importance, the 
forced Nurr1+Foxa2 expression in VM-astrocytes further promoted the 
astrocyte-mediated dopaminotrophic actions [317]. Hence, 
VM-astrocytes transduced with Nurr1+Foxa2-expressing lentiviruses a 
greater neuroprotective ability, as TH+ neurons were more resistant to 
the toxic insult induced by H2O2 treatment than differentiated TH+DA 
neurons cocultured with the control-astrocytes [317]. Consistently, 
significantly greater intracellular glutathione levels were manifested in 
the Nurr1+Foxa2-VM-astrocytes compared with the control 
VM-astrocytes, in accord with the upregulated secretory ROS scavenging 
factors Sod3 and Gpx3, ROS levels in mDAns [317]. These findings 
collectively indicated that the enhanced ROS scavenging capacity in 
VM-astrocytes by Nurr1+Foxa2 also contributed to VM-as-
trocyte–mediated neuroprotective actions [317]. 

In accord with the contribution of Wnt signaling promoting neuro-
protection, an ever growing repertoire of DAergic neuroprotective drugs 
in different rodent models of PD are increasingly being discovered to act 
via the activation of astrocyte-derived Wnt signaling in mDAns, pro-
moting neuroprotection/neurorescue, mitigating inflammation, and/or 
activating neurogenesis. Different studies focused on the neuro-
protective capacity of Wnt1-agonists and pharmacological inhibitors of 
GSK-3β. 

Wei et al. [318] supported the ability of exogenous Wnt1 to protect 
SH-SY5Y neurons against 6-OHDA-induced dopaminergic toxicity via 
the activation of Wnt/β-catenin pathway, and Zhang and co [319] 
corroborated the protective role of enhancing β-catenin activity to afford 
neuroprotection of PC12 cells against rotenone toxicity. Here, GSK-3β 
inhibitors LiCl and SB216763 leading to β-catenin stabilization afforded 
neuroprotection via the induction of the mDAergic transcription factor, 
orphan nuclear receptor, Nurr1, crucially involved in the survival and 
maintenance of mDAergic neurons [319]. Amongst others GSK-3β in-
hibitors, bromoinduru-30-oxime-(6-BIO) was shown to protect hippo-
campal neurons from the apoptotic effects of amyloid-β (Aβ) oligomers 
via a direct activation of Wnt/β-catenin pathway [320]. Interestingly 
enough, different classes of pharmacological agents including statins 
(simvastin) [321], opioids [322], nicotinic receptor modulators [323], 
were reported to protect neuronal cells, including mDAns, against 
apoptosis, in either in vivo or in vitro models of PD, via the activation of 
Wnt/β-catenin signaling pathway, thus supporting the critical role of this 
signaling system for the protection of mDAergic neurons against 
cytotoxicity. 

Other studies indicated the potential of Wnt1-like agonist, such as 
Wnt1 inducible signaling pathway protein 1 (WISP1), a downstream 
target in the Wnt1 pathway, to block neurodegeneration [324]. WISP1, 
also known as CCN4, is a member of the six secreted extracellular matrix 
associated CCN family of proteins that mediate a wide panel of critical 
functions including the ability to prevent apoptosis, control caspase 
activation, and oversee autophagy [324]. The neuroprotective mecha-
nism of WISP1 was shown to involve pivotal pathways controlling 
neuronal death/survival, such as phosphoinositide 3 kinase/Akt1, 
apoptotic mitochondrial signaling and included Bad, Bax, Bim, and 
Bcl-xL [324]. Thus, targeting downstream pathways of Wnt1, such as 
WISP1, may represent po tential avenues for neurorepair upon CNS 
injury. Additionally, antagonizing Wnt signaling inhibitors, such as 
sFRP3, can improve age-related cellular changes in BubR1 progeroid 
ageing mouse [325]. 

Wnts and Wnt-agonists may offer a therapeutical potential, albeit 
there are risks and concerns for direct modulation of Wnt/βeta-catenin 
signaling, regarding both the safety and selectivity [105]. The field of 
small molecules as potential tools to selectively activate or inhibit 
Wnt/β-catenin signaling is increasingly recognized [326–329], with a 
number of both established and novel modulators, including Wnt3a-like 
agonists, siRNAs and inhibitors targeting GSK-3β, Axin-LRP5/6 or 
transcription factor complexes (recently reviewed in 73]. Additionally, 
manipulation of Wnt/βeta-catenin signaling has become an attractive 

strategy to ameliorate in vitro differentiation protocols for increasing the 
fraction of midbrain DAergic neurons [see 260 and Refs herein]. 

