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NRF2 (Nuclear Factor-Erythroid 2 Like 2) is a transcription factor that orchestrates the cellular response to oxidative

stress. The regulation of NRF2 signalling has been shown to be a promising strategy to modulate the progression of the

neurodegeneration associated to Parkinson’s disease. The NRF2 pathway has been shown to be affected in patients with

this disease, and activation of NRF2 has neuroprotective effects in preclinical models, demonstrating the therapeutic

potential of this pathway.
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1. Dopaminergic Neurons as Vulnerable Targets of Oxidative Stress

Dopaminergic neurons in the SN have several traits that make them especially sensitive to oxidative stress :

Anatomically, dopaminergic neurons have a long-range neuronal projection with complex dendritic and axonal

arborization, coupled with glutamatergic innervation from the subthalamic nucleus, and a high microglia concentration was

observed in the SN. Metabolically, dopaminergic neurons are very active, with an autonomous pacemaking activity that

requires high oxygen consumption, a finely tuned calcium signalling process, and cellular proteostasis. Dopaminergic

neurons in the SN exhibit elevated rates of oxidative phosphorylation in the mitochondria, resulting not only in higher ATP

production, but also in ROS generation compared to neighbouring cells in the ventral tegmental area. Additionally,

dopamine metabolism, the presence of iron, and low levels of antioxidants make them particularly prone to oxidative

stress. Oxidative stress is not only present throughout PD, but has also been detected in early disease stages ,

suggesting an important role in the pathogenesis of the disease.

Dopamine itself is a source of ROS (Figure 1) that can damage dopaminergic neurons . Dopamine generated in the

cytoplasm or uptaken by the dopamine transporter present in dopaminergic neurons is autoxidized, inducing an increase

in dopamine quinones that are toxic to the cells. Neurotoxins 6-hydroxydopamine and tetrahydroisoquinoline alkaloids can

be produced by a non-enzymatic reaction involving dopamine, H O , and free iron, all of them present in dopaminergic

neurons .

Figure 1.  Intracellular dopamine metabolism. Parkinson’s disease is characterized by the degeneration of dopaminergic

neurons in the substantia nigra. Dopamine metabolism is responsible in part for the vulnerability of the neurons in this

nucleus. Reactions generating reactive oxygen species (ROS) from dopamine and its metabolites are shown in (A). Nrf-2

regulates several enzymes represented in (B) involved in detoxifying reactions that can mitigate the production of ROS

and metabolites that are toxic for dopaminergic neurons. MAO: Monoamine oxidase. 6-OHDA: 6-hydroxydopamine.

NQO1: NADPH quinone dehydrogenase 1. ALDH1A: Aldehyde dehydrogenase 1.

Monoamine oxidases (MAO) are enzymes that generate H O  as a by-product of the metabolism of catecholamines and

indoleamines. While MAO-B is located primarily in glial cells, MAO-A is present in neurons , including dopaminergic

neurons in the SN, although at relatively low levels . MAO-B is expressed at high levels in astrocytes in the SN, and the
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H O   produced by this enzyme can cross the cell membrane and affect neighbouring cells, as well as promote

excitotoxicity .

NOXs are source of ROS, with a special importance in phagocytic cells. Upregulation and release of ROS are hallmarks

of activated microglia . Activation of NOX led to an increased microglial activation and dopaminergic cell death in

cultures . We demonstrated that NOX activation can increase ROS levels and decrease cell survival also in pure

neuronal cultures .

2. Antioxidant Defences and NRF2

Cells have evolved several antioxidant mechanisms to counteract the effect of ROS and avoid damage. Nonenzymatic

ROS scavengers include vitamins and their precursors that have direct scavenging effect on ROS and are obtained

mostly by food intake. Other molecules with ROS scavenging activity (NADPH, uric acid, glutathione, taurine,

thioredoxin…) can, on the contrary, be regenerated by the activity of cellular enzymes.

Enzymes that react to electrophilic chemicals and xenobiotics had been classified as phase I, phase II, and phase III

depending on their function. NRF2 is a transcription factor that regulates gene expression of phase I, II, and III enzymes

responsible of antioxidant defence . Under normal circumstances, NRF2 is sequestered in the cytoplasm by KEAP1

(Kelch-like ECH-associated protein 1), an inhibitor of its function that facilitates its degradation by ubiquitination . In

the presence of ROS, reactive nitrogen species, and electrophilic compounds, KEAP1 is modified causing the dissociation

of KEAP1 from NRF2, allowing the stabilization of NRF2 and its translocation and accumulation in the nucleus.

Alternatively, kinase-mediated phosphorylation of KEAP1 can also induce KEAP1 inactivation and NRF2 translocation to

the nucleus . Once in the nucleus, NRF2 can bind to the promoter regions of genes containing “antioxidant response

element” sequences, promoting the expression of antioxidant genes, including NRF2 itself .

Dopaminergic neurons are not only exposed to different sources of ROS, but also have compromised antioxidant defence

mechanisms. Depending on the source and type of ROS, cells use combinations of ROS scavengers and enzymes that

maintain the redox potential of the cell. NRF2 translocates to the nuclei of dopaminergic neurons and increases the

transcription of target genes such as Heme Oxygenase 1 (HMOX1) and NAD(P)H Quinone dehydrogenase 1 (NQO1),

which are found in the brains of patients with idiopathic PD . Besides NRF2 activation in the SN of patients with

PD, systemic activation of the NRF2 pathway has been recently reported , thus this pathway has been

proposed as a marker of PD. In dopaminergic neurons, NRF2 regulates genes that mediate dopamine metabolism

(Figure 1B) and various antioxidant systems (Figure 2).

Figure 2. Antioxidant system regulated by NRF2 in the cytoplasm. ROS production is used as a signal molecule and is a

byproduct of several reactions in cells that can result in oxidative stress. Cells can use ROS scavengers such as (A)

glutathione (GSH), (B) taurine, (C) urate, as well as detoxifying enzymes as (D) superoxide dismutase (SOD), peroxidase

(Px), (E) Heme oxygenase 1 (HMOX1), or cytochrome P450, present in the cytoplasm to reduce ROS and toxic

metabolites. NRF2 is regulating and can be regulated by these pathways. GSH: Reduced glutathione. GSSG oxidized

glutathione. GST: Glutathione S Transferase. GPx: Glutathione peroxidase. GR: Glutathione reductase. xCT: Cystine-

Glutamate exchanger. GCL Glutamate-cysteine ligase. CDO Cysteine dioxygenase. SOD1: Superoxide dismutase type 1.

