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Parkinson’s disease (PD) is a progressive neurodegenerative disorder that arises due to a complex and variable interplay

between elements including age, genetic, and environmental risk factors that manifest as the loss of dopaminergic

neurons. Contemporary treatments for PD do not prevent or reverse the extent of neurodegeneration that is characteristic

of this disorder and accordingly, there is a strong need to develop new approaches which address the underlying disease

process and provide benefit to patients with this debilitating disorder. Mitochondrial dysfunction, oxidative damage, and

inflammation have been implicated as pathophysiological mechanisms underlying the selective loss of dopaminergic

neurons seen in PD.
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1. Introduction

Parkinson’s disease (PD) is a progressive long-term neurodegenerative disorder in which the primary pathological feature

is selective loss of dopaminergic neurons in the substantia nigra pars compacta and the presence of α-synuclein

containing Lewy bodies . PD arises due to a complex interplay between age, genetic, and environmental factors with the

mechanisms underlying the loss of dopaminergic neurons thought to include oxidative stress, mitochondrial dysfunction,

and inflammation, as well as genetic mutations and abnormal handling of misfolded proteins by the ubiquitin-proteasome

and autophagy-lysosome systems, all leading to a characteristic impairment of physical motor function . Treatment of

PD is primarily centered on the use of levodopa and deep brain stimulation ; however, these therapeutic approaches

produce only symptomatic relief and there is a growing need to develop new approaches to address the underlying

pathogenesis of the disease, especially as PD will pose an increasingly significant health concern in Western countries as

life expectancy continues to rise . Oxidative stress is a prominent pathophysiological mechanism implicated in PD and

accordingly, there is significant research into the development of antioxidants as potential disease-modifying therapies.

Herein, researchers review the role of oxidative stress in PD pathogenesis and the efficacy of both natural endogenous

and synthetic antioxidants (refer to summary Figure 1).
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Figure 1. Schematic figure showing the role of oxidative stress, unregulated generation of reactive oxygen species (ROS)

and neuroinflammation in the pathogenesis of Parkinson’s Disease. This figure summarizes various molecular pathways

identified and implicated in the unregulated generation of ROS, ensuing oxidative stress and inflammatory pathways in

neurodegeneration and PD. How natural and synthetic agents target these pathways has led to varying outcomes in

experimental models of PD, yet few human trials have shown benefit and in the case of natural herbal therapies, rigorous

extensive trials have not yet been conducted. AA: Arachidonic acid, CoQ: Coenzyme Q, DHETEs dihydroxyeicosatrienoic

acids, EET: Epoxyeicosatrienoic acid, HO–1: Heme oxygenase–1, iNOS: inducible Nitric Oxide Synthase, MPO:

Myeloperoxidase, NFkB: Transcription factor nuclear factor kappa B, Nrf2: nuclear factor erythroid 2–related factor, ROS:

Reactive oxygen species, sEH: Soluble epoxide hydrolase, VC: Vitamin C, VE: Vitamin E.

2. Evidence Supporting Enhanced Oxidative Stress in PD

Oxidative stress is proposed to contribute significantly to the dopaminergic neuron loss seen in both idiopathic and genetic

PD. This is supported by the presence of oxidized lipids, proteins, and DNA as well as decreased concentrations of

reduced glutathione (an antioxidant) in the post-mortem substantia nigra tissue of PD patients . Excessive

production of reactive oxygen species (ROS) is detrimental to cell survival and normal function as these ROS oxidize

cellular macromolecules, mutate mitochondrial DNA, and induce caspase activation and mitochondrial-mediated

apoptosis via the release of cytochrome c and other pro-apoptotic proteins . Similarly, ROS participate in the

sphingomyelin- or ceramide-dependent signaling pathway that results in the translocation of the pro-inflammatory

transcription factor nuclear factor kappa B (NF κB) from the cytoplasm to the nucleus where it transcriptionally activates

pathways linked to the induction of apoptosis . Increased oxidative stress disrupts the ubiquitin-proteasomal system

leading to an accumulation of damaged and misfolded proteins, a pathophysiological mechanism that is also observed in

PD .

2.1. Mitochondrial Dysfunction

In normal physiological conditions, a balance is maintained between ROS production and antioxidative cell defense

mechanisms that prevent oxidative stress. However, dopaminergic neurons are particularly sensitive to oxidative stress

due to factors such as significant reliance on aerobic respiration for ATP production, high concentrations of intracellular

iron, which participates in the oxygen radical producing Fenton reaction, and ROS-producing enzymes involved in normal

dopamine metabolism, such as tyrosine hydroxylase (TH) and monoamine oxidase .

Neurons are heavily dependent on aerobic respiration for ATP and consequently, mitochondrial dysfunction can lead to a

substantial loss in energy reserves with a parallel increase in ROS production that exceeds the capacity of antioxidant

defense mechanisms and promotes a loss in cell viability . Herbicide chemicals such as paraquat, rotenone, and 1-

methyl-4-phenylpyridinium (MPP+) are associated with the environmental aspects of PD etiology . These induce
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permanent PD-like symptoms by inhibiting complex I in the respiratory chain, resulting in an increased electron leakage to

oxygen and subsequent production of ROS which increases intracellular oxidative stress . Similarly, although α-

synuclein remains mainly cytosolic, it can interact with mitochondrial membranes and inhibit electron transport via

complex I .

In addition to environmental factors, mutations in mitochondrial protein-encoding genes have been identified in familial

forms of PD. Mutations or deficiency in the  parkin  gene result in reduced mitochondrial membrane potential and

decreased complex I activity, Phosphatase and tensin homolog (PTEN) Induced Kinase–1 (referred to as PINK–1)

mutations increase free radical formation and induce mitochondrial dysfunction, and mutations that affect DJ–1, an

atypical peroxidase that scavenges hydrogen peroxide, result in increased oxidative damage . Additionally,

reduced complex I activity and an increased proportion of dopaminergic neurons with respiratory chain defects have been

observed in the post-mortem substantia nigra tissue of sporadic PD patients, supporting the implication of mitochondrial

dysfunction in the pathogenesis of the disease .

2.2. Iron Dysregulation

Increased accumulation of iron in the putamen, globus pallidus, red nucleus, and substantia nigra is a feature of normal

ageing . However, this increase is significantly amplified in PD patients and may result from increased iron influx,

dysregulation of intracellular homeostasis of iron metabolism, or reduced iron efflux . Intracellular ferric iron is usually

contained in mineral ferrihydrite form by a ferritin protein cage; however, the release of soluble ferrous iron from ferritin is

a normal feature of ageing and furthermore, homogenates of diseased substantia nigra tissue have been observed with

decreased levels of ferritin . Similarly, amyloid precursor protein and soluble tau protein, which are involved in the

ferroportin-ceruloplasmin export mechanism are decreased in the substantia nigra of PD patients .

Dysfunction in iron regulatory control mechanisms in PD can yield an increase in unbound ferrous iron, which exerts

neurotoxicity by several mechanisms. For example, iron-mediated oxidation of dopamine produces dopamine quinone,

which modifies a variety of cellular structures, and 6-hydroxydopamine (6–OHDA), a potent inhibitor of mitochondrial

complexes I and IV, is commonly used in experimental models to induce parkinsonian-like properties . Furthermore,

ferrous iron reacts with hydrogen peroxide, a by-product of 6–OHDA metabolism and normal mitochondrial respiration, in

the Fenton chemical reaction yielding the potent hydroxyl radical that increases intracellular oxidative stress and causes

diffuse indiscriminate cellular damage via lipid peroxidation, membrane integrity disruption, and the formation of DNA

adducts .

2.3. Dopamine Quinone

Dopamine is naturally stored in vesicles; however, excess cytosolic dopamine in an environment of oxidative stress is

spontaneously and enzymatically oxidized to dopamine quinone which has several debilitating downstream effects .

Dopamine quinone covalently modifies cellular nucleophiles involved in cell survival such as low molecular weight sulfur-

containing molecules (e.g., glutathione) and protein cysteinyl residues . Furthermore, dysfunctional variants of proteins

such as α-synuclein, parkin, protein deglycase-1 (DJ–1; also known as Parkinson’s disease protein 7), and ubiquitin C-

terminal hydrolase (UCH–1) have been implicated in the pathophysiology of PD and these proteins are also modified by

dopamine quinone . Notably, dopamine quinone encourages the conversion of α-synuclein into its toxic oligomeric form

which has several cytotoxic downstream effects and is involved in a positive feedback loop that propagates cellular

damage .