6.1.3. Herbal derivatives targeting Nrf2/Wnt signaling cascades against PD 
Herbal derivatives, (primarily from the Traditional Chinese Medi-

cine), endowed with pharmacological properties (including anti-cancer, 
anti-bacterial, and anti-oxidant activities) are being studied for their 
neuroprotective potential, at least in part via a robust effect on Nrf2/ 
Wnt signaling cascades with beneficial effects on neuron survival, pro-
liferation, immunomodulation and neurogenesis [330–342]. Flavonoids, 
such as Curcumin ameliorates DAergic neuronal oxidative damage via 
activation of the Akt/Nrf2/Nfkb pathway and Wnt/β-catenin crosstalk 
[333–335]. In particular, in a 6-OHDA rodent model of PD, Curcumin 
enhanced viability, survival and attenuated apoptosis of primary cells by 
activating the Wnt/β-catenin signaling pathway [335]. Higher Wnt3a 
and β-catenin mRNA and protein expressions, enhanced SOD and 
glutathione peroxidase (GSH-Px) contents, and elevated mitochondrial 
membrane potential were observed, by contrast, antagonizing Wnt 
signaling with Dkk1 efficiently reversed curcumin-induced neuro-
protection [335]. Resveratrol, is well recognized to alleviate oxidative 
stress and inflammation; and in SAMP8 mice, treatment with resveratrol 
reverted ageing and neurodegenerative conditions mitigating mito-
chondrial dysfunction and immune overactivity, and activated Wnt 
signaling [336]. Rhodiola extracts and salidroside exhibit anti-oxidant 
properties activating the Wnt/β-Catenin signaling pathway in rats 
with Parkinson’s Disease [337]. Naringenin (NAR), displays 
anti-oxidant, cardioprotective, anti-inflammatory and neuroprotective 
activities, and may also confer neuroprotection in primary rat midbrain 
neuron-glia co-cultures, via the activation of astroglial Nrf2 [338], thus 
targeting astroglial Nrf2 to support dopaminergic neurons. Bruceine D, 
one of the active components of Brucea javanica, which is widely used to 
treat cancer in China, was recently shown [339] to activate Nrf2 to 
restrain Parkinson’s disease in mice through suppressing oxidative stress 
and inflammatory response. Ginsenoside Rg1 is a major bioactive ingre-
dient in Panax ginseng that has low toxicity and has been shown to have 
neuroprotective effects also through the Wnt/β-catenin signaling 
pathway in both in vivo and in vitro models of Parkinson’s disease [340]. 

6.1.4. Blocking A1 astrocyte exacerbated phenotype in PD 
Specifically targeting glial activation states with NSAIDs and other 

anti-inflammatory drugs as a therapeutic option to mitigate DAergic 
degeneration of PD has long been studied in an ever-increasing number 
pre-clinical/clinical models [33,37–39,93,166,184–187] “polarizing” 
the interest in targeting inflammation-dependent neurodegeneration, 
recently reviewed in light of the dual harmful/beneficial switch of glial 
phenotypes [260], and often intersecting the modulation of Wnt 
signaling patway [65,67,72–74,343]. A vast panel of therapeutic op-
portunities has been disclosed, disease-modifying and symptomatic 
therapies under development for PD, including anti-inflammatory drugs 
recently discussed by Elkouzi and co. [344 and Refs herein]. Recent 
studies target the A1 proinflammatory status, with novel compounds, 
exploiting astrocyte immunomodulatory potential of neurotransmitters 
receptors and transcription factors, as summarized. 

As recalled in section 4, LPS-activated microglia secreting proin-
flammatory cytokines, including IL-1β and TNF- α, can switch astrocyte 
beneficial status into a highly cytotoxic phenotype, resulting in the in-
hibition of astrocyte’s property to promote neuronal survival, 
outgrowth, and synaptogenesis [251]. Conversely, blocking of A1 
astrocyte conversion by microglia exert neuroprotective functions in 
models of PD [72,74]. For example, a novel glucagon-like peptide-1 
receptor agonist, NLY01 [345] proved its neuroprotective effects in two 
mouse models of PD, in a glia-dependent manner [346]. NLY01 pre-
vented microglia from releasing inflammatory mediators known to 
convert astrocytes into a neurotoxic A1 reactive subtype [346]. Also, 
both ex vivo and in vitro studies indicated the possibility to rejuvenate 
aged microglia cells by treatment conditioned media from young 
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astrocytes, that efficiently reverse the up-regulated levels of TNF-α, 
IL1-β and RNS of microglial cells acutely isolated from the aged 
midbrain, whereas Wnt/β-catenin antagonism abolished the 
Wnt-induced cytokine suppression, supporting Wnt intermediacy (72, 
74]. 

