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Abstract

Mitochondrial dysfunction — including increased apoptosis, calcium and protein dyshomeostasis
within the organelle, and dysfunctional bioenergetics and oxidative status — is a common and early
feature in all the major neurodegenerative diseases, including Alzheimer’s Disease (AD) and
Parkinson’s Disease (PD). However, the exact molecular mechanisms that drive the organelle to
dysfunction and ultimately to failure in these conditions are still not well described. Different
authors have shown that inorganic polyphosphate (polyP), an ancient and well-conserved
molecule, plays a key role in the regulation of mitochondrial physiology under basal conditions.
PolyP, which is present in all studied organisms, is composed of chains of orthophosphates linked
together by highly energetic phosphoanhydride bonds, similar to those found in ATP. This polymer
shows a ubiquitous distribution, even if a high co-localization with mitochondria has been
reported. It has been proposed that polyP might be an alternative to ATP for cellular energy
storage in different organisms, as well as the implication of polyP in the regulation of many of the
mitochondrial processes affected in AD and PD, including protein and calcium homeostasis. Here,
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we conduct a comprehensive review and discussion of the bibliography available regarding the
role of polyP in the mitochondrial dysfunctional present in AD and PD. Taking into account the
data presented in this review, we postulate that polyP could be a valid, innovative and plausible
pharmacological target against mitochondrial dysfunction in AD and PD. However, further
research should be conducted to better understand the exact role of polyP in neurodegeneration, as
well as the metabolism of the polymer, and the effect of different lengths of polyP in cellular and
mitochondrial physiology.

Keywords

Mitochondria; inorganic polyphosphate; polyP; neurodegeneration; Alzheimer’s disease;
Parkinson’s disease

1. Introduction

Mitochondrial dysfunction is an early and common feature in all of the main
neurodegenerative disorders [1]. While the complex mechanisms that induce the dysfunction
of the organelle are still far from being entirely understood, different authors have proven a
role for inorganic polyphosphate (polyP) — a polymer which is well-conserved throughout
evolution and present in all studied organisms [2] — in the regulation of several processes
involved in maintaining mitochondrial physiology and affected in neurodegeneration. These
processes include apoptosis, energy metabolism and oxidative stress status, inflammation,
calcium homeostasis, and proteostasis [3-10]. In this review, we aim to summarize and
discuss the finding of these works. We will focus our discussion on the main processes that
are related to mitochondria and on the two main neurodegenerative disorders in terms of
incidence and prevalence, that is, Alzheimer’s Disease (AD) and Parkinson’s Disease (PD).

AD is the most incident and prevalent neurodegenerative disorder. In fact, accordingly with
the 2020 Alzheimer’s Disease Facts and Figures, published by the Alzheimer’s Association,
1 in 3 seniors die with either AD or other types of dementia in the US. Moreover, AD is one
of the costliest medical conditions [11] and it is projected that up to 14 million people in the
US alone will be diagnosed with AD by 2050, with a subsequent cost increase for healthcare
systems and patients. While the vast majority of the cases of AD are sporadic, familial forms
of the disease associated with mutations in specific genes have also been reported [12].

The main pathophysiological characteristics of all types of AD are the presence of
extracellular aggregations of amyloid plaques (especially amyloid-g, Ap), and of
intracellular neurofibrillary tangles (NFTs, mainly composed by the aggregation of the
protein Tau hyperphosphorylated) in specific areas of the brain (such as the cortex and the
hippocampus). While the role of NFTs as a causal factor in the cytotoxicity observed in AD
is still very controversial, the clear relationship between increased amyloids aggregation,
such as AB, and increased cytotoxicity and cell death, is well-known. In fact, through mostly
unknown mechanisms, the accumulation of amyloid plaques in the extracellular space
around neurons can disrupt the transmission of certain chemical signals, which leads to
increased cell death. In the case of AB, the toxicity is exerted by the oligomeric aggregation
of small chains of peptides derived from the breakdown of the amyloid precursor protein
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(APP), resulting in the formation of plaques. While different lengths of the peptide are
present simultaneously in the brain of AD patients, AB1_42 is one of the most aggressive
forms, in regards to causing mitochondrial dysfunction [13, 14].

PD is the second most common neurodegenerative disease and the most common movement
disorder [15]. Symptoms of PD include tremor, bradykinesia, and rigidity due to the
progressive apoptotic loss of dopaminergic neurons in specific brain areas associated with
movement, such as the substantia nigra and the striatum. PD patients also present with non-
motor symptoms, including cognitive disorders and hallucinations [16]. While
approximately 20% of PD cases have a genetic etiology, induced by relatively well-known
mutations in specific genes [17], the majority of cases are sporadic, and the causes remain
mostly unknown. The main pathophysiological feature of PD is the presence of Lewy
bodies, which are intracellular aggregations of proteins, mainly of a-synuclein (a-syn)
amyloids [18-20]. Other proteins, such as ubiquitins, are also commonly found in these
structures [21]. Aggregated Tau can also be present in Lewy bodies and in these cases, the
structures may be surrounded by NFTs [22, 23]. Interestingly, the deleterious effect of
aggregated a-syn and Tau upstream of mitochondrial dysfunction has already been proposed
[24, 25]. In the case of a-syn, this detrimental effect could be explained by the direct action
of a-syn on bioenergetics [26].

As previously mentioned, both AD and PD share some pathophysiological features,
including mitochondrial dysfunction, which is the immediate cause of increased apoptosis,
the main cause of neuronal death in AD and PD [27-29]. Interestingly, the literature is rich
in examples of mitochondrial processes in which polyP could play a key regulatory role.
Many of these processes are affected in AD and PD.

2. What is polyP?

2.1

PolyP is a strongly negatively charged and multifunctional polymer, composed of chains of
orthophosphates bound together by high-energy phosphoanhydride bonds, similar to those
found in ATP [10]. In fact, the quick inter-conversion between ATP and polyP in bacteria is
well-known [30]. Moreover, it has recently been proven that the mammalian mitochondrial
FoF1-ATP synthase plays a crucial role in the metabolism of polyP [31], which for the most
part is still unknown, especially in eukaryotic organisms. Pavlov et al., in a different
manuscript, also demonstrated that the levels of this polymer are dependent on the metabolic
state of the mitochondria [32].