Similarly, dopamine quinone participates in another damaging positive feedback loop as it permeabilizes vesicle

membranes, increasing free cytosolic dopamine concentrations and subsequent conversion to dopamine quinone .

Dopamine quinone causes swelling in neural mitochondria and general mitochondrial dysfunction by modifying the

subunits of complexes I and III, thereby increasing ROS production and the oxidative stress in the cellular environment

. Cyclization of dopamine quinone produces amino-chrome which polymerizes to form neuromelanin, producing

superoxide and depleting NADPH in the redox process . Neuromelanin acts as an inflammatory mediator that triggers

microglia overactivation and an increased inflammatory state in the microenvironment, thereby aggravating

neurodegeneration .

3. Antioxidants

3.1. Endogenous Low-Molecular Weight Molecules

3.1.1. Coenzyme Q

[11]

[12]

[13][14][15]

[16][17]

[18]

[19]

[20][21]

[22][23]

[24]

[25]

[10]

[10]

[10]

[26]

[27]

[28]

[10]

[29]



Coenzyme Q  (CoQ ) is a lipid-soluble antioxidant essential to mitochondrial electron transport chain (ETC) function and

facilitates the transport of electrons from complex I and II to complex III . As an antioxidant, CoQ  directly reduces the

initiation and propagation of lipid peroxidation by preventing lipid peroxyl radical production, as well as indirectly by

regenerating other antioxidants such α-tocopherol (Vitamin E) and ascorbate (Vitamin C) . CoQ   is present in all

intracellular membranes; however, as a component of the oxidative phosphorylation pathway, it is especially well placed in

mitochondria, where electron leakage contributes to cellular superoxide and hydrogen peroxide production, to inhibit

protein and DNA oxidation by both a general ROS scavenging mechanism as well as functioning as a chain-breaking

antioxidant to prevent free radical propagation .

A significant deficiency of CoQ  with functional ex vivo analysis has been shown in PD patients compared to age and

gender-matched controls   as well as decreased total plasma reduced coenzyme Q  (also referred to as ubiquinol )

and increased oxidized CoQ , a marker of oxidative stress .

A neuroprotective effect of CoQ  has been demonstrated in numerous in vitro PD studies. Thus, CoQ  reduced oxidative

stress and neuronal damage induced by paraquat in SHSY5Y cells  and has also been found to stabilize the

mitochondrial membrane to reduce both total cellular and mitochondrial ROS generation and apoptosis induced by

hydrogen peroxide in a neuronal cell model of PD . The promising therapeutic potential of CoQ   has been further

established in in vivo studies with various PD models.

Clinical trials of CoQ  have not replicated the promising results obtained in cell and animal models. Initial pilot studies

and small clinical trials demonstrated that CoQ  was safe and well-tolerated up to 1200 mg/d , and the minimal side

effect profile of CoQ  has also been substantiated in an unrelated study in Huntington disease as well as a more recent

phase 3 RCT . The Unified Parkinson’s Disease Rating Scale (UPDRS) is a clinical rating scale applied prior to 2008

in the assessment of PD severity. An early clinical trial with CoQ  demonstrated a dose-dependent reduction in

worsening of UPDRS; however, this study had a relatively small sample size of eighty enrolled patients, and its findings

have not been reproduced in larger clinical trials . The QE3 trial, the largest clinical trial of CoQ   for PD to date,

considered a participant population of six hundred and found that both 1200 and 2400 mg/d of CoQ  demonstrated no

clinical benefit, and in fact both treatment groups showed slight adverse trends in MDS-UPDRS scores relative to placebo

. The results of the QE3 trial have been substantiated by later meta-analyses, which concluded that current evidence

indicates that CoQ  does not slow functional decline, provide symptomatic benefit, or improved motor function .

Despite current evidence suggesting minimal symptomatic or disease-modifying effects of CoQ , several promising novel

therapeutic approaches have been identified, indicating that the potential clinical benefit of CoQ   in PD has yet to be

reached. The reduced form of CoQ , which has been shown to have a better neuroprotective effect in animal models ,

was demonstrated to produce a statistically significant reduction in UPDRS scores in PD patients treated with a

comparatively low dose of 300 mg/d as compared to the placebo . Interestingly, the reduced form of CoQ  tested did

not elicit any clinical benefit in early PD patients who were not taking levodopa, suggesting that CoQ  may be beneficial

in specific PD patient populations, a nuance lost by studies with broader inclusion criteria . Of note, a phase 2 clinical

trial was registered in 2018 which will focus on employing an omics-based strategy to stratify PD patients into subgroups

based on their genetic mitochondrial risk burden and their expected treatment response to CoQ  . The awaited results

from this study could validate one of several promising novel directions for future research on the role of CoQ   in the

treatment of PD.

3.1.2. Urate

Urate is a prominent plasma antioxidant  that inhibits lipid peroxidation and damage to biological molecules by acting

as a free radical scavenger that neutralizes singlet oxygen, superoxide radical anion, and peroxynitrite (ONOO-) .

There is substantial epidemiological evidence that high urate levels are associated with a reduced risk for developing PD

as well as a slower rate of clinical decline, although interestingly, despite robust evidence in men, this trend is variably

observed in women, reflective of the complex interplay of factors influencing PD pathogenesis .

In differentiated PC12 cells, urate inhibited 6-OHDA induced neurotoxicity and reduced oxidative stress, as assessed by

biomarkers such as lactate dehydrogenase (LDH), malondialdehyde (MDA), and 8-OHdG . Furthermore, urate

pretreatment in dopaminergic cells (SHSY5Y and MES23.5) attenuated 6-OHDA and hydrogen peroxide-induced cell

death, and the mechanism underlying this neuroprotection was dependent on nuclear factor erythroid 2-related factor

(Nrf2) activation and the upregulation of this transcription factor’s target antioxidant genes, -glutamate-cysteine ligase

catalytic subunit (–GCLC) and heme oxygenase-1 (HO–1) . Interestingly, urate and its precursor, inosine, were found to

reduce the toxic effect of hydrogen peroxide as well as markers of free radical generation and oxidative damage in co-

cultures of astrocytes and MES23.5 dopaminergic cells, but not in dopaminergic monocultures alone, suggesting that

urate may provide multi-faceted neuroprotection in vivo . Consistent with a neuroprotective mechanism identified in
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cell models, urate increased mRNA and protein expression of Nrf2 and its dependent antioxidant genes, -GCLC and HO–

1, in mice treated with MPTP .  Clinical trials have been somewhat limited by the association of elevated urate and an

increased risk of gout . However, inosine, a urate precursor, has been found to be generally safe, well-tolerated, and

effective in increasing serum and CSF urate levels as well as plasma antioxidant capacity . The SURE-PD3 trial,

a randomized, double-blind, placebo-controlled phase 3 trial of oral inosine treatment in two hundred and ninety-eight

early PD patients closed early based on a pre-specified interim futility analysis . This trial demonstrated no significant

difference between inosine and the placebo in clinical progression or secondary efficacy outcomes such as dopamine

transporter binding loss .

3.1.3. Glutathione

The glutathione (GSH) system is the main endogenous antioxidant defense and protects cell viability and function by a

mechanism of free radical scavenging, interaction with iron metabolism, and transition metal chelation and as a cofactor

for other antioxidants, such as glutathione peroxidase . GSH also has a role in preventing mitochondrial dysfunction by

maintaining the redox status of proteins via glutaredoxins, as well as the chemical reduction of toxic dopamine quinone

formed during dopamine auto-oxidation . Consistent with the role of oxidative stress in PD pathogenesis, there is a

decrease in reduced glutathione and an increase in the levels of oxidized glutathione in post-mortem analysis of

substantia nigra tissue . N-acetylcysteine (NAC), a membrane-permeable cysteine precursor which functions as the

rate-limiting substrate in GSH synthesis, is a potential therapeutic approach to target the GSH system, given that neurons

cannot directly uptake GSH . NAC has been found to ameliorate the decreased levels of GSH in the substantia nigra in

a 6-OHDA hemi-parkinsonian rat model . Similarly, intravenous infusion of NAC increases both brain GSH

concentration and blood glutathione redox ratio in PD patients as well as healthy controls, although this effect is, as

expected, more pronounced in the PD patient group . However, the use of NAC in the treatment of PD is limited by a

short half-life and poor oral bioavailability due to extensive first-pass metabolism . Furthermore, scopoletin, a novel

antioxidant moiety, restored redox balance and reduced oxidative damage and mitochondrial dysfunction in both MPP+

treated SH-SY5Y cells and a Drosophila genetic model of PD . Interestingly, this mechanism of neuroprotection was

mainly attributed to maintaining glutathione levels in its oxidizable form . This suggests that the development of novel

therapeutics which target the GSH system presents a promising approach to circumvent the pharmacological difficulties

associated with administering GSH, or its precursor, NAC, while still harnessing the potent antioxidant capacity of this

system. In clinical trials, a combination of intravenous infusions and oral doses of NAC was shown to significantly increase

dopamine transporter binding in the caudate and putamen . However, the unfavorable pharmacokinetics of oral NAC

reduce the potential clinical utility of this approach. A prospective 4-week study found that although oral NAC increased

peripheral antioxidants measures such as catalase and GSH/GSSG, this treatment failed to increase brain GSH or reduce

markers of lipid peroxidation . Furthermore, MDS-UPDRS scores increased in four of the five PD patients treated with

oral NAC, a worsening of clinical parameters which the authors suggested may have occurred due to drug-drug

interactions between NAC and other PD medications, such as amantadine .

