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Abstract: As the organism ages, there is a decline in effective energy supply and this retards the
ability to elaborate new proteins. The consequences of this are is especially marked in the gradual
decline of brain function. The senescence of cells and their constituent organelles is ultimately the
cause of aging of the entire nervous system. What is less immediately obvious is that brain aging is
also accompanied by failure of catabolic events that lead to removal of non-functional cells and
ineffective subcellular components. The removal of non-working cellular and subcellular elements
within the brain is essential in order to allow the appearance of fresh cells and organelles with a full
range of capacities. Thus, maintenance of operative mechanisms of dispersal of failed tissue
components is important and its diminished capacity with aging is a significant contributory factor
to the onset and progression of age-related neurological disorder. This report discusses the
mechanisms underlying autophagy and phagocytosis and how these can be adversely modulated
as aging proceeds. Means by which the effective recycling of cellular components may be reinstated
in the aged brain are considered.
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1. Introduction

The management of disposition of poorly- or non-functioning cells and subcellular components
in nervous tissue, is achieved primarily by two major disposal systems. One of these, phagocytosis,
involves incursion of glial cells performing phagocytic ingestion and removal of materials. These
phagocytic cells are mostly microglia, but astroglia can also implement this. Whole cells, or parts of
cells such as synapses can be removed in this manner. Such phagocytosis plays a role in the sculpting
of functioning neuronal circuitry but if excessive and less discriminate, can enhance the pathological
changes associated with both normal brain aging and neurodegenerative disease [1]. Extruded
material from cells such as myelin fragments can be eliminated by this means, and inadequate
phagocytic removal of myelin debris has been associated with multiple sclerosis [2]. Phagocytic
activity is also a major means of destroying invasive pathogens.

The other system of clearance is by cells undertaking digestion of their own malfunctioning
constituents, by autophagy. An important subcomponent of this is mitophagy whereby damaged
mitochondria can be removed, allowing replacement by fresh ones by mitogenesis. Brain aging is
associated with declining mitochondrial functioning resulting in failure to supply the energy
required for anabolic events [3]. Thus, one mechanism involves recognition of damage effected by
external monitoring by phagocytic cells, while the other requires intracellular self-monitoring. In
either case the overall outcome can lead to improved organ operation. In the absence of clearance of
such tissue debris by phagocytic and autophagic means, new biosynthesis of cells and organelles is
inhibited [4]. The processes of breakdown of depleted cellular constituents and their replacement by
fresh elements are closely linked and brain aging is associated with failure of this linkage. There is
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evidently a linkage between the synthesis of fresh mitochondria and the destruction of their damaged
or aged variants Several of the dietary and exercise strategies that are reported to accelerate
mitogenesis have also been found to lead to enhanced mitophagy 3. Impaired mitophagy during
aging appears to stimulate mitogenesis. The mediating signal may be the reactive oxygen species
produced by defective mitochondria [5].

In the case of the nervous system, the development of neurodegenerative diseases is associated
with even further malfunction of this regenerative cycle [6]. Removal of non-functioning intracellular
materials can also lead to improved resistance to disease. Studies with Drosophila reveal that the
inhibition of autophagy prevents effective control of Zika virus infection of the brain and increases
the mortality of infected insects, while activation of autophagy by rapamycin is protective [7].
Rapamycin acts to inhibit mTOR and such suppression can lengthen the lifespan of a wide range of
species including vertebrates, nematodes and single celled organisms. Inhibition of mTOR signaling
not only stimulates autophagy but retards microglial activation, and furthers polarization of
microglia toward the anti-inflammatory M2 phenotype. This prevention of microglial transition to
the M1 form inhibits inflammation [8]. Many micronutrients derived from natural sources also inhibit
mTOR, suggesting that this may be their major mode of action in promoting health [9].

