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Abstract: Free radical production and their targeted action on biomolecules have roles in 

aging and age-related disorders such as Parkinson’s disease (PD). There is an age-associated 

increase in oxidative damage to the brain, and aging is considered a risk factor for PD. 

Dopaminergic neurons show linear fallout of 5–10% per decade with aging; however, the 

rate and intensity of neuronal loss in patients with PD is more marked than that of aging. 

Here, we enumerate the common link between aging and PD at the cellular level with 

special reference to oxidative damage caused by free radicals. Oxidative damage includes 

mitochondrial dysfunction, dopamine auto-oxidation, α-synuclein aggregation, glial cell 

activation, alterations in calcium signaling, and excess free iron. Moreover, neurons 

encounter more oxidative stress as a counteracting mechanism with advancing age does not 

function properly. Alterations in transcriptional activity of various pathways, including 

nuclear factor erythroid 2-related factor 2, glycogen synthase kinase 3β, mitogen activated 

protein kinase, nuclear factor kappa B, and reduced activity of superoxide dismutase, 

catalase and glutathione with aging might be correlated with the increased incidence of PD. 

Keywords: free radicals; aging; Parkinson’s disease; α-synuclein; mitochondrial 

dysfunction; nrf2 
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1. Introduction 

Chemical species with unpaired or an odd number of electrons are called free radicals. In biological 

systems, the term free radicals mostly refers to reactive oxygen species (ROS) and are oxygen  

centered [1,2]. Major ROS include superoxide anion (O2
−), hydrogen peroxide (H2O2), and hydroxyl 

radical (·OH). Besides ROS, reactive nitrogen species (RNS), including nitric oxide (NO),  

peroxynitrite (NO3
−), S-nitrosothiols also contribute to the generation of free radicals. Free radicals 

such as ROS and RNS arise as intermediates in many metabolic processes [3], are generated 

specifically as part of a cellular defense mechanism against invaded pathogens [4], and regulate several 

processes including glucose metabolism, cellular growth, and proliferation [5]. Superoxide radical and 

NO are the most commonly synthesized reactive species produced by NADPH oxidases and NO 

synthases, respectively [6]. These enzymes are highly active in the reproductive system, and ROS are 

involved in variety of functions, including elevation of intracellular Ca2+ concentrations, phosphorylation 

of specific proteins, activation of specific transcription factors, modulation of eicosanoid metabolism, 

stimulation of cell growth [7], and physiological mediators of control for several transcription  

factors [8]. Apart for beneficial effects, free radical causes lot of deleterious effects. ROS react with 

nucleic acids, proteins, and membrane lipids largely in a nonspecific manner, which may result in gene 

mutations, impairments or loss of enzyme activity, or altered cell membrane permeability, whereas 

RNS directly or indirectly lead to protein S-nitrosylation [9,10]. As a consequence of DNA being 

constantly attacked by free radicals, approximately 75,000–100,000 DNA damage events might occur 

in each cell per day [11,12]. Free radicals are deleterious in many ways, such as by damaging 

nucleobases or sugar units. ·OH is the most reactive species, and interacts with the C-8 position  

of guanine to form 8-hydroxyguanine, which is one of the most commonly found oxidized bases in  

DNA [13].  

The “free radical theory of aging”, published more than 50 years ago by Harman, states that the 

generation and accumulation of free radicals with aging results in oxidative damage to critical 

biological molecules such as DNA, proteins, and lipids [14] (Figure 1). Sixteen years later, Harman 

himself concluded that mitochondria are both the source and target of free radicals. This free radical 

theory of aging has become the mitochondrial free radical theory of aging, which is the most famous 

version of Harman’s theory [15]. Neural tissues have post-mitotic cells, and, moreover, their high 

oxygen consumption, lipid content, and metabolic activity make them more sensitive to oxidative 

damage than that of other tissues. It is difficult to quantify reactive species due to their highly 

evanescent and reactive nature; and evidence for disease comes from the detection of relatively stable 

products derived by the oxidation of cellular macromolecules. Increased immu-noreactivity to indices 

of oxidative stress occurs in humans with physiological aging [16], and pathological aging further 

exacerbates this effect [17]. During aging or under pathological states, the oxidation frequency of 

biological targets increases as repair processes slow down and detection of oxidized proteins, lipids, 

and DNA becomes more apparent. Notably, up to 50% of proteins may be oxidized in an 80-year-old 

human [18]. It was initially thought that aging could be manipulated with the use of antioxidants, and 

this seems to be attractive approach. Some studies have reported large changes in longevity after 

overexpression of antioxidants [19], whereas others failed to see any change [20]. In invertebrates, the 

use of antioxidants to increase longevity has been contradictory [21]. In a similar approach, 
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supplementation, induction, or overexpression of antioxidants has continuously failed to significantly 

increase maximum life span in mammals [22]. 

Figure 1. Schematic representation of the action of free radicals on biological molecules 

such as lipids, proteins, and DNA. Free radicals react largely in a nonspecific manner with 

nucleic acids, proteins, and membrane lipids and cause cell injury through various 

mechanisms as shown. Details are discussed in the main text. 