Physiological roles

In 1999, the late Nobel Laureate Arthur Kornberg and his colleagues published a complete
review compelling the physiological roles of polyP, including the protective effect of the
polymer against different insults in bacteria [33]. For example, Rao et al., described that
bacteria with decreased levels of polyP are hypersensitive to a wide variety of stressors,
including heat shock and chemical insults [34, 35]. Today, more than 20 years later, we
know that polyP is involved in the regulation of multiple biochemical processes related to
the stress response in a wide-range of organisms. For example, in prokaryotes, specifically in
bacteria, different researchers have described significantly increased levels of polyP in

Pharmacol Res. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Borden et al.

Page 4

response to common insults that induce stress, such as osmotic variations [36], nutrient
deprivation [36, 37], decreased pH [38], increased temperature [3], and increased oxidative
stress [39]. Moreover, the increased presence of polyP could also be involved in the
modulation of the prokaryotic response to these stressors, through the regulation of biofilm
production, motility, protein homeostasis and chaperoning, quorum-sensing, and virulence
[3, 40-44].

In eukaryotic organisms, polyP is also involved in a wide-range of processes, ranging from
blood coagulation to chelation of calcium ions during bone mineralization [9, 45, 46].
Interestingly, this polymer showed effects in different systems and cellular processes that are
clearly affected in AD and PD and related to mitochondrial dysfunction. These includes the
activation and regulation of apoptosis (mostly by its effect on the mitochondrial permeability
transition pore (mPTP)), the stimulation of the mammalian target to rapamycin (nTOR, a
protein kinase essential involved in mitochondrial physiology and affected in
neurodegeneration); the regulation of the levels of ATP and growth; the homeostasis of
calcium; and the chaperoning ability of the cells, especially with amyloids [4, 5, 47-55].

2.2. PolyP metabolism

As previously mentioned, the exact metabolism of polyP in many organisms, including
mammalian cells, is still unknown. In Saccharomyces cerevisiae, polyP, which has been
proposed to play a dual role in energy and phosphate storage in these organisms, is
synthesized by the vacuolar transporter chaperone 4 (VTC4), in a process that consumes
ATP. After being synthesized, polyP is transported into the vacuole, where it is stored [56,
57]. In bacteria, polyP can be directly generated from ATP by the enzyme polyphosphate
kinase 1 (PPK1), which is present in several pathogenic species. In this reaction, PPK1
catalyzes the removal of the terminal y-phosphate, which is the third phosphate group
farthest from the ribose sugar of ATP, and its reversible transfer to polyP [58]. The -y-
phosphate has the highest energy of hydrolysis, compared to the a and -phosphates. Other
authors, also using bacteria, described that the enzyme polyphosphate kinase 2 (PPK2),
which belongs to the same enzymatic family as PPKZ1, is involved in the metabolism of
polyP. PPK2, however, catalyzes the removal of the terminal phosphate from polyP and its
addition to GDP to form the final product GTP [59-61]. Interestingly, most bacteria that
encode PPK1 also show exopolyphosphatase (PPX) activity as well [62]. In yeast and
bacteria, PPX is the enzyme in charge of degrading polyP by its free-end into single
orthophosphates [62, 63].

2.3. Cellular location of polyP

PolyP is extremely ubiquitous and can be found throughout eukaryotic cells, including the
nucleus, cytoplasm, cell membrane and organelles [2]. In mammalian cells, there is a high
co-localization of polyP and mitochondria [5, 50], which could be related to the important
role proposed for polyP in maintenance of mitochondrial physiology. PolyP is also present
in the extracellular space [64]. In fact, it has been proven that astrocytes are able to secrete
polyP which can be later imported by neurons [6, 65]. This variety of subcellular and
cytoplasmic locations seems to suggest that PolyP could play different roles in cellular
metabolism depending on its location.
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2.4. PolyP length and quantification methods

Despite the drastic variations in the concentrations and chain lengths of polyP in various
cellular locations, the concentrations of polyP are usually within the micromolar range and
the size length does not exceed a few hundred orthophosphate units in mammalian cells [2].
For example, the concentration of polyP in the brains of mammalian animal models can
range up to 100 uM [2, 66]. Interestingly, some studies have shown that variations in the
intracellular concentration of polyP could correlate with age and disease, which highlights
the possible impact of this polymer in aging-related changes in mammalian cellular
physiology [67]. Moreover, some cells, such as mast cells and platelets, show higher
concentrations of polyP. In these systems, medium-sized polyP is present in dense granules,
at concentrations up to 130 mM. Different authors have hypothesized that these high
concentrations are necessary for the activation of the inflammatory and coagulation cascades
[10, 68, 69].

The in vivo quantification of polyP remains a challenge because of 1) the technical difficulty
of finding specific methods to study this polymer, 2) the lack of knowledge regarding its
metabolism, and 3) its pleiotropic roles of the polymer in cellular physiology, ranging from
bone formation to cell signaling. In fact, every known method used to quantify the presence
of polyP in biological samples presents disadvantages. For example, the detection of
Phosphorus-31 using NMR detects molecules that contain phosphate units linked by
phosphoanhydride bonds. While this method is very sensitive, it does not solely recognize
polyP, but also nucleotides or any other molecule containing the same bonds as polyP [70].
DAPI staining, which is usually used for nucleic acids labeling, can also be used to detect
and quantify polyP, through the use of specific emission and excitation wavelengths that
differ from the wavelengths used to measure nucleic acids [50, 71, 72]. In this case,
fluorescence intensity is directly proportional to the concentration of polyP present in a
sample. This method, which is less sensitive than NMR, also presents many pitfalls, such as
the possible interference of various nucleic acids, nucleotides and amorphous calcium
phosphates. Another method used to assay the levels of polyP is targeting the polyP Binding
Domain (PPBD) of the PPX enzyme through immunocytochemistry [73]. This technique
takes advantage of the affinity of the PPBD in the C-terminal of the PPX from Escherichia
coli (E. coli) by polyP. While this assay shows great sensitivity and specificity, it can be
exclusively conducted in fixed tissue and thus, does not provide any information about the
dynamics of polyP. Moreover, PPX is only able to bind polyP by its free ends. Therefore, if
polyP is bound to some cellular element, PPBD will not mark that molecule of the polymer.
This can seriously affect the visualization of polyP, since it can attract monovalent, divalent
or trivalent cations, as well as other cellular structures, depending on the conformation that it
adopts [74].