6.1.5. Activating astrocyte neurotransmitter receptors in PD 
Activation of astrocytic neurotransmitter receptors has been recently 

gained attention in light of a number of findings showing a robust 
immuno-modulatory role of astrocyte neurotrasmitter receptors 
[347–353]. Hence, the α7 nicotinic acetylcholine receptors (α7-nAChRs) 
expressed in glial cells [348] has been reported to represent a potential 
link between inflammation and neurodegeneration in PD, with a po-
tential intermediacy of the Nrf2/Wnt/β-catenin signaling activation 
[348–350]. Also, nicotine can exert a protective effect on H2O2-induced 
astrocyte apoptosis and glial cell-derived neurotrophic factor (GDNF) 
downregulation, while this effect was abolished by an α7-nAChR-se-
lective antagonist [349]. The underlying mechanisms might involve 
alleviation of mitochondrial membrane potential loss, stabilization of 
the Bax/Bcl-2 balance, and inhibition of cleaved caspase-9 activity and 
Nrf2/Wnt activation, through α7-nAChR activation [349]. Recently, the 
same authors showed the ability of nicotine to increase expression levels 
of Wnt/β-catenin signaling proteins in the PD mouse model or in the 
SH-SY5Y cells treated by 1-methyl-4-phenylpyridinium, and these ef-
fects were also reversed by α7-siRNA treatment in vivo or in vitro, which 
suggested a contribution of Wnt/β-catenin signaling in endogenous 
α7-nAChR neuroprotective mechanisms [323,349]. 

Serotonin receptors on astrocytes have been also proposed as po-
tential therapeutic targets in PD [354,355]. Stimulation of astrocyte 
serotonin 1A (5-HT1A) receptors promotes astrocyte proliferation and 
upregulation of the antioxidant molecules metallothionein (MT)-1,2, 
which protect dopaminergic neurons against oxidative stress [351–353]. 
Rotigotine, an anti-parkinsonian drug that can bind to dopamine and 
5-HT1A receptors, was reported to increase the number of astrocytes 
and MT-1,2 expression in cultured astrocytes. Pretreatment with 
conditioned media from rotigotine-treated astrocytes significantly 
inhibited 6-OHDA-induced dopaminergic toxicity, and these effects 
were blocked by co-administration with a 5-HT1A antagonist [353]. 
Thus, astrocytes targeting 5-HT1A receptors may contribute to neuro-
protection, through upregulation of MT expression in astrocytes 
[351–353]. 

6.1.6. Activating astrocyte transcription factors 
Activation of glial transcription factors, such as Nurr1 (originally 

known as a transcription factor specific for developing and adult mDAn), 
has been shown to protect neighboring mDAns by reducing synthesis 
and release of astroglial proinflammatory cytokines [354,355]. Two 
antimalarial drugs, amodiaquine (AQ) and chloroquine stimulated the 
transcriptional function of Nurr1 and enhanced the Nurr1-dependent 
transcriptional activation of DA-specific genes. Interestingly, they 
further enhanced transrepression of neurotoxic proinflammatory gene 
expression in microglia [354,355]. Of specific interest, pharmacological 
stimulation of Nurr1 causes both neuroprotection and 
anti-inflammatory effects in the 6-OHDA lesion model of PD [354]. In 
this study a novel Nurr1 agonist, SA00025, was tested for both its effi-
ciency to induce the transcription of dopaminergic target genes in vivo 
and prevent dopaminergic neuron degeneration in an inflammation 
exacerbated 6-OHDA-lesion model of PD [354]. Here, the neuro-
protective effects of SA00025 in this mDAn degeneration model were 
associated with changes in microglial morphology indicative of a resting 
state and a decrease in microglial specific IBA-1 staining intensity in the 
SNpc and reduced astrocyte IL-6 levels, underscoring the potential of 
small molecules targeting neuronal and glial Nurr1 as neuroprotective 
strategy for PD [354]. 