 

Parkinson’s disease (PD), the most frequent neurodegenerative condition after Alzheimer’s disease 

(AD), is characterized by degeneration of dopaminergic neurons in the substantia nigra pars compacta 

(SNpc) and loss of striatal dopamine content [23,24]. Although several factors have been proposed for 

the pathogenesis of PD, oxidative stress via the generation of free radicals is one of the major 

contributors. In the pathology of neurodegenerative disorders, the generation of free radicals, 

particularly ROS and RNS, are harmful, as they affect proteins, lipids, and nucleic acids [9,10]. Initial 

evidence for the existence of oxidative stress in PD came from reports based on post-mortem analyses 

of brain tissue from patients with PD that demonstrated increased levels of oxidized proteins, lipids, 

and nucleic acids [25,26].  
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Figure 2. Generation of free radicals in aging and Parkinson’s disease (PD). A major 

source of free radicals is mitochondria (mt), mitochondrial complex inhibition either by 

toxins or aging hampers the mitochondrial respiratory chain, which causes incomplete 

oxygen reduction, thereby generate reactive species including deleterious superoxide anion 

(O2
−) which is converted to hydrogen peroxide (H2O2) and then finally to hydroxyl radical 

(·OH) through the Fenton reaction which involves Fe2+ or Cu2+ (not shown). ·OH is a 

potent inducer of membrane lipid peroxidation. Oxyradicals can also be generated in 

response to calcium influx. Nitric oxide (NO) interacts with O2
− to form peroxynitrite 

(NO3
−), Reactive oxygen species (ROS) and reactive nitrogen species (RNS) contribute to 

oxidative and nitrosative stress, respectively, which finally causes neurodegeneration. 

Mitochondrial activity is lost or mitochondrial DNA is damaged during aging, which could 

lead to generation of ROS. Cytoprotective pathways are activated with the generation of 

free radicals. Activation of the Nrf2 pathway provides protection by regulating redox 

balance, whereas the NF-κB pathway causes increased cytokine release which is included 

in positive feedback to initiate the inflammatory cascade and also through influx of 

calcium ions inside the extracellular space. 

 

It is now well established that free radicals play a crucial role in aging [27,28], and aging is 

considered as one of strongest risk factors for PD [29,30]. The prevalence of PD increases with age, 

and occurs in approximately 1% of people >60 years, which increases to about 4% in individuals  

>85 years [31,32]. There is no full-proof theory that links age with these two, although substantial 
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evidence can be used to extrapolate the relationship. Moreover, a 5–10% linear fallout of dopamine 

neurons occurs per decade of aging [33], and PD was once proposed to be a form of accelerated  

aging [34]. Due to advances in research and development in the health sector, average life span is 

increasing. and it has been argued that the incidence of PD will rise in the coming years [35]. In 

contrast, the rate and intensity of neuronal loss in patients with PD is more marked that that of 

physiological aging, and clinical signs of PD are detected when 50% of nigral neurons and 80% of 

striatal dopamine are lost [36]. In this review we enumerate the common link between aging and PD at 

the cellular level with special reference to oxidative damage caused by free radicals, which includes 

mitochondrial dysfunction, dopamine auto-oxidation, α-synuclein aggregation, glial cell activation, 

alterations in calcium signaling, and excess free iron. Moreover, neurons encounter more oxidative 

stress with advancing age, as defense mechanisms do not function properly. An alteration in 

transcriptional activity of various pathways such as nuclear factor erythroid 2-related factor 2 (Nrf2), 

glycogen synthase kinase 3β (GSK-3β), nuclear factor kappa B (NF-κB), and reduced activity of 

superoxide dismutase (SOD), catalase and glutathione (GSH) occurs with aging, which may be 

correlated with the increased incidence of PD (Figure 2). 

2. Common Link between PD and Aging: Role of Free Radicals 

2.1. Mitochondrial Dysfunction 

Mitochondrial oxidative phosphorylation (OXPHOS) is the primary source of high-energy 

compounds in the cell. Mitochondrial dysfunction leads to reduced ATP production, increased 

oxidative stress, altered mitochondrial morphology, impaired calcium buffering, damage to 

mitochondrial DNA (mtDNA), and alterations in mitochondrial fission and fusion, eventually leading 

to cell death [37]. Mitochondria are both targets as well as important sources of free radicals. A major 

theory of aging states that aging is a direct consequence of accumulated damaged mtDNA produced by 

ROS and other related free radicals generated during the course of OXPHOS [15]. Mitochondrial 

complex I alterations are a major source of ROS generation in patients with PD. An inhibited 

mitochondrial complex hampers the mitochondrial respiratory chain, which causes incomplete oxygen 

reduction, thereby generating reactive species including deleterious O2
− [38] that is further converted 

to NO3
− and, finally, to ·OH through the Fenton reaction [39]. Thus, dysfunctional mitochondria are 

the primary intracellular source of ROS contributing to oxidative stress-mediated neurodegeneration in 

PD models [23,40]. It has long been known that somatic mtDNA mutations are responsible for some 

aspects of the aging process [41]. Interestingly, a very high absolute prevalence of mtDNA deletions in 

neurons from aged SNpc, and significant differences in mtDNA deletions between old and young 

tissues have been reported [42]. In another study, SN neurons from aged controls and individuals with 

PD was compared, and high levels of deleted mtDNA were detected, suggesting that somatic mtDNA 

deletions are important in the selective neuronal loss observed in brain aging and in PD [43]. 