3. PolyP, Amyloid Aggregation, and Chaperone Function

Amyloids are aggregates of specific proteins that show beta-sheet secondary structures.
These aggregates, that are capable of accumulating and forming deposits in organs and
tissues, are clearly implicated in the development of PD and AD, amongst other diseases.
Current evidence suggests that amyloid-induced toxicity is due to oligomeric intermediates
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formed prior to mature aggregates [75-77], which may alter mitochondrial functions, target
the cytoskeleton, or increase cell membrane permeability among other effects [78]. In fact,
the deleterious effects of amyloids in mitochondrial physiology through at incompletely
understood mechanism has already been broadly described [79-83]. To further prove the
importance of mitochondria in amyloid-induced damage, it has been shown that most
cytoplasmic aggregated proteins are imported into the organelle to be eliminated through a
mechanism that, although still poorly understood, could involve the activation of the
mitochondrial specific autophagy (mitophagy) and the mitochondrial unfolded protein
response (UPR™!) [84, 85]. Moreover, in addition to the increased presence of amyloids in
AD and PD, the dysfunction of the main cellular systems involved in proteostasis, including
the ubiquitin-proteasomal and the endosomal-lysosomal pathways, have also been described
[86-88].

The specific effects of polyP in amyloidogenesis have been explored in different organisms
and systems. For example, Cremers et al., described that polyP accelerates the folding of the
CsgA protein (Curli-specific gene A) from the easily degradable, unfolded conformation that
the protein has when synthesized to a beta-sheet secondary structure, thereby enhancing its
ability to aggregate and to form amyloid structures [89]. CsgA is present in the
uropathogenic strains of £. coli, where it is required for robust biofilm formation, a common
stress-response in these organisms. The same authors proved similar results regarding the
role of polyP in accelerating amyloid formation in other model systems. For example, they
supplemented the food source of mutant Caenorhabditis elegans (C. elegans GMC101) with
fluorescent-labeled polyP. These worms expressed Ap1_42 and accumulated fibrils in their
muscular cells, causing muscular paralysis in early adulthood [90]. The worms treated with
polyP demonstrated a better response to amyloid stress than the control group. Specifically,
45% of control worms displayed significant movement defects by adulthood due to amyloid
accumulation, whereas polyP treated worms were paralyzed in fewer than 30% of cases
[89]. Moreover, the authors also explored the interaction between polyP, a-syn, AB1_4, and
Tau40 — a member of the Tau family which is implicated in the development of AD [91]. To
accomplish this, they used different /n vitro systems. In the case of the a-syn fibril formation
—an intricate process, often requiring shaking, a beaded matrix, and protein concentrations
as high as 20-folds more than those found at physiological levels — the authors proved that
the presence of physiological concentrations of polyP, accelerated the process [89, 92]. A
similar effect was observed when they tested Ap1_4» and Tau40. Lastly, using different
mammalian cell lines, including differentiated SH-SY5Y, PC12 and Hel a, the authors
corroborated the protective effect of polyP against a-syn-induced toxicity. This data
suggests that polyP might play an important role in the protection exerted against the
proteotoxicity induced by AD and PD, by enhancing and accelerating protein fibrillation
through deleterious oligomer intermediates.

Supporting the role of polyP in amyloidegenesis, Khong et al., using human SaOS-2 cell
lines, showed that this polymer is crucial for the proper folding of collagen, in a process
mediated by cyclophilin B (CypB) [93]. Collagen, which relationship with mitochondrial
physiology has already been demonstrated [94], is a structural protein widely present in all
the connective tissue in mammalians. Interestingly, it is also found in the central nervous
system [95-97]. Moreover, some specific types of collagen, such as type XXV collagen
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which is also known as collagen-like amyloidogenic component, are a component of the
amyloids plaques, affecting the amyloid fibril elongation [98, 99]. Khong et al., focused
their studies in the Endoplasmic Reticulum (ER), where they showed the direct and specific
bind of polyP and CypB. This binding inhibits the peptidyl-prolyl cis-trans isomerase of
CypB, an enzyme which activity is critical for the correct collagen folding. Interestingly,
treatment of the cells with spermine (a pharmacological inhibitor of polyP [100]) and the
expression of the ER-addressed PPX enzyme reverted the effects induced by polyP on
collagen misfolding [93].

Interestingly, polyP might play a dual role in cellular and more specifically, mitochondrial
proteostasis. While we have just discussed the effects of polyP in the amylogenic process,
polyP might also have a regulatory action in the molecular mechanisms that protect against
proteotoxicity, which are still mostly unknown, especially in mammalian cells. In fact,
different authors have shown the protective effects of polyP on protein homeostasis against
oxidative, heat, and chemical stress, using different non-mammalian models [39, 101-104].
Moreover, it has also been demonstrated that polyP stabilizes different proteins in bacteria
[3]. Specifically, Yoo et al., explored the effects of the polymer on preventing thermal
unfolding. Using the lactate dehydrogenase protein (LDH) extracted from rabbit muscle — a
well-known model for protein folding studies [105] — they showed that polyP stabilizes LDH
protein. This effect was more prominent when polyP forms complexes with LDH unfolding
intermediates. Additionally, they showed that the longer chains of polyP were the most
effective, as well as that LDH-polyP complexes remain soluble at physiologically viable
conditions and allow for the refolding capability.