3.2. Dietary Antioxidants

3.2.1. Vitamin C and Vitamin E

Vitamin C (ascorbate) is a water-soluble vitamin that functions as a co-factor in several biosynthesis pathways, including

collagen, catecholamine, and neuropeptide production, as well as maintenance of redox homeostasis as a prominent

antioxidant . Ascorbate acts as a free-radical scavenger and antioxidant through the non-enzymatic reduction of ROS

such as superoxide, hydroxyl, and peroxyl radicals . Ascorbate also functions in the regeneration of Vitamin E, another

antioxidant, by reducing the tocopheroxyl radical .

Cell and animal studies of vitamin C support the therapeutic potential of this antioxidant in the treatment of PD. In a model

of dUCH using Drosophila, where a homolog of the PD-related gene UCH-L1 was a knockdown, treatment with low dose

ascorbate reduced dopaminergic neuron loss and motor dysfunction, although side effects on physiology occurred with

high doses and long-term treatment . Ascorbate also reduces ROS and inducible nitric oxide synthase (iNOS) in MPP

treated astrocytes as well as upregulates endogenous antioxidants through a mechanism of NFκB activation in both

astrocytes and MPTP treated mice . The use of novel adjunct agents is a promising direction of research to improve the

efficacy of vitamin C. A meta-analysis of twelve studies, which considered dietary intake of vitamin C, concluded that there

was no significant reduction in risk of developing PD in the high vitamin C intake group as compared to the low intake

group . Furthermore, six of the studies included in this meta-analysis also found that supplemental vitamin intake did

not have any effect on the development of PD . However, ascorbate supplementation has also been shown to positively

impact levodopa pharmacokinetics, improving both absorption and bioavailability, suggesting that the therapeutic role of

ascorbate is not limited to reducing PD development . On the other hand, Vitamin E (α-tocopherol) is the major
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lipophilic antioxidant in the brain. Chronic vitamin E deficiency in this organ coincides with lipid peroxidation, altered

phospholipid composition, and energy metabolism together with impaired cognition in a recognized model of brain

impairment . In addition, α-tocopherol has been proposed as a therapeutic target in PD and other neurodegenerative

diseases, as deficiency or malabsorption cause neurological syndromes such as ataxia and nerve damage. Low blood

and CSF vitamin E concentrations are consistently observed in neurodegenerative disease  along with oxidative stress

, and supplementation improves cognitive decline and reduces lipid peroxidation and amyloid deposition . Vitamin E

elicits beneficial effects in animal studies of PD. For example, supplementation slows dopaminergic neuron loss in a

model of superoxide perturbation  and attenuates both behavioral and biochemical abnormalities after 6–OHDA

challenge in rats . Chronic vitamin E also restored synaptic plasticity in PINK–1 K/O mice, a model of subclinical PD

that shows decreased dopamine release in the absence of overt neuron loss . This study suggested that

neuroprotection resulted from vitamin E-induced improved mitochondrial bioenergetics like that observed with a water-

soluble vitamin E analog (Trolox) and mitochondrial complex 1 and IV activity in PINK–1-deficient dopaminergic cells .

Importantly, vitamin E also shows efficacy in improving T-cell function and immune responses in aged human studies .

These positive outcomes may be related to antioxidant activities that maintain bio-membranes and, therefore, effective

signaling that is imperative for correct immune responses and/or via gate-keeping levels of lipid peroxidation products that

act as inflammation mediators. Both animal and human studies show vitamin E supplementation reduces the

proinflammatory mediator, prostaglandin E2 and other pro-inflammatory cytokines such as TNF-α and IL–6 . Dietary

vitamin E insufficiency is associated with PD in case-control studies ; however, when measured, low vitamin E

concentrations have been reported in only some  and not all  human PD studies. A long-term follow-up of

high dose α–tocopherol in early disease patients also failed to demonstrate positive outcomes on mortality . Overall,

despite positive preclinical studies of neuron loss, inflammation, and oxidation, clinical trials of vitamin E to date have not

demonstrated benefit on cognition, neurodegeneration, or mortality in PD. Other vitamin E forms have been tested in

neurodegeneration such as tocotrienols (T3s; from palm oil), which have lower bioavailability than α-tocopherol but exert

antioxidant and other bioactivities such as mediating cell signaling and are accessible to the brain/CNS. This suggests

that bioactive vitamin E analogs with antioxidative and anti-inflammatory activities may be neuroprotective and should be

tested further for efficacy in PD. Tocotrienol-rich vitamin E (Tocovid) possesses potent antioxidant and anti-inflammatory

properties and is currently in clinical trials for PD (NCT04491383) .

3.2.3. Polyphenols and Flavonoids

Polyphenols are a large group of chemically reactive plant micronutrients credited with the health benefits of

fruit/vegetable-rich diets and can be divided into subclasses; phenolic acids, flavonoids, lignans, and stilbenes, of which

flavonoids comprise > 60%. Polyphenols demonstrate antioxidant and metal chelating activities in vitro  suggesting an

ability to moderate neurodegeneration and oxidative processes in the brain. Dietary polyphenols are associated with

reduced risk of dementia , cognitive decline , and PD . PD locomotor symptoms are significantly delayed by

drinking tea containing various flavonoids in a retrospective study  and reduction in PD risk was also determined in

meta-analyses of tea consumption in case-controlled  and prospective cohort’s studies . Neuroprotection with

polyphenol supplementation via anti-inflammatory, anti-apoptotic, and antioxidant activities has been demonstrated in

numerous cell and animal PD models . Despite this growing body of literature, the precise mechanism/s whereby

polyphenols may be neuroprotective are not well defined. Direct antioxidant scavenging of cellular oxidants may be

unlikely given the low bioavailability of polyphenols and limited ability to cross BBB, and moreover, that endogenous

antioxidants likely outcompete kinetically. Indirect antioxidant activities in cells include activation of the Nrf2/antioxidant

response element (ARE) pathway that regulates phase 2 antioxidant and detoxification enzyme expression .

Polyphenols are also low affinity ligands for various cell signal kinases involved in inflammation, mitochondrial respiration,

and apoptosis such as AMPK, PI3K/AKT/mTOR pathway, p38 MAPK, and ERK1/2  and kinase dysfunction is

genetically linked to PD and thought responsible for hyperphosphorylation of _α–synuclein . Antioxidant activities of

polyphenols include ROS reduction, maintenance of endogenous antioxidants and mitochondrial function, and a tight

interaction between polyphenol antioxidant activity and locomotor function is found in various PD models  . For

example, green tea polyphenols are neuroprotective in 6-OHDA model via inhibition of ROS, NO, lipid peroxidation, and

iNOS . Quercetin reduces lipid peroxidation and restores SOD and CAT enzymic activity and GPx/GSH across rodent

PD models  and increases Na+/K+ATPase and mitochondrial complex I activity. Epigallocatechin-3-gallate (EGCG),

an abundant tea catechol, reduces lipid peroxidation and apoptosis and improves locomotor function in a PD fly model

. EGCG also regulates iron export and reduces oxidative stress and protein carbonyl formation in MPTP-treated

mice   to moderate neuron injury and neuroinflammation. In addition, other polyphenols have been described as

potential compounds in the treatment of PD. Naringenin increases Nrf2, activates ARE genes, and is neuroprotective after

6-OHDA treatment in vitro and in vivo . Baicalein suppresses NFkB translocation, and this is accompanied by

decreased kinase activity and the promotion of neurogenesis and neurotrophin signaling . Individual polyphenols

exhibiting multifactorial antioxidant, anti-inflammatory, and anti-apoptotic effects that modulate protein aggregation, ROS,
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mitochondrial dysfunction, and neuroinflammation to protect neurons and reverse pathological features have been

investigated in PD. Resveratrol has not been tested in PD clinical trials, but two trials in AD (which demonstrates common

metabolic dysfunctions and pathogenesis) have shown safe use of resveratrol and penetration of BBB to elicit CNS

effects. Thus, decreased CSF MMP–9 degrades extracellular matrix and may protect the CNS , causing a slower

decline in β-amyloid peptide, indicating reduced accumulation in the brain . Curcumin increases GSH in the brain

and decreases protein oxidation while maintaining complex I activity  and SOD1 . Both curcumin and resveratrol

show low absorption and oral bioavailability  and this may affect therapeutic potential particularly in

neurodegeneration. Multifactorial and off-target effects of polyphenols may be a concern, and the metabolism of these

natural products can also further limit their bioactivity and bioavailability. Further investigations that show significant

polyphenol delivery to plasma/CSF with functional effects in CNS will be important.