Collectively, SN dopaminergic neurons in both aged individuals and patients with PD harbor high 

levels of mtDNA deletions (up to 60% mtDNA deletion load), which are associated with cytochrome c 

oxidase (complex IV) dysfunction [42,43]. Disruptions in OXPHOS are believed to act as primary or 

secondary contributors to neuronal loss in PD, and OXPHOS complexes contribute to the overall 
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decline in mitochondrial bioenergetics. mtDNA is particularly important, as it encodes for subunits that 

contribute to all OXPHOS complexes except complex II [44]. Interestingly, genetic ablation of 

p66Shc, a pro-apoptotic mitochondrial ROS-producing protein, extends the lifespan of mutant 

mice [45]. Another study showed that overexpression of the enzyme peptide methionine sulfoxide 

reductase A (MSRA), which is produced predominantly in the nervous system, markedly extends 

lifespan of the fruit fly Drosophila. Furthermore, MSRA transgenic animals are more resistant to 

paraquat-induced oxidative stress, and the onset of senescence-induced decline in general activity level 

and reproductive capacity is markedly delayed. These results suggest that oxidative damage is an 

important determinant of lifespan, and that MSRA might play an important role in increasing the 

lifespan of other organisms including humans [46].  

An enzyme called mtDNA polymerase Polg A, involved in copying and proofreading mtDNA, 

eliminates errors made during replication and participates in DNA repair processes. Interestingly, 

mutant mice carry mutations in Polg A (hampering proofreading activity), show extensive mtDNA 

mutations in almost all tissues, decreased activity of enzymes involved in the respiratory chain and in 

the production of ATP, increased apoptosis, accelerated aging, and reduced lifespan [47,48]. These 

findings suggest that mtDNA mutations acquired during normal aging could accelerate the aging 

process through increased ROS generation. Furthermore, Polg A mutations are associated with 

parkinsonism in humans [49]. In one study, age-dependent regulation of gene expression in the human 

brain was investigated in 30 individuals ranging from 26 to 106 years in age. Interestingly, a 

downregulation of genes involved in synaptic plasticity, vesicular transport, and mitochondrial 

function occurred in individuals >76 years, which was accompanied by induction of stress response, 

antioxidant, and DNA repair genes as well as marked DNA damage. Using small interfering RNA, 

authors mimicked the reduced expression of mitochondrial genes and found increased DNA damage in 

vulnerable nuclear genes that correlated with dysfunctional mitochondria as a ROS source in the aging 

brain [50]. Thus, it would be reasonable to anticipate that age-dependent mitochondrial dysfunction 

and ROS generation impairs global OXPHOS and general energy metabolism, either inferring a risk 

for PD or exacerbating its symptoms. 

Apart from environmental factors and aging, redox sensitive genes are also known to increase the 

sensitivity of cells to oxidative stress. Mutations in PARK7, which encodes DJ-1, are oxidatively 

damaged and increase significantly in brains of patients with sporadic PD [51–53], or sometimes 

represent a rare cause of early-onset familial PD [54]. Exposure to oxidative toxins or over-oxidation 

of DJ-1 with age might lead to inactivation of DJ-1 function, suggesting a role in susceptibility to 

sporadic PD [55]. Interestingly, aged DJ-1 knockout (KO) mice do not show significant differences in 

protein nitration, nucleic acid oxidation, or lipid peroxidation in the SN [56]. Mutations in parkin [54] 

and PINK1 [54,57] account for early-onset familial PD. Disruption of parkin contributes to the 

etiology of PD either by disrupting normal function of the ubiquitin proteasome system in the 

clearance of aggregated proteins or by disabling a mitochondrial protective mechanism mediated by  

a signaling function of parkin, contributing to mitochondrial dysfunction [54]. As with parkin,  

loss-of-function of PINK1 leads to decreased mitochondrial protection against oxidative stress, causing 

enhanced mitochondrial dysfunction [58]. Overexpression of parkin and PINK1 rescues the  

α-synuclein-induced PD-like phenotype in Drosophila melanogaster, presumably through targeting  

the α-synuclein protein for degradation [59,60]. Moreover, no significant differences in protein 
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oxidation have been found in different brain structures of parkin KO mice at the ages of 2, 3, 12, and 

22 months [61–63]. However, when the entire brain was analyzed, increased protein oxidation 

occurred in parkin KO mice at 18–20 months [61] and lipid peroxidation occurred in aged parkin  

KO mice [61]. Mutations in the parkin gene [64,65] are the most common genetic risk factors for 

early-onset PD [66–68] with age at onset ≤ 45 or 55 years. Cases with parkin mutations with age at 

onset > 70 years have also been reported [68–70]. But, the frequency of parkin mutations may be as 

high as 49%, in cases of age at onset ≤45 years in families with an autosomal recessive mode of 

inheritance, whereas the reported range is 15–18% in cases without a family history of PD [67,71].  