One of the main protein families involved in the cellular and mitochondrial responses to
increased levels of aggregated amyloids are chaperones. Gray et al., have shown that polyP
could be an ancient, well-conserved, highly efficient, and inorganic chaperone in different
organisms [106]. The authors of this study claimed that the chaperoning effect of polyP
could be one of the main factors that contributes to the wide-variety of pleiotropic
phenotypes associated with deficiencies of the polymer. Specifically, using £. Coli models,
they identified the key role played by polyP in counteracting oxidative stress conditions
caused by the proteotoxic effects of the fast-acting, oxidant, hypochlorous acid (HOCI).
HOCI-treated £. coli cells stained with DAPI showed significantly higher levels of DAPI
bound to polyP, compared to non-treated £. coli. However, lower levels of polyP were
observed in E. colitreated with the non-proteotoxic oxidant hydrogen peroxide (H,05).
Interestingly, once the stress insult is over, the same authors have demonstrated that polyP
was found to refold, in an ATP-dependent manner [106].

The main source of protein dyshomeostasis in AD and PD is the accumulation of amyloids
and the failure of the protection systems against proteotoxicity. As previously mentioned, the
relationship between mitochondrial dysfunction and protein dyshomeostasis has been
broadly described. Interestingly, the studies presented in this section show a clear role for
polyP on stabilizing different amyloids found in AD and PD, as well as a chaperoning action
of the polymer. Thus, it is feasible to propose that by modulating the levels of polyP, we
could prevent the increased presence of toxic amyloids and maintain protein homeostasis.
This will contribute to the preservation of mitochondrial physiology in these conditions and
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hopefully prevent the increased apoptotic death observed in AD and PD. However, further
studies should be conducted in this field.

and Calcium Signaling and Homeostasis

Calcium buffering and signaling, as well as calcium-dependent cell signaling, are crucial for
the proper functioning of glial and neuronal systems [107]. In fact, the dysregulation of these
processes, through mechanisms not yet properly described, has been broadly reported in AD
and PD as one of the main mechanisms that induces increased apoptosis [108, 109].
Mitochondria perform a crucial role in calcium buffering and signaling [110], and polyP is
clearly involved in the regulation of the concentrations of this cation within the organelle [4,
5]. In this case, by targeting polyP to prevent calcium dyshomeostasis in AD and PD,
mitochondrial physiology could be protected and cell death could be reduced.

The importance of polyP in calcium-mediated signaling has been demonstrated in the
mammalian central nervous system, through the study of gliotransmitters, which are
neuroactive chemicals released from any glial cell and are key to the preservation of
neuronal homeostasis. Their release may be calcium-dependent and thus dysfunctional
calcium homeostasis may affect this system. Interestingly, dysfunctional release of these
molecules has been described in both AD and PD [111, 112]. The action of ATP as a
gliotransmitter has already been shown [113] and some authors have reported that PolyP can
also act as a calcium-dependent gliotransmitter in mammalian astrocytes [65]. The same
authors described that the migration of polyP from astrocytes to neurons is calcium-
dependent and mediated by a P2Y G-protein coupled receptor [65]. In fact, the presence of
the receptor phospholipase-C (PLC), a selective P2Y antagonist, inhibits the migration of
polyP from astrocytes to neurons [65]. Interestingly, PLC is a membrane-associated enzyme
that cleaves phospholipids from phosphate groups, and regulates the mobilization of
intracellular calcium by modulating the release of stored calcium from organelles. Moreover,
the authors of the study show that the migration of polyP from astrocytes to neurons might
be dependent on a transport mechanism, as the neuronal membrane seems to be
impermeable to polyP, even if the uptake of the polymer from the extracellular space by
neurons has been probed.

The exact buffering system in mitochondria remains poorly understood. While other cellular
compartments, such as the endoplasmic reticulum, have specific proteins in charge of
calcium regulation, the presence of similar proteins in mitochondria has not yet been
described. Moreover, while the total intra-mitochondrial calcium concentration can increase
by several orders of magnitude under certain stress stimuli, the concentration of free calcium
within the organelle has to be strictly maintained within the micromolar range, to prevent the
activation of the apoptotic cell death [78, 114]. In this scenario, the potent buffering effect of
polyP in mitochondria has been demonstrated [4, 5]. The authors of these studies combined
experimental and mathematical models to show that the union between polyP and calcium is
reversible, thus allowing for a buffering action. Interestingly, the bond between
orthophosphate and calcium is irreversible, forming crystals [115]. As a cellular model for
their studies, the authors used cells lacking mitochondrial polyP (MitoPPX). These cells
were created by the stable transfection of different mammalian cell lines with a plasmid
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containing the sequence for expressing the PPX enzyme in mammalian cells. The plasmid
also contained a mitochondrial-targeting sequence and the sequence for expressing the
fluorescent protein GFP. The authors demonstrated the lack of polyP in cells expressing the
PPX enzyme, as a consequence of the activity of the PPX to degrade polyP.

Mitochondria are one of the main cellular locations of both polyP and calcium. Moreover,
these organelles play a key role in regulating the cellular levels of the cation. Additionally,
intra-mitochondrial calcium buffering is crucial for cell survival and is clearly affected in
AD and PD. Thus, by regulating the levels of polyP, mitochondrial calcium buffering could
be improved and calcium-induced cell death could be potentially reduced in
neurodegenerative diseases. Regulating the levels of this polymer could also contribute to
improve some specific types of signaling within the central nervous system, which are
affected by the mitochondrial levels of ATP, polyP and calcium.

5. PolyP and Energy Metabolism

Dysfunctional energy metabolism has been broadly described in many diseases.
Interestingly, inappropriate energy production is especially deleterious within the central
nervous system, due to the enormous amount of energy that this system needs to function. In
fact, the human brain consumes approximately 20% of total organismal energy. For
example, it has been demonstrated that one single cortical neuron utilizes approximately 4.7
billion ATPs/second, in a resting human brain [116]. Thus, it is not surprising that
dysfunctional energy production has been broadly reported in all the major aging-related
diseases and neurodegenerative pathologies, including both AD and PD [117, 118].