FPN1: Ferroportin.

Disorders affecting GSH metabolism are common in major neurodegenerative diseases. In human brains, the levels of

GSH peroxidase correlate with the survival of dopaminergic neurons in PD  and reduced glutathione levels have been

found in the brain of patients with PD . NRF2 regulates the levels of not only GSH peroxidase, but most other key

enzymes for GSH synthesis and regeneration (Cystine/glutamate antiporter (xCT), γ-glutamate cysteine ligase (GCL)
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subunits, glutathione reductase (GR), glutathione S-transferases (GSTs), and others) (Figure 2A). These enzymes have

been shown to be affected also in PD brains . Besides GSH peroxidase, there are many other enzymes with

peroxidase activity in the thioredoxins superfamily of enzymes that also participate in the control of redox signalling .

Most of them are regulated by NRF2, and together function as a signalling system that regulates NRF2 pathway and

consequently their own expression .

Taurine (2-aminoethanesulfonic acid) is the most abundant intracellular amino acid from a very early age in humans, with

levels particularly high in excitable tissues that are susceptible to oxidative stress, such as the brain. A reduction in taurine

levels has been shown in patients with PD and other neurodegenerative disorders that correlates with the progression of

the disease . Taurine can act as an antioxidant and have neuroprotective effects . Mechanistically, taurine

protects neuronal cells by decreasing superoxide generation from mitochondria, reducing the damage to more sensitive

antioxidant systems and, indirectly, by decreasing microglia activation and the oxidative stress associated to microglial

NADPH-derived ROS that cause damage in neuronal cells . NRF2 promotes the synthesis of taurine at the

expense of cysteine and NADPH, possibly affecting other antioxidant systems, and conversely taurine increases the

expression of NRF2 and downstream genes .

NADH and NADPH are cofactors essential for maintaining cellular redox homeostasis by providing reducing equivalents

to antioxidant enzymes. These molecules are obtained in the tricarboxylic acid cycle in the mitochondria and the pentose

phosphate pathway in the cytoplasm. NRF2 is key in regulating the production of these cofactors , most notably by

regulating the pentose phosphate pathway, and tricarboxylic acid cycle intermediates are able to activate the NRF2

pathway .

Urate is an antioxidant that can scavenge peroxynitrite and hydroxyl radical. Interestingly, urate is the end product of

purine metabolism in humans because of the absence of a functional urate oxidase gene. Urate oxidase is present in

animal models, and its disruption has been shown to protect dopaminergic cells both in vivo and in vitro . Urate levels

are lower in patients with PD  and this affects NRF2 expression regulating the antioxidant and inflammatory response

.

SOD enzymes are also able to reduce oxidative stress by eliminating superoxide. SOD1, also called CuZnSOD, is located

in the cytosol, mitochondrial intermembrane space, and peroxysomes (Figure 3); SOD2 or MnSOD is located mainly in

the mitochondria, while SOD3 is mainly extracellular. These enzymes have been shown to be regulated by NRF2 , and

have been linked to PD .

Figure 3. NRF2-regulated systems. Besides ROS scavengers located in the cytoplasm, organelles involved in oxygen

metabolism such as mitochondria and peroxisomes, contain NRF2-regulated antioxidant enzymes specialized in the

antioxidant metabolism such as catalase (CAT), superoxide dismutase type 1 and type 2 (SOD1 and SOD2, respectively),

and peroxidases. Additionally, NRF2 regulates other cell pathways involved in reducing oxidative stress production, such
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as elimination of proteins by proteosomal degradation or autophagy and organelle biogenesis. NOX: NADPH oxidase. Ub:

Ubiquitin. CAT: Catalase.

NRF2 is well known to regulate two genes that also have antioxidant activity, HMOX1 and NQO1. The products of these

genes metabolize heme and quinone, molecules that can generate ROS, and thus both have been classified as

“detoxifying enzymes” .

HMOX1 is an inducible enzyme responsible for heme degradation, resulting in carbon monoxide, free iron, and biliverdin

(Figure 2E).  HMOX1  expression was upregulated in glial cells in animal models of PD  and has been found

upregulated in the SN of patients with PD, both in surviving dopaminergic neurons and astrocytes . HMOX1 activity has

been associated with cytoprotective effects, although the neuroprotective effect of HMOX1 has been questioned .

HMOX1 has been shown to have an anti-inflammatory effect and switches macrophages from proinflammatory to anti-

inflammatory phenotype , suggesting an important role in regulating microglia in PD. Other enzymes related to iron and

heme metabolism, including ferritin and ferroportin, are also regulated by NRF2 . Levels of ferritin have been found

to be decreased in the SN of patients with PD . Ferritin sequesters free iron in microglia with a neuroprotective effect

.

NQO1 is implicated in the detoxification of quinones (Figure 1B). This is important in dopaminergic neurons since

dopamine and other catecholamines can autoxidize to form quinones that can be toxic for dopaminergic neurons before

polymerizing to form neuromelanin. 6-hydroxydopamine (6-OHDA), the first dopaminergic neurotoxin discovered, has

been also shown to cause dopaminergic neuronal death via quinone formation . Both dopamine and 6-OHDA have

been shown to activate the NRF2 pathway and NQO1 . NQO1 is localized in dopaminergic neurons in the SN and

ventral tegmental area . Elevated NQO1 levels were found in patients with PD , but NQO1 immunoreactivity is

virtually absent when dopaminergic neurons degenerate in advanced stages of the disease . NQO1 has been

suggested to protect against several insults associated with PD . However, similarly to HMOX1, the neuroprotective

effects of NQO1 have been questioned .

Another gene of interest for PD is CYP2D6. This gene codifies cytochrome P450, a phase I enzyme induced by NRF2

that is highly expressed in liver and brain, where it is involved in drug metabolism. In the brain, it was found expressed at

high levels in the SN , where it is located in dopaminergic neurons . Cytochrome P450 has been shown to have

neuroprotective effect in models of PD . Polymorphisms of this enzyme have been associated with PD risk  and its

expression is decreased in patients with PD compared to age-matched controls .

Cells have evolved other pathways to reduce oxidative stress by decreasing ROS generation (Figure 3). These pathways

include the ubiquitin proteasome system , uncoupling mitochondrial proteins , and organelle autophagy  or

biogenesis through PGC-1α  and PPARγ . NRF2 is involved in the regulation of these pathways , having

shown neuroprotective effects in models of PD .