3.3. Bioactive Natural Herbal Extracts

The use of natural herbs in the treatment of neurodegenerative diseases has been widely recognized by Traditional

Chinese Medicine and is often associated with few (or low incidence of) adverse effects in humans. The presence of

polyphenols and related phytochemicals with biologically active properties in these herbal preparations is increasingly a

focus in contemporary research, especially in the field of developing new complementary therapies  that may provide

therapeutic benefits. For example, Kurarinone, a major constituent of the Sophorae Flavescentis Radix, (referred to as

Kushen in China), is commonly used to treat diarrhea and inflammation-related disorders . Additionally, 4′,Polydatin

(3,4′,5-trihydroxystilbene-3-β-D glucoside), a natural resveratrol glucoside extracted from Polygonum cuspidatum, exhibits

pharmacological effects against degenerative motor function by protecting dopaminergic neurons in the rat substantia

nigra ; here polydatin decreased microglial activation through stimulating the AKT/GSK3β-Nrf2 signaling axis to

ameliorate lipopolysaccharide-mediated experimental PD  indicative of an anti-inflammatory action for polydatin.

Current pharmacological research indicates that Astragaloside IV (AS-IV), an antioxidant derivative of  Astragalus
membraneaceus Bunge, can both relieve inflammation and improve behavioral disorders in an MPTP-induced mouse

model of PD . Furthermore, a substantial body of evidence indicates that herbal medicines can attenuate

neuroinflammation in PD through diminishing iNOS-dependent nitric oxide release (thereby down-regulating the formation

of damaging ONOO-), COX–2 activity in glial cells, unregulated ROS generation, and decreasing the expression of

inflammatory cytokines such as TNF-α and IL–6 .

Studies have described herbal tonics that prevent dopaminergic neurodegeneration through the suppression of microglia

activation  and inhibition of astrocyte senescence . Importantly, several studies have indicated that these

protective activities involve a common suppression of NFκB signaling pathways. In LPS-induced mice, the administration

of 10 mg/kg of Icariside II, an active flavonoid extracted from Epimedium, diminishes inflammation by increasing IκB–α

protein accumulation in the hippocampal tissues, ultimately ameliorating NFκB transcriptional activation as judged by

monitoring tissue levels of NFκB-p65 phosphorylation .

Alternate mechanisms of action include neuroprotection offered by traditional medicinal plants through enhancing

endogenous antioxidant enzymes systems such as SKN–1/Nrf2 activation via the MAPK pathway in a  Caenorhabditis
elegans model of PD . More recent studies have implicated a key role of soluble epoxide hydrolase (sEH) enzyme and

its biological substrates such as eicosatrienoic (EETs) and epoxydocosapentaenoic (EDPs) acids in the regulation of

neuroinflammation . Thus, pharmacological inhibition of sEH (or through sEH gene deletion) protects the mouse brain

from MPTP-mediated neurotoxicity; notably, a positive correlation between sEH expression and the extent of α-synuclein

phosphorylation was identified in the striatum tissue in this experimental model of PD. In strong support for this pathway in

humans, patients with Lewy body-dementia and other chronic psychiatric diseases showed elevated sEH protein in post-

mortem brains  , further implicating sEH in the pathogenesis of neuroinflammation that is characteristic of PD. In

the same MPTP-induced PD mice model, the traditional Chinese herbal medicine Sophora flavescens  alleviated

dopaminergic neurotoxicity including loss of neurotransmitters and expression of TH in the substantia nigra and striatum

and this resulted in an improved gait. Interestingly, kurarinone, the active constituent of Sophora flavescens, showed an

inhibitory effect against sEH by interacting with amino acid residues, stimulating an increase in plasma levels of EETs and

a corresponding decrease in its oxidation product(s) such as dihydroxyeicosatrienoic acids .

The main clinical trials cited and other most recent clinical trials have been collated in a tabulate and this information can

be found at Leathem A. et.al., 2022 (https://www.mdpi.com/1422-0067/23/13/6923)

[117]

[117][118]

[119] [120]

[121]

[122]

[123]

[123]

[124]

[125]

[123][126][127]

[124] [124]

[128]

[129]

[130]

[131][132]

[123]



References

1. Wakabayashi, K.; Tanji, K.; Odagiri, S.; Miki, Y.; Mori, F.; Takahashi, H. The Lewy Body in Parkinson’s Disease and
Related Neurodegenerative Disorders. Mol. Neurobiol. 2012, 47, 495–508.

2. Davie, C. A review of Parkinson’s disease. Br. Med. Bull. 2008, 86, 109–127.

3. Korczyn, A. Drug treatment of Parkinson’s disease. Dialogues Clin. Neurosci. 2004, 6, 315–322.

4. Nakabeppu, Y.; Tsuchimoto, D.; Yamaguchi, H.; Sakumi, K. Oxidative damage in nucleic acids and Parkinson’s
disease. J. Neurosci. Res. 2007, 85, 919–934.

5. Bosco, D.; Fowler, D.; Zhang, Q.; Nieva, J.; Powers, E.; Wentworth, P., Jr.; Lerner, R.A.; Kelly, J.W. Elevated levels of
oxidized cholesterol metabolites in Lewy body disease brains accelerate α-synuclein fibrilization. Nat. Chem. Biol.
2006, 2, 346.

6. Zeevalk, G.; Razmpour, R.; Bernard, L. Glutathione and Parkinson’s disease: Is this the elephant in the room? Biomed.
Pharmacother. 2008, 62, 236–249.

7. Ott, M.; Gogvadze, V.; Orrenius, S.; Zhivotovsky, B. Mitochondria, oxidative stress and cell death. Apoptosis 2007, 12,
913–922.

8. Hunot, S.; Brugg, B.; Ricard, D.; Michel, P.; Muriel, M.; Ruberg, M.; Faucheux, B.A.; Agid, Y.; Hirsch, E.C. Nuclear
translocation of NF- B is increased in dopaminergic neurons of patients with Parkinson disease. Proc. Natl. Acad. Sci.
USA 1997, 94, 7531–7536.

9. Jenner, P. Oxidative stress in Parkinson’s disease. Ann. Neurol. 2003, 53, S26–S38.

10. Hwang, O. Role of Oxidative Stress in Parkinson’s Disease. Exp. Neurobiol. 2013, 22, 11–17.

11. Betarbet, R.; Sherer, T.; Greenamyre, J. Animal models of Parkinson’s disease. Bioessays 2002, 24, 308–318.

12. Devi, L.; Raghavendran, V.; Prabhu, B.; Avadhani, N.; Anandatheerthavarada, H. Mitochondrial Import and
Accumulation of α-Synuclein Impair Complex I in Human Dopaminergic Neuronal Cultures and Parkinson Disease
Brain. J. Biol. Chem. 2008, 283, 9089–9100.

13. Palacino, J.; Sagi, D.; Goldberg, M.; Krauss, S.; Motz, C.; Wacker, M.; Klose, J.; Shen, J. Mitochondrial Dysfunction
and Oxidative Damage inparkin-deficient Mice. J. Biol. Chem. 2004, 279, 18614–18622.

14. Gandhi, S.; Wood-Kaczmar, A.; Yao, Z.; Plun-Favreau, H.; Deas, E.; Klupsch, K.; Downward, J.; Latchman, D.S.;
Tabrizi, S.J.; Wood, N.W.; et al. PINK1-Associated Parkinson’s Disease Is Caused by Neuronal Vulnerability to
Calcium-Induced Cell Death. Mol. Cell. 2009, 33, 627–638.

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

16. Parker, W.; Boyson, S.; Parks, J. Abnormalities of the electron transport chain in idiopathic parkinson’s disease. Ann.
Neurol. 1989, 26, 719–723.