While extramitochondrial pathways, such as glycolysis, account for some of the total energy
produced in mammalian cells, the vast majority of the energy is produced in the
mitochondrial electron transfer chain. Thus, mitochondrial dysfunction and insufficient
energy supply are closely related in these organisms. The main activated carrier of energy in
mammals is ATP. However, other compounds might also play an important role in energy
carry and storage. Interestingly, the molecular structure of polyP — which bonds are
isoenergetic to the bounds found in ATP — and its preferred location within mitochondria
makes polyP a perfect candidate to contribute to the regulation of energy metabolism in
different scenarios, including AD and PD.

In fact, the role of polyP as an energy storage molecule has already been demonstrated by
different authors [119-121]. For example, in metazoa, polyP plays a crucial role as
metabolic fuel (reviewed in [122]). Specifically, in this model, the evidence seems to point
towards the involvement of polyP in an extracellular system in charge of energy transport
and delivery. Through the use of human cell lines (SaOS-2), Muller and his collaborators
demonstrated that the enzymatic hydrolysis of polyP contributes to the synthesis of ADP and
ATP, thus increasing the levels of these molecules in the extracellular matrix of mammalian
cell cultures [120]. In this study, the authors, also showed the effects of Na-polyP in
inducing the formation of matrix vesicles on the cell surface, which drives the accumulation
of ATP and ADP. These vesicles contain alkaline phosphatase (ALP) and adenylate kinase
(AK1) which translocate to the cell membrane in response to polyP. In the membrane, ALP
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hydrolyzes polyP and synthesizes ADP by a catabolic reaction. This process is then followed
by an anabolic reaction that catalyzes the formation of ATP by AK1-mediated hydrolysis of
polyP, wherein AK1 acts as metabolic fuel in the extracellular space. The action of AK1 in
the extracellular space could help to control the proliferation capacity of mammalian cells,
by regulating the rates of energy metabolism. In fact, the effects of the extracellular energy
state in modulating cell proliferation, the opposite process of cell death, has already been
suggested in cancer [123].

The action of polyP in the regulation of the intracellular levels of energy has also been
broadly demonstrated. For example, using yeast from the YKO collection, Freimoser et al.,
showed a clear relationship between polyP and the energetic metabolism of these cells. In
this study, the levels of the polymer were quantified in different yeast strains expressing
individual Knock-Out (KO) of 235 genes, encoding various vacuolar proteins.

Interestingly, the researchers found that the specific strains that contain lower levels of polyP
as a consequence of the KO of some specific genes, including the VPH1, VTCA, and VTC1,
also exhibited reduced acid phosphatase, ATP and glycogen levels [121]. This effect was
proven to be caused by the action of the ATP-dependent kinase activity of polyP. Moreover,
upon genetic screening of the KO yeast strains, 4% of their genome was found to be
involved in maintaining polyP levels, which supports the hypothesis implying the
importance of polyP in the overall organism energy homeostasis. The authors also propose
that the maintenance of orthophosphate/polyP and polyP/ATP equilibria is key for the
survival of the organism. A similar equilibrium between cellular levels of ATP and polyP has
been demonstrated in different mammalian tissues and cells, including fibroblasts, kidney
and adrenal cells [2].

Interestingly, Muller et al., using different mammalian cellular models, including neurons,
have shown that polyP is able to reverse the compromised energy state of the cells, induced
by the treatment with AB,s_35 [119]. Moreover, recently it was reported that polyP can be
produced and hydrolyzed by the FoF1-ATP synthase in mammalian mitochondria [31]. The
same authors showed that polyP can stimulate the activity of the FgF,-ATP synthase, as well
as activate mitochondrial respiration, which, interestingly, was shown not to be coupled with
ATP production in their model. Pavlov et al., also using mammalian cellular models, have
demonstrated that the intracellular levels of polyP are not static and seem to be closely
related to the presence of ATP and to the metabolic state of the cell. In fact, when
mammalian cells were treated with substrates of the mitochondrial respiration, increased
levels of polyP have been reported. The opposite effect was observed when the cells were
treated with inhibitors of the mitochondrial respiration, such as rotenone (which
interestingly, has been broadly used as a cellular model of PD [124]) or with uncouplers of
the electron transfer chain (such as FCCP). Moreover, the use of oligomycin, a well-known
inhibitor of the mitochondrial FoF1-ATP synthase, completely blocked the production of
polyP [32].

A common consequence of dysfunctional bioenergetics observed in many pathologies,
including AD and PD, is the increased presence of Reactive Oxygen Species (ROS), which
causes oxidative damage in neuronal populations and affects the structures of a wide-variety
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of cellular components, ranging from nucleic acids to proteins [125-127]. Moreover,
increased ROS is also a well-established key activator of the mPTP and of apoptotic cell
death in different pathologies that affect the central nervous system, including
neurodegenerative diseases [128-132].

The laboratory of Dr. Arthur Kornberg described the deleterious effects of the disruption of
the gene coding for the PPX in £. coliin the cellular protection against different stressors,
including increased oxidative stress induced by H,O, [101]. This increased sensitivity to
ROS due to the lack of PPX expression has been probed by diverse groups using different
microorganisms [101, 103, 104, 106].