An inverse correlation has been observed in age at onset and frequency of parkin mutations in both the 

familial [66] and sporadic [67] forms of PD. Loss of function of DJ-1, parkin, and PINK1 leads to 

decreased mitochondrial protection against oxidative stress, causing enhanced mitochondrial 

dysfunction [58,72]. 

2.2. Role of Dopamine  

Dopamine neurons are exposed to ROS and RNS throughout their lifespan from the metabolism of 

cytosolic dopamine itself. Dopamine, as a relatively unstable molecule in nature, undergoes  

auto-oxidation metabolism in the nigrostriatal tract system thereby producing ROS [73], and  

auto-oxidation itself may increase with age [74]. The unstored cytosolic fraction undergoes spontaneous 

or monoamine oxidase B (MAO-B)-mediated degradation to form 3, 4-dihydroxyphenylacetic acid 

(DOPAC) and homovanillic acid (HVA) as major metabolites, as well as O2
−, H2O2, and dopamine 

quinones as minor metabolites [39,75]. MAO-B activity increases with age [76], which results in 

decreased availability of catecholamines in the synaptic cleft [77]. Oxidative deamination of primary 

MAO produces NH3 and H2O2 with established or potential toxicity [78]. Bradykinesia (declining 

motor functions), a characteristic hallmark of PD, is also seen robustly during physiological aging. 

This characteristic feature is a reflection of qualitative and quantitative changes in dopamine function 

in the SN and striatum [79] and is correlated with the decline in dopamine levels during aging and in 

PD. Initial evidence showed that dopamine levels decline by 50–60% during advanced normal  

aging [80,81], whereas loss of dopamine neurons in patients with PD is 80–90% in the SN and 40–50% 

in the ventral tegmental area (VTA) [82]. It has also been suggested that dopamine deficiency 

sufficient to provoke PD symptoms is expected in normal aging by 110–115 years [81]. Moreover, the 

mesolimbic system is affected more during aging, whereas the nigrostriatal system is the main target in 

PD [83]. Dopamine metabolites (e.g., DOPAC, HVA) decline with age in rat nigrostriatal, 

mesocortical, and hippocampal regions [84]. The main cellular defense against unstored dopamine is 

the recapture of dopamine released into the synapse by the dopamine transporter (DAT), followed by 

sequestration into synaptic vesicles by vesicular monoamine transporter 2. However, a significant 

decline in DAT occurs with age compared to that in healthy normal volunteers [85], and cytosolic 

dopamine produces H2O2 and ·OH causing damage to cells [86,87].  

In one study, young (6 months) and middle-aged (15 months) rats were chronically treated with 

dopamine in the SN and examined for changes in motor function and histology. It was observed that 

dopamine-induced toxicity was age dependent, and that middle-aged animals showed more impairment 

following a dopamine injection than that of younger animals [88]. An age-related loss in nigrostriatal 
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axons was observed, and a steady decrease in dopamine uptake sites was seen. In contrast, D1 and D2 

dopamine receptor concentrations and their high-agonist affinity sites are not affected by the aging 

process [89]. Another study examined neurochemical, morphological, and functional markers of the 

nigrostriatal dopamine system in young, intermediate-aged, and old squirrel monkeys. As a result, a 

significant age-related loss of dopamine was observed in the SN (70%) and the putamen (30%) but not 

in the caudate. However, nigrostriatal dopamine loss did not appear to be a consequence of age-related 

loss of dopaminergic nigral neurons, as the number of tyrosine immunoreactive cells was not 

significantly different among the three age groups. Additionally, the region-selective loss of dopamine 

correlates with PD, thereby raising the possibility of a relationship between physiological aging and 

development of the disease [90]. Additional evidence for the involvement of free radicals in dopamine 

metabolism is tyrosine hydroxylase (TH), the rate-limiting enzyme for dopamine synthesis. 

Interestingly, TH is inhibited by oxidation [91]. Around 55% loss in TH activity in the SN of rats is 

observed by 24 months of age, which is associated with a 59% increase in protein carbonyls. 

Furthermore, H2O2-decreased TH activity was in direct proportion to protein carbonylation [92].  

2.3. α-Synuclein 

Proteinacious fibril accumulation is a common neuropathological feature of neurodegenerative 

diseases. α-Synuclein is a hallmark of PD and is modified by nitration of tyrosine residues. In the 

presence of reactive oxygen intermediates, NO forms RNSs capable of modifying tyrosine residues in 

proteins to form 3-nitrotyrosine [93]. In native soluble form, α-synuclein may modulate synaptic 

plasticity [94] and dopaminergic neurotransmission [95,96]. Aggregation of α-synuclein into 

protofibrils causes loss in its normal function and impairs dopaminergic neutrotransmission. This 

aggregation is induced by the Cu-Zn-SOD/H2O2 system via the generation of ·OH [97], and/or ROS 

produced by dopamine metabolism [98,99]. α-Synuclein is found in cerebrospinal fluid (CSF) from 

patients with PD and also in age-related controls [100]. The levels of α-synuclein protein in human SN 

increase with aging, and aging is associated with increased levels of oxidatively modified α-synuclein 

but is rarely present in inclusions typical of PD [101–103]. A recent study assessed nigral neuronal loss 

and α-synuclein immunopositive Lewy bodies in >2500 individuals and brains from 744 deceased 

participants without PD. They concluded that nigral pathology is common in individuals without PD 

and may contribute to loss of motor function in old age [104]. A comparative study between young and 

old normal humans and rhesus monkeys revealed robust age-related increases in the α-synuclein 

protein within individual nigral areas but not in the VTA in either species. The age-related increase in 

nigral α-synuclein was non-aggregated and strongly correlated with age-related decreases in TH.  