17. Bender, A.; Krishnan, K.; Morris, C.; Taylor, G.; Reeve, A.; Perry, R.; Jaros, E.; Hersheson, J.S.; Betts, J.; Klopstock, T.;
et al. High levels of mitochondrial DNA deletions in substantia nigra neurons in aging and Parkinson disease. Nat.
Genet. 2006, 38, 515–517.

18. Bilgic, B.; Pfefferbaum, A.; Rohlfing, T.; Sullivan, E.; Adalsteinsson, E. MRI estimates of brain iron concentration in
normal aging using quantitative susceptibility mapping. Neuroimage 2012, 59, 2625–2635.

19. Hare, D.; Double, K. Iron and dopamine: A toxic couple. Brain 2016, 139, 1026–1035.

20. Dexter, D.; Carayon, A.; Javoy-Agid, F.; Agid, Y.; Wells, F.; Daniel, S.E.; Lees, A.J.; Jenner, P.; Marsden, C.D.
Alterations in the levels of iron, ferritin and other trace metals in Parkinson’s disease and other neurodegenerative
diseases affecting the basal ganglia. Brain 1991, 114, 1953–1975.

21. James, S.A.; Roberts, B.R.; Hare, D.J.; de Jonge, M.D.; Birchall, I.E.; Jenkins, N.L.; Cherny, R.A.; Bush, A.I.; McColl,
G. Direct in vivo imaging of ferrous iron dyshomeostasis in ageing Caenorhabditis elegans. Chem. Sci. 2015, 6, 2952–
2962.

22. Ayton, S.; Lei, P.; Hare, D.J.; Duce, J.A.; George, J.L.; Adlard, P.A.; McLean, C.; Rogers, J.T.; Cherny, R.A.; Finkelstein,
D.I.; et al. Parkinson’s Disease Iron Deposition Caused by Nitric Oxide-Induced Loss of -Amyloid Precursor Protein. J.
Neurosci. 2015, 35, 3591–3597.

23. Wong, B.; Tsatsanis, A.; Lim, L.; Adlard, P.; Bush, A.; Duce, J. β-Amyloid Precursor Protein Does Not Possess
Ferroxidase Activity but Does Stabilize the Cell Surface Ferrous Iron Exporter Ferroportin. PLoS ONE 2015, 9,
e114174.



24. Napolitano, A.; Pezzella, A.; Prota, G. New Reaction Pathways of Dopamine under Oxidative Stress Conditions:
Nonenzymatic Iron-Assisted Conversion to Norepinephrine and the Neurotoxins 6-Hydroxydopamine and 6,7-
Dihydroxytetrahydroisoquinoline. Chem. Res. Toxicol. 1999, 12, 1090–1097.

25. Blum, D.; Torch, S.; Lambeng, N.; Nissou, M.; Benabid, A.; Sadoul, R.; Verna, J. 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.

26. Conway, K.; Rochet, J.; Bieganski, R.; Lansbury, P. Kinetic Stabilization of the alpha -Synuclein Protofibril by a
Dopamine-alpha -Synuclein Adduct. Science 2001, 294, 1346–1349.

27. Lotharius, J.; Brundin, P. Impaired dopamine storage resulting from alphα-synuclein mutations may contribute to the
pathogenesis of Parkinson’s disease. Hum. Mol. Genet. 2002, 11, 2395–2407.

28. Berman, S.; Hastings, T. Dopamine Oxidation Alters Mitochondrial Respiration and Induces Permeability Transition in
Brain Mitochondria. J. Neurochem. 2001, 73, 1127–1137.

29. Zecca, L.; Wilms, H.; Geick, S.; Claasen, J.; Brandenburg, L.; Holzknecht, C.; Panizza, M.L.; Zucca, F.A.; Deuschl, G.;
Sievers, J.; et al. Human neuromelanin induces neuroinflammation and neurodegeneration in the rat substantia nigra:
Implications for Parkinson’s disease. Acta Neuropathol. 2008, 116, 47–55.

30. Hernández-Camacho, J.D.; Bernier, M.; López-Lluch, G.; Navas, P. Coenzyme Q10 Supplementation in Aging and
Disease. Front. Physiol. 2018, 5, 9–44.

31. Navas, P.; Villalba, J.M.; de Cabo, R. The importance of plasma membrane coenzyme Q in aging and stress
responses. Mitochondrion 2007, 7, S34–S40.

32. Bentinger, M.; Brismar, K.; Dallner, G. The antioxidant role of coenzyme Q. Mitochondrion 2007, 7, S41–S50.

33. Mischley, L.K.; Allen, J.; Bradley, R. Coenzyme Q10 deficiency in patients with Parkinson’s disease. J. Neurol. Sci.
2012, 318, 72–75.

34. Sohmiya, M.; Tanaka, M.; Tak, N.W.; Yanagisawa, M.; Tanino, Y.; Suzuki, Y.; Okamoto, K.; Yamamoto, Y. Redox status
of plasma coenzyme Q10 indicates elevated systemic oxidative stress in Parkinson’s disease. J. Neurol. Sci. 2004,
223, 161–166.

35. McCarthy, S.; Somayajulu, M.; Sikorska, M.; Borowy-Borowski, H.; Pandey, S. Paraquat induces oxidative stress and
neuronal cell death; neuroprotection by water-soluble Coenzyme Q10. Toxicol. Appl. Pharmacol. 2004, 201, 21–31.

36. Somayajulu, M.; McCarthy, S.; Hung, M.; Sikorska, M.; Borowy-Borowski, H.; Pandey, S. Role of mitochondria in
neuronal cell death induced by oxidative stress; neuroprotection by Coenzyme Q10. Neurobiol. Dis. 2005, 18, 618–
627.

37. Shults, C.W.; Beal, M.F.; Fontaine, D.; Nakano, K.; Haas, R.H. Absorption, tolerability, and effects on mitochondrial
activity of oral coenzyme Q10 in parkinsonian patients. Neurology 1998, 50, 793–795.

38. Shults, C.W.; Oakes, D.; Kieburtz, K.; Beal, M.F.; Haas, R.; Plumb, S.; Juncos, J.L.; Nutt, J.; Shoulson, I.; Carter, J.; et
al. Effects of coenzyme Q10 in early Parkinson disease: Evidence of slowing of the functional decline. Arch. Neurol.
2002, 59, 1541–1550.

39. McGarry, A.; McDermott, M.; Kieburtz, K.; de Blieck, E.A.; Beal, F.; Marder, K.; Ross, C.; Shoulson, I.; Gilbert, P.;
Mallonee, W.M.; et al. A randomized, double-blind, placebo-controlled trial of coenzyme Q10 in Huntington disease.
Neurology 2017, 88, 152–159.

40. Parkinson Study Group QE3 Investigators; Beal, M.F.; Oakes, D.; Shoulson, I.; Henchcliffe, C.; Galpern, W.R.; Haas,
R.; Juncos, J.L.; Nutt, J.G.; Voss, T.S.; et al. A randomized clinical trial of high-dosage coenzyme Q10 in early
Parkinson disease: No evidence of benefit. JAMA Neurol. 2014, 71, 543–552.

41. Negida, A.; Menshawy, A.; El Ashal, G.; Elfouly, Y.; Hani, Y.; Hegazy, Y.; El Ghonimy, S.; Fouda, S.; Rashad, Y.
Coenzyme Q10 for Patients with Parkinson’s Disease: A Systematic Review and Meta-Analysis. CNS Neurol. Disord.-
Drug Targets 2016, 15, 45–53.

42. Zhu, Z.G.; Sun, M.X.; Zhang, W.L.; Wang, W.W.; Jin, Y.M.; Xie, C.L. The efficacy and safety of coenzyme Q10 in
Parkinson’s disease: A meta-analysis of randomized controlled trials. Neurol. Sci. 2017, 38, 215–224.

43. Cleren, C.; Yang, L.; Lorenzo, B.; Calingasan, N.Y.; Schomer, A.; Sireci, A.; Wille, E.J.; Beal, M.F. Therapeutic effects of
coenzyme Q10 (CoQ10) and reduced CoQ10 in the MPTP model of Parkinsonism. J. Neurochem. 2008, 104, 1613–
1621.

44. Yoritaka, A.; Kawajiri, S.; Yamamoto, Y.; Nakahara, T.; Ando, M.; Hashimoto, K.; Nagase, M.; Saito, Y.; Hattori, N.
Randomized, double-blind, placebo-controlled pilot trial of reduced coenzyme Q10 for Parkinson’s disease.
Parkinsonism Relat. Disord. 2015, 21, 911–916.