In mammals, ROS are mostly produced in mitochondria, during the process of energy
generation. Thus, mitochondria are exposed to higher concentrations of ROS than other
subcellular compartments [133]. To further explore the correlation between cellular polyP
levels and ROS, Seidlmayer et al., used a model of ischemia/reperfusion (I/R), (known to
increase oxidative stress conditions [128]) in left ventricular myocytes from rabbit. The
authors of this study reported that during the reperfusion phase, massive endogenous polyP
production was observed. This effect was simultaneous with a decline in superoxide
generation and with the acceleration of H,O, production, which in turn, contributed to the
restoration of the mitochondrial pH, decreased during the ischemia phase of the I/R, and to
the increased cell death observed in the myocytes during the reperfusion phase. This data
suggests a clear correlation between the cellular levels of ROS and the presence of polyP.
Interestingly, during the ischemia phase of the injury, the authors compared the production
of ROS and the levels of cell death in Wild-type (Wt) and cardiomyocytes overexpressing
mitochondrial-targeted PPX. They reported increased levels of ROS and cell death in the
mutant samples, compared with the Wt cells, which supports the role of polyP in the
regulation of ROS production. However, increased superoxide production was not prevented
by the treatment of the cells with Cyclosporine A, a well-known inhibitor of the opening of
the mPTP [134], in any of the conditions. This data seems to point that polyP’s ability to
regulate superoxide production is not linked to its role in the regulation of calcium
homeostasis. Lastly, the authors showed that the use of MNTBAP [135], a potent antioxidant,
exerted a similar protective effect in Wt and mutated samples [136].

All of these studies show that polyP might play a multifaceted mechanism in the control of
cell bioenergetics and oxidative status, both clearly related to mitochondria and affected in
AD and PD. However, some of the data regarding the effects of polyP in these parameters
may look contradictory. Thus, further studies using specific lengths and cellular locations of
polyP should be conducted to explicate the exact mechanism of action of the polymer on
energy metabolism and consequently, on the regulation of the oxidative status of the cell.

6. PolyP and Inflammation

While acute inflammation is a fairly well-defined protective response against tissue injury,
orchestrated by a cascade of pro and anti-inflammatory mediators [137], chronic
inflammation, a much less known process involving a progressive change in the cell types at
the inflammation site, can cause detrimental and irreversible damage to the surrounding
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healthy tissues [138]. Neuroinflammation, a specific type of chronic inflammation, is
localized in tissues of the central nervous system.

Both a-syn and AP aggregates have been reported as pro-inflammatory molecules in
mammalian brains, exacerbating the progression of the neurodegeneration [139-141].
Moreover, the presence of neuroinflammation has been broadly identified in the brain of AD
and PD patients [142-145]. For example, the activation of the microglia (non-neuronal cells,
acting as phagocytes in the central nervous system) has been associated with AD and PD,
among other disorders [146]. While the activation of microglia is protective against
neurodegeneration in the early stages, it might play a deleterious effect in disease
progression, as well as in the late stages of the disorders [147]. Interestingly, the effect of
polyP on the physiology of astrocytes — a type of glia cells which are also well-known
regulators of neuroinflammation [148] — has been demonstrated [6], and previously
discussed in this review.

The relationship between mitochondria and inflammation has been increasingly recognized
in the last years. For example, mice lacking Parkin and Pink, two of the main proteins
involved in mitophagy and whose mutations are related with early onset PD [149-151],
showed a strong inflammatory phenotype, after exercise. The same effects were observed in
a mutated Parkin mouse which accumulates mutations in the mitochondrial DNA [152]. In
both cases, inflammation was reverted by the concurrent loss of STING, which is a key
molecule involved in the regulation of the interferon response to cytosolic DNA [153, 154].

Several studies have described the direct role of polyP in the modulation of inflammation
[10, 100, 155-158]. Many of these studies use platelets as cellular models. Platelets not only
are they key cells in the coagulation system, but they serve roles in the inflammatory
response [159]. In fact, inflammation and hemostasis are closely linked through the
kallikrein kinin pathway, in which platelets are involved in [158, 160-163].

Platelets contain high concentrations of polyP, which can be released into circulation [69].
Muller et al., demonstrated that activated platelets release polyP, which bind and activate the
plasma protease factor XII [10]. The activation of the factor XII triggers the release of pro-
coagulant and pro-inflammatory mediators, such as bradykinin [10]. In fact, the treatment
with exogenous polyP at concentrations higher thanl pg/mL stimulated a high release of
bradykinin (>750 ng/ml) from platelet-dense granules into the plasma. The same authors
showed that polyP increases vascular permeability and initiates the contact system-mediated
capillary leakage. To conduct their studies, the authors used mice deficient in factor XII or in
bradykinin.

Dinarvand et al., showed the effect of polyP on amplifying the proinflammatory response in
primary human umbilical vein endothelial cells [155]. This effect was mediated by the direct
binding of polyP to the histone H4 (H4) and the High Mobility Group Box 1 (HMGB1), two
potent nuclear pro-inflammatory mediators which are released during the activation of
inflammation [164-166]. PolyP and these proteins show a high affinity, potentiating the pro-
inflammatory activity of both H4 and HMGBL1, in different models. The authors propose that
the mechanism of this interaction is the direct bind of polyP, the Receptor for Advanced
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Glycation End products (RAGE) and the P2Y1 receptors. Interestingly, this interaction also
induced an intracellular calcium release. To further dig into the tight relationship between
inflammation and coagulation, the authors showed an anticoagulant-induced inhibition of
the inflammatory response activated by polyP [155]. Hassanian et al., using vascular
endothelial cells, showed that the pro-inflammatory action of polyP was also mediated by
the activation of mTOR complexes 1 and 2 [156]. In this case, the data show that polyP
induced the phosphorylation of p70S6K, an mTOR1 substrate. Using an elegant approach,
the authors also showed the link between the pro-inflammatory and the mTOR signaling
functions of polyP. Lastly, using different lengths of polyP (45, 60, and 70 phosphate
monomers) and human umbilical vein endothelial cells and mice models, Bae et al., showed
that polyP activated the NF-xB factor (a key component of the mammalian immune system
[167]) inducing the activation of a potent anti-inflammatory response [157]. They
hypothesize that this effect could contribute to the proinflammatory action of polyP in
platelets, that was previously reported [155].