6.1.7. Illuminating astrocytes 
Light stimulation of astrocytes with optogenetics has now being 

applied to reveal the function of astrocytes in physiology and pathology. 
This novel approach modulates the bidirectional interactions between 
astrocytes and neurons in both synaptic and neuronal networks [356, 
357]. This strategy allows specific cell stimulation by external illumi-
nation which may remotely manipulate intracellular pathways in single 
cells, using channelrhodopsin-2 (ChR2) activation to allow cationic 
currents to depolarize genetically targeted cells [356, 357, and Refs 
herein]. Optogenetic activation of VM astrocytes was used by Yang et al. 
[358], showing that it can enhance the DAergic differentiation of stem 
cells and promote brain repair in PD models in vivo and in vitro with basic 
fibroblast growth factor (bFGF) being identified as a prominent medi-
ator. As recently reviewed by Xie et al. [357], recent findings highlight 
the possibility to use optogenetics to control the release of glio-
transmitters and regulate astrocytic membrane channels. Thus, the 
capability of modulating the bidirectional interactions between astro-
cytes and neurons in both synaptic and neuronal networks via opto-
genetics represents a novel way to manipulate astrocytes that might 
represent a feasible and be an effective way to investigate the potential 
therapeutic strategy for PD and other NDs [356,357]. Mederos and co 
[356] used a new approach based on selective expression of melanopsin, 
a G-protein-coupled photopigment, in astrocytes to trigger Ca2+

signaling. Using the genetically encoded Ca2+ indicator GCaMP6f and 
two-photon imageing, the authors showed that melanopsin, a G-pro-
tein-coupled photopigment expressed by a small subset of mammalian 
retinal ganglion cells, is both competent to stimulate robust 
IP3-dependent Ca2+ signals in astrocyte fine processes, and to evoke an 
ATP/Adenosine-dependent transient boost of hippocampal excitatory 
synaptic transmission [356]. In vivo, melanopsin-astrocyte activation 
enhances episodic-like memory, suggesting melanopsin as an optical 
tool that could recapitulate the wide range of regulatory actions of as-
trocytes on neuronal networks in behaving animals [356]. 

Interestingly, Zhao et al. [359] reported that optical depolarization 
of young neuroblast, i.e., DCX-expressing cells, induced cognitive re-
covery and maturation of newborn neurons after traumatic brain injury 
via Wnt/βeta-catenin signaling pathway activation. Moreover, Wnt 
signaling also plays a key role in controlling neuron activity-regulated 
neurotrophic factor (i.e. Bdnf) expression [360], supporting Wnt 
signaling as a potential actor in neural stimulation, and likely underlying 
beneficial effects on neurogenesis and cognitive functions [reviewed in 
73]. 

6.1.8. Astrocyte genetic manipulation for GF delivery, co-transplantation 
and reprogramming therapies for PD 

The possibility of modifying the pathologic brain environment by 
utilizing the neurotrophic properties of astrocytes is being actively 
pursued using different approaches, including derivation of astrocyte 
differentiated from NSCs or hiPSC sources, or conversion of fibroblasts 
directly into astrocytes, astrocyte co-transplantaion and astrocyte 
reprogramming [293–299]. Genetic manipulation of astrocytes to 
deliver at the location of active neuropathology potential neuro-
protective molecules was studied by different authors Gene therapy 
approaches for PD can deliver neurotrophic factors such as GDNF or 
neurturin via neuronal transgene expression. Drinkut and co [361] 
expressed GDNF exclusively in astrocytes and evaluated the efficacy of 
this approach in the mouse MPTP- and rat 6-OHDA models of PD. Here, 
astrocytic GDNF expression showed a localized but efficient alternative 
to current gene therapeutic strategies for the treatment of PD, suggesting 
astrocyte neurotrophic factor expression as novel venues for neuro-
trophic factor-based gene therapy targeting severe diseases of the brain 
[361]. 

In the study of de Pin et al. [362], the conditional BDNF delivery 
from astrocytes was shown to rescue memory deficits, spine density, and 
synaptic properties in the 5xFAD mouse model of AD. Brulet et al. [363] 
used the transcription factor NEUROD1, previously shown to convert 
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reactive glial cells to neurons in the cortex, to determine whether 
astrocyte-to-neuron transdifferentiation can occur under physiological 
conditions. Here, using adeno-associated virus 9 (AAV9), which crosses 
the blood-brain barrier without injury, to deliver NEUROD1 to astro-
cytes through an intravascular route, the athors found that a small, but 
significant number of non-reactive astrocytes converted to neurons in 
the striatum, but not the cortex, and suggested that a single transcription 
factor can induce astrocyte-to-neuron conversion under physiological 
conditions, potentially facilitating future clinical approaches long after 
the acute injury phase [363]. 