45. Prasuhn, J.; Brüggemannm, N.; Hessler, N.; Berg, D.; Gasser, T.; Brockmann, K.; Olbrich, D.; Ziegler, A.; König, I.R.;
Klein, C.; et al. An omics-based strategy using coenzyme Q10 in patients with Parkinson’s disease: Concept evaluation
in a double-blind randomized placebo-controlled parallel group trial. Neurol. Res. Pract. 2019, 1, 31.

46. Yeum, K.J.; Russell, R.M.; Krinsky, N.I.; Aldini, G. Biomarkers of antioxidant capacity in the hydrophilic and lipophilic
compartments of human plasma. Arch. Biochem. Biophys. 2004, 430, 97–103.

47. Ames, B.N.; Cathcart, R.; Schwiers, E.; Hochstein, P. Uric acid provides an antioxidant defense in humans against
oxidant- and radical-caused aging and cancer: A hypothesis. Proc. Natl. Acad. Sci. USA 1981, 78, 6858–6862.

48. Muraoka, S.; Miura, T. Inhibition by uric acid of free radicals that damage biological molecules. Pharm. Toxicol. 2003,
93, 284–289.

49. Chen, X.; Wu, G.; Schwarzschild, M.A. Urate in Parkinson’s disease: More than a biomarker? Curr. Neurol. Neurosci.
Rep. 2012, 12, 367–375.

50. Ascherio, A.; LeWitt, P.A.; Xu, K.; Eberly, S.; Watts, A.; Matson, W.R.; Marras, C.; Kieburtz, K.; Rudolph, A.; Bogdanov,
M.B.; et al. Urate as a predictor of the rate of clinical decline in Parkinson disease. Arch. Neurol. 2009, 66, 1460–1468.

51. Shen, C.; Guo, Y.; Luo, W.; Lin, C.; Ding, M. Serum urate and the risk of Parkinson’s disease: Results from a meta-
analysis. Can. J. Neurol. Sci. 2013, 40, 73–79.

52. Zhu, T.G.; Wang, X.X.; Luo, W.F.; Zhang, Q.L.; Huang, T.T.; Xu, X.S.; Liu, C.F. Protective effects of urate against 6-
OHDA-induced cell injury in PC12 cells through antioxidant action. Neurosci. Lett. 2012, 506, 175–179.

53. 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.

54. Cipriani, S.; Desjardins, C.A.; Burdett, T.C.; Xu, Y.; Xu, K.; Schwarzschild, M.A. Protection of dopaminergic cells by
urate requires its accumulation in astrocytes. J. Neurochem. 2012, 123, 172–181.

55. Cipriani, S.; Bakshi, R.; Schwarzschild, M.A. Protection by inosine in a cellular model of Parkinson’s disease.
Neuroscience 2014, 274, 242–249.

56. Huang, T.T.; Hao, D.L.; Wu, B.N.; Mao, L.L.; Zhang, J. Uric acid demonstrates neuroprotective effect on Parkinson’s
disease mice through Nrf2-ARE signaling pathway. Biochem. Biophys. Res. Commun. 2017, 493, 1443–1449.

57. Jin, H.; Kanthasamy, A.; Ghosh, A.; Anantharam, V.; Kalyanaraman, B.; Kanthasamy, A.G. Mitochondria-targeted
antioxidants for treatment of Parkinson’s disease: Preclinical and clinical outcomes. Biochim. Biophys. Acta 2014,
1842, 1282–1294.

58. Bhattacharyya, S.; Bakshi, R.; Logan, R.; Ascherio, A.; Macklin, E.A.; Schwarzschild, M.A. Oral Inosine Persistently
Elevates Plasma antioxidant capacity in Parkinson’s disease. Mov. Disord. 2016, 31, 417–421.

59. Iwaki, H.; Ando, R.; Miyaue, N.; Tada, S.; Tsujii, T.; Yabe, H.; Nishikawa, N.; Nagai, M.; Nomoto, M. One year safety and
efficacy of inosine to increase the serum urate level for patients with Parkinson’s disease in Japan. J. Neurol. Sci.
2017, 383, 75–78.

60. Guttuso, T., Jr.; Andrzejewski, K.L.; Lichter, D.G.; Andersen, J.K. Targeting kinases in Parkinson’ss disease: A
mechanism shared by LRRK2, neurotrophins, exenatide, urate, nilotinib and lithium. J. Neurol. Sci. 2019, 402, 121–
130.

61. Parkinson Study Group SURE-PD3 Investigators; Schwarzschild, M.A.; Ascherio, A.; Casaceli, C.; Curhan, G.C.;
Fitzgerald, R.; Kamp, C.; Lungu, C.; Macklin, E.A.; Marek, K.; et al. Effect of Urate-Elevating Inosine on Early
Parkinson Disease Progression: The SURE-PD3 Randomized Clinical Trial. JAMA 2021, 326, 926–939.

62. Bjørklund, G.; Peana, M.; Maes, M.; Dadar, M.; Severin, B. The glutathione system in Parkinson’s disease and its
progression. Neurosci. Biobehav. Rev. 2021, 120, 470–478.

63. Asanuma, M.; Miyazaki, I. Glutathione and Related Molecules in Parkinsonism. Int. J. Mol. Sci. 2021, 22, 8689.

64. Liddell, J.R.; White, A.R. Nexus between mitochondrial function, iron, copper and glutathione in Parkinson’s disease.
Neurochem. Int. 2018, 117, 126–138.

65. Sian, J.; Dexter, D.T.; Lees, A.J.; Daniel, S.; Agid, Y.; Javoy-Agid, F.; Jenner, P.; Marsden, C.D. Alterations in glutathione
levels in Parkinson’s disease and other neurodegenerative disorders affecting basal ganglia. Ann. Neurol. 1994, 36,
348–355.

66. Duarte-Jurado, A.P.; Gopar-Cuevas, Y.; Saucedo-Cardenas, O.; Loera-Arias, M.J.; Montes-de-Oca-Luna, R.; Garcia-
Garcia, A.; Rodriguez-Rocha, H. Antioxidant Therapeutics in Parkinson’s Disease: Current Challenges and
Opportunities. Antioxidants 2021, 10, 453.

67. Virel, A.; Dudka, I.; Laterveer, R.; af Bjerkén, S. 1H NMR profiling of the 6-OHDA parkinsonian rat brain reveals
metabolic alterations and signs of recovery after N-acetylcysteine treatment. Mol. Cell. Neurosci. 2019, 98, 131–139.



68. Holmay, M.J.; Terpstra, M.; Coles, L.D.; Mishra, U.; Ahlskog, M.; Öz, G.; Cloyd, J.C.; Tuite, P.J. N-Acetylcysteine boosts
brain and blood glutathione in Gaucher and Parkinson diseases. Clin. Neuropharmacol. 2013, 36, 103–106.

69. Holdiness, M.R. Clinical pharmacokinetics of N-acetylcysteine. Clin. Pharmacokinet. 1991, 20, 123–134.

70. Pradhan, P.; Majhi, O.; Biswas, A.; Joshi, V.K.; Sinha, D. Enhanced accumulation of reduced glutathione by Scopoletin
improves survivability of dopaminergic neurons in Parkinson’s model. Cell Death Dis. 2020, 11, 739.

71. Monti, D.A.; Zabrecky, G.; Kremens, D.; Liang, T.W.; Wintering, N.A.; Bazzan, A.J.; Zhong, L.; Bowens, B.K.;
Chervoneva, I.; Intenzo, C.; et al. N-Acetyl Cysteine Is Associated With Dopaminergic Improvement in Parkinson’s
Disease. Clin. Pharm. Ther. 2019, 106, 884–890.

72. Coles, L.D.; Tuite, P.J.; Öz, G.; Mishra, U.R.; Kartha, R.V.; Sullivan, K.M.; Cloyd, J.C.; Terpstra, M. Repeated-Dose Oral
N-Acetylcysteine in Parkinson’s Disease: Pharmacokinetics and Effect on Brain Glutathione and Oxidative Stress. J.
Clin. Pharmacol. 2018, 58, 158–167.

73. Figueroa-Méndez, R.; Rivas-Arancibia, S. Vitamin C in Health and Disease: Its Role in the Metabolism of Cells and
Redox State in the Brain. Front. Physiol. 2015, 6, 397.

74. Njus, D.; Kelley, P.M.; Tu, Y.J.; Schlegel, H.B. Ascorbic acid: The chemistry underlying its antioxidant properties. Free
Radic. Biol. Med. 2020, 159, 37–43.