3. Oxidative Stress in Familial Forms of PD: Relationship with NRF2

Oxidative stress is one of the possible mechanisms involved in the pathogenesis and progression of idiopathic forms of

PD. Besides those, there are a few genes that have been linked with the disease. For a long time, these genes have been

associated with redox imbalance, and their relation with NRF2 is becoming apparent over the more recent years .

Synuclein (SNCA) is a major component of the Lewy body, one of the hallmarks of PD, and mutations and even

overexpression of the wild type  SNCA  cause familial forms of the disease. Misfolded synuclein causes microglial

activation and increased expression of antioxidant response enzymes , suggesting a role in regulating NRF2 pathway.

NRF2 expression has been shown to be neuroprotective in cellular and animal models expressing α-synuclein . In

cellular models, downregulation of  NRF2  and  HMOX1  induces synuclein aggregation . Mutant synuclein causes

mitochondrial dysfunction and an increase in ROS levels, while NRF2 activation can reduce oxidative stress and

ameliorate mitochondrial damage .

Mutations in the PARK2 gene parkin (PRKN) show impaired ubiquitin protein ligase activity. Cells use parkin to target

proteins to be degraded by the UPS and reduce oxidative and endoplasmic reticulum stress . In induced pluripotent

stem cells (iPSC)-derived neurons, mutant PRKN  decreased levels of GSH, increased levels of ROS production, and

elevated NRF2 and NQO1. Defects in mitochondria were detected in these neurons, but not in undifferentiated iPSCs nor

the fibroblast from patients from which these cells were derived .
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PINK1 is a protein located in the mitochondrial membrane that can interact with parkin. Together, they regulate

mitochondria maintenance by sensing damaged mitochondria. PINK1 has neuroprotective properties by labelling

defective mitochondria for selective degradation via autophagy (also called “mitophagy”) . NRF2 can directly upregulate

PINK1 in response to oxidative stress  and PINK1 reduce mitochondria-derived ROS overproduction by inducing

mitophagy. NRF2 activity is upregulated by autophagy, promoting the expression of p62 and PGC-1α, which are key

regulators of the recycling of mitochondria and lysosomes .

DJ1 gene encodes a highly conserved, ubiquitous protein with functions that are not so well-known. An antioxidant role of

DJ1 has been proposed early due to its association with PD , with prominent expression in glial cells and

upregulation of GSH synthesis in PD models . Even before being recognized as a gene responsible for familial forms of

PD, DJ1 was found to be oxidized in response to toxins used in PD modelling and microglial activation . DJ-1 directly

regulates NRF2 by associating with KEAP1, thus avoiding NRF2 degradation and facilitating its nuclear accumulation .

The interaction between DJ-1 and NRF2 is well known and is considered key for the role of DJ-1 in PD pathogenesis .

LRRK2  (Leucine-Rich Repeat Kinase 2) is one of the most prevalent genes associated with familial forms of PD. Wild

type LRRK2 expression increases cell survival in oxidative stress conditions in culture, while viability was decreased in

cells carrying a mutant form of LRRK2  . In individuals carrying the LRRK2 mutation but without PD, the levels of urate

(an NRF2 activator, see above) were higher than in affected patients with the same mutation, suggesting that urate has a

protective role and can be used as a biomarker of resistance to PD . An association between NRF2 concentration and

UPDRS scores was found in PD carriers of LRRK2  mutations , but there are no statistically significant differences

between the levels of NRF2 in CSF of patients with PD with LRRK2 mutations compared to healthy LRRK2 carriers.

PARK5 gene,  UCHL-1  (Ubiquitin Carboxyl-terminal Hydrolase L1), is a deubiquitinating enzyme that is affected by

oxidative stress in PD . Although association studies between NRF2 and UCHL-1 in PD have not yet been carried out,

UCHL-1 is co-regulated with NRF2 in hyperglycaemia models , and NRF2 pathway has been proposed as a possible

therapeutic approach for traumatic brain injury, where UCHL-1  is also upregulated ; however, a direct link between

these two remains to be established. Other genes associated with PD have shown some association with NRF2, but

further research is required to stablish NRF2 relevance to other familial forms of PD.

The enzymes and proteins involved in cell protection against oxidative stress, as well as genes associated with familial

forms of PD, are, in many cases, present in astrocytes or microglial cells, and not necessarily in neurons: GSH formation

requires the interplay between different cells, neuromelanin accumulated inside dopaminergic neurons can be released

and activate microglial cells, and strong evidence supports non-cell autonomous degeneration in PD , including

the evidence of cell to cell propagation of synuclein and fibrillary tangles . The role of NRF2 in glial cells is discussed

in the next section.

4. Involvement of Glial Cells in NRF2 Protection

PD affects primarily dopaminergic neurons, but many of the effects of the disease are mediated by glial cells. Many of the

neuroprotective effects previously discussed are directly mediated by astrocytes or microglia . Glial cells

typically express higher levels of NRF2  and this correlates with higher expression and more variety of antioxidant

genes compared with neurons . Both astrocytes an microglia express high levels of HMOX1 in early stages of the PD

, and the role of glial cells has been studied extensively by Cuadrado’s research group in different models of the

disease . In PD, glutamate from the subthalamic nucleus can cause excitotoxicity, but high levels of glutamate

also cause the inhibition of the import of cystine from astrocytes, resulting in reduced glutathione levels and a form of cell

injury called oxidative glutamate toxicity or oxytosis . Dopamine can activate the NRF2 pathway in astrocytes  and

activation of the NRF2 in these cells supports the survival of dopaminergic neurons . Dopamine also activates

NRF2 and promotes iron accumulation in macrophages , and efficient iron homeostasis in microglial cells is protective

in PD models . Astrocytes can also store iron and reduce iron burden in neurons , as well as act as glutamate

sinks. These mechanisms of iron accumulation are important in ferroptosis, an iron-dependent form of cell death closely

related to oxytosis .

Astrocytic NRF2 is neuroprotective in animal models of PD , and the absence of NRF2 in astrocytes could impair the

neuroprotection conferred to neurons expressing NRF2 . Given the supporting role that astroglial cells have on

neurons, astrocytes are ideal targets to direct therapeutic interventions involving the NRF2 pathway.

The microglial inflammatory response is regulated by different levels of oxidative stress . In microglia, NRF2 pathway

induction reduces neuroinflammation and has neuroprotective effects in PD models, being a variety of mechanism
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involved .

References

1. Esposito, E.; Di Matteo, V.; Di Giovanni, G. Death in the substantia nigra: A motor tragedy. Expert Rev. Neurother.
2007, 7, 677–697.