Transplantation of astrocytes generated in vitro by directed differenti-
ation of glial precursor (GPA) cells, producing multiple agents including 
BDNF, GDNF, neurturin and IGF1, into the 6-OHDA-lesioned rat stria-
tum was addressed by Proshel et al. [364]. Hence, a rescue of 
parvalbumin+ GABAergic interneurons, the expression of the synaptic 
modulatory proteins thrombospondin-1 and 2, and the increased 
expression of the synaptic protein synaptophysin was observed in 
6-OHDA-lesioned striatum of GPA-transplanted rats, suggesting multi-
ple benefits of GPA transplants without requiring prior genetic manip-
ulation [364]. 

Co-grafting astrocytes derived from the midbrain remarkably enhance 
NSC-based cell therapeutic outcomes along with robust DA neuron 
engraftment in PD rodents [295]. To improve the therapeutic outcomes 
of NSC transplantation, Song and coworkers [295], exploited the neu-
rotrophic actions of astrocytes coupled to Nurr1/Foxa2 functions in this 
cell type, using the 6-OHDA rat model of PD. Hence, Nurr1+Foxa2 en-
gineering in astrocytes further improved astrocytic function to protect 
midbrain neurons against toxins, in vitro [295]. The authors identified 
potential neurotrophic cytokines, Wnt signaling molecules, extracellular 
matrix (ECM) proteins, and antiinflammatory and antioxidant factors 
that may mediate the actions of co-transplantation of VM astrocytes with 
embryonic VM precursors in the rat striatum [295]. Hence, several 
growth/neurotrophic factors (Gdnf, Nt3, Shh, Wnt1, Wnt3, Wnt5), tro-
phic ECM proteins (Col6a2, Fn1, Thbs-1), and antioxidant proteins 
(Gpx3 and Sod3) was upregulated in the striatum transplanted with 
VM-astrocytes compared with the striatum grafted with control cortex 
astrocytes/NPCs (or cortex astrocytes) at 1 month after transplantation 
[295]. In addition, the expression of a panel of anti-inflammatory 
markers (Ifnb, Ccl17, Il-1r2, Il-1rn, Ym1, and Il-10) was also greater in 
brains grafted with VM-Ast, while the expression of pro-inflammatory 
genes did not increase, and some genes (iNOS, Il-1β, Cxcl11) were 
downregulated [295]. 

Adult NSC transplantation into the aged MPTP-injured SN showed 
[72] that a large fraction of transplanted NSCs acquired an astrocytic 
phenotype both at the SN level and at the midbrain peri-aqueductal re-
gions, where a robust migration of NSCs and NSC-derived astrocytes to 
the Wnt-sensitive midbrain dopaminergic niche accompanied a time 
dependent dopaminergic neurorescue [72]. Remarkably, in NSC-grafted 
mice, the NSC-derived astrocytes and the endogous astrocytes expressed 
Wnt1, mediating dopaminergic neurorescue and microglia 
down-modulation. Here, the expression levels of various 
pro-inflammatory genes involved in inflammation-dependent DA 
neurotoxicity were up-regulated 4-8-fold in SNpc tissues from 
MPTP/PBS mice, vs. saline/PBS mice [72]. In contrast, MPTP/NSC mice 
showed a significant down-regulation of all these inflammatory mRNA 
species, including Tnf and Tnfrsf1a, Il1, Nos2, Nfkb and the phagocyte 
oxidase Cybb (gp91phox), vs. MPTP/PBS controls [72]. Additionally, 
looking at the astrocytic Nrf2-Hmox axis, it was found NSC grafts pro-
moted a significant up-regulation of both genes vs. MPTP/PBS mice. This 
finding suggested an ability of NSC grafts to normalize the unbalance of 
pro-inflammatory and oxidative stress markers in the aged 
MPTP-lesioned SN milieu [72]. The overall gene and protein expression 
profiling data suggested that NSC grafts induce major changes in several 
oxidative/inflammatory and Nrf2/Wnt/β-catenin-dependent genes 
within the SN of aged MPTP mice [72]. 