75. Man Anh, H.; Linh, D.M.; My Dung, V.; Thi Phuong Thao, D. Evaluating Dose- and Time-Dependent Effects of Vitamin
C Treatment on a Parkinson’s Disease Fly Model. Parkinson Dis. 2019, 2019, 9720546.

76. Zeng, X.; Xu, K.; Wang, J.; Xu, Y.; Qu, S. Pretreatment of Ascorbic Acid Inhibits MPTP-Induced Astrocytic Oxidative
Stress through Suppressing NF-κB Signaling. Neural Plast. 2020, 2020, 8872296.

77. Chang, M.C.; Kwak, S.G.; Kwak, S. Effect of dietary vitamins C and E on the risk of Parkinson’s disease: A meta-
analysis. Clin. Nutr. 2021, 40, 3922–3930.

78. Nagayama, H.; Hamamoto, M.; Ueda, M.; Nito, C.; Yamaguchi, H.; Katayama, Y. The effect of ascorbic acid on the
pharmacokinetics of levodopa in elderly patients with Parkinson disease. Clin. Neuropharmacol. 2004, 27, 270–273.

79. McDougall, M.; Choi, J.; Magnusson, K.; Truong, L.; Tanguay, R.; Traber, M.G. Chronic vitamin E deficiency impairs
cognitive function in adult zebrafish via dysregulation of brain lipids and energy metabolism. Free Radic. Biol. Med.
2017, 112, 308–317.

80. Foy, C.J.; Passmore, A.P.; Vahidassr, M.D.; Young, I.S.; Lawson, J.T. Plasma chain-breaking antioxidants in
Alzheimer’s disease, vascular dementia and Parkinson’s disease. QJM 1999, 92, 39–45.

81. Lopes da Silva, S.; Vellas, B.; Elemans, S.; Luchsinger, J.; Kamphuis, P.; Yaffe, K.; Sijben, J.; Groenendijk, M.; Stijnen,
T. Plasma nutrient status of patients with Alzheimer’s disease: Systematic review and meta-analysis. Alzheimer
Dement. 2014, 10, 485–502.

82. Kontush, K.; Schekatolina, S. Vitamin E in neurodegenerative disorders: Alzheimer’s disease. Ann. N. Y. Acad. Sci.
2004, 1031, 249–262.

83. Ueda, S.; Sakakibara, S.; Nakadate, K.; Noda, T.; Shinoda, M.; Joyce, J.N. Degeneration of dopaminergic neurons in
the substantia nigra of zitter mutant rat and protection by chronic intake of Vitamin E. Neurosci. Lett. 2005, 380, 252–
256.

84. Cadet, J.L.; Katz, M.; Jackson-Lewis, V.; Fahn, S. Vitamin E attenuates the toxic effects of intrastriatal injection of 6-
hydroxydopamine (6-OHDA) in rats: Behavioral and biochemical evidence. Brain Res. 1989, 476, 10–15.

85. Marko, M.G.; Ahmed, T.; Bunnell, S.C.; Wu, D.; Chung, H.; Huber, B.T.; Meydani, S.N. Age-associated decline in
effective immune synapse formation of CD4(+) T cells is reversed by vitamin E supplementation. J. Immunol. 2007,
178, 1443–1449.

86. Shim, J.H.; Yoon, S.H.; Kim, K.H.; Han, J.Y.; Ha, J.Y.; Hyun, D.H.; Paek, S.H.; Kang, U.J.; Zhuang, X.; Son, J.H. The
antioxidant Trolox helps recovery from the familial Parkinson’s disease-specific mitochondrial deficits caused by PINK1-
and DJ-1-deficiency in dopaminergic neuronal cells. Mitochondrion 2011, 11, 707–715.

87. Lewis, E.D.; Meydani, S.N.; Wu, D. Regulatory role of vitamin E in the immune system and inflammation. IUBMB Life
2019, 71, 487–494.

88. Wu, D.; Meydani, S.N. Age-associated changes in immune function: Impact of vitamin E intervention and the underlying
mechanisms. Endocr. Metab. Immune Disord.-Drug Targets 2014, 14, 283–289.

89. Wu, D.; Koga, T.; Martin, K.R.; Meydani, M. Effect of Vitamin E on human aortic endothelial cell production of
chemokines and adhesion to monocytes. Atherosclerosis 1999, 147, 297–307.

90. De Rijk, M.C.; Breteler, M.M.; den Breeijen, J.H.; Launer, L.J.; Grobbee, D.E.; van der Meché, F.G.; Hofman, A. Dietary
antioxidants and Parkinson disease. The Rotterdam Study. Arch. Neurol. 1997, 54, 762–765.



91. Buhmann, C.; Arlt, S.; Kontush, A.; Möller-Bertram, T.; Sperber, S.; Oechsner, M.; Stuerenburg, H.J.; Beisiegel, U.
Plasma and CSF markers of oxidative stress are increased in Parkinson’s disease and influenced by antiparkinsonian
medication. Neurobiol. Dis. 2004, 15, 160–170.

92. Chen, C.M.; Liu, J.L.; Wu, Y.R.; Chen, Y.C.; Cheng, H.S.; Cheng, M.L.; Chiu, D.T. Increased oxidative damage in
peripheral blood correlates with severity of Parkinson’s disease. Neurobiol. Dis. 2009, 33, 429–435.

93. Férnandez-Calle, P.; Molina, J.A.; Jiménez-Jiménez, F.J.; Vázquez, A.; Pondal, M.; García-Ruiz, P.J.; Urra, D.G.;
Domingo, J.; Codoceo, R. Serum levels of alpha-tocopherol (vitamin E) in Parkinson’s disease. Neurology 1992, 42,
1064–1066.

94. Nicoletti, G.; Crescibene, L.; Scornaienchi, M.; Bastone, L.; Bagalà, A.; Napoli, I.D.; Caracciolo, M.; Quattrone, A.
Plasma levels of vitamin E in Parkinson’s disease. Arch. Gerontol. Geriatr. 2001, 33, 7–12.

95. Parkinson Study Group. Effects of tocopherol and deprenyl on the progression of disability in early Parkinson’s
disease. N. Engl. J. Med. 1993, 328, 176–183.

96. Parkinson Study Group. Mortality in DATATOP: A multicenter trial in early Parkinson’s disease. Ann. Neurol. 1998, 43,
318–325.

97. McFarthing, K.; Rafaloff, G.; Baptista, M.; Wyse, R.K.; Stott, S. Parkinson’s Disease Drug Therapies in the Clinical Trial
Pipeline: 2021 Update. J. Parkinson Dis. 2021, 11, 891–903.

98. Imam, M.U.; Zhang, S.; Ma, J.; Wang, H.; Wang, F. Antioxidants Mediate Both Iron Homeostasis and Oxidative Stress.
Nutrients 2017, 9, 671.

99. Commenges, D.; Scotet, V.; Renaud, S.; Jacqmin-Gadda, H.; Barberger-Gateau, P.; Dartigues, J.F. Intake of flavonoids
and risk of dementia. Eur. J. Epidemiol. 2000, 16, 357–363.

100. Letenneur, L.; Proust-Lima, C.; Le Gouge, A.; Dartigues, J.F.; Barberger-Gateau, P. Flavonoid intake and cognitive
decline over a 10-year period. Am. J. Epidemiol. 2007, 165, 1364–1371.

101. Qi, H.; Li, S. Dose-response meta-analysis on coffee, tea and caffeine consumption with risk of Parkinson’s disease.
Geriatr. Gerontol. Int. 2014, 14, 430–439.

102. Kandinov, B.; Giladi, N.; Korczyn, A.D. Smoking and tea consumption delay onset of Parkinson’s disease.
Parkinsonism Relat. Disord. 2009, 15, 41–46.

103. Li, F.J.; Ji, H.F.; Shen, L. A meta-analysis of tea drinking and risk of Parkinson’s disease. Sci. World J. 2012, 2012,
923464.

104. Zhang, X.; Molsberry, S.A.; Yeh, T.S.; Cassidy, A.; Schwarzschild, M.A.; Ascherio, A.; Gao, X. Intake of Flavonoids and
Flavonoid-Rich Foods and Mortality Risk Among Individuals With Parkinson Disease: A Prospective Cohort Study.
Neurology 2022, 98, e1064–e1076.

105. Kujawska, M.; Jodynis-Liebert, J. Polyphenols in Parkinson’s Disease: A Systematic Review of In Vivo Studies.
Nutrients 2018, 10, 642.

106. Ikram, M.; Park, T.J.; Ali, T.; Kim, M.O. Antioxidant and Neuroprotective Effects of Caffeine against Alzheimer’s and
Parkinson’s Disease: Insight into the Role of Nrf-2 and A2AR Signaling. Antioxidants 2020, 9, 902.