β-synuclein, a non-pathogenic analogue of α-synuclein, does not show age-related changes. Moreover, 

distinct staining for α-synuclein is apparent in young, middle-aged, and aged subjects [101]. Thus, 

accumulation of α-synuclein within aging nigral neurons is strongly correlated with a loss of dopamine 

phenotype. Interestingly, decreased DAT activity in the aged brain is related with lower α-synuclein 

levels in the plasma membrane, probably by NO induced transporter alterations [105]. One study 

examined 157 brains from a geriatric hospital, and anti-phosphorylation sites were observed in  

40 cases. Immunohistochemistry revealed four novel types of pathology. These findings suggest that 

Lewy body (LB)-related pathology initially involves the neuronal perikarya, dendrites, and axons, 
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causes impairment in axonal transport and synaptic transmission, and later leads to the formation of 

LBs, a hallmark of functional disturbance long before neuronal cell death [106]. 

Interestingly, α-synuclein overexpression increases intracellular ROS levels and susceptibility to 

dopamine [107]. Oxidative stress can also induce α-synuclein aggregation [108]. An in vivo study 

demonstrated that the ultimate origin of free radical damage in patients with PD could be the 

production of H2O2 by α-synuclein. α-Synuclein and iron accumulation in the SN could establish the 

favorable local conditions required for α-synuclein-mediated H2O2 formation and its conversion to 

·OH via the Fenton reaction; thus, leading to death of vulnerable nigral neurons [109]. Chaperones are 

ubiquitous, highly conserved proteins [110] that either assist in folding of newly synthesized proteins 

or sequester damaged proteins for future refolding. α-Synuclein also becomes phosphorylated, leading 

to misfolding and aggregation in patients with PD [111]. Dysfunction in the ubiquitin proteasome 

system leads to protein accumulation [112,113]. The ubiquitylation of α-synuclein within LBs suggests 

a connection with proteasomes, and α-synuclein is a known substrate of chaperone-mediated 

autophagy involving lysosomes [114–116]. Thus, synucleinopathy may be a product of impaired 

processing of abnormal forms of α-synuclein and/or abnormal levels of α-synuclein by the intracellular 

proteasome and lysosome systems. 

2.4. Glial Cells 

2.4.1. Microglia 

Microglia are the primary resident immune cells of the central nervous system (CNS), and  

play a critical role in neurodegenerative diseases [117], as well as in age-related macular  

degeneration [117,118]. Activated microglia are the most abundant source of free radicals in the brain 

by releasing free radicals such as O2
− and NO [119]. Moreover, over-activated microglia contribute to 

neurodegenerative processes by producing various neurotoxic factors including free radicals and 

proinflammatory cytokines [120], or via free radicals generated by activated NAD(P)H oxidases [121]. 

CD11b, a beta-integrin marker of microglia, increases during microglial activation, upregulation of 

CD11b in microglia is redox sensitive, and ROS up-regulates CD11b via NO [122]. Initially, one study 

suggested that degeneration of dopaminergic neurons in PD is associated with massive microglial 

activity in the SNpc [123], but later presence of activated microglia in the putamen, hippocampus, 

transentorhinal cortex, cingulate cortex, and temporal cortex has been reported [124]. A recent in vivo 

study indicated that microglial activation in patients with PD is anatomically widespread in the pons, 

basal ganglia, and frontal and temporal cortical regions, and that the level of microglial activation is 

independent of clinical severity [125]. Microglia maintain microenvironmental homeostasis during 

brain injury by migrating to the lesion site, clearing cellular debris, and producing pro-inflammatory 

cytokines such as tumor necrosis factor alpha (TNFα), interleukins 1 beta (IL-1β) and 6 (IL-6), and 

anti-inflammatory cytokines such as interleukin 10 (IL-10) and transforming growth factor beta 1 

(TGFβ1) [126]. Converging evidence shows that aging microglia also have lipofuscin granules, 

decreased process complexity, altered granularity, and increased mRNA expression of both 

proinflammatory (TNFα, IL-1β, and IL-6), and anti-inflammatory (IL-10 and TGFβ1) cytokines [127]. 

Microglia can be neuroprotective or neurotoxic to dopaminergic neurons depending on age [128]. 
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Moreover, pro-inflammatory cytokines chronically increase in the aging brain [129], and aged 

microglia in the resting state have significantly smaller and less branched dendritic arbors as well as 

slower process motility, which compromises their response to injury [130]. 1-methyl-4-phenyl-1,2,3, 

6-tetrahydropyridine (MPTP) administration in elderly mice results in severe and persistent microglial 

activation [131]. Activated microglia release O2
− [132,133], which acts as a reducing agent and can 

cause the release of iron from ferritin, which further provokes lipid peroxidation [134]. Dystrophic 

microglia express high levels of ferretin, an iron storage protein [135], suggesting their role during 

attack by free radicals. 