2. Muddapu, V.R.; Dharshini, S.A.P.; Chakravarthy, V.S.; Gromiha, M.M. Neurodegenerative Diseases–Is Metabolic
Deficiency the Root Cause? Front. Neurosci. 2020, 14, 213.

3. Trist, B.G.; Hare, D.J.; Double, K.L. Oxidative stress in the aging substantia nigra and the etiology of Parkinson’s
disease. Aging Cell 2019, 18, e13031.

4. Mashima, K.; Takahashi, S.; Minami, K.; Izawa, Y.; Abe, T.; Tsukada, N.; Hishiki, T.; Suematsu, M.; Kajimura, M.;
Suzuki, N. Neuroprotective Role of Astroglia in Parkinson Disease by Reducing Oxidative Stress Through Dopamine-
Induced Activation of Pentose-Phosphate Pathway. ASN Neuro 2018, 10, 1759091418775562.

5. Blum, D.; Torch, S.; Lambeng, N.; Nissou, M.; Benabid, A.L.; Sadoul, R.; Verna, J.M. Molecular pathways involved in
the neurotoxicity of 6-OHDA, dopamine and MPTP: Contribution to the apoptotic theory in Parkinson’s disease. Prog.
Neurobiol. 2001, 65, 135–172.

6. Riederer, P.; Konradi, C.; Schay, V.; Kienzl, E.; Birkmayer, G.; Danielczyk, W.; Sofic, E.; Youdim, M.B. Localization of
MAO-A and MAO-B in human brain: A step in understanding the therapeutic action of L-deprenyl. Adv. Neurol. 1987,
45, 111–118.

7. Westlund, K.N.; Denney, R.M.; Rose, R.M.; Abell, C.W. Localization of distinct monoamine oxidase A and monoamine
oxidase B cell populations in human brainstem. Neuroscience 1988, 25, 439–456.

8. Mallajosyula, J.K.; Kaur, D.; Chinta, S.J.; Rajagopalan, S.; Rane, A.; Nicholls, D.G.; Di Monte, D.A.; Macarthur, H.;
Andersen, J.K. MAO-B elevation in mouse brain astrocytes results in Parkinson’s pathology. PLoS ONE 2008, 3,
e1616.

9. Labandeira-Garcia, J.L.; Rodríguez-Perez, A.I.; Garrido-Gil, P.; Rodriguez-Pallares, J.; Lanciego, J.L.; Guerra, M.J.
Brain Renin-Angiotensin System and Microglial Polarization: Implications for Aging and Neurodegeneration. Front.
Aging Neurosci. 2017, 9, 129.

10. Rodriguez-Pallares, J.; Parga, J.A.; Munoz, A.; Rey, P.; Guerra, M.J.; Labandeira-Garcia, J.L. Mechanism of 6-
hydroxydopamine neurotoxicity: The role of NADPH oxidase and microglial activation in 6-hydroxydopamine-induced
degeneration of dopaminergic neurons. J. Neurochem. 2007, 103, 145–156.

11. Parga, J.A.; Rodriguez-Perez, A.I.; Garcia-Garrote, M.; Rodriguez-Pallares, J.; Labandeira-Garcia, J.L. Angiotensin II
induces oxidative stress and upregulates neuroprotective signaling from the NRF2 and KLF9 pathway in dopaminergic
cells. Free Radic. Biol. Med. 2018, 129, 394–406.

12. Zhang, M.; An, C.; Gao, Y.; Leak, R.K.; Chen, J.; Zhang, F. Emerging roles of Nrf2 and phase II antioxidant enzymes in
neuroprotection. Prog. Neurobiol. 2013, 100, 30–47.

13. Itoh, K.; Mimura, J.; Yamamoto, M. Discovery of the negative regulator of Nrf2, Keap1: A historical overview. Antioxid.
Redox Signal. 2010, 13, 1665–1678.

14. Suzuki, T.; Yamamoto, M. Molecular basis of the Keap1–Nrf2 system. Free. Radic. Biol. Med. 2015, 88, 93–100.

15. Jiang, G.; Hu, Y.; Liu, L.; Cai, J.; Peng, C.; Li, Q. Gastrodin protects against MPP(+)-induced oxidative stress by up
regulates heme oxygenase-1 expression through p38 MAPK/Nrf2 pathway in human dopaminergic cells. Neurochem.
Int. 2014, 75, 79–88.

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

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

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

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

20. Petrillo, S.; Schirinzi, T.; Di Lazzaro, G.; D’Amico, J.; Colona, V.L.; Bertini, E.; Pierantozzi, M.; Mari, L.; Mercuri, N.B.;
Piemonte, F.; et al. Systemic activation of Nrf2 pathway in Parkinson’s disease. Mov. Disord. 2020, 35, 180–184.

[123]



21. Fattah, A.; Amiri, F.; Mohammadian, M.; Alipourfard, I.; Valilo, M.; Taheraghdam, A.; Hemmati-Dinarvand, M.
Dysregulation of body antioxidant content is related to initiation and progression of Parkinson’s disease. Neurosci. Lett.
2020, 736, 135297.

22. Ran, C.; Wirdefeldt, K.; Brodin, L.; Ramezani, M.; Westerlund, M.; Xiang, F.; Anvret, A.; Willows, T.; Sydow, O.;
Johansson, A.; et al. Genetic Variations and mRNA Expression of NRF2 in Parkinson’s Disease. Parkinson’s Dis. 2017,
2017, 4020198.

23. Neilson, L.E.; Quinn, J.F.; Gray, N.E. Peripheral Blood NRF2 Expression as a Biomarker in Human Health and
Disease. Antioxidants 2020, 10, 28.

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

25. Ambani, L.M.; Van Woert, M.H.; Murphy, S. Brain Peroxidase and Catalase in Parkinson Disease. Arch. Neurol. 1975,
32, 114–118.

26. Sian, J.; Dexter, D.T.; Lees, A.J.; Daniel, S.; Jenner, P.; Marsden, C.D. Glutathione-related enzymes in brain in
Parkinson’s disease. Ann. Neurol. 1994, 36, 356–361.

27. Hanschmann, E.-M.; Godoy, J.R.; Berndt, C.; Hudemann, C.; Lillig, C.H. Thioredoxins, glutaredoxins, and
peroxiredoxins--molecular mechanisms and health significance: From cofactors to antioxidants to redox signaling.
Antioxid. Redox Signal. 2013, 19, 1539–1605.

28. Ma, Q. Role of nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 401–426.

29. Tonelli, C.; Chio, I.I.C.; Tuveson, D.A. Transcriptional Regulation by Nrf2. Antioxid. Redox Signal. 2018, 29, 1727–1745.