107. 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.

108. Ooi, B.K.; Chan, K.G.; Goh, B.H.; Yap, W.H. The Role of Natural Products in Targeting Cardiovascular Diseases via
Nrf2 Pathway: Novel Molecular Mechanisms and Therapeutic Approaches. Front. Pharmacol. 2018, 9, 1308.

109. Dzamko, N.; Zhou, J.; Huang, Y.; Halliday, G.M. Parkinson’s disease-implicated kinases in the brain; insights into
disease pathogenesis. Front. Mol. Neurosci. 2014, 7, 57.

110. Chen, Y.; Zhang, D.Q.; Liao, Z.; Wang, B.; Gong, S.; Wang, C.; Zhang, M.Z.; Wang, G.H.; Cai, H.; Liao, F.F.; et al. Anti-
oxidant polydatin (piceid) protects against substantia nigral motor degeneration in multiple rodent models of
Parkinson’s disease. Mol. Neurodegener. 2015, 10, 4.

111. Guo, S.; Yan, J.; Yang, T.; Yang, X.; Bezard, E.; Zhao, B. Protective effects of green tea polyphenols in the 6-OHDA rat
model of Parkinson’s disease through inhibition of ROS-NO pathway. Biol. Psychiatry 2007, 62, 1353–1362.

112. Karuppagounder, S.S.; Madathil, S.K.; Pandey, M.; Haobam, R.; Rajamma, U.; Mohanakumar, K.P. Quercetin up-
regulates mitochondrial complex-I activity to protect against programmed cell death in rotenone model of Parkinson’s
disease in rats. Neuroscience 2013, 236, 136–148.

113. Siddique, Y.H.; Jyoti, S.; Naz, F. Effect of epicatechin gallate dietary supplementation on transgenic Drosophila model
of Parkinson’s disease. J. Diet. Suppl. 2014, 11, 121–130.



114. Xu, Q.; Langley, M.; Kanthasamy, A.G.; Reddy, M.B. Epigallocatechin Gallate Has a Neurorescue Effect in a Mouse
Model of Parkinson Disease. J. Nutr. 2017, 147, 1926–1931.

115. Lou, H.; Jing, X.; Wei, X.; Shi, H.; Ren, D.; Zhang, X. Naringenin protects against 6-OHDA-induced neurotoxicity via
activation of the Nrf2/ARE signaling pathway. Neuropharmacology 2014, 79, 380–388.

116. Gao, L.; Li, C.; Yang, R.Y.; Lian, W.W.; Fang, J.S.; Pang, X.C.; Qin, X.M.; Liu, A.L.; Du, G.H. Ameliorative effects of
baicalein in MPTP-induced mouse model of Parkinson’s disease: A microarray study. Pharmacol. Biochem. Behav.
2015, 133, 155–163.

117. Moussa, C.; Hebron, M.; Huang, X.; Ahn, J.; Rissman, R.A.; Aisen, P.S.; Turner, R.S. Resveratrol regulates neuro-
inflammation and induces adaptive immunity in Alzheimer’s disease. J. Neuroinflamm. 2017, 14, 1.

118. Turner, R.S.; Thomas, R.G.; Craft, S.; van Dyck, C.H.; Mintzer, J.; Reynolds, B.A.; Brewer, J.B.; Rissman, R.A.;
Raman, R.; Aisen, P.S. Alzheimer’s Disease Cooperative Study. A randomized, double-blind, placebo-controlled trial of
resveratrol for Alzheimer disease. Neurology 2015, 85, 1383–1391.

119. Jagatha, B.; Mythri, R.B.; Vali, S.; Bharath, M.M. Curcumin treatment alleviates the effects of glutathione depletion in
vitro and in vivo: Therapeutic implications for Parkinson’s disease explained via in silico studies. Free Radic. Biol. Med.
2008, 44, 907–917.

120. Tripanichkul, W.; Jaroensuppaperch, E.O. Ameliorating effects of curcumin on 6-OHDA-induced dopaminergic
denervation, glial response, and SOD1 reduction in the striatum of hemiparkinsonian mice. Eur. Rev. Med. Pharm. Sci.
2013, 17, 1360–1368.

121. Hornedo-Ortega, R.; Cerezo, A.B.; de Pablos, R.M.; Krisa, S.; Richard, T.; García-Parrilla, M.C.; Troncoso, A.M.
Phenolic Compounds Characteristic of the Mediterranean Diet in Mitigating Microglia-Mediated Neuroinflammation.
Front. Cell. Neurosci. 2018, 12, 373.

122. Yin, R.; Xue, J.; Tan, Y.; Fang, C.; Hu, C.; Yang, Q.; Mei, X.; Qi, D. The Positive Role and Mechanism of Herbal
Medicine in Parkinson’s Disease. Oxidative Med. Cell. Longev. 2021, 2021, 9923331.

123. Sun, C.-P.; Zhou, J.J.; Yu, Z.L.; Huo, X.K.; Zhang, J.; Morisseau, C.; Hammock, B.D.; Ma, X.C. Kurarinone alleviated
Parkinson’s disease via stabilization of epoxyeicosatrienoic acids in animal model. Proc. Natl. Acad. Sci. USA 2022,
119, e2118818119.

124. Huang, B.; Liu, J.; Meng, T.; Li, Y.; He, D.; Ran, X.; Chen, G.; Guo, W.; Kan, X.; Fu, S.; et al. Polydatin Prevents
Lipopolysaccharide (LPS)-Induced Parkinson’s Disease via Regulation of the AKT/GSK3β-Nrf2/NF-κB Signaling Axis.
Front. Immunol. 2018, 9, 2527.

125. Xia, M.L.; Xie, X.H.; Ding, J.H.; Du, R.H.; Hu, G. Astragaloside IV inhibits astrocyte senescence: Implication in
Parkinson’s disease. J. Neuroinflamm. 2020, 17, 105.

126. Jayaraj, R.L.; Beiram, R.; Azimullah, S.; Meeran, M.F.N.; Ojha, S.K.; Adem, A.; Jalal, F.Y. Lycopodium Attenuates Loss
of Dopaminergic Neurons by Suppressing Oxidative Stress and Neuroinflammation in a Rat Model of Parkinson’s
Disease. Molecules 2019, 24, 2182.

127. Lim, H.-S.; Kim, Y.J.; Kim, B.-Y.; Park, G.; Jeong, S.-J. The Anti-neuroinflammatory Activity of Tectorigenin Pretreatment
via Downregulated NF-κB and ERK/JNK Pathways in BV-2 Microglial and Microglia Inactivation in Mice With
Lipopolysaccharide. Front. Pharmacol. 2018, 9, 462.

128. Zhou, J.; Deng, Y.; Li, F.; Yin, C.; Shi, J.; Gong, Q. Icariside II attenuates lipopolysaccharide-induced neuroinflammation
through inhibiting TLR4/MyD88/NF-κB pathway in rats. Biomed. Pharmacother. 2019, 111, 315–324.

129. Pandey, T.; Shukla, A.; Trivedi, M.; Khan, F.; Pandey, R. Swertiamarin from Enicostemma littorale, counteracts PD
associated neurotoxicity via enhancement α-synuclein suppressive genes and SKN-1/NRF-2 activation through MAPK
pathway. Bioorg. Chem. 2021, 108, 104655.

130. Pallàs, M.; Vázquez, S.; Sanfeliu, C.; Galdeano, C.; Griñán-Ferré, C. Soluble Epoxide Hydrolase Inhibition to Face
Neuroinflammation in Parkinson’s Disease: A New Therapeutic Strategy. Biomolecules 2020, 10, 703.

131. Ren, Q.; Ma, M.; Ishima, T.; Morisseau, C.; Yang, J.; Wagner, K.M.; Zhang, J.; Yang, C.; Yao, W.; Dong, C.; et al. Gene
deficiency and pharmacological inhibition of soluble epoxide hydrolase confers resilience to repeated social defeat
stress. Proc. Natl. Acad. Sci. USA 2016, 113, E1944–E1952.

132. Ren, Q.; Ma, M.; Yang, J.; Nonaka, R.; Yamaguchi, A.; Ishikawa, K.; Kobayashi, K.; Murayama, S.; Hwang, S.H.; Saiki,
S.; et al. Soluble epoxide hydrolase plays a key role in the pathogenesis of Parkinson’s disease. Proc. Natl. Acad. Sci.
USA 2018, 115, E5815–E5823.

Retrieved from https://encyclopedia.pub/entry/history/show/59898