2.4.2. Astrocytes 

Astrocytes are the most abundant cell type in the brain; they are electrically inert and derived from 

the same progenitors as neurons. Astrocytes play a significant role in brain injury, as they respond to 

injury in conjunction with microglia through a process called reactive gliosis or astrogliosis [136]. 

Glial fibrillary acidic protein (GFAP) is the most commonly used marker of mature astrocytes in the 

CNS and has been the most common change observed during aging [137]. Vimentin is another 

intermediate filament in astrocytes, and its expression also increases with aging [138]. Approximately, 

20% increase in astrocytes occurs in the aged cortex and other brain regions [139–141]. As discussed 

previously, oxidative stress and inflammatory responses are associated with aging and PD, and the 

increase in GFAP in aged astrocytes may be the result of these responses. There are several 

physiological ways in the body to deal with ROS, as the brain is equipped with defense systems such 

as the antioxidant enzymes SOD, glutathione peroxidase, and catalase as well as the antioxidant  

GSH [142]. The concentration of GSH in astrocytes (~3.8 mM) is thought to be higher compared to 

that in neurons (~2.5 mM) [143], probably as a result of higher specific activity of the  

γ-glutamylcysteine synthetase (a rate-limiting enzyme in GSH biosynthesis) in astrocytes [144]. Thus, 

astrocytes are thought to be the major contributor of GSH and help in removal of ROS. The GSH 

content in the SN of patients with PD is significantly reduced (~40%), making them more vulnerable 

to the deleterious effect of free radicals [145]. 

O’Callaghan and Miller [146] reported an elevation in GFAP expression with age throughout the 

brain, with the largest increase observed in corpus striatum. TH-positive neuron number is unaltered in 

the SN with increasing age, whereas the ratio of TH-positive neurons to GFAP-positive glial cells 

decreases slightly with increasing age [147]. Interestingly, selective expression of a mutant α-synuclein 

protein in astrocytes in vivo results in SN neurodegeneration, behavioral dysfunction, and shortened 

lifespan [148]. When mutant α-synuclein protein is expressed under control of the human α-synuclein 

promoter, which is expressed in fewer astrocytes and more in neurons, it results in 100% death of 

animals after 3 months [149,150], suggesting that astrocytic dysfunction might be crucial for initiating 

disease and not just for downstream neurodegenerative effects.  

A recent study demonstrated that H2O2 rapidly induces the phosphorylation, nuclear translocation, 

and binding of signal transducer and activator of transcription 6 (STAT6) to the promoter of the 

cyclooxygenase-2 gene, resulting in the expression and subsequent release of prostaglandin PGE2 and 

PGI2 in primary rat brain astrocytes. Furthermore, STAT6 in astrocytes is much more sensitive to 

ROS-dependent phosphorylation than that of microglial STAT6, and astrocytes sense H2O2 by rapidly 
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phosphorylating the STAT6 transcription factor, a response not observed in microglia. Therefore, 

astrocytes, through this STAT6-activation mechanism, could function as ROS sensors in the brain, and 

this phosphorylation is induced by generators of other ROS and RNS [151]. 

2.5. Regulation of Calcium  

Calcium (Ca2+) signaling can be altered by oxidants and this alteration can modify essential 

pathways. After the mitochondrial free radical theory of aging was introduced, the Ca2+ hypothesis of 

brain aging was formulated in the 1980s, which was based on a limited number of observations in 

processes that are regulated by Ca2+ alterations [152]. In the 1990s, major advances in identifying 

biological markers of Ca2+ dependent processes were made that could change during aging.  

In most neurons, opening of Ca2+ channels is a uncommon event, and it occurs during a very brief 

action potential [153]. SNpc dopaminergic neurons have an unusual physiological phenotype, as they 

exhibit pacemaker activity even in the absence of excitatory input. Most neurons utilize Na+ channels 

to maintain action potentials, whereas SN neurons rely upon L-type Ca2+ channels to govern 

pacemaking [154,155]. The magnitude of Ca2+ influx and sustained demand of OXPHOS appear to be 

much larger in SNpc neurons that that of other neurons, making them more vulnerable to oxidative 

damage and aging. Interestingly, dopamine neurons in the VTA and the olfactory bulb, both of which 

employ Na+ channels to generate pacemaking [156,157], are spared in human patients and animal 

models of PD [158,159], suggesting a link between selective vulnerability due to Ca2+ pacemaking 

instead of dopaminergic transmission. Mitochondria and the endoplasmic reticulum are the principal 

organelles involved in sequestering Ca2+ in neurons [160,161], and dysfunction in these organelles that 

occurs during aging and PD could result in the generation of oxidative stress. It is generally accepted that 

oxidants cause a rapid increase in Ca2+ concentrations in the cytoplasm of diverse cell types [162,163]. 