30. Jiménez-Jiménez, F.J.; Alonso-Navarro, H.; García-Martín, E.; Agúndez, J.A.G. Cerebrospinal and blood levels of
amino acids as potential biomarkers for Parkinson’s disease: Review and meta-analysis. Eur. J. Neurol. 2020, 27,
2336–2347.

31. Niu, X.; Zheng, S.; Liu, H.; Li, S. Protective effects of taurine against inflammation, apoptosis, and oxidative stress in
brain injury. Mol. Med. Rep. 2018, 18, 4516–4522.

32. Oh, S.J.; Lee, H.J.; Jeong, Y.J.; Nam, K.R.; Kang, K.J.; Han, S.J.; Lee, K.C.; Lee, Y.J.; Choi, J.Y. Evaluation of the
neuroprotective effect of taurine in Alzheimer’s disease using functional molecular imaging. Sci. Rep. 2020, 10, 15551.

33. Wang, K.; Shi, Y.; Liu, W.; Liu, S.; Sun, M.Z. Taurine improves neuron injuries and cognitive impairment in a mouse
Parkinson’s disease model through inhibition of microglial activation. Neurotoxicology 2021, 83, 129–136.

34. Jakaria, M.; Azam, S.; Haque, M.E.; Jo, S.-H.; Uddin, M.S.; Kim, I.-S.; Choi, D.-K. Taurine and its analogs in
neurological disorders: Focus on therapeutic potential and molecular mechanisms. Redox Biol. 2019, 24, 101223.

35. Che, Y.; Hou, L.; Sun, F.; Zhang, C.; Liu, X.; Piao, F.; Zhang, D.; Li, H.; Wang, Q. Taurine protects dopaminergic
neurons in a mouse Parkinson’s disease model through inhibition of microglial M1 polarization. Cell Death Dis. 2018, 9,
435.

36. Agca, C.A.; Tuzcu, M.; Hayirli, A.; Sahin, K. Taurine ameliorates neuropathy via regulating NF-κB and Nrf2/HO-1
signaling cascades in diabetic rats. Food Chem. Toxicol. 2014, 71, 116–121.

37. Sun, Q.; Jia, N.; Yang, J.; Chen, G. Nrf2 Signaling Pathway Mediates the Antioxidative Effects of Taurine Against
Corticosterone-Induced Cell Death in HUMAN SK-N-SH Cells. Neurochem. Res. 2018, 43, 276–286.

38. Pinto, A.; Bonucci, A.; Maggi, E.; Corsi, M.; Businaro, R. Anti-Oxidant and Anti-Inflammatory Activity of Ketogenic Diet:
New Perspectives for Neuroprotection in Alzheimer’s Disease. Antioxidants 2018, 7, 63.

39. Dey, S.; Sidor, A.; O’Rourke, B. Compartment-specific Control of Reactive Oxygen Species Scavenging by Antioxidant
Pathway Enzymes. J. Biol. Chem. 2016, 291, 11185–11197.

40. Izuta, Y.; Imada, T.; Hisamura, R.; Oonishi, E.; Nakamura, S.; Inagaki, E.; Ito, M.; Soga, T.; Tsubota, K. Ketone body 3-
hydroxybutyrate mimics calorie restriction via the Nrf2 activator, fumarate, in the retina. Aging Cell 2018, 17, e12699.

41. DeBlasi, J.M.; DeNicola, G.M. Dissecting the Crosstalk between NRF2 Signaling and Metabolic Processes in Cancer.
Cancers 2020, 12, 3023.

42. Chen, X.; Burdett, T.C.; Desjardins, C.A.; Logan, R.; Cipriani, S.; Xu, Y.; Schwarzschild, M.A. Disrupted and transgenic
urate oxidase alter urate and dopaminergic neurodegeneration. Proc. Natl. Acad. Sci. USA 2013, 110, 300–305.

43. Wen, M.; Zhou, B.; Chen, Y.H.; Ma, Z.L.; Gou, Y.; Zhang, C.L.; Yu, W.F.; Jiao, L. Serum uric acid levels in patients with
Parkinson’s disease: A meta-analysis. PLoS ONE 2017, 12, e0173731.

44. Zhang, N.; Shu, H.-Y.; Huang, T.; Zhang, Q.-L.; Li, D.; Zhang, G.-Q.; Peng, X.-Y.; Liu, C.-F.; Luo, W.-F.; Hu, L.-F. Nrf2
Signaling Contributes to the Neuroprotective Effects of Urate against 6-OHDA Toxicity. PLoS ONE 2014, 9, e100286.



45. Milani, P.; Ambrosi, G.; Gammoh, O.; Blandini, F.; Cereda, C. SOD1 and DJ-1 converge at Nrf2 pathway: A clue for
antioxidant therapeutic potential in neurodegeneration. Oxid. Med. Cell. Longev. 2013, 2013, 836760.

46. Bostantjopoulou, S.; Kyriazis, G.; Katsarou, Z.; Kiosseoglou, G.; Kazis, A.; Mentenopoulos, G. Superoxide dismutase
activity in early and advanced Parkinson’s disease. Funct. Neurol. 1997, 12, 63–68.

47. Munoz, A.M.; Rey, P.; Parga, J.; Guerra, M.J.; Labandeira-Garcia, J.L. Glial overexpression of heme oxygenase-1: A
histochemical marker for early stages of striatal damage. J. Chem. Neuroanat. 2005, 29, 113–126.

48. Nitti, M.; Piras, S.; Brondolo, L.; Marinari, U.M.; Pronzato, M.A.; Furfaro, A.L. Heme Oxygenase 1 in the Nervous
System: Does It Favor Neuronal Cell Survival or Induce Neurodegeneration? Int. J. Mol. Sci. 2018, 19, 2260.

49. Schipper, H.M.; Song, W.; Tavitian, A.; Cressatti, M. The sinister face of heme oxygenase-1 in brain aging and disease.
Prog. Neurobiol. 2019, 172, 40–70.

50. Li, M.; Yu, H.; Pan, H.; Zhou, X.; Ruan, Q.; Kong, D.; Chu, Z.; Li, H.; Huang, J.; Huang, X.; et al. Nrf2 Suppression
Delays Diabetic Wound Healing Through Sustained Oxidative Stress and Inflammation. Front. Pharmacol. 2019, 10,
1099.

51. Belcher, J.D.; Chen, C.; Nguyen, J.; Zhang, P.; Abdulla, F.; Nguyen, P.; Killeen, T.; Xu, P.; O’Sullivan, G.; Nath, K.A.; et
al. Control of Oxidative Stress and Inflammation in Sickle Cell Disease with the Nrf2 Activator Dimethyl Fumarate.
Antioxid. Redox Signal. 2017, 26, 748–762.