Grafting primary VM astrocytes was also approached [74] to address 

the ability of transplanted VM astrocytes, by themselves, to promote 
DAergic neurorescue, in vivo. Using primary mouse post-natal (P2-3) VM 
astrocytes as a graft source for unilateral transplantation above the 
subtantia nigra (SN) of middle-aged MPTP mice after the onset of motor 
symptoms, Serapide and co [74] addressed their potential to ameliorate 
the aged and MPTP-injured microenvironment, thus mitigating nigros-
triatal toxicity. Here, grafting VM astrocytes was shown to rejuvenate 
the SN microenvironment via a downmodulation of microglial 
pro-inflammatory status and the resilience of astrocyte 
Nrf2/Wnt-signaling axis [74]. Importantly VM-As-grafts promoted an 
enriched expression of canonical Wnt signature genes in the middle-aged 
MPTP-injured VM, which included Wnt1, β-catenin, and Fzd1 receptor, 
thus triggering a “Wnt-on” state, likely contributing to DAergic neuro-
rescue [74]. Accordingly, a number of endogenous Wnt signaling an-
tagonists, such as GSK-3β, Dkk1 and sFrp1 were downregulated by 1 wpt 
in the grafted VM-As SN tissues and As-cultures, when compared to their 
MPTP/PBS-As counterparts exhibiting a significant up-regulation of 
endogenous Wnt antagonists, supporting the “Wnt off” state of the aged 
MPTP-injured midbrain [74]. 

Activating Nrf2/Wnt/β-catenin signaling, as observed in VM-As- 
grafted mice and VM-As-derived cultures, or MPTP/PBS-As-derived 
cultures treated with the GSK-3β-antagonist, powerfully reverted 
oxidative/nitrosative stress markers promoting DAn survival and 
growth. Hence, Wnt/β-catenin activation in VM astrocyte–grafted mice 
was suggested to promote a beneficial effect, switching the microglial 
M1 phenotype to a likely more quiescent anti-inflammatory state, 
whereas a lack of astrocyte-derived Wnt-microglial dialogue as observed 
in aged MPTP-injured SNpc, likely contributed to the loss of major Nrf2- 
antioxidant genes, in turn responsible for astrocyte failure to 
protect and rescue/repair the injured DAn of middle-aged MPTP mice 
[74]. Together, these findings argue in favor of reciprocal 
astrocyte/microglial/neuron interactions, supporting resilience 
Nrf2/HO1/Wnt/β-catenin axis as a critical mediator in promoting neu-
roprotection in astrocyte-grafted mice [74]. 

Reprogramming has emerged as a powerful approach for cell 
replacement therapy that would avoid the use of cell transplantation. 
Earlier and more recent studies, provided strong evidence that a 
persistent expression of neurogenic fate determinants, driven by 
silencing-resistant retroviral vectors, can instruct astroglia from the 
postnatal cortex, in vitro, to mature into fully functional, synapse- 
forming neurons [369− 374]. Additionally, both rodent and human fi-
broblasts have been reprogrammed into induced dopaminergic neurons 
capable of promoting some functional recovery after transplantation to 
animal models of basal ganglia injury [365− 370]. 

In the work of Rivetti di Val Cervo et al. [294], three transcription 
factors, NEUROD1, ASCL1 and LMX1A, and the microRNA miR218 
(designated NeAL218), were used to reprogram human astrocytes in 
vitro, and mouse astrocytes in vivo, into induced dopamine neurons 
[294]. The reprogramming efficiency was also improved by treatment in 
vitro with small molecules activating Wnt signaling, besides other 
pathways. Especially, in a mouse model of Parkinson’s disease, NeAL218 
alone reprogrammed adult striatal astrocytes into induced dopamine 
neurons that are excitable, being also capable to correct some aspects of 
motor behavior in vivo [294]. With the optimization of this approach, 
the authors suggest a novel therapeutical potential that may enable 
clinical therapies for Parkinson’s disease by delivery of genes rather 
than cells [294]. Importantly, the possibility to generate patient-specific 
astrocytes capable of recapitulating a patient’s genetic background and 
disease phenotype now permits to investigate the role of astrocyte 
dysfunction in human disease when addressing neuron crosstalk in 
coculture paradigms with patient derived neurons [371, 372]. Accord-
ingly, PD patient-derived cells and tissue show increased oxidative 
stress, impaired mitochondrial function and downregulation of 
Wnt/β-catenin signaling, at least in part resulting from astrocyte 
dysfunction. Hence, healthy astrocytes can protect and attenuate mito-
chondrial dysfunctions in human iPSC-derived dopaminergic neurons 
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from PD patients [371, 372], thus corroborating the critical role of 
astrocyte-neuron crosstalk, oxidative stress and Wnt signaling in human 
PD physiopathology. Then, using both patient-derived neurons and as-
trocytes represent a challenging approach for drug-screening and 
discovery. 