Oxidants such as H2O2 cause a sustained elevation in cytosolic Ca2+, which is not observed in Ca2+-free 

medium, suggesting that severe oxidative stress causes Ca2+ uptake by cells from the extracellular 

space [162]. An increase after hyperpolarization during aging is partially related to Ca2+ influx through 

L-type Ca2+ channels as well as changes in Ca2+ buffering [164].  

2.6. Iron 

Iron plays a key role in supporting systems responsible for myelination and the synthesis of several 

neurotransmitters in the CNS. Excess free iron generates oxidative stress because of its interaction with 

H2O2, and iron localization correlates with ROS in areas that are prone to neurodegeneration [165]. 

The toxicity of O2
− and H2O2 arises from their iron-dependent conversion into the extremely reactive 

·OH (Haber–Weiss reaction), which causes severe damage to membranes, proteins, and DNA [166]. 

The rank order of total iron distribution in normal brain tissue is globus pallidus > putamen > SN > 

caudate nucleus > cerebral cortex = cerebellum [167]. Iron is most abundant in areas that are rich in 

dopaminergic neurons, namely, the globus pallidus, putamen, and SN of the basal ganglia [167]. Iron 

is stored primarily in glial cells where it is bound to storage protein ferritin [168]. There is an  

age-dependent increase in iron storage in the brain and an increase in the proportion of iron stored in 

ferritin [169,170]. Iron accumulation occurs in PD, as iron content of the SN is elevated compared to 

that in aged-matched controls with an increase in the Fe (III)/Fe (II) ratio from 2:1 to 1:2 [171]. Aging 
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is associated with disturbances in iron metabolism and regulation in rodents [50,172], as well as in 

humans [131,173]. Free radicals are constantly generated in the brain as by-products of the 

oxidation/reduction reactions required by cellular metabolic processes. These reactions are catalyzed 

by transition metals such as iron and are more likely to occur in brain regions with a high 

concentration of these elements. Hence, any regional increase in brain iron concentration may increase 

the potential for local free-radical formation and lipid peroxidation [174]. 

As pointed out earlier, the region-specific increase in iron content could increase the probability of 

free radical formation in areas rich in iron. Physiological aging is associated with a significant increase 

in iron content in both the putamen and the caudate and, thereby, an increased risk for development of 

neurodegenerative disorders associated with aging. The clinical importance of this increase in striatal 

iron content in association with aging may be directly related to its involvement in free-radical 

generation. In the brain, ·OH reacts with membrane lipids, starting the chain reaction of lipid 

peroxidation, which, in turn, results in extensive membrane damage, ultimately leading to cell 

degeneration [175]. A comparative analysis of iron-related neuronal vulnerability performed in two 

brainstem nuclei, the locus coeruleus (LC) and SN, known targets in PD and age-related disorders, 

revealed that LC neurons are comparatively less affected with a variable degree of involvement than 

that of SN neurons. Moreover, iron content in the LC is much lower than that in the SN, and the ratio 

of heavy-chain ferritin iron in the LC is higher than that in the SN. These findings suggest that the iron 

mobilization and toxicity is lower in LC neurons than that in the SN and that it is efficiently buffered 

by neuromelanin. Thus, the more extensive damage occurring in the SN could be related to higher iron 

content [176].The identification of iron regulatory proteins 1 and 2 (IRP1 and IRP2) in various regions 

of rat and mice brain including the striatum and SN strengthens the role of iron in neurodegenerative 

diseases including PD [177]. Mitochondrial complex I inhibitors such as MPTP and 6-OHDA, result in 

oxidative stress as a consequence of deregulation of mitochondrial iron and glutathione [178].  

Iron chelators such as desferal [179] and VK-28 [180] show neuroprotective effects in neurotoxin 

models of PD. 

2.7. Defective Mechanism  

To counteract the stress caused by these free radicals, cells have developed adaptive, dynamic 

programs to maintain cellular homeostasis through a series of antioxidant molecules and detoxifying 

enzymes that can provide control by quick removal or detoxification. Nrf2 is one such major pathway 

that responds to reactive species by activating phase II detoxification enzymes at the transcriptional 

level [181,182]. When the redox balance is more toward the oxidative side, as occurs during attack by 

electrophilic and/or oxidative stimulus, Nrf2 is released from Kelch ECH-associated protein 1 (Keap1), 

is translocated to the nucleus, and binds with antioxidant response elements (ARE) in the promoter 

region of its target genes, thereby inducing a battery of cytoprotective genes and antioxidative  

enzymes [181,182]. The Nrf2 pathway is involved in the pathogenesis of PD [183,184], and its activity 

declines with age [185]. Mechanisms that decrease Nrf2 transcriptional activity interfere with 

removal/detoxification of free radicals. GSK-3β, a serine/threonine kinase, mediates Nrf2 

phosphorylation and prevents nuclear localization, inhibits the transcriptional activity, and blocks the 

antioxidant and cytoprotective functions of Nrf2 [186]. Long-term activation of GSK-3β under 
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conditions of persistent oxidative stress results in downregulation of Nrf2. Increased GSK-3β activity 

have been reported with aging [187] and in in vitro and in vivo models of PD [188,189]. The  

mitogen-activated protein kinase (MAPK) members, such as extracellular signal-related kinases (ERK), 

c-Jun N-terminal kinases (JNK), and p38, are involved in regulation of the ARE [190]. MAPK is also 

activated in PD models and is implicated in the mechanism of neuronal cell death [191]. Both JNK and 