52. Kerins, M.J.; Ooi, A. The Roles of NRF2 in Modulating Cellular Iron Homeostasis. Antioxid. Redox Signal. 2018, 29,
1756–1773.

53. Dexter, D.T.; Carayon, A.; Vidailhet, M.; Ruberg, M.; Agid, F.; Agid, Y.; Lees, A.J.; Wells, F.R.; Jenner, P.; Marsden, C.D.
Decreased ferritin levels in brain in Parkinson’s disease. J. Neurochem. 1990, 55, 16–20.

54. Zecca, L.; Bellei, C.; Costi, P.; Albertini, A.; Monzani, E.; Casella, L.; Gallorini, M.; Bergamaschi, L.; Moscatelli, A.;
Turro, N.J.; et al. New melanic pigments in the human brain that accumulate in aging and block environmental toxic
metals. Proc. Natl. Acad. Sci. USA 2008, 105, 17567–17572.

55. Farzam, A.; Chohan, K.; Strmiskova, M.; Hewitt, S.J.; Park, D.S.; Pezacki, J.P.; Özcelik, D. A functionalized
hydroxydopamine quinone links thiol modification to neuronal cell death. Redox Biol. 2020, 28, 101377.

56. Shih, A.Y.; Erb, H.; Murphy, T.H. Dopamine activates Nrf2-regulated neuroprotective pathways in astrocytes and
meningeal cells. J. Neurochem. 2007, 101, 109–119.

57. Jia, Z.; Zhu, H.; Misra, B.R.; Li, Y.; Misra, H.P. Dopamine as a potent inducer of cellular glutathione and
NAD(P)H:quinone oxidoreductase 1 in PC12 neuronal cells: A potential adaptive mechanism for dopaminergic
neuroprotection. Neurochem. Res. 2008, 33, 2197–2205.

58. Schultzberg, M.; Segura-Aguilar, J.; Lind, C. Distribution of DT diaphorase in the rat brain: Biochemical and
immunohistochemical studies. Neuroscience 1988, 27, 763–776.

59. Imaizumi, Y.; Okada, Y.; Akamatsu, W.; Koike, M.; Kuzumaki, N.; Hayakawa, H.; Nihira, T.; Kobayashi, T.; Ohyama, M.;
Sato, S.; et al. Mitochondrial dysfunction associated with increased oxidative stress and α-synuclein accumulation in
PARK2 iPSC-derived neurons and postmortem brain tissue. Mol. Brain 2012, 5, 35.

60. Herrera, A.; Muñoz, P.; Steinbusch, H.W.M.; Segura-Aguilar, J. Are Dopamine Oxidation Metabolites Involved in the
Loss of Dopaminergic Neurons in the Nigrostriatal System in Parkinson’s Disease? ACS Chem. Neurosci. 2017, 8,
702–711.

61. Luo, S.; Kang, S.S.; Wang, Z.H.; Liu, X.; Day, J.X.; Wu, Z.; Peng, J.; Xiang, D.; Springer, W.; Ye, K. Akt Phosphorylates
NQO1 and Triggers its Degradation, Abolishing Its Antioxidative Activities in Parkinson’s Disease. J. Neurosci. 2019,
39, 7291–7305.

62. Tian, R.; Abarientos, A.; Hong, J.; Hashemi, S.H.; Yan, R.; Dräger, N.; Leng, K.; Nalls, M.A.; Singleton, A.B.; Xu, K.; et
al. Genome-wide CRISPRi/a screens in human neurons link lysosomal failure to ferroptosis. Nat. Neurosci. 2021, 24,
1020–1034.

63. Norris, P.J.; Hardwick, J.P.; Emson, P.C. Localization of NADPH cytochrome P450 oxidoreductase in rat brain by
immunohistochemistry and in situ hybridization and a comparison with the distribution of neuronal NADPH-diaphorase
staining. Neuroscience 1994, 61, 331–350.

64. Siegle, I.; Fritz, P.; Eckhardt, K.; Zanger, U.M.; Eichelbaum, M. Cellular localization and regional distribution of CYP2D6
mRNA and protein expression in human brain. Pharmacogenetics 2001, 11, 237–245.

65. Watts, P.M.; Riedl, A.G.; Douek, D.C.; Edwards, R.J.; Boobis, A.R.; Jenner, P.; Marsden, C.D. Co-localization of P450
enzymes in the rat substantia nigra with tyrosine hydroxylase. Neuroscience 1998, 86, 511–519.



66. Mann, A.; Tyndale, R.F. Cytochrome P450 2D6 enzyme neuroprotects against 1-methyl-4-phenylpyridinium toxicity in
SH-SY5Y neuronal cells. Eur. J. Neurosci. 2010, 31, 1185–1193.

67. Ur Rasheed, M.S.; Mishra, A.K.; Singh, M.P. Cytochrome P450 2D6 and Parkinson’s Disease: Polymorphism,
Metabolic Role, Risk and Protection. Neurochem. Res. 2017, 42, 3353–3361.

68. Mann, A.; Miksys, S.L.; Gaedigk, A.; Kish, S.J.; Mash, D.C.; Tyndale, R.F. The neuroprotective enzyme CYP2D6
increases in the brain with age and is lower in Parkinson’s disease patients. Neurobiol. Aging 2012, 33, 2160–2171.

69. Shang, F.; Taylor, A. Ubiquitin-proteasome pathway and cellular responses to oxidative stress. Free Radic. Biol. Med.
2011, 51, 5–16.

70. Ho, P.W.; Ho, J.W.; Liu, H.-F.; So, D.H.; Tse, Z.H.; Chan, K.-H.; Ramsden, D.B.; Ho, S.-L. Mitochondrial neuronal
uncoupling proteins: A target for potential disease-modification in Parkinson’s disease. Transl. Neurodegener. 2012, 1,
3.

71. Yun, H.R.; Jo, Y.H.; Kim, J.; Shin, Y.; Kim, S.S.; Choi, T.G. Roles of Autophagy in Oxidative Stress. Int. J. Mol. Sci.
2020, 21, 3289.

72. Ye, Q.; Huang, W.; Li, D.; Si, E.; Wang, J.; Wang, Y.; Chen, C.; Chen, X. Overexpression of PGC-1α Influences
Mitochondrial Signal Transduction of Dopaminergic Neurons. Mol. Neurobiol. 2016, 53, 3756–3770.