In line with all these studies, it has bene proposed that the inhibition of polyP could be a
valid strategy to prevent inflammation and thrombosis [100]. The authors, using /n vitro and
mouse models, identified several polyP inhibitors, including cationic proteins, small
molecules and polymers. Generation 1.0 dendrimer and polymyxin B, two of these
inhibitors, were administrated retro-orbitally to the mice. After 40 min, saline, polyP or
bradykinin were injected intradermically into the same animals, for 30 min. The animals
were then euthanized. While generation 1.0 dendrimers were able to reduce inflammation by
significantly reducing vascular leakage in mice treated with polyP, this inhibitor did not
show any effects on the animals treated with bradykinin [100]. In the same study, the authors
identified the polyamines spermine, spermidine, and putrescine as potent inhibitors of polyP.

The data presented here shows that manipulating the metabolism of polyP could be a
promising strategy to prevent or to counteract the neuroinflammation observed in AD and
PD, perhaps through the improvement of mitochondrial physiology. While the effects of
polyP on inflammation have been studied in different systems, further studies addressing the
effects of polyP in neuroinflammation should be conducted. Moreover, the study of the
specific effects of different lengths of polyP will also here help us to understand the exact
role of polyP in this process.

7. PolyP and Apoptosis

The adequate and tight equilibrium between cell growth and death is key to maintaining
homeostasis at the cellular level. Apoptosis, the most common type of programmed cell
death found in the central nervous systems, is essential to various physiological processes,
ranging from early embryonic development to cellular turnover. However, increased levels of
this type of cell death are in the bases of the vast majority of the neuronal and glial loss in
neurodegenerative disorders, including AD and PD.

Apoptosis can proceed through two pathways, either intrinsic or extrinsic. The intrinsic
pathway, also known as the mitochondrial pathway, accounts for the majority of apoptotic
events present in mammalian cells. This pathway includes the opening of the mPTP (a point
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of no return in apoptosis) in response to specific intracellular stimuli generated under
physiological conditions. The opening of the pore induces massive influx of calcium in the
mitochondria, disruption of the mitochondrial membrane potential and eventual swelling of
the organelle [168]. Thus, the relationship between mitochondrial dysfunction and increased
apoptotic cell death in AD and PD is, once again, clear. In fact, different efforts to prevent
these processes have been conducted in models of AD and PD [13, 14, 169].

Various authors have proposed that polyP could play a dual role in the regulation of
apoptosis. On one hand, proteotoxicity, calcium dyshomeostasis, increased inflammation,
and defective bioenergetics (all processes in which regulation polyP is involved in) are well-
known triggers of increased apoptosis. On the other hand, this polymer could be a structural
component of the mPTP [170, 171]. In fact, Elustondo et al., using mitochondria isolated
from rats, demonstrated that the induction of the pore is closely linked to the formation of a
complex, which components are polyhydroxybutyrate, polyP and the C-subunit from the
ATP synthase, [172]. Interestingly, in a recent manuscript, Amodeo et al., have demonstrated
that this subunit is an amyloidogenic channel-forming peptide [173].

The pleiotropic effect of polyP on apoptosis can likely explain the different results regarding
the role of polyP in the activation and regulation of apoptosis that several authors have
reported. Also, in this case the length of the polymer seems to be crucial to understand the
effects exerted by polyP. In fact, Angelova et al., showed that caspase 3 — one of the main
proteins involved in apoptosis — was only activated when human cortical neurons and
astrocytes were treated with long chain polyP (polyP150), but not with short (polyP45) or
medium (polyPgg) chain lengths [174].

Interestingly, the intracellular levels of polyP show clear differences between cancer cells —
where apoptosis is clearly decreased — and non-cancer cells. Specifically, Jimenex-Nunez et
al., showed that myeloma cells (U266) present increased levels of polyP, compared to non-
cancer cells and other B-lymphocytes [175]. The authors of this manuscript also showed a
four to five-fold increase in the presence of polyP in the nucleus of U266 cells, compared
with the cytoplasm. Using confocal microscopy, they demonstrated the accumulation of
polyP in the nucleoli within the nuclear compartment, as well as a strong co-localization of
polyP with nucleolar markers (fibrillin and RNA pol I). This suggests that polyP may act as
a transcription modulator in the mammalian cell. The authors also showed that increased
presence of polyP can induce apoptosis per se. In fact, when U266 cells were incubated in
the presence or absence of 3 mM exogenous polyP7s for 6 hours, flow cytometry showed
that caspase 3 levels were four times higher compared with control conditions.
Consequently, U266 cells treated with polyP-5 developed a higher percentage of cells with
apoptotic bodies.

More recently, the co-localization of polyP in the fibrillar center of the nucleolus in HeLa
cells has also been demonstrated [176]. The authors of this study probed that the
accumulation of polyP in the nucleolar structures is a consequence of the cellular response
to the cytotoxicity induced by the chemotherapy drug cisplatin, a well-known inducer of
apoptosis and a common treatment for different types of cancer in humans. The authors
corroborated their results in OVCARS3 cells, proving that the observed effect is not cell
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specific. Moreover, they correlated their results with the chain length of polyP. Specifically,
longer chains of polyP were shown to have a greater effect on proliferation and apoptosis
rates in cisplatin-treated cells, compared to shorter chains of the polymer [176]. Lastly,
Sakatani et al., demonstrated that polyP derived from Lactobacillus brevis, a well-known
probiotic, inhibits the progression of colon cancer by inducing apoptosis. This was observed
in both /n vivo patient derived tumor xenografts and /n7 vitro using human colon cancer cells
(SW620). However, polyP did not affect the viability of intestinal cells under physiological
conditions. Apoptosis in the SW620 cells were found to be induced via the phosphorylated
extracellular signal-regulated kinase (ERK) pathway [177].

As previously mentioned, polyP might play a dual role in apoptosis, as this polymer could
also be a structural component of the mPTP [54, 55, 136]. Interestingly, the opening of this
pore is dependent on the accumulation of mitochondrial calcium. Seidlmayer et al., showed
that decreased polyP levels can have a protective effect in cardiomyocytes by preventing the
opening of mPTP [54]. In fact, other authors showed that when polyP was depleted in the
mitochondria, mPTP opening was inhibited [55, 178]. They also showed decreased
mitochondrial levels of polyP in myocytes isolated from murine models, after I/R, proposing
that the reduction of mitochondrial polyP may serve an adaptive and cardioprotective feature
to increase myocyte resistance towards mechanical stress and cell death in cardiac
conditions.