ERK contribute directly to mitochondrial dysfunction by suppressing oxidative respiration in various 

experimental models of PD [192]. Age-related decreases in resistance to oxidative stress might result 

from lower expression of antioxidant enzymes, which are regulated by Nrf2 transcriptional activity and 

its mediators, MAPKs [193]. Moreover, elevated and sustained expression of stress-response signaling 

pathways (p38 MAPK, SAPK/JNK) is a major physiological characteristic of aged tissues [194]. p38 

MAPK activation leads to mitochondrial ROS generation and sustained elevation of p38 MAPK 

activity in aged tissue promotes aging characteristics [195]. 

Several other pathways such as nuclear factor (NF-κB) are involved in PD and aging.  

The expression of many of NF-κB genes increases with age [196,197] and plays an important role in 

PD [198–200]. Promoter regions of proinflammatory molecules contain the DNA binding site for  

NF-κB and inhibiting NF-κB activation reduces the induction of proinflammatory molecules [201]. 

NF-κB drives the transcription of several proinflammatory molecules including inducible nitric oxide 

synthase, TNFα, and IL-1β in microglia and astroglia. These molecules play an important role in the 

loss of dopaminergic neurons in MPTP-intoxicated mice and patients with PD [198–200]. Moreover, 

the NF-κB components p52 and p65 but not p50 are clearly higher in nuclear extracts of old rodents 

compared to those of young ones [196,197]. SOD catalyzes the dismutation of O2
− into O2 and H2O2 

and provides an important antioxidant defense mechanism. An increase in the level of Mn-dependent 

SOD occurs in the SN and CSF of patients with PD [202]. Moreover, total SOD and Mn SOD 

activities also increase with age in rats [203]. Another important antioxidant defense mechanism is 

GSH, also referred to as the master antioxidant, which can neutralize any type of chemical and 

scavenge free radicals. GSH is the earliest known indicator of nigral depletion, and the magnitude of 

GSH depletion is correlated with disease severity [204]. Moreover, a significant increase in oxidized 

glutathione turnover occurs in PD [205]. Glutamate cysteine ligase (GCL) catalyzes the first and  

rate-limiting step of de novo GSH synthesis, making it a major determinant of overall GSH synthetic 

capacity [206–208]. Reduced levels of GCL are observed throughout the brain as a consequence of 

aging [209]. In addition, mutant mice overexpressing the antioxidant enzyme catalase, specifically in 

the mitochondria, exhibit reduced accumulation of mtDNA mutations [210], increased lifespan [211], 

and more resistance to MPTP-induced dopaminergic cell death [212], suggesting a role for catalase in 

counteracting oxidative stress. 

3. Conclusions  

A progressive accumulation of damaged biomolecules and impaired energy metabolism occurs 

during aging and PD that promotes dysfunction of various metabolic processes and signaling pathways. 

As reviewed here, aging and PD share common features that are interlinked with the generation of free 

radicals; free radicals form a feedback loop such that separating the two processes is difficult. Neural 

tissue encounters a cumulative burden of oxidative and metabolic stress; moreover, neural tissues have 
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post-mitotic cells, high oxygen consumption; lipid content and metabolic activity making them more 

vulnerable to the deleterious effects of free radicals. Convergence and parallelism occurs between 

aging and PD. For example, post-mortem analyses of brain tissue from PD patients were found to have 

increased levels of oxidized proteins, lipids and nucleic acid. Notably, up to 50% of proteins may be 

oxidized in an 80-year old human. Furthermore, Initial evidence have showed that dopamine levels 

decline by 50–60% during advanced normal aging; whereas clinical signs of PD are detected when  

50% of nigral neurons and 80% of striatal dopamine are lost. Moreover, bradykinesia (declining motor 

function), a characteristic hallmark of PD, is also seen quite often during physiological aging. This 

characteristic feature is a reflection of qualitative and quantitative changes in dopamine function in the 

SN and striatum and is correlated with declining dopamine levels during both aging and PD. When 

compared on anatomical site, mesolimbic system is affected more during aging, whereas the 

nigrostriatal system is the main target in PD. Deficiency of dopamine sufficient to provoke PD 

symptoms would be expected in normal aging of 110–115 years. Though, several common factors can 

be seen in PD and aging, still most of the therapeutic approaches (Ca2+ channel blockers, dopamine 

agonists, iron chelators, and antioxidants) ameliorate PD symptoms but do not reverse the aging 

process. Several factors contribute to the generation of free radicals either directly (mitochondrial 

dysfunction and dopamine auto-oxidation) or indirectly (α-synuclein, glial activation, free iron, and 

altered calcium signaling). Physiological mechanisms to counteract oxidative stress are diminished 

during aging; thus, making individuals more prone to neurodegenerative diseases such as PD. It is still 

debatable that age-related changes in the brain reflect aging-associated neurodegenerative diseases 

rather than the aging process itself.  
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