73. Garrido-Gil, P.; Joglar, B.; Rodriguez-Perez, A.I.; Guerra, M.J.; Labandeira-Garcia, J.L. Involvement of PPAR-γ in the
neuroprotective and anti-inflammatory effects of angiotensin type 1 receptor inhibition: Effects of the receptor
antagonist telmisartan and receptor deletion in a mouse MPTP model of Parkinson’s disease. J. Neuroinflamm. 2012,
9, 38.

74. Filomeni, G.; De Zio, D.; Cecconi, F. Oxidative stress and autophagy: The clash between damage and metabolic
needs. Cell Death Differ. 2015, 22, 377–388.

75. Baird, L.; Yamamoto, M. The Molecular Mechanisms Regulating the KEAP1-NRF2 Pathway. Mol. Cell. Biol. 2020, 40,
e00099-20.

76. Broche, B.; Ben Fradj, S.; Aguilar, E.; Sancerni, T.; Bénard, M.; Makaci, F.; Berthault, C.; Scharfmann, R.; Alves-Guerra,
M.C.; Duvillié, B. Mitochondrial Protein UCP2 Controls Pancreas Development. Diabetes 2018, 67, 78–84.

77. Darabi, S.; Noori-Zadeh, A.; Abbaszadeh, H.A.; Rajaei, F.; Bakhtiyari, S. Trehalose Neuroprotective Effects on the
Substantia Nigra Dopaminergic Cells by Activating Autophagy and Non-canonical Nrf2 Pathways. Iran. J. Pharm. Res.
IJPR 2019, 18, 1419–1428.

78. Sheng, X.J.; Tu, H.J.; Chien, W.L.; Kang, K.H.; Lu, D.H.; Liou, H.H.; Lee, M.J.; Fu, W.M. Antagonism of proteasome
inhibitor-induced heme oxygenase-1 expression by PINK1 mutation. PLoS ONE 2017, 12, e0183076.

79. Imaizumi, Y.; Okano, H. Modeling human neurological disorders with induced pluripotent stem cells. J. Neurochem.
2014, 129, 388–399.

80. Beraud, D.; Maguire-Zeiss, K.A. Misfolded alpha-synuclein and Toll-like receptors: Therapeutic targets for Parkinson’s
disease. Parkinsonism Relat. Disord. 2012, 18 (Suppl. 1), S17–S20.

81. Lastres-Becker, I.; Ulusoy, A.; Innamorato, N.G.; Sahin, G.; Rábano, A.; Kirik, D.; Cuadrado, A. α-Synuclein expression
and Nrf2 deficiency cooperate to aggravate protein aggregation, neuronal death and inflammation in early-stage
Parkinson’s disease. Hum. Mol. Genet. 2012, 21, 3173–3192.

82. Fu, M.-H.; Wu, C.-W.; Lee, Y.-C.; Hung, C.-Y.; Chen, I.C.; Wu, K.L.H. Nrf2 activation attenuates the early suppression
of mitochondrial respiration due to the α-synuclein overexpression. Biomed. J. 2018, 41, 169–183.

83. He, Q.; Song, N.; Jia, F.; Xu, H.; Yu, X.; Xie, J.; Jiang, H. Role of α-synuclein aggregation and the nuclear factor E2-
related factor 2/heme oxygenase-1 pathway in iron-induced neurotoxicity. Int. J. Biochem. Cell. Biol. 2013, 45, 1019–
1030.

84. Wang, H.Q.; Imai, Y.; Kataoka, A.; Takahashi, R. Cell type-specific upregulation of Parkin in response to ER stress.
Antioxid. Redox Signal. 2007, 9, 533–542.

85. Eiyama, A.; Okamoto, K. PINK1/Parkin-mediated mitophagy in mammalian cells. Curr. Opin. Cell. Biol. 2015, 33, 95–
101.

86. Murata, H.; Takamatsu, H.; Liu, S.; Kataoka, K.; Huh, N.-H.; Sakaguchi, M. NRF2 Regulates PINK1 Expression under
Oxidative Stress Conditions. PLoS ONE 2015, 10, e0142438.

87. Kubota, C.; Torii, S.; Hou, N.; Saito, N.; Yoshimoto, Y.; Imai, H.; Takeuchi, T. Constitutive Reactive Oxygen Species
Generation from Autophagosome/Lysosome in Neuronal Oxidative Toxicity*. J. Biol. Chem. 2010, 285, 667–674.

88. Ivankovic, D.; Chau, K.Y.; Schapira, A.H.; Gegg, M.E. Mitochondrial and lysosomal biogenesis are activated following
PINK1/parkin-mediated mitophagy. J. Neurochem. 2016, 136, 388–402.



89. Bonifati, V.; Rizzu, P.; van Baren, M.J.; Schaap, O.; Breedveld, G.J.; Krieger, E.; Dekker, M.C.; Squitieri, F.; Ibanez, P.;
Joosse, M.; et al. Mutations in the DJ-1 gene associated with autosomal recessive early-onset parkinsonism. Science
2003, 299, 256–259.

90. Guzman, J.N.; Sanchez-Padilla, J.; Wokosin, D.; Kondapalli, J.; Ilijic, E.; Schumacker, P.T.; Surmeier, D.J. Oxidant
stress evoked by pacemaking in dopaminergic neurons is attenuated by DJ-1. Nature 2010, 468, 696–700.

91. Zhou, W.; Freed, C.R. DJ-1 Up-regulates Glutathione Synthesis during Oxidative Stress and Inhibits A53T α-Synuclein
Toxicity*. J. Biol. Chem. 2005, 280, 43150–43158.

92. Mitsumoto, A.; Nakagawa, Y. DJ-1 is an indicator for endogenous reactive oxygen species elicited by endotoxin. Free
Radic. Res. 2001, 35, 885–893.

93. Clements, C.M.; McNally, R.S.; Conti, B.J.; Mak, T.W.; Ting, J.P. DJ-1, a cancer- and Parkinson’s disease-associated
protein, stabilizes the antioxidant transcriptional master regulator Nrf2. Proc. Natl. Acad. Sci. USA 2006, 103, 15091–
15096.

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

95. Liou, A.K.F.; Leak, R.K.; Li, L.; Zigmond, M.J. Wild-type LRRK2 but not its mutant attenuates stress-induced cell death
via ERK pathway. Neurobiol. Dis. 2008, 32, 116–124.

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

97. Loeffler, D.A.; Smith, L.M.; Coffey, M.P.; Aasly, J.O.; LeWitt, P.A. CSF Nrf2 and HSPA8 in Parkinson’s disease patients
with and without LRRK2 gene mutations. J. Neural Transm. 2016, 123, 179–187.

98. Choi, J.; Levey, A.I.; Weintraub, S.T.; Rees, H.D.; Gearing, M.; Chin, L.S.; Li, L. Oxidative modifications and down-
regulation of ubiquitin carboxyl-terminal hydrolase L1 associated with idiopathic Parkinson’s and Alzheimer’s diseases.
J. Biol. Chem. 2004, 279, 13256–13264.

99. Chen, L.Y.; Huang, C.N.; Liao, C.K.; Chang, H.M.; Kuan, Y.H.; Tseng, T.J.; Yen, K.J.; Yang, K.L.; Lin, H.C. Effects of
Rutin on Wound Healing in Hyperglycemic Rats. Antioxidants 2020, 9, 1122.

100. Mendes Arent, A.; de Souza, L.F.; Walz, R.; Dafre, A.L. Perspectives on molecular biomarkers of oxidative stress and
antioxidant strategies in traumatic brain injury. Biomed. Res. Int. 2014, 2014, 723060.

101. Kim, J.; Daadi, M.M. Non-cell autonomous mechanism of Parkinson’s disease pathology caused by G2019S LRRK2
mutation in Ashkenazi Jewish patient: Single cell analysis. Brain Res. 2019, 1722, 146342.

102. Coccia, E.; Ahfeldt, T. Towards physiologically relevant human pluripotent stem cell (hPSC) models of Parkinson’s
disease. Stem Cell. Res. Ther. 2021, 12, 253.

103. Vasili, E.; Dominguez-Meijide, A.; Outeiro, T.F. Spreading of α-Synuclein and Tau: A Systematic Comparison of the
Mechanisms Involved. Front. Mol. Neurosci. 2019, 12, 107.

104. Weiland, A.; Wang, Y.; Wu, W.; Lan, X.; Han, X.; Li, Q.; Wang, J. Ferroptosis and Its Role in Diverse Brain Diseases.
Mol. Neurobiol. 2019, 56, 4880–4893.

105. Zhang, Y.; Chen, K.; Sloan, S.A.; Bennett, M.L.; Scholze, A.R.; O’Keeffe, S.; Phatnani, H.P.; Guarnieri, P.; Caneda, C.;
Ruderisch, N.; et al. An RNA-sequencing transcriptome and splicing database of glia, neurons, and vascular cells of the
cerebral cortex. J. Neurosci. 2014, 34, 11929–11947.

106. Frøyset, A.K.; Edson, A.J.; Gharbi, N.; Khan, E.A.; Dondorp, D.; Bai, Q.; Tiraboschi, E.; Suster, M.L.; Connolly, J.B.;
Burton, E.A.; et al. Astroglial DJ-1 over-expression up-regulates proteins involved in redox regulation and is
neuroprotective in vivo. Redox Biol. 2018, 16, 237–247.

107. Liddell, J.R. Are Astrocytes the Predominant Cell Type for Activation of Nrf2 in Aging and Neurodegeneration?
Antioxidants 2017, 6, 65.

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

109. Lastres-Becker, I.; García-Yagüe, A.J.; Scannevin, R.H.; Casarejos, M.J.; Kügler, S.; Rábano, A.; Cuadrado, A.
Repurposing the NRF2 Activator Dimethyl Fumarate as Therapy Against Synucleinopathy in Parkinson’s Disease.
Antioxid. Redox Signal. 2016, 25, 61–77.

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



111. Murphy, T.H.; Miyamoto, M.; Sastre, A.; Schnaar, R.L.; Coyle, J.T. Glutamate toxicity in a neuronal cell line involves
inhibition of cystine transport leading to oxidative stress. Neuron 1989, 2, 1547–1558.

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

113. Wang, G.; Yang, Q.; Zheng, C.; Li, D.; Li, J.; Zhang, F. Physiological Concentration of H(2)O(2) Supports Dopamine
Neuronal Survival via Activation of Nrf2 Signaling in Glial Cells. Cell. Mol. Neurobiol. 2021, 41, 163–171.

114. Murakami, Y.; Ito, M.; Ohsawa, I. Molecular hydrogen protects against oxidative stress-induced SH-SY5Y
neuroblastoma cell death through the process of mitohormesis. PLoS ONE 2017, 12, e0176992.

115. Dichtl, S.; Haschka, D.; Nairz, M.; Seifert, M.; Volani, C.; Lutz, O.; Weiss, G. Dopamine promotes cellular iron
accumulation and oxidative stress responses in macrophages. Biochem. Pharmacol. 2018, 148, 193–201.

116. Garrido-Gil, P.; Rodriguez-Pallares, J.; Dominguez-Meijide, A.; Guerra, M.J.; Labandeira-Garcia, J.L. Brain angiotensin
regulates iron homeostasis in dopaminergic neurons and microglial cells. Exp. Neurol. 2013, 250, 384–396.

117. Gaasch, J.A.; Lockman, P.R.; Geldenhuys, W.J.; Allen, D.D.; Van der Schyf, C.J. Brain iron toxicity: Differential
responses of astrocytes, neurons, and endothelial cells. Neurochem. Res. 2007, 32, 1196–1208.

118. Song, W.; Zukor, H.; Lin, S.H.; Liberman, A.; Tavitian, A.; Mui, J.; Vali, H.; Fillebeen, C.; Pantopoulos, K.; Wu, T.D.; et al.
Unregulated brain iron deposition in transgenic mice over-expressing HMOX1 in the astrocytic compartment. J.
Neurochem. 2012, 123, 325–336.

119. Lewerenz, J.; Ates, G.; Methner, A.; Conrad, M.; Maher, P. Oxytosis/Ferroptosis—(Re-) Emerging Roles for Oxidative
Stress-Dependent Non-apoptotic Cell Death in Diseases of the Central Nervous System. Front. Neurosci. 2018, 12,
214.

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

121. Wei, Y.-z.; Zhu, G.-f.; Zheng, C.-q.; Li, J.-j.; Sheng, S.; Li, D.-d.; Wang, G.-q.; Zhang, F. Ellagic acid protects dopamine
neurons from rotenone-induced neurotoxicity via activation of Nrf2 signalling. J. Cell. Mol. Med. 2020, 24, 9446–9456.

122. Simpson, D.S.A.; Oliver, P.L. ROS Generation in Microglia: Understanding Oxidative Stress and Inflammation in
Neurodegenerative Disease. Antioxidants 2020, 9, 743.

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

Retrieved from https://encyclopedia.pub/entry/history/show/37200