One plausible explanation for the observed differences regarding the role of polyP in
mitochondria may be due to the cellular model used by the different authors. While stable
cell lines are cancer cells with the apoptosis mechanisms already compromised, primary
cultures should have this mechanism intact. In any case, it seems clear that polyP plays a key
role in the activation and regulation of apoptosis, even if the exact mechanism of this
relationship has not yet been elucidated.

8. Conclusions

AD and PD are the two main neurodegenerative disorders in our societies, affecting an
increasing number of patients year after year. Currently, the pharmacological strategies
available to delay, stop or revert these disorders are very limited, mostly due to the lack of
knowledge about the etiopathological mechanisms that lead to the increased cell death
observed in these diseases.

The presence of mitochondrial dysfunction is an early and well-known event, shared by all
the major neurodegenerative disorders. In this review, we discussed the effects of polyP in
the modulation of different aspects related to the dysfunction of the organelle, which could
potentially constitute a valid and extremely promising strategy against the deleterious effects
of AD and PD in mitochondrial physiology and thus, in the advance of these diseases.
However, while all these studies seem to point towards an effect for polyP in mitochondrial
dysfunction in AD and PD, more research needs to be conducted to propose polyP as a
target in these conditions, as well as to clarify the studies showing data apparently
contradictory. For example, while increased levels of polyP have shown to be protective
against protein and calcium dyshomeostasis, the action of these increased levels is
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deleterious when inflammation and apoptosis are assayed. These differences could be due to
the specific lengths of polyP used in the experiments; the plausible association of the
polymer with other subcellular and mitochondrial components, such as proteins or positively
charged molecules; or the exact location of polyP. The only path to elucidate the exact role
of polyP in the physiology of the organelle will be to increase our knowledge of the
metabolism of the polymer, by developing new analytical tools. This way, we will be able to
conduct further studies, specifically addressing mitochondrial polyP, that could pave the way
for future pharmacological strategies against the dysfunction and failure of the organelle in
AD and PD, as well as in regular aging.
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ABBREVIATIONS:
a-syn a-synuclein
AB amyloid-B
AD Alzheimer’s Disease
PPX exopolyphosphatase enzyme
polyP inorganic polyphosphate
I/IR ischemia/reperfusion
mPTP mitochondrial permeability transition pore
MitoPPX mitochondrial polyP(-) cells
UPRMt mitochondrial unfolded protein response
PD Parkinson’s Disease
PPK polyphosphate kinase
ROS reactive oxygen species
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Figure 1. Role of polyP in different cellular processes in which mitochondrial physiology is
affected and are dysfunctional in AD an PD.

Various authors have shown the important role played by polyP in cell signaling (acting as a
gliotransmitter and regulating mitochondrial calcium buffering and thus calcium signaling;
energy metabolism) as an alternative energy storage form; inflammation (mainly located in
the extracellular space and connecting inflammation and coagulation; and in the chaperoning
and amyloid aggregation regulation) contributes to proteostasis within the organelle and the
cell. Moreover, polyP has also been proposed to play a role in the direct regulation of
apoptosis, which is the main cause of cell death within the central nervous system in all
neurodegenerative diseases. All these processes share some common features: they are
affected in AD and PD, mitochondria play a crucial role in them, and they are tightly inter-
connected and inter-regulated. While many authors have demonstrated the effect of polyP on
these processes, some of the data regarding the protective or deleterious action of the
polymer seem to be contradictory. The size and the exact intra-cellular location of polyP
could explain these differences. However, more research should be conducted to determine
the exact metabolism of the polymer, as well as the optimal conditions in which polyP
protects cellular populations against the mitochondrial dysfunction and the subsequent
increased apoptotic cell death that is observed in AD and PD.
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Figure 2. Role of polyP in protein biology.
Various authors, using /n vitro and in vivo models, have shown the protective effect of polyP

against increased proteotoxicity in both A. amyloidogenic and, B. hon-amyloidogenic
proteins. While in the first case, polyP promotes the quick formation of insoluble fibrils,
avoiding the presence of the toxic, soluble, oligomeric intermediates, in the non-
amyloidogenic proteins, polyP promotes their refolding, into their functional conformation.
Thereafter, polyP can be recycled, conserving its chaperoning activity. The most common
insults known to increase protein dyshomeostasis are heat shock, variations in the cellular
and/or mitochondrial pH, and increased presence of ROS. In the case of AD and PD,
increased ROS — which is tightly related to mitochondrial dysfunction — have been broadly
reported in different cellular and animal models of the disease.
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Figure 3: Role of polyP in mitochondrial calcium buffering.
Mitochondria is a key organelle in the calcium buffering system, which is closely related to

the signaling mediated by the cation. Interestingly, both calcium buffering and signaling are
affected and dysfunctional in various neurodegenerative disorders, including AD and PD. A.
While polyP and calcium are capable of forming reversible bonds, which can dissociate and
contribute to buffering the levels of the cation, under the proper physiological conditions, B.
the bound of orthophosphate and calcium is irreversible and it forms a crystal, which
precipitates. Dysregulated calcium homeostasis within mitochondria will induce the opening
of the mPTP and the consequent apoptotic cell death. Please, note that blue dots simbolize
calcium anions, while red dots represent polyP.

Pharmacol Res. Author manuscript; available in PMC 2022 January 01.



	Abstract
	Introduction
	What is polyP?
	Physiological roles
	PolyP metabolism
	Cellular location of polyP
	PolyP length and quantification methods

	PolyP, Amyloid Aggregation, and Chaperone Function
	PolyP, and Calcium Signaling and Homeostasis
	PolyP and Energy Metabolism
	PolyP and Inflammation
	PolyP and Apoptosis
	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3:

