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Abstract: Parkinson’s disease (PD) is a chronic and progressive age-related neurodegenerative dis-
ease affecting up to 3% of the global population over 65 years of age. Currently, the underlying
physiological aetiology of PD is unknown. However, the diagnosed disorder shares many common
non-motor symptoms associated with ageing-related neurodegenerative disease progression, such
as neuroinflammation, microglial activation, neuronal mitochondrial impairment, and chronic au-
tonomic nervous system dysfunction. Clinical PD has been linked to many interrelated biological
and molecular processes, such as escalating proinflammatory immune responses, mitochondrial
impairment, lower adenosine triphosphate (ATP) availability, increasing release of neurotoxic reactive
oxygen species (ROS), impaired blood brain barrier integrity, chronic activation of microglia, and dam-
age to dopaminergic neurons consistently associated with motor and cognitive decline. Prodromal
PD has also been associated with orthostatic hypotension and many other age-related impairments,
such as sleep disruption, impaired gut microbiome, and constipation. Thus, this review aimed to
present evidence linking mitochondrial dysfunction, including elevated oxidative stress, ROS, and
impaired cellular energy production, with the overactivation and escalation of a microglial-mediated
proinflammatory immune response as naturally occurring and damaging interlinked bidirectional
and self-perpetuating cycles that share common pathological processes in ageing and PD. We propose
that both chronic inflammation, microglial activation, and neuronal mitochondrial impairment should
be considered as concurrently influencing each other along a continuum rather than as separate and
isolated linear metabolic events that affect specific aspects of neural processing and brain function.

Keywords: alpha-synuclein; adenosine triphosphate; bioenergetic capacity; cytokines; dopamine
neurons; homeostasis; microglia; mitochondrial quality control; neurodegenerative progression;
neuroinflammation; oxidative respiration; oxidative stress; Parkinson’s disease; phagocytosis;
proinflammatory immune response; reactive oxygen species

1. Introduction

Parkinson’s disease (PD) is an age-related chronic, progressive, multi-system [1-3],
neurodegenerative disease [4] with an incidence second only to Alzheimer’s disease [1].
A PD diagnosis requires the presence of two core motor features, including diminished
movement (bradykinesia), tremor, muscle rigidity, or postural instability. Other behavioural
symptoms can include difficulty initiating voluntary movement (akinesia), involuntary eye
movements, and blinking [5-8]. In some cases, it may take up to 15 years before an accurate
and reliable clinical diagnosis can be made [9-11], even though as many as 50% of PD
patients [12] may have been experiencing other pathological changes associated with PD,
such as autonomic nervous system dysfunctions [13], REM sleep behaviour disorder [14,15],
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daytime somnolence, fatigue, depression, and anxiety, orthostatic hypotension [16,17], per-
sistent constipation [18], changes in gut-brain associations [16,19,20] and cognitive decline.
Figure 1 illustrates the various clinical symptoms associated with the PD prodromal pe-
riod through a clinical diagnosis of PD. Data gathered from human post-mortem results
indicates that individuals are likely to have lost between 60 and 80% of dopaminergic neu-
rons in the substantia nigra pars compacta (SNpC) at the time of clinical diagnosis [5,8,21].
However, this morphological change is confounding as a potential biomarker, as ageing
per se is a key risk factor in most neurodegenerative diseases, and cell loss in a normal
brain occurs first in mid-life in the Locus Coeruleus, SNpC, and Ventral Tegmentum Area
(VTA). These same noradrenergic/dopaminergic areas are also the first in most brains to
show increased levels of microglial activation, where microglia are the specialised immune
macrophages of the brain [22].

Indeed, Franceschi et al. [23] argue that beyond 40 years of age, immunosenescence
results in a gradual and consistent rise in cumulative low-level chronic inflammation [24,25]
and the beginning of neuronal loss, henceforth referred to as inflammaging. These changes
coincide with a deterioration in the immune system’s capacity to respond efficiently to
pathogenic removal and impaired management and control of cellular homeostasis [26].
Age is also linked to increased genomic instability, epigenetic change, mitochondrial
dysfunction, impairment, and failure, as well as chronic levels of localised concentrations of
proinflammatory microglia [22]. The impact of such impairments and cellular dysfunction
triggers ongoing and sustained cytokine storms at neurotoxic levels, resulting in stem cell
depletion and impairment of cell signalling and communications [27], and is linked to
cognitive decline [28,29].
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Figure 1. Progression of clinical symptoms from early prodromal through to clinical diagnosis of
Parkinson’s disease. The clinical diagnosis of Parkinson’s disease accepts that there is a potential loss
of up to 80% of the dopaminergic neurons in the Substantia Nigra Pars Compacta. However, prior
to the emergence of any significant motor impairment, a wide variety of symptoms associated with
non-motor dysfunction and disability usually precede the clinical diagnosis of Parkinson’s disease by
10-20 years. Adapted from data and figures in Kalia et al. [30], and Tansey et al. [3].

The aim of the first section of this review is to examine evidence connecting the
independent impact of ageing and general inflammatory/inflammaging, (age-related in-
flammation) responses and the subsequent triggering of a proinflammatory brain-based
microglial-mediated immune response in the well-accepted mitochondrial dysfunction
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in PD. The aim of the second section of the review is to examine molecular evidence
documenting the inter-related mechanisms of mitochondrial dysfunction, elevated oxida-
tive stress, increased production of free radicals such as reactive oxygen species (ROS),
and impaired adenosine triphosphate (ATP) energy production, resulting in an escalation
in microglial-mediated proinflammatory immune responses. Such elevated immune re-
sponses are also apparent in many other human diseases, such as cancer, diabetes, multiple
sclerosis, cardiovascular disease, and various psychiatric disorders, such as anxiety and
depression [31-38].

2. Epidemiology of PD

On a global scale, PD is estimated to be the fastest-growing neurological disorder [39-41].
The reason for this is multifactorial. Longer lifespans from improved population health mea-
sures and better disease treatment lead to longer exposures to environmental toxins [39,42-45].
Parkinson’s disease affects around 3% of the global population over 65 years of age [41,46]
and rises to 5% in people over 85 years [7], i.e., ~12.5 million globally [47,48]. Longitudinal
studies also suggest that the socioeconomic burden of PD is increasing globally [49,50],
with the Global Burden of Disease Study in 2016 predicting up to a 12% rise in PD rates by
2040 [51-53]. Such a rapid growth in PD will not only increase the personal strain on care-
givers but also bring adverse health and socio-economic consequences for the economy in
general [54]. More recently, the secondary and longer-term effects of SARS-CoV-2 infection
have also been predicted to globally increase the incidence rates of long-term neurological
and neuropsychiatric complications [55-57].

Currently, there is no cure for PD [58], and only palliative medical treatments are
available to slow further neurodegenerative damage and disease progression [59,60], high-
lighting the urgent need to better understand the complex underlying biological processes
and identify novel avenues for earlier diagnosis and potential therapeutic intervention to
slow progression and severity [61].

3. Loss of Dopaminergic and Adrenergic Neurons in PD

The loss of dopaminergic neurons in the SNpC has long been associated with impaired
motor movement and cognitive impairment and is usually considered the core pathological
characteristic of PD [12,62-64]. However, more recent evidence from patients and clinical
studies reveals that the pathology of PD follows a caudo-rostral pattern in which the
loss of neurons in the locus coeruleus (LC) occurs earlier than the loss of neurons in
the SNpC [10,65-67]. The clinical effects of monoaminergic cell loss can be predicted
preclinically and are supported by recent work on mouse models [68]. The LC is a small
brainstem nucleus located in the pons in the CNS and is responsible for producing the
neurotransmitter norepinephrine (NE) [69]. When the LC is damaged, individuals show
impaired functions similar to PD symptoms, such as sleep disorders, depression, and
autonomic nervous dysfunction, long before the emergence of motor impairment in the
SNpC [70]. The LC is also involved in managing sleep-wake cycles, memory, learning,
alertness, and stress management, while the neurotransmitter NE plays a generalised
anti-inflammatory and neuroprotective role. Subsequently, the loss of NE neurons in the
LC may trigger microglial activity in the midbrain, increase proinflammatory cytokine
release, and potentially contribute to early dopaminergic neuronal loss in the SNpC [71] as
a significant aetiological mechanism in the early development of PD. Interestingly, loss of
LC NE neurons, like dopaminergic neurons with intra-neuronal cytoplasmic inclusions in
the SNpC, also creates Lewy bodies (LB) [72] and Lewy neurites [73]. Indeed, Lewy bodies
contain large amounts of aggregated Alpha-Synuclein x-Syn [74,75] which is a presynaptic
structural protein that plays a role in the regulation of the synaptic vesicle cycle within
the cell [76]. When «-Syn is abnormally aggregated in the neuron, increasing microglial
activation as part of the immune response elevates neuroinflammation and activates higher
levels of toxic Nicotinamide Adenine Dinucleotide Phosphate (NADPH) oxidase [77]
located in the mitochondria. Higher levels of NADPH also leads to increased production of
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ROS that are neurotoxic and associated with faster rates of SNpC dopaminergic neuronal
loss in PD patients compared to healthy controls [78]. As PD advances, dopaminergic
neuronal loss occurs most prominently in the SNpC A9 cell group (76% loss) [5,79-81],
with the neurons located dorsally in SNpC appearing to be less impacted [21]. Results
from immunohistochemical analysis in rats and human imaging studies, which allow
an accurate quantification of dopaminergic neuronal cell densities, reveal that similar
dopaminergic cell losses also occur within the A8 mid-brain retrorubral (31% loss) and A10
ventral tegmentum areas (VTA) (55% loss) [5,21,82], with almost no loss occurring in the
central grey matter areas [83]. This differential loss has been explained by observations
that dopaminergic neurons in the SNpC are highly vulnerable to impairment due to their
higher bioenergetic needs and greater axonal arborizations than comparable dopaminergic
neurons in the proximally located VTA. Not unexpectedly, larger axonal arborization
and axon terminals require more axonal mitochondria and higher mitochondrial basal
oxidative phosphorylation (OXPHOS) rates. The increased mitochondrial requirement also
has a concomitant elevation in associated oxidative stress levels, extensive calcium (Ca?*)
influx requirements, smaller ATP reserve capacity, more complex axonal arborization, and
the requirement of a higher concentration of axonal terminal mitochondria to support
significantly higher energetic demands compared to dopaminergic neurons in other parts
of the brain [84]. Given also that ageing is the major risk factor for PD and has long been
related to chronic inflammation, increased mutations in mitochondrial DNA (mtDNA),
reduced concentration and number of mitochondria per cell, combined with reduced
mitochondrial efficiency in ATP production associated with experimental data supporting
the mitochondrial free radical theory of ageing [85], it is necessary to discuss the differences
between mitochondria in neurotypicals and those diagnosed with PD [86,87].

4. Mitochondrial Function in Ageing and PD

Most eukaryotic cells, apart from red blood cells, contain mitochondria, where the
production of cellular ATP energy occurs via oxidative phosphorylation (OXPHOS) and
glycolysis, also known as the citric acid or Krebs cycle. Mitochondria differ from most cell
organelles by having a unique genome, an inner and outer membrane, and reproducing
by binary fission. Mitochondria not only play a major cellular role in the production of
ATP but also store calcium for cell signalling, generate heat, and mediate cell growth
and death [88-91]. The matrix of the mitochondria contains 37 specialised genes of the
mitochondrial DNA and the enzymes of the tricarboxylic citric acid (TCA or Krebs’s) cy-
cle [92,93] required for metabolism of the by-products needed for the inner membrane
electron transport chain (ETC) processes of OXPHOS via the five multiprotein sub-unit com-
plexes, CI-CV [94,95]. See Figure 2. The ATP energy derived from OXPHOS and glucose
metabolism (glycolysis) supports the various metabolic functions that maintain cellular
health, homeostasis, and the cells survival within a constantly changing metabolic environ-
ment [96]. In addition to energy production, mitochondria play a critical role in managing
cellular homeostasis [97], including cell signalling [98], epigenetic regulation [99], Ca?*
buffering [100-102], activation of proteases and phospholipases [103], heme/iron biosyn-
thesis [104,105], and managing free radical levels [106] by controlling ROS production [107],
modulation, and sequestration [108].

Mitochondria also play an important role in providing energy for maintaining protein
folding [102], cell division, proliferation, growth, migration [109], innate cellular immune
function [110-112], and the initiation of apoptotic cell death [107,113]. However, ageing
complicates these processes, as both mitochondrial number and function decline with age
while mitochondrial DNA mutations increase [114]. Proton leakage associated with the
ETC during OXPHOS also escalates with age, raising the levels of free radicals, which
become increasingly toxic to the mitochondria [100,115], significantly impacting ATP pro-
duction and mitochondrial membrane integrity [116] (see Figure 2). In normal, non-aged
individuals, the electrons that pass along the ETC produce cellular energy in the form
of ATP [111]. During this process, approximately 2% of protons escape from the ETC at
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complex I CI[117,118] and complex III CIII [109], forming superoxide (O2e—) [119], which
is the main building block for free radicals such as ROS.

Mitochondria are dynamic organelles responding to changes in the cell’s physiological
and molecular energy environment by continuously balancing between fission and fusion,
where fission refers to the ability of the mitochondria to fuse with other mitochondria to
form larger or elongated organelles and divide into new mitochondria, and fusion refers to
the process whereby the contents of damaged mitochondria are aggregated and recycled
into other existing mitochondria [120,121]. Fission is triggered by the dynamin-related
protein 1 (Drp1) that is responsible for creating new mitochondria, maintaining their num-
bers [113], and locating and removing damaged mitochondria via mitophagy [122-124].
Fusion is thought to promote more efficient distribution of mtDNA by identifying and
removing damaged mitochondria and mixing/diffusing the damaged contents into sur-
rounding healthy mitochondria [119,124].
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Figure 2. Mitochondrial electron transport chain and production of ATP. Impeding the flow of elec-
trons along the ETC at CI increases the production of free radicals, resulting in a rise in oxidative stress
and a lower production of ATP at CV. A more complete review of mitochondrial bioenergetic function
and associated impacts on various disease processes can be found in Protasoni et al. 2021 [125].

Functional attributes, distribution, concentration, size, number, and homeostasis of
mitochondria are managed by a continuous and complex balance between the age of the
individual mitochondria, the availability of energy substrates to fuel the mitochondria, and
the joint dynamics of mitochondrial ‘fusion and fission’ [126,127]. Fission and fusion are
coordinated by a family of large GTPases and their respective adaptor proteins. The correct
balance between mitochondrial fission and fusion is critical to the maintenance of healthy
cellular homeostasis. Any misalignment in the balance of fission and fusion is detrimental
to the cell and widely linked to neurodegenerative progression.

5. Microglia Activation and Neurodegeneration in Ageing and Parkinson’s Disease

Microglia are the resident immune cells of the brain interacting with astrocytes [128],
oligodendrocytes, neurons, and brain vasculature via autocrine (non-local) and paracrine
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(local) cell signalling [129,130] to maintain homeostatic regulation of neuronal homeostatic
processes [6,124,131], blood brain barrier (BBB) integrity [132,133], synaptic pruning [134],
synaptogenesis [96], and neurogenesis [135]. Microglial dysregulation has also been widely
identified as a major contributor to elevated levels of neurotoxins and ongoing chronic
activation of microglia associated with neuroinflammatory damage [136-138], protein
misfolding [139], and neurodegenerative progression in PD [140,141]. Postmortem re-
search [142] and meta-analytic results [143] have confirmed significantly higher microglial
activation and concentrations of common inflammatory cytokines, IL-6, TNF, IL-13, IL-2,
IL-10, and C-reactive protein, in ageing and in the SNpC of PD patients compared to
healthy controls (HC) of the same age [3,73,130,144,145]. Ouchi et al. [142] also observed
that microglial activation in PD was significantly elevated above what could be explained
by age-related microglial-driven inflammation in PD models, while Zhang et al. [78] have
found increased numbers of reactive microglia that were well correlated with declining
density and overall numbers of dopaminergic neurons in the SNpC of PD patients. Further-
more, microglial activation in the LC has also been found to trigger elevated production
of vascular (VCAM-1) and intracellular (ICAM-1) cell adhesion molecules linked with
increased dopaminergic neuronal apoptosis in PD progression [146].

Preservation of dopaminergic neurons in patients diagnosed with PD requires effi-
cient anti-inflammatory mechanisms to inhibit chronic neuroinflammation and maintain
cellular homeostasis [147]. Indeed, pre-clinical PD studies, reviewed elsewhere (146), have
found that dysregulation of anti-inflammatory agents such as polyunsaturated fatty acids
(PUFA) (147) can cross the blood brain barrier (BBB) and inhibit microglial activation
to help lower inflammatory neuronal damage in PD [148]. Upregulation of activated
proinflammatory (M1) microglia due to increased dopaminergic neuronal apoptosis in
PD progression [146] has also been associated with increased release of ROS from dam-
aged mitochondria [49,82], increased misfolded protein aggregates, such as x-Syn within
Lewy bodies, and autophagic mechanisms leading to elevated neurotoxicity [149-154].
The elevated levels of ROS cause overactivation of the intracellular protein Nucleotide
Oligomerization Domain (NOD), which plays a critical role in triggering a microglial-
mediated proinflammatory response [73,155]. Increased ROS and NOD activation also
affects the regulation of the innate immune response, stimulating the NLRP3 receptor
for inflammasome-dependent inflammatory pathways that are involved in triggering a
microglial-mediated proinflammatory response [73,139]. George, et al. [156] also noted that
misfolded x-Syn protein exhibited paracrine properties, moving from cell to cell [150], pro-
moting further x-Syn aggregation, and potentially acting as a chemoattractant to microglial
cells, contributing to microglial aggregation, accelerated neuroinflammation, and increased
cell death of dopaminergic neurons in most types of neurodegenerative diseases, including
PD [157].

While proinflammatory cytokine release is a core part of the protective immune re-
sponse, as more research is undertaken on microglial activation scenarios [158], a polarised
categorisation of either a proinflammatory M1 or anti-inflammatory M2 phenotype is
beginning to seem too restrictive [159]. Single-cell RNA (scRNA) sequencing techniques
are now showing a broad range of specialised microglia clusters [160] that change during
development [159,161] and respond to differing environmental stressors, such as cellular
damage from bacteria and viruses, accumulating cellular debris, and sensing and triggering
mechanisms, such as pathogen and damage-associated molecular patterns (PAMPs and
DAMPs). Such specialised microglial clusters may suggest that these different types of
microglia activate along a continuum [3], with different levels of response commensurate
with specific stimuli [162-165]. More recent evidence presented by Gertig et al. [166] us-
ing stimulated mouse microglia revealed clear sub-populations of microglia possessing
different functional attributes and signalling properties that became more distinct with
increasing ageing. Thus, a broader definition of microglial activation state incorporates
ideas of activation phenotypes encompassing early defensive action to detect, locate, and
remove pathogens encountered through to later actions that include tissue repair and
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restoration of cellular structural integrity [166]. Conceptually, microglial activation along a
continuum in response to a variety of specific and different stimuli of varying time and
influences is consistent with a progressive and escalating pattern of microglial mediator-
driven responses associated with progressive neurodegenerative disease. See Figure 3
below.
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Figure 3. Microglial-mediated proinflammatory SNpC neuronal damage. Normally, macrophages
circulate in the blood system throughout the body, i.e., peripherally and centrally, in a resting
quiescent state. However, ageing, linked to mild but persistent inflammation, means microglia of the
CNS can become increasingly and chronically activated at a faster rate when compared to healthy
controls. Pathogens such as excitotoxins, protein aggregates like x-Syn, and apoptotic cell debris,
such as ATP and mitochondrial (mt)DNA released into the cytosol from dying mitochondria and cells,
can act as transient initiators, triggering and perpetuating an escalating immune response [167,168].
As part of the initial immune response, proinflammatory M1 microglia release cytokines to remove
anomalous ions such as excessive sodium or potassium induced by hypertension [169] or detected
pathogens [170,171]. These pathogens exacerbate the level of toxicity, causing further elevation in
microglial activation and increasing excitotoxicity, free radical production, and neuroinflammation.
These changes begin to create a damaging feedback loop, activating higher numbers of microglia
for longer and moving them towards potentially chronic levels. Associated with this bio-feedback
loop, increases in levels of chronic microglial activation have been linked to greater energy needs,
loss of mitochondrial membrane permeability, increased oxidative stress, and microglial-mediated
dopaminergic apoptosis, promoting further elevated innate immune responses in the SNpC of PD
patients [172].

Although microglia are present in large numbers throughout the brain, they are not
uniformly distributed or activated across all nuclei [160,173], with density being triggered
by different stimuli [162,163,165,166]. Proinflammatory M1 and anti-inflammatory M2 mi-
croglia co-exist in the SNpC of PD brains, but in terms of microglial pro/anti-inflammatory
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balance, it has been reported that there is a greater volume of inflammatory phenotypes
compared to anti-inflammatory phenotype numbers in the SNpC of PD patients [17,174].
Thus, the elevated abundance of activated M1 compared to the anti-inflammatory M2 mi-
croglia would be expected to lead to greater neurodegenerative damage in SNpC compared
to other areas of the brain [131,141].

Postmortem analysis of microglial distribution taken from normal, healthy adult mice
has shown around a fivefold difference in number and heterogeneous distribution in the
density of microglia between brain regions [173]. Substantially higher numbers of microglia
have been reported in the hippocampus, olfactory telencephalon, basal ganglia, and SNpC,
suggesting these areas of the brain are possibly more prone to ageing [17,27,175] and earlier
neuroinflammatory damage [17,173] compared to other brain areas. Furthermore, higher
concentrations of activated microglia in non-posterior areas of the SNpC, particularly when
exacerbated by ageing, have been associated with an elevated, continuous, and excessive
production of proinflaimmatory M1 microglial mediators, including IL-13, IL-6, IL-8, IL-12,
and TNF-« [176,177]. The elevated number of activated microglia was found to be toxic to
neurons [178-181], promoting significantly higher levels of neurodegenerative damage and
apoptosis in the disease progression of PD [168,182]. By comparison, animal postmortem
results using immunohistochemistry of other non-SNpC brain areas, such as fibre tracts,
cerebellum, and brainstem, taken from the same euthanised mouse [173], showed much
lower microglial densities, with commensurately lower levels of apoptosis and functional
loss following normal microglial proinflammatory activation [3,168,183].

Gene susceptibility has been investigated in PD with a number of early human epi-
demiological studies and meta-analyses investigating the role of Apolipoprotein E (ApoE)
and cholesterol metabolism in PD pathogenesis [184-186], following the discovery that
carriers of the ApoE-¢4 isoform gene showed a higher probability of progression onto
PD, while those with ApoE-¢2 isoform showed a level of protection against developing
PD [184,187,188]. ApoE is a ubiquitous plasma protein synthesised in the human liver and
brain by glia, macrophages, and neurons [188,189]. APOE plays a key role in the metabolism
of fats, with cholesterol being a major component of synapses and cell membranes essential
for maintaining the functioning and structural integrity of the neurons [186]. Interestingly,
the APOE &4 isoform gene has been linked to more severe and faster rates of cognitive
decline in both PD mouse models and human studies [190,191]. Furthermore, it has been
found using APOE &4 mouse models that the number of hippocampal neurons contain-
ing high levels of upregulated APOE expression, increases dramatically prior to clinical
diagnosis and the onset of neurodegenerative symptomology, then declines swiftly at the
onset of the pathology as neurodegenerative impairment and cognitive decline become
more apparent [192,193], suggesting high levels of APOE are implicated in the early onset
of PD and cognitive loss but potentially less of an influence in the later stages ongoing
stage of neurodegenerative and cognitive damage [192]. PD research using ApoE mice has
also linked increased levels of ApoE to higher neuronal stress and activation of microglia,
triggering the release of the cytokine interferon-y (IF-7) and upregulation of neuronal major
histocompatibility complex class I (MHC-I) levels [192], which has the effect of making the
neurons more easily recognised and destroyed by T cells [192,194,195]. Several studies have
also linked the presence of the APOEe4 isoform gene to reduced mitochondrial fission and
impaired mitophagy under both basal and oxidative stress situations [196-199], though
the mechanisms and dynamics of such an APOEe4 isoform gene-associated impaired
mitochondprial function remain poorly understood and controversial [197,200].

6. Influence of Ageing on Microglia and Mitochondria in PD Neurodegeneration
6.1. Age as the Key Risk Factor of PD

While age is the key risk factor for PD [201-204], neurodegenerative progression of PD
has long been associated with escalating neuroinflammation from chronic immunological
activation of the microglial system in the brain [132,137,168,172,205], but seldom considered
in terms of the concurrent effects of ageing on neurons for which substantial evidence now
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exists. Indeed, reduced mitochondrial membrane integrity and degradation of the energetic
function of neuronal mitochondria are inevitably linked with ageing [92,110,204,206-208]
and associated with the innate immune system responses alluded to previously. These
responses include damage-induced microglial activation [8,38,112,119,209-213], signalling
interactions [200] with the vascular system, and self-perpetuating feedback loops that fur-
ther exacerbate neuroinflammation and escalate neurodegenerative damage in PD [119,214].
See Figure 4.
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Figure 4. Self-perpetuating bi-directional neurotoxic feedback loops between mitochondrial impair-

- -

ment and microglial over-activation. Bi-directional communications between neuronal mitochondria
and microglia are part of the cellular innate immune response and are implicated in central neural
inflammation and the loss of dopaminergic neurons, leading to neurodegenerative progression in
the LC and SNpC of Parkinson’s disease patients. Mitochondrial impairment as a result of electron
transport chain dysfunction, lower ATP output, elevated levels of ROS, oxidative stress, increased
mitochondrial membrane permeability, failure of membrane structure, and failure of phagocytotic
clearance each contribute to increased cellular toxicity and apoptosis. Failure of membrane structure
and phagocytotic clearance then triggers a microglial-mediated immune response to mitigate escalat-
ing inflammation because of increasing cytotoxicity. As the neuron attempts to manage increasing
inflammatory damage and cytokine release, it also results in further neuronal mitochondrial impair-
ment, triggering rising microglial activation to chronic levels, perpetuating the neuronal damage,
cognitive impairment, and motor dysfunction [215,216].

6.2. Inflammation and Inflammaging in Ageing

Ageing and age-related diseases such as PD share a number of basic mechanistic
pillars that converge on inflammation after the age of 40 [25]. During ageing, there is over-
whelming epidemiological, biological, and metabolic evidence of age-acquired immuno-
dysfunction and increasing microglial density across different areas of the brain over the
lifespan [217-219]. Additionally, these changes are combined with an ongoing and escalat-
ing chronic, low-grade inflammation, called inflammaging [23,215], taking place without
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evidence of primary infection [220]. Beyond 40 years of age [25], immunosenescence is re-
sponsible for the gradual and consistent rise in cumulative low-level inflammation [24,145],
with a commensurate deterioration of the innate immune system’s capacity to respond
efficiently to pathogenic removal [24], downregulation in the autophagic expression associ-
ated with compromised phagocytosis [201], and the management and control of cellular
homeostasis [26]. The decreased activity in phagocytosis during ageing [221] further com-
promises the microglia’s ability to effectively clear toxic substances from the cell and restore
homeostasis [222]. Impaired phagocytosis then leads to increased neurotoxicity and cellular
senescence in response to cellular damage and stress, increasing oxidative stress and ROS,
and increasing cellular death [6,223-225].

Impaired activation of the adult immune system during ageing has also been linked
to the pathogenesis of obesity-related insulin resistance [226,227], type 2 diabetes [228,229]
and increased risk of autoimmune disorders, such as rheumatoid arthritis [202,230], and
vascular conditions, including hypertension (high BP) and hypotension (low BP) [231].
These chronic conditions are also linked to age-driven inflammaging, with its increased risk
of micro- and macrovascular complications, such as persistent blood pressure anomalies
and small blood vessel disorders, which contribute to age-related neurodegenerative disor-
ders such as PD [145]. Interestingly, such age related chronic medical conditions have also
been reported to show evidence of mitochondrial disease [111,232-239], including inade-
quate ATP availability, dysfunction in regulating cytoplasmic and mitochondrial calcium
levels, and mitophagy linked to rising toxic levels of ROS [240]. Thus, it is no surprise that
medical comorbidities such as orthostatic hypertension/hypertension, olfactory loss, sleep
disruption, persistent constipation, and diabetes are highly correlated in predicting PD and
the progression of the disease [228,241,242].

6.3. Mitochondrial Dysfunction and PD

As alluded to earlier and shown in Figures 3 and 4, impaired or damaged neu-
rons in the SNpC show mitochondrial dysfunction in terms of increased mutations in
mtDNA and mitochondrial ribonucleic acid (mtRNA), loss of ETC efficiency, deficiencies
in ATP production [243-245], increased proton leakage [118,246], and increasing produc-
tion of neurotoxic free radicals, such as intracellular nitrous oxide synthase (NOS) [131],
ROS [114,122,124,247-250], and increased release of ATP and mitochondrial debris into the
cytosol [125,251], see Figure 2. These molecules interact with the same specialised cytoplas-
mic sensors that detect cellular pathogens, triggering a microglial-mediated inflammatory
immune response [252] within the SNpC, leading to apoptosis and the loss of dopaminergic
neurons. The release of mtDNA, mtRNA, and ATP into the cytosol also activates various
immune signalling receptors, including Toll Like Receptor (TLR9), Nod Like Receptor
(NLRP3), and Stimulator of interferon genes (STING), which are involved in facilitating
and regulating antibacterial and antiviral immunity as part of the proinflammatory immune
response [253]. In addition, the loss of cellular energetics has been linked to lower immune
system efficiency, resulting in reductions in natural killer (NK) cells, total CD8+ T cells, and
CD8+ memory T cells associated with evidence of higher viral and bacterial infection being
revealed in patient case histories [110,254]. Similar results have been reported when using
immortalised lymphocytes isolated from idiopathic PD patients [123,255]. Mitochondrial
mass, genome copy number, and membrane potential in the lymphoblasts were found
to be functionally normal but hyperactive and producing significantly elevated levels of
neurotoxic damaging ROS in PD patients compared to healthy controls.

Dopaminergic axons in the SNpC have one of the largest energetic demands in the
body; however, they also have limited surplus or reserve energetic capacity [256]. In
order to maintain efficient basal metabolic functioning [257,258], synaptic transmissions,
and cell survival [84], dopaminergic neurons require consistent and regular supplies of
mitochondria and ATP, which are met by the neuron maintaining high concentrations
of mitochondria at the axon terminal. Any interruption or insufficient energetic avail-
ability can be catastrophic for the cell, resulting in significant cellular damage, apoptosis,
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and progressive neuronal degeneration in PD [251]. In mature neurons and presynaptic
structures, around 87% of mitochondria are stationary, residing in a highly structured
reticular state [259], and need to be transported along axons in the neuron to areas of
high energetic demand. Any disruption to the movement of mitochondria along the axon
via microtubule-based transport and anchoring substrates [259] can be damaging to mito-
chondrial redistribution to manage physiological or pathological cellular stress in order
to maintain energic homeostasis [125,260]. Research findings by Ray, et al. [261] have
found disruption of mitochondrial crosstalk between organelles, including endoplasmic
reticulum (ER), peroxisomes, and lysosomes, triggered significant changes in intracellular
vesicle transporters and calcium buffering, which were implicated with increased protein
misfolding, protease activation, and impaired autophagic clearance, all of which are key
processes contributing to neurodegenerative progression in PD [112].

Mitochondrial damage has critical implications for the maximum ATP that can be
produced and made available to the cell under pathogenic stress to maintain cellular home-
ostasis and interactions with other cellular and vascular innate immune processes [262].
Given the mitochondria’s low energy storage capacity and minimal surplus ATP availabil-
ity, any interruption or deficiencies in the energy supply to the axons will impair or halt
energy-driven neuronal events, leading to irreversible dopaminergic loss and neurodegen-
eration in the SNpC [263,264]. Functional magnetic resonance imaging (fMRI), magnetic
resonance spectroscopy (MRS), and positron emission tomography (PET) studies support
these findings, showing that PD patients achieve significantly lower brain glucose utilisa-
tion, suggesting lower ATP production and availability in the brain regions most affected
by energetic loss, such as the SNpC in PD progression [61]. The lack of brain glucose uptake
is also directly linked with subsequent cognitive decline in neurodegenerative diseases
such as PD [265].

The evidence presented here demonstrates strong causal associations between mi-
tochondrial dysfunction and impaired ETC efficiency, resulting in excess production of
neurotoxic ROS and inducible nitric oxide synthase (iNOS), microglial-mediated proinflam-
matory cytokine release, neuroinflammation, and progressive neuronal cell death. These
relationships are continuously and dynamically changing in response to the cellular envi-
ronment, resulting in concurrent bidirectional associations in key signalling and molecular
mechanisms linked to diminished ATP availability and impaired neuronal homeostasis,
with direct consequences linked to activation of microglia and progressive neurodegenera-
tion in PD. As a consequence of the inter-related roles that mitochondria perform in the cell,
any impairment or dysfunction can often appear early in neurodegenerative progression,
potentially offering a metabolic target to assist in the prodromal diagnosis of PD [263].

7. Limitations

The greatest limitation associated with much of the experimental evidence reviewed
here is that it is either based on static postmortem analysis or in vivo/in vitro animal stud-
ies with a specific and often narrow molecular and time focus combined with a restrictive
young age of the animals used in the experiments. As a result, much of the research
reviewed does not fully represent the multidimensional dynamics, spontaneity, and inter-
related biological relationships between the reciprocal feedback signalling loops involved
in proinflammatory chronic microglia activation and mitochondrial energetic impairment
in aged humans. While in vivo animal studies may reflect some of the higher-order com-
plex signalling and biological relationships evident in humans, experimental in vitro data
often reflects specific laboratory-based culture media that have usually been drawn from
younger animal sources rather than from aged sick animal. As a result, experiments mostly
focus on a single stream of cause-and-effect relationships rather than on more complex
systems of multiple signalling cascades as inputs and outputs. As an example, past in vitro
studies have suggested increased levels of neurotoxicity resulting from the oxidation of
dopamine being linked to mitochondrial dysfunction, protein degradation, and elevated
ROS production [266]. However, such results are particularly difficult to correlate with the
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impact of dopaminergic oxidation across differing areas of the human brain [81] which
makes the findings difficult to use in identifying new metabolic, pharmacological and/or
molecular signalling targets as the basis of successful clinical treatments in humans. Experi-
ments using aged mice and primates treated with MPTP have clearly shown dopaminergic
neuronal loss and the pathological features of PD; however, these models failed to also
show Lewy body aggregation and the prion-type spreading impacts of x-Syn, which is
now acknowledged as a core characteristic of neurodegeneration in PD [27,267] that occurs
as the disease progresses [268].

Furthermore, it can be difficult to obtain sufficient human postmortem PD brain
tissue samples to reach statistically significant and consistent results across comparative
experimental designs due to the diversity in each human sample [75,128], leaving a heavy
reliance on animal models for reliability and validity. While animal model data can
be genetically consistent, experimental results continue to be difficult to translate from
young animal studies to elderly human neurodegenerative PD patients [269]. The issue
of age in experimentation also becomes problematic when attempting to apply animal
findings across human clinical and medical trials. In these cases, targeted pharmaceutical
compounds often have differing outcomes and side effects in animals [270] compared
to humans, lowering the efficacy of the results and cost effectiveness for human clinical
treatment success.

A further problem encountered is that neurodegenerative disease progression is an
age-related and time-dependent process with incremental neuronal damage resulting from
prolonged and elevated proinflammatory responses associated with excitotoxicity, pro-
tein aggregates and mutations, constant low-grade inflammation “inflammaging” [26],
mitochondrial dysfunction, cellular ageing, and immunosenescence accumulating over
time for up to 15 years prior to clinical diagnosis [25]. Evidence of age-related neuronal
damage from activated microglia has been found in human postmortem PD brains up to
16 years after initial cytotoxic exposure triggered the initial proinflammatory response [271].
Therefore, the use of longitudinal data in neurodegenerative research for both PD patients
and healthy controls may assist in the analysis and interpretation of longer-term relation-
ships between cell signalling impacts and age-related immunosenescence combined with a
prolonged exposure of the cell to insufficient or low mitochondrial energetics. However,
the sheer length and ongoing prohibitive costs of any longitudinal study to mimic a lengthy
prodromal period of up to 15-20 years [10] may also make evaluation of experimental
data difficult. Such evaluations would also be exacerbated by the accumulation of simulta-
neously developing confounding factors associated with ageing and comorbid diseases
associated with the onset and progression of PD [241].

8. Conclusions

Parkinson’s disease is a chronic and progressive age-related neurodegenerative dis-
ease [4], clinically diagnosed with the emergence of cognitive, behavioural, and key motor
deficits [28,64,272,273]. Dopaminergic neurons in the SNpC that are highly energy depen-
dent with limited surplus or reserve energetic capacity [257,258] are often seen as causative
in PD. However, the caudo-rostral progression of the disease and many other studies cited
in this review note early impairments to the autonomic immune system and locus coeruleus
functions, e.g., sleep-wake routines, cognitive and affective characteristics, and orthostatic
blood pressure, many years prior to clinical PD diagnosis of motor symptoms, making
this a challenging issue to both understand and progress towards a solution. Furthermore,
age-related inflammaging causing interruptions in the ATP supply to the neurons can
be highly damaging, leading to irreversible dopaminergic loss and neurodegeneration,
particularly in the SNpC in PD [263,264].

Emerging evidence of metabolic pathway similarities and the existence of crosstalk
between microglia and mitochondria has been confirmed by findings that the signalling
node that regulates the microglial transition to a proinflammatory state utilises the same
pathway involved in switching mitochondrial ATP production from OXPHOS to glycolysis
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in the cytosol [165,274,275]. It has also been shown that excess mitochondrial ROS inhibits
ETC efficiency at complex I, causing a significant decrease in mitochondrial oxygen con-
sumption consistent with lower ATP production, simultaneously transforming microglia
into a more severe neurotoxic phenotype and inducing a further increase in free radical
production, such as nitric oxide. These changes are associated with chronic microglial
activation and cytokine secretion [276], which is reported to be up to 70 times more active
in the SNpC of PD patients compared to normal HCs [46,277].

This review suggests there is strong evidence for investigating PD progression and
neurodegenerative damage as multifaceted health impairments. Such changes need to
be considered in association with ageing and influenced by continuous and concurrent
bidirectional signalling and interrelated crosstalk between impaired neuronal mitochon-
drial function and cellular dysfunction, resulting in increased numbers of chronically
activated microglia. Alterations in signalling pathways need to be considered dynamic
and bidirectional rather than independent and linear at a static point in time. Mitochon-
drial dysfunction resulting in elevated oxidative stress and ROS, impaired ATP energy
production, and increased cellular debris released into the cytosol and extracellular matrix,
together with age and sleep-disturbance related glymphatic drainage, lead to an escala-
tion in microglial-mediated proinflammatory immune responses to chronic levels [278].
Concurrently, the independent impact of ageing and general inflammatory/inflammaging
responses trigger ongoing and escalating proinflammatory brain-based microglial-mediated
immune responses. These changes increase misfolded protein aggregates, such as x-Syn
within Lewy bodies, which further damage neuronal mitochondria membrane integrity
and autophagic impairment, leading to elevated neurotoxicity from increased release of
ROS, which then stimulates further microglial inflammatory responses. A better under-
standing of the molecular mechanisms driving these reciprocal feedback loops may assist
in identifying high-probability pharmacological targets of neurodegenerative disease and
have future clinical implications for slowing or stopping further disease progression early
in the lengthy prodromal stages of PD.
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