There are indications that effective mitophagy is an important component of the immune
response and can protect against infection. For example, mitophagy can reduce the severity of life-
threatening inflammation incurred during sepsis. Intracellular pathogens and inflammatory
pathways can often be counteracted by stimulation of mitophagy during severe infection [10].
Immune mediators can promote or inhabit autophagy, while immune signaling trajectories can be
regulated by autophagy. Thus, there is a bidirectional regulatory relationship between immune
signaling trajectories and autophagy. One generalization is that cytokine pathways that induce
autophagy are often inhibited by autophagy. This negative-feedback loop prevents excessive
activation of inflammation and helps to maintain a degree of homeostasis [11].

2. Glial Phagocytosis

2.1. Protective Attributes of Microglial Phagocytosis

There is growing evidence the aging brain accumulates cell types that have diminished
effectiveness in carrying out their functions. Defective cells within nervous tissue have to be removed
before they can be replaced by fresh cells with improved operating capacity.

The process of removal of dysfunctional or dead apoptic cells is largely brought about by
microglia after their transformation into an active phagocytic state. In addition to acting in a
phagocytic manner by removing invasive microbes and viruses, such microglia can remove intrinsic
cells that are damaged. This phagocytotic activity is also a key means of pruning superfluous
synapses and dendrites of neurons during development, allowing the emergence of operational
interactive pathways. Reduction of the strength of the input from cell bodies, increases the likelihood
of their terminals being removed by phagocytosis [12]. Exosomes secreted from neurons can further
promote the capacity of microglia ability to remove degenerating neurites [13]. This allows sculpting
and maintenance of essential neural pathways. Entire neurons that are supernumerary can be
removed during such a sculpting process [1]. Cell debris and amyloid aggregates and damaged
myelin fragments can similarly be removed. [14]. Even the inflammatory M1 form of microglia has
also been reported to be capable of these activities [15].

The AIM2 (melanoma?2) inflammasome, senses damage associated changes and then advances
microglial conversion to the M1 form, enabling inflammation and apoptosis. Genetic knockout of this
factor leads to improved spatial memory and increased dendritic branching in mice [16].
Overexpression of AIM 2 leads to both increased microglial inflammatory and phagocytic activity.
This phagocytosis is abnormal and leads to and synaptic engulfment thereby reducing the functional
capacity of neurons. These reveals how inflammation and phagocytosis can either act together or in
opposition. An increased activity of AIM2 is associated with the aging process [17].
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Defective microglial phagocytosis has been associated with behavioral abnormality. Mice
deficient in transmembrane protein 59 (TMEM59) a protein regulating microglial functioning, have,
a diminished ability to selectively engulf redundant synapses and an increased content of dendritic
spines. Such dysregulated pruning reflects a deficit in successful phagocytosis and leads to elevated
levels of excitatory synaptic activity which can adversely affect behavioral capacity [18]. Activation
of the beta-cell receptor CD22, inhibits phagocytosis by microglia, and is upregulated with age.
Impeding this receptor in aged mice with an antibody, enhances clearance of myelin debris, and of
amyloid-p peptide aggregates, and also improves behavioral functioning [19].

There is good evidence from gene deletion studies, that microglia are essential for the
maintenance of normal brain function and a significant component of this is likely to be due to the
phagocytic properties of microglia. Dysfunction of autophagy is associated with the pathogenesis
Alzheimer disease (AD) and that depression of autophagy disturbs cognitive function [20]. In
animals modeling Alzheimer’s disease where a specific gene is deleted, leading to the complete
absence of microglia, this brings about cerebral amyloid angiopathy and shortened longevity. These
changes can be blocked by injection of a suspension of microglia derived from wild type animals [18].
However, depression of phagocytosis by removal of microglia has also been reported to lead to
reduced engulfment of synapses resulting in neuroprotection and enhanced cognition [21](Gabande-
Rodriguez). The molecular events enabling causing these changes are complex and only partially
understood and this may account for several apparently conflicting findings.

Mitophagy and phagocytosis are linked in that damaged mitochondria may be extruded form
neurons and taken up for phagocytic digestion by adjacent glia [22].

2.2. Harmful Effects of Microglial Phagocytosis

As aging progresses, the efficiency of the phagocytic process gradually declines, and prolonged
overactivation of microglial cells by continual disposition of an increasing load of poorly digestible
myelin and misfolded protein fragments, can lead to cytotoxicity. This leads to to lipofuscin
deposition within microglia and their excessive production of inflammatory mediators which
furthers senescence-associated impaired brain functioning [23]. The cognitive decline found in
Alzheimer’s disease is at least in part attributable to increased microglial phagocytosis of synapses
[24]. Microglia appear able to clear extracellular Af in AD, but aging has been associated with
inappropriate rather than merely diminished rate of phagocytosis. Such aberrant phagocytosis can
result in destruction of healthy synapses and memory loss [25]. This misplaced action has been
proposed to play a role in normal brain aging and more so in neurodegenerative diseases [1]where
the phagocytosis of healthy synapses may further the advancement of AD [26]. Changes in microglial
responses that are encountered in several neurodegenerative diseases may alter adversely affect the
balance between beneficial and harmful consequences of phagocytosis [27]. The inflammatory
cascade initiated by glial NF-kB seems instrumental in bringing about the conversion of beneficial
phagocytic events to harmful neuroinflammation [12]. This illustrates the need to consider the
qualitative aspects of phagocytosis as well as its intensity. Overall these apparently conflicting reports
suggest that a key balance point has to be reached to allow optimization of the aging process, by
enabling a moderate but not an excessive degree of phagocytosis. Knockout of genes related to
phagocytosis retards neurodegenerative processes in animal models of AD and so the causal relation
of such apparently simultaneous events is not readily determined. In fact, inhibition of phagocytosis
has been suggested as a means of slowing the progression of AD [26]. The intensity of the phagocytic
process seems to be a determinant of its utility and follows a biphasic shape.

These findings lead to the question of how microglial phagocytosis fails with aging. Microglia
actively phagocytosing Ab deposits in a mouse AD model, ultimately secrete a range of inflammatory
cytokines [28]. It may be that attempted digestion of an overabundance of aggregated Ab peptides
leads the microglia toward a chronic inflammatory state. Such a connection between failed
phagocytosis and excessive inflammation may define the onset of deviant form of microglial
response. Senescent cells which appear during normal aging also secrete inflammatory cytokines and
are able to activate inflammasomes. Their phagocytic destruction will retard the overall aging process
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[29]. The aberrant regulation of autophagy found with senescence may involve lysosomal failure and
accumulation of misfolded protein complexes, and this is a contributing factor of neurodegenerative
events [30]. In summary, the quality and quantity of phagocytosis are both determinants of the value
of this process in furthering events that support or prevent positive aging.

2.3. Astrocytes

The continual removal of redundant synapses throughout life, is largely performed by astrocytes
[31]. APOE2, a protective APOE allele against AD, amplifies the phagocytic proficiency of astrocytes.
In aged APO-2 knock-in animals, the number of senescent synapses in the hippocampus, is reduced
[31,32]. Synaptic plasticity is especially critical in the hippocampus, as it is involved in the formation
of new memories,

Astrocytes may play an important role in phagocytosis of amyloid plaques, both by modulation
of microglial activity and by direct phagocytotic action. However, it is unclear whether such activity
can lead to astrocytic death [31]. It has been proposed that astrocytic role is more toward the
maintaining effective synaptic activity while microglia are more oriented toward actually regulating
the formation of removal of synapses thus directly impacting on behavioral function [33].

3. Autophagy within the brain

3.1. Beneficial Aspects of Autophagy

The removal of damaged proteins and organelles within the cell is an important source of self-
regulation during senescence [34]. As mature neurons can survive a long time without the ability to
divide, autophagy is especially important in the brain. There are several distinct systems of
autophagy. Macroautophagy is by way of autophagosomal engulfment and degradation of
ineffective subcellular materials. After autophagy, the resulting phagosomes fuse with proteolytic
lysosomes that can break down protein debris and thus allow recycling of amino acid constituents to
the cell [34]. The ubiquitin-proteasome (UPS) system is more selective as it is concerned with removal
of those proteins that have been tagged for degradation by ubiquitinoylation. Chaperone-mediated
autophagy (CMA) is also specific in that it involves guidance by chaperone proteins, of materials
destined for destruction into proteolytic lysosomes [35].

Although autophagy consists of replacement of inadequate intracellular components, it can also
lead directly to cell death [36]. Apoptosis effects cell death by disassembly of the cell in a stepwise
manner. While this process primarily utilizes caspases to break down intracellular proteins, the two
mechanisms for solving the problem of what do with cells that exhibit reduced usefulness, make use
of many of the same pathways. Autophagy is generally initially inhibitory of apoptosis and may
represent an attempt to salvage a cell, which if unsuccessful may ultimately trigger a switch to
apoptosis[37].

Broken down constituents are removed from becoming deleterious permanent intracellular
inclusions and their constituents are available for anabolic recycling and elaboration of new,
functional materials. In the brain, this can mean the prevention or clearance of deposited protein
complexes associated with neurodegenerative disease such as amyloid peptide and tau depositions
associated with Alzheimer’s disease (AD), and parkin, found in Parkinson’s disease. Autophagy is
an important cellular response to various stress stimuli and can be categorized into less selective and
more selective autophagy. Recent studies have indicated that both types of autophagy are involved
in AD pathology [38].

Several neurodegenerative diseases are characterized by malfunctioning of autophagy and this
is reflected by the lower presence of specific markers for autophagy (AGT5 protein) and mitophagy
(parkin), in the plasma from patients with several types of dementia or mild cognitive impairment
reflecting a significant down-regulation of autophagy and mitophagy pathways in these groups of
patients [39]. Human genetic variants with mutations impeding the pathways leading to autophagy,
exhibit a wide range of specific and serious neurological disorders. These include learning difficulties,
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ataxia, tremor, hearing loss, optic atrophy, congenital encephalopathy, ataxia, encephalopathy,
seizures, and cerebellar hypoplasia [40].

Mitophagy, the destruction of ineffective aged mitochondria is an important component of
autophagy. Mitochondrial quality declines with age and especially so in age-related neurological
disease such as AD [38,41]. The selective removal of these is essential to allow replication of
unimpaired mitochondria by fission. This elimination is reduced with age and more severely
compromised in the disease state. Enhanced mitophagy can depress AD symptoms [42].

Autophagy is diminished in AD brains, and restoring the extent of autophagy in animal models
of AD can be neuroprotective [43]. Mitochondrial fusion and fission also play a part in maintaining
mitochondrial health. Fission is essential for mitochondrial biogenesis but excessive levels of fission
can result in fragmented and ineffective mitochondria. Fusion allows an exchange of mitochondrial,
while fusion causes a mixing of constituents between mitochondria. This exchange of mitochondrial
ingredients can lead to restoration of mitochondrial function [38]. In Alzheimer's disease, the
presence of indigestible proteinaceous materials such as A and phosphorylated tau leads to excess
oxidant and inflammatory activity which can result in inhibition of mitophagy [44].

A limitation of the effectiveness of autophagy with the advance of aging, is that the expression
of autophagy-related genes declines with age. Since the overexpression of these genes has been found
to increase the lifespan of C. elegans [45] this decline may be one of the primary initiators of aging.
Overall, autophagy is often positive and its induction in C. elegans, extends the lifespan [46]. The
autophagic responses of CD4+ T-cells from individuals belonging to families with unusual longevity
have a greater induced autophagic activity relative to an age-matched control group. Such active T-
cells appear to result in increased resistance to infection and lessened autoimmunity and this may
relate to the greater lifespan of such families [47]. Caloric restriction which is known to extend
longevity, has been found to augment autophagy. This amplification may be mediated by the ability
of caloric restriction to effect inhibition of mTOR function [48].

While promotion of autophagy is frequently found useful in treatment of animal models of PD
and AD, chronic stress can impair hippocampal neurogenesis by way of induction of a detrimental
form of autophagy [49]. A more beneficial form of hippocampal autophagy and mitophagy, can be
fostered by various pharmacological agents as well as lifestyle factors.

3.2. Transition to Adverse Forms of Autophagy

In addition to qualitative differences between various autophagic events. the magnitude and
temporal scale of autophagy are also important variables in determining outcomes. For example,
while autophagy can initially effectively contribute to clearance of aggregated proteins in the early
stages of a neurodegenerative disease, as the disease state develops, the effectiveness of protease
degradation decreases and leads to a reactive greater autophagy which then results and cell death
[50,51].

The original concept that autophagy serves to subdue senescence by removal of non-functional
intracellular materials obviously is an incomplete perspective and a much more complex situation is
gradually unfolding. Rather than neurosenescence leading to a simple diminution of autophagy,
brain aging is accompanied by the appearance of a defective form of autophagy which may be less
selective. Diseases that involve premature aging like ataxia telangiectasia, xeroderma pigmentosum
and Cockayne syndrome all have reduced levels of mitophagy but an increase in overall non-specific
autophagy [30]. In parallel to this, it may be that the opposing effects of autophagy which can either
inhibit or stimulate SASP formation are due a focused form of autophagy targeting and inhibiting
SASP while a more random form of autophagy leads to further SASP production [52]. Other adverse
effects of autophagy have been found in varying experimental systems. Extended restraint stress of
rats inhibits hippocampal neurogenesis and this was associated with the autophagic death of neural
stem cells [49].

Ineffective neuronal autophagy has been linked to depression, bipolar disorder and
schizophrenia, leading to the suggestion that increasing the intensity of autophagy might be
beneficial and concurrently lead to a range of improvements in overall systemic health. This
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highlights the distinct needs of cerebral tissue with a low rate of mitosis. However, enhancing
autophagosome formation, although effective in disease animal models, may have risk in conditions
when autophagosome clearance is defective [53].

Deviant autophagy can accelerate aging by stimulating the synthesis of senescence-associated
secretory proteins (SASP) [52]. Autophagy dysfunction is characteristic of most neurodegenerative
diseases related to aging where indigestible proteinaceous inclusions are present [54]. There may be
a bidirectional pathological interaction between the insoluble forms of tau protein found in AD and
aberrant autophagy and this is accompanied by chronic inflammation. Continuing
neuroinflammation leading to the chronic presence of inflammatory cytokines may initiate these
changes toward aberrant or unsuccessful autophagy [38].

Aberrant autophagy is not merely a quantitative lessening of activity but has qualitative aspects.
is often associated with failure of autophagosome maturation. This leads to autophagosomes being
unable to fuse with lysosomes and consequently accumulate. This abnormality is found in many
neurodegenerative diseases [55]. Such deviant autophagosomes whose progression is stalled, are
larger than usual and represent another undesirable intracellular inclusion [56]. In mouse models of
Alzheimer's disease, such blockage in autophagosome maturation was observed and was
associated with diminished cognitive functioning [20]. Nevertheless, the overall turnover of
mitochondria diminishes with age [57] as does the appearance of new, functioning autophagosomes
[58], The question has been raised as the whether there is only a minimal decline in autophagy during
healthy aging. The opposite is certainly true in that defective autophagy reduces longevity and can
result in progeria [34].

While there is good evidence for the utility of stimulating autophagy, some laboratories have
found that chronic microglial depletion can increase the complexity of neural networks and their
connectivity in both normal and AD-modeling mouse brains. Unexpectedly, rather than impairing
memory-related tasks, microglial depletion was actually improved by reduced synaptic sculpting
[59]. To sum up, microglial elimination has been shown to have both neuroprotective and detrimental
effects and distinguishing between these is not yet well understood [60]. These conflicting findings
may reflect the proneness of useful autophagy to be converted to a defective form of autophagy,
especially with age and neurodegenerative conditions. They may also reflect the many adverse roles
of microglia in establishing a state of sustained inflammation with aging [61]. Although microglia
undergo replication, they remain vulnerable to senescence with declining function [62]. Microglial
inflammatory action is magnified and extended in the aged brain leading to behavioral deficits and
chronic unfocussed and harmful inflammation ([63]. The continuous presence microglia in the M1
configuration results in chronic but unserviceable inflammation [61. This situation is even more
pronounced and irreversible in AD and several other neurodegenerative disorders [64]. Microglia are
very varied, and exist in many diverse forms. The role of microglia is further complicated because
they have many different functions and exist in more than merely activated M1 and quiescent M2
states. Overall, the M2 state tends to be more phagocytic than the M1 configuration but the phagocytic
state is neither an inflammatory nor a resting state and so does not fall into this simplified
classification.

3.3. Systems Regulating Autophagy and Mitophagy

mi-RNAs are important regulators of autophagy. Inhibition of microRNAs such as miR-34a, that
suppress autophagic activity can slow the progression of disease in an animal model of AD, by
allowing more autophagy. miR-34 content is decreased in long-lived dietary-restricted mice [65].
Other microRNAs such as miR-331-3p and miR-9-5p, when overexpressed, led to reduced autophagy
and resulted in elevated amyloid deposition in a mouse model of AD [66]. Physical activity induced
by swimming or wheel-running can also inhibit aging in both natural aging or experimentally
induced aging, in part by way of modulation of mi-RNAs [67]. There are clear pro-longevity effects
of exercise for cognitive, cerebrovascular and systemic health and these also involve enhanced
mitophagy in experimental animals [68]. Exercise-induced activation of the autophagy-enhancing
miR-130a leads to increased autophagy [69]. Urolithin is a metabolite formed in the gut from ellagic
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acid, a component found in various fruits such as pomegranates, raspberries and walnuts. In a D-
galactose model of brain aging, administration of urolithin leads to increased autophagy thereby
retarding the development of galactose-induced aging [70]. Urolithins have been found to extend the
lifespan of animal models and to have anti-inflammatory effects in humans [71]. A metabolic
trajectory initiated by urolithin is by way of upregulation of miR-34a expression This leads to results
in activation of the SIRT1 resulting in inhibition of mTOR activation. These events are permissive of
increased autophagy [66]. AMP-activated protein kinase (AMPK) another major promoter of
autophagy, is increased by agents such as icariin, a plant-derived flavonoid thought to reduce the
rate of neurosenescence by improving brain function and enhancing neuronal autophagy. This effect
is also mediated by blocking mTOR activation [72].

TREM2, a receptor expressed on microglia, is a major regulator of microglial function. Lacking
this receptor causes diminished phagocytosis and excessive proliferation of dendrites and synapses
in young animals, which leads to abnormal behavior [73]. In the case of humans bearing a TREM2
defective loss of function variant, there is an increased the risk of incurring AD. Antibody-effected
TREM2 activation is currently being considered as a therapeutic means of treating this type of AD
[73]. The TREM2 complex on the surface of microglia mediates between recognizing a variety of
extracellular agents reflecting impaired well-being, and the initiation of intracellular signaling
cascades. Materials such as damage-associated molecular pattern molecules (DAMPs), cell debris,
and Ap peptides are detected and the resulting signal trajectories trigger several beneficial reactions
including promotion of autophagy and phagocytosis [74].

Another neuroprotective regulator is mitochondrial PTEN-induced kinase 1 (PINKI).
Mitochondria that are defective are removed by mitophagy after their depolarized state is detected
by PTEN-induced PINKI1, [75]. This enzyme then initiates selective mitophagy of defective
mitochondria. Overexpression of PINK1 promotes a more general autophagy that can extend to
dispersal of Tau protein accumulations found in AD. Enhancing PINK1 content has therefore been
proposed and having therapeutic potential in the treatment of AD [76].

4. Environmental and Therapeutic Measures to Enhance Mitophagy and Autophagy

Several means have been proposed to further the rate of breakdown and clearance or re-
assimilation of damaged cells and intracellular organelles. Modification of factors relating to the
patterns of living are a primary and most inexpensive and readily achievable means of retarding the
speed of senescence. They include stress management, caloric moderation, adoption a consistent
sleep regimen and exercise [77]. All of these modifications enhance effective autophagy. There is
considerable evidence that mitophagy levels decline with age, and thus preventing this decline may
reduce the speed of neurodegeneration and extend the healthy lifespan. It is noteworthy that
autophagy levels do not decline with age in the naked mole rat, a species which has an unusually
long life expectancy [78]. The expansion of pharmacological tools to maintain the intensity of
mitophagy with age may be useful. A range of phytochemicals and zoochemicals are described as
promoting mitophagy. Examples of this class of compound include resveratrol [79], curcumin,
spermidine and taurine [80], catechins [81], and melatonin [82]. Taurine supplementation acts in an
anti-inflammatory manner [80]. Many of these phytochemicals are found in Mediterranean and
Okinawan diets. In epidemiological studies, these diets have been related to extended longevity and
a decreasing risk for age-related disease relative to the diet typical of Western countries [83]. A man-
made pharmaceutical, metformin, used in the treatment of diabetes, also has this broad set of
attributes, and has protective properties in animal models of neurodegeneration [84,85].

Such pharmacological agents and phytochemicals have differing sites of action in promoting
mitophagy. Metformin and spermidine act by way of inducing PINK1 which effects Parkin
translocation to depolarized mitochondria and induces mitophagy. Rapamycin enhances mitophagy
by blocking mTOR, resveratrol effects are mediated by stimulation of SIRT1 which activates the
PINK1/Parkin pathway and many relevant transcription factors, while urolithin induces the
formation of a range of mitophagy-associated proteins. Curcumin depolarizes defective
mitochondria which can lead to their detection by mitophagic mediators, or the apoptosis of the entire
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cell. [86,87]. Removal of mitochondria that are no longer functioning, leads to enhanced mitogenesis
thus enabling their replacement by fresh fully operational mitochondria [79]. Members of this list
commonly have anti-inflammatory and anti-oxidant properties and are reported to delay senescence
in the brain. This complicates understanding of the mechanisms by which they can also promote
autophagy. Determining the chain of causality between these closely linked events is elusive. It may
be that these attributes are in fact, temporally inseparable. It has been proposed that the anti-oxidant
properties of these molecules might relate to their mitophagy and mitogenesis-stimulating properties
in the nervous system [83]. Clear separation of autophagy from anti-inflammatory and anti-oxidant
events cannot readily be accomplished since they are often found together. However, some agents
acting primarily as antioxidants such as pantothenate, a-tocopherol and a-lipoate which may have
fewer secondary qualities, cannot promote autophagy, indicating that antioxidant and autophagic
pathways are not identical [88]. That consequences of stimulation of mitophagy are invariably
beneficial may represent an oversimplification as there are also aberrant forms of mitophagy [89].

The question as to whether classical antioxidants interact with autophagy in a positive or
negative manner is remains unclear. Reactive oxygen species can inhibit pathways such as mTOR
and activate the AMPK signaling cascade, thereby enhancing autophagy. However, lower levels of
reactive oxygen species can inhibit autophagy. Antioxidants may well have a bidirectional effect on
autophagy depending on their concentration [90,91]. Many thiol antioxidants such as glutathione and
cystamine can impair autophagy and the potential utility of some antioxidants in the treatment of
neurodegenerative disease of may be negated. In fact, such compounds can elevate the content of the
proteinaceous aggregates characterizing several neurodegenerative disorders [92]. In the light of this,
the indiscriminate use of anti-oxidants as a means of ameliorating neurodegenerative decline may
need reconsideration.

Recent evidence indicates that the digestive system and the nervous system are mutually
interactive in a crucial manner [93]. A high fat diet not only results in obesity and a tendency toward
diabetes but also depresses autophagy within the brain and impairs learning and memory processes.
This is in part mediated by activation of mTOR. Consequential pathological changes are apparent in
the hippocampus [94]. This is likely to be part of the trajectory by which an inappropriate diet can
impact brain function. Conversely, significant protective effects of dietary constituents on brain
function can also be systemically mediated. For example, dietary administration dimethylene blue or
resveratrol, alters the profile of the gut microbiome, and this change can cause activation of the
cerebral Nrf2/ARE signaling pathway within the brain. This then promotes induction of genes
leading to antioxidant and anti-inflammatory factors, and also promotes factors stimulating
mitophagy thus bringing about synthesis of new mitochondria in aged mouse brain. The behavioral
consequences of this are improved long- and short -term memory [79].

5. Conclusions

The appropriate removal of flawed cell organelles or whole cells from the aging brain can be
beneficial in retarding the velocity of progression of neurodegenerative changes. Such clearance
allows materials and space for their replacement by new operational constituents. This biogenesis
process can occur even during advanced age. However, there are several limitations that narrow the
constructive nature of these processes. One of these is quantitative in that excessive levels of
apoptosis, pruning or organelle digestion can obviously become detrimental. The intensity of
autophagy is an important factor in determining whether a beneficial or harmful outcome will result.
Thus, a moderate elevation of autophagy increases the longevity of flies, while a greater enhancement
of autophagy diminishes life expectancy [95].

The other serious shortcoming to removal of cells or their constituents is qualitative. In this case
the nature of these process can become abnormal. This may take place when the phagocytic response
is overwhelmed by the presence of inclusions within the cells that gradually accumulate and are
difficult to disperse. Many pathological misfolded proteinaceous aggregates found in
neurodegenerative diseases, are present not in the a-helical configuration but form a network due to
cross linking of peptide chains to form a web. This b-sheet structure, is not readily cleared by
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proteases. In response, the stressed cells bearing this lesion phagocytes may change over to a SASP
synthesizing variant. These senescence associated proteins can then activate microglia to the
inflammatory M1 state and the generation of inflammasomes, changes that can accelerate the aging
process [29]. Thus, In AD, the presence of high levels of autophagy are present together with together
with reduction of lysosomal proteolytic activity of insoluble complexes [96]. When these cells finally
die the aggregated proteins become extracellular and further trigger futile microglial activity and
more neuroinflammation. A simplified version of events associated with effective phagocytic and
autophagic responses are illustrated in Figure 1 while the age-related pathological changes of these
are shown in Figure 2.

Microglia Astrocytes Identification of
Intracellular Deficits

v v v

Phagocytic Activity

Autophagy

I i | £ Cell q l Enhanced
ngestion of Cells an Mitooh : ;
Extracellular Debris opagy mitogenesis

Self Removal by Cells of
Ineffective Oraanelles

Autophagy
Mediated

+ 1 Cell Death

Recycling of Proteolytically Digested Proteins

v

Cell repair with New Organelles

Apoptosis

Figure 1. Autophagy and Phagocytosis: Breakdown of Failed Cells and Cellular Constituents
Resulting in Adaptive Beneficial Metabolic Changes. and Maintenance of Cellular Efficiency.
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Extracellular Debris +
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Microglial to Difficulty of
QOveractivation Digestion and Dispersion
+ of Aggregated Proteins

Chronic Inflammation

v

Production of Cells Bearing the Senescence
Associated Secretory Phenotype

v

Secretion of High Levels of Inflammatory Cytokines

v

Damage or Death of Nearby Healthy Cells

Figure 2. Phagocytic and Autophagic Pathways that may Experience Excessive Demand Leading to
Inflammation and Potentially Harmful Neurodegenerative Changes. .

Despite these limitations and concerns over the potential dual role of autophagy [97], there are
no reports of the application of therapeutic pharmacological and phytochemical materials, leading to
production of excessive and harmful levels of autophagy and phagocytosis, or causing a transition to
detrimental variants of these processes during aging. Thus, developing strategies to enhance these
processes seems a safe means by which to attempt impedance of neurodegenerative progression and
promotion of healthy longevity [98].

Neuropathological aging takes place when targeted phagocytic, autophagic and inflammatory
events gradually develop an increasingly growing diffuse penumbra, that is unfocused and devoid
of utility. The bifurcation between normal and pathological neurodegeneration is summarized in
Fig. 3. This figure also illustrates the interactions of failure of removal of damaged tissues with
immune malfunction.
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Figure 3. Critical decision points distinguishing healthy brain aging from pathological age-related
developments.
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