Together, and increasing number of treatments in pre-clinical PD 
models, are being reported to up-regulate Nrf2/Wnt pathways, exerting 
anti-oxidant/anti-inflammatory actions, associated with neuro-
protective activities, supporting astrocyte-Nrf2/Wnt resilience as thera-
peutic target in neuroinflammatory-dependent neurodegeneration. 

7. Conclusive remarks and future directions to “cure” PD 

Oxidative stress and inflammation-driven neurotoxicity have long 
been suggested to play a central role in the progression of various NDs, 
including PD, where activation of innate immune responses engender a 
dangerous crosstalk with harmful consequences for the vulnerable 
mDAns innervating the striatum, and responsible for the inesorable 
degeneration of the nigrostriatal dopaminergic pathway responsible for 
the neuropathological hallmarks leading to the classical motor features 
of PD. PD treatment options are conventionally focused on dopamine 
replacement and provision of symptomatic relief, but do not modify the 
progressive neurodegenerative cell loss associated with PD that, in many 
cases, results in debilitating side-effects. 

Herein, in summarizing the compelling evidence underscoring glia 
and its mediators as vital actors in PD, we highlight Nrf2, the master 
regulator of cellular defense against oxidative stress and inflammation, 
and Wnt/β-catenin signaling cascade, a vital pathway for mDAn neuro-
genesis and neuroprotection, emerging as critical intertwinned actors in 
mDAn resilience. Hence, molecular mechanisms of Nrf2/Wnt/β-catenin/ 
GSK-3β signaling regulation highlight an intense crosstalk. Importantly 
in PD, the significance of this circuitry is suggested in different PD model 
systems indicating an intricate Nrf2/PI3–K/Akt-Wnt/β-catenin coopera-
tion in the regulation of mDAn homeostasis, immunomodulation, and 
neurogenesis. Hence a decline of an Nrf2/Wnt prosurvival axis with age 
underlies PD mutations and a variety of noxious environmental expo-
sures driving PD neurodegeneration. Notably major PD-associated 
genes, including SNCA, PRKN, LRRK2, PINK1, DJ-1, and VPS35 are 
linked to the Nrf2/Wnt signaling axis, and contribute to abnormal im-
mune responses, via a dysfunction of mitochondrial, lysosomal, pro-
teosomal and autophagic pathways. Such a pathological interplay 
finally triggers a self-perpetuating cycle of oxidative stress, inflamma-
tion and neuronal death. Importantly enough, besides the vast array of 
harmful environmental factors, life style, especially exercising, may 
promote a panel of self-protective anti-ageing mechanisms with bene-
ficial effect in PD, at least in part via activation of Nrf2/Wnt resilience. 

In fact, the Nrf2/Wnt signaling system crosstalks with major path-
ways regulating astrocyte-microglia and glia-neuron interactions, in 
response to ageing, inflammation and PD neurodegeneration. Remark-
ably on the one hand, Nrf2/HO-1 and NF-ĸB affect each other to coor-
dinate anti-oxidative and inflammatory responses determining the fate 
of innate response. On the other hand, M1 pro-inflammatory microglia 
status, can be mitigated by astrocyte-microglia crosstalk via Wnt/GSK-3 
and Nr2/HO-1 interplay, aimed at counterbalancing the hostile in-
flammatory microenvironment. 

Resilience of Nrf2/Wnt signaling axis crosstalk can restrict inflam-
mation and oxidative stress, prevents neuronal loss, rescuing the 
dysfunctional or imperilled neurons and contributing to dopaminergic 
plasticity in the adult brain. Rejuvenating the dysfunctional astrocyte- 
neuron communication network in PD-based models by specifically 
manipulating astrocytes, now provides a new approach for drug devel-
opment for the treatment of neurological diseases, as PD. A remarkable 
potential exists to revert some of the described age-dependent changes, 
including molecular, cellular and pharmacological correction of glial 
dysfunction. Harnessing astrocyte-derived Nrf2/Wnts and neurotrophic 
factors, or blocking A1 harmful phenotype with glucagon-like peptide-1 

receptor agonist, NLY01; activating glial Nurr1, or activating, astrocyte 
neurotransmitter receptors; as well as by antagonizing GSK-3β in either 
neurons and glial cells. Fascinatingly, “astrocyte’s fil rouge” brings back 
to Nrf2/Wnt resilience, as a potential and robust mean to boost anti- 
oxidant, anti-ageing, self-protective and pro-regenerative programs for 
NDs, and in particular PD (Fig. 8). 

Novel frontiers regard the use optogenetics to illuminate astrocytes, 
thus promoting their neuroprotective and proneurogenic functions. 
Additionally, genetic manipulation of astrocytes and co-grafting tech-
niques to improve the injured microenvironment, activate dopaminergic 
neurogenesis and incite neurorepair are being studied. Hence, deriva-
tion of astrocyte differentiated from NSCs or hiPSC sources, or conver-
sion of fibroblasts directly into astrocytes, astrocyte reprogramming into 
neurons, represent some of these very challenging new research areas. 
Coupled to the possibility to generate patient-specific astrocytes capable 
of recapitulate a patient’s genetic background and disease phenotype on 
the one hand, and using co-culture techniques with PD-specific neurons, 
it is also possible to screen new molecules for drug discovery and ther-
apeutical applications to treat neurological diseases. Al together efforts 
in the underpinning of astrocyte-neuron crosstalk at a molecular and 
cellular levels will be fundamental to the identification of novel diag-
nostic tools and treatments for NDs to promote functional recovery 
(Fig. 8). 
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Abbreviation 

6-OHDA 6-hydroxydopamine 
α-syn α-synuclein 
ALS amiotrophic lateral sclerosis 
APC adenomatous polyposis coli 
AQ amodiaquine 
Aq-PVR aqueduct-periventricular region 
AR AR-AO14418 
bFGF basic fibroblast growth factor 
BDNF brain-derived neurotrophic factor 
BrdU bromodeoxyuridine 
CHIR CHIR99021 
CK1α casein kinase 1α 
CPu corpus striatum 
CRD cysteine-rich domain 
CSF cerebrospinal fluid 
DA dopamine 
DAn dopaminergic neurons 
DAT dopamine transporter 
DDO-7263 [5-(3,4-Difluorophenyl)-3-(6-methylpyridin-3-yl)-1,2,4- 
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oxadiazole] 
EGF epidermal growth factor 
DCX doublecortin 
Dkk Dickkopf 
DG dentate gyrus 
Dvl Dishevelled 
Fzd Frizzled 
GBA1 β-glucocerebrosidase 1 
GFAP glial fibrillary acidic protein 
GDNF glial-derived neurotrophic factor 
GF growth factor 
GSH Glutathione 
GSK-3β glycogen synthase kinase 3β 
Hmox1 heme oxygenase 1 
IBA1 ionized calcium-binding adapter molecule 1 
icv intracerebroventricular 
iNOS inducible nitric oxide synthase 
iPSC induced pluripotent stem cell 
Keap1 Kelch-like ECH-associated protein 1 
L-DOPA levodopa 
LEF lymphoid enhancer binding factor 
LGR leucine-rich repeat-containing G-protein coupled receptors 
LRP low-density lipoprotein receptor-related protein 
LRRK2 leucine-rich repeat kinase 2 
MAP2a microtubule-associated protein 2a 
MMF Monomethylfumarate 
mDAn midbrain dopaminergic neurons 
mNSC mid brain neural stem progenitor cells 
MPP+ 1-methyl-4-phenylpyridinium 
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
mtDNA mitochondrial DNA 
ND neurodegenerative disorder 
NLY0 glucagon-like peptide-1 receptor agonist 
Nrf2 nuclear factor erythroid-2-related factor 2 
NSAID non-steroidal anti-inflammatory drug 
NSC neural stem cell 
Nurr1 nuclear receptor-related factor 1 
PCP planar cell polarity 
PD Parkinson’s disease 
PHOX phagocyte oxidase 
PI3K phosphoinositide 3-kinase 
PINK1 PTEN-induced putative kinase 
PP2A protein phosphatase-2A 
PTX paclitaxel 
RNS reactive nitrogen species 
ROS reactive oxygen species 
Rspo R-spondin 
SAMP8 senescence associated mouse prone 8 
sFRP secreted Fzd-related protein 
SGZ subgranular zone 
Shh sonig hedgehog 
SN substantia nigra 
SNpc substantia nigra pars compacta 
SPO-2 spondin-2 
Cpu caudate putament 
SVZ subventricular zone 
TCF T cell factor 
TH tyrosine hydroxylase 
TNFα tumor necrosis factor α 
VM ventral midbrain 
VTA ventral tegmental area 
WIF Wnt inhibitory factor 
WIP1 wild-type p53-induced phosphatase 1 
Wnt1 wingless-type mouse mammary tumor virus integration site1 
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